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Żaneta Polkowska — Gda ńsk University of Technology, Gda ńsk, Poland 
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Institute of Oceanology, Polish Academy of Sciences, Sopot, Poland 

This journal is supported by the Ministry of Science and Higher Education, Warsaw, Poland 

Indexed in: ISI Journal Master List, Science Citation Index Expanded, Scopus, Current Contents, Zoological Record, 
Thomson Scientific SSCI, Aquatic Sciences and Fisheries Abstracts, DOAJ 

IMPACT FACTOR ANNOUNCED FOR 2021 IN THE ‘JOURNAL CITATION REPORTS’ IS 2.526; 5-year IF is 2.778. CITESCORE ANNOUNCED FOR 2021 IS 4.7 

Publisher 
Elsevier B.V. 
Radarweg 29 

1043 NX Amsterdam 

The Netherlands 

Senior Publisher 
Tobias Wesselius 
+31 6 5370 3539 

ISSN 0078-3234 



Oceanologia 64 (2022) 553—566 

Available online at www.sciencedirect.com 

ScienceDirect 

j o u r n a l h o m e p a g e : w w w . j o u r n a l s . e l s e v i e r . c o m / o c e a n o l o g i a 

ORIGINAL RESEARCH ARTICLE 

Coastal cliff erosion as a source of toxic, essential 

and nonessential metals in the marine environment 

Magdalena Bełdowska 

a , Jacek Bełdowski b , Urszula Kwasigroch 

a , 
Marta Szubska 

b , Agnieszka J ędruch 
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Abstract Due to the rising environmental awareness, emissions and releases of pollutants, in- 
cluding metals, have been considerably reduced in the last decades. Therefore, the remobiliza- 
tion of natural and anthropogenic contaminants is gaining importance in their biogeochemical 
cycle. In the marine coastal zone, this process occurs during the erosion of a shore, especially 
the most vulnerable cliffs. The research was conducted in the Gulf of Gda ńsk (southern Baltic 
Sea) from 2016 to 2017. The sediment cores were collected from four cliffs; additionally, ma- 
rine surface sediments were also taken. The concentrations of essential (Cr, Mn, Fr, Cu, Zn) 
and nonessential (Rb, Sr, Y, Zr, Ba) metals were analyzed using the XRF technique. The levels 
of the analyzed metals were relatively low, typical of nonpolluted areas. However, considering 
the mass of eroded sediments, the annual load of metals introduced into the sea in this way is 
significant. In the case of Cu, Zn, and Y the load can amount to a few kilograms, for Cr and Rb 
— over ten kilograms, for Mn, Sr, and Zr — several tens of kilograms, for toxic Ba — over 100 
kg, and in the case of Fe — 4.8 tonnes. During strong winds and storms, when the upper part of 
a cliff is eroded, especially the load of Zn and Cr entering the sea may increase. The content 
of Cr, Zr, and Ba in the cliffs was higher compared to marine sediments from the deep accu- 
mulation bottom, which indicates that coastal erosion may be an important source of these 
metals. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

he main sources of metals in the marine environment 
re atmospheric deposition and terrestrial runoff. The lat- 
er is of particular importance in the coastal zone, espe- 
ially near the outlets of large rivers. These account for 
p to 80—90% of the metal load introduced into the Baltic 
ea ( HELCOM, 2021 ; U ścinowicz et al., 2011 ). Direct point 
ources make the smallest contribution to the total input of 
etals (about 2%, except Zn, for which they constitute al- 
ost 5%). However, as indicated by HELCOM (2021) , the role 
f point sources can be underestimated. One of the poten- 
ially important sources, which has been overlooked so far, 
s the erosion of the shore ( Bełdowska et al., 2016 ). Given 
he significant volume of sediments introduced into the sea 
y landslides and other mass movements ( Regard et al., 
022 ), coastal erosion may play a role in the metal budget 
n the marine environment ( Wells et al., 2003 ), which was 
emonstrated in the example of the Hg inflow into the Gulf 
f Gda ńsk ( Bełdowska et al., 2016 ; Kwasigroch et al., 2018 ).
The emission of metals, especially toxic ones, to the en- 

ironment has been reduced in recent decades. In European 
nd North American countries, high public awareness has 
ed to a series of restrictions and programs aimed at re- 
ucing the levels of toxic substances in the environment, 
.g., the Clean Water Act (US EPA), the Baltic Marine En- 
ironment Protection Commission, more usually known as 
he Helsinki Convention (Helsinki Commission), the Conven- 
ion for the Protection of the Marine of the North-East At- 
antic, also known as the OSPAR Convention (Oslo and Paris 
ommissions), the Convention on Long-range Transbound- 
ry Air Pollution, often abbreviated as the Air Convention 
UNECE), the Stockholm Convention on Persistent Organic 
ollutants (UNEP), or the Minamata Convention for Mer- 
ury (UNEP). Despite the decrease in emissions in Europe, 
oth from the industry sector (mainly from the energy sup- 
ly, manufacturing, and extractive industries) and individ- 
al households ( EEA, 2021 ), the concentration of many met- 
ls in the environment is not decreasing proportionally to 
he introduced restrictions ( HELCOM, 2021 ; J ędruch et al., 
021 ). One reason for this situation is the reemission and 
emobilization of pollutants that have been deposited for 
ecades in soils, land, and sea sediments. These so-called 
legacies’ have the potential to continue to impact the envi- 
onment long after they were first introduced ( Clarke et al., 
015 ; Zaborska et al., 2019 ). The release and mobility of 
etals from terrestrial and marine deposits may be inten- 
ified under climate change-induced alterations of mete- 
rological or hydrological conditions: increased precipita- 
ion, thaws, downpours, floods, storms, higher tempera- 
ures, and changes in acidic conditions ( Bełdowska et al., 
016 ; Biswas et al., 2018 ; Saniewska et al., 2014a ; Xu et al.,
015 ). As people are unable to control these processes, it is 
ssential to recognize their scale and significance. 
An example of remobilization is the erosion of the shore, 

hich is of particular importance in marine coastal areas. 
iven recent observations and predictions of climatic evo- 
ution in the Baltic Sea basin, the risk of erosion of the Pol- 
sh coast will increase. The consequences include a higher 
requency of extreme weather phenomena, but also a rise 
n sea level, milder winters, and a decrease in ice cover, 
hich will also increase the exposure of the coast to hy- 
554 
rodynamic forces ( Bełdowska, 2015 ; Meier et al., 2022 ; 
óży ński and Lin, 2021 ). The combination of these factors 
ill promote the release of chemical elements accumulated 
ver the years in coastal deposits into the marine environ- 
ent. In the near past, the average rate of shore retreat in 
he study area was 0.5 m per year ( Zawadzka-Kahlau, 2012 ). 
n recent years, an increase in erosion has been observed 
long most of the length of the Polish coast. Further in- 
ensification of this process is also inevitable in the next 
ecades, and the most threatened areas include the vicin- 
ty of the Tricity agglomeration ( Dubrawski and Zawadzka- 
ahlau, 2006 ; Pruszak and Zawadzka, 2008 ). 
It is continuously discussed which elements should be 

lassified as toxic, beneficial, or essential for living or- 
anisms. Nowadays, around 20 of the known elements are 
efined as essential for humans. It applies to basic or- 
anic elements (H, C, N, O), seven macroelements (Na, Mg, 
, S, Cl, K, Ca) and several trace elements (Cr, Mn, Fe, 
o, Cu, Zn, Se, Mo) ( Kabata-Pendias and Mukherjee, 2007 ; 
oroddu et al., 2019 ). As for Cr, despite its effect on 
etabolism, it is sometimes excluded from the list of es- 
ential elements ( Di Bona et al., 2011 ; Vincent, 2017 ). In ad-
ition to their beneficial functions, essential elements can 
e toxic if the dose is high enough, pointing to the princi-
le ‘the dose makes the poison’. Excess of essential trace 
etals may lead to neurological and metabolic disorders, 
NA damage, and promote carcinogenesis ( Emsley, 2011 ) 
 Table 1 ). The level of metals listed as priority environmen-
al pollutants (e.g., Hg, Pb, Cd, As, Cr, Cu, Zn) is monitored
ccording to the guidelines of the EU Water Framework Di- 
ective and the regulations of the Environment Ministry in 
oland ( HELCOM, 2021 ; Zaborska et al., 2019 ). On the con-
rary, little is known about the level of trace metals that do 
ot have a known biological role in humans, and their toxi- 
ity is moderate. Certain elements have attracted much at- 
ention in recent years due to their increased industrial and 
conomic importance. These include elements extensively 
sed in modern technology: advanced electronics, lighting, 
ower generation, medicine, space, and aeronautic indus- 
ries. These ‘tech metals’ are relatively rare in the envi- 
onment; however, in recent years, their use has gradually 
ncreased and due to future demand, growth will continue 
o increase in the coming decades ( Goodenough et al., 2017 ; 
ikulski et al., 2016 ). Consequently, the inflow of these 
etals into the natural environment will increase simulta- 
eously and the environmental consequences of it are dif- 
cult to predict given the low number of studies. There- 
ore, it is important to recognize and estimate the sources 
f these elements in the sea. 
This study aims to determine the inflow of selected es- 

ential (Cr, Mn, Fe, Cu, Zn) and nonessential (Rb, Sr, Y, 
r, Ba) trace metals ( Table 1 ) to the marine environment
long with the eroded shore, based on the example of the 
ulf of Gda ńsk (southern Baltic Sea) ( Figure 1 ). Cliffs are
ne of the clearest examples of coastal erosion. They are 
lso a significant component of world coastal zones ( Zelaya 
zi ątek et al., 2019 ). Despite that, cliffs have not received 
s much attention as other possible sources of elements in 
he marine ecosystem, and their role in the biogeochem- 
cal cycle of metals is still poorly recognized. However, 
s shown in previous works concerning Hg, erosion intro- 
uces a significant load of this metal into the marine en- 
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Table 1 Biological properties and use of the studied metals ( Emsley, 2011 ; Kabata-Pendias and Mukherjee, 2007 ; 
Rumble, 2021 ). 

Beneficial role Harmful role Uses 

Ba No known biological role Toxic: neurological disorders Geotechnics, metallurgy, electronics, 
paint and glassmaking, medicine 

Cr Essential: role in insulin 
metabolism, DNA synthesis 

Toxic in excess: damage to the DNA, 
increased cancer risk, 
gastrointestinal disorders 

Metallurgy, aerospace, military, 
automotive, manufacture of many 
everyday items 

Cu Essential: important 
components of many 
enzymes, energy transfer in 
cells 

Toxic in excess: brain, cardiac and 
gastrointestinal disorders 

Electronics, civil engineering, 
industrial machinery, agriculture 

Fe Essential: blood production, 
oxygen and electron 
transport, DNA synthesis 

Toxic in excess: cardiac and 
gastrointestinal disorders, increased 
cancer risk 

Metallurgy, civil engineering, oil and 
petroleum industry, aerospace, 
automotive, medicine 

Mn Essential: a cofactor for 
many enzymes 

Toxic in excess: anaemia, depression, 
neurological disorders, impotence 

Metallurgy, electronics, paints, 
medicine 

Rb No known biological role Toxic in higher concentrations: 
growth and reproduction disorders 

Various electronic and chemical 
applications, medicine 

Sr No known biological role Toxic in higher concentrations: 
calcium metabolism disorders leading 
to e.g. bone diseases 

Various electronic applications, 
medicine 

Y No known biological role Toxic: lung diseases, increased 
cancer risk 

Various electronic and chemical 
applications, medicine applications 

Zn Essential: involved in 
numerous aspects of 
cellular metabolism 

Toxic in excess: increased cancer 
risk, immune system suppression 

Metallurgy, civil engineering, 
electronics, manufacture of many 
everyday items, medicine 

Zr No known biological role Toxic in higher concentrations: lung 
diseases 

Nuclear power stations, 
superconducting magnets, aerospace, 
many biomedical applications 

Figure 1 Location of sampling stations in the Gulf of Gda ńsk (southern Baltic Sea) and the type of collected material: a) cliff
sediments, b) marine sediments (VM — Vistula mouth, GG — Gulf of Gda ńsk, GD — Gda ńsk Deep). 
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ironment, acts as its nonpoint source, and should not be 
eglected ( Bełdowska et al., 2016 ; J ędruch et al., 2017 ; 
wasigroch et al., 2018 ). As evidenced by Andriolo and 
onçalves (2022) , coastal erosion can also be accounted as 
 diffuse source of marine littering pollution. Given that 
he eroded sediments are mostly fine-grained, they can eas- 
ly be transported to distant regions and deposited in the 
eeper areas of the bottom. Therefore, our objective was 
lso to estimate the distribution of metals in marine sedi- 
ents under specific depositional conditions. 

. Material and methods 

.1. Study area 

he Polish shore is a nontidal area with short-term sea level 
ariations. Its coastal forms are mainly composed of loose 
and, till, and peat, which results in low durability and vul- 
erability to degradation processes. Cliffs occupy about 20% 

about 101 km in total) of the length of the Polish coast 
without internal lagoons) ( Łabuz, 2014 ; U ścinowicz et al., 
004 ). The genesis of the cliffs goes back to the Littorina 
ransgression, during which they were formed in postglacial 
ormations composed of Quaternary deposits, Pleistocene 
ills, clays and sands on moraine uplands, and Holocene 
uds and sands on lowlands. On the western coast of the 
ulf of Gda ńsk, Tertiary (Miocene) sandy and sandy-clayey 
eposits are also cropped out in the cliffs ( Mojski, 2000 ; 
 ścinowicz et al., 2004 ). The rate of coastal cliff retreat 
epends on its geological structure, as well as factors con- 
rolling coastal hydrodynamics (e.g., wave climate, sea- 
evel fluctuations, coastal orientation, and antecedent or 
earshore morphology). 
Waves are mainly responsible for the destruction of 

he cliffs of the Gulf of Gda ńsk, triggering landslides and 
ubsidence processes. Storm surges and extreme meteo- 
ological events are the most important factors in the 
evelopment of cliff slopes ( Zaleszkiewicz and Koszka- 
aro ń, 2005 ). These phenomena are episodic, and their 
requency varies throughout the year. However, over the 
ast decades, the number and intensity of storms in the 
tudy area has been increasing ( Róży ński and Lin, 2021 ; 
tanisławczyk, 2012 ). The coastline is also shaped by weath- 
ring, erosion, and mass movements, the extent of which 
epends on the type of rock, the geometry of the cliff slope, 
nd the vegetation. Flushing of slopes caused by rainwa- 
er and snowmelt also plays an important role in the stud- 
ed area. Unlike extreme phenomena, these processes have 
 continuous character ( Zaleszkiewicz and Koszka-Maro ń, 
005 ). The magnitude and occurrence of coastal erosion 
re also affected by and anthropogenic activities, which 
enerally accelerate the process ( Janušait ė et al., 2021 ; 
óży ński and Lin, 2021 ). 
The catchment of the Gulf of Gda ńsk has an agricultural 

nd forestry character. Agriculture constitutes about half, 
hile 30—40% is forested. Artificial surfaces account for 
bout 5—6% of the region’s area, with their share gradually 
ncreasing, particularly transportation networks, commer- 
ial, industrial, and housing areas ( Bielecka et al., 2020 ). 
da ńsk ( Figure 1 ), the largest city in the studied region, 
orms together with Sopot and Gdynia the Tricity agglom- 
556 
ration. In 2021, Tricity was inhabited by 750,000 people, 
hile its metropolitan area had a population of between 
 and 1.5 million people, depending on the definition of its 
oundaries. Tricity is a large industrial center related mainly 
o the maritime economy. The chemical, machinery, metal, 
nd electronics industries have also developed in agglomer- 
tion. Tricity is also an important transport hub (air, sea, rail 
nd road). In the rest of the region, the economy is based 
ainly on agriculture, fishing, and the food and wood pro- 
essing industries. Combined heat and power plants, a re- 
nery and shipyards contribute the most to air pollution by 
etals ( http://emgsp.pgi.gov.pl ). 
The research was conducted in the area of four cliffs lo- 

ated on the western coast of the Gulf of Gda ńsk: Orłowo 
650 m in length, 1544 m high), Mechelinki (250 m in length,
5—30 m high), Osłonino (400 m in length, 15 m high) and 
uck (500 m in length, 10 m high) ( Figure 1 a). The most ac-
ive part of the Gulf of Gda ńsk shore is the Orłowo cliff.
he other three cliffs are characterized by a much less re- 
reat rate due to the protective nature of the Hel Penin- 
ula ( Łabuz, 2013 ; Zawadzka-Kahlau, 2012 ) ( Figure 1 a). The
liff sediments in Orłowo and Osłonino are mostly built of 
lay mixed with fluvioglacial sands and laminated silts and 
andy silts, while in Mechelinki and Puck are dominated by 
oulder clays with sand and gravel layers ( Kaulbarsz, 2005 ; 
ęczy ński and Kubowicz-Grajewska, 2013 ). 

.2. Sample collection 

amples of cliff sediments were collected during three sam- 
ling campaigns in June 2016 and March 2017. On each cliff
 Figure 1 a), three stations were set at intervals of about 
0 m. During the study period, the location of the sampling 
ites remained the same and was determined each time us- 
ng a high-sensitivity GPS receiver (eTrexH, GARMIN, USA). 
n the case of cliffs in Mechelinki, Osłonino, and Puck, six 
ediment cores (0—65 cm) were collected from each cliff
sing a soil core probe (AMS, USA): three vertical cores, 
aken from the top of the cliff, and three horizontal cores, 
aken from the cliff colluvium ( Figure 2 ). The Orłowo cliff
s located within a nature reserve (K ępa Redłowska), which 
ade it impossible to collect sediment cores. In this case, 
he sediments from the colluvium and the top of the cliff
ere collected manually (approx. 20 cm of the sediment 
urface layer). In addition, during the r/v Oceania cruise in 
ay 2016, with use of the van Veen grab sampler, three sam- 
les of surface sediments (approx. top 20 cm) were taken 
t each of three stations that differed in terms of environ- 
ental conditions and sediment characteristics: near the 
outh of the Vistula River (VM, depth of 16 m, distance 
rom the shore approx. 5 km, transportation bottom), in 
he central part of the Gulf of Gda ńsk (GG, depth of 70 m,
istance from the shore approx. 20 km, area of temporary 
ediment deposition), and from the Gda ńsk Deep (depth of 
05 m, distance from the shore approx. 50 km, accumula- 
ion bottom) ( Burska and Szymczak, 2019 ; Damrat et al., 
013 ; J ędruch et al., 2015 ) ( Figure 1 b). The total number
f sediment samples collected was 129, including 120 cliff
ediment samples and 9 samples of marine sediments. 

http://emgsp.pgi.gov.pl
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Figure 2 Scheme of the sediment cores collection (reproduced from a study by Kwasigroch et al. (2018) under the terms of the 
Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/ ). 
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.3. Laboratory analysis 

he sediment cores were divided into layers: 0—20 cm, 20—
0 cm, and 40—65 cm ( Figure 2 ). Samples for metal analysis 
ere stored in polythene zip-lock bags at —20 °C, freeze- 
ried (Alpha 1—4 LDplus, Martin Christ, Germany) and ho- 
ogenized in a ball mill (8000D Mixer/Mill, SPEX Sample 
rep, USA) with a tungsten vessel immediately before anal- 
sis. 
The analysis of selected metals (Cr, Mn, Fe, Cu, Zn, Rb, 

r, Y, Zr, and Ba) was performed using X-ray fluorescence 
pectroscopy (XRF). In this method, atoms of the analyzed 
aterial are externally excited by X-rays, making electrons 
ove, which results in the release of energy emitted as pho- 
ons. Each element emits characteristic energy, the inten- 
ity of which increases with the concentration of the ele- 
ent. The XRF technique is characterized by good selec- 
ivity and a low detectability limit of ppm-ppb; moreover, 
t is also fast, cost-effective, and environmentally friendly 
 Dijair et al., 2020 ). It also belongs to the nondestructive 
nalytical methods that do not damage the sample under 
tudy ( Szyczewski et al., 2009 ). About seven grams of each 
ample were used to determine the element concentra- 
ions, as in the studies by Gashi et al. (2009) and Allafta and 
pp (2020) . The samples were placed in open-ended XRF 
ups with a diameter of 40 mm and sealed with a 4.0 μm- 
hick X-ray film. To perform analysis, a portable XRF (pXRF) 
nalyzer S1 Titan (Bruker, Germany), using the Geochem 

alibration package designed for trace element analysis in 
eochemical matrices adjusted for coastal and bottom sedi- 
ents. XRF readings were performed in triplicate for 60 s in 
ual soil mode. The final results were obtained by averag- 
ng three scanning results. The accuracy of the method was 
erified using certified reference material JMS-1 — marine 
ediment (GCJ, Japan) (78 mg kg —1 of Cr, 22.6 g kg —1 of Mn, 
09.6 g kg —1 of Fe, 447 mg kg —1 of Cu, 166 mg kg —1 of Zn,
557 
5 mg kg —1 of Rb, 454 mg kg —1 of Sr, 254 mg kg —1 of Y, 220
g kg —1 of Zr and 1.8 g kg —1 of Ba), which was analyzed five
imes, at the beginning of each measurement series. The re- 
overy values of the method were, respectively: 96.0% for 
r, 102.3% for Mn, 100.4% for Fe, 95.7% for Cu, 95.5% for 
n, 94.2% for Rb, 98.1% for Sr, 96.9% for Y, 92.6% for Zr, and
7.1% for Ba. The precision of the analysis, given as a rela-
ive standard deviation, is equal to 1.3% for Cr, 1.9% for Mn, 
.8% for Fe, 0.5% for Cu, 1.2% for Zn, 1.5% for Rb, 0.9% for
r, 1.6% for Y, 1.4% for Zr, and 0.8% for Ba. 
The physical parameters of the collected sediments were 

lso analyzed. The content of water (W) was determined by 
rying the sample at 60 °C for 24 h, while the content of or-
anic matter (OM) in sediments was determined using a loss 
f ignition (LOI) at 550 °C for 6 h. The granulometric compo- 
ition of sediments was investigated by sieve analysis using 
 mechanical shaker for 10 min, through the following mesh 
izes: 2.0, 1.0, 0.5, 0.25, 0.125, and 0.063 mm. Sediments 
ith a diameter below 0.063 mm were defined as a fine par- 
icle sediment fraction (FSF). 

.4. Cliff erosion analysis 

 load of individual metals introduced to the Gulf of Gda ńsk 
ith coastal erosion was estimated based on its concentra- 
ion in cliff sediments and the mass of deposits crumbling to 
he sea during the year. A sedimentary material was calcu- 
ated by analyzing the temporal changes in the active layer 
f deposits of the investigated cliffs with the use of an air- 
orne laser scanning (ALS) technique using a light detection 
nd ranging (LiDAR) sensor. The LiDAR surveys were con- 
ucted in 2009 and 2013 by the ZUI Apeks geodetic com- 
any, providing a 4-year period to analyze changes in cliff
rofiles. Scanned sections included cliffs in Orłowo, Meche- 
inki, and Osłonino ( Figure 1 a) with a total length of about
.3 km. Based on LiDAR data (density: 7.32 points m 

—2 ), 

http://creativecommons.org/licenses/by/4.0/
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igh-resolution elevation models of the investigated cliffs 
ere created (vertical resolution: ±0.15 m, lateral reso- 
ution: ±0.20 m) using SURFER 12 software (Golden Soft- 
are). A detailed description of spatial data processing was 
rovided in the previous work by Bełdowska et al. (2016) . 
omparative analysis of models from two different periods 
nables to determine the volumetric changes in cliff pro- 
les ( Earlie et al., 2015 ; Zelaya Wzi ątek et al., 2019 ). The
ass of the crumbling deposits was calculated with con- 
tant sediment density of 2.65 g cm 

−3 — typical values for 
lays, sandy clays and clay sands ( My śli ńska, 1992 ). Based 
n the results obtained for surveyed cliffs, an average an- 
ual sediment loss per km of the cliff shore was calculated 
29,460 tonnes). A total load of deposits introduced to the 
ulf of Gda ńsk was calculated assuming that the combined 
ength of the cliffs along its coast is 3.05 km ( Dubrawski and 
awadzka-Kahlau, 2006 ). To estimate the present load of 
etals, concentrations in the surface layer (0—20 cm) of 
olluvium were used ( Figure 2 ). To calculate the load in- 
roduced to the sea during extreme events, concentrations 
easured in sediments collected from the top (0—60 cm) of 
he cliff were used. Estimation of the future load was based 
n metal concentrations in deeper layers of colluvial sedi- 
ents (0—40 cm). 

.5. Processing of results 

tatistical analysis was carried out using STATISTICA 12 soft- 
are (StatSoft). To assess the distribution of the data, the 
hapiro-Wilk normality test was used ( α= 0.05). Except for 
b (p = 0.09), data on the concentrations of most investi- 
ated elements were not normally distributed (p < 0.05). 
herefore, to determine the strength and direction of as- 
ociation between the analyzed variables the nonparamet- 
ic Spearman rank-order correlation coefficient ( ρ) was 
sed ( α= 0.05). All calculations for sediment grain size sta- 
istical parameters were performed using the GRADISTAT 
.1 software package ( Blot and Pye, 2001 ) running in Mi- 
rosoft Excel 365. The grain size of the sediments was de- 
ermined on the Wentworth (1922) classification. To de- 
cribe the relationship between the size fractions, the 
olk’s (1974) scheme was used. The map of the study area 
ith the distribution of sampling stations was created using 
rcGIS 10.4.1 software (ESRI). 

. Results and discussion 

.1. Lithologic features of sediments 

amples of sediments collected from cliffs had grains of 
arying sizes (from silt-sized particles with diameters be- 
ow 0.063 mm to gravel with grains over 2 mm) and were 
ostly poorly sorted, which is characteristic for glacial 
ediments, deposited by the slow plowing action of an 
ce sheet ( Easterbrook, 1982 ). Based on texture, the cliff
ediments were mostly classified as silty sands ( Table 2 ), 
hich is consistent with the results of previous studies 

 Bełdowska et al., 2016 ; Wo źniak and Czubała, 2014 ). The 
ontribution of FSF ranged from 3.9 to 27.8%, however, the 
ertical cores of sediments collected from the top of the 
558 
liff contained more than two times more FSF and OM (17.8% 

nd 5.0% on average, respectively) compared to horizontal 
ores from the colluvium (7.9% and 1.9% on average, respec- 
ively), which was influenced by eluviation of these consti- 
utes from the top soil. The physical sediment properties of 
he studied cliffs were similar, although in the Puck cliff the 
roportion of FSF and OM was the lowest, while the con- 
ent of coarse sediments (sand and gravel) was the highest. 
iven the lithological and morphogenetic criteria, all inves- 
igated cliffs were classified as sandy-clay and fall-landslide 
ypes, respectively ( Kostrzewski et al., 2020 ). 
The distribution of surface sediments in the Gulf of 

da ńsk followed the general scheme of grain sorting in the 
ater bodies distribution of sediments in the Gulf of Gda ńsk 
nd was associated with water depth and energy of the en- 
ironment ( Łukawska-Matuszewska and Bolałek, 2008 ). The 
amples collected in the shallow water area of the Vis- 
ula mouth (VM) were poorly sorted and dominated by fine- 
rained sands ( Table 2 ). It is typical of a dynamic estuarine
nvironment, in which the movement of sea water is gen- 
rated by a number of factors, including the inflow of Vis- 
ula waters, waves, as well as surface and near-bottom cur- 
ents. An interplay of these factors prevents the sedimen- 
ation of fine particles near the mouth and determines their 
emobilization, transport, and redeposition ( Damrat et al., 
013 ; Szymczak and Burska, 2019 ). Consequently, sediments 
rom the VM station contained significantly less FSF and OM 

20.6% and 5.8%, respectively) than sediments deposited 
n the deeper areas of the Gulf of Gda ńsk. The sediment 
roperties of the samples collected in the central part of 
he Gulf of Gda ńsk (GG) and Gda ńsk Deep (GD), known 
s the depositional bottom ( Burska and Szymczak, 2019 ; 
wasigroch et al., 2021 ), were similar to each other: they 
oth mainly consisted of sandy silts and contained 34.1—
5.2% of FSF and 12.4—14.3% of OM. 

.2. Concentration of metals in cliff sediments 

he concentration of the investigated essential (Cr, Mn, Fe, 
u, Zn) and non-essential (Rb, Sr, Y, Zr, Ba) metals in the 
orizontal cores of sediments collected at the base of the 
liff colluvium and the vertical cores taken from the top of 
he cliff in Orłowo, Mechelinki, Osłonino and Puck was char- 
cteristic of sediments from uncontaminated areas ( Kabata- 
endias and Mukherjee, 2007 ). Taking into account the me- 
ian, the concentrations of metals increased as follows: Cu 
9.3 mg kg —1 ) < Y (14.0 mg kg —1 ) < Zn (20 mg kg —1 ) < Rb
50.7 mg kg —1 ) < Cr (60.3 mg kg —1 ) < Sr (62.2 mg kg —1 )
 Zr (164.0 mg kg —1 ) < Mn (200.0 mg kg —1 ) < Ba (273.7
g kg —1 ) < Fe (13 g kg —1 ) ( Figure 3 ). The lowest concen-
ration variability was found for Cu, Zn, Cr, and Rb, and 
he highest range was found for Fe values ( Table 3 ). The
trongest positive correlations were found between Fe, Zn, 
nd Rb ( ρ= 0.77 and higher, p < 0.05), which indicate the
imilar geochemical behavior or common origin ( Algül and 
eyhan, 2020 ). The concentrations of Fe, Cu, Rb and Sr cor- 
elated with the content of fine sediment fraction ( ρ= 0.43, 
= 0.40, ρ= 0.46, ρ= 0.48, respectively, p < 0.05) ( Table 4 ).
his is related to the fact that fine sediment particles have 
 higher ability to adsorb metals due to the increase of spe- 
ific surface area, the presence of clay minerals, as well as 
e and Mn oxides ( J ędruch et al., 2015 ; Pempkowiak, 1997 ;
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Table 2 Physical characteristics of the cliff and marine sediments (values are medians and ranges). 

Sedimenttype Station layer N Texturalgroup FSF (%) OM (%) W (%) 

Cliff Orłowo H 6 Silty sand 10.1 (9.8—10.3) 2.9 (2.8—3.1) 6.6 (6.2—7.1) 
V 6 Silty sand 24.9 (22.3—27.8) 8.4 (8.1—9.0) 8.5 (8.1—8.8) 

Mechelinki H 18 Sand 7.9 (6.8—10.2) 2.4 (1.4—3.0) 6.4 (5.8—7.5) 
V 18 Silty sand 17.5 (12.2—22.9) 5.7 (4.6—6.5) 7.6 (5.8—9.6) 

Osłonino H 18 Silty sand 10.1 (8.8—11.8) 1.6 (1.3—2.3) 6.7 (4.9—8.6) 
V 18 Silty sand 19.0 (14.2—24.2) 5.0 (3.2—8.1) 6.4 (4.9—7.9) 

Puck H 18 Fine sand 4.5 (3.9—5.1) 1.4 (1.0—2.2) 6.4 (6.1—7.0) 
V 18 Silty sand 14.4 (6.9—22.8) 3.2 (1.5—5.5) 8.0 (4.3—14.5) 

Marine VM T 3 Fine sand 20.6 (19.9—21.0) 5.8 (5.7—6.0) 48.4 (47.4—49.8) 
GG T 3 Sandy silt 35.2 (34.8—35.7) 14.3 (14.2—14.4) 66.1 (65.2—66.7) 
GD T 3 Sandy silt 34.1 (33.8—34.3) 12.4 (12.1—12.6) 71.1 (70.5—71.6) 

VM — Vistula mouth, GG — Gulf of Gda ńsk, GD — Gda ńsk Deep 
H — horizontal core, V — vertical core, T — top 
N — number of samples, FSF — fine sediment fraction, OM — organic matter, W — water content 

Figure 3 Load of metals entering the Gulf of Gda ńsk along with the coastal erosion: at present with eroded colluvium, during 
extreme events with eroded top of the cliff, and in the future with deeper layers of sediments. 
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ao et al., 2015 ). The formation of metal complexes with 
e and Me oxides was manifested in the dependence of 
u, Zn, Rb, and Zr concentrations on the content of Fe 
 ρ= 0.57, ρ= 0.87, ρ= 0.81, ρ= 0.66, respectively, p < 0.05) 
nd Mn ( ρ= 0.47; ρ= 0.57, ρ= 0.48, ρ= 0.44, respectively, 
 < 0.05) ( Table 4 ). However, the lack of correlation be- 
ween Fe and Mn ( ρ= 0.01, p > 0.05) in cliff sediments may 
ndicate an anthropogenic origin of one of these elements 
 Skorbiłowicz et al., 2020 ). The anthropogenic impact may 
lso be evidenced by the absence of relationships between 
etal concentrations and both FSF and OM contributions 

 Algül and Beyhan, 2020 ; J ędruch et al., 2015 ), found for Zn
 ρ= 0.24 and ρ= -0,20 respectively, p > 0.05) and Y ( ρ= 0.14
nd ρ= -0,11 respectively, p > 0.05). 
The anthropogenic origin of metals in cliff sediments of 

he Gulf of Gda ńsk is primarily related to the proximity to 
 large urban center. Average metal concentrations in the 
559 
ricity agglomeration area were higher compared to values 
n soils of undeveloped areas located by the Gulf of Gda ńsk, 
specially in the case of Cu, Zn and Cr ( Bielicka et al., 2009 ;
alandysz et al., 2011 ; http://emgsp.pgi.gov.pl ). There- 
ore, this indicates the deposition of metals close to point 
mission sources. In contrast to areas far from potential 
ollution sources, higher metal concentrations were also 
ound in plants (sea buckthorn Hippohaë rhamnoides ) and 
ungi (king bolete Boletus edulis , fly agaric Amanita mus- 
aria ), considered indicator species, collected in the Tric- 
ty area ( Falandysz et al., 2011 , 2018 ; Pr ądzy ński et al.,
010 ), as well as the algae Enteromorpha spp. collected in 
he urbanized coastal zone ( Haroon et al., 1995 ). Elevated 
oncentrations of metals, especially Cr, were also found in 
he sediments of streams and reservoirs in the Tricity area 
 Wojciechowska et al., 2019 ). However, apart from a few 

xceptions, the measured values were well below the ac- 

http://emgsp.pgi.gov.pl
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Table 3 Statistical characteristic of metal concentrations [mg kg —1 ] in cliff sediments (SD — standard deviation, SE —
standard error). 

Mean Median Minimum Maximum SD SE 

Cr 60.1 60.3 27.7 86.3 13.9 2.0 
Mn 216.7 200.0 102.3 386.7 82.4 12.0 
Fe 13 819.3 12 924.5 4 839.7 32 935.0 6 018.6 877.9 
Cu 10.5 9.3 6.0 21.3 3.3 0.5 
Zn 22.1 20.0 8.0 46.0 10.1 1.5 
Rb 50.8 50.7 29.5 85.0 14.5 2.1 
Sr 69.2 62.2 40.0 130.2 22.7 3.4 
Y 16.4 14.0 8.0 82.0 13.5 2.0 
Zr 159.3 164.0 24.3 262.0 58.9 8.6 
Ba 260.2 273.7 102.0 559.0 108.9 15.9 
FSF 13.2 12.5 2.9 26.5 6.3 0.9 
OM 3.3 2.6 0.7 8.2 2.2 0.3 

FSF — fine sediment fraction, OM — organic matter. 

Table 4 Spearman’s rank-order correlation matrix of metal concentrations and physical characteristics of cliff sediments 
(values marked with a star symbol are statistically significant, p < 0.05). 

Cr Mn Fe Cu Zn Rb Sr Y Zr Ba FSF OM 

Cr 0.44 ∗ -0.39 ∗ -0.11 -0.06 -0.28 ∗ -0.16 0.41 ∗ -0.42 ∗ 1.00 -0.23 ∗ -0.08 
Mn 0.44 ∗ 0.01 0.47 ∗ 0.58 ∗ 0.48 ∗ 0.08 0.65 ∗ 0.44 ∗ 0.44 ∗ -0.12 -0.34 ∗

Fe -0.39 ∗ 0.01 0.58 ∗ 0.87 ∗ 0.81 ∗ 0.47 ∗ -0.00 0.65 ∗ -0.39 ∗ 0.43 ∗ 0.32 ∗

Cu -0.11 0.47 ∗ 0.58 ∗ 0.60 ∗ 0.54 ∗ 0.48 ∗ 0.18 0.30 ∗ -0.11 0.40 ∗ -0.14 
Zn -0.06 0.58 ∗ 0.87 ∗ 0.60 ∗ 0.77 ∗ 0.13 0.46 ∗ 0.46 ∗ -0.06 0.27 0.20 
Rb -0.28 ∗ 0.48 ∗ 0.81 ∗ 0.54 ∗ 0.77 ∗ 0.45 ∗ 0.36 ∗ 0.77 ∗ -0.28 ∗ 0.47 ∗ 0.29 ∗

Sr -0.16 0.08 0.47 ∗ 0.48 ∗ 0.13 0.45 ∗ 0.23 ∗ 0.35 ∗ -0.16 0.49 ∗ 0.33 ∗

Y 0.41 ∗ 0.65 ∗ -0.00 0.18 0.46 ∗ 0.36 ∗ 0.23 ∗ 0.59 ∗ 0.41 ∗ 0.14 -0.11 
Zr -0.42 ∗ 0.44 ∗ 0.65 ∗ 0.30 ∗ 0.46 ∗ 0.77 ∗ 0.35 ∗ 0.59 ∗ -0.42 ∗ 0.31 ∗ 0.03 
Ba 0.08 0.23 0.08 0.17 0.09 0.19 -0.04 0.14 0.02 0.07 -0.23 
FSF -0.23 ∗ -0.12 0.43 ∗ 0.40 ∗ 0.27 0.47 ∗ 0.49 ∗ 0.14 0.31 ∗ 0.07 0.62 ∗

OM -0.08 -0.34 ∗ 0.32 ∗ -0.14 0.20 0.29 ∗ 0.33 ∗ -0.11 0.03 -0.23 0.62 ∗

FSF — fine sediment fraction, OM — organic matter. 
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eptable metal concentrations. As shown in the study by 
alandysz et al. (2011) , the concentrations of metals, in- 
luding Mn, Fe, Cu, Zn, Sr, and Ba, in soils in the study area
ere similar to or lower than in soils in the Polish terri- 
ory, especially those located in its heavily industrialized 
outhern part of the country. Relatively low level of met- 
ls in the soils of the investigated area may be related with 
he outflow of metals to the Gulf Gda ńsk. Given that wa- 
ercourses are mostly regulated and their catchments are 
trongly modified by humans, the retention of chemicals in 
oils is low ( Saniewska et al., 2014b ; Wojciechowska et al., 
019 ). Therefore, the gradual growth of artificial surfaces 
nd urbanized lands in the last decades, especially in 
he Tricity agglomeration, may contribute to the increased 
unoff of metals to the Gulf of Gda ńsk ( Bielecka et al., 
020 ). This indicates that the decrease in metal concentra- 
ions in the topsoil of the Tricity observed since the 1990s 
 J ędruch et al., 2021 ) may be attributed not only to the
eduction of anthropogenic emission but also to the more 
ntensive outflow of metals to the marine environment. 

Cliffs of the Gulf of Gda ńsk contained significantly less 
r, Fe, Cu, Zn, and Zr compared to cliffs of the Kerala coast 
560 
southwestern India) ( Renjith et al., 2021 ). The level of el- 
ments in deposits of Kerala cliffs was from three (for Zn) 
o almost 30 times (for Fe) higher than in cliffs investigated 
n this study. The concentrations of Rb, Sr and Ba in both 
egions were similar, whereas in the case of Mn and Y higher 
alues were measured in deposits from the Gulf of Gda ńsk 
oast. However, given the differences in geology, it is diffi- 
ult to compare the results of these regions with each other. 
eaches of Kerala are world-famous for their heavy mineral 
oncentration, especially Fe minerals, e.g., jarosite and il- 
enite. In addition to the geology of the hinterland, the 
erala cliffs are also influenced by subtropical to tropical 
limates. A consequence is the varied structure of the cliffs, 
hich consist of arkosic sand, kaolinitic sandy clay carbona- 
eous clay, and peat with plant remains ( Singh et al., 2016 ).
The concentrations of metals in cliffs of the Gulf of 

da ńsk were similar to values measured in sediments col- 
ected from bluffs along the Chincoteague Bay coast (Mary- 
and, USA) ( Wells et al., 2003 ). Maryland coastal bays gen- 
rally have low levels of metals ( US EPA, 2002 ); therefore,
iven the same sandy-clay type of deposits at both loca- 
ions, it can be concluded that metal burdens in sediments 
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re comparable. However, the contribution of FSF in sedi- 
ents eroded from the Chincoteague Bay coast (54.7% on 
verage) ( Wells et al., 2003 ) was a few times higher than in
liffs investigated in this study ( Table 2 ). On the other hand, 
he bluff sediments contained significantly less OM (approx. 
.1% on average) compared to the cliff sediments of the Gulf 
f Gda ńsk. As confirmed by higher ρ values ( Table 4 ), the 
SF content was the strongest factor determining the con- 
entration of elements than OM in the case of both studies. 
aking into account the differences in textural composition, 
he FSF-normalized metal concentrations in the Polish cliffs 
ere, therefore, higher than in Chincoteague Bay. 
In the case of the Baltic Sea, metal levels, other than 

g ( Bełdowska et al., 2016 ; Kwasigroch et al., 2018 ), in 
liff sediments have not been investigated so far. How- 
ver, there are some studies on metal concentrations in de- 
osits of southern Baltic beaches ( Antonowicz et al., 2017 ; 
arlonien ė et al., 2021 ; Kupczyk et al., 2021 ). The concen- 
rations measured in beach sands were lower than in cliff
ediments: a few times for Zn, a few to about a dozen 
imes for Cu and Mn, and several dozen times for Cr and 
e. The lower level of metals in beach deposits reflects 
he overall lower content of silt fractions in comparison 
o clays from cliffs. These differences may also indicate 
hat Cr and Fe are adsorbed mainly on fine-grained par- 
icles, which are usually washed away from sandy sedi- 
ents. Silty sediments of the southern Baltic Sea are mostly 
omposed of micas and clay minerals (e.g., illite, glau- 
onite, montmorillonite) which serve as a sink for Fe and 
r. On the other hand, metals such as Zn, Cu, and Mn co- 
ccur with coarser quartz particles and are associated with 
eavy minerals (e.g., ilmenite, garnet, amphibole) or ter- 
igenous carbonates ( Karlonien ė et al., 2021 ; Mikulski et al., 
016 ; U ścinowicz, 2011 ; U ścinowicz and Sokołowski, 2011 ; 
ajda, 1970 ). 

.3. Load of metals released to the sea 

oastal erosion has been identified as an important source 
f sediments to the marine environment ( Janušait ė et al., 
021 ; Łabuz, 2014 ; U ścinowicz et al., 2011 ; Wells et al.,
003 ). Along with sediments, chemicals sorbed onto parti- 
les are also released into the water, turning cliffs into a 
ossible nonpoint source, which affects the quality of the 
oastal zone ( J ędruch et al., 2017 ; Karlonien ė et al., 2021 ;
ells et al., 2003 ). The impact of eroded coast on the input 
f chemical elements, including metals, to the sea, is rarely 
onsidered by researchers or monitoring institutions. There- 
ore, attempts to quantify that contribution and compare it 
o other sources are seldom ( Jarsjö et al., 2017 ; Karlonien ė 
t al., 2021 ). However, as shown in previous studies by 
ełdowska et al. (2016) , coastal erosion is the third most 
ignificant source of Hg introduced to the Gulf of Gda ńsk, 
fter rivers and wet atmospheric deposition. It should be 
oted that nearly all the riverine input of Hg to the Gulf 
f Gda ńsk is introduced by the Vistula, the second largest 
iver that disembogues into the Baltic Sea ( Figure 1 b). In 
omparison to the smaller, local rivers (e.g., Reda, Kacza, 
nd Gizdepka), the importance of coastal erosion is more 
eaningful. It was shown that coastal erosion introduces to 
he sea over 13 times more Hg than these rivers combined 
 Bełdowska et al., 2014 , 2016 ). If the contribution of the 
561 
istula River is not included in the Hg budget in the Gulf 
f Gda ńsk, the significance of coastal erosion increased to 
ore than 30% of the Hg load reaching the basin. It means 
hat the abrasion process may be a particularly significant 
ource of Hg in areas far from the mouths of large rivers or
n bays without major river outlets. 

The erosion of the foot slope of the cliff is the 
ain factor responsible for the formation of landslides 
nd other mass movements ( Kostrzewski et al., 2020 ; 
 ścinowicz et al., 2004 ). On the Polish coast, erosion is 
ainly caused by meteorologically forced storm surges. 
torms are mostly recorded in the fall-winter months, from 

ovember to February. Storm surges are not a regular an- 
ual event. Their number differs from year to year, from a 
ew to a dozen or so ( Łabuz, 2014 ; Stanisławczyk, 2012 ).
uring storm surges of a relatively small scale, mainly the 
urface layer of a cliff face, located at the foot of the col- 
uvium, is destroyed. A load of sediments released into the 
ulf of Gda ńsk with eroded cliffs was estimated at 89,854 
onnes annually ( Bełdowska et al., 2016 ). Taking into ac- 
ount median concentrations of the investigated metals in 
ediments collected from the surface layer of the colluvium 

first 20 cm of horizontal core), coastal erosion is respon- 
ible for introducing to the Gulf of Gda ńsk following loads: 
everal kilograms of Cu, Y and Zn, over ten kilograms of Rb 
nd Cr, up to a few tens of kilograms of Sr, Zr, and Mn, over
00 kg of Ba, and as much as 4.8 tonnes of Fe ( Figure 4 ). 
Shore destruction is more significant when two or more 

torm surges occur in succession during a single season. 
owever, the most dangerous are the most severe ex- 
reme storms. Along the coast of the southern Baltic, the 
umber of such events is more than a dozen per decade 
 Łabuz, 2014 ). In the future, the frequency and strength of 
torms are expected to increase ( Różycki and Lin, 2021 ). 
uring the most severe storms, when the cliff wall is largely 
estroyed, also the upper part of the cliff may crumble. 
iven that the top of the cliff is often overgrown with trees 
nd shrubs, the soil and underlying layers of sediments have 
ifferent chemical compositions and sorption properties. 
long with large landslides disturbing the upper parts of 
he cliff wall, the input of metals introduced into the sea 
hanges. Compared to the load released into the Gulf of 
da ńsk with eroded colluvium, the input of metals during 
xtreme events may increase. As evidenced by the analysis 
f vertical cores of sediments taken from the top of the in- 
estigated cliffs, the load can increase by 41% for Zn, 18% 

or Cr, 9% for Zr, and 2% for Mn. On the other hand, for some
f the elements, the load can be reduced by: 29% for Sr,
0% for Y, 15% for Ba, 8% for Cu, 6% for Rb, and 4% for Fe
 Figure 4 ). These differences may be related to the natu- 
al occurrence of metals in cliff deposits, mainly associated 
ith their mineralogical composition and the content of the 
ne fraction or organic matter. However, surface soil and 
nderlying sediments may be affected by human activity. 
his substantial enrichment of clifftop sediments in Zn is 
robably an effect of atmospheric deposition of metal and 
ts infiltration with rainfall, especially as Zn in precipitation 
n the coastal zone of the Gulf of Gda ńsk is of anthropogenic
rigin ( Szefer, 1990 ). 
Currently, erosion affects the surface layer of the cliff

ace and the colluvium (0—20 cm). Estimation of changes in 
 metal load along with cliff erosion in the future was car- 
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Figure 4 Concentrations of metals in sediments of a cliff and different types of marine bottom: transportation bottom (VM —
Vistula mouth), area of temporary deposition of sediments (GG — Gulf of Gda ńsk), and accumulation bottom (GD — Gda ńsk Deep). 
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ied out based on the concentrations of metals in deeper 
ayers of sediments (20—40 cm and 40—65 cm sections of 
he horizontal cores) deposited at the foot of cliffs. The 
btained results indicated that a load of some metals in- 
roduced into the sea with coastal erosion in the future is 
xpected to increase slightly: 11% for Cr, 10% for Zr, and 3% 

or Sr ( Figure 4 ). On the other hand, the inflow of some met-
ls will be lower: 25% for Mn, 21% for Rb, 20% for Zn, 12% for
a, 8% for Cu, and 2% for Y, while the load of Fe will remain
he same. 

.4. Distribution of metals in marine sediments 

andslides that are dominant mass movements on cliffs with 
 complex structure, such as those along the Gulf of Gda ńsk 
hore, are most hazardous because they sometimes affect 
 zone of hundreds of meters away from the cliff edge 
 U ścinowicz et al., 2004 ). Consequently, both the metals 
ccumulated in cliff deposits and remobilized from resus- 
ended marine sediments recovered are released into the 
ater. The influence of coastal erosion on metal concentra- 
ion in the marine environment was previously evidenced in 
he example of Hg and the Orłowo cliff ( Bełdowska et al., 
016 ; J ędruch et al., 2017 ). After the introduction of a 
onsiderable load of eroded sedimentary material into the 
oastal zone, the concentration of Hg in suspended partic- 
late matter increased almost three times, while, in phy- 
oplankton, a ten-fold increase was observed. This confirms 
he potential impact of coastal erosion on metal inflow into 
he marine trophic chain. It should also be noted that these 
hanges occurred as a consequence of a single, one-day 
vent that was engineering work conducted for safety rea- 
ons. 
Although the concentrations of metals in the cliff de- 

osits were mostly relatively low ( Table 3 , Figure 4 ) the in-
562 
uence of coastal erosion on their input to the sea cannot be 
gnored. The importance of this source is not related to the 
igh concentration of metals in cliff sediments, but to the 
arge mass of sediments introduced into the marine envi- 
onment annually. Fine-grained sediments eroded from the 
liff are quickly washed out of the coastal zone and trans- 
orted to deeper parts of the bottom. The area considered 
o be the site of final sediment deposition in the Gulf of 
da ńsk is the Gda ńsk Deep ( Burska and Szymczak, 2019 ).
evertheless, fine-grained sediments also temporarily ac- 
umulate in shallower places, e.g., Puck Bay or the Vistula 
iver prodelta ( Damrat et al., 2013 ; Sokołowski et al., 2021 )
 Figure 1 ). Given the complex pattern of surface and bot-
om currents, the fate of sediments delivered to the Gulf 
f Gda ńsk is difficult to determine ( Zachowicz et al., 2002 ).
dentification of the origin of deposited particles is difficult 
ue to the variety of sources of terrigenous matter, e.g., 
roded cliffs, rivers, soils, snowmelt water ( J ędruch et al., 
017 ; Sokołowski, 2009 ). 
Cu, Y, and Zn in the cliff sediments were similar to those 

easured in the sands of the southern Baltic Sea, in which 
heir concentrations were, respectively: below 20 mg kg —1 , 
etween 6 and 69 mg kg —1 , and between 5 and 50 mg kg —1 

 Mikulski et al., 2016 ; U ścinowicz et al., 2011 ). The same
pplies to Mn and Fe, belonging to the main constituents 
f the Baltic Sea sediments. In the cliff sediments, the lev- 
ls of these elements were low, close to the typical val- 
es for sand sediments, in which they represented 10 to 
,500 mg kg —1 , and not more than 19 g kg —1 , respectively
 U ścinowicz and Sokołowski, 2011 ). In the case of Rb, Cr and
r, their concentrations in cliff deposits were higher relative 
o sand, but comparable to fine-grained silty clay sediments 
f the southern Baltic Sea, in which they were around 60 
g kg —1 for Rb and from 40 to 70 mg kg —1 for both Cr and Sr

 Kumblad and Bradshaw, 2008 ; U ścinowicz et al., 2011 ). The
evel of Zr in southern Baltic sediments is not well recog- 
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also of contaminants that have accumulated in them over 
ized, as previous studies have focused on possible Zr con- 
entrates, including Fe-Mn nodules. However, the level of 
r in cliff sediments was high enough to be comparable to 
alues measured in metal-rich nodules in a range of 110 to 
85 mg kg —1 ( Szamałek et al., 2018 ). The amount of Ba in
he cliff sediments was also elevated, higher than in the 
ilt-clay deposits, which contained 100 to 200 mg kg —1 . Con- 
entrations of Ba similar to the values measured in cliffs oc- 
urred only locally in the soft bottom of the southern Baltic, 
n the Eastern Gotland and the Gulf Basin ( U ścinowicz et al., 
011 ). The results obtained indicate that the investigated 
liffs are not a significant source of Cu, Y, Zn, Mn, and Fe 
n the sediments of the southern Baltic Sea. Instead, they 
ay, to some extent, be a source of Rb, Cr, and Sr, whereas, 

n the case of Zr and Ba, the influence of cliffs seems un- 
eniable. For Ba, the level measured in cliff deposits was 
lso a few times higher than found in river sediments in 
oland (below 52 mg kg —1 ), as well as alluvial deposits in 
ermany, Denmark, Lithuania and Latvia (up to 128 mg kg —1 ) 
 Bojakowska, 2011 ). The high content of Ba in the cliff de- 
osits is probably due to the presence of feldspar and pla- 
ioclases, as well as terrigenous Ba sulfate ( Szamałek et al., 
018 ). 
In coastal areas, especially in estuaries, rivers are gen- 

rally the most important source of metals in marine sedi- 
ents ( Bełdowska et al., 2021 ; HELCOM, 2021 ). Rivers trans- 
ort metals washed out from the catchment area and those 
riginating from treated and untreated sewage. Therefore, 
he concentrations of metals in the bottom sediments in- 
rease in the areas where riverine material is transported 
nd deposited. It is confirmed by the higher concentrations 
f Zn, Cr, Sr, Zr, and Mn in sediments collected from the 
tation located near the mouth of the Vistula River (VM), 
ompared to the concentration of these metals in the cliffs 
 Figure 4 ). Due to the dynamics of the sedimentary environ- 
ent, only a small part of the material carried by the Vis- 
ula is deposited near its mouth. It is estimated that more 
han two thirds of the sediment mass can be remobilized 
nd then redeposited in deeper parts of the Gda ńsk Basin 
 Damrat et al., 2013 ). The distance from the mouth of the 
iver significantly influences sediment accumulation rates 
nd the fate of sediments in the Gulf of Gda ńsk. As it in-
reases, the terrigenous material is dispersed in seawater, 
nd the metal load reaching the sediments is diluted. 
The decrease in concentrations, resulting from the mix- 

ng of river material with marine sediments with lower con- 
entration, was recorded for Cr and Zr ( Figure 4 ). Because 
r contents show exponential dependence on the grain size 
f the sediments and are usually highest in fine-grained sedi- 
ents ( U ścinowicz et al., 2011 ), elevated Cr concentrations 
ound in sands of the Vistula mouth are most likely an indi- 
ator of anthropopressure. This is confirmed by the fact that 
r concentrations measured in sediments collected near the 
iver outlet were approximately 10 times higher than the av- 
rage Cr content in sands of the southern Baltic Sea (about 
0 mg kg —1 ) ( U ścinowicz et al., 2011 ). They were also a few
imes higher compared to the Cr level in the sediments of 
ost rivers that flow into the southern Baltic Sea (below 

3 mg kg —1 ) ( Bojakowska, 2011 ). In the case of Zr, its con-
ent in coastal sediments was probably related to limited 
obility in the marine environment resulting from its high 
ravity and specific grain shape, as well as chemical resis- 
563 
ance ( Kabata-Pendias and Mukherjee, 2007 ; Wajda, 1970 ). 
n the second half of the twentieth century, the possibility of 
btaining Zr from beaches and marine sands in the southern 
altic region was even taken into consideration ( Pilch et al., 
990 ). However, the amounts of Zr in the sediments of the 
ulf of Gda ńsk were sub-economic. An increase in concen- 
ration with distance from the Vistula mouth was recorded 
or Cu, Y, Zn, Rb, Sr, Ba, and Fe, which may indicate addi-
ional sources of metals. In the case of Cu, Zn, Sr, and Fe,
ue to their low concentration in cliff sediments, the role 
f coastal erosion is rather small. For Y, Rb, and Ba concen- 
rations in cliff sediments were similar or higher compared 
o Vistula mouth sediments, therefore it can be concluded 
hat the role of cliffs in a load of this metal introduced to
he Gulf of Gda ńsk may be important. 

. Conclusions 

n the coming years, as a result of the combination of declin- 
ng ice phenomena and increased hydrodynamic forces, the 
brasion of the southern Baltic coast will accelerate. Con- 
equently, the retreat rate of the most erosion-prone cliffs 
ill most likely increase. Moreover, many parts of the coast 
hat were inactive or persisted in an equilibrium state will 
e eroded. Although a considerable part of the cliff section 
f the Polish coast is under protection (or is planned to be 
n the near future), the management strategy for the Gulf 
f Gda ńsk is unlikely to change. The most important form of 
aintaining the coast and preventing the loss of beaches in 
he studied area is nourishment. The cliff in Orłowo is ad- 
itionally protected by three submerged breakwaters, two 
tone groins, and a concrete seawall. However, conducted 
esearch has shown that the influence of underwater thresh- 
lds on shoreline transformation is minor ( Łęczy ński and 
ubowicz-Grajewska, 2013 ). The probability of introducing 
ore effective methods to protect the Orłowo cliff from 

rosion is low. Due to its unique natural character, interfer- 
nce with the cliff landscape raises objections from both 
cientists and the public. The projected changes are ex- 
ected to result in a substantial increase in the mass of 
errestrial deposits entering the marine environment. Nu- 
erous studies and models indicate that as a result of the 
eduction in anthropogenic emissions and releases, reemis- 
ion from land will be the major source of metals in the 
oastal seas. As shown in this study, coastal erosion is an im- 
ortant source of elements in the marine environment and 
hould be considered along with rivers, atmospheric depo- 
ition or point sources. The erosion of soft cliffs composed 
f fine-grained sediments affects not only the coastal zone, 
ut also the features of the distal bottom, as confirmed 
y the results of isotopic analyzes of suspended matter de- 
cribed in earlier work by the authors ( J ędruch et al., 2017 ).
s shown in the example of metals, the cliff sediments con- 
ained more Y, Rb and Ba than sediments collected near the 
outh of Vistula, the main source of pollutants to the Gulf 
f Gda ńsk, as well as one of their most important sources in
he Baltic Sea. The concentrations of Cr, Zr and Ba in cliff
ediments were also higher than in the fine-grained sedi- 
ents from the accumulation bottom of the southern Baltic 
ea. Cliff sediments can be carriers not only of metals, but 
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wiastków metalicznych w glebach i warzywach z ogrodów dzi- 
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Trace elements in the Baltic Sea sediments. Geochemistry of 
Baltic Sea surface sediments, 214—274 . 
566 
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Abstract Most knowledge on the feeding ecology of fish has been based on the analyses of 
food remains from the alimentary tracks. This traditional method, however, only provides in- 
formation about recently consumed food, and is burdened with a risk of incorrect assessment 
of the role of individual diet components due to the different rates of digestion. A method free 
from such limitations is the analysis of fatty acids. The objective of our study was to recognise 
the potential of fatty acid signatures in providing information on the diet and feeding habits 
of six fish species from the shallow brackish Vistula Lagoon, southern Baltic Sea ( Anguilla an- 
guilla, Abramis brama, Rutilus rutilus, Pelecus cultratus, Perca fluviatilis, Sander lucioperca ). 
Multivariate statistical analyses of fatty acid signatures permitted relevant grouping of the fish 
according to species and their diet, as well as evidenced substantial ontogenetic changes in 
perch, roach, and bream. They might be caused by dietary changes but can also result from 

internal regulatory processes. The obtained results confirmed that fatty acids provide useful, 
time-integrated dietary information, contributing to expanding knowledge regarding the feed- 
ing ecology of fish in shallow coastal water ecosystems. They also pointed to the necessity of 
assessment of the invertebrates and fish’s ability to perform endogenous synthesis of polyun- 
saturated fatty acids, particularly in research on benthic communities. To our best knowledge, 
this is the first attempt to investigate the feeding habits of fish and food-web relationships in 
the coastal waters of the Baltic Sea using fatty acids. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

ost knowledge on the feeding ecology of fish has been 
chieved through dietary studies based on morphological 
dentification of undigested food remains from the ali- 
entary tracks ( Amundsen and Sanchez-Hernandez, 2019 ; 
yslop, 1980 ). This traditional method provides essential in- 
ormation to understand the biology of fish species and their 
cological role in the aquatic system, important in planning 
nd implementing appropriate measures to protect biota 
nces. Production and hosting by Elsevier B.V. This is an open access 
nses/by-nc-nd/4.0/ ). 
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nd ecosystems. Although stomach content analysis prevails 
s the basic source of information on the diet and feeding 
abits of fish, it has some considerable limitations. Firstly, 
uch an approach provides information only about recently 
onsumed food items, and single estimates may not give an 
ccurate picture of the diet from a longer perspective. Sec- 
ndly, stomachs may be empty at the time of capture or via 
egurgitation ( Arrington et al., 2002 ; Sutton et al., 2004 ). 
oreover, due to differential rates of digestion of differ- 
nt types of prey, it tends to overestimate prey with long- 
etained hard parts, and underestimate easily digestible 
ood ( Baker et al., 2014 ; Buckland et al., 2017 ; dos Santos
nd Jobling, 1991 ). 
In aquatic food webs, trophic relationships are in- 

reasingly frequently investigated through the analysis of 
atty acid signatures of organisms ( Czesny et al., 2011 ; 
ege ży ńska et al., 2014 ; Thiemann et al., 2008 ), because it
rovides a time-integrated depiction of a consumer’s diet 
 Elsdon, 2010 ; Kirsch et al., 1998 ). It should be empha- 
ised that in ecological studies, other biochemical tech- 
iques have also continued to develop to complement stom- 
ch content analysis ( Nielsen et al., 2018 ). Considerable 
rogress in feeding ecology also occurred owing to the in- 
egration of research concerning fatty acids and stable iso- 
opes ( Futia et al., 2021 ; Kelly and Scheibling, 2012 ). Fatty 
cids are compounds of lipids that occur in every body 
ell. Most of them, particularly polyunsaturated fatty acids 
PUFA), have important physiological roles in the proper 
unctioning of the organism, affecting its growth, repro- 
uction, and survival ( Parrish, 2009 ; Tocher, 2003 ). Most 
nimals are not able to synthesize PUFA de novo at all, 
part from elongating and desaturating them, but the rate 
f such conversion is very variable, and generally cannot 
eet the physiological requirements ( Bell and Tocher, 2009 ; 
ocher, 2003 , 2010 ). Animals must therefore obtain PUFA 
rimarily through diet. 
The application of fatty acids trophic markers (FATM) 

n research on food-web relations is based on the as- 
umption that particular species of prey have unique and 
dentifiable fatty acid signatures that become incorpo- 
ated into the consumer adipose tissue with little mod- 
fication and in a predictable way ( Budge et al., 2006 ; 
alsgaard et al., 2003 ). Such conclusions were primarily 
rawn based on research on the marine environment. Nev- 
rtheless, fatty acid analyses also proved useful in inves- 
igating the feeding habits of organisms in the freshwater 
nvironment, delineating spatial and temporal differences 
n diets both within and between species, and elucidat- 
ng food web structure ( Czesny et al., 2011 ; Käkelä et al., 
005 ; Thiemann et al., 2008 ). Moreover, this method is par- 
icularly promising due to the possibility of estimating the 
elative contributions of prey species in the diets of indi- 
idual predators based on quantitative fatty acid signature 
nalysis (QFASA). It has been applied in the investigation of 
he diet of seabirds and marine mammals ( Iverson et al., 
004 , 2007 ), and recently also fish ( Happel et al., 2016a ).
t should be emphasised that although fatty acid compo- 
itions in consumers are undeniably influenced by diet, 
hey can also be affected by other factors. According 
o the latest research, more species than previously be- 
ieved are capable of modifying their dietary fatty acids 
568 
r even synthesising new fatty acids that had been con- 
idered to belong to essential fatty acids ( Kabeya et al., 
018 ; Monroig and Kabeya, 2018 ). Furthermore, it has 
een proven that in addition to biosynthetic capacities, 
ifferences in the fatty acid composition may also vary 
ith other intrinsic factors such as phylogeny and devel- 
pmental and reproductive stages ( Gladyshev et al., 2018 ; 
aazouzi et al., 2011 ; Scharnweber et al., 2021 ; Szlinder- 
ichert et al., 2010 ). According to Chaguaceda et al. (2020) ,
nternal regulatory processes, associated with changes in 
hysiological demands for PUFA over ontogeny, have sim- 
larly important effects on the fatty acid composition of 
sh as the diet. Research has also documented the ef- 
ect of environmental conditions on the fatty acid compo- 
ition in aquatic ecosystems ( Galloway and Winder, 2015 ; 
aner et al., 2007 ; Merad et al., 2018 ). Therefore, 
ven though the importance of FATM has been demon- 
trated in numerous studies involving consumers from 

ll trophic levels, including invertebrates, fish, birds, 
nd mammals ( Käkelä et al., 2005 ; Lege ży ńska et al., 
014 ; Stowasser et al., 2009 ; Thiemann et al., 2008 ), 
he issue in the context of recent knowledge ap- 
ears to be more complicated than was previously 
ssumed. 
The Baltic Sea, the largest brackish water body in the 

orld, is becoming increasingly affected by climate change 
nd anthropogenic pressures and all these stressors can lead 
o changes in the structure and functions of the ecosys- 
em. The Baltic food web, from plankton communities via 
sh stocks to top predator populations, has undergone large 
hanges during the few last decades ( Casini et al., 2009 ; 
öllmann et al., 2008 , 2009 ; Wasmund and Uhlig, 2003 ). The
ncreased pressure of many factors adversely affecting the 
uality of the environment and basic ecological processes 
articularly accumulates in estuarine and coastal environ- 
ents ( Airoldi and Beck, 2007 ; Collie et al., 2008 ). Like all
ver the world, also in the Baltic Sea, coastal waters play 
 crucial role in maintaining biodiversity in marine systems 
 Kraufvelin et al., 2018 ). However, the understanding of the 
tructure and functioning of food webs in coastal waters 
uch as estuaries and lagoons is a challenge because they 
re very productive and dynamic ecosystems ( McLuscy and 
lliott, 2004 ). 
The Vistula Lagoon is a coastal water body typical 

f the southern non-tidal Baltic Sea, where the struc- 
ure of biocoenoses and ecological processes, including 
op-down regulations, are primarily determined by salinity 
 Kornijów, 2018 ). It provides a habitat for fish across vari- 
us life stages, including spawning, juvenile development, 
eeding, and migration ( Psuty and Wilko ńska, 2009 ). It is 
ne of the largest coastal lagoons in Europe which has been 
ncluded in the NATURA 2000 protection program under the 
U Habitats Directive and placed on the list of Baltic Sea 
rotection Areas. This study investigates the usefulness of 
atty acid analysis in providing information on the diet and 
eeding habits of ichthyofauna in the Vistula Lagoon. Six fish 
pecies were selected due to their high abundance and im- 
ortance in local fisheries, as well as their different feeding 
abits (omnivory, zooplanktivory, benthivory and piscivory). 
pecial emphasis was placed on detailed fatty acid compo- 
ition analysis to elucidate inter- and intraspecies differ- 
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nces, and reveal food sources and feeding behaviour dis- 
ussed in the context of current knowledge of feeding ecol- 
gy. 

. Material and methods 

.1. Study area 

he study was carried out in the Vistula Lagoon, a large 
emi-enclosed shallow water body (area 838 km 

2 , mean 
epth 2.5 m, max. depth 5.2 m). The lagoon is separated 
rom the Baltic Sea by the Vistula Spit. The inflow of sea- 
ater is possible only through the Baltiysk Strait, con- 
ributing to uneven salinity along the basin (0.5 −7.0 PSU). 
he area is influenced by both maritime and continen- 
al climates. The lagoon is very productive, with ad- 
anced eutrophic processes. The concentrations of total 
itrogen and phosphorus in the water are high, reaching 
.1 −4.4 mg dm 

−3 and 0.06 −0.19 mg dm 

−3 , respectively. 
he low water transparency usually oscillates around 40 cm 

 Kownacka et al. 2020 ; Nawrocka and Kobos, 2011 ). Despite 
ighly advanced eutrophication and the accumulation of or- 
anic matter in the sediments, water oxygenation is high, 
ven in winter under long-lasting ice cover ( Glazunova and 
olunina, 2013 , Kornijów et al., 2020 ). 
The near-shore littoral zone is primarily occupied by 

n intermittent belt of reed Phragmites australis (Cav.). 
n deeper waters, down to approximately 2 m, scattered 
atches of perfoliate pondweed Potamogeton perfoliatus 
. and sago pondweed Stuckenia pectinata (L.) Börner oc- 
ur ( Kornijów, 2018 ; Pawlikowski and Kornijów, 2019 ). The 
hytoplankton of the lagoon is dominated by cyanobacte- 
ia, slightly more abundant in the middle than in the west- 
rn basin. In the latter, a higher contribution is reached by 
iatoms and green algae ( Kownacka et al., 2020 ). The zoo- 
lankton is dominated by Cladocera in the western, and 
opepoda in the middle basin. Cladocera include numer- 
us filtrators, as well as predatory Leptodora kindtii . Ro- 
ifera are relatively more abundant in the western basin 
 Paturej and Gutkowska, 2015 ; Paturej et al., 2017 ). Due 
o the brackish water conditions, the zoobenthos lacks many 
reshwater taxa, e.g. insects (Odonata, Ephemeroptera, Tri- 
hoptera) and gastropods. In terms of density, macroinver- 
ebrates are dominated by detritivorous Tubificinae and lar- 
ae of Chironomidae. In the biomass, two alien species pre- 
ail, namely a bivalve clam Rangia cuneata and a polychaete 
arenzelleria sp. ( Kornijów, 2018 ). The ichthyofauna is 
ostly composed of freshwater species ( Kornijów, 2018 ; 
suty and Wilko ńska 2009 ). Marine fish such as flounder 
 Platichthys flesus ), turbot ( Scophthalmus maximus ), and 
tlantic herring ( Clupea harengus ) occur in the lagoon only 
eriodically. Non-piscivores (except for periodically occur- 
ing herring) are dominated by ruffe ( Gymnocephalus cer- 
ua ), roach ( Rutilus rutilus ), bleak ( Alburnus alburnus ), 
uropean smelt ( Osmerus operlanus ), and silver bream 

 Blicca bjoerkna ). Piscivores are dominated by pikeperch 
nd perch. 
569 
.2. Sampling and laboratory analyses 

pecimens of several most frequently fished fish species, 
uch as sichel ( Pelecus cultratus ), pikeperch ( Sander luciop- 
rca ), European perch ( Perca fluviatilis ), European eel ( An-
uilla anguilla ), bream ( Abramis brama ), and roach ( Rutilus 
utilus ), were collected from May to June 2016 from the Pol- 
sh part of the Vistula Lagoon. The fish were measured (wet 
ass and total length) and frozen immediately after collec- 
ion. Before analysis, they were filleted and skinned. Then, 
he muscle tissue from each individual was homogenised and 
reeze-dried. 
Fatty acids were analysed in the total lipid 

raction. Lipids were extracted with a mixture of 
ichloromethane:methanol (2:1 v/v), according to the 
rocedure by Folch et al. (1957) . The dichloromethane 
hase containing total lipids was collected and reduced 
o dryness under a stream of nitrogen. Fatty acid methyl 
sters (FAME) were prepared following the methods by 
sydus et al. (2011) . Briefly, 0.1 g of the extracted lipid was
issolved in 1.6 ml of 2 M methanolic potassium hydroxide 
olution, and shaken vigorously. The solution was heated, 
nd after its cooling, 3.2 ml of 4% methanolic solution of 
ydrochloric acid was added. The samples were reheated. 
fter their cooling, 1.6 ml of isooctane was added. Then 
he solution was vortexed and adjusted to a volume of 
0 ml with a saturated solution of sodium chloride. An- 
ydrous sodium sulphate was added to dry the extracts. 
he resultant solution of FAME on the top layer was diluted 
ith methanol in a proportion of 1:4 v/v, and was subject 
o final determination. FAME were determined using gas 
hromatography equipped with a flame ionisation detector 
GC-FID). The column used was a Restek Rt-2560 (100 m 

 0.25 mm x 0.2 μm film thickness). The chromatography 
onditions were as follows: split injection; split ratio —
00:1; injection volume — 2 μm; carrier gas flowing at 
.1 ml min −1 — helium; injector port temperature — 250 °C; 
ID temperature — 260 °C; oven temperature — initial 
ven temperature 140 °C held for 2 min, then increased 
o 225 °C at a rate of 2 °C min −1 and held for 10 min,
ollowed by an increase to 240 °C at a rate of 40 °C min −1 

nd held for 10 min. The instrumental analytical precision 
as determined by 5 replicate injections of the standard, 
hich gave coefficients of variation in the response value 
n the range of 0.2 −2.1%. The identity of several FAME 
as confirmed by gas chromatography-mass spectrometry 
GC-MS). The same column and temperature programme 
s described above were used. The interface to the mass 
nalyzer was maintained at 240 °C, and the mass analyzer 
sed a 70-eV ionization potential, and scanned over a mass 
ange of 50 −500 m/z . The individual FAME were identified 
y comparison of retention times with PUFA1, PUFA3, 
nd a 37-component FAME mixture supplied by Supelco, 
nd confirmed by comparing our mass spectrum with that 
rom the American Oil Chemists’ Society Lipid Library 
 http://lipidhome.co.uk/ms/masspec.html ). Results for 
ach FAME were presented in relative units, as percentages 
f total fatty acids, throughout the paper. The fatty acids 
ere grouped into saturated fatty acids (SFA), monounsat- 
rated fatty acids (MUFA), and polyunsaturated fatty acids 

http://lipidhome.co.uk/ms/masspec.html
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PUFA). The latter were further divided into sums of n-3 
UFA and n-6 PUFA. 

.3. Statistical analysis 

e detected a total of 37 fatty acids in fish tissue, but 
atty acids that did not exceed 0.5% of total fatty acid 
n at least one fish sample were excluded from all statis- 
ical analyses. The remaining ones were re-calculated to 
00%. To explore overall patterns in fatty acid data, we 
erformed multivariate analyses. Multidimensional scaling 
MDS) analysis seeks to capture compositional similarities 
n the fewest dimensional space. We used MDS to illustrate 
he relations between particular specimens of the stud- 
ed species. Principal Component Analysis (PCA) was per- 
ormed to identify fatty acids that contributed the most 
o the observed inter-and intraspecies differences. Prin- 
ipal components (PC) were extracted based on eigen- 
alues greater than 1. Variables with a loading factor of 
 0.6 were considered significant. The relationships be- 
ween fish length and fatty acids were examined by means 
f the Spearman rank correlation test. Statistical analyses 
ere performed using the Statistica software version 10.0 

 StatSoft, 2011 ). 

. Results 

he analysis involved twenty-one fatty acids quantified in 
ll species with a percentage in the sum of all identified 
atty acids greater than 0.5%. The selected fatty acids con- 
tituted 97.9% to 99.5% (average 98.8%) of the total of 
ll detected fatty acids. The summary information for the 
ested samples and fatty acids is presented in Table 1 . For 
ost of the studied species, a higher proportion of PUFA 
han that of MUFA and SFA was generally observed, except 
or bream and European eel in which MUFA predominated 
 Table 1 ). The percentages of PUFA in the tested species 
aried from 19.5% in eel to more than 50% in perch and 
ikeperch, while the percentage of MUFA ranged from 13.9% 

n perch to 52.8% in eel. SFA contents were comparable in all 
he studied species, and were within a fairly narrow range 
rom 22.8% to 29.2%. Another common feature shown for all 
he studied species was a significant predominance of fatty 
cids from the n-3 PUFA family (15.0 −51.3% of total fatty 
cids) over fatty acids from the n-6 PUFA family (4.5 −10.1% 

f total fatty acids). The average value of the n-3/n-6 PUFA 
atio differed between the species, and reached from 2.2 
n bream to 5.4 in perch. The value was broadly variable 
ithin fish. It ranged 3.0 −9.0, 1.0 −6.2, 0.4 −4.3, 2.5 −5.9, 
nd 3.1 −4.8 in pikeperch and perch, roach, bream, eel and 
ichel, respectively. 

.1. Interspecies variation in fatty acid 

ompositions 

he studied species differed in terms of the highest abun- 
ance of particular fatty acids. In perch and pikeperch, 
ocosahexaenoic acid (22:6n-3, DHA) reached the highest 
ercentage. In contrast, the fatty acid signatures in eel, 
ream, and sichel were dominated by 18:1n-9, while in 
570 
he lipid of roach, 16:0 predominated. The analysis of the 
ata from Table 1 evidently shows that the most apparent 
ifferences found between the studied species were the 
ean percentages of the following six out of 21 quanti- 
ed fatty acids: 16:0 (15.6 −20.4%), 16:1 (3.8 −9.8%), 18:1n- 
 (6.0 −37.2%), arachidonic acid (20:4n-6, ARA) (1.5 −7.3%), 
icosapentaenoic acid (20:5n-3, EPA) (2.9 −9.3%) and DHA 
4.2 −35.0%). 
MDS analysis permitted illustrating the relationship be- 

ween the studied fish based on their fatty acid signatures 
 Figure 1 ). The samples were grouped by species in the 
iagram. Samples representing perch and pikeperch, eel, 
nd sichel evidently formed compact clusters, relatively dis- 
ant from each other, while samples representing roach and 
ream formed a common group, quite extended in the di- 
gram, suggesting greater intraspecific variability for these 
wo latter species. The position of the groups correspond- 
ng to each species in the diagram can be to some extent
xplained by the type of their diet. Samples representing 
wo piscivorous species, namely perch and pikeperch, were 
ocated on the left side of the diagram in close proximity to 
ach other, and could be distinguished from other species 
y negative values on the MDS1 axis, while most samples 
f the other species showed positive values on the MDS1 
xis. Roach and bream, whose dietary composition is very 
iverse and includes both benthic and pelagic prey, com- 
only formed a large cluster stretching from the middle 
o the right part of the diagram. Samples that formed that 
luster exhibited values on the MDS2 axis ranging from -0.9 
o + 2.5. Samples of zooplanktivorous/facultative piscivo- 
ous sichel were located close to roach and bream, while 
amples of opportunistic carnivorous species — eel were rel- 
tively distant from the other studied species, and char- 
cterised by the lowest values on the MDS2 axis. It is also 
orth emphasising that although in Figure 1 pikeperch and 
erch form a single cluster evidently separated from the 
emaining species, the MDS2 axis to a certain extent sep- 
rates specimens of both species in terms of their length. 
ikeperch with a body length from 31 cm to 50 cm reached 
igher values on the MDS2 axis (from 0.3 to 0.9) than 2 spec-
mens of pikeperch with a body length of 53 cm and 56 cm
from −0.5 to −0.1). In the case of perch, all specimens 
ith a body length below 27 cm were characterised by low 

alues on the MDS2 axis (from −0.5 to 0.4), whereas the 
argest specimens of perch ( > 27 cm) showed positive and 
egative values on the MDS2 axis. 
The principal component analysis (PCA) was used to iden- 

ify fatty acids that contributed the most to the observed 
ifferences between the studied fish species ( Figure 2 ). 
verall, this PCA explained 85.6% of total variability using 5 
rincipal components. The first principal component (PC1) 
xplained 44.4% of the total variance. This PC was strongly 
egatively correlated with ARA, EPA, and DHA, and strongly 
ositively correlated with 14:0, 16:1, 18:1n-9. On the one 
and, this factor distinguished pikeperch and perch among 
he studied species due to the high percentage of ARA, EPA, 
nd DHA in their tissues. On the other hand, a high percent-
ge of 14:0 and monounsaturated fatty acids were a char- 
cteristic feature of eel. The second principal component 
PC2) accounted for 16.7% of the total variance, and was 
egatively associated with the majority of SFA, particularly 
6:0, 18:0, and 20:0. Samples representing bream, roach 
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Table 1 Morphological characteristics (mean, min-max) and fatty acid composition (mean ±SD) in fish from the Vistula La- 
goon. 

sichel pikeperch perch bream roach eel 
Pelecus 
cultratus 

Sander lucioperca Perca 
fluviatilis 

Abramis brama Rutilus rutilus Anguilla 
anguilla 

n 31 16 38 53 34 12 
length [cm] 35.4 

30.5—42.0 
40.9 
31.0—56.0 

22.6 
16.5—31.0 

30.2 
13.0—49.5 

22.7 
15.0—31.0 

58.0 
56.0—60.0 

mass [g] 263.6 
163.3—440.5 

606.3 
250.0—1433.5 

154.0 
51.5—329.4 

444.5 
25.9—1521.4 

156.5 
36.7—431.3 

342.6 
284.9—398.5 

fatty acid [%] 
14:0 1.78 ±0.28 1.14 ±0.14 1.09 ±0.24 2.17 ±0.48 1.90 ±0.50 3.91 ±0.29 
15:0 0.33 ±0.04 0.43 ±0.05 0.37 ±0.06 0.46 ±0.09 0.54 ±0.14 0.36 ±0.06 
16:0 15.55 ±0.68 20.01 ±1.47 18.44 ±2.27 20.43 ±3.98 19.83 ±2.30 18.45 ±0.69 
17:0 0.67 ±0.07 0.81 ±0.14 0.64 ±0.13 0.82 ±0.15 0.90 ±0.20 0.58 ±0.11 
18:0 4.42 ±0.48 6.15 ±0.97 4.34 ±0.58 5.33 ±1.27 4.71 ±0.60 4.22 ±0.29 
20:0 0.19 ±0.02 0.24 ±0.08 0.19 ±0.05 0.27 ±0.08 0.20 ±0.04 0.14 ±0.02 
SFA 22.76 ±0.93 28.54 ±1.84 24.89 ±2.82 29.22 ±5.18 27.87 ±3.10 27.52 ±0.86 

16:1 8.58 ±1.48 4.58 ±0.77 3.80 ±1.35 9.81 ±2.24 9.40 ±2.76 9.26 ±0.61 
18:1n-9 21.01 ±2.58 7.39 ±0.84 6.03 ±1.50 23.50 ±4.74 16.92 ±4.36 37.17 ±1.41 
18:1n-7 5.50 ±0.41 4.01 ±0.50 3.28 ±0.61 5.17 ±0.72 4.95 ±0.96 4.37 ±0.22 
20:1n-11 0.27 ±0.11 0.14 ±0.05 0.09 ±0.05 1.12 ±0.72 1.06 ±0.64 0.65 ±0.37 
20:1n-9 1.57 ±0.15 0.40 ±0.05 0.40 ±0.10 0.93 ±0.31 1.12 ±0.27 1.27 ±0.27 
24:1 0.14 ±0.02 0.40 ±0.07 0.29 ±0.11 0.13 ±0.11 0.11 ±0.04 0.07 ±0.02 
MUFA 37.06 ±3.89 16.93 ±1.46 13.89 ±3.40 40.66 ±7.06 33.57 ±7.71 52.80 ±1.34 

18:2n-6 (LA) 2.83 ±0.54 2.02 ±0.31 2.04 ±0.68 4.03 ±1.29 3.23 ±1.72 2.25 ±0.72 
18:3n-3 (ALA) 1.62 ±0.21 1.17 ±0.14 0.98 ±0.22 2.38 ±0.66 2.70 ±0.84 1.83 ±0.20 
20:2n-6 0.85 ±0.15 0.50 ±0.10 0.39 ±0.07 1.08 ±0.26 0.95 ±0.16 0.60 ±0.19 
20:3n-6 0.26 ±0.04 0.24 ±0.07 0.20 ±0.04 0.43 ±0.13 0.41 ±0.09 0.22 ±0.02 
20:3n-3 0.55 ±0.07 0.35 ±0.07 0.27 ±0.04 0.60 ±0.19 0.54 ±0.13 0.43 ±0.07 
20:4n-6 (ARA) 3.99 ±0.64 7.34 ±1.54 7.16 ±1.00 3.77 ±1.67 4.45 ±1.17 1.45 ±0.26 
20:5n-3 (EPA) 6.97 ±0.65 8.35 ±0.61 9.32 ±0.99 5.03 ±2.14 5.72 ±1.43 2.86 ±0.62 
22:5n-3 4.12 ±0.41 6.37 ±1.08 5.72 ±1.48 3.79 ±1.65 5.10 ±1.13 5.68 ±0.99 
22:6n-3 (DHA) 18.78 ±2.62 27.94 ±3.27 34.96 ±6.12 8.74 ±5.07 15.27 ±8.28 4.23 ±1.12 
PUFA 39.99 ±3.49 54.29 ±2.35 61.03 ±6.05 29.85 ±9.73 38.36 ±9.88 19.54 ±1.60 
n-3 PUFA 32.05 ±3.04 44.18 ±3.10 51.25 ±6.84 20.54 ±8.44 29.32 ±9.56 15.02 ±1.63 
n-6 PUFA 7.94 ±0.88 10.11 ±1.74 9.78 ±1.48 9.31 ±2.07 9.04 ±1.58 4.52 ±0.73 

SFA — Saturated fatty acids; MUFA — Monounsaturated fatty acids; PUFA — Polyunsaturated fatty acids; LA — Linoleic acid; ALA —
α-linolenic acid; ARA — Arachidonic acid; EPA — Eicosapentaenoic acid; DHA — Docosahexaenoic acid. 
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nd perch adopted wide ranges of scores. The next princi- 
al component (PC3) (13.4% of total variance) had high pos- 
tive factor loadings for 15:0 and 17:0 among SFA, 20:1 n-11 
mong MUFA, and α-linolenic acid (18:3n-3, ALA), 20:2n-6 
nd 20:3n-6 among PUFA. Roach and bream were grouped 
ogether in this ordination. The fourth principal component 
PC4) accounted for 6.3% of the total variance, and linoleic 
cid (18:2n-6, LA) had the largest effect on that PC. The 
ast principal component (PC5), explaining 4.8% of the total 
ariance, was marked by high loading on 20:1n-9. The last 
wo principal components distinguished mainly bream and 
ichel, respectively. 
Very wide ranges of scores obtained for some princi- 

al components suggest high intra-species variability of the 
571 
atty acid composition in certain cases ( Figure 2 ). Due 
o this, separate PCA analyses were performed for each 
pecies to investigate the intraspecific variability in more 
etail. 

.2. Intra-species variation in fatty acid 

ompositions 

he PCA conducted for each species separately indicated 
ifferences in fatty acid signatures between different size 
lasses of perch, bream, and roach ( Figure 3 ). For perch, the
rst two components explained 56.0% of the total variance, 
hereas the first component explained 41.6% of the total 
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Figure 1 Multidimensional scaling (MDS) plot for all studied fish species. The analysis was based on 21 fatty acids with a percent- 
age higher than 0.5%. The data were standardised to equal 100% prior to analysis. Each point represents an individual fish. 
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ariance. PCA analysis ( Figure 3 A) confirmed the conclusions 
reviously drawn in the interpretation of the MDS analy- 
is. The samples, represented by smallest size class perch 
16.5 −19 cm), reached high positive values on the PC2 axis, 
hereas the samples representing perch in the medium size 
lass (21 −26 cm) largely showed negative values on the 
C2 axis. The PC2 axis was positively correlated with 20:0, 
nd negatively correlated with 20:1n-11. All these samples 
small- and medium-size classes) also showed negative val- 
es on the PC1 axis which was strongly negatively correlated 
ith DHA, and strongly positively correlated particularly 
ith 16:0, 18:1n-9, and 18:1n-7. Furthermore, PC 1 sepa- 
ated the largest specimens ( > 27 cm) into two groups. The 
nalysis of individual fatty acids for their relationship with 
erch length indicated a statistically significant relationship 
etween these variables (p < 0.05, 0.46 < R S < 0.71). With an 
ncrease in body length, the percentage of EPA and DHA in 
he muscle tissue decreased, and the percentage of 16:0, 
6:1, 18:1n-9, 18:1n-7, 20:1n-9, and 18:2n-6 increased. 
According to PCA analyses, the largest size classes of 

ream and roach were closely grouped, while the varia- 
ion was high for specimens measuring less than 24 cm 

 Figure 3 B,C). For bream, the first (PC1) and second prin- 
ipal components (PC2) explained 37.7 and 26.3% of the 
otal variance, respectively ( Figure 3 B). The samples rep- 
esented by bream with a body length of more than 24 cm 

argely showed negative values on the PC1 axis which had 
igh negative factor loadings primarily for EPA and 22:5n- 
, and high positive factor loadings for 16:0, 18:0, 20:0, 
nd 24:1. Specimens smaller than 24 cm formed two groups 
hat showed both positive and negative values on the PC1 
nd PC2 axis. PC2 was strongly positively correlated with 
RA, and strongly negatively correlated with 14:0, 15:0, 
nd 16:1. For bream, the statistically significant correla- 
ion between individual fatty acids and fish length was indi- 
572 
ated (p < 0.05, 0.44 < R S < 0.82). With an increase in length
n bream, the percentage of 15:0, 20:1n-11, 18:3n-3, 20:2n- 
, 20:3n-3 and EPA increased, and the percentage of 16:0, 
8:0, 20:0, and 24:1 decreased. 
For roach, the PC1 axis accounted for 34.3% of the 

otal variance, and showed a strong negative correlation 
ith PUFA, mainly DHA and EPA, while SFA and MUFA were 
ositively correlated with PC1. PC2 (22.3% of total vari- 
nce) was strongly positively correlated with 20:1n-11 and 
2:5n-3, and negatively correlated with 18:2n-6. Moreover, 
5:0, 17:0, 18:1n-7, 20:1n-11, and 18:3n-3 were positively 
orrelated with both PC1 and PC2. Roach from different 
ize classes were separated as presented in Figure 3 C. 
urthermore, in roach, like in bream, a positive length- 
elated trend with 15:0, 20:1n-11, and 18:3n-3 was ob- 
erved (p < 0.05, 0.35 < R S < 0.69). In roach, a similar posi-
ive relationship was also found for 18:1n-7 and 20:1n-9, 
hile for 18:2n-6, a negative length-related trend was found 
p < 0.05, 0.49 < R S < 0.65). 

. Discussion 

ur study demonstrated that the majority of the inves- 
igated fish species could be distinguished by their fatty 
cid signatures. The applied multivariate analyses permit- 
ed grouping of the studied fish samples according to their 
atty acid signatures into four clusters ( Figure 1 ). Based on 
he current knowledge of the ecology of the studied species, 
he obtained pattern can be largely explained by the diet 
haracteristic of particular species. A deeper analysis of 
he data additionally allows for the identification of fac- 
ors other than the diet that may affect fatty acids com- 
osition in fish. As shown in Figure 1 , cluster 1 collected 
amples representing two predatory species of the Percidae 
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Figure 2 Principal component analysis (PCA) of fatty acids in the muscle tissue for all studied fish species. Diagrams of mean 
scores (to the left) and factor loadings (to the right) for the defined principal components. The PCA employed normalised Varimax 
rotation. 

573 
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Figure 3 Scores (to the left) and the factor loadings (to the right) of the first two principal components in a PCA model built 
based on fatty acid compositions in the muscle of perch (A), bream (B) and roach (C). 
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amily: perch and pikeperch. Samples representing species 
rom the Cyprinidae family formed two closely located clus- 
ers, cluster 2 (bream and roach) and cluster 3 (sichel), 
hile cluster 4 covered samples representing individuals of 
uropean eel. The differences in fatty acid signatures be- 
ween the studied species are largely attributable to dif- 
erences in DHA, EPA, ARA, and 18:1n-9. Samples forming 
luster 1 were characterised by high proportions of DHA, 
PA, and ARA. Samples involved in clusters 2 and 3 were in 
urn characterised by a much lower content of those fatty 
cids, but also by a distinctly higher proportion of 18:1n- 
 in comparison to predatory species. Samples from clus- 
er 4 had the lowest proportion of DHA, EPA, and ARA among 
ll analysed samples, and the highest proportion of 18:1n-9 
nd 14:0. 
The feeding ecology of pikeperch and perch assigned 

o cluster 1 in the current study are well known 
 Demchuk et al., 2021 , Hansson et al., 1997 ; Hjelm et al.,
000 ; Lehtonen et al., 1996 ; Mustamaki et al., 2014 ). 
ikeperch can be classified as an obligatory piscivorous, 
hile perch is considered as an omnivorous predator. 
ikeperch usually becomes piscivorous during the first year 
f life, while perch undergoes ontogenetic diet shifts from 

eeding on zooplankton, through benthic invertebrates, to 
he piscivory phase. DHA, EPA, and ARA occurring in the lipid 
f their muscle tissue in a significant proportion belong to 
ighly unsaturated fatty acids (HUFA) with high nutritional 
alue and high potential to affect consumer fitness through 
heir impact on many vital processes ( Tocher, 2003 ). Dietary 
eficiencies of these fatty acids can have serious conse- 
uences, including inhibited growth, limited ability to re- 
roduce, and increased incidences of disease and metabolic 
isorders. Probably due to the physiological importance of 
hese compounds, they are retained in aquatic food webs 
nd are effectively transferred to higher trophic levels 
 Gladyshev et al., 2011 ; Koussoroplis et al., 2011 ; Lau et al.,
012 ; Strandberg et al., 2015 ). According to the current 
nowledge, DHA is selectively and highly accumulated over 
ther PUFA in fish. Investigating the retention of PUFA in 
ifferent fish taxa from streams, Guo et al. (2017) indi- 
ated that Perciformes had higher proportions of DHA, EPA, 
nd ARA than fish from the Cyprinidae family, but signifi- 
ant differences were only found in DHA. A similar result 
as obtained for fish from the Vistula Lagoon in the cur- 
ent study. Sushchik et al. (2017) also confirmed a higher 
roportion of DHA in piscivorous fish, including perch and 
ike, in comparison to Cyprinidae (roach and bream). The 
ited study also evidenced, however, that the percent- 
ge of EPA in Cyprinidae can be higher than in Percidae, 
s was the case for fish from the Krasnoyarsk Reservoir 
Siberia, Russia). 
The differences in fatty acid signatures between perch 

elow and above 27 cm length indicated in the current 
tudy are intriguing. This result suggests that in the Vis- 
ula Lagoon, perch start feeding on similar prey (fish) as 
ikeperch only after reaching 27 cm body length. Our results 
lso suggest that even after reaching a certain size thresh- 
ld that predisposes perch to piscivory, it may still feed on 
nvertebrates. This is suggested by the dispersal of perch 
amples larger than 27 cm observed in the MDS and PCA 
nalyses ( Figures 1 , 3 A). A similar conclusion was drawn by 
ustamaki et al. (2014) . According to the authors, irrespec- 
575 
ive of its size, perch feeds both on fish and invertebrates in 
he northern Baltic Proper. The PCA analysis also revealed 
igh variability of fatty acid signatures in perch from dif- 
erent size classes ( Figure 3 A). Perch individuals included 
n the current study showed a significant variation in body 
ength (16.5 −31.0 cm). Individuals of small and medium size 
lasses generally showed a higher percentage of n-3 PUFA, 
articularly DHA, and a lower percentage of SFA (i.e. 16:0) 
nd MUFA (i.e. 16:1, 18:1-9, 18:1n-7) than the largest size 
lass. Medium-sized perch had higher proportions of 20:1n- 
1 and 22:5n-3 than the remaining individuals. Although the 
etermination of perch’s detailed diet based on the anal- 
sis of fatty acid signatures is difficult due to the lack of 
atty acid signatures of putative prey species, certain con- 
lusions can be drawn. The results suggest that perch be- 
ome piscivorous after reaching a body size of 27 cm, and 
elow that size feds on various invertebrates. According to 
haguaceda et al. (2020) , piscivorous perch in comparison 
o planktivorous and benthivorous ones is characterised by 
igher proportions of 16:1 and 18:1n-9, and a lower propor- 
ion of EPA. In our study, the piscivory of perch was addi- 
ionally confirmed by the MSD analysis in which perch with 
igh proportions of 16:1 and 18:1n-9, and a low proportion 
f EPA was identified together with pikeperch ( Figure 1 ). 
he literature ( Czesny et al., 2011 ; Happel et al., 2015 ;
ornijów et al., 2016 ; Lau et al. 2012 ; Makhutova et al.,
011 ) and our results suggest that the small-size class 
f perch relies more on pelagic crustaceans, while the 
edium-size class, first of all, depends on benthic in- 
ertebrates. The difference between perch of small- and 
edium-size classes was primarily driven by differences in 
roportions of 20:1n-11, DHA and EPA ( (Figure 3 A). EPA and 
HA are commonly found to be prevalent in pelagic sources, 
hile 20:1n-11 is frequently detected only in oligochaetes 
nd bivalves, typical benthic invertebrates ( Kornijów et al., 
021 ; Lau et al. 2012 ; Makhutova et al., 2011 ). Medium-
ized perch also showed a higher proportion of 16:1, and 
ower proportions of n-3 PUFA in comparison to the smallest 
erch, which additionally supports the thesis on the influ- 
nce of benthic feeding ( Czesny et al., 2011 ; Happel et al.,
015 ). 
On the other hand, according to Chaguaceda et al. 

