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temperature analyzed. The present work focuses on examining the inter-annual variability of the spawning

habitat by analyzing the spatial-temporal variability of sardine egg distribution and density
extracted from the data collected over the period 1994—2015. Generalized additive models
(GAM) were used to detect the relationships between the sardine distribution, expressed as
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egg density and the presence or absence data and relevant hydrobiological environmental vari-
ables, such as salinity, temperature and zooplankton biomass. The generalized additive models
showed significant relationships between the environment variables (SST, SSS and Zooplank-
ton biomass) and sardine density, but not with sardine presence. Given that the study area
is characterized by high mesoscale features and significant upwelling activities, the variabil-
ity of upwelling processes could explain the changes of spawning ground position and thermal

window.

© 2020 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/).

1. Introduction

The Moroccan Atlantic coast (36°N—21°N), located in the
central canary current system, is characterized by the pres-
ence of one of the four world’s major coastal upwelling
systems with year-round activity (Aristegui et al., 2009;
Benazzouz et al., 2015; Makaoui, 2008). In fact, the Mo-
roccan coastal upwelling is evidenced at the surface by
cold waters near the coast in response to the intensifi-
cation of northeasterly winds and Ekman transport along
the Moroccan continental shelf. The upwelling process pro-
motes high primary productivity by dispersing nutrients el-
ements and organisms over the surface layer, favoring the
blooming of phytoplankton concentration and the decrease
in sea surface temperatures in onshore direction. More-
over, the Moroccan upwelling region supports the highest
fish abundance, because of high year-round productivity
and favorable environmental conditions for larval survival
and recruitment (Abdelouahab et al., 2017; Berraho, 2007;
Brochier et al., 2009; Ettahiri et al., 2012), the majority
of catches are composed of small coastal pelagic similar to
those encountered in other coastal upwelling systems, with
a domination of the European sardine (Sardina pilchardus).

The European pilchard Sardina pilchardus (Walbaum,
1792) is an important, commercial pelagic fish species in
the north-west coast of Africa and especially in Morocco,
with a wide distribution area in the Mediterranean Sea,
and the northeastern Atlantic Ocean from the North Sea to
Senegal (Parrish et al., 1989). Northern and southern limits
seem to be related to the average water temperature, be-
ing located within 10 and 20°C isotherm (Furnestin, 1945).
Spawning occurs in open waters and larvae remain in plank-
ton for long periods (Olivar et al., 2001). In the Moroc-
can area, the exploitation of the southern stock started
in the late 1950s. Thus, the long-term catch of sardine
shows a gradual increase with peaks of landings of sardine
in the 1970s followed by a decrease in the 1980s and an
increase again in the 1990s to ~1 million tons per year
(Kifani, 1998). The constant exploitation of this resource
(for several decades) makes Morocco the leader among the
sardine-producer countries (where the total sardine catch
represents approximately 80% of the total Moroccan catch
in 2017, particularly in the southern region of Morocco,
between Cape Blanc (21°N) and Cape Boujador (26°N)). In
this area, sardine main spawning season occurs during the
cold season from autumn to winter (Abdelouahab, 2018;
Berraho, 2007, Ettahiri et al., 2012), and is characterized

by high productivity due to the permanent upwelling activ-
ity in the area which promotes food availability for larval
feeding.

Worldwide, small pelagic fish species stocks, exhibit
strong inter-annual fluctuations and instabilities, espe-
cially in the upwelling areas (Aristegui et al., 2009;
Brochier et al., 2009; Giannoulaki et al., 2013). Many hy-
potheses have been reported to explain biomass fluctua-
tions. Regardless overfishing, fluctuations may be the ef-
fect of climate changes (Alheit et al., 2012; Bonanno et al.,
2016; Malta et al., 2016), or other environmental condi-
tions (hydrodynamic circulations, water temperature, nu-
trient availability), or the location of the spawning habi-
tat which can be a limiting factor for the survival of the
eggs. The latter can also impact the juvenile stage and
dispersing across different habitats while minimizing pre-
dation and maximizing food intake (Ciannelli et al., 2015;
Drinkwater et al., 2010; Fréon et al., 2009). However, stock
variability of small pelagic appears to be the result of a suc-
cessful combination of processes enhancing eggs and larval
development (Bakun, 2010).

In Morocco, the large fluctuation in the abundance of Sar-
dina pilchardus species is one of the current problems of
the global fishery management. This research provides in-
formation over large spatial and temporal scales, from data
collected of sardine egg distribution, over the period 1994—
2015, in the southern part of the Moroccan coast (21°N—
26°N), which allows the tracking of the influence of the en-
vironmental conditions on the distribution of the European
pilchard by defining their potential spawning habitat in the
Northwest African coastal area.

2. Material and methods
2.1, Study area

In Ichthyoplankton surveys sardine egg sampling was carried
out in the southern area of the Moroccan Atlantic coast,
along the region Cape Blanc—Cape Boujador (21—26°N) (12
surveys: 1994—2015) (Table 1). Sampling stations were po-
sitioned to cover all the region between the coast and
the isobaths 1000 m and varying slightly from year to year
(Figure 1). The surveys focused mainly on the peak spawn-
ing period of sardine in this region (cold season). Ichthy-
oplankton samples were collected by a small 20 cm diame-
ter bongo net geared with a 417 um mesh. Plankton oblique
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Table 1  Survey period conducted in the study area.
Years Survey period
Season Begining of End of the Code
the survey survey
1994 Winter 17-jan 26-jan W94
1995 Winter 25-jan 04-feb W95
1997  Winter 20-jan 03-feb w97
1998 Winter 06-mar 23-mar W98
1999 Spring 12-apr 01-may S99
2003 Autumn 26-oct 11-nov AO3
2005 Autumn 05-dec 16-dec AO5
2007 Autumn 21-nov 02-dec AO7
2009 Winter 19-dec 10-jan W09
2011 Winter 06-jan 31-jan W11
2013 Autumn 28-nov 25-dec A13
2015 Autumn 20-nov 15- dec A15
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Figure 1  Example of a fish egg sampling plan network in the

study area during the autumn—winter periods 1994—2015.

tows were carried out to a maximum depth of 200 m leaving
5 m over the bottom when in shallower depths. The samples
were immediately preserved in 5% borax-buffered forma-
lin. The water volume filtered was measured by a flowme-
ter attached to the opening of the bongo net. In the labo-
ratory, sardine eggs were sorted from the ichthyoplankton
samples and counted. The depth and water volume filtered
were used to standardize abundance into egg 10 m~2.

Sea Surface Temperature (SST) and Sea Surface Salin-
ity (SSS) were recorded at each station with a SBE-911+
CTD. Zooplankton biomass (ZP) was calculated as wet

weight from 5% buffered formaldehyde preserved samples
(Wiebe et al., 1975) and expressed into mg m~3.

2.2. Data analysis

For the long-term variation of spawning location, the cen-
tre of gravity was calculated. The centre of gravity is the
mean location of the population, in our case, of the sardine
eggs in the period of the 2000s. Using the following formula
(Jenness, 2004), centres of gravity has been calculated:

_ > fixi v — > fiyi
2ifi 2ifi

X and Y: mean longitude and latitude respectively; fi: sar-
dine egg abundance at station i; xi and yi: the longitude and
latitude coordinates respectively of station i.

The spawning habitat preference of sardine was mod-
elled based on the egg data using Generalized Additive
Model (GAM) (Wood, 2006) to detect the relationships be-
tween sardine eggs and the environmental variables SST, SSS
and ZP.

The relationship between the presence/absence of sar-
dine eggs data and density data against the environmen-
tal variables were tested by the generalized additive model
(GAM). GAMs with a binomial error distribution and a logit-
link function were fitted to sardine binary data, while the
Gaussian distribution was used to model the density data
(only on given presence density) and where depths were not
beyond 500 m (where the majority of the eggs were found).
This analysis was performed using R 3.0.2 (R Development
Core Team 2014) and ‘mgcv’ package (Wood, 2001).

X

3. Results

3.1. Inter-annual variability of spawning
distribution and location

The distribution of sardine eggs abundances varied consider-
ably from year to year and from decade to decade showing a
large degree of inter-annual variability of sardine egg distri-
bution during the 2000s (Figure 2). Generally, the observed
egg distributions were restricted to near-shore waters ex-
cept for few stations whose depth exceeded 500 m.

In the period of 1990s, high abundances were reported
during 1994, 1995 and 1999 (maximum abundance: 23529
egg 10 m~2 in 1995), whereas the lowest abundances were
recorded in 1997 (maximum abundance: 216 egg 10 m~2).
In terms of spatial distribution, sardine eggs were concen-
trated between Dakhla and Cape Boujador during 1994,
1995 and 1997, whilst eggs were recorded more in the south,
between Cintra bay and Dakhla in 1998—1999.

In the 2000s, high to medium sardine eggs abundances
were found in 2003—2009, particularly between Cape Bar-
bas and the northern part of Dakhla, except for the 2005,
where the spatial distribution is patchy and spreads over the
most shelf of the region of Cape Blanc. Besides, in 2011—
2015, sardine egg abundance tends to decrease despite the
high values recorded in only one station in 2013 (68539 eggs
10 m~2). Spatially, sardine eggs were distributed between
Cintra Bay and Dakhla during 2002—2007, while eggs were
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Figure 2  Distribution of sardine egg abundance (egg m~2) in the study area during the autumn-winter periods 1994—2015.
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Table 2 Results of Generalized Additive Models (GAMs) for sardine eggs.

Presence/abscence

Estimate SE VA p-value p
Intercept -0.3064 0.1042 -2.94 0.00328 *
Term edf Ref.df X? p-value P
SST 1.000 1.001 1.195 0.274 n.s
SSS 1.656 2.030 1.850 0.402 n.s
ZP 1.492 1.830 2.765 0.216 n.s

Given presence data
Term Estimate SE YA p-value p
Intercept 56.927 0.1617 35.22 <2e-16 o
Term edf Ref.df F p-value P
SST 1 1 9.585 0.00231 o
SSS 1 1 5.855 0.01663 o
ZP 1 1 7.480 0.00693 *

Code of significance: *** 0.001; ** 0.01; * n.s.

found further north (southern part of Cape Boujador) in
2011-2015.

3.2. Long term variation of spawning location

To show the long-term variation, centers of gravity of
spawning location were calculated based on the location of
each grid weighted by the number of eggs for each year.
Generally, all sardine spawning areas were coastal areas
where maximum depths were not over 50 meters’ depth.

During the period of 1990s, the main spawning area of
sardine was observed between Dakhla (24°N) and the south
of Boujador (25°N). Throughout the 2000s, the mean centres
spawning gravity location showed changes between 2003—
2009 and 2011—2015 (Figure 3). The spawning position was
found concretely around Dakhla. Thus, in the early 2000s,
the spawning location was observed between Cintra Bay and
Dakhla, with the exception of 2005, where the main spawn-
ing occurred further down south, particularly near Cape Bar-
bas. Contrarily, during the period from 2011—-2015, a shift of
the spawning location of sardine was observed towards the
north of Dakhla.

3.3. Sardine spawning relationship with SST, SSS
and ZP

GAM modeling was used to explore the relationship of sar-
dine spawning with SST, SSS and ZP by using the density data
and the presence/absence data of sardine eggs acquired
from the time series data of surveys from 1994—-2015. The
results of the model are shown in Table 2. No significant
relationship was detected between the presence/absence
of sardine eggs with SST, SSS and ZP. However, a highly sig-
nificant linear relationship between egg abundance and SST,
SSS and ZP was observed. To confirm this linear relationship,
a multiple regression analysis was applied verifying its sta-
tistical significance (Table 3). Figure 4 shows the GAM plot
depicting the potential relationships of sardine egg abun-
dance and SST, SSS and ZP. The results of the GAMs anal-
ysis revealed that eggs are likely to be found at surface

25°N
&
&
)
é}
£
2
k)
24°N S
wos
.
*A03
23°N

S Ocean Data View

17°W 16°W 15°W 14°

Figure 3  Centres of gravity of spawning location of sardine in
the study area.

temperatures between 18.5 and 22.5°C. Sardine eggs were
associated with lower values of salinities (< 36.4 psu).
Furthermore, eggs were more abundant in areas of high
biomass of mesozooplankton.

3.4. Spatial-temporal dynamics of the sardine
spawning habitat

The modelled potential spawning habitat of sardine covers
larger areas and is patchier during the period of the 2000s
(Figure 5b) than during the 1990s (Figure 5a). During the
1990s, the area with a probability of more than 50% egg
presence may be considered as a favorable area for sardine
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Results of Generalized Additive Models (GAM). The panels show the effect of SST: Sea surface temperature, SSS: Sea

surface salinity and ZP: Zooplankton biomass, on the distribution of sardine eggs.

Table 3 Result of multiple linear regression between egg
densities (positive stations) and environmental parame-
ters (SST, SSS and ZP).

Estimate  SE tvalue  Pr(>|t]) p
SST 0.318 0.114 2.785 0.006 o
SSS —1.638 0.687 2.385 0.018 *
ZP 0.002 0.001 —2.877 0.005 ok

Code of significance: *** 0.001; ** 0.01; * 0.05.

spawning. This area constricted to the coastal area between
Dakhla and the southern part of Cape Boujador (Figure 5a).

During the 2000s, the potential spawning area of this
species is more dispersed, from Cape Boujador to Cape Bar-
bas (Figure 5b). However, three areas of high egg probabil-
ities (> 75%) were identified: (1) between Cape Boujador
and 25°N, (2) in the Dakhla region and (3) between Cintra
Bay and Cape Barbas.

The offshore region between Cape Barbas and Cape Blanc
showed a low probability of sardine egg presence in both pe-
riods of the 1990s and the 2000s. The analysis of the average

and variability maps of egg presence of both periods allowed
the identification of a recurrent spawning area of high egg
probability (> 75%) located between Dakhla and Cape Bou-
jador. An occasional spawning area is located between the
northern area of Cape Barbas and Cintra Bay where the av-
erage probability of egg presence is high but showing high
variability. Offshore areas show low average probability of
sardine spawning according to data on egg presence and
likewise showing low variability (Figure 5c).

4. Discussion

Our samples were collected in the cold season coinciding
with the peak spawning period of sardine in this area. Dur-
ing the study period, sardine eggs abundances varied from
year to year. The distribution maps of sardine eggs revealed
high abundances in the period of 2003—2009 compared to
the 1990s, particularly in the coastal areas. In the winter
of 1997/1998, a decrease of the sardine eggs abundances
was observed. Indeed, the Moroccan stock of sardine has
experienced dramatic changes in terms of abundance, es-
pecially during the 1997/1998 spawning season. This period
corresponds to an El Nifo warming trend that increased
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Spatial location of recurrent, occasional and unfavourable sardine spawning area (Grey scale is proportional to the

probability of presence of eggs). Top left (a): average map of sardine spawning area for the period of 1990's. Top right (b): variability
map of sardine spawning area for the period of 2000’s. Bottom (c): average map of the probability of presence of eggs for the period

of 1994-2015.

temperatures in the study area (INRH, 2002) which may
have affected the optimal temperature regime for sardine
spawning.

The period 2011—2013 showed low sardine egg abun-
dances which only increased slightly in 2015. Considering
the sampling periods of each decade (in winter of 1990s
and in late autumn of 2000s), spawning variability between
the two decades can be attributed to seasonal variations,
jointly with the inter-annual variability of the environ-
mental conditions. Petitgas et al. (2013) found strong sar-
dine spawning variability in the Bay of Biscay, which corre-
sponded to inter-annual differences in temperature.

In the 1994—1999 period, the spawning ground of
the southern population of sardine was found between
Dakhla (24°N) and the south of Cape Boujador (26°N)
(Berraho, 2007; Ettahiri et al., 2012). During the period of
autumn-winter of the 2000s, sardine spawning grounds were
located in the south, particularly between Dakhla (24°N)
and Cintra Bay (23°N), except for the year 2005 and the
period between 2011—-2015. The high variability in the dis-
tribution of eggs between the spawning years and within the
same area is probably driven by environmental conditions.
Indeed, the inter-annual variability of the spawning ground
of sardine is related to the variability of the environmen-
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tal parameters (Berraho et al., 2005; Ettahiri et al., 2012)
which are influenced by the global environmental changes.
During the last decade, fish populations have decreased,
particularly regarding small pelagic fish stocks (INRH, 2014).
Bakun and Cury (1999) have noted that changes in the wind
intensity and the onset of the upwelling season can also
be related to changes in the main atmospheric circula-
tion patterns such as the North Atlantic Oscillation (NOA)
and the Pacific Decadal Oscillation (PDO) (Guisande et al.,
2004; Lindegren et al., 2013) and may cause fluctuations
in the abundance of the small pelagic year per year. In
general, the spawning habitat of small pelagic must con-
form to having suitable hydrophysical conditions (e.g., tem-
perature, salinity and availability of food), the necessary
trophic resources, and the coexistence of relatively few
predators (Weber et al., 2015). In the Moroccan coast off
Northwest Africa, sardine spawning is observed within an
optimal temperature range of 16—18.5°C (Ettahiri et al.,
2003; Furnestin and Furnestin, 1959).

Generally, a preferential spawning habitat must comply
with favorable conditions for spawning of a given species,
particularly defined by its hydroclimatic features and the
necessary trophic resources, as well as, being surrounded
by few numbers of the predator spectrum (Weber et al.,
2015). The optimum spawning habitat of sardine off NW
Africa has been defined by assessing the link between sar-
dine egg densities and their presence/absence data with
the implementation of a Generalized Additive Model (GAM).
The relative presence/absence egg data did not show any
significant relationship with SST, SSS and ZP. However, the
results of the Generalized Additive Model indicate a signif-
icant linear relationship (p < 0.05) between the referred
environmental variables and the egg density data. The pre-
dicted model showed that sardine was mostly to be found
at sea surface temperatures between 18 and 22°C. How-
ever, the results of the quotient analysis carried out in
the 1990s showed that the preferred temperature ranges
from 15.5 to 17.5°C (Berraho, 2007; Ettahiri et al., 2012).
The results of the GAMs imply that the preferred tempera-
ture range for the sardine spawning has shifted to a higher
temperatures regime possibly consequent with the global

The annual-mean SST (Sea surface temperature) during 1982—2011 for SSTmax (red line), SSTmin (blue line) and CUI
(Coastal upwelling index; thick black line) (Benazzouz et al., 2015).

warming trend in this region (Benazzouz, 2014). Changes
in the preferred environmental conditions may also be due
to a direct consequence of changes in the location of sar-
dine spawning grounds through time, as reported in pre-
vious studies (van der Lingen et al., 2001, 2006). In the
southern Benguela region, sea surface temperature expe-
rienced a warming trend during the 2000s period which ac-
counted for the changes in the spawning distribution pat-
terns as suggested by Roulaut et al. (2010) and which was
confirmed by a gradual eastward shift of spawning habitat
of sardine as a response to this warming (Mhlonogo et al.,
2015). In this climatic context, Peck et al. (2013) argued
that sardine is an excellent bio-indicator of the climate-
driven changes in marine systems. Indeed, these authors
suggested a dependence of preferred SST ranges for the
European sardine spawning in the function of their geo-
graphical location. Thus, at decadal scales, these ther-
mal preference variations for spawning can be attributed
to significant sea surface temperature variability, as sup-
ported by Benazzouz et al. (2014; 2015) that found signif-
icant changes in temperature between the 1990s and the
warming trend beyond the 2000s. This warming trend is ob-
served in the coastal and oceanic parts of the Canary Cur-
rent region, as observed from the thermal field trends from
1998 to 2014, also visible in the southern part of the Mo-
roccan Atlantic (Figure 6). Similarly, thermal conditions in
the Benguela current ecosystem have recently evolved to-
wards a warming period (Rouault et al., 2010), and corre-
spondingly, sardine and anchovy spawning distribution pat-
terns seem to have followed accordingly to these changes
(Mhlongo et al., 2015). Both species are considered climate
change bio-indicators of marine ecosystems (Peck et al.,
2013), due to their capacity to respond to climatic changes
(Mhlongo et al., 2015). In the Benguela ecosystem, sin-
gle parameter quotient applied yearly from 1988 to 2009
highlighted a wide range of the preferential temperature
from 16—22°C for the Benguela sardine spawning (Sardinops
sagax) (Mhlongo et al., 2015). The salinity range in which
sardine eggs were found was wide (35.7—36.4) and within
the same range described previously (Berraho et al., 2005;
Ettahiri et al., 2003). The GAM’s results suggest that the
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availability of food is one of the biotic factors involved in
selecting a suitable habitat for spawning.

According to the results observed in 2004, there is a
synchrony between the abundance of ichthyoplankton and
zooplankton, which showed an overlap of zooplankton and
fish egg distributions, promoting a favorable habitat for the
future larvae. In fact, Chicharo et al. (2003) studying the
nutritional conditions of sardine larvae found a significant
correlation between zooplankton biomass and specifically
on the microzooplankton fraction with the RNA/DNA ratio.
Similarly, seasonal and annual variability of the potential
spawning habitat of sardinella (Sardinella aurita) has been
observed associated with planktonic biomass, thus providing
favorable feeding conditions for larval survival after spawn-
ing (Mbaye et al., 2015).

The GAMs analysis revealed a significant relationship be-
tween sardine eggs sand zooplankton biomass, where egg
abundance is related to higher zooplankton biomass. Sar-
dine regulates trophic links between zooplankton and the
upper trophic level of fish constituting a midtrophic level
in highly productive ecosystems (Cury et al., 2000). In fact,
most eggs are found in similar sites presenting similar en-
vironmental conditions to those in which the spawning oc-
curred (Weber and McClatchie, 2010). These results suggest
that food availability is among the biological factors con-
tributing to the selection of suitable spawning habitat.

The temporal variability of environmental conditions not
only influences spawning habitats but also impacts the
spatial dynamics in terms of spawning ground’s distribu-
tion of different sardine populations (Bellier et al., 2006;
Gigliotti et al., 2010; Mhlongo et al., 2015; Planque et al.,
2007; van der Lingen et al., 2001).

The location of suitable spawning areas was assessed
based on the analysis of the probability of occurrence of
eggs during two decades, the 1990s and the 2000s. As a re-
sult of this study, a strong inter-decadal variability in the
spatial positioning of spawning grounds was determined. In
the 1990s, a restricted area of a high probability of egg
occurrence was identified near the coast at a latitude of
25°N where sardines spawned regularly every year. This was
a large area characterized by its inter-annual variability of
sardine egg production. In the 2000s, areas of high spawn-
ing probability were more spatially spread out. In addition,
over the entire period from 1994—2015, three categories of
spawning habitats were identified by Bellier et al. (2006): a)
a persistent spawning area where the spawning is observed
every year being delimited by 24°30—25°30'N; b) an occa-
sional spawning area where sardines spawned variably from
year to year in the spatial extension from southern Cape
Boujador to Cintra Bay and c) unfavorable spawning areas
where quasi-absence of sardine eggs in this area is observed
which is likely due to hydrographic features causes rather
than spawning.
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structure of the phytoplankton community was suitable for mussel ingestion, since the pre-
dominant cell size was 2—20 wm. Regarding toxic phytoplankton, the genera that pose a risk
for human health and those that affect negatively mussel physiology and survival were consid-
ered. Altogether, ten toxic phytoplankton taxa were identified, contributing in less than 5% to
the total cell abundance of Mutriku. However, median chlorophyll a concentration was low (0.5
ng L), reflecting the oligotrophic conditions of the area. Therefore, even if the composition
of the phytoplankton community could be favourable for bivalve aquaculture, biomass values
are low compared to other zones of bivalve production.

© 2020 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/).

1. Introduction

Phytoplankton, as major primary producers in marine
coastal systems, play an indispensable role in sustaining
the pelagic food webs (e.g., Reynolds, 2006) and maintain-
ing the ecosystem’s healthy structure and functioning (e.g.,
Malone et al., 2016). In addition, phytoplankton communi-
ties exhibit large variations, mainly as a response to changes
in abiotic factors driven by meteorological and hydrographic
processes, but also because of biotic factors like grazing,
competition, parasitism and microbial attack (Granéli and
Turner, 2006).

Phytoplankton composition and dynamics are very impor-
tant for shellfish aquaculture, being these organisms the
main source of energy for filter-feeder bivalves like mussels
(e.g., Petersen et al., 2008). However, not all phytoplankton
species have either an appropriate cell size for ingestion or
a good nutrient composition for the growth of bivalves (e.g.,
Brown, 2002; Marshall et al., 2010). The ingestion and re-
tention efficiency of mussels depends on the cell size of the
phytoplankton species, and although there is controversy
about the most appropriate particle-size, most of the stud-
ies agree that a size range of 4—45 pum is the most suitable
for high food depletion (Cranford et al., 2014). Moreover,
several studies observed low retention of picophytoplank-
ton (0.2—3.0 um) in mussel rafts (Petersen et al., 2008) and
long-line culture systems (Cranford et al., 2008). When it
comes to nutrient composition, since lipids are the princi-
pal source of energy for bivalve larvae, the nutritional value
of phytoplankton species principally belongs to their lipid
content, especially essential fatty acids (EFA), which varies
depending on the species or group (Marshall et al., 2010;
Pettersen et al., 2010). In addition, several studies recog-
nise that the nutritional value of a multispecies algal diet
(at least one species of flagellate and one type of diatom) is
higher than that of a monoculture, having synergistic effects
on mussel growth (Pettersen et al., 2010; Stromgren and
Cary, 1984).

On the other hand, phytoplankton can be problematic
for shellfish aquaculture due to the potential for synthesis-
ing toxins that some phytoplankton species or strains have.
When bivalves filter toxic phytoplankton, toxins are actively
accumulated and concentrated in the hepatopancreas and
get transferred to higher trophic levels, becoming a se-
rious risk to humans and other consumers such as marine
mammals or sea birds (e.g., Anderson, 2009; Davidson and

Bresnan, 2009; Lawrence et al., 2011). Amnesic, paralytic
and diarrheic shellfish poisonings (ASP, PSP and DSP, respec-
tively) are some of the most common syndromes caused by
phytotoxins in humans. In order to avoid the intoxication
of consumers, closures of shellfish harvesting areas occur
regularly all over the world, which leads to economic
losses. In addition, there is evidence that toxic phytoplank-
ton may affect filtration, feeding, growth, valve closure,
byssus production, oxygen consumption, cardiac activ-
ity and survival in marine bivalves (Cao et al., 2018),
which also affects the aquaculture industry
negatively.

Globally, shellfish aquaculture production has undergone
a major increase in recent years. In Spain, the overall aqua-
culture production was 293,000 t in 2015 and 77% of it
(225,000 t) corresponded to mussel (Mytilus galloprovin-
cialis) aquaculture (De la Figuera, 2017). More than a 95%
of Spanish mussel production is carried out in Galicia (north-
western Spain), where mussels are cultivated in the coastal
inlets (Rias) by means of floating rafts (Eurofish, 2016).
The interaction between the coastal upwelling and the
circulation patterns in the Rias leads to a massive re-
sponse in the productivity of phytoplankton populations in-
side these inlets, even during weak upwelling events along
the coast. This response of the phytoplankton provides the
filter-feeding organisms with food of a high quality that
determines high absorption efficiency, while the charac-
teristics of the Rias maintain the seston concentrations
at levels below the threshold of pseudo-faeces produc-
tion (Figueiras et al., 2002). These favourable conditions
make Galicia one of the largest mussel producers worldwide
(Romalde et al., 2018).

Recently, in the Basque Country (north of Spain, south-
eastern Bay of Biscay), where hydrographic and physico-
chemical conditions differ from Galicia, there is an increas-
ing interest in shellfish aquaculture, and several studies
have been conducted in order to establish this activity in
offshore waters (Azpeitia et al., 2016, 2017). Thus, the com-
mercial production of mussels began in 2019 with longlines
in open marine waters (approximately 2 km offshore) in the
area called “Mendexa”. So far, bivalve production has not
started in inshore areas, which are scarce, and most of them
sustain activities incompatible with aquaculture. However,
in 2016, a raft was installed in a sheltered area within a
small port (“Mutriku”) for the experimental culture of bi-
valves.
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Figure 1  Study area and sampling station. On the top: the Basque coast, the location of the bivalve farm of “Mendexa” (Me)

and “Mutriku” (Mu) station, within the context of the Bay of Biscay. Lower panels: the location of “Mendexa” (Me) and the station
“Mutriku” (Mu); on the right, the Mutriku port is depicted with the sampling station and the discharge point of a Wastewater

Treatment Plant (WWTP).

Several studies have been carried out that address
phytoplankton communities in the southeastern Bay of
Biscay. Most of these studies were focused on describ-
ing the phytoplankton communities’ taxonomic composi-
tion and dynamics in estuaries and open marine waters
(e.g., Batifoulier et al., 2013; Garmendia et al., 2011;
Orive et al., 2010; Seoane et al., 2005; Seoane and Orive,
2012; Trigueros and Orive, 2000). However, when it comes to
the study of phytoplankton in relation with bivalve aquacul-
ture, just a few studies have been carried out, all of them in
open marine waters (Muniz et al., 2017, 2018, 2019) and just
one that included an inshore area (Bilbao et al., 2020). Re-
cently, Azpeitia et al. (2019) assessed the annual settlement
and recruitment patterns of Mytilus galloprovincialis in sev-
eral inshore areas on the Basque coast, concluding that they
could be suitable for future seed gathering for the mus-
sel aquaculture industry. This research addresses the phy-
toplankton community as a food resource for bivalves and
as phytotoxins producers in an inshore area, the Mutriku
port (Spanish Basque coast). This is relevant for the poten-
tial development of aquaculture in the southeastern Bay of
Biscay, since the previous studies on this topic were mainly
limited to open marine waters whose environmental condi-
tions, such as light and nutrient availability for phytoplank-
ton, could be different.

In this context, we have examined the composition, cell
size, abundance and biomass of the phytoplankton commu-

nity and the presence of potentially toxic taxa, from Au-
gust 2016 to August 2017, in the Mutriku port, with the aim
of analysing, in detail, the suitability of this area to sus-
tain shellfish aquaculture. In addition, we have compared
the results with the studies conducted in open waters in
this region, in terms of phytoplankton community composi-
tion. These results could contribute to a better knowledge
of the phytoplankton community composition and dynamics
in this type of systems (i.e., sheltered euhaline waters of
the southeastern Bay of Biscay).

2. Material and methods
2.1. Study area

The Spanish Basque coast is placed in the southeastern Bay
of Biscay and has an extension of ca. 100 km (Figure 1).
The area is described as an exposed littoral coast of high
energy, mainly erosional, with large cliffs (Cearreta et al.,
2004). The climate is rainy, temperate and oceanic, with
moderate winters and warm summers (Fontan et al., 2009).
Consequently, the seasonal pattern of major climatic and
hydrographic conditions corresponds to that of temperate
sea areas: winters characterised by water column mixing,
which leads to nutrient input from deep waters to the sur-
face; springs with increases in surface water temperature



J. Bilbao et al./Oceanologia 63 (2021) 12—26 15

and relative stabilisation due to solar irradiance; summers
with stratification resulting from greater solar irradiance;
and autumn mixing processes induced by the cooling of sur-
face waters and southerly and westerly winds (Fontan et al.,
2008; Valencia et al., 2004).

Along the Basque coast, the tide is semi-diurnal, the
mean tidal range is approximately 1.5 m at neap tides and
4 m at springs tides. The region is defined as ‘low meso-
tidal’ during neaps and ‘high meso-tidal’ during spring tides
(Gonzalez et al., 2004). In addition, this coast is influenced
by 12 rivers, which are torrential in character (Ferrer et al.,
2009) and annually provide ca. 150 m? s~! of fresh water
to the coastal water bodies. This freshwater supply leads to
alterations in the physico-chemical composition of the shal-
low waters and often an increase in nutrient concentration
in inner shelf waters (Ferrer et al., 2009; Valencia et al.,
2004).

This study was carried out at an experimental bivalve
culture platform located in the port of Mutriku, on the
Basque coast (Figure 1). The station is located in the outer
part of a marina (43°18.7'N, 2°22.6'W), and it is protected
from the wave action by a jetty. Its depth is 15 m, approx-
imately, and although rivers do not discharge into this har-
bour, the station receives the effluents from a Wastewater
Treatment Plant (WWTP) that serves the surrounding popu-
lation (ca. 5,300 inhabitants).

2.2. Sampling/laboratory strategy and data
acquisition

Samplings were carried out over 13 months (from August
2016 to August 2017), and samples were collected on a
monthly basis at two depths (3 m and 10 m) (supplemen-
tary material Table A1).

Information on tidal conditions and water height is also
presented in Table A1. Although the samplings were not con-
ducted exactly at the same phase of the tide, this factor was
controlled to some extent and it only caused a slight vari-
ation in the water height. Most of the samplings (10 out of
13) took place at neap or medium tides. Furthermore, 10
samplings were closer to low water time than to high water
time.

The water height was measured using a GPS sounder
(Garmin Ltd.) on boat. The high and low water times, as
well as the tidal coefficient, were those provided by AZTI
for Pasaia, a standard port located at about 40 km from
Mutriku. The tidal coefficient was used to distinguish spring
tides (> 0.85) from neap tides (< 0.55), following a crite-
rion previously used for the Basque coast (Gonzalez et al.,
2004). This coefficient was calculated by dividing the tidal
semi-amplitude by 1.967, which is the constant value of the
Pasaia Port (Instituto Hidrografico de la Marina, 1992).

Several measurements were undertaken in situ for the
characterisation of the physico-chemical conditions. Sec-
chi disk depth was measured in order to estimate water
transparency, and a Seabird25 CTD was used for the mea-
surement of temperature, salinity, density (Sigma Theta),
Light Transmission (LT), Photosynthetically Active Radiation
(PAR), chlorophyll a, oxygen concentration, oxygen satu-
ration and pH at the studied depths. The CTD was cali-
brated, regularly, with water samples filtered through What-

man GF/F filters and analysed by spectrophotometry, after
pigment extraction in acetone.

Water samples were collected with Niskin bottles at the
two depths. These samples were employed for the analy-
sis of Suspended Solids (SS), turbidity, Total Organic Car-
bon (TOC), dissolved inorganic nutrients and phytoplankton
identification and counting.

In the laboratory, the concentration of SS was measured
following the indications of Clesceri et al. (1989), after fil-
tration of the water through Whatman GF/C filters. Turbid-
ity of seawater was measured using a turbidimeter (2100
Turbidimeter, HACH; Loveland, Colorado, USA). For TOC,
an analyser (TOC-V CSH/CSN, Shimadzu Corporation, Ky-
oto, Japan) was employed in non-purgeable organic carbon
(NPOC) mode, as Grasshoff et al. (1983) described. When
it came to nutrients (ammonium, nitrite, nitrate, silicate
and phosphate), the measurements were carried out using
a Continuous-Flow Autoanalyser (Bran + Luebbe Autoanal-
yser 3, Norderstedt, Germany), following the colourimet-
ric methods described by Grasshoff et al. (1983). The quan-
tification limit for ammonium, nitrate and silicate was 1.6
pwmol L=, for nitrite, it was 0.4 wmol L=" and for phosphate,
it was 0.16 wmol L~=". In order to calculate average concen-
trations, a quantity equal to 50% of the limit was assumed
for the measurements that did not reach the quantification
limit.

Moreover, in order to describe hydrographic conditions,
two variables were estimated: the light extinction coeffi-
cient and the depth of the photic zone. The light extinc-
tion coefficient (k) was calculated graphically based on the
general equation of the vertical extinction coefficient (see
below), and that was obtained with the representation of
the PAR measured by the CTD at every meter of the water
column.

I; = Io.e_kz
where [, [E m~2 d~"] is the radiation received at a specific
depth, Iy is the radiation at a surface and z is the specific
depth [m].

The k was then applied to estimate the depth of the
photic layer using the following equation: photic zone
[m] = 4.605/k.

The phytoplankton community was analysed according to
cell concentration [cell L='] and biomass [ug C L~']. Wa-
ter samples used for phytoplankton identification were fixed
with acidic Lugol’s solution (0.4% v/v), immediately after
collection, and stored in 125 ml topaz borosilicate, in a dark
and cool (4°C) place, until analysis. For taxonomic identifi-
cation and cell counting, subsamples of 50 ml were analysed
following the Utermohl sedimentation method (Edler and El-
brachter, 2010) under a Nikon diaphot TMD inverted micro-
scope. The whole chamber was analysed at low magnifica-
tions (100 x) to count the larger and less abundant taxa.
For more abundant cells, transects at different magnifica-
tions (100 x, 200 x or 400 x) were analysed depending
on the organism’s abundance and size. For chain-forming
taxa, cells were counted, not chains. Most of the diatoms
and dinoflagellates were identified until genus level, and
the nomenclature of the identified taxa was standardised
according to AlgaeBase (Guiry and Guiry, 2018). However,
some of them could not be identified to that level and were
classified in the following groups: pennated diatoms, cen-
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tric diatoms, thecated dinoflagellates, athecated dinoflag-
ellates and flagellates.

In order to calculate the phytoplankton biomass, the
biovolume was determined by assigning each taxon a
mean equivalent spherical diameter (ESD), mostly based on
Olenina et al. (2006), taking into account cells shape and
size. The biovolume of the taxa that could not be accu-
rately calculated from Olenina et al. (2006) was determined
based on Muniz et al. (2019). Then, the biomass was calcu-
lated using the equation reported for marine phytoplankton
by Montagnes et al. (1994): Biomass = 0.109 x Volume®%",
where biomass is expressed in pg C cell™" and volume is ex-
pressed in um?3.

In addition, in order to determine which taxa had to be
considered potentially toxic, the Taxonomic Reference List
of Harmful Micro Algae from the Intergovernmental Oceano-
graphic Commission of the UNESCO was used as a check-
list (Moestrup et al., 2009; http://www.marinespecies.org/
hab/, accessed on 30 June 2018). As a measure of pre-
caution, when a genus contained both toxic and non-toxic
species, the whole genus was considered as potentially toxic
if the identification could not reach the species level. More-
over, risk of shellfish poisoning was determined by applying
alert levels of cell concentration to the genera causing the
three main syndromes of concern in this study area (ASP,
DSP and PSP): Pseudo-nitzschia spp., Dinophysis spp. and
Alexandrium spp., respectively. The threshold levels em-
ployed were (Swan and Davidson, 2012) 50,000 cells L~" for
Pseudo-nitzschia spp., 100 cells L= for Dinophysis spp. and
“presence” for Alexandrium spp.

2.3, Statistical analyses

Main statistical parameters (range, median and arithmetic
mean) were calculated for physico-chemical and hydro-
graphic variables and phytoplankton cell abundance and
biomass, for the whole year and for each studied depth.
The comparison between the studied depths was done in a
descriptive way rather than statistically.

3. Results

3.1. Hydrographic and physico-chemical
conditions

In order to describe the environmental conditions of the wa-
ter that could most be related to phytoplankton communi-
ties, Figure 2 shows the intra-annual variability of some of
the variables measured in Mutriku. The range (minimum—
maximum) and the medians for the whole year can be con-
sulted in Table B1 and the variability of additional variables
in Figure B1 (supplementary material, Appendix B).

There were no parameters among the several hydro-
graphic and physico-chemical conditions measured that
showed consistent and remarkable differences between 3
m and 10 m (Figure 2 and Figure B1).

When it comes to the variations among samplings, water
column depth varied in a range of 3 m (from 13 m to 16
m), with a median value of 14 m (Table B1). Salinity varia-
tions were small, it ranged from 34.28 to 35.47 at 3 m, and

from 34.36 to 35.52 at 10 m; therefore, Mutriku presented
euhaline conditions throughout the study period.

Median seawater temperature was 15°C. This parame-
ter showed a marked seasonal variability, with the high-
est temperatures being recorded in summer and the lowest
in winter. Optical conditions also showed notable changes
throughout the study period. Secchi disk depth, light trans-
mission and the photic layer depth registered the highest
values in spring and the lowest in winter. This was in ac-
cordance with the patterns of the light extinction coeffi-
cient (k) and turbidity, which, in contrast to the parameters
named above, registered their maxima in winter.

Chlorophyll a concentration was low, with an average
concentration of 0.5 0.3 pgL~"'and 0.6 + 0.3 pgL~" at 3
m and 10 m respectively, and a median of 0.5 ng L~ at both
depths. Values ranged between 0.1 ug L=' (in autumn, at 3
m) and 1.4 pg L= (in winter, at 10 m).

With regard to inorganic nutrients, although sporadic
peaks could be observed, generally they did not show very
high concentrations. Nitrate and silicate registered their
maxima in winter (at 3 m), being 6.3 pmol L~" and 3.1 wmol
L', respectively. Ammonium, on the contrary, registered its
maximum in spring (at 10 m) with 6.4 umol L~". Phosphate
did not exceed 0.5 wmol L~', and nitrite was recorded above
the quantification limit just twice (December and January)
during the study period.

3.2. Phytoplankton composition, abundance and
biomass

Concerning phytoplankton diversity, a total of 87 taxa were
identified, 81 of them until genus level at least. Dinoflag-
ellates represented the group with the highest number
of taxa, with 46% of the total taxa identified, followed
by diatoms, with 36%. The list of these taxa, their ap-
pearance frequency and their abundance range (minimum—
maximum) can be consulted in the supplementary material
(supplementary material Appendix C).

Phytoplankton total cell abundance ranged from
1.9 x 10* to 7.1 x 10° cells L='. Both cell abundance
and biomass presented several peaks throughout the year,
which, in general, were associated. At 3 m, the maximum
cell abundance, which was also the absolute maximum, was
observed in July, when the community was characterised
by a large proportion of haptophytes and cryptophytes
(Figure 3). However, at this depth, the maximum biomass
(85.4 ug C L-") was recorded in October, coinciding with the
dinoflagellate maximum abundance. At 10 m, on the con-
trary, the maximum phytoplankton abundance (6.2 x 10°
cells L-") and biomass (94.4 ug C L") were registered in
the same month, February, with a community dominated by
diatoms, Thalassiosira spp. concretely.

Regarding phytoplankton community composition
(Figure 3), similar results were obtained for both depths. At
3 m, the groups that contributed the most to the total cell
abundance were haptophytes and cryptophytes, with an
average contribution of 37% and 36%, respectively. At 10 m,
haptophytes were also the most contributing group (41%) in
terms of abundance; however, the average contribution of
diatoms was higher than at 3 m (24%), the same as cryp-
tophytes. Nevertheless, the contribution of these groups
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Figure 2 Intra-annual variability of the main hydrographic and physico-chemical conditions in Mutriku. In the case of nutrients,
for values below the quantification limit, the value of half of the limit is represented. Some additional variables (suspended solids,
total organic carbon and oxygen) are shown in supplementary material (supplementary material Appendix B).

to the total phytoplankton abundance differed from their
contribution to the total biomass. Diatoms were, by far,
the most contributing group in Mutriku terms of biomass
(52% at 3 m and 79% at 10 m), followed by dinoflagellates
(23% and 8%, at 3 m and 10 m, respectively). On the other

hand, haptophytes and cryptophytes, two of the most
abundant groups, only reached 7—8% of the contribution to
the total phytoplankton biomass. Diatoms recorded their
highest contribution values in winter, dinoflagellates in
autumn and haptophytes and green algae in summer. The
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List of the most abundant taxa in each phytoplankton group at the two sampled depths, together with their appear-

ance frequency throughout the year, maximum abundance and date when the maximum was registered.

Group Depth [m] Most abundant Appearance Maximum Date of maximum
taxon frequency [%] abundance abundance
[cells L]
Haptophytes Prymnesiales 100 2.7 x 10° Jul. 2017
10 Prymnesiales 100 2.5 x 10° Aug. 2017
Cryptophytes Plagioselmis sp. 100 2.3 x 10° Jul. 2017
10 Plagioselmis sp. 100 9.1 x 10* Jul. 2017
Diatoms Pseudo-nitzschia 77 2.3 x 10* Feb. 2017
Spp. < 3 um
10 Thalassiosira spp. 8 4.2 x 10° Feb. 2017
<20 um
Dinoflagellates 3 Athecated 100 3.8 x 104 Oct. 2016
dinoflagellates
<20 um
10 Athecated 92 1.5 x 10* Apr. 2017
dinoflagellates
<20 um
Green algae Tetraselmis sp. 100 5.1 x 10* Jul. 2017
10 Tetraselmis sp. 100 1.9 x 10* Aug. 2016

only difference was recorded for cryptophytes, which, at 3
m, reached the maximum contribution in autumn and, at
10 m, in spring.

The most abundant haptophyte and cryptophyte taxa
were Prymnesiales and Plagioselmis sp., respectively, re-
gardless of the depth and season, and they registered
their maximum abundances in the summer months of 2017
(Table 1). In addition, both of these taxa appeared in every

water sample analysed during this study. Among dinoflag-
ellates, athecated cells (< 20 um) were the most abun-
dant taxon at both depths and were observed in most of
the samples. The maximum athecated cell abundance was
registered at different months depending on the depth, in
October at 3 m and in April at 10 m. Diatoms were the group
showing the greatest variability in the dominant taxon,
since while at 3 m, Pseudo-nitzschia spp. (< 3 pwm) was
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the most abundant diatom group, Thalassiosira spp. (< 20
wm) dominated at 10 m. When it comes to green algae,
Tetraselmis sp. was the most abundant taxon, appearing in
every analysed sample and registering its maximum values
in summer.

When analysing the quality of the phytoplankton as a
food resource for mussels, the observed community was as-
sessed by considering cell size and toxicity. It was found
that the community was dominated by cells ranging 2—20
pm (ESD) (Figure 4). The average contribution to the total
phytoplankton cell abundance of this group along the study
period was 90.9% at 3 m and 86.2% at 10 m. Nevertheless,
part of this contribution corresponded to chain-forming di-
atoms, specifically 6.6% and 11.7% of the 2—20 um size cells
at 3 m and 10 m, respectively.

Regarding potentially toxic phytoplankton, ten taxa were
registered. Among them, Pseudo-nitzschia spp. was the
only potentially toxic diatom, whereas eight taxa belonged
to the dinoflagellates group: Alexandrium spp., cf. Aza-
dinium spp., Dinophysis spp., Dinophysis acuminata, Go-
niaulax cf. spinifera, Ostreopsis cf. siamensis, Phalacroma
spp. and Takayama sp. From other groups, only one hap-
tophyte (Phaeocystis globosa) was identified as a poten-
tially toxic taxon. The average contribution of the poten-
tially toxic taxa found in Mutriku to the total phytoplankton
abundance was 3.6% at 3 m and 4.5% at 10 m.

Regarding the taxa responsible for producing the most
concerning poisoning syndromes (Pseudo-nitzschia spp. of
ASP; Alexandrium spp. of PSP; Dinophysis spp. and Pha-
lacroma spp. of DSP), several differences were found
between their appearance frequencies. While Pseudo-
nitzschia spp. was the only taxon identified in every sample
analysed, Dinophysis spp. appeared in 23% of the samples
and Alexandrium spp. and Phalacroma spp. in 7.7% of them.
In addition, these last two genera were only present at 3 m.
When it comes to the exceedance of the abundance thresh-
olds that determine risk for shellfish toxicity, alert limits
for shellfish poisoning were registered in four of the 13 sam-
pling days carried out in Mutriku, twice by Alexandrium spp.
(at 3 m) and once by Pseudo-nitzschia spp. and Dinophysis
spp. (at 10 m and 3 m respectively). Among the rest of the
toxic taxa found in Mutriku, Ostreopsis cf. siamensis was
the most frequent, appearing in 23% of the samples at 3 m

and in 31% at 10 m. Goniaulax cf. spinifera, Takayama sp.,
cf. Azadinium spp. and Phaeocystis globosa appeared in less
than 16% of the samples, being cf. Azadinium spp. the most
frequent (identified in 15.4% of the samples).

4. Discussion

Waters in Mutriku showed some of the classical environmen-
tal conditions and seasonal cycles of temperate coastal ar-
eas, which have previously been described for Basque ma-
rine waters (Valencia et al., 2004). Temperature, for exam-
ple, showed a seasonal warming and cooling pattern, which
is thought to be highly related to air temperature in the
Basque shelf waters (Valencia et al., 2003) and has previ-
ously been recorded in several studies (e.g., Muhiz et al.,
2019). Optical conditions in the area also varied a lot, and
even if they did not show a clear seasonal pattern, tur-
bidity registered its maximum values in winter. In this pe-
riod, there is more water turbulence and, consequently, a
higher chance for sediment resuspension, which is a com-
mon phenomenon in shallow waters and increases turbidity
(Gonzalez et al., 2004).

When it comes to the seasonal variation of dissolved nu-
trients, the effects of the thermal cycle and the succession
of mixing and stratification conditions could be detected,
as in other zones of the SE Bay of Biscay (Valencia and
Franco, 2004). In Mutriku, nitrate and silicate registered
their maximum values in winter, similarly to the patterns
seen in Arcachon Bay, a shallow mesotrophic estuary (Glé
et al., 2008), which can be attributed to the turbulent
mixing processes and the subsequent input of nutrients to
the surface waters from the deeper layer (Valencia and
Franco, 2004). Ammonium, on the contrary, registered its
maximum in spring and, together with nitrate, is one of the
most abundant nutrients in Mutriku. It is known that sewage
discharges are rich in ammonium and phosphate; never-
theless, the WWTP that discharges its waters to Mutriku
performs the biological treatment, which targets residual
organic matter and suspended solids present in wastewa-
ter after the primary treatment stage and includes the re-
moval of dissolved nutrients (Carey and Migliaccio, 2009).
In addition, according to the data available in the Basque
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Water Agency (URA, https://www.uragentzia.euskadi.eus/
u81-0002/es/, accessed on 2 April 2020), the nutrient con-
centrations registered in Mutriku were within the range of
concentrations observed in nearby areas that are not sub-
ject to direct discharges from WWTPs, like the open marine
waters of Sopelana (“L-N20” station) or Orio (“L-O10” sta-
tion). Moreover, the annual average of ammonium, nitrate
and phosphate concentrations in Mutriku were below the
ones recorded by Revilla et al. (2009) along the Basque coast
in a six-year-long survey for 13 different nearshore sites.
Therefore, this might indicate that, in Mutriku, the effects
of the WWTP were not significant when it comes to nutrient
enrichment, as previously concluded by Bilbao et al. (2020).

Regarding the phytoplankton attributes studied here, the
median value of chlorophyll a (chl a) concentration was 0.5
ng L', with a maximum of 1.4 pg L™, reflecting the olig-
otrophic conditions of the area. Orive et al. (2004) indicated
that the chl a sub-surface maximum in the Basque shelf wa-
ters was usually between 2 ug L~" and 4 ug L~". Recent stud-
ies in the inner Bay of Biscay (Fanjul et al., 2017) registered
similar chl a concentrations to Mutriku in Urdaibai estuary,
where the annual mean concentration ranged from around
0.5pg L' to 1 g L' in most of the studied years (1998—
2013). On the contrary, in Bilbao estuary, the annual mean
of chl a concentration was above 1 ug L~" in all the years of
the study period (Fanjul et al., 2017). This might be mostly
explained by the trophic conditions of these sites, since
the Mutriku port presents oligotrophic conditions similar to
those of Urdaibai and many other sites of the Basque coast,
differing from the mesotrophic conditions reported for Bil-
bao estuary. In addition, the results obtained in Mutriku are
also similar to those observed in the farm of Mendexa (lo-
cated in an oligotrophic area as well), where the mean an-
nual chl a value was 0.6 + 0.4 ug L=' (Muhiz et al., 2019).
Moreover, chl a concentration in surface waters of Mendexa
was below 0.6 pg L=' for most of the studied year, only
registering higher values from February to May, and Mutriku
only registered values above 0.6 g L~" in 4 of the 13 sam-
pled months (although these were detected at any season
except summer). This makes both zones similar in terms
of chl a, a proxy for phytoplankton biomass, for sustaining
aquaculture production. Despite that, chl a in Mutriku was
very small during the entire survey in comparison with other
European aquaculture sites. Studies conducted in Galician
Rias, where most of the Spanish mussel production is car-
ried out, recorded mean values of chl a between 0.7 pg
L-" (winter) and 13.6 ug L~" (spring) (Varela et al. 2005).
In addition, Spyrakos et al. (2011) also found higher mean
chl a concentrations in Rias Baixas than in Mutriku, with
values lower than 1 ug L~" in winter, close to 5 pg L' in
summer and up to 8 ug L' during spring and autumn. Stud-
ies in the Eastern English Channel (France), where shellfish
farming was one of the most important aquaculture indus-
tries of Europe, also showed higher chl a concentrations
than in Mutriku, in the range of 1-25 pg L~' according to
Jouenne et al. (2007) and between 0.9 and 18.9 ug L= ac-
cording to Klein et al. (2010). However, knowing that the
total biomass is an important factor for the growth of bi-
valves, in field studies, Wall et al. (2013) observed that the
growth rates of bivalves were more related to the commu-
nity composition, especially the density of certain cellular
types, than to the total phytoplankton biomass.

The total phytoplankton cell-abundance range regis-
tered in Mutriku was within the values previously found at
nearshore stations along the Basque coast (Muniz et al.,
2017). In Mutriku the phytoplankton community was dom-
inated by haptophytes and cryptophytes, in terms of cell
concentrations, during most of the year. Haptophytes,
concretely, were especially dominant from March to Au-
gust. However, these groups are mainly composed of small
nanoplankton, meaning that their contribution to total
biomass was small. Haptophytes are known to be one of the
main components of marine phytoplankton (Latasa et al.,
2005; Not et al., 2005; Rodriguez et al., 2003), especially in
oceanic waters, but they can also be abundant in coastal
and estuarine waters (Dahl et al., 1998). Seoane et al.
(2005, 2006, 2009) described the relative importance of
haptophytes in terms of abundance in the Nervién River es-
tuary (Bilbao estuary), concluding that this group was not
among the most abundant since the estuary was mainly
dominated by diatoms, chlorophytes and cryptophytes. Nev-
ertheless, Muniz et al. (2019) reported a high abundance
of haptophytes, especially in spring and summer, in the
neighbouring marine waters of Mendexa, where this group
was 46% of the total cell abundance, exceeding the dom-
inance of haptophytes in Mutriku (37—41%). This domi-
nance of haptophytes in oligotrophic waters like Mutriku
or Mendexa might be explained by their small cell size and
mixotrophic ability (Hansen and Hjorth 2002; Jones et al.,
1993; Lessard et al., 2005). In addition, nanophytoplankton
also dominates the phytoplankton community in terms of
abundance in other Atlantic areas, for example, the West-
ern English Channel (Widdicombe et al., 2010). Besides that,
a study of the phytoplankton distribution between 62 and
37°N in the northeastern Atlantic showed that, in surface
waters between 62 and 50°N, haptophytes were the most
abundant group (Gibb et al., 2001).

Diatoms were the most important group in Mutriku in
terms of biomass during the whole year. This group was
especially abundant at 10 m, becoming the second most
abundant group after haptophytes, and reached their max-
imum values in winter at both depths. Diatoms are organ-
isms that prefer turbulent and nutrient-rich conditions, and
therefore, strong vertical mixing favours their dominance
(Glibert, 2016; Margalef, 1978), conditions that typically ap-
pear in winter. In addition, diatoms are generally adapted
to low light levels (Brahim et al., 2015), which favours their
survival in turbid conditions (Lionard et al., 2005), and tend
to have significantly higher maximum uptake rates of nutri-
ents than any other group (Litchman et al., 2006), which
might explain their predominance in late winter light and
nutrient conditions. Moreover, since diatom cells are non-
motile (Ross and Sharples, 2007), the higher water tur-
bulence that is usually found in winter enables them to
keep re-suspending into the surface, where growth condi-
tions are more favourable (Ross, 2006). Previous studies in
the southern Bay of Biscay also described these late win-
ter diatom peaks (Guillaud et al., 2008; Labry et al., 2001;
Munfiz et al., 2019). Muniz et al. (2019), in particular, de-
scribed for Mendexa a diatom peak in March, when diatoms
made up 50% of the total cell abundance; however, during
the rest of the year, diatoms contributed in 13% of the total
cell abundance, which is less than in Mutriku. Regarding the
contribution to total biomass, diatoms only dominated the
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community in Mendexa during winter, representing between
54% and 78% of the total biomass, being less important than
in Mutriku as well.

The dominance of diatoms in biomass found in Mutriku
suggests favourable phytoplankton nutritional quality for
mussels. Several studies have reported a direct correlation
between diatoms and bivalve growth (Pernet et al., 2012;
Wall et al., 2013; Weiss et al., 2007). On the other hand,
haptophytes dominate in terms of cell concentration, al-
though their small size makes their contribution to total
phytoplankton biomass smaller. While diatoms are known
to be rich in eicosapentaenoic acid (EPA), some hapto-
phytes are a rich source of docosahexaenoic acid (DHA)
(Catarina and Xavier, 2012). EPA and DHA are two im-
portant essential fatty acids (EFA) for bivalves; the first
one has an energetic function (Martinez-Pita et al., 2012;
Sanchez-Lazo and Martinez-Pita, 2012), and the second one
is known for promoting growth (Parrish, 2013). Due to this,
diatoms and haptophytes (especially Isochrysis galbana and
Pavlova lutheri) are frequently used as feed for shellfish
worldwide (Catarina and Xavier, 2012; Eikrem et al., 2017;
Volkman et al., 1989, 1991). Mixed microalgal diets of these
two groups are common in bivalve hatcheries and consid-
ered highly nutritious in terms of polyunsaturated fatty
acids (PUFAs) (Catarina and Xavier, 2012; Knuckey et al.,
2002).

Apart from that, the presence of dinoflagellates in
Mutriku has to be mentioned as well. Although it is not
among the most abundant groups, the contribution of di-
noflagellates to the total biomass (especially at 3 m) is no-
table. The presence of this group is beneficial to shellfish
aquaculture since dinoflagellates also contain DHA (e.g.,
Azpeitia et al., 2016). Moreover, Trottet et al. (2008) found
that dinoflagellates, together with diatoms, show some of
the highest retentions in mussels compared to other phyto-
plankton groups.

When it comes to the suitability of cell size for efficient
ingestion and retention, the composition of the phytoplank-
ton community in Mutriku seems favourable for the correct
growth of bivalves. While some researchers concluded that
the most adequate cell size is 35—45 um (Cranford et al.,
2014; Strohmeier et al., 2012), some others set the size
range at 15—20 pm (Lucas et al., 1987; Stenton-Dozey and
Brown, 1992). However, as it has been mentioned before,
most studies agree that the size range of 4—45 um is
the most suitable for high food depletion (Cranford et al.,
2014). Therefore, taking into account that the predomi-
nant cell size in Mutriku was 2—20 wm, the size structure
of the phytoplankton community was suitable for mussel in-
gestion. Similar results were obtained in a previous study of
the Basque coastal waters (Muniz et al., 2017).

