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KEYWORDS Summary The aim of this study was to determine the burial rates of nitrogen (N) and
Hornsund; phosphorus (P) in the sediments of two high-latitude fjords: Hornsund and Kongsfjorden (Spits-
Kongsfjorden; bergen). Both deposition to sediments and the return flux from sediments to the water column of
Sedimentary nitrogen the various species of these elements were, therefore, quantified. The burial rate was then
and phosphorus; calculated as the difference between deposition and return flux. The required concentrations of
Pore water; N and P species were measured in surface sediments, in pore water extracted from the sediments,
Concentrations; and in the above-bottom water at sampling stations situated along the axes of the fjords.

Nutrients Annual deposition to sediments ranged between 2.3—8.3 gm~2 for N and 0.9—2.8 g m~2 for P.

The nitrogen return fluxes ranged from 0.12 to 1.46 gm 2y~ '. At most stations, the N flux was
predominantly of dissolved organic (about 60—70%) rather than inorganic N. The P return flux
varied between 0.01 and 0.11 g m~2y~", with organic species constituting 60—97%. The N and P
burial rates differed between fjords: 2.3—7.9 gNm 2y 'and 0.9—-2.8 g P m 2y~ "in Hornsund vs.
0.9-1.3Ngm ™2y 'and 1.0-1.2 g P m~2y~" in Kongsfjorden. This was accompanied by a differ-
ent efficiency of N and P burial — higher in Hornsund than in Kongsfjorden, in both cases. This
suggests differences in the quality and quantity of N and P organic species deposited to sediments
and therefore differences in the intensity of their mineralization and/or decomposition.
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1. Introduction

Nitrogen (N) and phosphorus (P) limit or co-limit primary
production in the global ocean (Moore et al., 2013; Tremblay
et al., 2015). Some of the substances containing these ele-
ments are deposited to surface sediments, whether as
organic or inorganic compounds. The differences in the
chemical and physical forms (species) of these substances
reflect their different sources. Inorganic species are mostly
transported by river runoff, as a result of weathering and
anthropogenic activity and/or from the exoskeletons or ske-
letons of dead marine organisms. In sediments, N is bound in
organic substances or occurs as lattice-bound ammonium in
clay minerals (Knies et al., 2007), while P is usually present as
loosely sorbed phosphate (PO437), iron-bound PO,3~, authi-
genic fluorapatite, detrital P, and organic P (Ruttenberg and
Goni, 1997). Organic matter (OM) formed during autochtho-
nous production and/or supplied from land is important form
of N and P in sediments. Terrestrial OM may be fresh,
produced recently on land, or ancient, mobilized by the
melting and thawing of the permafrost. Hence, the processes
related to OM production, mineralization, and transforma-
tion shape the pools of inorganic N and P species in the water
column and thus primary production as well. The short loops
between the organic and inorganic forms of N and P are
strongly evidenced in productive coastal zones, where the
inventories of both are supplemented by return fluxes from
the sediments (Benitez-Nelson, 2000; Cloern, 2001; Nixon,
1995).

Global warming and its consequences are becoming
increasingly evident, especially in the Arctic, where the
respective changes have come early and are of particular
intensity. Shifts such as a significant reduction in the amount
of sea ice extent or, in some parts of the high Arctic, even the
complete disappearance of sea ice, have increased the
amount of irradiance reaching the water column and there-
fore the level of primary production (Fernandez-Mendez
et al., 2015; Polyakov et al., 2017). Since it is known that,
in the Arctic, N is the main element limiting production
(Reigstad et al., 2002; Tremblay et al., 2015), studies on
the cycling and origin of N have become particularly impor-
tant.

Despite the many studies on OM cycling in the Arctic Ocean
and especially in its fjords, very little is known about N and P
deposition and burial in bottom sediments. Sedimentary N is
usually analyzed as total nitrogen, without distinguishing
between inorganic and organic forms, while phosphorus in
sediments has been generally neglected (Carroll et al., 2008;
Kim et al., 2011; Koziorowska et al., 2016; Kulinski et al.,
2014; Zaborska et al., 2006, 2016). Moreover, investigations
into N accumulation and burial rates in fjord sediments
usually do not take into account the fraction of organic N
that undergoes mineralization and/or hydrolysis in surface
sediments and returns to the water column in the form of
dissolved compounds. The only available results for the
Svalbard region are those of Blackburn et al. (1996) and
according to that study, only ~23% of the organic N deposited
in surface sediments remains there, which suggests that
sediments are a significant source of N in the water column.
However, there are no published data on the burial of Pin the
sediments of the Svalbard region, nor on the return fluxes of

phosphates from bottom sediments to the water column. In
other regions, sediments were shown to be an important sink
for P (burial), although some fraction of sedimentary P
diffuses back into the water column in the form of bioavail-
able PO~ (Filippelli, 2001; Rydin et al., 2011; van der Zee
et al., 2002).

The goal of this study was to quantify the burial rates of
N and Pin the surface sediments of two high-latitude fjords
located on the west coast of Spitsbergen: Hornsund and
Kongsfjorden. This was achieved by measuring the con-
centrations of total N and total P (TN, TP), organic N and P
(ON, OP) and inorganic N and P (IN, IP) in the surface
sediments, pore water, and in the seawater overlying
the sediments in samples acquired at four sampling sta-
tions in Hornsund and three in Kongsfjorden. The stations
were situated along the axes of the respective fjords. The
return fluxes of both dissolved organic nitrogen (DON) and
dissolved organic phosphorus (DOP) as well as inorganic
forms of N and P, including nitrate (NOs ™), nitrite (NO, ),
and phosphate (PO4>~) were calculated based on diffusion
from the pore water to the bottom water using the Fick's
first law of diffusion. N and P burial rates were calculated
as the difference between the accumulation in the sedi-
ments and the return flux. The results presented in this
report supplement those of studies on the deposition and
burial of carbon in the same region (Koziorowska et al.,
2018).

2. Study area

The study area was already described in sufficient detail by
Koziorowska et al. (2018). The important features as regards
the study subject are as follows. Both fjords are situated on
the west coast of Spitsbergen. Hornsund is the southernmost,
medium-size fjord with a complex coastline (Beszczynska-
Moller et al., 1997; Blaszczyk et al., 2013). The largest bay —
Brepollen is situated in the innermost part of the fjord and
isolated from the central basin by an underwater riffle and
the Treskelen Peninsula. Hornsund is influenced by two main
current systems: the coastal Serkapp Current and the West
Spitsbergen Current (WSC; Piechura et al., 2001; Prominska
et al., 2017). The sediments are composed of sandy mud and
mud (Drewnik et al., 2016), with a maximum OC concentra-
tion ~20 mg g~ at the inner part of the fjord (Koziorowska
et al., 2016; Zaborska et al., 2016). Primary production
ranges from 120 to 220gCm~2y~" (Piwosz et al., 2009;
Smota et al., 2017).

Kongsfjorden, located on the northwestern Spitsbergen
coast, is a relatively small fjord, divided into two parts by a
chain of islands (Lovéngyane). The outer part is strongly
affected by the WSC whereas the inner part is under the
influence of tidewater glaciers (Prominska et al., 2017;
Svendsen et al., 2002). The large supply of mineral material,
arriving with the freshwater from melting glaciers, snow and
ice in summer, accounts for the relatively high sediment
accumulation rates (SAR). The surface sediments are com-
posed of fairly uniform mud (Wtodarska-Kowalczuk and Pear-
son, 2004), with a sedimentary OC concentrations from 1 to
20 mg g~ (Koziorowska et al., 2017). Annually, primary pro-
duction is in the range of 20 and 50 g C m~2 (Piwosz et al.,
2009; Smota et al., 2017).
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Figure 1

3. Experimental
3.1. Sampling

Surface sediments were collected using a Nemisto gravity
corer from onboard the r/v “Oceania” in the summers of
2015 and 2016. Samples were obtained from seven stations:
H1, H2, H3, and H4, representing the outer, central, inner,
and glacial (Brepollen) parts of Hornsund, and Kb1, Kb2, and
Kb3 — the outer, central, and inner parts of Kongsfjorden
(Fig. 1). At each sampling station, two undisturbed sedi-
ment cores were collected and then combined to increase
the amount of material for further analyses. The bottom
water overlying the sediment (5cm above the sediment
surface — to avoid collecting pore water caused by possible
sediment resuspension) was sampled using a pre-cleaned
syringe for nutrients (N-NO, ", N-NO;™, P-P043‘) and DOC
analyses. The topmost parts of the sediment cores (0—3 cm)
were then sliced into 10-mm-thick layers and frozen
(=20°C). In the laboratory, sediment samples were centri-
fuged (15 min, 5000 g) and the resulting pore water was
analyzed for N-NO,~, N-NO;~, P-PO,3~ and DOC. Residual
sediments were freeze-dried, homogenized, and analyzed
for total, organic, and inorganic concentrations of N and P
species. All analyses were carried out at the Marine Bio-
geochemistry Laboratory of the Institute of Oceanology of
the Polish Academy of Sciences (Sopot, Poland), using the
methods described below.

12°E 20°E

80°N

Locations of the sampling stations in Hornsund and Kongsfjorden.

3.2. Analyses of total, organic, and inorganic
nitrogen and phosphorus in sediment samples

Total N and inorganic N (bound as ammonium to fine-grained
sediments) were analyzed in an elemental analyzer (Flash EA
1112 series) combined with a Delta V Advantage isotopic ratio
mass spectrometer (IRMS; Thermo Electron Corp., Germany).
For both TN and IN, ~50 mg (10-pg accuracy) of freeze-dried
and homogenized sediment was weighed into silver capsules.
The IN sediment samples were first treated with a KOBr-KOH
solution to remove ON, according to the method described by
Silva and Bremner (1966). Quantitative measurements of TN
were calibrated against certified reference materials (mar-
ine sediments) provided by HEKAtech GmbH (Germany). The
precisions of the TN and IN measurements, reported as the
relative standard deviations (RSDs), were better than +1.7%
and +2.4% (n=15), respectively. The ON concentration was
calculated as the difference between the TN and IN concen-
trations.

Total P and IP concentrations were measured using a
spectrophotometer (TECAN, Switzerland) and the ammonium
molybdate method after digestion of the sediment samples
according to the procedure described by Aspila et al.
(1976). Briefly, the samples for TP analysis were combusted
in a muffle furnace at 550°C for 5 h and then extracted with
1M HCl for 16—18 h. Samples for IP were analyzed as
described for TP except the combustion step was omitted.
The measurements were calibrated against certified refer-
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ence materials (river sediment) provided by BCR® (Commu-
nity Bureau of Reference, Belgium). The precisions of the TP
and IP measurements, reported as the RSDs, were +4.2% and
+3.8% (n=5), respectively. The OP concentration was cal-
culated as the difference between the TP and IP concentra-
tions.

3.3. Analyses of dissolved nitrogen and
phosphorus species in water samples

3.3.1. Nitrites (N-NO, "), nitrates (N-NO3 ™), and
phosphates (P-P0,37)

Nutrient (nitrite, nitrate, and phosphate) concentrations
were analyzed colorimetrically on a Dr 2800 spectrophot-
ometer (Hach-Lange, Germany) using the methods described
in detail by Strickland and Parsons (1967) and by Salley et al.
(1986). The accuracy of the nutrients analyses was confirmed
by measurements of certified reference material (RM-BU;
National Metrology Institute of Japan). The precisions (RSDs)
wer}e +1.5% for N-NO, ™, +1.2% for N-NO3~, and +1.6% for P-
PO, .

3.3.2. Dissolved organic carbon (DOC), dissolved

organic nitrogen (DON) and dissolved organic
phosphorus (DOP)

DOC analyses were carried out using a TOC-L analyzer (Shi-
madzu Corp., Japan) and a high-temperature (680°C) oxida-
tion method performed in the presence of Pt catalyst. Quality
control was based on measurements of reference material
(North Atlantic water, obtained from the Hansell Labora-
tory). The precision (RSD) was +0.8%; n=5.

DON and DOP concentrations were calculated from the
measured DOC concentrations and the DOC/DON or DOC/DOP
ratios characteristics of pore water in marine sediments. The
average values of these ratios, as reported in the available
literature, were 14.1 &+ 3.7 for DOC/DON (Alkhatib et al.,
2012, 2013; Burdige, 2001; Burdige and Komada, 2015; Bur-
dige and Zheng, 1998; Lomstein et al., 1998) and 407.0
+183.8 for DOC/DOP (Loh and Bauer, 2000; Tremblay
et al., 2014; Yasui et al., 2016). As there are no literature
data for the DOC/DOP ratio in pore water, we used the results
reported for the water column. For each pore water sample,
both the range and the average results were calculated
(Fig. 3). However, for further calculations of the return fluxes
and burial rates only the average values were used.

3.4. Calculations

3.4.1. Nitrogen and phosphorus deposition to

sediments

The deposition of N and P, both inorganic and organic, in
sediments was calculated as the product of the sediment
mass accumulation rate (MAR) and the ON, IN, OP, and IP
concentrations in the sediment layers. The MAR values for
each sampling station were those reported in the litera-
ture (Koziorowska et al., 2017, 2018; Zaborska, 2017)
(Table 1).

3.4.2. Nitrogen and phosphorus return fluxes

The diffusion of dissolved N and P species from the sediments
into the overlying bottom seawater was estimated based on
Fick's first law of diffusion (Ullman and Aller, 1982).

Jx = =X Dgeq x g7
where J, is the diffusion flux of x [N-NO, ™, N-NO3 ™, P-PO,3,
DON, or DOP; pgcm 257 ']; ¢ is the porosity of the sedi-
ment, D4 is the specific sediment diffusion coefficient for
NO,~, NO;~, PO,3~, DON, or DOP [cm?s~"], and Ac/Ax is
the N-NO,~, N-NO5~, P-PO,3~, DON, or DOP concentration
gradient between the pore water of the surface-most sedi-
ment layer and the seawater overlying the sediments
[wg cm™3/cm].

The Dyoq values used in the calculations were derived from
the literature and corrected for temperature and sediment
porosity according to Boudreau (1997) and Holcombe et al.
(2001):  5.54x10°cm?s™" for NO,~ and NO; ,
1.53 x 10°®ecm?s~" for PO, and 1.22 x 10°%cm?s~" for
DON and DOP. Since, under oxic conditions, ammonium is
oxidized to nitrate, its presence and release from the oxic
surface-most sediment layer is unlikely (see Chapter 5.1 for
the subject discussion; Glud et al., 1998; Kotwicki et al.,
2018) and, therefore, ammonium was disregarded in the
analyses described herein.

3.4.3. Burial rates of total nitrogen (TNgg) and total
phosphorus (TPgg)

TNgr (or TPgr) were calculated as the difference between TN
(or TP) deposition in the surface-most sediments and the sum
of the return fluxes of N-NO, ™, N-NOs™, and DON for TNg or
P-PO.,*>~ and DOP for TPgg.

Table 1 Sediment mass accumulation rates (MAR) at the investigated sampling stations.

Station MAR [gm~2y~"] Reference

H1 1310 Koziorowska et al. (2018)
H2 2330 Koziorowska et al. (2018)
H3 3070 Zaborska (2017)

H4 6250 Zaborska (2017)

Kb1 1160 Koziorowska et al. (2018)
Kb2 1950 Koziorowska et al. (2018)
Kb3 -2 Koziorowska et al. (2017)

@ See Chapter 4.2 for details.
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Table 2 Concentrations [mg g~ '] of sedimentary nitrogen:
total (TN), organic (ON), and inorganic (IN) and sedimentary
phosphorus (TP, OP and IP) in the top-most (0—3 cm) sediment
layer.

Station Concentrations in sediments [mg g~ ']

TN ON IN TP OoP IP
H1 2.22 1.49 0.72 0.69 0.30 0.39
H2 1.94 1.26 0.68 0.63 0.23 0.40
H3 1.38 0.67 0.72 0.48 0.15 0.33
H4 1.33 0.47 0.86 0.45 0.14 0.30

Kb1 2.37 2.15 0.23 0.97 0.25 0.72
Kb2 1.19 1.07 0.12 0.68 0.18 0.51
Kb3 0.35 ~0.35" <LOD® 0.21 0.03 0.18

2 LOD: limit of detection (LOD: 0.01 mgg™").
b Difference between TN and IN (<LOD).

4, Results
4.1. Nitrogen and phosphorus concentrations

4.1.1. Sedimentary N and P concentrations

The TN concentrations in the surface sediments of Hornsund
and Kongsfjorden were 1.33—2.22mgg™' and 0.35—
2.37mgg ', respectively (Table 2), and they increased
towards the mouths of the fjords. The spatial distribution
of the ON concentration was similar to that of TN, with higher
concentrations measured at outer regions (1.49 mgg~' and
2.15mg g ", respectively) and lower concentrations at inner
regions (0.47 mgg~" and 1.07 mg g™, respectively). By con-
trast, there was no distinct spatial difference in the IN
concentrations measured at stations within the fjords,
although the values were significantly higher in Hornsund
(0.68—0.86 mgg~") than in Kongsfjorden (ranging from
below the limit of detection [LOD] to 0.23mgg™'). The
TN, ON, and IN concentrations determined in this study were
close to those previously reported for the sediments of Arctic
fjords. Specifically, TN, ON, and IN concentrations of 0.5—
3.7mgg !, 0.2-2.9mgg™", and 0.2—1.0mgg~", respec-
tively, were measured by Knies et al. (2007), 0.5—-1.5mg g™,
0.3—0.9mg g~ ", and 0.2—0.6 mg g~ by Schubert and Calvert
(2001), and 0.7-4.7mgg”!, 0.4-3.4mgg"', and 0.2—
1.3 mg g~" by Winkelmann and Knies (2005).

As was the case for the TN and ON concentrations, the
concentrations of all P fractions increased towards the
mouths of the fjords (Table 2). TP, OP, and IP concentrations
were 0.45-0.69mgg~', 0.14-0.30mgg™', and 0.30—
0.40mgg~"', respectively, in Hornsund and 0.21—
0.97mgg™", 0.03-0.25mgg~", and 0.18—0.72mgg™" in
Kongsfjorden. Slightly higher TP and IP concentrations were
measured in Kongsfjorden than in Hornsund. Unlike N, the
inorganic P fraction predominated over the organic P frac-
tion. In the only report on sedimentary P in Kongsfjorden (Zhu
et al., 2014) available to us, IP concentrations were similar
(0.01—0.6 mg g~ ") while those of TP and OP were higher
(0.2-5.9mg g~ " and 0.01-5.9 mg g™, respectively).

4.1.2. N and P concentrations in pore and sea water
The concentrations of the measured nutrients in pore water
are presented in Fig. 2, and those of the dissolved species of
organic C, N, and P — in Fig. 3. The measured N-NO, con-
centrations were generally low and did not exceed
0.1 mg L~". Concentrations were highest at stations located
in the outer parts of the fjords, and were especially high in
the pore water extracted from the surface-most layers
(Fig. 2a, b, e, and f), while concentrations were much lower
in the inner regions (Fig. 2c, d and g). Significantly higher
concentrations, reaching 2.0—3.0 mg L=, were measured for
N-NOs . This was observed at all stations except H4 and Kb3,
located close to the glacier fronts, where N-NO5;™ concentra-
tions did not exceed 0.20 mg L~". At all stations, the highest
N-NOs;~ concentrations occurred in the surface-most sedi-
ment layers and the lowest concentrations in the deeper
layers (except stations H1 and Kb1; Fig. 2a and e). These are
typical nitrate concentration profiles for surface sediments,
where oxic conditions prevail (Schulz and Zabel, 2006). The
measured concentrations were higher than the 0.5 mg NO;™~
L~" previously reported for the Arctic region by several teams
(Blackburn et al., 1996; Gihring et al., 2010; Hulth et al.,
1996; Rysgaard et al., 1998; Thibodeau et al., 2010).
Similarly to nitrates and nitrites, higher concentrations of
phosphates (P-PO,3~) were measured in the outer and central
parts of both fjords (up to 0.9 mg L™"; Fig. 2). The vertical
distribution of P was more diverse than that of N, as P
concentrations decreased towards the sediment surface at
stations H1, H3, H4, Kb1, and Kb3. These profiles were in
agreement with the PO,>~ concentrations in pore waters
reported in the literature (Schulz and Zabel, 2006). However,
at stations H2 and Kb2, located in the central part of the
fjords, the profiles of P-PO,>~ were reversed and phosphate
concentrations decreased with increasing depth (Fig. 2b and
f). This reversed gradient of concentrations may suggest
more intense organic matter mineralization in surface sedi-
ments caused by a larger contribution of fresh OM at these
stations, caused by a local increase of primary production or
organic matter preferential deposition. The hypothesis is
supported by a higher return flux of dissolved inorganic
carbon there (Koziorowska et al., 2018). However, further
research is required to explain the phenomenon exclusively.
Wide ranging DON and DOP concentrations were found in
the pore water of the two fjords (Fig. 3). Like the inorganic
fractions, DON and DOP concentrations were higher at sta-
tions in the outer and central parts (4.5—23.4mgL~" and
0.4-1.8 mg L', respectively). The low DON and DOP con-
centrations in the inner parts of the fjords (0.4—5.4 mg L™
and 0.0—0.4 mg L', respectively) may have been caused by
the proximity of glaciers. Regions characterized by a high
freshwater supply usually have lower rates of primary pro-
duction and thus a smaller supply of fresh OM for deposition
to the sediment surface. This is due to the high turbidity of
the land-derived, mineral-rich, material discharged in large
amounts by glaciers and river runoff, especially during the
ablation season in the summer and early autumn (Moskalik
et al., 2018). Typically, the concentration of dissolved con-
stituents originating from mineralization and hydrolysis
should decrease towards the sediment surface (Alkhatib
et al., 2013; Blackburn et al., 1996; Winogradow and Pemp-
kowiak, 2014; Yasui et al., 2016). However, at the investi-
gated stations, the DON and DOP concentrations varied
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Figure2 Concentrations of nitrites (N-NO, ), nitrates (N-NO; ™), and phosphates (P-PO,3~) in the pore water of the surface sediment
layers (0—3 cm) at stations (a) H1, (b) H2, (c) H3, (d) H4, (e) Kb1, (f) Kb2, and (g) Kb3.

widely. At stations H1, Kb1 and Kb2 the values decreased Nutrients (nitrites, nitrates, and phosphates) concentra-
towards the surface while at the other stations they tions were significantly lower in the seawater overlying the
increased, which suggested a difference in the quality of sediments than in the pore waters (Table 3). N-NO,~ con-
the OM supplied to the sediments. centrations were below the LOD for all sampling stations, N-
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Concentrations of dissolved organic carbon (DOC), dissolved organic nitrogen (DON), and dissolved organic phosphorus

(DOP) in the pore water of the surface sediment layers (0—3 cm) at stations (a) H1, (b) H2, (c) H3, (d) H4, (e) Kb1, (f) Kb2, and (g) Kb3.
The error bars represent the uncertainty resulting from the use of DOC/DON and DOC/DOP molar ratios to calculate DON and DOP
concentrations (see Section 3.3.2 for details).
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Table 3 Concentrations [mgL~"] of nitrites (N-NO,”),
nitrates (N-NO;~), phosphates (P-PO4>~), dissolved organic
carbon (DOC), dissolved organic nitrogen (DON) and dissolved
organic phosphorus (DOP) in the seawater overlying the
sediments.

Station  Concentrations in water [mg L~"]

N-NO,~ N-NO;~ P-PO,>~ DOC DON DOP
H1 <LOD?® 0.05 0.02 1.90 0.16 0.01
H2 <LOD? 0.02 0.02 0.84 0.07 0.01
H3 <LOD® 0.05 0.04 1.16 0.10 0.01
H4 <LOD? 0.03 0.01 1.34 0.11 0.01
Kb1 <LOD?® 0.02 0.02 1.09 0.09 0.01
Kb2 <LoD® 0.02 0.03 2.28 0.19 0.01
Kb3 <LOD® 0.03 0.01 1.60 0.13 0.01

2 LOD: limit of detection.

NO;~ varied between 0.02 and 0.05mgL~"; and P-PO~
ranged from 0.02 to 0.04 mg L~". These concentrations in
the overlying seawater were close to those previously mea-
sured in the bottom water of the Arctic Ocean (Blackburn
etal., 1996; Gihring et al., 2010; Thibodeau et al., 2010). For
the organic fractions, the average concentrations varied
between 0.09 and 0.19 mgL~" for DON and ~0.01 mgL™"
for DOP. For all dissolved species of C, N, and P (both organic
and inorganic) investigated in this study, the differences
between the two fjords and the different stations were
not significant.

4.2. Deposition rates of nitrogen and phosphorus

4.2.1. Sediment dating

The data indicated a steep gradient along the fjord axis, with
low MARs in the outer parts and high MARs in the inner parts of
both fjords (Table 1). At station Kb3, the MAR could not be
determined due to sedimentation rates that were too fast to
be determined using the radiolead method. The differences
in the MARs along the axes of the two fjords indicated
suspended matter loads differing in their intensity due to
differences in their proximity to the sources of the sedimen-
tary material, i.e., glacier fronts and/or rivers.

4.2.2. Deposition of inorganic and organic N and P to
sediments

Recent annual rates of total (TNjg), organic (ONpr) and
inorganic (INar) nitrogen deposition as well as total (TPaR),
organic (OP,g) and inorganic (IPyr) phosphorus deposition are
presented in Fig. 4. Despite the lower TN concentrations in
the surface sediments of the inner stations in Hornsund
(Table 2), the high MARs resulted in an increasing TNag
towards the inner part of the fjord (from 2.9gm 2y~ " at
H1 to 8.3 g m 2y~ " at H4; Fig. 4a). In Kongsfjorden, despite
the differences in the MAR and TN concentrations, the TNag
was relatively constant: 2.8gm~2y~' at Kb1 and
2.3gm 2y~ " at Kb2 (Fig. 4c). In spite of the variance of
MARSs, ONAR values measured at the two fjords were quite
similar, ranging between 2.0 and 2.9 g m~2y~" in Hornsund

and between 2.1 and 2.5gm 2y~ " in Kongsfjorden. More-

over, the organic fraction accounted for up to 90% of the total
amount of N deposited in the surface sediments of Kongsf-
jorden, whereas in Hornsund the contribution varied
between 35% and 67%. The gradual decrease in the share
with increasing proximity to the inner part of the fjord
indicated an important role for autochthonous production
in the supply of ON. The pattern of INsg was similar to that of
TNar. Thus, in Hornsund the annual rates increased with
increasing distance from the fjord entrance (from
0.9gm 2y 'atH1 to2.8gm 2y " at H4), while in Kongsf-
jorden there was a slight decrease in the annual rate (from
0.3gm 2y 'at Kb1 to 0.2gm2y~" at Kb2). These results
are consistent with those reported previously by Rysgaard
et al. (1998), who estimated TNag in the Svalbard fjords
sediments at 5.6 gm~2y~', a rate significantly higher than
the TNyg reported by Muzuka and Hillaire-Marcel (1999) for
the Eastern Canadian Margin (0.06—0.2gm 2y~ ).

Similarly, TPsr values increased along the axes of Horn-
sund and Kongsfjorden, from 0.9 g m~2y~" at station H1 to
2.8gm 2y ' at station H4 and from 1.1 gm 2y~ at station
Kb1to 1.3 gm 2y ! at station Kb2, respectively (Fig. 4b, d).
The contribution of OP,r to TPog was much lower than was the
case for N, accounting for only ~26% (~0.3gm 2y~ ") in
Kongsfjorden and 32—43% (0.4—0.9gm 2y~ ") in Hornsund
However, as for N, the contribution decreased towards the
fjord interior. The IP,z values also differed along the fjord
axis, with higher IP loads deposited in the inner and central
parts (1.9 gm 2y "and 1.0 gm~2 y~" at H4 and Kb2, respec-
tively) and lower loads in the outer region (0.5gm 2y 'and
0.8 gm~2y~ " at H1 and Kb1, respectively). This suggested a
larger supply of IP from land and/or melting glaciers. Data on
P accumulation rates in marine surface sediments are scarce.
According to van der Zee et al. (2002), TPr in the NE Atlantic
varies between 0.4 and 6.7 gm 2y, while Rydin et al.
(2011) estimated TPz of 1.7—2.8gm 2y~ in the Baltic
Sea, and Yang et al. (2017) TPag of 1.9—6.4gm 2y~ and
OPug of 0.4—1.0 g m~2y~ " in the East China Sea.

4.3. Return fluxes of nitrogen and phosphorus
(Nrr and Pgr)

Fick's first law of diffusion was applied to estimate the Nand P
return fluxes from the bottom sediments to the water col-
umn. The N return flux (Ngg) ranged from 0.43 to
1.38gm 2y~ " in Hornsund and from 0.12 to 1.46 gm 2y’
in Kongsf]orden (Table 4). In Hornsund, higher values were
measured at the central stations (H2 and H3), and in Kongsf-
jorden at the outer and central stations (Kb1 and Kb2). For
both fjords (except stations H1 and H3), the contribution of
DON to the TN return flux was significant, amounting to 60—
70% (0.07—0.97 g m~2y~"). This DON return flux (Jpon) Was
much lower than that reported by Blackburn et al. (1996) for
Svalbard sediments (~4.8gm 2y~ ") and generally at the
lower limits of the DON fluxes previously reported for other
world regions, including Laholmm Bay, Sweden: 0.5—
2.0g m‘2 ~' (Enoksson, 1993), Chesapeake Bay: 0.2—
2.8 gm 2y~ (Burdige and Zheng, 1998), and the Laurentian
and Anticosti Channel, Canada: 0.6—2.2 gm 2y~ (Alkhatib
et al., 2013). The diffusion flux of DIN (JD|N) was 0.05—
0.63g 'm-2 y~!, which is slightly lower than the fluxes deter-
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Figure 4 Recent deposition rates of nitrogen: total (TNagr), organic (ONagr) and inorganic (INar), and of phosphorus: total (TPar),
organic (OP,r) and inorganic (IP,g) at Hornsund (a) and Kongsfjorden (b). Deposition rates were not calculated at station Kb3.
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Table 4 Porosity and the return fluxes (J) of dissolved
nitrogen: inorganic (Jpn), organic (Jpon) and total (Ng);
return fluxes of dissolved phosphorus: inorganic (Jpp), organ-
ic (Jpop) and total (Pgf).