2020) , in perch, the diet explains only a limited part of 
atty acid variability. Equally important are internal regu- 
atory processes. A decrease in the proportion of EPA and 
HA, and an increase in MUFA in the muscle tissue dur- 
ng fish growth were also reported for other fish species, 
nd are probably related to changes in the energy require- 
ents throughout the life cycle ( Maazouzi et al., 2011 ; 
akhutova and Stoyanov, 2021 ; Tocher, 2010 ). Another fac- 
or that may be responsible for changes in fatty acid pro- 
les is the ability of some species to biosynthesise HUFA 
hrough bioconversion. In fish, like in all vertebrates, C18 
UFA such as ALA and LA cannot be synthesised de novo and 
ust come from the diet. However, some fish species can 
onvert dietary ALA and LA to their biologically active long- 
hain derivatives, including n-3 EPA and DHA, and n-6 ARA. 
he ability of fish to elongate and desaturate C18 precur- 
ors varies greatly between species, and has been assumed 
o be habitat- and trophic level dependent ( Tocher, 2003 ; 
rushenski and Rombenso, 2020 ). It is generally accepted 
hat most marine fishes and many carnivorous fishes are not 
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apable of such biochemical conversion at a physiologically 
ignificant rate. In contrast, freshwater fish, mainly herbiv- 
rous and omnivorous, are capable of meeting the physio- 
ogical demand for HUFA through such biosynthetic capac- 
ty. Nevertheless, knowledge of the bioconversion capabil- 
ties in fish is still limited, particularly for wild fish, and 
herefore further research is required. The latest study on 
erch from the natural environment showed that EPA levels 
n the muscle tissue corresponded with those in consumed 
esources, but a mismatch was recorded between ARA and 
HA proportions in the consumer muscle tissue compared 
o their resources in the diet ( Scharnweber et al., 2021 ). 
awyer et al. (2016) showed, based on the mass-balance 
odel, that in the case of yellow perch ( Perca flavescens ), 
he main source of EPA and ARA was diet, while DHA came 
rimarily from bioconversion. Henrotte et al. (2011) demon- 
trated that Eurasian perch was able to elongate and desat- 
rate ALA into DHA but showed a rather limited capacity 
or the elongation of LA to ARA. Moreover, they indicated 
he dependency of bioconversion efficiency on ontogeny. To 
um up, the current study does not unequivocally point to 
pecific factors responsible for the observed change in fatty 
cid profiles in perch. However, they suggest that in certain 
pecies, EPA is a better indicator of diet than DHA. 
As previously mentioned, fish from the Cyprinidae fam- 

ly, namely sichel, bream, and roach were characterised by 
ignificantly lower proportions of DHA, EPA, and ARA, and a 
igher proportion of 18:1n-9 than predatory species. Addi- 
ionally, sichel had the highest percentage of 20:1n-9 among 
he studied fish species, and a lower percentage of 16:0 
nd 20:1n-11 compared to bream and roach. Higher con- 
ent of 20: 1n-9 in Cyprynidae indicates zooplankton in their 
iet, since monounsaturated fatty acids with 20 and 22 car- 
on atoms are particularly abundant specifically in Calanoid 
opepods, and have been recommended as zooplankton 
arkers ( Dalsgaard et al., 2003 ; Kelly and Scheibling, 2012 ). 
pecifically herbivorous copepods are able to synthesise de 
ovo considerable amounts of 20:1n-9 and 22:1n-11 fatty 
cids, which typically accumulate in wax esters as a long- 
erm energy reserve ( Lee et al., 2006 ). In the case of the
ested species, the content of 22:1 did not exceed 0.2% of 
otal fatty acids, while 20:1n-9 showed relatively high con- 
ent in sichel (1.1 −1.8%). This result is in agreement with 
ome studies from the Baltic Sea region ( Keinanen et al., 
017 ; Lind et al., 2018 ), where a higher ratio of 20:1 to 22:1
as detected in other zooplanktivorous species such as her- 
ing Clupea harengus membras and sprat Sprattus sprattus 
hich predominantly consumed small-sized copepods such 
s Temora longicornis, Eurytemora affinis , and Acartia spp. 
 Ojaveer et al., 2018 ). Our results are also consistent with 
 previous study based on stomach content analysis which 
lassified sichel as a zooplanktivore/facultative piscivore 
 Specziár and Rezsu, 2009 ; Stolarski, 1995 ). Total lengths 
f sichel studied in the Vistula Lagoon ranged from 30.5 cm 

o 42 cm. According to the literature, in the Vistula Lagoon 
ichel larger than 20 cm starts to feed on fish and becomes 
 facultative predator ( Stolarski, 1995 ). Its prey is primarily 
mall pelagic fish such as smelt, as well as all juvenile fish, 
hich in turn rely on zooplankton. It is important to empha- 
ise that zooplankton plays a key role in linking food webs, 
erving as the main energy pathway from primary producers 
o higher trophic level organisms. Copepods are the main 
576 
omponent of zooplankton by biomass in the Vistula Lagoon, 
ith a distinct spring peak largely accounted for by Eury- 

emora affinis ( Dmitrieva and Semenova, 2012 ). This is of 
articular importance for larval survival and subsequent re- 
ruitment of fish because copepods have a high DHA content 
ompared to other crustacean zooplankton ( Persson and 
rede, 2006 ). Especially, larvae and juveniles require a large 
mount of DHA for proper development and ultimately sur- 
ival ( Bell et al., 1995 ; Ishizaki et al., 2001 ; Mourente et al.,
991 ). 
Samples representing bream and roach formed one scat- 

ered cluster ( Fig. 1 ). This confirms the general opinion 
hat the diet of both species, feeding mainly on zooplank- 
on and macroinvertebrates is diverse and partly overlaps 
 Lammens and Hoogenboezem, 1991 ; Nagelkerke and Sib- 
ing, 1996 ; Specziár et al., 1997 ). Roach is considered one 
f the most successful generalists, feeding on zooplank- 
on and macroinvertebrates, including molluscs and live or 
ead plant material ( Demchuk et al., 2021 ; Kornijów et al., 
005 ; Specziár and Rezsu, 2009 ). Compared with roach, 
ream is more dependent on the food of animal origin, with 
 preference for soft-bodied macroinvertebrates buried in 
ediments ( Lammens et al., 1985 ; Nagelkerke and Sib- 
ing, 1996 ). It is also worth emphasising that in the case 
f both fish species from the Vistula Lagoon, the highest 
ariability of fatty acid signatures particularly concerned 
pecimens of small size classes (roach: 15 −22 cm; bream: 
3 −23 cm; Figure 3 B, C). The variation observed between 
ndividuals of different size classes was primarily related 
o the percentage of HUFA and 20:1n-11, 18:3n-3. The 
roportion of 20:1n-11 and 18:3n-3 increased with an in- 
rease in body length in both species. While for roach, the 
roportion of 15:0, 17:0 and 18:1n-7, used as tracers for 
he contribution of bacteria ( Kelly and Scheibling, 2012 ), 
lso increased. This suggests that the diet of bream and 
oach was rich in bivalves and/or oligochaetes, as previ- 
usly 20:1n-11 has been detected only in these inverte- 
rates ( Makhutova et al., 2011 ). According to the literature, 
olluscs are the most important constituent of the roach 
iet ( Specziár and Rezsu, 2009 ; Specziár et al., 1997 ). It is
elated to the structure and functioning of their feeding sys- 
em. Molluscs have also been found in the digestive tracts 
f bream, although it is believed that roach can switch to 
eed on molluscs faster than bream ( Nagelkerke and Sib- 
ing, 1996 ; Prejs et al., 1990 ). The reason is that bream
s able to penetrate the sediment to a greater depth than 
oach ( Lammens et al., 1985 ; Persson and Brönmark, 2002 ), 
nd is, therefore, more efficient at feeding on benthic or- 
anisms associated with the sediments. 
Although the analysis of fatty acid signatures in roach 

nd bream allows for tracing some shifts in their diet com- 
osition in relation to their size, it would be very dif- 
cult to precisely conclude the detailed composition of 
heir diet. As previously indicated, the use of FATM to 
tudy benthic food web interactions is very complicated 
 Kelly and Scheibling, 2012 ). Moreover, contrary to what 
as been believed for decades, recent studies provide ev- 
dence that not only primary producers but also a wide 
ange of invertebrates possess genes involved in the biosyn- 
hetic pathways of PUFA, including de novo biosynthesis of 
18 PUFA ( Kabeya et al., 2018 ; Monroig and Kabeya, 2018 ).
t has been recently confirmed that various aquatic inver- 



Oceanologia 64 (2022) 567—582 

t
p
e
i
n
c
O
O
t
b
p
r
f
Ż
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ebrates such as annelids as well as molluscs and arthro- 
ods which dominate benthic habitats can produce PUFA 
ndogenously, which presents challenges when reconstruct- 
ng dietary links. The bottom fauna of the Vistula Lagoon is 
ot abundant in terms of a number of species. The major 
omponents of zoobenthos are larvae of Chironomidae and 
ligochaeta ( Ezhova et al., 2005 ; Kornijów et al., 2021 ). 
ver the last few decades, Marenzelleria sp., belonging to 
he group of Polychaetes, has also been found in large num- 
ers in the Vistula Lagoon ( ̇Zmudzi ński, 1996 ). Nonetheless, 
robably due to the ability of these invertebrates to bur- 
ow deep in the bottom sediments, they do not constitute 
ood available for benthivorous fish ( Golubkov et al., 2021 ; 
mudzi ński, 1996 ). The most numerous taxa among molluscs 
re bivalves, dominated by two alien species — Dreissena 
olymorpha and Rangia cuneata ( Kornijów, 2018 ). Fatty acid 
ata of Oligochaeta are scarce, whereas data regarding Chi- 
onomidae and Dreissena polymorpha are more abundant. 
ccording to the literature, the main difference between 
ivalves and Chironomidae and Oligochaeta is the fact that 
he latter are almost devoid of DHA, whereas in bivalves it 
ccurs in considerably higher proportion ( Budge et al., 2001 ; 
zesny et al., 2011 ; Makhutova et al., 2011 ). The presence 
f 20:1n-11 is a characteristic feature of Oligochaeta and 
ivalves while it is not recorded in Chironomidae. More- 
ver, in comparison to Chironomidae, Oligochaeta show a 
ower percentage of 16:1, LA, ALA and EPA ( Goedkoop et al., 
000 ; Makhutova et al., 2011 ; Sushchik et al., 2006 ). It is
orth emphasising that, based on stomach content anal- 
sis, the importance of oligochaetes in fish diets is often 
nderestimated due to their high rate of digestion and 
herefore frequently impossible identification of their re- 
ains in the digestive contents ( Bouguenec and Giani, 1989 ; 
i śniewski, 1978 ). Bivalves can be in turn overestimated 
ue to the resistance of their shell to the digestive pro- 
esses. This research, however, does not permit detailed 
etermination of the prey of roach and bream, because 
robably the key importance lies in the ability to modify 
atty acids by these fish species ( Galloway and Budge, 2020 ). 
ccording to the literature, larvae and pupae of Chirono- 
idae are an important component of the diet of ben- 
hivorous and omnivorous fish ( Filuk and Żmudzi ński, 1965 ; 
akareko, 2002 ; Kornijów et al., 2005 ; Kornijów et al., 
016 ). It is however difficult to find an unequivocal con- 
rmation of this fact in the fatty acid signatures of these 
shes. It is due to the fact that these insects are a scarce 
ource of DHA, but rich in C18 PUFA, whereas LA can serve 
s a precursor for ARA, while ALA can serve as a precur- 
or for EPA and DHA ( Bell and Tocher, 2009 ; Castro et al.,
016 ; Monroig et al., 2018 ). Therefore, consistent with pre- 
ious controlled dietary studies in species that have the 
nzymatic capacity to synthesize HUFA from their precur- 
ors, which is highly likely in fish of the Cyprinidae family, 
heir fatty acid composition may not directly reflect the diet 
 Garrido et al., 2020 ; Happel et al., 2016b ; Janaranjani and 
hu-Chien, 2020 ; Prigge et al., 2012 ). The absence of DHA 
n Chironomidae, like in Oligochaeta, might have induced a 
igh conversion of dietary ALA to ensure sufficient DHA sup- 
ly in roach and bream. It therefore cannot be excluded that 
he process of endogenous synthesis of HUFA in the organ- 
sms of individual studied fish species affects their fatty acid 
577 
omposition, especially when experiencing food resources 
hat are relatively poor in HUFA. 
Samples representing eel from the Vistula Lagoon formed 

 relatively compact group pointing to low variability within 
he group of tested individuals ( Figure 1 ). It is worth empha-
ising, however, that individuals covered by the study were 
haracterised by a relatively narrow range of body length. 
atty acid signatures in eels strongly differed from fatty acid 
ignatures determined for the remaining species. The major 
ifference was the low proportion of EPA, DHA and ARA (less 
han 5% for each fatty acid) and the extremely high propor- 
ion of 18:1n-9 in European eel in comparison with other 
pecies. Another important feature was higher than in other 
pecies content of 14:0. Fatty acid signatures observed for 
el from the Vistula Lagoon were the same as in the study by
verin et al. (2019) . The study of grey seal foraging habits 
ncluded 11 fish species representing pelagic, demersal and 
oastal habitats of the Baltic Sea ( Tverin et al., 2019 ). Like
n our study, European eel was characterised by high content 
f 14:0 and MUFA, especially 16:1 and 18:1n-9, and low con- 
ent of DHA. Stomach content and stable isotope analyses 
uggest that the European eel is an opportunistic carnivore, 
nd adapts its diet to food availability ( Bouchereau et al., 
009 ; Dörner et al., 2009 ). Based on the measured fatty acid
ignatures, it is difficult to conclude the type of prey con- 
umed by eels from the Vistula Lagoon. The difficulty in cor- 
elating the fatty acid composition of European eel muscle 
issue with suitable food resources was previously reported 
y Prigge et al. (2012) . According to experimental studies, 
he authors found that fatty acid composition in eel muscle 
issue seemed to be rather insensitive to fatty acids supplied 
n the diet. This phenomenon may be related to the biology 
f this species. The European eel, a catadromous species, 
ives in rivers, lakes, and estuaries, where it feeds and grows 
s a “yellow” eel, and after reaching the threshold size and 
hysiological condition, including sufficient lipid reserves, 
t migrates back to its spawning site as a “silver” eel, and 
t this stage stops feeding. During the spawning migration, 
he energy required to travel thousands of kilometres and 
uccessfully reproduce is taken from the lipids accumulated 
n its body ( Clevestam et al., 2011 ). This may explain the
igh content of MUFA in eels, as these fatty acids are heavily 
atabolised for energy in fish ( Tocher, 2003 ). Moreover, it has 
een evidenced that during the maturation process, EPA and 
HA are selectively moved from the muscle, and incorpo- 
ated into gonads ( Baeza et al., 2015 ; Nowosad et al., 2015 ).
he composition of fatty acids in eels from the Vistula La- 
oon may therefore indicate that these fish are already un- 
ergoing certain physiological and biochemical changes con- 
ected with the preparation of their organisms for repro- 
uctive migration. Note, it has been established that anguil- 
id eels possess enzymatic capacities which allow modifying 
UFA content in their tissues. Kissil et al. (1987) showed 
hat European glass eel had the ability to convert LA into 
RA. The complete enzymatic repertoire required for the 
iosynthesis of HUFA from C18 PUFA has been in turn con- 
rmed for Japanese eel ( Anguilla japonica ) ( Wang et al., 
014 ; Xu et al., 2020 ). This makes interpretations more dif- 
cult, because it may complicate any relationship between 
he contents of these fatty acids in the prey and tissues of 
onsumers. 
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. Conclusions 

his study is the first step toward the application of fatty 
cids to highlight the role fish played in the food webs of 
he shallow coastal waters of the Baltic Sea. The presented 
esults not only allowed for differentiating the studied fish 
pecies based on fatty acid signatures but also pointed to in- 
raspecific changes in their diet. They expanded knowledge 
btained based on stomach content analysis. However, our 
tudy revealed that further research, also experimental, is 
eeded, in the case of many fish species, to take full ad- 
antage of the possibilities offered by fatty acids. The study 
onducted emphasised the importance of understanding the 
oles of different fatty acids in the organism’s physiology 
nd lipid metabolism before attempting to infer diet from 

atty acid data. Particularly, the explanation of endogenous 
UFA synthesis ability in different species of invertebrates 
nd fish can considerably improve the usefulness of fatty 
cids in research on food webs in shallow coastal waters. 
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ornijów, R., Pawlikowski, K., Błędzki, L.A., Drgas, A., Piwosz, K., 
Ameryk, A., Całkiewicz, J., 2021. Co-occurrence and poten- 
tial resource partitioning between oligochaetes and chirono- 
mid larvae in a sediment depth gradient. Aquat. Sci. 83, 51. 
https://doi.org/10.1007/s00027- 021- 00800- z 

ornijów, R., Vakkilainen, K., Horppila, J., Luokkanen, E., Kaire- 
salo, T., 2005. Impacts of a submerged plant ( Elodea canaden- 
sis ) on interactions between roach ( Rutilus rutilus ) and its in- 
vertebrate prey communities in a lake littoral zone. Freshw. 
Biol. 50, 262—276. https://doi.org/10.1111/j.1365-2427.2004. 
01318.x 

oussoroplis, A.-M., Bec, A., Perga, M.-E., Koutrakis, E., Bour- 
dier, G., Desvilettes, C., 2011. Fatty acid transfer in the food 
web of a coastal Mediterranean lagoon: Evidence for high 
arachidonic acid retention in fish. Estuar. Coast. Shelf S. 91, 
450—461. https://doi.org/10.1016/j.ecss.2010.11.010 

ownacka, J., Całkiewicz, J., Kornijów, R., 2020. A turning point in 
the development of phytoplankton in the Vistula Lagoon (south- 
ern Baltic Sea) at the beginning of the 21st century. Oceanolo- 
gia 62 (4), 538—555. https://doi.org/10.1016/j.oceano.2020. 
08.004 

raufvelin, P., Pekcan-Hekim, Z., Bergstrom, U., Florin, A.-B., 
Lehikoinen, A., Mattila, J., et al., 2018. Essential coastal habi- 
tats for fish in the Baltic Sea. Estuar. Coast. Shelf S. 204, 14—30. 
https://doi.org/10.1016/j.ecss.2018.02.014 

ammens, E.H.R.R. , Geursen, J. , McGillavry, P.J. , 1985. Diet shifts, 
feeding efficiency and coexistence of bream Abramis brama , 
roach Rutilus rutilus and white bream Blicca bjorkna in hyper- 
trophic lakes. In: Kullander, S.O., Fernholm, B. (Eds.), Proceed- 
ings of the Fifth Congress of European Ichthyologists. Depart- 
ment of Vertebrate Zoology, Swedish Museum of Natural History, 
Stockholm, 153—162 . 

ammens, E.H.R.R., Hoogenboezem, W., 1991. Diets and feeding 
behaviour. In: Winfield, I.J., Nelson, J.S. (Eds.), Cyprinid fishes: 
systematics, biology and exploitation. Chapman and Hall, Lon- 
don, 353—376. https://doi.org/10.1007/978- 94- 011- 3092- 9 _ 12 

au, D.C.P., Vrede, T., Pickova, J., Goedkoop, W., 2012. Fatty 
acid composition of consumers in boreal lakes - variation across 
species, space and time. Freshw. Biol. 57, 24—38. https://doi. 
org/10.1111/j.1365-2427.2011.02690.x 

ee, R.F., Hagen, W., Kattner, G., 2006. Lipid storage in marine 
zooplankton. Mar. Ecol. Prog. Ser. 307, 273—306. https://doi. 
org/10.3354/meps307273 
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Abstract Chromophoric Dissolved Organic Matter (CDOM) is a vital water constituent in 
aquatic ecosystems that contributes to water colour, affects light penetration, and impacts pri- 
mary production. This study aims to determine the spatial and monsoonal variability of CDOM 

absorption properties in the Likas estuary, characterise the source of CDOM, and investigate 
the correlations between CDOM absorption properties and salinity. Likas estuary is a small es- 
tuary located in Kota Kinabalu city on the west coast of Sabah, facing the South China Sea. A 
mangrove ecosystem surrounds it with manufactured structures such as residential areas and 
public facilities. Surface water samples were collected at 19 stations: upstream of rivers to the 
river mouth and coastal area during spring tides every month, from June 2018 to July 2019, for 
14-months. The distribution of a CDOM (440) in the study area is predictable as a signature in a 
coastal area with a decreasing gradient from the upstream towards coastal water (0.29 ± 0.19 
m 

−1 to 1.05 ± 0.39 m 

−1 ). There are increasing spatial patterns of spectral slopes S 275-295 and 
S R . However, S 350-400 and S 300-600 declined spatial gradients from the upstream to coastal water. 
Thus, S 300-600 indicates a linear relationship between a CDOM (440), which unconventional results 

∗ Corresponding author at: Borneo Marine Research Institute, Universiti Malaysia Sabah, Jalan UMS 88400, Kota Kinabalu, Sabah, Malaysia. 
E-mail address: madihah@ums.edu.my (J.-S. Madihah). 

Peer review under the responsibility of the Institute of Oceanology of the Polish Academy of Sciences. 

https://doi.org/10.1016/j.oceano.2022.04.005 
0078-3234/ © 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access 
article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://doi.org/10.1016/j.oceano.2022.04.005
http://www.sciencedirect.com
http://www.journals.elsevier.com/oceanologia
mailto:madihah@ums.edu.my
https://doi.org/10.1016/j.oceano.2022.04.005
http://creativecommons.org/licenses/by-nc-nd/4.0/


S.M. Mohd-Shazali, J.-S. Madihah, N. Ali et al. 

in coastal water. We suspect this is due to a small coverage of the study site with a distance of 
0.5 m intervals of each station. This could be why the S 300-600 had constant values throughout 
the study area (with no statistical difference between stations). In addition, S 300-600 was merely 
varied in the stations located at the river mouth and coastal water. Based on the spectral slope 
ratio (S R ), most of the stations located in the Darau, Inanam, and Bangka-Bangka rivers had S R 
values less than 1. Hence, CDOM in these stations is a terrestrial-dominated source. Therefore, 
from our observations during the study period, monsoonal variation could alter the source of 
CDOM in the study area. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

hromophoric Dissolved Organic Matter (CDOM) is a frag- 
ent of Dissolved Organic Matter (DOM) with chromophores 
olecules that absorb visible and ultra-violet (UV) light. 
DOM contributes to the colour of natural water, with water 
ith high CDOM concentration appearing brown as it absorbs 
V preferentially, then blue and green regions of the light 
pectrum ( Coble and Nelson, 2009 ; Kirk, 1994 ). The sources 
f CDOM vary from being allochthonous to autochthonous. 
he allochthonous sources are mainly from the decomposi- 
ion of terrestrial vegetation and soil by rivers and wetlands 
hat carry decomposed terrestrial plants, sewage, and sedi- 
ents or known as a terrestrial-dominated source of CDOM. 
hereas autochthonous results from in-situ biological ac- 
ivity such as the production of aquatic primary producers, 
amely phytoplankton and zooplankton ( Bowen et al., 2017 ; 
randão et al., 2018 ; Minu et al., 2020 ), which is associ- 
ted with a marine-dominated source of CDOM. CDOM has 
lso been used as a natural tracer to study the dispersion, 
ransport, and mixing of water masses ( Nelson et al., 2007 ; 
tedmon et al., 2010 ). 
CDOM can act as a protective barrier in shielding biota 

nd coral reefs from damaging UV radiation in shallow 

oastal areas due to its strong absorption of UV light. 
owever, the increasing supply of CDOM concentration by 
ivers can affect underwater light availability, reducing the 
hotic depth and causing light limitation for phytoplank- 
on, impacting primary production and surface ocean heat- 
ng by altering the energy and heat budget of coastal wa- 
ers ( Granskog et al., 2007 ; Guèguen et al., 2005 ; Nelson 
t al., 1998 ). The optical properties of CDOM that can pro- 
ide information on DOM and DOC are useful for quantifying 
arbon transport and continuous monitoring of wastewater 
ischarge ( Ferrari, 2000 ; Shanmugam et al., 2016 ). 
The spectral shape of CDOM can also be used to help sep- 

rate the absorption of phytoplankton, detritus, and miner- 
ls and provide insights into CDOM composition ( Grunert et 
l., 2018 ). CDOM plays an essential role in assessing water 
uality and biogeochemical cycling ( Andrew et al., 2013 ; 
ickman et al., 2010 ; Kim et al., 2016 ). The spectral char- 
cteristics of CDOM absorption provide valuable insights into 
he composition and origins of CDOM and allow retrievals of 
DOM in coastal and estuarine waters from ocean colour re- 
ote sensing ( Grunert et al., 2018 ; Menon et al., 2011 ). The
pectral slope parameter (S) of CDOM describes the spectral 
ependence of the CDOM absorption coefficient with wave- 
584 
ength and can provide information on the source of CDOM 

nd its susceptibility to biological and photochemical pro- 
esses ( Blough and Del Vecchio, 2002 ; Osburn and Stedmon, 
011 ; Stedmon and Markager, 2001 ). The S value has also 
een related to the molecular weight and aromaticity of 
OM ( Blough and Green, 1995 ; Helms et al., 2008 ). For in-
tance, the spectral slope between 275—295 nm (S S275-295 ) is 
 good indicator of the different CDOM pools, marine and 
errestrial ( Grunert et al., 2018 ; Helms et al.,2008 ; Nima et
l., 2019 ; Stedmon and Markager, 2001 ). The slope ratio (SR) 
f S 275—295 and S 350—500 (subscript reflects the wavelength 
ange in nm) have also been shown to be useful for charac- 
erising CDOM in natural waters, with lower relative values 
ndicative of DOM of higher molecular weight, greater aro- 
aticity and increasing vascular plant inputs ( Helms et al., 
008 ; Osburn et al., 2012 ; Spencer et al., 2010a ). 
The Darau River is a part of the Likas estuary. It is 

ounded by a large stretch of mangrove forest distributed 
rom upstream towards the river mouth, with a few res- 
dential areas. The coastal and river mouth receives ter- 
estrial input from three rivers: the Darau River, Bangka- 
angka River, and Inanam River. In addition, there is a wide 
ange in salinity in the study area, resulting from the mix- 
ng of inflowing coastal water with outflowing freshwater. 
ue to these particular conditions, it is hypothesised that 
he CDOM pool may have different origins and compositions 
n the study area. The aims of this study are to 1) deter-
ine, for the first time, the spatial variability of CDOM ab- 
orption and spectral composition to help characterise its 
ource; and 2) investigate correlations between CDOM ab- 
orption properties, spectral slopes, and salinity in the study 
egion. Results will provide better insights into the dynam- 
cs of CDOM in the region and for the future development of 
egional remote-sensing algorithms of water colour. 

. Methodology 

.1. Study area and plan of sampling 

he study was conducted in the Likas estuary, Kota Kin- 
balu, which is located on the west coast of Sabah and 
aces the South China Sea. The Likas Estuary is a small estu- 
ry surrounded by urban development influenced by mixed- 
idal action. It receives water input from several connected 
ivers, such as the Darau River, Inanam River, and Bangka- 
angka River. The study area stretched about 2 km to 5 km 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 The map of Darau river with 19 sampling points 
(black dots) that distributed from upstream of Darau river to- 
wards the coastal area of Likas estuary, Kota Kinabalu, Sabah. 
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n length, which measured from the river mouth towards 
he upstream Darau River, Bangka-Bangka River, and Inanam 

iver. The study area is bounded by natural features such 
s a single large stretch of mangrove forest and manufac- 
ured structures, such as fisherman villages and develop- 
ents. Another aspect is the variability in surface salinity 
xhibited in this region (from 0.13 ppt to 31.83 ppt) due to 
ubstantial freshwater input. 
The climate in Kota Kinabalu is hot and humid, having an 

quatorial climate with consistent temperatures through- 
ut the year, influenced by monsoon circulation. The North- 
ast monsoon (NEM) is driven by northeasterly winds and 
rings cool temperatures and less rainfall between Novem- 
er and March. The Southwest monsoon (SWM) is driven 
y southwesterly winds and brings warm temperatures but 
ore rainfall between May and September. These two dis- 
inct monsoon seasons are separated by shorter two inter- 
onsoon periods that take place from April to May (summer 

nter-monsoon) and from September to October (fall inter- 
onsoon) ( Teong et al., 2017 ). The tropical climate influ- 
nces changes in the physicochemical conditions in tropi- 
al estuaries, such as rainfall, humidity, solar radiation, air 
emperature, and wind direction ( Teong et al., 2017 ). 
The sampling was carried out on a monthly basis start- 

ng from June 2018 until July 2019. There were 19 sampling 
oints that were located from the upper stream of rivers 
owards the river mouth and coastal area of Likas estuary. 
he sampling was carried out in the daytime during spring 
ide. The surface water samples were collected for further 
aboratory analyses ( Figure 1 ). 

.2. Determination of CDOM absorption coefficient 
nd spectral slopes 

or precautions, the collected surface water for CDOM anal- 
sis was stored in amber bottles and kept refrigerated be- 
ore analysis in the laboratory. Before absorption analysis, 
ater samples were filtered through a 0.2 μm cellulose ni- 
rate membrane filter. Pure water was used as a blank to 
etermine the CDOM absorbance of samples for wavelengths 
etween 220 nm to 750 nm at 1 nm intervals using a UV-Vis 
R 500 Hach spectrophotometer with a 10 cm quartz cu- 
585 
ette. CDOM absorbance was assumed to be zero for wave- 
engths above 700 nm. Therefore, the average CDOM ab- 
orbance for the interval between 700 nm to 750 nm was 
ubtracted from the spectrum to correct for offsets due 
o instrument baseline drift, temperature and scattering 
ffects ( Green and Blough, 1994 ). The absorbance values 
ere transformed into the absorption coefficient according 
o Helms et al. (2008) , where the CDOM absorption coeffi- 
ient, a CDOM ( λ) in m 

−1, was calculated according to 

 CDOM ( λ) = 2.303 ∗O CDOM ( λ)/ l, (1) 

here l is the path length of the optical cell in meters,
 CDOM ( λ) is the absorption coefficient of CDOM at a given 
avelength, and O CDOM ( λ) is the absorbance at a given wave- 
ength, from 300 nm to 600 nm. In this study, the CDOM 

bsorption coefficient at a single wavelength of 440 nm 

a CDOM (440)) is used to describe the changes in CDOM quan- 
ity and to examine the spatial variability of CDOM within 
he studies area. The magnitudes of CDOM were measured 
y the absorption coefficient of CDOM, a CDOM (440). The ab- 
orption coefficient at 440 nm is chosen because it is the 
idpoint of the blue waveband peak that is related to the 
hotosynthetic action spectrum of most classes of algae. It 
s also a wavelength measured by many ocean-colour satel- 
ites. 

The CDOM spectral slope was determined by fitting the 
bsorption coefficients to a single-exponential non-linear 
urve, to the wavelengths from 300 nm to 600 nm, using 
he equation of Bricaud et al. (1981) , such that 

 CDOM ( λ) = a CDOM ( λr) exp (—S CDOM [ λ— λr]), (2) 

here S CDOM is the spectral slope of a CDOM and λr is the ref-
rence wavelength at 440 nm. CDOM spectral characteris- 
ics and its spectral slope are typically indicative of the 
hemical composition of CDOM ( Helms et al., 2008 ; Stedmon 
nd Markager, 2001 ). The spectral slopes for intervals of 
75—295 nm (S 275-295 ) and 350—500 nm (S 350-500 ) were cal- 
ulated by fitting the log-transformed CDOM absorption co- 
fficient to linear regression. Higher slopes indicate a more 
apid decrease in CDOM absorption with increasing wave- 
ength. The slope ratio (S R ) between S 275-295 and S 350-500 was 
lso calculated. These wavelengths were chosen to help de- 
ermine the composition and source of CDOM in the study 
rea. 

.3. Statistical analysis 

he statistical analysis was carried out using IBM SPSS Statis- 
ics 25 software. The normality of the dataset was checked 
y using the Shapiro-Wilk (SW) test to determine if the re- 
ponse variable of each group of data had a normal distri- 
ution. Based on the distribution pattern of each variable, 
ne-way ANOVA (for a normal distribution) or the Kruskal- 
allis test (for non-normal distributions) were used to test 
or significant differences among study areas and between 
onsoons. The correlation coefficient (r) was determined 
rom the regression analysis to study the relationship be- 
ween CDOM, optical properties, and salinity. 
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Figure 2 The temporal and monsoonal mean of a CDOM (440) 
at each station during 14-month observation in the study area. 
Error bars in Figure 2 a indicated standard deviation of the 14- 
month observation means. 
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Figure 3 Mean CDOM absorption spectra obtained by averag- 
ing over absorption coefficient from 300—600 nm and fitted to 
non-linear exponential decay function for a) Spatial distribution 
at 19 sampling stations and b) the monsoonal distribution dur- 
ing Southwest monsoon (SWM), FIM (Fall-Intermonsoon), North- 
east Monsoon (NEM) and Summer Intermonsoon (SIM) during the 
study period. 
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. Results 

.1. Spatio-temporal variations of a CDOM 

(440) 

he temporal mean a CDOM (440) varied between 0.29 ±0.19 
 

−1 (station 17) at coastal water and 1.05 ± 0.39 m 

−1 (Sta- 
ion 2) upstream of Darau, as plotted in Figure 2 a. There was 
n apparent spatial gradient of a CDOM (440) in the study area 
hat was relatively higher upstream (Station 1, 2, 8, and 12) 
ompared to the station in the coastal area (Station 17, 18, 
nd 19). The spatial distribution of a CDOM (440) showed sta- 
istically significant differences between sampling points (p 
 0.05), where the a CDOM (440) decreased from the river to 
he coastal area (p < 0.05). 
The monsoonal mean of a CDOM (440) was relatively low and 

ad a decreasing pattern from the upstream to the coastal 
ater during SWM with the range of 0.23 m 

−1 (Station 17) 
nd 0.99 m 

−1 (Station 1) ( Figure 2 b). SIM, on the other 
and, had a greater a CDOM (440), which fluctuated between 
.49 m 

−1 (Station 19 — coastal area) and 2.24 m 

−1 (Sta- 
ion 6 — Darau), with the value of a CDOM (440) nearly twice in 
WM ( Figure 2 b). The monsoonal distribution of a CDOM (440) 
howed statistically significant differences between mon- 
oons (p < 0.05). 
586 
.2. CDOM absorption spectra 

he CDOM absorption coefficient showed a decreasing trend 
n response to spatial and monsoonal variations ( Figure 3 ). 
igure 3 illustrates the mean absorption spectra of CDOM at 
ll stations ( Figure 3 a) and the slope of monsoonal variations 
n the study area ( Figure 3 b). The spatial-spectral slope was 
igher at Station 1, located upstream of the Darau River 
S = 0.015 nm 

−1 ), whereas the lowest spectral slope was 
ound at station 17 in the coastal water (S = 0.011 nm 

−1 ),
s plotted in Figure 3 a. 
For monsoonal trend, SIM monsoon attributed lower 

pectral slope with 14 μm 

−1 , primarily bigger CDOM ab- 
orption coefficient at 300 to 350 nm than other observed 
onsoons ( Figure 3 b). In contrast, an identical slope with 
mall difference was observed during SWM (S = 0.016 nm 

−1 ), 
IM (S = 0.015 nm 

−1 ) and NEM (S = 0.015 nm 

−1 ) monsoons
 Figure 3 b). 

.3. Spectral slope S 275-295 , S 350-500 , and S R of 
bsorption properties 

he spatial means of CDOM spectral slope from 275 to 295 
m (S 275-295 ) had smaller differences between stations, rang- 
ng from 0.015 ± 0.002 nm 

−1 (Station 1, upstream Darau 
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each monsoon. 
iver) to 0.019 ± 0.010 nm 

−1 (Station 17, coastal water), as 
llustrated in Figure 4 a. However, when compared to other 
tations, Station 7 (Darau) and Station 13 (Inanam) showed 
 substantial standard deviation of 0.019 ± 0.010 nm 

−1 and 
.017 ± 0.005 nm 

−1 ( Figure 4 a) compared to other stations. 
evertheless, the spatial distribution of S 275-295 showed sig- 
ificant differences where S 275-295 increased from the river 
o the coastal area (p < 0.05). The monsoonal means of 
 275-295 peaked at Station 7 (Darau) during SWM (0.023 nm 

−1 ) 
nd Station 11 (Bangka) during SIM (0.024 nm 

−1 ), as shown 
n Figure 4 b. The monsoonal range of S 275-295 indicated rel- 
tively higher were coastal area with the ranges of 0.014 
m 

−1 to 0.023 nm 

−1 (SWM), 0.015 nm 

−1 to 0.018 nm 

−1 

NEM), 0.015 nm 

−1 to 0.020 nm 

−1 (FIM) and 0.015 nm 

−1 

o 0.024 nm 

−1 (SIM) ( Figure 4 b). No significant differences 
ere observed in the distribution of S 275-295 between mon- 
oons (p > 0.05). 
As shown in Figure 4 c, the spectral slope from 350 to 400 

m (S 350-400 ) displayed a fluctuating pattern with a range of 
.015 ± 0.003 nm 

−1 (coastal water station) to 0.019 ± 0.002 
m 

−1 (upstream) as shown in Figure 4 c. S 350-400 of Darau, 
nd Inanam rivers showed a declining pattern, ranging from 

.017 ± 0.002 nm 

−1 to 0.016 ± 0.002 nm 

−1 and 0.019 ±
.002 nm 

−1 to 0.017 ± 0.002 nm 

−1 , respectively ( Figure 4 c). 
angka stations reported a fluctuation in the value of 
 350-400 , ranging from 0.016 ± 0.003 nm 

−1 to 0.018 ± 0.002 
m 

−1 . S 350-400 values between 0.015 ± 0.005 nm 

−1 and 0.017 
0.003 nm 

−1 reveal a declining pattern in river mouth 
nd coastal water ( Figure 4 c). The spatial distribution of 
 350-400 showed statistically opposite pattern from S 275-295 
here the S 350-400 decreased from rivers to the coastal area 
p < 0.05). 
During the SIM, the monsoonal means of S 350-400 fluctu- 

ted, especially from Station 1 to Station 7 (Darau), as 
hown in Figure 4 d. During FIM, a sharp drop in the S350- 
00 value (0.006 nm 

−1 ) was seen at Station 17, which is lo- 
ated near the coast ( Figure 4 d). The S 350-400 of monsoonal 
ariations during the study period were 0.016 nm 

−1 to 0.019 
m 

−1 (SWM), 0.015 nm 

−1 to 0.018 nm 

−1 (NEM), 0.006 nm 

−1 

o 0.019 nm 

−1 (FIM), and 0.010 nm 

−1 to 0.020 nm 

−1 (SIM) 
 Figure 4 d). In general, the monsoonal distribution of S 350-400 
howed statistically significant differences between mon- 
oons (p < 0.05). 
Figure 4 e displays the spatial mean of S 300-600 at the Da- 

au, Inanam, and Bangka stations, which showed a consis- 
ent trend ranging from 0.014 ± 0.002 nm 

−1 to 0.016 ±
.004 nm 

−1 . S 300-600 value drops from the river mouth (Sta- 
ion 15 and 16) to coastal area stations (Station 17, 18, 
nd 19), with a range of 0.012 ± 0.003 nm 

−1 to 0.013 ±
.004 nm 

−1 ( Figure 4 e). However, the S 300-600 did not show 

ny significant pattern between sampling points during the 
4-months of the study period (p > 0.05). As shown in 
igure 4 f, the monsoonal pattern of S 300-600 revealed an up 
nd down trend in SIM at Darau stations with the value of 
.007 nm 

−1 (Station 4) and 0.017 nm 

−1 (Station 3). There 
ere very slight monsoonal changes in S 300-600, ranging from 

.012 to 0.015 (SWM), 0.012 to 0.018 (NEM), and 0.009 to 

.015 (FIM) ( Figure 4 f). Statistically, the monsoonal distribu- 
ion of S 300-600 showed significant differences between mon- 
oons throughout the study period (p < 0.05). 
The spatial means and their standard deviations of spec- 

ral ratio (S R ) peaked at Station 7 (Darau) and Station 17 
587 
coastal water) with values of 1.22 ± 0.61 and 1.40 ± 0.68, 
espectively, as plotted in Figure 4 g. Furthermore, an in- 
reased pattern of S R values at the Darau stations (0.86 ±
.13 to 1.22 ± 0.61) and Inanam River (0.81 ± 0.16 to 1.01 
0.45) was recorded during the study period ( Figure 4 g). In 

ontrast, Station 17, 18, and 19 located at the coastal water 
ndicated a declining slope with 1.60 ± 0.48 to 1.13 ± 0.31 
 Figure 4 g). The spatial distribution of S R showed statisti- 
ally significant differences between sampling points during 
he study period (p < 0.05). 
Overall, the monsoonal distribution of SR showed statis- 

ically significant differences between monsoons (p < 0.05). 
n FIM, the most significant monsoonal mean of S R was ob- 
erved at Station 17, located near the coast, with a value 
f 3.46, as shown in Figure 4 h. S R readings ranged from 0.81
o 1.51 in Darau stations during SIM and from 0.70 to 1.29 
n Bangka stations ( Figure 4 h). The monsoonal mean of S R 
uring NEM and SWM at the study area, on the other hand, 
ad a constant trend, ranging from 0.79 (Station 1) to 1.44 
Station 7) at Darau Station and 0.81 (Station 12 at Inanam 

iver) to 1.34 (Station 19 at the coastal water) respectively 
 Figure 4 h). 

.4. Relationship between salinity with 

 CDOM 

(440), S 275-295 , S 350-400 , and S R 

he regression analysis between a CDOM (440) and salinity 
uring 14-month observation in the study period showed 
 weak negative relationship with R-value of —0.322 
p = 0.000, n = 254) as illustrated in Figure 5 a. Therefore,
he inter-seasonal monsoon attributed the highest correla- 
ion between a CDOM (440) and salinity with R-value of —0.73 
p = 0.000, n = 31) during FIM, —0.59 (p = 0.000, n = 37) in
IM monsoon ( Figure 5 a). A moderate correlation between 
 275-295 and salinity with R-value of 0.55 (p = 0.00, n = 252)
s plotted in Figure 5 b. The monsoonal trends of S 275-295 and 
alinity correlation showed more a less the same in observed 
onsoons with R-value of 0.60 (p = 0.00, n = 30) (FIM), 0.51
p = 0.00, n = 71) (NEM), and 0.44 (p = 0.006, n = 37) (SIM).
owever, S 275-295 and salinity correlation during SWM was 
elatively higher compared to another observed monsoon 
ith R-value of 0.66(p = 0.00, n = 111) ( Figure 5 b). 
There is a low inverse correlation between S 350-400 and 

alinity with R-value of 0.33 (p = 0.00, n = 254) during 
4-month observation in the study period as shown in 
igure 5 c. The lowest correlation between S 350-400 and salin- 
ty was in NEM monsoon (R-value = —0.11, p = 0.36, n = 71),
hile R-value of S 350-400 and salinity is relatively larger (r = —
.48, p = 0.005, n = 31) in FIM monsoon ( Figure 5 c). The re-
ationship between the ratio of spectra slope (SR) and salin- 
ty indicate a lenient correlation at the study area with R- 
alue of 0.53 (p = 0.00, n = 253) based on the 14-month ob-
ervation ( Figure 5 d). Moreover, SWM depicts a relatively 
ood correlation with R-value of 0.67 (p = 0.000, n = 111) 
 Figure 5 d). On the other hand, r- value of 0.39 (p = 0.001,
 = 71) was recorded in NEM monsoon, which the lowest 
agnitude compared to other observed monsoons ( Figure 
 d). As for the S 300-600 , no significant correlations were ob- 
erved throughout the 14-month observation and during 
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Figure 4 The temporal and monsoonal mean of spectral slopes: S 275-295 , S 350-440 , and S R at each station during 14-month observa- 
tion in the study area. 

588 
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Figure 5 Scatter plots of regression correlation (r) between salinity and a) CDOM absorption coefficient at 440 [aCDOM(440)], b) 
S 275-295 , c) S 350-440 and d) the ratio of spectral slope (SR) for the 14-month observation at the study area. The r-value stated in the 
legend of the plot. 
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.5. Relationship between S 275-295 , S 350-440 , and S R 
ith a CDOM 

(440) 

 moderate correlation between S 275-295 and a CDOM (440) was 
bserved in the study area based on the 14-month obser- 
ation with R-value of —0.57 ((p = 0.000, n = 252) as illus- 
rated in Figure 6 a. For the monsoonal pattern of rela- 
ionship of S 275-295 and a CDOM (440), SWM, FIM and NEM de- 
ict a relatively strong correlation with R-values of —0.65 
p = 0.000, n = 111), −0.67 (p = 0.000, n = 30) and —0.70
p = 0.000, n = 71) respectively ( Figure 6 a). A lenient S 275-295 
nd a CDOM (440) correlations were recorded during SIM with 
-values of 0.37 (p = 0.023, n = 37) ( Figure 6 a). There is
 very weak relationship between S 350-400 and a CDOM (440) 
n this study as indicated by the small R-value of 0.05 
p = 0.456, n = 254), which is plotted in Figure 6 b. Of all
bserved monsoons were reported smaller R-values; SWM 

0.11, p = 0.244, n = 112), NEM (0.19, p = 0.113, n = 71),
nd SIM (0.11, p = 0.532, n = 37), FIM monsoon attributed a 
elatively larger R-value (0.33, p = 0.068, n = 31) compared 
o other monsoons ( Figure 6 b). The R-value of regression 
orrelation between S R and a CDOM (440) in the study area 
s −0.30 (p = 0.000, n = 253) as shown in Figure 6 c. There
re two monsoonal patterns of S R and a CDOM (440) during the 
tudy period, where NEM (—0.56, p = 0.000, n = 71) and FIM 
589 
—0.50, p = 0.004, n = 31) monsoon a moderate correlation 
 Figure 6 c). Meanwhile, SWM and SIM monsoon attributed 
 weak relationship between S R and a CDOM (440) with R-value 
f (—0.35, p = 0.000, n = 112) and (—0.27, p = 0.103, n = 37)
espectively ( Figure 6 c). 

. Discussion 

.1. Dynamics of a CDOM 

(440) 

he spatial mean a CDOM (440) in the study area, ranging from 

.29 ± 0.19 m 

−1 to 1.05 ± 0.39 m 

−1, indicated a decreas- 
ng pattern towards the coastal water. The spatial declin- 
ng trends of a CDOM (440) in the study area are predictable 
s a signature of CDOM distribution in coastal waters. Sev- 
ral studies recorded a spatial gradient of a CDOM (440) in 
oastal waters with a range of 2.5 to 7.6 m 

−1 in the man-
rove area in the Indian Suburbans ( Sanyal et al., 2020 ). The
 CDOM (440) of 0.063 to 0.35 m 

−1 was recorded worldwide in 
he natural water bodies ( Nima et al., 2019 ). In addition,
 CDOM (440) of 0.35 m 

−1 to > 50 m 

−1 at peatland-draining 
ivers and coastal waters of Sarawak, Borneo ( Martin et al., 
018 ). The a CDOM (440) at the continental shelf of the north-
rn Bay of Bengal ranged from 0.1002 m 

−1 and 0.6631 m 

−1 
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Figure 6 Scatter plots of regression correlation (r) between CDOM absorption coefficient at 440 [aCDOM(440)] and a) S 275-295 , b) 
S 350-440 and c) the ratio of spectral slope (SR) for the 14-month observation at the study area. The r-value stated in the legend of 
the plot. 
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 Das et al., 2017 ); and 0.66 to 3.82 m 

−1 at microtidal estu-
ry in south-western Australia ( Kostoglidis et al., 2005 ). 
Higher a CDOM (440) upstream in the study area might be 

ssociated with a strong influence of terrestrial organic 
atter and humic substances carried by freshwater input 
aligned with the lowest salinity). Many studies have shown 
hat terrigenous DOM is the primary source of natural CDOM 

n coastal and nearshore areas, where freshwater runoff
ixes with seawater ( Coble, 2007 ; Granskog et al., 2007 ; 
i et al., 2014 ; Stedmon et al., 2011 ). In addition, as a man-
rove area fringes the study area, the possible source of 
igher CDOM concentration upstream was likely mangrove 
nfluenced water flushing organic matter from the decom- 
osition of mangrove forests. Several studies have revealed 
hat mangrove leaf litter can produce CDOM more rapidly 
han other local indigenous CDOM sources ( Das et al., 2017 ; 
anyal et al., 2020 ; Shank and Evans, 2011 ). The decreasing 
attern of a CDOM (440) from the upstream to coastal areas in 
he study area could be attributed to several possible fac- 
ors, such as (i) the mixing of CDOM-rich riverine water with 
DOM-poor coastal water ( del Vecchio and Blough, 2004 ; 
onsior et al., 2008 ), (ii) enhancing the photodegradation 
f chromophores present in riverine CDOM after they reach 
he coastal regions ( Blough and del Vecchio, 2002 ; del Vec- 
hio and Blough, 2004 ; Osburn et al., 2009 ), (iii) microbial 
egradation of the autochthonous fraction that is the cen- 
590 
ral part of CDOM in marine waters ( Boyd and Osburn, 2004 ;
roman et al., 2019 ; Winter et al., 2007 ), as well as (iv) floc-
ulation and precipitation of riverine CDOM due to increased 
alinity ( Blough et al., 1993 ; Guo et al.,2007 ; Sholkovitz, 
976 ). 
The monsoonal variations of a CDOM (440) were relatively 

igher during the SIM (April 2019) and FIM (October 2018) 
onsoons with varied from 0.49 to 2.24 m 

−1 and 0.15 to 
.61 m 

−1 , respectively. However, the former indicated a 
uctuated pattern in Darau the stations. Higher a CDOM (440) 
uring the inter-seasonal monsoons (SIM and FIM) may be 
ttributable to the fact that east coast Malaysian water 
s well-mixed, with water temperature distributed evenly 
hroughout the water body ( Mohd-Akhir et al., 2014 ). On 
he other hand, the current circulation may impact it by 
llowing stratification or stimulating mixing during inter- 
easonal monsoon ( Mohd-Akhir et al., 2014 ). In the conti- 
ental shelf of the northern Bay of Bengal, seasonal mean 
 CDOM (440) showed a significant difference in magnitudes 
uring the three seasons, with lower values of 0.1200 to 
.0327 m 

−1 during the pre-monsoon (February to May), in- 
reasing to 0.3064 0.1595 m 

−1 during the monsoon season 
June to September), and 0.1621 to 0.0790 m 

−1 during the 
ost-monsoon (October to January) ( Das et al., 2017 ). Li et 
l. (2017) also found a seasonal variability of a CDOM (400), 
igher in Yinma River, China. The temporal variability is due 
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o strong riverine influence during specific monsoon or sea- 
on ( Das et al., 2016 , Li et al., 2017 ). 

.2. Spatio-temporal trends of spectral slopes 

here was a slight spatial variation of spectral slope of 
 275-295 between stations during the study period ranging 
rom 0.015 to 0.019 nm 

−1 in the study area. S 275-295 showed 
n increment of 0.004 nm 

−1 from the upstream of Darau 
iver, located 5.1 km from the river mouth (station 16). The 
onsoon patterns of S 275-295 indicated relatively higher spa- 
ial variability during SWM (June to September 2018, June 
o July 2019) and SIM (April 2019) monsoon with an incre- 
ent of 0.009 nm 

−1 . In contrast, NEM (November 2018 to 
arch 2019) indicated a smaller spatial gradient of S 275-295 
ith an increment of 0.003 nm 

−1 . In other studies, in peat- 
and draining rivers and coastal waters of Sarawak, Borneo, 
 275-295 values ranged from 0.0102 to 0.0144 nm 

−1 ( Martin et 
l., 2018 ), which was a little lower compared to the study 
rea. However, there was no clear seasonality of S 275-295 in 
eatland draining rivers and coastal waters of Sarawak, Bor- 
eo. The distance of observed rivers ranged between 15 
o 550 km ( Martin et al., 2018 ), in contrast with the mon-
oonal variability in the study area. In a river and mangrove- 
ominated estuaries in Indian Sundarbans, a slight spatial 
ifference of S 275-295 was recorded with 0.002 to 0.007 nm 

−1 

Sanyal et al., 2020), which is lower compared to this study. 
he spatial difference of S 275-295 in this study compared to 
anyal et al. (2020) is due to the morphology of the es- 
uary in Indian Sundarbans, which have a wider inlet than 
he study area. While the S 275-295 varies with 0.0130 nm 

−1 

o 0.0361 nm 

−1 were recorded from the Elizabeth River to- 
ards Chesapeake Bay estuary with increasing spatial gra- 
ient, as it receives substantial input of CDOM-rich water 
rom the Great Dismal Swamp canal system ( Helms et al., 
008 ). 
The small range of spatial distribution of S 350-400 in the 

tudy area was 0.015 nm 

−1 to 0.019 nm 

−1 , with higher at the 
pstream and lower at the coastal water of the study area. 
he monsoonal pattern indicated that inter-seasonal mon- 
oon had more considerable spatial differences with 0.010 
m 

−1 and 0.013 nm 

−1 during FIM and SIM. These values were 
bout three and four times the increment of S 350-400 during 
WM and NEM monsoon, which had 0.003 of S 350-400 declin- 
ng pattern from the upstream to coastal water. In another 
tudy, a small variability of S 350-400 was found in the Eliza- 
eth River towards Chesapeake Bay estuary with 0.0104 to 
.0187 ( Helms et al., 2008 ), which is also within the range 
f this study area. The shallower slope of S 350-400 is proba- 
ly due to a decrease in molecular weight, which diminishes 
he potential for intramolecular charge transfer interaction 
 Helms et al., 2008 ). 
A decreased pattern spatial variation of S 300-600 with a 

ange of 0.012 to 0.016 nm 

−1 was observed apparently at 
he river mouth towards coastal water in the study area. 
he other stations were mainly recorded with a consistent 
ean S 300-600 with 0.014 nm 

−1 . Similar to the monsoonal 
rend of S 350-400 in the study area, S 300-600 had a relatively 
ore significant spatial variation during the inter-seasonal 
onsoons: SIM (0.007 to 0.017 nm 

−1 ), and FIM (0.009 to 
.015 nm 

−1 ) with 0.010 nm 

−1 and 0.09 nm 

−1 spatial differ- 
nces, respectively. Whilst, the spatial variations of S 300-600 
591 
ere lower during SWM, with a gap of 0.003 and 0.006 in 
he NEM monsoon. In the Arctic Ocean, S 300-600 varies be- 
ween 0.008 nm 

−1 and 0.047 nm 

−1 . Still, in the Eurasian 
art of the Arctic Ocean and the Greenland Sea, the val- 
es are lower, 0.015—0.021 nm 

−1 ( Stedmon et al., 2011 ) 
nd 0.016—0.020 nm 

−1 ( Stedmon and Markager, 2001 ), re- 
pectively. Moreover, the S 300-600 in the Eurasian part of the 
rctic Ocean and the Greenland Sea is within the range 
ith corresponding values for our study area. Past studies 
ave shown strong relationships between a CDOM and S CDOM 

long transects from lower salinity coastal waters to higher 
alinity offshore waters, where the range in a CDOM( λ) typi- 
ally varies by orders of magnitude ( Kowalczuk et al., 2006 ; 
avlov et al., 2016 ; Stedmon and Markager, 2005 ), which 
as a contrast with the values in our study area. However, 
he value of S 300-600 ( S CDOM) in our study area was in agree-
ent with a study in the Arctic Ocean that found that CDOM 

bsorption and S CDOM do not relate well between marine 
nd terrestrially derived CDOM pools ( Granskog, 2012 ). In 
ddition, a study by Astoreca et al. (2009) found S increases 
ith increasing salinity and decreasing aCDOM as a result 
f the alteration of terrestrial CDOM ( Blough and Del Vec- 
hio, 2002 and references therein, S: 0.018—0.030 nm 

−1 for 
alinities 30—35). 
The spatial patterns of S R and S 275-295 in the study area 

ad an identical trend, higher in the coastal water and low- 
red numbers upstream. The spatial range of S 300-600 was 
.81 to 1.40. The SIM and FIM, which are inter-seasonal 
onsoons, showed higher values of S R with monsoonal dif- 
erences of 2.68 and 0.81, respectively, compared to S 300-600 
n SWM (0.65) and NEM (0.53) monsoons. The S R values ob- 
erved upstream of the river mouth were typical of terres- 
rially dominated samples (0.81), while the S R values ob- 
erved in coastal areas were specific to marine-dominated 
amples (1.40). We observed an increasing trend in S R from 

pstream (terrestrial-dominated) to coastal areas (marine- 
ominated) sources. Despite most of the stations that are 
ocated in the Darau, Inanam, and Bangka-Bangka rivers had 
 R values that were less than 1. Hence, CDOM in these sta- 
ions is a terrestrial-dominated source. On the other hand, 
s the value of S R is more than one at the river mouth
o coastal waters, it indicates that the CDOM is a marine- 
ominated source. The increasing importance of S R from 

pstream toward the coastal area may indicate a compo- 
itional change in the DOM pool and a shift from high molec- 
lar weight to low molecular weight ( Helms et al., 2008 ; 
ima et al., 2019 ; Xie et al., 2012 ). 

.3. Relationship of a CDOM 

(440), spectral slopes 
 275-295 , S 350-440 , and S R and salinity 

n the study area, a higher value of a CDOM (440) corresponded 
ith lower values of salinity at upstream stations of the 
iver, which could be related to revealing that the higher 
DOM concentration of terrigenous origin contained chro- 
ophores of larger molecular size and weight, linked to 

ignin derivatives which can be explained by the abun- 
ance of mangrove forests distributed along the river. The 
 CDOM (440) variability showed a strong inverse correlation 
ith salinity, which indicated the conservative behaviour 
f CDOM in the study area as observed in other estuarine 
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ystems ( Blough and Del Vecchio, 2002 ; Bowers and Brett, 
008 ; Chen et al., 2007 ; Das et al., 2017 ; Del Vecchio and
lough, 2004 ; Nima et al., 2019 ; Twardowski and Donaghay, 
001 ). A strong correlation between a CDOM (440) and salinity 
uring inter-seasonal monsoons probably can be due to the 
trong riverine influence ( Das et al., 2017 ; Li et al., 2017 ;
ima et al., 2019 ) which could be associated with transition 
onsoon in the study area. 
There was a moderate correlation between spectral 

lopes of S 275-295 and salinity, greater for the NEM mon- 
oon (R-value = 0.5, p = 0.00, n = 71) in the study area. The
rend of S 275-295 was inversely proportional to S 350-400 in the 
tudy area, in which the former had an increasing pattern 
rom the upstream towards coastal water and vice versa 
or the latter. Nevertheless, the correlation between S 350-400 
nd salinity was relatively greater during the FIM monsoon 
r-value = 0.48, p = 0.005, n = 31). As S 350-400 was greater 
han S 275-295 upstream of the river mouth, terrestrially dom- 
nated CDOM prevails ( Helms et al., 2008 ). In contrast, as 
 275—295 was greater than S 350-500 in coastal stations, marine- 
ominated CDOM prevails in coastal waters, composed of a 
maller molecular size and weight. 
S 300-600 was relatively constant over the same salinity 

ange and a CDOM (440) in our study area. In addition, there 
as no statistical difference in S 300-600 test during the study 
eriod due to the small coverage of the study area. As 
 result, the relationship between S 300-600 versus salinity 
nd a CDOM (440) was not executed. Upstream to the river 
outh, S 300-600 values were constant ( ∼0.014 nm 

−1 ), indi- 
ating a continuous influence of terrestrial inputs to the re- 
ion throughout the sampling period ( Figure 4 e). However, 
 300-600 values were more variable near the river mouth areas 
nd coastal areas in the study area, presumably due to dif- 
erent CDOM pools entering the system in these areas and 
ould be related to renewed high freshwater inflow after 
ain ( Stedmon et al., 2015 ). 
The spatial distribution of S 275-295 and S R are linear cor- 

elated in the study area. As a result, the relationship be- 
ween S R and salinity in response to monsoonal variability 
s identical correlated to the greater degree during SWM (r- 
alue = 0.66, p = 0.000) for the former, and (r-value = 0.67, 
 = 0.000) for the latter. Generally, S R increases with salin- 
ty and may be linked to photobleaching processes that 
sually occur in coastal areas or on open seas ( Granskog, 
012 ; Helms et al., 2008 ; Lei et al., 2019 ; Nima et al.,
019 ). In high salinity regions, higher S R values and low 

 CDOM (440) values are indicative of photobleaching of de- 
omposed humic substances, which produced more low- 
olecular-weight fractions as exposed to solar irradiance in 
oastal areas ( Helms et al., 2008 ; Nima et al., 2019 ). Pho-
odegradation of CDOM can shift the absorption spectrum 

y breaking up large humic complexes and thus decreasing 
he number and size of the low-energy chromophores as- 
ociated with large humic complexes ( Helms et al., 2008 ; 
ima et al., 2019 ). 
The correlation between S 275-295 and a CDOM (440) in the 

tudy area during the study period indicated a good rela- 
ionship with an R-value of 0.51, which is stronger corre- 
ated compared to other spectral wavelengths. This con- 
ition agrees with Grunert et al. (2018) , which also found 
hat S 275-295 is better correlated with a CDOM (440) than other 
pectral wavelengths because of lignin or lignin derivatives. 
592 
ccording to Helms et al. (2008) , both S 275-295 and S R were 
nversely correlated to the molecular weight of CDOM. Both 
 275-295 , S 350-400 , and S R showed a significant inverse relation- 
hip with a CDOM (440) and salinity in the study, which agrees 
ith Nima et al. (2019) and Li et al. (2017) . 

. Conclusions 

onsoonal variation of a CDOM (440) in the study area with 
igher concentration was associated with a steeper slope 
t 300 to 350 nm during inter-seasonal monsoon. S 300-600 in- 
icates a linear relationship between a CDOM (440), these un- 
onventional results in coastal water might be due to the 
imited coverage of the study site. 

The upstream of the Likas estuary indicated terrestrial- 
ominated sources of CDOM. However, the CDOM at the river 
outh to coastal water showed a marine-dominated source. 
herefore, our observations during the study period indicate 
hat the monsoonal variation could alter the source of CDOM 

n the study area. 
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Abstract The Bay of Bengal (BoB) is known to have high primary productivity at its west- 
ern margin during the Indian summer monsoon season (June—September). This higher coastal 
productivity is mainly caused due to the near-surface nutrient availability maintained by the 
local coastal upwelling process. The surface winds in the Indian Ocean significantly vary during 
El-Niño/La-Niña and Indian Ocean dipole (IOD). The current study examines the sea surface 
temperature (SST) and Chlorophyll-a (Chl-a) anomalies in the western BoB for the period of 18 
years (2000 to 2017), using a coupled regional ocean biophysical model. All considered posi- 
tive IOD (pIOD) years show discrete behavior of biophysical features in the western BoB. The 
co-occurrence years of pIOD and El-Niño modes are associated with contrast biophysical anoma- 
lies. In the analyzed pIOD events, the years 2006 and 2012 show an enhancement in the Chl-a 
anomalies whereas, the other two years (2015 and 2017) experience Chl-a decrement. The 
western BoB was anomalously warmer during the 2015 and 2017 pIOD years compared to the 
other two pIOD years (2006, 2012). This inconsistent response of biophysical features associated 
with pIOD years is investigated in terms of local surface flux (momentum, heat, and freshwater) 
changes over the western BoB. The combined impact of local surface flux changes during the 
individual years remains the major contributing factor affecting the upper-ocean stratification. 
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Ultimately, the stratification changes are responsible for the observed inconsistent response of 
biophysical features by significantly altering the upper-ocean mixing, upwelling, and nutrient 
availability in the western BoB. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

he Northern Indian Ocean (NIO) possesses two semi- 
nclosed basins, namely the Bay of Bengal (BoB) and Ara- 
ian Sea (AS) which are similar in geographical latitudinal 
osition but differ in their physical characteristics and dy- 
amical processes. These basins experience reversing mon- 
oonal wind conditions from southwesterly to northeast- 
rly during summer to winter ( Madhupratap et al., 2003 ; 
cCreary et al., 1996a , 2009 ; Schott and McCreary, 2001 ; 
henoi, 2002 ; Wyrtki, 1973 ). During the southwest mon- 
oon season, strong southwesterly winds blowing along 
he western boundary of the BoB make conditions fa- 
orable for coastal upwelling ( McCreary et al., 1996a ; 
hankar et al., 2002 ; Shetye et al., 1991 ; Thushara and 
inayachandran, 2016 ; Vinayachandran et al., 1996 ). On 
he other hand, the winds are northeasterly during the 
ortheast monsoon season, which causes coastal down- 
elling ( Shetye et al., 1996 ). The BoB is also known 
or high SST (average temperature > 28 °C) ( Shenoi, 2002 ; 
inayachandran and Shetye, 1991 ) and this warm SST 
s favorable for the cyclogenesis ( Gadgil et al., 2004 ; 
ikka, 1980 ) over the BoB. 
The wind-generated mixing and coastal upwelling 

re lower in the BoB with respect to AS ( Murty and 
aradachari, 1968 ). The major river systems over the Indian 
ubcontinent converge to the BoB. Hence, the BoB receives 
 copious amount of freshwater flux ( Martin et al., 1981 ; 
asim et al., 1988 ; Sen Gupta et al., 1978 ; Shetye et al.,
993 ). This freshwater distribution in the upper ocean 
hanges the temperature and salinity distribution over the 
oB, especially during monsoon (June to September) to 
ost-monsoon (October—November) season ( Akhil et al., 
016 ; Miranda et al., 2019 ; Sandeep et al., 2018 ; Seo et al.,
009 ). The altered temperature and salinity conditions 
overn peculiar thermodynamic phenomena such as tem- 
erature inversion and the presence of a strong barrier 
ayer that can be characterized by less saline (fresher) 
nd warmer seawater and, hence, highly stratified sea sur- 
ace over the BoB ( Dandapat et al., 2020 ; Jian et al., 
012 ; Mahadevan et al., 2016 ; Thadathil et al., 2016 ; 
inayachandran et al., 2002 ). These underlined distinct 
hysical and thermodynamical characteristics easily dis- 
inguish the BoB from the AS. The coastal upwelling and 
ownwelling along the east coast of India are governed 
y the favourable wind stress and alongshore current with 
he associated local stratification conditions ( Babu et al., 
008 ; Sil and Chakraborty, 2011 ; Thushara and Vinayachan- 
ran, 2016 ; Vinayachandran et al., 1996 ). The wind stress 
s the primary forcing that generates the upwelling pro- 
ess, but the source depth of upwelled water is highly 
ensitive to the stratification conditions and wind strength 
596 
 Gomes et al., 2000 ; Shetye et al., 1991 ). Therefore,
hanging the strength of the wind (wind stress) and strat- 
fication jointly decide the upwelling intensity by sig- 
ificantly altering the total amount of offshore volume 
ransport. 
The BoB is an important constituent of NIO that exhibits 

ynamic water quality attributed to the seasonal reversal 
f monsoon, high amount of river discharge, effluent dis- 
harge from coastal industrial setups, and effect of ex- 
reme events such as tropical cyclones. Physical oceano- 
raphic processes, the freshwater influx from major rivers, 
nd cyclones proved to be controlling factors in the distri- 
ution of Chl-a in the BoB. Variations in Chl-a were influ- 
nced significantly by oscillations in surface salinity due to 
he ingress of fresh water in coastal regions of the western 
oB ( Gomes et al., 2000 ; Vinayachandran, 2009 ). Moreover, 
everal pockets of coastal waters of the western BoB are ex- 
eriencing recurring algal blooms ( Baliarsingh et al., 2016 ; 
’Silva et al., 2012 ). Regular screening of physicochemical- 
iological parameters is, therefore, crucial for the ecologi- 
al evaluation of coastal waters of the BoB. 
The western coastal BoB receives a huge freshwater 

ischarge of 1.6 ×10 12 m 

3 yr —1 from various rivers, such 
s the Ganges, Mahanadi, Godavari, Krishna and Cau- 
ery ( UNESCO, 1979 ), and sediment load of 1.1 ×10 9 t 
 Milliman and Meade, 1983 ; Milliman and Syvitski, 1992 ) dur-
ng southwest monsoon (June—September) when the Indian 
ubcontinent receives maximum rainfall. During the same 
eriod, winds blow from the southwest over the coastal 
estern BoB and favour coastal upwelling ( Shetye et al., 
996 ). But, the intensity of upwelling is weak and con- 
ned close to the coast due to strong stratification driven 
y freshwater discharge ( Gopalakrishna and Sastry, 1985 ; 
urty and Varadachari, 1968 ; Shetye et al., 1991 ). A strong 
tratification in the region affects the upper-ocean mix- 
ng and controls the primary productivity of the region 
 Prasanna Kumar et al., 2002 ). 
The BoB differs from the AS not only in terms of the in-

ensity of coastal upwelling but also in terms of primary pro- 
uctivity ( Prasanna Kumar et al., 2002, 2007, 2010 ). Sev- 
ral modelling and observational studies have been con- 
ucted over the AS ( Banse and English, 2000 ; Banse and Mc-
lain, 1986 ; Banzon et al., 2004 ; McCreary et al., 1996b )
nd the west coast of India ( Lierheimer and Banse, 2002 ), 
evealing the role of monsoonal wind mixing and transport 
f nutrients in supporting biological productivity. Whereas 
ost of these studies mainly focused on the AS, not enough 
ttention was given to performing extensive studies on its 
ounterpart the BoB, where the observed Chl-a blooms are 
elatively weaker. This happens since plenty of nutrients 
rought by high river discharge are mainly limited to the 
isphotic and aphotic zones in the presence of strongly 
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tratified and less mixed water column near the coast 
 Gauns et al., 2005 ; Gomes et al., 2000 ; Madhupratap et al.,
003 ; Prasanna Kumar et al. 2010 ). However, the western 
argin of BoB remains one of the highly productive zones for 
he basin during summer ( Naidu et al., 1999 ; Shetye et al., 
993 ). The current study aims at understanding the inter- 
nnual variability of the primary productivity in the western 
argin of BoB by analyzing the Chl-a anomalies during the 
onsoon season. 
The first evidence of coastal upwelling along the west- 

rn BoB was seen between 1952 and 1965, during the 
nternational Indian Ocean Expedition (IIOE). Using hy- 
rographic data, the first report published for the west- 
rn BoB, although albeit lacking evidence of coastal up- 
elling or downwelling for a season, was by La Fond (1954 , 
957 , 1958 , 1959 ). Evidence of coastal upwelling during 
he summer monsoon along the western BoB was reported 
y Varadachari (1961) . During both summer and spring, 
tronger upwelling at Visakhapatnam compared to Chen- 
ai founded by Murty and Varadachari (1968) . The stud- 
es, based on hydrographic measurements ( Babu et al., 
003 ; Sanilkumar et al., 1997 ; Shetye et al., 1991, 1993, 
996 ), and satellite-observed sea levels ( Durand et al., 
009 ; Shankar et al., 2002 ), described upwelling along the 
estern BoB. The coastal upwelling can extend vertically 
p to a depth of ∼70 m ( Shetye et al., 1991 ). During the
ummer monsoon season, both moored and hydrography ob- 
erved current show evidence of downwelling below up- 
elling along the east coast of India ( Francis et al., 2020 ; 
ukherjee et al., 2014 ; Shetye et al., 1991 ). 
The upwelling favorable southwesterly winds drive the 

longshore current northward but, due to the presence 
f freshwater towards the northwestern bay, its upwelling 
trength reduces ( Thushara and Vinayachandran, 2016 ). The 
ast India Coastal Current (EICC) is a semi-permanent cur- 
ent due to its interaction with the local eddies in the vicin- 
ty ( Jagadeesan et al., 2019 ; Jyothibabu et al., 2008 , 2015 ;
atnaik et al., 2014 ). The presence of cyclonic and anti- 
yclonic eddies throughout the year over BoB is mentioned 
y several studies ( Gomes et al., 2000 ; Jyothibabu et al., 
008 ; Prasanna Kumar et al., 2004 ). The mesoscale eddies, 
resent in the vicinity of EICC, have also a remarkable ef- 
ect on the coastal upwelling and its associated primary pro- 
uctivity in the region ( Sarma et al., 2016 ). The cold-core 
ddies (warm-core eddies) support the enrichment (decre- 
ent) of nutrients to the surface hence, enhancing (reduc- 

ng) the overall primary productivity associated with coastal 
pwelling ( Jagadeesan et al., 2019 ; Prasanna Kumar et al., 
004 ). The local mesoscale variability (like eddies) in the 
estern BoB is not only produced by Kelvin and Rossby 
aves. In the center and eastern BoB, the eddy generation is 
ainly attributed to these waves ( Cheng et al., 2013 , 2018 ). 
hile in the western BoB, it is attributed to the baroclinic 

nstability of EICC ( Chen et al., 2012 , 2018 ; Cheng et al.,
013 ; Kurien et al., 2010 ). The impact of these waves that 
ravel along the BoB coastal rim as coastal Kelvin wave is 
lso discernable to assess the strength of alongshore cur- 
ent and its consequences upwelling mechanism at the east 
oast of India ( McCreary et al., 1993 ; Shankar et al., 2002 ;
inayachandran and Yamagata, 1998 ). These coastal waves 
xhibit the inter-annual variability controlled by the vari- 
597 
bility of winds over the equatorial ocean ( Huang et al., 
021 ; Rao et al., 2010 ; Trott and Subrahmanyam, 2019 ). 
It is well established by previous studies ( Aparna et al., 

012 ; Cherchi and Navarra, 2012 ; Currie et al., 2013 ; 
haji and Ruma, 2019 ) that the variability in winds over 
he Indian Ocean is dominantly driven by two inter- 
nnual modes El-Niño Southern Oscillations (ENSO) and IOD. 
arma et al. (2015) , compared the impact of two different 
limatic events of pIOD and negative IOD (nIOD) and re- 
ealed that the upwelling intensity increases during pIOD 

hereas it decreases during nIOD along the east coast of In- 
ia. However, this study was limited to single events of both 
OD modes. Currie et al. (2013) used a coupled biophysi- 
al ocean model to show that the primary productivity is 
ositively affected by El-Niño and pIOD, unlike the negative 
ffect of the La-Niña and nIOD over the southern BoB. The 
urrent study uses a coupled biophysical model and obser- 
ations to analyze the influence of these interannual modes 
n biophysical characteristics over the western BoB coastal 
pwelling region which is not yet investigated adequately. 
Several studies analyzed the biophysical fea- 

ures influenced by cyclones ( Maneesha et al., 
011 ; Vinayachandran and Mathew, 2003 ) and eddies 
 Prasanna kumar et al., 2007, 2010 ) over the BoB. 
adhu et al. (2006) studied the lack of phytoplankton 
easonality over the western BoB. The biophysical features 
tudied by Chen et al. (2013) showed the dominant role 
f eddies in episodic bloom events over the southwestern 
nd southeastern BoB. Xu et al. (2021) has studied the 
nter-annual variability of Chl-a over the eastern BoB. 
ramanik et al. (2020) studied the interannual variability of 
hl-a near the Sri Lankan dome. The present study consists 
f the main upwelling driven regions over the east coast of 
ndia during the southwest monsoon season. This part of 
he BoB is not well studied for its biophysical features and 
ariability. 
The variability of coastal upwelling induced primary pro- 

uctivity along the east coast of India is examined in detail 
n the current study. Numerical simulations from a coupled 
cean-biophysical model are performed for 18 years (2000 
o 2017). Since this period covers four strong pIOD (2006, 
012, 2015, 2017) events, it provides comprehensive data 
or a detailed assessment of the response of these events 
n the associated changes of Chl-a anomalies along the east 
oast of India during the summer season. Further, the model 
imulated Chl-a anomalies are analyzed to understand the 
hanges in primary productivity along the western margin 
f the BoB under the influence of the positive mode of IOD. 

. Methods 

.1. Physical ocean model 

he Regional Ocean Modelling System (ROMS) is used to 
tudy the impact of the interannual positive mode of IOD on 
oB primary productivity during summer (June to Septem- 
er) in the current study. The ROMS model is also utilized 
o study the circulation pattern over regional scales and 
or analyzing the different temporal and spatial scale phe- 
omenon/processes such as ENSO, IOD, cyclones, eddies, 
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pwelling, etc., their interactions and responses to the up- 
er ocean ( Chakraborty et al., 2018 ; Jacox et al., 2015 ; 
igam et al., 2018 ; Pramanik et al., 2019 ; Sandeep and 
ant, 2018 ; Seelanki et al., 2021 ; Seelanki and Pant, 2021 ; 
ong et al. 2012 ). In this study, a coupled biophysical 
odel comprising ROMS together with Bio-Fennel (the 
iogeochemical (BGC) model component as described by 
ennel et al., 2006 , 2008 ) was used to simulate the phys- 
cal and biogeochemical processes in the Indian Ocean. 
he configuration details for the Bio-Fennel are provided in 
ection 2.2 . 
The ROMS model is a free-surface, three-dimensional 

rimitive equations (i.e., Reynolds averaged Navier-Stokes’s 
quations) model which follows the hydrostatic, and 
oussinesq approximations to solve these equations over 
he curvilinear grid with the terrain-following verti- 
al s-coordinate system ( Haidvogel et al., 2000 , 2008 ; 
hchepetkin and McWilliams, 2005 ). Several studies utilized 
his coupled model for biogeochemical studies over differ- 
nt basins such as the middle Atlantic Bight ( Fennel et al., 
006 ), California current system ( Fiechter et al., 2018 ; 
owell et al., 2006 ), North Pacific ( Kishi et al., 2007 ), 
nd tropical Indian Ocean ( Chakraborty et al., 2018 ; 
eelanki et al. 2021 ; Seelanki and Pant, 2021 ) and proven 
he capability of this model in simulating biogeochemical 
rocesses. 
The model is configured over the Indian Ocean domain 

30 °N—30 °S, 30 °E—120 °E). The model has a quarter-degree 
patial resolution and 40 vertical sigma levels. The 30 sigma 
evels are prescribed in the upper 200 m in which the top- 
ost 5 sigma levels are located within 0.2 to 2 meters 
rom the sea surface and around 20 sigma levels are ly- 
ng in deep oceanic regions. The K-Profile Parameterization 
KPP) scheme ( Large et al., 1994 ) deals with the vertical 
ixing in the model. The model is initialized with monthly 
emperature and salinity profiles derived from World Ocean 
tlas 2013 (WOA-13), the lateral boundary conditions in 
he East and South of the domain are also provided by 
OA-2013 data and the model is forced using daily cli- 
atological data for the period 2000—2008. The physical 
odel ROMS is started from a state of rest and spun up 
or ten years with barotropic (fast) and baroclinic (slow) 
ime steps as 54 and 900 seconds, respectively. After sta- 
ilization of the physical model, the ecosystem model (Bio- 
ennel) is coupled with the physical model and the coupled 
odel run is executed for further 10 years with the same 
aily climatological forcing. The tenth-year output of the 
oupled biophysical simulation is used as the initial condi- 
ion for the interannual simulations. Further details of this 
odel configuration are described in Seelanki et al. (2021) . 
he inter-annual simulations are forced with daily sur- 
ace forcing of net longwave and shortwave radiation, air 
emperature, specific humidity, and surface pressure pro- 
ided from the National Center for Environmental Predic- 
ion (NCEP) reanalysis-1 data ( https://psl.noaa.gov/data/ 
ridded/data.ncep.reanalysis.html ). The daily surface wind 
ata to provide momentum surface forcing is taken from 

uikScat data (2000 to 2009) and ASCAT (Advanced Scat- 
erometer) data (2009 to 2018). The QuikScat operates in 
u-band, whereas ASCAT uses C-band. Both QuikScat and 
SCAT data are accessed from ftp://ftp.remss.com/wind/ . 
o prescribe the freshwater flux at the surface the pre- 
598 
ipitation from Tropical Rainfall Measuring Mission (TRMM) 
 http://daac.gsfc.nasa.gov/precipitation ) is used. With this 
onfiguration, the model is simulated for a period of 18 
ears (from 2000 to 2017) and these interannual simulations 
ave been used to study the impact of pIOD modes on west- 
rn BoB, the upwelling zone during summer monsoon and 
ts associated biogeochemical responses over the model do- 
ain ( Fig. 1 b). 

.2. Biogeochemical model 

e used the BGC model, Bio-Fennel ( Fennel et al., 2006 , 
008 ) which was developed initially in the Atlantic Bight for 
itrogen cycling. Fennel et al. (2006) stated that the nitro- 
en available in inorganic nutrients is initially consumed by 
hytoplankton biomass for its growth. Further, zooplankton 
iomass uptake the needed nitrogen via grazing of phyto- 
lankton and the remaining is utilized into the small and 
arge detrital pools through mortality. Zooplankton mortal- 
ty additionally contributes to the detrital pool. Zooplank- 
on losses because of inefficient grazing and detritus are 
ransferred via a decay price into the ammonium group, 
hich is converted into nitrate via nitrification processes. 
arge and small detritus, as well as phytoplankton, have 
 related vertical sinking rate ( Fennel et al., 2006 ). All 
tate variables such as phytoplankton, zooplankton, large 
nd small detritus, ammonia and chlorophyll are initialized 
ith a seeding population of 0.1 mmole N m 

—3 . The WOA13 
limatological data of Nitrate (NO 3 ) and Oxygen are used 
o provide the initial and boundary conditions to the BGC 

odel 

.3. Observational datasets 

emotely sensed sea surface temperature (SST) is obtained 
rom Advanced Very High-Resolution Radiometer (AVHRR) 
lended SST with a spatial resolution of 0.25 degree ( http: 
/www.ncdc.noaa.gov ) and utilized for the validation of 
odel SST simulations. Remotely sensed surface chlorophyll 
stimates are obtained from the European Space Agency 
cean Color-Climate Change Initiative (ESA OC-CCI) pro- 
ramme. This product was generated for improving the 
nter-sensor biases by merging three different sensors data 
s SeaWiFS (Sea-viewing Wide Field-of-view Sensor), MODIS 
Moderate Resolution Imaging Spectroradiometer)-Aqua and 
ERIS (Medium Imaging Spectrometer). This product has a 
 km spatial and daily temporal resolution ( https://www. 
ceancolour.org ), its version 5.0. data set is used to validate 
he surface Chl-a simulated by the model. Further, model- 
imulated subsurface temperature over the BoB is vali- 
ated against a Gridded Argo dataset accessed from https: 
/las.incois.gov.in/las . Validation of model-simulated sub- 
urface chlorophyll and nitrate is performed with respect 
o the Bio-Argo float’s profile observations along its tra- 
ectory (available from http://www.coriolis.eu.org/ ). The 
ata from two Argo floats (WMO ID: 2902193, 2902195) and 
ne nitrate float (WMO ID: 5903712) is considered for vali- 
ation of simulated chlorophyll and nitrate profiles. These 
io-Argo floats collect the data using a fluorescence-based 
ensor and represent the bio-optical process in the water 
olumn within 5 m to 2000 m depth in 5-day intervals. The 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
http://ftp://ftp.remss.com/wind/
http://daac.gsfc.nasa.gov/precipitation
http://www.ncdc.noaa.gov
https://www.oceancolour.org
https://las.incois.gov.in/las
http://www.coriolis.eu.org/
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Figure 1 (a) The model domain over the Indian Ocean with bathymetry (m) and topography (m). Shades and the arrows in 
zoomed inset show the direction of the East Indian Coastal Current (EICC) which flows northward during summer and southward 
during winter; (b) The analysis area [80.2 °E—87 °E, 14 °N—20 °N, red box] in the western Bay of Bengal. The tracks of Bio-Argo floats 
are shown in orange (WMO ID: 2902193), red (WMO ID: 2902195), and green (WMO ID: 5903712). The purple color stars show the 
locations of Visakhapatnam and Chennai. 
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echnical specifications of floats are described in detail at 
ttp://www.ifremer.fr/co-argoFloats/ . 
The mixed layer depth (MLD) is defined as the depth at 

hich the σt (sigma-t) increases by an amount correspond- 
ng to a 1 °C change in temperature ( Girishkumar et al., 
019 ; Kara et al., 2000 ; Thangaprakash et al., 2016 ). The 
sothermal layer depth (ILD) is defined as the depth where 
he temperature is 1 °C lower than SST. The barrier layer 
hickness (BLT) is defined as the layer between the base of 
he MLD and the top of the thermocline ( Girishkumar et al., 
019 ; Rao and Sivakumar, 2003 ; Thangaprakash et al., 2016 ; 
inayachandran et al., 2002 ). The zonal ( u ) and meridional 
omponents ( v ) of surface winds were used to derive the 
onal and meridional wind stress calculated using the fol- 
owing equations. 

x = ρa C D U 10 u (1) 

y = ρa C D U 10 v (2) 

url ( τ ) = 

(
∂ τy 

∂x 
− ∂ τx 

∂y 

)
(3) 

here ρa is the density of air taken as 1.22 kg m 

−3 , C D 

s the dimensionless drag coefficient and U 10 is the wind 
peed at 10 m above the sea surface. The value of drag 
oefficient that varies with wind speed as per Large and 
ond (1981) were used. Further, the Ekman pumping veloc- 
ty ( Price, 1981 ) and Ekman mass transport ( Kora čin et al.,
004 ) were computed using the following equations. 

kman pumping velocity ( EPV ) = 

curl ( τ ) 
ρo f 

(4) 

kman mass transport ( EMT ) = 

τ

f 
(5) 
599 
here τ x and τ y are the zonal and meridional wind stress 
omponents, ρo is the density of seawater, f is the Coriolis 
arameter, and EMT in kgm 

-1 s -1 . 
The Brunt Väisälä frequency (N 

2 in s —2 ) represents strati- 
cation and is calculated using the formula: 

 

2 = − g 
ρo 

∂ ρo 

∂z 
(6) 

here g is acceleration due to gravity (9.8 m s —2 ). 

. Results and discussion 

.1. Model validation 

he model domain with overlaid bathymetry and land to- 
ography (meter) is shown in Figure 1 a. The model simu- 
ations for 18 years (2000 to 2017) period is analyzed over 
he BoB (5 °N—22 °N, 80 °E9—6 °E) as shown in Figure 1 b. The
gure also indicates Bio-Argo float trajectories used for val- 
dation of model-simulated temperature ( °C), Chl-a concen- 
ration (mg m 

—3 ) and nitrate estimates ( μmol kg —1 ). The 
io-Argo float trajectories are shown ( Figure 1 b) in red 
WMO ID: 2902193) and orange (WMO ID: 2902195) colors. 
hese two floats used in this study do not provide nitrate 
easurements. Whereas, the float with green trajectory 
WMO ID: 5903712) in Figure 1 b measures nitrate and is 
sed for validation of model-simulated nitrate concentra- 
ion. The highlighted zoomed region in Figure 1 a represents 
he BoB domain. The rectangular red box in Figure 1 b rep-
esents the region of the western margin of BoB (80.2 °E 
o 87 °E and 14 °N to 20 °N) which is the main analysis area
here the biogeochemical processes and their associated 
mpacts are analyzed to assess the role of pIOD interannual 
odes during 2000 to 2017. In the western BoB, a prominent 
loom development is observed during the summer monsoon 

http://www.ifremer.fr/co-argoFloats/
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Figure 2 a) Sea surface temperature ( °C) and b) surface Chlorophyll-a concentration (mg m 

—3 ) from model simulation (black) and 
satellite observed (red) averaged over the BoB region from 2000—2017. 
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 Thushara and Vinayachandran, 2016 ). This region along the 
ast coast of India has major fishing zones including Visakha- 
atnam and Kakinada. To establish the model capabilities 
n simulating the biogeochemical features over the BoB re- 
ion, the model simulated SST and Chl-a concentration for 
8 years (2000—2017) are compared with satellite in-situ ob- 
ervations. 
The BoB domain averaged, time series of model- 

imulated SST is compared with AVHRR SST during the study 
eriod (2000 to 2017) and shown in Figure 2 a. It is observed 
hat model simulated SST well captures the seasonal and in- 
erannual variability with a high correlation coefficient of 
.94 and low root mean square error (RMSE) 0.27 °C and it 
nsures that model SST can represent the interannual vari- 
tions to a large extent over the BoB region. The simulated 
urface Chl-a concentration are compared with a merged 
atellite product (OC-CCI), and it is seen that model simula- 
ion is able to reproduce the Chl-a variability with respect to 
bservations during the analysis period ( Figure 2 b). A pos- 
tive correlation coefficient of 0.53 with 0.09 mg m 

—3 less 
MSE between model simulation and observation of Chl-a 
ver BoB region is observed, indicating that the model rea- 
onably captures the pattern, but some marginal bias in the 
agnitude of Chl-a. 
The current study focuses on understanding the bio- 

eochemical variability in the summer season from the 
ear 2000 to 2017 over the coastal region of western BoB 
marked in Figure 1 b). Therefore, a validation for the 
odel-simulated SST and Chl-a concentration averaged over 
he red box region (80.2 °E—87 °E,14 °N—20 °N) in western BoB 
s shown in Figure 3 a—b. The ribbon plot in Figure 3 a—b 
learly displays an inverse relationship between the SST and 
hl-a concentration. It is seen that the model well-depicted 
his inverse relationship between SST and Chl-a concentra- 
ion ( Figure 3 ). The statistical analysis shows a positive cor- 
elation coefficient of 0.94 and with a low RMSE value of 
.32 °C between simulated and observed SST. Similarly, a 
600 
ositive correlation coefficient of 0.53 and RMSE of 0.21 mg 
 

−3 was observed between the simulated and observed Chl- 
 concentration over the western margin of BoB. 
Ocean subsurface information plays a curial role in a 

etter understanding and prediction of oceanic character- 
stics. Tourre and White (1995) reported that the interan- 
ual variability of the subsurface temperature of the IO 

s significantly affected by ENSO modes. They found that 
he first two modes of empirical orthogonal function anal- 
sis are influenced by El-Nino explaining 31%, 18% of vari- 
bility for the major peaks in SST during the 1981—1982, 
983, and 1987 summer—fall seasons over the Indian Ocean. 
hang et al. (2021) showed that the BoB subsurface vari- 
bility is highly correlated to the IOD on the interannual 
ime scale. They highlighted the role of coastal Kelvin waves 
n carrying signals of positive (negative) salinity anomalies 
rom the eastern equatorial Indian Ocean up to the coastal 
oB during positive (negative) IOD events. The subsurface 
eatures of model simulations are also validated and shown 
n Figures 4—6 . The model simulated monthly temperature 
p to a depth of 200 m is averaged over the BoB domain
nd validated for a period from 2002 to 2017 with respect 
o the gridded Argo data since this data is available from 

002, July onwards ( Figure 4 a,b). The subsurface temper- 
ture simulations are able to represent the seasonal sur- 
ace cooling and warming with its associated shoaling and 
eepening of the thermocline and display a good agreement 
ith the gridded Argo product. The model has captured well 
he pattern and magnitude of temperature variability with 
omparatively more accuracy up to a depth of 95 m and 
elow this depth to 200-m, the model has maintained to 
apture the pattern with a bit higher warming with respect 
o the gridded Argo observations. The two Bio-Argo, in-situ 

bservations are also utilized to assess the subsurface simu- 
ations and shown in Figure 5 (a—d: WMO ID: 2902193, e—h: 
MO ID: 2902195). The choice of the considered Bio-Argo 

s made on the basis of their comparatively larger tempo- 
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Figure 3 The observation (a) and model-simulated (b) sea surface temperature ( °C) and surface Chlorophyll-a (mg m 

—3 ) averaged 
over the coastal analysis region in the western BoB (marked in Figure 1 b) from 2000 to 2017. The curve shows SST and the shading 
of the curve shows surface Chl-a. 

Figure 4 Gridded Argo in-situ observations (a) and model simulations (b) for temperature ( °C) averaged over the BoB region from 

2002 to 2017. 
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al coverage since they were deployed for a longer period 
ver the BoB. The temperature and subsurface Chl-a simu- 
ations are plotted along the selected Bio-Argo trajectories 
shown in red and orange in Figure 1 b) those are deployed 
n western BoB and considered for the period of January 
601 
016 to December 2017 ( Figure 5 ). It is observed that the
odel has well simulated the warm water patch extended 
o the deeper depths during summer and subsequent winter 
ooling in the water column along both Bio-Argo trajectories 
rom 2016 to 2017 ( Figure 5 c—d, g—h). Further, the model 
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Figure 5 Time-depth section of chlorophyll-a (mg m 

—3 ) from observation (a, e), model simulations (b, f) and temperature ( °C) 
from observation (c, g), model simulations (d, h) along the trajectories of two Bio-Argo floats WMO ID: 2902193 (a—d) and WMO ID: 
2902195 (e—h). 

Figure 6 Time-depth section of nitrate ( μmol kg —1 ) from observation (a), model simulations (b) and temperature ( °C) from 

observation (c), model simulations (d) along the trajectory of Bio-Argo floats WMO ID: 5903712 (a—d). 
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as also attempted to capture the subsurface colder water 
pwelling during 2017, monsoon season as shown along the 
io-Argo trajectory (WMO ID: 2902195, in Figure 5 g—h). The 
greement between Chl-a simulations along these Bio-Argo 
rajectories is also satisfactory. It is clearly depicted that 
odel has shown its efficiency to represent the existence of 
ubsurface chlorophyll maxima layer almost similar to the 
onsidered in-situ observation. As shown by observation and 
easonably well reproduced by the model simulations, the 
602 
ooling displayed in the winter season ( Figure 5 c—d, g—h) 
as associated with subsurface Chl-a upwelling ( Figure 5 a—
, e—f) from December 2016 to February 2017. In general, 
he model is found to be well simulating the Chl-a concen- 
ration features from 2016 to 2017 along the selected in-situ 
bserved trajectories of Bio-Argo with some disparities in 
apturing the Chl-a variability due to the limitation of the 
odel resolution and mixing parameterization schemes that 

imit its ability to simulate the small-scale processes. 
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Figure 7 Dipole Mode Index (DMI) calculated from the AVHRR (black line), and model simulated (red line) sea surface temperature 
anomalies ( °C) data during the study period 2000—2017. Horizontal lines (blue, red) are drawn at ± 0.48 °C as the threshold value 
for the classification of positive and negative IOD years. 

Figure 8 The SST anomalies from the model (a—d), observation (e—h) and Chl-a anomalies from the model (i—l), observation 
(m—p) for the summer monsoon season (June to September) of all selected pIOD years during 2000—2017 over BOB. 
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Further, to validate the model simulated nitrate and its 
ssociated temperature, the only Bio-Argo with nitrate pro- 
ler (shown by green color in Figure 1 b) over the BoB is used
nd shown in Figure 6 a—d for the period of 5 years (2013 to
017). The model simulated temperature along this Bio-Argo 
rajectory has shown its efficiency to simulate the seasonal 
arming and cooling episodes and respective upward and 
ownward movement of nitracline that is present almost at 
 depth of 60 to 65 meters in both observations and model. 
his seasonal availability of nutrients to the photic depth 
603 
as the potential to enhance the surface bloom. The mag- 
itude of surface nitrate and temperature deeper to 100 m 

re underpredicted by the model. In the current section, 
he validation of model simulations for subsurface temper- 
ture, Chl-a concentration and nitrate, interannual SST and 
urface Chl-a with respect to satellites and in-situ observa- 
ions has confirmed these model simulations to be consid- 
red for further analysis of the impact of IOD modes on the 
iogeochemical features of the upper ocean over the west- 
rn margin coastal box region of BoB during 2000 to 2017. 
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Figure 9 Vertical cross-section of model-simulated latitudinally averaged (14 °N—20 °N) temperature (a—d) and salinity (e—h) 
anomalies over the western BoB for the summer monsoon season (June to September) of considered pIOD years. 
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n the next section, the model simulated fields are analyzed 
o first check the behavior of the biophysical parameters un- 
er the influence of both pIOD over the coastal box region 
hown in Figure 1 b and over the BoB domain. 

.2. Impact of pIOD events on the biophysical 
rocesses in the BoB 

n the Indian Ocean, one of the predominant modes of 
nterannual variability is IOD events ( Saji et al., 1999 ; 
ebster et al., 1999 ). The Dipole Mode Index (DMI) 

 Saji et al., 1999 ), an index highlighting the strength of 
OD, is calculated by using model-simulated and AVHRR SST 
nomalies averaged over the western (50 °E—70 °E, 10 °S—
0 °N) and eastern (90 °E—110 °E, 10 °S—0 °) IO region for the
nalysis period of 18 years (2000 to 2017). The DMI index is 
sed to identify positive and negative modes of IOD during 
he analysis period ( Figure 7 ). To define the events, the DMI 
hreshold value of ±0.48 °C is considered. It is clear from 

igure 7 that the DMI calculated from the model and ob- 
erved data are in very good agreement. There are four 
trong pIOD events (2006, 2012, 2015, 2017) and three nIOD 

2005, 2010, 2016) events that occurred during the study pe- 
604 
iod (2000 to 2017). In further analysis, we considered these 
our strong pIOD years to study their anomalous biophysical 
esponse. 
The model simulated SST anomalies averaged for the 

ummer monsoon season along with the AVHRR SST anoma- 
ies data over BoB are plotted for these selected four pIOD 

ears in Figure 8 a—h. The response of pIOD years on the 
ST over this region is not consistent for all four years 
 Figure 8 a—h). It is observed that the model and observa- 
ions both depicted that the pIOD years of 2015, and 2017 
re causing warming (represented by positive SST anoma- 
ies). However, the pIOD years 2006 and 2012 are found 
o be associated with cooling (represented by negative SST 
nomalies) over BoB. Figure 8 i—p shows model simulated 
hl-a anomalies along with OC-CCI Chl-a anomalies aver- 
ged for the summer monsoon season over the BoB. The 
hanges in Chl-a concentration over this region for the four 
IOD years are not consistent. The model and observations 
oth depicted that 2006, 2012 pIOD years have positive Chl- 
 anomalies (and negative SST anomalies). Whereas in 2015, 
017 pIOD years, negative Chl-a anomalies (and positive SST 
nomalies) are observed in model and observations. It is ev- 
dent that all four considered pIOD years in our study period 
2000 to 2017) show a clear demarcation in terms of their 
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Figure 10 Vertical cross-section of model-simulated latitudinally averaged (14 °N—20 °N) Chl-a (a—d) and Nitrate (NO 3 , e—h) 
anomalies over the western BoB for the summer monsoon season (June to September) of considered pIOD years. 
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nomalous SST and Chl-a over the BoB, particularly over the 
oastal upwelling region of western BoB. The impact of pIOD 

ears on the biophysical features of BoB is not yet studied 
n detail. Our analysis clearly shows an inconsistent behav- 
or of SST and Chl-a anomalies of the same pIOD mode for 
ifferent years. Figure 8 not only highlights the difference in 
he SST and Chl-a anomalies response during pIOD years but 
lso establishes the model’s efficiency in capturing these 
nomalous impacts of pIOD along with the response dispar- 
ty between 2006, 2012 and 2015, 2017 pIOD years with re- 
pect to satellite observations. 
In order to understand the varying impacts of these pIOD 

ears, here onwards we are representing 2006, 2012 as cold 
lass (CC) pIOD years and 2015, 2017 as the warm class (WC) 
IOD years. These years showed a comparable response for 
heir associated period of summer monsoon season (June—
eptember) with anomalous SST and Chl-a variability over 
he western BoB. It is seen from Figure 8 that the model 
nd observations both are in good agreement to represent 
he remarkable difference as cooling is associated with an 
ncrease in Chl-a concentration for CC pIOD years and warm- 
ng associated with a decrease in Chl-a concentration for WC 

IOD years in the summer monsoon season over the western 
oB. However, the model simulations along the coast show 
605 
omparatively higher values than the satellite observations. 
he satellite observations and model simulations both have 
heir limitations and associated errors. However, the model 
nd satellite observations show similar variations of SST and 
hl-a and their spatial distribution in the study region during 
he summer monsoon season. 
Aparna et al. (2012) found that pIOD events are char- 

cterized by negative sea surface height anomalies (SSHA) 
ver the coastal western BoB. In summer monsoon (June—
eptember), the circulation along western BoB does not 
ollow any consistent pattern in contrast to other seasons 
nd appears to be disorganized ( McCreary et al., 1993 ) in 
he presence of several cyclonic and anticyclonic eddies. A 
ydrographic study shows that eddies associated with dis- 
ontinuity are generated at the interface of two opposing 
ows along the western boundary, where the northward 
ow is wind-driven while the southward flow is forced by 
reshwater influx and wind stress ( Babu et al., 1991 ). The 
ea level variability along the western BoB largely depends 
n the upwelling produced by monsoonal winds ( Han and 
ebster, 2001 ). Further, the eddies (both cyclonic and an- 
icyclonic) in the western BoB are largely influenced by 
he winds ( Dandapat and Chakraborty, 2016 ) and play a 
rucial role in seasonal sea-level variation in their path- 
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Figure 11 Wind speed anomalies (m s —1 , shaded) overlay with anomaly wind vectors (a—d) and anomalies of Ekman pumping 
velocity (m s —1 , shaded) overlayed with Ekman mass transport anomalies (kg m 

—1 s —1 , contours, e—h) for the summer monsoon 
season (June to September) of all selected pIOD years during 2000—2017 over BOB. 
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ays ( Cheng et al., 2013 ). However, separating the individ- 
al contribution of mesoscale eddies, upwelling, stratifica- 
ion, and mixing, etc. is beyond the scope of the present 
tudy. The pIOD generally increases the strength of mon- 
oon winds and associated rainfall and, hence, is found to 
upport upwelling favorable wind stress in the western BoB. 
 large part of it is associated with cyclonic circulation 
negative/lowering SSHA) (Fig. S1) favorable for upwelling 
ue to the strong wind-driven northward flow. The south- 
ard flow is forced with less freshwater influx in CC pIOD 

ears (2006, 2012). In WC pIOD years (2015, 2017) years, the 
arge part is associated with anticyclonic circulation (posi- 
ive/high SSHA) which inhibits the upwelling. The northward 
ow is weak wind-driven and the southward flow is forced 
y a high freshwater influx in WC pIOD years during the sum- 
er monsoon. 
As noted before, the box area selected in the western 

oastal BoB is the main analysis region due to its importance 
n supplying the subsurface nutrients to the photic layers 
hrough upwelling. The sustained supply of nutrients leads 
o a comparatively higher bloom (primary productivity) in 
his region than in the rest of the bay during the summer 
onsoon season. To estimate the extent of the inconsistent 
ehaviour of SST and Chl-a anomalies of all four pIOD years 
n the subsurface, the model-simulated vertical cross- 
ection of temperature, salinity and Chl-a, nitrate concen- 
ration along the longitudes of the box region (80.2 °E—87 °E) 
re plotted and shown in Figures 9 , 10 for all four pIOD years
onsidered in the present study. Figure 9 (a—d) shows the 
ertical cross-section of model-simulated latitudinally av- 
raged (14 °N—20 °N) temperature anomalies ( °C) during the 
our pIOD years over the western BoB region. It can be ob- 
erved from Figure 9 a—d that the anomalously warm water 
f almost 0.8 °C to 0.4 °C to a depth of 40—60 m is present in
C (2015, 2017) pIOD years whereas, in 2006, anomalously 
606 
older water of —0.8 °C to —0.35 °C is present to a depth of
00 m near the coast and 60 to 35 m away from the coast.
n the year 2012, anomalous colder water around —0.5 °C to 
0.2 °C was present to a depth of 100 m (in coastal and off-
hore regions where mixing occurs). Overall, in the CC pIOD 

ears colder water was found in western BoB whereas, it 
as the opposite feature in the WC pIOD years ( Figure 9 a—
). The contrast in the magnitude and vertical extent of this 
nomalous temperature for both the CC and WC pIOD years 
s found higher adjacent to the coast and shows a decre- 
ent on moving away from the coast. Figure 9 e—h shows 
 vertical cross-section of model-simulated latitudinally 
veraged (14 °N—20 °N) salinity anomalies (psu) over the 
estern BoB region during the summer monsoon season of 
he four pIOD years. It shows a clear demarcation between 
he CC and WC pIOD years in the anomaly distribution over 
he study region. In WC pIOD years, a surface freshening of 
0.3 psu is seen in 2017 and —0.2 psu in 2015 which extend
ertically up to 40 m in 2017 and up to 25 m in 2015. On
he other hand, higher surface salinity (0.2 to 0.5 psu) was 
resent in the CC (2006, 2012) pIOD years. To ensure the 
alinity differences associated with these CC and WC years, 
he vertical distribution of model-simulated salinity is an- 
lyzed and found to be retaining their respective saltiness 
or CC years and freshening for WC years up to 100 m depth
n the study region. These contrast features of salinity 
istribution with higher magnitude are concentrated within 
he upper 30 m oceanic layer. This is also evident from 

igure 9 e—h that all four pIOD years are not similar in 
heir salinity features due to the disparity found in precip- 
tation, heat fluxes (both shown in Figures 11—12 ) which 
ffered different stratification and mixing states (shown in 
igures 13—14 ). 
Since there exists an inverse relationship between tem- 

erature and Chl-a, the Figure 10 a—d shows the verti- 
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Figure 12 Precipitation anomalies (cm day —1 ) for the summer monsoon season (June to September) of all selected pIOD years 
during 2000—2017 over BOB. 
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al cross-section of model-simulated latitudinally averaged 
14 °N—20 °N) Chl-a anomalies over the western BoB for the 
ummer monsoon season of the four pIOD years reveals that 
he availability of negative ( ≈ —0.3 mg m 

—3 , lesser primary 
roductivity) and positive ( ≈ 0.12 to 0.3 mg m 

—3 , higher pri- 
ary productivity) Chl-a anomalies maintenance to a depth 
f 30 to 35 m for both WC and CC pIOD years, respec- 
ively (see Figure 10 a—d). Further, the vertical cross-section 
f model-simulated latitudinally averaged (14 °N—20 °N) ni- 
rate concentration anomalies are illustrated in Figure 10 e—
 over the study region for summer for all four considered 
IOD years to support the noticed anomalous low and high 
loom over the coastal BoB region. The lower (—0.1 to —0.3 
mol kg −1 ) and higher ( + 0.1 to 0.32 μmol kg —1 ) values of
itrate anomalies are present in the WC and CC pIOD years, 
espectively ( Figure 10 e—h) that can efficiently explain the 
ubsurface chlorophyll distribution displayed in Figure 10 a—
 for their respective years of pIOD during summer mon- 
oon season over the coastal analysis region (western BoB). 
hese subsurface features also justify the significant differ- 
nces in response to pIOD events associated with these CC 

nd WC years. In this section, the evidence from Figures 
—10 consisting of the model simulations and observations 
ave confirmed that there is a significant difference in the 
607 
io-physical response on the surface as well as subsurface 
or all four considered pIOD years (both CC and WC) over 
oB and coastal box region (marked in Figure 1 b). In the 
ext section, the causative mechanisms behind this incon- 
istent bio-physical response of the selected pIOD years are 
nvestigated. 