The counterpoint to the benefits of phytoplankton
growth lies in the presence of species that can be toxic
and pose one of the main risks to shellfish aquaculture.
Some potentially toxic phytoplankton taxa were found in
Mutriku, all of them were previously described in the
SE Bay of Biscay (e.g., David et al., 2012, 2013; Laza-
Martinez et al., 2011; Muniz et al., 2017; Orive et al., 2008,
2010; Revilla et al., 2009; Seoane et al., 2012). Mutriku reg-
istered abundances above the alert limits for shellfish poi-
soning four times during the study period, once for Pseudo-
nitzschia spp. and Dinophysis spp. and twice for Alexan-

drium spp., which in general coincided with the frequen-
cies found within open coastal waters of the Basque Coun-
try (Muniz et al., 2017). However, when directly comparing
the presence of toxic phytoplankton taxa and biotoxins in
Mutriku and Mendexa, Bilbao et al. (2020) found that mus-
sels that grew in Mendexa, where the offshore farm is lo-
cated, presented a statistically higher amount of okadaic
acid and a higher cell abundance of Dinophysis spp. than in
Mutriku. Among the potentially toxic species found, special
attention should be paid to Dinophysis acuminata, which
is likely the species most responsible for the high concen-
trations of okadaic acid (OA) in oysters and mussels in the
neighbouring West French coast (Batifoulier et al., 2013;
Maurer et al., 2010). Although this genus generally appears
in very low concentrations (< 100 cells L~') on the Basque
coast (Muniz et al., 2017), high concentrations of D. acumi-
nata (maxima of 5 x 10° cells L~") have been previously
registered in euhaline waters of this region (Bilbao et al.,
2020; Seoane and Orive, 2012). Indeed, OA concentrations
above the banning threshold have been recently reported
for mussels growing in these waters (Bilbao et al., 2020).
Besides the potential shellfish poisoning risk, the pres-
ence of toxic taxa might also threaten the development
of the aquaculture industry in Mutriku due to the nega-
tive effects of toxins in mussel physiology and survival. In
several studies, negative effects on energy metabolism and
neural function, combined with behavioural functions such
as valve closure, feeding, cardiac activity and respiration,
have been observed in different bivalve species exposed to
harmful marine algae and their toxins (Basti et al., 2016;
Estrada et al., 2007; Haberkorn et al., 2011; Morono et al.,
2001; Ramos and Vasconcelos, 2010). In addition, some
types of toxins can lead to declined reproduction and
growth rates in marine bivalves, which could be a major
cause of mortality in natural populations (Blanco et al.,
2006; Samson et al., 2008). Some of the toxic genera found
in Mutriku and their toxins are among these threatening
types. Nielsen et al. (2020) proved that DST (Diarrheic Shell-
fish Poisoning toxins) contained by D. acuta had a severe
negative effect on the clearance rates of mussels (Mytilus
edulis), reduced their feeding and, therefore, may cause
low-quality mussels. The effects of PST (Paralytic Shell-
fish Poisoning toxins) produced by Alexandirum catanella
have also been tested in seven different bivalve species
(Shumway and Cucci, 1987). In this case, the responses
included shell-valve closure, siphon retraction and mucus
production in M. edulis, while the rest of bivalves showed
different reactions. In addition, saxitoxins (produced by
Alexandrium and Gymnodinium) may reduce growth, repro-
duction and survival rates of marine bivalves like green mus-
sels (Perna vidiris) according to Shumway et al. (2006).
Finally, it has to be mentioned that phytoplankton abun-
dance and community composition can vary in a very short
timescale, even within the same day (e.g., Abreu et al.,
2009; Li et al., 2009). Therefore, sampling on a monthly
basis could impose constraints on the efficiency at which
variability can be resolved and provides data of monthly
variability that might have potential errors (Jassby et al.,
2005). Considering this limitation, the present study is only
intended to acquire a general knowledge of the phytoplank-
ton community on an annual scale (e.g., Muniz et al., 2019).
If the results obtained were to be extrapolated to other
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areas with similar hydrographic characteristics, it would
be necessary to carry out additional studies to character-
ize the community more accurately. This could be done by
increasing the sampling frequency with short-term studies
(e.g., Madariaga 1995, 2002) or by maintaining a monthly
frequency but with long-term studies (e.g., O’Brien et al.,
2012).

5. Conclusion

The water column in the experimental bivalve culture plat-
form located in Mutriku showed the typical environmental
conditions previously described for Basque marine waters,
with no remarkable anthropogenic pressures caused by the
WWTP. The composition of the phytoplankton community of
the area could be described as favourable for bivalve growth
from the perspective of its composition due to the domi-
nance of diatoms, the predominant adequate phytoplank-
ton cell size for ingestion and retention and the relatively
low presence of toxic phytoplankton. However, even if bi-
valve farms are now working in zones with similar phyto-
plankton community composition and biomass values (i.e.,
on the Basque coast, the open marine area of Mendexa),
these values are low compared with classical zones of bi-
valve production (e.g., Galician Rias).
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KEYWORDS Abstract We are motivated to study the exploitation of marine energy as a renewable re-
Wave energy source because of society’s ever-increasing energy demands, and a concomitant need to reduce
potential; greenhouse gas emissions. Additionally, climate-related variations in wave energy should be in-
RCP8.5; vestigated in order to ensure the stability of its long-term availability. Here, we investigate the
RCP4.5; potential for wave energy in the Persian Gulf along the southern coasts of Iran. To do so, we
Persian gulf; have applied the Mike SW numerical model and ECMWF wind field data for a 30-year study, from
Mike SW 1988 to 2017. For this purpose, wave energy was evaluated at six points in the western, north-

ern, southern, and eastern parts of the Persian Gulf. To assess the impacts of climate change,
we also consider the wave regime from 2070 to 2099 (for 30 years) following IPCC RCP4.5 and
RCP8.5 climate change scenarios. Our findings suggest that in the present climate, seasonal
variations in the mean wave parameters (i.e. wave energy, wave period, and significant wave
height) correspond to the lowest wave energy in the summers, and highest in the winters. In
the future climate change scenarios, energy level variations generally have similar patterns,
with slight modulations in some local areas.
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1. Introduction

According to the Implementation Agreement on Ocean
Energy Systems (2007), the global ocean wave energy is es-
timated at approximately 93100 TWh/yr. Therefore, in re-
cent years extensive studies have been completed on wind-
wave energies in the global ocean and coastal seas, and the
potential for wave energy extraction (Besio et al., 2016;
Kumar and Anoop 2015; Neil and Hashemi, 2013). A lot of
studies have been completed to assess the wave energy po-
tential around the world (Alonso et al., 2015; Appendini et
al. 2015; Gallagher et al., 2016; Jadidoleslam et al., 2016;
Liang et al., 2016; Lopez et al., 2015; Morim al., 2014; Neill
et al., 2014; Ponce de Ledn et al., 2016; Rusu and Onea,
2013; Wang et al.; 2016, Zhou et al. 2015a,b). All of these
indicate that the use of high precision data is indispensable
for assessing the local parameters of wave energy. There-
fore, our study is focused on a high accuracy evaluation of
the temporal and spatial parameters of waves in coastal
areas of the Persian Gulf. In addition, the present and fu-
ture wind climate must be considered as the main source of
wave energy production. Recent research has shown that in
the twentieth century, the mean sea level and the average
wind speed have increased by 30 cm and 1 m/s, respectively
(WCRP, 2018).

Meanwhile, several studies have considered climate
change and winds in areas such as the Red Sea (Aboobacker
et al., 2017; Langodan et al., 2016; Shanas et al., 2017),
the Mediterranean Sea (Kapelonis et al., 2015), and the
Caspian Sea (Amirinia et al., 2017), the Persian Gulf and
Oman sea (Armanfar et al., 2019; Goharnejad et al., 2013)
for a variety of purposes, including wave energy assessment
and climate change impacts. Also, the IPCC climate change
scenarios, specifically RCP8.5 emissions scenarios for the
end-of-century period (2081—2100), suggest that mean wind
speeds will decrease in the North Atlantic, but increase in
the Southern Hemisphere, and thus that the wave climate
may experience higher wave heights in these areas. These
changes will increase the peak periods of the waves, for
example in the eastern South Pacific Ocean and the Indian
Ocean, causing the mean wave direction to tend to experi-
ence counterclockwise rotation in southern oceans (Casas-
Prat et al., 2018).

Vieira et al. (2020) studied wave climate-energy pat-
terns for different seasons for the Persian Gulf and found
that waves during winter and springtime are more ener-
getic, and become milder in the autumn. Alizadeh et al.
(2020) showed a decreasing trend for the overall Persian
Gulf, which is relatively severe in northern areas and has
an impact on the potential for future wave energy. In the
Persian Gulf, the mean significant wave height has greater
variability than that of wind speed, although the dominant
wave direction has greater stability than that of wind direc-
tion (Kamranzad, 2018). Kamranzad et al. (2017) compared
two stations in the northern Persian Gulf, at Asalouyeh and
Boushehr, and found that the sustainability for wave energy
and harvesting is higher at the former, compared to the lat-
ter. Moreover, Kamranzad et al. (2015) suggest that the an-
nual wave energy will decrease at both stations for A2, B1,
and A1B climate change scenarios. In terms of the present
climate, for the period from 1984 to 2008, Kamranzad et al.
(2013) investigated the wave energy characteristics at three

locations in the Persian Gulf (western, central and eastern)
and report that both seasonal and decadal variations can
be seen in the wave energy trends, on account of present
climate variability.

The focus of this study is the wave climate in the Persian
Gulf, motivated by the potential for exploitation of renew-
able wave energy. An assessment of wave climate in this
area suggests that the most significant wave heights should
occur in the central part of the Persian Gulf in January and
February (Kamranzad and Chegini, 2014).

In this paper, we assessed the potential wave energy for
the Persian Gulf area. Although, a wide range of research
has been completed in this study area, consideration has
not been given to climate change impacts according to the
latest scenarios, RCP8.5 and RCP4.5. Moreover, in this re-
search, we almost tried to assign a ‘Wave Energy Develop-
ment Index’ as an indicator of potential energy develop-
ment. Finally, we provide a ‘bivariate probability distribu-
tion of occurrence’ and wave energy matrices.

2. Study area

The Persian Gulf is formed as an extension of the Indian
Ocean, with an area of 237,473 square kilometers, and fol-
lowing the Gulf of Mexico and the Hudson Bay, is the third
largest bay in the world. The Persian Gulf runs from the wa-
ters east of the Strait of Hormuz and the Oman Sea to the
Indian Ocean and the Arabian Sea. According to a previous
sensitivity analysis completed in this study area by Liao and
Kaihatu (2016), the impacts of the boundary waves at the
Oman Sea on wind-waves in the Persian Gulf are negligible;
therefore no wave spectral are specified as outer boundary
conditions. The Gulf’s geographic coordinates are from 24°
to 30°30’N and from 48° to 56°25’E of the Greenwich merid-
ian. The length of the Persian Gulf from the Strait of Hormuz
to its most western location is about 805 kilometers. At its
widest, the Gulf is 290 kilometers. The maximum depth of
the Persian Gulf is 93 meters and the shallowest waters are
about 10—30 meters in the western part. There are several
islands in the Gulf. In terms of topography (Figure 1), the
Persian Gulf is asymmetrical and the slopes of its southern
coasts are milder than the slopes of its northern shores (Pous
et al., 2015).

3. Material and methods
3.1. Spectral wave model setup and wave data

In order to study the wave regimes in the Persian Gulf, it
is necessary to specify bathymetry data, wind speeds and
directions, buoy wave data, and sea level pressure data. In
this study, the Spectral Wave (SW) model component of the
MIKE modeling system (DHI, 2005) is used in order to hind-
cast the wave characteristics, driven by wind climate data.
Waves are numerically modeled using the SW model, a dy-
namic modeling system based on the SWAN spectral wave
model, which is implemented on an irregular unstructured
grid. For more details about the unstructured grid mesh,
see Korn (2017). The SW model solves the energy transfer
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Figure 1  Location of selected points in the Persian Gulf.

equation including source and sink terms to predict the de-
veloping wave field.

The SW governing wave model equation is the spectral
action balance equation, which in Cartesian coordinates is:

a a ] a a S
ﬁN + &Cg_xN + a—ycg,yN + ECMN + ﬁcgﬁN = (1)
where ¢ is the relative frequency, 6 is wave direction, N is
wave action density, which is equal to the energy density
divided by the relative frequency (N (o, 8)=E (o, 6) / o),
and C, is the propagation velocity of wave action in (x, y, o,
0) space. The last term on the left side of Eq. (1) represents
the effects of refraction and shoaling. The source term on
the right side is defined as:

S= Sin + Snl + S'dis + Sot + Ssurf’ (2)

where S;, represents energy transfer from the wind to the
waves, S, is the energy transferred from one frequency to
other frequencies by nonlinear wave-wave interactions, Sg;s
is wave dissipation due to the effects of white-capping, Sot
is the wave dissipation due to bottom friction, and Sq, rep-
resents wave dissipation resulting from the wave breaking
in a shallow area.

3.2. Model implementation

Bathymetry must be specified in order to use the SW model
to simulate waves. This is achieved by implementing grid-
ded bathymetric data at 30 arc-second intervals in the
north/south latitudinal direction and also the east/west
longitudinal direction, as provided by the British Oceano-
graphic Data Center (BODC), as extracted from gebco.net.
The bathymetric chart and unstructured mesh of the study
area, including 17000 meshes and 8670 nodes, are presented
in Figure 2 (A and B, respectively).

Table 1 Specifications for Boushehr buoy in the Persian
Gulf.

Station Name Latitude Longitude Water depth
(°N) (°E) (m)
Boushehr 28.58 50.5 28

One of the important inputs for this model is the wind
field data. For this purpose, data from the European Center
for Medium-Range Weather Forecasts (ECMWF) was used in
this study. The ECMWF ERA-interim wind field data was ex-
tracted from http://apps.ecmwf.int with 0.125 x 0.125 de-
grees spatial resolution in the study zone and 6-hourly time
interval.

A sensitivity analysis of dissipation parameters due to
white capping, bottom friction, and depth induced wave
breaking was carried out, which suggests that the white cap-
ping factor is effectively the dominating factor.

3.3. Spectral wave model performance

In order to evaluate the model performance, the model is
implemented using available data for particular case stud-
ies. After analyzing the sensitivity of its’ parameters to ob-
served field data (calibration), the model is implemented
for additional conditions and the results are compared with
more field data to estimate model accuracy (validation).
In the present study, the model is implemented for two
6-month periods while varying the effective parameters.
Table 1 presents the specifications of the Boushehr buoy in
the study area.


http://apps.ecmwf.int
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Figure 2 A) Bathymetry data, and B) triangular meshes including 17000 meshes and 8670 nodes in the study area.

Table 2 Model performance indices for the Boushehr buoy.

Parameter Normal Range Ideal Range Calibration Validation
Bias (m) 0.2-0.5 <0.3 0.22 0.20
cc 0.75—-0.90 >0.8 0.79 0.82
RMSE(m) 0.1-0.7 <0.5 0.40 0.35
S| 0.15—0.35 <0.3 0.23 0.16

Statistical parameters between observed and modeled
data are calculated:

Bias = (§ - ()), 3)

1
Root mean squared errors RMSE = N > OG-0 )

£ (5-5)(0-9)
J/z(s5-9) "= (0-0)

Bias

Correlation coefficient CC =

)

Dispersion coefficient Sl =

(6)
where 0; is the observed value at the it time step, S; is a
forecast value at the same time, N is the number of time
steps and O and S is the mean value of the observed data.
Table 2 presents results for the model performance, with
columns 2 and 3 giving the normal and ideal ranges for each
performance index. These results suggest that the SW model
is sufficiently accurate to use for wave climate estimates
in this study. Associated values for modeled and observed
significant wave heights (Hs) are presented in Figure 3 and 4
as a calibration and validation periods.

For calibration and validation, two 6-month periods are
selected from March 7, 2015 to September 7, 2015 and from
September 8, 2015 to March 7, 2016, respectively. These pe-
riods are chosen because they contain the best performance
times of the buoy with minimal data gaps.

3.4. Evaluation of wave energy

The wave estimates obtained from the SW model are used
to estimate wave power potential in the study area. Several
methods are presented by Ertekin and Yingfan (1994) to es-
timate wave power using Hs and wave period, T. The mean
wave energy density per unit horizontal area (J/m?) is cal-
culated as:

T
E= Rngs (7)

in which p is the seawater density (kg/m3), g is the gravity
(m/s?) and H; is the significant wave height (m). The wave
power is expressed as:

P = ECn, (8)

where C is the wave speed (m/s) and n is the ratio of the
wave group speed and wave speed. C is equal to the wave-
length divided by the wave period (T) and is equal to %
The approximate value of nis 0.5 in deep water. Therefore,
the wave power is calculated as:

1 T

P:RngngxO-S%O-@H?T. 9)

3.5. Impact of climate change

In their Fifth Assessment Report (AR5), the Intergovernmen-
tal Panel on Climate Change (IPCC) has adopted several
Representative Concentration Pathways (RCP) scenarios as
possible greenhouse gas concentration pathways that might
dominate the future climate. Four pathways have been la-
beled as RCP2.6, RCP4.5, RCP6, and RCP8.5, which indicate
the possible radiative forcing values by the end-of-century,
2100 (Allen et al., 2014).
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Figure 4 As in Figure 3, comparison of modeled and buoy-observed Hs time series during the validation period (7 September 2015

to 7 March 2016).

RCP8.5 assumes a comparatively high greenhouse gas
emissions pathway, associated with the implementation of
no effective global climate change mitigation policies or
measures, leading to a radiative forcing of 8.5 W/m? by the
end-of-century. At that time, carbon dioxide concentrations
can be expected to reach 1000 ppm and continue increasing
(Riahi et al., 2011). RCP4.5 scenario assumes a stabilizing of
the radiative forcing at 4.5 W/m? by 2100 (Thomson et al.,
2011).

In this study, climate change data are extracted from
HadGEM2-AO_r1i1p1 (http://apdrc.soest.hawaii.edu/data/
data.php). HadGEM2 is a coupled Earth System Model that
was used by the Met Office Hadley Centre for the CMIPS
centennial simulations. On account of the large spatial
and temporal scales of climate change data, downscaling
should be implemented to translate the coarse-resolution
HadGEM2 outputs to finer resolution climate information. In
particular, the data resolution for HadGEM?2 is not appropri-
ate for modeling wave regimes in the Persian Gulf; for ex-
ample, monthly time steps in climate change model outputs
need to be downscaled to hourly data. In this research, a
combination of dynamical and statistical approaches is ap-
plied, namely the so-called ‘change factor method’ which
was used by Kamranzad et al. (2015) for the Persian Gulf

to evaluate wind/wave power, and by Breslow and Sailor
(2002) in USA applications for wind power estimates.

The approach of hybrid dynamical-statistical downscal-
ing can be considered as a challenge to use the poten-
tial of dynamical downscaling to prepare fine-scale climate
changes along with the advantages of statistical downscal-
ing. In this study, we used a dynamical-statistical downscal-
ing technique used by Kamranzad et al. (2015).

In order to assess the dependability of outputs of the cli-
mate models, observed data and climate model data are
compared over the entire study area. Thus, control periods
are specified and selected locations are tested. Underes-
timates in wind data for climate change scenarios can be
identified by comparisons between ECMWF and HadGEM2
data. Biases in climate change wind data are corrected
by application of modification coefficients introduced by
Kamranzad et al. (2015) for CGCM3.1 using a hybrid method,
defined in terms of the monthly averages of absolute wind
components, estimated as:
|U | ECMWF (monthly average)

ﬂu = ’ (10)

|U | HadGEM2 (monthly average)

|V | ECMWF (monthly average)

ﬂvz ) (11)

|V| HadGEM2 (monthly average)
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Figure 5 (a) Maximum, (b) mean, and (c) minimum wave energy for 30 years (1988—2017).
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where 8, and B, represent the modification factors for u and
v components of the wind speed, respectively.

Thus, the ratios of directional wind speed data between
ECMWF and HadGEM?2, for scenarios RCP4.5 and RCP8.5, can
be shown to vary between 1.15 to 2.15, and 1.25 to 2.30,
respectively. Once climate change wind speed data were
downscaled and corrected, the spectral wave model was run
for 30-year periods of future scenarios (2070—2099).

3.6. Wave Energy Development Index

Extreme Value Analysis (EVA) and a corresponding Wave En-
ergy Development Index (WEDI) can be used to assess the
level of severity at a given spatial location. WEDI can esti-
mate the potential hazards that may occur in terms of ex-
treme events at Wave Energy Converters (WECs) and off-
shore structures:

WEDI = PW“’V‘*, (12)
Jwave
which is the ratio of annual average wave power (Pyave) to
the maximum storm wave power (Jyave). Wave Energy Con-
verters are usually placed at specific locations based on es-
timates for mean power potential. An additional considera-
tion is the maximum power potential, as well as estimates
for the severity of extreme events, penalizing locations with
high WEDI index values, as considered by Hagerman (2001).

4, Results and discussion

The time series of Hy and T, are obtained from the SW
model and wave energy is calculated for a period of 30 years
(1988—2017) in the present climate, and a 30 years (2070—
2099) in the future. Figure 5A—C gives the maximum, aver-
age and minimum values for wave energy as simulated for
the current period.

In Figure 6, mean yearly wave power changes for his-
torical and future climate time-periods are shown. Calcula-
tions of the trends demonstrate that there is an ascending
trend for the historical period, while both climate change
scenarios have descending trends and the trend for RCP4.5
is milder.

4.1. Seasonal variations of wave energy

As shown in Figure 5, there are variations in wave energy
in the western, northern, eastern and southern parts of the
Persian Gulf. To assess potential wave energy in this study
area, six points are selected, with regard to spatial distri-
bution, depth and distance to the coastline, labeled 1 to 6
as shown in Figure 1. The characteristics of these locations
are given in Table 3.

As shown by Figure 7, the average wave energy level in
the present climate increases from the northern part of the
Gulf to the southern part. The maximum energy is estimated
at point 4, located in the southern Gulf, estimated at ap-
proximately 0.33 kW/m. The lowest energy is estimated in
the eastern Gulf within the Strait of Hormuz, at approxi-
mately 0.08 kW/m.

With respect to RCP4.5 and RCP8.5 climate change sce-
narios, estimated values for energy follow similar patterns
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Figure 6 Mean yearly wave energy for 30-year periods:

(A) historical period, 1988—2017, (B) climate change scenario
RCP4.5, and (C) climate change scenario RCP8.5, 2070—2099.

as for the present climate, implying that although the over-
all wave energy pattern will not change, in fact, there
are significant changes in the amount of generated wave
power. Competing effects occur. The extractable energy
will increase by about 13—30% at locations 4, 5 and 6, in
both RCP4.5 and RCP8.5 climate change scenarios, as shown
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Table 3 Characteristics and location of six selected locations.

Point ID Latitude (° N) Longitude (° E) Depth (m) Position in the Maximum Distance Jimean (KW/m)
Persian Gulf from coastline (km)

1 29.83 48.68 27 North-West 2 0.81

2 24.35 53.50 19 South 2 1.80

3 28.35 51.02 24 North 2 2.00

4 27.58 49.40 19 South 2 2.93

5 26.65 53.48 76 North 2 0.92

6 26.80 56.10 Al North-East 2 0.10

0.45 components in the future climate scenarios may largely can-

0.40 cel each other out.
— 035 T = For the present climate conditions, the directional vari-
§ 0.30 . v ations of wave energy are given for the 6 selected locations
€ s : =] - in Figure 9. Thus it is shown that the dominant wave direc-
% 020 b z v tions at locations 1, 2, 3, 4, and 5 are from the north and
S 015 L ‘ = : northeast. Also, at location 6 the prevailing energy comes
£ 010 - ‘ - from the northwest, indicating that the Oman Sea has a di-

0.05 i I I rect effect on this locality.
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Figure 7 Annual average wave energy at selected stations
during 30 years (1988—2017) for RCP8.5 and RCP4.5 climate
change scenarios for 30 years (2070—2099).
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Figure 8 Annual average wave energy changes at selected
stations during 30 years (1988—2017) relative to RCP8.5 and
RCP4.5 climate change scenarios for 30 years (2070—2099).

in Figure 8. By comparison, at location 3, there will be
about 1% reduction in energy in the RCP4.5 scenario, and
about 6% more energy, in the RCP8.5 scenario. At stations
1 and 2, there is about 11—21% reduction in energy in both
RCP4.5 and RCP8.5 climate change scenarios. Moreover, re-
sults have shown that the average wave energy production
in the study area is about 0.23 kW/m in the present climate,
which compares to 0.22 kW/m and 0.23 kW/m according to
the RCP4.5 and RCP8.5 climate change scenarios, respec-
tively. Thus, it is apparent that the negative and positive

4.2. Seasonal wave energy

The average seasonal wave energy is also investigated in
this study. As shown in Figure 10, the average wave energy
values in winter, spring, autumn and summer are 0.33, 0.24,
0.19, and 0.16 kW/m, respectively. Thus, winter and sum-
mer have the highest and lowest wave energy values, re-
spectively. In the RCP4.5 scenario, the maximum amount
of energy is expected to be produced in winter, whereas the
minimum amount occurs in autumn. In the RCP 8.5 scenario,
the wave energy patterns are expected to have the high-
est variation i.e. the average wave energy in spring, winter,
autumn and summer are 0.26, 0.24, 0.22 and 21.0 kW/m,
respectively. As Figure 11 shows, the wave energy has a de-
creasing average in winter, whereas this average value is
ascending in the other seasons. The maximum ascending av-
erage seasonal wave energy occurs in summer at 26.83 and
28.01 kW/m for the RCP4.5 and RCP8.5 climate change sce-
narios, respectively.

Therefore, it can be suggested that the mean values in
projected changes are more severe in the RCP8.5 scenario
than those in the RCP4.5 scenario.

We have also compared wave energies in each season us-
ing the 30 years (1988—2017) model results, at selected lo-
cations. At location 1 on the western side of the Persian
Gulf, the amount of wave energy varies from 0.25 kW/m in
winter to 0.18 kW/m in the summer. At location 2 in the
southern part of the Persian Gulf, the amount of wave en-
ergy varies from 0.33 kW/m to 0.17 kW/m in winter and
summer, respectively. Also, in the northwestern Gulf at lo-
cation 3, the amount of wave energy changes from 0.45
kW/m to 0.20 kW/m in winter and summer, respectively.
At location 4 in the southwestern part of the Gulf, the max-
imum amount of wave energy is observed, changing from
0.48 kW/m in the winter to 0.21 kW/m in the summer. In
the northern part of the Gulf at location 5, the amount of
wave energy changes from 0.31 to 0.16 kW/m in winter and
summer, respectively. Finally, on the eastern side of the Gulf
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Figure 9  Directional distributions for wave energy at selected locations for the present climate.
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Figure 10  Seasonal mean wave energy at selected locations ~ Figure 11 Seasonal mean wave energy changes (%) at se-

during 30 years (1988—2017) for the present climate, and for
RCP8.5 and RCP4.5 climate change scenarios.

in the Strait of Hormuz, near the Oman Sea, the minimum
amount of wave energy is estimated for location 6, changing
from 0.13 in winter to 0.04 kW/m in summer. The reason for
this considerable reduction in the wave energy is due to the
relatively short fetch in this area. Meanwhile, according to
Figure 12(A—D) the amount of wave energy in the spring is
higher than in autumn and summer.

According to both RCP4.5 and RCP8.5 climate change
scenarios, the prevailing wave energy patterns in the loca-
tions that we considered are consistent with the present
climate. However, according to Figure 13, these changes do
not follow the same averages at all locations. For exam-
ple at locations 1 and 2, during the winter, spring and au-
tumn, the mean value in wave energy variations shows a
downward mean amount and has an increasing average only
in summer. At location 3, the mean value in wave energy
variations in the winter is descending, for both scenarios of

lected locations for RCP8.5 and RCP4.5 climate change sce-
narios relative to the present climate, represented by 30 years
(1988—2017).

climate change. This downward mean value is also apparent
in the fall season, according to the RCP4.5 scenario. How-
ever, there is an increasing mean value in other seasons. At
locations 4 and 5, in winter, both RCP4.5 and RCP8.5 climate
change scenarios suggest downward mean values, whereas
in the other three seasons and for both climate change sce-
narios, there is an upward mean value. At location 6, the
wave energy variation in all seasons and in both the RCP4.5
and RCP8.5 climate change scenarios is always increasing.

4.3. The bivariate probability distribution
of occurrence and wave energy

In order to make accurate decisions regarding the appropri-
ate locations for wave energy converter devices (WECs), it
is necessary to consider probabilistic distributions for Hs and
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change scenarios for 30 years (2070—2099).

Te, which are used in most energy matrices in WEC calcula-
tions. The frequency of occurrence of each value for Hy and
Te in bivariate form is an expression of the prevailing wave
characteristics at the associated point location. Figure 14
A—F describes the sea state conditions at the selected point
locations, and the respective matrices are plotted for each
of these locations.

As shown in Figure 14A, at location 1, the results are
that for 41.5 and 38.1% of occasions, the wave periods are
2.5 s and significant wave heights are 0.2 and 0.4 m; thus
the wave energy will be in the range of 0.12—0.33 kW/m.

W Station 2 @ Station 3 wStation4 @Station 5 ® Station 6

Changes of wave energy (%) for each season at selected station locations according to RCP8.5 and RCP4.5 climate

The occurrence of other wave periods and significant wave
heights have occurrences that are less than 10%.

At point location 2 shown in Figure 14B, the wave periods
are in the range of 1.5 to 3.5 s and significant wave heights,
in the range of 0.2 to 0.6 m, with a higher probability of
occurrence. The wave energy variation in these conditions
is in the range of 0.1 to 0.96 kW/m.

At point location 3 shown in Figure 14C, the dominant re-
sults are wave periods of 2.5 s and significant wave heights
in the range of 0.2—0.4 m. The amount of wave energy
varies in the range of 0.11—0.31 kW/m.
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Figure 14 A, B, C, D, E and F: Bivariate distributions for the sea states Hs and Te. The right panel represents the total of the
occurrences and the left panel shows the average sea state wave energy for 30 years.
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Figure 15 The comparison of WEDI and wave power at se-

lected point locations.

At point location 4 shown in Figure 14D, the wave periods
maximum occurrence is the range of 2.5—3.5 s and the sig-
nificant wave heights in the range of 0.2—0.4 m. The change
in wave energy in these conditions varies from 0.11 to 0.47
kW/m.

At the point location 5, based on Figure 14E, the max-
imum occurrence for wave periods is 2.5 s and significant
wave heights are in the range of 0.2—0.4 m. The change in
wave energy values in these conditions is from 0.1 to 0.3
kW/m.

Finally, at point location 6, as shown in Figure 14F, the
maximum occurrence for wave periods is 2.5 s and signifi-
cant wave heights are in the range 0.2—0.4 m. The change
in wave energy in these conditions is between 0.09 to 0.27
kW/m.

Wave Energy Development Index

A significant parameter at the beginning of a wave en-
ergy development project is the wave energy development
index (WEDI) value for a specific site. This index is obtained
by dividing the average annual wave energy changes by the
storm wave energy changes. It is dimensionless. The WEDI
index distribution for the simulated 30 years is shown in
Figure 15. This figure compares the WEDI index for selected
locations. The highest WEDI index is suggested for location
6, and the lowest is for location 4. Our findings suggest that
location 4 in the southern part of the Gulf is the most ap-
propriate place to install wave energy converters.

5. Conclusions

The aim of this study is to investigate the characteristics of
ocean wave parameters and wave energy potential, and the
possible influence of climate change in the Persian Gulf re-
gion. Due to the high potential for energy extraction from
wind-waves and advances in wave energy converter devices,
waves are nowadays considered as an appropriate source
for renewable energy. This is a new perspective compared
to previous times. Iran has a huge potential source for this
energy with approximately 2700 km of coastline along the
northern and southern borders. The harnessing of this en-
ergy, in combination with other types of renewable energies
such as solar energy, in which southern Iran abounds, can
potentially turn the country from a dominant dependence
on fossil fuels. Moreover, although some parts of the world
ocean, such as the North Atlantic, and North and South

Pacific, have a quite high wave energy values, more than 50
kW/m (Alcorn, 2013), in fact, many coastal areas like Italy
(Vannucchi, and Cappietti, 2016), the Black Sea (Akpinar
and Komiurcu, 2013), and North Coast of Australia (Hemer
et al., 2017, 2018), have wave energy values that are less
than 2 kw/m which is similar to our results. In the Persian
Gulf similar study was conducted using present and future
climates (A2, B1, and A1B scenarios), and the output maps
showed that wave energy in coastal areas is less than 0.5
kW/m (Kamranzad, et al. 2015). The average wave power
(kW/m) distribution in the Persian Gulf for a 25-year model-
ing period, 1984—2008, studied by Kamranzad et al. (2013),
shows that done in the Persian Gulf shows the highest and
lowest values of wave power were taken place in the central
part and eastern part of the study area, respectively.

Computer model simulations for waves and climate
change scenarios were performed. We compared present
climate conditions in the Persian Gulf to future climate es-
timates.

We also estimated that most of the significant wave
heights are less than one-meter high with wave periods that
are less than 4.5 seconds. The results show that for location
1, 80%, of time Te, H,, and P, vary between 2—3 s, 0.1—0.5
m, and 0.12—0.33 kW/m, respectively. For location 2, more
than 50% of wave parameters including, Te, Hs, and P,,, vary
between 2—3's, 0.1—0.5 m, 0.1—-0.3 kW/m, respectively. In
location 3, some 50 percent of wave parameters, Te, Hs, Py,
vary 2—3's, 0.1—-0.5 m, and 0.11—-0.31 kW/m, respectively.
For location 4, more than 70% of T., Hs, and P,, change be-
tween 2—4 s, 0.1—0.5 m, 0.11—0.47 kW/m, respectively. For
location 5, Te, Hs, and P, in more than 50 percent of the
time, vary between 2—3, 0.1—0.5, and 0.1—-0.3 kW/m, re-
spectively. In location 6, for more than 60% of the time, Te,
Hs, and Pw change between 2—3 s, 0.1—0.5 m, and 0.09—
0.27 kW/m, respectively. For locations 1, 2, 3, 4, 5, and 6
the value of WEDI are 0.27, 0.13, 0.14, 0.11, 0.23, and 0.80,
as well as mean wave power (kW/m) for locations 1, 2, 3,
4,5, and 6 are 0.22, 0.24, 0.29, 0.33, 0.22, and 0.08 kW/m,
respectively.

According to these results, it appears that the potential
energy level for waves in the southern part of the Persian
Gulf is higher than in other areas. Based on our assess-
ments, the locality around location 4 has emerged as having
the most favorable conditions for wave energy extraction.
There are no significant differences among locations 2, 3,
and 5.

References

Aboobacker, V.M., Shanas, P.R., Alsaafani, M.A., Albarakati, A.M.,
2017. Wave energy resource assessment for Red Sea. Renew. En-
erg. 114, 46—58.

Akpinar, A., Kémiircli, M.i, 2013. Assessment of wave energy re-
source of the Black Sea based on 15-year numerical hindcast
data. Appl. Energ. 101, 502—512.

Alcorn, R., 2013. Wave Energy. Future Energy: Improved, Sustain-
able and Clean Options for our Planet, 357—382.

Alizadeh, M.J., Alinejad-Tabrizi, T., Kavianpour, M.R., Shamshir-
band, S., 2020. Projection of spatiotemporal variability of wave
power in the Persian Gulf by the end of 21st century: GCM
and CORDEX ensemble. J. Cleaner Prod. 256, 120400. https:
//doi.org/10.1016/j.jclepro.2020.120400


http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0002
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0002
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0002
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0002
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0002
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0001
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0001
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0001
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0002
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0002
https://doi.org/10.1016/j.jclepro.2020.120400

H. Goharnejad et al./Oceanologia 63 (2021) 27—39 39

Allen, M.R., Barros, V.R., Broome, J., Cramer, W., Christ, R.,
Church, J.A., Clarke, L., Dahe, Q., Dasgupta, P., Dubash, N.K.,
Edenhofer, O., 2014. IPCC fifth assessment synthesis report-cli-
mate change synthesis report. In: WMO, UNEP, IPCC, Geneva,
Switzerland, 151 pp.

Alonso, R., Solari, S., Teixeira, L., 2015. Wave Energy resource as-
sessment in Uruguay. Energy 93, 683—696.

Amirinia, G., Mafi, S., Mazaheri, S., 2017. Offshore wind resource
assessment of Persian Gulf using uncertainty analysis and GIS.
Renew. Energ. 113, 915—-929.

Appendini, C.M, Urbano-Latorre, C.P., Figueroa, B., Dagua—
Paz, C.J., Torres-Freyermuth, A., Salles, P., 2015. Wave Energy
potential assessment in the Caribbean Low Level Jet using wave
hindcast information. Appl. Energ. 137, 375—384.

Armanfar, M., Goharnejad, H., Niri, M.Z., Perrie, W., 2019. As-
sessment of coastal vulnerability in Chabahar Bay due to cli-
mate change scenarios. Oceanologia 61 (4), 412—426. https:
//doi.org/10.1016/j.0oceano.2019.03.001

Besio, G., Mentaschi, L., Mazzino, A., 2016. Wave Energy resource
assessment in the Mediterranean Sea on the basis of a 35-year
hindcast. Energy 94, 50—63.

Breslow, P.B., Sailor, D.J., 2002. Vulnerability of wind power re-
sources to climate change in the continental United States. Re-
new. Energ. 27 (4), 585—598.

Casas-Prat, M., Wang, X.L., Swart, N., 2018. CMIP5-based global
wave climate projections including the entire Arctic Ocean.
Ocean Model 123, 66—85.

DHI, M., 2005. spectral wave module—scientific documentation.
Danish Hydraulic Institute.

Ertekin, R.C., Yingfan, X., 1994. Preliminary assessment of the
wave-energy resource using observed wave and wind data. En-
ergy 19 (7), 729—738.

Gallagher, S., Tiron, R., Whelan, E., Gleeson, E., Dias, F., Mc-
Grath, R., 2016. The nearshore wind and wave energy poten-
tial of Ireland: a high resolution assessment of availability and
accessibility. Renew. Energ. 88, 494—516.

Goharnejad, H., Shamsai, A., Hosseini, S.A., 2013. Vulnerability as-
sessment of southern coastal areas of Iran to sea level rise: eval-
uation of climate change impact. Oceanologia 55 (3), 611—637.
https://doi.org/10.5697/0c.55-3.611

Hagerman, G., 2001. Southern New England Wave Energy Resource
Potential. In: Proc. Building Energy Conf. 21 — 24 2001 March.
Boston, USA.

Hemer, M.A., Manasseh, R., Mclnnes, K.L., Penesis, I., Pitman, T.,
2018. Perspectives on a way forward for ocean renewable en-
ergy in Australia. Renew. Energ. 127, 733—745.

Hemer, M.A., Zieger, S., Durrant, T., O’Grady, J., Hoeke, R.K.,
Mclnnes, K.L., Rosebrock, U., 2017. A revised assessment of
Australia’s national wave energy resource. Renew. Energ. 114,
85—-107.

Implementation Agreement on Ocean Energy Systems, 2007. Imple-
menting agreement on ocean Energy systems (IEA-OES). Annual
Rep. Internat. Energy Agency.

Jadidoleslam, N., Ozger, M., Agiralioglu, N., 2016. Wave power po-
tential assessment of Aegean Sea with an integrated 15-year
data. Renew. Energ. 86, 104—159.

Kamranzad, B., 2018. Persian Gulf zone classification based on the
wind and wave climate variability. Ocean Eng 169, 604—635.
Kamranzad, B., Chegini, V., 2014. Study of wave energy re-
sources in Persian Gulf: seasonal and monthly distributions. In:
11th Int. Conf. ‘Coasts, Ports and Marine Structures’. Tehran,

Iran.

Kamranzad, B., Etemad-Shahidi, A., Chegini, V., 2013. Assessment
of wave energy variation in the Persian Gulf. Ocean Eng 70,
72-80.

Kamranzad, B., Etemad-Shahidi, A., Chegini, V., 2017. Developing
an optimum hotspot identifier for wave energy extracting in the
northern Persian Gulf. Renew. Energ. 14, 59—71.

Kamranzad, B., Etemad-Shahidi, A., Chegini, V., Yegane-
h-Bakhtiary, A., 2015. Climate change impact on wave energy
in the Persian Gulf. Ocean Dynam 65 (6), 777—794.

Kapelonis, Z.G., Gavriliadis, N., N, P., Athanassoulis, G.A., 2015.
Extreme value analysis of dynamical wave climate projections
in the Mediterranean Sea. Procedia Comput. Sci. 66, 210—219.

Korn, P., 2017. Formulation of an unstructured grid model for global
ocean dynamics. J. Comput. Phys. 339, 525—552.

Kumar, V.S., Anoop, T.R., 2015. Wave energy resource assessment
for the Indian shelf seas. Renew. Energ. 76, 212—219.

Langodan, S., Viswanadhapalli, Y., Dasari, H.P., Knio, O., Hoteit, I.,
2016. A high-resolution assessment of wind and wave energy po-
tentials in the Red Sea. Appl. Energ. 181, 244—255.

Liang, B, Fan, F, Yin, Z, Shi, H, Lee, D, 2016. Numerical modelling
of the nearshore wave Energy resources of Shandong peninsula.
China. Renew. Energ. 57, 330—338.

Liao, Y.P., Kaihatu, J.M., 2016. Numerical investigation of wind
waves in the Persian Gulf: bathymetry effects. J. Atmos. Ocean.
Technol. 33 (1), 17—31.

Lopez, M., Veigas, M., lIglesias, G., 2015. On the wave Energy re-
source of Peru. Energ. Convers Manage. 90, 34—40.

Morim, J., Cartwright, N., Etemad-Shahidi, A., Strauss, D., Hem-
mer, M., 2014. A review of wave Energy estimates for
nearshore shelf waters off Australia. Int. J. Marine Energ. 7,
57-70.

Neill, S.P., Hashemi, M.R., 2013. Wave power variability over the
northwest European shelf seas. Appl. Energy 106, 31—46.

Neill, S.P., Lewis, M.J., Hashemi, M.R., Slater, E., Lawrence, J.,
Spall, S.A., 2014. Inter-annual and  inter-seasonal
variability of the Orkney wave power resource. Appl. En-
erg. 132, 339—348.

Ponce de Leon, S., Orfila, A., Simarro, G., 2016. Wave energy in the
Balearic Sea. Evolution from a 29 year spectral wave hindcast.
Renew. Energ. 85 (C), 1192—1200. https://doi.org/10.1016/j.
renene.2015.07.076

Pous, S., Lazure, P., Carton, X., 2015. A model of the general circu-
lation in the Persian Gulf and in the Strait of Hormuz: Intrasea-
sonal to interannual variability. Cont. Shelf Res. 94, 55—70.

Riahi, K., Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G.,
Kindermann, G., Nakicenovic, N., Rafaj, P., 2011. RCP 8.5—A
scenario of comparatively high greenhouse gas emissions. Cli-
mat. Change 109 (1-2), art no. 33. https://doi.org/10.1007/
s10584-011-0149-y

Rusu, E., Onea, F., 2013. Evaluation of the wind and wave energy
along the Caspian Sea. Energy 50, 1-14.

Shanas, P.R., Aboobacker, V.M., Albarakati, A.M., Zubier, K.M.,
2017. Climate driven variability of wind-waves in the Red Sea.
Ocean Model 119, 105—117.

Thomson, A.M., Calvin, K.V., Smith, S.J., Kyle, G.P., Volke, A.,
Patel, P., Delgado-Arias, S., Bond-Lamberty, B., Wise, M.A.,
Clarke, L.E., Edmonds, J.A., 2011. RCP4. 5: a pathway for stabi-
lization of radiative forcing by 2100. Climat. Change 109 (1-2),
art. no 77. https://doi.org/10.1007/s10584-011-0151-4

Vannucchi, V., Cappietti, L., 2016. Wave energy assessment and
performance estimation of state of the art wave energy con-
verters in lItalian hotspots. Sustainability 8 (12), 1300. https:
//doi.org/10.3390/su8121300

Vieira, F., Cavalcante, G., Campos, E., 2020. Analysis of wave cli-
mate and trends in a semi-enclosed basin (Persian Gulf) us-
ing a validated SWAN model. Ocean Eng 196, 106821. https:
//doi.org/10.1016/j.oceaneng.2019.106821

Wang, Z., Dong, S., Li, X., Guedes-Soares, C., 2016. Assessments
of wave energy in the Bohai Sea, China. Renew. Energ. 90,
145—156.

WCRP Global Sea Level Budget Group, 2018. Global sea-level bud-
get 1993—present. Earth Sys. Sci. Data 10, 1551—1590. http:
//dx.doi.org/10.5194/essd-10-1551-2018

Zhou, G., Huang, J., Yue, T., Luo, Q., Zhang, G., 2015a. Tempo-
ral-Spatial distribution of wave Energy: A case study of Beibu
Gulf, China. Renew Energ. 74, 344—356.

Zhou, G., Huang, J., Zhang, G., 2015b. Evaluation of the wave En-
ergy conditions along the coastal waters of Beibu Gulf, China.
Energy 85, 449—457. https://doi.org/10.1016/j.energy.2015.
03.094


http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0005
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0005
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0005
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0005
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
https://doi.org/10.1016/j.oceano.2019.03.001
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0008
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0008
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0008
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0008
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0005
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0005
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0005
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0005
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0009
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0009
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0010
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0010
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0010
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0010
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0010
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0010
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0010
https://doi.org/10.5697/oc.55-3.611
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0012
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0012
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0013
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0013
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0013
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0013
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0013
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0013
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0014
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0014
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0014
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0014
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0014
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0014
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0014
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0014
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0015
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0017
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0017
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0018
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0018
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0018
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0019
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0019
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0019
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0019
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0020
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0020
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0020
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0020
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0021
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0021
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0021
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0021
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0021
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0022
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0022
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0022
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0022
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0022
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0023
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0023
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0024
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0024
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0024
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0025
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0025
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0025
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0025
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0025
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0025
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0026
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0026
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0026
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0026
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0026
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0026
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0027
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0027
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0027
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0028
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0028
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0028
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0028
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0029
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0029
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0029
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0029
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0029
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0029
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0001
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0001
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0001
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0030
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0030
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0030
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0030
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0030
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0030
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0030
https://doi.org/10.1016/j.renene.2015.07.076
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0032
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0032
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0032
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0032
https://doi.org/10.1007/s10584-011-0149-y
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0034
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0034
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0034
https://doi.org/10.1007/s10584-011-0151-4
https://doi.org/10.3390/su8121300
https://doi.org/10.1016/j.oceaneng.2019.106821
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0038
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0038
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0038
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0038
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0038
http://dx.doi.org/10.5194/essd-10-1551-2018
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0040
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0040
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0040
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0040
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0040
http://refhub.elsevier.com/S0078-3234(20)30099-3/sbref0040
https://doi.org/10.1016/j.energy.2015.03.094

Oceanologia (2021) 63, 40—50

. Available online at www.sciencedirect.com OCEANOLOGIA

ScienceDirect |

V.

~ journal homepage: www.journals.elsevier.com/oceanologia

ORIGINAL RESEARCH ARTICLE

Satellite estimates of the long-term trend in
phytoplankton size classes in the coastal waters of
north-western Bay of Bengal

Joereen Miranda®*, Aneesh Anandrao Lotliker®,
Sanjiba Kumar Baliarsingh®, Amit Kumar Jena?, Alakes Samanta®,
Kali Charan Sahu?, Tummala Srinivasa Kumar®

aDepartment of Marine Sciences, Berhampur University, Bhanjabihar-760007, India
bIndian National Centre for Ocean Information Services, Ministry of Earth Sciences, Govt. of India, Hyderabad-500090, India

Received 25 May 2020; accepted 11 September 2020
Available online 25 September 2020

KEYWORDS Abstract  The study presents long-term variability in satellite retrieved phytoplankton size
MODISA; classes (PSC) at two coastal sites, off Gopalpur and Visakhapatnam, in the north-western Bay
Algorithm; of Bengal. The abundance-based models by Brewin et al. (2010) (B10) and Sahay et al. (2017)
Coastal; (517), for retrieval of PSC (micro, nano, and picophytoplankton), from satellite data, were
Monsoon; validated. Both the models performed well in the retrieval of nano and microphytoplankton.
Phytoplankton Size However, B10 performed poorly in retrieving picophytoplankton. The statistical analysis indi-
Classes cated better performance of the S17 model and hence was applied to Moderate Resolution

Imaging Spectroradiometer onboard Aqua satellite (MODISA) data to understand the temporal
(at monthly climatology) and spatial variability (from nearshore to offshore). The spatial distri-
bution indicated nearshore dominance of micro and offshore dominance of picophytoplankton.
In nearshore waters off Gopalpur, microphytoplankton dominated throughout the year except
for months of south-west monsoon (June and July) where the dominance of picophytoplankton
was observed. All PSC exhibited similar distribution at an annual scale with a primary peak
during pre-monsoon (March and April) and a secondary peak during post-monsoon (September—
November). However, microphytoplankton concentration during post-monsoon was higher off
Gopalpur in comparison to Visakhapatnam. The higher microphytoplankton concentration
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during pre-monsoon was attributed to recurrent phytoplankton blooms. Whereas, post-monsoon
increment could be attributed to enhanced phytoplankton growth by availing nutrients sourced
from monsoonal precipitation induced terrigenous influx. The outcome of the present study
recommends the use of the S17 model for satellite retrieval of PSC from the north-western Bay

of Bengal.

© 2020 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/).

1. Introduction

Phytoplankton are microscopic free-floating and/or drifting
autotrophs present within the photic zone of the ocean
and are major contributors to oceanic primary production
(Uitz et al., 2010). Marine phytoplankton play a key charac-
ter in the global carbon cycle and maintain the energy flow
in the oceanic food web (Basu and Mackey, 2018). Apart
from different taxonomic groups, phytoplankton, on the
other hand, represent a range of size classes categorized
as microphytoplankton (>20 um), nanophytoplankton (<20
pm and >2 pm), and picophytoplankton (<2 pwm and >0.2
wm) (Arin et al., 2002). The phytoplankton size classes
(PSC) dwell in specific physico-chemical environments
attributed to their nutrient uptake efficiency and cellular
metabolism. In general, PSC play important role in marine
biogeochemistry. Microphytoplankton (MP) are the par-
ticular size class photosynthetic group responsible for the
substantial quantum of carbon export to the deep ocean and
play an important role in sustaining fisheries (Murty et al.,
2017). The transitional size class member, nanophytoplank-
ton (NP) are represented by small flagellates belonging
to several phytoplankton groups attributable to a higher
amount of carbon fixation in oscillating environmental
conditions (Hannah and Boney, 1983; Ribeiro et al., 2016).
On the other hand, picophytoplankton (PP) are mostly com-
prised of cyanobacteria and prochlorophytes that prevail
in oligotrophic waters due to high surface to volume ratio.
Therefore, in the lower abundance condition of MP in olig-
otrophic offshore waters, PP carries out carbon recycling
(Campbell and Vaulot, 1993; Campbell et al., 1994). The
size distribution of the phytoplankton community has a sig-
nificant influence on water quality (Baliarsingh et al., 2016,
2018). In turn, the variability pattern of physico-chemical
parameters of the ecosystem also regulates the PSC distri-
bution (Jyothibabu et al., 2015; Madhu et al., 2010).

The PSC distribution is generally depicted in terms of
chlorophyll-a (chl-a) (Sahay et al., 2017). It is important
to mention here that chl-a, the principal pigment of phy-
toplankton is broadly used as an index of phytoplankton
biomass (Huot et al., 2007). Chl-a exhibits a specific spec-
tral signature that enables its remote estimation using
ocean colour remote sensing (I0CCG, 2000; Neil et al., 2019;
O’Reilly et al., 1998). In the past decade, ocean colour re-
mote sensing has been widely used for retrieval of chl-a
from remote sensors. With the advancement in technology
and novel bio-optical algorithms, PSC can be also retrieved
from satellite data (Brewin et al., 2012, 2014). The discrete
sampling of PSC lacks in providing information over a larger
spatial area. This limitation can be overcome with satellite

data having the capability to provide information at a syn-
optic scale with a high temporal resolution that can be used
to study intra- and inter-annual variability of individual PSC
(Sahay et al., 2017; Varunan and Shanmugam, 2015).

The north Indian Ocean comprises two essential compo-
nents, the Arabian Sea and the Bay of Bengal (BoB). Al-
though located at the same latitude, the processes control-
ling water quality largely differ in both the seas. The wa-
ter quality variability in the BoB is largely controlled by the
seasonally reversing monsoon currents, effluents discharge
from perennial rivers and coastal industrial setups in addi-
tion to natural extreme events such as tropical cyclones.
Several pockets of the north-western BoB experience recur-
rent algal blooms, eutrophication, and pollution. Studies on
PSC distribution through in situ, as well as ocean colour sen-
sors, are meagre in the coastal waters of the BoB.

The PSC forms an essential component of Phytoplank-
ton Functional Types (PFT) in addition to taxonomy and
pigment composition. The PFTs are of great interest to
the biogeochemical community, especially in the coastal
BoB, where the biological ecosystem is largely controlled
by local and remote physical forcing (Lotliker et al., 2020;
Miranda et al., 2020). The variability in PFTs can be directly
linked to the phytoplankton efficiency in carbon sequestra-
tion and may be a function of climate change. On this back-
drop, the present study aims to bridge the knowledge gap
of PFT, in terms of PSC, with the objectives, (i) to evaluate
two “abundance” based models for satellite estimation of
PSC, and (ii) to understand the long-term trend of PSC at
two ecologically important coastal sites, off Gopalpur and
off Visakhapatnam, along the north-western BoB.

2. Material and methods
2.1. Study area

The BoB experiences various dynamic oceanographic pro-
cesses such as seasonal reversal of wind, and current pat-
tern along with immense freshwater discharge through
rivers resulting in excess precipitation over evaporation
(Varkey et al., 1996). The present study was carried out
in the coastal waters off Gopalpur and off Visakhapatnam,
north-western BoB (Figure 1). In general, waters along the
coast of the eastern seaboard of India on north and south
of 15°N are considered as north-western and south-western
BoB, respectively (Lotliker et al., 2016). Both the study re-
gions experience annual precipitation during the tropical
south-west monsoon period from July to October bringing
in adequate rainfall. However, the maximum rainfall is re-
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Figure 1 Map of the study area. The dots indicate in situ

sampling locations. The boxes represent areas of which time-
series of satellite-derived size-fractionated chlorophyll-a (chl-
a) were presented. The solid lines represent transects along
which time-series of size-fractionated chl-a from satellite data
is presented.

ceived from July to September during the active phase of
the south-west monsoon season. The south-west monsoon
gets totally withdrawn by October—November. During the
north-east monsoon season, the BoB often experiences low
pressure resulting in tropical cyclones. A significant amount
of rainfall also occurs during this period. The north-east
monsoon becomes inactive by end of November with the
start of the winter season. The winter condition continues
until February, after which the hot pre-monsoon conditions
prevail spreading from March to May/June.

The circulation pattern of both regions is governed
by more than one factor such as the effects of
seasonally reversing East India Coastal Current (EICC)
(Shetye et al., 1991), monsoonal wind-driven surface cur-
rent (Vinayachandran and Mathew, 2003), cyclonic circu-
lation (Vinayachandran and Yamagata, 1998) and river dis-
charges flowing into the bay (Rao et al., 2007). The two ma-
jor currents prevailing along this coast in a year are a north-
easterly current that flows during January—July and a south-
westerly current during August—December (Shankar et al.,
2002). In addition, there are noticeable differences at
both the locations on the local scale. The coastal waters
off Gopalpur are well known for the periodic stay of mi-
gratory sea turtles, recurring high-biomass phytoplankton
blooms and jellyfish swarming (Baliarsingh et al., 2016).
The formation of two local water types on both sides of
30 m bathymetry makes coastal waters off Gopalpur eco-
logically distinct (Baliarsingh et al., 2015). The freshwa-
ter influx from the Rushikulya River estuary significantly
influences the coastal water quality off Gopalpur. Addi-
tionally, upwelling along the coast, discharge from anthro-

pogenic sources and sea-port activities also largely control
biogeochemistry of the coastal waters off Gopalpur.

Visakhapatnam, (260 km south of Gopalpur), is a port city
and receive no direct major river discharge into its coastal
domain. However, a major river estuary (Godavari) is lo-
cated ~200 km south of Visakhapatnam. The influx of Go-
davari estuary may have an impact on the coastal waters off
Visakhapatnam during the south-west monsoon season due
to high-flow condition (Shankar et al., 1996). The other mi-
nor rivers such as Gosthani and the Sarada-Varaha which are
towards the north (15 km) and south (40 km), respectively
of Visakhapatnam city have a meager impact on the coastal
waters off Visakhapatnam during the non-monsoon season.
However, coastal upwelling along with anthropogenic ac-
tivities due to sea-port influences the biogeochemistry of
Visakhapatnam coastal waters.

2.2. Methodology

2.2.1. In situ sampling and analysis
Seawater samples were collected onboard ORV Sagar Man-
jusha in four expeditions in the BoB during 2017 (May and
October) and 2018 (July and November). During these ex-
peditions, a total number of 18 samples for each PSC were
collected within a distance of ~10 km from the coast. The
water samples were collected using Niskin sampling bottles
and a known volume was sequentially filtered through 20
wm (for MP), 2 um (for NP) and 0.2 uwm (for PP) pore size
filter papers (Brewin et al., 2014). The filtration was carried
out using a flow-through vacuum pump (make: Sartorius,
model: Microstart Jet) under subdued light conditions. Sub-
sequently, each filter was transferred to a sterilized cryo-
tube and stored in liquid nitrogen until further analysis.
The chl-a concentration of individual PSC was estimated
spectrophotometrically following the method prescribed by
Parsons et al. (1984). The extraction of the pigment within
the residue retained on the filter paper was carried out us-
ing 90% acetone. The extraction was carried out overnight
with no light, under low temperature (in a refrigerator),
and thereafter centrifuged for 20 minutes at 4000 rpm.
The supernatant solution was then transferred to a 1 cm
path length cuvette for analysis in a Double Beam UV-Visible
Spectrophotometer (Make: Shimadzu, Model: UV-2600). The
extinction coefficients of the sample were measured at spe-
cific wavelengths using acetone as blank. The chl-a con-
centration (in mg m~3) was then calculated as follows
(Strickland and Parsons., 1965).

Chl-a(mg m_3) — [(11.6x0Dgg5)—(1.31xO0Dg45)—(0.14x ODg39 )] x V

Vxl

where OD is the optical density at discrete wavelengths af-
ter correction by the cell-to-cell blank and subtraction of
the absorbance at 750 nm, v is volume of acetone in ml, Vs
the volume of filtered water in liter, and l is the path length
in cm.

2.2.2. Satellite retrieval of size-fractionated
chlorophyll-a

The daily Level-3 chl-a concentration from Moderate Res-
olution Imaging Spectroradiometer onboard Aqua satel-
lite (MODISA) at 4 km resolution was acquired from Na-
tional Aeronautics and Space Administration (NASA)’s Ocean
Color Web supported by the Ocean Biology Processing
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Table 1

Model parameterization to calculate chlorophyll-a concentration in different size classes (pico, nano and microphy-

toplankton), using satellite data, provided by Brewin et al. (2010) and Sahay et al. (2017). The notations in the equations are
chlorophyll-a concentration (C) which is the sum from pico (Cp), nano (Cy) and microphytoplankton (Cy). C7}, and CJ' are the
asymptotic maximum values that can be attained by the combination of pico- and nanophytoplankton (Cpy) and picophyto-
plankton (Cp), respectively. Spy and Sp are the corresponding initial slopes.