Stations Porosity Return flux [gm 2y~ "]

JDIN JDON NRF JDIP JDOP PRF

H1 0.78 0.39 0.26 0.64 0.002 0.020 0.022
H2 0.76 0.41 0.97 1.38 0.029 0.074 0.103
H3 0.73 0.63 0.24 0.87 0.001 0.019 0.019
H4 0.76 0.15 0.28 0.43 0.001 0.021 0.022
Kb1 0.78 0.52 0.94 1.46 0.024 0.072 0.095
Kb2 0.81 0.55 0.86 1.41 0.043 0.066 0.109
Kb3 0.73 0.05 0.07 0.12 0.001 0.005 0.006
mined for the Svalbard sediments in the Arctic:
~0.7gm 2y~" (Blackburn et al., 1996) and 0.9—

2.0gm 2y~ (Gihring et al., 2010).

The P return flux (Pgg) was much lower than Ngr and varied
from 0.02 to 0.10gm 2y~ in Hornsund and from 0.01 to
0.11 g m~2y~"in Kongsfjorden (Table 4). As for N, the highest
P values were measured at stations H2, Kb1, and Kb2. In both
fjords, the return flux of the organic P fraction accounted for
60—97% (0.02—0.07 g m~2y~") of the annual TP return flux,
while in many places the diffusion flux of DIP (Jp;p) was very
low. While published data on the P return flux in the Arctic
region are lacking, Yasui et al. (2016) estimated the Jpop at
Tokyo Bay, reporting a rate of 0.06 + 0.06 gm—2y~", close to
the value obtained in this study. For Pgr our results are similar
to those previously reported for the NE Atlantic (van der Zee
et al., 2002) and East China Sea (Yang et al., 2017): 0.01—
0.20gm 2y~" and 0.04—0.40 g m2y~", respectively.

5. Discussion

The recent reduction in both the spatial extent and the
duration of the ice cover in the Arctic Ocean has increased
the annual availability of light. Together, these conditions
may substantially increase primary production (Fernandez-
Mendez et al., 2015). However, the presence of nutrients is
also critical, as nitrogen, silica, and phosphorus may limit or
co-limit primary production in seawater (Moore et al., 2013;
Tremblay et al., 2015). For example, in the Arctic, IN species
are the primary yield-limiting nutrient (Reigstad et al., 2002;
Tremblay et al., 2002, 2008). Given the importance of nutri-
ent availability for ecosystem functioning, the identification
and quantification of nutrient sources have been the focus of
considerable research. Benthic fluxes of N and P species from
the sediment are an important but still awaiting quantifica-
tion component of the respective marine cycles, and thus
their determination seems of importance.

5.1. Sources of dissolved inorganic N and P
species in pore water

In sediments where oxic conditions prevail, ammonia is
quantitatively oxidized to nitrate. Below the oxygen pene-
tration depth, where oxygen is depleted, denitrification

reduces nitrates to dinitrogen (Schulz and Zabel, 2006).
Basing on measurements in single cores Kotwicki et al.
(2018) reported that in the Hornsund sediments oxygen
penetrates to a depth of 1-2 cm, while in Kongsfjorden —
to a depth of 2—3 cm. Within these sediment layers, ammo-
nium is oxidized to nitrate and thus cannot be released from
the sediment to the overlying water. Findings of Kotwicki
et al. (2018) confirm results of earlier studies (Glud et al.,
1998) on diffusive fluxes of NH," both from sedimentary
anoxic zone into the oxic zone and from the sediments to
bottom water to be ~0.1—0.5mmolm2d~' and 0
4+ 0 mmol m~2d~", respectively. This confirms that ammonia
diffusing up from the deeper sediments is quickly nitrified in
the oxic zone before it is released from sediments. Surface
sediments were not considered a source of ammonia, even
when traces of this nitrogen species (mostly in the range
~10—20 pmol L~") were found in pore water of the surface
sediments (Gihring et al., 2010). Kotwicki et al. (2018) also
determined rather steep oxygen concentration gradients in
the sediment of both fjords, with oxygen saturation falling to
below 25% already at a depth of 1.0—1.5 cm. These results
correlate well with the distribution of NO3;~ determined in
our studies. As oxygen was not measured in our study, we can
only presume that the higher NO;~ concentrations in the
deeper sediment layers at stations in the outer parts of the
fjords reflected the deeper penetration of oxygen into sedi-
ments there. It is worth noting that NO3;~ concentrations in
pore waters were much higher than in the seawater overlying
the sediments. It is, most likely, caused by organic matter
mineralization as concentration of organic matter in sedi-
ments is orders of magnitude larger than concentration in
bottom water. OM mineralization delivers huge loads of
ammonia that is quickly oxidized to nitrate. Subsequently,
some part of newly produced nitrate diffuses upward into the
water overlaying sediments, and is immediately diluted in a
large volume of seawater. Some part of the newly formed
NO;~ diffuses downward to be denitrified. Low NO,™ con-
centrations, both in pore waters and bottom water, confirm
the above described sequence of processes as NO, ™ is imme-
diately oxidized to NO3 ™. In the case of phosphate, changes in
its concentrations were likely caused by its release after
previous adsorption to iron and manganese oxyhydroxides
and carbonates. This could have occurred both by the anae-
robic degradation of the OP adsorbed to the solid phase of
sediments and/or reduction of insoluble Fe (lll) and Mn (IV)
oxy-hydroxides to soluble Fe (Il) and Mn (ll) species and
releasing adsorbed, N and P containing organic compounds.
Moreover, a different speciation of the IP that accumulated in
the sediments cannot be overruled (Baldwin et al., 2001;
Lehtoranta et al., 2015; Schulz and Zabel, 2006; Yasui et al.,
2016).

5.2. Burial rates of total nitrogen (TNgr) and
total phosphorus (TPggr) and their burial
efficiencies

The return fluxes, burial rates, and efficiencies of the burial
rates for N and P are presented in Fig. 5. For both TNgr and
TPgr, the results differed between the fjords, with higher
rates calculated for the Hornsund stations (2.3—
7.9gm 2y 'and 0.9-2.8gm 2y, respectively) than for
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Figure5 Return fluxes (RFs) and burial rates (BRs) of nitrogen (a) and phosphorus (b) in Hornsund and Kongsfjorden. Values above the

bars are the burial efficiencies (%).

the Kongsfjorden stations (0.9—1.3gm 2y~ ' and 1.0—
1.2gm 2y, respectively). The higher values in Hornsund
suggest a larger OM supply from land and/or higher in situ
production. The two explanations are equally likely, given
the higher rate of primary production (Piwosz et al., 2009;
Smota et al., 2017) and greater contribution of terrestrial OM
(Koziorowska et al., 2016; Zaborska et al., 2016) in Hornsund
than in Kongsfjorden. Another possibility was a larger supply
of inorganic species to the Hornsund sediments (higher MAR).
Numerous studies (Comans et al., 1989; Muller, 1977; Schu-
bert and Calvert, 2001) have shown that ammonium ions are
preferentially fixed in illites, but Knies et al. (2007) reported
that this is probably not the case for Spitsbergen sediments,
where IN concentrations correlated negatively with the
occurrence of illites. Alternative sources of IN are so far
unknown, but may be of terrestrial origin. This would agree
with the higher IN concentration and accumulation rate
measured in Hornsund (especially at H4 station), where
the contribution of terrigenous material was higher than in
other areas (Koziorowska et al., 2016; Zaborska et al., 2016).

Generally, the burial efficiency determined in our study
was much higher for P (92—99%) than for N (39—95%). During
OM decomposition, Pis released to the pore water in the form
of phosphate and diffuses as a return flux to the overlying
water. However, phosphates can also be retained in sedi-
ments, whether adsorbed to clay minerals, transformed to
authigenic carbonate fluorapatite, or bound to iron oxyhydr-
oxides (Cha et al., 2005; Ruttenberg and Goni, 1997; van der
Zee et al., 2002). Retention can significantly reduce the
return flux of P from sediments and increase the efficiency
of P burial. In addition to the different efficiencies of N and P
burial, the difference between the two fjords was significant,
with the generally lower values in Kongsfjorden (39.2—47.0%
for TN and 91.6—91.8% for TP) than in Hornsund (69.5—94.9%
and 93.0—99.2%, respectively), indicating a more effective
mineralization and/or decomposition during the early stage
of diagenesis and therefore a higher return flux from the
sediments to the water column. This may have been due to
differences in the quality of the OM deposited to the sedi-
ments. Literature data (Koziorowska et al., 2016; Zaborska
et al., 2016) indicated that Kongsfjorden sediments contain
much more marine OM than do Hornsund sediments. Marine
OM is considered to be more available for benthic organisms
and more efficiently degraded in sediments. In addition,
diagenetic processes may be influenced by the oxygen con-

tent in the sediments. According to Kotwicki et al. (2018), the
slightly deeper oxygen penetration of Kongsfjorden sedi-
ments may enhance aerobic mineralization, which is prob-
ably more efficient than anoxic mineralization (Schulz and
Zabel, 2006). At station H4, the TNgr and TPgr were higher
than at any other station (7.9 gm 2y " and 2.8gm 2y~ ',
respectively) as were the efficiencies of N and P burial (94.9%
and 99.2%, respectively). Several factors may have contrib-
uted to these results. First, a role for the MAR can be assumed
because a high MAR causes a high TNgr and TPgg even in the
presence of moderate concentrations of N and P in the
sediments, as was the case in this study (1.33mgNg™"
and 0.45 mg P g "). A high MAR also causes a low return flux
because freshly deposited material is quickly covered with
new material and thus transported below the biologically
active surface layer, where OM degradation proceeds at a
slower pace (Arndt et al., 2013). Second, Brepollen Bay
(where station H4 is located) is separated from the rest of
the fjord by an underwater riffle and by the Treskelen
Peninsula in addition to being surrounded by glaciers. Its
conditions therefore differ from those of the other regions of
Hornsund and include an intense freshwater discharge,
strong stratification of the water column, and large quanti-
ties of suspended material delivered with meltwaters. Con-
sequently, the supply of terrestrial, refractory OM strongly
predominates over marine OM production, which is addition-
ally limited by the high turbidity of the water.

5.3. Global perspective

There are few published estimates of N and P burial rates in
sediments (Table 5). In the case of N, most studies have
focused on the processes occurring in the sediments, includ-
ing denitrification, nitrification, and the return flux of the
inorganic fraction (Alkhatib et al., 2012, 2013; Yasui et al.,
2016). Our results (except at station H4, with its signifi-
cantly different environment and therefore unique results)
are consistent with those previously reported for sediments
of the Arctic. Blackburn et al. (1996) reported TNgr effi-
ciencies of 51% and Rysgaard et al. (1998) ONgg efficiencies
of ~21%. These values are close to those obtained in
Kongsfjorden in this study and suggest that the studied
areas are rich in autochthonous OM. For other regions
investigated throughout the world, very different TNgr
rates have been obtained, with higher values measured in
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Table 5 Total nitrogen and total phosphorus burial rates (TNgr and TPgr) and burial efficiencies at different locations.

Region Nitrogen burial characteristics Reference

TNegr [gm 2y~ "] TNgr efficiency [%]
Hornsund, Spitsbergen 2.3-7.9 69—95 This study
Kongsfjorden, Spitsbergen 0.9-1.3 39—42 This study
Svalbard, Norway 1.6% 23° Blackburn et al. (1996)
Young Sound, Greenland 2.9 51 Rysgaard et al. (1998)
Chesapeake Bay 9.2 +2.0 - Kemp et al. (1990)
Laurentian Channel, Canada 0.5-1.0 = Thibodeau et al. (2010)
Yellow Sea 0.01-1.2 16—30 Lu et al. (2005)
Region Phosphorus burial characteristics Reference

TPer [gm 2y "] TPgr efficiency [%]
Hornsund, Spitsbergen 0.9-2.8 93-99 This study
Kongsfjorden, Spitsbergen 1.0-1.2 92 This study
NE Atlantic 0.3-7.3 86—100 van der Zee et al. (2002)
Saanich Inlet, Canada 3.1—-18.6 35-37 Filippelli (2001)
Baltic Sea 1.7-2.8 51—-66 Rydin et al. (2011)
East China Sea 1.9-6.0 93-99 Yang et al. (2017)
Middle Shelf, East China Sea 0.3-7.2 90-95 Fang et al. (2007)

2 Organic nitrogen burial rate (ONgg).

Chesapeake Bay (9.2 +2.0gm 2y~ "; Kemp et al., 1990)
and lower values in the sediments of the Yellow Sea (0.01—
1.2gm 2y~ "; Lu et al., 2005) and the Laurentian Channel,
Canada (0.5-1.0gm~2y~"; Thibodeau et al., 2010).

By contrast, the P burial rates in the Arctic have yet to be
reported. However, the comparable TPgg values reported for
other regions, e.g. the Baltic Sea, the East China Sea, and the
NE Atlantic (Fang et al., 2007; van der Zee et al., 2002; Yang
et al., 2017) suggest that a large share of the P deposited in
the sediments is retained there.

5.4. Significance of surface sediments as a
source of nitrogen and phosphorus to the water
column

In this study, the yearly N and P return fluxes in Hornsund and
Kongsfjorden were estimated. First, based on the depth,
slope, and type of sediments, the sediment accumulation
area in these fjords was estimated to be 100 + 15 km? and 95
+ 15 km?, respectively, which amounts to 30—40% of their
total surface areas. The accumulation areas were then multi-
plied by the N and P return fluxes of Hornsund and Kongsf-
jorden, which revealed the annual release into the water
column of 0.8 & 0.4 x 10° kg N and 0.04 & 0.04 x 10° kg P in
Hornsund and of 1.0+0.8x10°kgN and 0.07
+0.06 x 10° kg P in Kongsfjorden. These fluxes largely con-
stitute organic N and P compounds (DON and DOP), which,
after their release from the sediments, may enter the micro-
bial loop, undergo mineralization, and finally enrich the
inorganic nutrient pool (Nausch et al., 2004). Because there
is no information on the amount of dissolved N and P supplied
to Svalbard fjords from the atmosphere and via either rivers
and melting glaciers or the inflow of shelf water, we were
unable to determine the contributions of the return fluxes to
the nutrient budget. However, based on the literature data

on annual primary production (120—220 g C m~2 in Hornsund
and 20—50 g C m~2 in Kongsfjorden), we calculated the pos-
sible contribution of average return flux of N and P to the
nutrients loads required to support primary production
(assuming that the released dissolved organic species enter
the microbial loop, as mentioned above, and turn into bioa-
vailable forms). First, based on the Redfield ratio (106:16:1),
the amount of N and P required to support the primary
production was calculated to be 20-40gNm™2 and 3—
5gP m~2inHornsund, and 3-9 g Nm~2and 0.5-1.2gP m2
in Kongsfjorden. Then, the contributions of N and P originat-
ing from return fluxes were estimated — much lower in
Hornsund (2—4% for N and 0.8—1.4% for P) than in Kongsf-
jorden (11—33% and 6—14% respectively), mainly because of
huge difference in primary production in these fjords. More-
over, it is worth emphasizing that nutrients are used many
times during a growing season, so the above calculated
contributions are underestimated. While we are aware of
the very high uncertainty underlying conclusions on the
nutrients loads transfers, and thus the need for further
research, our results nevertheless indicate that diffusion flux
from sediments is substantial and thus is an important com-
ponent of the N and P cycling in the fjords.

6. Conclusions

This study provided qualitative and quantitative analyses of
the N and P return fluxes from sediments to the bottom-water
as well as estimations of the N and P burial rates in the
surface sediments of two high-latitude Arctic fjords, Horn-
sund and Kongsfjorden. The Ngr ranged from 0.43 to
1.38 gm 2y~ " in Hornsund and from 0.12 to 1.46gm 2y~
in Kongsfjorden. At most stations, DON was responsible for
60—70% of the Nrg For Pgr the corresponding values were
0.02—-0.10gm 2y~ "and 0.01—0.11 gm~2y~", respectively,
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with 60—97% of the flux assigned to DOP. Since N is the main
limiting factor of primary production in this region, these
results supplement already available knowledge on the ori-
gins of N and P in the sea water. Up till now most studies have
focused on external sources of N (and P), such as delivery
with freshwater inputs from rivers or melting glaciers,
whereas sediments as a nutrient source have hardly been
investigated. According to our results, a large fraction of the
deposited N returns to the bottom water, enriching the pool
available for phytoplankton. The consequences of this return
may be significant, especially as climate warming increases
annual light availability and nutrient limitations restrict
phytoplankton primary production.

Both TNgr and the TPgR differed between the two fjords,
with rates of 2.3-7.9gNm 2y 'and0.9-2.8gPm 2y 'in
Hornsund vs. 0.9—1.3Ngm 2y 'and 1.0—-1.2gPm~2y 'in
Kongsfjorden. This difference was accompanied by different
efficiencies of N and P burial rates, higher in Hornsund (69—
95% for TNgr and 93—99% for TPgr) than in Kongsfjorden (39—
42% and 92%, respectively). The difference between the two
fjords was likely due to the larger contribution of fresh,
marine OM to the Kongsfjorden sediments. Additionally,
the slightly deeper penetration of oxygen at the Kongsfjorden
sediments may enhance aerobic mineralization, which is
more efficient than anoxic mineralization. The generally
much higher burial efficiency of P than N would suggest
the greater retention of P in the sediments. Our TNgr and
TPgr results as well as the determined efficiencies indicate
significant differences in the quality and quantity of material
deposited to the sediments of these two fjords, especially in
the case of N. Moreover, the differences followed a pattern
similar to that previously determined for carbon burial rates.

Finally, the N and P burial rates determined in this study
are characteristic of the present-day conditions. Climate
warming may cause the deposition of OM to sediments
increase and shifts in the redox conditions and nutrient burial
rates.
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KEYWORDS Summary Tidewater glaciers supply large amounts of suspended particulate matter (SPM) and
Seasonality; freshwater to fjords and affect oceanographic, sedimentological and biological processes. Our
Suspended particulate understanding of these processes, is usually limited to the short summer season. Here, we present
matter; the results of a one-year-long monitoring of the spatial variability in SPM characteristics in a
Particulate organic context of oceanographic and meteorological conditions of a glacial bay next to Hansbreen, a
matter; tidewater glacier in Hornsund (southern Spitsbergen). The observed range of SPM concentrations
Tidewater glacier; was similar to ranges measured in other sub-polar glaciated fjords, especially in Svalbard. The
Fjord; major source of SPM is the meltwater discharge from the glacier. The maximum water column-
Svalbard averaged SPM concentrations did not correlate with peaks in freshwater discharge and were

observed at the beginning of the autumn season, when the fjord water transitioned from
stratified to fully mixed. The observed spatiotemporal variations in the total SPM, particulate
organic matter (POM) and particulate inorganic matter (PIM) are likely controlled by a combina-
tion of factors including freshwater supply, water stratification and circulation, bathymetry, the
presence of sea ice, biological productivity and sediment resuspension. During the ablation
season, the SPM maximum concentrations were located within the upper water layer, whereas
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during the winter and spring, the greatest amounts of SPM were concentrated in deeper part.
Thus, typical remote sensing-based studies that focus on SPM distributions may not reflect the
real SPM levels. POM and PIM concentrations were correlated with each other, during most of the
time suggesting that they may have a common source.

© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o0.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glaciers are one of the most sensitive indicators of ongoing
climate changes that have commonly resulted in their recent
very rapid retreat since the end of the Little Ice Age (e.g.,
Carr et al., 2017; Radi¢ and Hock, 2011; Solomina et al.,
2016). Due to the retreat of marine-terminating tidewater
glaciers, at a rate of several tens of metres per year, as in
Svalbard (e.g., Btaszczyk et al., 2013), or several hundreds of
metres per year, as in Alaska (e.g., Molnia, 2007), new glacial
bays have formed and host immature coastal ecosystems.
Melting glaciers affect coastal waters in many ways, the most
important of which is the delivery of freshwater and sus-
pended particulate matter (SPM), which is often called
suspended sediment. They are among the key driving factors
for coastal glaciomarine ecosystems, as well as oceano-
graphic and sedimentary regimes (e.g., Bennett and Glasser,
2009; Chauche et al., 2014; Motyka et al., 2003; Szczucinski
and Zajaczkowski, 2012). Their influence can also extend far
beyond the coastal zone into the open ocean and affect
larger scale circulation and biological processes. For exam-
ple, SPM-rich glacial meltwater can provide critical limiting
micronutrients (e.g., Fe) to the ocean and thereby influence
its primary production (e.g., Bhatia et al., 2013; Markussen
et al., 2016).

Many of the existing records of sediment accumulation
rates in fjords suggest that climate warming has enhanced
sediment production and export to the fjords (Boldt et al.,
2013; Koppes and Hallet, 2002; Szczucinski et al., 2009;
Zajaczkowski et al., 2004). In addition, the combination of
historical data and modelling experiments suggests that
present-day sediment fluxes to the polar zone of the coastal
ocean have increased. For instance, the suspended sediment
supply from Greenland to the ocean is currently approxi-
mately 56% higher than it was during the 1961—1990 period
(Overeem et al., 2017). Moreover, one may expect that the
seasonality of SPM delivery, distribution and sedimentation
processes will also change. However, this issue is still open to
research because present-day seasonal changes in SPM dis-
tributions are poorly known.

SPMis mainly delivered to fjords by ice-contact processes,
including meltwater discharge, rafting by icebergs and sea
ice, riverine inputs and exchanges with external water
masses (Syvitski, 1989; Winters and Syvitski, 1992). The
general model of SPM delivery shows the driving role of
freshwater and sediment-laden outflows from tidewater gla-
ciers, which, due to density differences, form surface brack-
ish water plumes covering most of the glacial bays during the
summer season (Syvitski, 1989). However, a growing number
of observations, indicate that other factors are also signifi-
cant. For example, a study on a large dataset from Greenland

found that the delivery of SPM is likely mainly a function of
the regional glacial dynamics and the resulting intensity of
erosion, not freshwater flux (Overeem et al., 2017). Further-
more, oceanographic circulation is important not only in
terms of the sediment transport and circulation patterns
in glacial bays but also as a driving factor of tidewater glacier
stability (e.g., Straneo and Heimbach, 2013). Because field
observations on seasonal cycles are sparse, the driving forces
that control the SPM input and distribution in fjords are still
subject to ongoing debate.

The fjords of Svalbard are particularly suitable for studies
on climate warming impacts on the supply and fate of SPM
since they are affected by the northward flowing West
Spitsbergen Current (WSC) that transports warm Atlantic
Water (AW), resulting in accelerated warming (e.g., Cisek
et al., 2017; Osuch and Wawrzyniak, 2016; Prominska et al.,
2017). Moreover, these fjords are among the best studied
subpolar fjords in the world, and many supplementary data
are available (e.g., Drewnik et al., 2016; Forwick et al.,
2010; Svendsen et al., 2002). The SPM concentrations in the
fjords of Svalbard are commonly documented during the
summer season in central parts of fjords (e.g., Sagan and
Darecki, 2018; Svendsen et al., 2002), in meltwater river-fed
bays (e.g., Dowdeswell and Cromack, 1991; Zajaczkowski
and Wtodarska-Kowalczuk, 2007) and in the glacial bays near
tidewater glaciers (e.g., Elverhgi et al., 1983; Gorlich et al.,
1987; Schildt et al., 2017; Szczucinski and Zajaczkowski,
2012; Trusel et al., 2010; Urbanski et al., 2017; Zajaczkowski,
2002, 2008).

However, observations on the seasonal SPM concentration
changes and their major controlling factors in the fronts of
tidewater glaciers in Spitsbergen are very limited. Szczu-
cinski and Zajaczkowski (2012) studied sedimentary pro-
cesses in the summer and autumn in Adolfbukta next to
the calving front of Nordenskioldbreen. These authors found
that in the autumn, the vertical particulate matter fluxes
(sedimentation) decrease much more than the SPM concen-
trations and that residence time of the SPM in the water
increases likely due to less effective flocculation. These
authors also suggested a list of factors that affect the sedi-
mentation of SPM, such as the positions of freshwater inlets
(surface/subsurface), meltwater discharge, SPM concentra-
tions in the meltwater, local wind damming effects, tides and
resuspension. Moreover, studies conducted in glacier-distal
settings revealed that phytoplankton blooms are important
factors in the increase of SPM concentrations in the spring
(Pawtowska et al., 2011; Westawski et al., 1988).

The goal of the paper is to present a unique time series of
the seasonal changes of the SPM delivery, distribution
and composition in a glacial bay next to the calving
front of Hansbreen in Hornsund. This paper presents a
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complementary dataset, including supporting meteorologi-
cal and oceanographic monitoring data, for the period from
May 2015 to June 2016. The obtained data are used to
identify major SPM sources and driving processes responsible
for SPM spatial distribution and composition during various
seasons.

2. Study area

Hornsund is an approximately 34 km long fjord in the south-
west part of Spitsbergen. Glaciers cover approximately 60%
of its catchment (Btaszczyk et al., 2009, 2013). The most
frequently studied glacier in Hornsund is Hansbreen, a poly-
thermal tidewater glacier that ends with a 1.5 km wide
calving cliff in Hansbukta (Hans Bay), which is almost 80 m
deep. The bay covers an area of 6 km?, and its outer region,

with a maximum depth of less than 25 m, is shallower than its
innermost region (Cwiakata et al., 2018) (Fig. 1). The bay was
formed during the last century due to glacier retreat; pre-
sently, the glacier retreats approximately 40 m year™
(Btaszczyk et al., 2013). The Hansbreen area is 56 km?,
and its mean ice thickness is approximately 170 m (Btaszczyk
et al., 2013; Grabiec et al., 2012). The bedrock beneath the
glacier is composed of various types of low to intermediate
grades of metamorphic rocks including schists, gneisses,
amphibolites, marbles and quartzites (Birkenmajer, 1990).
The meltwater is delivered from Hansbreen to the bay mainly
through subglacial tunnels that enter the bay from the
central and eastern parts of the glacier cliff (Palli et al.,
2003).

The WSC and East Spitsbergen Current (ESC) influence the
oceanographic conditions of Hornsund and make its climate

4
@& @@ﬁﬂf
M1 ®e)
5_03
5_04 .
H5_4/5
10 5_05
9o
0 m
25
8547000 05
z i
TH1_04 0 - ‘
‘..:'._51' 3 £ 50
9
'v! N
: § ¢ ”
3400085 e = »
100
| | | | | o o o
| [ | [ 1 o o o
0 500 1000 m R 3 R
- =l - 125
Te) n n
Figure1 Study area: Hansbukta with transects and monitoring stations marked. Legend: 1 — land, 2 — moraines on land, 3 — glaciers,

4 — marine areas with no bathymetry data, 5 — lakes and rivers, 6 — ADCP transects and monitoring stations, 7 — outflows from the
glaciers (based on satellite images collected between the 6th of June and 1st of October 2015), 8 — the meteorological station in the
Polish Polar Station (PPS). The inset maps show the location of the study area within the Hornsund Fjord and the location of Hornsund

within the Svalbard archipelago.

Sources: Shoreline, lakes, rivers, glaciers and moraines are based on the Norsk Polar Institute data (http://geodata.npolar.no/)
(updated for the Hansbreen position in 2015), bathymetric data are from The Norwegian Hydrographic Service (the permit for data use
was issued by the Institute of Geophysics, Polish Academy of Sciences no. 13/G722) with isobaths every 10 metres.
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mild and maritime (Marsz and Styszynska, 2013; Osuch and
Wawrzyniak, 2016). The mean annual air temperature from
1979 to 2014 was approximately —4.0°C, with the highest
temperature recorded in July and the coldest in March. The
mean annual precipitation during the same period was
approximately 450 mm, with the highest amounts during
the late summer and autumn seasons and the lowest during
spring (Osuch and Wawrzyniak, 2016). Approximately 60% of
the mean total annual precipitation in the region falls as snow
orsleet (Lupikasza, 2013). On average, the snow cover occurs
approximately 240 days of the year, with maximum mean
snow depths in April. However, the snow depths and durations
vary strongly from year to year (Kepski et al., 2017).

The fjord water masses are generally stratified during the
ablation season, then they are subjected to mixing in the
autumn and winter. Moreover they are affected by the inflow
of water masses from the Greenland Sea, as documented in
previous oceanographic studies (e.g., Drewnik et al., 2016;
Gorlich, 1986; Prominska et al., 2017; Westawski et al., 1991,
1995). Consequently, six types of water masses were distin-
guished according to the classification system for fjords of
Svalbard. The AW and Transformed Atlantic Water (TAW)
masses enter the fjord from the shelf. The AW comes from
the WSC, and its temperature and salinity are higher than 3°C
and 34.9 PSU respectively. The TAW is a mix of AW and Arctic-
type Water (ArW) from the ESC and has a temperature
between 1°C and 3°C and a salinity higher than 34.7 PSU.
The third type of water mass is Surface Water (SW), which is
the uppermost layer formed from the glacial melt water. SW
is common from late spring to autumn and has a water
temperature higher than 1°C and a salinity lower than
34.7 PSU. Mixing of the SW and AW or TAW forms Intermediate
Water (IW), with a temperature higher than 1°C and a salinity
between 34 and 34.7 PSU. Cooling during the winter gener-
ates Local Water (LW), with a temperature lower than 1°C
and Winter Cooled Water (WCW) with a temperature lower
than —0.5°C and salinity higher than 34.4 PSU (Nilsen et al.,
2008). The circulation in the fjord is enhanced by the Coriolis
force (Jakacki et al., 2017; Pawtowska et al., 2017) and the
tides with mean spring tidal range of over 1 m. Lately, the
fast ice cover in Hornsund usually covers more than 40% of
the fjord and last for approximately 45 days per year
(Muckenhuber et al., 2016).