.3. Investigation of the inconsistent bio-physical 
esponse during pIOD events 

he wind reversal from northeast to southwest direction 
rom winter to summer used to bring the high monsoon rain- 
all, which covers a large part of the IO and Indian subconti- 
ent ( Schott and McCreary, 2001 ). The monsoon winds over 
he AS and BoB are used to establish favorable upwelling 
onditions along the different coasts of the Arabian Sea (So- 
alia, Oman, southeastern AS) and at the western margin 
f the BoB ( Rao et al., 2010 ). The strength of upwelling and
ts resultant responses such as subsurface nutrient-enriched 
older water updraft towards the surface and related off- 
hore Ekman transport are significantly impacted by the 
ombination of surface wind and ocean stratification con- 
itions. These atmospheric and oceanic components are es- 
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Figure 13 Model simulated mixed layer depth (in meters) anomalies (a—d) and barrier layer depth (in meters) anomalies (e—h) 
for the summer monsoon season (June to September) of all selected pIOD years from 2000 to 2017 over BOB. 

Figure 14 Vertical cross-section of model-simulated latitudinally averaged (14 °N—20 °N) Brunt Väisälä frequency (N 

2 in s —2 ) 
anomalies over the western BoB for the summer monsoon season (June to September) of considered pIOD years. 
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ential to be investigated in order to understand the possi- 
le causes for the inconsistent biophysical response associ- 
ted with the different pIOD events. The summer monsoon 
eason averaged wind speed (m s —1 ) and wind vector anoma- 
ies ( Figure 11 a—d) along with the resultant Ekman pumping 
elocity (m s —1 ) and overlay with Ekman mass transport (kg 
 

—1 s —1 ) contour anomalies are calculated and plotted in 
igure 11 e—h for all the four considered pIOD years (both CC 

nd WC) over the BoB. It is noted that all the four pIOD years
re associated with positive wind anomalies over the region 
uring the summer monsoon. But CC (2006, 2012) years ob- 
erve stronger (by 4 to 7.5 m s —1 ) positive wind anomalies 
han 2.3 to 5 m s —1 in the WC (2015, 2017) of pIOD years over
he BoB and including the selected coastal upwelling region 
608 
n western BoB ( Figure 11 a—d). Further, the wind stress curl 
nomalies are calculated during the summer monsoon sea- 
on for all four individual years (2006, 2012, 2015, 2017) 
f pIOD. During the initial period of the season, the years 
006 and 2012 (CC) have higher positive wind stress curl 
more than 4 ×10 —7 N m 

—3 ) favorable for coastal upwelling 
n comparison to years 2015, 2017 (WC) which can be ob- 
erved with the comparatively weaker magnitude of wind 
tress curl (up to 2 ×10 —7 N m 

—3 ) (Figure S2). The estimates
f wind stress curl support the inferences made as the up- 
elling process becomes weaker in the WC pIOD years from 

une to September compared to the CC pIOD years. This 
eduction in upwelling strength affected the temperature 
nd nutrient supply in the region leading to an inconsistent 
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io-physical response to the CC and WC pIOD years in the 
estern BoB. 
Wang et al. (2011) stated that the positive wind stress 

url signifies the upward ( + ve) pumping velocity and sup- 
orts the upwelling process whereas, a weaker wind stress 
url represents a lowering in upward pumping velocity and 
eakening of the upwelling process. The current study uti- 
ized wind anomalies and their associated Ekman pumping 
nomalies to investigate the biophysical response. These 
igher positive wind anomalies generated higher offshore 
kman mass transport leading to a greater pumping veloc- 
ty (6 ×10 6 m s —1 ) in the CC with respect to WC pIOD years
 Figure 11 e—h). It is seen that during the 2015 and 2017 
f WC pIOD years, there is a drop in the magnitude (both 
kman pumping velocity and Ekman mass transport) of posi- 
ive (upward) Ekman pumping with the presence of negative 
kman pumping anomalies too in the study region with re- 
pect to the other two pIOD years (2006, 2012) belonging to 
C. The changes of the upward to downward Ekman pump- 
ng are directly affecting the total subsurface nutrient-rich 
nd colder water entrainment to the euphotic water layer. 
ubsequently, the weaker mixing due to the stronger strat- 
fication ( Figure 14 ) limits the nutrient availability in the 
uphotic zone leading to a decrease in the primary produc- 
ivity and lowering of Chl-a during WC compared to CC pIOD 

ears. 
The anomalous features shown in Figure 11 explain the 

egative and positive SST anomalies over the BoB during 
ummer for CC and WC pIOD years, respectively shown in 
igure 8 a—h. This difference in anomalous wind results in 
arger upwelling-induced surface cooling in the CC years 
f pIOD than in the case of WC years. The nutrient supply 
rom the subsurface to the illuminated upper-ocean layers 
f water can be quantified with an estimation of stratifica- 
ion. It is well known that the BoB stratification is primarily 
ontrolled by salinity changes which are maintained by the 
onsoonal rainfall and freshwater discharge from the ma- 
or river system of the Indian subcontinent. Therefore, the 
recipitation anomalies (shown in Figure 12 ) are analyzed 
or the four pIOD years (both CC and WC). The precipita- 
ion anomalies during June to September in Figure 12 a—b of 
C pIOD years (2006, 2012) show comparatively less precip- 
tation in the coastal upwelling region (highlighted by box) 
n the western BoB than the WC pIOD years (2015, 2017). 
ven though the stronger monsoonal winds are present in 
C pIOD years, the precipitation anomalies are higher in 
he WC years over the whole BoB and coastal analysis box 
egion. These higher positive precipitation anomalies asso- 
iated with WC augment a more stratified near-surface wa- 
er column for WC with respect to CC pIOD years. Precipi- 
ation adds to surface freshwater flux and promotes higher 
reshwater discharge from the contributing rivers in the re- 
ion. The freshwater affects the mixed layer depth, salin- 
ty and temperature of the water column. The low salin- 
ty and warm temperature of near-surface water enhance 
ensity gradient in the vertical and reduce vertical mixing. 
he enhanced stratification in the upper ocean can be no- 
iced in the Brunt Väisälä frequency ( Figure 14 ) in the water 
olumn. 
Further, to confirm the upper-ocean stratification 

trength associated with these CC and WC pIOD years, the 
ixed layer depth (MLD) and barrier layer thickness (BLT) 
609 
nomalies are calculated and plotted in Figure 13 for all 
our pIOD years. The MLD estimation revealed positive MLD 

up to 10 m) and negative MLD (—8 m to —16 m) anomalies
or CC ( Figure 13 a, b) and WC ( Figure 13 c, d) pIOD years over
estern BoB during the analysis period. From Figure 13 a—d, 
t is clear that due to a combination of stronger monsoonal 
inds and lower precipitation (availability of freshwater 
ux), the mixing was more intense during the CC pIOD years 
oncerning weaker mixing during the WC pIOD years. The 
C years experienced comparatively weaker monsoon wind 
nd higher precipitation surface flux leading to a stronger 
aline stratification than in the case of CC years. The in- 
ensified mixing of the water column for the CC years fur- 
her reduces the stratification in the water column. The CC 

IOD years show a comparatively higher mixing resulting in 
 colder and nutrient-rich euphotic zone than that of the 
ther two pIOD years associated with WC. Further, the mix- 
ng process is supported/caused by the existence of a lower 
LT implying lower stratification during summer in CC pIOD 

ith respect to the higher BLT that implies higher stratifica- 
ion during WC pIOD. 
The barrier layer, a freshwater layer lying between the 

hermocline and mixed layer is also calculated and pre- 
ented in Figure 13 e—h. The BLT anomalies confirm the pres- 
nce of weaker (stronger) stratification during the CC (WC) 
ears of pIOD. The figure shows a large region with negative 
LT (—6 m to —2 m) over the western BoB during the sum-
er season in CC years. Whereas in WC years, anomalous 
ositive BLT (2 m to 8 m) was present. In this section, the
nalysis of different air-sea fluxes and oceanic parameters 
as indicated that colder SST (—0.4 °C) and stronger Chl-a 
ositive (0.45 mg m 

—3 ) anomalies during CC years can be 
xplained by the combination of anomalously higher wind (4 
o 7.5 m s —1 higher) and associated stronger offshore Ekman 
ransport (15 to 25 kg m 

—1 s —1 ) than WC pIOD years. Further,
he strong upwelling leads to colder and nutrient-enriched 
ater near-surface (see Figures 9, 10 ) which spreads hori- 
ontally on the surface over a large area by virtue of greater
ixing (represented by 5 to 10 m positive MLD anomalies) 
esulting from the weaker stratification (as BLT is showing 
egative anomalies —6 m). This weaker stratification in CC 

ears is caused by a reduction in surface precipitation (—
.32 cm day —1 ) with respect to WC years. Similarly, in the 
C years, the biophysical response of warmer SST (0.45 °C) 
nomalies along with negative Chl-a anomalies (—0.35 mg 
 

—3 ) are caused due by a simultaneous presence of anoma- 
ously weaker (2.3 to 5 ms —1 ) wind leading to weaker off-
hore Ekman mass transport (only 3 to 4 kg m 

—1 s —1 ) with
eak Ekman pumping velocity (2.5 × 10 —6 m s —1 ) which re- 
ults in a reduction in upwelling and surface cooling. Conse- 
uently, in the case of WC years, there is a reduction in nu-
rient supply to the near-surface photic zone and due to its 
omparatively weaker vertical entrainment extent (shown 
y Figure 10 e—h) than CC pIOD years. 
Maes and O’kane (2014) analyzed a reanalysis data of 

emperature and salinity to show that the seasonal varia- 
ion of Brunt Väisälä (N 

2 ) frequency in upper 300 m depth 
an define the degree of stratification (where positive val- 
es depict a more stable water column due to haline part) in 
he tropical oceans. Figure 14 shows a vertical cross-section 
f model-simulated latitudinally averaged (14 °N −21 °N) of 
runt Väisälä frequency (N 

2 in s −2 ) anomalies over the west- 
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rn BoB for the summer season of all the four pIOD years. 
rom surface to 70-meter depth, positive anomalies indi- 
ating the strong stratification (0.2 ×10 −3 s −2 to 0.12 ×10 −3 

 

−2 ) generally inhibited the nutrients from subsurface to the 
uphotic zone for WC pIOD years (2015 and 2017) as com- 
ared to CC pIOD years negative anomalies of -0.2 ×10 −3 

o -0.04 ×10 − 3 s −2 indicating weak stratification caused the 
ixing, resulting in the colder and nutrient rich euphotic 
one. The higher precipitation leads to thicker BLT in WC 

IOD years as compared to CC pIOD years. Therefore, the 
nomalous higher precipitation, thicker BLT, and negative 
LD anomalies cause the observed inconsistent biophysical 
esponse in the WC pIOD years with respect to CC pIOD years 
ver the western BoB. 

. Discussion and conclusions 

he IOD and ENSO are the two dominant modes of interan- 
ual variability over the Indian Ocean ( Murtugudde and 
usalacchi, 1999 ). The Chl-a variability associated 
ith these modes has been studied over the IO by 
urrie et al. (2013) by utilizing four decades of hindcast 
ata from a coupled biophysical ocean general circulation 
odel. They stated that the ENSO and pIOD both impact the 
ariability of Chl-a anomalies over the IO, but the southern 
oB region is mainly affected by the IOD modes. However, 
he previous studies have not focused on addressing the 
hl-a variability over the western margin of BoB. Therefore, 
he current study has attempted to understand the impact 
n the Chl-a anomalies due to the IOD modes with an 
mphasis on pIOD mode over the western margin of BoB 
sing a coupled biophysical (ROMS + Bio-Fennel) model. 
he coupled model simulations were performed for 18 years 
2000 to 2017). The model simulations of SST and Chl-a 
re validated with respect to satellite and in-situ Bio-Argo 
bservations over the BoB domain including the western 
argin of BoB (main analysis region marked in Figure 1 b). A 
horough validation of model simulation shows the model’s 
apability in simulating the temperature, Chl-a and nu- 
rient concentration reasonably well on the surface and 
ubsurface with respect to the observations over the BoB. 
he study period covers the four strong pIOD (2006, 2012, 
015, 2017) events. The four strong pIOD years considered 
n our study period (2000 to 2017) exhibit inconsistency in 
he SST and Chl-a anomalies over the BoB. The CC pIOD 

ears (2006, 2012) observe negative SST with positive (high) 
hl-a concentration anomalies, whereas WC pIOD years 
2015, 2017) have positive SST with negative (low) Chl-a 
oncentration anomalies. The study reports an inconsis- 
ent response of biophysical features (i.e., temperature, 
hl-a, and nutrient concentration) associated with CC and 
C years of pIOD over the BoB with an emphasis on the 
estern coastal BoB region. These inconsistent anomalous 
iophysical characteristics of the CC and WC pIOD years are 
oticed in model simulations and verified through satellite 
bservations. 
The CC pIOD years show anomalously colder water col- 

mn with positive chlorophyll anomaly in response to a 
reater vertical entrainment extent of colder water in the 
estern margin of the BoB. It results in a higher supply 
f nutrients from subsurface to near-surface layers during 
610 
he summer monsoon season (June to September). In con- 
rast to the CC years, the WC pIOD years has been found to
ave an anomalously warmer water column with a negative 
hl-a anomaly in response to lower vertical entrainment 
f colder water (due to reduced upwelling) at the western 
argin of BoB. Therefore, the nutrient availability in the 
ear-surface layers reduces in the WC years during the sum- 
er monsoon season. A comparison of wind speed and wind 
tress curl for these four pIOD years showed that the CC 

nd WC experience positive anomalies (with respect to cli- 
atology) of southwesterly winds during summer monsoon 
ith higher strength associated with class CC than WC pIOD 

ears. Whereas, precipitation anomalies are negative in CC 

nd positive in WC pIOD years. The difference in wind speed 
nd precipitation between CC and WC leads to differences 
n upper-ocean stratification, mixing, Ekman transport, up- 
elling, SST, nutrient and Chl-a concentrations. In the CC 

IOD years, the stronger winds and higher offshore Ekman 
ass transport with strong Ekman pumping velocity leads to 
ore vigorous upwelling and mixing which helps to enhance 
utrient concentration in the near-surface photic zone and, 
hereby, enhances primary productivity and Chl-a concen- 
ration. On the other hand, the weaker winds and lesser 
ffshore Ekman mass transport with weak Ekman pump- 
ng velocity reduce the upwelling strength in the WC pIOD 

ears which inhibits the nutrient concentration in the near- 
urface photic zone and, thereby, reduces primary produc- 
ivity and Chl-a concentration. Therefore, it can be con- 
luded that the disparity in the surface fluxes (wind speed 
nd precipitation) influences the oceanic stratification, up- 
elling and mixing processes which are found to be respon- 
ible for different biophysical characteristics observed dur- 
ng different pIOD years in the BoB. 

eclaration of competing interest 

onflict of interest/competing interests: The authors have 
o known conflict of interest to declare. 

cknowledgments 

he high-performance computing (HPC) facility provided by 
IT Delhi and the Department of Science and Technology 
DST-FIST, 2014 at CAS, IIT Delhi), Government of India are 
hankfully acknowledged. We acknowledge the funding sup- 
ort provided by the Ministry of Earth Sciences, Govt. of In- 
ia. Graphics were generated in this paper using PyFerret, 
ython, Ferret and NCL. 

vailability of data and material 

he NCEP reanalysis data is available at https:// 
sl.noaa.gov/data/gridded/data.ncep.reanalysis.html . The 
aily surface wind data from QuikScat and ASCAT are 
cquired from ftp://ftp.remss.com/wind/ . TRMM precip- 
tation data obtained from http://daac.gsfc.nasa.gov/ 
recipitation . The gridded data of Argo is available at https: 
/las.incois.gov.in/las . Our model output data is available 
n request from the corresponding author. 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
http://ftp://ftp.remss.com/wind/
http://daac.gsfc.nasa.gov/precipitation
https://las.incois.gov.in/las


Oceanologia 64 (2022) 595—614 

a
s
d
r
p

S

S
f
o

R

A

A

B

B

B

B

B

B

B

C

C

C

C

C  

C  

C

C

D

D

D

D

F

F

F

F

G

G

 

G

Authors’ contributions: VS performed model simulations 
nd prepared draft figures. VS and TN carried out the analy- 
is in consultation with VP. VS and TN wrote the manuscript 
raft and VP improved the manuscript with numerous cor- 
ections. All the authors contributed to the scientific inter- 
retation of results and revision of the manuscript. 

upplementary materials 

upplementary material associated with this article can be 
ound, in the online version, at https://doi.org/10.1016/j. 
ceano.2022.04.003 . 

eferences 

khil, V.P., Lengaigne, M., Vialard, J., Durand, F., Keerthi, M.G., 
Chaitanya, A.V.S., Papa, F., Gopalakrishna, V.V., de Boyer Mon- 
tégut, C., 2016. A modeling study of processes controlling the 
Bay of Bengal sea surface salinity interannual variability. J. 
Geophys. Res. Oceans 121 (12), 8471—8495. https://doi.org/10. 
1002/2016jc011662 

parna, S.G., McCreary, J.P., Shankar, D., Vinayachandran, P.N., 
2012. Signatures of Indian Ocean Dipole and El Niño-Southern 
Oscillation events in sea level variations in the Bay of Bengal. 
J. Geophys. Res. Oceans 117 (C10). https://doi.org/10.1029/ 
2012jc008055 

abu, M.T., Kumar, P.S., Rao, D.P., 1991. A subsurface cyclonic eddy 
in the Bay of Bengal. J. Mar. Res. 49 (3), 403—410. https://doi. 
org/10.1357/002224091784995846 

abu, M.T., Sarma, Y.V.B., Murty, V.S.N., Vethamony, P., 2003. On 
the circulation in the Bay of Bengal during Northern spring inter- 
monsoon (March—April 1987). Deep Sea Res. Part II 50 (5), 855—
865. https://doi.org/10.1016/s0967- 0645(02)00609- 4 

abu, S.V., Rao, A.D., Mahapatra, D.K., 2008. Pre-monsoon variabil- 
ity of ocean processes along the East Coast of India. J. Coast. 
Res. 243, 628—639. https://doi.org/10.2112/06-0744.1 

aliarsingh, S.K., Lotliker, A.A., Trainer, V.L., Wells, M.L., 
Parida, C., Sahu, B.K., Kumar, T.S., 2016. Environmental dynam- 
ics of red Noctiluca scintillans bloom in tropical coastal waters. 
Mar. Pollut. Bull. 111 (1—2), 277—286. https://doi.org/10.1016/ 
j.marpolbul.2016.06.103 

anse, K., English, D., 2000. Geographical differences in seasonal- 
ity of CZCS-derived phytoplankton pigment in the Arabian Sea 
for 1978—1986. Deep Sea Res. Part II 47 (7—8), 1623—1677. 
https://doi.org/10.1016/s0967- 0645(99)00157- 5 

anse, K., McClain, C., 1986. Winter blooms of phytoplankton in 
the Arabian Sea as observed by the Coastal Zone Color Scan- 
ner. Mar. Ecol. Prog. Ser. 34, 201—211. https://doi.org/10.3354/ 
meps034201 

anzon, V.F., Evans, R.E., Gordon, H.R., Chomko, R.M., 2004. Sea- 
WiFS observations of the Arabian Sea southwest monsoon bloom 

for the year 2000. Deep Sea Res. Part II 51 (1—3), 189—208. 
https://doi.org/10.1016/j.dsr2.2003.10.004 

hakraborty, K., Valsala, V., Gupta, G.V.M., Sarma, V.V.S.S., 2018. 
Dominant biological control over upwelling on pCO2 in sea east 
of Sri Lanka. J. Geophys. Res. Biogeosci. 123 (10), 3250—3261. 
https://doi.org/10.1029/2018jg004446 

hen, G., Li, Y., Xie, Q., Wang, D., 2018. Origins of eddy kinetic 
energy in the Bay of Bengal. J. Geophys. Res. Oceans 123 (3), 
2097—2115. https://doi.org/10.1002/2017jc013455 

hen, G., Wang, D., Hou, Y., 2012. The features and interannual 
variability mechanism of mesoscale eddies in the Bay of Ben- 
gal. Cont. Shelf Res. 47, 178—185. https://doi.org/10.1016/j. 
csr.2012.07.011 

hen, X., Pan, D., Bai, Y., He, X., Chen, C.-T.A., Hao, Z., 2013. 
611 
Episodic phytoplankton bloom events in the Bay of Bengal trig- 
gered by multiple forcings. Deep Sea Res. Part I 73, 17—30. 
https://doi.org/10.1016/j.dsr.2012.11.011 

heng, X., McCreary, J.P., Qiu, B., Qi, Y., Du, Y., Chen, X., 2018.
Dynamics of Eddy Generation in the Central Bay of Bengal. J. 
Geophys. Res. Oceans 123 (9), 6861—6875. https://doi.org/10. 
1029/2018JC014100 

heng, X., Xie, S.-P., McCreary, J.P., Qi, Y., Du, Y., 2013. Intrasea-
sonal variability of sea surface height in the Bay of Bengal. J. 
Geophys. Res. Oceans 118 (2), 816—830. https://doi.org/10. 
1002/jgrc.20075 

herchi, A., Navarra, A., 2012. Influence of ENSO and of the 
Indian Ocean Dipole on the Indian summer monsoon vari- 
ability. Clim. Dyn. 41 (1), 81—103. https://doi.org/10.1007/ 
s00382- 012- 1602- y 

urrie, J.C., Lengaigne, M., Vialard, J., Kaplan, D.M., Aumont, O., 
Naqvi, S.W.A., Maury, O., 2013. Indian Ocean Dipole and 
El Niño/Southern Oscillation impacts on regional chlorophyll 
anomalies in the Indian Ocean. Biogeosciences 10 (10), 6677—
6698. https://doi.org/10.5194/bg- 10- 6677- 2013 

’Silva, M.S., Anil, A.C., Naik, R.K., D’Costa, P.M., 2012. Algal 
blooms: a perspective from the coasts of India. Nat. Hazard. 63 
(2), 1225—1253. https://doi.org/10.1007/s11069- 012- 0190- 9 

andapat, S., Chakraborty, A., 2016. Mesoscale eddies in the 
Western Bay of Bengal as Observed from satellite altimetry 
in 1993—2014: statistical characteristics, variability and three- 
dimensional properties. IEEE J. Sel. Top. Appl. Earth Obs. Re- 
mote Sens. 9 (11), 5044—5054. https://doi.org/10.1109/jstars. 
2016.2585179 

andapat, S., Gnanaseelan, C., Parekh, A., 2020. Impact of excess 
and deficit river runoff on Bay of Bengal upper ocean charac- 
teristics using an ocean general circulation model. Deep-Sea 
Res. Part II 172, 104714. https://doi.org/10.1016/j.dsr2.2019. 
104714 

urand, F., Shankar, D., Birol, F., Shenoi, S.S.C., 2009. Spatiotem- 
poral structure of the East India Coastal Current from satel- 
lite altimetry. J. Geophys. Res. 114. https://doi.org/10.1029/ 
2008jc004807 . 

ennel, K., Wilkin, J., Levin, J., Moisan, J., O’Reilly, J., Haidvo- 
gel, D., 2006. Nitrogen cycling in the Middle Atlantic Bight: Re- 
sults from a three-dimensional model and implications for the 
North Atlantic nitrogen budget. Glob. Biogeochem. Cy. 20 (3). 
https://doi.org/10.1029/2005gb002456 

ennel, K., Wilkin, J., Previdi, M., Najjar, R., 2008. Denitrifica- 
tion effects on air-sea CO2flux in the coastal ocean: Simulations 
for the northwest North Atlantic. Geophys. Res. Lett. 35 (24). 
https://doi.org/10.1029/2008gl036147 

iechter, J., Edwards, C.A., Moore, A.M., 2018. Wind, circulation, 
and topographic effects on alongshore phytoplankton variability 
in the California current. Geophys. Res. Lett. 45 (7), 3238—3245. 
https://doi.org/10.1002/2017gl076839 

rancis, P.A., Jithin, A.K., Chatterjee, A., Mukherjee, A., 
Shankar, D., Vinayachandran, P.N., Ramakrishna, S.S.V.S., 2020. 
Structure and dynamics of undercurrents in the western bound- 
ary current of the Bay of Bengal. Ocean Dyn. 70 (3), 387—404. 
https://doi.org/10.1007/s10236- 019- 01340- 9 

adgil, S., Vinayachandran, P.N., Francis, P.A., Gadgil, S., 2004. 
Extremes of the Indian summer monsoon rainfall, ENSO and 
equatorial Indian Ocean oscillation. Geophys. Res. Lett. 31 (12). 
https://doi.org/10.1029/2004gl019733 

auns, M., Madhupratap, M., Ramaiah, N., Jyothibabu, R., Fernan- 
des, V., Paul, J.T., Prasanna Kumar, S., 2005. Comparative ac- 
counts of biological productivity characteristics and estimates 
of carbon fluxes in the Arabian Sea and the Bay of Bengal.
Deep Sea Res. Part II 52 (14—15), 2003—2017. https://doi.org/ 
10.1016/j.dsr2.2005.05.009 

irishkumar, M.S., Thangaprakash, V.P., Udaya Bhaskar, T.V.S., 
Suprit, K., Sureshkumar, N., Baliarsingh, S.K., Jofia, J., Pant, V., 

https://doi.org/10.1016/j.oceano.2022.04.003
https://doi.org/10.1002/2016jc011662
https://doi.org/10.1029/2012jc008055
https://doi.org/10.1357/002224091784995846
https://doi.org/10.1016/s0967-0645(02)00609-4
https://doi.org/10.2112/06-0744.1
https://doi.org/10.1016/j.marpolbul.2016.06.103
https://doi.org/10.1016/s0967-0645(99)00157-5
https://doi.org/10.3354/meps034201
https://doi.org/10.1016/j.dsr2.2003.10.004
https://doi.org/10.1029/2018jg004446
https://doi.org/10.1002/2017jc013455
https://doi.org/10.1016/j.csr.2012.07.011
https://doi.org/10.1016/j.dsr.2012.11.011
https://doi.org/10.1029/2018JC014100
https://doi.org/10.1002/jgrc.20075
https://doi.org/10.1007/s00382-012-1602-y
https://doi.org/10.5194/bg-10-6677-2013
https://doi.org/10.1007/s11069-012-0190-9
https://doi.org/10.1109/jstars.2016.2585179
https://doi.org/10.1016/j.dsr2.2019.104714
https://doi.org/10.1029/2008jc004807
https://doi.org/10.1029/2005gb002456
https://doi.org/10.1029/2008gl036147
https://doi.org/10.1002/2017gl076839
https://doi.org/10.1007/s10236-019-01340-9
https://doi.org/10.1029/2004gl019733
https://doi.org/10.1016/j.dsr2.2005.05.009


V. Seelanki, T. Nigam and V. Pant 

G

G

H

H

H

H

J

J

J

J

J

K

K

K  

K
 

L  

L

L  

L  

L

L

L

 

M

M

M

M

 

M

M  

M

M

M

Vishnu, S., George, G., Abhilash, K.R., Shivaprasad, S., 2019. 
Quantifying tropical cyclone’s effect on the biogeochemical pro- 
cesses using profiling float observations in the Bay of Bengal. J. 
Geophys. Res. Oceans 124 (3), 1945—1963. https://doi.org/10. 
1029/2017jc013629 

omes, H.R., Goes, J.I., Saino, T., 2000. Influence of physical pro- 
cesses and freshwater discharge on the seasonality of phyto- 
plankton regime in the Bay of Bengal. Cont. Shelf Res. 20 (3), 
313—330. https://doi.org/10.1016/s0278- 4343(99)00072- 2 

opalakrishna, V.V. , Sastry, J.S. , 1985. Surface circulation over the 
shelf off the east coast of India during southwest monsoon. In- 
dian J. Mar. Sci. 14, 62—65 . 

aidvogel, D.B., Arango, H.G., Hedstrom, K., Beckmann, A., 
Malanotte-Rizzoli, P., Shchepetkin, A.F., 2000. Model evaluation 
experiments in the North Atlantic Basin: simulations in nonlin- 
ear terrain-following coordinates. Dyn. Atmos. Oceans 32 (3—4), 
239—281. https://doi.org/10.1016/s0377- 0265(00)00049- x 

aidvogel, D.B., Arango, H., Budgell, W.P., Cornuelle, B.D., 
Curchitser, E., Di Lorenzo, E., Fennel, K., Geyer, W.R., 
Hermann, A.J., Lanerolle, L., Levin, J., McWilliams, J.C., 
Miller, A.J., Moore, A.M., Powell, T.M., Shchepetkin, A.F., Sher- 
wood, C.R., Signell, R.P., Warner, J.C., Wilkin, J., 2008. Ocean 
forecasting in terrain-following coordinates: Formulation and 
skill assessment of the Regional Ocean Modeling System. J. Com- 
put. Phys. 227 (7), 3595—3624. https://doi.org/10.1016/j.jcp. 
2007.06.016 

an, W., Webster, P.J. , 2001. Forcing mechanisms of sea level 
inter-annual variability in the Bay of Bengal. J. Phys. Oceanogr. 
32 (1), 216—239. https://doi.org/10.1175/1520-0485(2002) 
032%3C0216:FMOSLI%3E2.0.CO;2 

uang, H., Wang, D., Yang, L., Huang, K., 2021. Enhanced intrasea- 
sonal variability of the upper layers in the Southern Bay of Ben- 
gal during the summer 2016. J. Geophys. Res. Oceans 126 (7). 
https://doi.org/10.1029/2021jc017459 

acox, M.G., Bograd, S.J., Hazen, E.L., Fiechter, J., 2015. Sensitiv- 
ity of the California Current nutrient supply to wind, heat, and 
remote ocean forcing. Geophys. Res. Lett. 42 (14), 5950—5957. 
https://doi.org/10.1002/2015gl065147 

agadeesan, L., Kumar, G.S., Rao, D.N., babu, N.S., Srini- 
vas, T.N.R., 2019. Role of eddies in structuring the mesozoo- 
plankton composition in coastal waters of the western Bay of 
Bengal. Ecol. Indic. 105, 137—155. https://doi.org/10.1016/j. 
ecolind.2019.05.068 

ian, L., Lei, Y., Ye-Qiang, S., Dong-Xiao, W., 2012. Temperature 
Inversion in the Bay of Bengal Prior to the Summer Monsoon On- 
sets in 2010 and 2011. Atmos. Oceanic Sci. Lett. 5 (4), 290—294. 
https://doi.org/10.1080/16742834.2012.11447004 

yothibabu, R., Madhu, N.V., Maheswaran, P.A., Jayalakshmy, K.V., 
Nair, K.K.C., Achuthankutty, C.T., 2008. Seasonal variation of 
microzooplankton (20—200 μm) and its possible implications on 
the vertical carbon flux in the western Bay of Bengal. Cont. 
Shelf Res. 28 (6), 737—755. https://doi.org/10.1016/j.csr.2007. 
12.011 

yothibabu, R., Vinayachandran, P.N., Madhu, N.V., Robin, R.S., 
Karnan, C., Jagadeesan, L., Anjusha, A., 2015. Phytoplank- 
ton size structure in the southern Bay of Bengal modified by 
the Summer Monsoon Current and associated eddies: implica- 
tions on the vertical biogenic flux. J. Mar. Syst. 143, 98—119. 
https://doi.org/10.1016/j.jmarsys.2014.10.018 

ara, A.B., Rochford, P.A., Hurlburt, H.E., 2000. Mixed layer depth 
variability and barrier layer formation over the North Pacific 
Ocean. J. Geophys. Res. 105 (C7), 16783—16801. https://doi. 
org/10.1029/2000jc900071 

ishi, M.J., Kashiwai, M., Ware, D.M., Megrey, B.A., Eslinger, D.L., 
Werner, F.E., Noguchi-Aita, M., Azumaya, T., Fujii, M., 
Hashimoto, S., Huang, D., Iizumi, H., Ishida, Y., Kang, S., Kan- 
takov, G.A., Kim, H., Komatsu, K., Navrotsky, V.V., Smith, S.L., 
Zvalinsky, V.I., 2007. NEMURO—a lower trophic level model for 
612 
the North Pacific marine ecosystem. Ecol. Model. 202 (1—2), 12—
25. https://doi.org/10.1016/j.ecolmodel.2006.08.021 
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Abstract Phytoplankton composition, abundance and carbon biomass were investigated at 
monthly intervals during 2006—2007 at a coastal site, “Acqua Alta” an oceanographic tower, 
in the northern Adriatic Sea. Results were compared with chlorophyll a concentrations of phy- 
toplankton classes attributed by HPLC-CHEMTAX analysis. Changes in the taxonomic structure 
were associated with environmental parameters. The total carbon biomass of phytoplankton 
was positively correlated with the temperature and negatively correlated with silicate concen- 
trations. Nutrient concentrations were higher in the winter—spring period than in the summer- 
autumn period. The highest carbon biomass and abundance of phytoplankton were observed 
during summer—autumn months. Diatoms were the group that had the highest contribution to 
the total carbon biomass during the sampling period. Small flagellates, which were the major 
contributors to the total cell counts were dominant during the summer period. There was a 
significant correlation between carbon biomass and CHEMTAX-derived Chl a values of diatoms 
and dinoflagellates. However, the total carbon biomass of phytoplankton was not correlated 
with Chl a , which seemed to be related to seasonal changes in the ratios of C:Chl a of all tax- 
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onomic classes. This ratio was higher during the summer-autumn period (73 ± 33) than during 
the winter—spring period (17 ± 20). 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

hytoplankton composition and biomass as well as nutri- 
nts define the trophic status of the aquatic environment 
 Sebastia and Rodilla, 2013 ). Taxonomic composition is 
sually assessed by standard or inverted microscopy. Al- 
ernatively, a pigment-based approach determined by 
igh-performance liquid chromatography (HPLC) coupled 
ith the CHEMTAX program ( Mackey et al., 1996 ) is of- 
en used to categorize phytoplankton groups. While the 
ormer is laboursome and requires expertise, the latter 
ecessitates proficiency in HPLC analysis and confirmation 
ith microscopy mainly since some pigments are shared by 
everal taxonomic classes of phytoplankton ( Irigoien et al., 
004 ; Jeffrey and Vesk, 1997 ; Jeffrey et al. 2011 ). 
The northern Adriatic is very shallow with an average 

ottom depth of 35 m ( Artegiani et al., 1997a ) and its circu-
ation is cyclonic with strong jets along the western Adriatic 
oasts ( Artegiani et al., 1997b ). There are two major rivers, 
he Po and Adige, affecting dissolved nutrient concentra- 
ions, biological productivity, salinity and stratification in 
he northwestern section ( Bernardi Aubry et al. 2004 ). The 
o River contributes to half of the total freshwater inflow 

o the northern Adriatic Sea ( Degobbis and Gilmartin, 1990 ; 
izzetti et al., 2015 ). Coastal waters are dynamic and sea- 
onal stratification may not be observed in the water col- 
mn due to strong advection ( Franco and Michelato, 1992 ). 
hort-term meteorological phenomena exert a strong influ- 
nce on the chemical and biological structure of the ecosys- 
em. Regenerated nutrients are controlled by vertical mix- 
ng following depletion of nutrients by spring phytoplankton 
roductivity ( Zavatarelli et al., 1998 ). 
The northern Adriatic Sea gradually started to become 

utrophic from the 1970s to mid-1980s ( Cerino et al., 2019 ; 
iani et al. 2012 ). However, during 2000—2007 a process of 
ligotrophication started, probably due to a decline in both 
reshwater discharge and its phosphorus content ( Mozeti ć 
t al., 2010 , Mozeti ć et al., 2012 ). Satellite-derived Chl a 
ata obtained from the northern Adriatic Sea basin showed a 
ecrement of 0.11 mg m 

−3 year −1 from 1998 to 2007, which 
orresponds to a 1 mg m 

−3 decrease during the last decade 
 Mozeti ć et al., 2010 ). 
Regarding the seasonality of phytoplankton blooms, a key 

spect of observations in the northern Adriatic is the alter- 
tion in the timing of the dominant blooms. In some studies 
inter-spring blooms were prominent ( Cabrini et al., 2012 ; 
erino et al. 2019 ), in other ones spring-summer blooms 
 Bernardi Aubry et al., 2004 ; Godrijan et al., 2013 ; Mozeti ć
t al., 2012 ; Talaber et al., 2014 ). In contrast, in the south-
rn Adriatic Sea, phytoplankton blooms occurring in spring 
ere reported by several different studies ( Cerino et al., 
012 ; Drakulovi ć et al., 2012 ; Krivokapi ć et al., 2018 ). 
Dominant phytoplankton taxa have also shown some re- 

ional differences. In the Gulf of Trieste, N Adriatic, dur- 
616 
ng 1986—2017, the phytoplankton community was dom- 
nated by nanoflagellates ( > 60% of abundance) and di- 
toms (25—31%), which were followed by coccolithophores 
nd dinoflagellates ( Cabrini et al., 2012 ; Cerino et al., 
019 ; Mozeti ć et al., 2012 ). Similarly, in the southern Adri-
tic, nanoflagellates exceeded the diatoms in abundance 
 Cerino et al., 2012 ; Drakulovi ć et al., 2012 ).On the other
and, in the NW Adriatic, diatoms dominated in terms of 
oth abundance and biomass during the majority of the 
ears between 1990 and 1999 ( Bernardi Aubry et al., 2004 ). 
Seasonal changes in the abundance and phytoplankton 

ommunity composition in the NW and N Adriaic can be 
ummarized as follows: During autumn and early winter 
anoflagellates dominate. Diatoms which have high growth 
ates, peak in the late winter—spring period with increased 
utrient concentrations and irradiance and with sustained 
utrient supply through river discharge ( Bernardi Aubry 
t al. 2004 ; Cabrini et al. 2012 , Cerino et al. 2019 , Mozeti ć
t al. 2012 ). In summer, reduced freshwater discharge and 
recipitation cause a decline in nutrient levels and this lim- 
ts the growth of diatoms. As a result, nano- and dinoflagel- 
ates, which can uptake or feed on organic substances and 
on’t require silicate for growth, get the opportunity to in- 
rease during this warm period. Occasional increases in the 
bundance of large size diatoms during the summer is also 
bserved ( Bernardi Aubry et al. 2004 ). The highest abun- 
ances of coccolithophores are observed during autumn- 
inter ( Cabrini et al. 2012 , Cerino et al. 2019 ). 
Although there are a limited number of previous stud- 

es related to marker pigments and phytoplankton abun- 
ance in the Adriatic Sea ( Krivokapi ć et al. 2018 ; Vili či ć
t al. 2008 ), based on our literature survey, the carbon 
iomass of taxonomic classes has not been compared with 
arker pigments in this region. Since phytoplankton are 
he primary producers and they are the base of the food 
yramid, their carbon biomass values can be used to es- 
imate secondary and tertiary production ( Grinson et al., 
017 ) as well as in the estimation of carbon sequestration. 
n other regions, there are time-series studies, similar to 
he present investigation, performed in the English Chan- 
el ( Llewellyn et al., 2005 ), the Atlantic coast of Spain 
 Rodríguez et al., 2006 ) and one recent investigation in 
he NE Mediterranean Sea ( Konucu et al., 2022 ). Results of 
hese investigations have been used in many different ar- 
as including sensing of oceanic carbon pump from space 
 Brewin et al., 2021 ; Gazeau et al., 2017 ; Torres et al.,
020 ) and modelling studies ( Arteaga et al., 2016 ). 
The aim of the present investigation was to observe 

onthly changes of phytoplankton composition and biomass 
ased on both microscopy and HPLC-CHEMTAX and their re- 
ationship with environmental parameters during a two-year 
eriod at a coastal site (“Acqua Alta” oceanographic tower 
rom CNR-Italy) located 8 nautical miles off Venice. This 
tudy will provide information about trends in phytoplank- 
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Figure 1 Sampling spot (“Acqua Alta” oceanographic tower) 
in the northern Adriatic Sea. 
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on species composition, abundance and carbon biomass 
hich are important elements to comprehend impacts of 
nthropogenic and climate-related forces on the environ- 
ent. Results of the present investigation will also elucidate 
he efficiency of using marker pigments as a proxy for phy- 
oplankton carbon biomass and will also help validation of 
emote sensing data as well as informing modelling studies. 

. Material and methods 

hytoplankton and nutrient (NO 3 , NH 4, PO 4 and SiO 2 ) near- 
urface samples were collected from a platform (Aqua Alta 
ceanographic Tower ) located in the northwestern Adri- 
tic Sea (12.51 °E and 45.31 °N, Figure 1 ) between Decem- 
er 2005 and February 2008 with a 1—3 month interval (Ta- 
le S1). The bottom depth at this site is 17 meters. Phy- 
oplankton samples were collected in 1 L amber glass bot- 
les and fixed with formaldehyde (buffered with borax) to 
ave a 1.55% final concentration. Samples were left to set- 
le for 1—2 weeks after which the supernatant was siphoned 
ff by thin curved tubes down to 15—20 ml. Phytoplankton 
nd nutrient (NO 3 , NH 4, PO 4 and SiO 2 ) near-surface samples 
ere collected from a platform (Aqua Alta Oceanographic 
igure 2 Near surface temperature, salinity, total suspended ma
ampling. 

617 
ower ) located in the northwestern Adriatic Sea (12.51 °E 
nd 45.31 °N, Figure 1 ) between December 2005 and Febru- 
ry 2008 with a 1—3 month interval (Table S1). The bot- 
om depth at this site is 17 meters. Phytoplankton samples 
ere collected in 1 L amber glass bottles and fixed with 
ormaldehyde (buffered with borax) to have a 1.55% final 
oncentration. Samples were left to settle for 1—2 weeks af- 
tter (TSM), and Secchi Depth, measured during phytoplankton 
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Figure 3 Nutrient concentrations during 2005—2008 in the northern Adriatic Sea. 
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er which the supernatant was siphoned off by thin curved 
ubes down to 15—20 ml. Phytoplankton cells ( ∼400 cells) 
ere counted with a Sedgewick Rafter Cell under a phase- 
ontrast binocular microscope with 200X and 400X magni- 
cation ( Karlson et al., 2010 ). Phytoplankton species were 
dentified to the lowest possible taxonomic level based on 
elevant publications ( Balech, 1988 ; Bérard-Therriaul et al., 
999 ; Cupp, 1943 ; Dodge, 1982 ; Hasle, 1997 ; Massuti and 
argalef, 1950 ; Rampi and Bernhard, 1980 ; Sournia, 1986 ; 
teidinger and Tangen, 1997 ; Throndsen 1997 ). 
The biovolume (V) of each cell was calculated from 

ts appropriate morphometric characteristics (i.e. diam- 
ter, length and width) ( Kovala and Larrance, 1966 ; 
lenina et al., 2006 ). 1 μm 

3 V was assumed equal to 1 pg
et weight ( Gasiunaite et al., 2005 ; Hillebrand et al., 1999 ; 
asmund et al. 1998 ). Carbon biomasses were calculated 
rom the volume of each cell according to the equations of 
enden-Deuer et al., 2001 ) as below; 

or diatoms log C =
or diatoms > 3000 μm 

3 log C =
or dinoflagellates log C =
or haptophytes log C =
or chlorophytes and prasinophytes log C =
or small flagellates, cryptophytes and cyanobacteria log C =
618 
541 + 0.811 (logV) 
933 + 0.881 (logV) 
353 + 0.864 (logV) 
642 + 0.899 (logV) 
026 + 1.088 (logV) 
583 + 0.860 (logV) 

Vertical profiles of sea temperature and salinity were 
imultaneously obtained using an Idronaut or a SeaBird 
BE19 + CTD profiler. 
Samples of inorganic nutrients were collected with a 

ansen bottle and filtered through 0.45 μm GF/C filters 
nd kept frozen at —20 °C within 100 mL acid-cleaned high- 
ensity polyethylene bottles for a few weeks until analysis. 
ilicate samples were kept at 4 °C until analysis. PO 4 , SiO 2 

nd NH 4 were analyzed with standard spectrophotomet- 
ic methods ( Eisenrich et al., 1975 ; Fresenius et al. 1988 ;
rasshoff et al., 1983 ). N-NO 3 + NO 2 was measured with an 
on Chromatography (Dionex ICS 1500 for cations, coupled 
ith a DX 500 for anions determination, U.S.A., Pfaff, 1993 ) 
nd before the analyses, a silver column was used to remove 
l − ions from the samples. In order to certify measured con- 
entrations a MOOS-1 Seawater Certified Reference Material 
or Nutrients (for orthophosphate, silicate, nitrate and ni- 
rite) was used. Detection limits of PO 4 , NO 3 , NH 4 and Si
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Figure 4 Total carbon biomass of phytoplankton ( μg L −1 ), Chl a ( μg L −1 ) and C:Chl a ratios during 2005—2008 in the northern 
Adriatic Sea. 
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ere 0.02 μM, 0.32 μM, 0.11 μM and 0.2 μM respectively. 
Total suspended matter (TSM) concentration was mea- 

ured according to Van der Linde (1998) . Seawater was first 
assed through 300 μm mesh size net and filtered through 
re-weighted 47 mm Ø GF/F Whatman filters which were ig- 
ited at 450 °C and washed with distilled water and dried at 
5 °C prior to filtration. Filtration volumes ranged between 
.5 and 2.5 L. 

.1. Determination of marker pigments 

PLC pigment analysis was performed following the mea- 
urement protocols of the Joint Global Ocean Flux Study 
 JGOFS, 1994 ), and by modifying the method presented by 
right et al. (1991) . 0.8 to 6 L of seawater was collected 
619 
nd filtered through 47 mm GF/F Whatman glass fibre fil- 
ers. The filters were stored in liquid nitrogen for the du- 
ation of the campaign and then kept at —80 °C until the 
nalysis. A modified version of pigment extraction was ap- 
lied ( Barlow et al., 1997 ). The filters were thawed and 
ransferred into a plastic Falcon tube containing 3 ml of 
00% acetone. They were then sonicated (Sonicator Sono- 
lus GM2070, Bandelin) in a 0 °C water bath for 1 min and
eft to extract for 24 h at —20 °C. Extracts were clarified 
y filtering them onto 0.45 μm Teflon syringe filters and 
nalysed with a Hewlett Packard/ Agilent 1100 HPLC sys- 
em. The HPLC system used comprises a reversed-phase C18 
olumn (250 × 4.6 mm, 5 μm particle size, Hichrom, with 
 C18 guard column), an autosampler with thermostat, a 
iode array detector (DAD), a pumping system and degasser, 
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ata acquisition and analysis software and a three phases 
olvent gradient. Pigments were identified from both ab- 
orbance spectra and retention times from the signals in 
he DAD detector (405 nm for phaeopigments and 436 nm 

or chlorophyll pigments and carotenoids). The HPLC sys- 
em was calibrated using pigment standards from DHI Water 
 Environment. This method does not permit the separa- 
ion of divinyl chl a and chlorophyll b (chl b ) from monovinyl 
hl a and chl b , respectively. It is not capable of fully sep-
rating chlorophyll c 1 and chlorophyll c 2 (presented here 
s chl c 1 + c 2) either. βγ , βε and ββ carotenes were not 
esolved well and their sum was given as β-carotene. The 
ndividual pigments measured were thus (Table S2): Chl a , 
eridinin (Peri), diadinoxanthin fucoxanthin (Fuco), allox- 
nthin (Allo), chl b , β-carotene (Caro), diatoxanthin (Dtx), 
9’-butanoyloxyfucoxanthin (But), zeaxanthin (Zea), 19’- 
exanoyloxyfucoxanthin (Hex) and the degradation product 
f chl a , chlorophyllide a (chlide a ). 

.2. CHEMTAX analysis 

he CHEMTAX 1.95 software ( Mackey et al., 1996 ), Microsoft 
xcel version was used to determine phytoplankton taxon- 
my based on pigments. 
The pigments, phytoplankton groups and their abbrevia- 

ions are shown in Table S2. Seven phytoplankton classes; di- 
toms, dinoflagellates, haptophytes, cryptophytes, chloro- 
hytes, prasinophytes and cyanobacteria and their marker 
igments Fuco, Peri, Hex-fuco, Allo, Chl b , Zea and But-Fuco 
ere chosen for CHEMTAX analysis based on microscopy and 
igment data (Tables S2 and S3). Among these pigments, 
uco is also present in haptophytes, chrysophytes and ra- 
hydophytes; Peri is an unambiguous pigment for dinoflag- 
llates; Hex-fuco is the unique pigment of haptophytes, 
hile Allo is of cryptophytes; Chl b is the marker pig- 
ent of all green flagellates such as chlorophytes, prasino- 
hytes and euglenophytes; Zea is mainly found in cyanobac- 
eria but also present in some chlorophytes in low quantity 
 Jeffrey et al., 1997 ). 
A Pigment:Chl a ratio matrix for each taxonomic class 

as obtained from Wright et al. (2009) , Mackey et al. 
1996) and Schlüter et al. (2000) . Output ratios were used as 
 new input ratio matrix repeatedly until the ratios become 
table (Table S3). 
The parameters set for the calculations were as fol- 

ows: ratio limits were set to 500, weighting was ‘bounded 
elative error by pigment’, iteration limit = 200, epsilon 
imit = 0.0001, initial step size = 10, step ratio = 1.3, cutoff
tep = 200, elements varied = 5, subiterations = 1, weight 
ound = 30 ( Mackey et al., 1996 ). 

.3. Statistics 

n order to assess the impact of environmental factors (tem- 
erature, salinity, TSM, nitrate, ammonium, phosphate, sil- 
cate) on the carbon biomass, abundance and CHEMTAX de- 
ived Chl a of phytoplankton groups and the total com- 
unity, redundancy analysis (RDA) was performed using 
ANOCO 4.5. RDA was chosen by applying the log 10 (N + 1)- 
ransformed carbon biomass and CHEMTAX derived Chl a 
ata to detrended correspondence analysis. Since the gra- 

ients in the functional structure were below 3 standard 

620 
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Figure 5 Model II Linear regression of carbon biomass versus CHEMTAX derived Chl a values of (A) diatoms (B) dinoflagellates and 
(C) haptophytes (D) model II Linear regression of carbon biomass of total community versus Chl a . 
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of diatoms constituted 60% of the total carbon biomass dur- 
eviations (SDs for DCA axis 1: 0.572 and 0.956; DCA axis 
: 0.340 and 0.586 respectively) linear ordination method, 
DA was found suitable for our data. Additionally, Spearman 
ank correlation analysis was performed using SPSS. 

. Results 

.1. Hydrography 

he surface temperature follows a clear seasonal cycle with 
 minimum in winter (6—7 °C in December—January) and a 
aximum during summer (24 °C in June—July) ( Figure 2 ). 
alinity fluctuated between 35 and 38 psu without show- 
ng a clear cycle, being more dependent on the variabil- 
ty of riverine output (in particular, the Po and Tagliamento 
ivers). High values of Secchi disk depths were typically ob- 
erved during the summer months and, as expected, were 
nversely correlated with the total suspended matter con- 
entration (p < 0.05, Figure 2 ; Table 1 ). 

.2. Seasonal variations in environmental 
arameters, carbon biomass and Chl a of 
hytoplankton 

axima in nitrate ( ∼60 μM) and phosphate (0.06 μM) 
oncentrations were observed in the winter-spring period 
 Figure 3 ). There was not a significant correlation between 
alinity and nutrients ( Table 1 ). Ammonium concentrations 
ere always lower than nitrate. Molar ratios of N:P changed 
etween 300 and 2500. Silicate concentrations ranged from 
621 
.28 to 7.5 μM. Nutrient maxima for silicate, nitrate and 
hosphate typically coincided in the winter—spring period 
ith peak concentrations in May 2006 and January in 2007 

 Figure 3 ). 
There was a significant negative correlation (p < 0.01) 

etween silicate concentrations and the temperature 
 Table 1 ). 
The highest carbon biomass of the total phytoplankton 

ommunity and chlorophyll a were observed in the summer- 
utumn period during 2005—2008 ( Figure 4 ). Chl a was also 
igh in December 2005 but this did not correspond to a high 
hytoplankton carbon biomass. These two variables were 
ot correlated with each other (p > 0.05, Figure 5 ). C:Chl a
atios ranged from 5 to 108 (43 ± 39) and reached max- 
mum values in June—July 2006 and 2007 ( Figure 4 ). Car-
on biomass and abundance values were much higher in 
ummer—autumn period than in winter—spring ( Figures 4 
nd S1). 
Although C:Chl a ratios of all groups appeared to change 

ith seasons (Figure S2), HPLC-CHEMTAX derived chloro- 
hyll a values of diatoms and dinoflagellates were in concert 
ith carbon biomasses of these groups in general. However, 
he carbon biomass of haptophytes was not concordant with 
he Chl a of this group ( Figure 5 ). The high carbon biomass
f haptophytes in July 2006 ( Figure 6 ) was due to the dom-
nance of the large species Syracosphaera pulchra . There 
as not any correlation between the abundance of hap- 
ophytes and Hapto-Chl a either (Figure S3 and regression 
nalysis, p > 0.05). 
The average contribution of diatoms to the total car- 

on biomass was 42 ± 27% and the total carbon biomass 
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Figure 6 Carbon biomass ( μg L −1 ) of main phytoplankton groups during 2005—2008 in the northern Adriatic Sea (Contribution of 
cryptophytes, prasinophytes and chlorophytes to the carbon biomass based on microscopy was minor). 
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ng the whole sampling period. This group constituted the 
ighest carbon biomass among other classes ( Figure 6 ). The 
arbon biomass of diatoms was negatively correlated with 
oth silicate and phosphate concentrations and positively 
orrelated with the temperature ( Table 1 ). According to 
icroscopy results, dinoflagellates were the second most 

mportant group in terms of carbon biomass. Haptophytes 
ere the third most important group in terms of carbon 
iomass based on microscopy. 
According to CHEMTAX derived Chl a values and marker 

igments, dinoflagellates (Peri), cryptophytes (Allo) and 
reen flagellates (prasinophytes and chlorophytes contain- 
ng Chl b ) were dominant in the winter (December) of 2005 
hereas the dinoflagellates and cyanobacteria (Zea) ap- 
eared to be dominant in the winter (February) of 2008 
 Figures 7 , 8 ). Marker pigments and Chl a of diatoms were
igher during the summer—autumn period than in other sea- 
ons. 
In the redundancy analysis, the first two axes explained 

8.1% of the total variability in species data (i.e. carbon 
iomass) and 97.2% of the total variability in the species- 
622 
nvironment relation (Table S4; Figure 9 A). Figure 9 A shows 
hat the most important phytoplankton group in terms of 
arbon biomass is diatoms since it has a longer axis (blue in 
olour) and is close to the X axis. In addition, based on this
gure, the impact of temperature on Diatom-C appears to 
e positive (arrows are in the same direction) and more im- 
ortant than other parameters since it is longer and closer 
o the X axis, which explained 85.7% of the total variability 
n the species-environment relation. Similar to the Spear- 
an Rank Correlation, the RDA1 for carbon biomass was 
orrelated with the temperature (r = 0.80) and silicate con- 
entrations (r = —0.77) while the RDA2 was related to phos- 
hate and nitrate concentrations (r = 0.685 and r = 0.535, 
espectively). However, the correlation was not significant 
Monte Carlo test, significance of the first canonical axis, 
igenvalue = 0.688, p = 0.12, significance of all the canon- 
cal axes, trace = 0.803, p = 0.09). 

According to the second redundancy analysis the first two 
xes explained 66.5% of the total variability in CHEMTAX de- 
ived phytoplankton groups and 96.8% of the total variability 
n the species-environment relation (Table S4; Figure 9 B). 
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Figure 7 Chl a ( μg L −1 ) of major phytoplankton groups based on HPLC-CHEMTAX analysis during 2005—2008 in the northern 
Adriatic Sea. 
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inlets of the Gulf of Venice and in the Gulf of Trieste 
DA1 for Chl a of the phytoplankton groups was associated 
ith the TSM (r = 0.672) and RDA2 was correlated positively 
ith the silicate concentration and negatively with the tem- 
erature (r = 0.729 and r = —0.716). However, the correla- 
ion was not significant (Monte Carlo test, significance of 
he first canonical axis, eigenvalue = 0.504, p = 0.30, sig- 
ificance of all the canonical axes, trace = 0.987, p = 0.23). 

.3. Species composition 

he genus having the highest carbon biomass during the 
tudy period was Chaetoceros spp. (Table S5), which 
eached the highest values in the June—July period in 2006 
nd 2007. Rhizosolenia, Proboscia and Pseudosolenia gen- 
ra also contributed highly to the total carbon biomass in 
he summer—autumn periods (July—October). While present 
ll year round, Cerataulina pelagica was dominant in June—
eptember 2007. Guinardia flaccida, Leptocylindrus spp. 
nd Pseudo-nitzschia spp. were also dominant during the 
ummer-autumn months. Although present in all the sam- 
les, the contribution of Cylindrotheca closterium to the 
otal carbon biomass was low. Skeletonema marinoi was 
bserved in 30% of the samples (generally in December—
anuary) and its abundance was quite low. 
623 
Among the dinoflagellates, Prorocentrum minimum was 
resent in all of the samples. It was high in abundance 
uring April—July 2006 and reached the maximum carbon 
iomass in January 2007. Gyrodinium spp., Gymnodinium 

pp. and Ceratium spp. were also frequently observed in 
he samples, especially in summer—autumn. Gonyaulax spp. 
eached high carbon biomass in November 2006 and January 
007. 

Emiliania huxleyi was present all year round with maxi- 
um abundance in July—September 2007. 

. Discussion 

.1. Environmental parameters 

s would be expected, the water temperature was higher 
n warm summer months than in winter months similar 
o previous investigations in the northern Adriatic Sea 
 Bernardi Aubry and Acri 2004 , Cerino et al. 2019 ). In the
resent study, salinity values fluctuated between 34.5 and 
7.5 during the sampling period and there was not an ap- 
arent trend of seasonal increase or decrease in salinity 
 Figure 2 ). However, in a previous study performed in the 
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Figure 8 Marker pigments during 2005—2008 in the northern Adriatic Sea. 
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alinity values have been generally found to be high dur- 
ng cold winter-early spring months ( Bianchi et al. 2004 , 
erino et al. 2019 ) and declined with high rates of river- 
ne discharge in the late spring ( Degobbis et al. 2000 , 
enna et al. 2006 ). Strong vertical mixing and circulation 
f water in winter months ( Marini et al. 2008 ) must be the
ause of high salinity during this cold period. 
The highest nutrient concentrations were observed dur- 

ng the winter—spring period ( Figure 3 ). This was also shown 
y a significant negative correlation between the tempera- 
ure and silicate concentrations ( Table 1 ) indicating input 
f nutrients during the cold periods similar to other studies 
erformed in the northern Adriatic Sea ( Bernardi Aubry and 
cri, 2004 ; Cerino et al., 2019 ). Nitrate and phosphate con- 
entrations also increased simultaneously with silicate dur- 
ng 2006—2007 in the present study ( Figure 3 ). However, in 
ontrast to the silicate, the increase in the nitrate and phos- 
hate concentration in December 2006 and February 2008 
as not so pronounced. 
The maximum DIN concentration observed in the present 

tudy (67 μM) was close to the highest value measured in 
he NE and NW Adriatic Sea coast ( ∼70 μM, Cerino et al., 
019 ; Penna et al., 2006 , Table 2 ). The highest phosphate 
624 
oncentration measured in the present investigation (0.06 
M) was much lower than the maximum values attained in 
ther studies ( Table 2 ). Silicate concentrations were also 
elatively low (average 3.7 ± 2.6 μM) in this study. The av- 
rage of dissolved inorganic nitrogen (DIN) and phosphate 
uring the sampling period was 29 ± 18 μM and 0.03 ± 0.02 
M, respectively and the phosphorus seemed to be severely 
imiting with N/P ratios changing from 303 to 5010 (aver- 
ge: 1439 ± 1258). The global median value of N/P ratio 
ased on a large data set was reported as 22:1 in all major
ceans covering the period 1970—2010 ( Martiny et al. 2014 ). 
lthough higher than the global median, averages of N/P 
atios in the inlets of Venice Lagoon during 2001—2002 (be- 
ween 135 ± 118 and 286 ± 199) were lower than the values 
ound in the present study ( Bianchi et al. 2004 ). Very low
hosphorus concentrations in this study can be explained 
ith reduced phosphorus discharge by Po River after 1986 
s a result of the implementation of new Italian legislation 
 Totti et al., 2019 ). However, again an increase in phosphate 
oncentrations have been reported during 2007—2016 pe- 
iod in spite of still low phosphorus outflow from the Po 
iver, probably due to the input of phosphorus from other 
ources ( Totti et al., 2019 ). 
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Figure 9 Redundancy analysis between environmental parameters and (A) carbon biomass (B) Chl a of main phytoplankton groups. 
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.2. Carbon biomass and Chl a of phytoplankton 

nd their relation with environmental parameters 

hl a concentrations were not congruent with the total 
arbon biomass of phytoplankton despite the presence of 
 correlation between CHEMTAX-derived Chl a and carbon 
iomass of diatoms and dinoflagellates ( Figure 5 ). This dis- 
repancy could be related to fixation problems of nanoflag- 
llates with formaldehyde or Lugol’s iodine. For instance, 
n a study performed in the southern Adriatic Sea, 96% 

f phytoflagellates could not be associated with any taxo- 
omic class in the preserved samples ( Cerino et al., 2012 ). 
n addition, this inconsistency could also be associated to 
ariations in the marker pigment content of flagellates 
ith changing light intensity, especially photoprotective 
igments such as alloxanthin, β-carotene and zeaxanthin 
 Konucu et al., 2022 ). 
In spite of the presence of a correlation between Chl 

 and carbon biomass of diatoms and dinoflagellates, our 
raphs showed a variation in C:Chl a ratios of diatoms and 
inoflagellates similar to other phytoplankton groups during 
ifferent seasons as well (Figure S2). 
As expected, with low nutrient concentrations and high 

ight intensities in the summer period, C:Chl a ratios 
ere higher during this warm period than in the winter 
onths ( Figure 4 ). The C:Chl a ratio has previously been 
eported to change between < 10 and > 200 among dis- 
inct phytoplankton groups, species and cell size and un- 
er changing light, nutrient and temperature conditions 
 Finkel, 2001 ; Geider, 1987 ; Laws and Bannister, 1980 ; 
athyendranath et al., 2009 ). 
When marker pigments and the corresponding abundance 

f diatoms and dinoflagellates were compared, the correla- 
ion did not appear (p > 0.05) probably due to the variations 
n pigment content of cells based on their size (Figure S1). 
imilarly, increases in fucoxanthin and peridinin concentra- 
ions did not always correspond to high diatom or dinoflagel- 
ate abundance in Boka Kotorska Bay, southeastern Adriatic 
ea during 2008—2009 ( Krivocapic et al., 2018 ). However, 
bundance values of these groups were generally concor- 
ant with their marker pigments in a study performed in 
he Zrmanja Estuary, eastern Adriatic Sea in winter 2000 and 
ummer 2003 ( Vili či ć et al., 2008 ). 
625 
There was not any significant correlation between ei- 
her abundance or biomass of haptophytes and CHEMTAX 
ssigned Chl a of this group in this study. Similarly, the 
bundance of haptophytes was not coherent with 19’Hex- 
noyloxyfucoxanthin concentrations in the study of Vili či ć 
t al. (2008) . The lack of correlation between CHEMTAX 
ssociated Chl a values and carbon biomass of hapto- 
hytes could be related to either the disappearance of non- 
alcifying haptophyte species (such as Chrysochromulina 
pp.) with regular fixation methods ( Konucu et al., 2022 ) 
r the presence of the haptophyte marker pigment within 
ome dinoflagellates species ( Zapata et al., 2012 ). Simi- 
ar to the present study, the coefficient of determination 
R 2 ) values between carbon biomass and CHEMTAX derived 
hl a values of Emiliania huxleyi was weaker (R 2 = 0.40) 
han of diatoms and dinoflagellates (R 2 = 0.97 and 0.81) 
uring a coccolithophorid bloom in the Patagonian Shelf 
 Souza et al., 2012 ). 
Temperature and silicate concentrations appeared as the 

est predictor variable explaining the variations in car- 
on biomass of phytoplankton (RDA, Figure 9 ). The to- 
al carbon biomass of phytoplankton was positively cor- 
elated with the temperature and negatively correlated 
ith the silicate concentrations. Spearman Rank correla- 
ion also showed a similar relationship (p < 0.01, Table 1 ). 
his showed that phytoplankton carbon biomass and abun- 
ance reached higher values ( Figures 4 , S1) during warm 

nd nutrient-poor periods ( Figures 2 , 3 ), based on the re-
ults of the present sampling. A negative correlation be- 
ween silicate concentrations and carbon biomass appears 
o be due to the dominance of diatoms within the to- 
al carbon biomass (60% of total carbon biomass during 
he study period) and the consumption of silicate by di- 
toms. Phosphate concentration was also negatively corre- 
ated with the carbon biomass of diatoms. As a result, low 

utrient concentrations in general during summer must be 
ue to the consumption of nutrients by the phytoplankton 
ommunity, scarcity of zooplankton ( Bernardy Aubry et al., 
012 ) and low input of freshwater nourishing surface waters 
 Degobbis et al., 2000 ). Similar summer blooms of phyto- 
lankton in the northern Adriatic Sea were reported in sev- 
ral previous studies ( Bernardi Aubry et al., 2004 ; Godrijan 
t al., 2013 ; Mozeti ć et al., 2012 ; Talaber et al., 2014 ). Fur-
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hermore, a similar inverse relationship between the nutri- 
nts and phytoplankton abundance was also observed in the 
ulf of Venice and the Gulf of Trieste ( Bernardi Aubry and 
cri, 2004 ; Cerino et al., 2019 ). 
High silicate but low nitrate and phosphate concentra- 

ions observed in December 2005 and February 2008 must 
e related to the consumption of nutrients by phytoplankton 
roups other than diatoms which was shown by high CHEM- 
AX derived Chl a values of chlorophytes, prasinophytes, 
ryptophytes and dinoflagellates in the former date and by 
yanobacteria Chl a in the latter date. 
High carbon biomass and abundance of phytoplankton 

uring warm summer months did not seem to cause low 

ecchi disc depths in June—July period ( Figures 2 , 4 , S1)
nd there was a significant positive correlation between 
he temperature and Secchi disc depths ( Figure 2 ). Probably 
ther particles in the winter—spring period cause low Secchi 
isc depths. As expected, there was a significant negative 
orrelation between Secchi Disc depth and TSM concentra- 
ions ( Table 1 ). 
Despite high nutrient concentrations during the winter- 

pring period similar to previous studies ( Bernardi Aubry and 
cri, 2004 ; Cerino et al., 2019 ), low phytoplankton abun- 
ance and carbon biomass could be related to the increase 
n abundance of copepods during this season. The abun- 
ance of copepods was higher during 1986—2005 than dur- 
ng 1972—1980 in winter—spring in the northern Adriatic 
ea ( Bernardy Aubry et al., 2012 ; Conversi et al., 2009 ;
amburska and Fonda Umani, 2006 , 2009 ). 
In contrast to the present investigation, in the Gulf of 

rieste, the phytoplankton annual cycle was characterized 
y a late winter—early spring peak, which was formed by 
agellates and diatoms during 1986—2010 ( Cabrini et al., 
012 ). Another study carried out in the same region in the 
eriod 2010—2017 noted maximum abundances in spring 
May) and minimum values in winter ( Cerino et al., 2019 ) 
imilar to observations in distinct regions of the northern 
driatic Sea ( Bernardi Aubry and Acri, 2012 ; Mozetic et al., 
012 ; Totti et al., 2000 ). In general, diatoms and flagellates 
 < 10 μm in size) were reported to co-dominate during these 
pring blooms. Flagellates and diatoms were the main com- 
onents of the abundance in the present study as well (Fig- 
re S1). They reached the highest abundance in the June- 
uly period. Based on a long-term study during 2010—2017 
n the Gulf of Trieste, phytoplankton abundance started to 
ncrease in March and attained the maximum values in May 
 Cerino et al., 2019 ). However, in the present study, neither
he abundance nor the carbon biomass of phytoplankton was 
igh during the spring (March—May) period ( Figures 6 , S1). 
The diatom genera having the maximal abundances were 

haetoceros spp., Pseudo-nitzschia delicatissima, Thalas- 
iosira sp. and Cerataulina pelagica in the present study 
Table S5). Cerataulina pelagica, Chaetoceros spp. and 
seudo-nitzschia spp. were the most representative taxa 
n other studies performed in the northern Adriatic Sea 
s well ( Bernardy Aubry et al., 2012 ; Cabrini et al. 2012 ;
ozeti ć et al., 2010 ). In addition to the aforementioned 
pecies, Skeletonema marinoi was also a dominant species 
n these mentioned studies ( Bernardy Aubry et al. 2012 ; 
abrini et al. 2012 ; Mari ć et al., 2012 ). Skeletonema mari-
oi was observed in low abundance in the present study, 
nd its abundance has declined in the last decade com- 
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ared to 1972—1999 which has been attributed to a de- 
rease in phosphate concentrations after the Italian law at 
he end of 1980s restricting agricultural and industrial usage 
f phosphorus ( Cabrini et al., 2012 ). In contrast, the much 
ore frequent observation of Chaetoceros spp. during the 
inter—spring bloom may indicate oligotrophication of the 
ystem since this small-sized genera can grow at limited nu- 
rient concentrations and low N/P ratios ( Lagus et al. 2004 ; 
ozeti ć et al. 2010 ). It is possible that nutrient limitation 
ven during winter-spring might have led the Chaetoceros 
pp. bloom to be shifted to an earlier period. 
Carbon biomass of phytoplankton obtained in July 2006 

n the present study (30 μg C L −1 ) was lower than a value
alculated in the same period at a station closer to the Po 
iver (50 μg C L −1 ) but higher than at another offshore sta- 
ion in the Adriatic Sea ( Pugnetti et al., 2008 ). The maxi- 
um carbon biomass obtained in this study (85 μg L −1 ) was 
imilar to a maximum value (80.7 μg C L −1 ) calculated in 
he southern Adriatic Sea during November 2006—June 2008 
 Cerino et al., 2012 ). While the maximum biomass occurred 
n September 2007 in this study, in the southern Adriatic Sea 
t was observed in April 2007. 

In contrast to other studies, one of the dinoflagellate 
eaks was observed in the cold January period in 2007 due 
o the species Prorocentrum minimum . The abundance and 
arbon biomass of diatoms were low in spite of high nutri- 
nt concentrations during this sampling period. This could 
e the reason for the peak abundance of P. minimum on this 
ate. Other peaks were in June and September ( Figure 6 ). 
his species was dominant in the warm period in the Gulf of 
rieste during 2009—2010 ( Talaber et al., 2014 ). 
In the present study Chl a concentrations varied between 

.25 μg L −1 and 1.80 μg L −1 (average 0.685 ± 0.49) during 
he study period, the highest being in December 2005 and 
eptember 2007 and the lowest in October 2006 ( Figure 4 ). 
he first peak in Chl a was formed by cryptophytes, prasino- 
hytes, chlorophytes and dinoflagellates. The second peak 
as constituted of mainly diatoms and dinoflagellates. Chl 
 concentration ranged between 0.16 and 2.1 μg L −1 in 
he Gulf of Trieste during 2009—2010 with two peaks in 
hl a concentrations in summer (June—July) and in late au- 
umn (December) ( Talaber et al., 2014 ). Chl a concentra- 
ions tended to decrease over the years 1970—2007 in the 
orthern Adriatic Sea probably due to reduced nutrient in- 
ut via the Po River as a result of environmental regula- 
ions ( Mozetic et al., 2010 ). Chl a concentrations at the La- 
oon inlets of Venice were higher than in our study ( Table 2 ,
ianchi et al., 2004 ; Bernardi Aubry and Acri 2004 ). 
In the present investigation during the summer—autumn 

eriod diatoms, dinoflagellates and haptophytes dom- 
nated. Cryptophytes, prasinophytes, chlorophytes and 
yanobacteria were more abundant during the winter-spring 
eriod based on marker pigments. 

. Conclusion 

ur study showed a good correlation between pigment and 
icroscopy-based results of diatoms and dinoflagellates. 
hese groups were the major components of phytoplank- 
on composition based on our microscopy results. However, 
ccording to the pigment results, the contribution of hap- 
627 
ophytes to the total chlorophyll a appears almost as much 
s diatoms during the majority of the sampling periods. The 
ole of other flagellates such as cryptophytes and chloro- 
hytes also seemed to be underestimated by microscopy 
hen compared to pigment results. On the other hand, 
he high abundance of small flagellates observed during the 
ummer months did not correspond to any prominent in- 
rease in Chl b or alloxanthin which are among the pigments 
f small flagellates. Some of these flagellates could be pos- 
ibly heterotrophic. 
In this study, the seasonality of phytoplankton abundance 

as mainly concordant with previous studies performed in 
he northern Adriatic Sea. While high nutrients but low car- 
on biomass of phytoplankton during the winter-spring pe- 
iod was observed this contrasted with low nutrient concen- 
rations but high carbon biomass during the summer-autumn 
eriod. The temperature and silicate concentrations were 
he best predictor variables explaining variations in the car- 
on biomass of phytoplankton. Species composition in the 
resent study was also similar to the previous observations 
erformed in the region. While total carbon biomass of 
hytoplankton was not correlated with Chl a values, which 
eems mainly related to seasonal changes in C:Chl a ratios, 
HEMTAX derived Chl a values and carbon biomasses of di- 
toms and dinoflagellates were significantly correlated. The 
resent study is a part of a long-term monitoring investiga- 
ion carried out with remote sensing and pigment data per- 
ormed at a platform located in the Venice Lagoon. Thus, 
his study will provide an opportunity to compare pigment 
esults, remote sensing data and phytoplankton data. 
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alaber, I., Francé, J., Mozeti ć, P., 2014. How phytoplankton phys- 
iology and community structure adjust to physical forcing in a 
coastal ecosystem. Phycologia 53, 74—85. https://doi.org/10. 
2216/13-196.1 

hrondsen, J. , 1997. The Planktonic Marine Flagellates. In: 
Tomas, C.R. (Ed.), Identifying Marine Phytoplankton. Acad. 
Press, San Diego, 591—729 . 
630 
orres, R., Artioli, Y., Kitidis, V., Ciavatta, S., Ruiz-Villarreal, M., 
Shutler, J., Polimene, L., Martinez, V., Widdicombe, C., Wood- 
ward, E.M.S., S, Smyth T., Fishwick, J., Tilstone, G.H., 2020. 
Sensitivity of modeled CO 2 air—sea flux in a coastal environ- 
ment to surface temperature gradients surfactants and satellite 
data assimilation. Remote Sens. 12 (12), 2038. https://doi.org/ 
10.3390/rs12122038 

otti, C., Civitarese, G., Acri, F., Barletta, D., Candelari, G., Pas- 
chini, E., Solazzi, A., 2000. Seasonal variability of phytoplank- 
ton populations in the middle Adriatic sub-basin. JPR 22, 1735—
1756. https://doi.org/10.1093/plankt/22.9.1735 

otti, C., Romagnoli, T., Accoroni, S., Coluccelli, A., Pellegrini, M., 
Campanelli, A., Grilli, F., Marini, M., 2019. Phytoplankton com- 
munities in the northwestern Adriatic Sea: Interdecadal variabil- 
ity over a 30-years period (1988—2016) and relationships with 
meteoclimatic drivers. J. Mar. Syst. 193, 137—153. https://doi. 
org/10.1016/j.jmarsys.2019.01.007 

an der Linde, D. , 1998. Protocol for the determination of total
suspended matter in oceans and coastal zone. Technical note 
No. 1.98.182. Joint Research Centre, European Commission . 
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Abstract We present the characterisation and distribution of organic matter (OM) within the 
sea surface microlayer (SML) and underlying water (ULW) collected in October 2015 at nine 
stations in the Baltic Sea, Gulf of Gda ńsk, encompassing the Vistula River plume. The salinity 
of > 7 throughout the transect indicated Vistula plume was possibly displaced westward by the 
preceding northerly and easterly winds between 5.7 and 10.7 ms —1 during the sampling cam- 
paign. Spectral analysis pointed to the highest contribution of aromatic and high molecular 
weight molecules (lowest spectral slope (S R ) ratios and highest absorption coefficient at 254 
nm (a CDOM (254)) at the first two stations near the river mouth, demonstrating a very limited 
influence of the river plume. Concentrations of surface-active organic substances (SAS) ranged 
from 0.28 to 0.60 mg L −1 in eq. Triton-X-100 in SML, and from 0.22 to 0.47 mg L −1 in eq. Triton- 
X-100 in the ULW, while POC concentrations ranged from 0.27 to 0.84 mg L −1 in SML and from 

0.20 to 0.37 mg L −1 in ULW. Enrichment of SAS and POC detected at the highest wind speeds 
indicates rapid SML recovery by OM transported from the ULW. Low lipids to POC contribution, 
on average 5% and 7% in SML and ULW respectively, points to eutrophic conditions. Statistically 
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significant negative correlation between S R and the Lipid:PIG ratio in SML and ULW suggests 
the production of lower molecular weight OM by phytoplankton living under favourable envi- 
ronmental conditions. Accumulation of lipid reserves triacylglycerols (TG) in the SML indicates 
more stressful plankton growth conditions compared to ULW. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and 
hosting by Elsevier B.V. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

he sea surface microlayer (SML) is an interface between 
he sea and the atmosphere that affects the processes of 
ass and energy exchange between the two compartments 

 Cunliffe et al., 2013 ; Wurl et al., 2017 ) and thus affects
he global climate. It is defined as the uppermost layer of 
he sea, up to 1000 μm thick, whose physical and biogeo- 
hemical properties differ from those of the underlying wa- 
er ( Hunter, 1997 ; Zhang et al., 2003 ). It can be described as
 hydrated, gelatinous film in which in-situ produced organic 
atter (OM) and microorganisms from the deeper layers 
ccumulate along with atmospherically deposited material 
nd pollutants ( Engel et al., 2017 ; Gašparovi ć et al, 1998 ;
enezi ć et al., 2021 ; Robinson et al., 2019 ; Wurl and Ob-
ard, 2004 ; Wurl et al., 2017 ). The formation, thickness and 
istribution of SML is strongly influenced by meteorological 
onditions including wind speed ( Falkowska, 1999 ; Liss and 
uce, 1997 ; Stolle et al., 2020 ). However, it is known that 
ML recovers quickly after physical disruption ( Dragi ćevi ć 
nd Pravdi ć, 1981 ; Williams, 1986 ), mainly through rising 
ubbles containing organic material adsorbed at the surface 
 Liss, 1975 ; Stefan and Szeri, 1999 ; Woolf, 2005 ; Wurl et al.,
011 ). Studies have shown that recovery of SML occurs in 
ll the oceans at wind speeds above average oceanic con- 
itions ( Archer and Jacobson, 2005 ; Sabbaghzadeh et al., 
017 ; Wurl et al., 2009 ). Such self-sustainability even at 
igher sea states, caused by increased bubble fluxes act- 
ng as a continuous supply of surface-active material to the 
ML ( Sabbaghzadeh et al., 2017 ), has strong implications for 
lobal air-sea CO 2 exchange. Indeed, the presence of sur- 
actants, which are ubiquitous in the oceans, significantly 
ffects the transport rate of gas across the water surface 
 Broecker et al., 1978 ; Frew et al., 1990 ; Mustaffa et al.,
020 ; Ribas-Ribas et al., 2017 ; Tsai et al., 2003 ; Wurl et al.,
011 ). Recent studies are beginning to quantify the link be- 
ween surface-active organic substances (SAS) concentra- 
ion in SML and gas transfer velocity k w ( Pereira et al, 2016 ;
ickard et al., 2022 ). 
The marine OM originates mainly from phytoplankton ac- 

ivity, with additional contributions from terrestrial sources 
hrough riverine inputs ( Gašparovi ć et al., 2011 ). In coastal 
aters, especially those under the influence of rivers, in- 
reased biological activity leads to increased OM produc- 
ion, with about 70% of dissolved OM being of terres- 
rial origin ( Coble, 2007 ). A significant portion of marine 
M is presented by SAS, consisting of recalcitrant mate- 
ial, such as humic substances, or freshly produced bio- 
enic material, namely carbohydrates, proteins, and lipids 
 ́Cosovi ć et al., 1985 ; Gašparovi ć et al., 2011 ). Lipid con-
ent in phytoplankton ranges from ≤1 to 46% of dry weight 
632 
 Romankevich, 1984 ). Phytoplankton exudates, through di- 
ect release or zooplankton grazing, metabolic processes, 
nd cell lysis, are the main source of marine lipids, which 
ary in composition depending on the phytoplankton com- 
unity and environmental conditions ( Novak et al., 2019 ). 
Lipids are important organic biomarkers used to deter- 

ine OM sources due to their specific functions in different 
ell types ( Parrish, 1988 , Parrish et al., 2000 ). They are less
usceptible to degradation than carbohydrates or proteins. 
arvey et al. (1995) found that under oxic conditions car- 
ohydrates are recycled within 15 days, proteins within 41 
ays, and lipids within 77 days. Saturated lipids have been 
hown to be highly resistant to degradation. Gašparovi ć 
t al. (2016 , 2018) found an increase in saturated lipids 
f up to 30-fold from the surface to abyssal depths (4800 
) of the North Atlantic, while at the same time partic- 
late organic carbon decreased by 90%. Membrane lipids, 
uch as phospholipids and glycolipids, are indicators of liv- 
ng organisms, free fatty acids can indicate degradation pro- 
esses, while the ratio between specific lipid classes can 
erve as an indicator of organisms’ adaptation to changes in 
nvironmental conditions ( Derieux et al., 1998 ; Gašparovi ć 
t al., 2014 , 2016 ; Gerin and Goutx, 1994 ; Goutx et al.,
003 ; Novak et al., 2019 ). Lipids are also an important
actor in carbon sequestration in the ocean — their buoy- 
ncy contributes to their surface activity, facilitating both 
heir accumulation at the sea surface and their adsorption 
o sinking particles, which transports them to deeper lay- 
rs ( Gašparovi ć et al., 2016 ; Novak et al., 2019 ). Some or-
anic molecules, especially fulvic and humic acids, can ab- 
orb light due to their optically active parts, and are re- 
erred to as chromophoric dissolved organic matter (CDOM), 
 class of molecules additionally including fluorescent dis- 
olved organic matter (FDOM), which can emit part of the 
bsorbed light as fluorescence ( Drozdowska et al., 2015 ; 
arcinek et al., 2020 ). As an important optical constituent 
f seawater, CDOM absorbs primarily in the ultraviolet to 
he blue spectral region and can absorb up to 90% of so- 
ar radiation in the 400—500 nm spectral range in coastal 
aters, which can affect primary production ( Arrigo and 
rown, 1996 ; Belanger et al., 2008 ; Zhao et al., 2018 ). Op-
ical characterization methods of OM provide a rapid and 
eliable way to detect and identify dissolved organic matter 
DOM) and additionally give insight into DOM transforma- 
ion processes ( Drozdowska et al., 2017 ; Stedmon et al., 
003 ) such as DOM removal through photodegradation or 
icrobial activities ( Lei et al., 2020 ). This is particularly 

mportant for coastal areas with intense riverine inputs 
nd high primary production, where optical characteriza- 
ion can help distinguish between DOM of marine and terres- 
rial origin ( Coble, 1996 ; Drozdowska, 2007 ; Marcinek et al., 

http://creativecommons.org/licenses/by/4.0/
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Ż
i
f
L
w
t

B
i
a  

b
(
s
P
p  

a
t
t
M
o
p  

a
a
2
2
c
f
i

2
S
O
t
s  

N
u
(  

w
5
i
f
o
a
l
a
i  

s
i
s
i
t
d
f
(  

o
s
d
t
p
t
u
o
A
s
s
A
t
t
l

020 ). Biotic and abiotic OM processing at the air—sea inter- 
ace impacts the ocean carbon cycle ( Johannessen et al., 
001 ) and leads to the formation of volatile organic com- 
ounds (VOC), which are potential precursors for secondary 
rganic aerosols (SOA) that strongly influence cloud for- 
ation and contribute to Earth’s solar radiation balance 

 Bruggemann et al., 2018 ; Mayer et al., 2020 ). The men- 
ioned processes, such as air—water gas exchange, carbon 
equestration, VOC formation and others, are of global im- 
ortance, and are all affected by OM distribution and pro- 
essing, with different OM classes playing their own impor- 
ant roles in the exchange of energy and matter between 
he sea and the atmosphere. Therefore, characterization of 
he marine OM, especially considering the air-sea interface, 
s essential to deepen our understanding of the feedback 
etween these two largest environmental niches. 
In this study, we primarily focused on investigating the 

inks between different organic matter classes within the 
ML and the underlying water (ULW) at 1 m depth, in the 
ulf of Gda ńsk, a coastal area in the southern part of the 
altic Sea, influenced by the Vistula River. This study is an 
xtension of the work of Drozdowska et al (2017) , which 
ompared the spectroscopic and fluorescence properties of 
ML and ULW samples during three different field campaigns 
in April 2015, October 2015, and September 2016) collected 
t the same transect. During the October 2015 campaign, in 
ddition to CDOM and FDOM analysis, additional character- 
zation of OM in the SML and ULW was performed, namely 
AS, particulate organic carbon (POC), and particulate lipids 
nd their classes, with the aim of further exploring the spe- 
ific links between different OM groups and properties, in 
ddition to considering the influence of wind, an important 
river of the physical and biogeochemical properties of SML. 
hus, the objectives of this study were i) to investigate the 
roperties and spatial distribution of different types of OM 

n the SML and ULW in a transect in the Gulf of Gda ńsk en-
ompassing the Vistula River plume, ii) to identify sources 
f OM, iii) to identify processes responsible for the distribu- 
ion of OM and to evaluate the influence of winds on the es- 
ablishment of SML, and iv) to investigate the relationships 
etween the OM optical properties and OM surface activity. 

. Material and methods 

.1. Study area 

he study area included a transect in the southern Baltic 
ea, more specifically in the Gulf of Gda ńsk, starting at the 
istula River mouth and extending about 47 km toward the 
pen sea ( Figure 1 , Table S1). The brackish Baltic Sea is 
haracterised by a high water residence time due to poor 
xchange with the North Sea through the Danish Straits 
 Szymczak- ̇Zyła et al., 2019 ). This and its large catchment 
rea make it vulnerable to eutrophication, anoxia, and the 
mpacts of pollutants ( P ̧e dzi ński and Witak, 2019 , Szymczak- 
yła et al., 2019 ). Between the early and late 20 th century 
ntensive inputs of nitrogen and phosphorus increased four- 
old and eightfold, respectively ( Glasby and Szefer, 1998 ; 
arsson et al., 1985 ), promoting eutrophication, reducing 
ater transparency, and causing a shift from macrophyte- 
o phytoplankton-dominated systems in some areas of the 
633 
altic Sea ( Andrén, 1999 ). Vistula River, the longest river 
n the Baltic Sea catchment, with a length of 1047 km and 
n average flow of 1080 m 

3 s —1 ( Buszewski et al., 2005 ),
rings the largest amounts of total nitrogen and phosphorus 
about 65 and 60%, respectively) ( HELCOM, 2018 ) and, de- 
pite recent reductions in nutrient inputs ( HELCOM, 2018 ; 
astuszak et al., 2012 ), contributes to eutrophication, es- 
ecially in the Gulf of Gda ńsk area. The Gulf of Gda ńsk is
 highly eutrophic area with large-scale growth of filamen- 
ous brown algae, extensive summer blooms of cyanobac- 
eria, and high Chl a concentrations ( Kruk-Dowgiallo, 1996 ; 
azur-Marzec et al., 2006 ). Due to the considerable input 
f terrestrial OM, which affects its optical and biological 
roperties ( Kowalczuk et al., 2006 ), the Gulf of Gda ńsk has
lso been recognized as a sink for particulate matter of both 
utochthonous and allochthonous origin ( Drozdowska et al., 
002 ; Drozdowska and Fateyeva, 2013 ; Maksymowska et al., 
000 ; Piskozub et al., 1998 ). The dynamic conditions of this 
oastal area make it particularly interesting as a study site 
or the characterisation of different OM classes and their 
nteractions. 

.1.1. Sampling and sample treatment 
ampling was conducted at nine stations ( Figure 1 ) between 
ctober 15 th and 16 th , 2015. The exact locations of the sta- 
ions, indicted by W1—W9, are given in Table S1. The ULW 

amples were collected from a depth of 1 m, using a 10 L
iskin water sampler, while the SML samples were collected 
sing a 50 × 50 cm stainless steel Garret net, mesh size 18 
a wire thickness 0.36 mm and the mesh eye size 1 mm),
hich approximates the thickness of the collected SML to 
00 μm. The SML sampling procedure is described in detail 
n Drozdowska et al. (2017) and in the Supplementary In- 
ormation (Figure S1). Briefly, samples were collected from 

nboard the r/v Oceania , by vertically immersing the screen 
nd waiting for the microlayer to stabilize before carefully 
ifting the screen horizontally through the water surface at 
 speed of approximately 5—6 cm s —1 . In windy conditions, 
t is necessary to hold the ship bow to wind, so that the
crew — astern and about 1 m below the water surface —
s idling, i.e. spinning slowly, but this does not disturb the 
tability of the surface water amidships. Exceptionally, dur- 
ng water sampling on this cruise, in high wind conditions, 
he ship was oriented with its head to the wind to minimize 
isturbance of the wind field and potential contamination 
rom the ship, while samples were collected from the bow 

 Sabbaghzadeh et al., 2017 ; Salter et al., 2011 ). The shape
f the hull of r/v Oceania , tapering downwards, allows the 
urface water to be reached by the Garret Screen from a 
istance of approximately 1—3 m from the ship’s side, fur- 
her minimizing potential contamination. The samples were 
oured into polyethylene bottles through a special slit in 
he screen frame. Aliquots of the collected samples were 
sed for the determination of SAS, which were determined 
n board immediately after sampling and without filtration. 
liquots collected for absorbance and fluorescence mea- 
urements were placed unfiltered in dark containers and 
tored at 4 °C until measurement within 48 h of sampling. 
liquots for particulate lipid measurements were first fil- 
ered through a metal mesh with a pore size of 200 μm 

o avoid sampling organisms larger than phytoplankton and 
arge organic particles. Samples were then filtered through 
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Figure 1 Sampling stations (W1—W9) in the Gulf of Gda ńsk, the southern Baltic Sea. Map made with QGIS (QGIS Development 
Team 2018; http://qgis.osgeo.org , accessed on November 12th, 2021). 
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lass fibre filters with a pore size of 0.7 μm (GF/F What- 
an, Buckinghamshire, UK). The filters were then placed 

n cryotubes, frozen in liquid nitrogen and stored at —20 °C 

ntil analysis. Prior to use, the filters were pre-burned at 
50 °C for 4 hours to remove possible organic contaminants. 
he same filter types and storage procedure were used to 
ollect the POC samples. All glassware used for filtration 
as washed with chromicsulfuric acid and rinsed with ul- 
rapure water (Merck Millipore, Burlington, Massachusetts, 
SA) to avoid organic contaminants. Salinity and sea surface 
emperature were measured during sampling at a depth of 
.6—0.9 m, using a CTD probe (SeaBird SBE 49, Bellevue, 
ashington, USA). 

.1.2. Statistical analysis 
earson’s correlation coefficient matrix was used to test 
orrelations between different parameters, while two- 
ample t-test was used to test for significant differences 
etween datasets means. Statistical analysis was done in 
rigin 7 (Origin Lab, USA). 
634 
.2. Organic matter analysis 

.2.1. Particulate organic carbon analysis 
OC was determined using an SSM-5000A solid sample mod- 
le, connected to a TOC-VCPH (Shimadzu, Japan) carbon 
nalyser calibrated with glucose. Samples were acidified 
ith 2 mol L —1 HCl, to remove the inorganic carbonate 
raction, folded, and placed in alumina ceramic sample 
oats, followed by drying at 50 °C for 12 hours ( Giani et al.,
005 ; Ryba and Burgess, 2002 ). The samples were then 
urned at 900 °C in a stream of oxygen. The produced CO 2 

s detected using a non-dispersive infrared (NDIR) detector. 
OC concentrations were corrected using measurements of 
lank filters, which were subjected to the same procedure 
s the samples. The value obtained by the average filter 
lank, which includes the instrument blank, is 5 μg C L —1 

he calibration was made with glucose standards in the 
ange between 0 and 200 μg organic carbon, giving the 
eproducibility of the method of 3% and a limit of detection 
f 5 μg C L —1 . 

http://www.qgis.osgeo.org
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.2.2. Chromophoric and fluorescent organic matter 
nalysis 
he results of chromophoric and fluorescent analysis of or- 
anic matter have already been published in the study by 
rozdowska et al. (2017) , where more details on the ana- 
ytical procedures can be found, but are also briefly pre- 
ented here. Samples collected for CDOM and FDOM analy- 
is were not filtered, to characterise the total OM and to 
aintain consistency with SAS determination, as it is as- 
umed that filtration removes a significant amount of sur- 
actants ( Schneider-Zapp et al., 2013 ). In previous studies, 
e observed that the differences between filtered and non- 
ltered samples were in the short UV and far VIS ranges, but 
id not cause significant changes in the absorption indices, 
s these were based on the relative differences between the 
alues of a CDOM ( λ) determined between the two affected 
anges ( Drozdowska et al., 2017 ). Moreover, filtration af- 
ects the fluorescence spectral bands only for the protein- 
ype T component, with the differences being the same for 
ML and ULW ( Drozdowska et al., 2018 , 2017 ). Being aware 
f the limitations of the methods used, we decided to con- 
uct the measurements on the unfiltered samples but to 
eep the CDOM and FDOM nomenclature ( Drozdowska and 
ózefowicz, 2015 ). 
Absorbance measurements were carried using a Perkin 

lmer Lambda 650 spectrophotometer (Perkin Elmer, 
altham, Massachusetts, USA). The uncertainty of the 

nstrument for the absorbance signal is less than 0.001. For 
 10 cm path length quartz cuvette, the systematic error of 
he measurement on the spectrophotometer is constant and 
s 0.023 cm 

—1 . The recorded spectral range was between 
40 and 700 nm using ultrapure water as the reference sig- 
al. The recorded absorbance A( λ) spectra were processed 
o obtain CDOM absorption coefficients curves a CDOM ( λ), 
 

—1 . Next, a non-linear least-squares fitting method was 
pplied ( Stedmon et al., 2000 ) to calculate the spectral 
lope coefficient (S �λ) in two spectral ranges: 275—295 and 
50—400 nm, S 275—295 and S 350—400 , respectively. The ratio of 
he two spectral slope coefficients, S 275—295 and S 350—400 , is 
nown as the slope ratio (S R ) and serves as an indicator of 
he molecular weight and source of OM; higher molecular 
eight molecules, which are also more likely to be of 
llochthonous origin, have a low S R ( Helms et al., 2008 ). 
he standard deviations (SD) of S 275—295 and S 350—400 did not 
xceed 2% of their values, while the maximum uncertainty 
f the measurement and SD of S R did not exceed 6% and 3%, 
espectively. 
Fluorescence excitation emission matrix (EEM) spectra 

ere obtained using a Cary Eclipse scanning spectrofluorom- 
ter (Agilent Technologies, Santa Clara, California, USA), 
ith samples measured in a 1 cm path length quartz cu- 
ette. A series of emission scans (280—600 nm at 2 nm reso- 
ution) were measured over an excitation wavelength range 
etween 250 and 500 nm in 10 nm increments. To standard- 
ze fluorescence intensity measurements to Raman units, RU 

 Murphy et al., 2010 )., i.e., to ensure comparability of re- 
ults, a scan of ultrapure water is performed on each mea- 
urement day. The EEM spectrum of the ultrapure water al- 
ows control of instrument parameters and to count the en- 
rgy of the Raman scattering band between 375-425 nm, 
or the spectrum excited at 350 nm. The calculated value is 
635 
sed to correct the EEM spectra of the SML and ULW water 
amples. 