C:CP+CN+CM

Cev = Cpy[1 — exp (=SpnC)]

Cu=C—Cpy
Cp = CP[1 — exp(—SpC)]
Cn=Cpn—Cp
Parameter Brewin et al. (2010) Sahay et al. (2017)
G5 0.977 1.2330
(o4 0.095 0.7243
Sen 0.910 0.6792
Sp 7.822 0.6645

Group (OBPG) (https://oceancolor.gsfc.nasa.gov/13/). The
abundance-based model of Brewin et al. (2010) (here-
after B10) and Sahay et al. (2017) (hereafter S$17)
were used to calculate chl-a concentration of each PSC.
The B10 model is the extension of the approach of
Satyendranath et al. (2001), whereas the S17 model is ba-
sically the B10 model tuned for the Arabian Sea. The math-
ematical formulations including the model parameters are
provided in Table 1. These abundance-based models assume
that the concentration of total chl-a (C) is the sum of the
individual PSC fractions from PP (Cp), NP (Cy) and MP (Cy)
(Brewin et al., 2010, 2012; Sahay et al., 2017).

C=C+Cy+Cxy (1)

The chl-a concentration of PP and the combined PP + NP
fractions was parameterized as follows:

Cp = CF[1 — exp (—5pC)] )

Con = Cpy[1 — exp (—SpnC)] (3)

where C7' and CJ), are the asymptotic values of maximum
chl-a concentration attained by the combination of pico and
nanophytoplankton (Cpy) and picophytoplankton (Cp). Sen
and Sp are the corresponding slopes. The chl-a concentra-
tion of MP and NP were subsequently calculated as follows:

Cn=C—Con (4)

CN =CPN —Cp (5)

The sensor-default atmospheric correction scheme was
applied while generating chl-a from MODISA. The default,
ocean chl-a with 3-band maximum ratio (OC3M) bio-optical
algorithm was used for estimation of chl-a from MODISA.
The functional form of the algorithm is expressed below.

\C Res(ubice) ]
lng(Chl'a)=00+Za,-{log1o[’Sbluei“ ()
i=1 RFS (}\green)

a =[0.2424, —2.7423, 1.8017, 0.0015, —1.2280] (7)

For MODISA, R/s(Apwe) is the maximum of remote sensing re-
flectance (Rs) at wavelengths (1) 443 and 488 nm. Ageen iS
547 nm.

In addition, the monthly climatology of PSC was con-
structed for the period from 2002—2018. The monthly cli-
matology was then averaged over a region of 0.5° x 0.5° off
Gopalpur (19.0—19.5°N and 84.7—85.2°E), and off Visakha-
patnam (17.4—17.9°N and 83.1—83.6°E) for subsequent as-
sessment. In addition, the fractions of chl-a concentration
of PP, NP and MP to total chl-a concentration were com-
puted along the transect off Gopalpur and off Visakhapat-
nam from nearshore to 200 km offshore.

3. Results and discussion

3.1. Model performance in satellite retrieval of
PSC

The satellite estimates of PSC have an advantage over con-
ventional in situ data as they provide information over large
spatial domains. Such information is necessary to discern
ecosystem dynamics at the basin scale. However, the assess-
ment of model accuracy in the retrieval of PSC from satel-
lite data is also very important. Therefore, two "abundance”
models B10 and S17 were applied to MODISA data and val-
idated with in situ data generated within the study area.
The satellite data were extracted within a box of 3 x 3 pix-
els, corresponding to in situ observations and the matchup
points were selected containing more than 50% of the valid
data (Bailey and Werdell, 2006). In addition to the concen-
tration of chl-a, the fraction of individual PSC to total chl-
a was also validated. The fraction depicts the contribution
of individual PSC to the total concentration to represent
and to understand the spatio-temporal trend (Brewin et al.,
2015; Devred et al., 2011; Sahay et al., 2017). In the present
study, fractions of individual PSC to total chl-a were used to
understand the long-term trend from nearshore to offshore
waters. Therefore, the fractions were also validated along
with the concentrations of individual PSC.
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Table 2 Performance of statistical indices for the relative errors between in situ measured and satellite estimated
chlorophyll-a (chl-a) concentration (mg m~—3) in various size classes (P: Pico, N: Nano and M: Microphytoplankton) and their
fractions (%) to total chl-a concentration (F_P: Pico, F_N: Nano and F_M: Micro-phytoplankton) using Brewin et al. (2010) and
Sahay et al. (2017) algorithms. Statistical indices include slope (S), intercept (I), regression coefficient (R?), the average ratio
of in situ measured to satellite estimated value (r), root mean squared error (RMSE) and the relative percentage difference

between in situ measured and satellite estimated value (RPD). A total of 13 data points were used for validation.

S I R? r RMSE RPD
Brewin et al. (2010) P 25.08 -1.99 0.51 0.32 0.28 —262
B10 N 0.45 0.05 0.72 1.81 0.23 40.2
M 0.96 0.02 0.93 1.01 0.13 —12.6
F_P 0.65 26.35 0.60 0.36 22.28 —235
F_N 0.52 1.19 0.50 1.87 21.88 45.7
F_M 0.77 8.81 0.83 1.00 5.21 —1.6
Sahay et al. (2017) P 0.82 0.07 0.77 0.98 0.07 —7.8
S17 N 0.90 0.03 0.74 0.99 0.05 7.7
M 1.05 0.01 0.93 0.98 0.14 —15.5
F_P 0.97 0.28 0.72 1.03 3.60 2.0
F_N 0.89 2.24 0.78 1.03 2.28 2.6
F_M 0.93 3.95 0.83 0.97 4.63 —4.4

The coastal areas of the north-western BoB often remain
cloudy and a total of 13 match-up points were available.
The in situ chl-a concentration of PP, NP and MP varied
from 0.1 to 0.76, 0.07 to 0.87 and 0.05 to 2.88 mg m~3,
respectively which covers the entire dynamic range in the
north Indian Ocean (Jyothibabu et al., 2013; Sarma et al.,
2016; Sahay et al., 2017). Therefore, the in situ data was
presented along with the dynamic range of the satellite
estimates, using B10 (Figure 2a—c) and S17 (Figure 3a—
c) model, for the corresponding months. The MODISA es-
timates of PSC are represented as minimum and maximum
values over a month covering in situ sampling date. In addi-
tion, the relationship between in situ measured and satel-
lite estimates of chl-a concentration in various size classes
along with their fractions were also validated using B10
(Figure 2d—f) and $17 (Figure 3d—f) model. The statistical
indices for the relative errors between in situ measured and
MODISA estimates of PSC and their fractions (%) to total chl-
a concentration are provided in Table 2.

The validation analysis showed underestimation and
overestimation of the B10 model in retrieving PP (Figure 2a)
and NP (Figure 2b), respectively. The statistical indicators
also showed a high slope (25) and intercept (—1.99) for PP.
The poor performance of the B10 model in capturing the
in situ trend for PP is clearly evident with a low corre-
lation coefficient (R?=0.51). The statistical indicators for
NP retrieval, using the B10 model showed low slope (0.45),
low intercept (0.05) and good correlation (R2=0.72). The
B10 model performed well in estimating MP with all the
in situ data falling within the dynamic range of MODISA
(Figure 2c) with better slope (0.96), lower intercept (0.02),
and good correlation (R2=0.93). The estimated relative er-
ror in the retrieval of PSC from MODISA satellite data, using
B10 model, was 262% for PP, 40.2% for NP and 12.6% for MP.

The S17 model performed relatively better, in compar-
ison to B10. The in situ data falls well within the dynamic
range of MODISA retrieved PP (Figure 3a), NP (Figure 3b) and
MP (Figure 3c). The statistical indices for S17 showed better

slope (0.82 to 1.05), lower intercept (< 0.01), a good corre-
lation coefficient (R? > 0.74) and lower root mean squared
error (RMSE) (< 0.14). In addition, the estimated error in
the retrieval of PSC from MODISA satellite data, using the
S17 model, was 7.8% for PP, 7.7% for NP, and 15.5% for MP.

The fraction of PSC to total chl-a concentration was also
statistically evaluated. The statistical performance indica-
tors are provided in Table 2. The B10 model was found to
be underestimating fractions of PSC with a slope value of <
0.77. In addition, the fraction of PP and NP showed higher
RMSE (> 21.88), lower correlation coefficient (R? < 0.6)
and estimated error was 235 and 45.7%, respectively. How-
ever, the fraction of MP from the B10 model showed good
performance with a slope value of 0.77, lower intercept
(8.81), lower RMSE (5.21) and a high correlation coefficient
(R2=0.83). The estimated error was also lower (1.6%).

The 517 model performed much better in the retrieval of
PSC fractions with a slope close to unity (> 0.89), low inter-
cept (< 3.95), low RMSE (<4.63), high correlation (R2>0.72)
and lower estimated error (< 4.4%). The overall statistical
results of PSC fraction was similar to that of absolute con-
centration where the poor performance of the B10 was ob-
served to estimate the fraction of PP and NP. Considering
the better performance, the subsequent analysis was car-
ried out using the S17 model.

The estimation of PSC was carried out by using a three-
component abundance model that calculates the fractional
contribution from three PSC (PP, NP, and MP) to total chl-
a concentration. The B10 model was the extension of the
approach of Satyendranath et al. (2001), which was based
on the assumption that the smaller cells dominate at lower
chl-a concentrations and large cells at higher chl-a con-
centrations. In addition, the parameterization of the B10
model was carried out using in situ data from the Atlantic
Ocean during the Atlantic Meridional Transect (AMT) cam-
paign (Brewin et al., 2010). The B10 model performed well
at a global scale when applied to Sea-Viewing Wide Field-
of-View Sensor (SeaWiFS) data. Although the model was de-
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Figure 2 The left panel represents variability between in situ measured (black dots) and satellite estimated (Brewin et al. 2010)
chlorophyll-a (chl-a) concentration of a) pico, b) nano and c) microphytoplankton. The dotted (blue) line represents the mini-
mum and dashed (red) line represents maximum value from satellite data over a month covering in situ sampling date. The right
panel represents scatter plot showing relationship between in situ measured and satellite estimated (Brewin et al. 2010) chl-a
concentration of d) pico, e) nano and f) microphytoplankton. The vertical bars indicate the standard deviation within in situ data.
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Figure 3 The left panel represents variability between in situ measured (black dots) and satellite estimated (Sahay et al. 2017)
chlorophyll-a (chl-a) concentration of a) pico, b) nano and c) microphytoplankton. The dotted (blue) line represents the minimum
and dashed (red) line represents maximum value estimated from satellite data over a month covering in situ sampling date. The
right panel represents scatter plot showing relationship between in situ measured and satellite estimated (Sahay et al. 2017) chl-a
concentration of d) pico, e) nano and f) microphytoplankton. The vertical bars indicate the standard deviation within in situ data.
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veloped for global application, the parameterization may
vary with different biogeochemical provinces (Devred et al.,
2009). In contrast, the $17 model is the regionally tuned ver-
sion of Brewin et al. (2010) for the north Indian Ocean. The
S17 model was tuned utilizing the in situ data from various
Indian expeditions in the Arabian Sea including TARA Ocean
Expedition dataset available in SeaWiFS Bio-optical Archive
and Storage System (SeaBASS) maintained by the NASA —
OBPG. The better performance of the S17 model could be
attributed very well to its regional parameterization.

3.2. Long-term spatio-temporal distribution of PSC

The PSC are closely linked with several biogeochemical pro-
cesses that have significant forcing on the marine carbon cy-
cle, nutrient recycling and food web dynamics (Irwin et al.,
2006). Therefore, the dynamics of PSC within the study area
were analyzed through its spatial and temporal variabil-
ity. The monthly climatology of PSC concentration and frac-
tions was generated from MODISA data using S17 model. The
monthly time-series of PSC averaged over 0.5° x 0.5° region
off Gopalpur and Visakhapatnam is illustrated in Figure 4.
The overall variability showed a similar trend with a peak
during the pre-south-west monsoon (March—April) and the
post-south-west monsoon (October) period. However, there
was a marked difference in terms of the magnitude of indi-
vidual PSC, especially during south-west monsoon and post
south-west monsoon period. The distribution of PSC showed
the dominance of MP throughout the year off Visakhapat-
nam (Figure 4b). However, PP dominated during south-west
monsoon (June—July) and MP during rest of the year in
coastal waters off Gopalpur. The cloudy condition and en-
hanced water column turbidity retards growth of large-sized
phytoplankton in coastal waters and favours proliferation
of small-sized phytoplankton during the monsoon season
(Madhu et al., 2010). Further, the magnitude of all PSC was
higher off Gopalpur during the post-south-west monsoon
period (Figure 4a). The higher concentration during pre-
monsoon could be attributed to the recurrent phytoplank-
ton bloom events (Baliarsingh et al., 2016; Miranda et al.,
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2020). In general, the larger PSC prevails at higher con-
centrations of chl-a, whereas, both small, as well as large
phytoplankton play an important role in the variability of
chl-a at lower concentrations (Arin et al., 2005). The post-
south-west monsoon increment could be attributed to en-
hanced phytoplankton growth by availing nutrients sourced
from monsoonal precipitation induced terrigenous influx.
The possible upwelling events enriching nutrients in the eu-
photic zone along the western BoB during the south-west
monsoon season could also have played a pivotal role in ele-
vating chl-a concentration (Rao et al., 1986; Shankar et al.,
2002).

In subsequent analysis, nearshore to offshore variability
in the fraction of PSC, off Gopalpur and Visakhapatnam, was
analyzed through Hovmoller diagram (Figures 5 and 6). The
nearshore dominance of MP and offshore dominance of PP
were evident in both the areas. In nearshore region (up to
25 km from the coast), MP composition was nearly 70% that
gradually decreased offshore in both the areas during the
pre-south-west monsoon. During the post-south-west mon-
soon, up to 40% dominance of MP was observed off Gopalpur
at a distance of ~4 km from the coast (Figure 5). However,
the Visakhapatnam region showed less than 20% MP at a dis-
tance of ~40 km from the coast (Figure 6). In addition, dur-
ing the south-west monsoon, nearshore waters off Gopalpur
were observed with 40% of PP, 25% of NP and 35% of MP,
whereas in off Visakhapatnam, PP, NP, and MP was 30%, 30%
and 40%, respectively.

In corroboration to the present study, Mitbavkar and
Anil (2011) have observed a higher abundance of PP in the
offshore region of the BoB. In the open ocean region of the
BoB, the PSCs percentage contribution to total chl-a have
been reported in the order of PP > NP > MP. The higher con-
tribution of PP was attributed to the low nutrient levels and
a deeper nitracline (Sarma et al., 2016). The offshore higher
abundance of PP in the BoB was comparatively higher than
in the western counterpart, the Arabian Sea. Previous stud-
ies have reported “30% and 70—80% contribution of PP to
the total phytoplankton biomass in the Arabian Sea and the
BoB, respectively (Baliarsingh et al., 2018; Mitbavkar and
Anil, 2011; Roy et al., 2006). As a function of size, PP is ca-

pable of maintaining high uptake rates at low nutrient con-
ditions, which gives a better competitive advantage over
other PSCs in oligotrophic regions (Donald et al., 1997). In
addition, PP also confers a greater efficiency to absorb and
use solar radiation compared to larger PSC (Agusti et al.,
1994).

4. Conclusions

Marine phytoplankton play a critical role in modulating the
earth’s climate and responsible for half of the planetary pri-
mary production. The phytoplankton biochemical functions
such as nutrient uptake and growth rate are largely con-
trolled by its size characteristics. In addition, absorption of
light, photosynthetic rate, export production and the struc-
ture of the marine food chain depend upon phytoplankton
size structure. The present study investigated the perfor-
mance of two “abundance” based models for satellite esti-
mation of PSC and to understand the long-term trend of PSC,
using the best-suited model, at two ecologically important
coastal sites, off Gopalpur and off Visakhapatnam, along the
north-western BoB. This is the first attempt to study the
long-term distribution of PSC using satellite data. The sig-
nificant conclusions drawn from the present study are (i)
better performance of three-component abundance-based
S17 model in the estimation of PSC from the north-western
BoB using MODISA satellite data, (ii) nearshore dominance
of MP that gradually reduces offshore, (iii) dominance of
MP throughout the year off Visakhapatnam, (iv) dominance
of PP during south-west monsoon and MP rest of the year,
respectively off Gopalpur, (v) possible source of higher MP
concentration during pre-monsoon attributed to recurrent
phytoplankton bloom, (vi) possible fuelling the post-south-
west monsoon increment in MP concentration from mon-
soonal precipitation induced terrigenous influx enhancing
phytoplankton growth. The present study recommends the
use of S17 model for satellite retrieval of phytoplankton
size classes from coastal waters of the north-western BoB.
The satellite-based detection of PSC has provided a new av-
enue to study the spatio-temporal distribution that can be
further linked to ocean climate dynamics. In addition, the
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present study bridged the knowledge gap on PSC distribu-
tion in coastal waters of the north-western BoB.
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KEYWORDS Abstract The Indian marine environment supports employment for over 200 million people,
Arabian Sea; including revenue of nearly $7 billion per annum. However, ecological goods and services of
Bay of Bengal; the shallow coast and the marine environment of the Indian peninsula are being affected by
Harmful algal recurrent blooms of microalgae. One hundred and six published literature, starting from the
blooms; first report in 1908 to 2017, were reviewed to investigate the historical occurrences of marine
Indian peninsula; microalgal blooms (MMBs) around the Indian peninsula. 154 MMBs comprising 24 genera and
Microalgal blooms; 7 classes were reported during the study period. Noctiluca (dinophyceae) and Trichodesmium
Surface Seawater (cyanophyceae) bloom contributed 34.4% and 31.8% of total blooms. PCA revealed that high sea
Temperature surface temperature (SST) and salinity were significant driving forces for Trichodesmium blooms

formation, while high nutrients (NO3-N, PO4-P, and SiO4-Si) and low salinity triggered prymne-
siophyceae, raphidophyceae, bacillariophyceae and most of the dinophyceae blooms. Noctiluca
blooms were linked with both eutrophication and the abundance of prey organisms. HABs were
generally dinophyceae dominated and were associated with mass mortality of aquatic fauna,
human intoxication, paralytic, and ciguatera shellfish poisoning and even death. Increasing SST
and anthropogenic influences around the Indian peninsula could increase the occurrences of
MMBs (including HABs) and the number of causative taxa. Proper safety measures such as rou-
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tine monitoring of phycotoxin levels in the environment and local seafood are required to be
put in place in other to protect the health of the public.
© 2020 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/).

1. Introduction

Marine ecosystems are the major backbone of life on earth
and constitute the largest source of habitat and biodiver-
sity (Anderson et al., 2012). They are primarily supported
by the microalgae, which provide the basic food in the food
web/chain and play an important role in nutrient recycling
and gaseous exchange (Chassot et al., 2010; Passow and
Carlson, 2012). Microalgae are unicellular microscopic pho-
tosynthetic creatures which exist in different forms (single,
filamentous or colonial), shapes (ovoid, cylindrical, spher-
ical) and size (nano: 2—20 um, micro: 2—200 wm, macro:
> 200 pm). They may be free-floating or moving in the wa-
ter column (i.e., pelagic microalgae), settled on the sed-
iment (benthic microalgae), macrophytes, or other sub-
strates (epiphytic microalgae). They contain pigments for
harvesting light/solar radiation and utilize sunlight, nutri-
ents, and carbon dioxide for productivity, growth, and re-
production (Gireesh et al., 2015; Ignatiades, 2016). Ma-
rine microalgae are taxonomically diverse and comprise var-
ious groups, including diatoms, coccolithophores, chloro-
phytes, flagellate protists (dinoflagellates, raphidophytes)
and cyanobacteria (Brierley, 2017). In total, it consists of
about 5000 extant species as a whole.

Generally, microalgae respond rapidly to variations in en-
vironmental conditions. Such response includes a change in
growth that differs among different taxa or groups (Sharma
et al., 2012). Hence, certain changes in physicochemical
conditions, e.g., temperature, salinity, nutrients, etc. can
stimulate the proliferation of opportunistic micro-algae into
large biomass or otherwise cell numbers capable of caus-
ing harm, a phenomenon referred to as “bloom” (Anderson
et al., 2012). Typically, the cell, biomass, or chlorophyll-a
concentration, which defines a bloom has not been delin-
eated in the global scientific community. Though a few au-
thors have proposed cell densities (Kim et al., 1993) and
chlorophyll-a concentration (Binding et al., 2018) defining a
bloom, none is yet unanimously accepted. Smayda (1997),
in his opinion, discussed that defining this benchmark will
vary according to species nature (i.e., whether toxic or non-
toxic) and size, location, or habitat type (i.e., whether olig-
otrophic, mesotrophic or eutrophic) and season. Hence, the
term “bloom” has been conventionally used in literature
to describe the rapid increase or growth of one or more
species of microalgae resulting into visible water discol-
oration, e.g., red tide, foam production and harm to aquatic
biota, ecosystem and human health (Aleynik et al., 2016;
Smayda, 1997).

The dominance of either single or multiple species of ma-
rine microalgae is called marine microalgal bloom (MMB),
and this forms part of the natural cycle of photosynthetic or-
ganisms in marine ecosystems, and play a key role in main-
taining their community structure and dynamics as well as

ensuring sustained services/benefits to humans (Berdalet
et al., 2015). However, harmful algal blooms (HABs) may
bring severe health and socio-economic consequences to hu-
mans, organisms, and the environment (Willis et al., 2018).
Six human syndromes namely; paralytic shellfish poisoning
(PSP), neurotoxic shellfish poisoning (NSP), amnesic shellfish
poisoning (ASP), diarrheic shellfish poisoning (DSP), ciguat-
era fish poisoning (CFP) and azaspiracid shellfish poison-
ing (AZSP) have been identified in association with HABs
(Ferrante et al., 2012). Also, injury and death of fish, shell-
fishes and other marine animals following excessive respi-
ration and or decomposition, production of exudates, re-
active oxygen species (ROS) or noxious toxins during HABs
have been reported (Narayana et al., 2014; Svendsen et al.,
2018; Twiner et al., 2012; Walker et al., 2018). Some eco-
nomic consequences of HABs already described include re-
duced demand for affected products (Getchis and Shumway,
2017), closure of important shellfisheries (Jin et al., 2008)
and desalinization plants (Richlen et al., 2010), and loss of
revenue (Anderson et al., 2000; Getchis and Shumway, 2017;
Hoagland et al., 2002).

Increasing occurrences and adverse effects of MMBs in
marine ecosystems have continued to stir interest in the
scientific community (Anantharaman et al., 2009). Coastal
habitats are amongst the most affected due to their shallow
nature and high susceptibility to changing environmental
conditions (Anderson et al., 2012). Changes in the physic-
ochemical (temperature, salinity, dissolved nutrients) con-
ditions of the water are mostly brought about by varying
micro-climatic conditions, which usually differ from one
geographical location to another (Guinder and Molinero,
2013). Hence, studies geared towards an understanding of
major environmental factor/s promoting MMBs (including
HABs) are required at regional levels for better environmen-
tal health management.

The resources from India’s marine environment provide a
livelihood to more than 3.5 million people and an estimated
income of worth $7 billion in a year through recreation,
fishing and other economic activities (Nayak, 2017; Saxena,
2012; Singh, 2003). However, the recurrent blooms of mi-
croalgae (including HABs) pose a threat to these ecosys-
tems, as well as the economic, social, and ecological ser-
vices which they provide (D’Silva et al., 2012; Padakumar
et al., 2012). The environmental factors triggering such oc-
currences are not adequately understood. No study has been
conducted that describes the specific physicochemical pa-
rameters conditions that exclusively responsible for marine
microalgal bloom (MMBs) formation in and around the Indian
peninsula. In this study, MMBs around the Indian peninsula
coast from the first report in 1908 to 2017 were reviewed,
and the various incidents, causative organisms, and relating
physicochemical conditions reported were compiled. The
relationship between these physicochemical conditions and
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Figure 1

Incidences of marine microalgal blooms around the Indian peninsula from 1908 to 2017. Inset: Occurrences by different

bloom-forming organisms. In general, and in the inserted figure, grouping was done by classes and genera, respectively. Cya —
Cyanophyceae, Bac — Bacillariophyceae, Din — Dinophyceae, Rap — Raphidophyceae, Pry — Prymnesiophyceae, Tre — Trebouxio-

phyceae, Cil — Ciliatea.

blooms of the different taxa was also examined in other
to determine the critical parameters influencing specific
blooms along the coast of the Indian peninsula.

2. Data retrieval and analysis

A total of 106 articles published on occurrences of MMBs
around the Indian peninsula coast from the first report in
1908 to 2017 (110 years) were accessed. Subsequently, in-
formation regarding period, location, causative organism,
and taxonomy were retrieved (Supplementary Tables 1 and
2). Decadal and seasonal occurrences of such events were
compiled concerning taxonomic class and dominant genera
(Figures 1 and 2). In order to obtain the spatial distribution
of blooms, latitude and longitude data obtained from the
literature were inputted into Arc Map 10.5 software in dec-
imal degrees (Figure 3). In instances where none was avail-
able in the source article, relevant values were obtained
from https://google.com/maps.

Also, cell density and physicochemical conditions, e.g.,
sea surface temperature (SST), pH, salinity, dissolved oxy-
gen (DO), NO3-N, NO,-N, NH3-N, PO4-P, and SiO4-Si reported
during each bloom event were obtained, and the average,
standard deviation and range values for individual species

Table 1 Eigenvalues of the correlation matrix.
Eigenvalue Percentage Cumulative
of variance percentage of
variance
1 2.08543 41.71 41.71
2 1.11257 22.25 63.96
3 0.98019 19.60 83.56
4 0.53595 10.72 94.28
5 0.28586 5.72 100.00

and class were determined using Microsoft Excel 10 software
(Table 1). Satellite datasets available for major parameters
considered, i.e., SST, salinity, nitrate, phosphate, and sil-
icate, including wind speed and mixed layer depth (MLD),
were retrieved from relevant sources (Supplementary Table
3). The datasets acquired were limited to the area covered
by bloom events reported in this study (Latitude 6.00° to
24.00°N and Longitude 64.00° to 93.08°E).

Indirect gradient analysis, like the Principal component
analysis (PCA), was carried out in order to establish the cor-
relation between blooms formed by different taxa and abi-
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Figure 2 Seasonal occurrences of marine microalgal blooms
around the Indian peninsula from 1908 to 2017. Cya —
Cyanophyceae, Bac — Bacillariophyceae, Din — Dinophyceae,
Rap — Raphidophyceae, Pry — Prymnesiophyceae, Tre — Tre-
bouxiophyceae, Cil — Ciliatea, PrM — Pre-Monsoon, SWM —
South-west monsoon, PoM — Post-monsoon, WIN — Winter.

otic factors by correlating the ordination scores (Figure 4).
NO,-N and NHs-N values were not included in the PCA due
to low/no availability of on the spot recorded data. In an
instance where one or more physicochemical parameter(s)
was not reported, the entire data for such an event was
excluded from the PCA analysis. Log transformation, Logio
(X+1) was carried out before analyzing data using Origin
software version 8.5.1. One way ANOVA was employed to
evaluate the significant difference between decadal mean
annual temperatures and salinities obtained from satellite
database using SPSS 16.0 software (Supplementary Table 4).

Bloom events, as a result of the sudden proliferation
of one or more species of microalgae, were included only
in this study for doing cause and effect analysis based
on the reported visible discoloration (red tide) or patches
on water, injury or loss of aquatic life, and/or toxicity to
humans (International Council for the Exploration of the
Sea, 1984). The least cell concentrations attributed to the
blooms of the various taxonomic classes in this study were
6.2 x 10 cells/L (Qasim, 1970) for cyanophyceae, 1.3 x 10*
cells/L for bacillariophyceae (Sanilkumar et al., 2009a),
1.0 x 10* and 9.0 x 10* cells/L for Noctiluca (Padmakumar
et al., 2016a) and other dinophyceae, respectively (lyer
et al., 2008), 24.0 x 10* cells/L for raphidophyceae (Jugnu,
2006), 186.0 x 10* cells/L for prymnesiophyceae (Ramaiah
et al., 2005), 19.4 x 10* cells/L for trebuoxiophyceae (Asha
et al., 2015) and 100.0 x 10° cells/L for ciliates (Sahu et al.,
2016). A HAB event was identified as an incident associated
with devastating impacts such as mortality of aquatic fauna
(e.g., fish, and shellfish), human injury and death (e.g., res-

piratory difficulty, hospitalization, shellfish poisoning), and
or economic hardship due to grounded or reduced fishing
activity (Sanseverino et al., 2016).

3. Results and discussion

3.1. Biophysical and meteorological
characteristics around the Indian peninsula coast

The Indian peninsula is bordered on the western side by the
Arabian Sea (AS) and the eastern side by the Bay of Ben-
gal (BOB). Both ecosystems form part of the North Indian
Ocean and are influenced by intense, annually reversing
monsoon winds and seasonally varying sea surface circula-
tion (Chowdary et al., 2016). Strong southwesterly monsoon
winds blowing from June to September induce the summer
monsoon, also known as the south-west monsoon (SWM).
This season is characterized by heavy precipitation, strong
water mixing and upwelling of cold, saline, nutrient-rich,
and oxygen-depleted waters from the subsurface to the sur-
face along the coast. This effect is most pronounced along
the south-west coast (Attri and Tyagi, 2010). Generally, low
SST (27.7°C in AS and 28.5°C in BOB), high MLD (65 m in
AS and 45 m in BOB), and nutrient concentration (NO3-N of
around 5 wM, PO4-P up to 0.75 uM and SiO4-Si up to 20 uM)
are recorded. Surface salinity is higher in the AS remains rel-
atively high (~35.6 psu) during this period as compared to
the BOB (~33.6 psu), owing to lower precipitation of around
130 cm/month in the AS than in the BOB (~350 cm/month).
Surface salinity in the AS remains relatively high (~35.6 psu)
during this period, while that in the BOB is low (~33.6 psu),
due to higher precipitation (350 cm/month) in the BOB than
in the AS (130 cm/month) (Supplementary Figures 3—7).

Another major cause of low salinity in the BOB is the
large amount of run-off/freshwater which it receives from
major rivers which are located along its northern part, e.g.,
River Brahmaputra and Ganges, Mahanadi, Godavari, Kr-
ishna, and Cauvery. The freshwater flux from these rivers
reaches up to 14 x 10* m3/s during SWM. About 60% of the
entire freshwater received in the season (Chaitanya et al.,
2014). The AS is fed by small rivers, e.g., Sabarmati, Mahi,
Narmada, and Tapi. AS receives a comparatively lower in-
put of freshwater as compared to BoB due to low precipi-
tation. River run-off also contributes to the source of nu-
trient enrichment in both the AS and BOB during SWM. A
southwesterly flow is known as the West Indian Coastal Cur-
rent (WICC), which prevails during this season and carries
colder and more saline water to the east coast (Panikkar and
Jayaraman, 1966). Low saline water is observed along the
west coast below 15°N due to the southward advection of
low salinity surface water from the coastal margin up north
by this current, as well as the input of run-off water from
nearby areas (Behara et al., 2019).

Cold, dry northeastern monsoon winds usher in the north-
east monsoon or winter (WIN) season. The winds blow in the
south-west direction and result in the vertical mixing of sur-
face water with deeper nutrient-rich water due to heat loss
resulting from cooling. The lowest average SST of 27.3°C
and 27.9°C in the AS and BOB, respectively, is recorded dur-
ing this period along with little rainfall (Attri and Tyagi,
2010). Mean salinity of around 32.3 psu is recorded in the
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Figure 3  Distribution of marine microalgal blooms around the Indian peninsula from 1908 to 2017. A — Non-harmful occurrences.

B — Harmful algal blooms.

BOB while that in the AS is around 35.4 psu. High nutrient
levels, up to 8 uM of NO3-N, 0.75 uM of PO4-P, and 10 uM
of Si04-Si are observed. Also, wind speed and mixed layer
depth increase reaching a maximum of ~9 m/s and 75 m,
respectively, around January. The utmost of these condi-
tions generally occurs along the extreme north and south
coasts of the peninsula (Supplementary Figs. 1—7). East In-
dian Coastal Current (EICC) flows along the eastern bound-
ary towards the west direction and carries low salinity water
from the BOB into the southern AS. The winter season runs
from December to February (Akhil et al., 2014).

A period of transition known as the post-monsoon sea-
son (PoM) follows the SWM before the start of the NEM. It is
generally characterized by the withdrawal of monsoon and
high SST (28°C in AS and 28.5°C in BOB) along both coasts.
Surface salinity is ~36 psu in the AS and ~33 psu in the
BOB. Cyclonic depression and heavy, widespread rainfall oc-
cur along the eastern coast (Anoopa, 2017). Hot and dry
winds characterize the pre-monsoon (PrM) season. A max-
imum average SST of above 29°C is recorded also recorded
in both basins. Surface salinity is also high, around 35.5 psu

in the AS and 33.5 psu in the BOB. The season is charac-
terized by cyclonic storms which move in the north-western
direction, and short durations of rainfall. Most of these oc-
cur in the Bay of Bengal (BOB) (Anoopa, 2017). According to
the Asia-Pacific Data Research Centre (2018), the average
salinity of the seawater increases from the northern part
to the southern part in the BOB. The same increases from
the southern part to the northern part in general in the AS.
However, in the case of SST, both the BOB and AS exhibit a
similar pattern of distribution, i.e., from north to the south
gradient (Mohapatra et al., 2015).

3.2. Occurrences of MMBs around the Indian
Peninsula

A total of 154 MMBs comprising 24 genera under the
class: dinophyceae (9 genera), bacillariophyceae (8 gen-
era), prymnesiophyceae (3 genera), cyanophyceae, raphi-
dophyceae, trebouxiophyceae, and ciliateae (1 genus each)
were reported around the Indian peninsula from 1908 to
2017 (Figure 1; Supplementary Tables 1 and 2). Among
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Figure 4 PCA biplot showing the relationship between the blooms of various phytoplankton with environmental variables.

1. Cyanophyceae (1. Trichodesmium), 2—6 Bacillariophyceae (2. Coscinodiscus, 3. Rhizosolenia, 4. Leptocylindrus, 5. Asterionella,
6. Chaetoceros), 7—10. Dinophyceae (7. Noctiluca, 8. Protoperidinium, 9. Karenia, 10. Gonyaulax), 11. Raphidophyceae (11. Cha-
tonella), 12. Prymnesiophyceae (12. Prymnesium), 13. Trebouxiophyceae (13. Chlorella).

all the MMBs recorded from this region, Noctiluca (dino-
phyceae) and Trichodesmium (cyanophyceae) were the
dominant bloom-forming genera and accounted for 34.4%
and 31.8% respectively (Figure 1).

3.2.1. Temporal occurrences

In the first three decades (1908 to 1937), occurrences of
MMBs recorded were limited to those of the dinophyceae.
However, over time, blooms of additional taxa emerged.
During the last decade alone (2008—2017), blooms of two
new taxa, such as the trebouxiophyceae and ciliates were
recorded. A remarkable increase in the incidence of MMBs
along the Indian peninsula has been recorded from 1948 to
2017. The occurrences of MMBs were increased from 1948
to 2017. Twenty incidents were recorded from 1948 to 1957,
46 incidents occurred from 1998 to 2007, and 50 incidents
were also recorded from 2008 to 2017. All through 1948 to
1957, only the dinophyceae remained dominant (80%), while

in the second to the last decade, cyanophyceae was domi-
nant (47.8%) followed by dinophyceae (37.0%). In the last
decade, dinophyceae (48.0%) again replaced cyanophyceae
(26.0%) and remained dominant. Appearances of dinoflag-
ellate blooms were consistently recorded every decade ex-
cept between 1938 to 1947 and 1988 to 1997. Also, those
of bacillariophyceae appeared regularly from 1958 to 2017
(Figure 1).

MMBs were most pronounced during the PrM season, fol-
lowed by the SWM season. Blooms of cyanophyceae dom-
inated during the PrM season, while those of dinophyceae
dominated during the SWM season. Events attributed to
the raphidophyceae and prymnesiophyceae were most pro-
nounced during the SWM season, while those associated
with the bacillariophyceae were remarked during PrM and
SWM. Blooms of ciliatea were featured only in the PrM sea-
son, whereas those of trebouxiophyceae were recorded only
in the SWM season (Figure 2).
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Table 2 Factor loading matrix of total variance ex-
plained by each vector of the principal component anal-
ysis.

Coefficients of PC1 Coefficients of PC2

SST —0.18153 0.77412
Salinity —0.28219 0.34455
NOs-N 0.54157 —0.23703
PO4-P 0.54986 0.32851
Si04 0.54016 0.34339

Note: factors/parameters with significant weight are in bold.

3.2.2. Spatial occurrences

From the 154 MMBs reported, 103 were recorded along
the western coast. Also, on both the east and west coast,
higher incidences were observed along with the southern
parts than the northern parts. For instance, 36 out of the
38 events of HABs recorded along the Indian peninsula
coast occurred in the southern part. Blooms of the raphido-
phyceae and prymnesiophyceae were mainly recorded along
the southwestern coast. Those of ciliatea and treboux-
iophyceae occurred along the south-eastern coast alone,
whereas, MMBs, those were dominated by the cyanophyceae
and dinophyceae were featured both the west and east
coast (Figure 3a).

3.3. Physiochemical conditions during occurrences
of MMBs

3.3.1. Principal component analysis

PCA identified two principal components (PC1 and PC2) with
eigenvalues greater than 1. Both components cumulatively
explained 63.96% of the total variance in the conditions of
the various blooms recorded. Principal component 1 (PC1)
accounted for 41.71% (Eigenvalue =2.08543) of the total
variance recorded and had high positive loadings of NO;-N
(0.54), PO4-P (0.55), Si04-Si (0.54). SST and salinity weight
recorded were low (—0.18 and —0.28 respectively), implying
that water eutrophication was the significant condition ex-
plained by this component. However, principal component 2
(PC2) represented 22.25% (Eigenvalue = 1.11257) of the to-
tal variance and had higher loading of SST (0.77) and salinity
(0.35), indicating that both factors were mainly responsi-
ble for the blooms explained by it (Tables 1 and 2). As pre-
sented on the biplot, nutrients (NO3-N, PO4-P, and SiO4-5i)
had higher weight than SST and salinity, revealing that on
the overall, they had more influence on the occurrences of
blooms (Figure 4).

3.3.2. Cyanophyceae (Trichodesmium),
Trebouxiophyceae and Ciliatea blooms

Blooms of cyanophyceae (Trichodesmium) and trebouxio-
phyceae (Chlorella marina) were recorded under the higher
condition of SST (30.26+1.38°C and 31.4240.00°C respec-
tively) and salinity (34.29+1.16 and 51.75+0.00 psu respec-
tively), as well as the low condition of NO3-N (1.50+3.02
wM and 0.01+0.00 uM respectively), NO,-N (0.16+0.12
wM and 0.04+0.00 uM respectively), PO4-P (0.53+0.82 uM
and 0.04+0.00 puM respectively) and SiO4-Si (4.10+4.45 uM

and 0.23+0.00 uM respectively) (Table 3). The PCA biplot
further validated this, as appearances of both taxa were
mainly positively correlated with SST and salinity, and neg-
atively with the nutrients. However, some blooms of the
cyanophyceae were positively correlated with PO4-P and
Si04-Si. The bloom of trebouxiophyceae was more closely
associated with water salinity than SST due to the remarked
salinity condition in which it was recorded (Figure 4).
Hence, high water salinity was a significant driver in the oc-
currence of its bloom. Chlorella strains have been reported
to be capable of active growth under high conditions of tem-
perature and salinity up to 42.5°C (Ouyang et al., 2010) and
60 psu (Kakarla et al., 2018) respectively, as well as mini-
mal nutrient conditions (Mata et al., 2010; Nigam and Singh,
2011).

Most of the MMBs dominated by cyanophyceae occurred
during high SST and salinity, along with high PO4-P and
Si04-Si (Figure 4), which tallied with the PC2 in which SST,
salinity, PO4-P, and SiO4-Si had positive loading (Table 2).
Thus, the component mainly explained the principal fac-
tor responsible for the occurrence of blooms of this taxon
— high SST and salinity. The dominance of cyanophyceae,
during PrM when SST and salinity conditions were high
(>29°C and 33—35 psu respectively) furthered established
the role of these parameters in driving its blooms (Supple-
mentary Figure 1 and 2). Coincidentally, a significant in-
crease in SST condition (at p<0.01) along the coast of In-
dia between 1938 and 1947 matched with the first record of
blooms of cyanophyceae (Supplementary Table 4). Similar
to this study, SST and salinity have been reported as sig-
nificant parameters influencing the abundance and distribu-
tion of cyanophyceae (Trichodesmium) in different oceans
(Agarwin et al., 2013; Jiang et al., 2017; Liu and Tang,
2012; Rodier and Borgone, 2008; Rouco et al., 2014, 2016;
Walworth et al., 2015). Breitbarth et al. (2007) discussed
that Trichodesmium (cyanophyceae) was capable of grow-
ing at a wide temperature range of 20 to 34°C, while Full
and Bell (2003) prescribed that a salinity range of 22—43 psu
as favorable for growth. The specific range of SST (27.50—
33.50°C) and salinity (32.14—35.86 psu), also support the
similar observation recorded around the Indian peninsula.

The low NOs-N condition under which most blooms of
the cyanophyceae (Trichodesmium) were recorded in this
study (Figure 4) is associated with the diazotrophic nature
of the organism and in agreement with available reports
(Holl and Montoya, 2005; Mulholland and Capone, 1999).
NOs~N deficient condition promotes diazotrophy — the fixa-
tion of atmospheric nitrogen into usable forms for growth
in Trichodesmium, thus enabling it to outgrow other or-
ganisms (D’Silva et al., 2012). High SiO4-Si level associated
with some bloom of the cyanophyceae (Trichodesmium)
could have resulted from its non-uptake. High PO,4-P levels
recorded during certain events might be connected with its
requirement for growth and metabolism (Qu et al., 2019).
Also, low wind speed (~5 m/s), water mixing and high strat-
ification prevalent during the PrM season (Supplementary
Figures 3 and 4) could have also promoted the buoyancy
of the organism, and its ability to form extensive blooms
(Capone et al., 1997).

The bloom of ciliatea (Mesodinium rubrum) was rare,
and no information about physicochemical conditions was
recorded. However, studies published have identified high



Table 3 Parameters recorded in association with blooming phytoplankton along the coasts of India (APDRC, 2019, Lotliker et al., 2018, Madhav and Kondalarao,
2004, Madhu et al., 2011a, Madhu et al., 2011, Madhupratap et al., 2000, Martins et al., 2010, Mathew et al., 1988, Annamalai et al., 2016, Matondkar et al.,
2004, Matondkar et al., 2006, Minu et al., 2015, Mishra et al., 2005, Mohanty et al., 2007, Nagabhushanam, 1967, Nashad et al., 2017, Nayak et al., 2000, Nayar
and Prabhu, 2001, Nunez et al., 2011, Padmakumar et al., 2008, Padmakumar et al., 2010a, Padmakumar et al., 2011, Padmakumar et al., 2016b, Arun et al.,
2012, Peter et al., 2016, Prabhu et al., 1965, Prasad, 1958, Raghavan et al., 2010, Raji and Padmavati, 2014, Ramamurthy, 1973, Rao, 1969, Rekha et al., 2012,
Sachithanandam et al., 2013, Sahu et al., 2018, Sanilkumar et al., 2009b, Baliarsingh et al., 2016, Sanilkumar et al., 2012, Sargunam et al., 1989, Sasamal et al., 2005,
Satpathy et al., 2007, Shaju et al., 2018, Shetye et al., 2013, Shunmugam et al., 2017, Subrahmanyan, 1954, Sulochanan et al., 2014, Tada et al., 2016, Thomas, 2014, Thomas
et al., 2014b, Berdalet et al., 2019, Turner et al., 2017, Venugopal et al., 1979, Vijayalakshmy et al., 2018, Xu et al., 2019, Brand and Compton, 2007, Capone et al., 2005,
Chandrasekhararao et al., 2018, Chellam and Alagarswami, 1978, Choudhury and Panigrahy, 1989, Cicily et al., 2013, Daniel et al., 1979, Desa et al., 2005, Devassy, 1974,
Devassy et al., 1978, Dharani et al., 2004, Dwivedi et al., 2015, Dwivedi et al., 2012, Dwivedi et al., 2006, Eashwar et al., 2001, Edwards et al., 2006, Ferrante et al., 2012,
Figler et al., 2019, Garcia et al., 2019a, Garcia et al., 2019b, Gobler et al., 2017, Gomes et al., 2014, Gopakumar et al., 2009, Al-azri et al., 2007, Harrison et al., 2011, Heil
et al., 2014, Hemalatha et al., 2016, Hiremath and Mathad, 2010, Hornell, 1908, Hornell, 1917, Hornell and Nayudu, 1923, Indian Space Research Organization, ISRO 1999,
Jabir et al., 2013, Jasmine et al., 2005, Jones et al., 2017, Joseph et al., 2008, Jyothibabu et al., 2017, Jyothibabu et al., 2003, Karthik and Padmavati, 2018, Katti et al.,
1988, KNMI Climate Explorer website 2018, KNMI Climate Explorer website 2018, Kumar et al., 2015, Kumar et al., 2009).

Class Cell density SST (°C) pH Salinity DO (mg L=") NO3-N (uM) NO2-N (uM) NH3-N (uM) PO4-P (uM) SiO4 (uM) Chlorophyll a Reference(s)
(x 10% cells L=1) (ngL™")
1. Bacillariophyceae
Asterionella japonica 61013.07+181495.78 26.86+2.83  7.82+0.00 32.29+2.45 5.85+1.78 1.62+2.06 0.03+0.04 0.27+0.53  1.47+2.19 53.39+51.01 7; 26; 59; 68;
(n=6) (0.84-545000.00) (24.00-31.58) (7.82-7.82) (28.66-34.83) (3.08-7.46) (0.02-5.05) (0.00-0.09) (0.00-1.43) (0.03-5.10) (5.63-132.17) 69
Chaetoceros spp. 4.90+0.00 = - = = = = - - = 7.50+0.00 38
(n=1) (7.50-7.50)
C. curvisetus (n=1)  2.75+0.00 (2.75-2.75)  31.30+£0.00 8.05+0.00 31.96+0.00 7.03+0.00 0.29+0.00 0.01+0.00 0.74+0.00 0.02+0.00 4.22+0.00 5.80+0.00 Begum et al.
(31.30-31.30) (8.05-8.05) (31.96-31.96) (7.03-7.03) (0.29-0.29) (0.01-0.01) (0.74-0.74) (0.02-0.02) (4.22-4.22) (5.80-5.80) 2015
C. tortissimum (n=1) 617.86+0.00 29.14+0.00 7.93+0.00 28.43+0.00 3.40+0.00 4.27+0.00 0.33+£0.00 - 0.28+0.00 10.90+0.00 0.19+0.00 Karthik and
(617.86-617.86) (29.14-29.14) (7.93-7.93) (28.43-28.43) (3.40-3.40) (4.27-4.27) (0.33-0.33) (0.28-0.28) (10.90-10.90) (0.19-0.19) Padmavati
(2014)
Coscinodiscus 35.07+0.00 27.50+0.00 8.00+0.00 34.33+0.00 7.12+0.00 2.70+0.00 0.00+0.00 1.75+0.00 37.90+0.00 104.90+0.00 26; 63
asteromphalus var. (35.07-35.07) (27.50-27.50) (8.00-8.00) (34.33-34.33) (7.12-7.12) (2.70-2.70) (0.00-0.00) (1.75-1.75) (37.90-37.90) (104.90-104.90)
centralis (n=1)
Fragilaria oceanica  368.00+0.00 32.36+0.00 0.03+0.00 0.03+0.00 123.48+00.00 11
(n=1) (368.00-368.00) (32.36-32.36) (0.03-0.03) (0.03-0.03) (123.48-123.48)
Hemidiscus 0.32+0.00 (0.32-0.32) - - - - 71
hardmannianus
(n=1)
Leptocylindrus sp. 14.79 + 0.00 29.30+0.00 29.30+0.00  8.16+0.00 2.62+0.00 1.77+0.00 9.83+0.00 43
(n=1) (14.79-14.79) (29.30-29.30) (29.30-29.30) (8.16-8.16) (2.62-2.62) (1.77-1.77)  (9.83-9.83)
Pleurosigma sp. 20.00+0.00 - - - - - - 11
(n=1) (20.00-20.00)
Rhizosolenia sp. 10.00+0.00 11
(n=1) (10.00-10.00)
R. alata (n=3) 1.02+0.53 (0.41-1.36)  27.00+2.29  8.30+0.14 34.67+0.58  4.25+0.69 0.72+0.90 0.11+0.04 0.82+0.56 16.38+8.55 12.31+3.19 8; 21
(24.50-29.00) (8.20-8.40) (34.00-35.00) (3.46-4.76) (0.10-1.76) (0.08-0.14) (0.40-1.45) (11.40-26.26) (8.64-14.30)

(continued on next page)
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Table 3  (continued)
Class Cell density SST (°C) pH Salinity DO (mg L=") NO3-N (M) NO-N (uM) NH3-N (uM) PO4-P (uM) SiO4 (uM) Chlorophyll a Reference(s)
(x 10% cells L") (ng L")
R. imbricata (n=1)  240.00+0.00 31.144+0.00 8.23+0.00 34.21+0.00 6.50+0.00 0.274+0.00 0.00+0.00 0.00+0.00 0.00+-0.00 Saravanae
(240.00-240.00) (31.14-31.14) (8.23-8.23) (34.21-34.21) (6.50-6.50) (0.27-0.27) (0.0-0.00) (0.0-0.00)  (0.0-0.00) et al., 2016
Mean + SD (Range) 25019.74+116139.89 27.71+2.65 8.09+0.20 32.52+2.38 5.73+1.74 1.46+1.67 0.08+0.11 0.37+0.52 0.51+0.68 8.15+10.92 44.12+49.46
n=17 (0.32-545000.00) (24.00- (7.82-8.40) (28.43- (3.08-8.16) (0.18-5.05) (0.00-0.33) (0.00-0.74) (0.00-1.77) (0.00-37.90) (0.19-132.17)
31.58) 35.00)
2. Ciliatea
Mesodinium rubrum  100.00+0.00 - - 61
(n=1) (100.00-100.00)
3. Cyanophyceae
Trichodesmium 13064.38+-38283.15 30.23+1.53  8.13+0.18 33.99+1.10  6.03+2.00 1.61 & 3.25 0.19 + 0.11 0.58+0.87 4.28+4.64 19.71 + 38.98 4; 10; 13; 23;
erythraeum (0.62-115142.40) (27.50-33.50) (7.90-8.40) (32.14-35.47) (2.66-9.11) (0.00- (0.03-0.29) 31.04+49.06 (0.00-2.80) (0.00-14.00)  (0.08-127.00) 27; 28; 29;
(n=21) 10.00) (0.10- 31; 37; 41;
125.00) 42; 48; 52;
57; 69; 70
T. thiebautii (n=2) 29.07+0.00 35.26+0.00 9.11+0.00 0.03 & 0.00 - 0.84 +0.00 0.11 +0.00 1.29 + 48; 57
(29.07-29.07) (35.26-35.26) (9.11-9.11) (0.03-0.03) (0.84-0.84) (0.11-0.11) 0.00(1.29-
1.29)
T. hildebrantii (n=1) 3.00+0.00 (3.00-3.00) - - - - - - - 51
Trichodesmium sp.  0.04+0.00 (0.04-0.04)* 30.38-+0.28 35.40+0.52  5.84+0.06 0.794+0.31 0.0340.00 0.2240.13  2.2740.00 14.82+18.02 13; 23; 54
(n=4) (30.00-30.61) (34.67-35.86) (5.80-5.89) (0.58-1.01) (0.03-0.03) 14.25+18.60 (0.13-0.31) (2.27-2.27) (2.50-35.50)
(1.10-27.40)
Mean =+ SD (Range) 11758.24+36329.26 30.26+1.38 8.13+0.18 34.29+1.16 6.00+1.83 1.50+3.02 0.16+0.12 0.53+0.82 4.10+4.45 18.58+34.62
n=49 (0.73-115140.00) (27.50- (7.90-8.40) (32.14- (2.66-9.11) (0.00- (0.03-0.29) 26.85+42.77(0.00-2.80) (0.00-14.00) (0.08-127.00)
33.50) 35.86) 10.00) (0.10-
125.0)
4. Dinophyceae
Noctiluca miliaris 511.14+ 1695.85 28.144+1.90 8.05+0.24 34.12+2.75  5.42+1.51 2.13+2.75 0.51+0.86 5.18+6.05 0.91+1.28 6.38+9.49 9.01+8.08 2; 3; 6; 11; 12;
(n= 38) (0.01-8100.00) (25.02-32.13) (7.54-8.40) (25.00-40.00) (2.20-9.16) (0.00- (0.00-3.28) (1.21-14.90) (0.00-4.56) (0.11-32.61)  (0.34-26.50) 14; 15; 16;
11.06) 17; 18; 19;
20; 24; 25;
30; 32; 35;
36; 37; 39;
40; 41; 44;
45; 46; 47,
48; 49; 53;
62; 65; 66;
69; 72; 75;
76

(continued on next page)
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Table 3 (continued)
Class Cell density SST (°C) pH Salinity DO (mg L=") NO3-N (uM) NO2-N (M) NH3-N (uM) PO4-P (M) SiO4 (M) Chlorophyll a Reference(s)
(x 10% cells L") (ng L")
Karenia mikimotoi ~ 38.46+64.18 29.25+1.52  7.56+0.39 32.04+4.78  2.40+0.71 2.26+1.62 0.14+0.16 4.85+0.00 5.74+3.71 32.30+0.00 56.80-+0.00 22; 33; 59
(n=3) (0.90-112.57) (28.37-31.00) (7.25-8.00) (26.52-34.80) (1.90-2.90) (0.80-4.00) (0.02-0.25) (4.85-4.85) (1.46-8.00) (32.30-32.30) (56.80-56.80)
Cochlodinium sp. 1.40+0.00 (1.40-1.40)  27.0 0+0.00 7.40+0.00 33.00+0.00 - 2.40+0.00 24.52+0.00 14.72+0.00 15.954+0.00 - 1.20+0.00 40
(n=1) (27.00-27.00) (7.40-7.40) (33.00-33.00) (2.40-2.40) (24.52- (14.72- (15.95- (1.20-1.2)
24.52) 14.72) 15.95)
Gonyaulax 2555.00+3457.75 29.55+0.00 - 34.10+0.00  6.38+0.00 1.65+0.00 - - 0.60+0.00 10.00+0.00 13.15+0.00 52;
polygramma (n=2) (110.00-5000.00) (29.55-29.55) (34.10-34.10) (6.38-6.38) (1.65-1.65) (0.60-0.60) (10.00-10.00) (13.15-13.15) Padmakumar
et al. 2018
Dinophysis sp. (n=1) 3.10+0.00 (3.10-3.10) - - 38
Prorocentrum sp. 1.50+0.00 (1.50-1.50) - - 38
(n=1)
Protoperidinium sp.  5000.0+0.0 29.00+0.00 8.34+0.00 34.64+0.00 8.65+0.00 0.00+0.00 0.25+0.00 1.68+0.00 0.90+0.00 63
(n=1) (5000.0-5000.0) (29.00-29.00) (8.34-8.34) (34.64-34.64) (8.65-8.65) (0.00-0.00) (0.25-0.25) (1.68-1.68) (0.90-0.90)
Protoperidinium 350.00+0.00 26.00+0.00 7.70+0.00 31.00+0.00  2.23+0.00 1.12+0.00 1.124+0.00 0.29+0.00 9.33+0.00 10.96+0.00 55
divergens (n=1) (350.00-350.00) (26.00-26.00) (7.70-7.70) (31.00-31.00) (2.23-2.23) (1.12-1.12) (1.12-1.12) (0.29-0.29) (9.33-9.33) (0.13-0.13)
Mean+SD (Range)  644.19+1785.35 28.22+1.83 7.94+0.33 33.80+2.84 5.03+1.72 2.12+2.47 1.61+5.31 5.99+5.83 1.87+3.45 7.93+10.41  10.36+12.27
(0.01-8100.00) (25.02- (7.25-8.40) (25.00- (1.90-9.16) (0.00- (0.00- (1.21- (0.00- (0.11-32.61) (0.13-56.80)
32.13) 40.00) 11.06) 24.52) 14.90) 15.95)
5. Prymnesiophyceae
Prymnesium parvum 800.00+-00.00 28.00+0.00 8.00+0.00 34.00+0.00  1.50+0.00 5.60+0.00 1.90+0.00 62.00+0.00 13.54+0.00 73
(n=1) (800.00-800.00) (28.00-28.00) (8.00-8.00) (34.00-34.00) (1.50-1.50) (5.60-5.60) (1.90-1.90) (62.00-62.00) (13.54-13.54)
Helladosphaera spp. 135.23+0.00 - 7.72+0.00 36.36+0.00 6.51+0.00 6.84+0.00 0.97+0.00 9.10+0.00 1.22+0.00 8.27+0.00 - 56
(n=1) (135.23-135.23) (7.72-7.72) (36.36-36.36) (6.51-6.51) (6.84-6.84) (0.97-0.97) (9.10-9.10) (1.22-1.22) (8.27-8.27)
P. globose (n=1) 25800.00+0.00 - - - 0.00+0.00 - - 0.30+0.00 - 5.06+0.00 33
(25800.00-25800.00) (0.00-0.00) (0.30-0.30) (5.06-5.06)
Mean =+ SD (Range) 8911.74+14629.44 28.00+1.00 7.86+0.20 32.09+3.78 6.03+3.96 5.45+3.14 0.32+0.56 9.10+0.00 1.78+1.91 19.18+28.64 8.82+3.76
(135.23-25800.00) (26.00- (7.72-8.00) (28.00- (1.41- (0.00-7.80) (0.00-0.97) (9.10-9.10) (0.30-5.00) (3.00-62.00) (5.06-13.54)
28.00) 36.36) 11.00)
6. Raphidophyceae
Chatonella marina  768.18+1355.44 27.08+2.12  7.55+0.43 32.30+2.79  2.99+2.57 3.34+£3.90 0.06+0.05 0.51+0.01 1.23+£1.23 4.26+2.04 16.96+14.12 26; 39; 50; 64;
(n=4) (45.00-2800.00) (25.56-30.20) (7.06-7.86) (29.33-34.87) (0.22-6.42) (0.14-9.02) (0.02-0.12) (0.50-0.51) (0.27-2.99) (2.81-5.70) (8.30-37.97) 65; 70; 74
7.
Trebouxiophyceae
Chlorella marina 2.124+0.00 (2.12-2.12)  31.424+0.00 7.62+0.00 51.754+0.00 5.40+0.00 0.01+0.00 0.04+0.00 6.75+0.00 0.04+0.00 0.23 +0.00 18.41+0. 00 5
(n=1) (31.42-31.42) (7.62-7.62) (51.75-51.75) (5.40-5.40) (0.01-0.01) (0.04-0.04) (6.75-6.75) (0.04-0.04) (0.23-0.23) (18.41-18.41)

Note: Reference number is mentioned in the reference section in []
* implies value presented in filament/L, n=number of events
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water temperature, salinity, irradiance, column stratifica-
tion stability, and low nutrient conditions as factors fa-
voring its bloom (Liu et al., 2012; van Beusekom et al.,
2009). The PrM season in which its bloom occurred was
characterized by similar conditions along the coast of In-
dia (Supplementary Figures 1—7). Considering the ability
of the cyanophyceae (Trichodesmium), trebouxiophyceae
(Chlorella marina) and ciliatea (Mesodinium rubrum) to
grow favorably under high water temperature and salinity,
the incidence of their blooms could increase along the In-
dian peninsula coast in the near future, as the SST and salin-
ity conditions increase rapidly (Supplementary Figure 3).