3. Material and methods
3.1. Meteorology

The meteorological data, including air temperature (Fig. 2A)
and precipitation (Fig. 2B), from the period from May 2015 to
June 2016 were obtained from the Polish Polar Station Horn-
sund (PPS), which is located 2 km west from Hansbukta. The
daily mean air temperatures were smoothed by a robust local
regression using a weighted least squares method and second
degree polynomial model with a 45-day duration (LOESS
model implemented in MATLAB software).

3.2. Oceanography

The water temperature and salinity values were measured
using a Valeport miniCTD probe (CTD) during 22 surveys at

18 monitoring stations along 2 transects (Fig. 1). Due to
equipment failure, CTD measurements were not made from
December 2015 to March 2016. Most of the figures in this
paper are based on data from monitoring station H1_09
(Fig. 2C and D), which is considered a representative station
because it is located in the deepest central part of the bay,
almost 1000 m from the glacier cliff (Fig. 1). At that station,
the freshwater from all the meltwater outflows is mixed. The
temperature and salinity data from that station were
smoothed by a robust local regression using a weighted least
squares method and second degree polynomial model for 10 m
depth sections (LOESS model implemented in MATLAB soft-
ware) and interpolated over time using a cubic Hermite spline
(method implemented in MATLAB software) to obtain the
seasonal fluctuations in the water properties (Fig. 3A and C).

To obtain information about seasonal water stratification
changes, the water temperature standard deviation (o7) for
the depth profile at station H1_09 was calculated from the
measured and interpolated data (Fig. 3B). Higher values of o1
imply greater temperature ranges in the depth profile and,
consequently, the development of stratification. Values of o
close to zero indicate no stratification in the water column.

To determine the input by the meltwater discharge from
the glacier, the freshwater fraction (FWF) was calculated for
the interpolated and measured salinity (Fig. 3D). Guided by
Ketchum (1950) and Nut and Coachman (1956), the FWF was
calculated using the equation:

(S0—5)
So

where Sy = 34.92 PSU, which was the highest measured salin-
ity (from H1_01, which is the point nearest to the mouth of
the Hornsund Fjord), and S is the average salinity in the water
column at station H1_09.

To identify the circulation pattern in the bay, a Teledyne RD
Instruments Workhorse Sentinel 600 kHz Acoustic Doppler Cur-
rent Profiler (ADCP) was used twice during the summer, on the
13th of July, and the 1st of September 2015, along transects
perpendicular and parallel to Hansbreen cliff (Fig. 1). The
velocity (Fig. 4B, E, H, K) and the direction (Fig. 4A, D, G, J)
of the flow were directly measured by the ADCP.

The positions of meltwater outflows from Hansbreen were
marked on satellite images collected by Landsat 8 (images
from U.S. Geological Survey Department of Interior for the
years 2015 and 2016) based on the method outlined by
Dowdeswell et al. (2015), in order to compare them with
water circulation and SPM concentration data.

Information about the sea ice conditions in Hansbukta
during the measurement period were based on the observa-
tions that were made by the authors and PPS staff (Fig. 2C).

FWF = -100%, 1)

3.3. Suspended particulate matter

Spatial and temporal changes in SPM were obtained from the
ADCP measurements and filtered water samples. The echo
strength (in counts) measured by the ADCP provided insight
into the acoustic intensity Intapcp (in dB):

Intapcp = 20log10(R) + 2-a-R+ K¢-E + Cg, (2)

where R is the range along the beam (in m), « is the
attenuation coefficient due to water absorption (in dB m~'),
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E is the echo strength measured by the ADCP (in counts), and
Kc (in dB counts™") and Cy (in dB) are constants. The values of
the constants are calculated during the calibration proce-
dure. The K¢ value ranges from 0.35 to 0.55 dB counts " and
is typically 0.45 dB counts™' (Deines, 1999; Kim and Voul-
garis, 2003). Using the latter value a modified acoustic
intensity (Int) may be calculated from:

Int = Intspcp—Cx = 20-l0g4o(R) + 2-a-R + 0.45-E, (4)
Int is related to SPM (concentration) (Deines, 1999; Kim

and Voulgaris, 2003):

1Olog10(SPM) = Intspcp (5)

and based on Egs. (4) and (5) the SPM (concentration) is
expressed as:

SPM = 100.14CK.100,1-Int_ (6)

In this study, no calibration procedure was performed, so
only Int was calculated (Fig. 4C, F, I, L).

Water samples were taken 13 times at regular intervals
between the 31st of May 2015 and the 28th of June 2016,

except of March 2015, using a Hydrobios Free Flow 1l Niskin
Bottle at several water depths at the monitoring stations
(Fig. 1). The samples (approximately 1 | each) were filtered
through Whatman GF/F 0.7 um filters that had been pre-
viously dried for 2 h at 200°C and weighed. There were no
animals or plant fragments visible on the filters. After filter-
ing, the filters were rinsed with fresh water and were dried
for 24 h at 40°C and weighed again to calculate the SPM
(Appendix 1, Fig. 2E). Subsequently, all filters were heated at
550°C for 3 h to calculate the loss on ignition (LOI), according
to the Heiri et al. (2001) equation:

DW —DWssq
bw

where DW is the dry weight of the sediments before heating
and DWssg is the dry weight of the sediments after heating
(Appendix 2, Fig. 2F). With the total SPM concentration and
LOI values, particulate organic matter (POM) and particulate
inorganic matter (PIM) concentrations were calculated:

POM = SPM-LOI ®
PIM = SPM-(1—LOI)"

LOI = -100%, (7)
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To determine the spatial distribution of SPM, POM and
PIM, the calculated data were interpolated using a cubic
Hermite spline (a method implemented with MATLAB soft-
ware) for the depth profile and between the profiles
(Figs. 5—7). In the interpolated profiles perpendicular to
the glacier cliff (Figs. 5—7), the data presented for station
H5_03 (the closest station to the glacier cliff) are the average
values from all the stations along a transect parallel to the
glacier cliff. All the interpolated SPM, PIM, and POM data
were used to represent the annual variability of the inner
part of Hansbukta, up to 2000 m from the glacier. The data
were averaged for two water layers: the surface (0—10 m
depth) and deeper layer (20—50 m depth) (Fig. 3E and F) and
analysed for the particular calendar seasons. Accordingly, the
relationship of POM to PIM (Fig. 8A) and the LOI distributions
(Fig. 8B—E) were analysed. The correlation coefficient and

regression analysis using robust regression (each implemen-
ted within MATLAB software) were calculated for the PIM and
POM values in the particular seasons (Fig. 8A, Table 1).

4. Results
4.1. Meteorological conditions

The daily mean air temperatures, precipitation and snow
coverage during the study period (2015—2016) are presented
in Fig. 2A and B. The air temperature was the highest (11.5°C)
at the end of July and beginning of August 2015. The lowest
daily mean air temperatures (down to —16.1°C) occurred in
March 2016. The ablation season, defined as the period with
positive air temperatures, lasted from the end of May 2015 to
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the middle of October 2015 and from the beginning of May
2016 to the end of the study period. However, during the
winter, the daily average temperatures were above 0°C
several times, particularly at the end of December and the
beginning of January (Fig. 2A). Average daily air tempera-
tures were close to 0°C during the second half of October and
first half of November. The daily precipitation was low until
the middle of August 2015, then precipitation values
increased significantly and slowly decreased in autumn
2015 (Fig. 2B). In 2015, the snow coverage percentage was
less than 50% in the middle of June and completely disap-
peared from coastal zone during the beginning of July. The
snow coverage pattern in 2016 was similar, but the snow
melting occurred about half a month earlier (Fig. 2B).

4.2. Oceanography

The oceanographic conditions revealed clear seasonal varia-
tions. The water temperature measured at station H1_09
ranged from —1.8°C during winter and early spring to more
than 2°C at the end of July and beginning of August 2015
(Figs. 2C and 3A). The seasonality of the mean water tem-
perature was characterised by a rapid increase from late
spring to early summer, small fluctuations during summer and

a gradual decrease during autumn. The water temperature
increase during the spring/summer transition occurred about
one month earlier in 2016 than in 2015 (Figs. 2C and 3A).
Water salinity ranged from less than 30 to almost 35 PSU
(Figs. 2D and 3C). The highest salinity was measured during
the early spring (May 2015, April and May 2016) and the
lowest was measured during the summer (August 2015).
During the study period, three types of water masses were
observed in the inner part of Hansbukta. In the spring, the
WCW dominated (in 2015, it dominated below a 25 m depth,
and in 2016 was present in complete water column). The
dominant water mass became LW by the end of June in
2015 and by the middle of June in 2016. Then, in the span
of a few days the LW mass was replaced with SW. The latter
completely filled the inner part of Hansbukta during the
summer of 2015, and it was replaced by LW in the autumn
(mid-October 2015). The late autumn/winter period, during
which WCW became the dominant water mass, was not
documented due to a gap in the measurements. The periods
of WCW transformation into LW and then into SW coincided
with periods of distinct water stratification (Fig. 3A and C)
with maximum o7 values in June 2015, as well as at the end of
May and beginning of June 2016 (Fig. 3B). During the summer
(from mid-July to October 2015), stratification was less
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pronounced and was restricted to the surface water layers.
During the late autumn of 2015 and the early spring of 2016,
the waters were well mixed (Fig. 3A—C).

The calculated FWF ranged from nearly 1% in spring
2015 and 2016 to almost 10% in summer, with a maximum
in August 2015 (Fig. 3D). A rapid increase in the FWF was
observed from the late spring (beginning of June) to the
middle of the summer (beginning of August) 2015. The FWF
slowly decreased in the autumn. During the spring of 2016,
the increase in FWF was slower and started earlier than in the
spring of 2015 (Fig. 3D).

The ADCP data from the mid-July, revealed two main flow
directions in the inner part of Hansbukta (Fig. 4A, B, D, E).
Surface flux, with a velocity between 10 and 15cms™,
moved from the NE (east part of ice cliff) to SW (into the
fjord), while near-bottom and mid-water depth flux, faster
than 15 cm s, had the opposite direction. In early Septem-
ber the fluxes were weaker and originated mainly from the
western part of glacier cliff (Fig. 4G, H, J, K). The high flow
velocity was observed in subsurface water and near the
bottom, where current velocities along the bay were over
15cm s~ (Fig. 4A, B, D, E).

Fast ice was observed inside Hansbukta until the middle
of May 2015. After this period, the bay and almost entire

Hornsund fjord was covered by drifting sea ice until the end
of May 2015. Almost no sea ice was observed during the
2016 season (Fig. 2C).

4.3. Suspended particulate matter

Information on the SPM distribution was obtained from
satellite images and ADCP surveys for the mid- and late
summer and from water sampling throughout the study
period. The satellite images revealed the location of major
freshwater sediment-laden subglacial outflows from the tide-
water glacier cliff. The outflows were observed in the images
from the 6th and 31st of June; 8th, 15th, and 17th of
September; and the 1st of October 2015 as SPM-rich surface
water plumes. In the case of the other available images, the
weather was cloudy or outflows were not identified. The most
prominent outflow was from the eastern part of the Hansb-
reen cliff, and it was seen in all the described satellite
images. Moreover, a number of images contain emerging
plumes from outflows located in the western (the 6th and
31st of June, the 15th and 17th of September and the 1st of
October 2015) and central (the 15th of September and 1st of
October 2015) parts of the glacier cliff (Fig. 1).
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Table 1

(PIM) and particulate organic matter (POM) for different seasons.

The correlation coefficient R?, number of measurements and robust linear regression for particulate inorganic matter

R? Number of measurements Robust linear regression
Spring 0.56 135 during 5 days POM =0.78 + 0.33 - PIM
Summer 0.08 212 during 4 days No correlation
Autumn 0.59 93 during 2 days POM =0.43 + 0.16 - PIM
Winter 0.59 30 during 2 days Low number of measurements

In the ADCP surveys, the outflow from the eastern part
of Hansbreen was the most evident, while the western and
central outflows were only partly resolved (Fig. 4D—F, J—L).
The values of Int, which reflect SPM concentration, were
higher in July than in September. However, while both sur-
veys showed that most of the SPM was contained to Hans-
bukta and that only a small amount escaped from the bay
(Fig. 4C and 1), the SPM distributions within the bay was
different. In July, the SPM maximum was related to the major
outflow from the eastern part of Hansbreen, while the two
secondary maxima of Int were likely related to the outflow
from the western part of Hansbreen and to the region in axial
part of the bay, below 40 m deep, with rapid flow towards the
glacier (Fig. 4D—F). In September, although the outlined

maxima in Int were still visible, the SPM distribution was
more uniform (Fig. 4L).

The SPM concentrations measured in the water samples
ranged from 2.3 mg =" on the 24th of May 2016 at station
H1_09 on the water surface to 82.8 mg [~ on the 18th of June
2015 at station H5_05, which is close to main glacier outflow,
at a 1 m depth. The mean SPM concentrations averaged for
the daily data were the highest during the ablation season in
the summer and early autumn, with a maximum average
concentration in October 2015 (over 35 mg l="). The lowest
average concentrations were measured during the winter and
spring, and a minimum averaged concentration was docu-
mented in the 2015 spring season (below 10mgl™") in a
period shortly after the sea ice disappeared (Appendix A1,
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Fig. 2E). The annual course of the changes in the SPM mean
concentration is characterised by a rapid increase at the end
of May and beginning of June 2015 (from 10 to more than
25mg L") After June, the mean concentration increased
gradually until the end of October. The mean SPM concen-
tration decreased during the late autumn and beginning of
winter to approximately 25 mgl™" in December. In April
2016, the mean SPM concentration was approximately
25mg l~" and increased to 35 mg |~ in the second part of
June. Moreover, an episodic increase of the SPM concentra-
tion was observed in the first half of May 2016 (Fig. 3E).

A comparison of the SPM distribution (Figs. 5—7) and mean
SPM concentration in the surface waters (0—10 m) and dee-
per layers (below 20 m) (Fig. 3E) reveals clear seasonal
variability. From June to September, the SPM was predomi-
nantly in the surface layer, while from November until May, it
was predominantly in the deeper water. In October 2015, the
amount of SPM in the surface waters was very similar to the
amount in the deeper layers.

The LOI in the SPM ranged from 2.9% on the 9th of May
2016 at station H1_09 near the bottom of the bay to 70.6% on
the same day at station H1_04 at a depth of 10 m. During the
spring, the measured LOI mostly ranged between 20 and 40%,
with a mode of approximately 25% (Fig. 8B). The highest
average LOI (approximately 30%) was observed during the
spring of 2016 (Appendix A2, Fig. 2F). During the summer
season, the LOI achieved its lowest values and varied
between 10 and 30% with a mode of approximately 15%
(Fig. 8C). The values of LOI in the SPM during the autumn
were similar to the values in the summer and ranged from
10 to 20% with a mode of approximately 15% (Fig. 8D). In the
winter, the LOI in the SPM was slightly higher, ranging from
20 to 30% (Fig. 8E).

The highest concentrations of POM were measured during
the spring and summer, and the highest concentrations of PIM
were measured during the summer and autumn (Fig. 8A). No
correlation was observed between the measured POM
and PIM during the summer (R? = 0.08). During the winter,
the correlation between POM and PIM was 0.59; however,
there were too few measurements for linear regression to be
calculated. The correlations between POM and PIM were
0.56 during the spring and 0.59 during the autumn (Table 1,
Fig. 8A). The seasonal spatial variability of the POM and PIM
distributions (Figs. 3F and 5—7) was similar to the total SPM
concentration pattern.

5. Discussion

5.1. The studied seasons in the context of
multiyear variability

During previous decades, due to specific oceanographic or
meteorological conditions like the massive intrusion of AW
into fjords, some years and seasons were exceptional (e.g.
Cottier et al., 2005). However, the study period from 2015 to
2016 appears to be representative of typical conditions
during the past decade when it is considered in a context
of multiyear analyses of meteorological conditions from the
PPS in Hornsund (Cisek et al., 2017; Osuch and Wawrzyniak,
2016, 2017), as well as snow coverage variability analyses
(Kepski et al., 2017). A comparison of the study period to the

general summer oceanographic condition in Hornsund also
proved that the studied summer was similar to those
observed in the previous years (Prominska et al., 2017). In
the studied period, sea ice occurred in the spring of
2015 and was absent in 2016. However, as documented by
Muckenhuber et al. (2016), the irregular presence of sea ice
in Hornsund was also noticed during previous seasons. In
terms of the range of the SPM concentrations, the measured
summer values are similar to the concentrations that have
been previously reported from tidewater glacier-affected
bays in Svalbard, which usually have values ranging from a
few to approximately 100 mg =" (Elverhgi et al., 1983;
Gorlich, 1986; Gorlich et al., 1987; Svendsen et al., 2002;
Szczucinski and Zajaczkowski, 2012; Zajaczkowski, 2008).
Thus, the conditions during the studied period can be con-
sidered to be typical for contemporary subpolar fjords of
Svalbard.

5.2. Sources of SPM

In Hansbukta, the SPM is mainly delivered through subglacial
meltwater outflows from the cliff of Hansbreen. Based on
satellite images (Fig. 1) and ADCP measurements (Fig. 4), we
found that the positions of the outflows fluctuated during the
studied period. However, the major subglacial meltwater
discharge came from the eastern part of the ice cliff
(Fig. 1), which was also predicted by a sub-glacial water
flow model by Palli et al. (2003). Hansbreen is a polythermal
glacier (Jania et al., 1996); thus, meltwater discharge is
possible throughout the year. However, the discharge
becomes significant only during the ablation season
(Fig. 2A), when the major glacial channels are unblocked
due to the high pressure of the meltwater (Palli et al., 2003).
The available data does not allow for precise estimates of
suspended sediment discharge. However, assuming that the
documented near-surface SPM-rich brackish layer contains
mainly sediment delivered from the outflows, a simple esti-
mate can be made based on the July ADCP profile (Fig. 4D and
E). Using the cross-sectional area of a SPM-rich surface water
plume of approximately 2500 m?, multiplying this value by a
minimum southward flow velocity of 0.12 m s~" and an aver-
age SPM concentration of 50 mg =", the obtained minimum
estimate of the sediment flux is in the order of 15 kg s ". If
this value is multiplied by the three months of the effective
ablation season that have relatively high discharge rates
and divided by Hansbreen drainage basin area of approxi-
mately 55 km?, it provides a sediment yield in order of
2000 t km~2 year™" (for the ablation season). This value is
in the same order of magnitude as the sediment yields
reported for subpolar and temperate glaciers (e.g., Gurnell
et al., 1996; Koppes et al., 2015). Thus, it is very likely that
the overwhelming majority of the SPM is delivered by the
meltwater outflows and that the other SPM sources are
secondary and may be important only seasonally.
Approximately one-fourth of the total ablation of Hansb-
reen is due to icebergs calving and ice front melting processes
(Grabiec et al., 2012). The icebergs that are produced by
Hansbreen are relatively small, and many of them are
grounded and melted in the shallow parts of the Hansbukta
(Cwiakata et al., 2018). Their contribution to the total SPM in
the bay is relatively small. In the period from 2000 to 2008,
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approximately 25.5 x 10® m? of ice was released as icebergs
annually (Grabiec et al., 2012). Except in specific zones, such
as 1—2 m thin basal ice layers or shear zones, the average
percentage of debris in Hansbreen ranges from 0.05 to 0.5%
(Rachlewicz and Szczucinski, 2000). Assuming an average
rock density of approximately 2.5 kg m—3, the annual sedi-
ment supply from melting icebergs is approximately 65; 5% of
the daily supply from the meltwater outflows.

The remaining potential sources of SPM include transport
by wind and surface runoff from the non-glaciated part of the
Hansbukta drainage basin, coastal erosion, rafting by sea ice,
biological production (e.g., phytoplankton blooms), import
from the main fjord basin due to water exchange (e.g., due to
tides) and the resuspension of previously deposited sedi-
ments. The supply of sediment from the non-glaciated land
is negligible because it has a very small area and low relief.
The majority of the terrestrial marginal zone of Hansbreen
drains to adjacent bays (Fig. 1). In Hansbukta, no major
coastal erosion is observed, although when the SPM concen-
trations from spring 2015 and 2016 are compared (Fig. 3D and
E), they are higher in 2016, which is when no wave-protecting
shore ice was observed.

The POM comes at least from two sources: supply of old
organic matter from land and delivery of modern organic
matter produced in marine environment. The recent works in
Hornsund fjord applying carbon isotopes in organic matter in
fjord sediments (Koziorowska et al., 2016; Szczucinski et al.,
2017) and in SPM (Apolinarska et al., 2017) suggest that
significant portion of organic carbon is delivered from erosion
of older organic-rich sediments and rocks. This may also
apply to the Hansbukta. However, the POM is at least partly
derived from modern biological production, particularly in
specific periods, for instance on the 9th of May 2016 (Fig. 5H)
and on the 21st of December 2015 (Fig. 7H), when phyto-
plankton blooms and massive zooplankton advection likely
occurred, respectively. Such phenomenons are commonly
reported in the Arctic during the spring and autumn—winter
seasons (e.g., Cowan et al., 1998; Gorlich et al., 1987;
Kwasniewski et al., 2003; Rabindranath et al., 2008; Walkusz
etal., 2003; Weydmann et al., 2013; Westawski et al., 1988).

The SPM is also delivered by sediment resuspension from
sill and shallow water regions. The resuspension is due to
waves as well as water flow over the sill related to water
exchange processes between Hansbukta and the main part of
the Hornsund. The water exchange is driven by the tides,
Coriolis-driven circulation patterns, as well as by water
replacement due to freshwater supplies from meltwater
outflows. This exchange of water is a typical oceanographic
phenomenon in glacial bays separated by sills (e.g., Motyka
et al., 2003; Rignot et al., 2010). The water exchange results
in relatively fast near-bottom water flows (Fig. 4), in order of
15 cm s, and sediment resuspension. The bottom of the bay
around sill has relatively high SPM concentrations throughout
the year (Figs. 5—7), which suggests that sediment resuspen-
sion from the sill is an important factor contributing to the
SPM distribution in the bay.

5.3. Seasonality in SPM distribution

The seasonal changes in the SPM concentration, spatial dis-
tribution and composition (POM/PIM) result from the over-
lapping influences of a number of factors. The drivers

discussed here include the duration of the ablation season,
freshwater supply, glacial dynamics, SPM supply, water stra-
tification and circulation in the bay, the bay bathymetry,
presence of sea ice, light availability (polar day and night),
biological productivity and sedimentary processes. Moreover,
there are also several factors that were found important for
SPM distribution in similar environments (Cowan and Powell,
1990; Gilbert et al., 2002; Gorlich et al., 1987; Syvitski, 1989;
Szczucinski and Zajaczkowski, 2012) but cannot be here
accurately evaluated due to the applied monthly sampling
resolution. These factors include tides, storm events, daily
fluctuations in the suspended sediment discharge and local
wind damming effects.

5.3.1. Summer season

The summer distribution of SPM, with SPM-rich surface
brackish water layer, is generally similar to the patterns that
have been previously reported for tidewater glacier fronts
(e.g., Curran et al., 2004; Gorlich, 1986; Gorlich et al., 1987;
Syvitski, 1989; Szczucinski and Zajaczkowski, 2012; Zajacz-
kowski, 2002), although the 3D pictures provided by ADCP
surveys (Fig. 4) showed the circulation to be more complex
than previously believed. The intensive freshwater outflows
that start in the spring-summer transition period (during June
2015 and May—June 2016) caused slight increase in the water
temperature (Figs. 2C and 3A), a decrease in salinity (Fig. 2D
and 3C) (transformation of WCW to LW), the development
of water stratification (Fig. 3B), and increases in the
FWF (Fig. 3D) and SPM concentration (Fig. 2E and 3E) in
Hansbukta.

The large amount of SPM that was delivered to the bay was
mainly confined to the approximately 10 m thick (Fig. 6)
brackish surface water layer. Considering the total SPM
supply, one could expect even higher SPM concentrations
in the surface water; however, this water mass is in motion
(Fig. 4A and B), and the SPM is partly exported from the bay
by the surface currents. Moreover, SPM in surface layer is
removed due to fast settling of flocculated particles.

The flocculation (aggregation) of SPM, documented by
Laser In Situ Scattering and Transmissometry measurements
(Szczucinski and Moskalik, 2017), is enhanced by high
SPM concentrations, turbulence related to fast flow velocity
and the mixing of saline water with freshwater. The SPM is
composed of approximately 85% of grains smaller than
60 um, as inferred from the bottom sediments (Gorlich,
1986). However, the suspended aggregates that were
observed during summer in the surface water layer had a
mean floc grain size ranging from 30 to over 120 pm, and
below the pycnocline were transferred only aggregates with
a mean floc size over 125 pm, which is an equivalent of fine
sand grain size fraction (Szczucinski and Moskalik, 2017).

Thus the well-developed pycnocline serves as a barrier for
settling particles and is likely the major reason for the higher
SPM concentrations in the surface water, in particular close
to pycnocline (Figs. 3E and 6). During the summer, a steady
increase in FWF (Fig. 3D) and a weakening of the stratifica-
tion (Fig. 3B) reduced the role of pycnocline. Simultaneously
faster increases in the SPM concentration in the deeper water
was observed than in the nearby surface (Fig. 3E), which was
possibly related to the longer residence time (slower settling
rate) of smaller aggregates, which could settle through a
smaller density gradient of the pycnocline.
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The SPM concentration near the bottom of the bay (Fig. 6)
is likely a result of resuspension due to the fast water flow
over the sill separating Hansbukta from the main Hornsund
basin, which was observed during the ADCP surveys (Fig. 4).

The SPM in the summer is mostly composed of PIM, while
the POM concentration reaches a similar level to the POM
concentration during the remaining part of the year. There is
no correlation between the POM and PIM (Fig. 8A and C),
which suggests various SPM sources or segregation processes.
In the summer, POM is mainly concentrated along the lower
boundary of the surface brackish layer (Fig. 6). According to a
commonly reported model (e.g., Lydersen et al., 2014), the
POM maximum is likely related to zooplankton, which is
pumped to Hansbukta at depth with fjord water in exchange
for the exported brackish surface water. The fjord waters
upwell next to the ice front and the zooplankton population
experiences massive mortality rates due to osmotic shock
(Westawski and Legezynska, 1998; Zajaczkowski and Lege-
zynska, 2001). Consequently, such settings are well-known
feeding grounds for birds and mammals (Lydersen et al.,
2014; Urbanski et al., 2017).

5.3.2. Autumn season

The annual maximum mean SPM concentration occurred in
the middle of the autumn season (Fig. 3E). During that time,
the SPM, POM and PIM distributions were relatively uniform
(Fig. 7) in the surface and deeper water masses (Fig. 3E and
F). This is likely due to several processes: the density-driven
vertical mixing of water in the bay and disappearance of the
water stratification (Fig. 3B), enhanced resuspension and
mixing during frequent in autumn storms (Wojtysiak et al.,
2018), and a reduction in flocculation processes that elon-
gates the residence time of the SPM in the water column. The
latter was reported also for autumn season in the glacial bay
of Adolfbukta (central Spitsbergen) by Szczucinski and
Zajaczkowski (2012). They compared the summer and
autumn conditions and found that the vertical particulate
matter fluxes measured with sediment traps decreased by an
order of magnitude in the autumn, while the SPM concentra-
tions decreased only two-fold. Szczucinski and Zajaczkowski
(2012) interpreted these observations as a result of a
decrease in SPM flocculation, resulting in the slowing of
the settling rate and the elongation of SPM residence times
in the water column. However, in contrary to their study, in
Hansbukta the SPM concentration increased in the autumn.
The major reason for the difference may be the fact that
Adolfbukta lacks a shallow sill, thus SPM may be easily
exported from the bay and potential sediment resuspension
is limited. In Hansbukta, the presence of a shallow sill causes
the SPM to be trapped in the bay and enriched in resuspended
sediment due to accelerated water flow over the sill.

In November, the SPM concentration decreased, particu-
larly in the surface water layer (Figs. 3E and 7A, D), which
was depleted of SPM due to successive SPM settling that was
not compensated by the delivery of new SPM.

POM and PIM concentrations are correlated in autumn
(Table 1, Fig. 8A and D). The correlation is likely due to
efficient mixing of the SPM during the autumn. In December
and at the end of autumn (Fig. 7H), an increase in the POM
concentration in the subsurface waters of the central part of
the bay was observed. At that time, the supply from the land
had already ceased, air temperatures were well below 0°C,

and the primary production in the water was at its lowest
level due to the polar night conditions, so the most likely
source of the elevated POM was the advection of rich in
zooplankton fjord and/or shelf waters, as was mentioned in
other studies (e.g.: Rabindranath et al., 2008; Walkusz et al.,
2009; Weydmann et al., 2013; Westawski et al., 1988; Zajacz-
kowski et al., 2010).

5.3.3. Winter season

During the winter, the mean SPM concentrations reached
minimum values in the surface layer, but the water column
average remained same as during the summer season
(Fig. 3E). The SPM was mainly concentrated in the deeper
part of the bay (Fig. 7G and J), particularly above the sill, on
the sill slope and near the glacier. This may suggest that a
major source of SPM is the resuspension of sediments, parti-
cularly in shallow areas. In the winter, the SPM largely
comes from the recycling of previously delivered material.
The partial exposure of the bay to oceanic swell, the tidal
currents and the relatively shallow sill that confines the bay
and accelerates flow may all contribute to resuspension
of sediments and sustain the SPM in suspension. Since
Hansbreen is a polythermal glacier (Jania et al., 1996), it
is also possible that there are some minor subglacial dis-
charges of suspended sediment in winter.