.2.3. Lipid analysis 
ipid material collected on GF/F filters was extracted 
y using a modified procedure described by Bligh and 
yer (1959) , with n-hexadecanone added as an external 
tandard for calculating the sample recovery. The detailed 
rocedure is explained in Gašparovi ć et al. (2014 , 2015 , 
017 ) and is briefly presented here. Lipid extracts were 
vaporated to dryness under a stream of nitrogen and redis- 
olved in 14 to 20 μL of dichloromethane. Aliquots of 2 uL 
f the redissolved sample were spotted onto silica-coated 
uartz thin-layer chromatography rods, where the samples 
ere developed in a series of seven developing baths with a 
ixture of increasingly polar organic solvents. After devel- 
pment, lipids were analysed using a thin layer chromatog- 
aphy — flame ionization detector (TLC-FID) Iatroscan MK- 
I (Iatron, Japan) at a hydrogen flow rate of 160 ml min —1 

nd an air flow rate of 2000 ml min —1 , and quantified using
xternal calibration with lipid class standards. Each sam- 
le was analysed between two and four times. Limits of 
etection (LODs) were determined as the analyte concen- 
rations corresponding to a signal-to-noise (S/N) ratio of 3. 
he lipid classes analysed and their LODs are as follows: 
ydrocarbons (HC), LOD = 0.10 μg; triacylglycerols (TG), 
OD = 0.20 μg, wax and steryl esters (WE), LOD = 0.10 
g; fatty acid methyl esters (ME), LOD = 0.22 μg; ketones 
KET), LOD = 0.25 μg; free fatty acids (FFA), LOD = 0.15 
g; fatty alcohols (ALC), LOD = 0.20 μg; 1,3-diacylglycerols 
1,3 DG), LOD = 0.33 μg; sterols (ST), LOD = 0.15 μg; 1,2-
iacylglycerols (1,2 DG), LOD = 0.15 μg; pigments (PIG), 
OD = 0.25 μg; monoacylglycerols (MG), LOD = 0.15 μg; 
onogalactosyldiacylglycerols (MGDG) LOD = 0.23 μg, di- 
alactosyldiacylglycerols (DGDG), LOD = 0.21 μg; sulfo- 
uinovosyldiacylglycerols (SQDG), LOD = 0.06 μg; mono- 
nd di-phosphatidylglycerols (PG), LOD = 0.27 μg, phos- 
hatidylethanolamines (PE), LOD = 0.11 μg; and phos- 
hatidylcholines (PC), LOD = 0.14 μg. The percent recov- 
ries of the samples were calculated from the ratio of 
he recovered n-hexadecanone mass and the theoretical n- 
exadecanone mass originally added to the sample. The re- 
overy averaged 117 ± 16%. The final concentration of par- 
iculate lipid (C) was then calculated based on the mass of 
ipid (m) obtained with the calibration equations, the vol- 
me of the sampled seawater (V sample ), the percentage of 
he spotted sample (% spotted), and the lipid recovery (% 

ecovery) using the following equation: 

 = 

( m × 100 ) / ( % spot t ed ) 
V sample 

x 100 

% r ecover y 
(1) 

.2.4. Surface—active substances analysis 
urface-active substances were determined electrochem- 
cally by alternating current (AC) voltammetry ( ́Cosovi ć, 
005 ; Ćosovi ć and Vojvodi ć, 1998 ) using a portable poten-
iostat (Palmsens, Houten, The Netherlands). The three- 
lectrode system consisted of a hanging mercury drop work- 
ng electrode, an Ag/AgCl (3M KCl) reference electrode, 
nd a platinum wire counter electrode. Only the capacitive 
omponent of the current is measured by AC voltammetry 
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Figure 2 Sea surface temperature (A) and salinity (B), along with average wind speed (C) recorded throughout the field campaign 
and the transect. 

Figure 3 The CDOM absorption coefficient at 254 nm, a CDOM (254) (A) and spectral slope ratio (S R ) (B) determined for sea surface 
microlayer (SML) (circles) and underlying water (ULW) (squares) samples. 
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nd the concentration of SAS is estimated from calibration 
urves obtained with a nonionic surfactant Triton-X-100 (T- 
-100), which serves as a good model compound ( Frka et al., 
009 ). Calibration was performed in 0.5 M NaCl, and the de- 
ermined LOD of the method was 0.07 mg L —1 eq. Triton X- 
00. The ionic strength of the samples was adjusted to 0.5 
 by adding saturated NaCl before the measurements. 

. Results 

.1. Oceanographic parameters 

ata on sea surface temperature and salinity, along with 
ind speed are shown in Figure 2 . The lowest temperatures, 
2.1 and 12.5 °C, were measured at stations W1 and W2, 
hich are closest to the river mouth. Thereafter, a slight 
ncrease was observed, and the temperature remained be- 
ween 13.2 and 13.4 °C throughout the transect. Salinity 
636 
as lowest near the river mouth at stations W1 and W2, at 
bout 7.1, which is, however, higher than expected for the 
istula Estuary and indicates a strong mixing of the fresh 
nd seawater ( Drozdowska et al., 2017 ; Schiewer and Sch- 
rnewski, 2002 ). This was to be expected as meteorological 
onditions in October 2015 just prior to the field campaign 
ncluded a strong northerly wind blowing from the open 
altic Sea to the coast of Poland, which changed to predom- 
nantly easterly winds throughout the field campaign. The 
resence of easterly/south-easterly winds and westerly sur- 
ace currents (Figure S2) may have shifted the Vistula plume 
o the west of the studied transect. Therefore, the influence 
f the river was difficult to discern. Only the slightly lower 
alinity at stations near the river mouth, e.g., W1 and W2, 
ndicated the influence of the Vistula plume. At the times 
f sampling, which was performed mainly in the afternoon 
ours (Table S1), wind speed varied between 5.7 m s —1 and 
0.7 m s —1 with values mostly above 8.5 m s —1 . The low-
st wind speed was observed after a calm night between 
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Figure 4 Fluorescence intensities of main FDOM components (A and B) and percentage composition of terrestrial UV humic-like 
substances (A), terrestrial visible humic-like substances (C), marine humic-like substances (M), and proteinaceous substances (T) (C 
and D) of the sea surface microlayer (SML) (A and C) and underlying water (ULW) (B and D) throughout the transect. 
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ctober 15 th and 16 th , which resulted in sample W5 being 
ampled during the calmest conditions of the field campaign 
 Figure 2 ). 

.2. Chromophoric organic matter 

ased on the UV/VIS spectra of SML and ULW samples, the 
bsorption coefficients at 254 nm (a CDOM (254)) were deter- 
ined ( Figure 3 ), which are specific for aromatic molecules 
bsorbing at this wavelength. The highest a CDOM (254) in SML 
as determined at station W1, followed by a significant de- 
rease at W2, with the lowest a CDOM (254) determined at sta- 
ion W9, farthest from the Vistula River. A similar distribu- 
637 
ion was observed in the ULW, with the highest a CDOM (254) 
etermined at W1, and a significant decrease at W2, which 
as in fact the lowest observed a CDOM (254) value in the ULW. 
he slope ratio (S R ) in the SML ranged from 1.20 at station
1 to 1.36 at stations W3 and W4, while in ULW the lowest
atio was also observed at station W1 (1.17) and the highest 
t W8 (1.37). 
Fluorescence intensities and contribution of each com- 

onent to FDOM composition in the SML and ULW are 
hown in Figure 4 . Fluorescence intensities of the major 
DOM components: A, C, M and T, expressed in Raman 
nits (R. U.), are used as proxies of the different FDOM 

ypes. Peak A is attributed to terrestrial UV humic-like 
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Figure 5 Distribution of surface-active organic substances (SAS) in the sea surface microlayer (SML) (circles) and underlying water 
(ULW) (squares) (A) and SAS enrichment factors (B) throughout the transect. 
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classes determined in the SML and ULW. POC concentrations 
ubstances (ex./em. — excitation and emission — 250/437 
m); peak C represents terrestrial visible-humic like sub- 
tances (ex./em. 310/429 nm); peak M characterizes marine 
umic-like substances (ex./em. 300/387 nm) and peak T 
epresents proteinaceous substances (ex./em. 270/349 nm) 
 Loiselle et al., 2009 ; Zhang et al., 2013a ). The values of the
M + T):(A + C) ratios are given in Table S2. The ratios allow
n assessment of the relative contribution of DOM recently 
roduced in situ (M + T) to terrestrial humic substances 
A + C), which are characterized by highly complex struc- 
ures with high molecular weight ( Parlanti et al., 2000 ). 
alues of the ratio (M + T):(A + C) > 1 indicate the predom-
nance of autochthonous DOM, while values of < 0.6 indi- 
ate allochthonous/anthropogenic DOM ( Drozdowska et al., 
015 ). 
The levels of FDOM components were only slightly higher 

n the SML than in the ULW. The difference between the 
eans in SML and ULW was not statistically significant ac- 
ording to the two-sample t-test. The percent composition 
f FDOM components varied most within the first 15 km of 
he transect at stations W1—W4, while in the remainder of 
he transect the contributions of each component remained 
airly constant in both SML and ULW. The contribution of 
V humic-like substances (A) averaged 40% in both SML and 
LW. In the SML it ranged from 34% at W1 to 42% at W3 and in
LW from 39% at W3 to 42% at W1. Terrestrial visible humic- 
ike substances (C) contributed an average of 24% in the SML 
nd 23% in the ULW to FDOM composition and were highest 
t W1, near the river mouth, in both SML and ULW. They 
anged from 21% at W3 to 30% at W1 in SML, and from 22%
t W7 to 26% at W1 in ULW. Marine humic-like substances 
M) contributed an average of 22% to the FDOM composition 
f SML and ULW, ranging from 21% at W9 to 26% at W1 in
he SML, and from 21% at W1 to 23% at W2 in the ULW. The
ontribution of proteinaceous material (T) was distributed 
ifferently compared to other components. At station W1, 
heir contribution was lowest in both SML and ULW, 10% and 
638 
1%, respectively, while the highest contribution was found 
t station W4, 18% and 17% in the SML and ULW, respectively. 
he average contribution of proteinaceous material across 
he transect was 15% in both SML and ULW. 

.3. Surface-active substances 

oncentrations of SAS in the SML and ULW throughout the 
ransect are shown in Figure 5 A and listed in Table S2. Con-
entrations in the SML ranged from 0.28 ± 0.01 mg L —1 to 
.60 ± 0.00 mg L —1 in eq. T-X-100, with an average value of 
.39 ± 0.09 mg L —1 in eq. T-X-100, while in the ULW they 
anged from 0.22 ± 0.02 mg L —1 to 0.47 ± 0.01 mg L —1 in 
q. T-X-100, with an average value of 0.32 ± 0.07 mg L —1 in 
q. T-X-100. The highest concentrations were determined 
t the river mouth, at station W1, and the lowest at sta- 
ion W6, in both the SML and ULW. A statistically significant 
ositive correlation was found between the concentration 
f SAS in the SML and in the ULW (r = 0.937, p < 0.001). 
The enrichment factor (EF), defined as the ratio of SAS 

oncentrations determined in the SML and ULW, showed that 
ll SML samples were enriched in SAS ( Figure 5 B). Enrich- 
ent factors ranged from 1.0 to 1.4 ( Table 2 ), with the low-
st EF observed at station W4 and the highest at station W9, 
hich is farthest from the river mouth ( Figure 5 B). 

.4. Particulate organic carbon and particulate 

ipids 

he distribution of POC and particulate lipids in the SML 
nd ULW and the corresponding EFs are shown in Figure 6 . 
he POC value determined at station W4 was extremely 
ow (0.004 mg L —1 ), suggesting measurement error, and 
as therefore not considered in further analysis. Table 1 
hows the concentrations of total particulate lipids and lipid 
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Table 1 Concentrations of particulate total lipids and lipid classes ( ± SD) in the sea surface microlayer (SML) and underlying (ULW) in the analyzed transect. 

SML ( μg L —1 ) 

Station Membrane lipids Intracellular reserve lipids Degradation indices 

Total HC ST PIG MGDG DGDG SQDG PG PE PC WE ME TG FFA ALC 1,3 DG 1,2 DG MG 

W1 37.30 ±
1.79 

4.07 ±
0.35 

1.75 ±
0.02 

0.73 ±
0.04 

1.14 ±
0.02 

1.20 ±
0.04 

4.50 ±
0.23 

5.09 ±
0.60 

3.76 ±
0.46 

0.83 ±
0.12 

2.13 ±
0.29 

0.29 ±
0.09 

3.16 ±
0.02 

5.76 ±
0.56 

0.59 ±
0.07 

0.91 ±
0.01 

1.38 ±
0.27 

0.02 ±
0.00 

W2 35.80 ±
1.82 

2.85 ±
0.09 

1.63 ±
0.14 

0.73 ±
0.06 

3.89 ±
0.45 

1.26 ±
0.07 

5.12 ±
0.61 

4.05 ±
0.21 

2.62 ±
0.04 

0.81 ±
0.02 

1.25 ±
0.13 

0.12 ±
0.05 

3.39 ±
0.60 

5.82 ±
0.56 

0.51 ±
0.05 

0.45 ±
0.16 

1.29 ±
0.08 

0.02 ±
0.00 

W3 28.16 ±
1.48 

1.87 ±
0.11 

1.35 ±
0.03 

0.78 ±
0.10 

2.81 ±
0.03 

1.61 ±
0.07 

2.41 ±
0.38 

5.36 ±
0.32 

2.07 ±
0.09 

0.67 ±
0.06 

0.59 ±
0.10 

0.23 ±
0.01 

3.15 ±
0.24 

3.58 ±
0.49 

0.58 ±
0.08 

0.53 ±
0.05 

0.53 ±
0.02 

0.05 ±
0.02 

W4 27.82 ±
1.58 

1.75 ±
0.02 

1.17 ±
0.05 

1.29 ±
0.14 

1.67 ±
0.06 

1.79 ±
0.25 

3.63 ±
0.05 

5.35 ±
0.71 

2.04 ±
0.03 

0.79 ±
0.10 

0.54 ±
0.21 

0.19 ±
0.11 

1.12 ±
0.22 

4.69 ±
0.42 

0.95 ±
0.02 

0.38 ±
0.07 

0.44 ±
0.03 

0.03 ±
0.00 

W5 30.65 ±
1.94 

4.41 ±
0.40 

1.15 ±
0.03 

0.70 ±
0.11 

1.83 ±
0.10 

1.94 ±
0.20 

5.70 ±
0.48 

4.69 ±
1.03 

2.36 ±
0.10 

0.85 ±
0.12 

0.60 ±
0.13 

0.07 ±
0.02 

0.83 ±
0.03 

3.79 ±
0.80 

0.81 ±
0.08 

0.43 ±
0.04 

0.50 ±
0.10 

0.01 ±
0.00 

W6 33.04 ±
1.70 

2.45 ±
0.25 

1.13 ±
0.20 

0.79 ±
0.13 

6.20 ±
0.47 

1.56 ±
0.16 

5.06 ±
0.39 

5.03 ±
0.30 

1.86 ±
0.06 

0.73 ±
0.01 

1.19 ±
0.04 

0.05 ±
0.02 

1.67 ±
0.13 

3.38 ±
0.31 

0.62 ±
0.10 

0.59 ±
0.07 

0.73 ±
0.24 

0.01 ±
0.00 

W7 34.99 ±
2.12 

2.21 ±
1.18 

1.29 ±
0.04 

1.08 ±
0.27 

6.23 ±
0.14 

1.95 ±
0.08 

5.88 ±
0.90 

4.19 ±
0.34 

2.28 ±
0.01 

0.75 ±
0.03 

0.78 ±
0.16 

0.26 ±
0.09 

1.18 ±
0.24 

4.83 ±
0.39 

0.96 ±
0.34 

0.44 ±
0.21 

0.67 ±
0.07 

0.01 ±
0.00 

W8 34.20 ±
1.69 

2.22 ±
0.08 

1.25 ±
0.06 

1.08 ±
0.14 

4.13 ±
0.32 

1.69 ±
0.06 

5.78 ±
0.43 

5.29 ±
0.03 

1.90 ±
0.17 

0.96 ±
0.02 

0.77 ±
0.11 

0.19 ±
0.13 

1.10 ±
0.19 

5.73 ±
0.75 

0.98 ±
0.01 

0.42 ±
0.08 

0.68 ±
0.27 

0.01 ±
0.00 

W9 31.44 ±
1.96 

2.16 ±
0.21 

1.35 ±
0.15 

0.92 ±
0.38 

3.42 ±
0.23 

1.80 ±
0.42 

5.37 ±
0.84 

3.85 ±
0.55 

0.95 ±
0.03 

0.61 ±
0.09 

0.79 ±
0.05 

0.36 ±
0.00 

2.86 ±
0.05 

5.24 ±
0.51 

0.61 ±
0.30 

0.44 ±
0.01 

0.69 ±
0.03 

< LOD 

ULW ( μg L -1 ) 

Station Membrane lipids Intracellular reserve lipids Degradation indices 

Total HC ST PIG MGDG DGDG SQDG PG PE PC WE ME TG FFA ALC 1,3 DG 1,2 DG MG 

W1 22.73 ±
1.42 

1.54 ±
0.05 

1.04 ±
0.06 

0.43 ±
0.22 

1.10 ±
0.02 

0.79 ±
0.21 

4.32 ±
0.01 

3.33 ±
0.26 

3.03 ±
0.07 

0.62 ±
0.01 

0.62 ±
0.06 

0.11 ±
0.05 

0.91 ±
0.04 

3.31 ±
0.61 

0.41 ±
0.00 

0.58 ±
0.06 

0.54 ±
0.28 

0.01 ±
0.00 

W2 28.66 ±
1.61 

1.50 ±
0.09 

1.86 ±
0.11 

0.47 ±
0.02 

1.18 ±
0.21 

1.08 ±
0.14 

5.07 ±
0.04 

3.81 ±
0.29 

3.46 ±
0.48 

1.00 ±
0.14 

0.21 ±
0.01 

0.10 ±
0.03 

1.81 ±
0.50 

5.70 ±
0.36 

0.43 ±
0.08 

0.29 ±
0.01 

0.66 ±
0.07 

0.02 ±
0.00 

W3 25.03 ±
1.58 

1.48 ±
0.05 

1.06 ±
0.18 

1.11 ±
0.01 

2.41 ±
0.24 

1.64 ±
0.13 

2.44 ±
0.55 

5.75 ±
0.42 

1.72 ±
0.22 

0.88 ±
0.03 

0.22 ±
0.01 

0.18 ±
0.10 

1.08 ±
0.19 

3.43 ±
0.01 

0.91 ±
0.28 

0.35 ±
0.05 

0.33 ±
0.03 

0.05 ±
0.01 

W4 26.05 ±
1.20 

1.47 ±
0.15 

1.09 ±
0.06 

1.63 ±
0.23 

1.81 ±
0.08 

1.90 ±
0.07 

2.93 ±
0.03 

5.36 ±
0.04 

2.21 ±
0.15 

0.74 ±
0.04 

0.24 ±
0.02 

0.25 ±
0.00 

0.96 ±
0.23 

3.66 ±
0.24 

0.93 ±
0.07 

0.44 ±
0.01 

0.42 ±
0.01 

0.02 ±
0.00 

W5 21.50 ±
1.86 

1.28 ±
0.37 

0.75 ±
0.19 

0.85 ±
0.20 

1.20 ±
0.14 

1.27 ±
0.10 

5.11 ±
0.50 

4.28 ±
0.70 

1.78 ±
0.09 

0.63 ±
0.08 

0.27 ±
0.09 

0.03 ±
0.04 

0.62 ±
0.06 

2.13 ±
0.59 

0.63 ±
0.09 

0.23 ±
0.09 

0.44 ±
0.13 

0.01 ±
0.00 

W6 28.48 ±
2.72 

1.64 ±
0.45 

0.90 ±
0.15 

0.70 ±
0.22 

1.38 ±
0.43 

1.84 ±
0.09 

5.79 ±
1.39 

6.92 ±
3.05 

2.28 ±
0.40 

0.51 ±
0.02 

0.45 ±
0.23 

0.16 ±
0.09 

0.50 ±
0.08 

3.83 ±
0.13 

0.73 ±
0.24 

0.30 ±
0.18 

0.54 ±
0.24 

0.01 ±
0.00 

W7 29.35 ±
2.24 

1.69 ±
0.53 

1.07 ±
0.15 

1.08 ±
0.21 

2.78 ±
0.18 

1.84 ±
0.07 

5.79 ±
0.44 

5.57 ±
0.39 

2.24 ±
1.05 

0.86 ±
0.12 

0.20 ±
0.15 

0.03 ±
0.05 

0.68 ±
0.22 

3.86 ±
1.07 

1.00 ±
0.21 

0.22 ±
0.12 

0.44 ±
0.05 

0.01 ±
0.00 

W8 23.26 ±
1.36 

1.20 ±
0.04 

0.78 ±
0.11 

1.27 ±
0.46 

1.65 ±
0.10 

1.35 ±
0.05 

4.05 ±
0.21 

3.55 ±
0.03 

1.92 ±
0.14 

0.51 ±
0.02 

0.95 ±
0.11 

0.21 ±
0.03 

0.43 ±
0.02 

3.69 ±
0.42 

1.08 ±
0.07 

0.25 ±
0.02 

0.37 ±
0.04 

0.01 ±
0.00 

W9 30.65 ±
2.71 

1.98 ±
0.02 

0.88 ±
0.06 

1.45 ±
0.04 

4.98 ±
1.20 

1.82 ±
0.35 

6.08 ±
0.71 

3.47 ±
0.40 

1.15 ±
0.16 

0.77 ±
0.17 

0.39 ±
0.20 

0.13 ±
0.10 

1.64 ±
1.24 

4.77 ±
2.18 

0.57 ±
0.25 

0.30 ±
0.06 

0.28 ±
0.18 

< LOD 
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Figure 6 The distribution of particulate organic carbon (POC) (A), particulate lipids (B) and the contribution of particulate lipid 
carbon to POC (C) in the sea surface microlayer (SML) (circles) and the underlying water (ULW) (squares), along with the enrichment 
factors (EF) of POC (D) and lipids (E) throughout the transect. 
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n the SML ranged from 0.27 mg L —1 to 0.84 mg L —1 , with an
verage value of 0.51 ± 0.17 mg L —1 , while they were sig- 
ificantly lower in the ULW (two-sample t-test, p = 0.001), 
ith an average value of 0.27 ± 0.05 mg L —1 and ranging 
rom 0.20 mg L —1 to 0.37 mg L —1 . The lowest POC values 
n the SML were determined at stations W1—W3, while the 
ighest POC concentrations in the ULW were found at the 
ame stations. POC was enriched in the SML at all stations 
1.3—3.0) except station W2 (0.8), with an average enrich- 
ent factor of 1.9 ± 0.7 and an increasing trend from the 
iver mouth toward the open sea. 
The average concentration of particulate lipids in the 

ML was 32.60 ± 3.32 μg L —1 , ranging from 27.82 ± 1.58 
g L —1 to 37.30 ± 1.79 μg L —1 . In the ULW, the average con-
entration was 26.19 ± 3.26 μg L —1 , much lower than in 
he SML (two-sample t-test, p < 0.001), ranging from 21.50 
1.86 μg L —1 to 30.65 ± 1.94 μg L —1 , with a slightly in- 

reasing trend toward the open sea. Particulate lipids were 
nriched in all SML samples, on average 1.26 ± 0.21, with 
he lowest enrichment at station W9 (1.03) and the highest 
nrichment at station W1 (1.6) ( Figure 6 ). The fraction of 
articulate lipid carbon in POC ranged from 2.8 to 9.0% (av- 
rage 5.1%) in the SML and from 5.3 to 10.4% (average 6.9%) 
n ULW. With the exception of stations W1 and W2, which 
re closest to the river mouth, the contribution of lipids to 
OC was higher in the ULW than in the SML, with a statisti- 
ally significant difference in means, when W1 and W2 are 
xcluded from the analysis (two-sample t-test, p = 0.003) 
640 
 Figure 6 C). The contribution of lipids to POC in the ULW
howed an increasing trend toward the open sea. 
Lipid classes can be divided into three groups based on 

heir functions. Membrane lipids include the phospholipids 
PG, PE and PC) and ST, which are components of planktonic 
lasma membranes ( Cantarero et al., 2020 ), and the glycol- 
pids (GL): MGDG, DGDG, SQDG, and PIG, which are found 
n thylakoid membranes and are indicators of autotrophs 
 Guschina and Harwood, 2009 ). 
Triacylglycerols, WE and ME indicate metabolic reserves 

f phytoplankton and zooplankton ( Arts, 1999 ). Lipid classes 
ncluding FFA, ALC, 1,2 DG, 1,3 DG, and MG indicate lipid 
egradation processes and are referred to as degradation 
ndices ( Goutx et al., 2003 ). The distribution and concen- 
rations of the three groups of lipids are shown in Figure 7 .
embrane lipids were the most abundant group, with an 
verage concentration of 19.94 ± 2.28 μg L —1 in the SML, 
nd 17.78 ± 2.44 μg L —1 in the ULW. Membrane lipids ac- 
ounted for an average of 61 ± 6% of particulate lipids in 
ML and 68 ± 4% in ULW, and statistically significant positive 
orrelations were found between the concentrations of PIG 

r = 0.802, p = 0.009), DGDG (r = 0.677, p = 0.045), SQDG
r = 0.817, p = 0.007), and PE (r = 0.768, p = 0.015) in SML
nd ULW. The average concentration of degradation indices 
n the SML was 6.79 ± 1.25 μg L —1 , while in the ULW it was
.35 ± 0.96 μg L —1 , with a statistically significant difference 
etween the two means (two-sample t-test, p = 0.014). The 
egradation indices accounted for an average of 21 ± 3% 
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Figure 7 Distribution and concentrations of total membrane lipids (GL, PL, ST and PIG) (A), total reserve lipids (WE, ME and TG) 
(B) and total degradation indices (FFA, ALC, 1,2 DG, 1,3 DG, MG) (C) in sea surface microlayer (SML) (circles) and underlying water 
(ULW) (squares) throughout the transect. 
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Figure 8 Lipid:PIG ratios in sea surface microlayer (SML) (cir- 
cles) and underlying water (ULW) (squares) throughout the tran- 
sect. 

t
k
s

s
(  

(
v
m

o
0  

e
a
a
r  
nd 20 ± 3% of particulate lipids in SML and ULW, respec- 
ively. Statistically significant correlations were found be- 
ween the concentrations of ALC (r = 0.762, p = 0.017), 1,3 
G (r = 0.738, p = 0.023), 1,2 DG (r = 0.709, p = 0.032),
G (r = 0.952, p < 0.001) in the SML and ULW. 
The lowest concentrations determined were those of re- 

erve lipids, with an average value of 3.21 ± 1.44 μg L —1 

n the SML and a slightly, but still significantly lower (two- 
ample t-test, p = 0.003) value of 1.48 ± 0.46 μg L —1 in 
he ULW. Reserve lipids accounted for 10 ± 4% and 6 ± 2% 

f the particulate lipids in the SML and ULW, respectively. 
 statistically significant correlation was found between the 
oncentrations of TG (r = 0.754, p = 0.019) in SML and ULW. 
Hydrocarbons are present in living organisms and account 

or approximately 1% of the lipid content of marine microor- 
anisms ( Sargent et al., 1976 ). The concentration of hydro- 
arbons in the particulate fraction ranged from 1.75 to 4.41 
g L —1 in the SML and from 1.20 to 1.98 μg L —1 in the ULW. 
The concentration of glycolipids (MGDS, SQDG and DGDG) 

ncreased toward the open sea, especially in the ULW. Op- 
ositely, the concentration of PL in both SML and ULW de- 
reased slightly with distance from the river mouth. 
The enrichment in SML was observed for all lipid classes, 

ith reserve lipids showing the highest enrichment, e.g., on 
verage there was 2.9 times more WE in the SML than in the 
LW. 
Environmental conditions such as nutrient availability, 

ight conditions, and temperature affect the biochemistry 
f phytoplankton by potentially directing biosynthetic path- 
ays toward the production of different biomolecules, 
.e., protein synthesis is favoured under good, non-stressful 
rowth conditions, while lipid synthesis is favoured under 
tressful conditions ( Gašparovi ć et al., 2014 , Gerin and 
outx, 1994 ). The Lipid:Chl a ratio ( Gerin and Goutx, 1994 ) 
s often used to evaluate the biosynthetic pathways of pho- 
osynthetic communities. Using particulate pigment (PIG) 
oncentration data, which provide a rough estimate of au- 
otrophic plankton biomass, we calculated the ratio of par- 
iculate lipids and PIG in the SML and ULW ( Figure 8 ). The
atio showed a sharp decrease from stations W1—W2 near 
641 
he river mouth to stations W3—W4, which are about 5—10 
m from the river mouth, after which an increase was ob- 
erved toward station W5. 
The statistically significant negative correlations ob- 

erved between S R and the Lipid:PIG ratio in SML 
r = —0.718, p = 0.029) and ULW (r = —0.795, p = 0.010)
 Figure 9 ) point to a possible relationship between the en- 
ironmental conditions of phytoplankton growth and the 
olecular weight of OM produced. 
The PE:PG ratios (indicating the predominant bacterial 

r phytoplankton biomass) (Table S2) ranged from 0.25 to 
.74 in the SML and from 0.33 to 0.91 in the ULW. The high-
st values were observed at stations W1 and W2 in both SML 
nd ULW, followed by a significant decrease at stations W3 
nd W4. Wax esters, indicators of zooplankton, were en- 
iched in the SML compared to the ULW ( Table 2 ). The high-
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Table 2 Concentration ranges of surface-active organic substances (SAS) and the enrichment factor (EF) ranges in the sea surface microlayer (SML) and underlying water 
from 1 m depth (ULW), determined in this study, along with results from other similar studies. 

Location (sampling method) SML thickness ( μm) SAS (mg L −1 eq. T-X-100) EF Reference 

SML ULW 

Baltic Sea; Vistula plume 
(metal screen) 

∼500 0.28—0.60 0.22—0.47 1.0—1.4 This study 

Middle Adriatic; coastal (metal 
screen) 

260 ± 40 0.25 ± 0.06 — 0.79 ±
0.54 

0.06 ± 0.02 — 0.30 ±
0.13 

1.4—5.1 Frka et al., 2009 

W Atlantic; Mauritania (metal 
screen) 

465 ± 34 0.22 ± 0.18 0.16 ± 0.07 1.5 ± 0.7 Barthelmess et al., 2021 

North Sea (metal screen) 65—80 0.15—1.96 0.09—1.70 0.9—1.6 Rickard et al., 2022 
North Sea (metal screen) 65—80 0.08 ± 0.01 — 0.38 

±0.04 
0.09 ±0.02 — 0.28 ±0.01 0.75 ±0.17 — 1.90 ±0.71 Pereira et al., 2016 . 

Norwegian Sea; fjords (metal 
screen) 

100—150 0.12—0.21 0.07—0.14 1.21—2.8 Gašparovi ć et al., 2007 . 

Baltic Sea and North Sea (glass 
discs) 

60—100 0.31 ± 0.03 — 0.60 ±
0.63 

0.13 ± 0.03 — 0.49 ±
0.05 

0.9 ± 0.2 — 3.9 ± 3.3 Ribas-Ribas et al., 2017 

North Sea; Jade bay (glass 
discs) 

∼50—80 0.05—0.81 0.20—0.29 0.6—1.0 Rickard et al., 2019 

N Atlantic; N Pacific, nearshore 
(0-2 km) (glass plate) 

50—120 0.11—4.99 0.5—5.9 Wurl et al., 2011 

N Atlantic; N Pacific, offshore 
(2-20 km) (glass plate) 

50—120 0.11—1.26 0.6—5.0 Wurl et al., 2011 

E Pacific; Santa Barbara 
channel (glass plate) 

50 ± 10 0.21—0.83 0.11 — 0.637 3.6—3.9 Wurl et al., 2009 

Atlantic transect 2014 (metal 
screen) 

0.12—1.00 0.10—0.36 0.95—4.52 Sabbaghzadeh et al., 2017 

Atlantic transect 2015 (metal 
screen) 

0.12—1.76 0.08—0.91 0.97—3.47 Sabbaghzadeh et al., 2017 

642
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Figure 9 Correlation between the slope ratio (S R ) and the 
Lipid:PIG ratio for sea surface microlayer (SML) (circles) and 
underlying water (ULW) (squares) throughout the transect. 
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st concentration of WE was measured in the SML at station 
1, closest to the river mouth. 

. Discussion 

.1. Estimation of river propagation to the Gulf of 
da ́nsk 

n the absence of topographic boundaries, the Vistula Es- 
uary connects freely to the adjacent coastal waters of 
he Gulf of Gda ńsk. The Vistula River plume usually has 
 horizontal extension of approximately 4—30 km from 

he river mouth with a thickness between 0.5 and 12 m 

 Cyberska and Krzymi ński, 1988 ; Grelowski and Wojew- 
dzki, 1996 ), supplying the Gulf of Gda ńsk with terrestrial 
rganic matter. However, the strong northerly winds prior 
nd the easterly winds during the field campaign (Figure 
2) caused a strong mixing of the surface waters, proba- 
ly pushing the Vistula plume westward out of its usual di- 
ection ( Drozdowska et al., 2017 ) and increasing salinity to 
 7 throughout the studied transect. The influence of the 
iver was therefore difficult to discern, and the slight in- 
rease in salinity and decrease in temperature from sta- 
ions W1 and W2 toward the open sea indicated that it 
as mainly confined to the two stations near the river 
outh. As shown by our previous study, which includes this 
October 2015) and two other field campaigns (April 2015 
nd September 2016) along the same transect, the intense 
ixing of fresh and seawater had an impact on the dis- 
ribution of OM, based on analysis of its optical proper- 
ies ( Drozdowska et al., 2017 ). During the April 2015 and 
eptember 2016 campaigns, calm, windless sea conditions 
revailed, and most importantly, a salinity gradient allowed 
s to distinguish between coastal waters under the influ- 
nces of the Vistula River ( < 7) and seawater ( > 7), which
as not the case during the October 2015 campaign (the 
643 
ampaign analysed in this study). The most striking differ- 
nces between April 2015, September 2016 and this cam- 
aign were observed for the stations closest to the river 
outh. The absorption coefficients a CDOM (254) were higher 

n April 2015 and September 2016, than in campaign dis- 
ussed here. The changes in S R values spanned a range three 
imes larger in April 2015 and September 2016 ( Figures 3 A, 
 B, S3 and S4) ( Drozdowska et al., 2017 ). All FDOM compo-
ents had significantly higher intensities in both SML and 
LW in April 2015 and September 2016 compared to this 
ampaign, especially at stations W1 and W2 ( Figures 4 and 
5), likely due to calmer weather conditions that allowed 
or greater influence of riverine material on the surface 
oastal waters. Fluorescence intensities obtained for this 
ampaign in October 2015, were reasonably comparable to 
hose observed in April 2015 and September 2016 only in 
aters with salinity > 7, again indicating the very limited in- 
uence of the Vistula River and a strong seawater intrusion 
n October 2015. However, the contribution of the different 
DOM components determined in April 2015 and September 
016 was not significantly different from those determined 
or this campaign, probably because most of the samples in 
pril 2015 and September 2016 actually had salinity > 7. 
During the October 2015 campaign, significantly higher 

 CDOM (254) in the SML and ULW at station W1 compared to 
ll other stations indicate the strongest presence of river- 
ne chromophoric DOM closest to the river mouth, while 
ower values determined for the two layers at stations W2—
9 indicate the removal of CDOM, probably by photodegra- 
ation/transformation ( Obernosterer et al., 2008 ), as well 
s dilution processes of riverine OM upon entering the Gulf 
 Pereira et al., 2016 ). Similar a CDOM (254) absorption coeffi- 
ient values determined in SML and ULW ( Figure 3 A) con- 
rmed a well-mixed upper water column, although no sta- 
istically significant correlation was found between SML and 
LW values. 

.2. Biogeochemistry of SML and ULW 

n addition to the optical characterisation from the previ- 
us study ( Drozdowska et al., 2017 ), the additional charac- 
erization of OM presented in this study helped reveal some 
iogeochemical processes within the Vistula plume. 
The a CDOM (254), an indicator of the presence of aromatic 

olecules, showed no significant correlation with HC con- 
entrations in SML and ULW, possibly due to the fact that 
his class of lipids was neither highly aromatic nor of anthro- 
ogenic origin, as these mainly have an aromatic structure 
 Patel et al., 2020 ). In addition, HC concentrations were be- 
ow 10 μg L —1 in both SML and ULW, which is another indi-
ation that no significant source of hydrocarbon pollution 
as present. A slight decrease in a CDOM (254) values with an 
ncreasing concentration of SAS observed in the SML, but 
ot in the ULW (Figure S6), suggests that an increase in OM 

urface activity does not necessarily imply an increase in OM 

romaticity, complementing the lack of correlation between 
 CDOM (254 nm) and HC. 

.2.1. High wind does not prevent POC accumulation in 

he SML 

oncentrations of POC in our study were comparable to 
hose in other coastal areas ( Gašparovi ć et al., 2007 , 
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enezi ć et al., 2021 , Stolle et al., 2010 ), but higher 
han those observed in the Atlantic Ocean ( Van Pinx- 
eren et al., 2017 ). Despite high wind speeds, 
e observed POC enrichment at all stations ex- 
ept at W2, although no relationship with wind 
peed was observed. Similar results are obtained by 
an Pinxteren et al. (2017) , who sampled in both low 

2—5) and high ( > 5 m s —1 ) wind conditions. In contrast, 
bernosterer et al. (2008) showed a significant negative 
orrelation between POC enrichment in the SML and wind 
lowing 6 h prior to sampling, where all recorded wind 
peeds were < 3 m s —1 . Stolle et al. (2010) , on the other
and, observed the formation of a slick in the southern 
altic Sea at < 2 ms —1 wind speed, which resulted in very 
igh POC concentrations in the SML ( ≈ 9 mg L —1 ), leading to 
n enrichment factor of up to 26.8. 

.2.2. The active role of surface-active substances in 

he (re)establishment of SML 

he determined concentrations of SAS in the SML and 
LW were comparable to those reported by other au- 
hors using the same analytical method (calibration with 
riton-X-100 as the model compound), for coastal areas, 
ut also for the open sea ( Table 2 ). The same was ob-
erved for the enrichment factors, despite different sam- 
ling techniques, different locations, weather conditions 
nd different thicknesses of the sampled SML. Despite 
igh wind speeds, SAS were enriched in the SML, al- 
hough no statistically significant correlation was found 
etween the two parameters. These enrichments confirm 

he rapid recovery of the SML by transport and accu- 
ulation of OM from the subsurface, as observed ear- 

ier ( Dragi ćevi ć and Pravdi ć, 1981 ; Liss, 1975 ; Wurl et al.,
009 ; Sabbaghzadeh et al., 2017 ). This is particularly ev- 
dent in the case of SAS that have a high affinity for the 
ir/water interface. A high positive correlation was found 
etween SAS concentrations in the SML and ULW, with a sim- 
lar linear dependence (SAS ULW 

= 0.690 x SAS SML + 0.052) 
s derived by Pereira et al. (2016) (SAS ULW 

= 0.766 x 
AS SML + 0.018). Our result supports the observation that 
LW constantly replenishes SAS in the SML ( Cunliffe et al., 
013 ; Pereira et al., 2016 ) and reinforces the discussion 
bout the self-sustainability of the SML with respect to its 
urface activity, even in strong wind conditions. 

.2.3. Lipids, biomarkers of the trophic conditions 
etermined concentrations of particulate lipids in ULW 

21.5—30.6 μg L —1 ) and SML (27.8—37.3 μg L —1 ) are gen- 
rally lower compared to other studies of mostly more olig- 
trophic areas (e.g., Penezi ć et al., 2010 (47.9 μg L —1 par- 
iculate lipids in SML and 46.4 μg L —1 in ULW); Triesch et al., 
021 (concentrations of particulate lipids: 36.4—93.5 μg L −1 

n SML and 61.0—118.1 μg L −1 in ULW)). However, lipid en- 
ichments were observed at all stations ( Figure 6 E). 
Significantly higher concentrations of total lipids, reserve 

ipids, and degradation indices in SML compared to ULW 

 Figures 6 and 7 , Table 1 ) indicated a richer plankton com-
unity in the SML than in the ULW, although non-living OM 

ay have contributed to both POC and lipid pools. This sug- 
ests the Baltic SML as the layer of more favourable trophic 
onditions for plankton development. The SML enrichment 
644 
f reserve lipids ( Figure 7 B) suggests that the plankton in 
he SML grew under more stressful conditions compared to 
he ULW, because these lipids are known to accumulate 
n phytoplankton under adverse environmental conditions, 
hereas optimal phytoplankton growth usually results in 
ower lipid cell content ( Bourguet et al., 2009 ; Novak et al.,
019 ; Sharma et al., 2012 ). In particular, conditions such 
s lack of nutrients, as well as an increase in temperature 
an influence lipid composition and production, which usu- 
lly leads to an accumulation of lipids ( Novak et al., 2018 ;
harma et al., 2012 ). The observed increase in GL con- 
entration with increasing distance from the river mouth, 
specially evident in the ULW, can be related to the ex- 
ected decrease in nutrient concentration at greater dis- 
ance from the Vistula Estuary ( Pastuszak et al., 2012 ) and 
oints to one of the adaptive mechanisms of phytoplank- 
on to low nutrient conditions, namely intensified synthesis 
f phosphorus- and nitrogen-free molecules such are gly- 
olipids MGDG, SQDG, and DGDG ( Frka et al., 2011 ). On 
he other hand, the decreasing concentrations of PL with 
ncreasing distance from the river mouth indicate a lower 
vailability of phosphorus, since the synthesis of phospho- 
ipids depends on P availability. 

The trophic conditions of a system can also be indicated 
y the contribution of particulate lipids to POC, which can 
xceed 30% in oligotrophic conditions ( Frka et al., 2011 ; 
ari ć et al., 2013 ; Gašparovi ć et al., 2014 ). The low contri-
ution of lipids to POC found in this study ( Figure 6 c), as low
s 2.8% and predominantly less than 10%, is more character- 
stic for eutrophic areas. The change in trophic conditions 
long the transect was observed by an increasing contribu- 
ion of lipids in the POC with increasing distance from the 
iver mouth observed in the ULW. In the ULW the contribu- 
ion of lipid to POC was generally higher than in the SML, 
specially at stations W3 to W9. The lower contribution of 
ipids to POC observed in SML suggests that nutrients were 
ore available to phytoplankton in the SML than in the ULW, 
xcept at stations close to the river mouth (W1 and W2). 
his is plausible considering that OM degradation and rem- 
neralization are faster in SML due to biotic (bacteria) ( Tank 
t al., 2011 ; Zhang et al., 2013b ) and especially abiotic 
photooxidation and autoxidation by free radical-mediated 
xidation ( Rontani and Belt, 2020 )) processes. Higher con- 
entrations of lipid degradation indices in SML ( Figure 7 c) 
onfirm higher OM degradation and remineralization in this 
ayer, while the presence, but not the enrichment, of bac- 
erial biomarker PE in SML confirms the importance of the 
imultaneous effects of abiotic OM processing in the SML 
 Table 2 ). In addition, according to Reinthaler et al. (2008) ,
acterial growth in the SML is low and bacterioneuston only 
aintains its cellular mass, while Stolle et al. (2010) found 
hat the productivity of the bacterioneuston is not, or only 
eakly, associated with the change in the amount of OM in 
ML. 

.2.4. OM origin 

tatistically significant correlations between the concentra- 
ions of PIG, DGDG, SQDG, and PE in SML and ULW, suggest 
hat the ULW was the origin of plankton lipid classes in the 
ML, rather than the presence of independent plankton pop- 
lations in the two layers. The enrichment of membrane 
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ipids ( Figure 7 A) confirms the enrichment of living plankton 
n the SML ( Derieux et al., 1998 ). 

While PE are the most abundant phospholipids in marine 
acteria ( Gerin and Goutx, 1993 ), PG are the major phos- 
holipids in microalgae ( Dembitsky and Rozentsvet, 1990 ; 
arwood, 2006 ). The PE:PG ratio is thus used as an indicator 
f bacterial or phytoplankton biomass dominance; PE:PG ra- 
ios between 0 and 0.3 indicate phytoplankton dominance, 
nd > 0.3 bacterial dominance ( Gerin and Goutx, 1994 ). 
he values of PE:PG ratio, which were mostly above 0.3 
n the transect (Table S2), indicate a significant presence 
f bacteria in both layers (Table S2), while a statistically 
ignificant positive correlation between the concentrations 
f PE in the SML and ULW points to the interconnection 
f the two layers. The highest ratios observed for W1 and 
2 in both SML and ULW indicate the highest bacterial 
iomass, probably supported by riverine originated OM and 
utrients. 
The high PIG concentrations detected in both SML 

nd ULW samples at 10 km from the river mouth (station 
4, Table 2 ), indicated rich phytoplankton biomass, most 

ikely due to good growing conditions. The evaluated low 

ipid:PIG ratios ( Figure 8 ) suggested reduced lipid ac- 
umulation expected for plankton growth under optimal 
nvironmental conditions (e.g. Novak et al., 2019 ). An 
ncrease in the contribution of the “T” component in the 
uorescence intensities at station W4 from an average of 
4% to 18% ( Figure 4 C and D) in SML and from an average
f 15% to 18% in ULW, indicated the presence of freshly 
roduced proteinaceous material, further confirming sig- 
ificant plankton activity at W4. This observation was 
ossible because the measurements were performed in 
nfiltered samples, which allowed detection of the freshly 
roduced proteinaceous material that tends to form gel-like 
tructures and would otherwise have been retained on the 
lter ( Drozdowska et al., 2018 ). The highest values of the 
M + T):(A + C) ratio (Table S2) observed at station W4 also 
ndicated a slightly higher contribution of OM of marine 
rigin at this station, compared to the other stations, likely 
ue to the assumed increase in primary production. 
In addition to indicating the photochemically induced 

hift in molecular weight ( Helms et al., 2008 ), S R can also 
e used as an indicator of phytoplankton biomass, leading 
o an increase in autochthonous OM that contains a higher 
roportion of low molecular weight compounds ( Santos- 
cheandía et al., 2012 ; Zhang et al., 2013b ). A significant in- 
rease in S R at stations W3 and W4 ( Figure 3 B) also suggested
n increase in phytoplankton primary production. The sta- 
istically significant negative correlation between S R and the 
ipid:PIG ratio ( Figure 9 ) underlined that primary produc- 
ion was directed toward the production of lower molecular 
eight OM by phytoplankton growing under favourable en- 
ironmental conditions. 
The lowest observed (M + T):(A + C) ratio that was deter- 

ined at station W1 in the ULW provided a slight indication 
f a higher contribution of terrestrial humic substances of 
igh molecular weight. However, based on the (M + T):(A + C) 
atios, which averaged 0.57 in the SML and 0.56 in the ULW, 
M can only be classified as being of mixed marine and 
errestrial/anthropogenic origin ( Drozdowska et al., 2015 , 
sburn et al., 2014 ). Another indication of the dominance 
f higher molecular weight terrestrial OM at stations W1 and 
645 
2 was the lowest observed S R slope ratio determined for 
he ULW and SML. 
Wax esters, primarily reserve lipids of zooplankton with 

mphiphilic properties, may dominate the reserve lipid pool 
n freshwater zooplankton ( Arts, 1999 ). The WE detected in 
ur samples most likely originated from the microzooplank- 
on, since the samples were prefiltered with a net with a 
ore size of 200 μm. The active movement of microzoo- 
lankton toward a richer food source in SML resulted in WE 
aving one of the highest enrichments in the SML compared 
o all other lipid classes analysed. 

. Conclusions 

haracterization of OM along the transect in the eutrophic 
oastal area of the Gulf of Gda ńsk, partially encompassing 
he Vistula River plume, provided insights into the biogeo- 
hemical processes affecting the OM distribution in the SML 
nd ULW. 
The rapid establishment of SML in strong winds was con- 

rmed by the enrichment of SAS and POC detected even at 
he highest wind speeds and throughout the transect, while 
he highly positive, statistically significant correlation be- 
ween SAS concentrations in the SML and ULW indicated the 
apid resupply of SAS in the SML from the ULW. 
Due to the wind blowing before and during the campaign, 

he small influence exerted by the Vistula River within the 
tudied transect was limited to a few kilometres narrow 

rea near the river mouth (stations W1 and somewhat W2), 
s shown mainly by the optical properties of OM. Station 
1 was characterized by the highest values of the absorp- 
ion coefficient at 254 nm in both SML and ULW, together 
ith the lowest S R ratios observed at W1 and W2, indicat- 
ng the highest contribution of aromatic and high molecu- 
ar weight molecules as well as terrestrial visible humic-like 
ubstances, implied by the highest observed fluorescence 
ntensities at W1 and W2. The highest concentrations of 
otal particulate lipids in SML, especially groups compris- 
ng reserve lipids and degradation indices, were detected 
t W1 and W2, pointing to intense degradation processes 
n the surface microlayer, which was further confirmed by 
he highest observed PE:PG ratios in the SML and ULW, as 
n indicator of high bacterial biomass. The enrichment of 
ipid degradation indices in the SML and the lack of the bac- 
erial biomarker PE enrichment, suggest that OM was sub- 
ected to more abiotic (photooxidation and autoxidation) 
nd/or biotic reworking/remineralization processes in the 
ML than in the ULW. The most intense biological activity 
as observed at W4, as indicated by the highest PIG con- 
entrations and the lowest Lipid:PIG ratio in the SML and 
LW. Analysis of the distribution of the Lipid:PIG ratio led 
o the observation of a statistically significant negative cor- 
elation between the S R and the Lipid:PIG ratio in both SML 
nd ULW, linking the favourable environmental conditions 
or phytoplankton growth to the production of lower molec- 
lar weight OM. 
The complexity of physical, chemical, and biochemical 

actors, including photochemistry, winds, biological produc- 
ivity and activity, that determine OM distribution, makes it 
ifficult to show a clear (de)coupling between SML and ULW. 
owever, our observations with respect to specific classes 
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Ć

Ć
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nd groups of OM suggest that the ULW is the major sup- 
lier of OM to the SML, leading to its enrichment by some 
M classes. The similar distribution in SML and ULW and the 
ack of “enrichment” of optical indices point to the simi- 
ar type of material in both layers, which potentially lacks 
ignificant surface activity. Thus, the coupling of SML and 
LW is highly dependent on the specific properties of the 
nalysed OM as well as external factors. The relationships 
nd dependencies shown here represent a valuable step to- 
ard better understanding the biogeochemistry of surface 
oastal waters. 
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ication of the Gulf of Gda ńsk based on diatom analysis. 
Oceanol. Hydrobiol. Stud. 48, 247—261. https://doi.org/10. 
2478/ohs- 2019- 0022 
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Frka, S., 2021. Atmospheric deposition of biologically rele- 
vant trace metals in the eastern Adriatic coastal area. Chemo- 
sphere 283, 131178. https://doi.org/10.1016/j.chemosphere. 
2021.131178 

ereira, R, Schneider-Zapp, K, Upstill-Goddard, RC., 2016. Sur- 
factant control of gas transfer velocity along an offshore 
coastal transect: results from a laboratory gas exchange 
tank. Biogeosciences 13, 3981—3989. https://doi.org/10.5194/ 
bg- 13- 3981- 2016 

iskozub, J. , Drozdowska, V. , Irczuk, M. , 1998. A water Raman ex-
tinction lidar system for detecting thin oil spills: preliminary re- 
sults of field tests. Oceanologia 40 (1), 3—10 . 

einthaler, T., Sintes, E., Herndl, G.J., 2008. Dissolved organic mat- 
ter and bacterial production and respiration in the sea-surface 
microlayer of the open Atlantic and the western mediterranean 
sea. Oceanogr. 53 (1), 122—136. https://doi.org/10.4319/lo. 
2008.53.1.0122 

ibas-Ribas, M., Mustaffa, N.I.H., Rahlff, J., Stolle, C., Wurl, O., 
2017. Sea surface scanner (S3): A catamaran for high-resolution 

http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0051
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0051
https://doi.org/10.1016/S0304-4203(01)00067-6
https://doi.org/10.1016/j.marchem.2005.12.005
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0054
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0054
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0055
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0055
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0055
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0055
https://www.intechopen.com/chapters/70692
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0057
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0057
https://doi.org/10.1017/CBO9780511525025
https://doi.org/10.4319/lo.2009.54.2.0590
https://doi.org/10.1006/ecss.2000.0701
https://doi.org/10.1016/j.marchem.2020.103848
https://doi.org/10.1016/j.csr.2013.01.008
https://doi.org/10.1021/acscentsci.0c00793
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0064
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0064
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0064
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0064
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0064
https://doi.org/10.1021/es102362t
https://doi.org/10.1098/rspa.2019.0763
https://doi.org/10.1016/j.jmarsys.2018.01.006
https://doi.org/10.1016/j.scitotenv.2019.02.372
https://doi.org/10.5194/bg-5-693-2008
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0070
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0070
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0070
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0070
https://doi.org/10.1016/S0146-6380(00)00124-8
https://doi.org/10.1016/0304-4203(88)90020-5
https://doi.org/10.1007/10683826_8
https://doi.org/10.1016/j.jmarsys.2011.11.017
https://doi.org/10.3389/fmicb.2020.562813
https://doi.org/10.2478/ohs-2019-0022
https://doi.org/10.1016/j.ecss.2009.11.030
https://doi.org/10.1016/j.chemosphere.2021.131178
https://doi.org/10.5194/bg-13-3981-2016
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0080
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0080
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0080
http://refhub.elsevier.com/S0078-3234(22)00057-4/sbref0080
https://doi.org/10.4319/lo.2008.53.1.0122


Oceanologia 64 (2022) 631—650 

R

R

R

R

R

R

S

S

S

S

S

S

S

S

S

S

S

S

S

T

T

T

V

W

W

W  

W

W  

W

Z  

Z  
measurements of biogeochemical properties of the sea surface 
microlayer. J. Atmos. Ocean. Technol. 34, 1433—1448. https:// 
doi.org/10.1175/JTECH- D- 17- 0017.1 

ickard, P.C., Uher, G., Upstill-Goddard, R.C., Frka, S., 
Mustaffa, N.I.H., Banko-Kubis, H.M., Cviteši ć Kušan, A., 
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(Southern Baltic Sea). Paleoceanogr. Paleoclimatology 34, 136—
152. https://doi.org/10.1029/2018PA003474 

ank, S.E., Lesack, L.F.W., Gareis, J.A.L., Osburn, C.L., 
Hesslein, R.H., 2011. Multiple tracers demonstrate distinct 
sources of dissolved organic matter in lakes of the mackenzie 
delta, western canadian arctic. Limnol. Oceanogr. 56 (4), 1297—
1309. https://doi.org/10.4319/lo.2011.56.4.1297 

riesch, N., van Pinxteren, M., Frka, S., Stolle, C., Spranger, T., 
Hoffmann, E.H., Gong, X., Wex, H., Schulz-Bull, D., Gaš- 
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Abstract Dispersion of dissolved contaminants introduced at various locations within and just 
outside the surf zone are investigated. It is shown that the Longuet-Higgins model of surf-zone 
hydrodynamics adequately describes the distribution of longshore currents measured at the 
laboratory scale. Relations are derived between the longitudinal and transverse dispersion co- 
efficients and the influencing parameters. The maximum longitudinal dispersion coefficients 
are associated with tracer releases near the breaker line, and longitudinal dispersion coef- 
ficients generally increase with travel time for distances up to at least 10 surf-zone widths. 
In contrast, transverse dispersion coefficients remain relatively constant for increasing travel 
time. The longitudinal and transverse dispersion coefficients can be significantly influenced by 
assumed values of local turbulent diffusion and cross-shore shear dispersion. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

he hydrodynamics of waves and currents in the surf zone 
re of interest due to their effect on shoreline erosion, sedi- 
ent transport, and the performance of coastal structures. 
aves and currents are also important in determining the 
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oh, 1988 ), ignoring the fact that nearshore currents will 
e mostly in directions parallel of the shoreline, and advec- 
ion and transport will be influenced by nearshore velocity 
hear and mixing associated with breaking waves. The pri- 
ary objective of the present investigation is to quantify 
he mixing characteristics of contaminants that are intro- 
uced at various locations within and just outside the surf 
one. 

. Background 

earshore currents and tracer transport are influenced by 
 variety of factors, such as bathymetry, shoreline geom- 
try, the presence of offshore structures, wave spectra, 
ave-breaking characteristics, and locations of the tracer 
ources. Key processes influencing the characteristics of 
aves and currents in the nearshore zone are refraction, 
iffraction, shoaling, and energy loss due to wave breaking. 
aves approaching a shoreline are mostly irregular in that 
hey consist of a combination of waves with different wave 
eights, frequencies, and propagation directions. In princi- 
le, irregular waves can be considered as a linear combi- 
ation of regular (monochromatic) waves, with the distri- 
ution of wave heights versus frequency and direction be- 
ng represented by a wave spectrum. Hence, the study of 
he behavior of regular monochromatic waves is fundamen- 
al to the study of irregular waves. Most generalized stud- 
es of the hydrodynamics in the surf zone assume simpli- 
ed two-dimensional bathymetries, with plane beaches and 
eaches with offshore bars being the most common. The 
tudy of plane beaches is particularly attractive since it only 
equires one parameter — the slope — to fully characterize 
he beach. Whereas previous studies have mostly focused on 
earshore hydrodynamics, tracer transport in the surf zone 
as received much less attention. Such studies have mostly 
onsisted of dye-releases at a few locations in the surf zone, 
nd then using these measurements to estimate bulk mix- 
ng coefficients within the surf zone. However, these studies 
ave not resolved spatial variations of mixing within the surf 
one nor the relation between discharge location and mixing 
haracteristics. The present study investigates the mixing of 
issolved tracers released into the surf zone where both reg- 
lar and irregular waves obliquely propagate towards plane 
eaches. The primary objectives of the study are to iden- 
ify quantitative relations between the mixing parameters, 
each and wave characteristics, and tracer discharge loca- 
ions. 

. Governing equations 

s regular waves approach a plane beach at an oblique an- 
le, the key processes are shoaling, refraction, wave setup, 
nd the generation of longshore currents caused by break- 
ng waves. Tracers injected into the nearshore zone are ad- 
ected by the induced longshore current and diffused by 
mall-scale turbulent fluctuations within the velocity field. 
hear dispersion caused by cross-shore circulation can also 
e an influential transport process. The governing equations 
sed to describe longshore currents induced by breaking 
aves are given below. 
652 
Wave transformation, setup, and currents. The govern- 
ng equations that relate incident waves to the generation 
f longshore currents are as follows: 

hoaling : 
∂ 

∂x 

(
E w c g cos θ

) = E l (1) 

efraction : 
sin θ

c 
= constant (2) 

ave setup : ρg ( h + η) 
∂η

∂x 
= −∂ S xx 

∂x 
(3) 

ongshore current : τb + 

∂ 

∂x 

[
ρνe ( h + η) 

∂v 
∂x 

]
= 

∂ S xy 

∂x 
(4) 

here x is the coordinate measured normal to the shoreline; 
 is the coordinate measured along the shoreline; E w is the 
nergy density of the wave, which is equal to ρgH 

2 / 8 where
is the water density, g is the gravity constant, and H is the
ave height; c g is the group velocity of the wave; θ is the 
irection of wave propagation relative to the beach normal; 
 l is the energy loss rate in breaking or broken waves; c is 
he phase speed of the wave; h is the still-water depth; η is 
he mean water-surface elevation relative to the still-water 
urface elevation; S xx and S xy are components of the radia- 
ion stress; τ b is the bottom shear stress caused by the long- 
hore wave-induced current; νe is the eddy viscosity; and v 
s the longshore current generated by breaking and broken 
aves. The governing equations given by Equations (1) —(4) 
long with various constitutive relations are solved simulta- 
eously to estimate the wave heights and longshore wave- 
nduced currents. Using this approach, Equations (1) and 
2) are solved for the wave height H ( x ) as a function of
istance from the shore, and Equations (3) and (4) use the 
alculated wave-height distribution, H ( x ), to estimate the 
adiation-stress components, S xx and S xy , and solve for the 
longshore current distribution v ( x ). 

Transport in the nearshore zone. The wave-induced ve- 
ocity field consists of both a large-scale mean component 
nd a small-scale random turbulent-diffusion component. 
he large-scale mean component, v ( x ), is estimated by the 
olution of Equations (3) and (4) , and the turbulent-diffusion 
omponent can be locally represented by a normally dis- 
ributed random velocity with a mean of zero and a standard 
eviation of 

√ 

2 ∈ / �t , where ∈ is the turbulent diffusion 
oefficient. Hence, the velocity field V can be expressed in 
erms of its components as: 

 y = v ( x ) + N 

( 

0 , 

√ 

2 ∈ y 

�t 

) 

, V x = N 

( 

0 , 

√ 

2 ∈ x 

�t 

) 

(5) 

here V x and V y are the offshore and alongshore compo- 
ents of the velocity, respectively, v ( x ) is the alongshore 
omponent of the mean velocity, N( μ, σ ) is a normal ran- 
om variable with a mean of μ and a standard deviation of 
, and ∈ x and ∈ y are the components of the turbulent diffu-
ion coefficient in the x and y directions, respectively. Using 
he velocity field defined by Equation (5) , the Lagrangian 
ransport of a mass, M , instantaneously released at a given 
ocation is described at each time step, �t , by 

 2 = x 1 + V �t (6) 
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here x 1 and x 2 are the starting and ending coordinates, 
espectively, of a released tracer particle. For an instanta- 
eous release of tracer mass at a given point, the advection 
teps are repeated up the time t = n �t with n sim 

repeated 
imulations, and the variances of the tracer-particle distri- 
ution in the coordinate directions at time t are given by 

2 
x ( t ) = 

1 
n sim 

n sim ∑ 

i =1 

[
x i ( t ) − x̄ ( t ) 

]2 
, 

2 
y ( t ) = 

1 
n sim 

n sim ∑ 

i =1 

[
y i ( t ) − ȳ ( t ) 

]2 (7) 

here ( x i ( t ) ,y i ( t )) are the coordinates of a particle in simu-
ation i at time t , and ( ̄x (t) , ̄y (t) ) is the mean location of all 
articles at time t . The relations given by Equation (7) can 
e used to estimate the components of the effective disper- 
ion coefficient ( K x , K y ), which are defined by 

 x = 

σ 2 
x 

2 t 
, K y = 

σ 2 
y 

2 t 
(8) 

The resulting concentration distribution can be derived 
rom the distribution of particle locations using the relation 

 

(
x j , y j , t 

) = 

M 

n sim 

h j �x�y 
n j ( t ) (9) 

here c̄ ( x j , y j , t ) is the average concentration over a vol- 
me element centered at ( x j , y j ) at time t , �x and �y are
he dimensions of the volume element in the x and y di- 
ections, respectively, h j is the depth of water within the 
olume element, and n j ( t ) is the number of particles within 
he volume element at time t . In the case of a continuous 
elease from the same discharge location as an instanta- 
eous release, and in the same ambient velocity field, the 
esulting concentration distribution can be obtained from 

quation (9) by superposition, which yields 

 c 
(
x j , y j , t 

) = 

˙ M �t 
n sim 

h j �x�y 

n ∑ 

k =1 

n j ( k �t ) (10) 

here c̄ c ( x j , y j , t ) is the average concentration over a vol- 
me element centered at ( x j , y j ) at time t = n �t , and ˙ M is
he mass release rate from the continuous source. 

. Implementation 

 variety of assumptions are necessary of obtain an analytic 
olution to Equations (1) —(4) that can be used to estimate 
he mean longshore current v ( x ). The assumptions used in 
his study are described below. 

.1. Shoaling and refraction 

he shoaling and refraction processes described by 
quations (1) and (2) are generally divided into two stages: 
efore wave breaking and after wave breaking. 

Before wave breaking. Before wave breaking, the en- 
rgy loss rate E l during wave propagation is negligible; how- 
ver, a relation between wave height and water depth needs 
o be specified. The main complicating factor is that linear 
ave theory is seldom strictly applicable up to the breaker 
653 
ine. Assuming linear conditions before wave breaking, the 
ave height, H ( x ), at any distance x from the shoreline is
iven by a combination of Equations (1) and (2) which lead 
o ( Komar, 1998 ) 

H ( x ) 
H 0 

= 

√ 

c g0 cos θ0 
c g cos θ

, where c g = 

g 
ω 

[
tanh kh + 

kh 

cos h 2 kh 

]

(11) 

here H 0 and θ0 are the wave height and direction ap- 
roaching the sloped beach, c g is the local group velocity, 
nd c g0 is the group velocity of the waves approaching the 
each. The effect of wave nonlinearities is to increase the 
ave height above that predicted by Equation (11) . As al- 
ernatives to Equation (11) , a variety of nonlinear shoaling 
heories have been proposed (e.g., Rienecker and Fenton, 
981 ; Shuto, 1974 ). According to Shuto (1974) , nonlinear ef- 
ects should be taken into account for Ur ≥ 30, where Ur is 
he local Ursell number, defined as Ur = gHT 

2 /h 

2 , where T
s the wave period. Rienecker and Fenton (1981) developed 
 higher order wave model using up to 16 terms in a Fourier
xpansion of the wave equation, and this model was shown 
o provide a reasonable approximation of the wave height 
p to the time of wave breaking. In this study, the shoaling 
elation given by Equation (11) was assessed by comparing 
redicted pre-breaking wave heights with laboratory mea- 
urements. 

Wave breaking. Waves are typically assumed to break 
hen the ratio of the wave height, H , to the water depth,
 , exceeds a critical value called the breaker coefficient, 
b . Typical values of γ b are in the range of 0.4—1.2, al- 
hough γ b is frequently cited as being in the range of 0.76—
.88. There is some evidence that γ b is a function of the 
each slope, S , with increasing γ b corresponding to increas- 
ng S ( Battjes, 1974 ; Thornton and Guza, 1986 ). However,
ven for a given beach slope, γ b can be highly variable; for 
xample, for a slope of 10% values of γ b in the range of 
.68—1.18 have been reported ( Galvin and Eagleson, 1964 ). 
dditional dependency of γ b on the deepwater wave steep- 
ess, H 0 /L 0 , has also been indicated, and an empirical rela-
ion between γ b , S , and H 0 /L 0 has been suggested ( Weggel,
972 ) and used to describe wave-height transformation in 
he surf zone ( Dally, 1990 ). The assumed value of γ b has a
irect influence on the distance from shore at which waves 
reak, which then influences the wave-induced velocity dis- 
ribution. In the present study, γ b was used as a calibration 
arameter, and values of γ b were varied to yield the best 
atch between theory and measurements of wave-induced 

ongshore velocity profiles. 
After wave breaking. After wave breaking, both the 

orm of the energy loss function, E � , and the relation be- 
ween wave height and water depth are uncertain. Longuet- 
iggins (1970a) simplified this uncertainty by assuming that, 
fter breaking, the wave height remains proportional to the 
ater depth, with the proportionality factor being equal to 
b . For plane beaches, this means that the wave height 
eclines approximately linearly between the breaker line 
nd the shoreline. Laboratory measurements indicate that 
his approximation is reasonable ( Sun and Tao, 2003 ; Yan 
t al., 2021 ); however, this approximation is less applica- 
le for beach slopes on the order of 1% or less. For smaller
each slopes, multiple wave breaking and shoaling cycles 
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re prevalent, with γ b for broken waves being less than 
hat for breaking waves ( Yan et al., 2021 ). A parametric 
odel for nonlinear wave shoaling was proposed and vali- 
ated by Kweon and Goda (1997) , with a notable feature 
f this model being that the wave height is roughly pro- 
ortional to the water depth after wave breaking, with the 
roportionality factor being around 0.4. Wave heights af- 
er wave breaking influence the radiation-stress gradients 
hat are used to determine the longshore velocity profile via 
quation (4) . In the present study, radiation-stress gradients 
onsistent with a linear decline in wave height between the 
reaker line and the shoreline were assumed. 

.2. Wave-induced longshore current 

nalytic longshore flow models for plane beaches using 
quation (4) were originally proposed by Bowen (1969) and 
onguet-Higgins (1970b) . The key differences between 
hese models are: (1) Bowen (1969) assumed a linear pro- 
ortionality between the bottom shear stress and the wave- 
nduced velocity (compared with a quadratic relation as- 
umed by Longuet-Higgins), and (2) Bowen (1969) assumed 
 constant eddy viscosity in the surf zone (compared with 
n eddy viscosity that goes to zero as the coastline is ap- 
roached assumed by Longuet-Higgins). In this study, the 
longshore velocity distribution is assumed to be described 
y the Longuet-Higgins (1970b) model, in which the bot- 
om shear stress, τ b , radiation-stress gradient, ∂ S xy /∂x, and 
ddy viscosity, νe , in Equation (4) are specified as follows: 

b = 

2 
π

α0 C D ρv 
√ 

gh , 
∂ S xy 

∂x 
= 

5 
4 
α2 
0 ρ( gh ) 3 / 2 S 

(
sin θ

c 

)
, 

e = Nρx 
√ 

gh (12) 

here α0 is a constant that is approximately equal to 0.41; 
 D is the bottom-drag coefficient; v is the alongshore ve- 
ocity; c is the local phase speed, which is equal to 

√ 

gh 

n shallow water; N is a dimensionless constant that is es- 
imated to be within the range of 0—0.016; and x is the 
erpendicular distance from the shoreline. Using the rela- 
ions in Equation (12) with Equations (1) —(4) , the velocity 
istribution is given by ( Longuet-Higgins, 1970b ): 

v 
V 

= 

{
ϕ 1 · ( x ∗) p 1 + ϕ 2 · x ∗, 0 < x ∗ ≤ 1 
ϕ 3 · ( x ∗) p 2 , 1 < x < ∞ 

(13) 

here x ∗ = x/x b is the normalized distance perpendicular to 
he shoreline, ϕ 1 , ϕ 2 , and ϕ 3 are functions of the parameters 
 1 , p 2 , and P as given by 

 1 = 

p 2 − 1 
p 1 − p 2 

(
1 

1 − 2 . 5 P 

)
, ϕ 2 = 

p 1 − p 2 

p 2 − 1 
ϕ 1 , 

 3 = 

p 1 − 1 
p 2 − 1 

ϕ 1 (14) 

here p 1 and p 2 are functions of the single parameter, P , 
here 

p 1 = −3 
4 

+ 

(
9 
16 

+ 

1 
P 

) 1 
2 

, p 2 = −3 
4 

−
(

9 
16 

+ 

1 
P 

) 1 
2 

(15) 

The combination of Equations (13) —(15) give the velocity 
istribution in the nearshore zone, v ( x ), as a function of P ,
654 
 b , and V . In the Longuet-Higgins (1970b) formulation, P and 
 can be expressed in terms of other parameters as 

 = 

πSN 

2 α0 C D 
, V = 

5 πα0 S 
8 C D 

√ 

g h b sin θb (16) 

here h b and θb are the still-water depth and wave angle, 
espectively, at the breaker line. Of the three parameters 
 P , V , and x b ) that control the longshore velocity distri-
ution, P measures the relative importance of cross-shore 
omentum transfer (quantified by the eddy viscosity), V 

s representative scale of the longshore velocity, and x b is 
he distance from the shore to the breaker line. Although 
he Longuet-Higgins (1970b) formulation presented here as- 
umes that turbulent fluctuations are the primary mecha- 
ism of cross-shore momentum transfer, Svendsen and Pu- 
revu (1994) have shown that cross-shore circulation caused 
y breaking waves can be a much greater source of cross- 
hore momentum transfer than turbulent velocity fluctua- 
ions. This shear-dispersion mechanism can be effectively 
ccounted for in the Longuet-Higgins (1970b) model by in- 
reasing the value of N in Equation (12) , which is included in
he P parameter. The longshore velocity distribution given 
y Equation (13) is subsequently compared with several 
aboratory-measured wave-induced velocity profiles. 

Other considerations. On planar beaches, wave-basin 
nd field measurements roughly confirm a local maximum 

ongshore velocity within the surf zone, with the longshore 
elocity decreasing rapidly to zero near the shoreline, and 
radually decaying to zero over a distance 0.5—2 times 
he surf-zone width beyond the region of wave breaking 
 Longuet-Higgins, 1970b ). In non-planar beaches, the pres- 
nce of sand bars or irregular bathymetry can introduce 
everal velocity maxima in the vicinity of sand bar crests, 
elocity minima in troughs, and a significant non-zero flow 

lose to the shoreline ( Ruessink et al., 2001 ). 

.3. Turbulent diffusion 

he components of the local turbulent diffusion coefficient 
n the cross-shore ( x ) and longshore ( y ) directions, ∈ x and
 y , respectively, can be taken as being proportional to the 
aximum wave induced orbital velocity and the maximum 

article displacement (based on shallow-water wave the- 
ry). Using these proportionalities and assuming isotropy, 
he components of the local turbulent diffusion coefficients 
an be expressed in the following form ( Bowen and Inman, 
974 ; Thornton, 1970 ): 

 x = ∈ y = ∈ t = α

(
Hg 
c 

)2 

T 0 (17) 

here α is a proportionality constant, H is the local wave 
eight, g is the gravity constant; c is the local phase speed, 
nd T 0 is the wave period. The local value of the turbu-
ent diffusion coefficient, ∈ t , can be scaled by its value at 
he breaker line, denoted by ∈ tb , which is calculated using 
quation (17) with H = H b and c = c b ≈

√ 

g h b , where the “b”
ubscript indicates breaker-line values, shallow water con- 
itions are assumed, and T 0 is taken as being invariant in 
he surf zone. Under these conditions, ∈ tb , is given by 

 tb = α

(
H b g 
c b 

)2 

T 0 → ∈ tb = α
H 

2 
b T 0 g 
h b 

(18) 
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Figure 1 Local turbulent diffusion coefficients. 
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Figure 2 Field-scale turbulent diffusion factors. 
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To determine an appropriate value of α, values of ∈ tb 

ere calculated using Equation (18) with wave-basin mea- 
urements used in this study, and these estimated values 
f ∈ tb were compared with the laboratory-scale values of 
he turbulent diffusion coefficient reported by Harris et al. 
1963) . To determine the best match, values of α were var- 
ed in increments of 0.0025, and α = 0 . 0075 was found to 
rovide the best agreement between ∈ tb calculated with 
quation (18) and the Harris et al. (1963) data. These data 
re compared in Figure 1 , where ∈ tb is plotted as a function 
f H 

2 
b / T 0 , which is the format originally presented by Harris 

t al. (1963) . It is relevant to note that taking ∈ tb as pro-
ortional to H 

2 
b / T 0 is consistent with Equation (18) , where 

ravity controls the relation between the length and time 
cales such that H b /T 2 0 ∼ g. Cross-shore mixing is primar- 
ly influenced by both wave-induced turbulence and shear 
ispersion associated with cross-shore circulation induced 
y breaking waves. Pearson et al. (2009) have shown that, 
or waves normal to the shoreline, cross-shore dispersion 
s the primary contributor to cross-shore mixing. However, 
ith the effect of shear dispersion taken into account and 
aking H b /T 2 0 ∼ g it can be shown that the added effect of 
hear dispersion can be represented by an increased value 
f α in Equation (18) . 

Upscaling laboratory results. Wave-basin experiments 
re generally scaled for Froude similarity between 
aboratory-scale and full-scale (field) conditions. Imposing 
roude similarity, the time-scale ratio, T r , is related to the 
ength-scale ratio, L r , by 

 r = 

√ 

L r (19) 

Therefore, if the wave-basin dimensions are 1/16 
imes the corresponding full-scale dimensions, then the 
aboratory-scale time scale is 1/4 times the time scale in 
he field; this also means that the laboratory-scale wave 
eriod must be 1/4 times the corresponding period in the 
eld. Froude scaling also implies that the ratio of the full- 
cale diffusion coefficient to the lab-scale diffusion coef- 
cient should be equal to L 2 r / T r = L 1 . 5 r . Since both ∈ tb and
 

2 
b T 0 g/ h b in Equation (18) have the same scaling, then the 
actor α is expected to be scale invariant, which means 
hat the value of α found at the lab scale should be ap- 
licable at the field scale. This hypothesis was tested using 
655 
he field data shown in Table 1 , where data for the Moreno
nd Scripps sites were reported by Inman et al. (1971) , 
nd data for the Natal site were reported by Harris et al. 
1963) . For each site and experiment number (#), Table 
 shows the wave period ( T 0 ), characteristic wave height 
t breaking ( H b ), water depth at breaking ( h b ), incident
ngle ( θb ), estimated cross-shore and longshore turbulent 
iffusion coefficients ( ∈ x and ∈ y , respectively), the refer- 
nce quantity ( H 

2 
b T 0 g/ h b ), the ratios of cross-shore and long- 

hore diffusion coefficients to H 

2 
b T 0 g/ h b ( αx and αy , respec- 

ively), and the ratio of the averaged diffusion coefficient 
o H 

2 
b T 0 g/ h b ( ̄α). The data shown in Table 1 indicate that α

s anisotropic, with highly anisotropic results being reported 
t the Scripps site, and less anisotropic results reported at 
he Moreno site. The incident angle is likely a factor influ- 
ncing the isotropy of turbulent diffusion, with normally in- 
ident waves (i.e., θb = 0 o ) creating the most anisotropic 
iffusion coefficients. However, for all the laboratory data 
sed in this study, the incident angle was 30 o , which should 
ncrease the isotropy of the turbulent diffusion coefficient 
nd provides some justification for assuming isotropic turbu- 
ent diffusion for the cases considered in this study. Recog- 
izing that the turbulent-diffusion coefficient, α, at the lab 
cale corresponds to ̄α at the field scale, scale invariance of 
would be supported if ᾱ ≈ α, regardless of the value of 
 

2 
b T 0 g/ h b . The relation between ᾱ and H 

2 
b T 0 g/ h b at the field 

ites is shown in Figure 2 , where the lab-derived value of 
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Table 1 Field results. 

Site # T 0 (s) H b (m) h b (m) θb ( o ) ∈ x (m 

2 /s) ∈ y (m 

2 /s) H 

2 
b T 0 g/ h b (m 

2 /s) αx (-) αy (-) ᾱ(-) 

Moreno 93 13.6 0.15 0.119 43 0.08 0.03 25.2 0.003 0.001 0.002 
95 14.3 0.14 0.093 3 0.11 0.07 29.5 0.004 0.002 0.003 
97 14.3 0.08 0.045 3 0.12 0.08 19.7 0.006 0.004 0.005 
104 11.7 0.11 0.117 0 0.12 0.06 11.9 0.010 0.005 0.008 

Scripps 107 11.7 0.46 0.657 0 2 0.17 37.0 0.054 0.005 0.029 
109 11.7 0.42 0.6 0 2.8 0.15 33.7 0.083 0.004 0.044 
112 11.1 0.42 0.592 0 2 0.11 32.4 0.062 0.003 0.033 
129 12.2 0.46 0.657 1 5.9 0.13 38.5 0.153 0.003 0.078 

Natal 1 12 1.37 1.07 0 1.08 - 206.5 0.005 - 0.005 
2 10 1.07 1.04 0 0.24 - 108.0 0.002 - 0.002 
3 8 0.91 1.05 0 0.26 - 62.4 0.004 - 0.004 
4 10 1.22 1.49 0 0.42 - 98.0 0.004 - 0.004 
5 8 0.61 1.37 0 0.28 - 21.3 0.013 - 0.013 
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= 0 . 0075 is also shown. It is apparent from these results 
hat there is fair agreement between ᾱ and α = 0 . 0075 at 
he Moreno and Natal sites, with ᾱ 
 0 . 0075 at the Scripps 
ite. There is no conclusive reason for the discrepancy at 
he Scripps site, although increased cross-shore shear dis- 
ersion at this site could account for this effect. Taken to- 
ether, the results shown in Figure 2 provide fair support for 
he scale invariance assertion for α. Note that the values of 
 

2 
b T 0 g/ h b in the lab-scale experiments are in the range of 
.21—1.2, which is around two orders of magnitude smaller 
han the values of H 

2 
b T 0 g/ h b at the field scale, hence a scale 

nvariance finding for α is quite impressive. 
Dye and drifter studies. Several dye and drifter studies 

ave been performed in the surf zone to quantify turbulent 
iffusion coefficients. These studies generally confirm that 
he surf zone is a region of intense mixing, and that, in the 
bsence of rip currents, diffusion and advective transport 
end to retain tracers within the surf zone ( Clarke et al., 
007 ). Clarke et al. (2007) reported cross shore local diffu- 
ion coefficients of around 1 m 

2 /s, and local longshore diffu- 
ion coefficients of around 0.1 m 

2 /s; outside the surf zone, 
iffusion coefficients were reported as 0.03 m 

2 /s. Based on 
bserved dye dilution, Inman et al. (1971) obtained cross- 
hore diffusion coefficients in the range of 0.08—5.9 m 

2 /s, 
nd alongshore diffusion coefficients in the range of 0.03—
.17 m 

2 /s. Spydell et al. (2007) used surface drifters to 
tudy dispersion in the surf zone, although dispersion of 
urface drifters is not representative of the dispersion of 
 tracer that is dissolved in the water column. The Spydell 
t al. (2007) results showed that, after initial isotropy, the 
longshore dispersion is much greater than the cross-shore 
ispersion. Sun and Tao (2006) performed dye-release stud- 
es in a laboratory wave basin and concluded that the dye 
ischarged inside the surf-zone will transport approximately 
arallel to the shoreline under the action of waves, while 
he dye transport outside the surf-zone is hardly affected 
y wave action. It was also shown that the effect of waves 
n pollutant transport was greater for beaches with lesser 
lopes. Takewaka et al. (2003) reported on a field-scale in- 
tantaneous dye release just offshore of the main breaker 
ine, where the dye was tracked by airborne video from a 
eight of approximately 200 meters. As expected, the re- 
656 
eased dye mostly moved parallel to the shoreline, with the 
ye closer to shore moving faster, and the dye patch hav- 
ng an inclined elliptical shape. The cross-shore mixing rate 
ncreased as the breaker line was approached. Dye stud- 
es adjacent to a plane beach reported by Harris et al. 
1963) showed that for normally incident waves cross-shore 
ispersion can be dominant with minimal alongshore trans- 
ation; for oblique waves, alongshore advection and disper- 
ion within the narrow surf-zone band was observed. Grant 
t al. (2005) reported longitudinal dispersion coefficients in 
he range of 40—80 m 

2 /s where the mean longshore current 
as around 30 cm/s, and the width of the surf zone was on
he order of 50 m. 

. Dimensional analysis 

he primary objective of the present study is to identify 
elations that can be used to quantify the dispersion of con- 
aminants released in and around the surf zone. Contami- 
ant transport is primarily influenced by both the distribu- 
ion of mean velocity and velocity fluctuations due to turbu- 
ence, with turbulence-induced transport parameterized by 
he turbulent diffusion coefficient. Dispersion coefficients 
re macroscopic parameters that can be used in conven- 
ional advection-dispersion models to calculate concentra- 
ions resulting from released contaminants. The dispersion- 
oefficient components of most interest are the components 
ormal and parallel to the shoreline, denoted by K x and 
 y , respectively. The functional relationship between the 
ispersion-coefficient components and the influencing vari- 
bles can be expressed as follows: 

 x or K y = f 1 ( x 0 , x b , P, V, t, ∈ tb ) (20) 

here x 0 is the release location, x b is the breaker-line lo- 
ation, P is the velocity-profile shape parameter, V is the 
verage longshore velocity, t is the time since release, 
nd ∈ tb is the characteristic turbulent diffusion coefficient, 
hich is taken to be the turbulent diffusion coefficient at 
he breaker line. In accordance with the Longuet-Higgins 
1970b) model of wave-generated alongshore velocity given 
y Equation (13) , the velocity distribution is determined by 
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he parameters P , x b , and V . Using the Buckingham pi the-
rem, Equation (20) can be expressed in the following non- 
imensional form: 

K x 

V x b 
= f 2 x 

(
x 0 
x b 

, P, 
V t 
x b 

, 
∈ tb 

V x b 

)
, 

K y 

V x b 
= f 2 y 

(
x 0 
x b 

, P, 
V t 
x b 

, 
∈ tb 

V x b 

)
(21) 

The components of the normalized longitudinal disper- 
ion coefficients can be defined as K 

∗
x = K x / ( V x b ) and K 

∗
y =

 y / ( V x b ) ; the normalized discharge location relative to the 
reaker line as x ∗0 = x 0 / x b ; the normalized time since re- 
ease as t ∗ = tV/x b , which is also a measure of the along-
hore mean advection distance relative to x b ; and the nor- 
alized turbulent diffusion coefficient as ∈ 

∗
tb = ∈ tb / ( V x b ) . 

ombining Equation (18) with the definition of ∈ 

∗
tb yields 

 

∗
tb = α

gH 

2 
b T 0 

V x b h b 
(22) 

For any given scenario, H b , T 0 , h b , x b , and V can be es-
imated from site conditions; however, α must be specified 
ased on the characteristic value derived from lab-scale or 
eld-scale experiments. Expressing Equation (21) in terms 
f the normalized variables yields 

 

∗
x = f 2 x 

(
x ∗0 , P, t 

∗, ∈ 

∗
tb 

)
, K 

∗
y = f 2 y 

(
x ∗0 , P, t 

∗, ∈ 

∗
tb 

)
(23) 

Determination of empirical relations corresponding to 
he functional relations given by Equation (23) are key out- 
omes of this investigation. 

. Data analyses 

he data used in this study were obtained from measure- 
ents in wave basins that were reported by others. These 
ata included measurements of longshore velocities caused 
y waves obliquely impacting a shoreline. In some cases, 
orresponding measurements of wave heights as a function 
f distance from the shoreline were also available. Using 
hese data, the present study was conducted in two stages. 
n the first stage, the measured longshore velocity distribu- 
ions were compared to the Longuet-Higgins (1970b) distri- 
ution, henceforth called the LH distribution, and the best- 
t theoretical distributions were identified. In the second 
tage, Lagrangian particle tracking was used along with the 
est-fit velocity distributions to determine the dispersion 
oefficients, and the quantitative dependencies expressed 
n Equation (23) . 

. Longshore velocity distributions 

he longshore velocity distributions used in this study were 
ostly derived from laboratory measurements reported by 
un and Tao (2003) , Sun and Tao (2006) , and Yan et al.
2021) . These experiments were all performed at Dalian 
niversity of Technology in China, with the investigators af- 
liated with Dalian University of Technology, Tianjin Univer- 
ity, and Beijing Normal University. These academic institu- 
ions are all located in the vicinity of the Bohai Sea, which 
eceives discharge from the Yellow River in North China. The 
eported research is mostly focused on and motivated by 
onditions in Bohai Bay, located within the Bohai Sea. 
657 
Sun and Tao (2003) experiments. The wave basin used 
y Sun and Tao (2003) was 42.6 m long and 24.0 m wide,
he beach was placed at a 30 o angle to the incoming waves, 
nd the beach extended 18 m normal to the shoreline. Two 
each slopes were investigated, 1% (1:100) and 2.5% (1:40), 
nd the corresponding still-water depths at the beginning of 
he beach slopes were 18.0 cm and 45.0 cm, respectively. 
oth regular and irregular waves were studied, with peri- 
ds of 1.0 s and 1.5 s, and characteristic wave heights of 
 cm and 5 cm were used. A few dye-release experiments 
ere also conducted in the wave basin, using both instanta- 
eous and continuous releases. This study was published in 
hinese. 

Sun and Tao (2006) experiments. The same experimen- 
al setup as reported in Sun and Tao (2003) was used. Results 
ere given for a beach slope of 1%, a wave period of 1 s, reg-
lar waves with a height of 7 cm, and irregular waves with 
n average height of 5 cm. Pollutant transport was recorded 
y tracking the released dye using a video camera placed at 
 m above the water surface, although the dye-release re- 
ults were not reported in this paper. 

Yan et al. (2021) experiments. The wave basin used by 
an et al. (2021) was 55 m long, 32 m wide, and 0.8 m
eep, with the waves being generated by a piston-type wave 
aker having 70 paddles. The beach geometry was the same 
s that of Sun and Tao (2003) , with the beach at a 30 o angle
o the incoming waves, and the beach extending 18 m nor- 
al to the shoreline. Two beach slopes were investigated, 
% and 2.5%, and the corresponding still-water depths at 
he beginning of the beach slopes were 18.0 cm and 45.0 
m, respectively. The incident waves included both regular 
nd irregular waves with periods of 1.0 s, 1.5 s, and 2.0 s,
nd three wave heights for each wave period. Despite the 
imilarity of experimental setup with that of Sun and Tao 
2003) , Yan et al. (2021) made no reference to the earlier
tudy. 

Other measurements. Aside from the above experimen- 
al data, one additional data set was derived from experi- 
ents reported by Visser (1982) performed at the Delft Uni- 
ersity of Technology; these results were also reported by 
arson et al. (1991) . The Visser (1982) experiments were 
one in a wave basin that was approximately 17 m long 
nd 34 m wide, with a snake-type generator that produced 
nly regular waves. The beach was placed at a 15.4 o an- 
le to the incoming waves, the beach slope was approxi- 
ately 10%, and the approach waves had a period of 1 sec- 
nd. In addition to the data generated in the aforemen- 
ioned wave-basin experiments, several earlier laboratory 
easurements have also been reported in the open litera- 
ure (e.g., Brebner and Kamphuis, 1963 ; Gavin and Eagle- 
on, 1964 ; Putnam et al., 1949 ; Saville, 1950 ). 

.1. Fitted velocity distributions 

he beach slope ( S ), wave period ( T ), and approach wave
eight ( H 0 ), for each of the data sets used in this study are
hown in Table 2 . Data sets 1 and 102 are from Sun and Tao
2003) , data sets 2 and 201 are from Sun and Tao (2006) ,
ata sets 3—24 and 26—30 are from Yan et al. (2021) , and
ata set 25 is from Visser (1982) . Wave types “R” and “I” in 
able 2 refer to regular and irregular waves, respectively. 
or the irregular waves, Sun and Tao (2003) reported the 
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Table 2 Parameters of velocity distributions. 

Set # Type S 
(%) 

T 

(s) 
H 0 

(cm) 
γ b 

(-) 
x b 
(m) 

P 
(-) 

V 

(cm/s) 

1 R 1 1.0 3.0 0.70 4.93 0.017 9.6 
102 I 1 1.0 3.0 0.65 5.25 0.151 7.3 
2 R 1 1.0 7.0 0.87 9.94 0.142 11.6 
201 I 1 1.0 5.0 0.71 7.55 0.167 8.7 
3 R 1 2.0 7.0 0.79 9.77 0.023 8.5 
14 R 2.5 1.0 8.6 0.77 4.39 0.038 19.2 
15 R 1 1.0 4.9 0.69 7.61 0.001 7.8 
16 R 1 1.0 6.0 0.70 8.92 0.035 7.8 
17 R 1 1.5 4.9 0.70 7.90 0.001 7.9 
18 R 1 1.5 5.3 0.68 8.64 0.016 8.4 
19 R 1 2.0 4.6 0.66 7.95 0.001 7.8 
25 R 10 1.0 8.9 0.65 1.33 0.676 38.0 
26 I 1 1.5 2.9 0.47 6.99 0.016 6.3 
27 I 2.5 1.0 5.6 0.57 3.94 0.140 11.9 
28 I 1 1.0 3.7 0.54 7.39 0.35 6.7 
29 I 1 1.5 3.6 0.51 7.89 0.025 7.2 
30 I 1 2.0 3.6 0.54 7.75 0.032 7.1 
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verage wave height but did not report the spectral charac- 
eristics, Sun and Tao (2006) reported average wave heights 
nd used the Wen spectrum ( Wen and Yu, 1984 ), and Yan 
t al. (2021) reported root-mean-square wave heights and 
sed the JONSWAP spectrum ( Hasselmann et al., 1973 ). For 
ach set of velocity-profile measurements, values of x b , P , 
nd V were found that provide the best least-squares fit be- 
ween the measurements and the LH velocity profile. In the 
tting process, values of x b were generated indirectly by 
rst specifying a breaking coefficient, γ b , and then calculat- 
ng x b by applying the linear theory of wave shoaling and re- 
raction on the planar beach. This approach served not only 
o specify x b , but also to provide a rough estimate of the 
reaking coefficient that corresponds to the given regular- 
ave experimental parameters. If wave-height measure- 
ents corresponding to the alongshore velocity measure- 
ents were available, the calculated value of x b was com- 
ared with the observed value of x b , which provided a useful 
ssessment of the complete LH model, which includes the 
ssumption that wave pre-breaking heights in the surf zone 
an be described by linear theory, and that post-breaking 
ave heights are proportional to the still-water depth. 

. Results 

he values of x b , P , and V that provide the best fit to the
bserved longshore velocity profiles are shown in Table 2 , 
nd the corresponding fitted longshore velocity distributions 
nd measured velocity profiles are shown in Figure 3 for 
egular waves, and Figure 4 for irregular waves. Compar- 
sons of the LH-model velocity distributions with measured 
ata show fairly close agreement in both regular and irreg- 
lar wave environments. These results provide support for 
he functional relation in Equation (13) , in which the ve- 
ocity distribution is entirely parameterized by x b , P , and 
 . Although approximation of the measured data by theo- 
etical (LH) distributions seems reasonable, deviations oc- 
658 
ur which can be partially attributed to experimental vari- 
bility as well as the more complex conditions that occur 
ith low beach slopes, where multiple wave-breaking con- 
itions can exist. In the present study, the best-fit theoret- 
cal velocity distributions are subsequently used in the dis- 
ersion simulations, where shear dispersion is expected to 
e the dominant mixing mechanism for tracers released into 
he nearshore environment. In this context, the theoretical 
elocity distributions shown in Figures 3 and 4 adequately 
epresent the predominant velocity shears in the nearshore 
one. 

Wave heights. For the three regular-wave cases in which 
orresponding velocity measurements and wave heights 
ere reported, the linear-theory wave heights correspond- 
ng to values of x b used in the best-fit velocity distribu- 
ion are compared with the wave-height measurements in 
igure 5 . For data sets 1 and 25 there is good agreement
etween the measurements and the linear-theory wave 
eights (solid line) corresponding to the observed velocity 
istribution, while for data set 3 there is not good agree- 
ent. The pre-breaking linear-theory wave-height distribu- 
ion was also estimated by varying γ b to find the best agree- 
ent between measured and theoretical wave heights, and 
hese best-fit wave-height distributions are shown as a dash- 
ot line in Figure 5 . It is apparent that values of γ b can be
ound that yield wave-height distributions that adequately 
epresent the observed wave-height distributions using lin- 
ar theory. Collectively, comparative evaluation of corre- 
ponding wave-height and longshore velocity measurements 
ndicate that the LH model of wave-heights and correspond- 
ng longshore velocity profiles might be approximately valid 
n some cases (two of the three in the present study). No- 
ably, the Ursell numbers (at breaking) for data sets 1, 
, and 25 were estimated as 130, 307, and 39 respec- 
ively, with an Ursell number of 30 sometimes being cited 
s the upper limit for the application of linear theory ( Tsai 
t al., 2005 ). Aside from discrepancies in the theoretical 
nd measured pre-breaking wave heights, it is apparent 
rom Figure 5 that the approximation that post-breaking 
ave heights decrease linearly to zero at the shoreline is a 
easonable approximation. It is important to keep in mind 
hat discrepancies in the theoretical and measured wave 
eights do not invalidate the fitted theoretical velocity dis- 
ributions, which are purely a functional fit. 

. Dispersion in the nearshore zone 

aboratory measurements of tracer dispersion with corre- 
ponding measurements of longshore velocities are very lim- 
ted. The only laboratory measurements that could be found 
ere those reported by Sun and Tao (2003) , who presented 
lots of the visible outlines of dye plumes at fixed times 
fter initial release. These results were previously utilized 
y Winckler et al. (2013) to assess their dispersion-theory 
ormulation, which was based on solving the advection- 
iffusion equation. The dispersion results reported by Sun 
nd Tao (2003) correspond to the measured longshore ve- 
ocities in data set 1, and so for comparative purposes 
he particle-tracking simulations in this study were imple- 
ented using the LH velocity profile that best fit the veloc- 

ty measurements (see Figure 3 ). 
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Figure 3 Velocity distributions with regular incident waves. 
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Instantaneous release. Comparison of the simulated 
racer plume with the corresponding plume outline reported 
y Sun and Tao (2003) is shown in Figure 6 a for an instanta-
eous release after 50 seconds. A difficulty with this com- 
arison is identifying the concentration contour that corre- 
ponds to the plume outline reported by Sun and Tao (2003) . 
or the simulation, the reference concentration, c 0i , was 
efined by 

 0 i = 

M 

�x�y�z 0 
(24) 

here M is the released mass, �x and �y are the 
oncentration-grid cell dimensions in the x and y coordi- 
ate directions, and �z 0 is the still-water depth at the 
elease location. In this study, M = 1 kg, �x = �y = 0 . 25
, and �z 0 = 0 . 05 m, and the plotted concentration con- 
ours in Figure 6 a correspond to 1%, 0.1%, and 0.01% of 
659 
 0 i . The comparison between the reported and simulated 
nstantaneous-release plumes in Figure 6 a shows the cen- 
er of the simulated plume being located further down- 
tream than reported by Sun and Tao (2003) . This finding 
as also observed by Winckler et al. (2013) , and the dis- 
repancy was attributed to the dye likely being released at 
 low-velocity location within the water column, since the 
eported longshore advection of the dye is inconsistent with 
he reported velocity measurements. Notably, the Winckler 
t al. (2013) advection-diffusion calculations also included 
he Stokes drift estimated using linear theory, which caused 
heir predicted plume location to be closer to the shoreline 
han was observed. The present study neglects the Stokes 
rift, since it is uncertain under nonlinear conditions, and 
id not appear to be a significant process in the wave-basin. 
he dominance of shear dispersion is readily apparent from 

he shape of the simulated plume in Figure 6 a, where the 
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Figure 4 Velocity distributions with irregular incident waves. 

Figure 5 Wave heights with regular incident waves. 

Figure 6 Comparison with dispersion observations: (a) instantaneous release; and (b) continuous release. 

660 
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was determined for each value of α. 
ifferential advection of the tracer is strongly influenced by 
he shear in the velocity profile. It is also readily apparent 
rom the simulated plume that the effective longshore dis- 
ersion coefficient is much greater than the effective cross- 
hore dispersion coefficient. 