3.3.3. Blooms of Bacillariophyceae, Prymnesiophyceae,

and Rapdidophyceae

Blooms attributed to the bacillariophyceae, prymnesio-
phyceae, and raphidophyceae were mainly recorded un-
der a lower water temperature condition of 27.714+2.65°C,
28.00+1.00°C, and 27.08+2.12°C respectively, and lower
salinity of 32.52+2.38, 32.09+3.78 and 33.30+2.79 psu re-
spectively as compared to those of the cyanophyceae, tre-
bouxiophyceae, and dinophyceae. Nutrient levels in wa-
ter during the incidents of prymnesiophyceae and raphi-
dophyceae were much higher (5.45+3.14 and 3.34+3.90
uM for NO;-N, 1.78+1.91 and 1.23+1.23 pM for PO4-P,
19.18+28.6 and 4.26+2.04 pM for SiO4-Si respectively).
Si04-Si concentration was also high (8.15+10.9 uM), while
NO;-N, NO;-N, NH3-N and PO4-P (1.46+1.67 uM, 0.08+0.11
wM, 0.37+0.52 pM, and 0.51+2.04 wM respectively) were
low (Table 3; Figure 4). PC1 indicates that the high and posi-
tive weightage of nutrients, i.e., NO3-N (0.54), PO4-P (0.55),
and Si04-Si (0.54), might have been played a crucial role
in developing the prymnesiophyceae and raphidophyceae
dominated blooms around the Indian peninsula. Hence, PC1
primarily described the key physicochemical factors, i.e.,
nutrients, which were responsible for the blooms of both
taxa. The lower factor weight recorded for SST and salinity
revealed that they had minimal influence on the occurrence
of their blooms (Table 2).

During the SWM season when blooms of the raphido-
phyceae and prymnesiophyceae were mostly recorded, eu-
trophication was apparent along the coast of India (Figure 2;
Supplementary Figures 5—7). This high nutrient condition
occurred as a result of the upwelling of nutrient-rich deep
water and the input of run-offs. Blooms of bacillario-
phyceae may be primarily triggered by the bioavailability of
high nutrients concentration (eutrophication), including sil-
icates, and secondarily influenced by rainfall and river run-
off. Therefore, bacillariophyceae blooms were reported in
both the PrM and SWM period. Blooms of raphidophyceae
and prymnesiophyceae appeared mainly along the southern
coast (mainly the south-west), where these conditions were
most prevalent (Supplementary Figures 3—7; Figure 4). The
low surface salinity associated with their occurrences might
be due to the input of freshwater from local rainfall and
run-off, as well as the southward advection of low saline wa-
ters from the northwest coast by the West Indian coast cur-
rent, WICC (Behara et al., 2019; Kumar and Mathew, 1997;
Subrahmanyam et al., 2011).

Low nutrient conditions observed during the blooms of
the bacillariophyceae could be as a result of the fast con-
sumption of nutrients during bloom. Previous studies carried

out in the field as well as in the laboratory revealed that the
concentration of macronutrients, e.g., NOs-N, PO4-P and
Si04-Si (in the case of diatoms) mostly limited the growth
and biomass development of the bacillariophyceae, rapdi-
dophyceae and prymnesiophyceae, wherein faster growth
and higher cell density was reached under nutrient replete
conditions (Gypens et al., 2007; Schoemann et al., 2005;
Wang et al., 2011). The persistent appearance of their
blooms in recent decades could be an indication of increas-
ing eutrophication along the coast of India. Madeswaram
et al. (2018) assessed the water quality along the coast
of India from 1990 to 2015 and revealed that the annual
average of NOs-N increased from < 5 pM to 6 uM, NH;-N
from < 0.5 to 1 uM, PO,4-P from < 1 to 1.7 uM, and SiO4-Si
from < 2 to 10 uM at Kerala coast, Southwest India where
most bloom incidents have been reported. This observation
might be attributed to increasing sewage discharge, indus-
trial wastes, and agricultural run-off as a result of an in-
crease in population and urbanization (Prema et al., 2017).

3.3.4. Dinophyceae bloom

In general, blooms of the dinophyceae were recorded under
wide-ranging SST (25.02—32.13°C), pH (7.25—8.40), salinity
(25.00—40.00 psu), NOs-N (0.00—11.60 M), NO,-N (0.00—
24.52 nM), NH;3-N (1.21—14.90 uM), PO4-P (0.00—15.95 uM)
and Si04-Si (0.11—32.61 wM) conditions (Table 3; Figure 4).
This observation corroborates the apparent appearance of
blooms of this taxon every season along the coast of India.
However, the dominance of its blooms during SWM and along
the west coast (particularly south-west coast) suggested
that water eutrophication had a major influence. Blooms
of Karenia and Cochlodinium mostly occurred under high
NOs3-N (2.26+1.62 and 2.40+0.00 .M respectively) and PO4-
P (5.7443.71, 15.954+0.00 uM respectively), while those of
Noctiluca, Gonyaulax, and Protoperidinium were recorded
under low conditions (2.13+2.75, 1.65+0.00 and 1.1240.00
M respectively for NO;-N, and 0.91+1.28, 0.60+0.00 and
0.27+0.03 M respectively for PO4-P). SiO4-Si concentra-
tion was high during the bloom of most of the genera in
this taxon (Table 3).

The low nutrient condition recorded during the bloom
of Noctiluca, Gonyaulax, and Protoperidinium could be as
a result of high nutrient uptake by bloom biomass, and or
their ability to exhibit mixotrophy by simultaneously tak-
ing up nutrients in the water and also feeding on other
smaller (5 to 60 um) phytoplankton which is increasing
in abundance in response to nutrient input (Jeong et al.,
2005; Zhang et al., 2016). Both laboratory and field studies
have revealed that diatoms, prymnesiophytes, cryptophytes
and other small-sized phytoplankton of 5 to 60 wm consti-
tute important food source for these dinoflagellates (Gomes
et al., 2014; Gribble, 2007; Jeong et al., 2005; Kopuz et al.,
2014; Stoecker et al. 2017; Turkoglu, 2013; Zhang et al.,
2016). These taxa have been reported to be dominant along
the southwestern part of the Indian peninsula coast and in-
crease in biomass during the SWM season, which is char-
acterized by nutrient upwelling (Ahmed et al., 2016; Rai
and Rajashekhar, 2014; Thomas et al., 2013). The highest
incidence of blooms of Noctiluca, mainly red Noctiluca was
recorded in the same location and season (Supplementary
Table 1; Figures 2 and 3).
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It was observed that green Noctiluca predominantly
formed bloom in the northwest coast of India, where lower
water mixing and higher water column stability and strat-
ification are recorded. The supply of SiO4-Si in the upper
mixed layer of the area is limited as compared to NOs-N
and PO4-P due to mixing, which does not reach the silicline
(Sarma et al., 2019). This condition is likely to have con-
ferred a better condition for the photosynthetic green Noc-
tiluca than the heterotrophic red one. It was observed that
the range of SST and salinity conditions (25.02—32.13°C and
25.00—40.00 psu respectively) under which blooms of Noc-
tiluca were recorded in this study exceeded the optimum of
10—30°C and 28—36 psu respectively specified in the liter-
ature (Harrison et al. 2011; Huang and Qi, 1997; Miyaguchi
et al., 2006; Tada et al., 2004). This phenomenon implies
that the strains which form bloom along the coast of In-
dia are adapted to high temperature and salinity. Hence the
rising SST and salinity conditions along the Indian peninsula
might not pose a hindrance to growth and the formation of
their blooms under favorable environmental conditions of
high nutrients and prey abundance. Increasing eutrophica-
tion, SST, and surface salinity (Supplementary Table 4) could
be promoting blooms of the dinophyceae along the coast of
India.

3.4. Consequences of MMBs around the Indian
peninsula

3.4.1. Impact on human health

Harmful blooms of marine microalgae around the Indian
peninsula coast were associated with an adverse impact
on human health on different occasions during the study
period. Two paralytic shellfish poisoning (PSP) outbreaks
were recorded. The first, which occurred in 1981 at Vala-
yar village, Tamil Nadu, southeast coast of India, resulted
in the death of 3 individuals while 85 others were hospi-
talized. The incident happened following the consumption
of contaminated Meretrix casta by the affected persons
(Silas et al., 1982). During the second occasion, which was
recorded in September 1997 along Vizhinjam, Kerala, south-
west coast of India, Perna indica was the vector involved,
and 7 deaths, including over 500 hospitalizations were doc-
umented (Karunasagar et al., 1998). In general, the vic-
tims displayed symptoms typical of PSP, including vomiting,
numbness of limbs, and tingling sensation in the facial area.
The causative taxa could not be identified in both instances.
Similar outbreaks in neighboring waters of Malaysia and the
Philippines were recently attributed to the toxic blooms of
Alexandrium tamivayanchi (Mohammad-Noor et al., 2018)
and Pyrodinium bahamense (Ching et al., 2015; Suleiman
et al., 2017).

Two human intoxication events linked to ciguatera fish
poisoning (CFP) were also recently reported. Both events
resulted from the consumption of red snapper (Lutjanus bo-
har) contaminated with ciguatoxin (CTX) from an unknown
toxic dinoflagellate suspected to be Gambierdiscus (dino-
phyceae). The initial episode, which was recorded in June
2015 along with Mangalore, Karnataka, involved two individ-
uals (Rajeish et al., 2016), while the second one recorded
in January 2016 along Trivandrum, Kerala, involved 6 indi-
viduals (Rajisha et al., 2017). No human death was recorded

during both events. However, the victims presented symp-
toms including abdominal pain, vomiting, diarrhea, chest
burning, paresthesia of the upper and lower limbs, the re-
versal of hold and old sensations, and tingling sensation in
the throat and tip of the tongue within 4—6 hours of con-
suming the contaminated fish. Mice injected with extract
prepared from the tissue of the fish sample displayed signs
typical of ciguatera poisoning, including reduced movement
activity, diarrhea, paralysis of hind limbs, gasping for air,
difficulty in breathing, and finally death. Ciguatoxin-1 (CTX-
1) was detected at 17 ng and 16.25 ng per 100 g of flesh
during the respective events. The authors emphasized the
need for the country to institute a surveillance system that
will be geared towards screening seafood landed across the
coast of the country as well as consumer’s awareness for
their safety.

On particular occasions, the strong stench emanating
from the massive bloom of Helladosphaera sp. (prymne-
siophyceae) and Karenia brevis (dinophyceae) along Mal-
abar shore, southwestern coast of India was associated
with respiratory difficulty in children living in nearby ar-
eas (Ramaiah et al., 2005; Robin et al., 2013). The par-
ticular event related to Helladosphaera sp. resulted in the
hospitalization of over 200 children who developed symp-
toms like chest pain, nausea, and short periods of breath-
lessness (Ramaiah et al., 2005). In other to confirm whether
the toxicity observed during K. brevis bloom was due to
the production of the neurotoxin, Robin and colleagues sub-
jected extract of mussel (P. indica) sampled from the site
of bloom to mouse bioassay and observed that the symp-
toms recorded were not due to such (Robin et al., 2013).
Generally, HAB forming species produce toxins under phys-
iological stress conditions. The observation of Robin et al.
(2013) might have occurred due to very little or no accu-
mulation of brevetoxins within a primary consumer-like P.
indica, as P. indica can sustain a long time without opening
its valves, and avoiding siphoning in adverse hydrological
conditions.

3.4.2. Impact of HABs on the ecosystem and associated
biota

Three events of harmful Trichodesmium erythraeum
(cyanophyceae) blooms were associated with the mortal-
ity of aquatic animals (Chacko, 1942; Chidambaram and
Unny, 1944; Ramamurty, 1970). In a severe case reported
by Chacko (1942) at Krusaddai Island, 756 holothurians, 250
fishes belonging to 16 genera and other bottom fauna like
crabs, sea urchins, and mollusks were killed along a shore-
line of about 2.4 km in one day. Death of the affected ani-
mals was mainly attributed to asphyxiation, due to hypoxic
conditions in water that resulted from excessive respiration
and decay of bloom. Water discoloration, the emanation of
noxious smell, and low fish catch were also reported dur-
ing other blooms of T. erythraeum (Karthik and Padmavati,
2017; Krishnan et al., 2007; Mohanty et al., 2010; Verlancar,
1978).

Six incidents of Noctiluca scintillans (dinophyceae)
bloom were associated with the death of aquatic fauna
(Aiyar, 1936; Anantharaman et al., 2010; Bimachar and
George, 1950; Mohammed, 2003; Mohammed et al., 2007;
Shayak et al., 2005). Marked reduction in fish catch was
also documented on five occasions (Bimachar and George,
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1950; Devassy and Nair, 1987; Jugnu, 2006; Padmakumar
et al., 2010b, 2016a) while in another event fishes caught by
fishermen were more or less in exhausted condition (Aiyar,
1936). The death of aquatic biota recorded during blooms
of this organism was mainly linked to the release of mucoid
substances, which altered the viscosity of water and caused
mechanical obstruction, low oxygen condition, and asphyx-
iation. On another occasion, Naqvi et al. (1998) reported
that the mucoid substance released during a bloom of the
same organism made smaller fishes bioluminescent at night
and therefore exposed them to the predatory ones.

On two occasions, the harmful bloom of Karenia miki-
motoi (dinophyceae) produced hypoxic conditions in water
and also obstructed the gill lamellae of fish, causing as-
phyxiation and death (lyer et al., 2008; Robin et al., 2013).
Many economic fish species, e.g., Sardinella longiceps,
Arius arius, Seganus javus, Psettodes erumei, Monacan-
thus hispidus, Diodon hystrix, Anguilla sp. and Rastrelliger
kanagurta were killed and the livelihood of local fishermen
was also adversely impacted. lyer et al. (2008) reported
that the concentration of H,S in water reached 1.6 mg L™
following the decomposition of biomass at the end of the
bloom. Detrimental Gonyaulax (dinophyceae) blooms have
also impacted marine waters around the Indian peninsula in
a similar manner to those of K. mikimotoi (Modayil, 2004;
Prakash and Sarma, 1964).

Chatonella marina (raphidophyceae) blooms were impli-
cated in the mass mortality of bivalves, e.g., Mactra vio-
lacea, demersal fishes, e.g., Eel, sciaenids, croakers, green
mussels, and mole crab, and shrimp fishes, e.g., Chanos
chanos, Mugucephalus sp., Penaeus monodon, Penaeus in-
dicus, Melapenaeus dobsoni, and M. affinis, etc. (Jugnu,
2006; Sarangi and Mohammed, 2011). In a particular event,
an unusually high catch of catfish in disoriented condition
was reported (Jugnu, 2006). The toxicity was proposed to
be due to the production of haemolytic compounds and
hypoxia. A bloom of Hemidiscus hardmannianus (bacillar-
iophyceae) was also associated with massive mortality of
Sardinella longiceps, Muraenesox cinerus, Arius maculatus,
Lutjanus malabaricus, M. dobsoni, etc., (Subramanian and
Purushothaman, 1985), while that of Asterionella glacialis
(bacillariophyceae) was linked with a decline in the fish
catch (Satpathy and Nair, 1996).

3.4.3. Impact of MMBs on socio-economic status

Harmful events of MMBs around the Indian peninsula pose
adverse socio-economic implications. Such effects could be
linked with the cost of cleaning affected areas, purifying
water for various use, loss of income and revenue asso-
ciated with a reduction in yield of fish resource and de-
mand for seafood, loss of jobs and productivity, morbid-
ity and treatment, investigation, as well as local aesthet-
ics (Adams et al., 2018; Hoagland et al., 2002). Accord-
ing to Hoagland and Scatasta (2006), economic losses from
HABs could be a difficult task, owing to indirect effects that
might not be readily accounted for. Financial losses regard-
ing HABs around the Indian peninsula have not been esti-
mated and reported to date. However, it is worthy to note
that the west coast of the Indian peninsula where HABs were
most pronounced contributes the majority (69.8%) of marine
fish landings in the country (Sathianandan, 2017). Substan-
tial impacts could occur in the near future amidst increas-

ing occurrences of blooms. A comprehensive evaluation of
economic losses associated with the occurrences of MMBs
around the Indian peninsula is highly required for the effec-
tive management of India’s fisheries potential.

4. Conclusions

A total of 154 events of MMBs were recorded from 1908 to
2017 around the Indian peninsula. Bloom forming species
of these MMBs were related to 24 genera belonging to
seven taxonomic classes, including cyanophyceae, bacil-
lariophyceae, dinophyceae, raphidophyceae, prymnesio-
phyceae, trebouxiophyceae, and ciliatea. In the initial years
of the 20™ century, only dinophyceae blooms were re-
ported. Those of cyanophyceae were reported only after
1937. After that, the bacillariophyceae became reported
as bloom-forming species after 1957. The trebouxiophyceae
and ciliatea appeared as new bloom-forming taxa in the last
decade (2008—2017). Blooms of Noctiluca (dinophyceae)
and Trichodesmium (cyanophyceae) were most predomi-
nant around the Indian peninsula and accounted for 34.4%
and 31.8% of all incidents, respectively. Occurrences re-
lated to the cyanophyceae (Trichodesmium) were mainly
driven by high SST and salinity, while those of bacillar-
iophyceae, dinophyceae, raphidophyceae and, prymnesio-
phyceae were promoted by eutrophication. In addition to
high nutrient conditions, blooms of Noctiluca (dinophyceae)
were related to the abundance of prey organisms. Mainly,
the cyanophyceae, bacillariophyceae, dinophyceae, raphi-
dophyceae, and prymnesiophyceae caused HABs around the
Indian peninsula. The impacts these HABs included envi-
ronmental perturbation, mass mortality of aquatic fauna,
altered fishing activity, human intoxication, e.g., para-
lytic and ciguatera shellfish poisoning, and even death.
The knowledge of the environmental conditions promoting
blooms along the coast of India is useful for bloom manage-
ment planning and decisions. Surveillance programs for phy-
cotoxins levels in the environment and local seafood, as well
as sustainable environmental practices, will help to curtail
the occurrences and spread of MMBs as well as related HABs
around the Indian peninsula.
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KEYWORDS Abstract The aim of the study was to assess the suitability of a plankton net (diameter of
Sampling methods; 60 cm, mesh size of 500 um) and a column sampler (length of 200 cm, diameter of 5 cm) for
Shallow waters; estimating the density of zooplankton predatory species (Neomysis integer, Leptodora kindtii,
Vistula Lagoon; Cercopagis pengoi). Nocturnal sampling was performed once a month (May—November 2018)
Column sampler; in the Vistula Lagoon (southern Baltic) in the range depth of 1.3—3.6 m. Statistical analysis
Light traps, indicated no significant differences between the N. integer and C. pengoi density estimated
Leptodora; by the two sampling gears. In the case of L. kindtii, the mean density obtained by the column
Neomysis; sampler was higher when analyzing all samples together and/or deep-water samples only (p <
Cercopagis 0.02). However, no such differences were found at shallow stations i.e. up to ca. 2 min depth. It

was assumed that the more suitable sampling equipment for estimating zooplankton abundance
in a shallow, well-mixed transitional (brackish) basin is the column sampler. This type of gear, so
far used mainly for sampling of micro and mesozooplankton, allows the simultaneous nocturnal
collection of the entire zooplankton size spectrum, including representatives of large predatory
species. The suitability of light traps for qualitative studies of zooplankton species responding
positively to light under the high turbidity of the Vistula Lagoon was also investigated. The
traps proved to be most useful for N. integer (100% frequency), and much less for L. kindtii
(46.2%) and C. pengoi (27.3%).
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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/).

* Corresponding author at: Department of Fisheries Oceanography
and Marine Ecology, National Marine Fisheries Research Institute, .
Kottataja 1, 81—332 Gdynia, Poland. 1. Introduction

E-mail address: t.linkowski@mir.gdynia.pl (T.B. Linkowski).
Peer review under the responsibility of the Institute of Oceanology Predatory species of the crustacean zooplankton play an
of the Polish Academy of Sciences. important role in the functioning of the food web of
aquatic ecosystems. They are an important food source
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Vijverberg et al., 1990, 2005; Vogt et al., 2013), and reg-
ulate the abundance and species structure of mesozoo-
plankton, thus competing for food with the early develop-
mental stages of fish (Aaser et al., 1995; Branstrator and
Lehman, 1991; Herzig, 1995; Herzig and Auer, 1990;
Lehtiniemi and Gorokhova, 2008; Naumenko and Telesh,
2019; Ojaveer et al., 2004; Pichlova-Ptacnikova and Van-
derploeg, 2009; Pichlova and Brandl, 2003). Indirectly,
through the trophic cascade, they also influence the alter-
native development of primary producers (phytoplankton
vs. macrophytes) and water quality (Jeppesen et al., 1994;
Moss, 1994).

In fresh and brackish waters, some predatory crus-
taceans are of particular importance. These are cladocer-
ans Leptodora kindtii, Cercopagis pengoi (Branstrator and
Lehman, 1991; Golubkov and Litvinchuk, 2015; Herzig and
Auer, 1990; Karabin, 1974; Lesutiené et al., 2012;
Naumenko, 2018; Naumenko and Telesh, 2019; Pichlova-
Pta¢nikova and Vanderploeg, 2009; Pichlova and Brandl,
2003) and, optionally, planktonic (necto-benthic) Mysidae
— Neomysis integer (Aaser et al., 1995; Arndt and Jansen,
1986; Jeppesen et al., 1994). The determination of the
abundance and biomass, as well as seasonal variability of
all size fractions of the zooplankton in brackish waters (es-
tuaries, lagoons, coastal lakes), including larger predatory
species, is quite a challenging task. The methods currently
used for mesozooplankton sampling differ in the efficiency
and selectivity, so that the results are not always compara-
ble (Gutkowska et al., 2012; Lesutiené et al., 2012; Wojtal
et al., 1999). The efficiency of samplers originally devel-
oped for sampling from different depths (e.g. Ruttner sam-
pler and similar) is lower for larger predatory species than
in case of plankton nets with a larger mesh size (Lesutiene
et al., 2012; Wojtal et al., 1999). In contrast, a larger mesh
size for adequate filtration prevents sampling of smaller
organisms such as rotifers or early larval stages of Cope-
poda. As a result, for a reliable estimation of the abun-
dance/biomass of all size fractions, it is usually impossi-
ble to avoid collecting zooplankton in parallel by different
methods (Wojtal et al., 1999).

The column sampler is a simple device that is often used
for water sampling, including plankton in shallow basins or
mesocosms (Gyllstrom et al., 2005; Kornijow et al., 2005;
Moss et al., 1998). Youngbluth et al. (1983) were the first
to demonstrate almost double the efficiency of the column
sampler than the plankton net for the collection of cope-
pod nauplii in shallow and well-mixed lagoon waters. Also,
Livings et al. (2010) comparing the efficiency of a Wisconsin-
type net (inlet diameter 130 mm) and two types of col-
umn samplers in terms of the efficiency of determining zoo-
plankton abundance in shallow, polymictic lakes, assessed
the column sampler as a more precise equipment. However,
this assessment was based on a study of the sampling effi-
ciency of several mesozooplankton taxa, and therefore, did
not take into account predatory species, usually of a larger
size and potentially greater ability to avoid the sampling
gear. The suitability of column samplers for studying the
vertical distribution and daily migrations of L. kindtii and
two predatory species of copepods was found by Chang and
Hanazato (2004). They used a column sampler of a similar
size to the one that we used (210 x 5 cm), but equipped

with a lower hydraulic valve allowing for sampling at differ-
ent depths and not only at the surface.

In case of L. kindtii, difficulties in estimating the abun-
dance/biomass are additionally linked to the active avoid-
ance of certain sampling gears during daytime surveys
(Horppila et al., 2017), and to daily vertical migrations as
a way to reduce pressure from predators (Vijverberg, 1991;
Vogt et al., 2013). As a consequence, sampling during the
day, regardless of the type of sampling gear used, may
lead to understated results. However, only in a few cases,
zooplankton studies were conducted at night (Alajarvi and
Horppila, 2004; Horppila et al., 2017; Vogt et al., 2013;
Wojtal et al., 1999).

Daily migrations also create difficulty when estimat-
ing the abundance of N. integer. Sampling during the day
causes that the abundance of crustaceans may be underes-
timated even several times (2—4 times). An additional diffi-
culty is associated with the necto-benthic occurrence of this
species during the daytime (Irvine et al., 1995; Jeppesen
et al., 1994). Arndt and Jansen (1986) used various types
of nets and hand dredges, as well as floating and sub-
merged light traps for sampling N. integer in the Darss-
Zingst Bodden chain (western Baltic). In turn, Jeppesen
et al. (1994) and Irvine et al. (1995) applied vertical tows
using a plankton net with an opening diameter of 50—90 cm
for sampling N. integer.

In the literature, there is no comparison of the different
methods used for plankton sampling including reliable esti-
mation of the abundance of N. integer and L. kindtii. There-
fore we have conducted such studies in the Vistula Lagoon,
known for the occurrence of the above mentioned preda-
tory crustaceans, as well as the invasive Ponto-Caspian
predatory cladoceran C. pengoi (Fadeev and Tarasov, 2001;
Kornijow, 2018; Naumenko, 2009, 2018; Polunina, 2005;
Ten, 1992). Our aim was to compare two ways of sampling
zooplankton under the conditions of a shallow-water tran-
sitional basin to determine the optimal gear for estimating
the abundance of three predatory crustacean zooplankton
representatives (L. kindtii, N. integer, C. pengoi). We have
taken into account the two most frequently used quantita-
tive methods of sampling plankton organisms: direct sam-
pling with the plankton net and water collection with the
column sampler. Besides, we used light traps to detect the
occurrence of predatory crustaceans. The samples were col-
lected from pelagic and littoral zones to determine the im-
pact of the habitat on the effectiveness of sampling equip-
ment.

2. Material and methods
2.1. Research area

Comparative research was conducted in the Polish part of
the Vistula Lagoon (southern Baltic). It is a shallow-water
basin (mean depth of 2.7 m) with an area of 838 km?. The
exchange of waters between the lagoon and the sea takes
place through the Strait of Baltiysk, located in the Rus-
sian part of the basin. As a result, the maximum salinity
value of about 6 g/kg at the strait gradually decreases to
<1 g/kg at the western ends of the basin (Chubarenko and
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Vistula Lagoon (southern Baltic).

Margonski, 2008). Most of the research was conducted at
two stations located approximately on the fairway line be-
tween the ports of Tolkmicko and Krynica Morska. Station A:
(54,35528°N, 19,49281°E) was located centrally at a depth
of about 3 m in the open water zone (pelagic). Station B:
(54,3363°N, 19,53793°E) was located in a line of Tolkmicko
in the littoral zone at a depth of 1.16—1.88 m, where the
bottom was overgrown with the vast patches of Potamoge-
ton perfoliatus L. Samples were taken with three sampling
gears at least once a month.

Four additional samples, occasionally taken from other
locations where light traps were not exposed, were also
used for the analyses: Station Ba located near station B (ca.
50 m), and once at two stations in the open water zone of
varying depth: station C, depth 2.21 m (included arbitrarily
in “shallow stations”); station D, depth 3.64 m. The location
of the sampling sites is shown in Figure 1.

2.2. Sampling gear, method of collecting and
analyzing zooplankton samples

The column sampler was a polycarbonate pipe 2 m long and
50 mm in internal diameter. When submersed, the upper
end of the pipe was closed with a rubber cork to keep the
water inside the sampler during recovering it aboard. At ev-
ery station, 10 liters of water were taken, i.e. 3 to 5 sampler
contents, depending on the depth of the station, and then
filtered through a 50 pm mesh netting.

The geographical location of paired samples collected with the plankton net and column sampler in the Polish part of

For vertical tows, a conical plankton net with an open-
ing diameter of 60 cm, a length of 1 m and a mesh size
of 500 wm was used. The circular frame of the plankton
net was supported by a 10 cm width collar to prevent con-
tamination of the zooplankton sample by bottom sediments.
The net was lowered to the bottom and after approx. 30-
60 seconds (depending on the depth and wind force) was
lifted at a speed of about 0.5 m s~'. The volume of wa-
ter filtered through the plankton net was calculated based
on the flowmeter indications (General Oceanic) and the net
opening area. Sampling performed with the column sam-
pler and with the net were conducted after nightfall. The
volume of water filtered in one tow was from 230 to 1610
liters, depending on the station depth and weather condi-
tions. Performing vertical hauls was often not possible due
to strong winds and the requirement that the net should
stay on the bottom 30—60 seconds to let Neomysis integer
return to the bottom surface disturbed by the lowered net.
A small drift was observed even the boat was always an-
chored that led to partly oblique rather than 100% verti-
cal hauls and resulted in a larger volume of filtered water
than could be expected solely from the water depth and
the net opening surface. Light traps usually are used for
qualitative research of zooplankton that responds positively
to the light attraction (McLeod and Costello, 2017). We used
light traps to verify if the analyzed predatory species were
present in the environment, as due to their low abundance
and/or avoiding the sampling gear could be missing in the
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Figure 2 Light trap used in this project: a) overall look; b)
light module. The arrow indicates the location of the battery
compartment cap of the light module.

samples collected with the plankton net or column sampler.
Our light traps were made as described by (Watson et al.,
2002) with minor modifications (Figure 2).

The trap consisted of two connected black polyethylene
buckets with a capacity of 20 liters each (height 33 cm, bot-
tom diameter 27 cm, top diameter 32 cm), connected by a
steel frame. A float was attached to the upper part of the
frame, and a rope with an anchor to the lower part. The
total height of the device with the frame and float was 138
cm. In the upper part of the trap, 9 funnel-shaped head-

Table 1

lights with an area of 45 cm? made of transparent polyethy-
lene were mounted. Their larger diameter (78 mm) was in-
tegrated with the trap wall, while the smaller (21 mm) was
directed to the inside of the trap, constituting at the same
time the entrance funnel. White light attracting zooplank-
ters was emitted by light modules made of acrylic cylinders
with a diameter of 15 mm and a length of 30 cm (Figure 2b).
Each module was equipped with 54 diodes arranged in three
rows of 18 pieces and placed in a sealed transparent acrylic
sleeve mounted vertically in the center of the upper part of
the trap, where there were also light-emitting headlights.
Each module was equipped with an energy source in the
form of two 9V alkaline cells (type: 6LR61). After a single
use, the cells were replaced with new ones to avoid chang-
ing the intensity of the emitted light as a result of partial
battery depletion. The lower part of the light trap was a
sampling container for draining plankton when the whole
device was retrieved from the water. For this purpose, six
"filtering windows" measuring 5 x 19 cm each, made of a
plankton net with a mesh size of 500 um, were installed.
The light traps were exposed before nightfall and were re-
trieved the next morning. The location of the light-emitting
trap part in the water column depended on the depth at
particular stations. At station A it was about 1.5—1.8 m from
the surface, at the station in the area of submerged vegeta-
tion (B) about 0.7—1.0 m.

Samples were taken between May and November 2018
at approximately monthly intervals from the MIR-2 research
boat (Table 1). Altogether a total of 53 zooplankton samples
were collected, including 15 samples using light traps, 19
samples using vertical tows with a plankton net, and 19 sam-
ples using a column sampler. All collected zooplankton sam-
ples were immediately preserved with 40% borax-buffered
formalin at a ratio of 1/9 of formalin to sample volume.
When analyzing the composition of plankton from the plank-
ton net and light traps sub-samples were taken up to 200
individuals of each species, while in case of samples col-
lected with the column sampler, all collected material was
analyzed.

Basic environmental parameters (salinity and tempera-
ture) were measured with a CastAway™ CTD probe before
collecting zooplankton samples and deploying light traps.
Moreover, during the retrieval of light traps, the trans-
parency of water was measured with a Secchi disc. The num-
ber of samples collected by particular sampling gears in the

Number of zooplankton samples collected by different gears and environmental variables in the Polish part of the

Vistula Lagoon, southern Baltic in April—November 2018. Variable values are the means of the sampling occasions.

Month No. of samples Environmental variables (mean values)
Light traps  Plankton net  Column sampler  Temperature [°C] Salinity [g/kg] Secchi depth [m]
surface  bottom  surface  bottom

May 3 3 3 17.52 17.76 1.39 1.58 0.40
June 2 2 2 21.48 21.16 1.94 1.91 0.39
July 2 3 3 25.78 25.77 2.32 2.33 0.55
August 2 5 5 21.51 21.33 2.79 2.81 0.73
September 2 2 2 19.17 18.94 3.17 3.16 1.35
October 2 2 2 13.08 12.83 3.76 4.28 1.38
November 2 2 2 8.85 8.85 3.98 3.98 1.55
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subsequent months, as well as the environmental parame-
ters are presented in Table 1.

2.3. Statistical methods

Dependent t-test for paired samples was used to compare
the effectiveness of predatory crustacean sampling using
vertical tows with a plankton net and a column sampler. Sta-
tistical calculations were performed with the data analysis
software system STATISTICA v. 10 (StatSoft. Inc., 2011).

Due to the different depths at the sampled stations and
the different vertical range of impact of the studied gears
(column sampler — from the surface to approx. 2 m in
depth, plankton net — from the bottom to the surface), the
analysis was performed separately for three data sets to ex-
clude the impact of the depth factor on the results: (i) all
samples, (ii) samples from deeper stations (bottom depth
range 3.08—3.64 m), (iii) samples from shallower stations
(1.16—2.21 m). The comparison of sampling efficiency using
two studied gears was also performed separately for each
of the three predatory species.

3. Results
3.1. Environmental parameters

Basic environmental parameters (Table 1) are presented to
draw attention to seasonal changes and characteristics of
changes in the water column. The observed changes in wa-
ter temperature were characteristic of shallow water basins
in the temperate zone. In the course of the research period,
a clear trend of salinity increase was noted, i.e. from about
1.4 g/kg in May to about 4.0 g/kg and even more in October
and November. A seasonal trend also applies to the Secchi
depth, i.e. the water transparency. It increased significantly
at the end of the growing season (Table 1).

3.2. Comparison of the sampling gears

The comparison of results obtained with three different
methods gives an overview of the effectiveness of particular
sampling gears for determining the occurrence of predatory
crustaceans in the environment (Table 2). The frequency of
occurrence of particular species in the gears applied pro-
vides some indication of their suitability for sampling the
analyzed species. Neomysis integer showed the highest sus-
ceptibility to light attraction and occurred in all samples
(frequency of occurrence = 100%). The frequency of this
species in samples from the plankton net and column sam-
pler was significantly lower (84.2% and 36.3%, respectively).
The efficiency of light attraction for Leptodora kindtii and
Cercopagis pengoi was significantly lower, amounting to
42.6% and 27.3%, respectively. L. kindtii specimens were
most often found in samples obtained with the net and sam-
pler rather than with the light traps (Table 2), while C. pen-
goi was most often caught using the plankton net.

The results of the statistical analysis of the density of
the three predatory species based on the samples taken
with the plankton net and column sampler are shown in
Table 3. The efficiency of the column sampler and plankton

net applied for N. integer and C. pengoi sampling, calcu-
lated based on all compared samples, as well as separately
for materials collected at deep-water and shallow-water
stations, did not differ significantly (Table 3). In the case
of L. kindtii, the mean density obtained by sampling using
the column sampler and plankton net differed considerably
when analyzing all samples together and deep-water sam-
ples (p < 0.02). The mean density of L. kindtii was signif-
icantly higher for the samples taken with the sampler than
for those taken with the plankton net. However, no such
differences were found at shallow stations (Table 3).

4. Discussion

The efficiency of sampling Neomysis integer and Cercopagis
pengoi using two sampling gears for quantitative studies,
i.e. the plankton net and column sampler, proved to be com-
parable as we found no significant differences in the den-
sity of the two species estimated by these gears (Table 2).
However, the reason for the lack of significant differences
may be due to the low density of these crustaceans or un-
even/aggregated distribution (see: Wojtal et al., 1999).

There were no significant differences in the density of
Leptodora kindtii obtained with the net and column sam-
pler at shallow water stations. This was in the opposition to
the deeper stations (> 2.2 m) and all the stations analyzed
together. It resulted from the different water column pen-
etration depths of the gears, i.e. from the bottom to the
surface (plankton net) vs. from the surface to the depth of
2 m (column sampler). Higher density in samples taken with
the column sampler than with the plankton net at deep-
water stations may indirectly indicate that this is the effect
of uneven distribution of the L. kindtii in the water col-
umn, implying higher values in the surface layer of 0—2 m
in depth.

The results obtained and the assessment of the effec-
tiveness of the samplers could also be influenced by the dif-
ference in abundance of the studied crustaceans. The as-
sessment of the density of most numerous L. kindtii based
on sampling with the column sampler is considered more
reliable than based on tows performed with the plankton
net. The opposite conclusion can be drawn for C. pengoi
which was a less abundant species. The small volume of wa-
ter collected using the column sampler does not allow rec-
ommending this gear for surveying not abundant species.

The problem of differences in the volume of water fil-
tered by various gears was also raised by Wojtal et al.
(1999). Despite the lack of statistically significant differ-
ences between the vertical density of L. kindtii determined
by using a bongo and a 5 L Bernatowicz’s sampler, the au-
thors found that the results from the sampler are not use-
ful for determining the vertical distribution of this preda-
tory cladocerans in a shallow dam reservoir. In their opinion,
the large differences in the volume of water filtered by the
bongo and taken with the sampler, combined with the ag-
gregated distribution of zooplankton, resulted in very high
variability of the results obtained by the sampler (Wojtal
et al., 1999). As an additional reason for the unreliable re-
sults in a near-surface layer of 1—2 m using Bernatowicz’s
sampler, the authors recognized the ability of this clado-
ceran to avoid the sampler, despite the research was per-
formed in the night time.



Table 2 Total number of three predatory zooplankton species caught with a single deployment of light traps (LT), density [spec. L~'] estimated by vertical tows of a
plankton net (VPN) and a column sampler (CS). The frequency (F) of occurrence [%] of species in samples collected by each gear is presented at the bottom of the table. x
— the gear was not applied on this date and station

Date Station Neomysis integer Leptodora kindtii Cercopagis pengoi

Depth LT VPN CS VPN CS LT VPN CS

No. [m] [total number]  [spec. L=']  [spec. L=']  [total number] [spec.L='] [spec. L=']  [total number] [spec.L='] [spec. L7']

21/22 May A 3.24 15 0.003 0 0.504 1.5 21 0.0204 0.3
21/22 May B 1.7 45 0 0 0.002 1.4 0 0,0028 0
21/22 May Ba 1.3 56 0.0024 0 1.296 0.7 0 0.0169 0
12/13 Jun A 3.15 154 0.005 0 22.016 29.4 41 0.0252 0
12/13 Jun B 1.53 8 0.0041 0 12.928 14.5 0 0 0
25/26 Jul A 3.47 3104 0 0 0.113 3.9 0 0 0.4
25/26 Jul B 1.84 1520 0.0525 0.1 0.613 5.8 0 0 0
26 Jul A 3.49 X 0.007 0.1 0.712 3.2 X 0 0
22/23 Aug A 3.46 1424 0.079 0.9 0 0.388 2.3 0 0.053 0
22/23 Aug B 1.88 276 0.0731 0 84 2.401 0 13 0.069 0.1
22 Aug Ba 1.58 X 0.002 0 X 0.319 0.6 X 0 0
22 Aug D 3.64 X 0.030 0.4 X 0.098 1.3 X 0.019 0
22 Aug C 2.21 X 0.006 0 X 0.019 0.8 X 0.002 0
20/21 Sep A 3.4 18944 0.776 0.5 0 0 0.2 0 0.004 0
20/21 Sep B 1.87 14672 0.166 0 0 0 0 0 0.003 0
18/19 Oct A 3.52 1576 0.083 0 0 0 0.2 0 0 0
18/19 Oct B 1.75 11456 0 0.4 0 0 0 0 0 0
7/8 Nov A 3.4 968 0.007 0.1 0 0 0 0 0 0
7/8 Nov B 1.73 155082 1.111 0 0 0 0 0 0 0
F [%] 100.0 84.2 36.8 46.2 76.5%) 82.4%) 27.31 66.7+) 20.0*)

*) For F calculations, the November results were not included, as L. kindtii was found in none of the sampling gears.
**) For F calculations, the October and November results were not included, as C. pengoi was found in none of the sampling gears.

9L

6/—1/ (1207) £9 b160j0UD3DQ /"D 33 SMONUL] gL



T.B. Linkowski et al./Oceanologia 63 (2021) 71—-79

Table 3 The quantitative effectiveness of zooplankton sampling with two different gears: the column sampler (CS) and the
vertical plankton net (VPN) compared by the dependent t-test for paired samples. The calculations were made separately for
all stations, shallow (<2 m) and deep stations (> 2 m). Statistically significant differences are marked in bold.

Leptodora kindtii

Cercopagis pengoi

Neomysis integer

All Shallow Deep All Shallow Deep All Shallow Deep
CS mean [spec. L7'] 4.387 3.400 5.250 0.080 0.025 0.117 0.139 0.050 0.250
SD mean 7.828 5.267 9.846 0.148 0.050 0.183 0.250 0.127 0.325
VPN mean [spec. L] 2.765 2.517 2.982 0.020 0.020 0.021 0.145 0.163 0.124
SD mean 6.245 4.667 7.695 0.023 0.032 0.019 0.304 0.345 0.266
df 14 6 7 9 3 5 17 9 7
t 2.630 1.002 2.682 1.243 0.544 1.221 -0.074 -0.916 0.321
p 0.020 0.355 0.031 0.245 0.624 0.277 0.942 0.384 1.067

77

The suitability of column samplers for studying the verti-
cal distribution and daily migrations of L. kindtii was found
by Chang and Hanazato (2004) while the presented results
regarding the possibility of sampling N. integer with the col-
umn sampler as well as using light traps at the same time as
active sampling devices (plankton net and column sampler)
are novelties of this paper.

The light traps used in this study, based on the project
of Watson et al. (2002) are classified by McLeod and
Costello (2017) as cylindrical traps with reflector light emis-
sion and entrance funnels located in the center of the head-
lights. Only raw results of the sampling were presented and
no attempt has been made to determine the effectiveness
of sampling of particular species. This is due to the fact
that several abiotic factors that may potentially influence
the effectiveness of light traps have not been studied, e.g.
the area of light exposure under different conditions of wa-
ter transparency, changes in the night time duration in the
research cycle, cloudiness and phase of the moon, which
may affect the results (McLeod and Costello, 2017).

The light traps were used to obtain additional informa-
tion on the occurrence of the predatory zooplankters in case
of the lack or low effectiveness of the active gears used. N.
integer was recorded less frequently by the column sam-
pler and plankton net than in the light traps. This trend was
particularly noticeable in relation to the results obtained
with the column sampler (Table 2), which may be associated
with relatively low density of N. integer and a small volume
of water taken for analyses with this gear. The difference
in the frequency of L. kindtii in the light traps and active
gears are no longer so unambiguous, which may be the re-
sult of factors that have a potential impact on attraction
by light (e.g. moon phase and cloudiness, degree of water
turbidity), as well as a drastic decrease in the density of
this species in the environment at the end of observations.
A similar limitation on the interpretation of the efficiency
of light trap sampling applies also to C. pengoi, which was
the least abundant species and had the shortest period of
occurrence.

The light traps, which are considered to be passive gears
for the collection of different groups of aquatic organisms,
are most often used in habitats that limit the use of active
plankton sampling gears (e.g. coral reefs or mangroves).
Light traps are also used to sample organisms which avoid

plankton nets (for a review see: McLeod and Costello, 2017).
The suitability of light traps for zooplankton sampling in the
littoral of inland lakes under dense vegetation conditions
has been demonstrated by Szlauer (1971).

The information on the effectiveness of sampling using
light traps of the species considered in this study is quite
limited. Among others, Arndt and Jansen (1986) listed light
traps as one of the sampling gears used in their research fo-
cused on N. integer. In their opinion, estimating the abun-
dance of this species is difficult due to the occurrence in
swarms, as well as vertical and horizontal migrations. A pos-
itive response to the light attraction of two species of Mysi-
dacea (N. integer and Mysis mixta) was also noted in the
Puck Bay (Southern Baltic) in the NMFRI project, which used
among others the same light traps as in the current studies
(Linkowski unpubl.). Szlauer (1971) using a light trap of his
own design in freshwater basins, identified L. kindtii in a
group of cladocerans highly susceptible to being attracted
by light.

5. Conclusions

Our study compared the efficiency of nocturnal sampling of
three species of predatory zooplankton in a shallow tran-
sitional basin with two different gears (plankton net and
column sampler), against the background of their occur-
rence confirmed by the light traps. The obtained results of-
fer the possibility of collecting integrated zooplankton sam-
ples (covering all size fractions of organisms occurring in
the water column) with one gear, i.e. the column sampler.
This conclusion is valid when accepting certain limitations.
Firstly, the surveys must be performed at night and, due to
the small volume of water collected, the representativeness
of the data obtained for the less numerous species, e.g. Cer-
copagis pengoi, will be limited. In case of applying a longer
column sampler than the one used in this study, e.g. 4 m
long, the range of depths, which can be sampled represen-
tatively with this gear, can probably remarkably increase.
This creates an opportunity to determine the density of all
zooplankton size fractions with a single gear in numerous
shallow-water transitional habitats, the depth of which does
not exceed the length of the sampler.
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The results obtained indicate high effectiveness of light
traps as a method to determine the occurrence and possibly
seasonal distribution, in particular of Neomysis integer, and
to a lesser extent also of Leptodora kindtii and C. pengoi,
in a shallow, turbid and well mixed lagoon-type transitional
basin.

Acknowledgement

The paper is a result of the project DOT 18/Lagoon (Trophic
interactions and their consequences for water quality in
the Vistula Lagoon under the anticipated increase of human
pressure), supported by the statutory funds of the National
Marine Fisheries Research Institute, Gdynia, Poland. The en-
gagement of one author has received financial support from
the Polish Ministry of Science and Higher Education under
subsidy for maintaining the research potential of the Fac-
ulty of Biology, University of Biatystok. We are grateful to
the members of the Department of Logistics and Monitoring
(NMFRI) Mr. Radostaw Zaporowski and Mr. Wtadystaw Gawet
for their help in the field sampling. We kindly acknowledge
detailed comments and suggestions made by anonymous re-
viewers which certainly improved the final version of the
paper.

References

Aaser, H.F., Jeppesen, E., Sondergaard, M., 1995. Seasonal dynam-
ics of the mysid Neomysis integer and its predation on the
copepod Eurytemora affinis in a shallow hypertrophic brackish
lake. Mar. Ecol. Prog. Ser. 127, 47—56. https://doi.org/10.3354/
meps127047

Alajarvi, E., Horppila, J., 2004. Diel variations in the vertical distri-
bution of crustacean zooplankton and food selection by plank-
tivorous fish in a shallow turbid lake. Int. Rev. Hydrobiol. 89,
238—249. https://doi.org/10.1002/iroh.200310707

Arndt, E.A., Jansen, W., 1986. Neomysis integer (Leach) in the
chain of Boddens South of Darss Zingst (Western Baltic). Eco-
physiology and population dynamics. Ophelia 1—15.

Branstrator, D.K., Lehman, J.T., 1991. Invertebrate predation in
Lake Michigan: Regulation of Bosmina longirostris (0. F. Mueller)
by Leptodora kindtii (Focke). Limnol. Oceanogr. 36, 483—495.

Chang, K.H., Hanazato, T., 2004. Diel vertical migrations of in-
vertebrate predators (Leptodora kindtii, Thermocyclops tai-
hokuensis, and Mesocyclops sp.) in a shallow, eutrophic
lake. Hydrobiologia 528, 249—259 . https://doi.org/10.1007/
$10750-004-3952-x

Chubarenko, B., Margonski, P., 2008. The Vistula Lagoon. In:
Schiewer, U. (Ed.), Ecology of Baltic Coastal waters. Ecological
Studies Springer-Verlag, Berlin-Heidelberg, 167—195.

Fadeeyv, V.1., Tarasov, V.G., 2001. Structure and production parame-
ters of the Mysidacea from the Vistula Lagoon, Baltic Sea. Tezisy
dokladov VIII Syjezda Gidrobiologicheskogo Obschestva RAN 3,
311-312 [in Russian].

Golubkov, S.M., Litvinchuk, L.F., 2015. The role of the alien species
Cercopagis pengoi in zooplankton of the Eastern Gulf of Finland
of the Baltic Sea. Doklady Biol. Sci 462, 121—123. https://doi.
org/10.1134/50012496615030011

Gutkowska, A., Paturej, E., Kowalska, E., 2012. Qualitative and
quantitative methods for sampling zooplankton in shallow
coastal estuaries. Ecohydrol. Hydrobiol. 12, 253—263. https:
//doi.org/10.1016/51642-3593(12)70208-2

Gyllstrom, M., Hansson, L.A., Jeppesen, E., Garcia-Criado, F.,
Gross, E., Irvine, K., Kairesalo, T., Kornijow, R., Miracle, M.R.,
Nykanen, M., Noges, T., Romo, S., Stephen, D., Van Donk, E.,
Moss, B., 2005. The role of climate in shaping zooplankton com-
munities of shallow lakes. Limnol. Oceanogr. 50, 2008—2021.
https://doi.org/10.4319/10.2005.50.6.2008

Herzig, A., 1995. Leptodora kindti: efficient predator and preferred
prey item in Neusiedler-See, Austria. Hydrobiologia 307, 273—
282. https://doi.org/10.1007/Bf00032021

Herzig, A., Auer, B., 1990. The feeding behavior of Leptodora kindti
and its Impact on the zooplankton community of Neusiedler-
See (Austria). Hydrobiologia 198, 107—117. https://doi.org/10.
1007/Bf00048627

Horppila, J., Laakso, S., Niemisto, J., Nurminen, L., 2017. Size-
specific net avoidance behavior leads to considerable under-
estimation of the biomass of Leptodora kindtii during day time
sampling. Int. Rev. Hydrobiol. 102, 151—158. https://doi.org/
10.1002/iroh.201701902

Hostens, K., Mees, J., 1999. The mysid-feeding guild of demersal
fishes in the brackish zone of the Westerschelde estuary. J. Fish.
Biol. 55, 704—719. https://doi.org/10.1111/j.1095-8649.1999.
tb00712.x

Irvine, K., Snook, D., Moss, B., 1995. Life histories of Neomysis
Integer, and its copepod prey, Eurytemora affinis, in a eu-
trophic and brackish shallow lake. Hydrobiologia 304, 59—76.
https://doi.org/10.1007/Bf02530704.

Jeppesen, E., Sondergaard, M., Kanstrup, E., Petersen, B., Erik-
sen, R.B., Hammershoj, M., Mortensen, E., Jensen, J.P.,
Have, A., 1994. Does the impact of nutrients on the biological
structure and function of brackish and fresh-water lakes differ?
Hydrobiologia 275, 15—30.

Karabin, A., 1974. Studies on the predatory role of the cladoceran
Leptodora kindtii (Focke), in secondary production of two lakes
with different trophy. Ekol. Pol. 22, 295-310.

Kornijow, R., 2018. Ecosystem of the Polish part of the Vistula La-
goon from the perspective of alternative stable states concept,
with implications for management issues. Oceanologia 60 (3),
390—404. https://doi.org/10.1016/j.0ceano.2018.02.004

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

Lehtiniemi, M., Gorokhova, E., 2008. Predation of the introduced
cladoceran Cercopagis pengoi on the native copepod Eury-
temora affinis in the northern Baltic Sea. Mar. Ecol. Prog. Ser.
362, 193—200. https://doi.org/10.3354/meps07441

Lesutiené, J., Semenova, A., Griniene, E., Gasiunaite, Z.R., Sav-
ickyte, V., Dmitrieva, O., 2012. Abundance dynamics and func-
tional role of predaceous Leptodora kindtii in the Curonian La-
goon. Cent. Eur. J. Biol. 7, 91—100. https://doi.org/10.2478/
s11535-011-0098-5

Livings, M.E., Schoenebeck, C.W., Brown, M.L., 2010. Comparison
of Two Zooplankton Sampling Gears in Shallow, Homogeneous
Lakes. Prairie Naturalist 42, 19—23.

McLeod, L.E., Costello, M.J., 2017. Light traps for sampling marine
biodiversity. Helgoland Mar. Res. 71, art. no. 2. https://doi.org/
10.1186/510152-017-0483-1

Moss, B., 1994. Brackish and freshwater shallow lakes - different
systems or variations on the same theme? Hydrobiologia 275,
1—14. https://doi.org/10.1007/BF00026695

Moss, B., Kornijow, R., Measey, G.J., 1998. The effects of
nymphaeid (Nuphar lutea) density and predation by perch
(Perca fluviatilis) on the zooplankton communities in a shallow
lake. Freshwater Biol. 39, 689—697. https://doi.org/10.1046/].
1365-2427.1998.00322.x


https://doi.org/10.3354/meps127047
https://doi.org/10.1002/iroh.200310707
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0003
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0003
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0003
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0004
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0004
https://doi.org/10.1007/s10750-004-3952-x
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0006
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0007
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0007
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0007
https://doi.org/10.1134/S0012496615030011
https://doi.org/10.1016/S1642-3593(12)70208-2
https://doi.org/10.4319/lo.2005.50.6.2008
https://doi.org/10.1007/Bf00032021
https://doi.org/10.1007/Bf00048627
https://doi.org/10.1002/iroh.201701902
https://doi.org/10.1111/j.1095-8649.1999.tb00712.x
https://doi.org/10.1007/Bf02530704
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0016
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0017
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0017
https://doi.org/10.1016/j.oceano.2018.02.004
https://doi.org/10.1111/j.1365-2427.2004.01318.x
https://doi.org/10.3354/meps07441
https://doi.org/10.2478/s11535-011-0098-5
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0022
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0022
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0022
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0022
https://doi.org/10.1186/s10152-017-0483-1
https://doi.org/10.1007/BF00026695
https://doi.org/10.1046/j.1365-2427.1998.00322.x

T.B. Linkowski et al./Oceanologia 63 (2021) 71—79 79

Naumenko, E.N., 2009. Zooplankton in different types of estuaries
(using Curonian and Vistula estuaries as an example). Inland Wa-
ter Biol. 2, 72—81 https://doi.org/10.1134/51995082909010118

Naumenko, E.N., 2018. Seasonal and long-term dynamics of popu-
lation abundance of the invasive species Cercopagis pengoi (Os-
troumov, 1891) in the Vistula (Kaliningrad) Lagoon of the Baltic
Sea. Russian J. Biol. Invasions 9, 147—154. https://doi.org/10.
1134/5207511171802008x

Naumenko, E.N., Telesh, I.V., 2019. Impact of the Invasive Species
Cercopagis pengoi Ostroumov, 1891) on the Structural and Func-
tional Organization of Zooplankton in the Vistula Lagoon of
the Baltic Sea. Russian J. Biol. Invasions 10, 246—257. https:
//doi.org/10.1134/52075111719030081

Ojaveer, H., Simm, M., Lankov, A., 2004. Population dynamics and
ecological impact of the non-indigenous Cercopagis pengoi in
the Gulf of Riga (Baltic Sea). Hydrobiologia 522, 261—269. https:
//doi.org/10.1023/B:Hydr.0000029927.91756.41

Pichlova-Ptaénikova, R., Vanderploeg, H.A., 2009. The invasive
cladoceran Cercopagis pengoi is a generalist predator capa-
ble of feeding on a variety of prey species of different sizes
and escape abilities. Fund. Appl. Limnol. 173, 267—279. https:
//doi.org/10.1127/1863-9135/2009/0173-0267

Pichlova, R., Brandl, Z., 2003. Predatory impact of Leptodora
kindtii on zooplankton community in the Slapy Reservoir. Hy-
drobiologia 504, 177—184 . https://doi.org/10.1023/B:HYDR.
0000008517.64246.fd

Polunina, J., 2005. Populations of two predatory cladocerans in
the Vistula Lagoon — the native Leptodora kindtii and the
non-indigenous Cercopagis pengoi. Oceanol. Hydrobiol. St. 34,
249-260.

Sendergaard, M., Jeppesen, E., Aaser, H.F., 2000. Neomysis inte-
ger in a shallow hypertrophic brackish lake: distribution and
predation by three-spined stickleback (Gasterosteus aculea-
tus). Hydrobiologia 428, 151—159. https://doi.org/10.1023/A:
1003923600795

StatSoft. Inc., 2011. STATISTICA (data analysis software system).
Version 10. www.statsoft.com

Szlauer, L., 1971. Fishing of lake Arthropoda into light traps. Pol.
Arch. Hydrobiol. 18, 81—91.

Ten, V.V., 1992. Population structure, life cycle and production
characteristics of mysids from the Vistula Bay, Baltic Sea, Eco-
logical fisheries research in the Vistula Lagoon of the Baltic Sea,
Trudy AtlantNIRO 64—83, 64—83 [In Russian].

Vijverberg, J., 1991. Variability and possible adaptive significance
of day-time vertical distribution of Leptodora kindtii (Focke)
(Cladocera) in a shallow eutrophic lake. Hybrobiol. Bull. 25, 85—
91. https://doi.org/10.1007/BF02259594

Vijverberg, J., Boersma, M., Vandensen, W.L.T., Hoogen-
boezem, W., Lammens, E.H.R.R., Mooij, W.M., 1990. Seasonal
variation in the interactions between piscivorous fish, planktiv-
orous fish and zooplankton in a shallow eutrophic lake. Hydro-
biologia 207, 279—286. https://doi.org/10.1007/Bf00041466

Vijverberg, J., Koelewijn, H.P., van Densen, W.L.T., 2005. Effects of
predation and food on the population dynamics of the raptorial
cladoceran Leptodora kindtii. Limnol. Oceanogr. 50, 455—464.
https://doi.org/10.4319/10.2005.50.2.0455

Vogt, R.J., Matthews, B., Cobb, T.P., Graham, M.D., Leavitt, PR.,
2013. Food web consequences of size-based predation and ver-
tical migration of an invertebrate predator (Leptodora kindtii).
Limnol. Oceanogr. 58, 1790—1801. https://doi.org/10.4319/lo.
2013.58.5.1790

Watson, M., Power, R., Simpson, S., Munro, J.L., 2002. Low cost
light traps for coral reef fishery research and sustainable orna-
mental fisheries. NAGA 25 (2), 4—7.