5.3.4. Spring season

The studied period encompassed two spring seasons, which
differed in terms of sea ice conditions. During the spring of
2016, which had no sea ice cover, the average SPM, POM and
PIM concentrations were similar to the concentrations of the
previous autumn and winter seasons (Figs. 2E and 3E, F). The
spatial SPM distribution was also the same as the distribution
in the winter before the onset of ablation (April) and devel-
oped into the summer distribution by an increase in the
surface water layer in the weeks following the ablation onset
(Fig. 6D—0). The conditions were different in spring 2015,
when sea ice cover and well-developed shore ice occurred
(Figs. 2, 3 and 6) and the SPM, POM and PIM were the lowest.
In both of the spring seasons, the PIM and POM were corre-
lated (Table 1, Fig. 8A and B), which may suggest that the SPM
is largely composed of the same material, which is reworked
over time. The difference between the 2015 and 2016 spring
seasons is likely mainly due to sea ice occurrence during
2015 and limited wave action during this season.

Although POM and PIM generally correlate, there were
also some differences. This was most likely a result of a
phytoplankton bloom increasing suspended POM concentra-
tions, as commonly occur in the Arctic during the spring
season (e.g., Cowan et al., 1998; Gorlich et al., 1987;
Pawtowska et al., 2011; Westawski et al., 1988; Zajaczkowski
et al., 2010). Such situation was documented on the 9th of
May 2016 (Fig. 5H).

5.4. Implications for remote sensing based
studies

The estimates of freshwater and SPM delivery to the coastal
ocean from tidewater glaciers and the assessment of their
global importance require the application of remote sensing
methods that allow simultaneous measurements over large
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areas. While these methods appeared to be successful in
estimating the sediment supplies of meltwater rivers (e.g.,
Overeem et al., 2017), they are still of limited use in the case
of fjords. The in situ investigations of SPM deliveries and
distributions near tidewater glacier fronts are often danger-
ous, expensive and time-consuming, so investigations apply-
ing analyses of satellite images are particularly useful (e.g.,
Hodgkins et al., 2016; Hudson et al., 2014; Schildt et al.,
2017; Urbanski et al., 2017). However, they have a number of
restrictions. For example, they are usually limited to the
short summer season, they must be calibrated with in situ
data and they only provide information about surface water.
It is commonly assumed that the major SPM discharge near
tidewater glacier fronts is limited to the brackish surface
layer of the water in front of tidewater glaciers. However, the
present study shows that a maximum amount of the SPM
during the summer is at the lower boundary of the surface
brackish water layer, which is approximately 10 m thick.
Moreover, during the majority of the year, most of the SPM
is located in deeper waters (>20 m), which is also the case
during the period with maximum average SPM concentrations
in early autumn (Fig. 3E). Thus, the remote sensing data must
be carefully interpreted when water surface reflectance is
used to estimate the SPM concentration because subsurface
SPM concentrations may be even higher than at the surface.

6. Conclusions

The study presents the first monitoring data of SPM concen-
trations in a sub-polar glacial bay in context of its local
oceanographic and meteorological conditions over almost
one year. The observed seasonal SPM concentration varia-
tions appear to result not only from the dominant glacial
meltwater input that delivers the vast majority of SPM but
also from the intensity of flocculation processes that control
the residence period of the particles in the water, the
resuspension of SPM and biological productivity. The docu-
mented circulation pattern appears to be more complex than
the patterns typically assumed in simple 2D models and is
strongly affected by the presence of shallow sill at the
entrance. In Hansbukta, the highest single SPM concentration
value was measured at the beginning of the summer, but the
mean SPM value gradually increased during the summer with
a peak in the autumn, long after the freshwater discharge
maximum. During the summer, the SPM was mainly concen-
trated in the surface water layer; during the rest of the year,
the opposite occurred, with higher SPM levels observed in the
deep water layer. Generally, the POM content of the SPM was
stable, except during spring phytoplankton blooms (maxi-
mum POM concentration) and spring periods with sea ice
cover (minimum POM concentration).
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KEYWORDS Summary The partitioning of solar radiation in the Arctic sea ice during the melt season is
Arctic sea ice; investigated using a radiative transfer model containing three layers of melt pond, underlying sea
Melt pond; ice, and ocean beneath ice. The wavelength distribution of the spectral solar irradiance clearly
Radiation transfer; narrowed with increasing depth into ice, from 350—900 nm at the pond surface to 400—600 nm in
Mass balance; the ocean beneath. In contrast, the net spectral irradiance is quite uniform. The absorbed solar
Numerical modelling energy is sensitive to both pond depth (H,) and the underlying ice thickness (H;). The solar energy

absorbed by the melt pond () is proportional only to H,. However, the solar energy absorbed by
the underlying ice (¥;) is more complicated due to the counteracting effects arising from the pond
and ice to the energy absorption. In September, ¥, decreased by 10% from its August value, which
is attributed to more components in the shortwave band (<530 nm) of the incident solar radiation
in September relative to August. The absorption coefficient of the sea ice only enhances the
absorbed energy in ice, while an increase in the ice scattering coefficient only enhances the
absorbed energy in the melt pond, although the resulted changes in ¥, and ¥; are smaller than
that in the albedo and transmittance. The energy absorption rate with depth depends strongly on
the incident irradiance and ice scattering, but only weakly on pond depth. Our results are
comparable to previous field measurements and numerical simulations. We conclude that the
incident solar energy was largely absorbed by the melt pond rather than by the underlying seaice.
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1. Introduction

A steady decline in Arctic sea ice, especially during the melt
seasons since 2000, has been well demonstrated (e.g. Comiso
et al., 2017). An increase in solar radiation absorbed by the
Arctic Ocean was also observed by satellite instruments
during the same period (NASA, 2014). The partitioning of
solar radiation in an ice-covered sea is a central issue of the
energy budget of the Arctic Ocean and the mass balance of
Arctic seaice (Lei et al., 2016; Wang et al., 2014, 2016). The
solar energy absorbed by the sea ice cover largely determines
the rate of ice melting (Hudson et al., 2013), while the
backscattering part provides heats to the atmosphere (Per-
ovich, 2005). Energy penetrating through the sea ice cover
warms up the ocean beneath the ice, which is a primary
source of ocean heat (Katlein et al., 2015). The apparent
optical properties (AOPs) — albedo (reflectance) and trans-
mittance — determine the partitioning of solar radiation into
backscattering, absorption and transmittance in the Arctic
sea ice (Perovich, 1996).

Extensive field observations have been carried out to
measure the AOPs of first-year (FYl) and multiyear sea ice
(MYI), and were employed to parameterize the distribution of
solar energy in numerical models (e.g. Taskjelle et al., 2015).
In Arctic summer, melt ponds pose notable impacts on the
AOPs of sea ice. Not only is the albedo of the melting ice
significantly lower than that of dry or snow-covered ice, but
melt ponds take more solar radiation which then penetrates
the ice (Webster et al., 2015). Even a skim layer of liquid
water on an ice surface can change the AOPs considerably
(Light et al., 2015). For example, the transmittance through
FYI is almost three times larger than through MYI because of
the larger melt-pond coverage of FYI, and the energy absorp-
tion is also 50% larger in FYI than in MYl (Nicolaus et al.,
2012). Ponded ice transmits roughly 4.4 times more total
energy into the ocean than nearby bare ice. The ubiquitous
surface-scattering layer and drained layer present on bare
sea ice are responsible for its relatively high albedo and low
transmittance, while light transmittance through ponded ice
depends on its physical thickness and the magnitude of the
scattering coefficient in the ice interior (Light et al., 2015).

Radiative transfer models (RTM) are another approach to
determine the partitioning of solar radiation in melting sea
ice. A plane-parallel melt pond model with either a Lamber-
tian or a non-Lambertian reflector for the pond bottom was
developed to estimate the pond albedo and radiance dis-
tribution in ponded ice (Podgorny and Grenfell, 1996). Solar-
radiation flux transfer in melt ponds was simulated by Sky-
llingstad et al. (2009), and variations in the pond albedo with
pond depth and the underlying ice albedo were proposed.
Influences of different impact factors on the pond albedo and
transmittance were investigated, and a parameterized pond
albedo as a function of both pond depth and ice thickness was
suggested (Lu et al., 2016). This parameterization is more
suitable for thinning Arctic sea ice than the exponential
relationship between albedo and pond depth (Morassutti
and Ledrew, 1996), which is valid for thicker ice.

A summary of previous field and numerical studies on the
AOPs of melting sea ice is listed in Table 1, where @ and T
denote the percentage of solar energy backscattered by the
pond surface and transmitted into the ocean beneath ice,

respectively, and ¥, and ¥; are the fractions absorbed by the
melt pond and the underlying ice layer, respectively. Some
studies combined the absorption of melt ponds and the
underlying ice, and present it as the sum of ¥, and ¥;.

The results of the studies that considered the partitioning
of solar energy in melting sea ice differ widely from each
other, as seen in Table 1. One can attribute the variations to
the different ice conditions in the studies. As such, a systemic
investigation on the various factors that affect the energy
distribution is still needed. In addition, the portion of solar
energy absorbed by meltwater is obviously larger than that
absorbed by underlying sea ice, which argues for the notable
capacity of melt ponds in energy absorption, and which also
implies the possible complicated processes associated with
the allocation of energy to the air, pond, ice, and the water
below. However, melt ponds are always treated as a con-
troller of surface albedo, and are not individually considered
in numerical models (Pedersen et al., 2009); hence, an
investigation of their full physics is required.

To achieve these goals, an RTM initially developed to
parameterize melt-pond albedo (Lu et al., 2016) was used.
The framework of the RTM is summarized in Section 2. In
Section 3 we investigate the distribution of solar radiation,
the energy budget in the melting sea ice, and the absorption
ratio of solar energy. Discussions on the surface transmission
parameter, ice internal melt, and photosynthetically active
radiation (PAR) beneath the ice are presented in Section
4. Conclusions are drawn in Section 5.

2. Model description

Radiation transfer in a plane-parallel medium can be simpli-
fied as two streams: upwelling and downwelling irradiances.
These are governed by two coupled first-order differential
equations under the assumptions of diffuse incident solar
radiation and isotropic scattering (Flocco et al., 2015):

dF'(z,») = —k.F ' (z,0)dz—0,F ' (z,1)dz + o, F ' (z,)dz
dF'(z,A) = kuF ' (z,1)dz + 0, F ' (z,A)dz—0,F ' (z,1)dz °

M

where o, is the wavelength-dependent scattering coefficient
and k;,_is the absorption coefficient, which defines the inher-
ent optical properties (IOP) of the medium. F'(z, 1) and F(z,
A) are the upwelling and downwelling irradiances, respec-
tively, z is the depth in the medium and A is the wavelength.

The RTM developed by Lu et al. (2016) contains three
layers: the melt pond, the underlying ice, and the ocean
beneath the ice. Assuming the continuity of radiation flux at
each interface between the layers, the irradiance in both
directions in the melt pond and underlying ice can be calcu-
lated. Two AOPs, the spectral albedo of the melt pond «,, and
the spectral transmittance T,, are determined accordingly.

A two-stream model is employed instead of a more
advanced RTM such as the one given by Podgorny et al.
(2018) using Monte Carlo approach. This is because the
two-stream model is mathematically straightforward, and
an analytical solution is available for model validation. More-
over, different studies have revealed that the results of the
two-stream RTM using Eq. (1) agree well with field measure-
ments on sea ice (Flocco et al., 2015; Taylor and Feltham,
2004). The drawbacks of such model lie to assumptions of
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Table 1

Partitioning of incident solar energy in melting sea ice in Arctic summer, including the fractions reflected back by the ice

surface o, absorbed by the melt pond ¥, absorbed by the underlying ice ¥;, and transmitted into the ocean beneath ice T. Note that
o+ ¥, + ¥+ T=100%. The sum of ¥, and ¥; is presented if their individual values were not reported in the references.

References a [%] W, + ¥ [%] T [%] Ice conditions
Hudson et al. (2013) 15 46 39 Dark pond on FYI FM
34 46 20 Bright pond on FYI FM
Perovich et al. (2001) 15 73 12 Pond on MYI, August FM
35 58 7 Pond on MYI, June FM
Light et al. (2015) 18 30+ 30 22 Pond on FYI FM
25 40 + 25 10 Pond on MYI FM
Nicolaus et al. (2012) 21 57 22 Pond on FYI FM
29 56 15 Pond on MYI FM
Perovich and Tucker (1997) 24 69 7 Pond on MYI, July FM
Perovich (2005) 26 57 17 Pond on MYI FM
Ebert et al. (1995) 20 66 + 12 2 Pond on FYI, July NS
Podgorny and Grenfell (1996) 13 38 +38 11 Old pond with LBR NS
26 38+29 7 Young pond with LBR NS
— 38 +37 = Old pond with non-LBR NS
— 39 +28 — Young pond with non-LBR NS

FM — field measurements. NS — numerical simulation. LBR — Lambertian bottom reflection.

diffuse incident solar radiation in the air and isotropic scat-
tering in the ice. The former assumption is not a major
problem in Arctic summer because sky is often covered with
low stratus cloud. The latter one is also not badly biased for
melting sea ice, because the geometric structure of porous
sea ice becomes more irregular that can favour isotropic
scattering in the ice (Lepparanta et al., 2003).

The I0Ps of sea ice and water are prescribed in this study and
follow the previous results in Lu et al. (2016). The wavelength-
dependent absorption coefficient of water (k, ) employs the
pure water values from Kou et al. (1993) and Smith and Baker
(1981). The absorption coefficient of seaice (k; ;) is determined
by combining the contributions from pure ice and brine pock-
ets, where absorption in the gas inclusions can be neglected.
Scattering in meltwater and the ocean beneath the ice is
neglected (o, = 0) according to previous studies (e.g. Taylor
and Feltham, 2004). This has been shown to be a valid approx-
imation for melt ponds with a depth less than 1 m (Podgorny and
Grenfell, 1996). And the upwelling radiation backscattered by
the ocean beneath ice is also extremely small (~1% of the total
upwelling radiative flux) because the scattering coefficient of
water is 2—3 orders of magnitude lower than that of sea ice
(Smith and Baker, 1981). The scattering coefficient of sea ice is
independent of wavelength, and a value of o;=2.5m™" was
promoted for summer Arctic sea ice. The incident solar irra-
diance F(1) measured by Grenfell and Perovich (2008) under a
completely overcast sky in August with the solar disc not visible,
is employed as a representation of Arctic summer. The con-
sidered wavelength range covers the solar spectrum from
Aq =300 nm to A, = 2500 nm.

3. Results

3.1. Vertical distribution of the spectral
irradiance

Different to sea ice, irradiance in the ocean can be expressed
by Beer's absorption law if the transmitted irradiance

F,.(z, =0,1) is known, since the ocean may be regarded
as a semi-infinite medium with a negligible scattering coeffi-
cient:

Fi (2u,2) = F (0, )exp(—kyuzw) 2
F)(zw,2) =0

The upwelling irradiance beyond the pond surface may
also be deduced as «,Fy(1). Then the distributions of the
downwelling and upwelling irradiances in the pond—ice—
ocean system are obtained. A typical case with H,=0.3m
and H; = 1.0 m, corresponding to FYI in Arctic summer season,
was implemented to calculate the spectral irradiance dis-
tribution. The net irradiance distribution across the ice
sheet, Fhet(z, 1), was also calculated, which is the difference
between the downwelling and upwelling streams (Fig. 1).

The irradiance in Fig. 1 is continuous in magnitude and
spectrum within the three regimes (melt pond, underlying ice
and the ocean beneath the ice), and discontinuities occur
only at the interface between the air and the pond because of
reflections there.

Most of the downwelling incident irradiance in the visible
band is dissipated in the pond water and the upper ice layer,
and only an irradiance of ~0.1 W-m~2nm~" (15% of the
maximum in melt pond) at wavelengths 400—600 nm reaches
the bottom of the ice (Fig. 1a). The downwelling irradiance in
the near-infrared (NIR) band is completely absorbed in the
pond water, with none reaching the bottom of the ice.
The amount of ultraviolet (UV) radiation is nearly constant
in the melt pond, however 80% of its energy is dissipated by
the underlying sea ice, leaving only ~0.05 W-m~2nm~" in
350—400 nm band transmitting through the sea ice to the
ocean below.

The maximum amount of downwelling irradiance exists in
the melt pond at a wavelength of 450 nm, 0.6 W-m~2nm~",
which is even greater than the incident solar radiation. It can
be explained by the total reflection of light at the air-pond
interface, where the downwelling irradiance, Fpl(O, 1), isthe
sum of the fraction of the Fy(1) entering the pond and the
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Figure 1

Spectral irradiance distribution in the pond—ice—ocean system with H, = 0.3 m and H; = 1.0 m: (a) downwelling irradiance

F!(z, 1), (b) upwelling irradiance F'(z, 1), and (c) net irradiance Fnet(z, 1) = F*(z, 1) — F'(z, ). The colour denotes the spectral value in
units of W-m~2-nm~". Irradiances beyond 1200 nm are truncated in the plots because of their very small quantities. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

fraction of the upwelling irradiance reflected downwards by
the pond-air interface, F,'(0, A) = (1 — Ry) Fo(x) + R} F,'(0,
A). Ry = 0.05, which is the Fresnel reflection coefficient at the
air-water interface under diffuse sky conditions (Perovich,
1990), and R} = 0.54, which is the specular reflectance of the
upwelling irradiance at the water-air interface (Dera, 1992).
Hence, 95% of the incident solar radiation enters the melt
pond, and half of the backscattering irradiance from the
underlying ice is reflected back again at the pond surface,
where both contribute to a maximum downwelling irradiance
that is even greater than Fy(A). On the other hand, the
maximum value changes slightly with pond depth because
the absorption is very limited (~1073) at 450 nm, and scat-
tering is also negligible in water.

Upwelling irradiance was found only in the pond and ice
layers in the visible band (Fig. 1b), because scattering in the
ice is the only source of an upwelling stream, and back-
scattering from water is negligible. Most of the downwelling
irradiance into the ice lies in the visible band, so back-
scattering also occurs in this band. The peak of the upwelling
irradiance (~0.4 W-m~2nm~" at 450—550 nm) occurs in the

upper ice layer and is constant with pond depth owing to the
accumulative contributions from the backscatters in the
lower ice layer.

The net irradiance is more uniform (0.1—0.2 W-m~2.nm™")
than the downwelling and upwelling irradiances throughout
the pond—ice—ocean volume (Fig. 1c). However, the wave-
length range clearly narrowed with increasing depth, from
350—900 nm at the pond surface to 400—600 nm in the ocean.
The enhanced absorption in ice and water at longer wave-
lengths is the primary reason for this, which also implies that
visible-band radiation is the main contributor to the heat
balance in the underlying ice volume and the ocean further
below.

3.2. Radiation partitioning in the pond—ice—
ocean system

To account for the partitioning of solar energy in the pond—
ice—ocean system, the broadband albedo « and transmit-
tance T are defined as:
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o= /haAFO(A)d)L/Q

A

A2
7= [ TFo)dn/Q 3)
g~y
Q= [ Fo(x)dxr
M
We assume that the energy budget in the pond—ice sys-
tem, and the portion of solar radiation absorbed can be
determined by ¥ =1 —« — T. Then, the fraction absorbed
by the melt pond ¥,, and by the underlying ice ¥;, can be
individually determined by:

'}‘Z
v, - / [F et (Zp = 0, 1) —Fnee (2p = Hp2)]d1/Q

o . 4
lI/,' = /}L [Fnet(zi = 07 A)*Fnet(l,' = Hi,)»)}d)\/Q

1

It is clear that ¥ =¥, + ¥;. The dependence of the solar
energy partitioning in different parts of the melting sea ice
with pond depth, H,, and underlying ice thickness, H;, is
shown in Fig. 2.

The broadband albedo depends mainly on H; for thin ice
(Hi < 1 m), but as H; increases, « is initially sensitive to both
H; and H, and finally just on H, for H; >3 m (Fig. 2a). In
contrast, the broadband transmittance depends mostly on H;,
and slightly on H, (Fig. 2b). This result agrees well with Lu
et al. (2016). That is, the portion of solar energy that
penetrates all the way to the ocean beneath the ice increases
only when the ice becomes thinner, because the extinction
effect of ice to the penetrating radiation (absorption + scat-
tering) is stronger than that of water (absorption). However,
the portion backscattered by melting ice increases with H; for
thin ice and decreases with H, for thick ice. This dependence
is complicated because a deeper pond poses a negative
impact (absorption) on the backscattering, while thicker
ice poses both negative (absorption) and positive (scattering)
impacts on the backscattering. The overall effect of the ice is
positive, however, owing to the larger value of the scattering
coefficient relative to the absorption coefficient in the visible
band (Fig. 1). The various factors of radiative transfer within
the pond and ice cause the backscattering to depend on both
Hp and H;, rather than just one factor, in the whole regime.

The portion of solar energy absorbed by melting sea ice
seen in Fig. 2c, increases with both H; and H,, because either a
deeper pond or a thicker underlying ice benefits the absorp-
tion of solar radiation. It is interesting if this portion is
divided into two. The portion of solar energy absorbed by
the melt pond increases only with increasing pond depth
(Fig. 2d). The positive effect of backscattering in thicker
underlying ice on absorption in melt ponds seems negligible.
While the portion absorbed by underlying ice varies in a more
complicated way, although the contour lines in Fig. 2e are
similar with those seen in Fig. 2a. This can be explained by
the counteracting effect of pond and ice to the energy
absorption in ice. For a deep pond on thin ice, an increase
in ice thickness will significantly enhance the absorbed
energy of the underlying ice. For a shallow pond with thick
ice, a decrease in pond depth also greatly benefits the
absorption by ice. However, for medium values of H, and
H;, the positive effect of an increase in H; can be completely
counteracted by the negative effect of an increase in H,,. For

example, the portion of solar energy absorbed by the under-
lying ice for H; =2 mand H,, = 0.2 mis close to that of the case
with H;=3m and H, =0.3 m (Fig. 2e).

The relative dominance between the absorbed energy by
the pond and ice, namely the ratio of ¥, to ¥;, is shown in
Fig. 2f. It is surprising that the solar energy absorbed by the
melt pond is much larger than that by the underlying ice,
except for some very shallow ponds with H, < 0.1 m. Indeed,
the ratio ¥,/¥; even approaches 5—7 for a deep pond on a
thin ice layer (Fig. 2f). That is, among the 40—60% solar
energy absorbed by melting seaice (Fig. 2c), alarge portion is
attributed to the surface water rather than the underlying
ice. This again pronounces the importance of melt ponds in
enhancing the absorption of sea ice to solar radiation,
although part of ¥, conducts to the underlying ice.

The solar energy absorbed by melting sea ice (¥, + ¥;) is
dominant with a portion of 40—70%, as seen in Table 1, which
agrees with the results in Fig. 2c. ¥,/¥; varies within the
1-5.5range in Table 1, which also approximately agrees with
Fig. 2f. The remaining difference can be attributed to the
different ice conditions when the field observations were
conducted and the definitions used in the numerical model-
ling. Nevertheless, both results in Table 1 and in Fig. 2
strongly argue for the dominance of solar energy absorption
in the melt pond rather than in the underlying ice.

3.3. Impact of other factors on the energy
partitioning

Except for the influence of pond depth and the underlying ice
thickness, the impacts of other factors to the energy parti-
tioning merit investigation. The values of H; and H, are
consistent with those in Fig. 1. Variations of the energy
partitioning with incident solar irradiance, ice absorption
coefficient and ice scattering coefficient are shown in
Figs. 3—5, respectively.

Six different incident solar spectra were selected accord-
ing to Grenfell and Perovich (2008). They were measured
near solar noon of the days during the HOTRAX cruise in 2005,
and we used them to represent Arctic summer conditions for
a completely overcast sky in August and September (Fig. 3a).
These six cases differ widely with respect to Fg(1). The
broadband albedo and transmittance are slightly higher in
September than in August (Fig. 3b). Meanwhile, the portion
of solar energy absorbed by the melting sea ice decreases
significantly from August to September, in which ¥, has a
similar trend with ¥, but ¥; is nearly constant in time. This
can be attributed to the distribution of the relative energy
Fo(2)/Q with wavelength. Although the level of Fgy())
decreases gradually with date (Fig. 3a), more relative energy
is contained in the shortwave band (<530 nm) and less in the
longwave band (>530 nm). This trend becomes more pro-
nounced with date. As a result, the amount of longwave
radiation that can be easily absorbed by surface meltwater
decreases significantly with date, and the portion absorbed
by the underlying sea ice changes slightly because of the
small absorption coefficient of ice in the shortwave band.

Variations in the absorption coefficient of seaice in Fig. 4a
can be attributed to the different combinations of volume
fractions of pure ice and brine pockets. However, the differ-
ence between the maximum and minimum values of k; ; is



P. Lu et al./Oceanologia 60 (2018) 464—477 469

e
: 36“|°/ i
£
IQ.
L A
S . ‘ .
0= 2 4 5
H, [mi (a)
0.5 ———— ——
0.4f ]
. 03f %, 1
£
Q
T 02} \, ]
2N
o5
0.1} 2 1
2, 3
0 ) L I L 1 L L
1 2 4 5
H, [ ©
0.5 / — —
041 & ]
i o |
0
0.3 8
— 0\0
E | > ]
4 et
T o
0.2 - ]
S
0.1 ///30% T
L /// ’/7_35%,/ S
0 e e e 40%
1 2 4 5
H, [m] @

0.5 T T T T T T T T

0.3 1

%S

H, [m]

%01

0.2+

w
0.1 J

-k

H, [m] (b)

0.5 T T T T T T T T

0.4f ]

——— 40%— ]
0.3+ 1

H, [m]

0.2l — 35% |

T 30%
0.1r 1

I 25%

H, [m] )

SOy o
0.47/ n,"‘:'\:? //

0.3 1

H, [m]
!

0.2 e, .

0.1 P e

H, [m] (")

Figure 2  Variations in the portion of solar energy in relation to: (a) the albedo «, (b) transmittance T, (c) the amount absorbed by the
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¥, to ¥;, with pond depth H, and the underlying ice thickness H;.

still limited, although vp; and v, vary within a relative large
range according to the field observations (Huang et al.,
2013). As such, variations in the AOPs of the melting sea
ice in Fig. 4b are also small. The most obvious change among
them is the increase of W¥; with increased absorption in the
ice. The concurrent slight decrease in ¥, is mainly attributed
to the enhanced portion of absorption in the ice rather than
the decrease in the absolute values of absorption in the
melt ponds. Meanwhile, both the broadband albedo and

There is a + T+ ¥ =100%, and ¥ =¥, + ¥;.

transmittance decrease slightly with increasing absorption
in ice, consistent with Lu et al. (2016).

The scattering coefficient of sea ice ranges from 0 to
2.5m~" in Fig. 5, which corresponds to sea ice from an
idealized purely absorbing medium, to melting blue ice with
a small content of gas bubbles (1.2 m~"), and then to porous
white ice containing large quantities of gas bubbles according
to Perovich (1990). Compared with the obvious changes in
the broadband albedo and transmittance, variations in the
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portion of solar energy absorbed by the melting sea ice are
relative small. The portion of absorption in ice is nearly
constant in Fig. 5 because the increasing ice-scattering
coefficient only causes more upwelling irradiance through
backscattering. However, the portion of absorption in the
surface meltwater increases consequently owing to the
enhanced backscattering irradiance that is absorbed again
by the meltwater. Both contribute to the small increase in the
portion of solar energy absorbed by melting sea ice.

3.4. Energy absorption rate

The rate of energy absorbed per unit volume (w) is note-
worthy because it is an important source term in the equation
of heat conduction, which describes the contribution of solar
radiative heating to warming and melting in sea ice. The

energy absorption rate w is given by (Taylor and Feltham,
2004):

A2
0= _/ L"e;(zz’” d. 5)
M

Variations in w vertically downwards in the pond—ice—
ocean system for different values of the incident solar
radiation, pond depth and underlying ice thickness, and IOPs
of the sea ice, are shown in Fig. 6.

Generally, the rate of energy absorption is greatest at the
pond surface, which then drops off rapidly by an order of
magnitude in the first 0.3 m owing to the loss of radiation in
the NIR band, and then decreases more gradually with the
attenuation of the remaining radiation. Sudden changes in o
seen at the pond—ice and ice—ocean interfaces in Fig. 6 are
mainly attributed to the different IOPs of the two media.
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Scattering in ice weakens the energy absorption rate of ice,
although the energy fluxes are continuous at the interfaces.

Variations in sky conditions do not alter the relative
magnitude of the energy absorption curves to any extent
(Fig. 6a), but the absolute values of w are strictly sorted
according to the sequence of the incident energy (Fig. 3a).
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Figure 5 The influence of the ice scattering coefficient on the
portion of solar energy in the melting sea ice for H, = 0.3 m and

H,'=1.0m.
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Near the pond surface, the absorption in August 7 is about
15 times greater than in September 10. This decreases
gradually to 10 at a depth of about 0.7 m, and then remains
at a relatively constant level, which approximates the ratio
of the integrated irradiance for these two sky conditions,
namely 10.3 in Fig. 3a.

The influence of scattering in ice is more interesting
(Fig. 6b). The energy absorption in the pond water and upper
ice layer is greatest for ice with the largest quantity of gas
bubbles—that is, the highest scattering coefficient—but it
falls below the value for ice with fewer bubbles at a depth of
about 0.9 m. This is because the higher scattering in ice
results in greater extinction in the upper layer of the
pond—ice system and lower transmission to the interior of
the ice, whereas more radiation penetrates deep into ice
with fewer bubbles, adding to the energy input to the interior
of the ice.