Continuous release. For the continuous release, the ref- 
rence concentration, c 0c , was defined by 

 0c = 

˙ M t 
�x�y�z 0 

(25) 

here ˙ M is the mass release rate, t is the time of the sim- 
lation, and the other variables have the same definitions 
s for the instantaneous release. In this study, ˙ M = 1 kg/s, 
x = �y = 0 . 25 m, �z 0 = 0 . 13 m, t = 35 s, and the concen-
ration contours shown in Figure 6 b correspond to 1%, 0.1%, 
nd 0.01% of c 0c . The unreported concentration associated 
ith the plume outline given by Sun and Tao (2003) again 
imits the comparison with the simulations; however, the 
eported outline of the plume from a continuous release is 
onsistent with that of the simulated plume. Collectively, 
he results presented here provide a reasonable assurance 
hat the dispersion simulations used in this study can pro- 
ide an adequate representation of surf-zone dispersion for 
 given velocity field. 

.1. Dispersion coefficients 

ispersion coefficients were calculated in the cross-shore 
nd longshore directions in accordance with the definitions 
iven in Equation (8) . Dispersion coefficients are gener- 
lly expected to increase as a function of time, since with 
ncreasing time the plume increases in size and encom- 
asses a wider variety of local velocities and turbulent dif- 
usion coefficients. As indicated in the functional relations 
n Equation (23) , for any given longshore-velocity-profile 
quantified by P ), the normalized components of the disper- 
ion coefficient ( K 

∗
x and K 

∗
y ) depend on the normalized time 

ince release ( t ∗), normalized release location ( x ∗0 ), and nor- 
alized characteristic turbulent diffusion coefficient ( ∈ 

∗
tb ) . 

.1.1. Temporal variation of dispersion coefficients 
o facilitate analysis of the temporal variation of K 

∗
x and K 

∗
y , 

he turbulent-diffusion factor, α, was fixed as 0.0075, which 
as shown previously (in Figures 1 and 2 ) to be consistent 
ith measurements of turbulent diffusion at both the labo- 
atory and field scale. The values of K 

∗
x and K 

∗
y at dimension- 

ess times ( t ∗) of 1, 5, and 10 were selected to assess the
emporal evolution of the components of the dispersion co- 
fficient. These normalized advection times correspond to 
ean longshore advection distances from the contaminant 
ource on the order of x b , 5 x b , and 10 x b , respectively. These
elected reference times and corresponding distances were 
trategic, in that rip currents typically occur at longshore in- 
ervals of 5—10 x b , and so dispersion coefficients over travel 
istances greater than 10 x b would be of lesser practical in- 
erest since such plumes would likely be intersected by rip 
urrents. 

Longshore dispersion. The normalized longitudinal dis- 
ersion coefficient, K 

∗
y , for normalized times since release 

 t ∗) equal to 1,5, and 10 are shown in Figure 7 a for nor-
alized release locations, x ∗0 ( = x 0 / x b ) , in the range of 0—
. The results in Figure 7 a are for data sets 17, 14, and
661 
01, which have velocity shape parameters ( P ) of 0.001, 
.038, and 0.167, respectively. These data sets were cho- 
en purposely, since longitudinal dispersion is controlled by 
elocity shear, and maximum velocity shear is inversely pro- 
ortional to the magnitude of P . The results in Figure 7 a
emonstrate the following characteristics: (1) K 

∗
y increases 

ith time regardless of release location, (2) the maximum 

alue of K 

∗
y typically corresponds to release locations at 

istances on the order of 1.0—1.1 x b from the shoreline, 
hich are at or just outside the breaker line, and (3) as 
ime increases, K 

∗
y versus release location, x 

∗
0 , typically has 

 double-peaked shape, with a nearshore lower peak at 
round 0.3 x b , and a higher peak at around 1—1.1 x b . The
ower nearshore peak occurs where the presence of the 
horeline begins to significantly influence the longshore dis- 
ersion, and the higher peak occurs near where the shear 
n the longshore velocity is the highest, which is near the 
reaker line. The maximum value of K 

∗
y at any time since 

elease generally depends on the magnitude of the velocity 
hear, as measured by P . The maximum values of K y 

∗ (con- 
idering all release locations) as a function of P for various 
imes since release are shown in Figure 8 a. These results 
onfirm the assertion that higher values of K 

∗
y are associated 

ith higher shears in the mean longshore velocity, which 
orrespond to lower values of P . From the results shown in 
igure 8 , K 

∗
y is in the approximate ranges of 0.04—0.2, 0.1—

.9, and 0.2—1.6 for t ∗ equal to 1, 5, and 10, respectively. 
Cross-shore dispersion. Temporal variations of the nor- 

alized cross-shore dispersion coefficient, K 

∗
x , are shown in 

igure 7 b. It is apparent from these results that: (1) K 

∗
x val-

es are generally less than 0.012, which makes K 

∗
x 

∼= 

K 

∗
y for 

 

∗ ≤ 1 , and K 

∗
x � K 

∗
y for t 

∗ 
 1 , and (2) except for release
ocations in the vicinity of the breaker line (where x ∗0 = 1 ),
alues of K 

∗
x , are approximately independent of time. For 

eleases near the breaker line, K 

∗
x values tend to slightly 

ecrease over time. This atypical behavior is primarily be- 
ause the K 

∗
x is proportional to ( Hg/c ) 2 T 0 , which peaks at the

reaker line. Consequently, releases from near the breaker 
ine generally extend over regions with lower local values 
f ( Hg/c ) 2 T 0 , thereby reducing the average K x 

∗ over time.
he maximum values of K 

∗
x (considering all release loca- 

ions) as a function of P for various times since release are 
iven in Figure 8 b. These results show that K 

∗
x is approxi- 

ately independent of velocity shape parameter, P , which 
s an expected result since cross-shore mixing is primarily 
ontrolled by turbulent diffusion. 

.1.2. Role of turbulent diffusion 

he growth of K 

∗
x and K 

∗
y as a function of time, as shown

n Figure 7 , is conditioned on a turbulent diffusion factor, 
, of 0.0075, which is consistent with both laboratory- and 
eld-scale measurements. However, the adequacy of us- 
ng α = 0 . 0075 in all beach and wave configurations is un-
esolved, along with the appropriate formulation for rep- 
esenting the spatial variability of turbulent diffusion and 
ross-shore shear dispersion in the surf zone. To partially 
ssess the influence of the magnitude of turbulent diffusion 
nd cross-shore shear dispersion on the longshore and cross- 
hore dispersion coefficients, the turbulent diffusion factor, 
, was varied in the range of 0.00025—0.625, and the max- 
mum values of K 

∗
x and K 

∗
y (considering all release locations) 
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Figure 7 Temporal variation of normalized dispersion coefficients as a function of release location. 

Figure 8 Maximum dispersion coefficient as a function of the velocity shape parameter. 
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Effect on longshore dispersion. The maximum normal- 
zed longshore dispersion coefficient, K 

∗
y , for any release 

ocation, as a function of the turbulent diffusion factor, 
, is shown in Figure 9 a. It is apparent from these re- 
ults that the maximum value of K 

∗
y depends on the mag- 

itude of turbulent-diffusion factor, α. For t ∗ values of 5 
nd 10, the maximum values of K 

∗
y typically occur for α in 

he range of 0.001—0.1. For t ∗ = 1, the maximum values 
f K 

∗
y monotonically increase with increasing α, which is a 

anifestation of the dominance of turbulent diffusion in 
ongitudinal dispersion at early times since tracer release. 
662 
he magnitude of the maximum value of K 

∗
y , for all values of

, is significantly influenced by the longshore velocity pro- 
le, as characterized by the parameter P . The maximum 

alue of K 

∗
y declines with increasing values of P , which cor- 

esponds to K 

∗
y decreasing with decreasing velocity shear. 

Effect on cross-shore dispersion. The maximum normal- 
zed cross-shore dispersion coefficient, K 

∗
x , for any release 

ocation, as a function of the turbulent-diffusion factor, α, 
s shown in Figure 9 b. The effect of α on cross-shore disper- 
ion, K 

∗
x , shows approximately the same trend for all values 

f t ∗, with K 

∗ monotonically increasing with increasing val- 
x 
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Figure 9 Normalized dispersion coefficients as a function of local turbulent diffusion. 
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es of α. This reflects the fact that turbulent diffusion is the 
ominant mechanism of cross-shore dispersion. 

0. Conclusions 

his study provides advances in both the understanding and 
he predictability of contaminant dispersion in the surf zone 
f planar beaches and provides directions for future re- 
earch. The hydrodynamics of the surf zone can be stud- 
ed using laboratory-scale wave basins by imposing Froude 
imilarity to relate the length and time scales in a wave 
asin to the corresponding scales in the field. Measure- 
ents of longshore velocities induced by both regular and 

rregular waves obliquely approaching planar beaches in 
ave basins were analyzed and, where available, wave 
eights corresponding to the measured velocity profiles 
ere also considered. It is shown that the Longuet-Higgins 
1970b) model of surf-zone hydrodynamics adequately de- 
cribes the distribution of longshore currents measured 
t the laboratory scale. However, the adequacy of the 
onguet-Higgins (1970b) model in predicting corresponding 
ave heights and longshore currents is limited to Ursell 
umbers less than around 100, which exceeds the limit of 
0 normally associated with linear theory. The maximum 

ongitudinal dispersion coefficients result from tracer re- 
eases near the breaker line, and longitudinal dispersion co- 
663 
fficients increase with travel time for distances up to at 
east 10 surf-zone widths. Transverse dispersion coefficients 
emain relatively constant for increasing travel time. It is 
otable that the longitudinal and transverse dispersion co- 
fficients can be significantly influenced by local turbulent 
iffusion and cross-shore shear dispersion, so adequate es- 
imation of these quantities is important, and further re- 
earch in this area is needed. 
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Abstract Over the past few years, predicting species spatial distributions has been recognized 
as a powerful tool for studying biological invasions in conservation biology and planning, ecol- 
ogy, and evolutionary biology. Species spatial distribution models (SDMs) are used extensively 
for assessing the effects of changes in habitat suitability, the impacts of climate change, and 
the realignment of the existing conservation priorities. SDMs relate known patterns of species 
occurrences to a specific set of environmental conditions. Accordingly, we have used MaxEnt 
SDM tool in order to provide habitat suitability models of 5 keynote fish species: European sprat 
( Sprattus sprattus L. ), red mullet ( Mullus barbatus, L .), horse mackerel ( Trachurus mediterra- 
neus, L .), bluefish ( Pomatomus saltatrix, L. ) and whiting ( Merlangius merlangus, L .), inhabit- 
ing the Bulgarian region of the Black Sea. Presence-only (PO) data collected by pelagic surveys 
performed between 2017 and 2019 was further utilized to link known species occurrence lo- 
calities with selected abiotic factors, such as surface sea temperature and salinity, dissolved 
oxygen, and speed of currents. Biotic interactions were also considered for fitting the patterns 
of habitat suitability models. The SDMs, obtained from the present research study, prove to 
have satisfactory predictive accuracy to be further implemented for conservation measures 
and planning, stock management policy-making, or ecological forecasting. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

he Black Sea has been identified as one of the most 
ulnerable ecosystems on the globe, affected by dis- 
harges from land-based sources on the territories of 
he central and eastern European countries along the 
iver Danube ( Zaitsev, 2008 ). Under anthropogenic and 
atural affects, the Black Sea ecosystem experienced 
ramatic structural and functional changes in the ’80s 
 Daskalov, 2002 ; Ivanov and Beverton, 1985 ; Keskin et al., 
017 ; Pauly et al., 1998 , 2002 ). Excessive overfishing, 
utrophication, and the introduction of invasive species 
 Caddy, 2008 ; Prodanov, et al., 1997 ; Zaitsev and Ma- 
aev, 1997 ) were reported as key factors in the disruption 
f the ecosystem structure and the significant loss of biodi- 
ersity. 
The overexploitation of the top-predatory pelagic 

pecies led to an increase in populations of small plank- 
ivorous pelagic species, and the fisheries have therefore 
hifted towards the small pelagic species ( Pauly et al., 1998 ; 
auly and Watson, 2005 ). At the regional level, the Black Sea 
sheries in the past years have been reduced to: anchovy 
 Engraulis encrasicolus ), European sprat ( Sprattus Sprat- 
us ), Mediterranean horse mackerel ( Trachurus mediterra- 
eus ), flathead grey mullet ( Mugil Cephalus ), bonito ( Sarda 
arda ); bluefish ( Pomatomus saltatrix ); red mullet ( Mullus 
arbatus ), piked dogfish ( Squalus acanthias ), thornback ray 
 Raja clavata ), turbot ( Psetta maxima ), gobies ( Gobiidae ), 
eined rapa whelk ( Rapana venosa ) and sand gaper ( Mya 
renaria ). 
Bulgaria has, since 2007, been applying the Total Al- 

owable Catch (TAC), and Maximum Sustainable Yield (MSY) 
egimes only for turbot ( Psetta maxima ) and European sprat 
 S. sprattus ), with the sprat stock being assessed as ex- 
loited below its sustainable level, while the status of the 
ther commercially targeted and bycatch species still re- 
ains poorly known. As a whole, about 75% of the assessed 
lack Sea stocks are persistently reported to be fished at bi- 
logically unsustainable levels, regardless of the conserva- 
ion and technical measures introduced to avoid overfishing 
o ensure sustainable exploitation ( FAO, 2020 ). 
The latter indicates the need for local and regional stock 

anagement improvements and the introduction of more 
dvanced methods in terms of conservation and conser- 
ation planning, specifically in light of the growing global 
hreat of climatic changes. 
The purpose of the present study is to create predictive 

abitat suitability models of 5 keynote species for the 
ulgarian Black Sea fisheries: European sprat ( S. sprat- 
us ), red mullet ( M. barbatus ) and whiting ( M. merlangus )
considered shared/transboundary stocks), are showing no 
lear migratory pattern, and horse mackerel ( T. mediter- 
aneus ) and bluefish ( P. saltatrix ) whose presence was 
ystematically recorded in the study area at a seasonally 
djusted rate as part of their natural migration pattern. 
he implementation of these models for conservation, stock 
anagement, and policy-making will address specific stock 
ssessments’ shortcomings and may serve as a base for the 
doption of spatially oriented measures toward achieving 
ustainable stock management and biodiversity protection. 
In principle, stock management relies on scientific advice 

or optimal exploitation levels, based on stock assessments 
666 
n which a population model is fitted to the available data 
nd utilized to forecast the possible consequences of apply- 
ng various fishing mortality levels. Stock assessment models 
rovide estimates of MSY; however, they take into consid- 
ration only biological factors while assuming an invariant 
nvironment. Another limitation of the models is that they 
o not incorporate information for the spatial distribution 
f the stocks, which may be the species’ response to envi- 
onmental variability or distribution shifts related to devel- 
pmental stages ( Watson et al., 2022 ). 
Reliable and exhaustive information on patterns in spa- 

ial distribution and the actual geographic extent of a given 
pecies or ecological system have been recognized as es- 
ential prerequisites in planning for its successful manage- 
ent or conservation ( Clément et al., 2014 ; Lawler et al., 
011 ). Identification of areas of higher abundances of a 
iven species could therefore help ensure the proper main- 
enance of ecological processes ( Clément et al., 2014 ), 
rioritize the existing conservation and stock management 
trategies, and furthermore support the introduction of new 

uccessful strategies. 
Over the past few years, spatial distribution modeling 

SDM) has been applied to a broad range of problems, 
ncluding conservation biology and planning, management 
ecision, and policy-making ( Guisan and Thuiller, 2005 ; 
rivastava et al., 2019 ; Zimmermann et al., 2010 ). From 

uch a perspective, SDM is presently one of the most effec- 
ive instruments in assessing the spatial conservation sta- 
us of biodiversity ( Cayuela et al., 2009 ) and is seen as
n effective tool to provide an understandable measure of 
he species’ habitat preferences for a specific environment 
 Guisan and Thuiller, 2005 ; Zimmermann et al., 2010 ). 
SDMs are predictive tools that utilize occurrence loca- 

ions of known species and analyze them in direct contrast 
o a series of environmental layers by the implementation 
f a set of statistical algorithms designed to demonstrate 
he impact of the environment on species presence/absence 
istribution patterns ( Coops et al., 2009 ; Elith and Leath- 
ick, 2009 ; Guisan and Thuiller, 2005 ; Zimmermann et al., 
010 ). 
The habitat suitability models presented in this paper 

ere fitted with MaxEnt package software Version 3.4.4. 
 Phillips et al., 2017 ), in an effort to identify the areas of
 high probability of occurrence and make a valuable con- 
ribution to the existing knowledge as to the actual spatial 
istribution of species, and develop a deeper understanding 
f the suite of environmental variables characterizing their 
abitat suitability. The resultant SDMs predictive perfor- 
ance was evaluated by the area under the ROC (receiver 
perating characteristic) curve (AUC) metrics, and the prob- 
bilities of species occurrence were cross-validated with 
he species field-measured biomass to rationalize the mod- 
ls’ implementation in conservation planning, stock man- 
gement or ecological forecasting. 

. Material and methods 

.1. Spatial distribution modeling software 

he MaxEnt software package was selected as one of the 
ost frequently used for correlative models ( Merow et al., 
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Figure 1 The study area — Bulgarian Black Sea coastal and shelf waters (light and dark blue areas). The multispecies survey 
sampling sites (green dots), with the all-species data records used for the modeling, models cross-validation with field-measured 
biomasses, and for the sprat biomass digital layer. Т he mesozooplankton sampling stations (black triangles) are used for the meso- 
zooplankton biomass digital layer. 
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013 ). It is a presence-only based statistical algorithm that 
as been successfully applied to model the biogeographic 
istributions of species in different parts of the world. The 
odel input data is a list of species presence locations along 
ith a set of environmental predictors across a user-defined 
patial extent that is divided into grid cells. MaxEnt extracts 
 sample of background locations, contrasts it against the 
resence locations, and generates a probability estimate of 
pecies presence (or relative environmental suitability) that 
aries from 0 (lowest) to 1 (highest) ( Phillips et al., 2006 ). 

.2. Study area 

he study area ( Figure 1 ) was reduced to Bulgarian Black Sea 
oastal and shelf waters due to the inclusion of biotic inter- 
ctions in the models. Sprat biomass and mesozooplankton 
iomass data were spatially limited; therefore, their incor- 
oration as predictors predisposed a reduction in the study 
rea relative to the spatial extent where high-resolution 
ata was available. 

.3. Selection of abiotic and biotic variables as 
odel predictors 

he environmental variables were selected in accordance 
ith a priori known impact extent and ecological concepts 
ssociated with species preferences to a specific environ- 
ent and those affecting the biomass and recruitment vari- 
667 
bility ( Clavel-Henry et al., 2020 ; Mackenzie et al., 2008 ; 
aureaud et al., 2019 ; Pécuchet et al., 2015 ; Rose et al.,
019 ; Schickele et al. 2021 ; Smoli ński, 2019 ). Further-
ore, in view of the availability of the environmental data 
ources, the surface sea temperature, salinity, dissolved 
xygen, and the speed of the currents were selected as the 
ost relevant predictors. 
Although the latter refers only to the abiotic environ- 

ent, some biotic interactions were also selected as model 
redictors, since the inclusion of species biotic interac- 
ions were also expected to have a significant effect on 
pecies actual and potential distribution. The present study 
akes particular reference to those biotic interactions that 
re consistent with the species feeding ecology (as prox- 
es for competition for food and predator-prey interac- 
ions) ( Bal et al., 2020 ; Ceyhan et al., 2007 ; Georgieva and
askalov, 2019 ; Georgieva et al., 2019 ; Mihneva et al., 2015 ;
nay and Dalgic, 2019 ; Yankova et al., 2008 ). Mesozooplank- 
on biomass was selected and incorporated as a predictor 
ariable in the model for all the species under consider- 
tion, while sprat biomass was further included as an ex- 
lusive predictor for horse mackerel, whiting, and bluefish 
odels only. 

.4. Species presence data 

pecies PO localities data were derived from pelagic surveys 
 Figure 1 ) carried out in the 2017—2019 period (6 expedi- 
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ions: autumn 2017, 2 expeditions in the autumn of 2018, 
pring 2019, and autumn 2019). The latter was initially 
esigned for sprat stock assessments and further adapted 
since 2017) to examine bycatch composition and provide 
nalysis and relative swept area abundance/biomass indices 
or other commercially important species such as horse 
ackerel, red mullet, bluefish, and whiting. 
Surveys’ sampling design covered the Bulgarian Black Sea 

oastal (0—30 m) and shelf area (30—200 m), and each 
xpedition surveyed a random selection of 36 to 38 sam- 
ling sites, providing a good resolution of presence-absence 
ecords of the species within the study area. The species 
ata matrix (response matrix) was thus constructed by ac- 
ounting for the PO localities records (440 records in total —
 = 156 for sprat; n = 102 for whiting, n = 51 for horse mack-
rel, n = 97 for red mullet, and n = 34 for the bluefish model).

.5. Mesozooplankton data 

 total of 619 samples were collected at more than 100 sam- 
ling sites ( Figure 1 ) over the 2017—2019 period by closing 
lankton Juday net, 0.1 m 

2 mouth opening area, 150 μm 

esh size, starting at 2 meters above the bottom or oxy- 
en minimum zone to the surface at integral sampling lay- 
rs or districted layers depending on the water stratification 
nd thermocline depth ( Aleksandrov et al., 2020 ). Before 
ample preservation, the gelatinous species ( Aurelia au- 
ita, Pleurobrachia pileus, Mnemiopsis leidyi, Beroe ovata ) 
ere removed, rinsed, measured, and counted on board 

 Shiganova et al., 2021 ). The samples were preserved in a fi- 
al 4% formalin solution buffered to pH 8—8.2 with disodium 

etraborate (borax) (Na 2 B 4 O 3 ∗ 10H 2 O) ( Aleksandrov et al., 
020 ). In the laboratory, the samples were settled before 
eing divided into sub-samples. A Bogorov’s chamber was 
sed for quantitative assessment (abundance and biomass 
alculation) and qualitative (taxonomic structure) process- 
ng of sub-samples ( Aleksandrov et al., 2020 ). The sub- 
amples were examined through the use of an Olympus 
Z30 Stereoscopic Zoom Microscope. The taxa of Cladocera, 
opepoda, Appendicularia, and Chaetognatha were iden- 
ified at the species level. All other taxa were identified 
o phylum, class, or order levels. Biomass values as wet 
eight were estimated based on the number of individu- 
ls and the individual weight given per taxon and size class 
n Petipa (1959) . 

.6. Digital data layers used for fitting SDMs 

ll predictor variables were uploaded in MaxEnt in the form 

f digital layers and further utilized to fit the SDMs. The 
lack Sea monthly mean environmental data layers (near- 
urface temperature (temp), salinity (sal), dissolved oxygen 
do), and eastward seawater velocity (cu_uo)) for April to 
ecember over the 2017—2019 period (corresponding with 
he period when the survey expeditions were carried out) 
ere obtained from Copernicus Marine Environmental Ser- 
ice (CMEMS) data portal ( https://marine.copernicus.eu/ ). 
MEMS provides re-analyzed monthly hydrophysical and bio- 
eochemical fields for the Black Sea. The products are gen- 
rated in gridded format by numerical simulation models 
the hydrodynamic NEMO ( Madec, 2016 ) and the biogeo- 
668 
hemical BAMHBI ( Capet et al., 2016 ; Grégoire et al., 2008 ;
régoire and Soetaert, 2010 )), which embodies the assimi- 
ated in situ and satellite data for the Black Sea profile. The 
nal products are oceanographic data layers in net CDF for- 
at with a spatial resolution of 0.037 ° × 0.028 °, covering 
he entire Black Sea region, providing monthly mean values 
er model cell. 
The datasets were imported into an ArcGIS 10.2 and re- 

ampled to a 0.037 ° × 0.037 ° uniform grid via the near- 
st neighbor assignment method. The monthly means of 
ach variable over the period of interest were arithmeti- 
ally averaged to acquire their three annual mean values. 
inally, the grid cells of each three mean annual layers in- 
ide the region of interest were extracted in ESRI ASCII grid 
ormat. 
ESRI ASCII grids of sprat biomass (sprat_2) and meso- 

ooplankton biomass (zoo2) with a spatial resolution of 
.037 ° × 0.037 ° were generated by using the Inverse Dis- 
ance Weighting (IDW) function of ArcGIS 10.2. The grid 
ells inside the relevant region of interest were extracted 
onsistently with the spatial extent of environmental data 
ayers. 

.7. Evaluation and validation of SDMs 
erformance and applicability 

he SDMs were cross-validated with ten replicate model 
uns for an adequate assessment of their predictive per- 
ormance. Following the analysis of MaxEnt Jackknife tests 
s to the variables’ importance in the training gain, test 
ain, and area under the ROC curve (AUC) for the test sam- 
les, the predictors in the initially suggested model struc- 
ure were reduced to those that provided best training data 
t and predictive performance. 
To ensure that the models proposed are effective for 

onservation and stock management purposes, SDMs vali- 
ation was conducted as to whether the higher predicted 
elative probabilities are associated with areas where the 
tudied species occur in high abundances or densities. In 
rder to facilitate conclusive evidence, MaxEnt predicted 
abitat suitability grid was overlaid with the field-measured 
iomass grid for all localities used in fitting the training data 
odels. 

. Results 

.1. Evaluation of SDMs predictive performance 

ll model fits were assessed as performing better than a ran- 
om model would (S1 Figures 1—5). Their predictive perfor- 
ance was evaluated by AUC metrics ( Table 1 ) 
MaxEnt grid output (maps) for the predictive habitat suit- 

bility models ( Figure 2 a—e) use a color scale to indicate the
redictive probability of the most favorable environment 
or the species under study, with red indicating the highest 
ossible probability of suitable conditions, green indicating 
onditions equal to those where species were found, and 
ighter shades of blue corresponding to the low predicted 
robability of suitable environment ( Phillips, 2017 ). 

https://www.marine.copernicus.eu/
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Table 1 SDMs predictive performance assessment metrics by species (average test data AUC metrics for replicated runs). 

Species SDM Avg. test AUC for replicated runs Standard deviation 

sprat ( Sprattus sprattus ) 0.861 0.047 
whiting ( Merlangius merlangus ) 0.869 0.05 
horse mackerel ( Trachurus mediterraneus ) 0.933 0.037 
red mullet ( Mullus barbatus ) 0.876 0.042 
bluefish ( Pomatomus saltatrix ) 0.926 0.04 

Figure 2 MaxEnt Habitat suitability maps (point-wise mean and standard deviation of the 10 replicate Maxent runs) of a) sprat 
( Sprattus sprattus ); b) whiting ( Merlangius merlangus ); c) horse mackerel ( Trachurus mediterraneus ); d) red mullet ( Mullus barba- 
tus ) and e) bluefish ( Pomatomus saltatrix ) in the Bulgarian Black Sea coastal and shelf waters. 

669 
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Table 2 Environmental and biotic variables percentage contribution for fitting the training data models by species (percent- 
age contributions > 10% are marked in bold). 

Species 
Salinity 
(sal) [%] 

Temperature 
(temp) [%] 

Dissolved oxygen 
(do) [%] 

Currents speed 
(cu_uo) [%] 

Mesozooplankton 
biomass (zoo2) [%] 

Sprat biomass 
(sprat_2) [%] 

sprat 49.3 10.7 4.3 - 35.7 - 
whiting 46.3 11.2 2.4 - 40.1 - 
horse mackerel 32 - 13.7 - 43.6 10.7 

red mullet 57.5 - - 5.9 36.7 - 
bluefish 53.5 - 25.9 0.2 20.3 
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.2. Analysis of variables’ importance in fitting the 

raining data models and comparison of Jackknife 

lots of variables’ importance for best training and 

est data fit 

axEnt provides statistical outcomes for the contribution 
f predictor variables in fitting the training data models 
 Table 2 ). 
Regularized training gain and test AUC Jackknife plots 

nalyses (S1.Figures 6—15) highlighted that for the large 
ajority of the studied species (sprat, whiting, horse mack- 
rel and red mullet), the environmental predictor with 
he highest gain (if used separately), was mesozooplankton 
iomass, and it thus appears to have the most useful infor- 
ation by itself, whereas the environmental variable that 
ecreases the gain the most if omitted was salinity. Hence, 
t represents the most information that was not present in 
he other predictor variables incorporated into the model 
tructure. Subsequently, the Jackknife test on AUC data 
howed that mesozooplankton biomass generalizes better 
han salinity in predicting test data localities. Bluefish 
odel Jackknife plots analysis (S1.Figure 14 and S1.Figure 
5) indicated that the environmental variable with the high- 
st information gain, when used in isolation, was salinity, 
hile the environmental variable that decreased the gain 
he most if omitted was dissolved oxygen, which therefore 
ppears to have the most information that was not present 
n the other variables included in the model. 

The test results also point to the conclusion that the 
peed of the current has little to no influence at all on fit- 
ing training and test data models with respect to the vast 
ajority of the studied species. However, their exclusion 
rom the red mullet and bluefish model’s structure did not 
mprove or, more precisely, rather reduced the overall pre- 
ictive performance of the models. 

.3. SDMs validation 

axEnt predicted habitat suitability grid was overlaid with 
he field-measured biomass for all localities used in fitting 
he training data models to validate the expected associa- 
ion of the highest probabilities of occurrence of the studied 
pecies with areas where the species performance is evi- 
ently high ( Figure 3 and S1.Figure 16—19). 
Observed, was a clear spatial overlap between the two 

rids — field-measured biomass and MaxEnt predicted prob- 
bilities. 
a

670 
. Discussion and conclusions 

.1. Presence only or presence-absence data? 

pecies observation data resolution and quality may have 
 substantial effect on the model performance and, re- 
pectively, on the accuracy of the predictions. Species 
resence-absence data records are often scarce and in- 
omplete and are habitually influenced by uncertainties 
aused by various sources of error, bias, or inaccuracy 
hat need to be addressed ( Bryn et al., 2021 ). However,
he inclusion of absence data is highly recommended to 
nsure that the model’s predictions are reliable, though 
he absence localities inclusion is only reasonable in case 
f availability of repetitive observations that the species 
s not present in the studied area or location. The lat- 
er may also refer to unsuitable environmental condi- 
ions, seasonal migration, or migration related to devel- 
pmental stages ( Lobo et al., 2010 ). In general, SDM has 
een developed to use both PO or presence-absence (PA) 
ata ( Brotons et al., 2004 ); however, generalization as to 
hether methods using PA or PO data along with pseudo- 
bsence data or background locations yields better re- 
ults in predicting species distribution seem hardly con- 
eivable. Few case studies, however, highlight that when 
orking with PO data, particular attention must be paid to 
he sampling design for uninformed background or pseudo- 
bsence data, as they may lead to erroneous modeling re- 
ults ( Bryn et al., 2021 ; Støa et al., 2018 ; Stokland et al.,
011 ). 
In line with the latter considerations, it is important 

o note that the SDMs presented in this paper used Max- 
nt background (or pseudo-absences) defaults. Basically, 
he background locations are being built by contrasting 
he presences against background locations where pres- 
nce/absence is unmeasured, and MaxEnt further contrasts 
he environmental conditions at the background locations 
ith those at observed presence locations ( Merow et al., 
013 ). The default background locations option was consid- 
red acceptable, accounting for the focus of the present 
ase study, which is related to identifying the actual 
nd potential future spatial distribution of the studied 
pecies with desired predictive accuracy at the geograph- 
cal extent where the species are reachable, rather than 
tudying species habitat suitability in the absence of dis- 
ersal limitations or introduction to a new geographical 

rea. 
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Figure 3 MaxEnt model-predicted probabilities grid vs. field-measured biomass grid of Sprattus sprattus in the Bulgarian Black 
Sea coastal and shelf waters during the survey expeditions carried out in the 2017—2019 period. 
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.2. Model conceptualization and predictive 

erformance 

any studies report that the predictive performance of 
DMs is more reliable if biotic interactions are carefully ex- 
mined and incorporated as predictors ( Bueno de Mesquita 
t al., 2016 ; Flores-Tolentino et al., 2020 ; Giannini et al., 
013 ; Lany et al., 2017 ; Leach et al., 2016 ; Preuss and Pa-
ial, 2021 ), rather than those based solely on abiotic vari- 
bles as they are more likely to overestimate distributions, 
pecifically for species strongly restricted by their biotic 
nteractions ( Flores-Tolentino et al., 2020 , Godsoe et al., 
017 ). On the contrary, other studies report that the inclu- 
ion of biotic interactions, especially in joint-species dis- 
ribution and climate envelop models, can lead to misin- 
erpretation of the models when expanded to the macro- 
cological level as they are viewed as having a limited spa- 
ial extent within the structure of their biotic interactions 
nless a suitable proxy can be incorporated in these mod- 
ls ( Araújo and Luoto, 2007 ; Dormann et al., 2018 ). Never- 
heless, the very selection of suitable quantitative proxies, 
or inferring possible biotic interactions to be included in 
he model as predictors, remain challenging. This might be 
inked to the fact that biotic interactions are integrally com- 
lex, and it is not always clear what information is relevant 
or each species in order for their effect on the community 
omposition to be properly identified ( Godsoe et al., 2017 ). 
As our modeling results show, both biotic and abiotic fac- 

ors play an equally important role in fitting the training 
ata models for sprat, whiting, and red mullet, and further- 
ore, it is biotic interactions that are of utmost importance 
or predicting the localities of the various species. The lat- 
671 
er is in complete agreement with the premise that bi- 
tic predictors significantly improve habitat suitability mod- 
ls for species strongly restricted by their biotic interac- 
ions. Conversely, as for fitting the migratory species habi- 
at suitability models, the abiotic variables take major pri- 
rity for fitting both training and test data, thus demon- 
trating strong specific preferences for the abiotic environ- 
ent. In addition, bluefish and horse mackerel predicted 
uitability overlaps with the corresponding areas of the 
ighest predicted suitability for sprat and whiting, which 
an easily be justified by their clear patterns of move- 
ent and species migration. This complex behavior enables 
nimals to exploit many temporally productive and spa- 
ially discrete habitats to maximize survival and reproduc- 
ion success and avoid adverse environmental conditions 
 Lennox et al., 2016 ). 
To prevent eventual misinterpretation of the model, 

e propose a spatial extent limited to the geographic 
pace that provides a plentiful supply of research data on 
he selected biotic interactions. Species co-existence and 
redator-prey interactions, as well as competition for food, 
ere represented only by mesozooplankton biomass and one 
f the most abundant species biomasses (sprat) as both were 
onsidered a suitable proxy, and the spatial resolution of 
ata was satisfactory in terms of interpolation error. An at- 
empt was made for the introduction of a digital layer of 
ombined small pelagic species biomass indices in fitting the 
luefish model as a predictor variable, though the resolution 
f PO data for horse mackerel was not satisfactory enough 
n terms of data interpolation error, and the inclusion of 
uch layer would probably introduce an unnecessary bias in 
redicting habitat suitability. 
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On the whole, many underlying processes remained un- 
ccounted for in terms of species biotic interactions and 
biotic environment due to the selection of a relatively 
imple model structure; however, the overall SDMs perfor- 
ance proved to be satisfactory regardless of their general- 

zation and possible robustness. 

.3. Model validation and applicability for stock 

anagement and conservation 

n conservation planning and stock management, species 
bundance is deliberated as the most informative quan- 
itative expression when assessing species stock status, 
istribution, diversity, and population trends and dynam- 
cs ( Brown, 1984 ; Sparre and Venema, 1998 ; Williams and 
raújo, 2000 ). The major concern for the application of 
DMs as a means of establishing conservation measures and 
etting up conservation priorities relates to the fact that 
he predicted relative probabilities of species occurrence 
ay not necessarily reflect abundances ( Clément et al., 
014 ; Williams and Araújo, 2000 ). The latter indicated the 
eed to identify and validate the possible relationship be- 
ween occurrence probabilities and abundance indices. On 
he other hand, SDMs are generally expected to reflect the 
iche requirements of the species and the environmental 
onditions that are associated with higher species perfor- 
ance ( Thuiller et al., 2010 ), and correspondingly, habitats 
ith a perceived increase in species occurrence frequen- 
ies are more likely to be associated with higher abundances 
 Hernandez et al., 2006 ). However, they may also be indica- 
ive of reproductive biology processes, response to habitat 
ariations, feeding ecology, or migration patterns. 
Accordingly, a validation of the predicted probabilities 

ith the field-measured biomass of the species under con- 
ideration in the present study was conducted, and the 
ross-validation results showed a good spatial overlap. In 
eneral, the proposed models tend to demonstrate consid- 
rable accuracy in predicting the areas related to higher 
pecies performance for all the studied species and, there- 
ore, can be successfully applied for conservation planning 
nd/or the introduction of spatially oriented stock manage- 
ent measures. On that account, the bluefish and horse 
ackerel models must be considered only seasonally where 
oth species are present in the Bulgarian Black Sea waters 
s part of their natural migration route. 
Expansion of the proposed SDMs at a regional level may 

ignificantly contribute to the conservation planning and 
mproved ecological forecasting for the entire Black Sea 
cosystem. It is evident, though, that the models using only 
limatic variables as predictors may lead to significant un- 
ertainty when analyzing species distribution, and the fact 
hat biotic interaction data is spatially limited makes its in- 
orporation at a regional level even more challenging. 
Implementation of cholorophyll a satellite data in fish 

orecasting models has generally proven to be success- 
ul in identifying species favorable habitats ( Druon, 2017 ; 
ansor et al., 2001 ). Accordingly, the SDMs obtained from 

he present study can be further advanced to predict habi- 
at suitability for the entire Black Sea region through the 
se of chlorophyll a satellite data as habitat-specific char- 
cteristics relative to known presence/absence localities of 
672 
he species as a proxy to biotic interactions at a macro- 
cological level and more precise identification of fish pro- 
uctivity zones. 
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Abstract To understand the role of physical processes and their interannual variability on the 
dissolved nutrient concentration and phytoplankton biomass distribution, field data collected 
in the Indian sector of the Southern Ocean (ISSO) during the austral summer of 2009—2011 
are used. In the subtropical zone, macronutrients were limited (N:P < 1, N:Si < 1, Si:P ≈ 1) 
and the phytoplankton biomass variability was mainly governed by the mesoscale eddy activity 
associated with the Agulhas Return Current. High nutrient low chlorophyll condition prevailed in 
the sub-Antarctic zone and further south. A South-North gradient of the upper layer dissolved 
SiO 2 was higher than that of NO 3 . The sub-Antarctic zone was characterized by the highest 
N:Si ratio ( > 4) and it was associated with the enhanced draw down of silicate due to the 
winter/spring diatom blooms in the region. The chlorophyll- a (CHL) concentration in the Polar 
Frontal Zone was low ( ∼0.2 mg m 

—3 ) in 2009 and 2010 but it was high (0.5 mg m 

—3 ) in 2011. 
This increase in CHL in 2011 was due to the supply of dissolved iron from the strong winds and 
subsequent mixing during the winter of 2010. Further, the increased CHL values in the Antarctic 
zone (0.5 mg m 

—3 ) in 2011 compared to 2009 and 2010 could be due to the increased sea ice 
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melting associated with positive Southern Annular Mode. The increased phytoplankton biomass 
in the summer of 2011 coincides with an increase in nitrate utilization (N:P ≈13) compared to 
2009 and 2010. Observations showed that ISSO frontal zones are characterized by inter-annual 
variability in terms of nutrient utilization and phytoplankton biomass production. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

he Southern Ocean plays a crucial role in the global car- 
on cycle, as this region is an important atmospheric car- 
on dioxide sink ( Gruber et al., 2019 ). However, the South- 
rn Ocean cannot reach its potential for atmospheric car- 
on uptake because of the inefficiency of the biological 
ump; it is a high nutrient — low chlorophyll (HNLC) re- 
ion. Major reasons for the observed HNLC are the iron 
tress ( Boyd and Ellwood, 2010 ; Martin et al., 1990 ), light 
imitation ( Mitchell et al., 1991 ; Nelson and Smith, 1991 ), 
eep mixing ( Taylor et al., 2013 ), and grazing pressure 
 Dubischar and Bathmann, 1997 ). The Indian sector of the 
outhern Ocean (ISSO; 20 °E—110 °E, 40 °S—70 °S) is also not 
ifferent and follows an HNLC pattern. Satellite-derived 
ustral summer climatology of surface chlorophyll- a (CHL) 
uggests low surface CHL concentration of 0.2 mg m 

—3 

 Figure 1 a) in the ISSO. However, the exceptions to the 
NLC condition with CHL 0.5 mg m 

—3 are observed in the re- 
ions where physical control of the phytoplankton biomass 
s dominating. Examples of such regions are the vicinity of 
he Subtropical Front (STF), the waters near the Kergue- 
en and Crozet Islands, downstream the bathymetric fea- 
ures, and coastal waters influenced by the seasonal ice 
etreat ( Anilkumar et al., 2015 ; Moore and Abbott, 2000 ). 
n a climate change scenario, the change in physical con- 
rol not only affects the phytoplankton biomass but also the 
igher trophic level biodiversity and fisheries which have 
arge commercial value ( Deppeler and Davidson, 2017 ). 

Apart from being a CO 2 sink, the Southern Ocean also 
egulates global primary productivity by supplying nutrients 
o low latitude oceans via the formation and transporta- 
ion of mode and intermediate waters in the subtropical 
nd sub-Antarctic region ( Demuynck et al., 2020 ; Sarmiento 
t al., 2004 ). The nutrient characteristics of the mode and 
ntermediate waters are determined by the biogeochem- 
stry in the formation region which is further influenced 
y the physical control ( Henley et al., 2020 ; Moore et al., 
018 ). The Southern Ocean comprises different biophysical 
ones with the boundary marked by fronts ( Longhurst, 2010 , 
rsi et al. 1995 ). Unlike the Atlantic and Pacific sectors of 
he Southern Ocean, ISSO has a complex frontal system with 
ndividual branches of fronts merging and diverging by the 
eculiarities of bottom topography and the presence of Ag- 
lhas Return Current ( Figure 1 a; Belkin and Gordon, 1996 ; 
ostianoy et al., 2004 ; Park et al., 1993 ). Though the fronts 
erge to form a wide front, different physical processes 
ominate each of these frontal zones. 
The northernmost front in the ISSO is the STF, which 

s the boundary between warm-saline, nutrient-poor Sub- 
ropical Surface Water in the north and cooler, fresher, 
676 
utrient-rich Sub-Antarctic Surface Water in the south. Ag- 
lhas Return Current flows parallel or juxtaposed to the 
TF ( Lutjeharms and Ansorge, 2001 ). The region between 
gulhas Return Current and STF is known as the Subtropi- 
al Frontal Zone (STFZ). Owing to the presence of Agulhas 
eturn Current, which is dynamically very unstable, STFZ 
n the ISSO is characterized by high eddy kinetic energy 
 Figure 1 b; Ansorge and Lutjeharms, 2005 ). High mesoscale 
ddy activity in the STFZ causes intermittent and short-lived 
HL blooms and control dissolved nutrient characteristics of 
he region ( George et al., 2018 ; Llido et al., 2005 ). 
The Sub-Antarctic Frontal Zone (SAFZ) is the region 

etween STF and Sub-Antarctic Front (SAF). SAFZ in the 
SSO is characterized by the presence of major islands, 
rozet and Kerguelen ( Figure 1 c). The interaction of the 
ntarctic Circumpolar Current (ACC) with these islands sup- 
lies micro-nutrients like iron to the offshore HNLC waters 
hrough the sediments deposited on the continental margins 
 Blain et al., 2001 ; Planquette et al., 2007 ; Sanial et al.,
014 ). However, the deep regions of the SAF of ISSO are less
roductive due to the prevalent iron stress. Even though the 
SSO is characterized by high macronutrient concentration, 
he SAF region can be silicate limited in the austral summer 
 Parli et al., 2020 ). The silicate limitation is mainly con- 
rolled by the northward advection of silicate-limited wa- 
er from the south, where the proliferation of diatoms re- 
uced the silicate ( Sarmiento et al., 2004 ). A recent study 
y Demuynck et al. (2020) pointed out that in short time 
cales (1—10 years), physical processes like advection and 
ntrainment play a dominant role in the silicate limitation 
ather than the ambient biology. 
Polar Frontal Zone (PFZ) is the region between SAF and 

olar Front (PF). Generally, in austral summer, PFZ waters 
re not light limited with Photosynthetically Active Radi- 
tion (PAR) typically greater than 32 Einstein m 

—2 day —1 

 Figure 1 c, Venables and Moore, 2010 ). However, the pres- 
nce of high wind stress patch ( ∼0.2 Pa) centered at 50 °S
 Figure 1 d) along with convective mixing may result in deep 
ixed layers, which can eventually decrease the light avail- 
bility for phytoplankton and result in low phytoplankton 
iomass. The meridional migration of this high wind belt 
ue to Southern Annular Modes controls the northward Ek- 
an transport of deep water, affecting the phytoplankton 
istribution and dissolved nutrients ( Hoppema et al., 2003 ). 
The region south of PF to coastal waters of Antarctica is 

nown as the Antarctic Zone (AZ). One of the characteris- 
ics of the AZ is the Antarctic divergence, where upwelling 
f Upper Circumpolar Deep Water (UCDW) brings dissolved 
icro and macronutrients into the surface layer affecting 
he phytoplankton biomass and dissolved nutrient inventory 
 Hoppema et al., 2003 ). The annual formation and dissipa- 
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Figure 1 January—February averaged climatology of (a) MODIS CHL (mg m 

—3 ). Black contours represent climatological frontal 
locations derived from sea surface temperature (GHRSST). The ARF, STF, SAF1, SAF2, PF1 and PF2 represented from north to south 
by 18, 14, 10, 7.5, 4.5, and 2.5 °C temperature contours, respectively. Frontal zones are also demarcated. (b) Photosynthetically 
active radiation (PAR, Einstein m 

2 day —1 ). The black contour lines represent the 2000 m depth isobath derived from the etopo20 
data set. (c) Eddy Kinetic Energy (EKE, cm 

2 s —2 ). The black contour represents the climatological sea ice limit (15% sea ice fraction). 
(d) QuikSCAT modulus of wind stress (Pa). Vectors represent zonal and meridional wind stress. CTD/XCTD locations during SOE2009, 
SOE2010, SOE2011 are marked as light blue star/red triangles in the panel a, b, and c, respectively. 
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ion of sea ice and the distinct seasonal surface water mass 
ransformations ( Williams et al., 2008 ) make the AZ waters 
 physically dynamic area of the ISSO. The observed high 
hytoplankton biomass (CHL 0.5 mg m 

—3 , Figure 1 a) in the 
ntarctic coastal waters is due to the elevated levels of mi- 
ronutrients (mainly iron) in the coastal waters as a result 
f glacial melting ( Park et al., 1998 ). The sea ice melt also
reates buoyant melt waters, which can enhance the irradi- 
nce levels by rapidly shoaling the mixed layer, resulting in 
levated phytoplankton biomass ( Briggs et al., 2018 ). 
Though the recent decade saw an increase in exploration 

f the Southern Ocean, studies mostly focused on the Pacific 
nd Atlantic sectors of the Southern Ocean. Indian Sector of 
he Southern Ocean was largely under-sampled, especially 
he basic biogeochemical parameters. Present manuscript 
ssesses the physical control on the phytoplankton biomass, 
677 
utrient concentrations, and its interannual variability dur- 
ng the summer of 2009—2011 in the ISSO, one of the least 
tudied sectors of the Southern Ocean. 

. Data and methods 

ydrographic data collected during the Southern Ocean ex- 
editions SOE2009 (from 19 February 2009 to 20 March 
009), SOE2010 (31 January 2010 to 1 March 2010), SOE2011 
from 1 February 2011 to 2 March 2011) were used to un- 
erstand the physical control on the distribution of CHL 
nd macronutrient concentrations in the ISSO. In 2009, the 
xpedition was carried out onboard r/v Akademic Boris 
etrov , and the subsequent expeditions were conducted on- 
oard oceanographic r/v Sagar Nidhi . The CTD used during 
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Table 1 Instruments used for measuring different parameters during the expeditions to the Southern Ocean. 

Cruise Parameters Instruments 

SOE2009 Temperature/salinity CTD MARK III-B (Neil Brown Instrument Systems, Inc.) 
XCTD-1 (TSK, Japan) 

Dissolved Nutrients UV—vis spectrophotometer (Perkin-Elmer) 
Chlorophyll concentration UV—vis spectrophotometer (Perkin-Elmer) 

SOE2010 Temperature/salinity Seacat SBE21 portable CTD (Sea-Bird Electronics, USA) 
XCTD-3 (TSK, Japan) 

Dissolved Nutrients UV—vis spectrophotometer (Perkin-Elmer) 
Chlorophyll concentration UV—vis spectrophotometer (Perkin-Elmer) 

SOE2011 Temperature/salinity SBE 911 plus system (Sea-Bird Electronics, USA) 
XCTD-3 (TSK, Japan) 

Dissolved Nutrients Autoanalyser (Skalar 107 Analytical Sanplus 8505 Interface v3.05) 
Chlorophyll concentration Turner Designs AU-10 Fluorometer 

S
I
(
t
p
a
±
C
i
g
u
w
i
d
t
(
i
s
l

(
i
C
d
w
—
s
U
a
a
i
t
s
s
(
m
m
a
T
a
2
t

y
T
c

d
o
2
a
s
t
c
C
d
C
l
v
T
d
S
f
l
w
r
t
f
C
j
i
g
d

i
t
2
m
T
a
t
a
F
C
t

OE2009 was MARK III-B (Neil Brown Instrument Systems, 
nc.). During SOE2010, it was Seacat SBE21 portable CTD 

Sea-Bird Electronics, USA) attached to the IDRONUT wa- 
er sampler, and during SOE2011, CTD used was SBE 911 
lus system (Sea-Bird Electronics, USA). The temperature 
nd conductivity accuracy for all these CTD systems were 
0.001 °C and ± 0.0001 S m 

—1 , respectively. Expendable 
TD (XCTD) was also used between the CTD stations dur- 
ng the expeditions. The CTD/XCTD sampling locations are 
iven in Figure 1 . During SOE2009, XCTD-1 (TSK, Japan) was 
sed, and during SOE2010/SOE2011 XCTD-3 (TSK, Japan) 
as used. The accuracy of XCTD temperature, conductiv- 
ty, and depth is ± 0.02 °C, ± 0.0003 S m 

—1 , and ± 2% of 
epth, respectively. The XCTD profiles were quality con- 
rolled by following the guidelines in the CSIRO Cookbook 
 Bailey et al., 1994 ; George and Anilkumar, 2022 ). The salin- 
ty data from the CTD/XCTD were calibrated against water 
amples analyzed using a high-precision salinometer (Guild- 
ine AUTOSAL). 

Seawater samples were collected from standard depths 
0, 10, 20, 30, 50, 75, 100, and 120 m) with General Ocean- 
cs Niskin samplers (5 L) fitted on a rosette along with the 
TD. Nutrient analysis was carried out following the stan- 
ard methods ( Grasshoff et al., 1983 ). Seawater subsamples 
ere collected in 250 ml Nalgene bottles and kept frozen at 
20 °C till the nutrient analysis. Prior to the analysis, the 
amples were thawed and brought to room temperature. A 
V—vis spectrophotometer (Perkin-Elmer) was used to an- 
lyze the nitrate, phosphate, and silicate during SOE2009 
nd SOE2010. In 2011, nutrients were analyzed onboard us- 
ng an autoanalyser (Skalar 107 Analytical Sanplus 8505 In- 
erface v3.05). CHL analyses were carried out following the 
tandard procedures ( Strickland and Parsons, 1972 ). Water 
amples for CHL analysis were filtered through GF/F filter 
pore size 0.7 μm). After the filtration, the filters were im- 
ediately transferred to an amber color glass tube with 10 
l of 90% acetone. The filter was crushed with the help of 
 glass rod and kept overnight in the freezer for extraction. 
he next day, the suspension is transferred into the cuvette 
nd measured using a fluorometer/spectrophotometer. In 
009 and 2010, CHL analysis was made using a UV—vis spec- 
rophotometer (Perkin-Elmer). While in 2011, the CHL anal- 
678 
sis was carried out using Turner Designs AU-10 Fluorometer. 
he details of parameters and instruments used during the 
ruises are given in Table 1 . 
In order to understand the austral summer surface CHL 

istribution in ISSO, January—February average climatology 
f CHL is derived from the monthly MODIS data from July 
002 to September 2013. The monthly climatology of a vari- 
ble is the mean of monthly values of the variable over a 
pecified period. The climatological frontal location was ob- 
ained from the climatology of sea surface temperature cal- 
ulated using GHRSST data (October 2003 to October 2013). 
limatological photosynthetically active radiation (PAR) was 
erived from MODIS data from July 2002 to September 2013. 
limatology of eddy kinetic energy (EKE, cm 

2 s —2 ) was calcu- 
ated from AVISO, SSALTO/DUACS delayed time geostrophic 
elocity anomaly from September 1999 to August 2013. 
he climatological sea ice limit (15% sea ice fraction) was 
erived from SSMI sea ice fraction from January 2003 to 
eptember 2013. QuikSCAT modulus of wind stress (Pa) data 
rom August 1999 to October 2009 has been used to calcu- 
ate the monthly climatology. For the time series analysis, 
e used Navy Fleet Numerical Meteorology and Oceanog- 
aphy Center (FNMOC; https://oceanview.pfeg.noaa.gov/ 
hredds/dodsC/FNMOC ) wind products. Variability of sur- 
ace ocean currents was inferred from Ocean Surface 
urrent Analysis Real-Time (OSCAR) data ( https://podaac. 
pl.nasa.gov/dataset/OSCAR _ L4 _ OC _ third-deg ). The MLD 

s calculated as the depth at which the density is 
reater by 0.03 kg m 

—3 from the density value at 10 m 

epth. 
Monthly products of total CHL concentration, nitrate, 

ron, MLD, and contribution of major functional phytoplank- 
on types to total CHL for the February month from 2009 to 
011 were obtained from the NASA Ocean Biogeochemical 
odel (NOBM; https://giovanni.gsfc.nasa.gov/giovanni/ ). 
he global NOBM model is coupled with the circulation 
nd radiative model. The biogeochemical component of 
he model comprises 4 phytoplankton taxonomic groups: di- 
toms, cyanobacteria, chlorophytes, and coccolithophores. 
urther details of the model can be found in Gregg and 
asey (2007) . The data were with half-degree resolu- 
ion from 40 °S to 66 °S along 57.5 °E. Temperature/salinity 

https://oceanview.pfeg.noaa.gov/thredds/dodsC/FNMOC
https://podaac.jpl.nasa.gov/dataset/OSCAR_L4_OC_third-deg
https://giovanni.gsfc.nasa.gov/giovanni/
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Figure 2 The vertical section along 57.5 °E of (a) temperature (b) salinity and (c) Brunt Vaisala frequency during SOE2009; (d) 
temperature (e) salinity and (f) Brunt Vaisala Frequency during SOE2010; (g) temperature (h) salinity and (i) Brunt Vaisala frequency 
during SOE2011. The thick black line represents the mixed layer depth. 
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ata from ARGO floats ( https://www.nodc.noaa.gov/argo/ 
oats _ data.html ) is also used to understand the thermoha- 
ine variability in the study region. 

.1. Frontal structure during the observation 

eriod 

rontal structure during the cruises was identified using 
he surface temperature criterion (ARF: 19—17 °C, STF: 17—
1 °C, SAF1: 11—9 °C, SAF2: 7—6 °C, PF1: 5—4 °C, PF2: 3—2 °C)
f Anilkumar et al. (2015) . The frontal location identified 
y the surface temperature criterion closely matched with 
he locations identified by subsurface temperature contours 
nd salinity characteristics (figure not shown) detailed in 
able 1 of Anilkumar et al. (2015) . Consistent with the pre- 
ious studies ( Anilkumar et al., 2006, 2014 ; Dong et al., 
006 ), during the observation period, both SAF and PF were 
ranched as their northern (SAF1 and PF1, respectively) 
nd southern fronts (SAF2 and PF2, respectively) as seen 
n Figure 2 . Along 57.5 °E, the Agulhas return Front (ARF), 
TF, and SAF1 were merged to form a wide front extend- 
ng from 39 °S to 47 °S. Earlier studies by Park et al. (1993) ,
parrow et al. (1996) , and Kostianoy et al. (2004) also noted 
679 
 merged front in this region. The Southern Ocean is divided 
nto frontal zones, distinct regions with relatively uniform 

hermohaline and biogeochemical characteristics bounded 
y the fronts ( Figures 2 and 3 ; Orsi et al. 1995 ). The merged
RF and STF region is the STZ. The SAZ is from the south of
TF to SAF2, and the PFZ is from the south of SAF2 to PF2.
outh of PF2 is the AZ. Different biogeochemical conditions 
nd physical processes dominate in each of these frontal 
ones. 

. Results 

.1. Hydrography during SOE2009, SOE2010 and 

OE2011 

.1.1. Thermohaline structure 

ost of the observations presented in this manuscript were 
arried out during February—March and therefore repre- 
ented the late austral summer conditions of the study re- 
ion. Latitude-depth sections of temperature ( Figure 2 a,d, 
nd g) and salinity ( Figure 2 b,e, and h) collected during 
he Southern Ocean expeditions SOE2009, SOE2010, and 

https://www.nodc.noaa.gov/argo/floats_data.html
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Figure 3 The vertical section along 57.5 °E of (a) N:P (color bar) overlaid by NO 3 + NO 2 contour (b) N:Si (color bar) overlaid by SiO 2 

contour and (c) Si:P (Color bar) overlaid by PO 4 contour during SOE2009; (d) N:P (color bar) overlaid by NO 3 + NO 2 contour (e) N:Si 
(color bar) overlaid by SiO 2 contour and (f) Si:P (Color bar) overlaid by PO 4 contour during SOE2010; (g) N:P (color bar) overlaid by 
NO 3 + NO 2 contours (h) N:Si (color bar) overlaid by SiO 2 contours and (i) Si:P (Color bar) overlaid by PO 4 contours during SOE2011. 
The thick black line represents the mixed layer depth. 
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OE2011 show the frontal structure of the region. Dur- 
ng SOE2011, the merged frontal system of ARF + STF + SAF1 
as compact (from 41 °S to 47 °S) compared to SOE2009 
nd SOE2010 (from 39 °S to 47 °S). SAF2 location was cen- 
ered at 48 °S during all the expeditions. During SOE2009 and 
OE2010, PF1 was observed between 50 °S and 53 °S. How- 
ver, during SOE2011, PF1 was confined to 51 °S—52 °S. While 
he extent of PF2 (55 °S to 59 °S) was similar during SOE2009 
nd SEO2010, it was compact and shifted northward (54 °S 
o 57 °S) in SOE2011. 
Major water masses observed in the upper 300 m wa- 

er column from 40 °S to 66 °S were the sub-Tropical sur- 
ace water (T12 °C, S35.1 psu), sub-Antarctic surface wa- 
er (T9 °C, S34 psu), and the Antarctic surface water (T5 °C, 
34 psu). The water with a temperature of less than 4 °C 

nd salinity of 34 psu observed below the up-sloping 34 psu 
sohaline from SAF to the south suggests the upwelling of 
ircumpolar Deep Water (CDW). A temperature minimum 

ayer with values ranging between —2 °C and 1.5 °C was lo- 
ated 50—200 m south of 50 °S in the study region during 
OE2009, SOE2010, and SOE2011 ( Figure 2 a,d, and g). Below 

his layer, the temperature gradually increased by ∼2 °C up 
680 
o 300 m and then exhibited isothermal characteristics fur- 
her down. From Figure 2 , it is clear that there is an inter-
nnual variability in the austral summer frontal structure 
nd thermohaline characteristics in the study region. 
The latitude-depth Brunt Vaisala frequency sections 

 Figure 2 c,f, and i) suggest that the STZ and SAZ were char-
cterized by a shallow ( ∼30 m) mixed layer and high static 
tability below the mixed layer depth. In the PFZ, the wa- 
er column was less stable, and the mixed layer deepened 
p to ∼100 m. Further south in the AZ, the mixed layer was
hallow (20—50 m). One stark difference noticed in the PF1 
uring the SOE2010 was its shallow mixed layer ( ∼20 m) 
ompared to SOE2009 and SOE2011 ( ∼80 m). 

.1.2. Nutrient distribution 

n general, nitrate + nitrite (NO 3 + NO 2 ), silicate (SiO 2 ), and
hosphate (PO 4 ) concentrations in the upper 120 m in- 
reased from ARF to AZ ( Figure 3 ). During SOE2009, from
RF to AZ, the concentration of NO 3 + NO 2 , SiO 2 , and PO 4 

anged between 0.1—31 μM, 0.2—40 μM, and 0.1—3.5 μM, 
espectively ( Figure 3 a,b and c). Compared to SOE2009, 
uring SOE2010, NO 3 + NO 2 , SiO 2 , and PO 4 concentrations 
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Figure 4 Mixed layer averaged nutrient properties during SOE2009, SOE2010 and SOE2011, (a) N:Si (b) NO 3 + NO 2 concentration 
( μM) and (c) SiO 2 concentrations ( μM). The chlorophyll section along 57.5 °E during (d) SOE2009 (e) SOE2010 and (f) SOE2011. 
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ere higher and varied between 2—36 μM, 1—85 μM, 
nd 0.2—3.6 μM, respectively ( Figure 3 c,d and e). During 
OE2011, the NO 3 + NO 2 concentrations were higher than 1 
M, and it increased from ARF (1.5 μM) to PF2 (25 μM) 
 Figure 3 g). Throughout the cruise track, silicate concen- 
ration was higher than ∼1 μM, and it increased from 

RF (2 μM) to the southernmost station at 60 °S ( ∼38 μM, 
igure 3 h). The phosphate concentration was lower than 1 
M in the STF region, and further south, it increased up to 
 μM ( Figure 3 i). In terms of upper layer SiO 2 distribution,
F acted as a transition region, where towards its north, 
iO 2 values were less than 6 μM, and towards its south, SiO 2 

alues reached up to 80 μM ( Figure 3 b,e, and h). 
Overall N:P ratio from ARF to PF2 increased from 1 to 

8 and then decreased to 10 in Antarctic coastal waters 
 Figure 3 a,d, and g). Similarly, N:Si ratio also increased 
rom ARF to SAF2 (1—∼10) and then decreased to 1 at 66 °S 
 Figure 3 b,e, and h). Si:P ratio generally increased from ARF 
o Antarctic coastal waters ( Figure 3 c,f, and i). Figure 4 a,b 
nd c show the mixed layer average of N:Si ratio, NO 3 + NO 2 

nd SiO 2 concentrations respectively in the study region. 
ven though the general pattern of nutrient ratios was sim- 
lar during all the cruises, absolute values showed strong 
nter-annual variability. The highest N:Si ratio was observed 
n the SAZ. During SOE2009, N:Si values reached up to 3, and 
n SOE2010 10, and in SOE2011 about 2. 
681 
An important feature in the meridional section of nutri- 
nt concentration is the latitudinal gradient of nitrate and 
ilicate concentrations with high values in the south and 
ow values in the north ( Figure 4 b and c). While the nitrate
oncentration decreases mildly towards the north, the sil- 
cate concentration shows strong gradients across the PF 
egion (55 °S—50 °S). This difference in the meridional de- 
rease of upper layer nitrate and silicate concentration is 
lso observed in other Southern Ocean sectors. SAF regions 
48 °S—43 °S) also observed substantial depletion of silicate 
ith respect to nitrate. The observed vertical CHL distribu- 
ion during the cruises was further analyzed to understand 
he role of ambient phytoplankton biomass on the nutrient 
atios. 

.1.3. Chlorophyll- a distribution 

HL distribution along 57.5 °E during SOE2009 and SOE2010 
 Figure 4 c and d, respectively) was similar to climatology 
 Figure 1 a), with elevated surface CHL concentration ( ∼0.4 
g m 

—3 ) in the STZ and coastal waters of Antarctica. In the
AZ and PFZ, the upper 120 m was characterized by low CHL 
oncentration ( ∼0.2 mg m 

—3 ). However, CHL in the PF2 dur-
ng SOE2010 was anomalously low, with a concentration 0.1 
g m 

—3 ( Figure 4 d). In contrary to SOE2009 and SOE2010, 
uring SOE2011, at the PFZ and AZ, the CHL concentra- 
ion was high ( ∼0.5 mg m 

—3 ) in the upper water column
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the STZ is associated with the eddies. 
 Figure 4 e), and the STZ and SAZ region was characterized 
y low CHL concentrations ( ∼0.2 mg m 

—3 ), except in the 
eep CHL maximum (DCM). During all the cruises, promi- 
ent DCM ( ∼0.6 mg m 

—3 ) was noticed in the STZ. The sur-
ace distribution of CHL concentration was consistent with 
hat derived from the satellite ( Figure 5 a,b, and c). 

.2. Eddies, winds, and surface currents 

he alternating patches of positive and negative sea level 
nomalies and overlaid geostrophic velocity anomaly vec- 
ors suggest that during SOE2009, SOE2010, and SOE2011, 
he ARF and STF region was characterized by high mesoscale 
ddy activity ( Figure 5 d,e and f, respectively). Even though 
he intensity of eddies reduced towards the south, the 
resence of both positive and negative sea level anomaly 
atches was observed in the PF regions. 
Winds in the ISSO are typically westerlies from the ARF 

o PF, with the core lying at 50—55 °S ( Figure 6 a,b and c).
owever, winds turn to easterlies in the coastal regions. 
he wind pattern results in subtropical convergence north 
f the PF and polar divergence south of the PF. At the coast, 
asterlies result in downwelling. Strong inter-annual vari- 
bility was noticed in terms of strength and location of the 
ore of the westerly. In the summer of 2009 and 2011, the 
ore of westerly was ∼55 °S, whereas during 2011, it was 
50 °S. During SOE2009, the high wind stress patch was ∼0.4 
a, whereas in 2010 and 2011 it was ∼0.25 Pa. The eddy- 
opulated region of the ARF + STF frontal region was char- 
cterized by weak wind stress ( ∼0.15 Pa, ( Figure 6 a,b and 
)). 
One of the important features observed in the OSCAR sur- 

ace currents is the strong (0.8 m s —1 ) Agulhas Return Cur- 
ent ( Figure 6 d,e and f). There are two prominent current 
egions in ISSO, the eastward flowing ARC in the ARF + STF 
egion and ACC in the polar frontal region. Mesoscale vari- 
bility in the ARF + STF region, represented here by sea sur- 
ace height anomalies, aligns with the ARC core ( Figure 6 d,e 
nd f). 

.3. NASA Ocean Biogeochemical Model (NOBM) 

he NOBM February surface CHL ( Figure 7 a) data along 
7.5 °E captured major features observed in the in-situ 
HL data ( Figure 4 ). ARF + STF merged frontal regions, and 
he coastal areas were CHL productive. Elevated surface 
HL was noted in the PF region in 2011. MLD from NOBM 

 Figure 7 b) also matched the general pattern inferred from 

he CTD/XCTD data ( Figure 2 ), where MLD is shallow in both 
he ARF + STF region and the coastal Antarctic region. Deep- 
st MLD was noticed in the PF region; however, the MLD 

n NOBM data was overestimated. The latitudinal variation 
f nitrate in the NOBM data ( Figure 7 c) was also consistent 
ith in situ data ( Figure 3 a,d, and g), with macronutrients- 
imited ARF + STF and high nutrients further south. 

Iron concentrations were increased consistently from 

RF to coastal regions along 57.5 °E ( Figure 7 d). However, 
he PF region and further south exhibited enhanced iron 
oncentration during 2011. Diatoms were the major func- 
ional group that contributed to the total CHL in the SAF 
nd further south ( Figure 7 e). However, in the ARF + STF re-
682 
ions, cocolithophores were the major contributors to the 
hytoplankton biomass ( Figure 7 f). 

. Discussion: Physical control of the 

hytoplankton biomass and dissolved 

utrients 

HL concentration is considered as a proxy for phytoplank- 
on biomass ( Huot et al., 2007 ). The variability of CHL 
nd macronutrient concentration both in time and space 
oted in the ISSO warrants a detailed discussion. Physi- 
al processes control the phytoplankton biomass mainly by 
nfluencing nutrient and light availability. Major physical 
rocesses affecting the surface macronutrients concentra- 
ion are associated with the supply of nutrients from the 
eeper layer and its subsequent horizontal transport. Dif- 
erent physical processes dominate each frontal zone; thus, 
he response of phytoplankton biomass and nutrient con- 
entration is also different. Variation in the N/P/Si ratio 
rom its canonical Redfield values (16:1:16; Redfield (1963) ) 
s instrumental in understanding the changes in the species 
omposition and/or physiological adaptation of particular 
pecies to ambient environmental conditions ( Giddy et al., 
012 ). In the following sections, we will discuss the 
ominating physical processes in each frontal zones and 
heir control on the phytoplankton biomass and dissolved 
acronutrient concentrations. 

.1. The subtropical zone 

n all of the hydrographic sections occupied along 57.5 °E, 
RF was merged with STF ( Figure 2 ). The CHL concentra-
ion showed considerable variability in this merged frontal 
egion (STZ) between the cruises ( Figure 4 c,d and e). This 
s the region in the ISSO where prominent DCMs are noted. 
TZ is macronutrient-limited ( Figure 3 ) compared to other 
ronts in the ISSO ( Gandhi et al., 2012 ; George et al., 2018 ;
asmine et al., 2009 ; Naik et al. 2015 ) and any supply of the
utrients can elevate the CHL concentration. This region is 
nown for its high mesoscale eddy activity ( George et al., 
018 ; Sabu et al., 2015 ) and intermittent short-lived CHL 
looms, especially during the austral spring and summer 
 Llido et al., 2005 ). The presence of mesoscale eddies can 
e seen in the undulation of isotherms and sea level anoma- 
ies as well ( Figure 2 a,d,g, and Figure 5 d,e,f). 

Eddies can influence the CHL distribution by displac- 
ng the phytoplankton (stirring, trapping) or by modify- 
ng the nutrient and light conditions ( Dawson et al., 2018 ; 
renger et al., 2018 ). The mesoscale activity in this region 
s reflected in the CHL distribution as the cyclonic eddies 
ring up nutrients to surface, which can advect further east 
nd regulate the CHL concentration ( Kahru et al., 2007 ). 
n the other hand, anticyclonic eddies pile up nutrient- 
imited surface water and reduce the CHL concentration 
 McGillicuddy et al., 1998 ). Furthermore, submesoscale pro- 
esses at the outer edge of anticyclonic eddies cause verti- 
al advection of nutrients and increase the CHL concentra- 
ion ( Strass et al., 2002 ). Thus, the CHL variability noted in
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Figure 5 The 8 day composite MODIS CHL overlaid by the GHRSST sea surface temperature both averaged over the cruise period 
of (a) SOE2009 (b) SOE2010 (c) SOE2011. The weekly AVISO merged sea level anomaly overlaid by geostrophic velocity anomalies 
both averaged over the cruise period of (d) SOE2009 (e) SOE2010 (f) SOE2011. The light blue stars represent the CHL station during 
the respective cruises. The red dashed contour depicts the 2000 m depth isobath derived from etopo20 data. 

683 
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Figure 6 QUIKSCAT modulus of wind stress, overlaid by the wind stress components averaged over the cruise period of (a) 
SOE2009. ASCAT modulus of wind stress overlaid by the wind stress component averaged over the cruise period of (b) SOE2010 (c) 
SOE2011. OSCAR current velocity (m s —1 ) overlaid by the velocity components averaged over the cruise period of (d) SOE2009 (e) 
SOE2010 (f) SOE2011. The sky blue star represents the station locations during the respective cruises. 

684 
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Figure 7 NOBM February data along 57.5 °E in 2009 to 2011 (a) chlorophyll- a (b) mixed layer depth (c) nitrate (d) iron (e) diatom 

(f) cocolithophore. 
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The increased CHL production is further supported by 
he shallow MLD and increased stratification in the region 
 Figure 2 ). Wind stress is also weak ( ∼0.15 Pa) in this merged
rontal region, aiding the shallow mixed layer and increased 
tratification ( Figure 6 a,b and c). From the OSCAR currents, 
t is clear that the eddies in the STZ region are mainly due 
o the baroclinic instability of eastward flowing strong (0.8 
 s —1 ) ARC ( Figure 6 d, e and f; Backeberg et al., 2012 ;
eal et al., 2011 ; Lutjeharms and Ansorge, 2001 ). The MODIS 
HL distribution during the cruises also showed the fila- 
entous meandering nature of the ARC ( Figure 5 a,b and c) 
ligned with the Agulhas Return Current ( Figure 6 d,e and 
). Thus, the inter cruise variability noted in CHL in the STZ 
egion was mainly tied up with the ARC and the associated 
ddy generation. 
685 
.2. The sub-Antarctic zone 

ompared to STZ, in the SAZ, the number of eddies was 
ess across the cruise transects ( Figure 5 d,e and f). Strati-
cation was weaker in the SAZ than in the STZ ( Figure 2 ).
he MLD also showed a gradual increase from STF to SAF2 
 ∼20 m to ∼50 m), thus creating a possible light limi- 
ation for individual phytoplankton cell. The offshore re- 
ions of SAZ (away from the Corzet Islands) are always less 
HL productive ( Figure 5 a,b and c), mainly because of the 
ack of iron supply due to the deep bottom topography. 
he increased CHL concentration is expected in the wa- 
ers surrounding the Crozet Islands and the Southwest In- 
ian Ridge, where the depth is less than 2000 m. Satellite 
mages showed a patch of high CHL north of the Crozet Is- 
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ands, which is in concurrence with Planquette et al. (2007) . 
ollard et al. (2002) pointed out that the interaction of wa- 
ers flowing close to the Crozet Islands (which carries dis- 
olved iron of island origin) with waters that are coming far 
rom the islands results in a patchy dissolved iron distribu- 
ion and hence the CHL. 
Nutrient concentration of upper ocean waters of 

AZ + STZ during late summer are of global importance 
ince these are the regions of Antarctic Intermediate Wa- 
er (AAIW) and Sub-Tropical Mode Water (STMW) forma- 
ion, which eventually exported out of the Southern Ocean 
o ventilate at the surface layers of mid and low-latitude 
ceans ( Demuynck et al., 2020 ; Sarmiento et al., 2004 ). Dis- 
olved nutrient characteristics in the SAZ are mostly gov- 
rned by the northward Ekman transport of nutrient-rich 
pwelled water from the south ( Demuynck et al., 2020 ; 
arinov et al., 2006 ). Previous studies showed that the 
dvected water from the south is low in silicate concen- 
ration compared to nitrate, as the diatom species domi- 
ated in those waters are hyper silicified and export the 
ilicate to deep water through the sinking of thick frustules 
 Assmy et al., 2013 ; Smetacek et al., 2002 ). The diatom uses
ilicon to build external skeletons (frustule) of silicon diox- 
de around the cell. During early summer, larger diatoms 
an dominate, and when their frustules settle down, silicate 
imitation can occur. Physiological adaptation of plankton 
ells under iron limitation can further increase the export 
f biogenic silica relative to nitrogen and phosphorus from 

he surface to deeper waters ( Pichevin et al., 2014 ). Though 
his explains the strong latitudinal gradient observed in the 
ilicate values compared to nitrate ( Figure 4 b and c), this 
oes not explain the peak in N:Si noted at the northern part 
f the SAZ ( Figure 4 a). 
The time series of satellite CHL data ( Figure 8 a) showed 

hat during both 2010 and 2011 June—October, CHL blooms 
ere present at ∼45 °S. The subsequent summer was char- 
cterized by N:Si > 4 in the SAZ. During 2009, there were 
o winter/spring CHL blooms centered at ∼45 °S, and in the 
ollowing summer, the N:Si ratio was < 4 ( Figure 3 b,e,h). 
he NOBM data further indicated that CHL blooms observed 
n the satellite data set mainly consisted of diatoms (data 
ot shown). It appears that during late summer when the 
tations occupied in SOE2010 and SOE2011, diatoms may 
ave extracted Si down to limiting levels and N:Si values in- 
reased to 4. It has to be noted that even in the iron replete
onditions, Southern Ocean diatoms are more silicified than 
he tropical variants ( Timmermans et al., 2004 ). 
Previous studies also pointed out that along with the iron 

imitation, SAZ can be silicate limited as well ( Boyd et al., 
010 ; Hadfield, 2011 ). Silicate concentration observed in 
he SAZ was less than 10 μM ( Figure 3 b,e and h), which
an be limited for the diatoms ( Boyd, 2002 ; Hadfield, 2011 ; 
elson et al., 2001 ), the major phytoplankton group in the 
AZ ( Figure 7 e). NOBM data during February 2009, 2010, and 
011 on suggested iron concentration values was also lower 
n SAF compared to PF ( Figure 7 d). Thus, in the SAZ, the
hytoplankton production is assumed to be hampered by the 
o-limitation of iron and silicate. Previous studies further 
upport this hypothesis that in late summer the SAZ region 
s dominated by coccolithophores rather than the diatoms 
n the ISSO ( Mendes et al., 2015 ; Shramik et al., 2013 ). Our
bservations suggest that in the SAZ, the supply of nutrients 
686 
uring winter and the drawdown of nutrients in the consec- 
tive summer play an important role in deciding which phy- 
oplankton communities dominate. A change in dominating 
hytoplankton species influences the potential of the South- 
rn Ocean as an atmospheric CO 2 sink, and the dissolved nu- 
rient characteristics of newly formed water masses which 
ill be eventually exported to low latitude oceans. 

.3. The polar frontal zone 

limatologically, pelagic ISSO is a less productive region 
ith a CHL concentration of approximately 0.2 mg m 

—3 

 Figure 1 a). Major features observed in the late summer of 
009—2011 were the anomalously low CHL ( ∼ 0.1 mg m 

—3 ) in 
he PF2 region during SOE2010 and the elevated CHL ( ∼0.4 
g m 

—3 in the PFZ ( Figure 4 c,d, and e) during SOE2011. The
bserved inter-annual variability in phytoplankton biomass 
as reflected in nutrient concentrations and nutrient ratios. 
he summer of 2010 was characterized by the highest N:P 
alue ( ∼15), indicating low nitrate utilization, whereas the 
ummer of 2011 N:P values was the lowest ( ∼13), suggesting 
igher nitrate utilization( Figure 3 a,d, and g). 
Wind stress has an important role in the CHL distribu- 

ion in the Southern Ocean as it can change the MLD, which 
n turn alters the light condition for individual phytoplank- 
on cells ( Venables and Moore, 2010 ). The late summer is 
ypically characterized by low surface PAR ( ∼24 Einstien 
 

—2 day —1 ; Figure 8 b). A deeper MLD can cause light limi-
ation for the phytoplankton. Compared to SOE2010, during 
OE2011, the MLD in the PF was deeper, but the CHL concen- 
ration was higher (0.4 mg m 

—3 ). The CHL observation does 
ot show a correspondence with the MLD. This suggests that 
ight limitation due to the deepening of the MLD may not be 
he discerning factor for the observed anomalous CHL con- 
entration observed during SOE2010 and SOE2011. 
QuikSCAT wind stress during the SOE2009 suggests a com- 

aratively high stress (0.35 Pa) patch centered at 55 °S 
 Figure 6 a). During SOE2010, the high wind stress patch 
hifted northwards and was centered at 50 °S ( Figure 6 b). 
ompared to SOE2009, the wind stress was reduced as 
ell ( ∼0.25 Pa). However, during SOE2011, the high wind 
tress patch became further weak (0.2 Pa) compared to 
hat during SOE2009 and SOE2010 and was centered at 55 °S. 
he Southern Annular Mode (SAM) governs the north—south 
ovement of the westerly wind belt that circles Antarctica 

 Sallée et al., 2010 ). During the positive SAM period, the 
elt of strong westerly winds contracts towards Antarctica. 
onversely, during the negative SAM event, expansion of the 
elt of strong westerly winds towards the equator occurs. 
ime series of wind stress averaged over 55 °E—60 °E showed 
hat during SOE2010, the negative SAM shifted the westerly 
ind belt further northward ( Figure 8 c), and the northward 
kman transport reduced ( Figure 8 d). Wind stress curl sug- 
ested positive values at the PF2, suggesting Ekman pump- 
ng ( Figure 8 e), which induces downwelling. Upwelling in 
he deep open ocean HNLC region is important because it 
s the major supply mechanism of micronutrients ( Boyd and 
llwood, 2010 ). Thus, the weakening of the westerly wind 
elt and its northward shift due to negative SAM might have 
esulted in the anomalously low CHL production at PF2 dur- 
ng SOE2010. 
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Figure 8 The time series of 55 °E—60 °E averaged (a) MODIS chlorophyll- a concentration (b) MODIS photosynthetically active ra- 
diation (c) FNOMC blended wind stress (d) FNOMC Ekman transport (e) FNOMC wind stress curl, and (f) AMSR-E sea ice fraction 
along 57.5 °E. The station location is represented as stars. The frontal zones in (a) is demarcated based on sea surface temperature 
(GHRSST) contours. 

s
L
d
t
c
w  

t
t
(
i
J
m  

s
6  

t
s
d
l
r  

t

m  

D
a
a  

2
t
t
t
w
C
(  

e
i
C
p
t
o

S
l  

t

Winter mixing and upwelling can also contribute to sub- 
equent CHL production in summer ( Tagliabue et al., 2014 ). 
ack of iron supply and biological consumption typically 
epletes the iron concentrations in the upper ocean, but 
he remineralization of organic matter keeps the iron con- 
entration higher in the subsurface waters ( Boyd and Ell- 
ood, 2010 ; Boyd et al., 2012 ; Frew et al., 2006 ). The
ime series of wind stress averaged over 55 °E—60 °E shows 
hat wind stress was 0.4 Pa during June—September 2010 
 Figure 8 c). However, wind stress was less than 0.4 Pa dur- 
ng June—September of 2008 and 2009. The strong wind in 
une—September of 2010 resulted in strong northward Ek- 
an transports between 60 °S and 45 °S ( Figure 8 d). The time
eries of wind stress also suggests Ekman upwelling between 
5 °S and 55 °S ( Figure 8 e). Thus, the deep winter mixing due
o the strong winter wind stress in 2010 can increase MLD to 
ubsurface dissolved iron reservoirs and cause the supply of 
issolved iron to surface. To verify this hypothesis, we ana- 
yzed three ARGO floats that were present around our study 
egion in 2008, 2009, and 2010 ( Figure 9 ). It can be seen
hat in general, June—September MLD deepened from 100 
687 
 to 200 m and then further reduced to 100 m by December.
uring 2008 and 2009, MLD was in general less than 200 m 

nd subsurface warm (2 °C) saline (34 psu) CDW was further 
way from the MLD ( Figure 9 a and b). In contrast, during
010, the MLD reached up to 220 m in September and stayed 
here till November and the warm-saline CDW was close to 
he base of MLD during this period. Previous studies from 

he Atlantic sector of the Southern Ocean showed that up- 
elling and northward transport of dissolved iron-enriched 
DW causes elevated production in the polar frontal zone 
 Hoppema et al., 2003 ; Tagliabue et al., 2012 ). Thus, the
nhanced winter mixing and subsequent supply of dissolved 
ron in the CDW perhaps resulted in the summer elevated 
HL concentration in the PFZ. To further understand the 
rocesses of winter supply of dissolved iron and its utiliza- 
ion by phytoplankton in the summer, more measurements 
f bioavailable iron are necessary in the ISSO. 
The increased phytoplankton biomass production during 

OE2011 further resulted in high nitrate consumption and 
ow N:P and N:Si values ( Figures 3 , 4 a,b). The lowest phy-
oplankton biomass has been observed in 2010, mainly due 
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Figure 9 The time series of temperature (color bar) and salinity (contour) of three ARGO floats in (a) 2008 (float No. 1900923) 
(c) 2009 (float No. 5901488) (e) 2010 (float No. 1900863). Thick black lines represent the mixed layer depth. The corresponding 
locations of ARGO profiles are given in (b), (d), and (f), respectively. 
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o the lack of supply of iron to the euphotic zone and the 
orresponding N:P and N:Si values were the highest. Previ- 
us studies ( Milligan and Harrison, 2000 ; Ryan-Keogh et al., 
018 ) suggested that iron limitation in combination with the 
ow light condition can result in a lack of photosynthetically 
erived reductant in phytoplankton and in-turn excretion of 
xcess nitrate and nitrite in the phytoplankton cell back into 
he water column. 

.4. Antarctic zone 

ost of the AZ is the seasonal ice zone where winter sea ice 
xtends from the coast to 56 °S and melts during consecu- 
ive summers, limiting the sea ice to the coast ( Figure 8 f). 
hytoplankton biomass production is closely related to sea 
ce variability ( Anilkumar et al., 2014 ). The temperature- 
inimum layer, also known as winter water (WW), observed 
uring the summer has a close relationship with the winter- 
ime condition ( Yuan et al., 2004 ). WW is the remnant of 
he mixed layer of the previous winter capped by seasonal 
arming and freshening. The WW is associated with ice melt 
nd freshening in the ISSO. Cooler WW was observed during 
688 
OE2011 than in SOE2010 and SOE2009 ( Figure 10 a), which 
ndicates a colder winter in 2010. The lowest salinity of WW 

oticed during SOE2011, compared to SOE2009 and SOE2010 
 Figure 10 b) further suggests increased sea ice melting. 
eepest WW was also noticed in SOE2011 ( Figure 10 c) in- 
icating an increased presence of sea ice in the winter of 
010. Time series of AMSRE-Sea ice fraction ( Figure 8 f) also 
uggests enhanced sea ice during 2010. 
Sabu et al. (2014) suggested that the increased sea 

ce in 2010 was an artifact of positive SAM and La Niña 
vents. Sea ice drift overlaid on the SSMI sea ice con- 
entration ( Figure 10 d,e, and f) further showed that the 
ea ice drift piled the sea ice in the study region. Holm-
ansen et al. (2005) observed that the low productive 
elagic regions of AZ can have a strong DCM in the upper 
art of the temperature minimum layer where dissolved iron 
rom sea ice melt is present. The lack of such DCM during 
OE2009 and SOE2010 suggests that WW was not a source 
f iron. However, during SOE2011, the sea ice drifted from 

he east and may have iron in the sea ice melt resulting in
ncreased CHL concentration. However, iron measurements 
re required to verify this hypothesis. During winter, sea ice 
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Figure 10 Winter water core properties (a) temperature ( °C) (b) salinity (c) depth (m). SSMI sea ice fraction overlaid by the sea 
ice drift vectors averaged over (d) 2008 November—December (e) 2009 November—December and (f) 2010 November—December. 
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ccumulates aeolian deposits ( Gao et al., 2003 ), which are 
ubsequently released during ice melt. Other mechanisms 
or iron accumulation in sea ice involve bioaccumulation 
hrough the algal growth at the base of sea ice, nucleation 
uring the formation of ice, scavenging of particles, sieving 
f iron particles, etc. ( de Jong et al., 2013 ; Lannuzel et al.,
016 ). 
The elevated levels of micronutrients in the coastal wa- 

ers as a result of glacial melting may stimulate the signif- 
689 
cant phytoplankton blooms in the ISSO ( Park et al., 1998 ). 
 high in situ concentration of CHL was observed in the 
oastal waters of Antarctica during SOE2009 and SOE2010 
0.4 mg m 

—3 ; Figure 4 c,d, and e). The averaged satellite CHL
ata for the cruise period also showed high concentrations 
f CHL (0.8 mg m 

—3 ) in the coastal region during SOE2009 
nd SOE2010 ( Figure 5 a and b). Taylor et al. (2013) have
uggested that sea ice melting increased the stability of the 
ater column resulting in shallow MLD and favoring the el- 
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vated CHL. During SOE2009 and SOE2010, the MLD noted 
n the coastal waters were 50 m and 20 m, respectively 
 Figure 2 ), thus favoring SOE2010 as more CHL productive 
 ∼ 0.7 mg m 

—3 ) than SOE2009 ( ∼0.4 mg m 

—3 , Figure 4 c,d,
nd e). 
Upwelling of nutrient rich upper circumpolar deep wa- 

er (UCDW) in the Antarctic zone is the main supply of nu- 
rients in the region. The upwelled UCDW is further trans- 
orted northward and southward as the upper and lower 
ranches of meridional overturning circulation before the 
omplete utilization of dissolved nutrients by phytoplank- 
on ( Marinov et al., 2006 ). Coastal waters of Antarctica were 
haracterized by elevated dissolved silicate with values up 
o 85 μM and nitrate concentration up to 36 μM. Dissolution 
f biogenic silica in cold waters and flux of dissolved silicate 
y upwelling, Ekman advection and vertical mixing are the 
eason for the elevated dissolved Silicate concentration in 
he coastal waters ( Nelson et al., 1991 ). Because of the el- 
vated dissolved silicate values, N:Si values were typically 
ess than 1 and Si:P values were ∼20 in the coastal waters 
 Figure 3 c,f, and i). 

. Conclusion 

he hydrographic data collected during SOE2009, SOE2010, 
nd SOE2011 in the ISSO is used to understand the physical 
orcing on phytoplankton biomass distribution and macronu- 
rient utilization in the study region. From the data analysis, 
t is clear that the frontal zones are not always character- 
zed by elevated CHL. There is a considerable inter-annual 
ariability existing in the CHL and dissolved macronutrient 
oncentration and distribution. The study showed that SO 

ronts are dynamic systems, and the CHL is regulated by var- 
ous physical processes. In the STZ region, high mesoscale 
ctivity due to the presence of ARC mainly regulate the 
HL concentration. STZ region appears to be macronutrient- 
imited. 

In the SAZ and further south, the ocean is characterized 
y HNLC. Reduced CHL concentration in SAZ is attributed 
o the iron and silicate co-limitation. Previous studies have 
uggested the advection of silicate limited surface water 
due to the silicate drawdown by diatoms) from the south 
o the SAZ ( Demuynck et al., 2020 ; Marinov et al., 2006 ;
eir et al., 2020 ). Our observation also suggested strong 
epletion of silicate from AZ to SAZ. Further, it has been 
oticed that the highest N:Si values ( ∼4) were observed in 
he northern part of the SAZ, and it was associated with win- 
er/spring CHL blooms noted in the SAF region. This bloom 

ay have exported the Si to the limiting level and this along 
ith iron stress resulted in the low CHL concentration in 
he consecutive summer. The duration and number of CHL 
loom events in the SAF region governed the macronutrient 
atios. For a better understanding of the change in phyto- 
lankton species between winter and summer, more winter- 
ime observations are required in the Southern Ocean. At 
resent, most of the biogeochemical observations in the 
SSO are skewed to summer. 

Strong year-to-year variability has been noticed in the 
HL concentration in the PFZ. The summer of 2011 was 
haracterized by high phytoplankton biomass (CHL ∼0.5 mg 
 

—3 ). This increase in CHL was mainly attributed to the 
690 
inter mixing which reduced the iron stress. In contrary 
o the summer of 2011, during 2010, PFZ region was less 
roductive probably due to the northward migration of the 
ind belt associated with negative SAM. The inter-annual 
ariability noticed in phytoplankton biomass production and 
upply of micronutrients through the physical processes also 
ltered the nutrient concentrations and the nutrient ratios. 
uring the summer of 2011, N:P and N:Si values were less 
han what was observed during the summer of 2010, a man- 
festation of higher nitrate drawdown compared to silicate. 
acronutrient concentration and ratios observed during the 
ate summer in the PFZ and SAZ region have global impor- 
ance, as these regions are the formation sites of AAIW and 
TMW, respectively, during the consecutive winter. AAIW 

nd SMW are exported out of the SO to the low latitudes and
ecome the major source of nutrients for the ambient pri- 
ary production ( Demuynck et al., 2020 ; Sarmiento et al., 
004 ). 
In the AZ, increased sea ice advected from the east dur- 

ng the previous winter caused elevated CHL concentration 
uring SOE2011. However, the very low CHL concentration 
oted in SOE2010 and SOE2009 suggests that the presence of 
W or more melting of sea ice does not always result in CHL
levation; rather, the input of iron to the system is regulat- 
ng the CHL. The supply of iron from sea ice also depends on
he origin of the sea ice. 
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Abstract Satellite sensors are used to monitor water on a large scale. One of the key vari- 
ables defining the water-leaving signal is suspended particulate matter (SPM) and thus it is 
important to understand its properties to improve remote sensing algorithms. However, only a 
few studies investigating the variability of SPM properties (concentration, nature and size) un- 
der different seasonal, weather and geographical conditions have been carried out in the Baltic 
Sea. We focused on relatively shallow areas (maximum depth of 10 m) where there is strong 
sediment transport by rivers and resuspension of the particles by wave action and advection by 
currents. Eleven field campaigns were conducted using a set of instruments measuring inher- 
ent optical properties, auxiliary data, and, in Pärnu Bay, also particle size distributions. The 
results showed that the SPM concentrations, particulate absorption, mass-specific particulate 
scattering, and backscattering varied temporally and spatially from 5.5—19.6 g m 

−3 , 0—5.62 
m 

−1 , 0.08—1.45 m 

2 g −1 , and 0.0009—0.25 m 

2 g −1 , respectively. The spectral backscattering ra- 
tio, which in general is considered to be constant in bio-optical remote sensing algorithms, was 
actually wavelength-dependent and varied between 0.005 and 0.09 depending on the origin of 
the particles (organic or mineral matter), particle size distribution, weather conditions, and 
location. In situ particle size measurements in coastal waters of Pärnu Bay also showed that 
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resuspended fine clay particles agglomerated into flocs of > 30 μm in the brackish waters of the 
Baltic Sea having random shapes and different sizes. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

List of acronyms and abbreviations used in 

this study 

SPM Suspended particulate matter, g m 

−3 

SPIM Suspended particulate inorganic matter, g 
m 

−3 

SPOM Suspended particulate organic matter, g m 

−3 

IOP Inherent optical properties 
a (λ) Spectral absorption coefficient, m 

−1 

a tot (λ) Spectral absorption coefficient with pure wa- 
ter absorption added, m 

−1 

a p (λ) Spectral particulate absorption coefficient, 
m 

−1 

b(λ) Spectral scattering coefficient, m 

−1 

b 

∗
p (λ) Spectral mass-specific scattering coefficient, 

m 

2 g −1 

c (λ) Spectral attenuation coefficient, m 

−1 

b b (λ) Spectral backscattering coefficient, m 

−1 

b 

∗
bp (λ) Spectral mass-specific backscattering coeffi- 

cient, m 

2 g −1 

˜ b bp (λ) Spectral backscattering ratio 
PSD Particle size distribution, μm 

j Junge exponent 
Rrs Remote sensing reflectance 
CDOM Coloured dissolved organic matter 
a CDOM (λ) Spectral CDOM absorption coefficient at a 

specific wavelength, m 

−1 

S CDOM Slope of CDOM absorption, nm 

−1 

β Volume scattering function 
Chl- a Chlorophyll- a , mg m 

−3 

TVC Total volume concentration, μL L −1 

D Particle diameter, μm 

D50 Median particle size, μm 
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uspended particulate matter (SPM) is an important water 
onstituent because it increases turbidity and affects light 
enetration in the water column. Consequently, it affects 
he water quality and living conditions of water organisms. 
or example, it is easier for prey to hide from predators 
hen the SPM concentrations are higher. On the other hand, 
t is more difficult for them to find food if water is full of
nedible particles ( Hecht and van der Lingen, 1992 ). The 
PM is composed of organic matter (phytoplankton, organic 
etritus) and mineral particles (detrital sediments). Their 
roperties differ from each other considerably and there- 
ore, the water reflectance may vary a lot depending on the 
ype and size of the particles. 
The SPM originates from different sources: biological 

roduction, fluvial input, erosion, and aerosol deposition. 
he amount of SPM coming from one source may vary sig- 
ificantly. For example, the amount of SPM in river deltas 
695 
aries notably depending on the river discharge during the 
ry season, wet season, and flood episodes. The data about 
iver discharge and sediment flux variability during these 
vents has been well studied for large rivers such as the 
hône River ( Sadaoui et al., 2016 ; Sakho et al., 2019 ), the
mazon River ( Filizola and Guyot, 2009 ), etc. It was difficult
o find this data for smaller rivers because it has not been 
ollected or accessible via open sources. 
The SPM concentrations can be measured with dif- 

erent methods: gravimetric measurements from in situ 

ater samples (direct measurement; Neukermans et al., 
012 ), the transformation of the acoustic signal obtained 
y acoustic Doppler current profilers (indirect measurement 
allede et al., 2009 ), and SPM concentrations derived from 

he optical turbidity measurements (indirect measurement; 
ari et al., 2017 ). The SPM concentrations can be also es- 
imated remotely by using satellite imagery of the surface 
ayer and bio-optical algorithms created for SPM retrieval 
 Forget and Ouillon, 1998 ; Holyer, 1978 ; Ligi et al., 2017 ;
ydor, 1980 ). In addition, it is also reasonable to measure 
ther particle properties to gain insights into the SPM and 
ts influence on the water environment and remote sensing 
ignal. The number of sophisticated instruments capable of 
easuring the optical properties of particles is increasing, 
e.g. LISST instruments series by Sequoia Scientific). For ex- 
mple, in situ spectrophotometers can be used to measure 
he spectral absorption coefficient, a (λ) , and attenuation 
oefficient, c (λ) , from which the spectral scattering coeffi- 
ient, b(λ) , is calculated ( Ohi et al., 2008 ; Sun et al., 2017 ;
wardowski et al., 1999 ). Other instruments (e.g. WET Labs 
CO-VSF3) can be used to measure the volume scattering 
unction, β, from which the spectral backscattering coeffi- 
ient, b b (λ) , is retrieved ( Sullivan et al., 2013 ). 
Easily measurable parameters can be used as prox- 

es to retrieve parameters that are difficult to measure. 
or instance, the scattering and backscattering by par- 
icles in suspension correlate with the mass concentra- 
ion of the particles as a first approximation. It is indi- 
ectly related to particles size distribution, and the pro- 
ortions of organic and inorganic fractions ( Reynolds et al., 
016 ; Wo źniak et al., 2018 ). Indeed, the light scattering 
y particles depends on their composition, refraction in- 
ex, size, and shape. Another important parameter that has 
een studied is the spectral backscattering ratio, b bp / b p (λ) 
hich is the ratio of spectral backscattering to scatter- 
ng. For Case I waters (optical properties are dominated 
y phytoplankton, related coloured dissolved organic mat- 
er (CDOM) and degraded detritus) it is described with 
 smooth linear function based on theory and models 
 Whitmire et al., 2007 ). For Case II waters (optical prop-
rties are dominated by phytoplankton and also by sedi- 
ents and CDOM), the situation is more complicated and 
his parameter cannot be described with a simple function 
s at different wavelengths it is differently influenced by 
ater constituents ( Chami et al., 2005 ; Mckee and Cunning- 
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measurements. 
am, 2005 ; Slade and Boss, 2015 ). In remote sensing algo- 
ithms and bio-optical models, b bp / b p (λ) is sometimes con- 
idered to be constant ( Stramska et al., 2000 ). For example, 
irk (1981) showed that a value of 0.019 is valid for the ma- 
ority of moderately turbid coastal waters. In reality, this 
arameter is related to different particle properties such 
s their origin. Thus, mineral particles which have higher 
efractive indices than organic particles, have also higher 
 bp / b p (λ) ( Boss et al., 2004 ). In addition, the parameter 
 bp / b p (λ) is also impacted by both the particle size distribu- 
ion (PSD) and shape ( Aas et al., 2005 ). A higher b bp / b p (λ)
ndicates smaller particles. 