Wojtal, A., Frankiewicz, P., Zalewski, M., 1999. The role of the in-
vertebrate predator Leptodora kindti in the trophic cascade of
a lowland reservoir. Hydrobiologia 416, 215—223. https://doi.
org/10.1023/A:1003815520751

Youngbluth, M.J., Gibson, R.A., Holt, J.K., 1983. Use of a simple
water column sampler to monitor chemical and biological con-
ditions in shallow waters. Florida Scientist 46, 15—21.


https://doi.org/10.1134/S1995082909010118
https://doi.org/10.1134/s207511171802008x
https://doi.org/10.1134/S2075111719030081
https://doi.org/10.1023/B:Hydr.0000029927.91756.41
https://doi.org/10.1127/1863-9135/2009/0173-0267
https://doi.org/10.1023/B:HYDR.0000008517.64246.fd
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0033
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0033
https://doi.org/10.1023/A:1003923600795
http://www.statsoft.com
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0036
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0036
https://doi.org/10.1007/BF02259594
https://doi.org/10.1007/Bf00041466
https://doi.org/10.4319/lo.2005.50.2.0455
https://doi.org/10.4319/lo.2013.58.5.1790
https://doi.org/10.1023/A:1003815520751
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0044
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0044
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0044
http://refhub.elsevier.com/S0078-3234(20)30103-2/sbref0044

Oceanologia (2021) 63, 80—98

. Available online at www.sciencedirect.com OCEANOLOGIA

ScienceDirect

~ journal homepage: www.journals.elsevier.com/oceanologia

ORIGINAL RESEARCH ARTICLE

Do seasonal dynamics influence traits and
composition of macrobenthic assemblages of
Sundarbans Estuarine System, India?

Moumita Bhowmik, Sumit Mandal*

Marine Ecology Laboratory, Department of Life Sciences, Presidency University, Kolkata, India

Received 6 May 2020; accepted 19 October 2020
Available online 5 November 2020

KEYWORDS Abstract The present study investigates the influence of seasonal dynamics on macroben-
Macroinvertebrates; thic assemblages in four seasons of 2017—2018 from the central sector of Indian Sundarbans
Biological Traits which is under the constant threat of climate change. Besides taxonomic analysis, a trait-
Analysis; based approach has also been applied to assess the change in their ecosystem functioning.
RLQ; The maximum species density (11675 & 11883.31 ind. m~2) was observed during the spring
Succession; season which declines considerably in the monsoon season (5875 + 6224.08 ind. m~2). A total
Sundarbans of 95 macrobenthic taxa were recorded from Sundarbans and they were dominated by fami-

lies like Capitellidae, Donacidae, Magelonidae, Nereididae, Paraonidae and Spionidae. Overall,
polychaetes have shown higher taxonomic and functional variation than other groups. Oppor-
tunistic polychaete species have shown a prominent compositional shift during post-monsoon
seasons. Both the univariate and multivariate analyses have shown a significant relation be-
tween macrobenthic composition and environmental parameters. SIMPER has depicted that en-
vironmental parameters made the station 4 unique for several types of molluscs like Acteocina
estriata, Stenothyra deltae and Meretrix meretrix during spring. Trait percentages also showed
a seasonal succession pattern and among the trait categories, burrowers and deposit feeders
dominated the estuary. A gradual increase in suspension feeders in spring has been noticed. RLQ
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approach with fourth-corner analysis was used to unravel the relationship between traits and
environmental parameters. Hence, the present study provided a comprehensive idea about the
species composition along with their trait categories from such a dynamic habitat. That could
be the first stepping stone for a long term monitoring of macrobenthic assemblages from this

largest delta on earth.

© 2020 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/).

1. Introduction

An estuary acts as a transitional zone between marine
and freshwater domains where it plays a crucial role in
controlling fluxes between ecosystems as well as in fau-
nal distribution (Modéran et al., 2010). Being a buffer
zone, estuaries share both the characteristics of the river
and ocean. It has been continually exposed to various
hydrological pressures, which results in a highly dynamic
habitat. Moreover, due to high productivity, estuaries serve
as breeding and nursery grounds for various faunal com-
munities. However, in recent times, it has become one of
the most degraded ecosystems globally (Kennish, 2002).
Furthermore, due to various anthropogenic pressures and
its proximity to harbours, these areas might be under the
threat of bioinvasion (Taupp and Wetzel, 2019).

Macrobenthos are the dominant member of the ben-
thic community and also act as a food source for various
demersal predators inhabiting in the same ecosystem
(Griffiths et al., 2017). Macrobenthic species perform
invaluable ecosystem services during the process of feed-
ing, tube construction and bioturbation which mediates
the exchange of energy and matter between sediment
and water column (Mestdagh et al., 2018; Rhoads and
Young, 1971). Additionally, macrobenthic species can en-
hance sediment accumulation and thereby protect the
habitat from erosion. By their physiological activities, they
can also influence benthic-pelagic coupling and perform a
crucial role in bioturbation which have been the focal point
in major ecological studies (Zhang et al., 2019). Among
the macrobenthic community, polychaetes represent as the
most dominant and ecologically diverse component and
due to their wide range of habitat variation and diverse
feeding guild in different trophic level, they can be used
as a bioindicator in environmental monitoring programmes
(Fauchald and Jumars, 1979).

In general, the macrobenthic assemblages were assessed
and their ecosystem functioning has been monitored using a
traditional taxonomy-based approach in most of the Indian
estuaries. Nevertheless, in recent years BTA (Biological
Traits Analysis) approach is getting considerable atten-
tion. BTA can be applied to a series of characters like life
history, feeding habit, body size, a pattern of mobility,
type of development (Bremner et al., 2003) to delineate
ecosystem functioning (Dolédec et al., 2006). The selected
biological characteristics might be shared by different
representatives of macrobenthic assemblages with dif-
ferent taxonomic identities; therefore this approach can
portray large geographical ranges with gradients in species
composition and diverse taxonomic entities. Moreover, it is

a valuable approach to measure ecosystem structure inde-
pendently of its biogeography (Doledec et al., 1999). BTA
advocates the theory of environmental filters that recognize
a subset of total species assemblages with distinct traits or
phenotypes representing a particular environmental con-
dition. According to this theory, more tolerant species can
sustain in adverse condition by replacing sensitive species
(Keddy, 1992). With recent methodological advances, an-
other multivariate ordination method (RLQ) has been used
in combination with fourth-corner analysis (Doledec et al.,
1996; Dray and Legendre, 2008; Legendre et al., 1997) in
our study. This approach is contemporary to macrobenthic
studies (Hu et al., 2019; Pil6 et al., 2016; Wouters et al.,
2018) and robust in estimating functional diversity and the
impact of disturbances on benthic animals. The RLQ has
gained its importance in recent years due to its potential
to identify the relationship among traits and environmental
parameters.

Sundarbans Estuarine System (SES) is the largest mon-
soonal micro-tidal deltaic front comprising hundred-odd
estuaries located alongside the Indian coast. It has been
declared as a world heritage site by UNESCO in 1997
and recently as a Ramsar site in 2019 (http://wiienvis.
nic.in/Database/ramsar_wetland_sites_8224.aspx). The
geographic location has made the SES vulnerable to tidal
surges and cyclones. Its mangrove inhabitants absorb and
reduce the impact of cyclonic storms coming from the Bay
of Bengal (Chatterjee et al., 2013). Besides, climate change
induced eustatic sea-level rise has altered the tropical
deltas and SES is not an exception.

In the last couple of decades, a handful of studies
have been conducted from the viewpoint of biogeochem-
istry, water quality analysis, phytoplankton, zooplankton
and meiobenthos from the Indian sector of Sundarbans
(Dey et al., 2012; Ghosh et al., 2018; Ghosh and Man-
dal, 2019; Manna et al., 2010; Mukhopadhyay et al., 2006;
Nandy et al., 2018a, 2018b). Due to its strategic location
inside the biosphere reserve, most of the areas are inacces-
sible to researchers. Though the meagre amount of studies
on macrobenthos has been reported from the western
part, howbeit a dearth of information is available from
the central sector of Indian Sundarbans. Furthermore, only
analysis of species composition is not enough to unriddle
their seasonal succession pattern from such a complex ever-
changing habitat like SES which needs to be supplemented
by BTA approach.

Against this backdrop, the present study is a maiden
endeavour to unravel the following questions: (I) how
does macrobenthic community structure along with trait
modalities alter spatiotemporally at the Matla River? (Il)
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Figure 1

how do environmental alterations govern the community
structure of macrobenthic assemblages?

2. Material and methods
2.1. Study area

The present investigation was carried out as a part of
Ministry of Earth Sciences (MoES) funded project in Sun-
darbans Estuarine System (SES) during May 2017 (Summer),
August 2017 (Monsoon), November 2017 (Winter) and March
2018 (Spring). The sampling period was chosen based on
the IMD (Indian Meteorological Department) report. Sea-
sons can be categorized as a dry summer with frequent
storm and cyclonic events, huge precipitation during the
southwest monsoon, cool and dry winter, and spring with
phytoplankton bloom. However, seasonal demarcation is
gradually becoming lost due to unpredictable downpour
induced by low-pressure cyclonic events in recent years
(Fukushima et al., 2019; Rastogi et al., 2018). The sam-
ples were collected along the estuarine gradient from
north to south selecting eight stations at the Matla River.
The details of the study stations have been furnished in
Figure 1.

The Matla River is considered to be the largest estuary
in SES. Being the longest and widest (L: 125 km, W: 26
km) river, it experiences high meandering courses with a
sharp bend (Chatterjee et al., 2013). In recent times, due
to high siltation, the central sector of this river has been
disconnected from freshwater supply and discharge led the
river primarily fed by the oceanic tide and characterized
by variable sediment texture, salinity, conductivity and
other environmental parameters. The estuarine condition
of the Matla River is maintained by monsoonal runoff

21945’ N

21°33'N

880 18'E
880 30'E
880 42'E

alone (Trivedi et al., 2016) which has been reflected in the
biodiversity associated with it (Rudra, 2018).

2.2. Sample collection and analysis

Macrobenthic samples were collected in triplicate using a
Van Veen grab (0.04 m?) from each of the eight stations.
The collected samples were in situ washed through a 0.5
mm mesh sieve, transferred to plastic bags and immediately
fixed in 4% buffered formalin in seawater, and stained with
rose Bengal aqueous solution. In the laboratory, animals
were sorted, identified to the lowest practical taxonomic
level following standard literature (Day, 1967; Dey, 2006;
Fauvel, 1953; Misra, 1995; Southern, 1921), and counted.
Numerical data was extrapolated into ind. m~2. Water and
sediment samples were collected along with macrobenthic
sampling for analysis of major environmental parameters.
Sediment samples were taken separately for the analysis
of organic content by wet oxidation method using chromic
acid digestion followed by titration with 0.2 N ferrous
ammonium sulfate solutions (El Wakeel and Riley, 1957).
Soil texture was determined following pipette analysis
(Buchanan, 1984). The temperature was measured in situ
using a mercury thermometer. Microphytobenthos was
estimated as chlorophyll a (Chl a) concentration. The top
one cm of sediment was cut, placed in a 15 ml polyethylene
bottle and preserved in liquid nitrogen onboard. Chl a
concentration was measured with 90% acetone extraction
of pigments and same for phaeopigment subsequent acid-
ification with diluted hydrochloric acid, in the laboratory,
following a standard protocol (Strickland and Parsons,
1972).

Bottom water samples were collected by Niskin wa-
ter sampler (5 L) for analysis of water quality parame-
ters including dissolved nutrients. Water temperature and
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pH were recorded in situ with the help of mercury-in-
glass Celsius thermometers and digital pH meters (Orion
star A211), respectively. Furthermore, Secchi disc was also
used to determine the transparency of water at each
station. Water samples for analysis of salinity and nutri-
ents were collected in pre-cleaned 500 ml plastic bot-
tles and transported to the laboratory stored in iceboxes.
Dissolved oxygen (DO) and salinity were analyzed follow-
ing a standard protocol (Strickland and Parsons, 1972).
Water samples for nutrient analysis were filtered through
GF/F (mesh size 0.7 um) filter papers using Millipore fil-
tering unit and were analyzed for nitrite (NO2-N), ni-
trate (NO3-N), ammonium (NH4-N), inorganic phosphate
(PO4-P) and silicate (Si04-Si) following the standard pro-
tocol (Grasshoff et al., 1999). Suspended particulate mat-
ter (SPM) analysis was performed according to the method
of Grasshoff et al. (1999). Monthly average rainfall data
for the study period were collected from the Customized
Rainfall Information System (CRIS), Hydromet Division, In-
dia Meteorological Department, Ministry of Earth Sciences,
New Delhi IMD (http://hydro.imd.gov.in/hydrometweb/
(S(gkp1rg45430qze45lwildiil))/DistrictRaifall.aspx).

2.3. Data analysis

Univariate and multivariate analyses of data were per-
formed using PRIMER v 6 software (Clarke and Gorley, 2006;
Clarke et al., 2008) with PERMANOVA add-on package
(Anderson et al., 2008). Non-multidimensional scaling
(NMDS) and Bray—Curtis similarity index were constructed
based on macrofaunal density after square root transfor-
mation. A similarity profile (SIMPROF) test was conducted
to detect the significantly different station groups using
the default of 1000 permutations for the mean similarity
profile and 999 permutations for the simulated profile with
a significance level of 0.05. Similarity percentage (SIMPER)
was then used to identify the species contributing to
intra-group similarity and those species responsible for the
dissimilarity between groups. A global BEST permutation
test (999 permutations) was performed on log (x+1) trans-
formed and normalized environmental data, and square
root transformed biological data using Spearman rank
correlation between environmental variables and benthic
patterns (Clarke et al., 2008). The following indices were
also determined based on macrobenthic density: Shannon
diversity H' (loge), Margalef’s species richness d, Pielou’s
evenness J' and Simpson index 1—A’. To investigate the
spatiotemporal effect on total macrofaunal density, trait
categories and environmental parameters were analyzed
through two way Permutational Multivariate Analysis of
Variance (PERMANOVA) with a station as the first factor (8
stations) and a season as the second factor (4 seasons).
All PERMANOVA tests were done on Bray-Curtis similarity
matrices using permutation of residuals under a reduced
model, with 999 permutations. The BlOta ENVironmental
matching (BIO-ENV) analysis was performed on the simi-
larity matrix based on density data to relate macrofaunal
assemblages to environmental parameters (Clarke and
Warwick, 2001). To evaluate the relationship between the
polychaete community and environmental variables, Canon-

ical Correspondence Analysis (CCA) was applied using the
Multivariate Statistical Package (MVSP) v3.1 (Kovach, 1998).

The selection of trait categories and their analy-
sis followed the method described in Bremner et al.
(2003, 2006), Hu et al. (2019), Pacheco et al. (2011),
Pilo et al. (2016). The biological traits database of total
macrobenthos identified in the study was developed by
extracting information from various sources like published
literature (Bremner et al., 2003, 2006; Egres et al., 2019),
books (Dey, 2006; Fauchald and Jumars, 1979; Giese and
Pierse, 1977; Jumars et al., 2015), websites (Polytraits)
(Faulwetter et al., 2014) and Biological Traits Informa-
tion Catalogue (BIOTIC, MarLIN, 2006). For certain cases,
traits for individual genera or species were not available,
data from other species in the same family were used
(Supplementary Table S1). Among three matrices, first
and second were made with trait categories and density
data for individual species on each study stations in four
seasons. The third matrix was constructed by multiplying
the trait categories with respective density value. Taxa
were scored for each trait using fuzzy coding principle
(Chevene, 1994) and then converted to proportions of
one for each trait. In this study, the coding followed a
scale ranging from 0 (no affinity) to 3 (total affinity).
For any obligate trait, it has been scored as 3 and rest
of the other traits as 0. The final matrix was trans-
formed square root and analyzed with PCA for each trait
separately.

2.4. RLQ and fourth-corner analysis

Another multivariate technique RLQ (Dolédec et al., 1996)
in combination with the fourth-corner method (Dray et al.,
2014; Legendre et al., 1997) was conducted to estimate the
relationship between environmental factors and species
trait modalities in relation to RLQ axis. Before analyz-
ing, three separate tables L (species distribution across
samples: sites in the row and species in the column), R
(environmental parameters of samples: sites in rows and
environmental variables in columns) and Q (species traits:
species in rows and traits in the columns) were constructed.
In order to perform the RLQ, each of the tables needs
to be analyzed separately. Correspondence analysis (CA)
and principal component analysis (PCA) were applied to
table L and Q respectively (Dray et al., 2014) whereas,
for table R, Hill-Smith analysis (Dray, 2013) was employed.
RLQ analysis alone can give insights on the global visual
summary of the relationship among these three metrics
however, in combination with fourth-corner analysis; it can
portray the significance of these bivariate associations. Ad-
ditionally, the Monte-Carlo test was run with 49999 random
permutations of model 2 (to test the null hypothesis: taxon
densities with fixed traits are unrelated to environmental
parameters) and model 4 (taxon densities with fixed en-
vironmental factors are not influenced by species traits),
then adjusted the p-value accordingly (Benjamini and
Hochberg, 1995; Dray, 2013). The RLQ/fourth-corner
combined analysis was performed using “ade4” package
(Dray and Dufour, 2007) available in R software (version
4.0.1).
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Table 1 Seasonal mean =+ SD of water quality parameters.
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Summer Monsoon Winter Spring
Temperature (°C) 31.95 + 1 30.10 &+ 0.69 24.73 +0.88 28.14 £ 1.10
Salinity (psu) 29.26 +5.14 17.00 + 0.65 14.80 + 1.59 27.21 +1.84
DO (mg L") 4.77 £ 0.12 5.15 £ 0.56 7.46 £+ 0.39 6.54 +0.32
pH 8.12 + 0.03 7.83 +£0.18 8.12 +£ 0.04 8.11 £ 0.03
Chlorophyll a (ng L) 4.10 £+ 0.55 2.45 £+ 0.65 1.13 +0.68 3.74 £ 2.15
Phaeopigment (g L) 0.44 +0.20 0.21 £ 0.12 0.17 £ 0.07 0.53 +0.44
Nitrate (nM) 13.55 +1.20 13.11 + 3.89 16.41 + 2.76 6.46 + 0.97
Nitrite (uM) 0.57 £ 0.16 0.39 +0.20 0.73 +£0.14 1.31 +0.18
Phosphate (1M) 1.37 £ 0.08 1.36 +0.22 1.03 +0.13 0.83 +£0.17
Silicate (uM) 28.80 + 2.83 15.17 +2.22 32.89 + 4.67 14.51 + 0.88
Ammonium (M) 2.64 +0.57 0.45 +0.13 0.18 £+ 0.02 0.19 £+ 0.03

3. Results
3.1. Environmental parameters

Environmental parameters were characterized by a strong
temporal but meagre spatial variation. PERMANOVA result
depicted all the parameters were significant (p < 0.05)
with seasons only, whereas dissolved silicate and nitrate
had significant value at both scales. Bottom water salinity
ranged from 35.04—12.13 in summer (Stn. 4) and winter
(Stn. 1) respectively whereas, level of dissolved oxygen
showed an increasing trend towards monsoon and post-
monsoon seasons (Table 1). The essential micronutrients
concentrations varied both spatially and temporally in the
present study. The average nitrate concentration varied be-
tween (6.46 + 0.97 pM) to (16.41 + 2.76 wM) during spring
and winter respectively (Table 1). However, average nitrite
concentration varied from (0.39 4+ 0.20 uM) to (1.31 +0.18
M) during monsoon and spring correspondingly (Table 1).
Dissolved inorganic nutrients like ammonium or phos-
phate were recorded in negligible amount except in upper
stretch stations where anthropogenic activities are evident
(Table 1). The sediment contained the highest amount
of Chl a in winter compared to other seasons (Table 2).
Organic enrichment was moderate, being lowest during
winter (Table 2). The sediment texture was mostly silty
with a variable amount of clay and sand (Figure 2). Silt per-
centage ranged from 59.35 to 66.92 in spring and summer
respectively. Likewise, the clay percentage also showed a
similar seasonal trend. Overall, the BIOENV revealed a weak
correlation (p = 0.498) between environmental parameters
and benthic data. Among all, organic matter, chlorophyll a,
nitrite and phosphate showed the best correlation.

3.2. Taxonomic composition of macrobenthic
community

Total macrobenthic density revealed a significant differ-
ences (PERMANOVA) among seasons (F = 7.7355, p = 0.001)
and stations (F = 4.6651, p = 0.001). The macrofaunal com-
munity of 95 taxa, belonging to 6 phyla was recorded during
the faunistic surveillance. Among these, 56 species belong
to Annelida, 1 to Sipuncula, 24 to Mollusca, 11 to Arthro-
poda, 2 from Cnidaria and 1 from Echinodermata. Overall,

Silt%

100,
Clay% O 20 40 60 80
A\ Summer O Monsoon ¥ Winter [ Spring

0
100  sand%

Figure 2  Ternary plot showing the sediment texture pattern
of eight stations in four distinct seasons. Red: stn. 1, Dark blue:
stn. 2, Green: stn. 3, Yellow: stn. 4, Grey: stn. 5, Brown: stn.
6, Light blue: stn. 7, Purple: stn. 8

Annelida were numerically dominant (76.25% of the total
macrobenthos), followed by Mollusca (10.5%), Arthropoda
(9.2%), Cnidaria (2%), Sipuncula (1.6%) and Echinodermata
(0.3%). The maximum species count (11675 + 11883.31 ind.
m~2) was observed during spring that declines considerably
(5875 + 6224.08 ind. m~2%) during monsoon. Effects of
environmental perturbation on macrobenthic density varied
accordingly in spatial scale throughout the study period.
Among all, the macrobenthic density at station 1 in sum-
mer was mostly affected during monsoon and drastically
reduced from 3758 + 3916 ind. m=2 to 233 + 270 ind.
m~2 (Figure 3a). Density in stations 1, 4, 6 and 7 compar-
atively declined in spring compared to the previous season
(Figure 3a).

Polychaete density was found to be highest (8117 =+
5235.67 ind. m~2) in winter and lowest (4300 + 3716.99
ind. m=2) in monsoon (Figure 3b). A total of 56 species
from 26 families have constructed the entire poly-
chaete community during the study period (Table 3).
Few species like Cossura coasta, Dendronereis aestuarina,
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Figure 3
groups during the study period.

Heteromastus similis, Magelona cincta, Micronephthys
oligobranchia, Prionospio cirrifera and Sternaspis scutata
prevailed the estuary throughout the study period. Para-
prionospio pinnata, H. similis and M. cincta dominated
during summer and monsoon albeit in winter H. similis was
replaced by another cognate capitellid (Parheteromastus
tenuis) (Supplementary Table S2). However, in spring the
composition was completely different, represented by
species from Spionidae (Prionospio cirrifera) and Nereidi-
dae families (Neanthes meggitti) which recorded highest
densities among four seasons. Individuals of genus Pri-
onospio showed a marked variation in appearance as well
in density. In summer and winter, P pinnata dominated
the estuary, mostly towards down stretch stations, how-
beit in winter they were abundant in innermost station.
Moreover, P. pinnata and P. cirrifera showed interspecific
replacement in spring (Supplementary Table S2). Overall,

a) Spatiotemporal variation of macrobenthic density during the study period, b) seasonal variation of macrofaunal

capitellids and spionids prevailed the estuary throughout
seasons. The innermost stations were mostly composed
of opportunistic species due to organic enrichment and
anthropogenic input. The average molluscan density varied
from 1792 + 1751.04 ind. m~2 to 483 + 518.60 ind. m~2 in
spring and summer respectively. Molluscs were composed
of 8 species (5 families) of bivalve and 16 species (15
families) of gastropod. Among bivalves, Donax incarnatus
and Meretrix meretrix were most dominant, whereas on
the other hand, Pirenella cingulata and Acteocina estriata
were dominant among gastropods. Molluscs were abundant
mostly in middle stretch (stations 4 and 5) of the estuary.

3.3. Statistical analysis

Bray—Curtis similarity based on the macrofaunal density
categorized the estuarine zone into several groups with
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Table 2 Spatio-temporal variation in sediment parameters.

Phaeopigment (ng g ') Organic carbon % Organic matter %

Chlorophyll a (ng g=")

Stations Temperature (°C)

Summer Monsoon Winter Spring Summer Monsoon Winter Spring Summer Monsoon Winter Spring Summer Monsoon Winter Spring Summer Monsoon Winter Spring

32.50
31.50
31.00
31.00
31.50
32.00
31.50
32.00

3.37
1.52
1.44
1.77
1.41
1.39
0.85
1.08

0.91
0.03
0.10
1.26
0.26
0.39
0.42
0.19

1.96
1.39
1.66
1.21
1.66
1.96

0.

1.99
1.53
1.31
1.28
1.48
1.65
1.55

1.95
0.88
0.83
1.03
0.82
0.81
0.49

0.53
0.02
0.06
0.73
0.15
0.23
0.24

0.11

1.14
0.81

0.21 1.15

0.27
0.09
0.29
0.06
0.46
0.21
0.32

0.35
0.14
0.00
0.20
0.14
0.14
0.29
0.15

0.71 0.33

1.53
0.51
2.85
0.36
3.08
0.69
1.53
1.35

3.76
1.02
0.51

25.50 30.00 2.37
2.

29.50
30.00
30.50
31.00
31.50
30.50
31.50
30.50

1
2
3
4

0.18 0.89
0.27 0.76

0.51

0.97 0.23

25.50 29.00 1.48

0.96
0.70
0.96
1.14

0.

0.97 0.12

24.75 30.00 0.64
25.50 30.00 0.33

0.75

0.45 0.06
1.68 0.23

1.07 0.15

06
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0.30 0.86
0.18 0.96
0.33 0.90

1.04
0.51

26.50 31.00 1.45

5
6
7
8

26.00 26.00 0.95

48

28

0.45 0.18

35
0.84

1.

25.50 28.00 0.97

1.34

0.63 2.06

1.20 0.78

0.24 0.27

0.10 0.27

26.00 29.50 1.66

Table 3 CCA code and RLQ code for the list of taxa are

tabulated.

Species name

CCA code RLQ code

Annelida

Ancistrosyllis matlaensis
Ancistrosyllis sp.
Aphelochaeta multifilis
Aricidea sp.

Axiothella obockensis
Barantolla sculpta
Capitella capitata
Chloeia parva

Cossura coasta
Dendronereis aestuarina
Diopatra cuprea
Dipolydora normalis
Mysta ornata
Euclymene annandalei
Gattyana fauveli
Glycera alba

Glycera longipinnis
Glycera tesselata
Glycinde oligodon
Goniada emerita
Hermundura annandalei
Hesione splendida
Heteromastus similis
Kuwaita heteropoda
Levinsenia sp.
Lumbrineris latreilli
Lumbrineris polydesma
Lumbrineris sp.
Magelona cincta

Micronephthys oligobranchia

Namalycastis fauveli
Namalycastis indica
Neanthes glandicincta
Neanthes meggitti
Nephtys polybranchia
Notomastus giganteus
Owenia fusiformis
Paraprionospio pinnata
Parheteromastus tenuis
Perinereis cultrifera
Perinereis nigropunctata
Polydora ciliata
Polydora sp.

Potamilla leptochaeta
Prionospio cirrifera
Prionospio saldanha
Sabellaria pectinata
Scoloplos sagarensis
Scyphoproctus armatus
Sigambra constricta
Sigatargis commensalis
Spio bengalensis
Sternaspis scutata

1 Anma
2 AnS
3 Apmu
4 ArS

5 Axob
6 Basc
7 Caca
8 Chpa
9 Coco
10 Deae
11 Dicu
12 Dino
13 Myor
14 Euan
15 Gafa
16 Glal
17 Gllo
18 Glte
19 Glol
20 Goem
21 Hean
22 Hesp
23 Hesi
24 Kuhe
25 LeS
26 Lula
27 Lupo
28 LuS
29 Maci
30 Miol
31 Nafa
32 Nain
33 Negl
34 Neme
35 Nepo
36 Nogi
37 Owfu
38 Papi
39 Pate
40 Pecu
41 Peni
42 Poci
43 PoS
44 Pole
45 Prci
46 Prsa
47 Sape
48 Scsa
49 Scar
50 Sicn
51 Sico
52 Spbe
53 Stsc

(continued on next page)
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Table 3  (continued)

Species name CCA code RLQ code
Syllis cornuta 54 Syco
Terebellides stroemii 55 Test
Anelassorhynchus microrhynchus 56 Anmi
Sipuncula

Phascolosoma (Phascolosoma) arcuatum Phar
Mollusca

Donax incarnatus Doin
Macoma sp. Ma$s
Meretrix meretrix Meme
Modiolus sp. MoS
Protapes sp. PrS
Solen vagina Sova
Strigilla splendida Stsp
Tegillarca granosa Tegr
Acrilla acuminata Acac
Acteocina estriata Aces
Austropilula beddomeana Aube
Ellobium gangeticum Elga
Haloa crocata Hacr
Littorina obtusata Liob
Nassarius foveolatus Nafo
Notocochlis sp. NoS
Phalium sp. PhS
Pirenella alata Pial
Pirenella cingulata Pici
Stenothyra deltae Stde
Telescopium telescopium Tete
Thais sp. Tha$
Thiara sp. ThiS
Turritella sp. TuS
Arthropoda

Ampelisca pusilla Ampu
Balanus sp. BaS
Gammarus sp.1 Gas1
Gammarus sp.2 GaS2
Harpacticoid Copepod Hac
Ingolfiella sp. InS
Paradiastylis sp. PaS
Penaeus monodon Pemo
Metaplax intermedia Mein
Scylla serrata Scse
Sphaeroma annandalei annandalei Span
Cnidaria

Actiniaria sp.1 AcS |
Actiniaria sp.2 AcS I
Echinodermata

Amphioplus (Lymanella) depressus Amde

marked variation between the sampling seasons and sta-
tions. It has delineated two groups and one separate station
(SIMPROF test p<0.05) during summer (Figure 4a). Accord-
ing to SIMPER analysis, Heteromastus similis contributed
15.91% and 21.63% in group 1 (66.91% similarity) and group
2 (58.22%) formation respectively (Supplementary Table
S3). Moreover, station 1 has been separated from these
two groups due to its different species composition like
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Figure 4 Cluster plot based on Bray—Curtis similarity coeffi-
cient of macrobenthic species in four distinct seasons; a) sum-
mer, b) monsoon, c) winter, d) spring.

Magelona cincta, Micronephthys oligobranchia and Per-
inereis nigropunctata. In monsoon, two major groups have
been identified, mirrored by H. similis a major contributor
(23.88%) behind the formation of group 2 (41.40% similarity)
and separation of group 1 and 2 (Figure 4b). Terebellides
stroemii played an overriding role in shaping the station 8
distinguished from the rest of the stations in winter that has
made station 8 completely separated from rest of the other
stations might be due to the location of this particular
station was at the mouth of the estuary (Figure 4c). In
spring, upstream and downstream stations have diverged
into two prominent groups except station 4 having unique
species composition like Acteocina estriata, Stenothyra
deltae and Meretrix meretrix (Figure 4d).

Ordination resulting from CCA biplot for 56 polychaete
community showed five axes representing 82.42% cumula-
tive constrain percentage where axis 1 and 2 showed 0.93%
and 0.86% species environmental correlation, respectively.
A total of ten variables significantly explained in the biplot
(Figure 5a). Axis 1 was influenced by clay percentage, sand
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Figure 5

Canonical correspondence analysis (CCA) ordination for polychaete species and environmental variables. The environ-

mental variables (temperature, salinity, pH, Dissolved Oxygen, sand %, silt %, clay %, chlorophyll a, phaeopigment, Organic Matter)
are indicated by arrows. Station codes and species codes are given in Figure 1 and Table 3 respectively.

percentage whereas; axis 2 was driven by remaining param-
eters. Being influenced by DO vector, most of the stations
in summer occupied the upper left quadrant but station
1 was exceptionally profited by organic content. Most of
the stations in monsoon and winter clustered together in
lower left quadrant and majority were favoured by sand
% vector. During winter, all the stations were positioned
towards sand percentage vector except station 5 which
showed affinity towards clay percentage. In spring, all the
stations were positioned in the right quadrant profiting
mostly by clay percentage. In species biplot (Figure 5b),
Ancistrosyllis matlaensis, Namalycastis fauveli, Prionospio
saldanha, Scoloplos sagarensis, Sigatargis commensalis,
Levinsenia sp. have shown a positive correlation with sand
% whereas, Nephtys polybranchia, Notomastus giganteus,
Sternaspis scutata, Terebellides stroemii showed affinity to
the percentage of clay present in the sediment.

3.4. Biotic indices

All the diversity indices showed significant (PERMANOVA,
p < 0.05) variation with seasons. Shanon diversity H’(log.)
followed a seasonal trend of winter > spring > monsoon
> summer, where the maximum and minimum values were
recorded at station 1 in winter (3.55) and station 2 in mon-
soon (2.02), respectively. The similar seasonal pattern was
also observed in case of total population density (N) and
Simpson index (1—A). Margalef’s species richness recorded
highest (10.27) during winter at station 1 and lowest (2.13)
during monsoon at station 2 (Table 4).

3.5. Biological Trait Analysis

In the present study, BTA on total macrobenthos has
depicted a distinct variation influenced by seasonal
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Table 4 Seasonal variation in macrobenthic community
indices for all stations. S = Total number of species,
N = Total population density, d = Species richness (Mar-
galef’s), J’ = Pielou’s evenness, H’(loge) = Shannon index,
1—X = Simpson index.

Stations S N d J’ H’(loge) 1—
Summer

1 24 43 6.13 0.95 3.03 0.97
2 15 34 3.97 0.95 2.57 0.94
3 16 37 4.17 0.97 2.68 0.95
4 18 37 4.70 0.95 2.75 0.95
5 11 27 3.04 091 2.19 0.89
6 13 29 3.55 0.92 2.36 0.92
7 10 27 2.73 0.92 2.13 0.90
8 18 36 4.73 0.95 2.74 0.95
Monsoon

1 12 33 3.15 0.98 2.44 0.94
2 8 27 213 0.97 2.02 0.89
3 13 31 3.49 0.94 2.41 0.93
4 28 49 6.92 0.98 3.26 0.98
5 23 4 5.91 0.95 2.9 0.96
6 23 44 5.82 0.97 3.04 0.97
7 15 35 3.92 0.97 2.62 0.95
8 22 42 5.62 0.96 2.98 0.97
Winter

1 42 54 10.27 0.95 3.55 0.98
2 16 38 4.13 0.98 2.71 0.96
3 19 41 4383 0.98 2.89 0.97
4 27 42 6.96 0.93 3.08 0.97
5 23 40 5.95 0.95 2.98 0.96
6 23 4 5.91 0.95 2.97 0.97
7 22 43 5.58 0.97 3.00 0.97
8 15 35 3.94 0.96 2.61 0.95
Spring

1 17 38 4.41 0.97 2.74 0.96
2 13 27 3.66 0.89 2.27 0.89
3 22 37 5.80 0.93 2.87 0.95
4 28 46 7.04 0.96 3.18 0.97
5 33 48 8.26 0.95 3.31 0.98
6 22 42 5.62 0.96 2.97 0.97
7 22 4 5.66 0.95 2.95 0.96
8 32 47 8.06 0.94 3.27 0.98

perturbation. Among 19 trait categories (Table 5), 17 were
most prominent at both the spatiotemporal scale. Trait
categories like motile, burrower and surface deposit feeder
dominated the estuary whereas, discretely motile, tube
dweller, carnivores or scavengers and sexual reproduction
(brooder and spawner) were also widespread (Figure 6).
In case of body size trait, large animals were found in
upper stretch being maximum at station 2 during spring
(Figure 6a). Motile species showed significant variation
among seasons (p < 0.05). Maximum contribution (61.33%)
of discretely motile species was gradually replaced by
motile species in the following seasons. Sessile animals
could not significantly persist in this entire estuarine
stretch (Figure 6b). Burrowers were most prevalent in all
four seasons. Moreover, the contribution of other categories

Table 5 List of biological traits, abbreviations and cate-
gories used to describe macrobenthic assemblages.

Trait (Abbreviations) Categories

Body size (BS) . Small (SM) (<3 cm)

. Medium (ME) (3—6 cm)

. Large (LA) (=6 cm)

. Motile (MO)

. Discretely motile (DM)

. Sessile (SE)

. Tube dweller (TU)

. Burrower (BU)

. Free swimmer (FS)

. Crawler (CR)

. Attached (AT)

. Sub surface deposit feeder (SSDF)
. Surface deposit feeder (SDF)
. Suspension feeder (SF)

. Carnivore (CAR)

. Herbivore (HER)

. Asexual (A)

. Sexual — Brooder (SB)

. Sexual — Spawner (SS)

—_

Motility (M)

Living habitat (LH)

Feeding strategy (F)

Reproductive
strategy (RS)

WIN=UTANWN=2URNWN=WN= WN

of this trait showed a significant difference in the temporal
scale (Figure 6c). Deposit feeding was the most dominant
feeding strategy in this estuary, though a gradual appear-
ance of suspension-feeding groups in spring has also been
noticed. Sub-surface deposit feeders (SSDF) contributed
maximum in summer which declined in spring (Figure 6d).
In most of the stations, spawners were the dominant trait
modality, howbeit in few stations like 1, 2 (spring), a
gradual succession of brooders has been noticed compared
to previous seasons (Figure 6e).

In the PCA, four seasons have distinctly clustered where
monsoon and winter were clustered alongside. For body
size trait, PC1 and PC2 showed 79.9% and 98.9% cumulative
variation where the small size (SM) was positively corre-
lated with PC 2 (0.509) and negatively with PC 1 (—0.666)
(Figure 7a). For mobility trait, MO was negative towards
PC1 (—0.667) howbeit, DM was positive towards that axis
(0.737) (Figure 7b). Burrowers were positively aligned to
both PC1 and PC2 where stations 6 in summer and spring
were positioned (Figure 7c). In Figure 7d, among feeding
strategy trait categories, PC1 and PC 2 explained 56.8%
and 77.3% cumulative variation where, SDF and SF both
were negatively explained by PC2 (—0.306 and —0.749,
respectively), CAR and HER were negative towards PC1
(—0.659 and —0.140 respectively); conversely, SSDF was
positive towards both the axes. Except stations 1 and 2,
the rest of the stations showed the maximum percentage
of SF during spring (Figure 6d) as illustrated in the PCA
plot (Figure 7d). In Figure 7e, SB positively explained PC2
(0.011), whereas SS was positive towards PC1 (0.534).

The RLQ analysis has depicted some correlation between
the metrics (Table 6). Subsequently, forth corner analysis
was performed, among the 323 possible associations at a sig-
nificance level of (a = 0.05), only 11 significant associations
(3 negative and 8 positive) were found following Dray and
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Figure 6 Percentage of trait categories for macrobenthic assemblages at eight different stations for four different seasons. a)
Body size, b) mobility, c) living habitat, d) feeding strategy, e) reproductive strategy. The abbreviations are available in Table 5.
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Figure 7 PCA ordinations depicting the variability in assemblage trait composition across stations and seasons. a) Body size, b)

mobility, c) living habitat, d) feeding strategy, e) reproductive strategy. The abbreviations are available in Table 5.

Legendre (2008) approach. When p values were adjusted for
multiple testing, there was no significant association. Subse-
quently, combining both RLQ and the fourth corner analysis,
the global test did not reveal any significant relationships
between species distribution and environmental parameters
(model 2, p value = 0.08100) as well as between species
distribution and species traits (model 4, p value = 0.40174).
The first RLQ axis represents the 58.09% of the total varia-
tion while the second RLQ axis represents 23.97% (Table 6),
encompassing the most important associations between
traits, environment parameters and responsible species

composition (Supplementary Table S4a,b). The positive part
of axis 1 and negative part of axis 2 have revealed that
suspension feeders and free swimmers are negatively associ-
ated with the level of suspended particulate matter (SPM) in
water (Figure 8a,b). The negative part of axis 1 and positive
part of axis 2 clearly highlight the presence of small-sized
burrowers represented by polychaete genus Ancistrosyllis
and Sigambra (Fig. 8b). Traits like carnivores and large or
medium body size are mostly occupied at the positive part
of axis 1 and the negative part of axis 2 (Figure 8b).
Discretely motile animals such as glycerids are
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Figure 8 a) RLQ diagram as defined by the 1st and 2nd axes

with the projection of environmental variables (SPM — sus-
pended particulate matter, DO — dissolved oxygen, Sal — salin-
ity, OM — organic matter, Chl a — Chlorophyll a, Temp — sed-
iment temperature, b) RLQ diagram as defined by the 1st and
2nd axes with the projection of trait categories (see Table 5 for
the abbreviations of trait categories), c) RLQ diagram as de-
fined by the 1st and 2nd axes with the projection of species
(see Table 3 for respective RLQ codes of species). The d value
in the upper right corner is the scale of the graph given by a
grid.

Table 6 RLQ results. Individual R-L-Q separate analysis
and RLQ analysis.

Separated analysis  Axis 1 Axis2
eigenvalue eigenvalue
(Variance %) (Variance %)
R/Hill-Smith 5.78 (40.06) 3.91 (27.12)
L/CA 0.58 (28.66) 0.43 (21.41)
Q/PCA 4.37 (32.16) 3.22 (23.71)
RLQ Analysis Axis 1 Axis 2
Eigenvalues 1.22 0.50
Variance % 58.09 23.97
R/RLQ
Variance 1.80 2.21
Variance % 28.75 43.27
Q/RLQ
Variance 1.81 1.47
Variance % 28.88 28.72
L/RLQ
Variance 0.34 0.22
Variance % 5.37 4.28

positioned at the positive part of both the axis
(Figure 8b,c).

4. Discussion
4.1. Environmental parameters

As estuaries are expressions of communication among land,
river and ocean processes, therefore climate change me-
diated any environmental perturbation has a potential to
affect estuarine ecosystem (Rybczyk and Day, 2013). In the
present study, most of the environmental parameters were
significantly influenced by seasons. Bottom water salinity
showed a marked seasonal variation but spatially it was al-
most homogeneous throughout the entire estuarine stretch.
Seasonal dynamics of Sundarbans delta is mostly controlled
by monsoon induced hydrological changes. Unusual rainfall
and a monsoon break are common phenomena in this sys-
tem. SES experienced an unusual downpour (in October) at
the beginning of the post-monsoon season (Supplementary
Figure S1) and that might have exerted effects on hydro-
logical parameters as reflected in our study. Bottom water
salinity showed a marked seasonal variation being lowest
during winter. A similar observation was recorded from the
northern part of Bay of Bengal (Pant et al., 2015) as well
as from Sundarbans (Saha et al., 2001), where authors ex-
plained that apart from rainfall mediated freshwater flux,
high horizontal advection and lower tidal amplitude are
crucial factors of anomalous salinity during winter. How-
ever, homogeneity in salinity can be explained as the Matla
River has lost its freshwater connection due to high siltation
and neotectonic activity mediated tilting of Eastern Ben-
gal basin in recent years (Manna et al., 2010; Raha et al.,
2012; Stanley and Hait, 2000). This phenomenon has been
also reported from different estuaries around the globe, as
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in Kromme estuary (Wortmann et al., 1998) and Nile River
(Aleem, 1972). As the central sector of Sundarbans has been
isolated from the western part, and no freshwater connec-
tion of this part exists, so estuarine nature of the Matla
River is exclusively maintained by monsoonal runoff and
tidal action. According to Raha et al. (2012), the salinity
of this central part (in the year 2001—2002) ranged from
5—6, but in recent years it has gradually increased up to
35.4 as reflected in our study. Besides that, the lowest
DO value was recorded during summer which can be at-
tributed to increased water temperature during this pe-
riod (Vega et al., 1998). However, rests of the other sea-
sons have higher values of DO, showing no sign of hypoxia
in the bottom water. Generally, seasonal pattern in man-
grove litterfall and decomposition influences the temporal
dynamics of dissolved inorganic nutrients in mangrove dom-
inated estuaries (Lara and Dittmar, 1999) was also emulated
in our study. Sundarbans estuarine system is comparatively
a pristine zone and there is no record of sewage discharge or
groundwater seepage, hence litterfall and excretory and/or
decomposition product of aquatic organisms might be the
only source of ammonia throughout the estuarine stretch.
Except few upper stretch stations, rest of our study sta-
tions fall under the Sundarbans biosphere reserve and have
restricted anthropogenic activities. From the viewpoint
of granulometry, the area is mostly silty with a variable
amount of finer and coarser sediment particles. The slow
tectonic activity of the entire Bengal basin has a profound
effect on the sedimentation pattern of Sundarbans delta. In
contrast to the western part, islands of the central region
(study site) are expanding owing to accretion (Raha et al.,
2012). Due to this continuous sediment reworking process,
the granulometry of our study sites has not followed any
pattern. Besides this, monsoonal runoff has a substantial in-
fluence on the sediment granulometry. Furthermore, mon-
soonal rainfall leads to sediment agitation that scours the
finer particles and therefore, coarser element like sand pre-
dominate the sediment texture (Ghosh et al., 2018). Con-
clusively, change in the grain size was influenced by high
sedimentation as well as rainfall during the study period.

4.2. Macrobenthic assemblages

Estuarine macrobenthos are always under the influence
of disharmonic environment with fluctuating salinity and
variable sediment composition (Elliott and Whitfield, 2011).
Generally, they have higher physiological capabilities to
tolerate fluctuating saltwater incursion mediated ionic
imbalance, which is common phenomenon in estuaries
(Little et al., 2017). Likewise, a natural or abrupt change in
salinity is among the major constraints that estuarine fauna
must challenge. Moreover, these anomalities in salinity can
affect their recruitment pattern and acts as the migrational
cue that ultimately module their population dynamics
(Wilson and Fleeger, 2013). Nonetheless, the rate and
scale of salinity change is important as it can diminish the
diversity of a biota (Attrill, 2002). The total macrobenthic
density was highest at station 1 during summer, mostly
composed of some opportunistic species from families like
Capitellidae, Glyceridae, Nephtyidae, Nereidae. Organic
enrichment in sediment tends to decrease the penetration
of oxygen, creating an anoxic condition which can be

favoured by opportunists. In estuaries, monsoonal runoff
causes drastic fall in macrobenthic density which starts
to replenish by the colonization of juveniles as well as
the reestablishment of adult fauna in post-monsoon and
continues afterwards (Gaonkar et al., 2013). Nevertheless,
few stations like 1, 4, 6 and 7 showed deviation from that
conventional pattern where macrobenthic density in winter
starts to decline in the subsequent season. This might
be attributed to the post-settlement mortality driven by
salinity and bioturbation mediated sediment disturbances
(Hunt and Scheibling, 1997).

Polychaetes contributed 74% of macrofaunal density and
considered as a numerically dominant class which is the
common for intertidal sheltered mudflats. It has been also
stated that estuaries and coasts that have a high saline
zone, preferably contain polychaetes more often than
any other macrobenthic taxa (Alongi, 1989). Few domi-
nating families were Capitellidae, Spionidae, Cossuridae
constituted the polychaete assemblages. Being the most
dominant family, capitellids receive much attention for
their capacity to tolerate the environmental fluctuations
as well as, their cosmopolitan distribution (Bissoli and
Bernardino, 2018; Fernandez-Rodriguez et al., 2019;
Rao, 1980). A cycle of high density among capitellides was
clearly noticed, alternately dominated by Heteromastus
similis and Parheteromastus tenuis where each species can
partially exclude the other in different seasons. This type
of interaction can be explained by species succession model
where intra-specific competition for resource availability
took place between two species of the same guild and
one outcompete the other and/or habitat modification by
earlier species has encouraged the settlement of the next
species (Harkantra and Rodrigues, 2003; Peterson, 1977;
Rhoads and Germano, 1982; Thistle, 1981). According to
Harkantra and Rodrigues (2003) species succession can
be brought about by south western monsoon mediated
biotic and abiotic changes. Similar to their study, in the
present study also species succession became prominent
after a downpour in the monsoon season. According to
Medeiros et al. (2016), tropical estuaries those are least af-
fected by anthropogenic activities are governed by constant
modification or replacement rather than nestedness which
has been clearly depicted in the present study by species
succession. This type of succession along the spatiotem-
poral gradient can cause habitat mosaicness in the estuary
(Chen et al., 2015; Thistle, 1981). Besides this, both the
families like Capitellidae and Spionidae prevailed in the
estuary throughout the study period. This can be explained
as persistence in family level accomplished by loosing and
gaining of the species (Hylleberg and Natewathana, 1984).
Among molluscs, Donax incarnatus was the most dominant
taxa as they are well adapted to tropical intertidal life
(Alongi, 1989) and similarly, in our study a seasonal pattern
has been portrayed through their population dynamics.
During monsoon, their population drastically reduced to
70% of the density found in summer but they were gradually
established by new recruiters with their bimodal repro-
duction in October—January and April—June (Alongi, 1989;
Ansell and Trueman, 1973; Harkantra and Parulekar, 1985).

According to SIMPER analysis, upper stretch stations
have always been separated from others due to the con-
tribution of H. similis in both summer and monsoon. It can
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be explained as sediment of this area is comparatively rich
in organic content due to anthropogenic input or mangrove
litter which provides a better habitat for capitellides.
However, in winter, the contribution of T. stroemii has
separated station 8 from other stations. During spring, the
environmental parameters made station 4 a favourable
habitat for molluscs like Acteocina estriata, Stenothyra
deltae and Meretrix meretrix and thus separated from
rest of the stations. In Canonical Correspondence Analysis
(CCA), station biplot has shown that stations in summer
were influenced by DO which can be attributed to elevated
temperature during summer that inversely declined DO
(Vega et al., 1998). In monsoon and winter seasons, stations
were mostly dominated by sand as heavy rainfall during July
as well as in October causing the wash off of uppermost finer
particles. Species biplot clearly depicts that environmental
parameters like sand %, clay %, sediment phaeopigment,
temperature, organic carbon (OC) were the most important
factors in structuring the polychaete community. According
to the finding of Penry and Jumars (1990), the gut of S.
scutata has been found to be filled with muds and their
preference towards finer particles is in agreement with the
present study. Micronephthys oligobranchia is a muscular
shallow-water burrower and prefer the clayey substratum;
as Ronan (1977) has found one of the species from this
genus that are mostly found in muddy sediment at Bodega
Harbour. Carnivores like pilargids have shown an affinity
with sand % (Jumars et al., 2015). Overall, a higher level
of biodiversity was indicated by Shanon, Margalef’s and
Pielou’s evenness indices. The substrate heterogeneity of
this estuary plays a pivotal role in structuring this ecologi-
cally diverse community and allows coexistence of several
species with different successional stages.

4.3. Biological Traits Analysis (BTA)

Approaches to BTA from transitional zones like estuaries is
often challenging in terms of finding detailed and accurate
trait information (Tyler et al., 2012). Biological trait anal-
ysis furnishes information on species distribution based on
their biological characteristics providing a trait profile of
benthic assemblages and complements their bioassessment
measures (Munari, 2013). In this study, changes in func-
tional characters are broadly concurrent with the seasonal
succession of species assemblages. The most important
environmental factor that regulates the body size trait is
sediment grain size (Bremner et al., 2006). As depicted in
our study, large animals were prevalent in station 2 when
the percentage of silt was comparatively higher than any
other stations in spring. The small size allows animals to
become more specialized in diversified elements of the
environmental mosaics (Hutchinson and MacArthur, 1959).
Overall, small animals dominated the estuary which imparts
an indication of a continuously perturbed environment. Not
only body size, but also the rate of mobility is remarkably
regulated by the granulometry of the habitat. Mobility is
a crucial trait that affects food capture method and also
defines the trophic relationship in the benthic community
(Sigala et al., 2012). In the present study, the arrival of
spring brings the changes in the sedimentology and concur-
rently all the motile species of the previous season were
gradually replaced by discretely motile species. According

to Hunt and Scheibling (1997), an increase in macrofaunal
predators can hamper the recruitment of sessile organism.
In connection with this hypothesis, it can be inferred that
the predator effect might have played a crucial role in
suppression of sessile animal population throughout the
estuary. The same authors have postulated that a gradual
increase in motile species over the evolutionary time
scale has a strong influence in constructing modern marine
benthos by gaining fitness against predation. The living
habitat (LH) trait was mostly represented by burrowers who
requires soft and penetrable substratum to make success-
ful burrow habitat. As the entire study stretch is mostly
silty clay, so the prevalence of burrowers like Paraonidae,
Sternaspidae is justified. Burrowers can act as sediment re-
worker through the suspension of fine particle into overlying
water. By acting as a molecular sieve, it allows the increase
of the oxygen content at the sediment-water interface
(Aller, 1983; Bremner et al., 2006; Constable, 1999). More-
over, burrows provide a microenvironment that leads to nu-
trient cycling and increased organic matter decomposition.
According to RLQ analysis, the prevalence of burrowers
is generally correlated with the sand percentage in the
sediment. Presence of various feeding type trait indicates
diverse food sources available in the estuary and it may
also accentuate more diverse pathway of energy recycling
(Sigala et al., 2012). Deposit feeders are mostly affected
by sediment particle size whereas, suspension feeders are
mostly regulated by hydrodynamics and physical processes
in the water column and they generally do not prefer to
live in areas where fine sediments can disrupt their feeding
apparatus (Constable, 1999). In the present study, a gradual
appearance of suspension feeders was observed in spring
contributed by some spionids like Paraprionospio pinnata
and Spio bengalensis as they have the ability to switch
their feeding mode from deposit to suspension feeding in
presence of adequate horizontal flux of sediment particles
(Jumars et al., 2015). It may also be noticed in bivalves de-
pending on predator pressure and other local environmental
factors. The behaviour and the rate of suspension feeders
are also regulated by the particulate organic matter con-
tent whereas, deposit feeders increase when particles are
deposited in the sediment or suspended in the water col-
umn (Bock and Miller, 1996; Peterson and Skilleter, 1994).
Suspension feeder bivalves are the crucial driver in benthic-
pelagic coupling. They capture suspended organic matter
and phytoplankton, thus contribute significantly in whole
ecosystem productivity (Newell, 2004; Tillin et al., 2006;
Rosenberg 2001). Nevertheless, the dominance of deposit
feeders was due to their broader range of food materials
acceptance (Sigala et al., 2012). Commonly, diet type is
highly regulated by grain size of the sediment. As described
by Wu and Shin (1997), particle size and organic content are
the major drivers that affect colonization of soft-bottom
benthos. In carnivory trait category, species like Microneph-
thys oligobranchia, Dendronereis aestuarina, Kuwaita het-
eropoda contributed the most. Oug et al. (2012) have docu-
mented that carnivory is related to coarser and low porosity
sediment. The prevalence of carnivores is also an indication
of improved sediment quality that allows species with vari-
ous feeding modes to flourish concurrently (Hu et al., 2019).

In the future climate change scenario, the seasonal
dynamics of Sundarbans is going to alter (IPCC, 2013). Fur-
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thermore, it has also been conjectured that summers are
projected to be dried and warmer with reduced freshwater
flow-mediated salinity incursion and Sundarbans is not an
exception. This might also be associated with an unusual
shift in monsoonal activity with late onset and late with-
drawal (IMD, 2010; Little et al., 2017) which would have
profound repercussion on benthic biota. According to a time
series analysis, the central part of Indian Sundarbans has
been predicted to be under the threat of hypersalinisation
with an increment of around 13.05 psu/decade, howbeit
both western and eastern part have shown a decreasing
trend of salinisation (Trivedi et al., 2016). Furthermore,
studies have also revealed a gradual disappearance of
freshwater preferring mangrove species as well as a com-
positional shift in phytoplankton community due to rapid
salinity incursion in the central sector (Chaudhuri and
Choudhury, 1994; Raha et al., 2012). It would be difficult
to ascertain the changes in macrobenthic community in
comparison with previous studies due to the unavailability
of data from this sector of Sundarbans.

Seasonal succession in any community can be better
apprehended by tracking trait modalities using BTA. Being
dynamic, the estuarine macrobenthos is always facing a
continuous seasonal perturbation, where BTA is a new
approach to unravel the functionality of every species in a
community. However, due to the lack of precise information
on traits, sometimes BTA may fail to portray the species
level changes on the trait analysis. As depicted in the
present study, interspecific replacement between two of
the spionid species due to seasonal fluxes cannot be prop-
erly pointed out through BTA as these two congener species
share almost similar trait modalities. Some of these species
have similar traits which may lead to functional redundancy
in a community and can be substituted with very little or
no effect on ecosystem processes (Rosenfeld, 2002). In
Pilo 2016, authors have stated that functional redundancy
is very much relevant to naturally disturbed estuaries
where long term intrinsic adaptations of local species are
evident. Furthermore, it is hard to determine the specific
environmental factors that are regulating trait categories
in a complex estuarine ecosystem like Sundarbans. Hence,
the underlined mechanism in gaining evolutionary fitness
against climate change mediated habitat modification in
the Sundarbans ecosystem would be an interesting area to
explore for future researchers.

5. Conclusion

The present study has been the first attempt (1) to
document 95 macrobenthic taxa with comprehensive infor-
mation of their community pattern, distribution and spa-
tiotemporal variation along the Matla River of Sundarbans
over four distinct seasons of 2017—2018, (2) to document
multiple biological traits of the macrobenthic community
for better understanding of their seasonal succession pat-
tern. A prominent succession pattern has been noticed in
species of several families like Capitellidae, Spionidae as
well as in trait composition like type of a mobility, body
size, living habitat and feeding strategy. Trait categories
like discretely motile animals gradually replaced by motile
animals in monsoon and post-monsoon seasons. The gradual

increase in suspension feeder was contributed by certain
species like Paraprionospio pinnata and Spio bengalensis
that have the adaptive ability to switch their feeding mode.
It has also been explained how environmental perturbations
act as a crucial driver for changes in the macrobenthic
community structure. Moreover, the changing trend of
annual temperature, rainfall pattern and frequencies of
tropical cyclones have continually actied as a stressor for
the biota which affects the species composition and regular
succession pattern as mirrored in our study. Hence, long
term monitoring with additional trait categories is needed
to understand the benthic ecosystem functioning more
precisely and their changes due to perturbed environmental
factors from the world’s largest deltaic ecosystem.
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KEYWORDS Abstract Climate change is a major threat to mangrove ecosystems worldwide but particu-
Sea-level rise; larly those in arid regions that exist near the limit of tolerance to extremes in temperature,
Climate change; precipitation, and salinity. Here we examine Persian Gulf arid mangrove ecosystems from the
Arid mangrove; Nayband and Mond Protected Area in the south-west region of Iran to determine the ability
Wetland expansion; of tidal mangrove forests to respond to rapid urban and industrial development, sea-level rise
Persian Gulf (SLR), and temperature and precipitation changes. Sea level has been rising by approximately 4
mangroves mm yr—" in this region and might be intensified by subsidence on the order of 1-2 mm yr~' due

to natural phenomena as well as anthropogenic activities associated with fluid extraction. We
use remote sensing along with statistical analysis to effectively monitor mangrove area changes
over 60 years and infer responses to past environmental trends. Our spatiotemporal analysis
demonstrates expansion in some areas and reduction in others. NDVI (Normalized Difference
Vegetation Index) results indicate that Nayband mangroves are healthy and expanded between
the years of 1990 and 2002 which could be in response to rising temperatures and above-average
precipitation. However, NDVI changes after 2002 demonstrate the mangrove health and area
have decreased which could be in response to industrial and urban development that occurred
immediately after 1997. The natural stresses in this extreme system are been exacerbated by
climate change and anthropogenic pressures as such it is essential to develop ways to reduce
vulnerability through strategic management planning.
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1. Introduction

Spatial patterns and community structure of mangroves
are influenced by complex and cumulative interactions
of many natural factors such as sea level, precipitation,
hydrology, landscape position, sediment dynamics, storm-
driven processes, and human-induced factors such as ur-
banization land-use change, aquaculture, and agriculture
(Alongi, 2018; Sippo et al., 2018). Climate change will
impact the mangrove forest health and expansion by ris-
ing sea level, cyclone activity, temperature, and precip-
itation changes (Breithaupt et al., 2019; Sanders et al.,
2016; Smoak et al., 2013). There is uncertainty in how
mangrove ecosystems will respond to these climates re-
lated impacts (Alongi, 2008), and these responses have not
been fully addressed experimentally. Both fluctuating sea
levels and temperature regimes have had a vast influence
on mangrove distributions globally (Lovelock et al., 2017;
Spencer et al., 2016). But, rising sea level might be the
most important factor which affects the spatial distribution
of mangrove tidal forest in the long term (Gilman et al.,
2006). Rapid twenty-first-century sea-level rise (SLR) as a
climate-change consequence has been cited as a serious
threat to mangroves, which have responded to past sea-
level changes by migrating landward, only if space for man-
grove transgression is available, and/or upward if there is
sufficient material available for accretion (Etemadi et al.,
2018; Schuerch et al., 2018).