Increasing pond depth reduces the energy absorption at
the pond's bottom (Fig. 6c) because more radiation is dis-
sipated in the pond water. However, the ice layer acts as a
filter, so that the energy absorption at the bottom of the ice,
and the consequent transfer of energy into the underlying
ocean, is almost uniform. An increase in the ice thickness
(Fig. 6d) does not alter the energy absorption by the pond
water, but it significantly reduces the absorption at the
bottom of the ice and the transfer into the underlying ocean.
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Figure 6 Variations in the rate of absorbed energy w in the pond—ice—ocean system vertically downwards for different: (a) incident
solar irradiance, (b) ice scattering coefficient, (c) pond depth, and (d) underlying ice thickness.
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At the same depth, however, due to scattering by the ice, the
energy absorption rate within the ice volume is higher when
the underlying ice is thicker.

4. Discussion
4.1. The surface transmission parameter I

lo was designed to quantitatively measure the fraction of
radiation transmitted through the highly scattering surface of
the ice (Hoffman et al., 2014; Light et al., 2008), and it
permits the calculation of shortwave solar radiation within
theice in global climate models (GCMs). The equation for Iy is
given by:

[32Fnet(z = 0.1m, 2)dx

o =1
72 Fret(z =0, 1)dA

; (6)
where Fiet(A, z=0.1m) is the spectral net flux at 0.1 m
depth, and F,.t(x, z=0) is the spectral net flux at the
surface, which is equal to Fy(1 — ;). The surface layer
thickness is 0.1 m, which was first defined by Maykut and
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Untersteiner (1971) to conform to their grid spacing and then
inherited in following studies.

In most GCMs, Iy is a constant. For example, values of
0.7 and O for Iy in the visible and NIR bands, respectively,
were suggested in CCSM3 (Briegleb et al., 2004). However, Iy
should be variable for ponded sea ice according to
Eq. (6). Both H; and H, pose an impact on the values of
the spectral net flux, and then on the value of Iy. The results
are shown in Fig. 7, where the values of Iy for the visible
band were determined with Eq. (6) using A; =400 nm to
A2 =700 nm, while 1, =300nm to A, =400 nm for the UV
band, and A; = 700 nm to A, = 2500 nm for the NIR band.

Variations of Iy in the given ranges of H; (0.5—5 m) and H,,
(0—0.5 m) are limited, with broadband values of 0.59 + 0.03,
0.97 + 0.01 for the UV band, 0.94 &+ 0.01 for the visible band
and 0.36 + 0.02 for the NIR band, respectively (Fig. 7). These
are different to the recommendations in CCSM3 (Briegleb
et al., 2004), but close to the results of Light et al. (2008),
where Io = 0.99 and 0.48 for ponded MYI in the UV and visible
band and NIR band, respectively.

For shallow ponds with depths < 0.1 m, the surface trans-
mission parameter Iy decreases significantly with increasing
H; for thin ice (H; < 2 m) but with increasing H,, for thick ice
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Figure 7  Variations of the surface transmission parameter /o with pond depth, H,, and underlying ice thickness, H;. In (a) we can see
the broadband value of Iy, while in (b), (c), and (d) the results for the UV band (300—400 nm), visible band (400—700 nm), and NIR band
(700—2500 nm) are respectively shown. Note that the 0.1-m-thick surface layer contains surface meltwater and upper underlying ice

for H, < 0.1 m, and only upper meltwater layer as H, > 0.1 m.
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(H; > 3 m) (Fig. 7a). For ponds deeper than 0.1 m, the beha-
viour of Iy is different: it still decreases with increasing H; for
thin ice, but increases with increasing H, for thick ice. That
means that the impact of H,, on I, is opposite for shallow and
deep ponds. Such a trend is also argued by Fig. 7c¢ and
significantly in Fig. 7d, where the value of Iy in the NIR band
depends almost on H,. However, variations in the UV band are
different (Fig. 7b): Ip in the UV band is almost constant (0.98)
as H,>0.1m, but it increases with pond depth as
Hp, < 0.1 m, opposite to that in Fig. 7a. A weak dependence
on H; can be only detected for thin ice (H; < 1 m) in Fig. 7b.

It is easy to understand the impact of H; on Ip, because a
thicker ice layer introduces more backscattering, thus weak-
ening transmission through the surface layer. However, for
very thick ice, most of the incident radiation in the NIR band
is absorbed in the first few centimetres into the meltwater or
ice because of the large absorption in this band (Fig. 4a), so
that any further increase in H; will not further alter the value
of Iy (Fig. 7d). Similarly, backscattering in the UV band is very
small because less incident radiation in the UV band can
penetrate into deeper ice (Fig. 1c), i.e. for a UV absorption
coefficient of ~10~" m~", therefore the value of Iy in the UV
band does not depend on H; for thick ice (Fig. 7b).

The impact of H, on Ip is more complicated. For a deep
pond (Hp, > 0.1 m), a further increase in H, will reduce the
amount of incident radiation reaching the underlying ice,
which results in less backscattering into the melt pond.
Transmission through the 10-cm meltwater layer increases
as a result. In contrast, an increase in H, for a shallow pond
(Hp, < 0.1 m) will significantly enhance the absorption in
meltwater because of the large absorption coefficient in
the NIR band (Fig. 4a), therefore less incident radiation will
reach the lower boundary of the 10-cm surface layer. This
also explains why the impact of H,, on Io is enhanced in the NIR
band (Fig. 7d). However, there is little difference in the UV
band. The incident radiation is nearly constant in the melt
pond (Fig. 1a) because of the small absorption coefficient of
water in the UV band (Fig. 4a), and any increase in H, will not
change the situation very much. So, Iy in the UV band is
constant as H, > 0.1 m. For H, < 0.1 m, a larger H, causes a
smaller H; within the 10-cm-thick surface layer, and less
backscattering due to ice, and finally more transmission
through the surface layer (Fig. 7b).

4.2. The internal melting of ponded ice

Internal melting is an important process of sea ice in the
melting season (Huang et al., 2016). Different to the surface
and basal melting which changes the ice thickness directly,
internal melting changes the internal inclusions in sea ice,
and ice crystals transform into liquid water pockets (Leppar-
anta, 2015) that further affect the mechanical and thermal
properties of the sea ice (Light et al., 2003). To properly
account for internal melting necessitates the inclusion of ice
porosity as a dependent model variable. Lepparanta (2009)
considered a two-phase approach with liquid phase and solid
phase portions considered in each grid cell in addition to the
temperature.

The same approach can be employed when considering
the internal melting of the sea ice below a melt pond. For
simplicity, the temperature profile is taken as isothermal in

the underlying ice, which is equal to the freezing point, and
the salinity profile is also uniform in depth. These assump-
tions are acceptable for melting sea ice according to field
observations (Polashenski et al., 2012). Then, the amount of
absorbed solar energy by the underlying ice will increase the
porosity only, and the heat fluxes from the melt pond and the
ocean beneath the ice will alter the pond—ice and ice—ocean
interfaces, respectively. Consequently, the model physics
can be presented as:

dH?
Surface : Q, = —p,~de—£7
Internal: = p,-Ld—]t), (7)
dHP
Bottom: Q, = —p,-l-d—t'7

where Q, and Q,, are the heat fluxes from the melt pond and
the ocean beneath the ice, respectively, p; is the ice density,
L is the latent heat of fusion, v is the liquid water content
(essentially the porosity of ice), and w is the energy absorp-
tion rate defined in Eq. (5). Superscripts s and b denote the
change of ice thickness H; occurring on ice surface and
bottom, respectively.

For the initial condition of H,=0.3m and H;=1.0m,
evolutions of the ice porosity and thickness can be estimated
according to Eq. (7). At each time step, the solar energy
absorbed by the melt pond and the ocean beneath the ice for
a constant F (same with that in Fig. 2) can be determined by
Eq. (7). Half of the solar energy absorbed by the melt pond,
¥,Q, is assumed to conduct to sea ice according to Zhang
et al. (2014), and 5% of the transmitted energy, TQ, con-
tribute to basal melt, which approximately agrees with the
oceanic heat flux of 2 W m~% in most GCMs. That is, Q, = 0.5
¥,Q and Q,, = 0.05 TQ. Surface melting of the underlying ice
contributes only to an increase of pond depth, and the
drainage of meltwater into the ocean is neglected as in Lu
etal. (2016). That is, AH,, = AH;* p;/ py, Where p,, is the water
density. Our result is shown in Fig. 8.

During the modelled one-month melt season, the under-
lying ice thickness decreased from 1 m to 0.46 m, which
includes a surface melt of 0.44m and a basal melt of
0.02 m (Fig. 8). Consequently, the ice porosity increased
from idealized zero with depth, to 0.29 at the surface and
0.06 at the bottom. It is noticeable that once the porosity of
the ice reaches 0.3—0.5, the ice can no longer bear its own
weight, and subsequently breaks into smaller pieces into the
water (Lepparanta, 2009). Hence, in the real initial case with
v>0, sea ice tends to break up before the thickness
decreases to half of its initial value during the melting
process. Structural defects will appear first in the upper
layer of ice because of the larger ice porosity there, as
according to Fig. 8. Additionally, the oceanic heat flux used
for the basal melt of sea ice comes only from the transmitted
solar radiation in Eq. (7). However, an upwelling heat stream
seasonally of up to 10 W m~2 due to mixing with warmer
underlying water has been also observed in the Arctic Ocean
(Polyakov et al., 2017). If the extra heat flux is added to Q,,
the basal melt rate in Fig. 8 will increase by roughly
3mmday ', resulting in 0.1 m more basal melt in the
one-month melt season. However, the extra heat flux from
deep ocean has only a minor impact on the surface melt and
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Evolutions of the porosity and thickness of the underlying ice in the model defined by Eq. (7). The y-axis denotes the vertical

position relative to the initial ice thickness, whereby the changes in ice thickness due to surface melt and basal melt with time can be

presented.

porosity evolution of sea ice, because ¥, is only sensitive to
H, and the extra decrease in H; affects T more significantly
than ¥; (Fig. 2).

The results in Fig. 8 also argue for the importance of
including ice porosity in numerical models in addition to
temperature and salinity. First, ice porosity describes the
phase changes between ice crystal and liquid water, which
agree more with actual physical conditions that occur in
interior ice during melting and freezing (Light et al.,
2003). This is particularly important for melting ice in the
summer, because when the ice temperature is close to the
freezing point, any additional heat flux will introduce phase
changes that alter the ice porosity. Secondly, ice porosity has
an upper limit, as mentioned earlier, so modelled ice thick-
ness actually cannot decrease to zero as ice has already
broken into pieces due to its weight. Finally, some thermal
properties, such as the latent heat of fusion and the specific
heat capacity, are also sensitive to the phase components in
the sea ice (Shokr and Sinha, 2015). They are constants in
most models, but they can be treated as variables that
contribute to the ice mass balance if ice porosity changes
during the melt process in future.

4.3. The PAR beneath ice

The solar radiation transmitted to the ocean beneath the sea
ice impacts not only the physical properties of the system,
but also biological processes and biogeochemical fluxes in the
sea ice and the uppermost ocean (Arndt et al., 2017). How-
ever, only the solar radiation in the visible band can be
employed by photosynthetic organisms to the process of
photosynthesis. This spectral region corresponds to the range
of light visible to the human eye, which is also consistent with
the wavelength range in Fig. 1c that most of the transmitted
radiation lies in. There are two different ways to quantify
PAR: the power of the irradiance, from the point of view of
energy transfer, and quantum irradiance g, from the point of
view of the flow of light quanta. The total scalar irradiance
Eo(z, 1), usually employed in biological studies and defined
as the irradiance on a point from all directions weighted

equally, can be estimated from the planar irradiance F(z, 1)
employed in Eq. (1):

EO(zv)") = aUFT (27)") + adF‘L (Zv)")7 (8)

where 1 <a,, a4 < 2, and for diffuse radiation, the coeffi-
cients are 2. Then, in the ocean beneath ice, there are:

i A 9
A1Eo(zw,)h) hes da,
where h=6.2566 x 10734 Js is the Planck constant, and
Co=2.9979 x 108 ms~" is the velocity of light in a vacuum.
A1 =400 nm and A, = 700 nm are employed in the calculation
of PAR.

The ratio g/E changes with variations in the spectral
distribution of the irradiance rather than its level (Leppar-
anta et al., 2003; Reinart et al., 1998). So, it is interesting to
see how the ratio changes with the properties of the melt
pond and the underlying ice. Our results are shown in Fig. 9.

The quantum irradiance g of the PAR transmission drops
from 460 pmol-m 25" to 30 pmol-m %s~" as H; increases
from 1.3m to 5.0m, and the influence of H, is limited
(Fig. 9a). The weakening transmission due to increasing ice
thickness is the direct reason for this, and therefore the
variations in g are similar with those seen for the transmit-
tance (Fig. 2b). A threshold level of g for primary production is
around 10 pmol-m~2:s™"; therefore the PAR transmission for
melting Arctic sea ice can of course satisfy this standard.

Within the given range of H, and H;, q/E = 4.27
+0.10 pmol-J~". The dependence of g/E on H; is obviously
greater than on H,. With increasing ice thickness, the trans-
mitted PAR into the ocean beneath the ice decreases accord-
ingly, and the ratio g/E also decreases. In air it is normally
assumed that the spectrum of sunlight PAR is even, thus g/E =
4.60 wmol-J~". Here we have a lower value, which means
longer wavelengths rather than short ones penetrate the ice.
This is an important parameter as such.

Vertical distributions of the ratio g/E with depth for
different combinations of H; and H, are shown in Fig. 9b.

Eo(zw, 1) = 2F,} (Zw, *)
{E(zw> - / :Eo<zw,x)dxq(zw> -
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It is found that a thicker ice layer gives a smaller g/E value at
the ice bottom, but the value drops slower with depth as
compared with that of a thinner ice layer. Thus, at a depth of
25 m beneath the ice, g/E = 3.93 for all cases. Below this
depth, the q/E value for thicker ice is gradually beyond that
for thinner ice. The influence of H, on the profile of g/E can
be neglected.

5. Conclusions

A two-stream RTM was employed to study the partitioning of
solar radiation in the Arctic sea ice during the melt season.
Variations of the incident irradiance with depth into the
melting sea ice were obtained. Portions of the backscattered
solar energy, the fraction absorbed by the melt pond and the
underlying ice, and that which penetrates into the ocean
beneath the ice were investigated together with their varia-
tions due to difference impact factors. Changes in the energy
absorption rate were also determined, which were shown to
be a contribution of solar radiative heating to thermody-
namic equilibrium of sea ice.

The spectral downwelling irradiance distribution clearly
narrowed in wavelength, and decreased in value, with
increasing depth into the pond—ice—ocean system. Upwel-
ling irradiance resulting from backscattering in ice occurred
only in the visible band. The net irradiance was quite uni-
form, but its wavelength range also narrowed with increasing
depth, from 350—900 nm at the pond surface to 400—600 nm
in the ocean water. The solar radiation that contributed to
the heat balance in the underlying ice volume and the ocean
beneath the ice occurred only in the visible band.

Both pond depth, H,, and the underlying ice thickness, H;,
pose an important impact on the partitioning of solar radia-
tion. The transmitted solar energy into the ocean is sensitive
only to H;, while the backscattered solar energy depends
more on H; than on H, for thin ice, consistent with the
previous results in Lu et al. (2016). The portion absorbed
by melting sea ice increased with both H; and H,. Among
them, the portion in melt pond increased only with H,, and
the variations in the portion in the underlying ice were seen

to be complex because of the counteracting effects of pond
and ice to the energy absorption in ice. Moreover, the solar
energy absorbed by the melt pond was several times larger
than that by the underlying ice except for some very shallow
ponds (H, < 0.1 m).

The influence of the level of the incident solar irradiance
was limited, but the portion of solar energy absorbed by the
melt pond decreased by 10% from August to September,
which is attributed to the more energy contained in the
shortwave band (<530 nm) relative to the longwave band
(>530 nm) in September than in August. The portion of solar
energy absorbed by the underlying ice increased by 5% as the
ice-absorption coefficient increased. As the ice-scattering
coefficient increased, the portion of absorption in the ice was
nearly constant, but the portion of absorption in the melt
pond consequently increased by 5%, in contrast to the obvious
changes in the albedo (25%) and transmittance (30%).

Variations in the profile of the energy absorption rate in
the melting sea ice showed a strong dependence on the
incident irradiance and scattering in ice, but only a weak
dependence on pond depth. The increasing ice thickness only
reduced the absorption rate in the ocean beneath the ice.
Discussions on the surface transmission parameter showed
that Iy decreased with an increase in H;, but the effect of H,
on Iy was opposite for shallow and deep ponds. Moreover,
variations of Iy in the UV band were different to those in the
visible and NIR bands. Increasing the ice thickness reduced
both the quantum irradiance and the ratio q/E for the PAR
transmission, and also slowed down the attenuation rate of
q/Ein the ocean. The impact of H, on the PAR beneath ice was
limited. Our idealized modelling of the evolution of ice
porosity argues for the importance of including ice porosity
in numerical models especially for melting sea ice in summer.

Our results agree well with previous field measurements
and numerical simulations. More importantly, we demon-
strated that the amount of solar energy absorbed by the
melt ponds is much larger than that by the underlying ice.
Contrary to bare ice, which reflects most of the incident solar
radiation, a thin layer of meltwater not only makes the
underlying ice absorb more solar energy, but it also creates
a situation where the ice is surrounded by two warm water
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layers. The upper layer is the melt pond absorbing most solar
radiation, and the lower is the ocean mixed layer absorbing
nearly 10% more transmitted radiation. Both enhance the
melting of sea ice. However, we still have little knowledge on
the assignment of absorbed solar energy by melt ponds.
Further investigations on how this large part of solar energy
is assigned to warm the underlying ice, diffuse to the upper
atmosphere, and warm the pond water are still need.
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KEYWORDS Summary Acid volatile sulphide (AVS), one of the most reactive phases in sediments, is a
Spatial estimation; crucial link in explaining a dynamic biogeochemical cycle in a marine ecosystem. Research gaps
Acid volatile sulphide; exist in describing the spatial variation of AVS and interconnections with sediment covariates in
Sediment; the Eastern Upper Gulf of Thailand. Measurements of AVS and auxiliary parameters followed the
Geostatistical analysis; standard protocol. A comparison of ordinary kriging (OK), cokriging (CK), and regression kriging
Gulf of Thailand (RK) performance was evaluated based on the mean absolute error (MAE) and root mean square

error (RMSE). The concentrations of AVS ranged from 0.003 to 0.349 mg g~ sediment dry weight.
Most parameters contained short range spatial dependency except for oxidation—reduction
potential (ORP) and pH. The AVS tended to be both linearly and non-linearly related to ORP
and readily oxidisable organic matter (ROM). The RK model, using inputs from the tree-based
model, was the most robust of the three kriging methods. It is suggested that nonlinear
interactions should be taken into account when predicting AVS concentration, and it is expected
that this will further increase the model accuracy. This study helps establish a platform for
ecological health and sediment quality guidelines.
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1. Introduction

The Upper Gulf of Thailand (UGoT) receives water from four
major rivers, namely the Mae Klong and Tha Chin rivers in the
western part, and the Chao Phraya and Bang Pakong in the
eastern zone. These rivers bring sediment, which is predo-
minantly of detrital derivation, that originates from the
rivers (Emery and Niino, 1963; Milliman and Farnsworth,
2011).

The upper part of the Gulf of Thailand provides con-
siderable marine resources and other ecosystem services;
however, human activities have altered the environment
in this region, in particular shoreline and sediment pro-
cesses. For a long time, the UGoT has increasingly been
threatened by both natural and anthropogenic forces
impacting coastal areas and marine waters. Major impacts
include pollution from industrial waste and domestic run-
off, heavy metals, chemical residues from agriculture,
and oil spills (Wattayakorn, 2006).

A major portion of organic matter in oxygen deprived
aquatic sediments undergoes oxidation processes where
microbes utilise sulphate as the electron receptor, producing
hydrogen sulphides and other reduced-sulphur compounds
(Morse et al., 1987). The study of sulphur compound in
sediments is based on acid extraction (Allen et al., 1993;
Morse and Cornwell, 1987). Acid volatile sulphides (AVS) have
been shown to be an important metal-binding phase in
sediments. It has been reported in various works (Allen
et al., 1993; Simpson et al., 2012) that the sediments which
contain excess AVS over simultaneously extracted metal
(SEM) concentrations show a great reduction of toxicity.
Exposure to high levels (>1mgL™") of dissolved oxygen
during resuspension may oxidise the AVS and release metals
to more bioavailable forms (Caetano et al., 2003).

The AVS is produced within moderately- to strongly-
reducing conditions where redox potential is generally less
than —100 mV (van Griethuysen et al., 2003). Variability of
AVS in vertical patterns and on a point basis has been
addressed in various studies. However, little is known about
the spatial variation of AVS in sediments across a large area
and its relationships to other sediment parameters. In
addition, there are several geostatistical mapping techni-
ques which have been used, but gaps still exist in estimat-
ing spatial sediment variables. This study aims to address
the following questions: (1) how the spatial variability of
AVS and sediment covariates are explicitly expressed
across the marine ecology of interest, (2) to what extent
are the sediment covariates associated with AVS, and (3)
can sediment covariates help improve the predictive accu-
racy of the models when compared to the point-based
interpolation technique.

To answer these questions, our objectives include describ-
ing the spatial auto-correlation pattern and variation of AVS
and selected sediment covariates, determining the relation-
ships between AVS and sediment covariates, and comparing
the predictive performance of AVS derived from ordinary
kriging (OK), cokriging (CK), and regression kriging (RK).
Current knowledge suggests that no one technique is clearly
preferable. The performance of spatial prediction is related
to data-driven and multiple variable factors that need to be
investigated more in this area. Information on the spatial

distribution of AVS and various sediment parameters could be
a crucial link to understanding the magnitude of sulphide and
sediment transport. This would become a platform for
further study, including risk assessment and toxicological
studies, and the establishment of sediment quality guidelines
(Jiwarungrueangkul et al., 2015).

2. Study area

The Eastern Upper Gulf of Thailand (EUGoT) (Fig. 1), located
on the east side of the UGoT (latitude 13°20'N, longitude
100°45’E), receives an enormous amount of freshwater from
the Chao Phraya and Bang Pakong estuaries, with annual
average river discharge of 482 m3s~" (Burnett et al., 2007)
and 267 m3s~! (Boonphakdee et al., 1999), respectively.
Strong stratification develops due to high discharge during
September and November. Water circulation patterns are
variable where a counter-clockwise circulation occurs in
the dry season during the northeast monsoon (November—
January) and is then clockwise in the wet season of the
southwest monsoon (May—August) (Buranapratheprat,
2008). Due to its comparatively static and poorly-flushing
condition, the upper gulf is prone to the accumulation of
nutrients and other contaminants (Wattayakorn, 2006). The
average depth is 14.5 m and the average wind speed is about
5m s~'. Annual air temperature data collected from the Thai
Meteorological Department at two meteorological stations
within the study area between 2007 and 2016 showed a
minimum mean temperature of 24.7°C, a mean temperature
of 28.64°C, and a maximum mean temperature of 31.2°C.
Activities in the area include fishing, aquaculture, recrea-
tion, tourism, ports, and shipping, as well as residential
areas.

3. Material and methods

3.1. Field data collection

The sampling design was performed on 8 x 8 km? grids,
covering nearly 2000 km?. A total of 39 sediment samples
were collected in July 2016. Surface sediments were taken by
the Smith Mcintyre grab sampler on board r/v Kasetsart-1.
The water depth was measured by the on-board depth sound-
ing system. Each sediment sample was subsampled, placed in
a zip-locked plastic bag, and stored in a cooler box containing
dry ice until it was received by the laboratory. A portion of
each sample was immediately checked for AVS on board the
vessel.

3.2. On-site parameter analyses

Some parameters were analysed on board. pH and tempera-
ture were measured using a pH meter (Hanna HI98127, Hanna
Instruments, USA), oxidation—reduction potential (ORP) was
determined using an ORP meter (Oakton ORPTestr 10, Eutech
instruments, USA), and salinity was measured with a YSI
multi-parameter water quality sonde (EXO2, YSI Inc./Xylem
Inc., USA). To prevent oxidation, the sediments were placed
in polyethylene zipped-bags that contained as little air as
possible. The AVS was determined on site using a gas detector
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The Eastern Upper Gulf of Thailand. Black dots represent 39 sediment sampling observations. The bathymetry contours are

digitised from the nautical charts, Royal Thai Navy No. 001 (1:240,000, 2014) and No. 102 (1:240,000, 2007).

tube. This low-cost and accurate method has recently been
used to measure hydrogen sulphide content in marine sedi-
ments (Kanaya, 2014; Mogsud and Shigenori, 2016; Wu et al.,
2003). The Gastec tube detection complies with international
industrial standards and other standards i.e., industrial stan-
dard JIS M 7605/JIS M 7650, the International Organisation for

Standardisation (ISO) 17621:2015, and the International
Union of Pure and Applied Chemistry (IUPAC) (Gastec Cor-
poration, 2017). In the field, the sampled sediments were
put in the generation tube and 5 ml of distilled water was
added. A gas detector tube (model 201H, Gastec Co.,
Japan) with a detection range of 0.02—0.2 mg (detection



P. Chaikaew, P. Sompongchaiyakul/Oceanologia 60 (2018) 478—487 481

limit = 0.002 mg, relative standard deviation = 5%) was con-
nected to the gas generator tube and the other end was
connected to a vacuum pump. 18 N 2 ml of sulfuric acid
(H2S04) was then added to the sediment in order to liberate
hydrogen sulphide (H,S) from the solid-phase sulphide in
the sediment. The gas formed by this process, accumulated
in the gas detector tube, allowing the AVS values to be read
directly on the scale in a mg unit. AVS analysis was per-
formed in triplicate via this method at each location.

3.3. Laboratory analyses

The oven-dry weight from a well-mixed sediment sample was
determined. The wet weight AVS concentration was con-
verted in response to the sediment dry weight basis. The
water content was simply calculated from the percentage
difference in the sample weight before and after oven drying
at 105°C. ROM was measured following the modified Walkley-
Black method using dextrose as the reference standard, as
described in Loring and Rantala (1992). The particle size was
analysed using a wet sieving and sedimentation technique
with a slight modification from Carver (1971). In this study,
fine-grain particles were considered for model inputs i.e.,
clay (0.002 mm) and clay +silt (<0.063 mm). All analyses
were done in triplicate for every sample.

3.4. Statistical and geostatistical analyses

In this study, exploratory statistics were used to check data
consistency, distribution of observed data, and outliers. The
Anderson—Darling test was used to test the normality of data.
The p-value should be greater than 0.05 to confirm that the
data were normally distributed. According to the test, the
AVS data were right-skewed, thus log-transformation was
carried out to normalise the distribution. The ORP value
was removed from the dataset, because it was considered
an extreme outlier—the value was greater than three times
the interquartile range away from the 75th percentile. To
analyse the relationships among variables, a scatterplot
matrix and Pearson's correlation were performed. The spatial
behaviours of AVS and covariates were assessed using kriging
(Krige, 1951), based on a 150-m resolution. The UTM_Zo-
ne_47N projected coordinate system was applied throughout
the geospatial analysis. This study applied three kriging
techniques to explicitly and spatially predict AVS. The sta-
tistical and geostatistical software packages used in this
study included R 3.4.1 (R Core Team) and ArcGIS® 10.3.1
(Environmental Systems Research Institute (ESRI), Redlands,
CA).

3.4.1. Ordinary kriging

Ordinary kriging (OK) or point kriging is the most common
kriging practice in modelling spatial data. This method is
based on two assumptions. First, the local mean of the data is
unknown and is assumed constant within the domain of
stationarity. Second, the variance between two observations
is assumed to depend on the separation distance between the
two points (Goovaerts, 1997). The spatial dependence can be
expressed by semivariograms—half the expected squared
difference between two points to the lag distance. The
function of estimation is given as:

| NO) ,
y(h) = TU’)Z{Z(M)*Z(X:‘ +h)}, (1)
P

where y(h) is the semivariogram at distance interval h. Z(x;)
represents measured variable values at sample locations of x;
and Z(x; + h) represents measured values of the neighbour at
distance x; + h. N(h) is the total number of observation pairs
separated by distance interval h. When the separation dis-
tance between two points increases, the spatial correlation
shown in the semivariogram decreases. The OK predictions
are based on the model:

N
Zok(x0) = > _Wi(X0)-Z(x;) = ro-Z, (2)
i=

where 20K(x0) is the predicted value from the OK model. W;is
the kriging weight and 1 is the vector of kriging weights. Z is
a vector of N observations. The characterisation of the
semivariogram involves three parameters: nugget, sill, and
range. The nugget Cy informs the measurement error among
observations at zero distance. The sill Co + C is the upper
boundary of second order stationarity or the maximum vari-
ance between observations. The spatial autocorrelation
range r is the maximum distance of observations, thus spatial
dependency no longer increases beyond the range (Grun-
wald, 2006; Webster and Oliver, 2001).

3.4.2. Cokriging

Cokriging (CK) is the multivariate extension of kriging that
incorporates secondary data (Goovaerts, 1997). Sample cor-
relations over 0.5 are recommended to be included in the CK
model to improve the accuracy of the estimation (Taghiza-
deh-Mehrjardi et al., 2016). Besides the close relationships
between covariates, their spatial patterns of continuity are
also a key for model performance (Goovaerts, 1999). The CK
predictions are made by:

N M
Ze(xi) = > _LZ (%) + D> _niS(x;), (3)
=1 j=1
where ZCK(X,‘) is the estimation of Z°(x;) and S(x;) (j=1, 2, 3,
..., M) are available data from auxiliary covariates. 1; and 7;
are kriging weights obtained from the CK computation.

3.4.3. Regression kriging

An application of regression kriging (RK) involves a fitted trend
model along with residuals and then adds them back together to
produce a final interpolation surface of estimates. The AVS at a
new location (x) is estimated by RK as follows:

Zrk(X) = m(x) + r(x), (4)

where the trend m(x) is commonly fitted by linear regression,
such as ordinary least squares (OLS), multiple linear regres-
sion (MLR), and generalised linear models (GLMs). The resi-
duals, r(x), are computed based on OK. In most cases, the
connections between variables in an aqua system are much
more complex and sometimes they are non-linearly related.
This study extended a linear regression model to a tree-based
technique which allowed for the possibility of nonlinear
interactions between variables. The tree model successively
splits a dataset into a series of decision rules, then creates
uniform groupings (Prasad et al., 2006). The output from the
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decision tree was used as a conditional statement in the
raster calculation tool in the ArcGIS software. The prediction
residuals of the regression tree (RT) were interpolated using
OK and added to the predictions of RT.