The PSDs, which are the concentrations (in volume or 
umber) of particles within different size classes ( Qiu et al., 
016 ), have been measured in laboratories for a long 
ime using sieving, pipette, and hydrometric methods 
 Gee and Or, 2002 ). Unfortunately, these methods are time- 
onsuming and difficult to adapt in situ . Thus, new laser 
iffraction methods have been established. They facilitate 
he measurement of the size distributions in water sam- 
les in the laboratory ( Faé et al., 2019 ). The size distribu- 
ions could be measured directly in situ in coastal waters 
ased on the combination of laser diffractometers and un- 
erwater cameras ( Davies and Nepstad, 2017 ; Many et al., 
016 ). The PSDs are described using the power law ap- 
roximation or “Junge-type” distributions, where j is the 
unge exponent ( Babin et al., 2003 ), if the particles are 
f mineral origin and the PSD slopes could be estimated. 
he steeper the slope is or the higher the j exponents 
re, the higher the concentration of small particles. The 
maller the j exponents are, the higher the concentra- 
ion of big particles or flocs and the flatter is the slope 
 Buonassissi and Dierssen, 2010 ; Junge, 1963 ). Based on 
hese models, the PSDs correlate with other parameters, 
uch as the b bp slope ( Kostadinov et al., 2009 ; Slade and 
oss, 2015 ) and b bp / b p (λ) ( Ulloa et al., 1994 ). It means, that
ndirectly they can be used in remote sensing of SPM. The 
emote sensing reflectance, Rrs , is directly proportional to 
he ratio of backscattering to absorption ( b b (λ) and a (λ) , 
espectively), which in turn depends on the particulate and 
issolved constituents of the seawater ( Gordon et al., 1975 ; 
orel and Prieur, 1977 ; Whitmire et al., 2007 ). 
As flocs and small single particles have different sedi- 

entation rates, they impact both, the water column tur- 
idity and water optical properties differently, in partic- 
lar single particles have the greatest impact on light 
cattering ( Mikkelsen et al., 2006 ). In addition, particles 
hat agglomerate into flocs may incorporate heavy metals 
hat are released into the water column after disaggrega- 
ion induced by disturbances, such as trawling or storms 
 Palanques et al., 1995 ). 
The Baltic Sea is unique, with brackish water and high 

nflows of rivers, compared to its surface area. These rivers 
ring in large amounts of CDOM, especially to the coastal 
reas. ( Kowalczuk, 1999 ). In summer, strong cyanobac- 
erial blooms occur due to high nutrient concentrations 
 Bianchi et al., 2000 ; Kahru et al., 1994 ). The SPM is usu-
lly dominated by organic particles except in some con- 
itions in coastal areas when mineral particles dominate 
 Wo źniak et al., 2011 ). Remote sensing studies have demon- 
trated that the Baltic Sea is an extraordinarily complex 
tudy object, where SPM concentrations in water cannot 
696 
e retrieved by using standard remote sensing and bio- 
ptical algorithms ( Darecki et al., 2003 ; Ohde et al., 2007 ;
oming et al., 2017 ). Therefore, there is a strong need 
o determine the properties of SPM that allow genera- 
ion of regional algorithms. Until now, only a few stud- 
es of the optical properties of SPM have been carried 
ut ( Berthon and Zibordi, 2010 ; Freda, 2012 ; Kratzer and 
oore, 2018 ; Kutser et al., 2009 ; Paavel et al., 2011 ;
o źniak et al., 2011 , 2018 ). 
The main aim of our study was to find optical fingerprints 

f different SPM characteristics which allow retrieving these 
ith remote sensing algorithms in the future. Firstly, spatio- 
emporal variability of the water constituent characteristics 
as studied. Secondly, the origin and characteristics of SPM 

ere investigated. Finally, the variability of optical proper- 
ies between three Estonian bays was analysed. 

. Study area 

he Baltic Sea is a shallow semi-enclosed brackish water 
ody with low water exchange with the Atlantic Ocean and 
ith high freshwater inflow from rivers. 
Three Estonian bays (Pärnu, Matsalu, and Haapsalu) on 

he eastern coast of the Baltic Sea were studied because 
hey have a strong flux of particles from river discharge. 
n addition, due to their shallowness, they are strongly af- 
ected by resuspension by waves and currents. Pärnu Bay is 
ocated on the west coast of Estonia ( Figure 1 ). Because of
ts openness to strong westerly winds, the bay’s water level 
nd salinity fluctuations are irregular. 
The mean depth of the bay is 4.7 m (maximum of 8 m),

ith salinity of 3—5 PSU, and current velocity of 4—11 cm 

 

−1 (maximum of 90 cm s −1 ). The characteristic bay bottom 

ype is varved clay on top of which are Holocene sediments 
ike fine sand ( > 0.063 mm diameter), clay and mud ( < 0.063
m diameter; Kartau et al., 2011 ). Pärnu Bay is strongly 

nfluenced by the inflow from the Pärnu River (144 km long; 
ean discharge of 64 m 

3 s −1 ; the catchment area of 6920 
m 

2 , one of the largest in Estonia). Furthermore, wind- 
erived resuspension of sediments from the shallow bottom 

esults in high concentrations of suspended particles in 
he water column ( Paavel et al., 2011 ). The Pärnu River 
lso provides high quantities of CDOM ( Paavel et al. (2011) 
howed that with high river discharge, the CDOM absorption 
t 380 nm could attend 31.8 m 

−1 ) making Pärnu Bay an 
ptically complex system. Human factors and urbanization 
lso affect the water quality as the river mouth is in the city
f Pärnu ( ∼40000 inhabitants) which is the fourth largest 
ity in Estonia. The city of Pärnu with its sandy beaches 
s among the most popular summer tourism locations in 
stonia and therefore the monitoring of the water quality 
s vital. Pärnu Bay belongs to one of the three coastal 
ocations where the water samples are collected twice 
er month by the Estonian National Monitoring Program. 
dditionally, local environmental agencies have collected 
ong time series of background data (river discharge, rain 
mount). Facts, that Pärnu Bay is a complex water body 
ith highly variable conditions and that there is access 
o additional data for more thorough analyses made it 
he best location to run our study with additional optical 
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Figure 1 Locations of all measurement stations in the Estonian coastal waters. Matsalu Bay and Haapsalu Bay (top) and Pärnu Bay 
(bottom). 
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Matsalu Bay belongs to the Matsalu National Park, which 
s a well-known natural reserve for the protection of more 
han 250 bird species ( KKA, 2016 ). Due to the rules of the
atural reserve, human activities in this area are limited. 
atsalu Bay is a very shallow bay with an average depth of 
nly 1.5 m and the maximum depth of 3.5 m. Similarly to 
ärnu Bay, the influence of the Kasari River is remarkable 
s it brings a large quantity of CDOM ( Kutser et al. (2009) 
easured CDOM absorption values exceeding 30 m 

−1 at 420 
m) and a smaller amount of SPM to the bay. The colour 
f the water is predominantly brown, and the Secchi depth 
aries between 0.2—3.5 m. The increase in SPM in Matsalu 
ay is mainly prevented by the reed belt. 
Haapsalu Bay unlike Matsalu Bay and similarly to Pärnu 

ay is also strongly influenced by human activities. It is 
he most important peloid (therapeutically used mud) 
epository in Estonia. According to official surveys, it was 
he bay with the poorest water quality in Estonia, in 2015 
 EEA, 2015 ), mainly due to the pollution (originating from 

he city of Haapsalu) and discharge of nutrient-rich sedi- 
ents. Due to the very shallow ( ∼3 m deep) and sectioned 
rea, the water mixing is poor and pollutants remain in the 
ediments. 

. Methods and data 

our field campaigns were conducted in Pärnu Bay during 
hich optical data, such as the spectral absorption, atten- 
697 
ation, scattering, and backscattering coefficients (a (λ) , 
 (λ) , b(λ) , b b (λ) , respectively), and PSD (only in August
018), were measured using a variety of profiling instru- 
ents ( Table 1 ). Generally, the water column was well 
ixed during all field campaigns and therefore, the median 
pectra of all above-mentioned parameters were used in 
his study. Still, the stratification was observed at the river 
outh stations ( Figure 2 ). 
Fieldwork was carried out in 2017 and 2018 during dif- 

erent seasons to test various conditions. Water samples 
ere collected from the surface layer (between the sur- 
ace and 0.5 m depth) and stored in dark and cold for less
han 10 h before filtering. Optical instruments utilised dif- 
erent sampling intervals; therefore, the data were coupled 
y using the pressure-dependent depth measured by the in- 
trument measuring conductivity, temperature, depth (CTD) 
nd time. Additional optical measurements were conducted 
y the Estonian Marine Institute of the University of Tartu in 
aapsalu and Matsalu bays in 2012, 2013, 2016, and 2018 (7 
ampaigns altogether). 
The background data, such as the discharges of the 

ärnu and Kasari River, and rainfall amounts, were ob- 
ained respectively from the Estonian Environment Agency 
 www.keskkonnaagentuur.ee ) and Estonian Weather Service 
 www.ilmateenistus.ee ). The campaign days in July 2017 
daily river discharge = 12 m 

3 s −1 , wind = 1.8—5 m s −1 )
nd May 2018 (daily river discharge = 22 m 

3 s −1 , wind = 4—
 m s −1 ) were sunny and calm. A strong river discharge was

http://www.keskkonnaagentuur.ee
http://www.ilmateenistus.ee
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Table 1 Details of fieldworks in studied bays including date, area, station (St), instruments and background data. 

Field work day Area Station Instruments Wind speed 
(m s −1 ) 

Wave 
height 
(m) 

River discharge 
(m 

3 s −1 ) 

21.07.2012 Matsalu Bay MAT1, MAT2, 
MAT3 

Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD, water 
samples 

- 0.3 32 

24.07.2013 Haapsalu Bay HAAP1, 
HAAP2, 
HAAP3 

Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD 
water samples 

6 0.4 - 

25.07.2013 Matsalu Bay MAT1, MAT2, 
MAT3 

Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD 
water samples 

1—2 0.1 2 

31.05.2016 Haapsalu Bay HAAP1, HAAP2 Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD 
Water samples 

6 0.3 - 

14.09.2016 Haapsalu Bay HAAP3 Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD 
water samples 

- 0.005 - 

12.10.2016 Haapsalu Bay HAAP4 Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD 
water samples 

1.5 - - 

07.07.2017 Pärnu Bay M, K5, K4, K7, 
K21 

Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD, water 
samples 

1.8—5 0.1 12 

17.04.2018 Pärnu Bay M, K5, K4, K7, 
K21 

Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD, water 
samples 

1—5 0.2 117 

15.05.2018 Pärnu Bay M, K5, K4, K7, 
K21 

Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD, water 
samples 

4—7 0.3 22 

17.07.2018 Matsalu and 
Haapsalu Bay 

MAT1, MAT2 
HAAP1, HAAP6 

Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD, water 
samples 

4—8 0.5 1 

28.08.2018 Pärnu Bay M, K5, K4, K7, 
K21, P2, S 

Wet Labs AC-S, 
ECO-BB3, ECO-VSF3, 
Seabird CTD, water 
samples, Sequoia Sci 
LISST-100X Type-C 

3—4.5 
(23.08 13) 

0.4 
(26.08 
1) 
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bserved in April 2018 (rainy, daily river discharge = 117 m 

3 

 

−1 , wind = 1—5 m s −1 ). The field campaign in August 2018
as carried out shortly after a period with strong westerly 
ind, which led to high waves and mixing of the water col- 
mn (west wind 23.08 = 13 m s −1 , waves = 40 cm, daily river
ischarge = 7 m 

3 s −1 ). The measurement stations in Pärnu 
ay are shown in Figure 1 . Five of the stations were used 
uring the first three campaigns and seven stations during 
he last campaign (including stations S and P2). 
698 
.1. In situ optical data 

.1.1. Spectral absorption, attenuation, and scattering 
oefficients 
he profiles of absorption and attenuation coefficients, 
 (λ) , and, c (λ) , were measured using the WET Labs AC-S
 www.seabird.com ) between 402—722 nm. The data were 
alculated according to four steps recommended in the user 
anual ( WET Labs, 2011 ). 

http://www.seabird.com
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Figure 2 Particulate absorption coefficients ( a p ) profiles measured at 412 nm. A: example of mixed water at the station K7 in 
July 2017 and B: example of stratified waters at the river mouth station M in April 2018. 
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1) The average a (λ) and c (λ) blank spectra, measured with 
milliQ water before the fieldwork, were subtracted from 

the raw a (λ) and c (λ) spectra measured during the field 
work. All spectra were interpolated to the same wave- 
length values (402—722 nm, 2 nm step). 

2) a (λ) and c (λ) were corrected using Eq. (1) to eliminate 
the temperature and salinity effects of the brackish wa- 
ter of the Baltic Sea. 

a c tsc ( λ) = a c interp ( λ) − [ �t ∗ ( T − Tr ) + �s ∗ S ] , (1) 

where a c tsc (λ) represents the salinity- and temperature- 
corrected absorption or attenuation coefficient at a spe- 
cific wavelength, respectively; a c interp (λ) is the blank- 
corrected raw absorption or attenuation coefficient at 
a specific wavelength; and �t and �s are the spec- 
tral temperature- and salinity-dependent constants, 
respectively, which were obtained from Table 2 in 
Sullivan et al. (2006) . The Tr is the instrument refer- 
ence temperature in °C from the device configuration 
file. The salinity of distilled water is not included in the 
equation because it is zero and thus negligible. The pa- 
rameters T and S are the temperature and salinity mea- 
sured by the CTD, respectively. 

3) The next step was to compute the total spectral absorp- 
tion coefficients, a tot (λ) , by applying the scattering cor- 
rection to the salinity- and temperature-corrected a (λ) 
and adding pure water a (λ) ( Pope and Fry, 1997 ) ob- 
tained from Pegau et al. (2003) using Eq. (2) : 

a tot ( λ) = 

a tsc ( λ) − a tsc ( 715 ) 
c tsc ( 715 ) − a tsc ( 715 ) 

∗ ( c tsc ( λ) − a tsc ( λ) ) + a purewater ( λ) , (2) 

where a tot (λ) is the total spectral absorption coef- 
ficient, a tsc (λ) and c tsc (λ) are the temperature- and 
salinity-corrected absorption and attenuation coeffi- 
cients at a specific wavelength calculated using Eq. (1) . 
715 nm is a reference wavelength in the near-infrared 
range ( Leymarie et al., 2010 ), and a purewater (λ) is the 
absorption of pure water at a specific wavelength 
( Pope and Fry, 1997 ). 

4) The particulate absorption coefficients, a p (λ) , were cal- 
culated by subtracting the CDOM absorption, a CDOM (λ) 
from a tsc (λ) using Eq. (3) . As the a CDOM (λ) values (details 
in 3.2) were measured from the surface water samples, 
the a tsc (λ) values were also taken as an average of the 
699 
first 50 cm of surface water. 

a p ( λ) = a tsc ( λ) − a CDOM ( λ) , (3) 

where a p (λ) is the particulate absorption at a specific 
wavelength, a tsc (λ) is the temperature- and salinity- 
corrected absorption coefficient at a specific wave- 
length and a CDOM (λ) is the CDOM absorption at a specific 
wavelength. 

5) The spectral particulate scattering coefficients, b p (λ) , 
were calculated from a tsc (λ) and c tsc (λ) using Eq. (4) . 

b p ( λ) = c tsc ( λ) − a tsc ( λ) , (4) 

where b p (λ) is the spectral particulate scattering coef- 
ficient at a specific wavelength and c tsc (λ) and a tsc (λ) 
are the temperature- and salinity-corrected attenuation 
and absorption coefficients at a specific wavelength, re- 
spectively. 

6) The mass-specific scattering coefficients, b 

∗
p (λ) , were 

retrieved by dividing b p (λ) and SPM concentration using 
Eq. (5) . 

b 

∗
p ( λ) = 

b p ( λ) 
SP M 

, (5) 

where b 

∗
p (λ) is the mass-specific scattering coefficient at 

a specific wavelength, b p (λ) is the particulate scattering 
at a specific wavelength and SPM is the concentration of 
suspended particulate matter. 

.1.2. Backscattering 
he β, which was used to calculate the b bp (λ) , was mea- 
ured with WET Labs ECO-BB3 and ECO-VSF3 meters ( www. 
eabird.com ). The ECO-BB3 meter measures β at an angle of 
24 ° and at 3 wavelengths (412, 595, and 715 nm). ECO-VSF3 
easures β at 3 angles (100 °, 125 °, and 150 °) and 3 wave-

engths (470, 532, and 660 nm). However, as post-fieldwork 
alibration showed issues with BB3 at 595 nm, these val- 
es were removed from the analysis. The b bp (λ) was calcu- 
ated according to instructions in the instrument user man- 
als ( WET Labs, 2010 , 2007 ). Based on the combination of
hese instruments, b bp (λ) spectra at six wavelengths could 
e obtained. 
The b bp (λ) measured with ECO-BB3 were calculated using 

our steps: 

http://www.seabird.com
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the Chl- a concentrations. 
1) Corrected β values were obtained using Eq. (6) and 
a tsc (λ) calculated in Section 3.1.1 . 

βcor ( λ) = βmeasured ( λ) ∗ e 0 . 0391 ∗a tsc ( λ) , (6) 

where βcor (λ) is the corrected volume scattering func- 
tion at a specific wavelength, βmeasured (λ) is the raw vol- 
ume scattering function at a specific wavelength, and 
a tsc (λ) is the salinity/temperature corrected spectral 
absorption at a specific wavelength. 

2) The β value of pure water was obtained using Eq. (7) es- 
tablished by Morel (1974) . 

βw ( λ) = 1 . 38 ∗
(

λ

500 

)−4 . 32 

∗
(
1 + 

0 . 3 S 
37 

)
∗ 10 −4 

∗
[
1 + co s 2 

( 124 ◦) ∗ 1 − δ

1 + δ

]
, (7) 

where βw (λ) is the volume scattering function of pure 
water at a specific wavelength, S is the salinity, and 
δ = 0.09. 

3) The β parameter of particles was calculated using 
Eq. (8) by subtracting the β value of pure water from 

the corrected β. 

βP ( λ) = βcor ( λ) − βw ( λ) , (8) 

where βP (λ) is the volume scattering function of the par- 
ticles at a specific wavelength, βcor (λ) is the corrected 
volume scattering function at a specific wavelength, and 
βw (λ) is the volume scattering function of water at a 
specific wavelength. 

4) The b bp (λ) was calculated using Eq. (9) : 

b bp ( λ) = 2 π ∗ X ∗ βp ( λ) , (9) 

where b bp (λ) is the spectral particulate backscattering 
coefficient at a specific wavelength, X = 1.1 is a factor 
determined by Boss and Pegau (2001) and recommended 
in ECO-BB3 sensor user manual, and βp (λ) is the volume 
scattering of particles at a specific wavelength. 

The b b (λ) of ECO-VSF3 were calculated using four steps: 

1) The raw data were corrected using Eq. (10) and a tsc (λ) : 

βcor ( λ) = β( θ ) ∗ e ( L ∗a tsc ( λ) ) , (10) 

where βcor (λ) is the corrected volume scattering func- 
tion at a specific wavelength, β(θ ) is the volume scat- 
tering function at a viewing angle in radians (100, 125, 
and 150 rad calculated from degree units), L is the 
path length provided by the instrument manufacturer 
( L = 0.0314 for θ = 100, L = 0.0441 for θ = 125, 
and L = 0.0804 for θ = 150), and a tsc (λ) is the salin- 
ity/temperature corrected spectral absorption coeffi- 
cient at a specific wavelength. 

2) Solid angles were computed using Eq. (11) and βcor (λ) 
values and fitted with a cubic polynomial (the fourth 
value for the π angle is 0): 

x ( 100 ◦, 125 ◦, 150 ◦) = βcor ( λ) ∗ 2 ∗ π ∗ sin ( θ ) , (11) 

where x represents solid angles of 100 °, 125 °, and 150 °
and βcor (λ) is the corrected volume scattering function 
at a specific wavelength. 
The results were integrated from π/2 to π to obtain the 
total backscattering of the whole hemisphere. 
700 
3) b bp (λ) were computed using Eq. (12) , that is, by sub- 
tracting the total scattering of seawater from the total 
backscattering coefficient: 

b bp ( λ) = b b ( λ) −
0 . 0029308 ∗ (

λ

500 

)−4 . 24 

2 
, (12) 

where b bp (λ) is the particulate backscattering coeffi- 
cient at a specific wavelength and b b (λ) is the total 
backscattering coefficient at a specific wavelength. 

4) Mass-specific backscattering coefficients, b 

∗
bp (λ) , were 

computed by dividing b bp (λ) and SPM, using Eq. (13) . 

b 

∗
bp ( λ) = 

b bp ( λ) 
SP M 

, (13) 

where b 

∗
bp (λ) is the mass-specific particulate backscat- 

tering coefficient at a specific wavelength, b bp (λ) is 
the particulate backscattering coefficient at a specific 
wavelength, and SPM is the suspended particulate mat- 
ter concentration. 

.1.3. Backscattering ratio 

he b bp / b p (λ) was calculated using Eq. (14) , that is, by di-
iding b bp (λ) by the corresponding b p (λ) value at a specific 
avelength. The interpolation of b p was required for two 
avelengths (595 and 715 nm). 

 bp / b p ( λ) = 

b bp ( λ) 
b p ( λ) 

, (14) 

here b bp / b p (λ) is the spectral backscattering ratio at 
 specific wavelength, b bp (λ) is the spectral particulate 
ackscattering coefficient at a specific wavelength, and 
 p (λ) is the spectral particulate scattering coefficient at a 
pecific wavelength. 

.2. Water samples and sediment analyses 

ater samples were collected from the surface layer at 
.5 m depth and from the bottom layer (only in August 
018) following ISO 5667-3 ( International Organization for 
tandardization, 2018 ), filtered, and analysed at the labo- 
atory following ISO 10260 ( International Organization for 
tandardization, 1992 ). The SPM, suspended particulate in- 
rganic matter (SPIM), suspended particulate organic mat- 
er (SPOM), and chlorophyll- a (Chl- a ) concentrations as well 
s the absorption coefficients of coloured dissolved organic 
atter a CDOM (λ) were determined from the samples. 
The concentration of SPM was measured gravimetri- 

ally (precision of weights 0.01 mg) after filtration of the 
easured volume of water through Whatman GF/F fil- 
ers. The filters were in prior pre-combusted at 550 °C 

or 30 min, then washed with MilliQ water, then dried 
t 103—105 °C for 1h and finally pre-weighted. The in- 
rganic fraction SPIM was measured after combustion at 
50 °C for 30 minutes. The organic fraction SPOM was de- 
ermined by subtracting SPIM from SPM ( ESS, 1993 ). To 
etermine the Chl- a concentrations, the water samples 
ere filtered using GF/F filters. The chlorophyll pigments 
ere extracted with 5 mL of 96% ethanol and measured 
ith a Perkin ELMER Lambda 35 UV/VIS spectrophotome- 
er ( www.perkinelmer.com ). Finally, the method reported 
y Jeffrey and Humphrey (1975) was applied to calculate 

http://www.perkinelmer.com
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To obtain the spectral absorption of coloured dissolved 
rganic matter a CDOM (λ) , the samples were filtered through 
F/F filters and the filtrate was filtered through a Millipore 
lter with a pore size of 0.2 μm. 
The a CDOM (λ) was measured with a spectrophotome- 

er (either Perkin ELMER Lambda 35 UV/VIS or Hitachi U- 
010 UV/VIS in the range 350—750 nm) in filtrate, in a 
0 cm cuvette against distilled water and corrected for 
esidual scattering according to the method described by 
indell et al. (1999) . In this study, the values of a CDOM ( 412 ) 
ere used because it is the wavelength of ECO-BB3 and OLCI 
ensor of Sentinel-3. The slope of CDOM absorption ( S CDOM ) 
as calculated between 350 and 550 nm ( Nima et al., 2019 ). 
ottom sediment samples were collected with a Van Veen 
rab sampler ( www.vanwalt.com ) in August 2018 to visually 
bserve the bottom sediment types and carry out grain size 
istribution analyses in the laboratory with LISST-100X (Se- 
uoia Sci.; described in detail in chapter 3.3). 

.3. In situ and laboratory particle data 

article Size Distributions were measured with a particle 
ize analyser sensor (Sequoia Scientific LISST-100X Type C, 
 Hz; www.sequoiasci.com ). The LISST-100X sensor uses a 
70 nm laser-beam and ring-detector with 32 logarithmi- 
ally spaced rings that perceive raw small-angle scatter- 
ng of the beam by suspended particles which is converted 
nto volumic concentration of particles by inversion matrix 
 Agrawal and Pottsmith, 2000 ). The sensor measures PSDs 
n 32 logarithmically spaced size classes, optical transmis- 
ion at 670 nm, optical volume scattering function (VSF), 
nd attenuation coefficient. For the default “Spherically 
haped Particles” method, the particle size classes are rang- 
ng from 2.5 (lower limit) to 500 μm (upper limit) and for 
he “Randomly Shaped Particles” inversion matrix based 
n Mie’s theory, the particle size classes are ranging from 

.90 (lower limit) to 381 μm (upper limit). The last method 
as used for the data analyses. The instrument was de- 
loyed to measure the PSDs at the surface and in the bot- 
om layer at each station. The processing of the raw data 
as done with the LISST-SOP software ( www.sequoiasci. 
om ) and parameter calculations with the MATLAB soft- 
are ( www.mathworks.com ). Subsequently, normalised vol- 
me concentrations were computed for each of the 32 size 
lasses. Extreme size classes, such as 1.9—4 μm and 250—
80 μm, exhibited extremely high values in all samples 
 > 100 μg mL −1 ). Therefore we assumed that they were “ris- 
ng tails” due to the presence of smaller or bigger particles 
utside the measurement range and we eliminated them be- 
ore calculating the normalised volume concentration (fre- 
uency) of the particles, median particle size (D50), and 
unge distribution ( j; refer to Eq. (15) Many et al., 2016 ; 
ikkelsen et al., 2005 ). 
The PSDs of the surface and bottom water samples were 

hen measured in the laboratory using the same LISST-100X 
ensor. Before the analysis, the water samples were treated 
n an ultrasound bath (High-Power Ultrasonic Cleaner, Cole- 
armer®, www.coleparmer.com ) for 180 s at a frequency of 
2 kHz. Based on this treatment, it could be determined 
f the big particles observed in in situ measurements are 
nique particles or aggregates of small particles. The bot- 
om sediment samples from the stations K5, K21, K4, and 
701 
, extracted with the Van Veen grab sampler were diluted 
n water, analysed in the laboratory using the same LISST- 
00X sensor, and used as references (PSDs) for resuspended 
articles from the sea bottom. 
The total volume concentrations (TVCs) of the particles 

ere calculated by summing the volume concentrations of 
ll size classes row by row. Normalised volume concentra- 
ions (frequencies) were calculated by dividing the volume 
oncentrations of each size class by the TVC row by row. 
To compute the Junge exponent, j, the particle num- 

er per size class was derived from normalised LISST-100X 
olume concentrations by dividing them by an elemen- 
ary spherical volume. We assumed that the relationship 
etween the particle number and particle size of min- 
ral particles (the majority of particles during the Au- 
ust storm) can be expressed by a power law shown in 
q. (15) ( Buonassissi and Dierssen, 2010 ; Many et al., 2016 ):

 ( D ) = D 

− j , (15) 

here n is the number of particles in l −1 μm 

−1 , D is the par-
icle diameter in μm, and j is the Junge distribution of the 
SD. 
The median particle size D50 was computed to detect 

roups of particles in the water. It shows that half of the 
articles in the water are smaller than D50 and half of the 
articles are larger than D50. 

.4. Correlation factors 

o better estimate the relationships between the optically 
ctive components concentrations and optical properties of 
articles, the correlations factors such as RMSE (Root Mean 
quare Error), NRMSE (Normalized Root Mean Square Error), 
BE (Mean Bias Error), and NMBE (Normalized Mean Bias Er- 
or) were computed following the Eq. (16) , (17) , (18) , and
19) , respectively: 

MSE = 

√ ∑ n 
i =1 ( x cal cul at ed − x measured ) 

2 

n 

, (16) 

RMSE = 

RMSE 
mean 

(∑ n 
i =1 x measured 

) , (17) 

BE = 

n ∑ 

i =1 

( x cal cul at ed − x measured ) 
n 

, (18) 

MBE = 

MBE 
mean ( 

∑ n 
i =1 x measured ) 

, (19) 

here, the x cal cul at ed is the variable estimated from the lin- 
ar equation, the x measured is the variable measured in situ 

nd n is the number of data points. 

. Results 

.1. Concentrations of water constituents 

he temporal and spatial variations of SPM, SPIM, SPOM, 
nd Chl- a in the three turbid Estonian bays (Pärnu, Matsalu 
nd Haapsalu) are shown in Figure 3 . SPM varied between 
.75 and 19.6 g m 

−3 in Pärnu Bay ( Figure 3 A). Among the

http://www.vanwalt.com
http://www.sequoiasci.com
http://www.sequoiasci.com
http://www.mathworks.com
http://www.coleparmer.com
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Figure 3 The concentrations of suspended particulate matter (SPM), suspended particulate inorganic matter (SPIM), suspended 
particulate organic matter (SPOM) and CHL (Chl- a — Chlorophyll- a ). One orange + blue stacked column is equal to the SPM concen- 
tration with dotted lines showing the 50% concentration of SPM. A: Pärnu Bay four campaigns and B: Haapsalu (H) and Matsalu (M) 
bays six campaigns. For the July 2012 campaign, only SPM values were available and therefore presented differently. 
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our campaigns, the concentrations were the lowest ( ∼7—8 
 m 

−3 ) in July 2017 and May 2018. At the same time, the
PM concentrations were slightly higher at the river mouth 
tation M than inside Pärnu Bay, that is, 9.25 and 10.2 g 
 

−3 , respectively. The highest SPM concentrations of all 
ampaigns were obtained in August 2018 (12—19.6 g m 

−3 ). 
he SPM concentrations were highly variable throughout the 
ampaigns and ranged from 5.5 to 15.2 g m 

−3 in Matsalu and 
aapsalu bays ( Figure 3 B). The highest concentrations were 
bserved in July 2013 and the lowest concentrations in July 
012, both in Matsalu Bay. 
702 
In general, the SPOM part in the SPM was relatively lower 
han SPIM part, except for May when it was 1.5 times higher 
han SPIM at station M. A notably high difference between 
PIM and SPOM was observed in August when SPIM was more 
han two times higher than SPOM. SPIM part in SPM was 
learly higher in Matsalu and Haapsalu bays, except in July 
013, when the amount of SPIM was similar to SPOM. 
The Chl- a concentrations varied between 3.95 and 32.28 

g m 

−3 in Pärnu Bay. The highest Chl- a values of all cam-
aigns were observed in April 2018 (25—32.28 mg m 

−3 ) ex- 
ept near the river mouth station M (7 mg m 

−3 ). The low-
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Figure 4 Spectral particulate absorption coefficients, a p (λ) , measured in Pärnu Bay: (A) July 2017, (B) April 2018, (C) May 2018, 
and (D) August 2018. 
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st Chl- a values were observed in May 2018 (3.71—7.43 mg 
 

−3 ). Generally, the Chl- a amounts were higher in the river 
outh station M. In July, they were three times higher in 
tation M than in the other stations of that campaign (27 
g m 

−3 compared to < 9 mg m 

−3 ). Chl- a concentrations var- 
ed between 0.6 and 22.4 mg m 

−3 in Haapsalu and Matsalu 
ays. The maximum amount of Chl- a was observed in Haap- 
alu Bay in July 2013 (22.4 mg m 

−3 ) and the lowest amounts 
n spring and autumn 2016 (0.6—1.9 mg m 

−3 ). 
The values of CDOM absorption at 402 nm ( a CDOM ( 402 ) ) 

anged from 1.38 to 14.08 m 

−1 in Pärnu Bay. The high- 
st a CDOM ( 402 ) were observed in the river mouth station 
, where the maximum values were 12.65 and 14.08 m 

−1 

n April and May 2018, respectively. S CDOM varied between 
.016 and 0.019 nm 

−1 . The slope value was 0.016 nm 

−1 in 
tation S and station M of four campaigns. S CDOM was more 
levated in the offshore stations with the maximum value 
f 0.019 nm 

−1 . 

.2. Inherent optical properties 

.2.1. Particulate absorption coefficients 
he a p (λ) also varied temporarily and spatially in Pärnu Bay. 
he largest variations were observed in the blue part of 
he spectrum ( Figure 4 ), which is influenced by both phyto- 
lankton and organic matter absorption. Altogether, a p (λ) 
eaks varied between 0.40 and 4.69 m 

−1 at 424—430 nm for 
he four campaigns. a p (λ) spectra were generally elevated 
n the station M, close to the river mouth and stayed low 

ffshore, in the stations K21, K4. a p (λ) had a steep increase 
f values between 400 and 420 nm in the river mouth station 
 and the river station S. The highest a p (λ) were observed 
n August 2018, near the river mouth ( Figure 4 D). 
703 
The a p (λ) obtained at Haapsalu and Matsalu bays var- 
ed between 0.16 and 5.62 m 

−1 ( Figure 5 ). a p (λ) variability 
as highest in summer and stayed stable during spring and 
utumn measurements ( < 0.7 m 

−1 ). a p (λ) in Matsalu and 
aapsalu bays were lower than in Pärnu Bay. 

.2.2. Mass-specific particulate scattering coefficients 
he b 

∗
p (λ) of Pärnu Bay also varied temporarily and spatially. 

ypically, the spectrum exhibits a decreasing trend, with 
igher values at 402 nm and lower values at 722 nm. In 
his case, only the same wavelengths that were available 
or b 

∗
bp (λ) were used (412, 470, 532, 660, 712 nm). b 

∗
p (λ)

eak values at 412 nm varied between 0.28 and 1.17 m 

2 

 

−1 . The highest b 

∗
p (λ) of all expeditions were observed in 

uly 2017 ( Figure 6 A) in the middle of the bay at stations
5 (1.2 m 

2 g −1 ) and K4 (1.1 m 

2 g −1 ; a place where dredged
ediments are dumped). The lowest b 

∗
p (λ) of all expeditions 

ere observed at the outer part of the bay, at the station 
21, 0.2 and 0.3 m 

2 g −1 in May ( Figure 6 C) and April 2018
 Figure 6 B), respectively. In April and August 2018, b 

∗
p (λ)

as most elevated in the near river mouth station M. The 
easonal variability of b 

∗
p (λ) at one station was remarkable. 

or example, at station K4, the coefficient varied between 
.3 and 1.1 m 

2 g −1 at 412 nm. 
The b 

∗
p (λ) of Haapsalu and Matsalu bays varied between 

.098 and 1.45 m 

2 g −1 ( Figure 7 ). The b 

∗
p (λ) were highly vari-

ble in Haapsalu Bay during the summer period. They stayed 
ow and stable in spring and autumn (0.1—0.2 m 

2 g −1 ). 

.2.3. Mass-specific particulate backscattering 
oefficients 
he b 

∗
bp (λ) values obtained at five different wavelengths 

412, 470, 532, 660, and 715 nm) varied seasonally, geo- 
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Figure 5 Spectral particulate absorption coefficients, a p (λ) , measured at Matsalu and Haapsalu bays in 2012, 2013, 2016, and 
2018: (A) summer and (B) spring and autumn. 

Figure 6 Mass-specific spectral particulate scattering coefficients, b ∗p (λ) , measured in Pärnu Bay: (A) July 2017, (B) April 2018, 
(C) May 2018, and (D) August 2018. 

Figure 7 Mass-specific spectral particulate scattering coefficients, b ∗p (λ) , measured in Matsalu and Haapsalu bays in 2012, 2013, 
2016, and 2018: (A) summer and (B) spring and autumn. 
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Figure 8 Mass-specific spectral particulate backscattering coefficients, b ∗bp (λ) , measured in Pärnu Bay in (A) July 2017, (B) April 
2018, (C) May 2018, and (D) August 2018. 

Figure 9 Mass-specific spectral particulate backscattering coefficients, b ∗bp (λ) , measured in Matsalu and Haapsalu bays in 2012, 
2013, 2016, and 2018: (A) summer and (B) spring and autumn. 

g
0  

o
t
i
t
s
p
K  

(
a
w  

t
v

i
v

m
m  

i  

b
d
h
w
s

4

T
w
w  

v
w
p

raphically, and spectrally. The peak values ranged from 

.003 to 0.027 m 

2 g −1 ( Figure 8 ). The highest b 

∗
bp (λ) were

bserved near the river mouth station M and in the river sta- 
ion S, except in July 2017 when the elevated b 

∗
bp (λ) were 

n the middle of the bay. The highest b 

∗
bp (λ) of all expedi- 

ions was observed in August 2018 ( Figure 8 D) at the river 
tation S (0.026 m 

2 g −1 at 470 nm). Rounded spectra with 
eak at 470 and 532 nm were observed at the stations K4, 
5, M in July 2017 ( Figure 8 A) and at the station M in April
 Figure 8 B) and August 2018. Rounded spectra with a peak 
t 470 nm were observed at stations M and K7 in May 2018 as 
ell as at stations S and P2 in August 2018. In the other sta-
ions, the spectra shapes were more stable with the highest 
alues at 532 nm. 
The b 

∗
bp (λ) obtained at Haapsalu and Matsalu bays var- 

ed between 0.0015 and 0.023 m 

2 g −1 ( Figure 9 ). The largest 
ariations of the b 

∗
bp (λ) were also registered during the sum- 
705 
er, with maximum coefficients ranging from 0.001 to 0.023 
 

2 g −1 . The b 

∗
bp (λ) were low and in the similar range also

n spring and autumn ( ∼0.02 m 

2 g −1 ) at Haapsalu Bay. The
 

∗
bp (λ) spectra had also diverse shapes. Some spectra had 
escending motion in summer. Some spectra of Matsalu Bay 
ad peaks at 470 and 712 nm. The spectra of Haapsalu Bay 
ere stable at all wavelengths, the exception was only one 
pectrum with a peak at 712 nm. 

.3. Backscattering ratio 

he b bp / b p (λ) obtained for Pärnu Bay varied and were 
avelength-dependent. The spectral shapes of b bp / b p (λ) 
ere similar to b 

∗
bp (λ) , but in the case of the b bp / b p (λ) the

alues during one campaign were more similar and there 
as less variability at the lower wavelengths. b bp / b p (λ) 
eak values varied between 0.017 and 0.034. The spectra 
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Figure 10 Spectral particulate backscattering ratios, b bp / b p (λ) , calculated for Pärnu Bay in (A) July 2017, (B) April 2018, (C) May 
2018, and (D) August 2018. 

Figure 11 Particulate backscattering ratios, b bp / b p (λ) , calculated for Haapsalu and Matsalu bays in 2012, 2013, 2016, and 2018: 
(A) summer and (B) spring and autumn. 
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ecorded in July 2017 ( Figure 10 A) were similar to each 
ther. Generally, the highest b bp / b p (λ) were observed close 
o the river mouth, in station M, except in July 2017 when 
he spectra recorded were in the similar range. The high- 
st b bp / b p (λ) of all the expeditions was observed at the 
iver station S with the value of 0.034 in August 2018 
 Figure 10 D). The shapes of the spectra also differed. Arch- 
haped spectra, with higher b bp / b p (λ) at lower wavelengths 
etween 470 and 532 nm, were observed at the river mouth 
tation M in July 2017, April 2018 ( Figure 10 B), May 2018 
 Figure 10 C) and at the stations close to the river, 
, K5, P2, in August 2018. The station S that was 
nside the river had a peak at 470 nm in August 
018. 
The b bp / b p (λ) obtained for Haapsalu, Matsalu, and Pärnu 

ays were mostly in the same range and varied between 
706 
.01 and 0.1 ( Figure 11 ). The highest ratio (0.1) was ob-
ained in Haapsalu Bay in spring. The variability was more 
pparent during the summer period in both bays. Note that, 
he b bp / b p (λ) spectra had quite diverse shapes. For some 
pectra, the peaks were at 470 and 712 nm while some oth- 
rs declined in values towards higher wavelengths. How- 
ver, there were also b bp / b p (λ) spectra which were stable 
t all wavelengths. 

.4. Variability of the sediment 

ediment samples were collected from Pärnu Bay during the 
ugust 2018 campaign. Our results showed ( Figure 12 ) that 
he bottom sediment of stations S and M (inside the Pärnu 
iver and close to its mouth, respectively) were composed 
f fine-grained anoxic black mud (size < 10 μm). The bot- 
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Figure 12 Map representing the bottom sediment types in Pärnu Bay after the extraction of sediments during the August 2018 
campaign. 

Table 2 Total volume concentrations (TVCs), Junge parameters ( j), R 2 related to j, and median particle sizes (D50) derived 
from in situ LISST-100X measurements and disaggregated grain size measurements (DIGS) in August 2018. 

Station In situ DIGS 

TVC [ μl L −1 ] j D50 [ μm] R 2 TVC [ μl L −1 ] j D50 [ μm] R 2 

Surface M 10.11 3.44 6.41 0.98 2.12 4.73 2.75 0.96 
Surface K5 23.71 2.47 21.04 0.98 3.33 4.14 4.82 0.95 
Surface K4 16.29 2.61 16.06 0.97 2.55 4.22 4.38 0.93 
Surface K7 10.49 2.88 12.11 0.97 2.16 4.34 4.78 0.95 
Surface K21 7.39 2.86 11.80 0.98 1.83 4.25 4.95 0.92 
Surface P2 12.07 2.70 18.41 0.99 1.64 3.94 5.20 0.93 
Surface S 5.66 3.16 7.25 0.98 1.30 4.69 3.43 0.95 
Bottom S 26.28 2.78 14.74 0.99 2.69 4.86 3.06 0.96 
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om was covered with brownish clay mud at stations K5 and 
21, (size 2—50 μm). The south-eastern side of the bay was 
andy, with coarse sand in the dredged sediment disposal 
rea (station P2; size 20—200 μm) and fine sand farther 
n the south (station K4; size 5—200 μm). Gravels of the 
ize of several cm were extracted from station K7. Addi- 
ionally, large quantities of fine-grained ( < 63 μm) clay were 
bserved at Pärnu Bay, and they dominated the resuspended 
ediments. 

.5. Particle size distributions 

n situ PSD measurements were conducted in August 2018 
fter a couple of days of strong westerly wind ( > 13 m s −1 )
hich caused a strong mixing of the water mass. The in situ 

SDs and volume concentrations at the surface and in the 
ottom layers were similar. Therefore, only surface layer 
707 
easurements are shown in Figure 13 , except for station S, 
here surface and bottom layers differed. 
PSD spectra were observed logarithmically between 4 

nd 250 μm without the “rising tails” by using the frequency 
hat shows what is the quantity (in %) of particles from to- 
al concentration in each size class. All spectra had a mode 
or particles > 200 μm even above the muddy areas. Sim- 
larities were observed between the adjacent stations. For 
tations M and S (surface) in the river mouth and river, a flat
ode was observed between 5 and 40 μm. Near the outer 
art of the bay at the stations K4, K7, and K21 the main
ode was at 20—30 μm. For station K5, the high mode was 
t 20 μm and the frequency stayed at the high level (4—
 %) for the mode between 20 and 250 μm. The spectrum 

f the bottom of the river station S resembled the spec- 
rum of station K5, having the flat mode between 20 and 
50 μm. 
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Figure 13 Particle size distributions (PSD) per size class in Pärnu Bay measured on August 28, 2018. Measurements were also 
carried out in the laboratory after sonication of the water samples and diluted bottom sediments. 
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The results of the laboratory experiment showed that af- 
er the treatment of the samples in the ultrasound bath, 
he obtained particle size spectra differed from the spectra 
easured in situ in all studied stations. Disaggregated parti- 
le spectra contained fewer particles than in situ measured 
pectra. In both, the river station S surface and bottom sam- 
les and the station M sample, the main mode was < 10 μm. 
or the rest of the stations (K5, K4, K7, K21, and P2) a flat
ode between 5 and 20—30 μm was observed. Note, that 
articles between 30 and 250 μm were absent for all the 
tations. For stations K5, K4, and S the bottom sediment 
amples PSD spectra, measured as the reference spectra of 
uspended sediments had a mode of around 10 μm. For the 
tation K21, the PSD spectrum was wider, having a flat mode 
etween 20 and 250 μm. 
For the in situ data the correlation between j and D50 

as good (R 2 = 0.89, n = 8). Table 2 shows that R 2 were
lose to 1, which indicates that the particles size distri- 
ution followed Junge distribution. j ranged from 2.47 to 
.88 inside the bay. Higher values of j (3.16 and 3.44) 
ere obtained at the surface stations — station S in the 
iver and at station M in the river mouth, respectively. The 
ame trend was observed also for the distribution of D50. 
alf of the particles of the surface stations M and S (river 
outh and inside the river) were small (6.41 and 7.25 μm, 
espectively), whereas the D50 variability inside the bay 
as higher (11.80—21.04 μm). After the disaggregation by 
onication, the values of j increased ∼1.5 times, varying 
etween 3.94 and 4.86. The maximum values of j were 
btained at the river mouth station M and for the bottom 

ample at the river station S, 4.73 and 4.94, respectively. 
708 
he D50 values after disaggregation were very small (2.75—
.20 μm). The lowest D50 values were determined at the 
urface station M and the bottom sample of station S, 2.75 
nd 3.06, respectively. The D50 values obtained inside the 
ay were one and half times higher than near the river 
outh and inside the river. 

.6. Relationships between water constituents 

he correlations between parameters, SPM and SPIM/SPOM, 
POM and Chl- a , SPIM/SPOM and inherent optical properties 
IOPs), were analysed ( Table 3 ). 
The correlation between SPIM and SPM was very good for 

he entire dataset, with R 2 = 0.90. The correlation coeffi- 
ient between SPOM and SPM was R 2 = 0.08, although it in- 
reased when the data were divided according to seasons. 
he R 2 value between SPM and SPOM was 0.71 in July 2017 
nd April 2018 and 0.88 in May 2018. The correlation be- 
ween SPOM and the Chl- a concentration was good in April 
018, with an R 2 value of 0.47, and very good in May 2018,
ith an R 2 value of 0.90. The correlation between SPIM and 
PM was poor in July 2017, April 2018, and May 2018 (R 2 

 0.37) and very good in August 2018 (R 2 = 0.98). Very 
ood correlations were observed also between the Chl- a and 
 tot (λ) and b p (λ) at 402 nm in April 2018, with R 2 values of
.99. The relationship between b bp / b p at 412 nm and the 
hl- a was consistently very good (R 2 = 0.98). The best cor- 
elations between the SPIM and b bp / b p were observed at 
60 nm in August 2018, with a corresponding R 2 value of 
.63. The best correlations between b bp / b p and SPOM were 
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Table 3 Relationships between water constituents — suspended particulate matter (SPM), suspended particulate inorganic 
matter (SPIM), suspended particulate organic matter (SPOM), chl- a (chlorophyll- a ) — and inherent optical properties — total ab- 
sorption coefficient ( a tot ), particulate absorption coefficient ( a p ), particulate scattering coefficient ( b p ), particulate backscat- 
tering ratio ( b bp / b p ) with some statistical parameters, root mean squared error (RMSE), normalised root mean squared error 
(NRMSE), mean bias error (MBE), normalised mean bias error (NMBE), R 2 . N shows the number of variables. 

Correlation Linear correlation RMSE 
( ∗Unit) 

NRMSE 
[%] 

MBE 
( ∗Unit) 

NMBE 
[%] 

R 2 p-value n 

SPIM: SPM SPM = 0.99 ∗ SPIM + 4.17 1.08 0.13 —0.03 —0.004 0.99 < 0.005 22 
SPOM: SPM SPM = 0.87 ∗ SPM + 7.29 5.90 0.69 —5.88 —0.69 0.08 0.21 22 
SPOM: SPM (July 2017) SPM = 1.06 ∗

SPOM + 3.80 
0.51 0.06 0.007 0.0008 0.71 0.07 5 

SPOM: SPM (April 2018) SPM = 0.91 ∗

SPOM + 7.12 
0.50 0.04 —0.008 —0.0006 0.71 0.07 5 

SPOM: SPM (May 2018) SPM = 0.78 ∗

SPOM + 5.28 
0.40 0.04 —0.02 —0.002 0.88 0.018 5 

SPOM: Chl- a (April 2018) Chl- a = 7.22 ∗ SPOM —
11.71 

6.53 0.26 0.03 0.001 0.47 0.20 5 

SPOM: Chl- a (May 2018) Chl- a = 1.36 ∗

SPOM + 0.40 
0.60 0.08 —0.03 —0.0004 0.91 0.012 5 

SPIM: SPM (July 2017) SPM = 1.13 ∗ SPIM + 3.50 0.75 0.09 0.02 0.003 0.38 0.27 5 
SPIM: SPM (April 2018) SPM = 0.74 ∗ SPIM + 6.78 0.85 0.07 —0.03 —0.002 0.16 0.50 5 
SPIM: SPM (May 2018) SPM = —0.66 ∗

SPIM + 11.16 
1.10 0.12 0.01 0.001 0.10 0.61 5 

SPIM: SPM (August 2018) SPM = 1.12 ∗ SPIM + 2.34 0.52 0.04 0.006 0.0005 0.98 < 0.005 7 
a tot at 402 nm: Chl- a 
(April 2018) 

Chl- a = —2.91 ∗

a tot + 45.12 
0.63 0.02 —0.007 —0.0002 1 < 0.005 5 

b p at 402 nm: Chl- a 
(April 2018) 

Chl- a = —3.91 ∗

b p + 45.70 
0.94 0.02 —0.007 —0.0002 0.99 < 0.005 5 

SPIM: b bp / b p at 660 nm 

(August 2018) 
b bp / b p ( 660 ) = —0.001 ∗

SPIM + 0.03 
0.002 0.11 —0.0003 —0.02 0.64 0.03 7 

SPOM: b bp / b p at 660 nm 

(July 2017) 
b bp / b p ( 660 ) = —0.001 ∗

SPOM + 0.02 
0.001 0.04 0.0001 0.005 0.67 0.09 5 

SPOM: b bp / b p at 660 nm 

(May 2018) 
b bp / b p ( 660 ) = 0.002 ∗

SPOM + 0.01 
0.002 0.12 —0.0001 —0.007 0.66 0.09 5 

Chl- a : b bp / b p at 412 nm 

(April 2018) 
b bp / b p ( 412 ) = —0.0002 ∗

Chl- a + 0.01 
0.0005 0.04 —0.0004 —0.04 0.98 0.001 5 

a p at 440 nm: Chl- a 
(April 2018) 

Chl- a = —13.071 ∗

a p + 49.698 
1.80 0.06 —0.001 —

0.00004 
0.96 0.003 5 

a p at 675 nm: Chl- a 
(April 2018) 

Chl- a = —28.975 ∗

a p + 54.125 
2.71 0.1 —0.0005 —

0.00002 
0.91 0.01 5 

b bp / b p at 470 nm: b bp / b p 
at 660 nm (May 2018) 

b bp / b p ( 660 ) = 0.65 ∗

b bp / b p ( 470 )+ 0.008 
0.001 0.05 —0.0001 —0.001 0.95 0.005 5 

SPOM/Chl- a : b bp / b p at 
660 nm (April 2018) 

b bp / b p ( 660 ) = —0.001 ∗

SPOM/Chl- a + 0.02 
0.002 0.08 —0.0001 —0.002 0.42 0.24 5 

∗ Unit SPM = g m 

−3 , Chl- a = mg m 

−3 , b bp / b p (λ) = unitless 
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bserved in July 2017 at 660 nm (R 2 = 0.67) and in May 
018 at 660 nm (R 2 = 0.66). a p at 440 nm representing the 
lue part of the spectra and at 675 nm representing the 
ed part of the spectra were correlated with SPM and Chl- a . 
he best correlations (R 2 = 0.96 and 0.92) were observed 
etween Chl- a and a p at 440 and 675 nm, respectively, in 
pril 2018. The R 2 between SPM and a p at both wavelengths 
ere slightly higher (0.51—0.6) than between Chl- a and a p 
0.39—0.49) for other expeditions. No correlation was found 
n July 2017 for either of the parameters. The best correla- 
ion between the SPOM/Chl- a ratio and b bp / b p at 660 nm 

as observed in April 2018, when R 2 = 0.42. For the other 
xpeditions, the correlation was close to zero. 
709 
. Discussion 

.1. Spatio-temporal variability of water 
onstituents’ characteristics 

.1.1. Variability of the SPM and Chl- a concentrations 
ärnu Bay is a very dynamic waterbody, that is influenced 
y the resuspension of the bottom sediment due to wind 
nd waves as well as by the inflow of the Pärnu River. The
esuspended water constituents, which could vary in type 
nd amount within short distances and time intervals, have 
 strong impact on the light penetration in the water col- 
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mn and thus also on the water quality, ecosystems, and 
emote sensing signal. Thus, their characteristics such as 
he variability of concentrations and correlations need to 
e investigated in detail. For that aim, we conducted four 
ampaigns in the bay and collected samples from five to 
even stations during each campaign covering the centre 
art of the bay, the edges, the offshore part and the out- 
ow of the Pärnu River. These campaigns were conducted 
uring variable conditions and the obtained results were 
ompared to those measured during previous campaigns in 
he close-by Haapsalu and Matsalu bays. The correlations 
etween different parameters indicate which are the domi- 
ant substances in the water. The suspended particles in the 
ater are phytoplankton if SPM and Chl- a are in good cor- 
elation. Inversely, if the correlations are not good, the sus- 
ended particles are mostly of mineral origin. The SPM con- 
entrations were the highest after strong wind events and at 
he river mouth station M for all campaigns, indicating that 
oth, the Pärnu River discharge and wind contributed to 
igh concentrations of SPM in the water column. Martinez- 
icente et al. (2010) tested the correlations between SPM 

nd SPOM/SPIM/Chl- a in the English Channel and found that 
he SPM and SPOM correlations were weak due to the sea- 
onal variability of the constituents of SPOM but the rela- 
ionships of the parameters increased after being analysed 
eparately for each season. Our results showed that in Pärnu 
ay, suspended particles were mainly dominated by mineral 
articles. There was a poor correlation between the entire 
ataset of SPM and SPOM. However, when the relationships 
etween SPM and SPOM were studied separately depending 
n the campaign, they improved, with R 2 values reaching 
.70, indicating seasonal dependency. There were three lo- 
al phytoplankton blooms during our study. In April 2018, 
he Chl- a concentrations inside the bay were around 30 mg 
 

−3 except in the Pärnu River mouth, where the Pärnu River 
xported large quantities of CDOM into the bay, causing low 

mount of phytoplankton. The river inflow was insignificant 
n July 2017 (12 m 

3 s −1 ) and thus, only slightly higher SPM 

oncentrations were observed at station M close to the river 
outh. Simultaneously, the Chl- a concentrations were three 
imes higher at station M than inside the bay, referring to 
he local phytoplankton bloom. For Haapsalu and Matsalu 
ays the Chl- a concentrations were very low except at one 
f the Haapsalu bays’ stations in July 2013 (22.4 mg m 

−3 ) in- 
icating a small local bloom. High SPM concentrations (12—
5 g m 

−3 ) with a bigger fraction of mineral particles were 
nduced by a stronger wind phenomenon in July 2018. 

During the four campaigns in Pärnu Bay, the SPM concen- 
rations varied between 4.25 and 19.6 g m 

−3 . We also stud- 
ed previously published SPM concentrations, to gain bet- 
er knowledge to assess the dynamics of SPM in Pärnu Bay. 
aavel et al. (2011) demonstrated that the SPM concentra- 
ions varied between 3.7 and 49 g m 

−3 in the summer of 
006 and 2007. The highest concentrations were partially 
orrelated with the peat export from the harbour. In com- 
arison, the SPM concentrations in 1991 ranged from 11 to 
8 g m 

−3 , and thus, they remained slightly lower than in 
he summer of 2006 and 2007 but at the same time, they 
tayed much higher than those which were observed dur- 
ng the present study. The average SPM concentrations mea- 
ured in Pärnu Bay from 2008 to 2010 had similar variations 
o those which were measured in 2017 and 2018 (SPM varied 
710 
etween 9.4 and 24.3 g m 

−3 ). The results indicated that the 
PM concentrations generally remained the same during the 
ast years, except during peat transport (with many spills). 
owever, the SPM concentrations (up to 90 g m 

−3 ) at the 
ear-shore stations, which differ from traditional monitor- 
ng stations, were measured from April to November 2012 
 Lauringson, 2013 ). Such values were neither observed dur- 
ng our fieldwork nor during monitoring in deeper water. 
hese higher concentrations were probably due to the shal- 
owness of the water where particles could not resettle be- 
ause of the intense resuspension. However, we should keep 
n mind that, it is difficult to get an overview of the dynam-
cs with in situ data only. 

The conditions observed during in situ measurements 
n Pärnu Bay were compared with our previous work. In 
udeberg et al. (2020) water type classification-based ap- 
roach was applied to Sentinel-3 sensor Ocean and Land 
olour Instrument (OLCI) cloud and ice-free images of Pärnu 
ay from 2017 to 2018 after the processing with C2RCC at- 
ospheric correction processor. For that approach, 5 water- 
ype classes were created (Clear, Moderate, Turbid, Very 
urbid, Brown) based on the reflectance spectra features. 
fter testing diverse SPM algorithms, the best working al- 
orithm was selected for each water-type class. A suit- 
ble water-type class was assigned to each satellite im- 
ge water pixel and was processed with the selected al- 
orithm. The remote sensing results match the concen- 
rations observed during our fieldwork campaigns. Note, 
hat three phenomena were identified using satellite data 
 Figure 14 ) ( Randla et al., 2018 ). Firstly, during calm con-
itions, the SPM concentrations were the highest near the 
hore ( Figure 14 A,C). Secondly, the higher concentrations 
f suspended matter close to the river mouth could in- 
icate the influence of the river ( Figure 14 B). However, 
he rain and snowmelt bring CDOM rather than SPM into 
he bay. Therefore, before the SPM can be properly valu- 
ted, the CDOM high absorbing influence needs to dimin- 
sh. Thirdly, storm periods could be characterised by very 
igh SPM concentrations for the entire bay ( Uudeberg et al., 
019 ). Figure 14 D—E shows that during and after the storm 

he conditions could change very fast. In our case, the SPM 

oncentrations decreased significantly within days. 
Many episodes with stronger wind occur throughout the 

ear in Pärnu Bay, causing the resuspension of sediments 
rom the bottom. The amount of suspended particles in the 
ater column is also influenced by the Pärnu River, which 
as a higher discharge after the rain and snowmelt periods. 
hese factors reduce water transparency. The variations of 
he quantities of suspended matter strongly depend on the 
eather conditions but also on the type of particles present 
n the bottom of the bay and in the river flow. 

.1.2. Variability of inherent optical properties 
he study of IOPs is important to see what type of particles 
re in suspension in the water column and how are they 
nfluencing the underwater light field. The IOPs and mass- 
pecific IOPs, such as the a p (λ) , b 

∗
p (λ) , and b 

∗
bp (λ) , tended

o vary spatially and temporarily. 
The good correlations between the Chl- a concentrations 

nd b p (λ) and a tot (λ) in April 2018 indicate the high ab- 
orption and scattering by phytoplankton, confirming that 
he main source affecting the light field during that pe- 
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Figure 14 Suspended particulate matter maps of Pärnu Bay derived from Sentinel-3 OLCI L1 images processed with water-type 
based approach. A) Calm conditions on 31.05.2018. B) River outflow and stronger wind conditions on 17.09.2017. C) Calm conditions 
six days prior to the storm on 17.06.2018. D) One day after the storm on 23.06.2018. E) Six days after the storm when the situation 
of SPM has returned to the state of before the storm on 28.06.2018. 
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iod was phytoplankton spring bloom inside the bay. The 
 p (λ) were mostly the highest at the river mouth station M, 
ndicating that the light-absorbing particles were brought 
nto the bay mainly by the Pärnu River. The high variability 
f a p (λ) amongst all expeditions, especially in August 2018 
as caused by the various SPM concentrations and composi- 
ions. The correlations between a p (440 nm) and SPM/Chl- a , 
 p (675 nm) and SPM/Chl- a showed that in May and August 
018, SPM was dominating the particulate absorption. In- 
ersely, in April 2018, the high amount of algal particles 
as present, forming a phytoplankton bloom. The visible 
eaks at 675 nm on the a p (λ) spectra indicated also the 
igh absorption by phytoplankton. This was also the case 
or station M at the river mouth in July 2017. The steep 
lopes visible on the blue part of the a p (λ) spectra at sta- 
ion M in April and May 2018 were induced by the domi- 
ance of the absorption by CDOM. This could be assumed 
ecause the CDOM absorption was high and similar to mea- 
ured and corrected absorption at 402 to 406 nm, then di- 
inished fast. The real values of a CDOM at this station were 
2.65 and 14.08 m 

−1 , respectively, caused by high river in- 
ow bringing high quantities of CDOM into Pärnu Bay. The 
 CDOM values were lower and the similar level for all mea- 
urements in the river mouth station M and the river station 
 indicating the same origin of the CDOM. The values in- 
reased towards offshore. Our S CDOM values coincided with 
revious studies. For example, Harvey et al. (2015) showed 
hat the values of S CDOM between 0.015 and 0.017 nm 

−1 are 
ypical for the brackish Baltic Sea. The balance between 
711 
errestrial and autochthone CDOM is leaning in favour of the 
atter as we move away from the inner bay, as expected 
 Kowalczuk, 1999 ). 
The R 2 of correlations between SPIM and SPM, SPIM and 

 bp / b p ( 660 ) were high in August (0.98 and 0.64, respec- 
ively), indicating that during a wind event suspended par- 
icles were dominated by the mineral fraction, coming from 

he resuspension of bottom sediments. For all campaigns, 
he coefficients of IOPs and concentrations of the sub- 
tances were higher near the shore and diminished towards 
he outer part of the bay. This could be the result of the
radient from shallow nearshore water to deeper offshore 
ater where the influence of the wind on the bottom sedi- 
ents and the influence of the Pärnu River are negligible. 
The highest b 

∗
bp (λ) values were observed near the river 

outh during all expeditions, showing that not only phy- 
oplankton but also the SPIM affected the backscattering 
n these areas. The b 

∗
p (λ) spectra followed the same ten- 

encies. Both parameters had the lowest values inside the 
ay in April and May 2018 indicating that SPIM had a lower 
mpact on the scattering and backscattering than phyto- 
lankton. Arch-shaped b 

∗
bp (λ) spectra with higher b 

∗
bp (λ) 

t lower wavelengths between 470 and 532 nm were ob- 
erved, mostly close to the river mouth in Pärnu Bay. 
utser et al. (2001) showed with model simulations that 
uch shapes of backscattering are possible and then mea- 
ured similar spectral shapes in lake Tuusula. They were 
aused by high quantities of cyanobacteria. This contradicts 
ur results in some cases. For example, the Chl- a concen- 
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rations were lower and SPOM concentrations were signifi- 
antly lower than the SPIM concentrations in August 2018. 
owever, the Chl- a , SPOM concentrations, and CDOM ab- 
orption were higher close to the river mouth than at the 
uter part of the bay. Insufficient correction of the effects 
f high CDOM values on backscattering spectra could be re- 
ponsible for the rounded shapes of the spectra. The IOPs 
f Pärnu Bay and those obtained for Haapsalu and Matsalu 
ays showed the same tendencies. The a p (λ) , b 

∗
p (λ) , and 

 

∗
bp (λ) were low at Haapsalu Bay in spring and autumn com- 
ared to those in summer, indicating low Chl- a and SPM con- 
entrations. This could be caused by the fact that Haapsalu 
ay is a closed environment with little water exchange and 
ovement. Neukermans et al. (2012) studied the b 

∗
bp (λ) at 

50 nm in coastal and offshore areas of Europe and French 
uyana, where b 

∗
bp (λ) varied between 0.04 and 0.014 m 

2 

 

−1 . Their results showed that waters dominated by mineral 
articles backscattered up to 2.4 times more per unit dry 
ass ( b 

∗
bp (λ) = 0.012 m 

2 g −1 ) than waters dominated by or-
anic particles ( b 

∗
bp (λ) = 0.005 m 

2 g −1 ). The organic particle 
ominance was not that evident in Pärnu Bay, because in the 
reas where mineral particles were not visibly dominating 
he SPM, the concentrations of SPIM and SPOM were rather 
qual. The closest wavelength from Pärnu Bay to the wave- 
ength used by Neukermans was 660 nm where the b 

∗
bp (λ) 

aried between 0.003 and 0.013 m 

2 g −1 . The lowest values, 
ess than 0.005 m 

2 g −1 were observed in April and May 2018. 
he b 

∗
bp (λ) values were higher than 0.005 m 

2 g −1 in July 2017 
nd August 2018. The proportion of organic matter was simi- 
ar to the proportion of the mineral matter in April and May. 
he proportion of mineral matter was higher than organic 
atter in July and August. Therefore, our results were in 
ccordance with the Neukermans study. The b bp / b p (λ) were 
igher in autumn and spring, which is probably due to the 
ariable origin of the particles or size distribution effect. 
he increase in the phytoplankton amount and the SPM re- 
uspension due to the shallow bottom or water level de- 
rease may have caused the higher variability at Matsalu 
ay during the summer. The presence of phytoplankton and 
rganic matter and their impact on light backscattering may 
ave led to the arch-shape of the b 

∗
bp (λ) spectra recorded at 

aapsalu and Matsalu bays. 

.1.3. Variability of the particulate backscattering ratio 

n our study area, b bp / b p were ranging from 0.01 to 
.027 at 660 nm with the minimum and maximum 

 bp / b p (λ) over all wavelengths being from 0.005 to 0.031. 
wardowski et al. (2001) modelled the b bp / b p (λ) values 
nd found that they stayed between 0.002 and 0.03 un- 
er natural oceanic conditions. The highest b bp / b p (λ) of 
stonian coastal waters were observed at 470 or 532 nm, 
iving the spectra an arch-shape, at the river mouth sta- 
ions or river-close stations (up to 0.031). Mckee and Cun- 
ingham (2005) observed the values of b bp / b p (λ) between 
.01 and 0.04. They had plotted the b bp / b p at 470 against 
 bp / b p at 676 nm and found that b bp / b p (λ) were higher at 
ower wavelengths. The b bp / b p (λ) that was higher in the 
lue than in the red showed that the scattering phase func- 
ion is generally wavelength dependent. In Pärnu Bay, the 
orrelation was good only in May, with R 2 = 0.96 and at 
he individual stations (M, S). Considering the findings of 
712 
cKee and Cunningham (2005) , the b bp / b p (λ) should have 
een higher at lower wavelengths in May, but the spectra 
hapes of our results showed that it was not the case. The 
bservations from other expeditions, having very low R 2 , 
ontribute to this understanding. Snyder et al. (2008) mea- 
ured the b bp / b p at 550 nm and it varied between 0.005 and 
.06 at the US coast. He concluded that the wavelength de- 
endency of b bp / b p (λ) varied from site to site and within 
ach site. We observed that there was high variability of 
 bp / b p (λ) between Pärnu, Haapsalu and Matsalu bays with 
ome dependency in Haapsalu and Matsalu bays where the 
pectra clearly decreased with increasing wavelength. 

.2. Origin and characteristics of SPM 

.2.1. Composition of the bottom sediment 
ediments are resuspended from the sea bottom by wave 
ction and currents. Fine sediments remain in the water 
olumn longer than large particles which are heavier and 
esettle fast. Therefore, it is important to determine the 
omposition of the bottom sediment. 
The bottom sediment samples were extracted only in 

ärnu Bay and the results were in accordance with previ- 
us research ( Hendrikson and Ko, 2016 ). They showed that 
he bottom sediment in Pärnu Bay is mainly composed of 
 fine layer of sand and aleurite (0.004—0.063 mm), which 
as deposited on varved clay that formed under-ice lake 
onditions in front of a retreating glacier. These fine parti- 
les can be easily resuspended by waves. 
The previous research shows that the bottom sedi- 

ents at Haapsalu and Matsalu bays are similar to those 
t Pärnu Bay. Matsalu Bay comprises high quantities of 
edium-grained and fine-grained sand in the outer and 
earshore parts of the bay ( Lutt and Kask, 1980 ). A tongue
f fine-grained and coarse-grained siltstone extends from 

he Kasari River mouth to the centre of the basin. In ad- 
ition, morainic sediment has been found in a small area 
n the southern coast of Matsalu Bay and small quantities 
f rocks are located near the coast. The bottom sediment 
t Haapsalu Bay also has a glacial origin ( Jõeleht, 2016 ). 
arved clays are covered by aleurite mud and sand. This in- 
icates that the suspended particles in all three bays have 
he same origin and similar properties. In the satellite im- 
ges of Pärnu Bay, resuspension can be observed near the 
oast due to the shallow bottom, presence of clay, and wave 
ynamics. 
If the bottom composition is known, then we can de- 

ive the types of particles resuspended in the water column. 
he properties of these particles affect the underwater light 
eld and thus were studied in detail. 

.2.2. Origin of the particles 
he measurements of SPM showed that mostly mineral frac- 
ion was dominating the SPM in Pärnu, Haapsalu and Matsalu 
ays ( Figure 3 ). Theoretically, the values of b bp / b p (λ) can be
sed as approximations to the origin of the particles. It has 
een reported that the particles are dominated by organic 
atter and minerals if b bp / b p (λ) is ∼0.005 and ∼0.02, re- 
pectively ( Tao et al., 2018 ). b bp / b p (λ) were between 0.007 
t 412 nm and 0.031 at 470 nm in Pärnu Bay in August 2018.
hese observations were supported by the different SPIM 

nd SPOM concentrations of the water samples collected 
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uring the August campaign. The SPIM concentrations were 
igher than the SPOM concentrations. However, the analy- 
es of the water samples did not confirm these trends for 
ll samples because organic and mineral matter sometimes 
as present at a 50:50 ratio. Therefore, the correlations 
etween b bp / b p (λ) and the SPIM and SPOM concentrations 
ere plotted to determine which matter affects the light 
cattering the most. The best correlations for SPIM were 
n August 2018. Probably, this was due to the higher min- 
ral fraction because of the sediment resuspension by the 
torm. For SPOM, the highest correlations were in July 2017 
nd May 2018, where the organic fraction was higher than 
PIM. The best wavelength for these correlations was 660 
m. The best correlation between b bp / b p at 412 nm and the 
hl- a concentrations was obtained in April 2018 when there 
as a phytoplankton bloom. 
The seasonal correlations were compared with those ob- 

ained in a similar, larger-scale study in the Baltic Sea where 
imis et al. (2017) analysed the seasonality of the inher- 
nt optical properties. They discovered that season-specific 
orrelations exist between b bp / b p (532) and SPM. The weak- 
st correlations were obtained for the SPIM, suggesting the 
bsence of mineral matter. Their results differ from ours 
 Section 4.6 ). An important factor shaping the results is 
he measurement location. Their measurements were con- 
ucted in the open sea where the concentration of SPIM 

s usually negligible and phytoplankton and its degradation 
roducts dominate in the SPM. There were periods where 
hytoplankton dominated in the SPM, but mostly mineral 
articles transported by rivers, currents or resuspended by 
aves were dominating in the SPM. Therefore, the results 
btained in the open sea and near the coast give different 
utcomes. 
Snyder et al. (2008) plotted the SPOM/Chl- a ratio against 

he b bp / b p at 550 nm. They did not find correlations be- 
ween these parameters. We plotted the same ratio against 
 bp / b p at the closest wavelength, 532 nm. The correlations 
eren’t good except in April when R2 = 0.42. We could as- 
ume that in April, mostly organic particles (phytoplankton) 
n SPM were dominating the backscattering. 

.2.3. Particles size distributions in Pärnu Bay 
arameter b bp / b p (λ) also depends on the particle size. The 
maller the particle size is, the larger b bp / b p (λ) and vice 
ersa. In our study, the b bp / b p spectra exhibit high values 
t 595 nm ( > 0.02) and the best correlations with SPM were 
btained at 660 nm. In August, mineral matter dominated 
he suspended particles. The size of the particles in Pärnu 
ay in August, ranged from 4 to 250 μm. After the disaggre- 
ation experiment, only particles with sizes ranging from 4 
o 30 μm remained in the solution. This shows that fine par- 
icles were resuspended by waves but later agglomerated 
nto bigger aggregates. 

Aggregation phenomena in the brackish waters of the 
altic Sea have not been studied. Previous studies showed 
hat flocculation occurs in areas with high salinity gra- 
ients at the mouths of large rivers ( Many et al., 2016 ; 
olanskit and Gibbst, 1995 ), in the Arctic due to the salinity 
radient and high SPM concentrations ( Meslard et al., 2018 ), 
nd in areas influenced by organic matter ( Lee et al., 2019 ). 
e observed that particles may aggregate in areas with very 

ow salinity and low concentrations of organic matter. The 
713 
ggregates could not have been transported by the organic- 
ich Pärnu River because in the river the particles were 
mall. 
As shown above, fine particles agglomerated into bigger 

ggregates with random shapes. Figure 13 indicates the per- 
entage of particles of each size class before and after dis- 
ggregation. Based on the D50 values before sonication, half 
f the particles were smaller than 6—21 μm, implying the 
resence of large numbers of small particles and higher vari- 
bility of particles of bigger size classes. The D50 values af- 
er sonication were significantly smaller (3—5 μm), showing 
hat bigger particles/aggregates disaggregated into smaller 
articles. The diminishing volume concentrations of the so- 
ution after sonication may be due to the destruction of 
lankton colonies by the ultrasound treatment ( Holm et al., 
008 ). The presence of large phytoplankton cells could have 
ed to the measuring of “rising tails” before and after the 
onication. 
The Junge distribution shows the partition of aggregates 

nd small particles in areas with SPM dominated by min- 
ral particles. We could use this approach because min- 
ral particles dominated the water in August 2018 and 
he fitting of the PSD slopes had correlations close to 1. 
ader (1970) showed that a high distribution ( j ∼4) indi- 
ates a high proportion of small particles, a low distribu- 
ion ( j ∼2.4) indicates a high proportion of large particles, 
nd j ∼3 represents a “normal” distribution. In this study, 
he j values ranged from 2.5 to 2.9 inside the bay, indicat- 
ng a high proportion of large particles or aggregates ap- 
roaching a “normal” distribution. Inside the river, j was 
.16 and 3.44, representing a “normal” distribution. After 
he sonication, j varied between 3.94 and 4.86, represent- 
ng a high proportion of small particles and confirming the 
isaggregation. Most of the particles in the reference PSD 

pectra of the bottom sediments were < 10 μm, confirm- 
ng this hypothesis. The large flocs have diverse complex 
hapes, sizes ( < 250 μm), densities, as shown in previous 
tudies ( Many et al., 2016 ; Spencer et al., 2021 , etc). Sin-
le particles have a small uniform size ( < 10 μm) and their
hape is close to a circle. This means that larger flocs have 
 more complex effect on the light scattering and backscat- 
ering than single particles. 

. Conclusions 

he aim of this paper was to study the dynamics of particle
oncentrations, the origin of particles, and variability of op- 
ical properties such as a p (λ) , b 

∗
p (λ) , b 

∗
bp (λ) , and b bp / b p (λ)

s well as the particle size distributions of the suspended 
articulate matter in Estonian coastal areas to determine 
ow these parameters interact with each other. For this pur- 
ose, four campaigns were conducted in the spring and sum- 
er of 2017—2018 under different conditions (calm/storm, 
hytoplankton bloom presence/absence, coastal/offshore 
rea of the bay) in Pärnu Bay. Data from previous opti- 
al measurements from Haapsalu and Matsalu Bays (7 cam- 
aigns) were analysed together with Pärnu Bay data. The 
oncentrations and optical characteristics of the SPM var- 
ed significantly both in time and space in Pärnu Bay and 
ther areas. A particle aggregation phenomenon was ob- 
erved in the brackish water of Pärnu Bay. It has not been 
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een previously. The parameter b bp / b p (λ) correlated with 
he particle origin and reflected the effects of SPIM and 
POM on the backscattering of light. The SPOM and phyto- 
lankton clearly dominated the backscattering in the calm 

onditions and during the phytoplankton bloom in spring, 
hile SPIM clearly dominated the backscattering during 
he August storm. In remote sensing algorithms, b bp / b p (λ) 
s often considered to be constant because backscatter- 
ng measurements are rather scarce. Our results show 

hat b bp / b p (λ) is wavelength-dependent, particle size-, and 
rigin-dependent and cannot be considered as constant. 
his indicates that the situation in coastal waters is more 
omplex and the particle properties and scattering phenom- 
na must be considered to generate better remote sensing 
lgorithms for complex waters. 
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o źniak, S.B., Meler, J., Lednicka, B., Zdun, A., Sto ń-Egiert, J., 
2011. Inherent optical properties of suspended particulate mat- 
ter in the southern Baltic Sea. Oceanologia 53 (3), 691—729. 
https://doi.org/10.5697/oc.53-3.691 
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Abstract Wind systems are known as nutrient sources playing significant roles in the oceanic 
realm and global climate oscillations. This study explores, for the first time, the effect of 
winds on the winter blooms of the mixotrophic dinoflagellate, the green variant of Noctiluca 
scintillans ( NS G) in the northern Arabian Sea. When the NS G abundance was lower (i.e., 
< ∼10000 cells l −1 ), it was coupled to silicic acid (H 4 SiO 4 ), on which diatoms (phytoplankton) 
in turn depended. At higher abundance (i.e., NS G > ∼10000 cells l −1 ), H 4 SiO 4 and H 4 SiO 4 :DIN 

(dissolved inorganic nitrogen) ratio fell. The NS G was then intensely green and chlorophyll- a 
richer, attributed to a change in the mode of NS G’s nutrition from heterotrophy to autotrophy- 
dominance. The back-trajectory model revealed that the winds were mostly northeasterly (NE) 
initially (during February) and were north-westerly (NW) towards the end of winter (March). 
Separately for the NE and NW winds, the NS G abundance was 10655 ±18628 and 28896 ±46225 
cells l −1 , respectively. The H 4 SiO 4 :DIN ratio correspondingly reached < 0.2 and ≥0.4. The NS G 

was modelled with high significance (p < 0.001, N = 33) versus the NE and NW wind speeds. Thus, 
while the NE winds deepened the mixed layer and caused nutrient enrichment and phytoplank- 
ton production, the NW winds facilitated the recovery of the H 4 SiO 4 :DIN ratio and economical 
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use of H 4 SiO 4 for phytoplankton production. It is hypothesized that this process is helped by iron 
input from NW desert winds during the latter part of winter when the NS G blooms intensify. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

octiluca scintillans ( NS ) is a dinoflagellate classified un- 
er Harmful Algal Blooms (HAB) due to its potential toxic- 
ty and invasive ability by which it dominates an ecosystem 

 Goes et al., 2020 ). NS occurs in two variants/ecotypes, 
amely the green NS ( NS G) and the red NS ( NS R), at dif-
erent spatial-temporal scales in accordance with specific 
references of environmental conditions ( Harrison et al., 
011 ). NS R exhibits a heterotrophic mode of nutrition 
hile NS G exhibits mixotrophy. During heterotrophy, both 
S variants feed on a variety of diets, including other 
than NS ) phytoplankton, fish eggs, and small zooplankton. 
mong phytoplankton, diatoms are the principal prey of 
S ( Gomes et al., 2018 ; Zhang et al., 2016 ). On the other
and, NS has only a few predators, such as jellyfish and 
alps, which undermines the energy transfer in the marine 
nvironment ( Gomes et al., 2014 ). NS proliferation in the 
cosystem poses a risk of substantial economic loss as they 
onsume the species occurring in the food chain for the 
ommercially important fish species ( Padmakumar et al., 
010 ). 
In recent decades, blooms of NS G have been noticed 

ore frequently and in greater intensities in the global 
ceans ( Harrison et al., 2011 ; Piontkovski et al., 2021 ; 
urkoglu et al., 2013 ). The northern Arabian Sea (NAS), one 
f the most productive basins of the world ocean, experi- 
nces episodic blooms of NS G, especially during the tropical 
inter ( Gomes et al., 2014 ; Madhu et al. 2012 ; Pandi et al.,
020 ). During the winter months (January—March), the open 
cean region of the NAS gets enriched in nutrients by con- 
ective mixing due to the densification of the cooled surface 
ater with the deeper water ( Madhupratap et al., 1996 ). 
he surface barrier layer forming in the NAS is thin and weak 
ue to the higher salinity of surface water, unlike in typical 
eas of lower saline surface water than sub-surface water, 
nd hence yields more easily to winter convective forces 
 Balachandran et al., 2008 ). In addition to nutrient entrain- 
ent due to convective mixing, several other environmental 
actors play a pivotal role in preparing the conducive bed for 
loom formation and sustenance in the NAS. 
The knowledge gathered so far has revealed that the 

pisodic NS G blooms in the NAS are attributable to a com- 
lex interplay of ambient physical, chemical, biological, 
nd meteorological conditions ( Baliarsingh et al., 2018 ; 
akshmi et al., 2021 ; Lotliker et al., 2018 ; Prakash et al., 
017 ; Sarma et al., 2019 ; Smitha et al. 2022 ). On an im-
ortant note, these conditions occur during the latter half 
f February and the first half of March, which is the tran- 
ition time between the north-east (winter) monsoon and 
he south-west (summer) monsoon, a co-incidental time 
hen the Western India Coastal Current (WICC) reaches the 
AS in its north-ward journey along the continental slope 
718 
 Shetye et al., 1991 ). A web of controls influences the NS G
looms and makes it challenging to identify the core causes 
f the bloom formation, timing, abundance variation, and 
ynamics. Water temperature, nutrient stoichiometry, i.e., 
i:N ratio, the mixed layer depth, and prey availability have 
een identified as controlling factors in different studies 
ited above. On the other hand, the surface meteorological 
actors e.g., the wind vector, which is a significant forcing 
uring the seasonal transition, was not examined earlier and 
ould be a primary influencer (compared to the in situ con- 
itions, which are secondary i.e., consequential factors), on 
he NS G prevalence. 
Winds transport land-borne dust rich in crucial nutri- 

nt elements, e.g., iron. The global climate is known to 
e modulated by iron transported through wind-borne dust 
rom land ( Burgay et al., 2021 ; Maher et al., 2010 ). For in-
tance, dust from the Saharan desert is believed to provide 
ost of the iron present in the Atlantic Ocean and fertil- 

ze the Amazon rainforest ( Rizzolo et al., 2017 ). Along with 
ron (Fe), the other essential nutrients of the dust are dis- 
olved inorganic phosphorus (DIP), nitrate (NO 3 ), and am- 
onium (NH 4 ), which are reported to induce algal blooms 

n the East China Sea ( Tian et al., 2020 , 2018 ). In a meso-
osm study over the South China Sea, strong aerosol load- 
ngs were observed to relieve nitrogen and trace metal 
imitations for the growth of phytoplankton, e.g., diatoms 
 Guo et al., 2012 ). In the context of the Arabian Sea, it
as also been postulated that without the input of aeolian 
ransported iron during the summer monsoon, the produc- 
ivity would be reduced by half of the presently estimated 
 Guieu et al., 2019 ). Iron-limitation has also been advo- 
ated in the NAS ( Guieu et al., 2019 ; Moffet et al., 2015 ;
aqvi et al., 2010 ). The intensely upwelling western Ara- 
ian Sea is reported as chronically Fe-deficient in experi- 
ents and models ( Kone et al., 2009 ; Moffet et al., 2015 ).
hese studies support the hypothesis that winds may be a 
ey factor in the NS G blooms in the NAS, and the objective
f the present study was to examine this hypothesis. 

. Material and methods 

.1. Field survey 

ield surveys were carried out in the northeastern Ara- 
ian Sea (NEAS) during two expeditions (campaigns) on- 
oard the Ministry of Earth Sciences (MoES), Government 
f India’s Fishery Oceanographic Research Vessel (FORV) 
agar Sampada (SS) cruises. The first campaign (Campaign- 
, hereafter C#1, cruise no. SS348) was conducted at sta- 
ions 1 to 10 during 4—16 March 2016. The second cam- 
aign (Campaign-2, hereafter C#2, cruise no. SS356) was 
onducted at stations 11—15 during 9—20 February 2017 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 Study area and station locations during campaign-1 (C#1, cruise ID: SS348, stations 1—10) and campaign-2 (C#2, cruise 
ID: SS356, stations 11—15). Inset shows the study region in the northeastern Arabian Sea (contours: bathymetry, in meters). 
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 Figure 1 ). The stations 1 to 12 were occupied during the 
aytime and were sampled once. The stations 13, 14, and 
5 were occupied continuously over > 3 days each, and ob- 
ervations were made at regular intervals of 4 hrs. (station 
3) and 6 hrs. (stations 14 and 15). At these stations, sam- 
ling times from 0100 hrs. to 1300 hrs. were common. 

.2. Meteorological observation and analysis 

eteorological parameters were recorded using an Auto- 
atic Weather Station (AWS) installed onboard the ves- 
el. The sensors of the AWS used for recording the me- 
eorological parameters were wind speed-direction (Ultra- 
onic Gill, 1405-PK-68), air pressure (Setra, 270), air tem- 
erature (Vaishala, HMP60), relative humidity (Vaishala, 
MP60), and rain gauge (RM Young, 50203). The air mass 
ack-trajectories were generated using the Hybrid Single- 
article Lagrangian Integrated Trajectory (HYSPLIT) model 
f the National Oceanic and Atmospheric Administration 
 NOAA, 2021 ; Rolph et al. 2017 ; Stein et al. 2015 ). 

.3. Oceanographic observation and analysis 

or recoding water temperature and salinity, a 
onductivity-Temperature-Depth (CTD) profiler (Sea-Bird, 
719 
9Plus) was used. Water samples were collected from the 
urface (—1 m) using a Niskin Rosette sampler. The Mixed 
ayer Depth (MLD) was defined as the depth at which the 
ater temperature is 1 °C less than the surface ( Kumar and 
arvekar 2005 ). 
For surface phytoplankton, water samples were col- 

ected gently from the undisturbed sea surface using a clean 
algene bucket (15 litres), sub-sampled in plastic (Nal- 
ene), and fixed with Lugol’s iodine-buffered formaldehyde 
olution. After an overnight standing, the clear supernatant 
as decanted, and an aliquot (1 ml) of the phytoplank- 
on concentrate was quantitatively enumerated. The phy- 
oplankton identification and census counts were carried 
ut using trinocular compound microscopes (Nikon Eclipse, 
600, Labomed, LX-400). The identification of phytoplank- 
on species was done microscopically by referring to the 
tandard identification keys ( Tomas, 1997 ). Both the steps 
f collection of seawater samples and the phytoplankton 
ensus counts were done in duplicate. Therefore, for each 
ample, 2 × 2 = 4 values were available, which were agreed 
ithin ±10% and were averaged. 
The first sub-sample of seawater drawn from the Niskin 

ater sampler was for the fixing of dissolved oxygen (DO) 
y Winkler reagents. The estimation of DO was done by 
he titrimetric method ( Grasshoff et al., 1999 ). The next 
ub-sample was drawn for chlorophyll- a (chl- a ). Seawater 
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Figure 2 Wind angles with reference to the north at the time of sampling (B: bloom, NS G present, NB: non-bloom, NS G absent). 
The inset shows their frequency in the distribution of wind. 
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1 litre) was filtered immediately through 47 mm diame- 
er GF/F filters ( ∼0.7 μm pore size), and the filter pad was 
oon soaked in 90% acetone and kept in a refrigerator (4 °C) 
vernight for pigment extraction. Subsequently, the filter 
ad containing tubes was centrifuged at 4000 rpm. The chl- 
 concentration of the centrifugates was quantified fluoro- 
etrically (Turner Designs, Triology, C#1) and spectrophoto- 
etrically (Thermo Scientific, Evolution 201, C#2). 
The seawater filtrates were used for estimating in- 

rganic nutrients nitrite (NO 2 ), NO 3 , NH 4 , DIP, and 
ilicic acid (H 4 SiO 4 ) using spectrophotometric methods 
 Grasshoff et al., 1999 ). For all spectrophotometric de- 
erminations of nutrients, a UV-Visible double beam spec- 
rophotometer (Thermo Scientific, Evolution 201) was used. 
issolved inorganic nitrogen (DIN) was computed as the sum 

f NO 2 , NO 3 , and NH 4 . 

.4. NS G data range categorization 

he NS G abundance was considered as falling into four 
anges, from its relationships with various biogeochemical 
onstituents, especially H 4 SiO 4 (see Results section). They 
re (i) NS G-N in which NS G was nil (N = 28), (ii) NS G-L of
ow abundance i.e., ≤ 1230 (or, < ∼1000 cells l −1 (N = 5)) 
iii) NS G-M of medium abundance i.e., ≤ 22600 (or, < 25000 
ells l −1 (N = 23)), and (iv) NS G-H of high abundance i.e., ≥
6000 (or, > ∼25000 cells l −1 (N = 6)). 

.4.1. Phytoplankton indices 
he diatoms: dinoflagellates ratio has been used as a phy- 
oplankton community index to assess as well as predict 
he health of ecosystems, dietary preferences, and biodi- 
ersity changes ( Teiexeira et al., 2016 ; Tett et al., 2008 ; 
asmund et al., 2017 ). The ratio is high in natural, healthy 
cosystems and falls rapidly when dinoflagellates increase 
ue to anthropogenic factors. In laboratory experiments, 
i et al. (2021) have shown that diatoms enjoy a compet- 
tive superiority at high nutrient concentrations and that 
he ecosystem moves towards dinoflagellates superiority at 
ery high temperatures and nutrient concentrations. In this 
tudy, the Diatoms: (Diatoms + Dinoflagellates other than 
S G) ratio (hereafter Diatoms: (Diatoms + Dinoflagellates) 
720 
atio) was computed instead of the diatoms: dinoflagellates 
atio. This was because in quite a few samples (N = 6), di-
oflagellates were nil and, in a few others, their abundances 
ere small compared to diatoms and resulted in outlier (av- 
rage ± 3 × σ , where σ is the standard deviation) ratios. 
ith the new ratio, the degrees of freedom (number of 
ases minus 1) remained high, and the correlations were 
etter in terms of statistical significance. 
The Cyanophyceae e.g., Trichodesmium species, are also 

ssociated with the NS G blooms, and are its potential 
eed ( Harrison et al., 2011 , and references therein). Tri- 
hodesmium is a N 2 fixer and has a large concentration 
f iron in its cells, a characteristic considered an ecologi- 
al indicator ( Kustka et al., 2003 ; Whittaker et al., 2011 ).
richodesmium blooms where iron is non-limiting, e.g., in 
arge parts of the Atlantic ( Chappel et al., 2012 ; Moore 
t al., 2009 ) except when phosphate is limiting ( Mills et al.,
004 ). In the NAS where phosphate is present as an ‘ex- 
ess nutrient’ (over the Redfieldian phosphate calculated 
rom nitrate, Kumar et al., 2017 ) and hence non-limiting, it 
s hypothesized that the dinoflagellates: cyanophyceae ra- 
io can potentially proxy dissolved iron limitation. Again, 
ince in many samples cyanophyceae were nil (N = 35), 
he Dinoflagellates other than NS G: (Dinoflagellates other 
han NS G + Cyanophyceae) ratio (hereafter Dinoflagellates: 
Dinoflagellates + Cyanophyceae) ratio) was calculated, as in 
he case of Diatoms: (Diatoms + Dinoflagellates) ratio. 

.5. Statistical tests 

he statistical tests e.g., Pearson correlation coefficients 
nd regressions were done in a spreadsheet program (Mi- 
rosoft Excel). The significance of r was obtained from 

Quick p Value’ from Pearson (R) Score Calculator (socscis- 
atistics.com). 

. Results 

.1. Wind characteristics and the origin of winds 

he winds were blowing at various angles (6—359 ° with ref- 
rence to the north). The wind angles were averaged for the 
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Figure 3 Backward wind trajectories simulated by HYSPLIT model (NOAA) for the 0.5 to 4 km above ground for 3-hour intervals 
from 72 hours preceding the measurement time at a) Station 3, b) Station 6, c) Station 13 and d) Station14 where NS G blooms 
occurred. The upper panels are the full back-trajectories of the air masses and the lower panels show the height at different time 
intervals of the corresponding trajectory. The abscissa (longitude) and ordinate (latitude), in degrees East and North, respectively 
are embedded. 

f
1
3  

e
3
2
t
i
(
d
s
n

t
r
w
t
t

b
m  

w
t
m
t  
our quadrants northeast (NE, 0—90 °), southeast (SE, 90—
80 °), southwest (SW, 180—270 °), and northwest (NW, 270—
60 °). Most of the winds were in the NE (range: 6—88 °, av-
rage, 50 °; 60% of the 60 observations) and NW (300—359 °, 
33 °, 30%) ( Figure 2 ) quadrants. The remaining (234—246 °, 
41 °, 10%) were SW originated. In view of the discrete direc- 
ions of the winds, their associated properties were exam- 
ned for each direction of the wind vector. Relative humidity 
RH) was 7.4% or 7.2% higher in the NW than the NE winds 
epending on whether NS G was present or not. The RH is a 
ignificant discriminator (p < 0.05; hereafter, whenever sig- 
ificant at p < 0.05, the value is not mentioned) between 
721 
he NE and NW winds. During the NW winds, the baromet- 
ic pressure decreased. The decrease was highly consistent 
hen there was no NS G. The NE winds were faster (34%) 
han NW winds when NS G was present but slower (11%) than 
he SW winds when NS G was absent ( Table 1 ). 
For identifying the source regions of the NW winds, the 

ack-trajectories of winds were constructed by the HYSPLIT 
odel of the NOAA at altitudes > 0.5 up to 4 km. The upper
ind source diagrams at all stations for the sampling dura- 
ions revealed that during C#2, the winds were synoptically 
ainly NE, and during C#1, mainly NW. The typical simula- 
ions at some of the stations at the time of the survey are
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Figure 4 a) Chlorophyll- a (chl- a ) estimated in the particulates of selected samples at the stations 1 to 15 ( NS G - N, NS G-L, NS G-M 

and NS G-H are NS G abundances of nil, up to 1230, up to 22600, and more than 46000 cells l −1 , respectively), and b) NS G abundance 
of the samples collected during daytime (6AM to 7PM). 

Table 1 Atmospheric and oceanographic characteristics significantly different between NE, NW and SW winds. 

Parameter (unit) NS G - L/M/H NS G-N 

average ±SD P value ∗ average ±SD P value ∗ average ±SD 

NE NW NE/NW Nil-NE Nil-NW NE/NW Nil-SW 

No. of observations (N) 26 7 26/7 10 11 10/11 6 
Wind direction ( °) 50 ±16 337 ±15 < 0.00001 45 ±15 332 ±18 < 0.00001 241 ±5 
Wind Speed (m s −1 ) 6.3 ±2.5 4.7 ±1.0 < 0.1 5.9 ±2.1 6.5 ±1.6 - 6.8 ±1.01 
Compass ( °) 266 ±98 171 ±101 0.0318 266 ±74 199 ±60 < 0.1 123 ±179 
Air temperature ( °C) 25.3 ±1.2 25.9 ±1.0 - 25.3 ±1.7 26.4 ±0.8 < 0.1 26.9 ±0.2 
Relative humidity (%) 69.8 ±9.0 77.2 ±5.6 0.0468 62.2 ±11.2 69.4 ±4.1 < 0.1 73.6 ±1.1 
Barometric pressure (mbar) 1014.9 ±1.4 1014.7 ±1.2 - 1012.5 ±1.1 1010.7 ±1.3 < 0.001 1013.5 ±0.2 
SST ( o C) 25.08 ±0.86 25.14 ±0.84 - 25.84 ±1.30 26.96 ±0.36 0.0187 26.61 ±0.35 
SSS (psu) 36.45 ±0.17 36.41 ±0.16 - 36.33 ±0.37 35.87 ±0.31 0.0117 36.41 ±0.35 
MLD (m) 97.42 ±22.4 73.7 ±28.0 0.0245 73.3 ±34.8 65.7 ±17.3 - 39 ±26.50 
NO 2 

− ( μM) 0.48 ±0.20 0.34 ±0.24 - 0.31 ±0.30 0.05 ±0.02 0.0108 0.19 ±0.32 
NO 3 

− ( μM) 4.16 ±1.48 3.49 ±2.34 - 2.13 ±1.94 0.53 ±0.36 0.0196 0.89 ±1.13 
DIN ( μM) 5.09 ±1.43 4.68 ±1.71 - 3.13 ±1.81 1.35 ±1.30 0.0283 2.97 ±1.40 
H 4 SiO 4 ( μM) 1.85 ±0.96 2.84 ±0.68 0.0153 1.52 ±1.17 1.37 ±1.40 - 2.70 ±0.61 
Diat:(Diat + Dino) 0.87 ±0.1 0.82 ±0.2 0.0293 0.8 ±0.8 0.8 ±0.1 - 0.7 ±0.2 

∗ P Values < 0.1 only are given; - P > 0.1; NE — northeasterly winds; NW — northwesterly winds; SW — southwesterly winds; NS G 

— Noctiluca scintillans Green, N/L/M/H — nil/low/medium/high i.e., non-detectable, < ∼1000, < ∼25000 and > 25000 cells l −1 of 
NS G; SST — Sea Surface Temperature, SSS — Sea Surface Salinity, MLD — Mixed Layer Depth, DIN — Dissolved Inorganic nitrogen 
(NO 2 

−+ NO 3 
−+ NH 4 

+ ), Diat — Diatoms, Dino — Dinoflagellates without NS G. 

722 
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Figure 5 Relationships of silicon (silicic acid) with a) Sea Surface Salinity (SSS), b) Dissolved Inorganic Nitrogen (DIN, 
NO 2 

− + NO 3 
− + NH 4 

+ ), c) the green Noctiluca scintillans ( NS G) abundance, and d) relationship of Si:DIN ratio with NS G abun- 
dance. The p values of all regression lines are: < 0.0001, and the N values are 34 (a, NS G-L/M/H), 17 (b, C#2), 24 (c, NS G-L/M, C#2) 
and 22 (d, C#2, NS G-L/M). The p and N values of the regression line are 0.014 and 6 in d, C#1, NS G-H (note: the regression lines in 
(c) and (d) are for NS G < 10,000 cells l −1 ; see text). 

p
a  

F
N  

U
g
w
H
(
s
s
s

3

3
D  

l
r

r
0

3
C  

m  

t
h
a
w
m
(
w
l

3
d
T  

c  
resented in Figure 3 . The simulations indicated the winds 
s originating from both NW and NE ( Figure 3 a, Station 3 and
igure 3 b, Station 13 on Day-1 of occupation) or mostly from 

W ( Figure 3 c, Station 6 and Figure 3 d, Station 13, Day-2).
nique water column characteristics that supported distin- 
uishing the ecosystem as either NE winds-affected or NW 

inds-affected, at significance level p < 0.05 were the MLD, 
 4 SiO 4 when NS G was present, and Sea Surface Temperature 
SST), Sea Surface Salinity (SSS), and DIN when NS G was ab- 
ent ( Table 1 ). The winds’ physical characteristics, namely 
peed and temperature also distinguished but at moderate 
ignificance ( p < 0.1) ( Table 1 ). 

.2. Water column characteristics 

.2.1. Nutrient stoichiometry 
IN had a highly significant (p < 0.0001, R ² = 0.71, N = 55)
inear relationship with DIP across the different abundance 
anges of NS G: IP = 0.0781 ∗DIN + 0.1582 (Figure S2), which 
723 
evealed that there was a background IP concentration of 
.17 μM and that the DIN:DIP ratio was 13.2. 

.2.2. Chl- a and the different ranges of NS G 

hl- a ranged from close to nil (0.07 mg m 

−3 ) to 36.17 mg
 

−3 ( Figure 4 ). Samples of high NS G abundance, i.e., be-
ween 46000 and 190000 cells l −1 , were visibly green and 
ad chl- a ≥ 10.6 mg m 

−3 (4 samples). They were designated 
s the NS G-H group. A majority of the NS G-H occurrences 
ere associated with NW winds. Samples having chl- a < 6.2 
g m 

−3 were associated with a moderate abundance of NS G 

 ≤ 22600 cells l −1 , NS G-M), and those having < 1.4 mg m 

−3 

ere associated with a low abundance of NS G ( ≤ 1230 cells 
 

−1 , NS G-L) or nil abundance ( NS G-N). 