Over the last century, global sea-level rise rates are es-
timated at 1.7 mm yr—"! while many areas as a consequence
of regional factors including subsidence have experienced
higher rates (IPCC, 2007). Saintilan et al. (2020) indicated
the rate of global SLR increased twofold over the 20th cen-
tury and demonstrated mangroves will be unable to keep
pace with SLR by accretion after 2050. Based on NOAA data,
sea level in the Persian Gulf has risen at a rate of 3.8 mm
yr=' from 1992 until recently (www.star.nesdis.noaa.gov).
Goharnejad et al. (2013) projected mean sea-level rise to
the year 2100 in Bushehr province (our study site) to be
3.6 and 7.2 mm yr~' for A1B and A2 IPCC scenarios (IPCC
scenarios; https://www.ipcc.ch/site/assets/uploads/2018/
03/sres-en.pdf) as the best and worst-case, respectively.
Irani et al. (2017) recently indicated sea-level changes in
the Persian Gulf and Oman Sea under RCP 2.6, RCP 4.5, RCP
6.0, and RCP 8.5 are predicted to be 6.1, 7.1, 7.3, and 9.8
mm yr—', respectively, by 2100. These projected rates in
the Persian Gulf are higher than the global projected rates
while the accretion rates in these arid zones are typically
low (Adame et al., 2020).

Temperature and precipitation patterns as fundamental
meteorological variables have the potential to change man-
grove function such as leaf formation, photosynthesis rates,
and seedling establishment (Feher et al., 2017; Osland
et al., 2016). The globally averaged surface air tempera-
ture data as calculated by a linear trend, showed a warming
of 0.85 [0.65 to 1.06]°C, over the period from 1880 to 2001
(IPCC, 2013). Furthermore, minimum temperatures globally
are increasing at twice the rate of maximum temperatures
(Walther et al., 2002). Etemadi et al. (2016) reported that
the minimum temperature in the south of Iran increased
(4+3.14°C) over the past 42 years. Osland et al. (2013) found
that a 2—4°C increase in annual mean minimum tempera-

ture can result in relatively dramatic mangrove range ex-
pansion into the more temperate salt marshes, and would
cause the elimination of salt marshes in Texas, 95% reduc-
tion in Louisiana, and 60% reduction in Florida. In addition,
mangrove vegetation productivity is expected to increase
where the temperature does not exceed an upper thresh-
old of 38—40°C (Field, 1995). Mean annual precipitation on
the northern coast of the Persian Gulf and Oman Sea was re-
duced by 43% from the year 2000 (FAO, 2007). In arid regions
where freshwater supply is further reduced and salinity in-
creases, mangrove expansion under a new climate regime is
uncertain (Adame et al., 2020; Alongi, 2015; Sanders et al.,
2016).

Anthropogenic impact, particularly land-use change and
deforestation, also coastal development, pollution and oil
spills, timber, and charcoal production will have a major in-
fluence on mangrove loss (Hamilton and Casey, 2016; Mafi-
gholami et al., 2020). The effluent from the petroleum in-
dustry exacerbates impacts on biota and causes environ-
mental degradation (Sam et al., 2017). These toxicological
and physical adverse impacts might be severe, like defoli-
ation or mangrove death, and/or long-lasting, like reduc-
tion in seed survival, plant reproduction, and faunal pop-
ulation (Burns et al., 1999; Hoff and Michel, 2014). More-
over, oil products may coat aerial and submerged roots,
and disturb direct absorption causing mangrove degrada-
tion (Proffitt et al., 1995). Human impact coupled with oil
and petroleum pollution have already damaged a large area
of Nigerian mangrove forests (Lindén and Palsson, 2013).
Oil production has degraded at least 126,000 ha of man-
grove vegetation since 1958 (Duke, 2016). Pollution and nu-
trient enrichment, as well as changes that alter the hy-
drologic flow, caused the mangrove area to be reduced by
44% in Tampa Bay, (Florida, USA) (Sharitz and Pennings,
2006). Wibowo and Supriatna (2010) estimated that pop-
ulation growth, land-use change, and land-based pollution
are likely to degrade mangroves of each Indonesia’s coastal
cities between 20% and 60% in the next 20 years. Deterio-
ration in the health of mangroves especially in these arid
regions has been documented (Almahasheer et al., 2013).
The main cause is uncertain, however, accelerating SLR, se-
vere anthropogenic activities and harsh climatic conditions
are all potential contributors.

Due to the vast spectral and spatial resolution of conven-
tional imagery and the cost-effective, time-efficient, Re-
mote Sensing techniques have a synoptic capability in man-
grove mapping and monitoring (Kuenzer et al., 2011). Mul-
tispectral satellite sensors like Landsat TM, ETM+ and SPOT
are valuable sources of remotely-sensed data in mangrove
studies over several decades (Giri et al., 2015). Red [R] and
near-infrared [NIR] wavelengths have been used to identify
mangrove vegetation based on spectral reflectance and
spectral difference measurements such as the normalized
difference vegetation index (NDVI) (Green et al., 1997).
NDVI is one of the most common methods for mangrove
health monitoring (Binh et al., 2005). Numerous investiga-
tions on mangroves have used NDVI to represent mangrove
canopy closure, productivity, condition, health, and above-
ground biomass (AGB) (Almahasheer, 2018; Arshad et al.,
2020; Bartholy and Pongracz, 2005; Giri et al., 2007;
Kovacs et al., 2004; Walters et al., 2008; Zomer et al. 2009).
Other studies have applied satellite imagery to evaluate
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the relationship between coastal change and mangrove dis-
tribution (Feng et al., 2020; Hu et al., 2018; Jayanthi et al.,
2018). In detailed satellite imagery analysis, Lee and
Yeh (2009) demonstrated landward encroachment of man-
groves which doubled in extent over 10 years.

Mangroves along the Persian Gulf live in extreme tem-
perature, radiation, and salinity but extremely low pre-
cipitation which causes a low diversity of mangroves in
this arid region (Mafi-gholami et al., 2020). Mangroves
in arid zones have low primary productivity, low sedi-
ment deposition, and consequently a low rate of verti-
cal accretion (Adame et al., 2020). Therefore, the growth
and survival of these mangroves are under threat be-
cause they already exist at their tolerance threshold.
These conditions makes them highly vulnerable to any ad-
ditional stressors like anthropogenic activity and/or cli-
matic changes. Moreover, mangroves in arid reigns are in-
vestigated with insufficient representation in global assess-
ments. Ward et al. (2016) highlight the vast knowledge gaps
of climate change impacts on mangroves located in the Mid-
dle East region.

We examine Nayband Bay and Mond Protected Areas,
along the northern coast of the Persian Gulf in Iran using
Landsat imagery products and aerial photography. The goal
is to examine the spatiotemporal pattern of degradation
as well as the areal gain and loss in these arid mangrove
forests to determine how they have responded to environ-
mental changes. Also, we examine the ability of tidal man-
grove forests to respond to rapid development, sea-level
rise, temperature, and precipitation changes. We hypoth-
esis that many of these environmental changes will cause
degradation as these systems already exist near their stress
threshold. Few studies have involved a comparative anal-
ysis of the impacts of climate-related factors and anthro-
pogenic activities on mangroves in this arid zone. Further-
more, ecological health and migrational patterns are re-
quired to improve our understanding of the resilience of
mangrove ecosystems to harsh environmental conditions as
well as aid in conservation planning.

2. Site description

The Nayband Marine-Coastal National Park and Mond
Marine-Coastal area are protected areas located in south-
west Iran along the northern coast of the Persian Gulf
(Figure 1). This area has been described as the most rapidly
developing area in the world with an endangered and fragile
ecosystem (Bryant, 1981). The Mond protected area (46500
ha) extends between latitudes 27°48'—28°9’N and longitudes
51°15'—51°36’'E. The Mond River empties into the Persian
Gulf in the northern part of this basin. Nayband National
Park (49815 ha) with several large marine estuaries is one
of the most important habitats in the northern Persian Gulf.
Nayband is located near the city of Assaluyeh which is in a
major petrochemical region with numerous gas and oil pro-
duction factories and refineries (Zare-Zadeh Mehrizi et al.,
2011).

Bidkhoon and Basatin are mangrove areas within Nayband
Marine-Coastal National Park. The Malgonze mangroves are
found along the southern section of the Mond protected
area. Both areas are dominated by Avicenna marina. The

mangrove population structures in the study sites are pre-
sented in Table 1 (Kouhgardi et al., 2015). These mangroves
exist in an extreme environment under an arid climate with
hypersaline conditions (37.9—41.3 ppt) (Hassanzadeh et al.,
2011; Ibrahim et al., 2020; Moaddab et al., 2017), and with-
out direct riverine input. The vegetation occupies alluvial
and Solenchak soils in the area (Mostafavi et al., 2004). The
mean annual air temperature is 27°C and ranges between
11 to 41°C. The mean annual minimum and maximum tem-
peratures are 20.5 and 32.8°C, respectively. The mean rela-
tive humidity is 43%. Dominant wind direction is north-west
to south-east. Rainfall is less than 250 mm yr—' and 60% of
this rainfall occurs between December and February. Rain-
fall is nearly absent during the summer season from June
to September. The tidal cycles are semi-diurnal and varying
in amplitude between approximately 50 to 150 cm, reach-
ing maximum during monsoon and post-monsoon and the
minimum occurs during the summer (http://www.irimo.ir).
Tides are characterized as upper microtidal (1.5—2 m tidal
range).

The Nayband coastal area was considered nearly undis-
turbed until 1990 when rapid development in the oil and
gas industry began. Following this rapid development, Asa-
loyeh’s population grew rapidly along with the develop-
ment increasing from 893 in 1995 to 65584 in 2011 (Didari,
2017). Due to the presence of the largest natural gas field
in the world and the associated activities near the study
area, the health of these marine ecosystems are threat-
ened, and coastal habitats have been severely degraded al-
ready (Kalhori and Kokya, 2012).

3. Method
3.1. Past climatic analysis

We applied the non-parametric Mann-Whitney two-sample
test (Pettitt, 1979) to identify the change point in the
pattern of annual precipitation between 1969 and 2015
acquired from the Iran Meterological Organisation (2016)
(http://www.irimo.ir). Using t-test, we compared the mean
of each rainfall variable during the period of pre- and post-
change point, once the change point had been identified.
Focusing on the non-parametric Mann-Whitney two-sample
test, two data samples (pre and post-changes datasets)
are independent if they come from distinct populations
and the samples do not affect each other. By using the
Mann-Whitney-Wilcoxon test, population distributions can
be identified as being identical without assuming them to
follow a normal distribution. In other words, the null hy-
pothesis is that mangrove datasets in pre- and post-changes
have identical populations (Etemadi et al., 2016). Statistical
software, SPSS was used to perform the statistical analysis.

Time-series trends are examined with Mann-Kendall non-
parametric statistical test (Kendall, 1975). This test exam-
ines if a time-series dataset shows a significant increase
or decrease over time. The Mann-Kendall statistical test
has been widely applied to determine the significance of
trends in meteorological time series (Silva et al., 2013;
Tabari and Marofi, 2011). The linear regression models are
most valid at weekly or monthly scales than on a daily scale
(Caissie, 2006). Linear and second-order polynomial regres-
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Figure 1  Location of Mond Protected Area and Nayband Marine National Park in Bushehr province in Iran, Malgonze Mangroves
(a), Bidkhoon Mangroves (b), Basatin Mangroves (c).

Table 1 Mangrove population structures in Bidkhon and Basatin site.

Density (tree Total height Crown Diameter at Aerial roots Mangrove species
per hectare) (cm) diameter (cm) breast height per tree
(DBH) (cm)
Bidkhon site 3136 + 177.8 276.1 + 31.1 245 + 41.5 13+1.9 21.7 £ 11.3 Avicenna marina

Basatin site 1875 + 335.3 228 + 61.4 230 £+ 61.2 13.5+ 3.6 19.8 + 11.5 Avicenna marina
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sion models were fit to the average of mean temperature in
winter and summer from 1696 to 2015.

3.2. Geodetic leveling

Geodetic leveling produces a higher order of accuracy nor-
mally expanded over wide areas, to provide accurate verti-
cal control for surveying and mapping operations. The ob-
ject of using the geodetic leveling data is to find the el-
evation of a given point with respect to mean sea level
at tide gauge stations as a reference datum. Data were
obtained from the Geodetic and Surveying Department in
Iran National Cartographic Center (http://www.ncc.org.ir).
The location of geodetic leveling spread from Choghadak
(28.986°N, 51.036°E) to Kangan (28.206°N, 51.308°E) dur-
ing the period from 1990 to 2007. Stations from Kangan to
Asaloyehwere destroyed as a result of the construction of
oil and gas refineries and petroleum industry-related infras-
tructure.

3.3. Sea level rise trend

Data from the closest tide gauge stations to Mond and
Nayband were analyzed to characterize sea-level changes
as well as to distinguish any relationships between sea-
level and areal extent of mangrove. These tide gauge sta-
tions included: (a) Kangan station (27.83°N, 52.55°E), (b)
Emamhasan station (29.83°N, 50.25°E). Monthly sea-level
time series runs from 1995—2009 at Kangan and Emamhasan
station. Data were obtained from the Coastal Area Hydrog-
raphy Management in National Cartographic Center (http:
//www.ncc.org.ir). Linear and second-order polynomial re-
gression models were fit to the mean monthly sea-level
data.

3.4. Remote sensing analysis

The remote sensing sources used in this study included dig-
ital aerial imagery and time series of Landsat TM, ETM+
and OLI images from one scene (path 162, row 41) cover-
ing the study area from February of the years 1990, 2002
and 2015. Landsat satellite data used in the studies were
acquired through the U.S. Geological Survey (USGS), Center
for Earth Resources Observation and Science (EROS) (http:
//eros.usgs.gov). By using L1T Landsat images with high ge-
ometric accuracies (RMSE less than 30 meters) (Zhu and
Woodcock, 2014), a geometric correction was unnecessary.
Radiometric correction was applied using the dark pixel sub-
traction algorithm (Hadjimitsis et al., 2010) on Land-sat
images at the initial stage of pre-processing. Landsat im-
ages were calibrated to radiance and reflectance values.
The 2015 Digital Orthographic was acquired from the Pars
Special Economic Energy Zone in Bushehr province. All the
remote sensed data was collected from a single scene in
February. Digital image processing software ENVI 5.1 and
ArcGIS 10.1 were used to process and analyze the spatial
data.

Medium-scale (1:25,000) black and white panchromatic
aerial photographs procured by the Iranian National Geo-
graphical Organization in 1956 were also scanned and im-
ported into ArcGIS (ESRI Inc. version 10.1). These images

were imported as geospatial digital images at a resolution
of 1000 dots per inch. In addition, we used tonality (con-
trast), crown texture, structure, tree height, and relative
position on the ground attributes to distinguish mangroves.

GPS was used in the field to determine the position of
40 ground control points located at distinctive positions se-
lected from the imagery. All images and aerial photographs
were geometrically corrected using ground control points
for the second time.

The near-infrared (NIR) (760—900 nm) and red (RED)
(630—690 nm) bands are strongly reflected and absorbed by
plants. Therefore, they are often applied to represent the
amount of greenness or biomass of mangroves, which in turn
can reflect their health or photosynthetic activity (Kovacs
et al. 2005). NDVI (Normalized Difference Vegetation Index)
was calculated using Eq. (1).

NDVI = (NIR — RED)/(NIR + RED), 1)

where Red and NIR stand for the spectral reflectance mea-
surements acquired in the red (visible) and near-infrared
regions, respectively. NDVI values range from —1 to 1, rep-
resenting a reaction to photosynthetic activity, that is the
higher the NDVI value the greater the health and vegetation
cover (Green et al., 1997; Meneses-Tovar, 2011). NDVI val-
ues close to 0 were classified as sparse vegetation or bare
land, and values below zero were depicted as wet soils and
water. We considered 5 classes for the NDVI value for each
image. Class 0 is non-mangrove area, classes 1, 2, 3 and 4
are sparse, low, medium, and thick mangrove cover, respec-
tively. A maximum likelihood classification (MLC) program
was used to classify three land cover types consisting of
mangrove (class 2), water (class 3), and others (barren land,
agriculture, habitation) (class 1). Imagery analysis tech-
niques were integrated with geographic information sys-
tems (GIS) to perform spatial differentiation of vegetation
changes. The displayed image with the above classes was
enhanced spectrally by histogram equalization. We identi-
fied Nayband mangrove forest cover change (gain and loss)
from 1990 to 2015 using Landsat satellite data and GIS soft-
ware.

4. Result and discussion
4.1. Climatic variables

The Mann-Kendall (MK) test was used to detect the increas-
ing or decreasing trends of climatic variables, and whether
the trend was statistically significant. Table 2 presents the
MK statistics for Min, Max, mean temperature and precipita-
tion as the most important climatic variables for the period
of 1969 to 2015 in Bushehr station. A positive or negative
value indicates an increasing or decreasing trend, respec-
tively. Table 3 shows a significant trend (0 shows no signifi-
cant trend;1 depicts significant trend) in climatic variables
in a period from1969 to 2015 at Bushehr station. Results
showed that the Min and mean temperature trends were
significant for most months of the year at 95% confidence
while Max temperature did not show a significant trend.
Asfaw et al. (2018) found the same result which revealed an
increasing trend for mean and Min temperatures overtime


http://www.ncc.org.ir
http://www.ncc.org.ir
http://eros.usgs.gov

104 H. Etemadi et al./Oceanologia 63 (2021) 99—114

Table 2 Statistics of Mann-Kendall test for climatic variables in a period of 1969 to 2015 in Bushehr station.
Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec Annual
Tmin 1.25 1.83 2.43 4.40 5.21 5.19 5.27 4.95 5.53 4.75 3.48 2.22 6.67
Tmax -0.44 -0.29 -0.86 0.34 1.85 0.57 0.12 1.08 0.98 -0.66  0.45 -0.87  0.55
Tmean  0.47 0.62 1.07 1.97 3.23 2.85 1.98 0.99 2.63 3.74 1.99 1.49 3.95
Rain 1.68 0.67 0.51 -0.12 -3.87 -9.65 -9.74 -10.2 -10.4 -498 -0.09 0.55 1.57
Table 3 Significant trends in climatic variables in a period of 1969 to 2015 in Bushehr station.
Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec Annual
Tmin 0 0 1 1 1 1 1 1 1 1 1 1 1
Tmax 0 0 0 0 0 0 0 0 0 0 0 0 0
Tmean 0 0 1 1 1 1 1 0 1 1 1 0 1
Rain 0 0 0 0 1 1 1 1 1 1 0 0 0
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Figure 2 Linear regression of minimum and maximum temperature in Bushehr station.

significantly while the trend for Max temperature showed a
non-significant increasing trend.

Based on the regression equation of minimum tempera-
ture (Tmin) and maximum temperature (Tmax) in Bushehr
station (Figure 2), we calculated that minimum, maximum
and mean temperature has increased 0.075, 0.011, and
0.037°C per year, respectively. Furthermore, the total in-
crease in minimum temperature during the 47 year pe-
riod was 3.53°C. The analysis also revealed an increase
in mean (+1.74°C) and maximum (+0.51°C) temperatures
during the 47 years (Figure 2). This increase is consider-
ably high in comparison with the global mean temperature
which has risen by 0.8°C from 1880 to 2012 (IPCC, 2013).
The regression results on seasonal mean temperatures also
showed increases in the period from1969 to 2015 dur-
ing winter (December, January, and February) and sum-
mer (June, July, and August) in a range of +1.8 and +1.7,
respectively (Figure 3). Previous meteorological studies in
Iran also demonstrated that warming tendencies are pri-
marily a result of Tmin increases (Etemadi et al., 2014;
Kharin et al. 2007; Rahimzadeh et al., 2009; Soltani et al.,
2016). It has also been observed that annual mean Max and
Min temperatures increased by 0.31 and 0.59°C per decade
across Iran, respectively (Soltani et al., 2016). Etemadi

et al. (2016) reported that the minimum temperatures in
the south of Iran increase by +3.14°C over the past 42 years
and predicted an increase to temperatures above 38°C dur-
ing warm seasons by 2080—2099. By extrapolation of the
temperature linear regression to 2100, the results depict
that Max and Min temperature will rise above 33°C (pho-
tosynthesis rate declines above 33°C) from May to Novem-
ber and from June to October, respectively. Rising temper-
atures in the sub-tropical region like the northern coast of
the Persian Gulf where mangroves exist near their thermal
tolerance limits will cause a reduction in photosynthesis
rates and growth by the end of the century. On the con-
trary, increasing air temperature in cooler regions may al-
low mangroves to expand to poleward. This might occur
because of a reduction in the frequency of extreme cold
events (Cavanaugh et al., 2014). Etemadi et al. (2016) found
that increasing air temperatures due to climate change are
likely to influence mangrove development such as causing
the mangroves flowering and fruiting period to shift to ear-
lier in the year.

The Mann-Kendall test results (Table 2 and 3) showed
that there was a significant reduction in summer and fall
precipitation from May to October and no significant trend
from November to April. Based on the sum of annual
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precipitation during the 47 years (1969—2015), long-term
mean annual precipitation was 246.5 mm and years with
precipitation lower than 246.5 are considered dry years
(Figure 3). Based on this information, several consecutive
dry years (i.e., drought period) occurred between 1989—
1994 and 2006—2013 in our study area.

Abnormal distribution of precipitation, especially in arid
areas with fewer and sparse rainfall events, has been em-
phasized in the literature as a non-normal variable because
of mostly uneven distribution (Samadi et al., 2013). Change-
point analysis using the Petitt-Mann-Whitney test (Figure 4)
indicated that 2003 was the change point. Rainfall variabil-
ity comparison in pre and post-2003, as well as t-test, in-
dicated that the rainfall variables (proportion of consecu-
tive rainy days >2, >5, >10, and >25 days) are significantly
(P-value < 0.05) different in pre- and post-2003 with a sig-
nificant reduction in post-2003. Persian Gulf mangroves are
adapted to exist near the limit of tolerance for extremes
in temperature, rainfall, and salinity (Schile et al., 2016).
Precipitation changes have been shown to have a major ef-
fect on mangrove growth and mangrove area changes in
Qeshm, Iran, during the period of 1975—2005 (Salehipour-
Milani and Jafari-Beglu, 2012). In addition, increased salin-
ity can convert the landward zone to hypersaline flats. De-
creasing biodiversity, reducing net primary productivity and
growth causing a notable reduction in mangrove area as a
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consequence of rainfall reduction, increased evaporation
and salinity (Gilman et al., 2008). While increased precipita-
tion will likely increase riverine discharge along with the de-
livery of allochthonous sediments which may allow surface
elevation to keep up with sea-level rise (Ranasinghe et al.,
2013). Allochthonous inputs into systems without direct
river discharge (e.g., our study site) are limited to marine
and eolian sources, and therefore a change in precipitation
is unlikely to affect them. Rainfall reduction and tempera-
ture increasing trend in warm seasons in our study site may
also result in a higher degree of dryness which causes more
evaporation and increases salinity in the region. However,
more evaporation causes a greater concentration of pollu-
tants discharged into the Persian Gulf which has little ability
to flush itself clean (Bryant, 1981).

4.2. Geodetic leveling

Lowering surface elevation as a consequence of human ac-
tivities such as fossil fuel and groundwater extraction, and
industrial development might enhance relative SLR impact
in this region. Geodetic leveling was used to determine the
contribution of deep subsidence to relative SLR. Based on
the elevation changes and the mean elevation change data
in Bushehr Province geodetic leveling stations from 1990
through 2007 (Figure 6), we determined that the highest
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Figure 5 Elevation changes (left), mean elevation changes (right) in geodetic leveling station during 1990 to 2007.

subsidence occurred near Ahram (28.881°N, 51.274°E) ex-
ceeding 4 mm yr—". Abdan (28.079°N, 51.766°E) and Kangan
(28.206°N, 51.308°E) had approximately 2.5 mm yr—' subsi-
dence. Therefore subsidence contributes to substantial el-
evation change in this region. A rate of 1.5 mm yr~' was
established as the mean subsidence in Bushehr province by
averaging all mean elevation change data. Mapping based
on the industry seismic profiles and well log data indicates
rates of 1—2 mm yr—' subsidence along the Iranian coast
of the Gulf (Swift et al., 1988). There is no available data
on shallow subsidence (surface accretion change exceeds
surface elevation change) of these mangroves therefore we
apply the land surface subsidence data. The subsidence as
a deep land movement will add to the rate of mangrove
inundation. Also, the presence of extensive oil and natu-
ral gas extraction in this region is likely to enhance the
subsidence rate which will exacerbate mangrove elevation
losses compared to sea level. Land surface subsidence due
to fluid withdrawal are well documented (Fielding et al.,
1998; Ketelaar, 2009; Schoonbeek, 1976).

4.3. Sea-level rise

Global mean SLR from tide gauges and altimetry observa-
tions increased to 3.6 mm yr—' over the period 2005—2015
(Oppenheimer et al., 2019). Ecstatic SLR rates are projected
to be between 8 and 16 mm yr~' equivalent to a 0.8 to 1.6
m sea-level increase over the next 100 years (IPCC, 2013;
Pachauri et al., 2014). Under RCP 8.5, the rate of sea-level
rise will be 15 mm yr=' (10—-20 mm yr~', likely range) in
2100 (Oppenheimer et al., 2019). Figure 5 represents the
sea-level rise at the Kangan and Emamhasan tide gauge sta-
tions. Mean monthly sea-level data was calculated by av-
eraging hourly sea level in each month which adequately
removes sub-annual cyclical tidal constituents. A linear re-
gression model fit to the mean monthly sea-levels indicates
a mean sea-level rise trend of 4 mm yr~' at Kangan and
10 mm yr~" over the observed 14 years at Emamhasan. Re-
gional factors (e.g., tectonic processes, ocean circulation,
elevation changes of the wetland sediment surface, coastal
subsidence, and sediment budgets) (Lovelock et al., 2015)
account for the differences. Extrapolation suggests sea level
will rise by 33 and 82 cm at Kangan and Emamhasan, re-
spectively, by the end of the century. The Kangan tide
gauge data is expected to be more reliable for our purposes

due to closer proximity to our study sites. The Laboratory
for Satellite Altimetry in NOAA estimated 3.8 + 0.4 mm
yr~! sea-level rise in the Persian Gulf based on measure-
ments from satellite radar altimeters between 1992—2016
(https://www.star.nesdis.noaa.gov). Based on the IPCC re-
port the rate of sea-level rise in the Middle East is 2.2—
3.3 mm yr~' (IPCC, 2013, 2014). Thus, Kangan SLR (4 mm
yr=") slightly exceeds the maximum range limit in the Mid-
dle East.

Since the sea-level rise is the predominant fac-
tor influencing mangrove position, numerous studies
have investigated mangrove systems’ response to sea-
level rise (Alongi, 2015; Elison, 2015; Saintilan, 2020;
Schuerch et al. 2018). A study found many mangrove sites
in Brazil with accretion rates between 2.2 and 10.2 mm yr~"
are currently keeping pace with SLR (Ward et al., 2016).
Overall, less subsidence than accretion rate creates posi-
tive surface elevation for mangrove to keep pace with SLR
(Lovelock et al., 2015; Ward et al., 2016). However, man-
grove landward migration into previously freshwater sys-
tems is likely to occur if sediment accretion is unable to
keep pace with SLR and suitable migration space exists.
Alongi (2015) examined accretion and sea-level rise in many
different regions of the world and found that mangrove sys-
tems may respond in complex ways to sea-level rise, but
there was a significant relationship between these two fac-
tors (i.e., accretion and SLR).

The tidal range is known as a controlling factor in man-
grove relocation and movement. Furthermore, mangroves
in areas with a high tidal range (macro-tidal and meso-
tidal coast) might be able to keep pace with accelerat-
ing SLR (Alongi, 2008), therefore they are more resilient
to SLR influences because of enhanced sediment concen-
trations and flood dominance (Friedrichs and Perry, 2001).
Mangroves in micro-tidal (e.g., tidal range less than 1 m)
to meso-tidal (e.g., tidal range between 1.0 and 3.5 m) are
more likely to migrate to keep up with relative SLR. But,
mangroves in macro-tidal coasts (tidal range more than 5
m) have expanded more than mangroves in micro-tidal ar-
eas (Elison, 2015). The low tidal range (1.5—2 m) in our
study area makes these mangroves particularly vulnerable
to SLR impacts and likely will necessitate migration or loss.
Lovelock et al. (2015) suggested that Indo-pacific mangrove
forests with low tidal range and low sediment supply could
be submerged as soon as 2070.
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In addition, since Mond and Nayband mangroves do not
have a riverine source of sediment these systems are much
more vulnerable to the impact of sea-level rise than riverine
systems. The most vulnerable mangroves to climate change
impact are located where rivers are lacking and/or where
the landform is subsiding (Alongi, 2008). Based on SLR data
in the Persian Gulf as well as the study site (Figure 5), land
surface subsidence (Figure 6), no riverine supply of sedi-
ment, and low vertical accretion rates of arid zone man-
groves, especially in Persian Gulf coastal area (Adame et al.,
2020), these mangroves are unlikely to keep pace with SLR,
and mangrove landward migration is much likely to oc-
cur if anthropogenic factors do not limit mangrove expan-
sion. Schuerch et al. (2018) recently highlighted projected
coastal wetlands gains of up to 60% in the landward direc-
tion. The 60% increase assumes space will exist for migra-
tion, however, anthropogenic activities in many parts of the
world have created impediments to migration, like in semi-
arid north Brazil where Godoy and de Lacerda (2015) doc-
umented the loss of suitable migration space by a housing
development. Consequently, SLR is likely to cause mangrove
losses at the seaward edge.

Therefore, our study sites in an arid region with no river-
ine discharge, landform subsidence, micro-tidal regime,
growth limitation from low rainfall, and hypersaline con-
ditions are some of the most vulnerable mangroves in the
world. However, there are no records of accretion rate in
mangrove systems therefore we survey these mangrove ex-
pansion patterns by satellite imagery during the study time-
frame.

4.4. Remote sensing analysis

Bidkhoon mangrove area has significantly decreased
(Figure 7) during the 60 year period from 1956 to 2015.
Mangrove vegetation cover has been reduced from 130 ha
in 1956 to only 96 ha remaining in 2015. The spatial changes
indicate that most of the loss has occurred on the land-
ward side. In addition, Basatin mangrove cover has been
reduced (Figure 7) from 46 to 41 during the same 60 years.
Basatin mangrove area loss was particularly evident in the
more landward mangroves. The results show that Bidkhoon
and Basatin mangroves (Figure 7) expanded between the
years of 1990 to 2002, but decreased between 1956 and
1990 and again after 2002. While it was expected that the

sea level rise of 4 mm yr~' would lead to landward migra-
tion, these systems might be limited in their ability to col-
onize in the landward direction due to unfavorable condi-
tions produced via the discharge of industrial effluents and
municipal wastewaters into the area. There are large nat-
ural gas fields, refineries, petrochemical companies as well
as abundant manufacturing facilities and ancillary industries
near the Bidkhoon and Basatin mangrove sites which devel-
oped mostly after 1995 and are the source of many pollu-
tants (Shojaei-Gori et al., 2013). The most important exter-
nal threats for Bushehr mangrove sites are the construction
of petroleum sites and large investments for oil extraction
as well as failure to establish integrated coastal zone man-
agement (Padash et al., 2016). This environmental stress
may increase mangrove vulnerability to the already harsh
climate condition such as hyper-salinity.

The Malgonze mangrove area was selected as a control
site because it is located far from polluted areas where
oil and gas companies are prevalent. The Malgonze man-
grove area increased from 9.3 ha in 1956 to 11 ha in 2015
(Figure 8). These mangroves have expanded in the landward
direction, while seaward mangroves have been lost likely
due to rising sea level. Sea-level rise increases tidal inun-
dation depth and frequency which can decrease mangrove
seedling growth and the rate of photosynthesis on the sea-
ward side (Kemp et al., 2011), but by migrating landward
mangrove seedling have a greater chance to establish, ma-
ture, and reproduce (Abel et al., 2011). Mangrove landward
migration has been documented as a response to SLR in the
Ten Thousand Island region of Florida (Krauss et al., 2011),
Louisiana (Mckee et al., 2004; Perry and Mendelssohn,
2009), Trinidad (Ramcharan, 2004), Hawaii (Chimner et al.,
2006) and Mexico (Lopez-Medellin et al., 2011) and Iran
(Etemadi et al., 2018).

The assumption that mangroves in Basatin and Bidkhon
were diminished due to harmful effects related to pollution
is based on the relatively high concentrations of contami-
nants in this area and the known harm these contaminants
cause to the mangrove function. Davari et al (2013) re-
ported that heavy metal concentrations in mangrove soil in
Bidkhon and Basatin were higher than in the Malgonze man-
grove site, which were also higher than the permissible lim-
its for soil based on US EPA standard. They concluded that
oil and gas production at the South Pars field was the main
reason for this contamination because of the proximity of
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the Bidkhon and Basatin site to the discharging of industrial
effluents to Nayband Bay. Zare-marivan (2010) found there
was the contamination of petroleum-related heavy metals
(Ni, V and S) in Nayband bay sediment. Also, the concentra-
tions of Pb and Cd in Nayband bay sediment were higher
than the Persian Gulf standards (Dehghani et al., 2014).
The presence of toxic substrates such as petroleum waste,
anoxia, and hydrogen sulfide in the mud of mangroves lim-

27‘22;’30" N

Bidkhoon (above) and Basatin (below) mangrove area changes in Nayband Marine National Park from 1956 to 2015.

ited the pneumatophore functions and consequently jeop-
ardizes mangrove survival (Snedaker et al., 1981).

The influence of pollution is tested indirectly by in-
vestigating mangrove health changes through vegetation
index which evaluates green density and physiological
properties of mangrove canopies. Many studies applied
the NDVI model to monitor mangrove health and den-
sity (Almahasheer, 2018; Arshad et al., 2020; Samant and
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Figure 8 Malgonze mangroves area changes in Mond Pro-
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Hazra, 2017; Sari and Rosalina, 2016). Landsat imageries
have been used to generate NDVI to monitor vegeta-
tion health changes in the years 1990, 2002, and 2015.
Figure 9 represents NDVI index in Bidkhoon and Basatin man-
groves in February which is the main growth month in the
south of Iran. Results showed that the quality and quan-
tity of mangrove vegetation cover changes have been no-
ticeable. Mangroves with NDVI class 1 decreased from 1990
to 2002, but class 2 and 3 increased in this same time pe-
riod. Between 2002 and 2015, mangroves with NDVI class
1 declined and vast mangrove cover converted mostly to
mangroves with NDVI class 3 and 4. The northern portion
of mangroves in Basatin was lost but in the southern parts,
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new mangrove cover with NDVI class 4 was generated. It
is inferred that the mangrove losses after 2002 are mostly
attributed to the pollution from industrial and urban devel-
opment that occurred post-1997. Maleki-Zade (2014) stud-
ied land-use change and temperature anomalies in Nayband
National Marine Park. The results showed that 34 ha of man-
grove vegetation was lost from 1998 to 2013. Furthermore,
releasing industrial wastewater from the South Pars gas field
(phase 9 and 10) was the most important cause of this degra-
dation. Maleki-Zade (2014) also demonstrated a noticeable
temperature increasing in the mangrove forest and grass-
land in this district. Kouhgardi and Shakerdargah (2015) re-
vealed that pollution caused by rapid urban and industrial
development in Nayband National Marine Park may lead to
the mortality of mangrove forests due to effects on root,
leaf, and soil.

Land-cover change detection has been widely applied in
coastal environmental monitoring (Ghosh et al., 2015) and
forest monitoring (Kennedy et al., 2007). Specifically, super-
vised land classifications are the most widely used land class
detection method. Variations in land cover categories of the
three major classes (bare land, open water, and mangrove)
were considered for the change detection study. Classified
maps from the years 1990, 2002, and 2016 are presented in
Figure 10. Overall classification accuracy ranged from 80%
to 86%. The Kappa coefficient is a level of agreement of the
pixels based clustering on image classification and field ob-
servations (Lillesand et al., 2007). The overall kappa statis-
tics of those images range from 0.80 to 0.85. Land cover
gain and loss change based on percent change for each land-
cover class in Bidkhoon and Basatin regions are shown in
Figure 11. During the period 1990—2002, the mangrove area
expanded from 66 to 100 ha, the soil area decreased by 55
ha from 703 to 648 ha while 35 ha switched to mangrove
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NDVI Bidkhoon (above) Basatin (below) mangrove forest in the years of 1990, 2002 and 2015. Class 0 is non-mangrove

area, class 1, 2, 3 and 4 are sparse, low, medium and thick mangrove cover, respectively.
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Figure 10

Bidkhoon (above) Basatin (below) area classification images in the years of 1990, 2002 and 2015. Land (barren land,

agriculture, habitation) (class 1), mangrove (class 2), and water (class 3).
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Percentage change of land cover categories, Bidkhoon (left), Basatin (right) from 1990 to 2015.

Table 4 Changes in land cover categories area (ha) and percent (%) in the years 1990, 2002 and 2015.

Area (ha) Bastamin

Area (ha) Bidkhoon

2015 2002 1990 2015 2002 1990
soil 1326.8 1298.3 1334 soil 636.84 648.7 703.2
water 537 535.5 533 water 514.98 499.5 478.8
vegetation 40.5 70.7 37.6 vegetation 96.6 100.2 66.3
% change Bastamin 2015 2002 1990 % change Bidkhoon 2015 2002 1990
soil 69.6 68.14 69.96 soil 51 51.96 56.32
water 28.23 28.1 27.9 water 41.24 40 38.35
vegetation 2.12 3.71 2.23 vegetation 7.74 8.03 5.31

and 15 ha became open water. In the years between 2002
and 2015, the mangrove area decreased by 4 ha (i.e., from
100.2 to 96.6 ha) and became open water. Soil area de-
creased from 648 to 636 ha. Similar results were found in
the Basatin region. Table 4 represents changes in land cover
categories area in the years 1990, 2002, and 2014. Results
indicated that the open water area has increased while the

soil and mangrove area in Bidkhoon and Bastain sites de-
creased over this 26-year period demonstrating that in the
Nayband region SLR causes more land to convert to open
water. Etemadi et al. (2018) reported that Jask mangroves
forest in Iran are not keeping pacing with SLR as there was a
significant correlation between relative SLR and mangroves
area migration in the landward direction.
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5. Conclusion

Minimum temperature (3.53°C), increased significantly dur-
ing the 47 years examined. Moreover, drought elongation
and precipitation reduction occurred after 2003. These con-
ditions lead to more evaporation and elevated salinity which
increases stress on Persian Gulf mangroves which already
exist near the limit of tolerance in terms of temperature and
salinity. We also found rising sea level rates (4 mm yr—') are
partially due to deep subsidence (1—2 mm yr—"). Further-
more, studied mangroves with no riverine discharge, subsi-
dence, and the micro-tidal regime are extremely vulnerable
to the impact of SLR. Based on the result of land-use change
analysis and the expansion of open water to the land over
26 years, it is likely that relative SLR including subsidence is
the main driving factor.

Our spatiotemporal analysis demonstrates that the Mal-
gonze mangrove site has been expanding to landward while
the seaward area has been converted to open water. How-
ever, the Nayband mangrove area dramatically decreased
in the past 60 years. NDVI results show that the Nayband
mangroves maintained a healthy condition and expanded
between the years of 1990 and 2002 which could be the re-
sult of rising temperatures and above-average precipitation.
However, NDVI changes after 2002 demonstrate the man-
grove health and area have decreased. The control site at
Malgonze showed landward migration compared to the de-
creasing mangrove health and area at the Nayband site after
2002. This lead to the conclusion that the proximity to the
large natural gas fields and industrial effluent which was dis-
charged directly into the estuaries, and began immediately
after 1997, caused a reduction in the mangrove vegetated
area.

We concluded that the mangroves in this region of the
world have numerous threats including pollution, rising sea
level, increasing temperature, and decreasing rainfall. The
combination of these factors is likely to exacerbate man-
grove degradation in the near future. A broad range of man-
agement and conservation planning would be necessary to
reduce the impact.
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Abstract This study presents how human-altered hydrographical settings (flow restrictions)
impacts the natural distribution and community structure of copepods in the Kochi Backwaters
(KBW), the largest monsoonal estuary along the southwest coast of India. This study is primarily
based on an extensive seasonal sampling in the KBW and their comparison with a historical data
set. Thannermukkom Barrage (TB) was built in the southern section of the KBW in the 1970s
to prevent saline water intrusion to the upstream during the non-monsoon periods. Thirteen
locations (1—4 in the downstream, 5—9 in the midstream, and 10—13 in the upstream) were
sampled in this study over the entire stretch of the KBW during the Pre-Southwest Monsoon
(PRM), Southwest Monsoon (SWM), and Post-Southwest Monsoon (PSWM). The overall effect
of TB in the KBW is a seaward push of mesohaline conditions during all seasons with vary-
ing intensities. In response to the seaward push of mesohaline conditions, copepods Acartiella
keralensis, Acartia plumosa, Acartia sp., Pseudodiaptomus annandalei, Pseudodiaptomus ser-
ricaudatus, Euterpina acutifrons and Oithona brevicornis showed a corresponding spatial shift
for their highest abundance and diversity from midstream during PRM to the downstream during
the SWM/PSWM. Multivariate and IndVal analysis demarcated many indicator species of cope-
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pods of different hydrographical settings in the KBW. A comparison with the historical data set
showed that there is an apparent long-term change in hydrography, copepod composition and
community structure in the upstream of the KBW due to TB.

© 2020 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/).

1. Introduction

Mesozooplankton (>200 wm) play a vital role in the aquatic
environment in transferring energy in the lower level
(plankton) food web to higher trophic levels. The dis-
tribution of copepods, the most abundant component of
the mesozooplankton (>60% in abundance), is mainly in-
fluenced by the salinity of the estuarine and coastal wa-
ters (Chen et al., 2011; Roman et al., 2000). During the
Southwest Monsoon (SWM; June—September), the high pre-
cipitation and land runoff lead to freshwater dominance
in Indian (monsoonal) estuaries (Arunpandi et al., 2020;
Haridevan et al., 2015; Vijith et al., 2009). Soon after the
SWM, the river flow decreases, and seawater intrusion be-
comes prominent in these estuaries. Kochi (Cochin) backwa-
ters (KBW) is the largest estuary along the southwest coast
of India (Kurup et al., 1990) sustaining estuarine, brackish
and freshwater conditions extending from Azhikode in the
north to Alleppey in the south (Figure 1a).

The KBW receives the seasonal highest amount of
freshwater influx during the southwest monsoon (SWM —
June to September) every year (Arunpandi et al., 2020;
Jyothibabu et al., 2006; Kurup, 1990; Srinivas et al., 2003).
Thannermukkom barrage (TB), is a saltwater regulator con-
structed in the south side of KBW in 1976 (Figure 1b—d).
Four rivers (Manimala, Meenachil, Pamba and Achenkovil)
enter the KBW from the south of TB and make a com-
bined discharge of ~20000 x 10® m* per year (Qasim, 2003;
Srinivas et al., 2003). TB was constructed in 1976 mainly to
prevent saltwater intrusion to the Southern part (upstream)
of the KBW during non-monsoon (Pre-Southwest Monsoon —
SWM; Post-Southwest Monsoon — PSWM) period. The clos-
ing (PSWM to PRM) and opening (SWM) of the shutters of
TB usually takes 3—4 days. TB has a length of 1250 m with
63 shutters (93 Vents 12.5 x 5.47 m). TB has also facili-
tated (Report on visit to Vembanad Kol, 2008) many of the
livelihood activities of people involved in agriculture, fish-
ing, tourism, inland navigation, coir retting, and lime shell
collection. But over the years, the flow restrictions in the
KBW by TB caused severe ecological deterioration, which
leads to the eutrophication, massive distribution of exotic
water weeds (Eichornia, Monochoria etc.) and dwindling of
many endemic faunal resources (Gopalan, 1991).

The changing flow regime of KBW due to the closing of TB
shutters causes several environmental issues (Qasim, 2003;
Revichandran et al., 2011), which includes increased silta-
tion (Gopalan, 1991), spread of aquatic weeds, eutrophica-
tion and oxygen depletion. Earlier studies have shown the
disruption of the natural ecological balance, thereby im-
posing adverse effects on the migrating fauna of prawn,
fish and clam (Kannan, 1979; Padmakumar et al., 2002).
Some general aspects of TB impacts on the hydrogra-

phy and the living resources in the KBW were investi-
gated in the past (Achari, 1988; Arun, 2009; Buyukates and
Roelke, 2005; Froneman, 2004; Haridevan et al., 2015;
Kibirige and Perissinotto, 2003; Menon et al., 2000). How-
ever, still, there is no comprehensive data available on the
extent to which TB influences the distribution of plankton
in KBW, which is particularly crucial because plankton is
globally considered as an excellent indicator of environ-
mental change (Mackey et al., 1996; Millie et al., 1993;
Pinckney et al., 2001). Therefore, in this seasonal study, we
focused on the copepod composition and their community
structure in different sections (downstream, midstream and
upstream) of the KBW mainly to know what alteration TB
has caused to the plankton composition and distribution.
The following objectives were covered in this study (a) to
understand the seasonal ecological differences in the KBW
on a spatial scale and (b) assess the impact of TB on the
copepods composition and community structure in the KBW
and (c) to identify the indicator species of copepods to the
different hydrographical settings in the KBW.

2. Material and methods
2.1. Sampling

The KBW (area 256 km? and volume 0.55 km3) is sit-
uated between 09°00'N—10°40'N and 76°00'E—77°30°E. In
general, TB is fully opened from June to September (South-
west Monsoon) and remains closed from March to May
(Premonsoon/Pre-Southwest Monsoon). The present sam-
pling was done during three seasons; August 2013 (South-
west Monsoon; SWM), December 2013 (Post-Southwest Mon-
soon; PSWM) and March 2015 (Pre-Southwest Monsoon;
PRM). Samples were collected from 13 locations from the
downstream (Kochi inlet) to the upstream (Alapuzha in the
south of TB). A speed boat was used for sampling to cover
the entire stretch of KBW almost at the same tidal phase.
Nine stations were to the north of TB (1—9) and four sta-
tions to the south (10—13). Among these stations, 1—4 rep-
resent the downstream, 5—9 the middle stream and 10—13
the upstream. According to the salinity ranges suggested by
McLusky (1993), KBW has several salinity levels such as eu-
haline (> 30), polyhaline (18—30), (c) mesohaline (5—18),
oligohaline (0.5—5) and (e) limnetic (< 0.5).

2.2. Physico-chemical parameters

Vertical distribution of salinity was measured using a CTD
(Sea CAT SBE 19 plusV2). Water samples were collected us-
ing Niskin sampler for measuring the chemical and biolog-
ical parameters such as dissolved oxygen, nutrients, total
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(a) Sampling locations in the Kochi backwaters (KBW), (b) Google Earth image of Thannermukkom barrage (TB), (c) open

TB and (d) closed TB. Red arrows in (c) and (d) show the state of shutters (open/closed).

Chlorophyll a (Chl a) and mesozooplankton. Dissolved oxy-
gen was measured using the modified Winkler method. For
nutrient analysis, collected samples were kept in an icebox
and transported to the laboratory where they were stored
under —20°C till analysis. They were measured based on the
standard procedure (Grasshoff et al., 1983). For turbidity,
samples were measured by a calibrated turbidity meter (EU-
TECH TN-100) as per the nephelometric principles.

2.3. Biological components

Chlorophyll a (Chl a) was measured from 2 L water sam-
ples. For total Chl a analysis, 500 ml of water subsam-
ples were filtered through 0.2 um (Whatman GF/F filters).
Phytoplankton concentrated on filter paper was extracted
for Chl a using 10 ml of 90% acetone (in amber tubes)
overnight (UNESCO, 1994) and measured through a cali-
brated Turner Fluorometer (Turner designs — 7200). Meso-
zooplankton was sampled using a WP net (mesh size 200
um) with a mouth area of 0.25 m2. The plankton net was
towed horizontally at slow speed (2 knots), just below the
water surface (~1 m depth). A flow meter (Hydro-bios) was

attached across the mouth to calculate the volume of the
water filtered. The samples collected were preserved in 4%
formaldehyde for later enumeration and identification. Zoo-
plankton group abundance was measured using the standard
procedure of Postal et al. (2000). Among the sorted sam-
ples, cladocerans were identified up to genus level, whereas
copepods were identified up to species levels using standard
literature (Conway et al., 2003; Gardner and Szabo, 1982;
Kasturirangan, 1963; Sewell, 1999; Tanaka, 1956).

2.4, Statistical analysis

2.4.1. Grouping of locations

A euclidian distance matrix type of cluster/NMDS anal-
ysis was performed for the grouping of locations based
on their similarity for hydrographical parameters. Clus-
ter/NMDS analysis was performed separately for three sea-
sons. The locations within the cluster have more similarity,
whereas the groups are dissimilar. Hydrographical parame-
ters were normalised before the analysis of the cluster. SIM-
PROF permutation analysis was performed to test the signif-
icance of the clustering pattern.
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2.4.2. Indicator species (IndVal) analysis

The representative species in each assemblage of cope-
pods are identified based on Indicator value (Indval) in-
dex (Dufréne and Legendre, 1997). IndVal primarily reflects
whether the species assemblages are symmetric or asym-
metric between different groups of observations. IndVval in-
dex reaches the maximum (100%) when all the individuals
of a species occur in a single group of observations (centre
of distribution), which essentially represents the asymmet-
ric distribution of that species between the groups. On the
other hand, the IndVal index reaches the lowest when the
species are symmetrically distributed between the groups
(Hunt and Hosie, 2006). According to Dufréne and Legen-
dre (1997), a minimum of 25% IndVal can be considered as
the threshold level to determine IndVal species in a group
of observations. In the present study, >40% IndVal value was
used as the threshold to demarcate the IndVal species.

2.4.3. Univariate and multivariate analysis

Differences in hydrographical and biological components
were tested through ANOVA. Initially, datasets were tested
for their distribution. The datasets in normal distribu-
tion parametric ANOVA with Tukey’s HSD posthoc test was
performed to compare the difference between the clus-
ters, whereas the heterogeneity sample distribution non-
parametric ANOVA (Kruskal-Wallis) with Dunns post hoc
test was performed for comparing the differences between
the clusters. The tests of normality, parametric and non-
parametric ANOVA were carried out in XL stat pro-software
pack up. The interrelationships within and between the
environmental parameters and the biological parameters
(Chlorophyll a and copepod species) were analysed using
RDA (CANOCO 4.5). Primarily, the data was tested with De-
trended Correspondence Analysis for finding a suitable ordi-
nation technique. The Detrended Correspondence Analysis
results showed axis gradient length <2, suggesting the use
of a linear multivariate RDA as the most appropriate method
(Leps and Smilauer, 2003). The biological variables were log-
transformed before the analysis. The ordination significance
was tested with Monte Carlo permutation tests (499 unre-
stricted permutations) (p < 0.05). RDA was represented in
the form of Triplots in which points display sampling sta-
tions (black circles), and biological (dotted green lines) and
arrows showed environmental variables (blue lines); salinity
was denoted with dotted pink colour.

3. Results
3.1. Physico-chemical parameters

3.1.1. Salinity

The distribution of salinity showed the dominance of
salinity during the PRM period (Figure 2) wherein, poly-
haline/euhaline (26.4 salinity) levels were found in the
downstream, mesohaline (11—13.5 salinity) levels in
the midstream, and oligohaline (0.9—4.9 salinity) in the
upstream. Salinity gradients were evident from the down-
stream to the upstream with a marked difference (75
salinity) caused by TB. During the SWM, the surface waters
were limnohaline (0.06 and 1.60 salinity) (Table 1), which
extended over the entire stretch of the KBW except for the

bar mouth. During the PSWM period, the mesohaline (16.4
salinity) condition prevailed over the downstream and in
the midstream reaches oligohaline to mesohaline levels,
whereas oligohaline (0.64 salinity) levels in the upstream of
KBW. ~1.4 unit salinity difference was noticed between the
downstream and upstream of KBW (Table 1).

3.1.2. Nutrients

Spatially, the distribution of nutrients showed varies pat-
tern. In the present study, nitrate (NO;) concentration
ranged between 0.63 and 18.53 uM and did not show any
clear trend in the distribution. However, during SWM, ni-
trate was relatively high (from 10.8 to 18.53 wM) and uni-
form over the entire KBW compared to PSWM (from 3.1
to 15.2 uwM) and PRM (from 0.63 to 10.9 uM) (Table 1 and
Figure 3c, 4c and 5c). Phosphate (PO4) concentrations var-
ied from 0.15 to 2.05 wM during the PRM period (Table 1 and
Figure 3d); 0.13 to 0.37 uM during the SWM (Figure 4d) and
from 0.28 to 1.02 wM during the PSWM (Figure 5d). The con-
centration was generally high in the downstream locations,
which was lower during the SWM compared to the PRM and
the PSWM period. Significantly high silicate concentration
found in the KBW throughout the year. Silicate concentra-
tion varied from 13 to 49.1 wM during the PRM (Table 1 and
Figure 3e); 92.77 to 126.29 uM during the SWM (Figure 4e)
and 15.33 to 25.47 uM during the PSWM (Figure 5e). Sil-
icate was five times higher in the downstream during the
SWM compared to PRM (Table 1). Spatially, silicate concen-
tration was higher in the upstream locations compared to
downstream and midstream of the KBW (Table 1).

3.1.3. Dissolved oxygen, turbidity

Dissolved oxygen ranged between 3.98 and 5.92 mg/L during
the PRM; 5.78 to 7.06 mg/L during the SWM, and 4.05 to
5.09 mg/L during the PSWM period. Spatially, DO was high
in upstream locations. Seasonally, DO was high during the
SWM period and found saturated levels in the entire study
area (Table 1). Turbidity ranged between 1.1 and 4.3 NTU
during the PRM (Table 1 and Figure 3f), 1.83 to 17.37 NTU
during the SWM (Table 1 and Figure 4f) and 1.9 to 7.97 NTU
during the PSWM (Table 1 and Figure 5f). Irrespective of the
seasons, turbidity was found to be high in the downstream.
In the entire stretch of the study area, turbidity was high
during the SWM, followed by PSWM and the least during the
PRM (Table 1). Phosphate concentration was relatively high
in the downstream compared to the upstream during PRM
and PSWM while silicate showed a reverse trend. During the
SWM period, a variation in nutrients was low between the
downstream, midstream and upstream of KBW (Table 1).

3.2. Clustering of locations based on the
hydrographical features

Based on the distribution of the hydrographical parameters,
the sampling locations grouped into four different groups
during the PRM period viz., locations 1 and 2 in cluster I,
locations 3 to 6 in cluster Il, 7—9 in cluster Ill and 10—14
in cluster IV. The spatial distribution of hydrographical pa-
rameters and their mean values are presented in Figure 3.
During the PRM, cluster | was formed in the extreme down-
stream locations, which was characterised as polyhaline



Table 1

Spatial and seasonal distribution of environmental and biological parameters.