3.5. Model evaluation

A ‘cross-validation' or 'leave-one-out' process was used to
validate the semivariogram model (Goovaerts, 1997). The
evaluation of model performances was based on accuracy on
a point-by-point basis. The mean absolute error (MAE) and
the root mean square error (RMSE) of OK, BK, and RK were
compared. The MAE is a measure of the sum of the absolute
residuals, which indicates model performance bias. The
MAE value should be approximately 0 to identify unbiased
predictions. The RMSE reveals the magnitude of error that
might happen at any point in terms of a measure of the sum
of the squared residuals. The smaller the RMSE, the more
accurate the predictions present. The equations are as
follows (Webster and Oliver, 2001):

1 5
MAE = NZ|Z(Xobs)_Z(XP"ed)‘7 )
i=1

1 N . 2
RMSE = JN;[Z(XObs)_Z(XPfed)] ) (6)

where Z(xons) represents the values obtained from the em-
pirical field and Z(Xpreq) is the estimated values from the
kriging models. N is the number of observed values withi =1,
2,3, ..., N.

4. Results and discussion
4.1. Descriptive statistics

The AVS and sediment variables data are shown in
Table 1. Results from the table indicate that the EUGOT is
considered a reducing environment favouring sulphate
reduction. According to Barton (1995), general conditions
that favour sulphate-reducing bacteria are 25°C to 35°C, ORP
of —150 to —400 mV, pH between 4-5 and 8, and low oxygen
(<1mgL™™.

The AVS concentrations in this study (mean 0.06 mgg~",
range 0.003—0.35 mg g~") were found to be slightly higher
than the mean of 0.03mgg™' and range of 0.0001—
0.20 mg g~ (Khaodon et al., 2011) in the same region; but
lower than those found in the mangrove sediments (mean
0.62mg g, range 0.14—0.49 mg g~ ') on the east coast of
the Gulf (Chaikaew et al., 2017). Our findings were close to
the AVS content in the southern region (0.008—0.379 mg g~
in summer; 0.001-0.282mgg~"' in the rainy season)
(Wongsin et al., 2015). During the wet season, rivers play
a major role in contributing freshwater through the estu-
aries, thus salinity in the upper gulf shows a mixed state of
brackish water and mild salt water, as explained in Johnson
and Allen (2012), where asalinity of 0.5—30 psuis classified
as a brackish condition and >30 psu is classified as sea-
water. The average water depth of the study areais 14.5 m,
with the shallowest depth being 3.5 m and the deepest
27.7 m. Sediments contain a high percentage of clay + silt
content withamean of 61.81% and median of 61.42%, while
the average clay content was 12.72%. ROM ranged from
0.46% to 4.84%.

Table 1 Description of AVS and sediment parameters.

Parameters Unit Min Max Mean SD Median Skewness
AVS mgg™" 0.003 0.35 0.06 0.10 0.04 2.22
ORP mV -379 —126 -210 68 —204 —0.90
Temperature °C 28.8 31.2 30.2 0.6 30.1 —0.03
pH —log[H"] 7.10 7.90 7.48 — — —0.36
Salinity psu 29.0 33.2 32.4 1.1 32.8 —1.76
ROM % 0.46 4.84 2.33 1.35 2.22 0.25
Clay % 4.2 271 12.7 5.0 11.7 0.81
Clay +silt % 8.0 99.6 61.8 334 61.4 —0.25
Table 2 Semivariogram metrics of log-transformed acid volatile sulphide (AVS) and sediment parameters based on the ordinary
kriging (OK) model.

Variables Samples [n] Model Nugget Sill Nugget/sill No of lags Lag size [m] Range [m]
AVS 39 Spherical 0.17 1.15 0.15 10 2136 17,492
ORP 38 Exponential 3097 5333.33 0.58 10 3345 33,446

pH 39 Stable 0.02 0.06 0.33 12 5363 63,256
Salinity 39 Stable 0.46 1.91 0.24 10 5363 53,627
ROM 39 Stable 0.09 3.59 0.03 10 5363 53,627
Clay 39 Gaussian 0.01 0.10 0.10 10 1953 14,143
Clay +silt 39 Gaussian 42 2684.82 0.02 10 5363 64,353
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4.2. Geospatial analysis of AVS and sediment
parameters

The most appropriate models were chosen based on the
lowest nugget and RMSE. Thus, different types of fitted
models were implemented. A spherical model was used to
fit the empirical semivariogram model of log-transformed
AVS, while a stable model was used for pH, salinity, and
ROM. A Gaussian model was applied to perform clay and
clay +silt spatial distributions. The ORP semivariogram
was the variable that used the exponential model.
According to Cambardella et al. (1994), the degree of
spatial dependency in the scale of sampling can be
described by the nugget to sill ratio. When the ratio
<0.25, the spatial structure is indicated as strong,
0.25—-0.75 is moderate spatial dependency, and when
>0.75 the spatial structure is weak. In this study, the
spatial autocorrelation for OM, clay, and clay + silt was
very strongly spatially dependent with a nugget/sill ratio
< 0.10. The spatial relationships were strong for AVS and
salinity with nugget/sill values of 0.15 and 0.24, respec-
tively. Medium-range spatial dependency was detected
for pH and ORP with nugget/sill ratios of 0.33 and 0.58,
respectively (Table 2).

The spatial patterns derived from OK were illustrated
in Fig. 2a for AVS and Fig. 3 for sediment parameters.
High concentrations of AVS appeared in the eastern
region of the study area and gradually declined towards
the middle of the Gulf. High AVS suggested an anoxic
condition relating to high ROM from river discharge,
anoxic water mass, and biomass residuals transported
into the UGoT by high flow in the wet season (Morimoto,
2015). As noticed from the field observations, in the
locations where a high AVS was identified, a rotten egg
smell was recorded along with extensive algal blooms.
This variation was likely to be influenced by the clockwise
water circulation in which poor water circulation
increased the vulnerability to AVS accumulation in the
downwind direction. In addition, the eastern coast has a
land-based source of nutrient inputs from domestic waste
(Chaikaew et al., 2017) and various activities such as
local food markets and aquaculture. The ORP, interest-
ingly, showed a hot spot in the centre of the study area
which slowly decreased towards the shore. From visual
observation, the AVS and ORP appear to have an inverse
spatial relationship. The water depth was shallow near
the river mouth and deeper when entering the open
ocean. Salinity was low near the estuaries because of
fresh water discharge during the wet season and was high
in the lower part of the study area. Spatial pH values
between 7.2 and 7.8 were found in the northwest and
east of the study area, and then increased towards the
deep sea. A high percentage of clay and clay + silt was
found near the shoreline and shallow water. These find-
ings coincided with those of Qiao et al. (2015) and affirm
that the fine-grained sediment is mostly deposited near
the north coast. However, the sediment types in the
UGoT have changed during the last two decades from
clay, sandy clay, and sand sediment from north to south in
the UGoT (Srisuksawad et al., 1997) to silt, sandy silt, and
silty sand (Qiao et al., 2015).
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Figure 2 Spatial pattern of acid volatile sulphide (AVS) in the
Eastern Upper Gulf of Thailand sediment generated by:
(a) ordinary kriging (OK), (b) cokriging (CK), and (c) regression
kriging (RK).
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Spatial distribution of (a) oxidation—reduction potential (ORP), (b) pH, (c) readily oxidisable organic matter (ROM),

(d) salinity, (e) clay fraction, and (f) clay and silt fraction in the Eastern Upper Gulf of Thailand sediment obtained by ordinary

kriging (OK).

4.3. Relationships between AVS and bio-physical
parameters

Of all the selected sediment parameters, two variables (ORP
and ROM) contributed to the correlation strength with a
Pearson's coefficient (r) greater than 0.5. A strong negative
correlation was observed between AVS and ORP (r = —0.73,
p < 0.0001). The AVS concentration was positively signifi-
cantly correlated with ROM (r=0.53, p=0.0008), while
the relationship between AVS and clay + silt fraction was
found to be slightly weaker (r=0.49, p=0.002) than ORP
and ROM. Fine sediment particles (clay + silt) and ROM were
significantly correlated (r=0.89, p < 0.0001), implying that
small fractions are major controlling factors for ROM content.
In the marine sediment, this positive correlation can be
explained due to the stabilisation of ROM by adsorption
(Mayer, 1994; Xing et al., 2011) or by the hydrodynamic
equivalence between organic fractions and the high density
of fine-grained particles (Mayer et al., 1993). In the EUGoT
region, clay + silt content indirectly influenced AVS, as high
surface areas of fine-grained particles were able to adsorb
high levels of dissolved organic matter, which subsequently
undergoes decomposition via sulphate reduction to produce
sulphides. The correlation coefficient for each of ORP and
ROM with AVS was greater than 0.5 and was selected as
secondary covariates in CK analysis. The spatial pattern of
AVS derived by CK (Fig. 2b) was marginally different from the

OK model (Fig. 2a) yet reflected a similar pattern with a
narrow range of predictions. The non-linear characteristics
of each pair were further determined using a locally-
weighted scatterplot smoothing (LOWESS) function, a non-
parametric technique, for the best fit (Fig. 4).

A supervised machine learning, tree-based model was
then applied to find the best decision based on values that
minimise a loss function (McBratney et al., 2003). Results
showed that only ORP and ROM were used in the tree con-
struction. Three terminal nodes represented a classification
of estimated AVS concentrations. The summary of the model
showed a deviance of 0.002 (RMSE =0.04), which indicated
that the tree had a minimal error of model prediction. The
simplicity of nodes identified a great deal of variation in
estimating AVS means (Fig. 5). From the outputs of the
terminal nodes, it can be interpreted that, for example, when
the ORP was lower than —284 mV, a mean AVS concentration
was 0.184 mg g~'. When ORP was greater than —284 mV and
ROM was lower than 2.98%, sediments contained 0.02 mg g™
of AVS. The spatial pattern of AVS generated by RKis illustrated
in Fig. 2c, which shows the high to low AVS concentrations from
the east to the west obtained by RK.

4.4, Comparisons of kriging methods

When comparing the three interpolation methods visually,
the spatial patterns generally show differences in the
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Figure 4 Scatterplots showing the relation of measured values
of (a) acid volatile sulphide (AVS) and oxidation—reduction
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Figure 5 A regression tree model for predicting mean acid
volatile sulphide (AVS) based on selected parameters.

smoothness of AVS (Fig. 2). Even though the mean value of
AVS from OK, CK, and RK remained nearly constant
(~0.05mg g~ "), the range was small for CK and RK. A good
contribution of auxiliary information from correlations
> 0.5 was expected to provide prediction strength in CK.
Interestingly, CK produced a weaker estimation than OK in
this study when the two covariates (ORP and ROM) were
included but performed a better estimation than OK when
only ORP (r=-0.73) was included as a covariate. Even
though the moderate to high correlation coefficients show
that ORP, ROM, and clay +silt provide more information
about AVS, a better prediction is not necessarily generated
unless the patterns of spatial continuity were similar
(Goovaerts, 1997). §iljeg et al. (2015) indicated that CK
was the best geostatistical method among the 14 determi-
nistic and geostatistical methods (excluding RK) in pre-
dicting digital elevation models (DEM) in a bathymetric
survey. Their explanation was that precisely-obtained data
and more detailed analysis enabled the production of a
better continuous surface at micro levels.

In this study, RK, a technique combining a regression tree
and OK, is shown to be the most accurate model, rather than
CK or OK, based on very small MAE and RMSE results. The RK
model was fitted locally based on tree conditions to optimise
the data fitting. The findings in this study are consistent with
others (Li et al., 2011; Martinez-Cob, 1996; Moral, 2010)
which indicated that RK was by far the most accurate method
in predicting environmental data. Results of the error metrics
from different approaches are shown in Table 3.

5. Conclusions

This study has shown measurements and spatial variability in
AVS and selected sediment parameters and their relation-
ships. The average AVS contents of surface sediment ranged
from 0.003 to 0.349 mg g~ dry weight sediment with an
average value of 0.057 mgg~'. A high amount of AVS was

(ROM), and (c) AVS and clay + silt using linear regression (bold
line) and non-linear regression (dotted line).
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Table 3 A comparison of error metrics of predicted AVS in mg g~' dry weight unit, calculated on point-by-point data (n = 39).

Geostatistical methods Min Max Mean SD MAE RMSE
OK 0.004 0.249 0.052 0.055 0.005 0.033
CK* 0.010 0.154 0.057 0.040 0.001 0.004
CK** 0.007 0.288 0.050 0.050 —0.016 0.100
RK 0.009 0.142 0.059 0.042 —0.0003 0.002

OK = ordinary kriging; CK = cokriging; RK = regression kriging; SD = standard deviation; MAE = mean absolute error; RMSE = root mean
squared error; CK* = ORP included as covariate; CK** = two parameters (ORP and ROM) included as covariates.

found along the east coast. The spatial dependence of ORP
and pH was contained in a medium-range pattern. The rest of
the sediment parameters appeared to be within a short
range. The concentrations of AVS in the sediments of EUGOT
were closely related to the ORP and ROM in a linear inter-
action. The ORP and ROM, therefore, were spatial sediment
covariates of AVS in the nonparametric model. When using
the CK method, the correlation between parameters of
values greater than 0.7 outperformed OK. Overall, RK was
the most robust method, over CK and OK, for predicting AVS.
It is recommended that nonparametric or nonlinear models
be considered as an alternative method in estimating spatial
AVS variability to reduce modelling bias.
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Summary Until present, bio-optical characteristics and their variations in the eastern Medi-
terranean and Black Sea have rarely been studied. In order to characterize the basic features of
bio-optical variables found in the seas surrounding Turkey, remotely sensed data sets covering the
period between September 1997 and March 2017 were studied for the purpose of this research.
Chlorophyll-a concentration (CHL), absorption coefficient by colored dissolved organic matter
(CDOM) and particulate backscattering coefficient (BBP) were both evaluated to describe their
recent linear and non-Llinear inter-annual patterns in the sub regions of the northern Levantine
Sea (LS), the eastern Aegean Sea (AS), the Marmara Sea (MS) and the southern Black Sea (BS). The
results determined a highly significant and decreasing trend of CHL in the Black Sea, whilst most
other regions from the seas around Turkey displayed non-significant trends. The analysis indicated
that the seas around Turkey can be clustered into two regions based on their bio-optical
properties; one being the Black Sea and Marmara Sea, and the second cluster being the Aegean
Sea and Levantine Sea.
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1. Introduction

Turkey is surrounded by semi-enclosed seas; the Black Sea at
the north, the Marmara Sea in the north west, and two
important sectors of the eastern basin of the Mediterranean
Sea — the Aegean Sea in the west and the Levantine Seain the
south. Each sea has its own distinctive biogeochemical and
hydrographic properties as well as ecosystem dynamics.
The Black Sea is commonly known to be one of the world's
most distinct seas, with specific regard to its brackish water
and anoxic deep water formation. It is surrounded by land,
with the exception of its connection to the Marmara Sea
through a narrow and shallow strait, the Istanbul Strait
(Fig. 1). With considerable precipitation and the inflow of
freshwater from local rivers, the water is dominated by
brackish characteristics (Berner and Berner, 2012; Oguz
et al., 2004). These inflows carry with them various parti-
culate or dissolved matters (Cauwet et al., 2002; Oguz et al.,
2004) which significantly influence the biogeochemical
dynamics of the Black Sea. During the last century, the Black
Sea revealed remarkable regime shifts in climatic conditions
and biological communities (Oguz and Gilbert, 2007). Parallel
to these developments, there were significant changes to the
food-web structure, caused by invasive planktonic predators
such as Mnemiopsis leidyi and Beroe ovata (Oguz et al.,
2012). Changes within the structure of the phytoplankton
community were also reported during this same period (Agir-
bas et al., 2017; Kideys, 1994). Mikaelyan et al. (2013)
reported a significant biomass increase in phytoplankton
and observed a shift from a Dinoflagellate dominated com-
munity to a Coccolithophore dominated community over the
same period. These shifts also reflected in higher trophic
levels, and caused subsequent changes in both spawning and

45'N

the recruitment dynamics of small pelagic fishes (Gucu
et al., 2016).

The Marmara Sea is another semi-closed sea that connects
the Black Sea to the Aegean Sea through the Turkish straits,
and is characterized by two stratified water layers. The water
of the Black Sea is present throughout the upper layer of the
Marmara Sea, whilst water from the Mediterranean fills in the
lower layers. The mixing of these water types is limited, and
salinity gradually increases westward, toward the Darda-
nelles (see Fig. 1). Detailed investigations about the circula-
tion patterns as well as the physical (Besiktepe et al., 1994)
and biogeochemical properties (Yalcin et al., 2017; Zeri
et al., 2014) of the Marmara Sea have previously been
conducted. Yalcin et al. (2017) reported on the nutrient
dynamics of the Marmara Sea, and observed a high enrich-
ment level of nutrients caused by anthropogenic impacts;
which are often responsible for eutrophication issues.

The physical properties and circulation patterns of the
Aegean Sea have been outlined in many studies evaluating
both coastal (Eronat and Sayin, 2014; Sayin, 2003) and open
(Nittis and Perivoliotis, 2002; Roether et al., 1996; Theo-
charis et al., 1993; Vervatis et al., 2013) regions (see Fig. 1).
Results from studies conducted in the Aegean Sea have shown
gradual changes in biogeochemical properties ranging from
north to south (Ehrmann et al., 2007; Tzortziou et al., 2015).
Nutrient-rich surface waters have been detected to the north
of the Aegean Sea due to the inflow of water from the
Marmara Sea via the Dardanelles (Fig. 1) and inputs from
local rivers (Polat and Tugrul, 1995; Souvermezoglou et al.,
2014). The biogeochemical properties of these surface
waters have an important impact on the ecological status
of the Aegean Sea. Although the Aegean Sea is generally
thought to be oligotrophic (lgnatiades, 1998; Ignatiades
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Study area and sub-regions for Seas of Turkey (LS1: the eastern Levantine Sea, LS2: the western Levantine Sea, AS1: the

northern Aegean Sea, AS2: the southern Aegean Sea, MS1: the western Marmara Sea, MS2: the eastern Marmara Sea, BS1: the western

Black Sea, BS2: the eastern Black Sea).
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etal., 2002), a significant decrease in phytoplankton biomass
spreading from the northern Aegean Sea toward the southern
Aegean Sea, in addition to changes in the food web structure
throughout the Aegean Sea, has been formerly presented by
Siokou-Frangou et al. (2002).

The Levantine Sea is another important region for water
formation in the Mediterranean Sea, and can be divided into
two sub-regions based on its bathymetry and habitat char-
acteristics (Fig. 1). The north-western Levantine Sea has a
narrow continental shelf, scarce terrestrial inputs and a
highly oligotrophic structure. In contrast, the north-eastern
Levantine Sea is known to have a wider continental shelf area
(Ozsoy et al., 1993) as well as intensive riverine inputs,
enriched nutrient concentration and a higher primary pro-
duction rate (Tugrul et al., 2016). Driving forces in the areas
throughout the southern Turkish coasts also create both
permanent and recurrent eddies, gyres and jets. Details on
the physical properties of the Levantine Sea are presented by
Akpinar et al. (2016) and a hydro-chemical analysis is
reviewed by Tugrul et al. (2016). However, it is important
to note that although the bio-optical properties of the north-
ern Levantine Sea have already been described (Orek, 2007),
there is currently no information available on the trends of
these parameters.

Marine ecosystems are dynamic due to the changes and
interactions amongst their living and non-living components
over the course of time. Chlorophyll pigments are an impor-
tant contributor of optically active constituents (OACs) with
colored dissolved organic matter (CDOM) and total particu-
late matter in the seawater column. OACs interact with light
based on their inherent optical properties (IOPs) such as
absorption or scattering (Garaba et al., 2014). The distribu-
tion and composition of OACs in the water column can also
contribute to the determination of underwater light fields,
which are important for understanding the dynamics of
primary production in aquatic environments. From herein-
after OACs and I0Ps will be referred to as bio-optical proper-
ties due to their optical interactions.

Chlorophyll-a concentration (CHL) is a proxy for the esti-
mation of phytoplankton biomass, and is a highly useful
indicator in marine studies as it is directly related to primary
production in the marine food-web (Kasprzak et al., 2008).
Remote sensing enables access to extensive data available in
high spatial and temporal resolution. The remotely sensed
CHL signal provides a wide range of applications to monitor
marine ecosystems, with examples being the Black Sea (Oguz
and Gilbert, 2007) and the Mediterranean Sea (Colella et al.,
2016).

CDOM represents the colored portion of dissolved organic
matter in the sea water and another important bio-optical
component to increase understanding of marine ecosystems
(Coble et al., 1998; Stedmon and Markager, 2001). Dissolved
organic matter (DOM) in marine environments contribute
significantly to the organic carbon budget of the earth
(Hedges, 1992), and influences the global carbon cycle
(Puddu et al., 2000). Although there are many studies on
the distribution of dissolved organic carbon, which correlate
with CDOM in both the Black Sea and the eastern Mediterra-
nean (Margolin, 2017; Pitta, 2016), CDOM is still an under-
researched variable (Margolin, 2017; Pitta, 2016; Tzortziou
et al., 2015). Furthermore, the spatial and inter-annual
variability of CDOM has not yet been adequately evaluated.

BBP refers to an optical property used for the purpose of
estimating different measurements taken from seawater,
including suspended particle assemblages, and more speci-
fically, particulate organic carbon (POC) (Loisel et al., 2001;
Stramski et al., 2008) and phytoplankton carbon biomass
(Siegel et al., 2014). These types of estimations are deter-
mined by using either space- or airborne sensors in relation to
their refraction properties (Reynolds et al., 2016). Thus, BBP
is another important bio-optical property required for under-
standing the dynamics of primary production. Although pre-
vious studies have been conducted via the utilization of
optical principles in the Black Sea (Chami et al., 2005;
Karageorgis et al., 2014; Orek, 2007), the Aegean Sea (Bur-
enkov et al., 1999; Orek, 2007) and the northern Levantine
Sea (Orek, 2007), these efforts focused on either the deter-
mination of optical characteristics, the understanding of
suspended particulate composition or the circulation pat-
terns of local water masses. To date, no evaluation regarding
the temporal trends of BBP in the aforementioned region
exists.

Bio-optical properties are responsible for determining the
distribution of light in the water column. These properties
are also optically relevant components for phytoplankton
absorption, which is directly related to primary production.
The temporal changes in these properties create a direct
impact on biogeochemical cycles, and also influence the
dynamics of lower trophic levels. Examples of feedback
related to the effects of temporal changes on higher trophic
levels observed in Black Sea anchovy have previously been
documented by Gucu et al. (2016). Whilst detailed con-
siderations of these properties exist throughout the world
(El Hourany et al., 2017; Gregg and Rousseaux, 2014), very
few studies describing their trends in the Mediterranean
Sea (e.g., Coppini et al., 2013; Colella et al., 2016) are
currently available.

The present study investigated a remotely sensed data-
set of bio-optical properties, CHL, CDOM and BBP in the
seas around Turkey. The study focuses on the northern
Levantine Sea, the eastern Aegean Sea, the Marmara Sea
and the southern Black Sea, where each region has dif-
ferent climatic and trophic characteristics. The main
objective of our study was to characterize the basic
features of the bio-optical properties being investigated,
and to describe and compare their recent linear and non-
linear inter-annual patterns. These properties are all
indicators of ecological conditions within any marine
system.

2. Material and methods

Inter-annual changes of bio-optical properties were investi-
gated in the seas surrounding Turkey (the southern Black Sea,
the Marmara Sea, the eastern Aegean Sea and the northern
Levantine Sea). In order to remove any possible source of bias
from the wide spatial coverage and the different sub-regional
physical and biological properties, each sea was divided into
two sub-regions based on statistical considerations (Fig. 1).
Sub-regions were chosen in accordance with the oceano-
graphic properties or dynamics of each sea, as presented
in previous studies (Akpinar et al., 2016; Besiktepe et al.,
1994; Nittis and Perivoliotis, 2002; Oguz et al., 2004 for the
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Levantine Sea, the Marmara Sea, the Aegean Sea and the
Black Sea respectively).

3. Data description

Trends of bio-optical properties were evaluated in terms of
CHL, CDOM and BBP. In order to analyze these variables,
GlobColour data (http://globcolour.info) was used, which
has been developed, validated, and distributed by ACRI-ST,
France. GlobColour is a project of the European Space
Agency Data User Element (ESA DUE) and provides a con-
tinuous dataset from merged outputs of Ocean Color pro-
ducts from different sensors (see the GlobColour Product
User Guide document in http://www.globcolour.info/
CDR_Docs/GlobCOLOUR_PUG.pdf). The data-sets used in
this study were produced at full spatial resolution (1 km?)
under the spatial domain of the extended European area. A
total of 235 composite products were generated by using
different ocean color products during certain time periods
between September 1997 and March 2017. Each composite
product was composed by utilizing remotely sensed signals
from sensors that were available during the aforementioned
time period (see the GlobColour Product User Guide for the
detailed information). Composite products by Garver, Sie-
gel, Maritorena Model (GSM) were also used for further
analysis. The GSM method, which is a semi-analytical
model, uses the normalized reflectances at the original
sensor wavelengths without inter calibration (see Maritor-
ena and Siegel (2005) for more details). This method is only
available for GlobColour products of CHL, BBP and CDOM
(see the GLOBCOLOUR Product User Guide document in
http://www.globcolour.info/CDR_Docs/GlobCOLOUR_PUG.
pdf). Semi-analytical models are more sensitive than stan-
dard algorithms (O'Reilly et al., 1998) and GSM showed
a generally excellent level of agreement with in situ

measurements (Siegel et al., 2005). A seasonal bias of the
variables retrieved from ocean color algorithms showed that
there was both underestimation and overestimation appar-
ent within the region (Orek, 2007; Sancak et al., 2005).
However, the use of an inter-annual approach in trend
analysis is expected to overcome any such systematic errors
generated from the algorithms.

Regarding regional analysis, the mean of all pixels belong-
ing to a defined region was calculated for all of the variables
used in this study. Monthly mean values were calculated
between September 1997 and March 2017 for bio-optical
properties, and the maximum, minimum, mean and standard
deviation were then calculated to present the descriptive
characteristics of each region.

4. Time series analyses

In order to analyze inter-annual changes, a time series of
each parameter (Y) was firstly decomposed to trend (T),
seasonal (S;) and remainder (R;) components by using a
locally reweighted regression (loess) based seasonal trend
decomposition (stl) procedure (Cleveland et al., 1990) as
follows:

Yt:Tt—}—St—Q—Rt.

The trend components (T) from this procedure were used
to represent the non-linear trends of parameters. To calcu-
late the linear trends, seasonal signals were first removed
(Xt =Ye — S¢). The direction and magnitude of trends were
then detected with rank-based non-parametric Mann—Ken-
dall correlation (Hipel and McLeod, 1994) using R library
“Kendall” (McLeod, 2011). Letting X¢=Xxq, X2, ..., Xn; the
library uses the following equations to calculate the Mann—
Kendall test statistic (S) and Mann—Kendall correlation coef-
ficient (7);

Table 1 Descriptive statistics of investigated variables in each region of Turkish seas; LS1: the eastern Levantine Sea, LS2: the

western Levantine Sea, AS1: the northern Aegean Sea, AS2: the southern Aegean Sea, MS1: the western Marmara Sea, MS2: the

eastern Marmara Sea, BS1: the western Black Sea, BS2: the eastern Black Sea; sd: standard deviation.

LS1 LS2 AS1 AS2 MS1 MS2 BS1 BS2

Chlorophyll concentration (mg m—3)

Max 0.32 0.23 0.92 0.22 6.53 7.01 1.88 1.52

Min 0.07 0.04 0.07 0.04 0.42 0.42 0.18 0.23

Mean 0.16 0.09 0.25 0.10 1.62 1.93 0.62 0.51

sd 0.05 0.04 0.14 0.04 1.13 1.10 0.28 0.20
Colored dissolved organic matter absorption coefficient (m~")

Max 0.04 0.03 0.08 0.03 0.45 0.36 0.16 0.12

Min 0.01 0.01 0.02 0.01 0.06 0.08 0.04 0.04

Mean 0.02 0.02 0.04 0.02 0.14 0.16 0.08 0.08

sd 0.01 0.01 0.01 0.01 0.06 0.06 0.02 0.02
Particulate backscattering coefficient (m~')

Max 0.0059 0.0037 0.0053 0.0022 0.0439 0.04388 0.0249 0.0323

Min 0.0013 0.0008 0.0011 0.0008 0.0010 0.0014 0.0020 0.0023

Mean 0.0027 0.0016 0.0020 0.0013 0.0056 0.0071 0.0056 0.0058

sd 0.0009 0.0005 0.0007 0.0002 0.0062 0.0062 0.0031 0.0034
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n—1 n
5= SeN(Xj—Xe),
k=1j=k+1
+1, x>0
sgn(x)={ 0, x=0,
-1, x<0
S

The intercept and slope of trend lines were estimated by
using Theil-Sen's regression method, which models the var-
iation of medians along a time gradient (Sen, 1968). To
compare the slopes of trend lines among regions, 95% con-
fidence intervals were calculated. For these calculations we
used R library “zyp” (Bronaugh and Werner, 2013). The library
uses the following equation to calculate Theil-Sen's slope
(bsen);

o Xj—Xij

di =1

I

bsen = median(dy),

wherei < j < nand, jandiareindices of the de-seasonalized
time series, X;.