.2.3. NS G abundance and its relation to silicon 

istribution 

he NS G occurred in a total of 33 samples, of which 13 were
ollections at night, i.e., 7 PM to 6 AM ( Figure 4 b shows
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Figure 6 Wind as a non-vector: a) green Noctiluca scintillans 
( NS G) versus air temperature (AT), and b) wind speed. The p 
and N values of the regression lines are < 0.00001 and 33 re- 
spectively in both a) and b). 
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nly the day samples’ data). Six of the 16 stations, i.e., 
tations 2, 3, 6, and 8 of C#1 and Stations 13 and 14 of
#2 had NS G. The NS G-L range (N = 5) was at Stations 2,
3, and 14. Of these three, Station 2 is at < ∼16 °N latitude
 Figure 1 ), and is considered as south of the NEAS’ southern 
imit which is about 19 °N ( Dwivedi et al., 2012 ). At both
tations 13 and 14, NS G-M, which was the most common, 
ccurred. The NS G-H range occurred at Stations 3, 6, and 8 
s well as once at Station 14. 
H 4 SiO 4 correlated negatively with SSS highly significantly 

hen NS G was present ( NS G-L/M/H). The distribution was 
cattered in NS G-N samples ( Figure 5 a). Si correlated signif- 
cantly with DIN during C#1 but not during C#2 ( Figure 5 b). 
i increased linearly versus log( NS G) highly significantly in 
he NS G-L/M abundance up to ∼10,000 cells l −1 . The NS G-H 

amples had more NS G than predicted by the linear model of 
he NS G-L/M range ( Figure 5 c). In order to understand bet- 
er how the NS G abundance was changing with both Si and 
IN, the Si:DIN ratio was plotted on NS G abundance. The re- 
ationship between the two parameters changed in different 
bundance ranges ( Figure 5 d). During C#2, the Si:DIN ratio 
ncreased from 0.1 up to 0.77 versus NS G abundance with 
 highly significant positive correlation again up to ∼10000 
ells l −1 of NS G-M range). At higher abundances of NS G- 
 ( > 10,000) and NS G-H, the Si:DIN ratio decreased to the 
.54—0.55 range. During C#1, the Si:DIN ratio decreased lin- 
arly from 2.29 to 0.41 at 190000 cells l −1 with a signifi- 
ant correlation coefficient. The water column characteris- 
ics thus did not reveal any common criterion by which the 
bundance of NS G could be related. The role of winds was 
xamined further. 

.3. NS G’s relation to meteorological factors 

he measured parameters occurring in association with 
ach direction of the wind are detailed in Table 1 . The NS G
verage abundance was higher during NW winds (7 sam- 
les, 33284 cells l −1 ) than during NE winds (26 samples, 
7148 cells l −1 ) ( Table 1 ). The south-westerly winds (6 oc- 
urrences, C#1) were associated with nil NS G ( Table 1 ). The 
ir temperature (AT) had a highly significant positive cor- 
elation with NS G abundance ( Figure 6 a). RH > 70% held a
eak negative relationship with log( NS G) ( p < 0.05, N = 18)
Figure S3a). Total phytoplankton (TPP, all phytoplankton 
ncluding NS G), however, held positive relationships with 
H separately for the NE ( p < 0.002, N = 36) and NW
inds ( < 0.05, 18) Figure S3b). Wind speed had an overall 
ighly significant negative relationship with NS G abundance 
 Figure 6 b). 

.4. Wind as an affecting vector 

.4.1. Water column characteristics 
he average SST and SSS were not significantly different be- 
ween NE and NW winds in the NS G-L/M/H samples. How- 
ver, they were significantly different in the NS G-N samples 
eing lower (1.12 °C) and higher (0.46 PSU), respectively, 
uring NE and NW winds, respectively ( Table 1 ). The MLD 

as significantly deeper by ∼26 meters with NE winds than 
W winds. NO 2 

− and NO 3 
− were higher during NE winds, 

hile ammonium was higher during NW winds. Significant 
724 
nrichment of H 4 SiO 4 and DIP happened during NW winds. 
O did not differ significantly between NE and NW winds in 
S G samples, although it was somewhat higher during NW 

inds than during NE winds (by 13.4 μM) ( Table 2 ). Depend-
ng on the direction i.e., NE or NW, the winds had signifi- 
ant negative or positive relationships with the Si:DIN ratio 
 Figure 7 a). 

.4.2. Phytoplankton indices 
hen the winds were NE, the abundance of dinoflag- 
llates (other than NS G), hereafter referred to as Di- 
oflagellates, increased ( Figure 7 b), and the Diatoms: 
Diatoms + Dinoflagellates) ratio decreased ( Figure 7 c). The 
inoflagellates: (Dinoflagellates + Cyanophyceae) ratio also 
ncreased but less significantly ( Figure 7 d). The TPP abun- 
ance was inversely related to NW wind speed with high 
ignificance ( p < 0.0001, N = 18) but not related to NE wind
peed (Figure S4). 
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Table 2 Average ±Standard deviation of atmospheric, biogeochemical and phytoplankton characteristics associated with 
winds of different directions (NE, NW and SW). 

Parameter (unit) NS G - L/M/H NS G-N 

NE NW NE NW SW 

No. of observations (N) 26 7 10 11 6 
Rainfall (cm 24 hrs −1 ) 1.9 ±2.1 1.6 ±0.5 3 ±2.1 1.6 ±1.4 2 ±0 
Long Wave Radiation (W m 

−2 ) 370.1 ±17.6 374.4 ±15.3 367.5 ±22.4 385.1 ±16.4 399.8 ±5.0 
Short Wave Radiation (W m 

−2 ) 275.1 ±339.0 198.7 ±332.9 283.6 ±291.5 283.6 ±415.9 563.5 ±190.8 
IP ( μM) 0.61 ±0.37 1.05 ±1.19 0.55 ±0.58 0.27 ±0.06 0.28 ±0.09 
NH 4 

+ ( μM) 0.47 ±0.95 0.85 ±1.13 0.69 ±0.82 0.78 ±1.45 1.80 ±0.82 
Si:DIN 0.46 ±0.45 0.67 ±0.27 0.95 ±1.36 1.08 ±0.58 1.01 ±0.36 
DO ( μM) 206.2 ±12.1 210.7 ±9.9 194.9 ±30.9 208.3 ±13.3 198.6 ±7.9 
Chl- a (mg m 

−3 ) 3.23 ±7.28 3.73 ±3.59 0.87 ±1.25 0.56 ±0.35 0.57 ±0.35 
NS G (cells l −1 ) 10655 ±18628 28896 ±46225 0 0 0 
Diatoms (cells l −1 ) 24834 ±29385 20853 ±18664 6306 ±8595 6845 ±4251 2025 ±815 
Dinoflagellates (cells l −1 ) 3469 ±4240 1295 ±1732 565 1117 ±841 1163 ±1317 
Cyanobacteria (cells l −1 ) 537 ±836 554 ±617 290 53 ±123 37 
Silicoflagellates (cells l −1 ) 0 na 23 129 ±214 0 
TPP- NS G (cells l −1 ) 28840 ±32265 22702 ±20094 7184 8144 ±4894 3240 
Diat:Dino 4.36 ±3.1 6.56 ±3.6 4.2 ±4.2 4.4 ±1.4 10.2 ±15.3 
Dino:Cyano 3.4 ±3 4 ±2.8 4.1 ±4.1 4 ±0 5.0 ±5.6 
Diat:(Diat + Dino) 0.87 ±0.1 0.82 ±0.2 0.8 ±0.8 0.8 ±0.1 0.7 ±0.2 
Dino:(Dino + Cyano) 0.88 ±0.2 0.88 ±0.2 0.8 ±0.8 1 ±0 0.9 ±0.2 

NS G — Noctiluca scintillans Green, N/L/M/H — nil/low/medium/high i.e., non-detectable, < ∼1000, < ∼25000 and > 25000 cells l −1 , 
respectively of NS G; NE — northeasterly winds; NW — northwesterly winds; SW — southwesterly winds; IP — Inorganic Phosphorus; na: 
not applicable; DIN — Dissolved Inorganic Nitrogen (NO 2 

−+ NO 3 
−+ NH 4 

+ ); DO — Dissolved Oxygen; Chl- a — Chlorophyll- a ; TPP — Total 
phytoplankton; Diat — Diatoms; Dino — Dinoflagellates without NS G; Cyano — Cyanophyceae. 
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.5. Time-series study 

.5.1. Role of dissolved oxygen 

 high-resolution study of the dynamics taking place was 
ade by a time-series investigation at station 13, where 
S G was absent on day-1 but was present later, and at sta- 
ion 14 where NS G occurred in all samplings through its 3.5 
ays of continuous occupation. The DO concentration was 
06.8 ±9.6 μM and 205.3 ±12.5 μM at stations 13 and 14, re- 
pectively. The DO showed a marginal under-saturation be- 
ng 97.5 ±4.8% and 97.4 ±6.4% saturated, respectively. 

.5.2. The role of winds 
uring the C#2 campaign, the SST increased steeply with NW 

ind speed and gently with NE winds with highly significant 
orrelations ( Figure 8 a). A comparison between stations 13 
nd 14 showed similarities as well as differences. The simi- 
arity was of the Si:DIN ratio, which correlated significantly 
ith the salinity of their combined data ( Figure 8 b). This in- 
erse linear distribution is similar to the SSS-Si distribution 
n the NS G-L/M/H samples ( Figure 5 a). The difference be- 
ween stations 13 and 14 was in the relationships between 
ir temperature (AT), SST, and SSS. At station 13, SSS corre- 
ated highly significantly with AT and less significantly with 
ST ( Figure 8 c). At Station 14, versus SSS, the AT was scat-
ered but the SST correlated significantly ( Figure 8 d). 
As summarized in Table 3 , the winds at Station 13 were 

ll NE (19 observations), and at Station 14, both NE (8) 
nd NW (5). The NE winds were cooler (by 1.2 °C), less hu- 
id (by ∼17.7%), and faster (by 4.1 m s −1 ) at Station 13 
725 
han at Station 14. At Station 14, the NW wind speed was 
aster by 1.1 m s −1 than the NE winds ( Table 3 ), contrary
o the general trend ( Table 1 ). The SSS range was broader
nd the maximum SSS higher at Station 13 (36.1 to 36.7 
SU, Figure 9 a) compared to Station 14 (36.2—36.6 PSU, 
igure 9 b). The profile of SST varied less at Station 13 (vari-
tion, 0.3 °C; range, 24.8 to 25.1) than at Station 14 (1.3,
4.2 to 25.5) Figure S5a,b). At Station 13, the NS G, after
ppearing (at 1860 cells l −1 ) as the Day-2 began (0100 hrs. 
n 12 February 2017), initially decreased (to 1700 cells l −1 

t 0500 hrs.) but rose in abundance steadily at about 60—70 
ells l −1 before crashing towards the end of the station’s oc- 
upation ( Figure 9 a). A similar profile was followed by NS G
t station 14, except that the rate of increase of NS G was
bout an order of magnitude higher and the peak (52600 
ells l −1 ) that crashed was mid-way of the station’s occupa- 
ion ( Figure 9 b). 

.6. Empirical Model for NS G based on wind vector 
nd SST 

ultiple linear regression models were attempted involving 
he NE and NW winds as 2 different (dependent) meteoro- 
ogical variables and as a third variable, the SST, which is an 
ceanographic variable. The Eq. (1) fitted the data of the 
S G-L/M/H samples with highly significant regression statis- 
ics ( Table 4 ). Another model ( Eq. (2) ) in which the wind di-
ection (NE/NW) was not distinguished had less significant 
tatistics ( Table 4 ). In Eq. (1) , the NE wind speed is nil when
he wind is from NW, and NW wind speed is nil when the
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Figure 7 Wind as a vector: a) Wind speed on Si:DIN ratio, and changes during northeast (NE) wind of b) Log(Dinoflagellates, dino), 
and the two phytoplankton indices i.e., ratio of c) diatoms (diat) to the sum of diatoms and dinoflagellates and d) dinoflagellates 
to the sum of dinoflagellates and cyanophyceae (cyano). The p and N values of the regression lines are 33 (NE winds) and 18 (NW 

winds) in (a), 24 in (b), 27 in (c). The values are 0.027 and 22 respectively in (d). 

Table 3 Wind parameters at the Time Series Stations, Station 13 and Station 14. 

Station 
Unit 

Wind 
direction 

N Wind speed Wind angle Air 
temperature 

Relative 
humidity 

Barometric 
pressure 

Rainfall 

- - (m s −1 ) Degrees from 

north 
( o C) (%) (mbar) (cm day −1 ) 

Station 13 NE 19 7.7 53 24.5 62.3 1015.1 2.9 
Station 14 NE 8 3.6 45 25.7 79.9 1014.2 0.6 
Station 14 NW 5 4.7 340 25.7 79.7 1015.2 1.6 
∗N = number of observations; NE = northeasterly winds; NW = northwesterly winds. 

w

N

N

4

I
t
h
(

ind is from NE. 

SG = −1268682 + 52979 × SST − 5615 

× NE wind speed − 8132 × NW wind speed (1) 
SG = −1252445 + 52116 × SST − 5150 × wind speed (2) t

726 
. Discussion 

n the NAS, during the winter season (January—March), 
he MLD penetrates to deeper than 80 m due to a net 
eat loss resulting in buoyancy loss for the surface water 
 Prasad, 2004 ), with which the negative relationship be- 
ween MLD and SST (Figure S1a) agrees. 
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Figure 8 Influence of wind at stations 13 and 14. a) Sea Surface Temperature (SST) as a function of the North-East (NE) and North- 
West (NW) wind speeds, and the variation against Sea Surface Salinity (SSS) versus, b) Si:DIN ratio and SST and Air Temperature (AT) 
at c) Station 13, and d) Station 14. The p and N values of the regression lines are < 0.0001, 31 (NE winds), < 0.001, 18 (NW winds) 
in (a), < 0.0001, 31 in (b), < 0.0001, 21 (AT) and 0.091, 17 (SST) in (c) and 0.008, 12 in (d), respectively. 

Table 4 Statistics associated with the (multiple linear) Regression models ( Eq. (1) and Eq. (2) ) for NS G abundance. 

Statistic Eq. (1) (wind speed as vector) Eq. (2) (wind speed as non-vector) 

No. of observations 33 33 
Multiple R 0.9267 0.9192 
Adjusted R 2 0.8441 0.8346 
Standard Error 16253 16737 
Significance of Intercept 8 × 10 −12 1.33 × 10 −11 

Significance of SST ∗ as a dependent variable 2.22 × 10 −12 3.68 × 10 −12 

Significance of NE wind speed as a dependent variable 6.85 × 10 −5 1.93 × 10 −4 

Significance of NW wind speed as a dependent variable 6.62 × 10 −4 

SST = Sea Surface Temperature; NE = northeasterly winds; NW = northwesterly winds; Eq. (1) , NS G = -1268682 + 52979 × SST —
5615 × NE wind speed—8132 × NW wind speed; Eq. (2) , NS G = -1252445 + 52116 × SST — 5150 × Wind speed. 

727 
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Figure 9 The change of Sea Surface Salinity (SSS) and green Noctiluca scintillans ( NS G) during the continuous occupation of a) 
Station 13 (at 4 hour intervals from 10 hr on Day-1 to 10 hour on Day-4), and b) Station 14 (at 6 hr intervals from 20 hours on Day-1 
to 19 hours on Day-4). 
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.1. Implication of silicon 

here was an inverse linear relationship between salinity 
nd H 4 SiO 4 in samples in which NS G occurred ( Figure 5 a).
his indicates that a significant portion of H 4 SiO 4 was be- 
ng contributed by less saline water in these samples. In 
he eastern Arabian Sea, the WICC water of lower salin- 
ty ( < 36.2 PSU) than the local Arabian Sea High Saline 
ater (salinity ∼ 36.5 PSU, water temperature, 26.8 °C; 
rasanna Kumar and Prasad, 1999 ) flows. During its north- 
ard transit along the continental slope, the WICC reaches 
he NEAS by late winter ( Shankar et al., 2015 ; Shetye et al.,
991 ). The WICC water is richer in Si being fed by the 
eadwaters of the Bay of Bengal ( Prasanna Kumar et al., 
004 ). This resulted in a gradual shallowing of the mixed 
ayer from C#2 (February) to C#1 (March), proposed by 
arma et al. (2019) as the driver of NS G blooms. 
As shown in the Si ( Figure 5 c) and Si:DIN plots 

 Figure 5 d), the Si:DIN ratio fell (to 0.58) even as H 4 SiO 4 
728 
ad a moderately high concentration (of 2.82 μM) while 
he NS G-M abundance reached an abundance of 22600 cells 
 

−1 at station 14 (during C#2). The ratio remained so (0.57) 
ven when Si increased to 3.58 μM. The fall in Si:DIN ra- 
io from the previously rising trend ( Figure 5 d) indicates 
hat the diatoms were using the nutrient at a greater ra- 
io ( Hutchins and Bruland, 1998 ; Timmermans et al., 2004 ) 
hen the NS G abundance increased from 19200 cell l −1 

log( NS G) = 4.28 in Figure 5 c) onwards. Thus, at NS G >

9200 cells l −1 during C#2 and all NS G-H samples of C#1, the
roliferation of NS G occurred much beyond the available Si 
and diatoms) could support. 
The NS G-H samples had very high chl- a (10.6 to 36.2 

g m 

−3 ) and were intensely green in colour. When stressed 
or food, NS G is known to activate autotrophy through its 
rymnesiophyte (green algae) endosymbiont Protoeuglena 
octilucae ( Harrison et al., 2011 ) as an alternate source of 
utrition. Consumption of NO 3 

− by the endosymbiont then 
ould increase the Si:DIN ratio in association with NS G-H. 
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nce this autotrophy-dominant stage is reached, Si may not 
e a limiting nutrient element for the production of diatoms 
s proposed ( Sarma et al., 2019 ; Xiang et al., 2019 ). 
The difference between the NE and NW winds was signif- 

cant ( p = 0.015) for H 4 SiO 4 ( Table 1 ). The WICC was rea-
oned as the source of H 4 SiO 4 earlier from Figure 5 a. The 
ICC is a pole-ward moving current moving against the NE 
onsoon winds, being driven by a pressure gradient that 
xists due to a combination of local and remote forcings 
 Shetye et al., 1994, 2008 ). A weakening of (the opposing) 
E winds could increase the signature of the WICC when 
he NW winds were strong. Moreover, as the Si:DIN ratio 
as conservative (with respect to salinity) versus the com- 
ined data of stations 13 and 14 ( Figure 8 b), the role of
ICC on the NS G blooms may have extended from the WICC- 
roximate region (Station 14) to the distal region (Station 
3) in the NEAS. 
Thus, the question that came up was why did Si con- 

entration remain high (average, ∼2.3 μM) in the NS G-H 

amples, and why were the diatoms not able to utilize it 
o multiply further? Was any other essential nutrient miss- 
ng? These questions favor iron (Fe) as the missing nutrient 
lement. In productive ecosystems such as NEAS during win- 
er, continuous diatom production could lead to dissolved 
ron (Fe) exhaustion before other nutrients e.g., Si; and iron 
imitation has been reported in the NAS ( Moffet et al., 2015 ; 
aqvi et al., 2010 ; Sharada et al., 2020 ). 

.2. Wind influenced phytoplankton indices in the 

volving NS G ecosystem 

inoflagellates increased consistently with NE wind speed 
 Figure 7 b) while MLD got deeper. The accompanying higher 
utrient entrainment at the surface should have, to the 
ontrary, advantaged the diatoms. Windy conditions have 
een inferred to be behind the increased dominance of 
iatoms over dinoflagellates in the Mediterranean Sea 
 Stephanie et al., 2012 ). The exceptional behavior seems 
o be due to the food preference for diatoms over dinoflag- 
llates ( Kiorboe and Titelman, 1998 ). The dietary choice of 
S G may be a trade-off between maximizing food and nutri- 
nt intake and minimizing the energy cost of handling dif- 
erent prey ( Zhang et al., 2016 ). The absence of any trend 
uring NW winds (when NS G-H occurs), may be because the 
hortage of food in comparison to its requirement leaves no 
hoice to the NS G-H. 
The Diatoms:(Diatoms + Dinoflagellates) ratio not 

nly distinguished the NE and NW winds significantly 
 Table 1 ) but also held a significant negative relationship 
ith NE wind speed (and not NW wind speed) ( Figure 7 c). 
he Diatoms:(Diatoms + Dinoflagellates) ratio thus appears 
s a useful ecological index in the NEAS, as in the case of 
he Diatoms: Dinoflagellates ratio ( Teiexeira et al., 2016 ; 
ett et al., 2008 ; Wasmund et al., 2017 ). The positive 
elationship of NE wind speed with the dinoflagellates: 
dinoflagellates + cyanophyceae) ratio ( Figure 7 d) was 
lso significant (p < 0.05). It may be indicating that the 
yanophyceae appear increasingly as the NE wind slows, 
.e., when MLD is shallow, the surface is warmer and has a 
ower nutrient concentration. The N 2 -fixing cyanophyceae 
re known to gain an advantage at low NO 3 

− ( Duce et al., 
729 
008 ). However, as the ratio was of similar magnitude in 
he NE and NW winds (average, 0.88, Table 2 ) and did 
ot significantly distinguish the two winds, further studies 
re needed in its support before it can unequivocally be 
roposed as an ecological indicator. 

.3. Support for the role of winds from earlier 
tudies 

ikebo et al. (2019) found an overwhelming 60% role for 
ind intensity in the onset time of spring phytoplankton 
in terms of chl- a ) bloom. In the northern Arabian Sea, 
wivedi et al. (2006) observed coupling between phyto- 
lankton blooms and the strength of the NE monsoon wind. 
ut this should be applicable only at lower NS G abundances 
up to NS G-M range when the wind speed is limited up to ∼6
 s −1 , Figure 6 b), as observed by Miyaguchi et al. (2006) . At
igher wind speeds, NS blooms are prevented due to physi- 
al stress ( Tsai et al., 2018 ). The dual role of winds in phy-
oplankton blooms is quite well established. For example, 
itch and Moore (2007) found 5 m s −1 as a threshold below 

hich the bloom was facilitated and above which it was re- 
arded. 

.4. Origin and nature of NW winds 

he back-trajectories of winds constructed by the HYSPLIT 
odel of the NOAA of the air parcels at altitudes > 0.5 up to
 km indicated that during C#2, the winds were synoptically 
ostly NE and mostly NW during C#1 ( Figure 3 ). The HYSPLIT
odel simulations are extensively used and valued for their 
eal-time performance ( Rolph et al. 2017 ; Stein et al. 2015 ),
.g., source apportioning the African dust ( Escudero et al., 
011 ), and hence dependable. 

.4.1. The likely role of the Afro-Asian dust belt on the 

orthwesterly winds 
ebruary-March is a time when the northeasterly 
rade winds are dominant in the northern Arabian Sea 
 Dwivedi et al., 2006 ). Northwesterly winds are also known 
ver the NAS ( Chaichitehrani and Allahdadi, 2018 ) during 
his time but their impact on the climatology and marine 
iogeochemistry is not known well. The Arabian desert 
torms known as Shamal form primarily in summer and 
inter, and the latter is particularly strong, occurring 
s 2—5 days episodes with wind speed up to ∼20 m s −1 

nd strengthened by the western disturbances from the 
editerranean, which create a cold front ( Yu et al., 2016 ). 
atellite images have shown the shamal wind to advect 
ith its leading storm edge extending up to even Mumbai 
n India. Satellite observations have also shown that, on 
 global scale, the dominant sources of natural mineral 
ust aerosols, located in the dust belt of the Afro-Asian 
egion, leave their imprint along its trajectory that in- 
ludes the northern Arabian Sea (and Northern India) 
nd up to the Tarim Basin in China ( Herman et al. 1997 ;
orres et al. 1998 ). The two distinct sources of the cooler 
and drier) northeastern winds and the warmer (and 
etter) dusty northwestern winds could be affecting the 
inter ecosystem of the northern Arabian Sea in a subtly 
istinguishable way. 
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Figure 10 A scheme of the blooms’ formation of the green Noctiluca scintillans ( NS G) in the northeastern Arabian Sea (NEAS), 
synthesizing the results of this and earlier studies (no fill: atmosphere-driven flux or phytoplankton production; blue-fill: ocean- 
driven process; red-fill: NS G bloom; text within the boxes is the outcome and its causative process). MLD: Mixed Layer Depth, PP: 
Phytoplankton other than NS G, NW: North-West, NE: North-East, WICC: Western India Coastal Current, DIN: Dissolved Inorganic 
Nitrogen. 
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.4.2. Role for iron in NS G blooms during NW winds 
he arguments presented above support the hypothesis 
hat winds are a key factor in the intensification of NS G 

looms. When NW winds constituted a significant portion 
f the overall wind structure, diatoms used Si more eco- 
omically, leading to a higher Si:DIN ratio in the water. On 
he other hand, during NE winds, diatoms fixed more sil- 
con so that Si:DIN ratio fell, leading to Si-stress. The at- 
ospheric dust and aerosols transported by the NE and NW 

inds to the NAS during the winter and spring inter-monsoon 
riginate from the Pakistan/Iran/Arabian Peninsula belt and 
he Thar desert/the Indus River alluvial plain, respectively 
 Bikkina et al., 2020 ; Pease et al., 1998 ). The Fe/Al ratio
f these two sources is not significantly different and sim- 
lar to the crustal average ( Kumar et al., 2020 ). However, 
ractionation taking place during transit has been shown to 
nduce a change in the physical, chemical, and mineralog- 
cal composition of the particles ( Baker and Jickells, 2006 ; 
rapp et al., 2010 ). During the faster (and nearer to source 
egion) NE winds, the particles are likely coarser and may be 
ontributing less bioavailable Fe compared to the NW winds 
s in the Atlantic Ocean for which the Fe solubility was ob- 
erved as ∼10% during faster winds versus up to 80% dur- 
ng slower winds ( Trapp et al., 2010 ). Further, the distinctly 
730 
igher RH during NW than NE winds could be promoting a 
igher Fe input, as has been observed for wet deposition 
ver dry deposition ( Suresh et al., 2021 ). Unlike Fe in the
ater column, which is mostly in the form of insoluble com- 
lexes and hence not bioavailable ( Shi et al., 2010 ), this 
resh source introduces bioavailable Fe ( Rubin et al., 2011 ), 
hich can fuel enhanced diatom production. The dissolved 
ron sourcing from aerosols may not increase its inventory 
ubstantially in the mixed-layer as its release is not sus- 
ained; however, its initial rapid release takes place making 
t bioavailable ( Boyd et al., 2010 ). 

.5. A probable mechanism of the formation of 
S G blooms: a synthesis 

arious sea surface characteristics have been proposed 
o far as leading to the formation of NS G blooms 
 Goes et al., 2020 ; Gomes et al., 2014 ; Harrison et al., 2019 ;
otliker et al., 2018 ; Prakash et al., 2017 ; Sarma et al.,
019 ). They do not explain the hydrographic and regional 
references as well as the timing of the NS G blooms within 
he NEAS at various intensities satisfactorily. For example, 
 temperature range of 25—30 °C is reported as preferred 
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y NS G worldwide ( Harrison et al., 2011 ), and ∼25 °C in
he NEAS ( Lotliker et al., 2018 ). This study has shown that 
reater abundances occurred at SST of ∼27 °C than at 25 °C. 
imilarly, discontinuation of Si renewal at the sea surface 
ue to the shallowing of the mixed layer upon the WICC 

rrival has been suggested as proving the trigger for NS G 

looms ( Sarma et al., 2019 ). But this study has shown that 
uring the NS G-H phase of higher abundance, Si was higher 
nd the Si:DIN ratio more favourable than during NS G-M 

hase of lower abundance. 
A synthesis based on the results on winds (this study) and 

f the earlier works on the likely sequence of events leading 
o the formation of NS G blooms is shown in Figure 10 . Dur-
ng February (latter half of northeast monsoon, C#2), when 
he mixed layer was still deep, the surface entrainment of 
utrients caused diatoms to bloom, but the diatoms were 
oon disadvantaged due to the advancement of WICC and 
he shoaling of mixed layer shallower than the silicicline 
 Sarma et al., 2019 ). The Si:DIN (dissolved inorganic nitro- 
en) ratio fell to < 0.2 due to progressive exhaustion of iron 
Fe) since diatoms are forced to consume more Si per unit 
 fixed ( Timmermans et al., 2004 ). Since the regeneration 
f Si is slower and takes place at greater depths than N, the 
all in Si:DIN ratio could have been sustained because of the 
hallowed mixed layer. But as the plot of MLD on Si:DIN was 
ighly scattered, even cruise-wise, i.e., separately for C#1 
nd C#2, this assertion could not be verified. 
With the diatoms disadvantaged, the opportunist NS G ar- 

ives to prey on the diatom stock. The advantage shifts be- 
ween diatoms and NS G quite a few times due to the al- 
ernating deepening and shallowing of MLD by the influence 
f WICC and the influence of winds varying between NE and 
W. When the cooler NE winds prevailed, the surface moved 
owards uniformity and a deeper mixed layer which advan- 
ages the diatoms, but this advantage was lost progressively 
ue to the exhaustion of Fe. 
The WICC sources Si needed for the production of di- 

toms but not soluble iron, i.e., Fe(II) as the water was 
ot sub-oxic. The NW winds input Fe by which diatoms ini- 
ially gained an advantage but soon, due to stratification as 
he NW winds were warmer, the advantage shifted to NS G. 
uring C#2 when the NW winds were weaker, the role of 
he deficiency of iron became more apparent from the NS G 

bundances of 22600 cells l −1 onwards i.e., when the Si:DIN 

atio dropped to 0.58. During C#1 when the NW winds were 
tronger, the role (deficiency) of the deficiency of iron be- 
ame more apparent at the NS G abundances of 64000 cells 
 

−1 , i.e., when the Si:DIN ratio fell to 1.31, and further to 
.41 at an NS G abundance of 190000 cells l −1 . 

. Conclusion 

he study demonstrates a clear role of the winds and 
heir direction in the formation and intensification of the 
looms of the green variant of Noctiluca scintillans ( NS G) 
n the northeastern Arabian Sea (NEAS) during late winter 
February—March). During February of 2017 (field campaign, 
#2), the winds were mostly northeastern (NE) due to the 
nfluence of the winter monsoon. The NE winds are cool, 
rive convection in the upper water column and thereby 
urface entrainment of nutrients followed by phytoplank- 
731 
on (diatom) production. The NW winds are warm, and their 
emperature increased steeply with speed (by 3 degrees C 

ver an increase from 4 to 10 m s −1 wind speed). The NW
inds drive stratification and arrest nutrient input at the 
urface from the water column but input the crucial mi- 
ronutrient iron. Wind speed and its direction, i.e., whether 
E or SW can be useful as parameters to estimate NS G abun-
ance confidently using the equation: 

NS G = —1268682 + 52979 × SST — 5615 × NE wind speed 
— 8132 × NW wind speed, 

here NS G abundance is in cells l −1 , SST is in °C and wind
peed is in m s −1 . 
Silicic acid (H 4 SiO 4 ) and the Si:DIN ratio (DIN = dissolved 

norganic nitrogen, NO 2 
− + NO 3 

− + NH 4 
+ ) divided the NS G 

bundances into 3 ranges namely < 1000 cells l −1 ( NS G-L),
p to 22600 ( NS G-M) and 46000—190000 cells l −1 ( NS G-H).
he growth of NS G accompanied increases of Si and Si:DIN 

atios up to the NS G-M range. Further growth of NS G-M to
S G-H was accompanied by a fall of Si and Si:DIN ratios. 
his meant that H 4 SiO 4 although present (due to WICC) was 
ot utilized for diatom production. The missing nutrient 
hat prevented diatom production was hypothesized as iron. 
epending on the phytoplankton abundance ( NS G-M abun- 
ance) at the time of iron deficiency and the quantum of 
ron input which depends on the strength of the NW wind, 
S G’s further proliferation happened. During February, the 
W winds were weaker, and the maximum abundance of 
S G-H was 52600 cells l −1 . During March, the NW winds were
trong and more frequent, and the maximum abundance of 
S G-H was 190000 cells l −1 . The proliferation is by autotro-
hy of NS G through its endosymbiont with the help of other
utrients like nitrate and phosphate in which the seawater 
s replete. 

The inverse linear relationship between NE wind speed 
nd Diatoms: (Diatoms + Dinoflagellates other than NS G) 
atio indicated that diatoms were better preferred as 
ood over dinoflagellates. The (weak) positive relationship 
ith the (Dinoflagellates other than NS G): (Dinoflagellates 
other than NS G) + Cyanophyceae) ratio indicated that 
yanophyceae were likely preferred over dinoflagellates as 
ood for the NS G. 
The time-series studies at Stations 13 and 14 revealed 

he effects of the two wind sources. At Station 13, its NE 
inds did not transport iron, nor was the WICC proximate to 
upply Si, and thus had limited NS G-M. At Station 14, its dual
NE + NW) winds and proximity to WICC provided twin bene- 
ts — of H 4 SiO 4 enrichment by WICC and iron replenishment 
y the NW winds. At Station 13, air temperature, which is 
he essential driver for the loss of surface water buoyancy 
nd a deepening of the ML, led to its linear relationship with 
ea surface salinity (SSS). But at Station 14 the winter cool- 
ng by the NE winds is overwhelmed by the warming caused 
y the NW winds leading to surface stratification and salinity 
ncrease so that it was the SST that related to SSS. 

The role attributed earlier to iron as a potentially lim- 
ting nutrient element in the northern Arabian Sea is thus 
bserved in the form of the link between the NS G blooms 
nd the wind direction. We do not argue that iron limita- 
ion is secular in the NAS but hypothesize that under condi- 
ions of intense winter diatom blooms, local exhaustion of 
ron happens before Si and that its replenishment by the NW 
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inds provides a trigger for the already existing but devoid 
f prey NS G to form intense blooms, aided by its autotrophic 
dvantage. 
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Abstract This study examined the effect of water column hypoxia on the distribution and 
geochemical fractionation of trace metals in the seasonally hypoxic coastal environment in the 
southeastern Arabian Sea. Water and surface sediments were collected fortnightly from the 
Alappuzha mud bank between April and August 2016, which covered the pre-upwelling and up- 
welling seasons. The water column was warm and well-oxygenated during April—May. During 
June—August, the incidence of cold and hypoxic water indicated strong coastal upwelling pre- 
vailed in the entire study domain. The Fe and Mn content in sediments gradually decreased, be- 
cause of the reductive dissolution and subsequent release of metals under hypoxia. The concen- 
tration of metals such as Ni, Zn and V decreased substantially under oxygen deficiency, whereas 
Cr showed marked enrichment in sediments. Although the geochemical forms of trace metals 
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displayed the dominance of residual fractions (inert), the reactive non-residual metal forms 
(exchangeable, Fe/Mn-(oxy)hydroxide, and organic matter/sulphide bound) showed consider- 
able variability under hypoxia. The shift from Fe/Mn-(oxy)hydroxide bound to organic matter 
and sulphide bound was evident during hypoxia. Cr exhibited a strong affinity towards organic 
matter and sulphide, and Pb and Zn showed relatively high association towards the Fe/Mn- 
(oxy)hydroxide phase. Even with such a phase shift induced by the hypoxic conditions, the 
concentrations of these metals remained within the normal background levels, indicating the 
pristine nature of the mud bank environment. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

oastal regions experiencing upwelling can be considered 
deal sites to understand dissolved oxygen control over 
he accumulation of trace elements and organic mat- 
er ( Castillo et al., 2018 ). Sediments deposited under 
oastal upwelling areas accumulate many bioactive and 
edox-sensitive trace metals ( Bonning et al., 2004 , 2005 ; 
ameroff et al., 2002 ). Metals exist in sediments in dif- 
erent phases (e.g., organic matter-bound, Fe/Mn-(oxy)hy- 
roxides bound, carbonates, sulphides, and residual) based 
n the prevailing environmental conditions and affinity of 
etals towards various carrier phases ( Dang et al., 2015 ; 
alandrino et al., 2009 ). Even though most of these met- 
ls (Fe, Mn, Zn) are involved in metabolic processes, trace 
etals are of particular concern owing to their persistence, 
ioavailability, and toxicity ( Dhanakumar et al., 2013 ). 
Metal fractions in the coastal environment are mainly 

ontrolled/regulated by organic matter/organic ligands 
 Canfield, 1994 ; Chakraborty et al., 2016 ; Helmond et al., 
018 ; Zhang et al., 2014 ), Fe and Mn-(oxy)hydroxides, and 
he rate of formation of authigenic minerals ( Canfield, 1994 ; 
hakraborty et al., 2016 ; Helmond et al., 2018 ). The degra- 
ation of organic matter in a water column is more effi- 
ient in oxygenated conditions than in hypoxic or anoxic 
onditions ( Henrichs and Reeburgh, 1987 ; Jahnke et al., 
982 ), which leads to the enrichment of organic mat- 
er bound metals in the sediments ( Boning et al., 2009 ; 
elmond et al., 2018 ; Munoz et al., 2012 ). Periodic hy- 
oxia or anoxia in the sediment-water interface can alter 
he sedimentary redox conditions, causing repeated dis- 
olution and re-precipitation of metals bound to Fe/Mn- 
oxy)hydroxides ( Chakraborty et al., 2016 , 2018 ). Hypoxic 
ottom water decreases oxygen penetration to the sedi- 
ent. It decreases electron acceptors, accelerating the re- 

ease of metals from sediments, and enhancing their po- 
ential bioavailability ( Eggleton and Thomas, 2004 ; van der 
eest and Leon Paumen, 2008 ). Thus, depending on the bio- 
eochemical variability across the sediment-water interface 
such as dissolved oxygen, pH, grain size, and organic mat- 
er), the sediments may act as a sink or source of metals 
 Atkinson et al., 2007 ; Gleyzes et al., 2002 ). Metals can 
hus enter the food chain in the aquatic environment and 
ecome available for accumulation in biota. 
Coastal upwelling and mud banks are two concurrent 

oastal oceanographic phenomena operating along the 

outhwest coast of India. The southwest coast of India ex- 

736 
eriences basin-wide coastal upwelling during the south- 
est monsoon season (June—September) when the cold, 
utrient-rich, and oxygen-depleted waters are brought to 
he surface, thereby significantly enhancing the biological 
roduction ( Gupta et al., 2016 ; Naqvi et al., 2000 ). Mud
anks are unique seasonal oceanographic phenomena oc- 
urring during the southwest monsoon season at specific 
ocations along the southwest coast of India. They appear 
s semi-circular patches of calm nearshore waters (water 
epth 10 m) when the rest of the coastal environment is 
ighly turbulent due to high monsoonal waves (height = 2—
 m). A fluid mud layer at the bottom of mud banks contin-
ously attenuates the incident waves to create a calm en- 
ironment conducive to fishing ( Gireeshkumar et al., 2020 ; 
yothibabu et al., 2018 ). The coastal waters become pro- 
uctive during the upwelling period, showing a substantial 
ncrease in the abundance and biomass of phytoplankton 
nd zooplankton ( Arunpandi et al., 2017 ; Karnan et al., 
017 ; Madhu et al., 2020 , 2021 ). A shift in the domi-
ance of microbes based on their preferences to sustain 
ow oxygen conditions was also observed ( Anas et al., 2018 ; 
arvathi et al., 2019 ). 
Varying levels of dissolved oxygen in the sediment-water 

nterface from the pre-upwelling and upwelling period 
well-oxygenated to hypoxic) influence the geochemical 
artitioning of trace metals. Mud banks can be considered a 
atural mesocosm to understand the trace metal cycling and 
iogeochemical processes operating under seasonal oxygen 
eficiency. Nearshore hypoxia triggers the reductive disso- 
ution of metal oxides, resulting in influxes of trace met- 
ls to the overlying water column, which may significantly 
mpact the water column productivity and ecosystem func- 
ioning. Understanding the labile metal fractions or poten- 
ial bioavailability of trace metals in nearshore sediments is 
rucial for the sustainable development of the coastal en- 
ironment, especially in specialised coastal systems such as 
ud banks ( Prasannakumar et al., 2018 ). This time-series 
onitoring of the Alappuzha mud bank from April (pre- 
pwelling) to August (upwelling) portrays the transition of 
 coastal environment (sediment) from normoxic to suboxic 
ondition ( Gireeshkumar et al., 2017 ; Mathew et al., 2019 , 
020 ), which may have a significant influence on the dy- 
amics of trace metals. This study focuses on the variations 
n trace metal concentrations and their geochemical forms 
nder varying redox conditions in surface sediments to de- 
cribe the factors influencing metal cycling in this dynamic 
earshore region. 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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. Material and methods 

.1. Study area 

he study region considered herein is situated on the south- 
est coast of India; it is influenced by the Asian monsoon 
haracterised by seasonally reversing winds and coastal cir- 
ulation. The west coast of India resembles an eastern- 
oundary-type upwelling environment during the southwest 
onsoon ( Naqvi et al., 2009 ) when the surface current flows 
quatorward. Upwelling brings oxygen-poor, nutrient-rich 
ubsurface waters to the coastal region, which turn hy- 
oxic by late summer due to exhaustion of oxygen by het- 
rotrophic microorganisms ( Naqvi et al., 2010 ). The east- 
rn Arabian Sea is the only region where upwelling occurs 
ith high freshwater inputs. A low salinity lens on the sur- 
ace also contributes to the development and sustenance of 
ntense oxygen deficiency at considerably shallow depths. 
ypoxia in the bottom waters significantly affects the geo- 
hemistry of the sediment, and a corresponding decrease in 
he Fe and Mn concentration proportional to oxygen deple- 
ion was observed in the study region ( Mathew et al., 2019 , 
022 ). 

.2. Time-series sampling from the study domain 

ortnightly observations were made at three locations (M1, 
2, and M3) in and around the Alappuzha mud banks cov- 
ring the pre-upwelling (April to May) and upwelling (June 
o August) seasons of 2016. Station M2 (water depth = 7 m) 
epresents the Alappuzha mud bank (tranquil waters with 
 fluid mud layer at the bottom), while station M1 (wa- 
er depth = 7 m) is a non-mud bank region located 7 km 

orth of M2. Station M3 is situated at a water depth of 13 m
 Figure 1 ). A CTD profiler (SBE 19 plus) was used to record
he salinity (accuracy of ± 0.0005 S/m in terms of conduc- 
ivity) and temperature (accuracy of ± 0.0005 °C). Water 
amples were collected at all stations at every 3 m intervals 
sing a 5 L Niskin sampler and sub-sampled to measure dis- 
olved oxygen (DO). Sediments were collected using a Van 
een grab (0.04 m 

2 ). Several deployments per station were 
erformed to reduce bias due to the washout of supernatant 
ater and possible disturbance of the surface sediment dur- 
ng the grab operation, obtaining well-preserved sediment 
amples. The surface layer (1—3 cm) was carefully skimmed 
ff using a pre-cleaned scoop and transferred to a clean 
igh-density polyethylene (HDPE) bottle in an inert atmo- 
phere. The samples were stored in ice till analysis. 

.3. Laboratory analysis 

.3.1. Dissolved oxygen and bulk sediment 
haracteristics 
issolved oxygen was analysed using Winkler’s method with 
n automatic titration system (Metrohm 865 Dosimat plus) 
ollowing standard procedure with a detection limit of 2 
M ( Grasshoff et al., 1999 ). Sediment texture was deter- 
ined following pipette analysis ( Folk, 1980 ) using wet sed- 

ments following treatment with 1 M HCl and H 2 O 2 (30%) to 
emove carbonates and organic matter. Sediment samples 
ere washed with distilled water, dried at 50 °C, weighed, 
737 
nd treated with sodium hexametaphosphate (overnight) 
o disperse the sediment particles, and separated follow- 
ng pipette analysis. Vacuum-dried samples were powdered 
ith a mortar and pestle. For total organic carbon (TOC) 
nalysis, sediments were pre-treated with 1 M HCl (for re- 
oval of carbonates), washed with deionised water (to re- 
ove salts), and freeze-dried. TOC, total nitrogen (TN), 
nd total sulphur (TS) were determined using a Vario EL III 
HNS Analyzer with detection limits of 0.07%, 0.01%, and 
.01%, respectively. The sediment samples (0.3 g) for total 
etal analysis were digested with a mixture of extra-pure 
cids, HNO 3 -HCl-HF (7:2:1), in a microwave digester (Mile- 
tone Ethos Easy). After cooling, the extract was filtered 
nd diluted to 50 ml. Metal concentrations (Fe, Mn, Zn, Ni, 
o, Cr, Pb, Cd, and V) were determined using an induc- 
ively coupled plasma-optical emission spectrometer (ICP- 
ES; Thermo Scientific i-CAP 7000 Series). Triplicate analy- 
es were conducted, and the average values were reported 
s total metal concentrations. The accuracy of trace metal 
nalysis was validated using standard reference material for 
arine and estuarine sediments (BCSS-1) from the National 
esearch Council of Canada. The recoveries were within the 
cceptable range ( ±5%). 

.3.2. Metal fractionation 

equential extraction was performed using a three-stage 
odified procedure recommended by Rauret et al. (1999) . 
olid-phase trace metals are classified into four geochemi- 
al forms, namely, water-soluble, exchangeable, and asso- 
iated with carbonates (Exch), reducible trace metals as- 
ociated with Fe/Mn hydroxides (Red), trace metals asso- 
iated with organic matter, and sulphide (Oxi) and met- 
ls incorporated into the structural component of the sed- 
ment or residual fraction (Res). The sequential extrac- 
ion method used in this study is described in detail by 
emati et al. (2011) . 
Freeze-dried and homogenised sediment samples were 

xtracted with glacial acetic acid for 16 hours to extract 
xchangeable fractions. For a reducible fraction (Red), the 
esidue from step 1 was resuspended in 0.5 M hydroxyl am- 
onium hydrochloride (pH 1.5) for 16 hours. The oxidisable 
ractions (Oxi) were extracted by treating the residue from 

tep 2 with H 2 O 2 , evaporated, and treated with 1 M am-
onium acetate solution (pH 2) and shaken for 16 hours. 
he obtained residue was finally subjected to microwave- 
ssisted tri-acid digestion (Milestone Ethos Easy, USA) using 
 mixture of HNO 3 : HCl: HF (7:2:1) to extract the residual 
raction (Red). All extraction was conducted on end over 
 shaker at 25 °C, and the subsequent residue was washed 
ith deionised water to remove traces of the solvent mix- 
ure. All fractions were analysed using a graphite furnace 
tomic absorption spectrophotometer (GFAAS; Thermo Sci- 
ntific iCE 3000 Series, GFS 35). A certified reference ma- 
erial (BCR 701, Sigma Aldrich, USA) was used to ensure 
he accuracy of the sequential extraction. The recovery was 
hecked by comparing the total trace metal data with the 
um of metal concentrations obtained from each sequential 
xtraction step. The recoveries for both the methods men- 
ioned above were within the acceptable range ( ± 5%). Trip- 
icate extractions were performed, and the average values 
ere reported. 
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Figure 1 Map of the study region showing locations of sampling stations (M1, M2, and M3) in Alappuzha mud banks. The discon- 
tinuous white line indicates the approximate boundary of the persistent mud bank site. The red dots (upper left panel) reported 
mud bank locations along the southwest coast of India. 
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. Results 

.1. Upwelling-induced nearshore hypoxia 

he water column temperature data displayed the incur- 
ion of cold subsurface water with time, which indicates 
pwelling ( Figure 2 a). The water column remained warm on 
738 
he surface (32 °C) and well mixed till the end of May. The
trengthening of south-westerly winds was associated with 
he upwelling of relatively cold (26 °C) bottom waters at M3 
n 2 June 2016, which gradually progressed to the coastal 
ocations (M1 and M2). The subsurface water temperature 
ecreased by 3 °C during the initial phase of upwelling, and 
t further intensified as the southwest monsoon progressed. 
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Figure 2 Vertical profiles of temperature (a), salinity (b) and dissolved oxygen (c) during the study period. 
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he time evolution of water column DO indicates a progres- 
ive decline in the concentration and devolvement of water 
olumn hypoxia in tandem with the upward propagation of 
older waters ( Figure 2 a). The DO of bottom water was < 40
M below the well-oxygenated surface layer (i.e., 2 m be- 
ow the surface layer at M1 and M2, and 4 m below at M3)
uring the southwest monsoon and sustained throughout the 
tudy period ( Figure 2 c). 

.2. Bulk sedimentary characteristics 

he dominance of clay ( > 80%) over silty-clay fractions was 
he characteristic change associated with the formation of 
ud banks and a fluid mud layer, just above the sediment 
ed, especially at M2 ( Figure 3 a). The mud bank formation 
lso coincided with the enrichment of TOC (2.79% ± 0.21%), 
N (0.37% ± 0.02%), TS (0.9% ± 0.16%) and TP (0.21% ±
.08%) in sediments ( Figure 3 b). 

.3. Trace metals in sediments 

ron was the most dominant metal in mud bank sediments 
nd exhibited a significant positive correlation with DO 

r = 0.45, p < 0.05) (Supplementary material Table S1). Fe 
oncentration showed a considerable decrease during the 
outhwest monsoon, especially at M3. The removal of Mn 
as more pronounced (Mn vs DO r = 0.57, p < 0.01; Supple- 
entary material Table S1) during hypoxia when its pre- 
onsoon levels (138—150 μg/g) decreased considerably to 
739 
0—74 μg/g during the peak monsoon period ( Figure 4 ). 
i, V, and Zn were positively correlated with DO ( p < 0.05)
nd had the lowest values during hypoxia (37.12—81.13 
g/g, 79.21—96.87 μg/g, and 45.72—67.91 μg/g, respec- 
ively). Cr (136.11—242.82 μg/g) was enriched during hy- 
oxia, whereas Co (11.00—14.53 μg/g), Pb (12.15—23.53 
g/g), and Cd (0.12—0.37 μg/g) did not show any variations 
 Figure 5 ). 

.4. Trace metal fractionation 

he abundance of different geochemical forms of trace 
etals varied significantly during the well-oxygenated and 
ypoxic periods. Different trace metals exhibited a hetero- 
eneous response to the hypoxia at the sediment-water in- 
erface. The lithogenic fraction was predominant among the 
eochemical forms of all trace metals considered herein (Ni: 
6—87%; Zn: 69—86%; Cr: 60—83%, Co: 82—92%; Pb: 53—
4%). The labile form of Ni exhibited a high affinity towards 
rganic matter (oxidisable; 12—23%), followed by the re- 
ucible fraction ( < 1%) ( Figure 6 ). Among the bioavailable 
orms of Zn, the reducible fraction accounted for 5—15% 

f total Zn. It decreased gradually, whereas the oxidisable 
raction, (4 to 25% of total Zn), demonstrated an increas- 
ng trend during hypoxia ( Figure 7 a). Pb did not display a
easonal trend; however, its geochemical forms, especially 
ajor labile forms (reducible and oxidisable) varied with 
O. The reducible fraction was dominant among the labile 
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Figure 3 Distribution of sand, silt and clay in surface sediments (a), distribution of Total Organic Carbon (TOC) (b), Total Nitrogen 
(TN), Total Sulfur (TS) and Total Phosphorus (TP) in surface sediments of the Alappuzha mud bank. 

Figure 4 Seasonal variability of Fe and Mn in surface sediments. 
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orms (1 to 38%), and the oxidisable fraction accounted for 
—14% of total Pb ( Figure 7 b). 
Cr showed significant enrichment during hypoxia and dis- 

layed a similar trend to the metals mentioned above. 
ts reducible fraction (1—13% of total Cr) decreased grad- 
740 
ally during the upwelling (hypoxic) period. In contrast, 
he oxidisable fraction (15—27% of total Cr) increased dur- 
ng the bottom water hypoxia ( Figure 8 a). For Co, the re-
ucible fraction was lower, contributing 0—6% of total Co, 
nd the oxidisable fraction contributed 7—13% of total Co 
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Figure 5 Distribution of trace metals in surface sediments of the Alappuzha mud bank. 
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 Figure 8 b). The exchangeable fraction was considerably 
ow for all the trace metals (Ni < 1%, V < 6%, Zn < 2%,
r < 1%, Co < 1%, and Pb < 1%). 

. Discussion 

pwelling was persistent in the study region from June on- 
ards, which brought hypoxic waters ( < 62 μM) to the sub- 
urface layer in the shallow depths ( Gireeshkumar et al., 
017 ; Mathew et al., 2019 ), and it was sustained for a long
eriod, especially at M3. The low salinity lens in the surface 
aters formed through intense precipitation in the coastal 
one led to strong thermohaline stratification and con- 
ributed to the sustenance of severe oxygen deficiency at 
onsiderably shallow depths ( Naqvi et al., 2006 ; Naqvi and 
nnikrishnan, 2009 ). The development of water column hy- 
oxia, nutrient enrichment, and high primary productiv- 
ty in mud bank has been investigated in previous studies 
 Gireeshkumar et al., 2017 ; Mathew et al., 2019 ). The study 
741 
egion experienced relatively weak winds ( < 5 m/s) dur- 
ng pre-upwelling (April to May), while considerably strong 
inds (6—7 m/s) were prevalent during the onset of the 
outhwest monsoon ( Smitha et al., 2014 ). There was sub- 
tantial rainfall over the study region (average of 7.7 ± 5.8 
m/day) during the monsoon period, with a significant peak 
uring June (average of 15.1 ± 5.8 mm/day) ( Madhu et al., 
021 ). The formed mud banks acted as a calm region even 
uring monsoon due to the thick fluid mud layer, which de- 
reased the wave energy ( Jyothibabu et al., 2018 ; Shynu 
t al., 2017 ). 
The redox condition of the sediment and adsorb- 

ng/scavenging phases such as clay minerals, Fe/Mn- 
oxy)hydroxides and organic ligands are the main influ- 
ncing factors of trace metal accumulation in the sedi- 
ents ( Zhang et al., 2014 ). Therefore, the main variables 
xplaining metal dynamics are organic enrichment, oxy- 
en, and sediment texture. In mid-June, dissolved oxy- 
en values in the subsurface waters decreased consider- 
bly, reaching the lowest ( < 20 μM) in the study region 
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Figure 6 Geochemical forms of Ni in surface sediments. 
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uring July. The offshore station M3 continued to remain 
ypoxic thereafter (July—September), whereas its incur- 
ion towards the shallow depths of the mud bank (M1 and 
2) occurred only during severe atmospheric depressions 
 Muraleedharan et al., 2017 ). The chlorophyll a, and nu- 
rients data obtained in this study is already presented 
n Gireeshkumar et al. (2017) and Mathew et al. (2019) . 
hlorophyll- a content was low ( < 3 mg/m 

3 ) during May and 
une (especially in the offshore M3 station), and it in- 
reased to high concentrations ( > 12 mg/m 

3 ) by the end- 
uly due to the nutrient injection through upwelling. Di- 
742 
oflagellate blooms were also reported in the study region 
rom August onwards ( Madhu et al., 2020 , 2021 ), and subse-
uent decomposition of organic matter increased the oxy- 
en demand of already oxygen-deficient water. Mudbank 
ediments are mostly clayey and have high metal binding 
apacity due to the large surface area ( Horowitz and El- 
ick, 1987 ; McCave, 1984 ). 
Fe concentration in this study (average of 6.35 ± 0.61 

t.%) is much higher than the continental margin (2.92 ±
.78 wt.%) and the suboxic region (3.42 ± 1.08 wt.%) around 
he world ( Raiswell and Canfield, 1998 ), which is unique 



Oceanologia 64 (2022) 735—748 

Figure 7 Geochemical forms of Zn (a) and Pb (b) in surface sediments. 
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o the mud banks ( Mathew et al., 2020 , 2022 ). Dissolved 
xygen exhibited significant positive correlations with Mn 
r = 0.57, p < 0.01) and Fe (r = 0.45, p < 0.05) (Supplementary
aterial, Table S1). Mn occurs in sediments as discrete ox- 
de particles, coatings on particles, and Mn 2 + adsorbed on 
rganic materials ( Feely et al., 1982 ; Graham et al., 1976 ). 
n the surface sediment, Fe and Mn concentration decreased 
roportionally to the decrease in oxygen content, and it 
as characterised by a more pronounced decrease in Mn 
oncentration ( Figure 4 ). When the overlying water col- 
mn was well oxygenated, oxygen in the sediment surface 
as used for the oxidation of organic matter. In contrast, 
eduction of Mn 4 + to Mn 2 + occurred in the deeper layers 
o release electrons that diffused and re-oxidised Mn 2 + to 
n 4 + on the surface ( Froelich et al., 1979 ; Schulz et al., 
006 ). However, hypoxia favours the reduction of Mn 4 + to 
n 2 + , which in turn releases into the water column, de- 
reasing Mn concentrations in the surface sediments. The 
e-oxidation rate of Fe is higher than that of Mn, and the 
iffusive flux of Fe from the deeper layers through the 
issolution of Fe-(oxy)hydroxides could be re-precipitated 
ven during mild oxygen deficiency ( Jensen et al., 1995 ; 
rom and Berner, 1980 ; Slomp et al., 1996 ). The temporal 
ariations of Fe and Mn during hypoxic/suboxic events in- 
icated that metal oxide reduction is a significant pathway 
f organic matter mineralisation in sediments ( Berg et al., 
998 ; Canfield et al., 1993 ; Thamdrup and Canfield, 1996 ; 
andieken et al., 2006 ). 
743 
Sedimentary trace metals exhibited different seasonal 
eatures concerning the oxygen deficiency in the water col- 
mn. A marked reduction of Zn, V, and Ni, corresponding to 
ypoxia (r = 0.43, 0.45, and 0.43 respectively, p < 0.05) (Sup- 
lementary Material, Tables S1 and S2), indicated the as- 
ociation of these metals with Fe/Mn-(oxy)hydroxides. The 
eductive dissolution of this primary binding phase during 
ypoxic events might dislodge the scavenged metals to the 
verlying water column or convert metals into more solu- 
le sulphide forms ( Chakraborty et al., 2018 ; Gallon et al., 
004 ; Schaller et al., 1997 ). In contrast, Cr enrichment was 
vident during the same period; Cr enrichment under re- 
ucing conditions has been established ( Guo et al., 1997 ) 
s reduced Cr (III) is more stable than Cr (VI). A slight de-
rease in total Cr values during peak upwelling indicated 
he reductive dissolution of Red-Cr corresponding to oxygen 
eficiency (especially at M2 and M3). 

.1. Trace metal fractionation in sediments 

he non-residual forms of Ni predominated by Oxi-Ni 
 Figure 6 ) showed a close correlation with TOC (r = 0.66;
 < 0.01, Supplementary Material, Table S2), indicating that 
rganic matter is the major controlling factor for bioavail- 
bility. Ni is involved in the enzymes participating in pho- 
oautotrophic production (especially in diatoms); therefore, 
n most highly productive upwelling zones (Peru, Namibia, 
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Figure 8 Geochemical forms of Cr (a) and Co (b) in surface sediments. 

C
t
o
i  

d
-
m
a
w

t
i
1
P
w
o
(  

c
(
t
t
t
c
p
P
w
w
(

f
t
a
o
t
p
p
c
t

H
B
a
p
w
u
H
d
t
i
p
i
(  

(
m
(
w  

T

hile, and the Gulf of California), a close association be- 
ween Ni and organic matter has been observed, and it is 
ften considered a reliable indicator of organic matter sink- 
ng flux ( Boning et al., 2015 ; Twining et al., 2012 ). Red-Ni
isplayed a significant negative correlation with Exch-Ni (r = 

0.52; p < 0.05) (Supplementary Material, Table S2), which 
ay be due to the reductive dissolution of Ni during hypoxia 
nd subsequent release into the pore water or the overlying 
ater column. 
Among the non-residual fractions, Pb was more concen- 

rated ( > 30%) in the reducible form ( Figure 7 b), indicat- 
ng its dependence on Fe/Mn-(oxy)hydroxide ( Belzile et al., 
989 ; Chakraborty et al., 2015 ). Under the oxic condition, 
b forms stable complexes with Fe/Mn-(oxy)hydroxides, 
hereas hypoxic conditions lead to the dissolution 
f metal oxides releasing Pb in the reducible form 

 Chakraborty et al., 2016 , 2018 ; Gallon et al., 2004 ). Red-Pb
ontent decreased considerably during persistent hypoxia 
24 June—10 July). Subsequent hypoxia for a short dura- 
ion showed a spike in this fraction, which may be due to 
he re-precipitation of authigenic Fe-oxides (poorly crys- 
alline oxides) with high scavenging capacity. The signifi- 
ant correlation of Fe with Exch-Pb (r = 0.88, p < 0.01, Sup- 
lementary Material, Table S3) substantiates the loss of 
b in exchangeable form by dissolution and its association 
ith organic matter/sulphide. Similarly, non-residual Zn 
as mainly concentrated in the reducible fraction (Fe/Mn- 
oxy)hydroxides), followed by oxidisable and exchangeable 
744 
ractions ( Figure 7 a). Both reducible and exchangeable frac- 
ions of Zn were low during intense hypoxia, which may be 
ttributed to their weak adsorption as a coating to metal 
xides. However, an increase in Oxi-Zn could be attributed 
o the adsorption of released Zn to oxidisable phases. The 
ositive correlation of Oxi-Zn with chlorophyll a (r = 0.48, 
 < 0.05, Supplementary Material, Table S1) suggests an in- 
reased association of Zn with freshly derived organic mat- 
er during enhanced biological productivity. 
Under the oxic condition, Cr (IV) (chromate ion, 

 x CrO 4 
—2 + x ) is thermodynamically stable ( Richard and 

ourg, 1991 ), and it prefers to bind with organic phases 
nd gets weakly adsorbed to Fe/Mn-(oxy)hydroxides. Ap- 
roximately 20% of the metal concentration (30—50 μg/g) 
as bound in this fraction (Oxi-Cr), and it increased grad- 
ally with upwelling intensity, especially at M1 ( Figure 8 a). 
owever, Red-Cr decreased considerably corresponding to 
ecreasing DO values ( Chakraborty et al., 2018 ) owing 
o the reduction of Fe/Mn-(oxy)hydroxides. Oxi-Cr exhib- 
ted a significant positive correlation with TS (r = 0.52, 
 < 0.01) (Supplementary Material, Table S4). Under reduc- 
ng conditions, the rapid reduction of highly soluble Cr 
IV) ( Guha et al., 2001 ; James, 2002 ) to less mobile Cr
III) occurs, which is favoured by the presence of organic 
atter ( Chakraborty et al., 2018 ), sulphide, and Fe (II) 

 Schaller et al., 1997 ). The association of reduced chromium 

ith iron sulphide ( Lakatos et al., 2002 ) is also probable.
hereby, stable Cr (III) forms dominant in sediments dur- 
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ng peak upwelling, leading to the enrichment of overall Cr 
oncentration ( Figure 8 b). The non-residual fraction of Co 
refers to adsorb on the surface of Fe/Mn-(oxy)hydroxides 
 Chakraborty et al., 2012 ) and organic matter, while Oxi-Co 
howed a significant positive correlation with clay (r = 0.48, 
 < 0.05) and a negative correlation with DO (r = —0.54, p <

.05, Supplementary Material, Table S5). 
In marine ecosystems, metal contamination harms flora 

nd fauna. Total metal concentrations, except for Cr and Ni, 
n mud bank sediments are substantially below the thresh- 
ld limits (for instance, Pb concentration is 20 μg/g, while 
he threshold limit is 60 μg/g) specified by sediment qual- 
ty guidelines (SQGs) ( MacDonald et al., 1996 ; SEPA, 2002 ). 
nder reducing conditions, Cr (III) predominant in the sed- 
ment is rarely found in the dissolved form, and it cannot 
asily pass-through cell membranes, while the major com- 
onent of Ni is in the residual fraction. This clearly shows 
hat even though Cr and Ni concentrations in clayey mud 
ank sediments are high, their potential bioavailability is 
imited. 

Benthic fauna in oxygen-deficient zones exhibit morpho- 
ogical and physiological adaptations to maximise oxygen 
ptake ( Childress and Seibel, 1998 ; Levin, 2003 ), they gen- 
rally show reduced diversity and biomass under oxygen 
eficiency ( Levin et al., 2009 ; Rowe 1971 ). On the west 
oast of India, under oxygen deficiency, standing stock of 
acrobenthos, species number and diversity of polychaetes 
ere decreased ( Joydas and Damodaran, 2014 ); further- 
ore, substantially low benthic biomass has been reported 
rom 20 m depth contours along the southwest coast of India 
 Jeyaraj et al., 2007 ). Therefore, the enrichment of toxic 
rganic matter-bound metals (especially Cr and Ni) may not 
ose any large-scale impact on benthic fauna due to its low 

iomass and abundance in the mud bank sediments. 

. Conclusions 

his study investigated seasonal variations and geochemical 
ractionation of trace metals in the surface sediments of a 
easonally hypoxic (upwelling) coastal environment to un- 
erstand hypoxia-induced changes in trace metal fractions. 
he incidence of cold and hypoxic waters indicated strong 
oastal upwelling in the study region during the southwest 
onsoon. The reduction in the concentrations of Fe and Mn 
uring hypoxia periods indicated the dissolution of Fe/Mn- 
oxy)hydroxides in the surface sediments. Concentrations 
f trace metals such as Ni, V, and Zn decreased gradually 
n sediments, while that of Cr was considerably enriched. 
eochemical fractionation revealed that these variations 
ollow their preference for binding sites during hypoxia. 
i and Cr exhibited strong affinities towards organic mat- 
er and sulphides. Pb and Zn were characterised by their 
elatively high affinity towards the Fe/Mn-(oxy)hydroxide 
hase under hypoxia. Reductive dissolution of reducible 
ractions led to decreased Ni, Zn, V, and Pb levels. Stable Cr 
III) bound to organic matter was enriched, though all val- 
es were within threshold limits. Hypoxia in the sediment- 
ater interface shifts the Fe/Mn-(oxy)hydroxide bound met- 
ls to organic matter and sulphide bound, which is relatively 
ore bioavailable. However, it possesses less/no harm to 

he biota due to the low trace metal concentration in the 

745 
ediment, the dominance of stable forms, and the rela- 
ively fewer benthic fauna during the oxygen deficiency. 
owever, the labile fractions can affect biota in future if 
i) the metal concentrations increase due to anthropogenic 
ctivities or (ii) the intensity of hypoxia continues to 
ncrease. 
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Abstract Seasonal variations in hydrography, trophic status, and plankton community struc- 
ture were studied along the Tuticorin coastal waters (TCWs) in the Gulf of Mannar (GoM). Sam- 
ples were collected in 2015 and 2016 to analyze physico-chemical (temperature, pH, salinity, 
suspended particulate matter (SPM), dissolved oxygen (DO), nutrients, etc.) and biological pa- 
rameters (chlorophyll- a , phytoplankton, and zooplankton). The trophic index (TRIX) and eu- 
trophication index (EI) were calculated to describe the eutrophication status of TCWs. Tem- 
perature, pH, salinity, DO, and SPM showed seasonality due to the impact of the northeast 
monsoon. A massive bloom of Trichodesmium erythraeum was observed, with a visible impact 
on water quality and the plankton community. The cluster and principal component analysis in- 
dicated the bloom event as a distinct phenomenon. ANOVA results showed significant seasonal 
variations rather than spatial variations. According to the trophic indices, the area had a low 

trophic level in 2015 and a high trophic level in 2016. The Tuticorin inshore waters had the 
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highest TRIX and EI values during the dominance of cyanobacteria bloom in the post-monsoon 
2016. The trophic indices had a positive relationship with phytoplankton abundance but showed 
an inverse relation with zooplankton abundance. The overall range of the TRIX index (3.18—
5.96) indicated that the environment was oligotrophic to eutrophic, and EI values (0.72—21.61) 
indicated that the state of coastal waters was moderate to poor. This study states that periodic 
monsoonal flow and frequent algal bloom events have a significant impact on the GoM coastal 
waters. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

he richness and productivity of marine ecosystems can 
e assessed by investigating the hydrographical features 
 Rajasegar, 2003 ). Typically, coastal regions are the most 
ffected marine ecosystems that receive a large concentra- 
ion of nutrients from freshwater runoff and effluents from 

rtificial sources ( McLusky and Elliott, 2004 ; Sarma et al., 
013 ). However, increasing nutrient concentrations can 
ause eutrophication ( Newton et al., 2003 ) which further 
eads to a biological phenomenon, like the algal bloom 

vents ( Domingues et al., 2011 ). Among the nutrients, over- 
oading of nitrogen and phosphorus from diverse sources can 
lter the biogeochemistry of oceans and increased primary 
roduction is the most common effect that is expected to 
appen in the water environment ( Smith et al., 1999 ). The 
uman population, livestock, and terrestrial use are ma- 
or contributors to nitrogen (N) and phosphorus (P) loading 
nto aquatic ecosystems ( Smith et al., 1999 ). These, both 
arameters (N and P), are considered as crucial criteria 
or assessing the trophic status of any aquatic ecosystem 

 Vollenweider et al., 1998 ). Currently, aquatic ecosystems 
re routinely assessed for their health and trophic status 
sing a variety of indices to identify anthropogenic stressors 
nd natural hazards ( Jørgensen et al., 2010 ; Rath et al., 
018 ; Srichandan et al., 2019 ). For example, several pa- 
ameters such as dissolved oxygen (DO), annual phos- 
hate concentration, dissolved inorganic nitrogen (DIN), and 
hlorophyll- a (chl- a ) have been proposed as indicators for 
ater body classification ( EEA, 1999 ; OECD, 1982 ). How- 
ver, more complex statistical methods, imitation models, 
nd trophic levels are most extensively used to assess water 
uality. 
Many investigators have employed TRIX to assess the 

rophic levels of the Black Sea ( Moncheva et al., 2001 ), 
egean Sea ( Penna et al., 2004 ), Algarve, South Por- 
ugal ( Coelho et al., 2007 ), Aegean, Eastern Mediter- 
anean ( Primpas and Karydis, 2011 ), Adriatic Sea, Italy 
 Fiori et al., 2016 ), coastal waters of northeastern Mediter- 
anean ( Tugrul et al., 2019 ), and Iranian Caspian Sea 
 Kucuksezgin et al., 2019 ; Nasrollahzadeh et al., 2008 ), 
orth Yellow Sea, Shandong Peninsula ( Yang et al., 2020 ). 
n India, very few reports have evaluated trophic status 
y using TRIX ( Hardikar et al., 2021 ; Jayachandran and 
andan, 2012 ; Rajaneesh et al., 2015 ; Rath et al., 2018 ; 
richandan et al., 2019 ). These studies were mostly con- 
ned to the Kerala, Karnataka, Maharastra, and Odisha 
oasts of India. Despite numerous studies that reported 
he plankton and water quality of the Gulf of Man- 
750 
ar (GoM) ( Asha and Diwakar, 2007 ; Balakrishnan et al., 
017 ; Bharathi et al., 2018 ; Rajendran et al., 2018 ; 
athishkumar et al., 2021 ), none of the studies so far 
ave evaluated the trophic indices for this region. Sim- 
larly, the eutrophication index (EI) is a popular method 
or measuring the level of eutrophication in coastal wa- 
er ecosystems, and it has been used in various coastal 
aters ( Kucuksezgin et al., 2019 ; Pavlidou et al., 2015 ; 
ugrul et al., 2019 ). Its application in the coastal environ- 
ent has not been reported so far from Indian waters. Con- 
idering the above, the present study mainly aims to evalu- 
te the eutrophication status of the Tuticorin coastal waters 
TCWs) in various seasons using TRIX and EI. Subsequently, 
he relationship of TRIX and EI with the plankton (phyto- and 
ooplankton) community will also be assessed to find out the 
onduciveness of the ecosystem for plankton distribution. 

. Material and methods 

.1. Study area 

ulf of Mannar (GoM) is a large shallow bay in the Indian 
cean, the first biosphere reserve in India, declared by 
NESCO in 1989. The GoM contains large fish resources, 
hich is an economically unavoidable fish trading region in 
outhern India. The study area of Tuticorin (Lat. 8 °48 ′ 21 ′ ′ N; 
ong. 78 °9 ′ 18 ′ ′ E) is situated in the GoM, and it is one of
he most economically important coastal cities in southern 
amil Nadu, India ( Figure 1 ). This coastal region is seriously 
ffected by many anthropogenic factors through sewage 
nd various industrial discharges from seafood processing, 
hemical, petroleum, and fertilizer industries, a thermal 
ower plant, aquaculture ponds, salt pans, etc. ( Raj Chan- 
ar and Rejeesh Kumar, 2012 ). This coastal city contains a 
ajor harbor, namely V.O.C port (formerly Tuticorin Port). 

t is an active port for the trade of many materials like 
oals, oils, urea, chemicals, food and cosmetics materials, 
tc. In general, this coastal region experiences four sea- 
ons per annum comprising the post-monsoon/POM (January 
o March), summer/SUM (April to June), pre-monsoon/PRM 

July to September) and monsoon/MON (October to Decem- 
er). 

.2. Hydrological sampling methods 

he coastal water survey was carried out seasonally at six 
ifferent stations along two transects in the Tuticorin coast 
 Figure 1 ). Transects one and two were located near Tu- 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 The map depicts the study area (TCWs) and sampling locations in the Gulf of Mannar. 

Table 1 Details of the sampling locations and water depths at Tuticorin coastal waters during the study period (2015—2016). 

Transect Sampling location Maximum depth (m) Latitude Longitude 

Transect 1 Tuticorin old harbour (TOH) 6 8 °48 ′ 18 ′ ′ N 78 °10 ′ 47 ′ ′ E 
11 8 °48 ′ 18 ′ ′ N 78 °12 ′ 14 ′ ′ E 
17 8 °48 ′ 18 ′ ′ N 78 °16 ′ 16 ′ ′ E 

Transect 2 Tuticorin new harbour (TNH) 12 8 °44 ′ 45 ′ ′ N 78 °14 ′ 22 ′ ′ E 
19 8 °44 ′ 45 ′ ′ N 78 °16 ′ 44 ′ ′ E 
24 8 °44 ′ 45 ′ ′ N 78 °19 ′ 30 ′ ′ E 
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icorin’s old harbor and new harbor, respectively. Table 1 
ontains information about the sampling locations in more 
etail. The coastal sampling was conducted for eight con- 
ecutive seasons in 2015 and 2016. The surface water was 
ollected using a Niskin water sampler. Seawater tempera- 
ure (SWT) was recorded by a mercury thermometer with 
n accuracy of ±0.1 °C. The pH values were tested by 
 pre-calibrated portable pH tester ( ±0.1 accuracy) (pH 

ester Eutech Instruments, Mode pH Testr10). Salinity was 
ecorded using a calibrated digital Refractometer (ATAGO- 
apan, Model PAL-1). For DO, the samples were collected 
sing glass stopper bottles and fixed on the sampling site 
ollowing Winkler’s method revised by Strickland and Par- 
ons (1972) . For nutrient estimation, water samples were 
ollected in one-liter pre-cleaned polypropylene bottles, 
ept in an icebox, and transported to the laboratory. Later, 
751 
he collected water samples were passed through Whatman 
0.45 μm) filter paper by using Millipore 4 bar Vacuum /Pres- 
ure Pump, 220V/ 50Hz. Besides, the used filter paper was 
laced in a hot air oven at 40 °C ± 5 °C (until dry) to measure
uspended particulate matter (SPM). Filtered water samples 
ere utilized for the analysis of dissolved micro-nutrients 
uch as nitrite, nitrate, inorganic phosphate (IP), silicate, 
mmonia, total nitrogen (TN), and total phosphate (TP). 
tandard methods were followed to analyze all the above 
utrients ( Grassoff et al., 1999 ). In addition, one liter of sur- 
ace water was collected in a dark polypropylene container 
nd transported to the laboratory with the help of an icebox 
or chlorophyll- a (chl- a ) estimation. The pigment extraction 
ethod was adopted for the chl- a measurement by using 
0% acetone. Extracted samples were then kept in a refrig- 
rator (20 hrs) under dark conditions, and then the pigment 
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N
0  
oncentration was measured with a UV—VIS spectropho- 
ometer using 1 cm cells at 630 nm, 645 nm, and 665 nm 

sing the standard method ( Strickland and Parsons, 1972 ). 
ll of the above analyses (nutrients and pigments) were per- 
ormed with a SHIMADZU UV-1800 spectrophotometer made 
n Singapore. 

.3. Plankton sampling and analyses 

he phytoplankton and zooplankton samples were col- 
ected with one replicate in the surface waters of the 
uticorin coast by using 55- μm and 200- μm mesh nets, 
espectively. The collected plankton samples were pre- 
erved immediately in diluted formalin solution (2% for 
hytoplankton and 4% for zooplankton) for qualitative and 
uantitative studies. An inverted microscope was used 
or both plankton identifications. For phytoplankton, the 
ounting was done by the sedimentation method as de- 
cribed by Sukhanovo (1978) (unit measurement: cells 
 

−1 ), and the species-level identifications were made 
y using standard works of Al-Kandari et al. (2009) , 
anthanam et al. (1987) , Smith (1977) , Subramanyan (1946) , 
nd Venkataraman (1939) . Similarly, for zooplankton, the 
ounting was done by following standard procedures 
 Omori and Ikeda, 1984 ). Proper counting of the subsamples 
as done and recorded on the datasheets and expressed 
s nos. m 

−3 . Identification of the zooplankton was made 
sing standard literature ( Conway et al., 2003 ; Dakin and 
olefax, 1940 ; Goswami, 2004 ; Kasthurirangan, 1963 ; 
erumal et al., 1998 ; Wickstead, 1965 ). 

.4. Estimation of TRIX and EI indices 

he trophic index (TRIX) is a commonly used index to clas- 
ify the coastal environment ( Volleinweider et al., 1998 ). 
t categorizes the seawater environment into oligotrophic, 
esotrophic, and eutrophic habitats based on the concen- 
ration of water parameters ( Volleinweider et al., 1998 ). 
n TRIX, four parameters such as total nitrogen (TN), to- 
al phosphorus (TP), chlorophyll- a (chl- a ), and dissolved 
xygen percentage (D%O 2 ) are used in a linear combina- 
ion to assess the coastal water status ( Penna et al., 2004 ; 
ollenweider et al., 1998 ). The trophic and eutrophica- 
ion status of the TCWs were assessed employing the TRIX 
 Vollenweider et al., 1998 ) and EI ( Primpas et al., 2010 )
 Table 2 ). TRIX is a useful technique to categorize the sta- 
us of the water environment for an understandable appli- 
ation ( Vollenweider et al., 1998 ). The following equation 
as used to derive the TRIX index: 

RIX = [ lo g 10 ( Chl - a ) ×( D% O 2 ) ×( TN ) ×( TP ) + a ] /b 

here Chl- a : chlorophyll- a , D%O 2 : the percentage deviation 
f dissolved oxygen from the saturation level, TN: total ni- 
rogen ( μg L −1 ), TP: total phosphorus ( μg L −1 ), the parame-
ers a = 1.5 and b = 1.2 are constant coefficients for fix the
inimal limit of the index and also to fix the scale value at 
 10 has proposed by Giovanardi and Vollenweider (2004) . 
The eutrophication index (EI) was estimated by the fol- 

owing formulation ( Primpas et al., 2010 ): 

I = 

[(
0 . 279 × CPO 4 

3 −) + 

(
0 . 261 × CNO 3 

−) + 

(
0 . 296 × CNO 2 

−)

+ 

(
0 . 275 × CNH 4 + 

) + ( 0 . 261 × CChl- a ) 
]

752 
here; CPO 4 
3 −, CNO 3 

−, CNO 2 
−, CNH 4 

+ and CChl- a are 
he concentrations ( μM) of phosphate, nitrate, nitrite, 
mmonia, and chlorophyll- a ( μg L −1 ), respectively. The 
omprehensive stages and ranges of eutrophication in 
ifferent coastal ecosystems are described elsewhere 
 Kucuksezgin et al., 2019 ; Pavlidou et al., 2015 ) ( Table 2 ). 

.5. Statistical analyses 

ata obtained from this study are demonstrated in box plots 
nd contour graphs created with the Grapher (ver. 4) and 
urfer (ver. 13) software packages, respectively. XLSTAT pro 
as used to perform multivariate analyses such as princi- 
al component analysis (PCA), cluster analysis (CA), Pearson 
orrelation matrix, and two-way ANOVA. Furthermore, var- 
ous indices such as Margalef’s species richness (D), Pielou’s 
venness (J’), and Shannon-Wiener diversity index (H’) were 
alculated using PRIMER software (Ver. 6.1) to assess the 
tate of the biological community (phytoplankton and zoo- 
lankton). 

. Results 

.1. Hydrological variables 

he box plots visualizing the seasonal and annual trend of 
hysicochemical variables in TCWs between 2015 and 2016 
re given in Figure 2 and Figure 3 . The seasonal mean values
f the obtained data are shown in Table 1 S. In the present
nvestigation, the surface water temperature (SWT) fluc- 
uated between 28.0 °C to 34.3 °C. Comparatively, the high 
emperature was experienced in the summer (SUM) sea- 
on, while the low temperature was noticed in the monsoon 
MON) season ( Figure 2 ). The ANOVA test for SWT revealed 
ignificant variation from season to season (p < 0.05). The 
H values varied from 7.9 to 8.4 ( Figure 2 ), where the cor-
esponding limits were recorded during POM-16 and SUM- 
5 respectively. The pH trend was similar to temperature; 
owever, the above range indicated that the water was al- 
aline during the study. Salinity differed from 30.0 to 35.8 
 Figure 2 ), where the corresponding lowest and highest val- 
es were noted during MON and SUM seasons in 2016, re- 
pectively. Salinity and temperature expressed a notable 
ositive correlation (r = 0.778; p < 0.0001) with each other 
roving their covariance nature ( Tables 3 and 4 ). In the 
resent study, the DO concentrations decreased from 6.25 
g L −1 to 3.83 mg L −1 ( Figure 2 ). The highest concentra-
ion of DO was found in MON 2016, while the lowest con- 
entration was found in POM 2016. Suspended particulate 
atters (SPM) varied widely between 15.10 and 94.63 mg 
 

−1 ( Figure 2 ). In 2015 and 2016, the highest SPM concentra-
ions were found in the POM and SUM seasons, respectively. 
ccording to the correlation matrix, salinity (r = −0.373; 
 < 0.009), phytoplankton density (r = −0.271; p < 0.062), and 
hytoplankton diversity (r = −0.458; p < 0.001) were seemed 
egative correlations with the SPM ( Tables 3 and 4 ). 

.2. Nutrient dynamics 

itrite concentration varied significantly (p < 0.05) between 
.029 and 0.958 μM L −1 ( Figure 2 ). In our study, peak ni-
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Table 2 Some methodological tools for assessing the trophic status of coastal waters. 

Methods Threshold Units Trophic status 

Dissolved Inorganic Nitrogen a < 6.5 μM Good (Oligotrophic) 
6.5—9.0 μM Fair (Mesotrophic) 
9.0—16.0 μM Poor (Mesotrophic to eutrophic) 
> 16.0 μM Bad (Eutrophic) 

Dissolved Inorganic Phosphorus a < 0.5 μM Good (Oligotrophic) 
0.5—0.7 μM Fair (Mesotrophic) 
0.7—1.1 μM Poor (Mesotrophic to eutrophic) 
> 1.1 μM Bad (Eutrophic) 

Chlorophyll- a b < 2.0 μg L −1 Oligotrophic 
2.1—2.9 μg L −1 Oligotrophic to mesotrophic 
3.0—6.9 μg L −1 Mesotrophic 
7.0—9.9 μg L −1 Mesotrophic to eutrophic 
> 10 μg L −1 Eutrophic 

Trophic Index (TRIX) c , d , e < 2 Unit Excellent (Ultra-oligotrophic) 
2—4 Unit High (Oligotrophic) 
4—5 Unit Good (Mesotrophic) 
5—6 Unit Moderate (Mesotrophic to eutrophic) 
6—8 Unit Poor (Eutrophic) 

Eutrophication Index (EI) f , g < 0.04 Unit High 
0.04—0.38 Unit Good 
0.38—0.85 Unit Moderate 
0.85—1.51 Unit Poor 
> 1.51 Unit Bad 

a EEA (1999) 
b OECD (1982) 
c Vollenweider et al. (1998) 
d Giovanardi and Vollenweider (2004) 
e Penna et al. (2004) 
f Pavlidou et al. (2015) 
g Kucuksezgin et al. (2019) . 
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rite concentration was witnessed during the monsoon sea- 
on (2015), while the least concentration was witnessed in 
he POM season of 2016. In this study, the nitrate concentra- 
ion ranged from 0.466 μM L −1 to 8.822 μM L −1 ( Figure 3 ).
he higher and lower nitrate concentrations were regis- 
ered in the same year but during different seasons, i.e. 
re-monsoon (2015) and post-monsoon (2015), respectively. 
Ammonia concentration ranged from 0.159 to 66.500 μM 

 

−1 ( Figure 3 ). The higher value was observed during POM- 
6, while the lower was recorded in SUM-15. The total ni- 
rogen concentrations ranged from 9.349 to 132.106 μM 

 

−1 ( Figure 3 ). The maximum and the minimum concentra- 
ions of TN were recorded during POM-16 and MON-15 re- 
pectively. The concentrations of dissolved inorganic phos- 
hate (DIP) were found to range from 0.309 to 1.731 μM L −1 

 Figure 3 ). The maximum concentration was noticed in both 
onsoon (2015—2016) and it fell to a minimum in summer 
2016). The total phosphate concentrations ranged from 

.547 μM L −1 to 3.713 μM L −1 , the maximum being observed 
uring POM 2016 and the minimum in SUM 2016 ( Figure 3 ). 
he highest silicate value (32.829 μM L −1 ) was observed dur- 
ng the PRM 2015, while the lowest silicate value (1.082 μM 

 

−1 ) was observed during the MON 2015 ( Figure 3 ). Nitrogen 
o phosphorus ratio (N:P) also showed wide variations (from 

.87 to 76.64) (p < 0.05) ( Table 4 S). Higher N:P ratios noticed
uring the POM season (2016) may be reasoned to nitrogen 
753 
xation by T. erythraeum bloom. In contrast, a lower ratio 
as observed during the POM 2015 period. Statistical signif- 
cance of the above-observed seasonality in N:P distribution 
as confirmed from ANOVA ( Table 2 S). 

.3. Chlorophyll- a 

uring the study period, the TCWs showed wide variations 
f chlorophyll- a ranging from 0.225 mg m 

−3 to 23.679 mg 
 

−3 ( Figure 4 ). The highest concentration of chl- a coincided 
ith the occurrence of T. erythraeum bloom in POM 2016, 
uring which the chl- a concentration (avg. 11.92 ±8.29 
g m 

−3 ) peaked because of higher algal ( T. erythraeum ) 
iomass ( Table 1 S). The lowest concentration of chl- a was 
ecorded in monsoon 2016. 

.4. Trophic (TRIX) and eutrophication index 

he distribution of the TRIX and EI values for TCWs were 
iven in Figure 5 . The coastal water has been catego- 
ized based on a trophic scale (TRIX) considering < 2 as 
ltra-oligotrophic, 2—4 oligotrophic, 4—5 mesotrophic, 5—
 mesotrophic to eutrophic, and 6 to 8 considered as eu- 
rophic ( Penna et al., 2004 ) ( Table 2 ). TRIX values in 2015
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Table 3 Correlation matrix of hydro-biological variables during the study period (variables: SPM, suspended particulate matter; pH, hydrogen ion concentration; SAL, 
salinity; DO, dissolved oxygen; NO 2 , nitrite; NO 3 , nitrate; NH 4 , ammonium; IP, inorganic phosphate; TN, total nitrogen; TP, total phosphorus; SiO 4 , silicate; Chl, chlorophyll; 
Phyto-Dens, phytoplankton density; Phyto-count, phytoplankton species count; Zoo-Dens, zooplankton density; Zoo-count, zooplankton species count). 

Correlation matrix (Pearson): 
Variables WT SPM pH SAL DO NO 2 NO 3 NH 4 IP TN TP SiO 4 Chl- a Phyto-Dens Phyto-count Zoo-Dens 

SPM −0.006 
pH 0.449 −0.117 
SAL 0.788 −0.373 0.417 

DO −0.138 0.277 0.149 −0.338 

NO 2 −0.302 0.138 −0.026 −0.349 0.566 

NO 3 0.150 −0.260 0.243 0.197 0.076 0.500 

NH 4 −0.218 −0.159 −0.488 −0.060 −0.654 −0.363 −0.391 

IP −0.592 0.076 −0.494 −0.583 0.362 0.614 0.155 0.046 
TN −0.109 −0.139 −0.402 −0.001 −0.610 −0.215 −0.200 0.920 0.043 
TP −0.424 0.231 −0.500 −0.515 −0.263 −0.001 −0.161 0.519 0.282 0.480 

SiO 4 −0.121 0.103 −0.064 −0.129 −0.015 0.502 0.701 −0.075 0.222 0.172 0.188 
Chl- a −0.087 −0.228 −0.437 0.079 −0.490 −0.340 −0.289 0.674 0.080 0.682 0.466 0.030 
Phyto-Dens −0.095 −0.271 −0.420 0.084 −0.501 −0.315 −0.293 0.802 −0.048 0.792 0.181 −0.037 0.638 

Phyto-count 0.412 −0.458 0.676 0.348 0.174 0.154 0.557 −0.401 −0.197 −0.270 −0.409 0.120 −0.359 −0.366 

Zoo-Dens 0.487 −0.108 0.718 0.437 0.298 −0.014 0.188 −0.416 −0.400 −0.391 −0.493 −0.207 −0.471 −0.457 0.687 

Zoo-count 0.188 0.103 0.482 0.151 0.510 0.396 0.337 −0.545 0.104 −0.401 −0.548 0.112 −0.540 −0.503 0.478 0.545 

Values in bold are significantly different from 0 with a significance level alpha = 0.1 . 
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Table 4 Shows the ‘P’ values of the correlation analysis. 
Correlation matrix (Pearson): 
Variables WT SPM pH SAL DO NO 2 NO 3 NH 4 IP TN TP SiO 4 Chl- a Phyto- 

Dens 
Phyto- 
count 

Zoo-Dens 

SPM 0.970 
pH 0.001 0.429 
SAL < 0.0001 0.009 0.003 
DO 0.350 0.057 0.312 0.019 
NO 2 0.037 0.351 0.859 0.015 < 0.0001 
NO 3 0.310 0.074 0.096 0.180 0.608 0.000 
NH 4 0.136 0.281 0.000 0.685 < 0.0001 0.011 0.006 
IP < 0.0001 0.606 0.000 < 0.0001 0.011 < 0.0001 0.292 0.755 
TN 0.463 0.347 0.005 0.993 < 0.0001 0.143 0.174 < 0.0001 0.772 
TP 0.003 0.114 0.000 0.000 0.071 0.993 0.276 0.000 0.052 0.001 
SiO 4 0.411 0.486 0.667 0.382 0.918 0.000 < 0.0001 0.614 0.130 0.243 0.201 
Chl- a 0.558 0.120 0.002 0.591 0.000 0.018 0.046 < 0.0001 0.587 < 0.0001 0.001 0.838 
Phyto-Dens 0.521 0.062 0.003 0.570 0.000 0.029 0.043 < 0.0001 0.747 < 0.0001 0.219 0.804 < 0.0001 
Phyto-count 0.004 0.001 < 0.0001 0.015 0.238 0.296 < 0.0001 0.005 0.178 0.064 0.004 0.416 0.012 0.011 
Zoo-Dens 0.000 0.465 < 0.0001 0.002 0.040 0.925 0.200 0.003 0.005 0.006 0.000 0.157 0.001 0.001 < 0.0001 
Zoo-count 0.201 0.487 0.001 0.306 0.000 0.005 0.019 < 0.0001 0.483 0.005 < 0.0001 0.450 < 0.0001 0.000 0.001 < 0.0001 

Values in bold are significantly different from 0 with a significance level alpha = 0.1. 
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Figure 2 Seasonal variations of physico-chemical parameters in TCWs during 2015 and 2016. a) Surface water temperature; b) 
pH; c) salinity; d) dissolved oxygen; e) suspended particulate matter; f) nitrite. 
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howed significant seasonal variations (p < 0.01), it averaged 
.96 for POM, 3.78 for SUM, 4.01 for PRM, and 3.46 for 
ON ( Table 1 S). The lowest average was observed in MON 

nd the highest average was in PRM. Overall spatial point 
f view in 2015 the TRIX unit was found at the maximum 

4.27), about 0.5 km inshore from the Tuticorin new har- 
or mouth. Interestingly, this region is located near the Tu- 
icorin thermal power station (TTPS) which is continuously 
nfluenced by coolant water discharge. The minimum value 
756 
3.29) was observed along Tuticorin old harbor (TOH) region, 
bout 2 km inshore from the coast. Similarly, TRIX values 
n 2016 varied significantly by season, with an average of 
.10 in POM, 3.51 in SUM, 3.58 in PRM, and 3.72 in MON
 Table 1 S). The TRIX values for 2016 were recorded at a min-
mum (3.18) in the inshore waters (about 5 km) of the TNH
egion whereas, the maximum value (5.96) was observed at 
 km inshore of TOH region ( Table 4 S). This maximum TRIX
nit coincided with the period of Cyanophyta bloom which 
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Figure 3 Seasonal variations of dissolved micro-nutrients in TCWs between 2015 and 2016. a) nitrate; b) ammonia; c) silicate; d) 
inorganic phosphate; e) total nitrogen; f) total phosphorus. 
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ccurred during POM-2016. In ANOVA, the TRIX distribution 
evealed a significant overall variation in the study area 
 Table 2 S). The seasonal and inter-annual variations were 
ignificant as observed from the ANOVA. However, the spa- 
ial TRIX variations were insignificant concerning seasons 
nd years ( Table 2 S). According to the annual mean TRIX 
ata, in 2015, 77% of the samples were oligotrophic (low 

roductivity with TRIX units less than 4) and 23% were mod- 
rately productive (TRIX value between 4 and 5), indicat- 
ng a mesotrophic state. The TRIX results for 2016 indicated 
hat the water was moderate to highly productive. Specifi- 
ally, during POM-16, the TRIX unit was greater than 5, in- 
757 
icating a mesotrophic to eutrophic condition (23% of sam- 
les). Furthermore, 13% of the samples were moderately 
roductive (TRIX 4—5, mesotrophic) and 64% were poorly 
roductive (TRIX < 4, oligotrophic). 
The TCWs were subjected to the eutrophication index 

EI) for two years (2015 and 2016), with values ranging 
rom 0.72 to 21.61 ( Table 4 S). The seasonal mean of EI
uring 2015 was: POM, 3.44; SUM, 2.23; PRM, 3.11; MON, 
.51. During 2016, the mean of EI was: POM, 11.63; SUM, 
.28; PRM, 2.02; MON, 2.24. A significant variation was ob- 
erved between the seasons of different years ( Table 2 S), 
he minimum average was recorded in SUM, and the max- 
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Figure 4 The contour plot showing the spatial-temporal distribution of chlorophyll- a concentrations (mg m 

−3 ) in TCWs during 
2015 and 2016 (axes y and x indicate Latitude ( °N) and Longitude ( °E), respectively). 
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mum average was recorded in POM. The annual mean of 
I value during 2016 (4.29) was higher than in 2015 (2.82). 
otably, the EI values were reported as greater than 2 in 
ll the sampled stations during 2015. The maximum (5.43) 
nd minimum (1.35) EI values in 2015 were recorded in the 
758 
OM season at 0.5 km and 5 km inshore from the TNH and
OH regions, respectively. In the year 2016, EI was abnor- 
ally high and it was above 20 during POM season. The 
aximum value (21.61) was observed 2 km away from the 
NH inshore region during POM 2016. The minimum EI value 
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Figure 5 a) Spatial-temporal variation of TRIX level: (i) very poorly productive, (ii) poorly productive, (iii) moderately productive, 
(iv) moderate to highly productive, (v) highly productive. b) The spatial-temporal scale of water quality or eutrophication status: 
(i) high, (ii) good, (iii) moderate, (iv) poor. c) The spatial-temporal scale of N:P ratios in TCWs during 2015 and 2016. 
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0.72) was recorded during SUM 2016 at 5 km distance from 

OH region ( Table 4 S). Similar to that of TRIX, the distri- 
ution of EI values was also insignificant for the spatial 
cale. 
s

759 
.5. Phytoplankton community structure 

he phytoplankton community was represented by 86 
pecies in the neritic waters of Tuticorin in the present 



R.S. Sathishkumar, A. Sundaramanickam, A.K. Mohanty et al. 

Figure 6 The image on the left depicts the seasonal abundance of plankton (a, phytoplankton and b, zooplankton) as well as 
the numerical distribution of species. The right side image depicts the seasonal pattern of various indices (diversity, richness, and 
evenness) for phytoplankton (c) and zooplankton (d). 
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ork. Twenty-four phytoplankton species were dominant 
contributing > 1% of the total density) throughout the 
tudy, contributing to 86% of the total phytoplankton 
bundance. Three groups, namely Bacillariophyceae, Dino- 
hyceae, and Cyanophyceae mainly represented the coastal 
ater phytoplankton community. The phytoplankton species 
istribution showed significant variations on a temporal 
cale. Variations between years, seasons, and seasons of 
ifferent years were significant ( Table 3 S). Insignificant spa- 
ial distribution of phytoplankton species indicated an al- 
ost homogeneous distribution pattern in these coastal wa- 
ers. The most common members among the phytoplank- 
on, based on percentage contribution were Asterionella 
lacialis (6.9%), Chaetoceros coarctatus (3.8%), Chaeto- 
eros curvisetus (5.6%), Coscinodiscus centralis (4.2%), 
oscinodiscus radiates (3.7%), Nitzschia seriata (3.0%), 
hizosolenia alata (5.4%), Skeletonema costatum (4.5%), 
halassionema nitzschioides (3.5%), Thalassiosira rotula 
3.0%), Thalassiosira subtilis (5.2%), Thalassiothrix frauen- 
eldii (4.4%) and Trichodesmium erythraeum (13.8%). The 
verage phytoplankton population density ranged from 2967 
204 to 21124771 ± 17439734 cells L −1 , with notice- 

ble seasonal variations. The highest density was observed 
uring POM-16, while the lowest was observed during 
ON-15 ( Figure 6 a). Phytoplankton species distribution fol- 
owed a similar trend as phytoplankton population density, 
760 
hich also showed significant seasonal variations. The inter- 
nnual variation noted from the ANOVA could be due to 
he intense bloom of T. erythraeum during 2016 ( Table 3 S). 
hytoplankton species diversity, richness, and evenness in- 
ices are illustrated in Figure 6 c. The indices values ranged 
etween 0.23—4.53, 0.02—4.59, and 0.01—0.88 for diver- 
ity, richness, and evenness respectively. The higher diver- 
ity and richness values recorded in SUM-15 indicated more 
pecies in good numbers during that period. The regression 
nalysis plot of phytoplankton density against TRIX and EI 
ndices is represented in Figure 1 S. The results indicated a 
ositive correlation of phytoplankton with these two indices 
R 2 = 0.656 and R 2 = 0.594 for TRIX and EI respectively). 