Parameters Stations
1 2 3 4 5 6 7 8 9 10 11 12 13
PRM Salinity 26.4 21.01 15.05 14.27 13.5 12.15 10.49 10.99 9.92 4.9 1.07 1.01 0.89
DO (mg/L) 3.98 4.47 4.95 4.76 4.92 5.31 5.63 5.13 5.74 5.24 5.06 6.00 5.92
NO3 (uM) 2.81 1.95 0.63 0.81 1.37 3.46 5.68 9.06 9.73 10.93 11.21 9.55 7.43
PO4 (M) 1.85 2.05 1.45 1.12 0.80 0.82 0.35 0.32 0.24 0.24 0.16 0.15 0.19
Si04 (M) 13.00 20.00 24.00 14.40 16.0 22.00 28.65 28.15 32.30 38.65 37.00 41.25 49.10
Turbidity (NTU) 4.30 3.90 3.27 3.37 3.40 3.31 3.69 2.21 2.13 1.43 1.48 1.10 1.26
Chl a (mg m=3) 2.3 4.62 4.28 3.64 3.86 6.42 1.95 2.89 1.55 2.1 9.22 2.35 3.05
MSP (No. m—3) 394.9 340.51 654.01 596.1 501.1 318.7 285.1 192.4 99.53 96.8 73.34 67.97 100.7
SWM Salinity 1.60 0.11 0.15 0.10 0.09 0.34 0.11 0.25 0.08 0.08 0.09 0.08 0.06
DO (mg/L) 5.78 5.91 5.95 6.01 6.09 6.17 6.2 6.2 6.26 6.7 6.98 7.01 7.06
NO3 (uM) 16.96 11.73 12.36 10.80 14.61 12.77 13.32 15.10 18.53 12.20 13.14 10.45 10.36
PO4 (uM) 0.37 0.26 0.21 0.29 0.26 0.24 0.24 0.16 0.13 0.17 0.17 0.17 0.19
Si04 (LM) 101.9 92.7 102.7 110.6 113.5 118.5 118.1 114.3 113.3 124.1 124.7 126.2 121.3
Turbidity (NTU) 10.92 17.37 11.52 4.94 5.28 4.99 4.99 4.98 3.02 2.73 4.15 2.45 1.83
Chl a (mg m—3) 2.9 3 3.17 1.68 2.6 3.5 3.47 2.39 3.41 4.2 2.66 1.63 1.11
MSP (No. m~—3) 85.85 73.69 143.17 74.86 76.72 47.82 72.19 91.19 63.42 55.63 16.07 13.22 36.56
PSWM Salinity 16.4 14.4 12.2 7.58 6.80 6.35 5.65 4.63 2.02 0.64 0.16 0.12 0.12
DO (mg/L) 4.05 5.09 5.08 4.8 4.09 4.05 4.16 4.85 4.47 4.87 4.92 4.72 4.36
NOs3 (M) 4.57 3.1 3.26 8.71 11.99 13.05 12.75 12.06 12.51 13.71 14.46 15.22 12.96
PO4 (M) 1.02 0.99 0.86 0.68 0.64 0.46 0.46 0.43 0.38 0.37 0.28 0.28 0.30
Si04 (nM) 17.80 16.31 16.03 16.56 17.26 19.43 18.88 15.33 16.79 21.04 25.47 21.65 25.41
Turbidity (NTU) 7.97 7.80 4.79 2.75 2.90 2.72 2.38 2.10 1.90 2.50 2.99 2.06 2.23
Chl a (mg m—3) 2.88 2.69 3.02 2 2.35 2.68 3.8 2.53 1.48 1.96 3.17 6.61 4.2
MSP (No. m—3) 803.3 1866.7 1460.6 483.46 306.86 219.27 288.77 324.76 253.7 222.53 144.30 132.86 146.23
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Figure 2 The distribution of salinity in the Kochi backwaters. Red coloured bricks indicate TB across the Kochi backwaters.
(a) Pre-southwest monsoon (PRM): cluster | (C I) indicates downstream polyhaline locations, cluster Il (C Il) and cluster I (C IIl)
midstream mesohaline locations, and cluster IV (C IV) upstream oligohaline locations. (b) Southwest Monsoon (SWM): cluster | (C 1)
extreme downstream and cluster Il (C Il) oligohaline/limnetic condition in the midstream and upstream. (c) Post-southwest monsoon
(PSWM): cluster | (C I) was mesohaline downstream locations, cluster Il (C Il) was mesohaline to oligohaline midstream locations,

and cluster Il (C lll) was limnetic upstream locations.

salinity (av. 23.7 + 3.8), turbidity (av. 4.1 & 0.28 NTU), rich
in phosphate (av. 1.95 £+ 0.14 M) and low-silicate (av. 16.5
+ 4.9 uM). Cluster Il represents the midstream locations
with mesohaline salinity (av. 14.5 + 2.1), moderate phos-
phate (av. 1.04 & 0.3 uM) and turbidity (av. 3.3 £ 0.6 NTU).
Cluster Ill represents the upstream region near to TB (loca-
tions 7—9) characterised by mesohaline salinity (av. 10.46 +
0.53), rich in silicate (av. 29.7 + 2.26) and low phosphate
(av. 0.3 & 0.05). Cluster IV was in the upstream of KBW (lo-
cations 10—14) with oligohaline salinity (av. 2 £+ 1.9), high
silicate (av. 41.5 £ 5.3) and low turbidity (av. 1.3 £ 0.17).
Pairwise comparison test showed that the downstream and
midstream clusters varied significantly from the upstream
cluster. A comparison of the upstream and downstream re-
gions with salinity, phosphate and turbidity showed a clear

difference during the PRM. In contrast, they were not sig-
nificant in the case of silicate and nitrate.

During the SWM period, the KBW was entirely freshwater
dominated (oligohaline), and spatial variation in salinity was
minimum, due to which, no apparent clustering of locations
was evident (Figure 4). During the PSWM, three clusters of
locations were formed. Cluster | with locations 1 to 3 rep-
resented the downstream, cluster Il with locations 4 to 9 in
the midstream and cluster Ill with locations 10—13 in the
upstream (Figure 5). Cluster | was characterised by mesoha-
line salinity (av. 14.3 + 2.1 salinity), moderate turbidity (av.
6.9 &+ 1.8 NTU) and phosphate (av. 0.95 & 0.08 uM). Clus-
ter 1l was characterised by mesohaline to oligohaline lev-
els of salinity (7.58 to 2.02) and low turbidity (av. 2.4 +
0.39 NTU). Cluster Il in the upstream (locations 10—13) was
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Figure 3  Grouping of (a) locations based on physicochemical variables in the KBW during the Pre-Southwest Monsoon (PRM). In

subsequent panels, the proportionate concentration of (b) salinity, (c) nitrate (NO3), (d) phosphate (POy4), (e) silicate (SiO4) and (f)

turbidity have been presented.

limnohaline (av. 0.26 + 0.25 salinity), less turbid (av. 2.4 +
0.4 NTU) and low phosphate (av. 0.3 + 0.04 uM).

3.3. Biological parameters

3.3.1. Chlorophyll a (Chl a)

Chl a was always in the high concentration range in the KBW.
The total Chl a distribution in the study area is presented in
Table 1. During PRM season total Chl a ranged from 1.95 to
9.22 mg m~3, during SWM season Chl a ranged from 1.11 to
4.2mg.m3 and 1.48 to 6.61 mg m~3 in PSWM. Chl a was the
lowest in the upstream region during SWM as compared to
the other periods. The maximum Chl a was noticed (9.22 mg
m~3) during PRM at the upstream region.

3.3.2. Mesozooplankton (MSP) abundance

The total MSP abundance ranged from 13.22 to 1866 No m—3
(Table 1). During the PRM period, MSP abundances varied
from 67.97 to 654 No. m~3 (Table 1). The mean MSP abun-
dance differed between the cluster locations (Figure 6a)
with a maximum in the midstream (cluster Il) compared to
the downstream (cluster I) or upstream regions (cluster Ill
and V). During the SWM, the MSP abundance decreased in

the downstream and midstream compared to the PRM pe-
riod (Figure 6b). During the PSWM period, MSP abundance
was high in the downstream (cluster I) compared to mid-
stream (cluster IlI) and upstream (cluster Ill) (Figure 6c).
During PRM high abundance of MSP was observed in the mid-
stream and during SWM and PSWM it was in the downstream
region. Overall, the mesozooplankton abundance was found
high in the mesohaline condition, specifically, in salinity lev-
els 10—18 (Figure 6).

3.3.3. Mesozooplankton (MSP) groups

The MSP community was composed of nine groups; Cope-
pods, Cladocera, Decapods larvae, Molluscan larvae,
Ostracods, Lucifer’s, Chaetognatha, fish eggs and Hydrome-
dusae. The contribution of various groups to the total
mesozooplankton abundance differed between space and
seasons. During the PRM, copepods were high in the mid-
stream (cluster Il) and downstream (cluster 1) compared to
the upstream locations (Figure 6a). Copepods contributed
49—73% to the total MSP abundance during the PRM. Clado-
ceran contributed 24—40% and their presence was spatially
high in the upstream locations (cluster Il and 1V) compared
to midstream and downstream locations (cluster Il and I).
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Figure 4 Grouping of (a) locations based on physicochemical variables in the KBW during the Southwest Monsoon (SWM). In
subsequent panels, the proportionate concentration of (b) salinity, (c) nitrate (NOs), (d) phosphate (PO,4), (e) silicate (SiO4) and (f)

turbidity have been presented.

During the SWM, six groups of MSP were recorded, where
copepods varied from 6 to 85 No. m~3 and contributing
54—58% in total abundance (Figure 6b). During this time,
cladocerans contributed 32—37% of the total abundance
and were high in upstream locations (cluster Il). During the
PSWM period, nine MSP groups were recorded. In general,
Chaetognatha, hydromedusae and Lucifers were found in
the downstream locations during PRM, and PSWM periods,
whereas their abundance was completely absent in the KBW
during SWM. Chaetognatha, hydromedusae and Lucifers
collectively contributed <8% of the total abundance.

3.3.4. Copepod community structure

Out of the 28 copepods species identified during the present
study (Table 2), 20 belongs to the order calanoid, 6 to cy-
clopoid and two species to harpacticoid. Calanoids were

the predominant form in the downstream and midstream
regions during the PRM and PSWM; wherein cyclopoids
were found dominant in the upstream locations. Some of
the species like Pseudodiaptomus annandalei and Acartia
plumosa were found throughout the KBW irrespective of
seasons. During PSWM A. plumosa was dominated (>50%)
and at the same time, there was an incidence of Acartia sp.,
swarm in the downstream (mesohaline) region especially in
station 2 and 3.

During PRM, IndVAL analysis of copepods showed a
significant difference between the cluster assemblages
(Table 3). In cluster | copepods, Acartia centrura, Acartia
danae, Acartia erythraea, Acartia southwelli, Labidocera
acuta, Centropages sp., Corycaeus (>80 IndVal) were dom-
inant and appeared as the indicator species of polyhaline
downstream region. Similarly, in cluster I, such as Acartia



Table 2 Copepod species abundance during the Pre-Southwest Monsoon (PRM), Southwest Monsoon (SWM) and Post Southwest Monsoon (PSWM) periods in the Kochi back
waters. Symbols: + indicates <1%, ++ indicates >1-5%, +++ indicates >5—10%, # indicates >10—20%, ## indicates >20—30%, ### indicates >30—40%, * indicates >40—50%,

** indicates >50—60% and (-) indicates absence.

PRM SWM PSWM
Species nhame Cluster | Cluster Il Cluster IlI Cluster IV Cluster | Cluster Il Cluster | Cluster Il Cluster IlI
Copepods Acartia centrura 4+ 4= = . - + - i
Acartia danae T A - - - e 5 -
Acartia erythraea ++ - - - o - - - B
Acartia plumosa +++ HH# ## + +4++ ++ o H#Hit# ++
Acartia southwelli ++ - - - 5 - - -
Acartia sp. AFaF # AFaF aF = = +++ +++ +
Acartiella gravelyi - SR # # # - 4+ #
Acartiella keralensis = AFaF IF AFF AFAFaF # aF JFaF ++
Acrocalanus gracilis #H ++ - - - - -+ + -
Allodiaptomus mirabilipes - ++ # AL At - 44 #
Allodiaptomus sp. b EEE RS # - 4+ 4t
Labidocera acuta ++ + - - - 5 4 - i,
Centropages sp. ++ + - - = . + - -
Heliodiaptomus cinctus - - % el AL St s 4+ o+
Limnocalanus macrurus S S # 5 + i+
Paracalanus sp. +++ Ss S = = 4t + -
Paracalanus parvus +4++ ++ = = = = ++ 4= .
Pseudodiaptomus annandalei +++ HitH # ++ ++ ++ # #H# 4+
Pseudodiaptomus serricaudatus ++ +++ - S uE 4 + .
Pseudodiaptomus bingami malayalus - : A e ++ ++ - AFF I
Corycaeus sp. # + - - - - ++ . -
Nitocra sp. S S g L . + 4+ -
Euterpina acutifrons S S - - TF - S + -
Oithona rigida AFFarE AFaF c C & S + 5
Oithona brevicornis 44 Jei = 5 - 4+ + ;
Thermocyclops sp. - - SEE # # . + 4+
Mesocyclops sp. dede # # # - 4+ #
Microcyclops sp. i # 4 # - 4+ #H
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Table 3 Copepods Indicator species (IndVal analysis) in each cluster assemblages during the Pre-Monsoon (PRM) and Post-Southwest Monsoon (PSWM) periods.

Cluster 1 Cluster Il Cluster IlI Cluster IV
Species name IndVal  Species name IndVal  Species name IndVal  Species name IndVal
PRM Acartia centrura 90.5 Acartia plumosa 72.5 Heliodiaptomus cinctus  51.2 Acartiella gravely 83.7
Acartia danae 83.6 Acartia sp. 86.9 Allodiaptomus mirabilipes  83.1
Acartia erythraea 100 Acartiella keralensis 61.6 Allodiaptomus sp. 95.5
Acartia southwelli 100 Pseudodiaptomus annandalei 64.9 Limnocalanus macrurus 100
Acrocalanus gracilis 69.0 Pseudodiaptomus serricaudatus  88.0 Thermocyclops sp. 100
Labidocera acuta 81.4 Nitocra sp. 58.1 Mesocyclops sp. 90.4
Centropages sp. 95.6 Euterpina acutifrons 72.8 Microcyclops sp. 93.8
Paracalanus sp. 70.0 Oithona brevicornis 65.9
Paracalanus parvus 53.9
Corycaeus 90.3
Oithona rigida 51.4
PSWM  A. centrura 50 Allodiaptomus mirabilipes 63.0 Acartiella gravely 65.7
Acartia plumosa 84.4 Heliodiaptomus cinctus 63.2 Allodiaptomus sp. 52.1
Acartia sp. 77.9 Limnocalanus macrurus  78.5
Acrocalanus gracilis 100 Thermocyclops sp. 54.7
Labidocera acuta 50 Mesocyclops sp. 79.2
Centropages sp. 50 Microcyclops sp. 87.4
Paracalanus sp. 100
Paracalanus parvus 100
Pseudodiaptomus annandalei 59.7
Pseudodiaptomus serricaudatus 100
Corycaeus 50
Euterpina acutifrons 94.3
Oithona rigida 96.0
Oithona brevicornis 96.8
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Figure 5 Grouping of (a) locations based on physicochemical variables in the KBW during the Post-Southwest Monsoon (PSWM). In

subsequent panels, the proportionate concentration of (b) salinity, (c) nitrate (NOs3), (d) phosphate (PO4), (e) silicate (SiO4) and (f)

turbidity have been presented.

sp., Pseudodiaptomus serricaudatus represents the indica-
tors of mesohaline midstream region. In the other hand,
Heliodiaptomus cinctus was predominated in the cluster Il
mesohaline (locations 7—9) region. And in cluster IV, Acar-
tiella gravelyi, Allodiaptomus mirabilipes, Allodiaptomus
sp., Limnocalanus macrurus, Thermocyclops sp., Mesocy-
clops sp., Microcyclops sp., (>80 IndVal) represented the
oligohaline indicator species in the upstream region. During
the SWM period, copepod species composition and abun-
dance were almost the same over the entire stretch of
the KBW, and therefore no specific indicator species was
not evident in IndVAL analyses. During the PSWM, In clus-
ter I, A. plumosa, Acrocalanus gracilis, Paracalanus sp.,
Paracalanus parvus, Pseudodiaptomus serricaudatus, Eu-
terpina acutifrons, Oithona rigida and Oithona brevicor-
nis were indicative copepod species and represents the
mesohaline downstream region; in cluster Il A. mirabilipes
and H. cinctus represented as intermediate species, which
characterised as mesohaline to oligohaline levels of salin-
ity in the midstream locations; and in cluster Ill, species
such as Mesocyclops sp., Microcyclops sp., were domi-
nated and represented in the limnohaline upstream region
(Table 3).

3.4. Regions of high MSP/copepod abundance and
diversity

Multivariate RDA was performed to identify the hydrograph-
ical conditions, which was the most favouring environment
to the mesozooplankton abundance and copepods commu-
nity structure in the KBW. Salinity, nutrients (nitrate, sili-
cate, phosphate) and turbidity were found to influence the
copepods community structure, even though salinity as the
significant factor which is explaining 38% variance during
PRM and PSWM periods. And Monte Carlo significance test
showed that the ordination pattern was substantial dur-
ing the PRM and PSWM periods (Figure 7). During the PRM
period, the downstream locations showed (cluster ) high
saline and turbidity, which is declined towards the upstream
locations that evident in the RDA triplot. The mesohaline
region can be identified in the cluster Il midstream loca-
tions, which shows in the lower right side of RDA, nitrate
and silicate axes were oriented just opposed to salinity and
phosphate that indicating their inverse relationship. The
salinity values overlaid in the RDA plot shows the cluster
| downstream locations had polyhaline salinity levels while
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Monsoon (PRM), (b) Southwest Monsoon (SWM) and (c) Post-Southwest Monsoon (PSWM). Cluster locations are in accordance with
Figure 2. Mean — bar chart; error bars — standard deviation.
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Figure 7 RDA triplot showing the distribution and interrelationships of environmental and biological parameters during (a) Pre-

Southwest Monsoon (PRM), (b) Southwest Monsoon (SWM) and (c) Post- Southwest Monsoon (PSWM). The overlaid attribution contours
(pink dotted line and values) represent the spatial distribution of salinity and its relationship with other environmental and biolog-
ical components. Biological and environmental parameters are displayed by arrows; the blue-dotted arrows indicate the former,
and the green arrows the latter. Abbreviations: SAL — Salinity; Tur — Turbidity; Chl a — Chlorophyll a; DO — Dissolved Oxygen;
MSP — Mesozooplankton. Acartia centrura (ACA), Acartia danae (ADA), Acartia erythraea (AER), Acartia plumosa (APL), Acartia
southwelli (ASO), Acartia sp. (ASP), Acartiella gravelyi (AGR), Acartiella keralensis (AKE), Acrocalanus gracilis (AGRA), Allodiap-
tomus mirabilipes (AMI), Allodiaptomus sp. (AlP), Labidocera acuta (LAC), Centropages sp. (CSP), Heliodiaptomus cinctus (HCI),
Limnocalanus macrurus (LMA), Paracalanus sp. (PSP), Paracalanus parvus (PPA), Pseudodiaptomus annandalei (PAN), Pseudodiap-
tomus serricaudatus (ASE), Pseudodiaptomus bingami malayalus (PBI), Corycaeus (COR), Nitochara sp. (NIS), Euterpina acutifrons
(EAC), Oithona rigida (ORIl), Oithona brevicornis (OBR), Thermocyclops sp. (TSP), Mesocyclops sp. (MSP), Microcyclops sp. (MISP).
C l'indicates cluster I, C Il cluster Il, C lll cluster Ill and C IV cluster IV.

the cluster Il, midstream locations are mesohaline. In the
upstream, salinity variations were evident nearby TB loca-
tions. Upstream locations (7—9) near to TB was mesoha-
line salinity levels (Av. 10.5 £+ 0.5 salinity), whereas the
upstream locations (10—13) was oligohaline to limnohaline
levels of salinity (4.9—0.9). The high salinity and phosphate
in the downstream could be due to tidal activity and wa-

ter circulation. The prevalence of oligohaline salinity con-
ditions in the locations 10—13 and mesohaline conditions in
the locations (7—9) of KBW is the clear evidence of the hy-
draulic barrage (TB) in preventing salinity incursion towards
upstream.

During PRM, MSP was oriented to the right side in RDA
plot overlaid on salinity indicating their preference to the
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mesohaline region. RDA triplot clearly shows that copepods
species composition varied spatially with the variation of
salinity in the KBW. In the cluster |, the copepod species
such as A. centrura, A. danae, L. acuta, Centropages sp.,
Corycaeus, A. erythraea, A. southwelli, A. gracilis, Para-
calanus sp., P. parvus, and O. rigida, species are oriented
top right side of the plot represents their high abundance
in polyhaline salinity, which prevails in the extreme down-
stream locations (1 and 2). And the other copepod species
in the cluster Il, Acartiella keralensis, A. plumosa, Acartia
sp., P annandalei, P. serricaudatus, Nitocra sp., O. brevi-
cornis and E. acutifrons oriented to the right side of the
plot indicates their preference to the mesohaline condition
in the midstream. Similarly in cluster IV, upstream loca-
tions species such as Thermocyclops sp., Microcyclops sp.,
Mesocyclops sp., A. gravelyi, A. mirabilipes, L. macrurus
and Allodiaptomus sp., oriented to the left side of the plot
and opposite the salinity that indicates oligohaline is their
favourable condition (Figure 7). Cluster lll oriented to the
lower left side of the plot and separated from cluster IV
shows the marked difference in their copepods composition.
However, cluster Il (locations 7—9) has a close affinity with
cluster Il (locations 3—6) indicating both of them in meso-
haline conditions.

During the SWM, the entire study area was dominated
by freshwater when limnohaline condition prevailed every-
where except in the extreme downstream. Therefore, there

was no clear pattern in the distribution of copepods during
the SWM. Salinity was less discernible during the SWM due to
the predominance of freshwater in the entire KBW. During
the PSWM, the RDA plot demarcated clear spatial difference
in the hydrographical parameters and copepod community
structure. Salinity and turbidity were spatially high in the
downstream, and their increasing gradients were oriented
to the right side of the plot. Salinity overlay showed that
the downstream locations had mesohaline, which decreased
towards the upstream locations. Copepods total abundance
was found to be in higher abundance in the downstream re-
gion, and these parameters were oriented in the right side
of the plot with mesohaline. Copepods species composition
varied widely during PSWM relation to salinity as evident in
the triplot. The copepods species A. centrura, Acartia sp.,
A. plumosa, A. kerlelensiskeralensis, L. acuta, Centropages
sp., Corycaeus, Paracalanus sp., A. gracilis, P. parvus, O.
rigida, O. brevicornis, P. serricaudatus, E. acutifrons and
P. annandalei species were oriented to the right side of the
plot that representing the cluster | locations in the mesoha-
line condition.On the other hand, in cluster Il of midstream
locations, copepods Microcyclops sp., Mesocyclops sp., L.
macrurus, A. gravelyi, Allodiaptomus sp., Thermocyclops
sp., A. mirabilipes and H. cinctus were oriented to the left
side of the plot showing their affinity to oligohaline to lim-
nohaline conditions (Figure 7). It is noteworthy that during
PRM and PSWM seasons, the downstream, midstream and
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upstream regions of the KBW has a significant difference in
copepod species composition. RDA triplot clearly showed
that copepods composition was always high in the meso-
haline level of salinity, especially in salinity ranges 10—15,
during the PRM and PSWM period. This mesohaline condition
in the KBW persisted in the midstream during the PRM and
downstream during the PSWM period.

4. Discussion

The prevalence of polyhaline conditions in the downstream
and oligohaline/limnohaline conditions in the upstream of
KBW due to TB seems to have a substantial impact on
the MSP and copepod community structure. Salinity distri-
bution in the KBW was spatially distinct during PRM and
PSWM (Figure 2a) due to the progressive increase in the
tidal activity (Jyothibabu et al., 2006; Qasim, 2003). Meso-
haline condition prevailed in the downstream during the
PSWM, which changed to polyhaline during the PRM. Dur-
ing the PSWM period, the midstream, was oligohaline to
mesohaline, whereas the upstream remained limnohaline,
which turned to oligohaline during PRM (Figure 2). Previous
studies have established that KBW is highly influenced by
seawater intrusion during the PRM and PSWM and massive
freshwater incursion during the SWM (Madhupratap, 1987;
Menon et al., 2000; Qasim, 2003). For clear understand the
current situation the present study surface salinity values
were compared with the salinity values of Haridas et al.,
(1973) whom was reported in 1972 before the construc-
tion of TB (Figure 8). In his study during PRM salinity val-
ues varied from 8 to 31 and the maximum value was re-
ported in downstream euhaline region and low in the up-
stream mesohaline region; during SWM ranged from 0.2 to
6.5 and during PSWM salinity was ranged from 0.3 to 23.5.
The present salinity levels in the upstream region of the
KBW show around 11 units drop during the PRM and 1 unit
drop during PSWM compared to the historical times. Such a
drop in salinity caused by TB altered the plankton functional
groups in the KBW (Anjusha et al., 2018; Arunpandi et al.,
2020; Haridevan et al., 2015).

Dissolved oxygen (DO) levels were high in the upstream
with a minimum variation on either side of TB. DO was sea-
sonally high during SWM (Table 1) and decreased lightly af-
ter that, following the pattern presented in Sooria et al.,
(2015). Turbidity is an indicator of estuarine conditions like
flooding or re-suspension (Anon, 2001). Turbidity was always
maximum in the downstream compared to midstream and
upstream (Table 1). During the PRM period, turbidity was
high in the downstream compared to midstream and up-
stream, which coincided with the estuarine turbidity max-
imum (Menon et al., 2000; Sooria et al., 2015). The KBW
turbidity was generally high during the SWM period followed
by PSWM and PRM. During the SWM season, turbidity in the
KBW increased by 2—3 folds compared to the PRM, due to
increased land runoff (Nasir, 2010).

Nitrate concentration did not show a definitive distribu-
tion pattern though it was relatively high in the upstream lo-
cations than the downstream. During the SWM, nitrate con-
centration was high in the entire stretch of KBW compared
to PSWM and PRM (Figure 3c, 4c and 5c¢). In the downstream,
silicate concentration was five-folds higher during the SWM

compared to PRM period, especially towards the upstream
locations compared to the downstream and middle estu-
ary. The four rivers emptying into the upstream are sources
of high nutrient levels in the KWB system irrespective of
the seasons (Jyothibabu et al., 2006; Mohan et al., 2016;
Qasim, 2003), There seem to be some non-point sources of
nitrogen input (Arunpandi et al., 2017; Jagadeesan et al.,
2016; Jyothibabu et al., 2006; Saraladevi et al., 1983;
Sooria et al., 2015). The phosphate concentration was high
in the downstream but decreased towards the upstream
region. Compared to PRM, phosphate concentration de-
creased during the SWM in the entire stretch of KBW. The
phosphate level in the KBW was the seasonal highest dur-
ing the PRM due to high salinity and desorption of phos-
phate from the suspended particles (Martin et al., 2008;
Sooria et al., 2015). Seasonal variations in the biological
components of KBW closely followed the salinity variations
(Madhupratap, 1987) with enhanced Chl a in regions of high
nutrients (Arunpandi et al., 2020; Jyothibabu et al., 2006;
Madhu et al., 2007a,b).

During the PRM, MSP abundance was high in the mid-
stream compared to downstream and upstream. MSP abun-
dance was minimum in the upstream compared to the
downstream. However, during the SWM, MSP abundance de-
creased in the downstream and midstream compared to PRM
period (Figure 6a), which was in accordance to earlier stud-
ies (Madhupratap, 1987; Wellershaus, 1974). It is likely that
during SWM, the high freshwater flow physically pushes MSP
to the downstream region (Sooria et al., 2015). During the
PSWM, MSP abundance was higher in the upstream com-
pared to the midstream and upstream (Figure 6c). It also
clear that calanoid was the dominant copepod in the mid-
stream and downstream, whereas cyclopoid dominated in
the upstream.

Madhupratap and Haridas (1975) had presented the
mesozooplankton composition in the KBW based on a study
carried out in 1972 when there was no TB. The MSP total
abundance in the KBW in the upstream during PRM, south of
the presents TB, was from 246.6 to 505.2 No m~3 and during
PSWM was from 1 to 227.7 No m~3. In the present study, it
is found significantly low, i.e., from 67.9 to 100.7 No m~3
during PRM and from 144.3 to 222 No m~3 during PSWM.
Moreover, a significant variation in the composition of vari-
ous MSP groups is evident in these studies. Overall, the sea-
sonal copepod percentage contribution in the present study
(PRM — 62%, SWM — 56% and PSWM — 67%), was remark-
ably higher than those presented in Madhupratap and Hari-
das (1975) which was 26%, 17% and 36%, respectively. Be-
sides, cyclopoid copepods were found less in the upstream
region, and calanoids are found dominant during PRM and
PSWM before TB was functional (Madhupratap and Hari-
das, 1975). But cyclopoids were found dominant in the up-
stream region in the present study (Figure 8). In short, the
MSP distribution shows that TB has a profound influence
on the MSP composition and copepods species distribution,
since the barrage imposes restrictions on natural flow pat-
tern and significantly alters the salinity levels in the KBW.

There are some past studies available on the salinity
tolerance of copepods in the KBW (Madhupratap and Hari-
das, 1975; Madhupratap, 1979; Martin Thompson, 1991;
Tranter and Abraham, 1971; Vineetha et al., 2015). Tranter
and Abraham (1971) observed Acartia bilobata, A. centrura,
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Aeartia spinicauda, A. gravelyi in saline conditions and A.
erythraea, and A. southwelli in the high saline downstream
region of KBW. Similarly, species such as A. keralensis and
Acartia negligens were recorded in low saline regions dur-
ing SWM, while Acartia plumosa was present throughout the
year. Madhupratap (1979) reported that P annandalei has a
salinity tolerance up to 35 units, while other species such as
Accrocalanus similis, Acartia bowmani, A. centrura and A.
bilobata have less tolerance to salinity and they prefer the
midstream of the KBW during the high saline period. During
the SWM, copepods H. cinctus, A. mirabilipes, A. gravelyi,
Pseudodiaptomus binghami malayalus, O. brevicornis, O.
hebes and O. nana were found in the low salinity (limnoha-
line) upstream region. And also Acartia spp., Paracalanus
aculeatus, P. crassirostris, P. serricaudatus and P. jonesi
were found in high saline condition while Acartia pacifica
and A. southwelli in extreme downstream of KBW. When
compared the present study with Martin Thompson (1991),
it was observed that both the studies have recorded almost
similar copepods composition in different parts of the KBW.

However, the present study is the first attempt to scien-
tifically assess the changes in the distribution and compo-
sition of MSP/ copepods community in the KBW due to the
hydrographical changes imparted by TB during non-monsoon
periods. The results show that copepods species showed sig-
nificant zonal variations in the KBW due to the closure of
TB. Statistical results also revealed salinity as the primary
factor controlling the distribution and abundance of cope-
pods in the KBW. It was also found that copepod A. cen-
trura, A. danae, L. acuta, Centropages sp., Corycaeus, A.
erythraea, A. southwelli, Acrocalanus gracilis, Paracalanus
sp., P parvus, E. acutifrons, O. rigida and O. brevicor-
nis have preferred the polyhaline regions of KBW (down-
stream), whereas A. keralensis, A. plumosa, Mesocyclops
sp., Acartia sp., P. annandalei, P. seudodiaptomus serricau-
datus and Nitocra sp.) have preferred the mesohaline (5—18
salinity) regions. On the other hand, copepods Acartia sp.,
L. macrurus, Thermocyclops sp., Microcyclops sp., Mesocy-
clops sp., Acartiella gravelyi and A. mirabilipes) preferred
the oligohaline (0.5—5 salinity) conditions. Since the TB re-
mains open during the SWM, the entire KBW was freshwa-
ter dominated exhibiting less spatial variations in copepod
composition and abundance.

Even during the PSWM period onwards, the copepod pop-
ulation thriving in the upstream was found to relocate to-
wards the downstream for the mesohaline salinity. For eg.:
A. centrura, A. danae, Acartia sp., A. plumosa, A. keralen-
sis, L. acuta, Centropages sp., Corycaeus, Paracalanus sp.,
A. gracilis, P. parvus, O. rigida, O. brevicornis, P. serricau-
datus, E. acutifrons and P. annandalei were found to relo-
cate towards downstream, resulting in the retention of lim-
nohaline and oligohaline tolerant species (Microcyclops sp.,
Mesocyclops sp., L. macrurus, A. gravelyi, Allodiaptomus
sp., Thermocyclops sp., Pseudodiaptomus bingami malay-
alus, A. mirabilipes and H. cinctus) in the upstream. The
shift in the niche of copepods to downstream of KBW has an
impact on the biological productivity pattern and its con-
version to higher trophic levels. The entire KBW was re-
ported to be biologically productive, especially during the
non- monsoon periods, due to the increase in the salinity.
However, the natural seawater intrusion was prevented by
the construction of TB. The closure of the barrage has cre-

ated a stagnant freshwater body (of “80 km?) in the up-
stream region, where it disconnected from the hydrody-
namic processes in the KBW. The significant spatial shift
in the copepods species (IndVal analysis) is clear evidence
showing how artificial barrages can alter the natural biolog-
ical assemblages in an ecosystem.

5. Conclusion

This study presented the seasonal hydrographical settings
and the MSP/copepod assemblages in the KBW. It shows that
Thannermukam barrage (TB) has a measurable impact on
the distribution of mesozooplankton/copepods during the
non-monsoon period. TB restricts the water flow and pre-
vents the incursion of saline water into the upstream re-
gion, and alters the copepod community in different sec-
tions of the KBW. Copepods community in the KBW as a
whole favoured mesohaline salinity levels (especially ~10—
18 salinity). This study showed that several copepods per-
formed a spatial shift in their preferred habitat due to the
flow restrictions in the KBW caused by TB. The statistical
results revealed salinity as the most significant environmen-
tal variable that controls the composition, distribution and
abundance of copepods in the KBW. The flow inhibition of
TB in the upstream of the KBW was reflected in a remark-
able change in the copepod composition. Hence, this study
proposes copepods as an effective bioindicator to monitor
changes in hydrographical settings in the natural aquatic
ecosystem by artificial barrages.
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KEYWORDS Abstract Coastal storms as extreme hydrometeorological events have severe impacts on the
Mediterranean Sea; coasts and consequently affect the coastal communities, attracting considerable research in-
Coastal storms; terest nowadays. Attempting to understand the risk of these extreme events, a coastal storm
Extreme events; analysis is accomplished by studying the parameters which define a coastal storm and their
Coastal engineering properties, such as the wave height, the wave period, the duration, the calm period, and the

storm energy. The frequency of occurrence of coastal storms, the thresholds of storm parame-
ters and the way they are interrelating with each other draw a rough outline of wave climate
during coastal storm events for a specific location. This information is valuable afterwards for
the design of coastal structures and the coastal zone management. In this work, buoy datasets
from 30 locations in the Mediterranean Sea are analysed for describing coastal storm activity.
A sample of 4008 coastal storms is identified. Each location faces around 10—14 coastal storms
per year, with most of them to occur in winter months and their characteristics to be site-
dependent. Their average duration is lower than 30 hours, and 25% of them are consecutive
events which hit the same location in less than a day. Furthermore, the wave period and the
main direction present no remarkable fluctuations during a coastal storm. With this analysis, a
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deeper understanding of coastal storm severity is pursued, gaining knowledge about their past
activity, in order to be prepared in the future and to protect the coastal areas.

© 2020 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/).

1. Introduction

Researchers all over the world are focused on coastal storms
to study their impacts and learn more about their sever-
ity. Considering the coastal storms as storm events with im-
pacts on coastal areas, they can cause serious problems such
as coastal flooding, beach erosion, and damages on ports.
The management of such events, the preparedness, and an
informed coastal community are of great importance and
more urgent, especially nowadays in a changing climate.

Climate change and related extreme events causing
infrastructure damages and resulting in human losses,
have turned coastal communities and consequently coastal
storms into the centre of attention over the past decades.
In this context, the latest reports of the Intergovernmen-
tal Panel on Climate Change (IPCC, 2018, 2019), the United
Nations Framework Convention on Climate Change (UN-
FCCC) meetings, such as the well known Paris Agreement
(UNFCCC, 2016) and the Fourth National Climate Assess-
ment of U.S. Global Change Research Program (2018), give
an incredible boost to the field of science communication
regarding the climate change. On the other hand, many
extreme events hit coastal communities causing losses of
billions of euros in the last two decades. The hurricane
Sandy (22 October—2 November 2012) (Binder et al., 2015;
Rosenzweig and Solecki, 2014), the cyclone Xynthia (27—28
February 2010) (Bertin et al., 2012; Ferreira et al., 2017),
the hurricane Katrina (23—31 August 2005) (Irish et al.,
2008; Kates et al., 2006) are some of the most recent
and among the costliest and deadliest storms in human
history, which have changed the way the humans act,
protect and prepare themselves within an everchanging
environment.

Many research projects have also focused on the haz-
ards and the risk management of extreme events for coastal

communities. PEARL (Karavokiros et al., 2016), RISC-KIT
(Van Dongeren et al., 2014), MICORE (Ciavola et al., 2011b),
and THESEUS (Zanuttigh, 2011) are typical examples of this
progress for European seas, while their deliverables stand
as a significant source of information for any researcher.
Storm identification can be carried out by using the im-
portant storm parameters and their thresholds, such as the
significant wave height (H), the duration of a storm event
(D), and the calm period (/). The significant wave height
should exceed a certain threshold and remain over this for
a time period (De Michele et al., 2007; Li et al., 2014).
The clusters of these exceedances are considered as storm
events and the storm duration is defined as the time pe-
riod in which the significant wave height remains over the
threshold (Boccotti, 2000). The minimum duration is also
defined, discarding all the events that last a shorter time.
The calm period, or the inter-arrival time according to
Corbella and Stretch (2013) and De Michele et al. (2007), is
the time period between the start of the upcoming event
and the end of the previous event. If the calm period is
too short, then the neighbouring storm events could be
considered as one, prolonging in this way the storm event
and consequently extending the duration. For example ac-
cording to Figure 1, which is based on previous work of
Wahl et al. (2016) and Li et al. (2014), the consecutive
events over the threshold have duration Dy, D; and Ds. The
first two of them could be considered as one storm event,
due to their short calm period (D;), with final storm dura-
tion D=t,—t;. The next event with duration Ds is indepen-
dent from the previous, due to the long calm period (D),
but it is not considered as a storm event because of its short
duration (Ds). The calm period threshold is essential for the
identification of consecutive coastal storms. A sequence of
storm events, cause extensive damages on coastal zones, af-
fecting the coastal morphology and could be more destruc-

HA
storm event

E . not a storm event
- ._calm period (1)1 1

chreshold: Y : :
; . istorm duration (D) ' i
L D1 _E‘Dz_i_ Ds _E_ D4 E{Ds_! -
t1 t2 t3 ts ts  te fime

Figure 1  Definition of the storm event and the description of important parameters.
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tive than isolated events in many cases (Dissanayake et al.,
2015; Ferreira, 2005; Sénéchal et al., 2017).

The coastal storm thresholds are site-specific and they
depend on the synoptic systems, the bathymetry, the local
characteristics, and the exposure of a location to the winds
and the big waves (Harley, 2017). Other parameters which
are taken into account in such analyses are the main direc-
tion of coastal storms and their energy. Moreover, the mean,
the maximum or the peak value of the important parame-
ters (Dissanayake et al., 2015; Lin-Ye et al., 2016) are also
used in coastal storm analysis.

Trying to understand the storminess, which denotes the
frequency of occurrence of coastal storms and their sever-
ity, a large dataset of wave climate is required. However,
the time series of storm characteristics, acquired from
buoys measurements, are rarely used, mainly due to their
spatial availability and their limitation about temporal data
coverage. The majority of the data are not available be-
fore 1978 (Caires and Sterl, 2005). Data are not available
everywhere, even nowadays, but only for specific locations.
For instance, in the Mediterranean Sea, Spain and France
have a dense network of buoys to record the wave climate
of their seas, in contrast with the other European countries,
which have very few (i.e. Greece, Italy, Bulgaria and Roma-
nia) and other countries that have none at all. However, the
buoys are frequently out of order, or they are moving over
the years, changing their position. The available datasets
are usually non-continuous and with many gaps. Hence, a
lot of research is based on model and satellite data before
or after a reanalysis (Dee et al., 2011; Kistler et al., 2001;
Sartini et al., 2017), which are operationally more efficient
and cost-effective.

Up to now, significant research has been conducted
for the wave climate and storm events along European
coasts. Usually, it is not limited in the Mediterranean Sea
(Almeida et al., 2011; Ciavola et al., 2011a), it is based on
model data (Androulidakis et al., 2015; Lionello et al., 2012,
2008; Vousdoukas et al., 2016) and often examines storms
from the climatology viewpoint, investigating the charac-
teristics and the frequency of occurrence for cyclones or
medicanes in the Mediterranean region (Cavicchia et al.,

27 2

Figure 2
order (last check October 13, 2020).

Regional description of the buoys’ location over the Mediterranean Sea.
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2014; Emanuel, 2005; Gonzalez-Aleman et al.,
Lionello et al., 2006; 2016) .

This work is based on buoy wave measurements, presents
a coastal storm activity over the Mediterranean Sea,
through the frequency of storm occurrence and the statis-
tical analysis of their parameters. The purpose is to gain a
deeper understanding of coastal storm severity, their past
activity, and their seasonal variation over the years in a
changing climate.

Based on many works cited above which are usually fo-
cused at a specific area, an extensive database of wave
measurements at 30 coastal locations is analysed. The data
consist of buoys measurements and not of model simula-
tions. As a follow-up of previous works, a general method-
ology for coastal storm identification is described here and
a coastal storm analysis is presented.

In the following sections, the data and the study area are
described, the methodology for the identification of coastal
storm events and the estimation of storm characteristics
are presented. Information about the coastal storm thresh-
olds, the descriptive statistics of important parameters, the
coastal storm duration and the calm period, the variance of
the wave period and the direction, are also included. Fi-
nally, the results draw conclusions about the different loca-
tions and the variation of storm parameters in the Mediter-
ranean Sea.

2019;

2. Data and study area

A dataset from wave recordings from buoys at 30 loca-
tions over the Mediterranean Sea, in Greece, ltaly, France
and Spain, is analysed. The data were obtained by the
databases of Puertos del Estado (www.puertos.es), Coperni-
cus (www.copernicus.eu) and EMODnet (www.emodnet.eu),
covering in general, a time period since the 1980s. The 30
locations are selected because the buoys are close to the
coast (Figure 2), in order to analyse coastal storms. A brief
description of these stations is presented in Table 1, includ-
ing sampling and regional details. The temporal data cov-
erage — or the period for which data are available — de-

10

1" 3 2
13
12 4

The squares indicate buoys which are out of
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Table 1 Coordinates and sampling details of buoys stations for 30 locations in the Mediterranean Sea.

9l

Location Coordinates [Longitude, Depth [m] Distance from Covering Period Duration of record Sampling
Latitude] coast [km] [months] Interval [hr]
Greece
1 Athos [24.73°E, 39.97°N] 215 27.7 25/05/2000—31/05/2017 181 3.0
2 Lesvos [25.80°E, 39.15°N] 120 4.5 29/05/1999—28/07/2012 133 3.0
3 Skyros [24.46°E, 39.11°N] 83 14.4 28/08/2007—18/07/2012 57 3.0
4 Mykonos [25.46°E, 37.51°N] 80 5.3 27/05/1999—-30/04/2017 132 3.0
5 Santorini [25.50°E, 36.26°N] 286 9.2 28/05/1999—-27/07/2012 141 3.0
6 Heraklion [25.07°E, 35.43°N] 170 5.1 15/07/2016—31/05/2017 8 3.0
7 Kalamata [22.09°E, 36.97°N] 290 4.2 17/10/1999—17/05/2011 57 3.0
8 Pylos [21.60°E, 36.83°N] 3016 7.2 09/11/2007—30/06/2016 92 3.0
9 Zakynthos [20.60°E, 37.96°N] 297 7.5 08/11/2007—23/01/2012 47 3.0
Italy
10  Venice [12.66°E, 44.97°N] 33 7.3 01/06/2013—01/01/2015 18 0.5
11 Crotone [17.22°E, 39.02°N] 37 1.3 04/06/2013—10/12/2014 17 0.5
12  Catania [15.15°E, 37.43°N] 45 5.3 06/01/2013—01/01/2015 14 0.5
13 Palermo [13.33°E, 38.26°N] 135 6.9 01/06/2013—30/10/2014 8 0.5
France
14 Alistro [9.64°E, 42.26°N] 116 6.7 29/10 2013—01/06/2017 16 0.5
15  La Revellata [8.65°E, 42.57°N] 194 5.6 30/10 2013—30/06/2017 8 0.5
16 Nice [7.23°E, 43.64°N] 45 1.7 22/06/2010—07/03/2016 38 0.5
17  Porquerolles [6.21°E, 42.93°N] 347 5.4 24/04/2008—24/08/2012 44 0.5
18  Marseille [5.23°E, 43.21°N] 30 8.9 17/04/2011—-30/06/2017 61 0.5
19  Sete [3.78°E, 43.37°N] 34 6.2 06/10/2009—30/06/2017 88 0.5
20  Leucate [3.12°E, 42.92°N] 43 4.8 06/10/2009—30/06/2017 82 0.5
21 Banyuls [3.17°E, 42.49°N] 15 3.2 06/10/2009—19/05/2017 83 0.5
Spain
22 Cabo Begur [3.65°E, 41.92°N] 1200 34.6 27/03/2001—31/03/2019 170 1.0
23  Barcelona [2.20°E, 41.32°N] 68 2.5 08/03/2004—31/03/2019 152 1.0
24  Tarragona [1.19°E, 41.07°N] 15 0.8 12/11/1992—-22/12/2017 283 1.0
25  Valencia [0.20°W, 39.51°N] 50 9.1 08/06/2005—30/10/2013 97 1.0
26  Cabo De Gata [2.32°W, 36.57°N] 536 20.1 28/04/2003—23/03/2018 137 1.0
27  Malaga [4.42°W, 36.69°N] 15 1.5 19/11/1985—-31/03/2019 382 1.0-3.0
28  Dragonera [2.10°E, 39.56°N] 135 17.5 29/11/2006—31/03/2017 136 1.0
29  Capdepera [3.49°E, 39.65°N] 48 3.1 01/01/2000—01/04/2014 163 1.0
30 Son Bou [4.06°E, 39.90°N] 5 0.5 5/10/2011—31/01/2016 52 1.0
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pends on the operation period of buoys, with most of them
to be examined until 30/6/2017. Wherever more data were
available, the examined period is extended up to 31/3/2019
(Figure 3). According to the database of EMODnet, in Italy,
only a few buoys are nowadays in operation, and most of
the Greek buoys are out of order at this moment (see also
Figure 2).

This analysis is mainly based on the wave height
and the wave period. These critical parameters have
been estimated by the operational centres of data
providers, following a spectral analysis or zero-crossing
method (Copernicus Marine In Situ Tac Data Management
Team, 2018; OceanSITES, 2015). However, the spectral sig-
nificant wave height (Hpn) and the wave period at the spec-
tral peak, also known as peak period (T,), are preferred,
and hereinafter referred to as H and T for brevity.

All the errors and the missing values which can often
happen are rejected, through a data cleaning process. The
events with a measurement gap greater than 18 hours are
also excluded, considering that the specific buoy might be
out of operation for a while. The elapsed time between con-
secutive measurements, also known as the sampling inter-
val, mostly varies from 0.5 to 3 hours (Table 1).

3. Methodology

Considering coastal storms as extreme hydrometeorolog-
ical or meteo-oceanic phenomena, the Extreme Value
Theory (EVT) is applied for the analysis and the descrip-
tion of such events. The EVT is widespread in the last
decades and becoming increasingly popular by work of
Coles (2001) which described thoroughly the theoretical
background of this field. Since then, numerous works and
applications in EVT had a high impact on coastal engi-
neering (Caires and Sterl, 2005; Mazas and Hamm, 2011;
Menéndez et al., 2009; Méndez et al., 2006; Ruggiero et al.,
2010; Vinoth and Young, 2011). The Block Maxima (BM)

1991 1993 1995 1997 1999 2001

20032005, 2007 2009, 2011 2013 2015 2017 _ 2019

2002 2004 2006 2008 2010 2012 2014 2016 2018

Temporal availability and coverage of historical data.

and the Peak Over Threshold (POT) methods are both the
fundamental approaches in EVT, which are quite different
in their application (Arns et al., 2013; Bezak et al., 2014;
Jaruskova and Hanek, 2006). In brief, the BM method is
based on the analysis of maximum values of a dataset or
within a specific block. However, it is also very common, as
an alternative method, to take the r-largest order statistics
(Coles, 2001; Dey et al., 2015). Therefore, the BM is not
recommended when the reference period is only a few years
or decades (Caires and Sterl, 2005). On the other hand,
the POT method analyses time-series that extracted from
the initial dataset when they exceed a specific threshold
(Coles, 2001; Ferreira and Guedes Soares, 1998).

Following the definitions of Harley (2017) and
Ciavola et al. (2014), the coastal storm is defined as
“any meteorologically-induced disturbed sea state that
causes changes and damages to the coastal zones, imping-
ing the coastal morphology and the infrastructure”. For
the definition of coastal storms, the closest buoys from the
coast are considered and the events with a measurement
gap greater than 18 hours are discarded (at the phase
of data cleaning). The coastal storms are identified by
applying the EVT for the definition of H threshold and using
the thresholds of duration and calm period. Finally, the
storm characteristics and storm activity are investigated.
The methodology which is adopted here is presented in
Figure 4. All the estimations are performed in R language
(R Core Team, 2020).

3.1. Coastal storm identification

The identification is conducted at each location, through
the thresholds of the significant wave height, the duration,
and the calm period. In literature, storm thresholds are de-
fined in different ways and mostly depend on the available
data. The threshold of significant wave height is the primary
threshold in this procedure and is used to extract the most
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extreme values. Consequently, the data are filtered by the
thresholds of duration and calm period.

3.1.1. Significant wave height threshold

The threshold of significant wave height H:, could be
selected inter alias by a) defining a specific value
as representative for a specific location (Corbella and
Stretch, 2012b), b) following the stability check for the pa-
rameters of extreme value distribution as it was proposed by
Coles (2001) and also used by Bernardara et al. (2014) and
Martzikos et al. (2018), c) using a high percentile of the data
set, usually over 90 or 95%, to describe and analyse only the
most extreme events (Davies et al., 2017; Masselink et al.,
2014; Rangel-Buitrago, 2011; Tsoukala et al., 2016), or d)
taking a linear equation between the mean value and the
standard deviation of an important parameter. The last
methodology was proposed by Yevjevich (1967) for the
drought analysis but is also used similarly by Almeida et al.,
(2011) for the storms.

Given the short reference period of data, the POT
method is used in this analysis. Hence, the Hy, is taken as
the 95t percentile of the significant wave height at each lo-
cation. Starting with this threshold, exceedances over this
are extracted and are grouped, representing the coastal
storm events.

3.1.2. Duration and calm period thresholds

Taking for each country a sample of storm duration and
calm period, both thresholds of the minimum duration and
the calm period (/¢,) of consecutive coastal storms are de-
cided based on the range of these parameters. The boxplots
of Figure 5 illustrate the full range and the distribution of
these parameters, without significant divergences between
countries. The rectangles of boxplots correspond to the in-
terquartile range (75%"—25% percentile), while everything
out of this range is considered an outlier. Inside the rectan-
gle, the dot represents the mean value, and the horizontal
line shows the median.

Regarding duration (Figure 5a), the upper side of the
rectangles is almost 20 hours, which means that 75% of
events last less than 20 hours. So, the minimum storm du-
ration has no meaning to be set higher than this value. The
average duration (internal dot) is almost 10 hours, for all
the countries, while the median and thus 50% (horizontal
line) of events last less than 7.5 hours. Trying to analyse
the most severe events, the minimum duration is consid-
ered appropriate to be higher than the median, investigat-
ing the upper 50% of events, but without exceeding the
mean value. The minimum coastal storm duration is set at
9 hours for all the examined locations, which is also mul-
tiple of 3 hours based on the longest sampling interval.
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Hence, the events with a duration of less than 9 hours are
ignored.

The calm period is essential for the separation of coastal
storm events and their independence. Coastal storms with
a long calm period might occur in different seasons and
they are certainly not related to each other. The short calm
period means more dependent events that usually could
be unified. For the investigation of the calm period, we
focus only on the closest consecutive events which have
a calm period of less than three months (approximately
2190 hours). Following the boxplots of Figure 5b, the ex-
amined events have an average calm period around 200
hours (internal dots), and 50% of them usually occur in
less than 87.5 hours from the previous event. The lower
side of rectangles shows that 25% of storms are consecutive
events which hit the same location in a row in less than 24
hours.

From a meteorological perspective, two coastal storm
events are independent if they are developed in differ-
ent synoptic systems. On the other hand, the consecutive
coastal storms which belong to the same synoptic system,
could have similar characteristics and be dependent. It is
quite rational to have dependent events into the same
weather system, but it is conceivable that this may hap-
pen in different systems also. The threshold of calm pe-
riod I, can be determined better in a physical way, as
the mean calm period between consecutive synoptic sys-
tems (tropical or extratropical cyclones). The concurrent
weather satellite images and the weather maps could be
very useful, but up to now, all this information is difficult
to get. Corbella et al. (2015) link the atmospheric circu-
lation patterns with the spectral characteristics of ocean
waves trying to improve the identification of statistically in-
dependent storm events. In extreme value analysis of rain-
fall and flooding events, the independence of consecutive
events is ensured by using the minimum inter-event period
(Freitas et al., 2020; Jean et al., 2018). Similarly, the inde-
pendence of coastal storms is usually approached by taking
a fixed value of calm period (e.g. 12, 24, 36 hours) between
coastal storms.

Here, based on wave measurements, the independence
of coastal storms and the definition of the calm period
threshold is approached by the estimation of correlation co-
efficients. More specifically, the coefficients of Spearman’s
rho (p), Kendall’s tau (t), and Pearson’s (r) are estimated,
trying to understand the behaviour of H and T within con-
secutive coastal storms.

The Spearman’s rho (p), Kendall’s tau (r), and Pear-
son’s (r) coefficients measure the association strength be-
tween two numeric variables. The three coefficients are
usually used for the independence of different variables
(Kereszturi et al., 2016; Williams et al., 2016) or the cor-
relation between different samples of the same variable.
Two samples are strongly associated when p, 7, and r val-
ues are close to 1 or —1. On the contrary, both samples are
considered independent when the coefficients are close to
zero. The correlation coefficients vary in their effectiveness
and usually one of them is more appropriate than the other
(Ferguson et al., 2000), thus all of them are estimated to
get a better overview.

The Spearman’s rho (p), when the samples have no ties,
is estimated based on Eq. (1) (Hollander et al., 2015). The

R; and S; are the ranks of X; and Y; variables (when both
samples are on ascending order). Here, X; and Y; represent
the H or T of consecutive coastal storm events.

6L (Si—R)
n(n? —1)

The Kendall’s tau (r) statistic, or the Kendall rank cor-
relation coefficient, is used primarily when the data do
not necessarily come from a bivariate normal distribu-
tion. The estimation is done according to Egs. (2) and
(3) (Hollander et al., 2015) for two different samples, with
the same length n and without ties.
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The Pearson’s (r) statistic is given by the Eq. (4) for two
samples or variables X=(X1,..,Xn), Y=(Y1,..,Yy), with mean
values X, Y.
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The above coefficients are estimated for H and T for all
the consecutive events at each location. The correlation co-
efficients p, t, and r which are close to zero, are only taken
into consideration. It is optimum to analyse the longest
coastal storms, working with a lot of data, but quite often
coastal storms consist of short length time-series. Hence,
for the best performance, a small extension is accomplished
whenever an event consists of less than 10 values, by taking
some additional values of H or T, before the first event and
after the end of the second event.

Given that the calm period threshold usually ranges
around 24 hours in literature, the above analysis provides
more information for selecting the optimum threshold. The
calm period threshold is set as the minimum calm period,
which ensures a weak correlation of H samples, based on
o, 7, and r, for the most consecutive coastal storms (and
similarly for T).

The results are classified by the calm period into 15
classes, from 12 to 96 hours. The representative of each
class is the upper boundary and is set as multiple of 6,
dividing a day into quartiles. However, the first class is
12 hours, and all the previous cases are merged into one,
setting a half-day milestone for the calm period. For in-
stance, all the above statistics are estimated for Barcelona
and are presented in Figure 6. Based on significant wave
height (Figure 6), the calm period of 12 and 42 hours are
the most dominant, for all the correlation coefficients. In
Figure 6b 12 and 30 hours are the prevailing calm periods,
especially for Pearson’s r coefficient. This finding means
that the most independent consecutive events in Barcelona
have a calm period of 12 or 42 hours. Hence, the twelve-
hourly calm period is considered as the calm period thresh-
old for Barcelona.

“4)
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The number of coastal storm events in Barcelona, which are not correlated with the next event, having the Spearman’s p,

Kendall’s t, and Pearson’s r coefficients close to zero, for H (a) and T (b).

3.2. Coastal storm characteristics

After the storm identification, the important storm char-
acteristics are estimated to describe each coastal storm,
namely the start and the end date, the duration, the mean
and the max value of H and T, the direction, the energy, and
the calm period.

The wave period and the wave direction have slight vari-
ation during a coastal storm. For this investigation, the co-
efficient of variation (CV) is estimated (Eq. (5)) at each
coastal storm, dividing the standard deviation (s) with the
mean value (X) of each parameter. The coefficient of vari-
ation shows the homogeneity of wave period and the di-
rection and how normally are spread around the mean dur-
ing a storm. It should be noted that the circular mean and
standard deviation have been used in the case of direction,
(Jammalamadaka and SenGupta, 2001).

S
V== ()

The coastal storm energy (E) is estimated for each
event by using Eq. (6), as it was proposed by Dolan and
Davis (1992), where t; and t, denote the beginning and the
end of an event respectively.

ty
E= H,2dt

t

(6)

For the energy estimation, the coastal storm duration
and the sampling interval may need to be corrected. When-

Hthreshold initial duration

corrected duration

=

@)

ever the first value of H during a coastal storm is not equal
to the threshold, a correction is applied for the estimation
of the duration. More specifically, the properties of similar
triangles from Geometry are used to approximate better the
storm duration, considering a more linear shape of a storm.
Following the above assumption, the H threshold is set at
the first and the last value for each storm event and the
duration is extended by adding a short time period s4, fol-
lowing Figure 7), before and after the initially estimated du-
ration. Consequently, the corrected duration is considered
as the storm duration (D). Also, when the sampling interval
(dt) is non-constant during a coastal storm, the H values are
distributed uniformly according to the duration (Figure 7b),
and hence the storm energy is estimated based on a new
average time step (dt).

The wave energy flux (P) (Boccotti, 2014) is also esti-
mated using Eq. (7). The wave energy (E), per unit surface
area, is estimated by the Eq. (8) where g is the gravitational
acceleration and p denotes the density of salt water. The C,
denotes the group velocity that depends on many wave pa-
rameters (e.g. wave period, wave length) and it is different
for the shallow, intermediate, and deep waters. The energy
flux is estimated at each hour of storm duration and then
the sum of these values gives the energy flux for the coastal
storm.

P=E.C, (7)
E:%p.g.Hz (8)

Figure 7 (a) The correction of storm duration when the first and the last value of H are not equal to the threshold, extending
by s4 the storm duration, according to properties of similar triangles. (b) The values of H are distributed uniformly by dt when the
sampling interval (dt) is not constant during a coastal storm.
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Figure 8 Illustration of significant wave height variation and their thresholds for 4 typical locations.

4. Analysis of results

The analysis of 30 different locations and their datasets,
provides valuable information about the variation of im-
portant parameters (Figure 8) and the storm activity over
the Mediterranean Sea during the last decades. Following
the above methodology, the coastal storms thresholds are
defined and subsequently, the coastal storm events are
identified and analysed.

4.1. Coastal storm thresholds

For the coastal storm identification, three thresholds are
considered regarding a) the significant wave height, b)
the duration, and c) the calm period. As indicated pre-
viously, the threshold of minimum duration is gener-
ally set at 9 hours for all the examined locations. The
Her is defined as the 95% of the sample of signifi-
cant wave height per location and the Iy, is established
according to the correlation coefficients Spearman’s p,
Kendall’s 7, and Pearson’s r. The general framework of
this methodology is very common in literature but dif-
fers in the way the thresholds are set (Bernardara et al.,
2014; Corbella and Stretch, 2013; Lira-Loarca et al.,
2020; Lin-Ye et al. 2016) while sometimes they are de-
fined based on previous studies (De Michele et al., 2007;
Li et al., 2018, 2014) or without describing the following
procedure. The thresholds of the significant wave height
(Henr) and the calm period (I:n,) between two consecutive
events are estimated for each location (Table 2).

Similar findings are also presented in other studies. For
instance, the calm period threshold of 12 hours is in agree-
ment with the results of Lin-Ye et al. (2016) for Barcelona
and the north-western Mediterranean Sea. For Marseille,
Bernardara et al. (2014) identify the independence thresh-
old at 24 hours while our results show 12 hours. For Sete in
the Gulf of Lions, Gervais et al. (2012) indicate that storms
with H=2.7 m or higher can cause specific impacts in beach
morphology or overtopping. Here, for Sete the Hy,, is 1.7 m,
the average H of all events is 2.36 m and the average of the
most extreme events is at 3.33 m, which means that con-
cur. For all the cases, any divergences might be rational and
the comparison is not indicative owing to the different ref-
erence periods and the model data that use which usually
overestimate the mean value of important parameters.