In general terms, the inter-annual changes of ecological
properties are non-linear and the trend curves reveal shifts
between the stable states (Oguz and Gilbert, 2007). To
detect these change-points in non-linear trends, we used
Pettitt's single point change detection test (Pettitt, 1979)
with R library “trend” (Pohlert, 2016; R Core Team, 2016).
This function transforms the original time series to ranks (r)
and uses the following equations to calculate change-point
U):

k
Ue=> ri—(n+1); k=12,...n,
i=1

Uy = max|Uy.

Pearson product moment correlations were also calcu-
lated between the de-seasonalized time-series (Zuur et al.,
2007) of all parameters within each sub-region. For this
purpose, we used the cross correlation function in R (R Core
Team, 2016).

5. Results

5.1. Descriptives of the variables

The mean CHL were between 0.09 mg m—> (the western
Levantine Sea (LS2)) and 1.93 mg m~ (the eastern Marmara
Sea (MS2)). The highest maximum was 7.01 mg m~> in MS2,
and the lowest minimum was 0.04 mg m~ in LS2 and the
southern Aegean Sea (AS2) (Table 1). The seasonality of CHL
varied between regions. The summer months were generally

identified as having the lowest CHL values for all regions,
whilst the highest concentrations were seen in winter and
spring.

The mean absorption values of CDOM ranged between
0.02 m~" (LS1, LS2 and AS2) and 0.16 m~" (MS2). The western
Marmara Sea (MS1) had the highest maximum value with
0.45m~", with the lowest minimum value being 0.01 m™"
inLS1, LS2, AS1 and AS2 (Table 1). Seasonal changes generally
followed a unimodal pattern, whereby the minimum values
were apparent in summer and the maximum values were
recorded during the seasons of winter and spring.

Seasonal patterns of BBP varied among regions. Mean
values dispersed from 0.0013 m~" in AS2 to 0.0071 m~" in
MS2. The highest annual maximum belonged to MS2
(0.0488 m~"), while the lowest annual minimum was
0.0008 m~'in LS2 and AS2 (Table 1).
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Figure 2 Slope of Theil-Sen regression of time series data
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rophyll-a concentration, CDOM: colored dissolved organic
matter absorption coefficient, BBP: particulate backscatter-
ing coefficient.
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Table 2 Trends of physical and bio-optical conditions across Turkish Seas. (z: Mann Kendal Thau, a: intercept, bsen: slope of Theil-
Sen's regression, Cl: confidence intervals of slope, U: change points derived from Pettitt's test; LS1: the eastern Levantine Sea, LS2:
the western Levantine Sea, AS1: the northern Aegean Sea, AS2: the southern Aegean Sea, MS1: the western Marmara Sea, MS2: the
eastern Marmara Sea, BS1: the western Black Sea, BS2: the eastern Black Sea).

LS1 LS2 AS1 AS2 MS1 MS2 BS1 BS2
Chlorophyll concentration

T 0.04" —0.11" 0.07™ 0.06" 0.01M —0.03" -0.29" -0.19"

a 0.1543 0.0964 0.2292 0.0953 1.5391 1.8937 0.7313 0.5414
been 0.00003 —0.00004  0.00009 0.00002 —0.00005 —0.00041 —0.00121 —0.00053
+%95 CI  0.00006 0.00003 0.00011 0.00003 0.00102 0.00116 0.00034 0.00024

U 10/2001 10/2007 9/1999 7/2014 11/2009 6/2006 12/2002 6/2003
Colored dissolved organic matter absorption coefficient

T 0.22" 0.12" 017" 0.19" 0.00" —0.02" -0.237" -0.297

a 0.0213 0.0161 0.0348 0.0175 0.1318 0.1569 0.0874 0.0852
been 0.00002 0.00001 0.00002 0.00001 0.000002 —0.00002 —0.00006 —0.00007
+%95 CI  0.000009  0.000004  0.000011 0.000004 0.000067 0.000063 0.000025 0.000020
1] 9/2002 11/2002 2/2003 4/2003 1/2003 8/2014 10/2002 1/2003
Particulate backscattering coefficient

T 0.14" 0.00" —0.04" -0.20" —0.12" —0.08" —0.15" —0.10"

a 0.0024 0.0016 0.0020 0.0013 0.0058 0.0070 0.0059 0.0061
been 21x107% 1.6x10% —-34x107 -59x107 -53x10°% —-42x10°% -51x10°% -2.8x10°
+%95Cl 1.3x10% 4.6x107 7.0x1077 2.6 x 1077 3.8 x10°° 4.5 x 107 3.0x 107 2.4 x10°°
1] 6/2002 3/2013 9/2002 1/2008 2/2011 12/2010 2/2003 12/2008

ns: non-significant.
" Significant at 0.05.
" Significant at 0.01.
™ Significant at 0.001.

5.2. Analyses

The trend of CHL was not significant in the LS1, the Aegean
Sea or the Marmara Sea, and a slightly decreasing trend was
detected in LS2 (Fig. 2). Based on the Pettitt's test, in
2007 the CHL trend in LS2 turned downward. However,
there were highly significant and decreasing trends in both
the western Black Sea (BS1) and the eastern Black Sea
(BS2). The change-points of non-linear trends for the BS1
and BS2 were detected in 2002 and 2003, respectively
(Table 2; Fig. 3).

The trends of CDOM were found to be significant in all
regions, with the only exception being the Marmara Sea.
Generally increasing trends were found in the Levantine
Sea and the Aegean Sea. Among these regions, the slopes of
LS2 and AS2 were significantly lower than that of the other
two regions (p < 0.05) (Fig. 2). The Pettitt's test also
revealed that for both regions of the Levantine Sea the
change point of non-linear trends occurred in 2002, and
thenin 2003 for both regions of the Aegean Sea. Contrary to
the Levantine Sea and the Aegean Sea, CDOM revealed
decreasing trends in both regions of the Black Sea,
although the slopes were not significantly different to each
other. The change-point in the non-linear trend was con-
sistent with the other seas; 2002 for BS1 and then 2003 for
BS2 (Table 2; Fig. 4).

The only significant positive trend in BBP was detected in
LS1 (Fig. 2). The change point for the non-linear trend was in
June 2002. The trends were not found to be significant in the

regions of LS2 and AS1, nor were they found to be significant
in MS2. In the AS2, MS1 and both regions of the Black Sea, the
BBP revealed significantly decreasing trends. The non-linear
trend curves showed fluctuating patterns around the linear
trend lines, thus Pettitt's method did not detect meaningful
change-points in these regions (Table 2; Fig. 5).

However, there were some strong positive correlations
between the trends of CHL and BBP values within the regions
of study. The strength of correlation was found to be highest
in the Levantine Sea (0.65, 0.66 respectively for LS1 and LS2;
p < 0.01), yet decreasing in both the Aegean Sea (0.65,
0.41 respectively for AS1 and AS1, p < 0.01) and the Marmara
Sea (0.23, 0.28 respectively for MS1 and MS2, p < 0.01),
lowest in BS1 (0.11, p < 0.05) and was determined as not
being significant in BS2 (Table 3).

The trends from CHL and CDOM measurements were sig-
nificantly correlated within the study domain. The correla-
tions were relatively lower in the Levantine Sea (0.47,
0.28 respectively for LS1 and LS2; p < 0.01) and AS2 (0.10;
p < 0.05) and higher in AS1 (0.67; p < 0.01), the Marmara Sea
(0.62, 0.58 respectively for M1 and M2; p < 0.01) and the
Black Sea (0.69, 0.50 respectively for BS1 and BS2; p < 0.01)
(Table 3).

High positive correlations were observed between the
trends of CDOM and BBP in LS1 (0.72; p < 0.01), L2 (0.55;
p < 0.01) and AS1 (0.64; p < 0.01). However, the correlation
values were found to be lower in the Marmara Sea (0.38,
0.35 respectively for MS1 and MS2; p < 0.01) and the western
Black Sea (0.21; p < 0.01) (Table 3).
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cient).

6. Discussion

The phytoplankton community and CHL revealed regime
shifts in the Black Sea during the study period (Mikaelyan
et al., 2013; Oguz and Gilbert, 2007). From the mid 1970s,
the pre-eutrophication regime gradually altered due to the
increment of anthropogenic nutrient inputs. The eutrophic
phase remained present until the beginning of the 1990s with
the contribution of intensified vertical mixings due to the
cold SST regime. The Black Sea ecosystem was introduced to
the post eutrophication phase after the mid 1990s, and the

food web structure was then reorganized after this period.
From this point, the phytoplankton biomass turned toward a
decreasing trend as a result of several factors, such as
diminishing anthropogenic nutrient inputs and the decreasing
effect of winter mixing due to increasing SST and changes in
the food-web structure (Oguz and Gilbert, 2007). According
to our analyses, this decreasing pattern in CHL remained
consistent in both parts of the Black Sea during the post-
eutrophication phase between the period of 1997 and
2017. Along with other factors, CHL can also be influenced
by changes in the phytoplankton community structure (see
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cient).

Orek (2007) for the northeastern Mediterranean), which is a
well-documented phenomenon for the Black Sea during the
last several decades (Kideys, 1994; Mikaelyan, 1997; Mikael-
yan et al., 2013).

Previous studies into CHL throughout the Mediterranean
Sea revealed mostly weak and insignificant trends and with
the exclusion of some coastal areas the south-western Black
Sea showed mostly negative trends (Coppini et al., 2013;
Colella et al., 2016). Parallel to previous studies, this study
only detected significantly decreasing trends in the Black
Sea, with some weak and insignificant fluctuations in other
regions (Fig. 3).

The slope of CDOM trends was identified as varying
across the different seas of Turkey. These variations

may be due to the different compositions of dissolved
matter present in the seas as a result of impacts to either
terrestrial inputs (Cauwet et al., 2002; Margolin, 2017) or
local community differences (Orek, 2007) (Table 2). For
example, the CDOM trend was found to be significant in
the Black Sea, whereas no significant trend was evident in
the Marmara Sea, despite the surface waters originating
from the Black Sea (Besiktepe et al., 1994). This differ-
ence may be due to the influences of different terrestrial
inputs into the Marmara Sea. Factors such as the chemical
structure (humic and fulvic acid ratio) of CDOM together
with photo-oxidation properties and salinity levels, may
reveal the reason for changes to CDOM in the surface
water.
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Figure 5 Deseasonalized time series (dash-dot line), non-linear (straight line) and linear (dashed line) trends of BBP in Seas of Turkey
(LS1: the eastern Levantine Sea, LS2: the western Levantine Sea, AS1: the northern Aegean Sea, AS2: the southern Aegean Sea, MS1:
the western Marmara Sea, MS2: the eastern Marmara Sea, BS1: the western Black Sea, BS2: the eastern Black Sea, CHL: chlorophyll-a
concentration, CDOM: colored dissolved organic matter absorption coefficient, BBP: particulate backscattering coefficient).

Table 3 Pearson product moment correlation between variables. (CHL: chlorophyll-a concentration, CDOM: colored dissolved
organic matter absorption coefficient, BBP: particulate backscattering coefficient).

LS1 LS2 AS1 AS2 MS1 MS2 BS1 BS2
CHL-BBP 0.65" 0.66" 0.65" 0.41" 0.23" 0.28" 0.11" —0.07
CHL-CDOM 0.47" 0.28" 0.67" 0.10° 0.62" 0.58" 0.69" 0.50"
BBP-CDOM 0.72" 0.55" 0.64" 0.06 0.38" 0.35" 0.21" 0.02

" p<0.05.
” p<0.01; n=235.
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Overall, positive CDOM trends were apparent in the
waters of both the Levantine and Aegean Seas. Although
the increment was lower in the two adjacent regions, LS2
and AS2 in accordance with the results of cross-correlation
analyses, the trend dynamics of CDOM did not correlate with
CHL. the. The difference in the relationship between these
two properties indicates the possible effect that bacterial
production can have on the variables. Bacterial production
constitutes an important role in the food-web (Siokou-Fran-
gou et al., 2002) and its impact on the dynamics of CHL and
CDOM is pointed out by Pitta (2016) in the southern Aegean
Sea.

Pitta (2016) highlighted that a lack of correlation
between CHL and CDOM is due to the intensity of bacterial
production in the summer season being simultaneous to a
vertical water column movement in the same region (e.g.
Rhodes Gyre).

BBP is calculated by the integration of angular function in
the backward direction, thus it is mostly used as an indicator
of particle concentration and composition evident in the
seawater. Previous studies have discussed the relationship
between BBP and different types of particles (Loisel et al.,
2001; Stramski et al., 2008) or turbidity (Jafar-Sidik et al.,
2017). In this study concept, the trends of BBP did not show
any distinctive regional patterns between the seas. LS1 was
the region which showed a significantly positive trend, and
this region is known to have intensive river inputs (Tugrul
etal., 2016). Changes to the particle load or inflow (Akyurek,
2003) into these rivers from terrestrial sources that contain
high humic acids, may be the reason for the increasing trend
detected in this study. The Black Sea regions and MS1 both
had a significantly negative BBP trend. This negative trend
might have been caused by the decreasing terrestrial inputs
from rivers, driven by the decreasing trends of precipitation
in the region, as stated by Ceribasi and Dogan (2015). Another
possible explanation for this trend could be due to changes in
the phytoplankton community (Kideys, 1994; Mikaelyan
et al., 2013). The relationship between the trends of BBP
and CHL are not significant in the Black Sea, and our study
also showed a weak correlation in the Marmara Sea. Further
biogeochemical, bio-optical and taxonomic investigations
will, therefore, be required to fully understand the drivers
that determine particle concentration and composition in the
regions. Nonetheless, it can be stated that CHL is clearly the
main driver in determining the trends of BBP in the Aegean
Sea and the Levantine Seas of Turkey.

Our results show that whilst the Black Sea and the Mar-
mara Sea revealed similar patterns, the trends of the Aegean
and Levantine Seas were also found to be similar. These
spatial differences should, therefore, be further considered
and investigated in accordance with the usage of all remotely
sensed bio-optical variables involved in monitoring the impli-
cations of the seas around Turkey.

7. Conclusion

A descriptive and multi-decadal trend analysis indicated that
two main clusters occurred in the seas of Turkey, with regards
to bio-optical properties: one cluster being the Black Sea and
the Marmara Sea, and the second cluster being the Aegean
Sea and the Levantine Sea. The Black Sea and the Marmara

Sea both showed different characteristics to the other seas
studied, with either higher concentrations of CHL, CDOM or
BBP.

This is a descriptive study, aimed at defining recent linear
and non-linear inter-annual patterns in bio-optical variables.
This study also took an interest in the descriptive features of
these variables throughout the different regions of the seas
around Turkey. These empirical considerations cannot detect
the underlying reasons alone, and should instead be used to
develop hypotheses (Daskalov, 1999). Although the results of
this study have provided some insight into the dynamical
changes found in marine ecosystems, it is not possible to fully
comprehend the ecological status of a system unless com-
plementary datasets are utilized. Changes in environmental
conditions are usually rather complex and should be inves-
tigated with further ecosystem-based approaches (Oguz and
Gilbert, 2007). In addition to the purpose and requirement of
monitoring, multiyear analyses on datasets that are available
for extended time periods provide the baseline required in
order to develop key hypotheses for the further understand-
ing of ecosystem dynamics. As pointed out by Zielinski et al.
(2009), key aims held by marine scientists include the mon-
itoring and investigation of variables, thus increasing our
understanding of all important processes taking place in
the oceans. The expansion of spatio-temporal scales of
observation, possible through improved satellite technolo-
gies, has made possible to proceed toward and reach this
aim. However, this technology is limited to surface area
observation only, and observations required for calibration
or validation purposes.
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KEYWORDS Summary The paper analyses cross-shore bathymetric profiles between Wtadystawowo (km
Coastal morphology; 125 of the national coastal chainage) and Lake Sarbsko (km 174) commissioned in 2005 and
Wave energy 2011 by coastal authorities for monitoring purposes. The profiles, spaced every 500 m, cover
dissipation; beach topography from dune/cliff tops through the emerged beach to a seabed depth of about
Equilibrium profiles; 15 m. They were decomposed by signal processing techniques to extract their monotonic
Data-driven modelling; components containing all major modes of the variability of beach topography. They are
Signal processing termed empirical equilibrium profiles and can be used for straightforward assessment of wave

energy dissipation rates. Three characteristic patterns of wave energy dissipation were thus
identified: one associated with large nearshore bars and several zones of wave breaking; a
second, to which the equilibrium beach profile concept can be applied; and a third, charac-
terized by mixed behaviour. Interestingly, most profiles showed significant seabed variations
beyond the nearshore depth of closure — this phenomenon requires comprehensive studies in
future.

© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o0.0. 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: Institute of Hydro-Engineering, Polish Academy of Sciences, Koscierska 7, 80-328 Gdansk, Poland. Tel.: +48 58
5222907; fax: +48 58 5524211.
E-mail addresses: grzegorz@ibwpan.gda.pl (G. Rézynski), P.Szmytkiewicz@ibwpan.gda.pl (P. Szmytkiewicz).
Peer review under the responsibility of Institute of Oceanology of the Polish Academy of Sciences.

fissvier | Production and hosting by Elsevier

https://doi.org/10.1016/j.oceano.2018.04.001
0078-3234/© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier Sp. z 0.0. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.oceano.2018.04.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:grzegorz@ibwpan.gda.pl
mailto:P.Szmytkiewicz@ibwpan.gda.pl
http://www.sciencedirect.com/science/journal/00783234
www.journals.elsevier.com/oceanologia/
https://doi.org/10.1016/j.oceano.2018.04.001
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Roézynski, P. Szmytkiewicz/Oceanologia 60 (2018) 500—512 501

1. Introduction

The first concepts of beach equilibrium profiles were devel-
oped empirically by Bruun (1954), who assumed that cross-
shore beach topography is basically a function of wave energy
E supplied to the shore at a shallow-water group wave
velocity ¢g. Bruun then concluded that nearshore seabed
configurations are best described by monotonic power func-
tions:

h(x) = Ax". (M

In Eq. (1) his the seabed depth at the offshore distance x
from the shoreline, and the parameters A and n are empirical
quantities.

The theoretical background of the equilibrium beach
configuration in constant hydrodynamic regimes was devel-
oped by Dean (1976), who assumed a constant wave energy
dissipation rate E, across the entire surf zone. Other assump-
tions included sediment homogeneity along the profile
(Dsgp = const), monochromatic waves, linear wave theory
and a constant wave breaking index y = Hh™' = const. As a
result, the wave energy dissipation rate could be calculated
by:

_5 3 p12dh
Er—16pg y°h ax’ (2)

Wave energy dissipation disappears at the shoreline for h
(x =0) =0, and the well-known Dean monotonic beach equi-
librium power function emerges for E, = const:

h(x) = Ax*/3. A3)

The coefficient A has a dimension of [m'/3] and is directly
related to E,:

A (2ENT (4)
- \5pg¥2y2)

InEq. (4), g = 9.81 m s~ 2is the acceleration of gravity, and
p = 1000 kg m~3 is the specific gravity of water. The situation
of constant wave energy dissipation is known as the saturated
wave breaking regime. It reflects the situation in which
constant hydrodynamic forcing produces an equilibrium
seabed configuration.

The relationships between the coefficient A and physical
parameters of beach sediment were first investigated by
Moore (1982). Next, Dean (1987) related this coefficient to
the sediment fall velocity ws with the formula A =0.067
(ws)%*4. A similar contribution by Kriebel et al. (1991) pro-
duced another fairly straightforward relationship:

N 1/3
AR2.25 (%) . (5)

A temporal dependence of beach equilibrium profiles was
proposed by Pruszak (1993), who introduced a time-varying A
in the form of a sum of components oscillating over time:

Ay =A+ A + A + A, (6)

In this expression, A is the time-invariant component
expressed through e.g. Eq. (5), A; represents long-term
variations due to the migration of large bed forms or changes
in sediment supply driven by long-term variations in the

hydrodynamic background, A, accounts for seasonal varia-
bility, and A’ corresponds to short individual events, such as
storms. Periodic changes in the parameter describing the
equilibrium profile can be presented as:

2 ¢ /
A(t) = ;akcos (Zn_’_—k + 9k> + AL 7)

The periods Ty correspond to long (k=1) and medium
(seasonal) time scales (k = 2); the period T, was found to be
approximately 27 years for the Polish coast.

A different refinement of the beach equilibrium theory
was proposed by Inman et al. (1993), who assumed a model in
which the offshore portion of the profile was treated inde-
pendently of the inner bar-berm portion, and both portions
were matched at the breakpoint bar. Such partitioning was
justified by different forcing modes on either side of the
breakpoint. Both portions were fitted well by Eq. (1), with n
~ 0.4 being nearly the same for the bar-berm portion and the
outer portion, irrespectively of seasonal changes. In this way,
changes in seasonal equilibriums could be manifested by self-
similar displacements of the bar-berm and outer curves,
driven by seasonal surf zone variations.

Bodge (1992) addressed two major shortcomings of pre-
vious formulations, namely the physically unrealistic off-
shore-infinite range of beach equilibrium profiles and the
infinite slope at the shoreline. He proposed an exponential
curve, asymptotically converging to the closure depth to
describe the beach equilibrium profiles. This effort was
further improved by Komar and McDougal (1994), who
replaced the closure depth with a ratio of the shoreline
beach slope S to the empirical parameter k [m~'] accounting
for profile concavity:

h(x) :S—,f(1—e*kx). ®)

This model predicts asymptotic convergence to a depth of
So/ k metres for the shoreline beach slope of Sq, which can be
established as a function of sediment grain size and wave
parameters, or evaluated directly from profile measure-
ments, so only the concavity parameter k should be least-
square fitted to profile measurements.

Several alternative approaches have been proposed to
tackle shoreline singularity. Larson and Kraus (1989) sug-
gested a form that superimposed a planar shallow water
component with an offshore Dean form. Ozkan-Haller and
Brundidge (2007) introduced a further modification to limit
the influence of the planar component to shallow water.
Perhaps the most advanced model was presented by Holman
et al. (2014), who developed an equilibrium beach profile
concept capable of accounting for (a) a finite shoreline slope,
(b) a concave-up form in wave-dominated shallow waters and
(c) an asymptotic planar slope in the far field:

h(x) = a(1—e~ ) + px. 9)

This model requires three parameters: (a) the far-field
slope B can be obtained directly from available bathymetric
charts, (b) the shoreline slope can also be easily established
using the expression d(h=0)/d(x=0)=S,+ak + 8, and (c)
the depth h should be known at some location x’, which can
be anywhere in the profile, but should be representative of
the background, average profile depth, so it should best be a
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point seaward of the active bar zone. This last parameter is
therefore subjective to some extent, but is necessary to
establish the second equation relating « and k: h(x') =«
(1—e ™)+ px.

The conceptual simplicity and modelling robustness of
monotonic beach equilibrium profiles resulted in their wide
acceptance. In particular, the equilibrium profiles are used
extensively in beach fill design studies and projects, see e.g.
CEM (2008) Part 1lI-3, or CEM (2008) Part V-4. The major
underlying reason is that the complicated and nonlinear
phenomena of wave energy dissipation are often intractable
by most physical models, particularly in systems with multi-
ple bars. It can be briefly explained as follows:

1) When waves are mild, the surf zone is narrow, and they
break only over the innermost bar.

2) Higher waves begin to break over the 2nd bar; the surf
zone now includes two bars, and the breakers can include
a spilling or a plunging mode or both.

3) During heavy storms, the outer bars contribute to wave
energy dissipation as well — the surf zone now includes
4 bars or more and is several hundred metres wide.
Various combinations of spilling and plunging modes
are then possible, resulting in very complicated longshore
and cross-shore sediment transport patterns.

4) Variations of wave set-up and wind-driven storm surges
(in a range of 1 m) further modify the breaking regimes
during the build-up, peak and recession of storms.

The insufficient robustness of physical models to success-
fully deal with complex surf zone morphodynamic processes
necessitates other types of instruments that can provide
some insight into the evolution of complicated coastal ba-
thymetries. One such solution was proposed by Rozynski and
Lin (2015), who developed the concept of empirical equilib-
rium profiles. These profiles originate from actual bathy-
metric measurements and are derived by extraction of their
monotonic components, which usually contain more than
90% of overall profile variability. Empirical equilibrium pro-
files relax the core assumption of theoretical Dean-type
equilibrium profiles, namely the constant wave energy dis-
sipation rate in the entire surf zone. In addition, if an
empirical equilibrium profile closely resembles the shape
of a Dean function, it demonstrates that saturated wave
breaking regimes can be encountered in reality, at least
along some portion of the surf zone, usually closer to the
shoreline.

The extraction of empirical equilibrium profiles from mea-
sured cross-shore seabed configurations can be done by two
methods of intensive signal processing: Empirical Mode
Decomposition (EMD), see Rozynski and Lin (2015), or Singular
Spectrum Analysis (SSA), see Rozynski et al. (2001). The only
constraint is the monotonicity of empirical equilibrium pro-
files. It is needed to secure the applicability of Eq. (2), in
which changes in wave energy dissipation intensity are gov-
erned primarily by the 1st derivative of the empirical equili-
brium profile and secondarily by the square root of that
profile. The positive sign of the derivative is needed to sustain
wave energy dissipation. This equation is very useful because
the resulting rates of energy dissipation are continuous,
smooth and can be easily computed. Moreover, departures
from actual dissipation rates are not very significant, because

the empirical equilibrium profiles usually contain more that
90% of profile variability.

The primary goal of the paper was to identify wave energy
dissipation patterns along a fairly long coastal segment in
Poland, stretching between the western breakwater of the
Wtadystawowo harbour (km 125 of the national coastal chai-
nage) and a beach east of Lake Sarbsko (km 174). Wave
energy dissipation patterns were identified using the empiri-
cal equilibrium profile concept for two sets of geodetically
fixed bathymetric profiles commissioned in 2005 and 2011 by
coastal authorities for monitoring purposes. Special atten-
tion was given to evaluation of the resemblance between
empirical and theoretical Dean profiles in areas where satu-
rated wave breaking regimes are encountered. The second
goal was to identify the offshore range of application of the
wave energy dissipation concept. This was done upon the
assessment of the nearshore closure depth, based on the
reconstruction of past wave climates (1958—2001) and the
comparison of the offshore convergence of the two bath-
ymetries of 2005 and 2011 at the offshore limit of the littoral
zone. An unplanned by-product of the study was the identi-
fication of significant seabed variations beyond the nearshore
depth of closure. This phenomenon consisted in significant
changes in recorded bathymetries after profile convergence
along their fairly long section, located at depths greater than
10 m. Some mechanisms regarding the driving force of those
variations were hypothesized, providing grounds for follow-
up studies.

2. Data and methodology

Fig. 1 presents the Polish coast and shows both ends of the
national coastal chainage at km O (border with Russia) and km
428 (border with Germany). It also presents the limits of the
study area at km 125 and 174. The profile lines, surveyed in
the study area in 2005 and 2011, are geodetically fixed and
spaced every 500 m, providing a rich data base with almost
100 profiles sampled twice. Their cross-shore range covers
the area from the dune/cliff crest down to a depth of 15 mor
more; it normally measures more than 2000 m. The surveys
were commissioned by coastal authorities for monitoring
purposes, in compliance with the Coastal Protection Act of
Parliament of 2003.

A significant onshore and offshore extension of the profile
lines provides a perfect opportunity for the extraction of
their key modes of variability with much greater precision, as
the extensive coverage substantially reduces the so-called
end effects that can distort the modes of variability near the
onshore and offshore profile extremities. One of data-driven
techniques used for the extraction of the modes of varia-
bility, well tested in coastal applications, is the Singular
Spectrum Analysis (SSA), see Appendix. Extensive back-
ground information on this method and its application to
beach surveys can also be found, e.g. in Rézynski et al.
(2001). In brief, it consists in evaluation of the covariance
structure of each profile and the computation of the asso-
ciated modes of variability, known as the reconstructed
components. If the number of points in a profile is n, then
the number of modes of variability should not exceed %n to
eliminate imprecise estimation of higher modes. The modes
are ranked according to the portion of total signal (profile)
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variance each of them contains, starting from the one with
the largest contribution. Being additive, they are summed,
starting from the most significant one down to a mode whose
inclusion destroys the monotonicity of the empirical equili-
brium line. This summation is described in more detail for
each profile line studied. The profiles studied usually con-
tained 210—220 elements, so the maximum number of modes
was set at m=70. However, the number of modes that
contribute to empirical equilibrium profiles was found to
be much less, usually no more than 5.

3. Results
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Fig. 2 shows fractions of profile variances explained by
empirical equilibrium profiles for the survey of 2005. They
were calculated for N = 50 profiles, so the span between the
profiles was 1 km. The reason for that was twofold: (1) for a
span of 500 m the profiles are often very similar, (2) compu-
tations of empirical equilibrium profiles for very similar
profiles are usually redundant and do not add valuable
information to the analysis. The average variance fraction
explained by empirical equilibrium profiles was 92%, the
related median 94.9%, the minimum 66.5% and the maximum
99.3%. On the basis of Fig. 2 we decided to scrutinize in detail
6 representative profiles whose explained variance is near
the average value (km 130, 149 and 156) or significantly
departs from that value (km 125, 139 and 161). These
6 profiles are marked in Fig. 2.

Fig. 3 presents the results of analysis for km 125. We can
see that in both surveys the morphology is very similar and
is dominated by two very large nearshore bars. Owing to
the resemblance between the two surveys, SSA decompo-
sition was done for the 2005 seabed configuration only. The
empirical equilibrium profile contains only one mode of
variability; the inclusion of another immediately destroys
profile monotonicity. As a result, it significantly departs
from the measured seabed configuration (see Fig. 2), as it
contains only 73.7% of the original profile variability. This
result demonstrates that the concept of one surf zone with
wave breaking processes distributed continuously across
its entire cross-shore range cannot be accepted, because
the prominence of bars forms a beach system with inten-
sive wave breaking processes along the offshore bar slopes
and zones of no dissipation of wave energy inside the
troughs. It was schematized by plotting three systems of
coordinates, fixed at the shoreline and bar crests, for
which separate Dean curves, representing disjoint sub-
zones of wave energy dissipation, could be postulated.
No saturated wave energy dissipation can be expected,
though, and the monotonic profile cannot describe wave
energy dissipation with sufficient precision.