.6. Zooplankton community structure 

he zooplankton population assemblages showed a more 
rominent seasonal variation than spatial variation. The 
opulation density and species distribution showed sta- 
istically significant variations overall. Moreover, the sea- 
onal differences between 2015 and 2016 are significant, 
ut there were no significant changes in spatial distri- 
ution ( Table 3 S). The population diversity consisted of 
2 zooplankton species and certain larval stages of dif- 
erent groups. Among them, 34 species were dominant, 
ontributing > 1% individually and almost 87% cumulatively 
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Figure 7 Dendrogram shows the similarities among seasons with respect to hydro-biological factors during the study period (2015 
and 2016). 
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n the total zooplankton abundance of all seasons. Var- 
ous groups, namely, Rotifers, Chaetognatha, Copepods, 
uphausiids, and bivalve (larvae), represented the zoo- 
lankton community during the study. The most common 
ooplankton taxa, in terms of percentage density con- 
ribution, encountered were Acartia danae (4.8%), Acar- 
ia spinicauda (3.9%), Acrocalanus gibber (4.3%), Acro- 
alanus gracilis (4.6%), Corycaeus danae (3.7%), Euterpina 
cutifrons (5.1%), Nannocalanus minor (3.1%), Oikopleura 
ioica (2.5%), Oithona brevicornis (10.8%), Oithona similis 
3.2%), Paracalanus parvus (5.3%), Penilia avirostris (1.0%) 
nd Sagitta enflata (1.7%). Zooplankton average popula- 
ion density ranged from 711 ± 624 to 13270 ± 2222 nos. 
 

−3 , where the highest density was recorded during SUM 

015 and the lowest density was recorded during POM 2016, 
espectively ( Figure 6 b). Zooplankton plays a major role 
n controlling phytoplankton proliferation through grazing. 
he abundance of zooplankton species slumped during the 
OM 2016 coinciding with Trichodesmium bloom. However, 
n the summer season, the species abundance was found 
o be higher in 2015 and 2016, respectively. A similar pat- 
ern was observed in preceding studies in this study re- 
ion ( Bharathi et al., 2018 ). ANOVA supported the above 
bservation of seasonality in zooplankton population distri- 
ution ( Table 3 S). The variations in zooplankton species di- 
ersity, richness, and evenness indices have been depicted 
n Figure 6 d. The indices ranged between 2.23—4.77, 0.70—
.35 and 0.69—0.97 for the species diversity, richness, and 
venness, respectively. Relatively higher diversity and rich- 
ess values were recorded in SUM-16. The regression anal- 
sis plot of zooplankton density against TRIX and EI indices 
s represented in Figure 2 S. The relationship between zoo- 
lankton density and these two indices was negative and the 
oefficients of determination were R 2 = 0.603 and R 2 = 0.583 
or TRIX and EI respectively. The results indicated that zoo- 
761 
lankton population density showed a decreasing trend with 
ncreasing trophic status. 

.7. Statistical analyses 

gglomerative hierarchical clustering (AHC) was conducted 
o determine the similarities among the seasons of the 
wo years of sampling. The AHC, concerning all the envi- 
onmental variables, developed 3 clusters ( Figure 7 ). The 
OM season of 2016 alone formed a cluster because of the 
onospecific bloom of marine cyanobacterium. The alter- 
tion in hydro-biological properties of these waters during 
he bloom was significant enough to mark this period as a 
istinct one compared to other seasons. The second cluster 
s formed by the majority of the 2015 seasons, as well as 
he summer of 2016. The third cluster is composed of two 
ubgroups in which the first subgroup comprises two seasons 
f 2016 and the second subgroup branches out from the first 
nd associates with the summer of 2015. Interestingly, the 
wo years seem to have formed two separate clusters ex- 
ept for the interchange of the summer season in between 
hem. It perhaps indicated and confirmed the earlier obser- 
ations of the distinctness of the coastal water environment 
uring the two years, as shown by the TRIX and EI. How- 
ver, the interchange of the summer season in the cluster 
ormation could be due to too many factors such as rain- 
all, surface runoff, upwelling, water mass movement, etc. 
hat take place at this location during this season, leading 
o such an observation. 
The principal component analysis of hydro-biological pa- 

ameters yielded 4 PCs ( Figure 8 ). Altogether, the 4 PCs con-
ributed to 76.65% of the total variability. PC 1 contributed 
5.17% of the variability and parameters such as temper- 
ture, pH, DO, nitrate, ammonia, TN, TP, chl- a , phyto- 
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Figure 8 PCA plots. a) Scree plot of cumulative percentage and eigenvalues; b) biplot of F1 and F2; c) biplot of F3 and F4. 
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lankton density, phytoplankton species number, zooplank- 
on density, and zooplankton species number showed sig- 
ificant loading on this PC ( Figure 8 ). Of the above signifi- 
ant parameters, ammonia, TN, TP, chl- a , and phytoplank- 
on density were positively loaded and the rest of the pa- 
ameters were negatively loaded. This PC represented the 
richodesmium bloom event during which the population 
ensity of phytoplankton, chl- a concentration and nutri- 
nt contents were significantly high in the coastal waters 
s compared to other non-blooming periods. The above ob- 
ervation can further be confirmed from the AHC analysis, 
here the blooming season alone formed a distinct cluster. 
imilarly, the negative loadings were also corroborated with 
ow diversity of plankton, low zooplankton count and rel- 
tively low DO concentration due to high Trichodesmium 

iomass. PC 2 contributed 21.89% of variability and pa- 
ameters like temperature, SPM, salinity, DO, nitrite, and 
762 
hosphate were significantly loaded. This PC perhaps rep- 
esented the relatively high salinity and temperature condi- 
ion occurring with low SPM, nitrite, phosphate, and DO con- 
ent that prevails during summer/pre-monsoon seasons in 
his coastal water. The third PC, which contributed 12.67% 

f the variance, indicated the process of nitrate and silicate 
nrichment in the coastal waters along with improvement in 
hytoplankton species diversity. This PC can be assigned to 
he winter (POM) environment during which this coastal wa- 
er is enriched with the nutrients from the preceding mon- 
oon season, and the biological activity in the coastal milieu 
athers pace in relatively stable conditions before its climax 
n summer. The fourth PC contributed 6.9% of the variance 
nd only two parameters viz. SPM and silicate were posi- 
ively loaded. Since the number of significant loadings was 
ery less, any particular process or phenomenon could not 
e assigned to this PC logically. 
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. Discussion 

.1. Environmental variables 

his present study shows a clear seasonal variability than 
patial variability for all the variables. The lower water tem- 
erature was observed during the monsoon period due to 
ontinuous precipitation and cloud coverage, which has also 
een reported earlier by others ( Kathiravan et al., 2017 ; 
atpathy et al., 2009 ; Vajravel et al., 2017 ) along the south- 
astern coastal waters of India. The pH values in TCWs have 
reviously been reported to range from 7.5 to 8.5, and the 
urrent study agrees with this range ( Balakrishnan et al., 
017 ; Bharathi et al., 2018 ; Rajendran et al., 2018 ). 
luctuating pH values throughout the year could be as- 
ribed to various natural phenomena such as CO 2 elim- 
nation by photosynthesis, fall of salinity and tempera- 
ure, freshwater infiltration, and breakdown of organic de- 
ris ( Rajasegar, 2003 ; Upadhyay, 1988 ). During summer, in- 
reased photosynthesis by phytoplankton could have re- 
oved dissolved carbon dioxide leading to increased pH 

 Das et al., 1997 ; Vajravelu et al., 2017 ). Salinity is a vi-
al parameter for all organisms living in the marine envi- 
onment ( O’Conner and Lawler, 2004 ) which limits the di- 
ersity and distribution of planktonic and benthic commu- 
ities ( Balasubramanian and Kannan, 2005 ; Sridhar et al., 
006 ). Salinity fluctuations between summer and monsoon 
eason were around 5 PSU, attributed to the dilution of 
oastal waters during monsoon rainfall. The observed salin- 
ty range was concurrent with earlier studies in the TCWs 
 Balakrishnan et al., 2017 ; Bharathi et al., 2018 ). Oxy- 
en concentrations in the coastal environment might fluc- 
uate by many physicochemical and biological processes. 
elatively increased DO levels were found in the MON 

hich occurs during freshwater input, reduced water tem- 
erature and salinity. Similar cases of elevated DO dur- 
ng MON have been presented along various Indian coasts 
 Balakrishnan et al., 2017 ; Bharathi et al., 2018 ; Madhav and 
ondalarao, 2004 ; Satpathy et al., 2009 ). Accumulation of 
PM in the summer season is very rare in the eastern coastal 
egion of India ( Satpathy et al., 2011 ) which has been found 
n our study during SUM 2016. The higher concentration of 
PM in the summer season might be attributed to some phys- 
cal (e.g., terrestrial water runoff, tidal mixing, and aerial 
eposition of dust) and biological processes (e.g., biologi- 
al production and aggregation) ( Białogrodzka et al., 2018 ). 
he relatively high SPM content observed during the MON 

016 could be due to the fact that the freshwater influx 
onsiderably influences this study region during monsoon 
eason, as has been reported by many researchers from 

he Bay of Bengal ( Amir et al., 2019 ; Fernandes et al., 
009 ; Nisha and Achyuthan, 2014 ; Vajravelu et al., 2017 ), 
rabian Sea ( Chakraborty et al., 2019 ; Shynu et al., 2017 ) 
nd GoM ( Balakrishnan et al., 2017 ; Bharathi et al., 2018 ; 
ajendran et al., 2018 ; Sathishkumar et al., 2021 ). 

.2. Water nutrients 

itrite is the transient compound found as a resultant of 
mmonia oxidation or nitrate reduction ( Satpathy et al., 
010 ). The present concentration of nitrite is relatively low 
763 
s compared to previous studies from the Tuticorin coast 
1.28 μM L −1 ) and various processes such as plankton excre- 
ion, ammonia oxidation, nitrate reduction, nitrogen recy- 
ling and bacterial putrefaction of planktonic detritus have 
een attributed to such observation ( Alikunhi and Kathire- 
an, 2012 ; Asha and Diwakar, 2007 ; Govindasamy et al., 
000 ; Satheesh and Wesley, 2009 ). Nitrate, the utmost oxi- 
ized form of nitrogen, is an important indicator of aquatic 
ollution. In general, nitrate levels in seawater are influ- 
nced by freshwater inflow and terrestrial run-off compris- 
ng rock leaching, fertilizers, chemical from industries, de- 
omposition of organic matter, and domestic and munic- 
pal sewage ( Govindasamy et al., 2000 ; Rajaram et al., 
005 ; Santhanam and Perumal, 2003 ). The present obser- 
ation of nitrate enrichment during PRM season could oc- 
ur due to nutrient-rich bottom water mixing into the sur- 
ace water through the upwelling process at this location 
 Nisha and Achyuthan, 2014 ). The lower nitrate concentra- 
ions observed during the POM season could be attributed to 
ncreased nitrate consumption by photosynthetic organisms 
nd neritic water infiltration ( Das et al., 1997 ; Gouda and 
anigrahy, 1995 ; Govindasamy et al., 2000 ). T. erythraeum 

loom observed during the POM sampling of 2016 could be 
redited for the peak ammonia concentration. A similar 
ncrease in ammonia concentration during Trichodesmuim 

loom has been reported along the Indian coasts by numer- 
us researchers ( Mohanty et al., 2010 ; Padmakumar et al., 
010 ; Satpathy et al., 2007 ). The swift consumption of am- 
onia by marine photosynthetic plants led to its reduced 
oncentration, while the preference for ammonia over ni- 
rate by certain phytoplankton groups contributed to fur- 
her reduction ( Dugdale et al., 2007 ; Lipschultz, 1995 ). The 
aximum concentration coincided with the T. erythraeum 

loom that fixes nitrogen in the water body. Similar find- 
ngs of nitrogen enhancement in coastal waters have been 
eported during blooms of T. erythraeum by several re- 
earchers ( Mohanty et al., 2010 ; Satpathy et al., 2007 ). To-
al nitrogen (TN) is an important parameter representing 
he ecosystem’s health. Similar to nitrate, TN concentra- 
ion was minimum during monsoon, which contradicts the 
arlier reports of the Tamil Nadu coast ( Kathiravan et al., 
017 ; Sahu et al., 2012 ). The growth of organisms and 
hytoplankton production in any aquatic ecosystem is de- 
endent on phosphate to a large extent as it plays a ma- 
or role in primary productivity ( Jones, 1998 ). DIP con- 
entration also serves as an index of eutrophication. The 
hosphate concentration is usually very high in untreated 
ewage and discharged from agriculture fields and indus- 
ries. Phosphorus gets converted to organic phosphorus and 
olyphosphate upon interaction with other organic and in- 
rganic substances in aquatic environments ( Gouda and 
anigrahy, 1993 ). TCWs had higher TP concentrations dur- 
ng the post-monsoon season of 2016, which might be at- 
ributed to the T. erythraeum bloom that occurred dur- 
ng the study. The lower values observed during summer 
ould be rationalized by phosphate utilization of photoau- 
otrophs and buffering processes of sediment under vary- 
ng environmental conditions ( Perumal et al., 2009 ). Sili- 
ate is an important nutrient required for phytoplankton 
rowth, particularly for the diatoms to synthesize their frus- 
ules. Silicate concentration in coastal waters mainly varies 
ue to freshwater input, adsorption onto sediment parti- 
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les, co-precipitation with humic substances, interactions 
ith minerals and chemicals, and utilization by diatoms 
nd silicoflagellates ( Sahu et al., 2012 ; Satpathy et al., 
009 ). Similar to that nitrate, the presently observed sili- 
ate values indicated minimal terrestrial input during the 
onsoon season. It indicated that this coastal region is per- 
aps influenced by phenomena like regeneration of silicate 
rom bottom sediments, upwelling, and coastal circulation 
 Govindasamy et al., 2000 ; Rajasegar, 2003 ). The present 
nding contrasts earlier reports from Indian coasts, where 
ost reports have recorded a significant increase in coastal 
ater silicate concentration during the monsoon season 

 Rajasegar, 2003 ; Satpathy et al., 2009 ; Vajravelu et al., 
017 ). N:P ratios result from the interspecific competition 
mong primary producers at different levels as their con- 
umption is largely species-specific ( Kautsky, 1982 ). Most 
f the observations indicated that this coastal water is ni- 
rogen limiting, which is also supported by phytoplankton 
ensity which revealed a negative correlation with nitrate 
nd nitrite indicating relatively high consumption of ni- 
rogenous nutrients as compared to phosphate. The min- 
mal external input of nitrogen compared to phosphate 
nto the coastal waters might be the cause behind the 
bove observations. The above observation is comparable 
o that of Anderson et al. (2002) , but it also contradicts 
any reports of phosphate limitation ( Bharathi et al., 2018 ; 
eneash et al., 2015 ; Satpathy et al., 2010 ; Vajravelu et al., 
017 ). 

.3. Photosynthetic pigment 

hlorophyll- a is the chief photosynthetic pigment that acts 
s the indicator of phytoplankton biomass in the aquatic 
nvironment. Low salinity and low-temperature conditions 
revailed during the MON season hinder the marine phy- 
oplankton growth, and the same is represented in this 
tudy in terms of low pigment concentration observed dur- 
ng the MON and POM seasons (2015). The highest con- 
entrations of chlorophyll- a coincided with the occurrence 
f T. erythraeum bloom. The current study was in agree- 
ent with earlier reports from various Indian coastal wa- 
ers ( Mohanty et al., 2010 ; Sarangi et al., 2004 ), where 
20 times higher chlorophyll- a content was reported dur- 
ng bloom to non-blooming periods. In general, relatively 
igh values were observed during SUM and PRM periods, in- 
icating the favorable environment that supported plank- 
on growth in the tropics ( Sardessai et al., 2007 ). Simi- 
ar observations on the impact of monsoon on coastal pro- 
uctivity were reported from this coast ( Bharathi et al., 
018 ; Rajendran et al., 2018 ) as well as various Indian 
oasts ( Rajaram et al., 2005 ; Sardessai et al., 2007 ; 
richandan et al., 2019 ; Vajravelu et al., 2017 ). 

.4. TRIX and Eutrophication indices 

he annual average of TRIX during 2016 (3.98) was higher 
han in 2015 (3.80). The coastal water can be categorized 
s poorly productive based on the annual average values of 
RIX. The only period with relatively high TRIX values co- 
ncided with T. erythraeum bloom when the coastal water 
as moderate to highly productive. Cyanophyta bloom is the 
764 
ajor reason for increasing TRIX value during the present 
tudy, and earlier studies from the Caspian Sea, Iran, have 
eported similar observations ( Nasrollahzadeh et al., 2008 ; 
oloviev, 2005 ). The TRIX value also showed that the sys- 
em, especially the near-shore waters (0.5 km away from 

he shore) is in the transition phase between oligotrophic- 
esotrophic to mesotrophic-eutrophic conditions. This re- 
ion, mostly affected by numerous untreated discharges 
rom municipal, aquaculture, agriculture, industrial efflu- 
nts, coolant waters from the TTPS, and other domes- 
ic sewages ( Balakrishnan et al., 2017 ; Bharathi et al., 
018 ), will be under tremendous pressure shortly unless 
 systematic management plan is devised to control the 
oastal eutrophication. The presently observed values are 
omparable to Mangalore port area and Cochin backwa- 
ers, where the values have been reported in the range 
f 3.4—5.5 and 5.15 respectively ( Rajaneesh et al., 2015 ; 
ath et al., 2018 ). Other coastal and estuarine regions 
rom India have reported relatively high TRIX values (Ko- 
unagallur and Azhikode estuary — 6—7; Thane Creek 
6.7—8.8; Gopalpur coast — 4—7) as compared to the 

resent study ( Hardikar et al., 2021 ; Jayachandran and Nan- 
an, 2012 ; Srichandan et al., 2019 ). The above results indi- 
ated that TCW is mostly oligotrophic with a few instances 
f mesotrophic observations. Mesotrophic-eutrophic condi- 
ions were rarely observed, only during the bloom occur- 
ence. 
Eutrophication index (EI) is a unique method to 

etermine the eutrophication level in coastal water 
hich was previously used by Kucuksezgin et al. (2019) , 
avlidou et al. (2015) , and Tugrul et al. (2019) , in vari-
us coastal waters. The dissolved nutrients (phosphate, ni- 
rite, nitrate, ammonia) and chl- a concentrations were used 
o calculate the state of water quality into various cate- 
ories based on the range of EI values. Those categories 
re: < 0.04 (high), 0.04—0.38 (good), 0.38—0.85 (moder- 
te), 0.85—1.51 (poor) and > 1.51 (bad) ( Pavlidou et al., 
015 ; Primpas et al., 2010 ). Like TRIX, POM 2016 values of EI
ere very high, during which the Trichodesmium bloom was 
ncountered. In general, the EI values for the study area 
ndicated high eutrophication throughout the study period, 
hich could be due to the discharge of effluents from in- 
ustrial and domestic sources. Both EI and TRIX values for 
CW, GoM form the baseline data for this study region and 
an be useful for future reference studies to assess the en- 
ironmental alterations. 

.5. Plankton community 

he health status or biological integrity of an aquatic 
cosystem is assessed in terms of phytoplankton species 
omposition, the relative abundance of various species, 
tanding stock, the spatial and temporal distributions, 
tc. ( Khattak et al., 2005 ). Phytoplankton in tropical 
oastal regions exhibits lesser variations than in temper- 
te regions concerning their seasonal and annual varia- 
ions ( Qasim et al., 1972 ). The maximum population den- 
ity of phytoplankton during POM 2016 occurred due to an 
mmense bloom formation by Trichodesmium erythraeum . 
his species is dominated by warm surface water conditions 
hat prevail during POM and summer (February—May) peri- 
ds along the southeastern coast of India ( Mohanty et al., 
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010 ; Santhanam et al., 1994 ). The minimum abundance 
as observed in MON 2015 which was attributed to in- 
ense precipitation, reduced temperature, salinity, pH, and 
he presence of high turbidity causing low phytoplank- 
on production ( Bharathi et al., 2018 ; Vajravelu et al., 
017 ). During summer, the desirable environmental condi- 
ions promote phytoplankton productivity (growth) in this 
ocation ( Bharathi et al., 2018 ). The lower values were 
bserved during POM-2016, which might indirectly affect 
he Trichodesmium bloom that dominated the phytoplank- 
on community ( Santhanam et al., 1994 ). Light and nu- 
rient availability in the pelagic zone enhanced the pri- 
ary production enabling the zooplankton communities to 
hrive in this period ( Bot et al., 1996 ). Moreover, the cope- 
ods have higher grazing activity under warmer conditions 
eading to higher population densities during those periods 
 Lewandowska et al., 2014 ). 
Trophic indices, TRIX and EI, showed a significant cor- 

elation with plankton community abundance. The phyto- 
lankton abundance increases with an increase in TRIX and 
I values. It indicated the classical correlation between phy- 
oplankton growth and nutrient availability ( Cutrim et al., 
019 ). On the other hand, the zooplankton community de- 
eloped an inverse relationship with TRIX and EI. Zooplank- 
on as grazers generally thrives in the aftermath of phyto- 
lankton growth. Moreover, zooplankton densities are al- 
ays inversely related to phytoplankton abundance in the 
rocess of secondary production. Similar correlations of 
rophic indices with plankton abundance have been re- 
orted in Indian and international studies ( Bosak et al., 
012 ; Nasrollahzadeh et al., 2008 ; Rath et al., 2018 ; 
idjak et al., 2012 ). 

. Summary and conclusions 

 clear pattern in seasonal variation of environmental pa- 
ameters was noticed due to the impact of the MON. Phys- 
cal properties such as temperature, salinity, and pH were 
elatively low during the MON season whereas, DO and sus- 
ended particulate matter content were relatively high. 
nlike many Indian coasts, where the monsoonal input of 
itrate and silicate is significant, nitrate and silicate con- 
entrations were relatively high during PRM in the TCWs. 
owever, phosphate concentration at this location is reg- 
lated by its terrestrial input through land runoff and an- 
hropogenic input, as indicated by the high values observed 
uring the MON season. An intense T. erythraeum bloom was 
itnessed during the POM season of 2016 and the bloom had 
 substantial impact on both environmental and biological 
ariables of the coastal waters. The principal component 
nalysis further highlighted the bloom’s influence by indi- 
ating the event as distinctly separate from all the other 
rocesses/ phenomena in the coastal waters. During the 
tudy period (2015—2016), the overall TRIX range (3.18—
.96) indicated that the TCW environment was oligotrophic 
o eutrophic, whereas the EI values (0.72—21.61) indicated 
hat the state of coastal waters was moderate to poor (2015 
nd 2016). Moreover, classifying TCW quality using various 
ndices is the first study of its kind, and the results can 
e used for future studies. Since the study area is a bio- 
eserve, the findings of the present study can be used for its 
765 
anagement and mitigation of eutrophication in the future 
o conserve biodiversity. 
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Abstract The subject of this study was microplastics ( > 32 μm), large micro-/macroplastics 
( > 2 mm) and plastic litter (visible by naked eye) contamination on sandy beaches and in coastal 
waters along the Polish coast of the Baltic Sea. Microplastics were studied with particular at- 
tention, with simultaneous observations in the water and across the beach. Other data was 
intended to serve as a background and as possible sources of microplastics. Most of the mi- 
croplastics found were fibers < 1 mm long, with blue fibers dominating, followed by transpar- 
ent, red and green ones, both in sand and water samples. The concentration of microplastics 
on the beach sand ranged from 118 to 1382 pieces kg −1 , while in coastal waters from 0.61 to 
2.76 pieces dm 

−3 . As for large micro-/macroplastics and plastic litter, there was no dominant 
litter along the coast. The amount of large micro-/macroplastics ranged from 2 to 124 pieces 
m 

−2 (or from 0.13 to 44.30 g m 

−2 ). Regarding plastic litter, on average between 0.03 and 6.15 
litter debris m 

−2 were found (or from 0.007 to 4.600 g m 

−2 ). The study confirms that plastic 
pollution of the Polish coastal zone is a significant problem comparable with both the rest of the 
Baltic Sea and other seas and oceans. Similar color-based composition of microplastics among 
all studied sites suggests that they may have a common source, while the contamination of 
large micro-/macroplastics and plastic litter (both amount of particles and their composition) 
along the Polish coast is highly site-specific and may be influenced by various local factors. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

lastic pollution of the marine environment is a ris- 
ng problem, affecting almost all areas of the global 
cean, from tropical coasts to Arctic deep ocean basins 
 Mohamed Nor and Obbard, 2014 ; Tekman et al., 2017 ; 
oodall et al., 2014 ). Due to the longevity and disposable 
ature of plastics, their contamination is expected to in- 
rease ( Thompson et al., 2004 ). The marine environment 
ppears to be the end point for most plastic pollutants 
ischarged in coastal areas ( Chenillat et al., 2021 ) where 
hey undergo constant accumulation and fragmentation pro- 
esses between shorelines and coastal waters environments 
 Barnes et al., 2009 ). 
Plastics enter the marine environment through a va- 

iety of routes. Most of the debris is land-based and 
omes from littering, solid waste disposal, or is left by 
ourists during recreational activities ( Jambeck et al., 2015 ; 
illiams et al., 2013 ). Much less plastic originates from the 
cean, and comes from materials used in the fishing in- 
ustry, such as fishing gear, rope, or synthetic packaging 
 Li et al., 2016 ). Rivers also play a significant role in deliver-
ng plastic pollution into the marine environment, by catch- 
ng variously sized pieces of mismanaged plastics from land- 
ased sources in the catchment area, and transporting them 

o marine basins even over long distances ( Schmidt et al., 
017 ). Here, wastewater treatment plants can play a par- 
icular role, as each day they process large quantities of 
icroplastics, e.g., released from clothes during washing (a 
ingle piece of clothing can shed > 1900 microplastic fibers 
uring a single wash) ( Browne et al., 2011 ). Even though 
astewater plants may be efficient in capturing and remov- 
ng microplastics, the high volume of effluents they release 
akes them a relevant source of plastic pollution in aquatic 
ystems ( Prata, 2018 ). 
Plastic pollution can be dangerous to marine biota, as 

ell as to humans. Various large plastic debris such as 
opes, ribbons, or six-pack rings endanger birds and marine 
ammals, which can become entangled or trapped, caus- 

ng death through starvation or predation ( Williams et al., 
013 ). Plastic particles may also be confused for natural 
rey and consumed by organisms, which may lead to a re- 
uction in food consumption and a decrease in their overall 
tness ( Derraik, 2002 ) moreover the chemical compounds 
hat plastics contain may be bioaccumulated in organisms’ 
issues ( Tanaka et al., 2013 ). Moreover, industrial additives 
o the plastic polymer matrix can elicit developmental ab- 
ormalities in embryos exposed to plastic pellets ( Rendell- 
hatti et al., 2021 ). Furthermore, the consumption of plas- 
ics may be dangerous not only due to the chemical com- 
ounds they contain, but also due to their ability to adsorb 
nd concentrate particulate organic pollutants and then 
esorb them in the intestines of organisms ( Bakir et al., 
014 ). Plastic pollution also threatens the biodiversity of 
ntire ecosystems. Large particles drifting with sea cur- 
ents may act as rafts able to transport attached organ- 
sms (i.e. barnacles, bryozoans, or mollusks) over large dis- 
ances, fostering the dispersal of alien species ( Barnes and 
ilner, 2005 ; W ęsławski and Kotwicki, 2018 ; Williams et al., 
013 ). For instance, drifting flotsam from the north At- 
antic has been supposed to cause the reappearance of 
he blue mussel ( Mytilus spp. complex) on far more Arc- 
770 
ic coast (west Svalbard) in recent years ( Kotwicki et al., 
021 ). 
The study provides novel information to understand the 

attern of plastic occurrence in coastal waters of the Baltic 
ea and their deposition on sandy beaches. The Southern 
altic, with the prevailing soft, sandy shores, strait exposed 
oastline and westerly winds creates specific conditions 
ompared to the rocky, indented shores of the northern 
altic or the numerous bays and inlets of the diverse Ger- 
an coastline. In our study, we have expected fast transport 
nd limited accumulation of plastic compared to the other 
egions of the Baltic, making simultaneous observations 
n the water and on the shores highly important. Special 
ttention was paid on microplastics and their fate which 
ere: 1) studied in detail regarding their size distribution, 
) tested for the partitioning among different parts of the 
each and 3) tested for the relationship among microplastic 
oncentration in water and in the sand in different parts of 
he beach. The data regarding large micro-/macroplastics 
nd plastic litter were gathered to provide background data 
or more detailed, monitoring studies. The locations chosen 
n the study were selected to represent beaches of various 
evels of tourist impact and accessibility (from pristine 
eaches in a national park to beaches in tourist resorts) 
o provide a general perspective of contamination in the 
hole Polish coast. 

. Material and methods 

.1. Study area 

he Baltic Sea is regarded as the largest brackish sea in the 
orld, with an area of 420,000 km 

2 . The catchment area 
s more than four times larger (around 1650000 km 

2 ), and 
s inhabited by around 85 million people ( HELCOM, 2018 ). 
he annual total riverine inflow to the Baltic Sea is around 
75 km 

3 year −1 , composing about 2% of the total sea wa- 
er volume ( Wulff et al., 2001 ). About a quarter of the 
iverine water is carried by the two largest rivers that dis- 
mbogue to the sea: the Neva (Estonia, 78 km 

3 year −1 ) 
nd the Vistula (Poland, 34 km 

3 year −1 ). The Baltic cir- 
ulation is characterized by weak cyclonic currents and a 
ear-shore current parallel to the coastline (from west to 
ast along the Polish coast, Figure 1 ) ( Leppäranta and Myr- 
erg, 2009 ). The coastline around the Baltic Sea is highly 
iversified: the southern and eastern coasts (including the 
olish coast) are dominated by sandy beaches (sandy spits) 
nd coastal cliffs of different compositions (silts, sands, 
lay rocks), while the northern coast consists mostly of 
ocky shores, although sandy and gravel beaches may also 
e found ( Rosentau et al., 2017 ). The Baltic Sea is a semi-
nclosed water body with very dense marine traffic, respon- 
ible for around 15% of the world’s marine cargo transport, 
hich may be what fosters the amount of litter in its basin 

 Rytkönen et al., 2002 ). 
Samples were collected at eleven sites along the Polish 

oast of the Baltic Sea in November and December 2017 
 Figure 1 ). A total of 110 water and sediment samples were
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Figure 1 Map of sampling sites. Sea currents based on Babakov (2010) and European Environment Agency (2021) . 
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.2. Sampling design 

.2.1. Microplastics 
icroplastics were defined as particles that were retained 
n the 32 μm mesh sieve (particles > 32 μm). A simi- 
ar lower size limit of microplastics was defined e.g., by 
oodall et al. (2014) , or Rowley et al. (2020) . The upper 
ize limit was not set, and all the particles retained on the 
ieve were analyzed. 
At each site, two sediment samples for microplastics 

ere collected, one in the driftline and one in the forehead 
f the dunes (below vegetation). Each sample consisted of 
ediments from an area of 0.15 m 

2 . The surface layer of 
and (about 2 cm thick) was collected with a metal spatula 
nto a 1 dm 

3 glass jar with a metal lid. 
Also, at each site one water sample for microplastic anal- 

sis was collected in the coastal zone (approximate depth of 
 m). Using a 10 dm 

3 metal bucket a volume of 100 dm 

3 of
ater was filtered in situ on a 32 μm sieve. All the material 
etained on the sieve was rinsed using a wash bottle with 
istilled water and stored in a glass jar with a metal lid. 

.2.2. Large micro-/macroplastics 
arge micro-/macroplastics were defined as particles > 2 
m, but without an upper size limit. The lower size limit 
f 2 mm was used for example by Esiukova et al. (2021) to 
efine large microplastics, while macroplastics are often 
efined as particles > 5 mm (e.g., Schmidt et al. (2017) ). 
t each site, three separate samples of large micro- 
macroplastics were collected at three parts of the beach: 
riftline, the middle of the beach, and the forehead of the 
unes ( Figure 2 ). A surface layer (about 20 cm) of sand from
771 
n area of 1 m 

2 (1 × 1 m rectangle) was sieved on a 2 mm
esh sieve. All the retained plastics were packed and stored 
or further analysis. 

.2.3. Plastic litter 
lastic litter was defined as all the particles de- 
ectable by the naked eye, similar to Oigman-Pszczol and 
reed (2007) or Zalewska et al. (2021) , and the size limit 
as not defined. At each site four transects were made 
cross the whole beach, each 10 m apart from the others. 
ach transect was treated as a separate sample. All debris 
isible by the naked eye along the transect (around 1 m 

ide) was collected, packed, and stored for further anal- 
sis. 

.3. Laboratory procedures 

.3.1. Microplastics 
ediment samples were dried in an oven for 48 hours at 
0 °C. Subsequently, microplastics were extracted by a den- 
ity separation technique ( Stolte, 2014 ) from the 500 g of 
ried sediment. A ZnCl 2 solution (density around 1.6 g cm 

−3 ) 
as used to separate all particles of lower density from the 
ediment grains. The floating material was then sieved on a 
2 μm sieve and this step was repeated five times. Finally, 
he retained material was rinsed with distilled water and 
tored in a glass jar. Samples collected in the coastal zones 
hat were rich in organic matter were treated with 30% H 2 O 2 

or 24 hours at 50 °C in order to oxidize the organic debris.
he remaining material was sieved through a 32 μm sieve, 
insed with distilled water, and stored in a glass jar. 
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Figure 2 Large micro-/macroplatics and plastic litter sampling scheme at each site. 
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The final form of microplastic samples was a condensed 
olution of microplastic particles in water. Each sample was 
artially poured into a glass petri dish and visually inspected 
nder the stereomicroscope (Leica M205C, equipped with 
.0x planochromatic objective). All the microplastics were 
numerated, identified on the basis of color and shape and 
hotographed at the highest possible magnification (be- 
ween 10 × and 160 ×) using an attached camera (Le- 
ca DFC450, 5-megapixel resolution, number of pixels/pixel 
ize: 2560 × 1920 / 3.4 μm × 3.4 μm). Next, their length 
as measured by the use of Leica Las Manual Measurements 
oftware. 
To reduce the risk of contamination with microplastics 

rom the air all the laboratory works were performed under 
he fume hood and also a benchtop fume hood was used dur- 
ng the microscopic analyses. Moreover, clean Petri dishes 
ith distilled water were placed on the laboratory table 
or 24 h, close to the microscope where analyses were per- 
ormed to estimate the possibility of contamination from 

he air. They collected from 8 to 11 white or transparent 
bers, therefore a risk of contamination from air was esti- 
ated as < 1 fiber h −1 and was considered negligible for the 
esults. 

.3.2. Large micro-/macroplastic and plastic litter 
arge micro-/macroplastics and plastic litter were sorted 
nd enumerated on the basis of criteria from other publi- 
ations ( Esiukova, 2017 ; Hidalgo-Ruz and Thiel, 2013 ). They 
ere grouped into the following categories: cigarette butts, 
ard plastic (e.g., lollipop sticks, pieces of toys, and frag- 
ents of larger hard plastics), soft plastic (e.g., plastic 
ags, sweets wrappers or similar and their fragments), pel- 
ets (nurdles), styrofoam, bottle caps, fibers/ropes and oth- 
rs (objects that did not fit any other category). They were 
hen dried for 48 hours at 50 °C, and weighed. 
772 
.4. Calculations 

t each site the amount of 0.1 m 

3 of water was collected, 
hen the abundance of microplastics in each water sample 
as divided by 100 to obtain the concentration in 1 dm 

3 

f the seawater, while the concentration of microplastics 
n each extracted sand sample was multiplied by 2 to ob- 
ain abundance in 1 kg of the sand (as 0.5 kg of dry sand
rom each sample was analyzed). To calculate the concen- 
ration of microplastics in 1 m 

2 of the beach, the amount 
f microplastics found in the extracted sample (500 g of dry 
and) was multiplied by the ratio of the mass of the whole 
ample collected at the site to 500 g of the analyzed sam- 
le and then multiplied by 6.66 (a ration between 0.15 m 

2 

ampled area and 1.00 m 

2 ). 
The data regarding large micro-/macroplastics (abun- 

ance and mass separately) were averaged for each site pro- 
iding average values per m 

2 of the beach (average based 
n 3 samples collected at each site). Also, the plastic litter 
ata were averaged for each site (average based on data 
rom 4 transects), then they were divided by the beach 
idth (distance from the driftline to the dunes forehead, 
igure 2 ) providing an estimate of the plastic litter con- 
amination per m 

2 of the beach, comparable with the large 
icro-/macroplastics data. The width of the beach was esti- 
ated from satellite images provided by the wikimapia.org 

 www.wikimapia.org , accessed: December 2018). 
The difference in microplastic fiber length was assessed 

sing the Kruskal-Wallis rank test. For the post-hoc pair- 
ise comparisons, the Dunn’s test was used. Differences 
n microplastic abundance among sampling positions were 
hecked using the Wilcoxon rank-sum test. The Spearman 
ank correlation test was used to investigate the relation- 
hip between the abundance of microplastic data among 
tudied positions (water, driftline and dune). 
All statistical operations were performed in R 4.1 ( R Core 

eam, 2022 ). 

http://www.wikimapia.org
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Figure 3 Distribution of microplastic fiber lengths for each fiber color (fibers from water and sand together). Only fibers < 10 mm 

long are presented. Right closed bins, 0.5 mm wide; n — total number or measured fibers. 
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. Results 

.1. Microplastics 

n the whole study, 5286 particles were recorded, among 
hem the majority were fibers (n = 5129, 97.03% of all) and 
he rest were microplastic fragments (n = 129, 2.44%) and 
ther not-classified particles (n = 28, 0.53%). 5019 fibers 
ere measured, with a length between 0.03 and 19.61 mm. 
he length distribution of fibers was strongly right-skewed 
 Figure 3 ). Most of the fibers were shorter than 1 mm (36%
ere in a range 0.0—0.5mm and 27% were in a range 0.5—
.0 mm). When divided by colour, blue/black and red fibers 
ere dominated by the shortest fibers (0.0—0.5 mm) while 
he rest was dominated by the fibers in a range between 0.5 

nd 1.0 mm. 

i

Figure 4 Concentration of microplastics in b

773 
The median length of microplastic fibers differed signifi- 
antly among sampling positions ( χ2 = 12.97, df = 2, p < 0.01)
owever, only fibers from coastal zone water were signifi- 
antly shorter (619 μm) compared to driftline and dune (762 
nd 722 μm, respectively, Dunn’s test, p < 0.05). 
The concentration of microplastics in beach sand ranged 

rom 118 to 536 pieces kg −1 dry sand ( Figure 4 ; or from 1278
o 2412 pieces m 

−2 ), except station 10, where a much higher 
umber of microplastics was found (1382 pieces kg −1 dry 
and; or 6498 pieces m 

−2 ) with an overall median value of 
93 pieces kg −1 dry sand (or 1932 pieces m 

−2 ). The concen- 
ration of microplastics (number of pieces per kg dry sand) 
id not differ between driftline and dune positions (Wilx- 
con test W = 40, p = 0.19), indicating a lack of partitioning
f microplastics at different parts of the beach during the 
tudy period (autumn) i.e., during high hydrodynamic activ- 
ty and strong winds. 
each sediments and coastal zone water. 
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Figure 5 Composition of main groups of observed microplastics at each station and sampling position. 
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Microplastics abundance in water ranged from 0.61 to 
.76 pieces dm 

−3 with an overall median value of 1.42 
ieces per dm 

3 . 
The Spearman’s rank correlation analysis for the mi- 

roplastic concentration among three investigated positions 
id not show any statistically significant correlation be- 
ween any tested position pairs (p > 0.05). 
All microplastic samples regardless of sampling position 

r station were dominated by blue fibers that constituted 
rom 51.5% to 86.4% of abundance ( Figure 5 ). Other minor 
ontributions were transparent fibers (from 1.2 to 27.0%), 
ed fibers (from 3.4 to 14.7%), green fibers (from 0.8, 10.1%) 
nd microplastic fragments (from 0.6 to 10.0%). 

.2. Large micro-/macroplastics and plastic litter 

he abundance and mass of large micro-/macroplastics and 
lastic litter varied widely and differed among sampling 
ocations ( Figure 6 ). The mean number of large micro- 
macroplastics at the sampling site ranged from 2 to 124 
ieces m 

−2 ( Figure 6 ). Of the 11 sites surveyed, at only 
ne site — site 6 in the national park — large micro- 
macroplastics were not observed. Regarding plastic litter, 
n average, between 0.03 and 6.15 plastic debris m 

−2 were 
ound at the site ( Figure 6 ). The mean total mass of large
icro-/macroplatics at the sampling sites ranged from 0.13 
o 44.30 g m 

−2 . While the average mass of plastic litter at 
he sampling site ranged from 0.007 to 4.600 g m 

−2 . No pat- 
erns in large micro-/macroplastics and plastic litter abun- 
ance or mass were detected in relation to the location 
long the Polish coast. 
The composition of large micro-/macroplastics varied 

idely and no one category of plastic was found to be domi- 
ant. The most common plastic categories were: hard plas- 
ic — at 9 sites, styrofoam — at 8 sites, and plastic fibers 
nd pellets — at 7 sites. The most diverse site was site 8 
with eight plastic categories, the least diverse — site 2, 
ith only one plastic category, while on average there were 
 plastic categories per station. The contributions of plas- 
ics at each site were very variable and could range from 4 
o 100% abundance and 2 to 100% of mass for hard plastics, 
774 
nd 3 to 50% abundance and 8 to 50% of mass for cigarette
utts ( Figure 7 ). 
The plastic litter debris found during transect surveys 

as more diverse compared to large micro-/macroplastics 
amples. Hard and soft plastics were found at every loca- 
ion, while cigarette butts, ropes, and others were found at 
ine locations ( Figure 7 ). The number of plastic categories 
t each station ranged from four to eight. 

. Discussion 

.1. Microplastic size distribution and 

oncentration 

he results presented in this study show that microplas- 
ic pollution of beaches of the southern Baltic Sea is a 
ignificant problem. Reported concentrations of microplas- 
ics in the sand and in water samples are comparable with 
ther research, however only when values obtained with 
 similar sampling technique are taken into account (e.g., 
agaev et al., 2017 ; Hossain et al., 2021 ; Lots et al., 2017 ;
urasjärvi et al., 2021 ). This is an important issue since fac- 
ors like extraction technique, sample processing (the di- 
esting solution used to remove organic matter), sieve mesh 
ize used during the sampling or a sampling gear may sig- 
ificantly influence the results ( Hidalgo-Ruz et al., 2012 ; 
an Cauwenberghe et al., 2015 ). 
Numerous studies report findings similar to ours re- 

arding microplastic size distribution — domination of 
bers smaller than 1 mm (e.g., Browne et al., 2010 ; 
esforges et al., 2014 ; Fok et al., 2017 ) however, some 
tudies report dominance of larger microplastics (1—5 mm) 
 Eriksen et al., 2013 ; Hossain et al., 2021 ). The prevalence
f smaller particles may indicate a large distance from their 
ource, resulting in high degradation and fragmentation en 
oute to the sampling locations, e.g., due to the wave ac- 
ion ( Barnes et al., 2009 ). The difference in size between 
he microplastic fibers of beach sediments and water could 
e a consequence of the wind action. Shorter fragments 
re lighter and may be more easily blown off from sedi- 
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Figure 6 Mean abundance and mass of large micro-/macroplastics and plastic litter at each site. 
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ent grains, and have a higher potential to be transported 
y the wind into the water ( Barnes et al., 2009 ). The re-
erse mechanism is also possible. Longer particles are heav- 
er and may have a larger potential to remain stranded 
n the beach than shorter, lighter ones ( Eriksen et al., 
014 ). 
Regarding concentrations of microplastics in water sam- 

les the lower the mesh size used during sampling the higher 
he concentrations are found, for instance, the difference 
etween values obtained with 80 μm and 450 μm mesh 
ay be of several orders of magnitude ( Hidalgo-Ruz et al., 
012 ). In various studies around the world, microplastic con- 
entrations observed when a ∼300 μm mesh was used are 
ow and around 0—10 particles m 

−3 , while when a ∼50 μm 

esh was used they can reach values around 100—10000 
 Aytan et al., 2016 ; Gewert et al., 2017 ), and the values
eported in this study agree well with them. They also over- 
ap quite well with results from the Baltic Sea, like this 
n the Gulf of Finland where concentrations between 200 
nd 1700 particles m 

−3 were obtained when a 50 μm fil- 
ers were used ( Uurasjärvi et al., 2021 ) or the study of 
agaev et al. (2017) in the central Baltic Sea where con- 
entrations of microplastics between 70 and 2600 particles 
 

−3 were noticed even though they used higher mesh filters 
174 μm). 
Concentrations of microplastics in sediments are not that 

asy to compare, due to various sampling and extraction 
echniques and units but our results appear to be consis- 
ent with observations worldwide, and are within the same 
rder of magnitude (e.g., Hossain et al., 2021 ; Lots et al., 
017 ; Van Cauwenberghe et al., 2015 ). When compared with 
ore local studies from the Baltic Sea coast, our results 
re slightly lower than those reported for the German coast 
42—532 fibers kg −1 dry sand; Stolte et al., 2015 ) and slightly 
igher than those from the Russian coast (1—36 microplas- 
ics kg −1 dry sand; Esiukova, 2017 ). This could indicate a 
775 
est-to-east gradient of decreasing microplastic concentra- 
ions along the southern Baltic coast, which could be driven 
y the cyclonic water mass circulation in the Baltic Sea 
 Lehmann et al., 2002 ). However, the results of the study 
y Lots et al. (2017) deflate this argument, as they re- 
orted lower concentrations on the Danish coast (88—164 
icroplastics kg −1 dry sand) compared to much higher val- 
es at Klaipeda (700 microplastics kg −1 dry sand), which is 
n the eastern Baltic coast. 
To date, two studies have been conducted on the Pol- 

sh sandy beach coast and they reported lower results than 
urs. The study by Graca et al. (2017) observed microplas- 
ic contamination in sand ranging from 25 to 53 pieces m 

−3 . 
owever, they used the NaCl solution for density separation, 
hich has a lower density (around 1.2 g cm 

−3 ) than the ZnCl 2 
1.5 g cm 

−3 ) used in this study. Furthermore, they sieved the 
upernatant on a 45 μm sieve, while we used a 32 μm sieve,
hich could have led to results lower than ours. The study 
f Urban-Malinga et al. (2020) showed higher (between 76—
95) microplastic contamination than Graca et al. (2017) , 
ut still lower than ours, but they also used a NaCl solu- 
ion for the plastic separation, which may explain the dif- 
erence. 
Some authors have reported that microplastic pollu- 

ion both in beach sediments and in the water col- 
mn may be related to proximity to populated areas 
 Blumenröder et al., 2017 ; Pedrotti et al., 2016 ) or tourist
ctivity ( Retama et al., 2016 ), however, our results do not 
upport such relationships. For instance, the concentration 
f microplastics in the national park (site 6) was comparable 
o other, urbanized localities characterized by high tourist 
ctivity like site 3 or site 9. Also, Esiukova (2017) found 
o spatial relationship in plastic contamination of Kalin- 
ngrad beaches, which was explained by rip currents and 
oastal eddies along the coast and strong storm activity 
hich could lead to migration and dispersion of microplas- 
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Figure 7 Composition of large micro-/macroplastics and plastic litter (based on mean values of abundance and mass of each 
plastic category) at each site. 
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ics over the coast. This also agrees with the study by Urban- 
alinga et al. (2020) , who also found significant concentra- 
ions of microplastics in the beach sediments of a Polish 
oastal national park, far from potential sources, and con- 
luded that microplastics can be transported long distances 
long the coast by natural forces. These processes may be 
nhanced by wave action on beach sediments (especially 
n stormy seasons, as when the study was conducted), re- 
ulting in rapid removal of microplastics from the beach to 
oastal water ( Chubarenko and Stepanova, 2017 ). Further- 
ore, another significant role may be played by processes 
f atmospheric transport and deposition, that may supply 
icroplastics over long distances, to remote and nonurban 

ocations ( Roblin et al., 2020 ). As reported for the Gulf 
f Gda ńsk, microplastic particles may be transported even 
rom sources located 100km, and their deposition increases 
ith the inflow of air masses from terrestrial areas and in 
et periods ( Szewc et al., 2021 ). Moreover, there is also 
776 
 possibility that microplastics may be emitted with sea 
prays during stormy weather and further transported with 
ir masses ( Ferrero et al., 2022 ). Therefore, since our study 
as performed in the autumn season, which is characterized 
y high precipitation, strong winds, and frequent storms, 
t must be observed that the concentrations noted in our 
amples may be higher, compared with samples from other 
easons. 
Another potential source of microplastic particles could 

e the fragmentation of fishing gear, especially ropes and 
ets ( Wright et al., 2021 ). In our study ropes were found at
umerous sites, indicating high relevance of this source of 
ontamination. To test if they may be responsible for mi- 
roplastic contamination we checked if there is any corre- 
ation between the average concentration of microplastic 
articles per kg of sand and the mean mass of ropes found in
arge micro-/macroplastics samples or found in plastic litter 
amples, but both correlations were weak and not statis- 
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ically significant (Spearman’s rank rho = 0.08, p = 0.82 and 
ho = 0.23, p = 0.49, respectively). This again suggests that 
icroplastic contamination of beaches is a result of long 
ransport of the particles, e.g., by sea currents or air masses 
nd long deposition, rather than a result of local contami- 
ation with large litter and its on-site fragmentation. 

.2. Microplastics color-based composition 

he color-based composition of microplastics recorded in 
ur study (high dominance of blue/dark fibers) is sim- 
lar to findings from other regions of the world (e.g., 
lumenröder et al., 2017 ; Lots et al., 2017 ; Stolte et al., 
015 ). High similarity in microplastic color-based compo- 
ition between beach sand and water samples may indi- 
ate a common primary source of contamination, but also a 
igh level of microplastics exchange between the beach and 
oastal waters. This could also explain the lack of spatial 
atterns in microplastic density. Beaches and shores have 
he potential to accumulate microplastics. Particles washed 
shore can easily return to the sea after a storm due to re- 
uspension, and can then subsequently accumulate on the 
oast as a consequence of wave action and coastal cur- 
ents ( Chubarenko and Stepanova, 2017 ; Fok et al., 2017 ; 
chernewski et al., 2020 ). 
Microplastics found in this study were identified only 

n the basis of visual inspection after the hydrogen per- 
xide oxidation, which was supposed to remove most of 
he organic matter. However no spectroscopic analysis was 
erformed, therefore it must be noted that some of the 
articles, especially the transparent ones, that were as- 
igned as microplastics could be confounded with natu- 
al particles like fragments of filamentous algae or cotton. 
he contribution of transparent fibers in samples was be- 
ween 1.2 to 27.0% (on average 10.8%), so in the case when 
ll the transparent fibers were not microplastics, our cal- 
ulations regarding the total abundance of microplastics 
ay be nearly 11% inflated. On the other hand, the pres- 
nce of transparent microplastic fibers, sometimes in high 
roportions, was reported in the literature. For instance 
n the Hawai’ian beach sediments white and transparent 
ebris constituted almost 72% of all the plastic particles 
 Young and Elliott, 2016 ). Almost identical results — trans- 
arent microplastics constituted 73% of all plastics — were 
btained by Graca et al. (2017) in beach and marine sedi- 
ent samples from the southern Baltic. Also, a review by 
ang et al. (2021) showed that most microplastics in fresh- 
ater systems are white and transparent. Therefore, it is 
lso possible that the number of transparent fibers was un- 
erestimated in our study. This could be the result of a 
color selection bias” as light-coloured or transparent parti- 
les may evade visual detection and the error in their abun- 
ance estimation can reach even 60% ( Stolte et al., 2015 ). 

.3. Large micro-/macroplatics and plastic litter 

ased on the data obtained, there does not seem to be a 
ominant large micro-/macroplatics and plastic litter pol- 
utant on the Polish coast. The litter that was found could 
riginate from various sources such as tourist activities —
igarette butts and bottle caps, fishery — ropes, and lo- 
al industrial activities — hard plastic elements, styrofoam, 
777 
lastic pellets. The results suggest that the amount and 
omposition of large micro-/macroplatics and plastic litter 
s highly locally specific and could be influenced by vari- 
us factors such as water currents, proximity to urban cen- 
ers, recreational areas, shipping lines, or fishing grounds 
 Sheavly and Register, 2007 ). Plastics were found even in 
he national park, mostly soft plastics which could be car- 
ied by the wind, or ropes, which could be transferred by 
ater currents, and stranded ashore ( Jambeck et al., 2015 ). 
mong all the sites, site 11 seems to be an exception with a
ery high amount of litter, and an especially high contribu- 
ion of plastic pellets, which were hardly found anywhere 
lse. Site 11 was located in the Krynica Morska tourist re- 
ort, with no heavy industry. However, the abundance of 
ellets at this site could be explained by the presence of 
he Gda ńsk container terminal (annual throughput capac- 
ty — 3 250 000 TEU; ( “DCT Gdansk” (2021) ) ∼50 km west 
f the site and mouth of the Vistula River ∼35 km west of
he site. In this region, coastal currents flow in an east- 
rly direction ( Zaj ączkowski et al., 2010 ), so resin pellets 
hat are discarded in the container terminal during unload- 
ng, or are carried by river water, could easily be trans- 
orted to the site and stranded ashore ( Ferreira et al., 
021 ). 
To date, only a few studies on litter pollution have been 

onducted along the Baltic coasts. According to HELCOM 

2018) report the Baltic coast is not free from litter pol- 
ution, and the litter that can be found on Baltic beaches 
s dominated by plastics, followed by paper and card- 
oard, metal, glass, and ceramics. Another large survey 
tudies conducted on Swedish, Finnish, Estonian and Lat- 
ian beaches showed that plastic accounts for more than 
0% of litter on beaches, with higher contributions on ur- 
an beaches, and is composed mostly of broken pieces of 
arge plastic ( MARLIN Baltic Marine Litter Project, 2013 ). 
he Polish coastline was evaluated as the most threatened 
mong European countries by tourism and recreational ac- 
ivity along with natural processes of abrasion and erosion 
 Jóźwiak, 2010 ). Another study by Jóźwiak (1996) showed 
hat the pollution of Polish beaches by litter is a serious 
roblem along the whole coast and it was caused by high 
mounts of textiles, styrofoam, pieces of plastic packag- 
ng and their fragments, plastic bottles, cans, glass, paper, 
nd wood. He also found that the amount of plastic pack- 
ging pieces grows exponentially which could be dangerous 
o the environment and wildlife. A more recent study con- 
erning Polish coastline litter pollution was performed by 
alewska et al. (2021) . Their 5-year time series showed that 
ore than half of the top 10 litter types they collected were 
igarette butts, followed by bottle caps, wood pieces and 
rink bottles. As a main source of litter, they pointed the 
ourism and recreational activities, while the fishing indus- 
ry had a minor impact. They also found that two important 
actors can influence beach contamination by litter: sea- 
onality (related to storm activity and tourism) and beach 
leaning campaigns by municipalities, which can influence 
oth the composition and amount of litter. Our study was 
arried out in one season (autumn) only, after the holiday 
eason and during the storm period, which may explain the 
ifference in the litter composition we observed compared 
o the above studies. However, the main sources of plastic 
itter remain similar. 
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. Conclusions 

ur study showed that plastic pollution of the Polish part 
f the Baltic coast is a significant problem, comparable to 
ther parts of the European and world coastlines. Microplas- 
ics found in beach sediments and coastal water were simi- 
ar in color-based composition, suggesting a common source 
f contamination. No spatial patterns were detected, plas- 
ic particles (microplastics, plastic litter) were noted even 
t pristine, nonurban locations like a national park. Our re- 
ults indicate a complex and diverse combination of sources 
upplying plastic pollutants all over the coast like deposi- 
ion from air, transport with coastal currents or tourist ac- 
ivity. What must be noted is the possibility that our results 
ay be not fully representative from the annual perspec- 
ive. The reason is the fact that samples were collected in 
he autumn season, after the peak of tourist activity, in a 
eriod characterized by strong winds and storminess. These 
actors may be responsible for the additional supply of both 
icroplastics (e.g., by wet deposition) and larger plastics 
ragmentation as a result of wind action and wave transport 
nto the shore. Therefore, a seasonal or monthly study is 
eeded, on both microplastics and larger plastics, to better 
nderstand the fate of plastic in a coastal zone. 
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óźwiak, T. , 2010. Parametryzacja stanu sozologicznego wybrze ża 
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Abstract The paper discusses the factors associated with the sudden outbreak of the noctur- 
nal heterotrophic bioluminescent dinoflagellate Noctiluca scintillans along the Chennai coast. 
The bloom occurred along a stretch of 16 km following a spell of heavy rain in August 2019. 
The density of N. scintillans varied from 1000 to 19000 cells/L, with a distinguished distribu- 
tion pattern. High N. scintillans abundance was recorded at Panaiyurkuppam and Kovalam, with 
19000 cells/L and 18000 cells/L, recorded respectively. Adequate nutrients brought by substan- 
tial rainfall and a high abundance of the diatom Thalassiosira sp. triggered the N. scintillans 
bloom. The low wind speed (5 m/sec), lowering of atmospheric temperature (from 24.00 to 
31.00 °C, 27.5 ± 1.17 °C), high rainfall (6 mm within one day), and low sea surface temperature 
(SST) (from 25.20 to 31.00 °C, 29.37 ± 1.17 °C) are probable environmental cues. Local hydro- 
dynamics and the diverging currents governed the presence and dispersion of the bloom in the 
region. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Noctiluca scintillans (Macartney) ( Kofoid and Swezy, 
921 ), a heterotrophic dinoflagellate, is a cosmopolitan red 
ide-forming organism that produces bioluminescence spo- 
adically ( Liu and Hastings, 2007 ; Zhang et al., 2017 ). Noc- 
iluca scintillans exists in two variants green and red. Green 
ariants harbor symbiotic prasinophytes (green algae) pro- 
iding characteristic green color, and red is strictly het- 
rotrophic, forming a clutch of carotenoid pigments im- 
arting characteristic red color ( Zhang et al., 2017 ). The 
ed carotenoid pigments accumulate in N. scintillans due to 
he grazing on diatoms that are essential for microplankton 
razers ( Shaju et al., 2018 ). The ecological characteristics 
f Noctiluca blooms are the formation of red tide, produc- 
ion of bioluminescence, and survival in low oxygenated wa- 
ers ( Gomes et al., 2014 ; Liu and Hastings, 2007 ; Turkoglu, 
013 ). The low oxygen caused by N. scintillans bloom im- 
acts the ecosystem and biodiversity ( Raj et al., 2020 ). The 
loom of N. scintillans encountered in our study was non- 
oxic and harmless, unlike previously reported in the Gulf 
f Mannar, which had caused a devastating impact on flora 
nd fauna caused by asphyxiation ( Gopakumar et al., 2009 ). 
Blooms of Noctiluca have been reported worldwide under 

arious environmental conditions ( Anderson et al., 2002 ). 
long the southwest coast of India, occurrences of het- 
rotrophic red N. scintillans during summer under the influ- 
nce of upwelling have been reported ( Gomes et al., 2014 ). 
hey are also abundant in the productive zones of upwelling 
nd enriched regions that support a high density of diatoms 
 Sahayak et al., 2005 ). The N. scintillans bloom is also re- 
ated to the mixing process and depth of the mixed layer 
uring seasonal changes. Upwelling along the coastal areas 
s often associated with the proliferation of smaller diatoms 
cting as a precursor for N. scintillans to proliferate ( Sarma 
t al., 2019 ). Red N. scintillans blooms were encountered 
long Tamil Nadu coast ( Aiyar, 1936 ), Rushikulya river, and 
ff Rushikulya, south Odisha coast ( Baliarsingh et al., 2016 ; 
ohanty et al., 2007 ). Along the west coast of India, sev- 
ral episodes were reported predominantly in Kerala wa- 
ers, off Quillon, Thiruvananthapuram coast, and also from 

ffshore of Kochi ( Joseph et al., 2008 ; Naqvi et al., 1998 ;
admakumar et al., 2010 ; Sahayak et al., 2005 ; Venugopal 
t al., 1979 ). 

N. scintillans bloom and bioluminescence were observed 
long the Chennai coast on 17, 18, and 19 th August 2019. On 
7 th bioluminescence was observed at Akkrai beach, mov- 
ng to Thiruvanmiyur and Elliot beach on 18 th and 19 th , 
espectively. Field surveys were conducted four times at 
ix locations viz ., Marina, Elliot, Thiruvanmiyur, Akkarai, 
anaiyurkuppam, and Kovalam; at the shore, three days (19, 
0, and 26 th August 2019) and once on the offshore wa- 
ers (21 st August 2019) between 09:00 and 15:00, in du- 
licates to measure the physicochemical and microbiolog- 
cal parameters. The water temperature was measured by a 
ercury thermometer (Brannan, U.K) with an accuracy of ±
.1 °C. pH was measured with water quality multi-probe ( Eu- 
eka 2, US); salinity was determined by Knudsen’s titration 
ethod; dissolved oxygen (DO) was estimated using Win- 
ler’s method ( Grasshoff et al., 1999 ). Biological oxygen de- 
and (BOD) was measured after five days of incubation at 
0 °C in a BOD incubator. The samples were filtered using 
F/C (0.45 μm) filter papers for the determination of nutri- 
nt concentrations, including dissolved inorganic nitrogen 
782 
DIN) (nitrite + nitrate + ammonia), inorganic phosphate (IP), 
nd silicate, following standard methods ( Grasshoff et al., 
999 ). Total heterotrophic bacteria (THB) were analyzed by 
he standard plate count method using Zobell marine agar. 
otal coliform (TC) and Total vibrio (TV) were determined 
y group characterization as per Bergey’s manual and Amer- 
can Public Health Association (APHA) ( APHA, 1998 ); after 
dentification, counts were expressed as Colony Forming 
nits per milliliter (CFU/mL). All the media used for culture 
ere procured from Himedia, Mumbai, India. 
Moderate Resolution Imaging Spectrometer (MODIS) de- 

ived Chlorophyll- a (Chl- a), and sea surface temperature 
SST) datasets corresponding to the dates of the bloom were 
btained from the database of MODIS-Aqua MODISA_L3. The 
ea surface temperature and surface Chl- a , on 19, 20, and 
6 th August 2019, day averaged 4 km resolution were ob- 
ained. The data were produced by the Ocean Biology Pro- 
essing Group, Goddard Space Flight Centre, USA, to lo- 
ate the spatial distribution. For phytoplankton identifica- 
ion and enumeration, 5-L seawater samples were collected 
ith a plastic bucket and fixed with Lugol’s iodine solution 
nd 4% formaldehyde ( Sournia, 1978 ). Phytoplankton abun- 
ance was estimated by Utermohl’s sedimentation tech- 
ique ( Utermohl, 1931 ) followed by identification and enu- 
eration with the aid of a phase-contrast microscope (Nikon 
clipse E600 Optiphot). Phytoplankton taxa were identified 
y standard taxonomic monographs of diatoms, dinoflag- 
llates, and green and blue-green algae ( Desikachary and 
anjithadevi, 1986 ; Subrahmanyan, 1946 ). Chl- a and pheo- 
hytin pigments were estimated using the spectrophoto- 
etric method ( Parsons et al., 1992 ). Correlation analysis 
as carried out on physicochemical and biological data sets. 
rincipal component analysis was employed by generating 
 correlation matrix for physicochemical and phytoplank- 
on data set followed by factorization by extraction method 
 Kaiser, 1958 ). 
The bloom formed brick red-colored patches on the sea 

urface over a large area of approximately 16 km along the 
oast ( Figure 1 a—b). This is due to the high abundance of
ed N. scintillans cells ( Figure 1 c). The MODIS images of 19
nd 20 th show high Chl- a pigment proximity to the coast; 
owever, bioluminescence was not observed on 20 th August 
t the same time. The image from the 26 th shows the advec- 
ion of Chl- a patch away from the coast. The averaged map 
f sea surface temperature and chlorophyll from 13 to 29 th 

ugust 2019 shows the concentration of high pigment near 
he shore and slowly diminishing away into the offshore re- 
ion in a thin layer ( Figure 1 d—e). The SST images of 19
nd 20 th August 2019 demonstrated an unseasonal tempera- 
ure gradient, indicating a relatively low temperature close 
o the coast, gradually replaced by moderately warmer wa- 
er on 26 th August. Analysis of data from automatic weather 
tation (AWS: IMD) at Ennore coastal stations from 8 to 28 th 

ugust 2019 revealed that the wind direction was limited 
etween 180 to 270 ° (southwest land breeze) during the 
loom period, while it was 90 to 270 ° (varying from east 
o west in each typical day). This phenomenon might have 
ushed or confined the bloom close to the coast. The ob- 
erved wind speed from 17 to 19 th August was up to 5 m/sec
nd there was a drop of 3 to 7 °C in atmospheric tempera-
ure during this period. The daily air temperature variation 
as less (24.0 to 31.0 °C) and was relatively small during the 
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Figure 1 a) Study area map; b) bioluminescence; c) Noctiluca scintillans ; d—e) averaged map of Sea Surface Temperature (SST) 
and chlorophyll: daily 4 km [MODIS-Aqua] SST — 2019-08-13 to 2019-08-29, Chl — 2019-08-13 to 2019-08-29. 
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loom period, while on other days, the variations were sig- 
ificantly higher, from 24.0 to 37.0 °C. The reduction in wa- 
er temperature was likely due to the relatively high rainfall 
bserved at Ennore (6 mm) on 14 and 15 th August, resulting 
n subsequent runoff to the coastal water. 

The surface current along the coastal waters off Chen- 
ai (north of 13.2 °N) was equatorward, while it was pole- 
ard south of 12.8 °N ( Figure 2 a—d). These two opposing 
urrents converged into the offshore eastward current with 
 divergence occurring at 13 °N. Station Elliot is at 13 °N, 
hile Akkarai and Thiruvanmiyur are located south of 13 °N. 
herefore, the departure of current was most apparent at 
lliot. The total distance between Akkarai to Elliot is ap- 
roximately 18 km. The current magnitude is around 0.3 
/s (1 km/h), taking about 18 h from Akkarai to Elliot, in- 
icating the propagation of the bloom from Akkarai (South) 
o Elliot within a day. The maps with currents overlaid on 
hlorophyll confirmed that the Chl- a bloom pattern was ori- 
nted along the surface currents ( Figure 2 e). Furthermore, 
he surface currents were diverging and moving off the 
oast at Elliot, with the Chl- a pattern propagating along the 
rogressive currents. The current pattern remained similar 
or three days from 17 th to 20 th August 2019. 
The physicochemical and biological parameters collected 

t six different locations during four days of field sampling 
re provided in the supplementary table. The sea surface 
emperature varied between 25.20 to 31.00 °C. The lowest 
as recorded from Akkarai during the bloom on the 19 th and 
783 
ppeared conducive for N. scintillans growth. Low tempera- 
ure mediated N. scintillans blooms have been reported ear- 
ier ( Dharani et al., 2004 ; Mohanty et al., 2007 ; Sahayak et
l., 2005 ), and N. scintillans reproduce actively at low tem- 
eratures under experimental conditions ( Cardosa, 2012 ). 
he swift disappearance of N. scintillans bloom can also 
e attributed to a change in water temperature, as N. 
cintillans is believed to thrive well within the tempera- 
ure range of 16.0 to 27.0 °C and diminish as the temper-
ture rises beyond 27.0 °C ( Tsai et al., 2018 ). A low water
emperature range (10.0 to 25.0 °C) tends to support the 
rowth and trigger the sudden appearance of red forms of 
. scintillans along the coast ( Elbrachter and Qi, 1998 ). 
ower water temperature has been shown mediating phy- 
oplankton blooms in the northern Tamil Nadu and southern 
ndhra coast ( Mishra et al., 2006 ). Convincingly, an opti- 
um amount of nutrients enhanced the diatom abundance 
food), favouring N. scintillans growth. Further, the swift 
hange in water temperature can also be considered a rea- 
onable factor for N. scintillans blooming. 
Salinity variation was insignificant to the bloom, varying 

rom 34.30 to 34.80 PSU. However, on 19 th August, a salin- 
ty drop was recorded from Elliot. The decline in salinity 
t Elliot was 0.50 units lower than in Marina and 0.10 units 
ower than in Thiruvanmiyur. The decrease in salinity oc- 
urs as a result of freshwater from the adjacent Adyar river 
uring the low tide period. pH is comparatively higher on 
he 26 th , maximum was at Elliot (8.15) and the lowest at 
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Figure 2 a—d) Current pattern showing convergence and divergence at 13 °N (Latitude); e) Chl- a overlaid with current vectors 
[m/s] of 19 th August 2019. 
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kkarai (8.03). Initially (19 and 20 th August), pH was com- 
aratively lower at all the locations. Dissolved oxygen (DO) 
aried between 4.31 to 8.13 mg/L. A relatively low DO of 
.31 mg/L on 19 th and 4.60 mg/L on 20 th at Marina beach 
videnced the rapid growth and subsequent degradation of 
octiluca cells. The correlation of DO with N. scintillans was 
ignificant and negative (r = —0.82; p = 0.04) on the 26 th at 
he shore. Substantial reduction of DO during the N. scintil- 
ans bloom has been commonly reported ( Baliarsingh et al., 
016 ; Dharani et al., 2004 ; Mohanty et al., 2007 ; Sahayak et
l., 2005 ). The average biological oxygen demand in these 
ix locations was 3.35 mg/L and 3.27 mg/L on 19 th and 20 th 

ugust, respectively. The BOD values were 6.22 mg/L, at El- 
iot on the 19 th , 4.78 mg/L at Kovalam on the 20 th , and 4.48
g/L at Thiruvanmiyur on the 26 th of August 2019. A sig- 
ificant moderately negative correlation between BOD and 
. scintillans (r = —0.54; p = 0.01) was recorded on 26 th and 
he highest BOD (7.38 mg/L) was noted at Elliot on 21 st Au- 
ust 2019. This reflected the increased oxygen consumption 
ollowed by its demand by rapidly producing asexual, non- 
otile spores, homogenous algae, and the bacteria living in 
utrefying algal bloom ( Dharani et al., 2004 ). 
Although DIN (nitrite + nitrate + ammonia), phosphate, 

nd silicate did not show any consistent pattern during 
loom, their concentrations were relatively higher in Ma- 
ina waters. This is attributed to the high nutrients from 

he adjacent Cooum river ( Begum et al., 2021 ). DIN varied 
rom 16.33 to 113.93 μM (highest at Kovalam) and relatively 
igher DIN on 26 th in nearshore waters. Kovalam water is 
ainly influenced by the fishing community and related ac- 
ivities with inappropriate waste and sewage management. 
hosphate fluctuated from 1.01 to 2.33 μM, and N:P ratios 
aried from 11.42 to 90.27, which is unlikely to limit di- 
tom growth. The enhanced nitrogen concentration was due 
o the remineralization process by increased microbial ac- 
ivities after death and decay of pre-existing bloom ( Paerl, 
784 
987 ). N. scintillans can regenerate a significant amount of 
mmonia and phosphate supporting primary phytoplankton 
roduction ( Tada et al., 2020 ). Silicate varied from 9.75 to 
4.58 μM with Si:N ratio of 0.13 to 0.84 indicating limit- 
ng diatom growth. Theoretically, diatom growth will cease 
nder silicate depletion; however, other phytoplankton can 
row by utilizing available N and P ( Anderson et al., 2002 ). 
Chl- a concentrations increased gradually from 19 th to 

6 th except on 21 st August, values were low. It was high on 
6 th August in almost all the sites except for Akkarai and Ko- 
alam. Chlorophyll- b (Chl -b) fluctuated remarkably with a 
efined peak of 64.78 mg/m 

3 on the 19 th of August at Thiru-
anmiyur and exceeded Chl- a values several times at some 
ocations. Bloom of N. scintillans enhances the Chl- b con- 
ent, as it is the prominent pigment present in dinophyceae 
 Dharani et al., 2004 ). The variation of DIN was high with
elatively lower Chl- a except in Thiruvanmiyur on 19 th Au- 
ust 2019. However, the scenario was reversed the next day 
t Elliot, Thiruvanmiyur, and Akkarai, where higher Chl- a 
ontent was observed. The concentration of DIN and Chl- a 
n 26 th August reduced significantly supported by a strong 
egative correlation (r = —0.90; p = 0.01), and maximum re- 
uction in chl-a was recorded at Marina followed by Elliot 
nd Panaiyurkuppam (Supplementary Table). N:P ratio ver- 
us Chl- a comparison indicated notable variation in terms of 
eaks and falls. The N:P ratio during this period represented 
ffective nitrogen utilization, and P was not limiting the 
hytoplankton growth. However, on 26 th August, a reduction 
f Chl- a content was recorded in Kovalam waters, possibly 
ue to P limitation that crashed N. scintillans count. Ear- 
ier studies support that Noctiluca sp. is more vulnerable to 
 limitation than N ( Zhang et al., 2017 ). The lowest Chl- a
nd b with corresponding low Si:N (0.13) were noted from 

ovalam water on 26 th August. 
The highest N. scintillans count (19000 cells/L) was 

ecorded at Panaiyurkuppam, the second highest at Kovalam 
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Table 1 Principal component analysis (PCA) loading of physicochemical parameters with phytoplankton. 

Variables PC1 PC2 PC3 PC4 PC5 

WT [ °C] —0.08 —0.17 0.06 —0.53 0.15 
Sal —0.19 —0.26 0.08 0.19 0.10 
pH —0.04 0.44 —0.06 —0.32 0.28 
DO [mg/L] 0.15 0.13 0.41 —0.26 0.27 
BOD [mg/L] 0.23 0.10 0.13 —0.11 —0.29 
NO 2 [ μM] —0.32 —0.20 0.09 0.14 —0.14 
NO 3 [ μM] —0.38 0.15 —0.05 0.06 0.01 
NH 4 [ μM] —0.31 0.02 —0.20 —0.40 —0.01 
PO 4 [ μM] —0.10 —0.40 —0.27 —0.25 —0.17 
SiO 4 [ μM] —0.26 —0.33 0.03 —0.29 —0.18 
DIN [ μM] —0.38 0.12 —0.08 —0.03 0.01 
Chl- a [mg/m 

3 ] —0.15 —0.06 0.56 —0.10 0.12 
Chl- b [mg/m 

3 ] —0.09 —0.19 0.55 0.01 0.00 
N:P —0.34 0.25 0.03 0.11 0.08 
Si:N 0.28 —0.30 0.02 0.02 —0.08 
Noctiluca scintillans [cells/L] —0.03 —0.31 —0.04 0.24 0.45 
Thalassiosira sp. [cells/L] —0.30 0.06 0.06 0.31 0.05 
Other diatoms [cells/L] 0.09 —0.20 —0.23 —0.02 0.65 
Eigenvalues 6.03 3.36 2.37 1.38 1.14 
%Variation 33.50 18.70 13.20 7.70 6.30 
Cum. %Variation 33.50 52.20 65.30 73.00 79.30 

[Variables presented with their measured units; PC values show their loadings] 

Figure 3 Density of a) Noctiluca scintillans ; b) Thalassiosira sp. at Marina (MA), Elliot (EL), Thiruvanmiyur (TH), Akkarai (AK), 
Panaiyurkuppam (PK) and Kovalam (KOV) on a) 19-08-2019; b) 20-08-2019; c) 21-08-2019; d) 26-08-2019. 
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n the 19 th (18000 cells/L), followed by an abrupt decline 
5000 cells/L) on the next day i.e., 20 th August. However, 
he highest N. scintillans density (12000 cells/L) in the off- 
hore water was encountered on 21 st August, showing ad- 
ection at Kovalam from shore to offshore within a day. The 
iatom Thalassiosira sp. was the successive dominant phy- 
oplankton. The density of N. scintillans to Thalassiosira sp. 
as inversely related, denoting the latter being fed upon by 
he former. However, this condition was not similar at other 
ocations such as Thiruvanmiyur and Akkarai, where N. scin- 
illans was not detected despite a fair abundance of Tha- 
assiosira sp. in the respective sites. The density of N. scin- 
785 
illans versus Thalassiosira sp. at Marina on 19 th August was 
000 cells/L and 10000 cells/L, respectively, and at Elliot, it 
as 4000 cells/L with no Thalassiosira sp. Although N. scin- 

illans was high at Kovalam (on 19 th ) bioluminescence was 
ot observed, in contrast to Elliot water with a lesser num- 
er (4000 cells/L), where bioluminescence was observed. 
his can be attributed to prevailing conditions such as high 
ind, intense mixing, and turbulence. N. scintillans counts 
ere relatively higher on 20 th August at Panaiyurkuppam 

19000 cells/L) compared to Akkarai (9000 cells/L) and Ma- 
ina (8000 cells/L). On this day, high counts of Thalassiosira 
p. ranging from 25000 to 149000 cells/L were noted. The 
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Figure 4 a) Principal component analysis (PCA) denoting the abundance and distribution of Noctiluca scintillans ; b) non-metric 
Multi-Dimensional Scaling (nMDS) shows the expansion of bloom (B — bloom; NB — no bloom) inshore and offshore locations in 
accordance with physiochemical parameters loadings. 
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esults confirmed that the high abundance of the diatom 

halassiosira sp. aided the proliferation of N. scintillans . 
his is also supported by the studies that diatom Thalas- 
iosira sp. is the preferred food of Noctiluca ( Buskey, 1995 ; 
cleod et al., 2012 ). N. scintillans recorded their maximum 

rowth rate upon feeding Thalassiosira during the growth 
xperiment ( Buskey, 1995 ). Further, the study demonstrated 
hat the high abundance of the diatom Thalassiosira sp. and 
ower water temperature (25.20, 29.00, and 29.14 °C on 19, 
0, and 26 th , respectively) triggered N. scintillans to bloom 

long the coast. The intensified feeding activity of N. scin- 
illans subsequently reduced the diatom growth; further, 
hosphate limited the growth of the diatoms led to the de- 
line of Noctiluca in the water column ( Zhang et al., 2017 ). 
Principal Component Analysis (PCA) employed on physic- 

chemical and biological parameters generated five com- 
onents ( Table 1 ). PC1 primarily shows the utilization of DIN 

—0.38), particularly NO 3 (—0.38), and reduction in the Tha- 
assiosira sp. (—0.30). A rise in BOD (0.23) was observed. 
C2 revealed rising pH (0.44) in the system. PC3 indicated 
igh Chl- a (0.56) and Chl- b (0.55) concurrently with ele- 
ated DO (0.41). PC4 represented the fall in WT (—0.53) in 
he system along with a growing population of Thalassiosira 
p. (0.31) and Noctiluca scintillans (0.24). However, the re- 
uction of NH 3 at this point, represented its utilization by 
halassiosira sp. PC5 exhibited the overall high population 
f N. scintillans in the water. 
The distribution of N. scintillans and Thalassiosira sp. 

uring the sampling period are illustrated in ( Figure 3 a—b). 
. scintillans density was high on 19 th at Kovalam and on 
0 th August at Panaiyurkuppam. The overall trend of N. scin- 
illans density was following Thalassiosira sp. in the study 
ocations. The PCA determined the role of physicochemi- 
al and biological parameters. The square-root transformed 
bundance data of N. scintillans , Thalassiosira sp., and 
ther diatoms were subjected to Bray-Curtis similarity fol- 
owed by the non-metric dimensional scaling (nMDS) method 
sing Primer 7 and revealed various combinations of sam- 
ling locations. The distribution of N. scintillans , Thalas- 
iosira sp., and other diatoms along with other influencing 
786 
hysicochemical parameters are represented on the ordi- 
ance plane ( Figure 4 a). The non-metric Multi-Dimensional 
caling (nMDS) plot showed moderate similarities between 
loom (B) and no bloom (NB) locations ( Figure 4 b) The nMDS
btained a low-stress value (0.09) directed towards a lower 
tress level of 0.01, indicating a better representation of 
ata. The results infer that bloom primarily occurred in the 
hore locations, with its extension recorded in the offshore 
egion. 
Increased bacterial population associated with phyto- 

lankton bloom has been reported ( Thomas et al., 2014 ). 
HB counts fluctuated and varied from 2.56 × 10 6 to 
.92 × 10 6 CFU/mL. The lowest count was recorded in 
anaiyurkuppam and the maximum in Elliot on 26 th and 
9 th August, respectively. Total coliform (TC) and total vib- 
io (TV) ranged from 2.90 × 10 2 to 3.60 × 10 4 , 1.20 × 10 4 

o 3.16 × 10 5 CFU/mL, respectively. A peak in the bacte- 
ial population was due to the declining phase of the algal 
loom. The correlation between increased microbial growth 
nd the phytoplankton decline phase was noted by previ- 
us authors ( Dharani et al., 2004 ; Yang et al., 2012 ). Phyto-
lankton bloom increases the particulate and dissolved or- 
anic matter in the water column resulting in an elevated 
acterial population as dissolved organic matter is the pri- 
ary energy source for bacteria in the ocean ( Thomas et 
l., 2014 ). Our observations showed that after biolumines- 
ence on 19 th August, N. scintillans counts declined and mi- 
robial growth increased. Higher THB, TC, and TV counts 
ere recorded during the early two days of bloom and de- 
reased gradually on 26 th August to varying extent. Biolumi- 
escence was observed due to turbulence and intense wave 
reaking in the surf zone, stimulating bioluminescence in 
. scintillans cells. However, the cells of N. scintillans and 
halassiosira sp. persisted till 26 th August along the coastal 
aters. Within two days after the appearance of biolumi- 
escence, the blooming cells slowly degenerated and moved 
way by the current, and finally declined. 
Globally several studies have proposed various environ- 

ental factors responsible for the bloom and distribution of 
octiluca scintillans . This study reveals the prevailing eco- 
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ogical conditions during the development of N. scintillans 
looms and tracks bioluminescence along the coastal waters 
f Chennai for the first time. The variations in environmen- 
al factors such as atmospheric temperature associated with 
igh rainfall resulted in changing the sea surface tempera- 
ure, the availability of dissolved nutrients, and the high 
bundance of Thalassiosira sp. are responsible for the pro- 
iferation of Noctiluca scintillans . It is concluded that the 
tudy will help in understanding the importance of various 
hysicochemical characteristics that are applicable to pre- 
ict the formation of harmful planktonic blooms and their 
mpact on other marine organisms and ecosystems. 
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Abstract This article provides estimates of the sea spray volume flux using joint statistics 
of wind and waves. This is achieved by combining the sea spray volume flux parameterization 
proposed by Xu et al. (2021) with the joint statistics of wind and waves provided by Bitner- 
Gregersen (2015) . Both the sea spray volume flux formula and the joint statistics of wind and 
waves represent conditions for wind waves from the North-West Shelf of Western Australia. 
The expected value and the variance of the sea spray volume flux for a range of realistic wind 
and wave conditions are presented, as well as an illustrative example. Comparison is also made 
with data from Xu et al. (2021) showing a reasonable agreement for the relevant subset of the 
data. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

nowledge of the sea spray is important in order to un- 
erstand the interaction between the atmosphere and the 
cean as the air-sea interface represents their coupling by 
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xchanging heat and momentum. This contributes to air-sea 
ixing processes which occur across the ocean surface, and 
nowledge about these processes is crucial in climate and 
cean studies. The presence of the sea spray droplets may 
lso affect the stability of the air-sea boundary layer. The 
hysical processes in the air-sea mixed layer are commonly 
ighly nonlinear depending on relevant air and sea param- 
ters. Due to the lack of consistent theories on the sea 
pray, parameterizations in terms of bulk formulae are often 
sed to represent this effect in atmospheric and weather 
orecasting models. Comprehensive reviews of the topic are 
iven in, for instance, Massel (2007) , Veron (2015) and most 
ecently in Xu et al. (2021) . 
Xu et al. (2021) (hereafter referred to as X21) proposed 

 bulk formula for the wind-wave-dependent sea spray vol- 
me flux parameterized in terms of the mean wind speed 
nces. Production and hosting by Elsevier B.V. This is an open access 
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nd the wave steepness representing conditions for wind 
aves (see Eq. (1) ). This parameterization is based on a best 
t to data collected during the period from January to Oc- 
ober of 2015 from field observations situated at a 125 m 

ater depth on the North-West Shelf of Western Australia 
see X21 for more details of their work as well as a thorough 
eview of the relevant literature). 
The objective of this article is to demonstrate how the 

tatistical properties of the sea spray volume flux can be 
stimated by using the X21 bulk formula together with joint 
tatistics of wind and waves. The joint statistics of wind and 
aves are adopted from Bitner-Gregersen (2015) (hereafter 
eferred to as BG15) given in terms of a parametric model 
or the joint probability density function of the mean wind 
peed, the significant wave height and the spectral peak pe- 
iod representing wind waves from the same region as the 
21 formula is based upon. Results are provided in terms of 
he expected value and the variance of the sea spray volume 
ux for a range of sea state conditions. 
In future applications of the X21 sea spray volume flux 

arameterization, it should be considered to implement the 
oint statistical properties of wind and waves as demon- 
trated here. It is believed that this will strengthen the ap- 
lication of the sea spray volume flux formula in meteoro- 
ogical and oceanographic models. 

The article is organized as follows. This introduction is 
ollowed by the background of the sea spray parameteri- 
ation used. Then the estimation of the sea spray volume 
ux using wind and waves statistics including an example is 
iven. Comparison is also made with the X21 data. Finally, a 
ummary and the main conclusions are provided. 

. Background 

he bulk formula for the wind-wave-dependent sea spray 
olume flux V based on field measurements proposed by X21 
s given as 

V 
U 10 

= 1 . 99 
√ 

s × 10 −8 (1) 

Here U 10 is the mean wind speed at 10 m above the sea 
urface, s = H s k m 

/ 2 is the mean wave steepness, H s is the 
ignificant wave height, k m 

= 2 π/ L m 

is the mean wave num- 
er corresponding to the mean wave length for deep water 
aves L m 

= ( g/ 2 π ) T 2 m 

, T m 

is the mean wave period, and g 
s the acceleration due to gravity. The present study uses 
oint statistics of U 10 , H s and the spectral peak period T p . 
hus, the relationship T m 

= 0 . 834 T p is used ( Tucker and Pitt, 
001 ), which is valid for a mean JONSWAP wave amplitude 
pectrum with a spectral bandwidth parameter of 3.3. It 
hould be noted that Eq. (1) is valid for U 10 ≤ 22 m s −1 and 
or H s up to about 7 m (see Figure 3 b in X21). Thus, based
n this Eq. (1) is re-arranged to 

 ≡ V 

C H s 
1 
2 

= uT −1 
p ; 0 ≤ u ≤ u 1 = 22 m s −1 (2) 

here C = 3 . 38 × 10 −8 s m 

−1 / 2 and u ≡ U 10 . It should be 
oted that the grouping of the variables made in Eq. (2) is 
sed since H s is taken as the marginal variable in the subse- 
uent analysis in Section 3 . 
790 
One should also note that an alternative to Eq. (1) is to 
elate the sea spray volume flux to the wave slope variance. 
ruch et al. (2021) studied the sea spray generation depen- 
ence on combined wind and waves by performing wind- 
ave tunnel experiments. The early work of Cox and Munk 
1956) established a relationship between the wave slope 
ariance and the wind speed. This relationship has been ad- 
ressed by many researchers and more recently by Lenain 
t al. (2019) by performing airborne measurements of sur- 
ace wind and slope statistics over the ocean. Thus, the re- 
ent knowledge of the relationship between the sea spray 
olume flux and the wave slope variance for combined wind 
nd waves should be utilized in future studies by including 
he joint statistics of wind and waves. 

. Estimating sea spray volume flux using 

ind and wave statistics 

.1. Statistical expressions 

arametric models for the joint probability density func- 
ions (PDFs) of u ≡ U 10 , H s and T p are provided in the lit- 
rature, see for example a review by BG15. In the present 
tudy, the joint PDF of u, H s and T p provided in Appendix A is 
sed by applying the relationship T m 

= 0 . 834 T p (see 
ection 2 ). This PDF is obtained as a fit to hindcast data, rep-
esenting wind-sea from the North-West Shelf of Australia 
or the period 1994—2005 at a 250 m water depth. The data 
epresents H s up to about 7 m, i.e. similar, as for the X21 
ata. Although the BG15 PDF does not cover the same pe- 
iod as the X21 data (from January to October of 2015), this 
DF is taken to illustrate the wind and wave conditions in 
he region, justifying the use of these data together with 
he X21 formula. 
Here the conditional expected value of V given 

 s , E[ V | H s ] , and the conditional variance of V given H s , 
ar[ V | H s ] , are considered. Thus, from Eq. (2) it follows 
hat the calculation of E[ V | H s ] and Var[ V | H s ] requires 
nowledge of E[ v n | H s ] for n = 1 , 2 . Use of the results in
ppendix A yields 

 [ v n | H s ] = E [ u 

n | H s ] E 
[
T −n 

p | H s 
]

(3) 

here ( Bury, 1975 , Ch. 2) 

 

[
T −n 

p | H s 
] = 

∞ 

∫ 

0 
T −n 

p p( T p | H s ) d T p = exp 
(

−nμ + 

1 
2 

n 

2 σ 2 
)

(4) 

nd p( T p | H s ) is the conditional PDF of T p given H s ( Eq. (A4) ),
nd μ ( Eqs. (A5) , (A7) ) and σ 2 ( Eqs. (A6) , (A8) ) are the mean
alue and the variance, respectively, of ln T p . It should be 
oted that Eq. (3) is based on assuming that u | H s and T p | H s 

re statistically independent (see Eq. (A1) in Appendix A ). 
Furthermore, based on Eq. (1) , V is valid within a fi- 

ite interval of u , and thus, the conditional PDF of u given
 s , p(u | H s ) in Eq. (A9) in Appendix A follows the truncated
eibull PDF 

p t (u | H s ) = 

1 
N 

p(u | H s ) ; 0 ≤ u ≤ u 1 = 22 m s −1 (5) 

here 

 = 1 − exp 
[
−

(u 1 

θ

)β
]

(6) 
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Figure 1 E[ V | H s ] versus H s . The value corresponding to 
E[ H s ] = 0 . 97 m is highlighted by a cross (x). 
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Thus, it follows that ( Bury, 1975 , Ch. 2) 

 [ u 

n | H s ] = 

∫ u 1 
0 u 

n p t (u | H s )d H s 

 

1 
N θ

n 
{ 
�

(
1 + 

n 
β

)
− �

[ 
1 + 

n 
β
, 
( u 1 

θ

)β
] } (7) 

here � is the gamma function, �( x, y ) is the incomplete 
amma function, n is a real number (not necessarily an in- 
eger), �( x, 0 ) = �(x) and �( x, ∞ ) = 0 . 
Now, Eqs. (2) —(4) and (7) yield 

 [ v| H s ] = 

1 
N 

θ

{
�

(
1 + 

1 
β

)
− �

[
1 + 

1 
β

, ( 
u 1 
θ
) 
β
]}

exp 
(

−μ + 

1 
2 

σ 2 
)

(8) 

 

[ 
v 2 | H s 

] 
= 

1 
N 

θ2 
{
�

(
1 + 

2 
β

)
− �

[
1 + 

2 
β

, ( 
u 1 
θ
) 
β
]}

exp 
(
−2 μ + 2 σ 2 

)
(9) 

Furthermore ( Bury, 1975 , Ch. 2) 

ar [ v| H s ] = E 
[
v 2 | H s 

] − (E [ v| H s ] ) 2 (10) 

y substituting Eqs. (8) and (9) . Then 

 [ V | H s ] = CH 

1 
2 
s E [ v| H s ] (11) 

nd the coefficient of variation is 

 [ V | H s ] = R [ v| H s ] = 

(Var [ v| H s ] ) 
1 / 2 

E [ v| H s ] 
(12) 
Figure 2 R [ V | H s ] versus H s . The value correspondin
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Figures 1 and 2 depict E[ V | H s ] and R [ V | H s ] , respectively,
ersus H s in the range 0.5 m to 8 m. From Figure 1 it
ppears that E[ V | H s ] increases from 2 × 10 −8 m s −1 to 
 . 62 × 10 −8 m s −1 as H s increases from 0.5 m to 8 m. From 

igure 2 it appears that R [ V | H s ] decreases from 0.328 to 
.071 as H s increases in the same interval. Thus, this be- 
aviour indicates that the mean value of sea spray vol- 
me flux increases as the wave activity increases ( Figure 1 ), 
hile the ratio between the standard deviation of the sea 
pray volume flux and the mean value of the sea spray vol- 
me flux decreases as the wave activity increases ( Figure 2 ). 

.2. Example and comparison with Xu et al. (2021) 

ext, an example is given by estimating the results corre- 
ponding to the expected value of H s , E[ H s ] . Then, from Eqs.
A2) and ( A3 ) it follows that ( Bury, 1975 , Ch. 2)) 

 [ H s ] = γ + α �

(
1 + 

1 
ρ

)

= 0 . 322 + 0 . 605 �
(
1 + 

1 
0 . 867 

)
= 0 . 97 m (13) 

Substitution in Eqs. (A5) —(A8) gives 

= 1 . 7903 , σ = 0 . 1799 (14) 

hile substitution in Eqs. (A10) —(A13) gives 

= 6 . 7385 , θ = 5 . 5172 (15) 

Then, it follows that ( u 1 
θ
) β = 1 . 12 × 10 4 , which substi- 

uted in Eq. (6) gives N very close to 1, showing that trunca-
ion of the PDF in Eq. (5) is not required. It should be noted
hat this is the case for H s exceeding about 0.5 m. Substi- 
ution of Eq. (15) in Eqs. (8) —(12) by neglecting the terms 
ontaining the incomplete gamma functions yields 
 [ v| E [ H s ] ] = 0 . 8734 , E [ v 2 | E [ H s ] ] = 0 . 8118 , Var[ v| E[ H s ] ] =
 . 04897 , E [ V | E [ H s ] ] = 2 . 91 × 10 −8 m s −1 , R [ V | E[ H s ] ] =
 . 253 , respectively. The two latter values correspond 
o those depicted and highlighted in Figures 1 and 2 , 
espectively. 
Finally, the present results are compared with those 

hown in Figure 8 of X21 depicting the data of V versus U 10 ,
hich is reproduced in Figure 3 . The comparison with the 
21 data is made as follows using the results in Figures 1 
g to E[ H s ] = 0 . 97 m is highlighted by a cross (x). 
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Figure 3 V versus U 10 : + X21 data; the present estimates of E[ V | H s ] ± SD for H s = 0 . 97 , 2 , 3 , 4 , 5 , 6 , 7 , 8 m corresponds to 
U 10 = 5 . 15 , 6 . 42 , 7 . 25 , 7 . 90 , 8 . 44 , 8 . 91 , 9 . 32 , 9 . 69 m s −1 . 
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nd 2 . First, the results in the example are used, where 
t follows from Eq. (7) that (neglecting the term con- 
aining the incomplete gamma function) E [ u 

n | E [ H s ] ] = 

n �( 1 + 

n 
β
) . Then, in this case, by using Eq. (15) , E [ u | E [ H s ] ]

 5 . 15 m s −1 . Furthermore, from the present example 
esults it follows that the conditional standard deviation of 
 given E[ H s ] = 0 . 97 m by using Eq. (12) is SD = 0 . 736 ×
0 −8 m s −1 , and accordingly E [ V | E [ H s ] ] ± SD = ( 3 . 65 × 10 −8 

, 

 . 17 × 10 −8 ) m s −1 . Next, for H s = 2 , 3 , 4 , 5 , 6 , 7 , 8 m
i.e. covering the range of H s for the X21 and the 
G15 data), E[ u | H s ] = 6 . 42 , 7 . 25 , 7 . 90 , 8 . 44 , 8 . 91 , 9 . 32 ,
 . 69 m s −1 , which combined with the results in Figures 1 and 
 yield E[ V | H s ] ± SD as depicted in Figure 3 . Thus, it ap-
ears that there is an overlap between these estimated 
alues and some of the X21 data. However, the present 
omparison should be considered as preliminary since there 
s no consistency between the wind and wave conditions for 
he X21 data and the BG15 data. Thus, a further comparison 
s required in order to validate the present approach. 

. Summary and conclusions 

he objective of this study has been to demonstrate how 

he statistical properties of the sea spray volume flux can be 
stimated by using the Xu et al. (2021) sea spray bulk for- 
ula together with joint statistics of wind and waves. This 

s achieved by combining the proposed sea spray formula 
ith joint wind and wave statistics from Bitner-Gregersen 
2015) . Both the parametrized sea spray volume flux and 
he joint statistics of wind and waves represent conditions 
or wind and waves from the North-West Shelf of Western 
ustralia. Results are provided in terms of the expected 
alue and the variance of the sea spray volume flux for a 
ange of sea state conditions representing wind waves. It 
ppears that the conditional mean value of the sea spray 
olume flux for given H s increases from 2 × 10 −8 m s −1 to 
 . 62 × 10 −8 m s −1 as H s increases from 0.5 m to 8 m. The 
orresponding ratio between the conditional standard devi- 
tion and the conditional mean value decreases from 0.328 
o 0.071 as H s increases in the same interval. 
792 
Comparison is also made with the Xu et al. (2021) data 
howing reasonable agreement for the relevant subset of 
he data. 
In future applications of the Xu et al. (2021) sea spray 

olume flux parameterization, it should be considered to 
mplement the joint statistical properties of wind and waves 
s demonstrated here. This should enhance the utilization 
f the parameterization in atmospheric and weather fore- 
asting models since a bulk formula is frequently used in 
hese forecasting models as the sea spray droplets affect 
he stability of the air-sea boundary layer. 
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ppendix A. Joint PDF of U 10, H s and T p 

ere the joint PDF of u ≡ U 10 , H s and T p provided by BG15 is 
sed. This distribution is obtained as a fit to hindcast data 
epresenting wind-sea from the North-West Shelf of Aus- 
ralia sampled every hour for the period 1994 — 2005 at a 
50 m water depth (see BG15 for more details). This joint 
DF is given as (i.e. assuming that u | H s and T p | H s are statis-
ically independent) 

p 

(
H s , T p , u 

) = p( T p | H s ) p(u | H s ) p ( H s ) (A1) 

here p( H s ) is the marginal PDF of H s given by the 3- 
arameter Weibull distribution 

p ( H s ) = 

ρ

α

(
H s − γ

α

)ρ−1 

exp 
{
−

(
H s − γ

α

)ρ}
; H s ≥ γ (A2) 

ith the Weibull parameters α, ρ, γ given by 

= 0 . 605 m , ρ = 0 . 867 , γ = 0 . 322 m (A3)

nd H s is in meters. 
Furthermore, p( T p | H s ) is the conditional PDF of T p given 

 s represented by the lognormal PDF 

p( T p | H s ) = 

1 √ 

2 πσT p 
exp 

[ 

(ln T p − μ) 2 

2 σ 2 

] 

(A4) 
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here μ and σ are the mean value and the standard devia- 
ion, respectively, of ln T p given as 

= a 1 + a 2 H 

a 3 
s (A5) 

= b 1 + b 2 exp( b 3 H s ) (A6) 

ith 

 a 1 , a 2 , a 3 ) = ( 0 , 1 . 798 , 0 . 134 ) (A7) 

 b 1 , b 2 , b 3 ) = ( 0 . 042 , 0 . 224 , −0 . 500 ) (A8) 

nd H s is in meters in Eqs. (A5) and (A6) . 
The conditional PDF of u given H s is represented by the 

-parameter Weibull PDF 

p(u | H s ) = β
u 

β−1 

θβ
exp 

[
−( 

u 

θ
) 
β
]
; u ≥ 0 (A9) 

ith the Weibull parameters β and θ given as 

= c 1 + c 2 H 

c 3 
s (A10) 

= c 4 + c 5 H 

c 6 
s (A11) 

ith 

 c 1 , c 2 , c 3 ) = ( 1 . 250 , 5 . 600 , 0 . 660 ) (A12) 

 c 4 , c 5 , c 6 ) = ( 0 . 050 , 5 . 514 , 0 . 280 ) (A13) 

nd H s is in meters in Eqs. (A10) and (A11) . 
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