Table 2 The estimated thresholds of the significant wave
height (H:,,) and the calm period of consecutive storm
events (I¢,), for the 30 examined locations.

Location Hepr [M] Ienr [Dr]
Greece
1 Athos 2.3 12
2 Lesvos 1.9 12
3 Skyros 2.3 12
4 Mykonos 2.4 12
5 Santorini 2.0 18
6 Heraklion 1.8 18
7 Kalamata 0.9 18
8 Pylos 2.4 12
9 Zakynthos 2.0 18
Italy
10 Venice 1.3 18
11 Crotone 1.7 24
12 Catania 1.5 12
13 Palermo 2.2 24
France
14 Alistro 1.6 18
15 La Revellata 3.1 24
16 Nice 1.3 12
17 Porquerolles 2.6 12
18 Marseille 2.1 12
19 Sete 1.7 12
20 Leucate 1.7 12
21 Banyuls 1.7 12
Spain
22 Cabo Begur 3.4 18
23 Barcelona 1.6 12
24 Tarragona 1.1 12
25 Valencia 1.4 24
26 Cabo De Gata 2.4 12
27 Malaga 1.2 12
28 Dragonera 2.7 12
29 Capdepera 2.5 18
30 Son Bou 1.4 24

4.2. Descriptive statistics

In this work, 4008 coastal storms are analysed, correspond-
ing to 41—127 storm events per year. Most of them (77—
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Table 3 The total number of examined coastal storm events at each country and their characteristics.

Annual average

Average temporal
coverage [years]

Overall  Oct.—Mar. Apr.—Sep. Overall  Oct.—Mar. % Apr.—Sep. % Per location
Greece 1103 950 153 98 86 14 12 8.8
Italy 87 69 18 41 78 22 10 1.2
France 633 509 124 87 80 20 13 5.5
Spain 2185 1668 517 127 77 23 14 14.6
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Figure 9 The annual average number of coastal storms for each location, (the locations with a short temporal coverage are not

included).

86%) occur in winter months, especially from October to
March (Table 3). The average temporal coverage of datasets
is shorter than 15 years. Trying to understand better the fre-
quency of storm occurrence, the annual average of coastal
storms per location is also estimated, excluding the short-
length datasets to avoid the underestimation (i.e. Herak-
lion, Allistro and La Revellata). Subsequently, 10—14 coastal
storms, on average, hit the examined coastal areas annu-
ally. More specifically, the frequency of occurrence is tak-
ing into account for each location, and the annual average
is presented in Figure 9. Once again, the locations with a
short dataset, regarding the duration of the record, are not
included in Figure 9 (i.e. Heraklion, Venice, Crotone, Cata-
nia, Palermo, Alistro and La Revellata). The percentage fre-
quency of coastal storm occurrence at a monthly level, as
presented in Figure 10, confirms that coastal storms are
more frequent in the winter semester for each location.
During a summer month (July, June, August) the coastal
storm activity is usually less than 5% of the annual coastal
storm activity, while the percentage for a winter month
varies between 10% to 30%. Furthermore, it is worth men-
tioning that storm activity is more intense during the sum-
mer for most of the Spanish locations.

The present findings could be used in the future by any
researcher who wants to pursue a coastal storm analysis
at the examined locations. The annual or the monthly
frequency of occurrence of coastal storms, according to
Figures 9 and 10, is useful for applying extreme value
analysis based on the Block Maxima or the r-largest order
statistics (Coles, 2001; Dey et al., 2015). Comparatively,

Bernardara et al. (2014), working with a more extended
dataset, detect in Marseille 10 events per year, while
the above analysis identifies 14 events. Lionello et al.,
(2016) describing the climatology of cyclones in the
Mediterranean, present the variation of cyclones per
month, with average 18 events, but this value corresponds
to all the Mediterranean region; thus it is not directly
comparable. Previous studies have indicated that the most
active areas in cyclones in the Mediterranean Sea are the
Aegean, the Adriatic, the Gulf of Genoa, the Gulf of Lion,
and the Catalan Sea (Cavicchia et al., 2014; Gonzalez-
Aleman et al., 2019; Lionello et al., 2006). This information
ties well with the findings of the present study, where the
highest frequency of coastal storms as well as the highest
values of H and T were identified in representative coastal
locations of the aforementioned seas; namely in Athos,
Pylos, La Revellata, Porquerolles, Cabo Begur.

The overview of Mediterranean coastal storms analysis is
completed with the description of the different descriptive
coefficients (Table 4). The mean (my and my) and the maxi-
mum (maxy and maxy) values of all significant wave heights
and wave periods (my) are estimated at each location for all
storm events. The storm energy, the wave energy flux and
the storm duration of events are presented by their mean
values and described respectively by mg, mp, and mp. Fi-
nally, the most extreme events are examined by taking the
average of the highest 5% of all the wave heights (mys%) and
the wave periods (mysy) that occur at a given location.

The highest significant wave heights occur at exposed lo-
cations, where the fetches are long, such as Cabo Begur in
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Figure 10  The percentage monthly frequency of coastal storm occurrence for each location.

Spain, La Revellata in France, Palermo in Italy and Pylos in
Greece. On the other hand, the lowest wave heights ap-
pear in shallow waters and sheltered locations, such as Kala-
mata (Greece), Venice (Italy), Nice (France) and Tarragona
(Spain). This analysis is of essential importance for buoys
very close to the coasts (i.e. Tarragona, Malaga and Son Bou
in Spain) and furthermore when the depth is increasing (i.e.
Crotone and Nice). For the above cases, the waves travel
to the coasts preserving their characteristics, contrary to
the buoys in deep waters where many processes (e.g. re-
fraction, shoaling or breaking) induce significant changes to
incident waves.

The highest values of T and E also appear to the most ex-
posed locations, as previously. For the most extreme events,
the analysis reveals that mysy and mry are approximately
12% higher than my, mr respectively, giving valuable infor-
mation for each location. The coastal storm energy varies
between 38 and 447 m? hr and given its dependence on the
H and the D, is high when these parameters have also high
values. Coastal storms with the highest energy occur in Py-
los, Palermo, La Revellata and Cabo Begur, locations in deep
waters. Moreover, it could be stated that coastal storms in
Greece have higher energy than those of the other coun-
tries, followed by Spain, France and Italy. The wave energy
flux at each location varies between 1014.57 and 37867.01
Whr/m having similar trends with the coastal storm energy.
Given that the coastal storm impacts are not clearly associ-
ated with the storm energy and the energy flux, the infor-

mation about energy could be used for the determination of
storm severity.

4.3. Duration and calm period

The examined coastal storm events have a mean duration
between 18 to 31 hours, while the shortest events occur in
Palermo, Italy and the longest in Malaga, Spain (Table 4).
Additional analysis for the duration is accomplished by tak-
ing the events which exceed the significant wave height
threshold, before rejecting some of them due to the thresh-
old of minimum duration of 9 hours as described in 3.1.2.
The boxplots of Figure 11a show the full range of the storm
duration. The average duration is lower than 30 hours, and
according to the median, 50% of coastal storms last less than
a day.

Moreover, it is shown that the variation of the median is
very small for Greek and Spanish locations. The upper quar-
tile (75%) is almost the same for Greek locations which are
not in the centre of Aegean Sea, as well as for Leucate, Sete
and Banyuls in France. The highest upper quartiles and the
most outliers of duration occur in Spain. In the same con-
text, Lionello et al. (2006) state that the shortest cyclones
in Mediterranean last lower than 12 hours and the most
severe cyclones have an average duration 18—24 hours. It
could be said that the coastal storm duration has the same
characteristics, according to Figure 11, and it is a rational
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Table 4 Basic statistics of the most important parameters during a coastal storm event for the examined locations.

Location my [m]  maxy[m] mr[s] maxr[s] me[m?hr]  mp [Whr/m]  mp[hr]  mysy [m]  miysy [S]
Greece
1 Athos 3.01 5.99 7.57 19.99 243.84 19850.37 27.06 4.01 9.05
2 Lesvos 2.52 14.71 7.30 19.32 169.71 14645.21 24.13 4.33 10.58
3 Skyros 3.01 5.45 7.82 10.04 248.04 20495.81 28.10 3.75 8.81
4 Mykonos 3.10 5.76 7.87 11.36 234.35 20860.71 27.38 5.13 9.47
5 Santorini 2.46 4.92 7.37 13.82 143.32 10966.83 24.51 3.08 9.16
6 Heraklion 2.47 4.25 7.33 10.04 191.64 16720.21 31.13 2.77 7.61
7 Kalamata 1.28 3.28 7.37 11.13 38.93 3049.20 24.31 1.76 9.13
8 Pylos 3.10 7.57 8.95 13.71 273.69 25949.15 28.64 4.05 10.21
9 Zakynthos 2.68 9.37 9.49 24.37 219.77 13874.17 28.82 4.62 18.37
10 Venice 1.67 3.77 6.39 10.53 57.91 3956.21 20.23 2.34 8.34
11 Crotone 2.34 6.46 8.26 13.33 178.60 12565.84 29.09 3.41 9.67
12 Catania 2.21 4.96 8.57 12.50 131.63 10365.29 24.03 3.92 10.33
13 Palermo 2.85 5.49 8.99 13.33 152.46 15581.80 18.50 3.73 11.90
France
14 Alistro 2.25 5.80 7.45 11.80 128.61 11851.22 23.31 3.45 9.12
15 La Revellata 3.94 7.70 9.65 13.30 374.49 33189.66 22.57 5.32 10.88
16 Nice 1.73 4.00 7.23 13.30 69.23 5042.72 22.45 2.24 10.82
17  Porquerolles 3.06 6.20 8.52 12.10 175.94 14482.73 19.09 3.85 10.07
18  Marseille 2.47 8.60 7.45 25.00 123.21 7947.60 20.57 3.10 8.94
19 Sete 2.36 5.90 7.41 11.80 162.38 10889.63 27.70 3.33 9.34
20 Leucate 2.33 9.10 7.40 28.60 164.50 11851.71 27.74 3.57 9.56
21 Banyuls 2.15 12.80 7.27 25.00 127.29 3901.43 25.77 3.17 9.80
Spain
22  Cabo Begur 4.05 7.40 8.06 12.70 446.36 37867.01 26.98 5.11 9.91
23  Barcelona 2.03 5.20 7.56 12.30 118.88 10077.18 27.49 2.83 9.46
24 Tarragona 1.39 3.90 6.97 12.20 52.57 2024.92 25.02 1.81 7.09
25 Valencia 1.80 4.50 7.35 12.50 101.38 7684.43 29.51 2.42 9.57
26 Cabo De Gata 2.94 6.60 7.42 10.60 205.07 16190.26 23.47 3.76 8.77
27 Malaga 1.69 4.70 6.94 15.60 98.79 3720.91 30.37 2.47 6.83
28 Dragonera 3.27 6.30 8.24 12.80 269.30 26876.39 24.97 4.03 9.93
29 Capdepera 3.16 7.00 8.88 12.80 264.94 21296.32 25.88 4.16 10.09
30 Son Bou 1.73 4.98 5.33 8.52 89.94 1014.57 28.98 2.25 6.30

outcome since coastal storms originate from cyclones and
synoptic systems.

The average calm period of coastal storms is shorter
than 625 hours, or less than one month, according to
Figure 11b. Most events (75%) have calm period less than
750 hours, while 25% of events have calm period almost
150 hours, hitting consecutively the same location in less
than a week. In general, the variation of the calm pe-
riod is higher than the duration. The median is around
190 hours for most Greek locations and around 250 hours
for Spain. The highest upper quartiles belong, again, in
Spain and the average calm period of 500 hours is the most
common in Spanish locations. The results about the mean
storm duration and the calm period are also important for
the coastal erosion (Callaghan et al., 2008; Corbella and
Stretch, 2012a; Dissanayake et al., 2015), the vulnerabil-
ity of coastal structures and their design (Lira-Loarca et al.,
2020; Salvadori et al., 2014). Consecutive storm events and
events with long duration are responsible for significant
loads in the coastal structures as a well as for the short time
for beach recovery.

4.4, The variance of the wave period and the
direction

Another issue that emerged from the data analysis is that
the wave period (T) and the main direction (D;) are usu-
ally quite stable during a coastal storm. To understand
the level of dispersion around the mean (or the circular
mean), the coefficient of variation (CV) of these parame-
ters is estimated for each coastal storm (Figure 12). Re-
garding the wave period, no significant patterns are de-
tected between locations, but it can generally be stated
that 75% of storm events have the CV usually less than
0.15 and for 25% of them the CV is even less than 0.05
(Figure 12a).

Similarly, Figure 12b shows the range of CV for the
coastal storm direction (wherever is available), which is
shorter than the wave period. The upper boundary of box-
plots shows that 75% of coastal storms have the CV less than
0.08. Following the boxplots, it is shown that there is no
high dispersion for T and D;, during a coastal storm. The val-
ues of T and D;, are normally spread around the mean during
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Figure 11  Boxplots for the full range of variation of coastal storm duration (a) and the calm period between two consecutive
events (b).
0.70- Greece ; Italy . France ‘ Spain
: : 8} i
0.50- : ! : - l
0.30- - L : :
os ’ﬁ e ‘ iﬁj‘
ow++++ ST LT L B FRUFTY FiE ++++
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Greece : Italy L Spain
0.50- : (b) :
1 CVDiI’ 1
0.30- i i :
0.15- ! | l
0.10- - : = $ ==
OOS—-é $ il_.__.__._:=-=—0—_._:_n_=-==n=.=0=_._=-=é
i 2 3 4 5 7 8 9 10 12 13 22 23 24 25 26 27 28 29 30
Location
Figure 12  Boxplots for the full range of the coefficient of variation for (a) the wave period and (b) the wave direction.

a coastal storm for the majority of storm events and thus
the mean value can represent efficiently the coastal storm
wave period and the direction.

5. Conclusions

In the context of this work, a deeper understanding of
coastal storms is pursued, providing knowledge on the
coastal storms in the Mediterranean Sea, as well as on the
variation of their parameters, and their characteristics. The
novelty lies on the analysis of big datasets from buoys mea-
surements at various coastal locations in the Mediterranean.
A general methodology for coastal storm identification is
described thoroughly. All this information could be useful
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to researchers, engineers, organisations, or stakeholders on
their effort to understand better the coastal storms, to pro-
tect and inform the coastal communities from coastal storm
impacts in a changing climate.

The coastal storm events are studied and analysed based
on their characteristics and not on their impacts on coastal
morphology and infrastructure. To achieve this, the coastal
storm is defined by taking the closest buoys from the coast
and by applying the 95™ percentile of H as the primary
threshold for storms identification. Furthermore, two more
thresholds are used for the storm identification (minimum
duration and calm period).

A dataset of wave buoys measurements from 30 differ-
ent locations over the Mediterranean is analysed, and a to-
tal amount of 4008 storm events are identified, covering



146 N.T. Martzikos et al./Oceanologia 63 (2021) 133—148

coastal areas in Greece, lItaly, France, and Spain for the
period 1985—2019. A detailed descriptive analysis is pro-
vided, which includes the mean and the maximum value of
storm parameters. The range of storm parameters is site-
specific since storm characteristics depend on the water
depth and the bathymetry. Their extreme values and the
intense coastal storm activity occur in areas that have also
significant cyclonic activity. The exposure of coastal areas
is inherently linked to the wave height and wave period.
Indeed, the most exposed locations are associated with
the most extreme values of wave height and wave period,
whereas the most sheltered ones are identified where the
lowest values of Hand T occur. According to the results, 10—
14 storm events occur per year in a Mediterranean coastal
area, and most of them span from October to March. The
examined events have an average duration lower than 30
hours, and 25% of them are consecutive events which hit
the same location in less than a day.

Another concluding remark of this work is that the wave
period and the wave direction present no remarkable fluc-
tuation during a coastal storm event, according to their co-
efficient of variation. Therefore, the mean values of T and
D;, describe sufficiently the wave period and the direction
of a coastal storm.

The limitations are mainly related to the sampling in-
terval of buoys measurements (0.5—3 hours). In addition,
the temporal data coverage is also very short and differ-
ent for few locations. The latter is restrictive on provid-
ing a more general overview of coastal storm activity. Such
technical barriers, including the collection of the respec-
tive data and the encoding of different data (i.e. file for-
mats, variables’ names) make this work more demanding
and time-consuming, especially during the process of data
mining. In this context, all Italian and some French locations
with short coverage are excluded from the annual frequency
of occurrence (Figure 9). For these reasons, it is quite dif-
ficult to conclude about climate change and how it affects
the frequency of coastal storms over the years.

For future research, a more extensive database, with the
shortest possible sampling interval, is essential to avoid the
use of general thresholds. The thresholds for the significant
wave height, storm duration and calm period could be rede-
fined for each location, through the consideration of smaller
values compared to ones used here. The satellite data, the
information about synoptic systems, and other parameters
such as atmospheric pressure should be included for a more
detailed coastal storm analysis. For such analyses, a denser
network of buoys and increased data availability are also
needed to identify the storm activity for more locations and
assess their relationship. At a next level, this analysis and its
findings could be used, as the basis for the development of
synthetic storms and the storm modelling at the examined
locations.
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Harmful algae; Estuary were analyzed to show the changes in the composition of phytoplankton in relation
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phytoplankton group correlated differently with environmental factors. However, within each
group, there were some predominant trends in the correlative response to changes in environ-
mental variables. The biomass of cyanobacteria was high in the middle and lower reaches of the
estuary and, in general, positively correlated with water salinity. The biomass of most species
of green algae and diatoms correlated negatively with it. These algae showed a positive trend
in biomass in the upper and middle reaches of the estuary during the last decades that may be
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explained by changes in weather conditions. Taking into account that climate models predict
future increases in precipitation and temperature in the northern Baltic, the future expansion
of freshwater phytoplankton species in estuaries of the northern Baltic Sea is very likely.

© 2020 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/).

1. Introduction

Eutrophication and harmful algal blooms have been rec-
ognized as one of the major environmental problems
of coastal areas around the world (Damar et al., 2020;
Heisler et al., 2008; Holt et al., 2016; Kahru et al., 2020).
This problem has been especially acute in recent years
due to anthropogenic nutrient load and climate change,
which may exacerbate the negative consequences of human
activities (Behrenfeld et al., 2006; Doney et al., 2012;
Golubkov and Alimov, 2010; Golubkov and Golubkoyv, 2020;
Teutschbein et al., 2017). Improving our understanding of
the factors that determine the development of algae in gen-
eral and toxic species in particular requires determination
and quantification of the physico-chemical environmental
factors that create conditions for the accelerated growth
and dominance of various groups and species of algae in
the phytoplankton community (Stauffer et al., 2020). Such
studies are important for understanding the patterns of
formation of species diversity in plankton communities
(Huisman and Weissing, 1999), for forecasting the direction
of biogeochemical cycles and fish productivity (Boyce et al.,
2010; Golubkov et al., 2020), and for predicting possible
negative phenomena for humans, both on a regional and
global scale (Dzierzbicka-Gtowacka et al., 2011).

The Baltic Sea is highly susceptible to eutrophication
caused by the influx of nutrients from densely populated and
intensively cultivated catchment areas (Wasmund et al.,
2011). The Neva Estuary, situated at the top of the Gulf of
Finland, is one of the most eutrophic areas of the Baltic Sea
(Golubkov and Alimov, 2010). The primary productivity and
biomasses of autotrophic organisms in the estuary are high,
mainly due to eutrophic effects of the large nutrient inflow
from the Neva River, which is the major contributor of fresh-
water to the Baltic Sea (Golubkov, 2009; Golubkov et al.,
2017). The Neva Estuary is characterized by a number of
features that make it a convenient site for studying the
relationships between physico-chemical factors and species
composition and productivity of phytoplankton, which is
important not only regionally, but also globally. It is a
brackish-water, non-tidal and shallow water area, with ver-
tical and horizontal gradients of salinity and temperature,
concentrations of nutrients, and indicators of phytoplank-
ton productivity. Plankton communities of the estuary
include freshwater and marine species; eurytopic species
also make up a significant proportion (Telesh et al., 2008).

Long-term data on seasonal dynamics of phytoplankton
in the middle reach of the Neva Estuary show that since
the late 1990s — early 2000s mean seasonal biomass of phy-
toplankton increased approximately twofold as compared
with the 1980s (Nikulina, 2003). In addition, a significant
increase in plankton primary production was observed in

the 2010s (Golubkov et al., 2017), and apparently this was
due not only to the anthropogenic nutrient load, but also
to changes in weather conditions in recent years because
of the global warming, which manifests regionally in warm
winters and cool rainy summer seasons (Golubkov and
Golubkov, 2020).

Most regional climate models predict future increases
in winter and summer air temperatures and precipita-
tion in the northern Baltic regions (Meier et al., 2012;
Teutschbein et al., 2017). Changes in weather condi-
tions affect water temperatures and salinity, nutrient
concentrations and plankton primary production (Friedland
et al., 2012; Golubkov and Golubkov, 2020; Holt et al., 2016;
Myakisheva, 1996). As a result, in addition to an increase
in phytoplankton productivity, this leads to a change in the
dominant groups in the phytoplankton community in various
regions of the Baltic Sea (Jaanus et al., 2011; Klais et al.,
2011; Nikulina, 2003; Wasmund et al., 2011), which af-
fects biogeochemical cycling (Golubkov et al., 2020;
Neumann and Schernewski, 2008; Spilling et al. 2018). In
the Neva Estuary, diatoms (Bacillariophyceae) were the
dominant group of phytoplankton until the late 1990s
(Nikulina, 2003). Cyanobacteria were an important group
only in late July and August. However, since the early
2000s, cyanobacteria biomass and the period of their
predominance in plankton have increased significantly,
which was accompanied by an increase in the total biomass
of phytoplankton, as well as in its primary production
and chlorophyll concentration (Golubkov et al., 2017;
Nikulina, 2003). Later in the 2010s, the biomass of dinoflag-
ellates also increased (Golubkov et al., 2019a). The same
changes in the dominance of dinoflagellates and diatoms
were observed in the Baltic Proper in the late 1980s and
could be attributed to warming rather than to eutrophica-
tion (Wasmund, 2017). This leads to a regime shift because
differences in the sinking of these two classes of phyto-
plankton affect ecosystem functioning and eutrophication
feedback loops (Spilling et al. 2018; Wasmund et al., 2017).
If diatoms are dominant, their rapid sinking reduces the
food stock for zooplankton but delivers plenty of food to
the zoobenthos. On the contrary, dinoflagellates sink slowly,
mainly providing organic matter to pelagic consumers. To
assess the environmental status of the Baltic Sea a pre-core
indicator diatom/dinoflagellate index (Dia/Dino index) was
developed (Wasmund et al., 2017).

The purpose of this study was to find statistical rela-
tionships between physical and chemical factors of the
environment and indicators of phytoplankton productivity
and biomass of various groups and species of phytoplankton
in the Neva Estuary. Although statistical relationships do
not reflect causality, they provide clues for finding the
environmental conditions that regulate the development of
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Figure 1

The Neva Estuary with an indication of sampling stations (A — the upper reach; B — the middle reach; C —the lower

reach). The dotted line shows the boundaries between reaches. Two-letter country codes are given according to ISO 3166-1 alpha-2

(International Organization for Standardization (I1SO) 2020).

algae and the dominance of certain groups and species in
the phytoplankton community. This can help simulate con-
ditions to predict the likelihood of abundant algal blooms in
the future and forecast which groups of phytoplankton will
dominate non-toxic green and diatoms, or potentially toxic
cyanobacteria and dinoflagellates.

2. Material and methods
2.1, Study area

The Neva Estuary receives water from the Neva River, a
relatively short canal (74 km) between Lake Ladoga and the
Gulf of Finland, whose catchment area exceeds 280,000
km?, and the water discharge averages 2,490 m® s—' (78.6
km? yr="), which is about a fifth of the total river discharge
into the Baltic Sea.

Flood Protective Facility (Dams) separated the upper
reach of the estuary from its lower reaches (Figure 1).
It consists of eleven dams separated by broad water pas-
sages and ship gates in its southern and northern parts.
The surface area of the upper reach (UR), is about 400
kmZ?, the salinity — 0.07—0.2 PSU. The depth of the UR is
1.6—5 m, the water residence time is 5.5 days. There is
no temperature stratification in this reach of the estuary.
High water turbidity (Secchi depth does not exceed 1.8 m)
constrains the distribution of bottom vegetation in the UR.
The middle reach (MR) of the Neva Estuary is brackish-water
and located between Dams and a longitude of ca. 29°10‘E
(Figure 1). The salinity of surface waters in this part of the

estuary ranges from 0.5 to 3 PSU, and the depth — from 7 to
14 m in the eastern MR and up to 25 m in its western part.
The water residence time is approximately 45 days. There
is temperature stratification in the western part of the MR
in summer: a warm water upper layer (UL) and a cold water
deep layer (DL). The lower reach (LR) of the Neva Estuary
located to the west of the ca. 29°10'E and to the east of
the border of territorial waters of Russia (Figure 1). It has a
depth up to 60 m, temperature stratification in summer and
the salinity of UL up to 5.5 PSU. The water residence time
is about 1500 days. The Neva Estuary is the recipient of dis-
charges of treated and untreated wastewaters from St. Pe-
tersburg City, which is the largest megalopolis in the Baltic
region with a population of more than 5 million citizens
(Golubkov et al., 2019). A more detailed description of the
estuary was given in previous publications (Golubkov et al.,
2017; Golubkov and Golubkoyv, 2020; Telesh et al., 2008).

2.2. Sampling

Ten stations in the UR, eight stations in the MR and seven-
teen stations in the LR were sampled from 20th of July — to
5th of August 2003—2019. The number of stations varied in
different years (Supplementary Table 1). Secchi depth (Sec),
salinity (S) and temperature (T) were measured at each sta-
tion. T and S were measured by the CTD90m probe (Sea&Sun
Tech., Germany) every 20 cm from the surface to the bot-
tom in the whole water column. Taking into account that ac-
cording to these measurements the whole water column in
the shallow UR was mixed, we collected five water samples
(2 L each): from the surface, half a meter from the bottom
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and from three equal depths between them. Samples from
different depths were taken in order to avoid errors associ-
ated with the vertical distribution of different phytoplank-
ton species in the water column. These samples were com-
posited and mixed to make up a pooled sample (10 ). Sam-
ples of total phosphorus and chlorophyll a (three replicates
of water collection) were taken from these pooled samples.
In the LR of the estuary (Figure 1), integrated water sam-
ples were taken from the UL. Five water samples (2 | each)
were taken from the UL: from the surface, the thermocline
and from three equal depths between them. These samples
were mixed to create a pooled sample (10 l). The samples
for chlorophyll a and total phosphorus (three replicates of
water collection) were taken from these pooled samples.

2.3. Sample analysis

Three hundred millilitres of water were filtered through
0.85 um membrane filters (Millipore AAWP) to determine
the chlorophyll a (C) concentration, which was followed by
90% acetone extraction and spectrophotometric determi-
nation (Grasshoff et al., 1999). Total phosphorus (TP) was
determined after acid hydrolysis with the molybdate blue
method (Grasshoff et al., 1999).

The primary production of plankton (PP) in the water
column were measured by the oxygen method of light and
dark bottles (Hall et al., 2007; Vernet and Smith, 2007).
Since the depth of the UL practically coincided with the
depth of euphotic zone in mid-summer 900 ml of water
from the UL pooled samples from the MR, the LR and from
the whole water column in the UR were used to determine
PP. Three 100 ml light and three dark bottles were filled
with the water from each sampling station and exposed in
an aquarium on the ship’s deck in shadow during 6 h at a
surface water temperature to estimate PP. Three 100 ml
bottles (control bottles) were filled with the water from
each sampling station to determine the oxygen contents
in water at the beginning of the experiment. The Winkler
method was used to determine the oxygen contents in the
control, the light and the dark bottles (Hall et al. 2007).
The gross primary production under 1 m? of water surface
was calculated according to Vollenweider (1969). The rate
of plankton production was recalculated to organic carbon
as recommended by Wetzel and Likens (2000) using a factor
0.43 mgC mlO~" (Hakanson and Boulion, 2002). A more de-
tailed description of the method and experimental design
is given in Golubkov et al. (2017).

2.4. Phytoplankton assemblages

Phytoplankton (volume 0.3 |) was taken in one replicate of
water collection from pooled samples and fixed with acid
Lugol’s solution. The phytoplankton taxa were identified
and counted in sedimentation chambers (10—25 ml) with
an inverted Hydro-Bios microscope. Phytoplankton biomass
was calculated in the total volume of algal cells accord-
ing to Olenina et al. (2006) and expressed in wet weight
(WW) mg ', Identification of phytoplankton taxa was
conducted according to Kiselev (1954), Pankov (1976) and
Tikkanen (1986). Phytoplankton species have been listed
in the modern nomenclature according to Guiry and
Guiry (2020).

2.5, Statistical analysis

The biomass for each of taxonomic classes was averaged for
each station and was visualized using SURFER 8.0. Annual
trends were estimated by averaging the biomass of each
taxonomic class and were visualized using Microsoft Excell.

Canonical Correspondence Analysis (CCA) was used to
assess the effect of environmental variables on phytoplank-
ton groups and species in the Neva Estuary. S, T, Sec, TP, C
and PP were used as environmental data sources. CCA was
performed using R software (version 3.6.0; R Development
Core Team, 2020; www.r-project.org/), R package ‘vegan’
(Oksanen et al., 2020) and visualised by R package ‘ggplot2’
(Wickham et al., 2020). We used only species that were
found at least five times over the entire period of observa-
tion. The biomass of various species from the phytoplankton
community was used as a biological data source. Prior to
the CCA, each environmental variable was tested using the
variance inflation factor (VIF). Function ‘vif.cca’ was used
to give the variance inflation factors for each constraint and
contrast in the constraints of the environmental variables.
Variance inflation was a diagnostic tool to identify useless
constraints. A common rule is that values over 10 indicate
redundant constraints. If later constraints were complete
linear combinations of conditions or previous constraints,
they were completely removed from the estimation, and no
biplot scores were calculated for these aliased constraints.
A constrained model based on the length of the gradient
calculated by CCA was built by function ‘vare.cca’. It is
based on Chi-squared distances and performs weighted
linear mapping. Monte Carlo replacement tests (999 permu-
tations) were carried out to determine the environmental
factors that significantly explained the spatial distribution
characteristics of the phytoplankton communities. R pack-
age ‘ggplot2’ was used to build CCA biplots. For better
understanding the results of CCA we provided ordination
diagram separately for eight taxonomical classes of algae.

In a CCA biplot, the arrows for environmental variables
point in the general direction of maximum environmental
change across the diagram with statistical significance
(p<0.05), and their lengths are approximately proportional
to the rate of change in that direction. The correlation
between biomasses of phytoplankton and environmental
factors was examined based on the angle between arrows;
an angle smaller than 90° indicates a positive correlation
between the variables; the smaller the angle, the closer the
positive correlation of the two variables. An angle between
90° and 180° suggests a negative correlation. Finally, there
is no correlation between two variables when their angle
is 90°. The projection of phytoplankton species biomass on
the environmental variable vector is an approximation of
the “optima” regarding that particular variable (ter Braak
and Verdonschot, 1995).

3. Results
3.1. Environmental parameters
The environmental variables in the Neva Estuary during

the study period are shown in Table 1. The shallowest
sampling station 3 with a depth of 1.6 m was located in
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Table 1

Environmental variables in the Neva Estuary during the study period.

Parameter

minimum maximum median mean SD

Water depth [m]

Depth of water layer above thermocline [m]
Salinity of water layer above thermocline [PSU]
Temperature of water layer above thermocline [°C]
Secchi depth [m]

Total phosphorus concentration in water layer above the thermocline [mg m—3] 5.4

Chlorophyll a [mg m—3]
Plankton primary production [gC m~2 d~']

1.6 61.0 12.7 23.5 11.5
1.6 21.5 7.5 9.3 3.5
0.05 5.55 1.80 2.73 1.04
16.2 26.2 19.8 20.0 2.12
0.3 4.3 1.6 2.0 0.7
230.3 37.4 50.6 39.1
0.88 127.65 14.5 17.50 17.25
0.05 4.14 1.06 1.21  0.78

the upper reach of the estuary, and the deepest station
29 with a depth of 61 m was in the lower reach of the
estuary (Table 1). The mean depth of UL was 9.3 m, but
maximum depth was 21.5 m. The water temperature of UL
varied within 10 degrees, from 16 to 26°C, averaging 20°C.
The salinity of the water in this layer reached 5.5 PSU,
averaging 2.7 PSU. Secchi depth varied from 0.2 m in the
eastern part to more than 4 meters in the westernmost part
of the estuary, with an average of 2 meters. The concentra-
tion of phosphorus averaged 50 mg m~3, the maximum TP
(230 mg m~3) was at station 6 in 2017. The concentration
of chlorophyll a varied from 0.8 to 127 mg m~3, and the
primary production of plankton varied from 0.05 to 4.14
gC m~% d~' (Table 1). A detailed description of spatial and
temporal pattern of environmental variables is given in
Golubkov et al. (2017) and Golubkov and Golubkov (2020).

3.2. Phytoplankton assemblages: composition,
trends and correlations with environmental
variables

A total of 174 species and forms identified to genus from
eight taxonomic classes were found in summer phytoplank-
ton during the study period (Supplementary Table 2). The
largest number of species (64) belonged to Chlorophyceae
(Table 2), which accounted for 37% of the total species
richness of phytoplankton. However, the biomass of green
algae has been distributed across numerous species. It
included many rare species (approximately 55%) that were
found no more than 4 times at all stations during the study
period. The most common species with the highest biomass
in this class were Monorahidium contortum ((Thuret)
Komarkova-Legnerova 1969), Mougeotia sp. and Muci-
dosphaerium pulchellum ((H.C.Wood) C.Bock, Proschold &
Krienitz 2011), which were observed 173, 119 and 81 times,
respectively (Table 2). Green algae ranked second in the
total phytoplankton biomass in the estuary. The highest
biomasses were observed in its upper reach (Figure 2).
Cyanobacteria ranked second in species richness, but
first in phytoplankton biomass (Table 2). Their biomass was
particularly high in the middle and lower reaches of the
estuary (Figure 2). The most common species with the high-
est biomass were Dolichospermum flos-aquae ((Brébisson
ex Bornet & Flahault) P.Wacklin, L.Hoffmann & J.Komarek
2009), Aphanizomenon flos-aquae (Ralfs ex Bornet & Fla-
hault 1886), Limnothrix planctonica ((Woloszynska) Meffert

1988) and Planktothrix agardhii ((Gomont) Anagnostidis &
Komarek 1988) (Table 2).

Diatoms ranked third in species richness and biomass
of phytoplankton (Table 2, Figure 2). As in green algae,
their biomass was higher in the upper and middle reaches
of the estuary (Figure 2). The most common species from
this class were Aulacoseira islandica ((O.Miller) Simon-
sen 1979), Sceletonema subsalsum ((Cleve-Euler) Bethge
1928), Tabellaria fenestrate ((Lyngbye) Kiitzing 1844).
Skeletonema costatum ((Greville) Cleve 1873) and Pantoc-
sekiella kuetzingiana ((Thwaites) K.T.Kiss and E.Acs 2016)
had the highest biomasses among these algae (Table 2).

These above-mentioned three classes together ac-
counted for 76% of the total species richness and 74% of
the total biomass of phytoplankton. Therefore, they can
be considered dominant in the midsummer phytoplank-
ton community in the Neva Estuary. The remaining five
phytoplankton groups were not abundant, and their pro-
portion in the total biomass was usually small. However,
some species from these groups had a high biomass and
frequency of occurrence. Chrysophyceae and Dinophyceae
species accounted for 7% of the total species richness of
phytoplankton (Table 2). The proportion of Dinophyceae in
the total biomass of phytoplankton was about 5%, and the
proportion of Chrysophyceae — only about 2%. Species from
the Cryptophyceae and Euglenophyceae groups accounted
for 4% each of the total species richness of phytoplankton
(Table 2). However, despite the small number of species
(Table 2), Cryptophyceae species accounted for 13% of the
total phytoplankton biomass. Their biomass was rather high
in the upper and middle reaches of the estuary (Figure 2).
Komma caudate ((L.Geitler) D.R.A.Hill 1991) dominated
this group. It occurred 174 times and was the most common
species in the phytoplankton in the Neva Estuary (Table 2).
Other abundant species of this group, Cryptomonas erosa
(Ehrenberg 1832) and Cryptomonas marssonii (Skuja 1948),
were also encountered often: 136 and 81 times, respec-
tively (Table 2). Euglenophyceae comprised a much smaller
fraction, only 2%, in the total biomass of phytoplankton.
Trachelomonas volvocina ((Ehrenberg) Ehrenberg 1834)
was most common in this group, and dominated in its
biomass (Table 2). Xantophyceae had the least importance
in the total species richness and biomass of the summer
phytoplankton of the estuary. This group included only
one species, Tribonema affine ((Kitzing) G.S.West 1904),
which was not common and had the highest biomass in the
UR of the estuary (Table 2, Figure 2). In general, except
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Table 2 The number of species, and the most common and dominant species in the biomass of phytoplankton in the Neva

Estuary in 2003—2019.

Groups of Number of Most common species (the number Species predominant in biomass
phytoplankton species of occurrence) (min—average—median—max biomass per
water area [WW g m—3])
Cyanophyceae 37 Dolichospermum flos-aquae (128) Microcystis wesenbergii
(46.8—1335—230.2—11519)
Aphanizomenon flos-aquae (117) Dolichospermum scheremetieviae
(70.1—902.9—410—3526)
Limnothrix planctonica (111) Planktothrix agardhii
(0.7—784.2—237.0—8800)
Chlorophyceae 64 Monorahidium contortum (173) Mucidosphaerium pulchellum
(1.2—317.3—57.6—7833)
Mougeotia sp. (119) Chlamidomonas sp. (2.1—283.2—184.7—1319)
Mucidosphaerium pulchellum (81) Sphaerocystis planctonica
(2.4—224.7—61.7—1393)
Bacillariophyceae 31 Aulacoseira islandica (112) Sceletonema costatum
(7.5—1465—146.4—6405)
Sceletonema subsalsum (96) Pantocsekiella kuetzingiana
(0.8—546.4—67.2—16127)
Tabellaria fenestrata (90) Lindavia glomerata
(0.5—313.6—145.1—-3315.7)
Cryptophyceae 8 Komma caudata (174) Cryptomonas erosa (0.5—498.8—180.8—4384)
Cryptomonas erosa (136) Cryptomonas ovata (1.3—426.9—126.2—7056)
Cryptomonas marssonii (81) Cryptomonas marssonii
(1.0—410.6—213.1—2491)
Dinophyceae 13 Apocalathium aciculiferum (62) Peridinium cinctum (18.7—610.9—304.8—2664)
Ceratium hirundinella (56) Gymnodinium sp. (5.2—352.6—47.6—2304)
Glenodinium sp. (48) Ceratium hirundinella
(8.8—311.5—168.0—3200)
Euglenophyceae 7 Trachelomonas volvocina (46) Trachelomonas sp. (16.5—395.8—139.4—2356)
Lepocinclis acus (17) Trachelomonas volvocina
(4.0—293.4—198.3—-2059.2)
Trachelomonas sp. (11) Lepocinclis acus (3.7—103.9—15.8—825)
Chrysophyceae 13 Dinobryon divergens (62) Uroglena sp. (18.0—662.7—85.5—1749)
Mallomonas charkoviensis (15) Dinobryon divergens (1.2—111.1—38.6—1680)
Uroglena sp. (13) Synura uvella (2.1-113.2—64.3—514.6)
Xanthophyceae 1 Tribonema affine (32) Tribonema affine (14.8)

Cyanobacteria, which had the highest biomass in the mid-
dle and low reaches of the Neva Estuary, other groups of
phytoplankton had the highest biomass in its upper parts
(Figure 2).

The biomasses of Chlorophyceae, Bacillariophyceae,
Cryptophyceae and Dinophyceae showed statistically signif-
icant linear trends in the estuary in 2003—2019 (Figure 3B,
C, D, E). Cyanophyceae did not show any trend at the same
time (Figure 3A)

The CCA showed that the three dominant phytoplankton
groups correlated differently with environmental factors.
The eigenvalues of the first and second axes were 0.384
and 0.265 (Table 3). The correlations between the species
biomass and the values of the environmental variables
were high (0.897 and 0.859, respectively for the first
and second axes). The first two axes explained 38% of
species-environmental relation. Furthermore, the all axes
explained 24% of the total species variance. Finally, the
results of the Monte-Carlo permutation test (using the 999

permutations) showed that the analysis was statistically
significant (Table 3).

The biomass of various species from each phytoplankton
group correlated differently with environmental factors.
However, within each group, there were some predominant
trends in the correlative response to changes in environmen-
tal variables. As can be seen from the CCA biplots (Figure 4),
species of diatoms and green algae are grouped in one part
of the diagrams, and most of the cyanobacteria species are
compactly grouped in the opposite part, separately from
most species from the first two dominant phytoplankton
classes. This means that the biomass of cyanobacteria was
positively correlated with other one environmental factors
than the biomasses of green algae and diatoms.

The biomass of most species of cyanobacteria, including
dominant species, was positively correlated with salinity,
depth and Secchi depth (Figure 4A). Only two species,
Coelosphaerium kutzingianum (Nageli 1849) and Oscilla-
toria sp. negatively correlated with these environmental
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the Neva Estuary in midsummer 2003—2019.

Table 3 Results of Canonical Correspondence Analysis.

Axes 1 2 3 4 Total
Eigenvalues 0.38 0.35 0.31 0.24 7.10
Canonical eigenvalues 0.38 0.26 0.19 0.15 1.70
F-ratio 9.41 6.48 2.61 2.47

p-value <0.001 <0.001 <0.001 0.019
Species-environment correlations 0.90 0.86 0.77 0.70

Cumulative % of explained variance of species data 5.4 9.1 11.8 13.9 24.0

Cumulative % of explained of species-environment relation 22.5 38.0 49.1 57.9
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factors. Taking into account that C. kutzingianum was found
54 times (Table 2), this species can be considered com-
mon for freshwater and shallow parts of the estuary. One
species of cyanobacteria, Aphanocapsa reinboldii ((Richter)
Komarek & Anagnostidis 1995), was positively correlated
with TP, C, and PP (Figure 4A). In addition, Merismopedia
tranquilla ((Ehrenberg) Trevisan 1845) was the only species
that positively correlated with water temperature.

In contrast to cyanobacteria, diatoms and green al-
gae mostly negatively correlated with water salinity and
Secchi depth, and dominated in the shallower parts of
the estuary with less transparent waters (Figure 4B,C).
However, although in many respects the distribution of
biomass of the species from these two groups was similar,
there were some differences. For instance, the biomass
of most species of green algae, including the dominant M.
pulchellum, negatively correlated with the depth of UL,
and positively correlated with concentrations of TP and C,
and PP (Figure 4A). The biomasses of only five species, one
of which was the dominant Mougeotia sp., positively corre-
lated with depth, salinity and Secchi depth. Another group
of seven species, with a third dominant species, M. contor-
tum, was also correlated with water temperature. In other
words, most species of green algae preferred those parts of
the estuary where salinity was low, but the concentration
of chlorophyll and primary production were high.

As green algae, biomasses of most diatom species nega-
tively correlated with water salinity, Secchi depth and water
depth (Figure 4C). Only two species of Bacillariaphyceae, S.
subsalsum and S. costatum, positively correlated with D, S,
Sec and UL. In contrast to green algae, only three species
of diatoms, Lindavia glomerata ((H.Bachmann) Adesalu
& Julius 2017), Belonastrum beroliennsis ((Lemmermann)
Round & Maidana 2001) and Tabellaria flocculosa ((Roth)
Kiitzing 1844), positively correlated with concentration of
TP and C (Figure 4C). The remaining diatoms did not show
significant correlations with eutrophication indicators, but
positively correlated with water temperature (Figure 4C).

Almost all species from the less abundant phytoplankton
groups, with the exception of dinoflagellates, mainly had
the same correlations with the studied environmental
factors. For instance, biomasses of all dominant Crypto-
phyceae species positively correlated with temperature
and negatively correlated with water salinity, water depth,
and Secchi depth. At the same time, their biomasses were
not correlated with the concentrations of total phosphorus
and chlorophyll a, and the primary production of plankton
(Figure 4D). Only Komma caudate negatively correlated
with TP, C and PP and positively correlated with the UL
depth (Figure 4D).

Biomass of autotrophic dinoflagellates showed more
complex relationships with environmental variables com-
pared to Cryptophyceae. Part of dinoflagellates negatively
correlated with water salinity, depth and Secchi depth, but
positively with water temperature (Figure 4D). For exam-
ple, the biomasses of Ceratium hirundinella ((O.F.Miiller)
Dujardin 1841), Peridinium cinctum ((O.F.Miller) Ehrenberg
1832), and Gymnodinium sp. positively correlated with
water temperature, and negatively with water salinity,
the highest biomass of these species was found in the
UR and the MR of the estuary. The biomass of the domi-
nant Apocalathium aciculiferum ((Lemmermann) Craveiro,

Daugbjerg, Moestrup & Calado 2016) was positively related
to the UL depth. However, the biomasses of some dinoflag-
ellate species like cyanobacteria positively correlated with
salinity, depth and Secchi depth of water, but negatively
correlated with water temperature (Figure 4D). In more
detail, the relationship of various dinoflagellates with
environmental factors in the Neva Estuary is published in
Golubkov et al. (2019a).

Species from Euglenophyceae, Xantophyceae, and most
Chrysophyceae have similar correlations with the studied
environmental factors and did not show significant cor-
relations with the concentration of total phosphorus and
chlorophyll a, and the primary production of plankton
(Figure 4E). T. affine (Xanthophyceae), Lepocinclis acus
((O.F.Miller) B.Marin & Melkonian 2003), T. volvocina and
Trachelomonas sp. (Euglenophyceae) and three dominant
species from Chrysophyceae (D. divergens, M. charkovien-
sis and Mallomonas sp.) positively correlated with water
temperature and negatively with salinity, depth and Secchi
depth (Figure 4E). Among other Chrysophyceae, Chryso-
coccus rufescens (Klebs 1892) was negatively correlated
to phytoplankton productivity indicators, and Mallomonas
elegans (Lemmermann 1904), unlike previous species, was
positively correlated to salinity and other physical variables
(Figure 4E).

4. Discussion

This study has explored and enhanced the knowledge on
phytoplankton diversity and its correlation with environ-
mental variables in the coastal waters of the easternmost
Baltic Sea. In contrast to this region, the composition and
biomass of phytoplankton in coastal and open waters in
other parts of the Baltic are better studied (e.g., Gasilinaite
et al., 2005; Jaanus et al., 2011; Olenina et al., 2006;
Piwosza et al., 2018; Suikkanen et al., 2007; Wasmund et
al., 2011, 2017). In the central Baltic, diatoms and au-
totrophic dinoflagellates dominate in spring and autumn
phytoplankton whereas cyanobacteria dominate in the
summer (Gasiunaité et al., 2005; Suikkanen et al., 2007;
Wasmund et al., 2011). In Curonian Lagoon situated in
the south-eastern part of the Baltic Sea, where salinity
varies from 0 to 8 PSU, Cyanophyceae, Chlorophyceae
and Bacillariophyceae are the main dominant classes in
summer phytoplankton (Krevs et al., 2007). According to
our results, cyanobacteria dominated the midsummer phy-
toplankton in the MR and LR of the Neva Estuary, whereas
green algae dominated in the UR. Green algae is also
common for summer phytoplankton of freshwater lakes at
the watershed of the Neva Estuary (Golubkov et al., 2019b;
Holopainen et al., 1996; Sharov et al., 2014), and in the
coastal lakes of the southern Baltic Sea, where green algae
preferred freshwaters (Obolewski et al., 2018). An analysis
of our data showed that, overall, green algae dominated in
more freshwaters and shallow coastal areas in the UR and
the MR of the Neva Estuary (Figure 2), but some species,
including the dominant Mougeotia sp., were abundant in
the brackish parts of the estuary and showed a positive
correlation with water salinity (Figure 4B). Similarly, green
algae were most diverse in freshwaters and mixing zone
of the Vistula River estuary (Gulf of Gdansk). However,
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species from Mamiellophyceae were characteristic groups
for the brackish zone of this estuary and were found at
salinities around 7 PSU (Piwosza et al., 2018). In the Baltic
Sea, periodic changes in the species composition of summer
phytoplankton occur due to fluctuations in environmental
factors. Analysis of long-term data showed a decrease in the
proportion of green algae in the western, southern and cen-
tral regions of the Baltic Sea in all seasons at the end of the
20th century (Wasmund et al., 2011). In the northern Baltic
and the Gulf of Finland, on the contrary, the proportion of
this group in the total biomass of phytoplankton increased
from 1979 to 2003, which is apparently associated with a
decrease in water salinity (Suikkanen et al., 2007). In the
Neva Estuary, the biomass of green algae had statistically
significant positive trend (Figure 3B).

In the Neva Estuary, many Chlorophyceae species cor-
related positively with total phosphorus concentration. In
the most eutrophic waters, there were high biomass of
Tetradesmus sp., Desmodesmus sp. and Ankistrodesmus
sp. (Figure 4 B). The same patterns were observed in Lake
Ladoga, in which these species were found in its most eu-
trophic parts (Holopainen et al., 1996), and in the Bothnia
Sea, the low saline part of the Baltic Sea (Kuosa et al.,
2017).

Cyanobacteria were the dominant phytoplankton group
in the MR and the LR of the Neva Estuary in 2003—2019
(Figure 2). They began to dominate phytoplankton in these
parts of the estuary since the late 1990s (Nikulina, 2003). A
similar increase in the significance of cyanobacteria in the
summer phytoplankton was observed in the late 1990s and
early 2000s in the western part of the Gulf of Finland and
in different parts of the Gulf of Bothnian (Jaanus et al.,
2011; Suikkanen et al., 2007). However, we did not find a
continuation of this trend in the Neva Estuary in 2003—2019
(Figure 3A). Wasmund et al. (2011) showed that after the
peak of 1979/1980, the proportion of cyanobacteria in the
total biomass of phytoplankton in the southern Baltic even
decreased, especially the proportion of Aphanizomenon sp.
and Nodularia spumigena (Mertens ex Bornet & Flahault
1888).

The problem of summer cyanobacteria blooms that
secrete toxins, which are dangerous to humans, is acute in
the Central Baltic. Monitoring of this phenomenon by pho-
tographing the water surface from space showed that the
concentration of chlorophyll in such places could be very
high (Kahru et al., 2020). In the Neva Estuary, cyanobac-
teria blooms were also occasionally observed at some
stations (Golubkov et al., 2017). According to information
on species toxicity from Hallegraeff et al. (2003), thirteen
species found in the estuary are harmful (Supplementary Ta-
ble 2). N. spumigena, which produces a hepatotoxin, is the
most toxic among them. Blooms of this species observed in
the central Baltic Sea (Kahru et al., 2020). It was also found
in the Neva Estuary, but was rare (Supplementary Table 2).

Some cyanobacteria species seem to enter the Neva
Estuary from its catchment. For instance, the harmful
Microcystis wesenbergei ((Komarek) Komarek ex Komarek
2006), dominated among summer phytoplankton in the
reservoir located on the northern coast of the estuary
(Golubkov et al., 2019b). This species had highest biomass in
the UR of the Neva Estuary. Other species, A. flos-aqua and
P. agardhii, which are dominant in the Neva Estuary, are also

common in summer phytoplankton in the shallow mostly
freshwater estuary, the Curonian Lagoon (Pilkaityte, 2007)
and in brackish-water Gulf of Riga (Purina et al., 2018).

Many authors believe that the development of cyanobac-
teria is mainly controlled by temperature, and the intensity
of their development increases with increasing temperature
(Gasiunaite et al., 2005; Obolewski et al., 2018). On the
other hand, a recent study analyzing the influence of envi-
ronmental factors on cyanobacteria blooms in the central
part of the Baltic Sea showed that water temperature does
not significantly affect the intensity of blooms in this area
(Kahru et al., 2020). In our study, we also did not find such
a positive correlation; on the contrary, the biomass of most
species, including dominant ones, negatively correlated
with water temperature (Figure 4A).

In the Neva Estuary, most species of cyanobacteria
did not show correlations with phosphorus concentra-
tion and phytoplankton productivity. This suggests that
the concentration of phosphorus for this group is not
very important, which is also known from the literature.
Kahru et al. (2020) concluded that the main factor affect-
ing the intensity of cyanobacteria blooms is the ratio of
nitrogen to phosphorus concentrations, which is consistent
with earlier studies (Plinski and Jozwiak, 1999). In the
Neva Estuary, phosphorus limits the development of phyto-
plankton in the UR, and further towards the western part
of the Gulf of Finland, the role of nitrogen as a limiting
element increases, and the role of phosphorus decreases
(Ylostalo et al., 2016). Thus, one of the reasons for the
dominance of cyanobacteria in the MR and LR of the Neva
Estuary may be the ability of many species to uptake
atmospheric nitrogen, which gives them an advantage over
other autotrophs under nitrogen-limited conditions.

Bacillariophyceae was also an important group of phy-
toplankton in the Neva Estuary in midsummer 2003—2019.
Many species of diatoms, which were found in the es-
tuary, were also common and predominated in freshwa-
ter bodies located in the estuary catchment. For exam-
ple, the diatom Aulacoseira muzzanensis ((F.Meister) Kram-
mer 1991) dominated the summer phytoplankton in a reser-
voir located on the estuary coast (Golubkov et al., 2019b).
Aulacoseira spp. and Fragilaria crotonensis (Kitton 1869),
which negatively correlated with water salinity in the Neva
Estuary (Figure 4C), were a common species for sum-
mer phytoplankton from Lake Ladoga and Lake Saimaa
(Holopainen et al., 1996; Simola et al., 1993). Diatoms
are also the main group of summer phytoplankton in Lake
Onega, which is located in the northern part of the estu-
ary catchment basin (Sharov et al., 2014). Only two species
from the genus Skeletonema had a positive correlation with
water salinity (Figure 4C), and had a high biomass in the MR
and LR of the estuary. These species are common in phyto-
plankton in the central parts of the Baltic Sea (Wasmund et
al., 2011) and in the Gulf of Finland (Suikkanen et al., 2007).
Studies conducted in the western part of the Baltic Sea from
1997 to 2006, in the Gulf of Bothnia from 1988 to 2012, and
in the Vistula lagoon at the end of 1980s and beginning of
2000s showed a general decrease in the biomass of diatoms
(Henriksen, 2009; KasperoviCiené and Vaikutiene, 2007;
Kuosa et al., 2017). A similar decrease in the role of diatoms
in summer phytoplankton was observed in the Neva Estuary
in the late 1990s (Nikulina, 2003). However, at present, we
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have found a positive annual trend in biomass of Bacillario-
phyceae in the Neva Estuary (Figure 3C), due to an increase
in biomass of freshwater species.

In recent years, intensification of harmful dinoflagellate
blooms has been observed in regions across significant
portions of the North Atlantic and in some regions within
the North Pacific (Gobler et al., 2017). In the Baltic Sea,
the role of autotrophic dinoflagellates in the spring season
also has increased in last years, which in turn has affected
the bacterioplankton community (Camarena-Gomez et al.,
2018) and has led to a change in biogeochemical cycling
(Spilling et al., 2018). In the summer seasons in 1970—2000
on the contrary, a decrease in the biomass of autotrophic di-
noflagellates was observed in the southern part of the Baltic
Sea, especially for the species Gymnodinium spp. and Peri-
dinium spp. (Wasmund et al., 2011). Intensive development
of Gymnodinium spp. was observed only in the summer of
1994, when the biomass of these species exceeded 1400
mg m~3. Low water temperatures in summer contribute
to the development of dinoflagellates (Wasmund et al.,
2011), so they often concentrate at a considerable depth
(Gisselson et al., 2002). Our analysis showed similar results,
as several marine species of dinoflagellates in the Neva
Estuary had negative correlation with water temperature
(Figure 4D). According to Hallegraeff et al. (2003), two
species found in the estuary, Phalacroma rotundatum
((Claparéde & Lachmann) Kofoid & J.R.Michener 1911) and
Prorocentrum lima ((Ehrenberg) F.Stein 1878), are harmful.
However, we did not record high biomass of these species in
the Neva Estuary in midsummer 2003—2019 (Supplementary
Table 2).

Cryptophyceae had a significant proportion in the phy-
toplankton biomass in the Neva Estuary. Although these
algae were common throughout the estuary (Table 2), they
had high biomasses in its freshwater part (Figure 2). This
group of algae is an important component for the summer
phytoplankton in Lake Ladoga, from which the Neva River
flows. In the southern part of this lake, Cryptophyceaes
accounted for 30% of the total biomass of phytoplankton in
July 2003 (Holopainen et al., 2006). A significant increase
in the summer biomass of these algae in Baltic Proper in the
summer of 1997 was associated with a decrease in salinity
(Wasmund et al., 2011). This is consistent with our data.

Algae belonging to Chrysophyceae were also common in
the Neva Estuary. In the Gulf of Finland and the northern
Baltic Proper, an increase in the biomass of these algae was
observed at the end of the 20th century (Suikkanen et al.,
2007). In the Neva Estuary, all dominant species from
this group positively correlated to water temperature
(Figure 4E). Species of Euglenophyceae also positively
correlated with water temperature and negatively with
salinity in the Neva Estuary; the same correlations were
observed in the central Baltic (Wasmund et al., 2011).

Most of the phytoplankton groups dominating in fresh-
water and slightly saline waters in the Neva Estuary showed
a statistically significant trend towards an increase in
their biomasses in the MR in 2003—2019, which may be
associated with an increase in the amount of atmospheric
precipitation in summer observed in the region in recent
years. The amount of precipitation in July in the Saint
Petersburg region increased from 53 mm in 2011 to 151 mm
in 2016 (Golubkov and Golubkov, 2020). As a result, the

Neva River’s run-off increased (Knuuttila et al., 2017); high
concentrations of TP were measured in the UR of the Neva
Estuary due to leaching of nutrients from the river catch-
ment (Golubkov and Golubkov, 2020). This phenomenon is
consistent with the results of model simulations, according
to which an increase in the flow volume caused by an in-
crease in net precipitation in the Baltic catchment area will
stimulate nutrient loads from the land during the 21st cen-
tury, especially in the northern regions (Meier et al., 2012).
As was early shown, with an increase in the flow of the Neva
River during rainy summers, the salinity of water in the
MR of the Neva Estuary decreases (Myakisheva, 1996). Such
environmental conditions should favor the development of
freshwater species from various groups of phytoplankton.
Taking into account that most regional climate models
predict future increases in precipitation and temperature
in the northern Baltic regions, the future expansion of the
areas occupied by these freshwater phytoplankton species
in the Neva Estuary and other estuaries of the Northern
Baltic is very likely.
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