Fig. 4 represents the analysis done for km 130 near Chta-
powo, at the eastern end of a soft cliff running from Chta-
powo to Jastrzebia Gora. Both surveys show one dominant bar
with a crest situated about 400 m from the shoreline, which is
preceded by a distinct trough with the greatest depth some
280 m offshore. The comparison of the two seabed config-
urations reveals substantial shoreline advance between
2011 and 2005 and much shallower depths onshore of the
trough. The trough and the bar do not show important
changes, and at a depth of some 7.5 m both profiles converge
to the nearshore depth of closure.
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The resemblance between the two surveys with respect to
key morphologic features (locations and magnitudes of the
bar and the trough) justified the computation of the empiri-
cal equilibrium profile for the seabed configuration of
2005 only. It consists of three modes of variability, which
contain 96.1% of total survey variance. Thus, the empirical
equilibrium profile reproduced the actual seabed configura-
tion with high accuracy, highlighting the versatility of SSA

Empirical equilibrium profile at km 125.

decomposition. Its most important characteristic is the
inflection point some 330 m offshore at a depth of about
3.5 m. The shape of the empirical equilibrium profile above
that depth is akin to that of the Dean curve to a certain
extent. Therefore, it can be assumed that the saturated wave
breaking regime can develop there. The least-square fit of
the Dean function to the empirical equilibrium profile yielded
A=0.085m'"3, and, using Eq. (4), the saturated rate of wave
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Figure 4
energy dissipation was evaluated at E,
=96.5W m~2. Offshore of that inflection point, seabed

changes are not prominent and converge at about 7.5 m.
Wave energy dissipation beyond the nearshore closure depth
is negligible; it is initiated at that depth (7.5 m) and becomes
saturated at 3.5m. In all, the concept of saturated wave
energy dissipation in the form of the beach equilibrium
profile is fully applicable at km 130.

The next profile analyzed in detail is situated at km
139. Both surveys are plotted in Fig. 5. We can see that
general morphological characteristics of the two surveys are
the same, although in 2011 the bars and the shoreline moved
onshore, so the beach underwent some erosion. Fig. 5 also
shows the results of analysis. The profile at km 139 is located
at Ostrowo, west of Jastrzebia Gora and east of Karwia. We
can discern 5 nearshore bars, starting from the small inner-
most one, whose tiny crest is located at a depth of 1 m. The
crests of the remaining 4 bars are located at 1.5, 2.1, 5 and
8 m. The empirical equilibrium profile consists of two modes
of variability that embrace only 80.2% of the variance of the
profile configuration of 2005. However, except for the off-
shore region of the outermost bar, absolute departures from
the original seabed configuration are reasonable, so the
empirical equilibrium profile is acceptable for multiple bars
of moderate magnitude. Interestingly, the inflection point,
similar to the one found at km 130, can be identified at a
depth of 8 m. Moreover, its offshore distance is also the same
as the offshore distance to the outermost bar, so they are
both co-located. The remote location of the inflection point
suggests that the entire surf zone morphology is close to the
Dean-type regime of saturated wave breaking. The least-
square fit of the Dean parameter to the empirical equilibrium
profile yielded A =0.089 and E,=103.4W m~2. The latter
value closely resembles the saturated dissipation of wave
energy at km 130 (96.5 W m~2). Interestingly, the region of
the outermost bar underwent the smallest seabed change, so

Distance offshore [m]

Empirical equilibrium profile at km 130.

it was justified to determine the depth of (nearshore) closure
there. However, offshore of the rather flat and long crest of
that bar, the two surveys diverged significantly on the off-
shore slope of the outermost bar at depths visibly greater
than 8 m. This phenomenon was also found in other profiles
and will be discussed later.

The next profile investigated in the current study is
situated at km 149, just east of the mouth of the river
Piasnica, see Fig. 6. In 2005, it exhibited 3 shallow nearshore
bars with crests at 0.5, 2 and 3.8 m. The related empirical
equilibrium profile was composed of 4 modes of variability
and matched very closely the 2005 survey line, capturing
98.9% of its variability There was also an inflection point at
4 m depth, just offshore of the 3rd bar (crest at 3.8 m). The
fitted Dean parameter up to the inflection point was esti-
mated as A = 0.086, and the related E, = 98.2 W m~2. In 2011,
the two innermost bars merged into one quasi-bar structure.
The smaller bar remained close to the location of bar 3 from
2005, with its crest at 3.8 m depth, located a bit onshore of
the inflection point of the empirical equilibrium profile of
2005. The major difference between the surveys of 2005 and
2011 is a large trough found in the 2011 seabed morphology
with a maximum depth of about 7.3 m, located about 450 m
offshore. Further offshore, the seabed of 2011 exhibits a
large outermost bar with the crest at 5.7 m depth and 650 m
offshore. The related attempted empirical equilibrium pro-
file retained 98.6% of total seabed variance, but lost mono-
tonicity in the vicinity of the large trough. Thus, the profile at
km 149 in 2011 exhibits two types of behaviour: one with the
inflection point that delimits the zone of saturated wave
breaking and a second, similar to km 125, where a large bar
produces two subzones of wave breaking regimes. Conse-
quently, this profile line demonstrates mixed behaviour: at
times it generates conditions of saturated wave breaking and
wave energy dissipation, whereas at other times it forms
two separate zones of wave breaking and energy release.
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Identification of mixed behaviour is a very strong point of SSA
decomposition applied in the context of empirical equili-
brium profiles. Interestingly, both profiles converge just off-
shore of the crest of the large bar at about 7 m depth, some
750 m offshore. This spot defines the (local) nearshore clo-
sure depth. The profiles remain close until some 1050 m
offshore and 14 m depth. Then, they diverge, and the dif-
ference between the depths of the two surveys can reach
1m.

Distance offshore [m]

Empirical equilibrium profile at km 149.

The next profile is located at km 156 near Biatogora, see
Fig. 7. In 2005, 3 tiny shallow bars were found at seabed
depths of 2, 3 and 3.8 m. The associated empirical equili-
brium profile has an inflection point in this region, at a depth
of about 3 m and embraces 91.4% of the seabed variance of
2005 in 4 most significant modes of variability. The least-
square fitted Dean parameter for this region was found to be
A =0.069, which corresponds to E, = 70.6 W m~2. This value
points to a lower wave energy dissipation compared with the
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previously analyzed configurations. The seabed in 2011 had
some similarities to the profile from 2005, with bar crests at
1.9, 3 and 5.1 m. The main difference were three deep
troughs found in 2011 at 3.5, 5.3 and 5.7 m. As previously,
the two profiles converged at about 650 m offshore and
opened up again at 900 m with depth discrepancies of over
1 m; the former location corresponds to the nearshore clo-
sure depth of 5.5 m. The empirical equilibrium profile for
2011 is plotted as the dotted line in Fig. 7. It contains 93.3% of
seabed variance in 4 primary modes of variability. It also has
an inflection point at a depth of 5m, but the zone of
saturated wave breaking is wider; the corresponding Dean
parameter is A = 0.083, and £, W m~2. We can see that the
zone of saturated wave energy dissipation can persist
between measurements separated by as long as 6 years,
but energy dissipation itself and the width of saturated
energy dissipation can vary. However, it can be tentatively
concluded that saturated wave energy dissipation decreases
to 70—100 W m~2. These results again underline the versa-
tility of the empirical equilibrium concept and show varia-
tions of wave energy dissipation rates at the same site over
semi-decadal scales.

Perhaps the most peculiar seabed configuration was dis-
covered at km 161, see Fig. 8. This profile line runs through
the submerged region of the Biatogdra dune, whose onshore
part was stabilized by forestation in the early 20th century. It
is characterized by an enormous, remotely located bar, with
the crest at some 900 m offshore at a depth of only 4.9 m. By
contrast, the trough, located onshore, had a very large
maximum depth of almost 11 m at some 600 m offshore.
Closer to the shoreline, three typical smaller bars were
discovered with crests at depths of 1, 2 and 3.5m. The
empirical equilibrium profile contained only one mode of
variability that captured just 61% of signal variations. The
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line plotted in Fig. 8 has two modes of variability embracing
91.7% of total variability, but it significantly departs from
monotonicity. This attempted empirical equilibrium profile
points to behaviour similar to that found at km 125. The
concept of saturated wave breaking is not applicable to this
seabed configuration; there are definitely two zones of wave
energy dissipation and saturation.

In 2011, the seabed configuration at km 161 was somewhat
more typical. The huge bar moved offshore, so its crest
shifted to 1100 m offshore and sank to a depth of 7m,
whereas the deep trough remained in place, but its depth
decreased to 9 m. The other onshore bars remained more or
less stable, the only difference being the shoreline retreat of
about 50 m, which was not dangerous, because of the very
wide beach. The attempted empirical equilibrium profile for
2011 turned out to be similar to that for 2005, except that it
was generally much steeper. This was the result of the off-
shore translation and sinking of the huge outermost bar. In
general, though, both seabed configurations represent a site
in which a single zone of saturated wave breaking (and energy
dissipation) is not possible. A relatively large time span
between the two measurements (6 years) indicates that this
situation is stable. Regarding the closure depth, both seabed
configurations converged at a depth of 9.5 m, designating the
offshore limit of the nearshore region, but diverged again at
13 m. This is another indication of a hydrodynamic forcing
that is strong enough to trigger significant sediment motion at
greater depths, beyond the nearshore region.

The above morphological findings require verification
based on the available hydrodynamic data. One such dataset
is the wave climate of the Baltic Sea reconstructed in the FP5
HIPOCAS project for the period of 1958—2001. A point near
Lubiatowo located just offshore of the study area, for which
such reconstructions were made, was therefore chosen to

km 156: 2005 survey line (solid)

Depth of seabed [m]

7 | Inflection point 2005

Inflection point 2011

2011 survey line (long-dashed)
2005 empirical equilibrium profile (short-dashed)
2011 empirical equilibrium profile (dotted)

Figure 7

Distance offshore [m]

Empirical equilibrium profile at km 156.
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km 161: 2005 survey line (solid)

2011 survey line (long-dashed)

2005 attempted non-monotonic empirical equilibrium profile (short-dashed) ]
2011 attempted non-monotonic empirical equilibrium profile (dotted)

Depth of seabed [m]

Figure 8

Table 1 Statistical parameters of closure depth for 1958—
2001 period (44 years).

Depth of closure parameters

Mean [m] Median [m] Min [m]
8.4 8.2 5.9 10.7 1.15

Max [m] St. Dev. [m]

calculate annual nearshore closure depths valid for all study
area. Hallermeier's well-known formula was used, see Hal-
lermeier (1981):

H;
he = 2.28HS—68.5<ﬁ). (10)

In Eq. (10), Hs is a significant wave height exceeded for
12 h in the year preceding the seabed survey, and T; is the
associated wave period. The results are presented in
Table 1. They were compared with the nearshore depths
of closure of individual profiles between 2005 and 2011,
put together in Table 2. We can see that the means and
medians are very similar and range from 8 to 8.5 m. Thus, this
value can be assumed as a fairly accurate estimate of the
nearshore closure depth despite the fact that Hallermeier's
estimates describe annual closure depths, whereas the inves-
tigations of seabed surveys span a period of 6 years. Both
methods of estimating the nearshore closure depth also yield
fairly low standard deviations, although the value obtained

Table 2 Statistical parameters of closure depths of indi-
vidual profiles between 2005 and 2011.

Mean [m] Median [m] Min [m] Max [m]
8.5 8.0 4 15 2.3

St. Dev. [m]

Distance offshore [m]

Empirical equilibrium profile at km 161.

from comparisons of the two morphologies is roughly twice as
high. The range between the minima and maxima is also
greater for morphological observations. This cannot be sur-
prising, because morphological considerations are based on
very local profile characteristics, which vary significantly
from site to site, whereas hydrodynamic data reflect wave
climates valid for the entire study area.

The relatively precise determination of the nearshore
closure depth and identification of saturated wave breaking
regimes at most beaches in Poland makes it possible to
develop formulas for surf zone wave energy dissipation.
We can assume that it is initiated at the nearshore closure
depth and achieves saturation at the inflection point of
empirical equilibrium profiles. In the most simplistic
approach, wave energy dissipation outside the saturation
sub-zone can be evaluated as:

hc—h :|m |: hc—h :|m
E, =E ——| =100 .
r T dean {hc*hinﬂ he—hinst

In this equation, E, represents wave energy dissipation
between the locations of closure depth and inflection point.
In other words, the saturation of wave energy dissipation
develops between the nearshore closure depth h., where the
expression in brackets is equal to zero, and the depth of
inflection point h;,z, where it is equal to 1. Within the

(11a)

Table 3 Descriptive statistical parameters of offshoremost
bar and inflection point of empirical equilibrium profiles.

Mean [m] Median [m] Min [m] Max [m] St. Dev. [m]

Xinn 472.9 425 100 925 212.7
Xogsp 530 475 225 1050 240.7
hinf 4.7 4.5 2.4 8.5 1.34

hogp 4.4 43 2.1 85  1.37
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sub-zone of saturated wave breaking, the formula reduces to
E =E,,,~100 Wm 2 The cross-shore width of the zone
with unsaturated wave energy dissipation is delimited by
offshore locations of the nearshore closure depth X. and
inflection point Xj,q. Eq. (11a) can be refined to include
the actual profile configuration in the zone of unsaturated
wave energy dissipation:
5 35 2,4pdh[ he—h 1"

The exponent m is normally set to 1. It can be further
modified empirically if hydro-, litho- and morphodynamic
observations and measurements provide sufficient justifica-
tion. This estimation however is usually time-consuming.

One interesting aspect related to the locations of inflec-
tion points, determined by Xj,q and hj,g, is their very high
correlation with the corresponding locations of the outer-
most bar, given by X,z and hog,. The correlation between
Xins and Xogsp is equal to 0.95, whereas for hj,g and hggp the
correlation is even greater and equals 0.97. This close rela-
tionship is further evidenced in Table 3, where basic statis-
tical parameters of these four quantities are presented. We
can see that inflection points should be located slightly
deeper than the depth of the crest of the outermost bar
and somewhat onshore of that crest. Thus, the location of the
outermost bar may serve as a crude estimate of the location
of the inflection points of empirical equilibrium profiles.

The last issue to discuss is the offshore divergence of
profile surveys beyond their convergence at the nearshore
closure depth. This phenomenon is not entirely unknown. It is
widely accepted by offshore engineers that seabed evolution
beyond the nearshore region can be significant. Hallermeier
(1983) came up with the following formula:

_ [ 3
hout = 0.018Hn Ty /57 5. (12)

In Eq. (12), H,, and T,,, are the median wave height and
period, respectively, Dsg is the median sediment diameter,
and s is the ratio of the specific gravity of sand to that of
water (about 2.65). Formations of the offshore seabed can be
attributed to earlier coastal and geologic processes, but not
to the offshore movement of sediment from the present
beach. The convergence of the profile envelope landward
of those seabed formations indicates that sediment move-
ment there is not directly related to sediment exchange in
the nearshore profile.

Eq. (12) relates the mean wave conditions with Dsg, a key
sediment characteristic. Therefore, the average parameters
of waves occurring over long periods of relatively calm
weather are held responsible for seabed evolution beyond
the littoral zone. This assumption can be realistic for the
conditions of the United States, situated on two oceans,
where wave lengths and periods are much longer than those
recorded on the Baltic Sea. Nevertheless, the identification
of significant seabed variations beyond the nearshore zone,
after the apparent closure of seabed surveys at the nearshore
closure depth h., demonstrates that the divergence of
seabed surveys is also a common phenomenon in the Baltic
Sea. For this reason, both components of Eq. (12) need to be
verified for the Baltic Sea conditions. With regard to wave
parameters, the available data can provide inputs for such

analyses. However, energy fluxes related to mean waves in
the Baltic Sea seem to be hardly sufficient to drive significant
sediment movements beyond the nearshore zone for ordinary
sands. Therefore, sediment samples from depths greater
than about 14 m should be taken to obtain their granulo-
metric curves, including Dsg. Sufficiently small grains could
justify the observed variations. However, it appears advisa-
ble to co-locate a current metre (or, better, an array of at
least several current metres) in an area of sediment collec-
tion to obtain a full deepwater hydrodynamic background.
The primary goal is to determine whether sufficiently strong
oscillatory flows exist beyond the nearshore region. If they
do, then Eq. (12) will be validated for the Baltic Sea condi-
tions. However, if the oscillatory component is absent or
insignificant, then the presently unidentified currents of
other origin should be detected. Such currents can generate
favourable conditions for non-trivial deepwater sediment
motion, and Eq. (12) will have to be modified to include
the current effect. This, however, is justified only when the
hypothesized currents are actually detected.

One issue not discussed in this paper is the comparison of
Dean coefficients obtained from least-square fits with those
predicted by Hanson and Kraus (1989), who elaborated the
relationships between A and D5y upon hydraulic experiments.
Solution to this problem requires vast granulometric analyses
of sediment samples from characteristic cross-shore loca-
tions in the surveyed profiles for a credible assessment of
Dso. This is definitely a subject for follow-up research, which,
however, requires an extensive field campaign.

4. Discussion

In general, the identified wave energy dissipation patterns
are highly varied. For beaches with very large bars, whether
natural or altered by anthropogenic activities, the concept of
the equilibrium profile is not valid. In such instances, the surf
zone consists of sub-zones, where energy dissipation occurs.
Such zones are associated with offshore bar slopes that
culminate at the crest. In troughs, often very deep, energy
dissipation does not take place. Some assessment of energy
dissipation intensity can be given by Eq. (2). Most profiles,
though, exhibit zones of saturated wave breaking and energy
dissipation, which can be identified when the empirical
equilibrium profile is similar to the shape of the Dean func-
tion. Usually, such a zone starts at the shoreline and extends
up to the inflection point. Interestingly, the evaluated max-
imum dissipation rates are in a range of about 100 W
m~2. The length of a segment where the saturated wave
breaking regime and energy dissipation can develop and the
associated dissipation intensity, are valuable pieces of infor-
mation that can be used in beach fill design studies and
procedures. Importantly, equilibrium conditions were repro-
duced from empirical measurements in areas where bars are
not very large, and such systems can often exhibit erosive
tendencies, particularly under changing climatic conditions.
Therefore, they are usually subjected to beach fills, which
are routinely designed on the basis of the equilibrium profile
theory. On the other hand, the study results show that
sediment-rich systems that usually develop isolated sub-
zones of energy dissipation between very large bars, serving
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as sediment buffers, are not usually prone to erosion and
therefore are not subjected to beach fill operations.

With regard to individual profiles, the study revealed that
the concept of monotonic empirical beach equilibrium pro-
files cannot be recommended for coastal segments in which
distinct, very large bars occur. Such systems can have either
natural (km 161) or anthropogenic origin (km 125). For
example, the region of Biatogéra (km 161) is known for its
enormous natural dune system, located in both the emerged
and submerged parts of the coastal zone. The emerged part
was stabilized by humans with a forest, whereas the sub-
merged part became a huge natural sand reservoir. In con-
trast, the construction of the western breakwater of the
Wtadystawowo harbour (km 125) resulted in the obstruction
of the predominant west-to-east littoral drift. In such
instances, the empirical equilibrium profile significantly
departs from the measured seabed configuration. The
empirical equilibrium profile typically includes only the basic
deepening seabed trend, usually contained in the first recon-
structed component. The addition of another immediately
destroys the monotonicity of the empirical equilibrium pro-
file, so wave energy dissipation cannot be evaluated with
Eq. (2): application of this equation to the empirical profile
flawed by substantial departures from the original seabed
configuration will certainly produce unrealistic assessments
of actual wave energy dissipation rates. In sum, this observa-
tion indicates a possible line of follow-up research aimed at
the identification of parameters limiting the applicability of
the empirical equilibrium profile theory. Such parameters
should be sought first in the geometry of barred profiles and
then in sedimentary characteristics of coastal segments
under study and their hydro- and lithodynamic background.
The determination of these characteristics requires full-scale
field experiments focused on seawater level changes, wave
transformation, wave driven currents and seabed variations
during storms and post-storm recovery periods.

The seabed configurations near soft cliffs (km 130) regularly
develop steeper profiles without bars or with only one bar. The
equilibrium zone is narrow, but the empirical equilibrium
profile is usually monotonic. Also, its departures from the
measured seabed configurations are usually small, so empirical
equilibrium profiles can be used for the assessment of wave
energy dissipation. The saturation of dissipation processes is
possible in the narrow sub-zone, where the empirical equili-
brium profile resembles the Dean function. In general, the
presence of one bar reflects general erosive tendencies of soft
cliffs on open sea coasts, where wave energy fluxes are only
gently reduced over a bar and shoaling seabed and then attack
the cliff foot directly, particularly during storms.

In general, most beaches with multiple bars of ordinary
magnitude demonstrate equilibrium properties over the
entire system of bars. The bars cannot be very large, so
the empirical equilibrium profiles reproduce well over 90% of
profile variability. These results show that the empirical
equilibrium profile theory is fully applicable to most coastal
segments in Poland.

The equilibrium conditions are identified at locations
where the shape of empirical equilibrium profiles closely
resembles the theoretical Dean curve. Such profiles usually
extend from the shoreline up to the inflection point, beyond
which they become concave. The locations of the outermost
bar can serve as a fairly accurate proxy for the locations of

the inflection points of empirical equilibrium profiles. The
close resemblance between theoretical and empirical equi-
librium profiles confirms the correctness of beach fill design
principles, which are based on the Dean-type equilibrium
profile theory and applied where the natural bars cannot
sufficiently suppress wave energy during storms and prevent
local erosion. The results of computations of wave energy
dissipation show that this dissipation is in the range of
100 Wm~3 (per unit volume of water) or 100 W m~2 (per
longshore distance of 1 m). Also, the study of nearshore
closure depths found a close resemblance between the esti-
mates of closure depths from wave parameters and beach
surveys. This led to a modification of wave energy dissipation
formulas to include the zone where dissipation is initiated
from zero up to saturation, associated with the inflection
point of the empirical equilibrium profile. Onshore of that
point, the saturated (constant) energy dissipation regime can
be assumed. Finally, significant profile variations were iden-
tified beyond the nearshore region. Research on the nature of
nearbed hydrodynamic regimes in that area should be con-
ducted in order to determine whether oscillatory flow
regimes of wave origin can drive noteworthy seabed varia-
tions, or whether other hydrodynamic phenomena (cur-
rents?) should be sought. Elimination of wave action as the
agent of morphodynamic evolution outside the nearshore
region will immediately trigger the question about the dri-
vers of those hypothetical currents. The possible processes
might include events of intensive water exchange between
the Baltic and the North Sea, affecting the entire Baltic
region, wind set-up during extreme events and the asso-
ciated changes in the water table due to rapid passages of
low-pressure air masses from (south) west to (north) east, or
up- and down-welling events. Combinations of these pro-
cesses are also possible. Parallel granulometric studies of
sediments sampled beyond the nearshore region should pro-
vide additional information on minimum nearbed water velo-
cities needed to mobilize the sediment there.

Overall, the analysis demonstrated that the coastline exhi-
bits highly variable morphologies in the longshore direction,
resulting in the corresponding longshore variations of wave
energy dissipation rates. The monotonic empirical equilibrium
profiles, made up of the sum of the modes of variability of SSA
decomposition proved to be remarkably versatile and allowed
us to determine highly variable wave energy dissipation rates.
They can be divided into three basic classes: (1) this class
includes the areas where wave breaking is relatively cross-
shore uniform (km 130, 139 and 156), (2) locations where two
or three sub-zones of intensive breaking exist (km 125 and
161), separated by deeper calm areas, in which broken waves
can reform, and (3) locations of mixed behaviour (km 149),
where sometimes predominantly cross-shore uniform wave
energy dissipation rates can be observed and at some other
times two distinct sub-zones of more intensive breaking can be
encountered. This classification was achieved by the relaxa-
tion of the rigid assumption of constant energy dissipation,
encapsulated in the Dean coefficient.
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Appendix. Singular spectrum analysis (SSA)

SSA is based on the Karhunen-Loéve expansion theorem,
applied to the lagged covariance matrix of a time series x; for
1 <i < N. It has constant diagonals corresponding to equal
lags:

c0) c(1) ... cM-1)
c(1) «¢c(0) c(1) .
Tx= . c(1) ¢(0) . ’ (A1)
c(M—1) c(1) ¢(0)
where
.1 H -
c(j) = N_JZ(x, X) (Xi1j—X) (A2)

and X is the mean value of the series. M is the user-defined
window length or embedding dimension: the larger M is, the
better the spectral resolution of oscillatory components in
the time series. However, to reduce statistical errors in c(j)
for large lags j, it is recommended that M should not exceed
IN.

’ The auto-covariance matrix is symmetric and positive
definite for natural data, so the eigenvalues 1, are positive,
the eigenvectors EX are orthogonal, and the scalar product of
the (column) eigenvectors E and E'is equal to the Kronecker
delta:

M .
> EE =81,
k=1

The same is true for the scalar products of the jth and (th
rows:

M
> EFEF =6y,
k=1

The eigenvectors are the invariant part of SSA decompo-
sition and the variability is contained in principal components
(PCs). The kth PC is a projection coefficient of the original
signal onto the kth eigenvector:

M

K K

ai = E Xi+j1Ej,
=

This equation states that we have to take M elements of
the series x from the ith to i + Mth element, compute their
products with the corresponding elements of the kth (co-
lumn) eigenvector and sum them up to obtain the ith
element of the kth PC. Hence, the PCs are time series
of the length N—M. Also, M consecutive elements of the
series x are needed to compute one term of every PC, so
there are k common elements of this series for the ith term
of the rth PC @] and the jth term of the sth PC a;, such that
k=M—|j—i|>0 (lag |j—i|). Therefore, the correlation
structure of the original series must be imprinted in the
sequence of PC terms, producing non-zero correlations for
non-zero lags.

1<j<M, 1<I<M. (A3)

1<j<M, 1<I<M. (A4)

1<i<N-M +1. (A5)

The PCs do not provide a unique expansion of the signal:
using the PCs, it can be expanded as:

M
Xij =y aE,, 1<j<M. (A6)
k=1

There may be up to M subsets of the original series
containing the specific element x;.;. Thus, there are up to
M different ways of reconstructing the components of the
signal with Eq. (A6), and a series having N — M + 1 elements is
obtained. However, we can construct a least-square optimum
series for a given subset of eigenelements by minimizing the
following expression:

N-M+1 M

Z Zy,ﬂ S aEr, (A7)

kew

where v is the desired series, and ¥ is the subset of eigenele-
ments. The solution is given by:

(RyX); ZZa, EF for M<i<N-M +1, (A8a)
] 1 kew
(RyX); ZZa, aEF for1<i<m-—1, (A8b)
] 1 kew
1
(Ryx); = ak . EX forN-M
N ,+1j i— N+Mk€z¢’ I
+ 2<i<N. (A8c)

If ¥ contains a single index k, the resulting series is the k-
th reconstructed component (RC) x¥. The RCs are additive, so
the series x can be uniquely expanded as the sum of its RCs:

M
x=> xk (A9)
k=1

The RCs are then analyzed individually in terms of their
magnitudes, trends, oscillatory behaviour and/or spells of
chaotic behaviour with traditional signal processing tools.
This process is the core of the SSA analysis. Usually, the whole
useful information is contained in a few most significant RCs
associated with the largest eigenvalues 1. They can be
correlated, so the structure of correlations between the
key RCs is frequently analyzed.
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KEYWORDS Summary Mangroves play an integral role as a metal accumulator in tropical and subtropical
Mangrove; marine ecosystems. Twenty-one sets of sediment samples and portions of mangroves were collected
Avicennia marina; along the Saudi Arabian coast of the Red Sea to assess the accumulation and ecological risks of
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Sediment quality; (3.82 pg g £ 2.46) > Cd (0.75 pg g~ + 0.87). The maximum concentrations of the studied metals
Red Sea were above the threshold effect level, indicating a limited impact on the respective ecosystems. The

maximum concentration of Cd exceeded its toxic effect threshold, revealing a harmful risk to biota in
the sediments. Based on metallo-phytoremedation, biological concentration factors were >1,
suggesting that Avicennia marina can accumulate heavy metals, especially Cr and Pb. The transloca-
tion factor was above the known worldwide average. The geo-accumulation index revealed that
sediments in mangrove areas ranged from moderately to heavily contaminated with Cd at Al-Haridhah
and moderately contaminated at South Jeddah, Rabigh, Duba, and the wastewater treatment station
near Jazan. The ecological risk index revealed that Cd could pose a relatively very high risk to the
mangrove ecosystem. The present study emphasized the possibility of establishing a framework for
the management of the coastal aquatic ecosystems along the Red Sea coast of Saudi Arabia.
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1. Introduction

Human activities such as transportation, construction and
manufacturing not only diminish natural resources but also
create large quantities of waste materials that cause soil,
water and air pollution. These waste further results in global
warming, acid rain and ocean contamination (Saenger et al.,
1983). Mangrove ecosystems are highly influenced by anthro-
pogenic activities including urbanization, pollutants from
urban runoff, oil spills, industrial wastes, harmful waste dis-
posal and wastewater treatment plants and are highly suscep-
tible to the accumulation of heavy metals from all of these
sources (Bodin et al., 2013; Marchand et al., 2006). Through-
out tropical and subtropical tidal marshes, mangrove ecosys-
tems are located mainly in intertidal and subtidal estuarine
wetlands (Lee et al., 2014; Qiu et al., 2011; Wang et al., 2013).
These regions are further characterized by mangrove plants,
including shrubs and trees (monocots and dicots), that provide
unique ecological benefits (Fernandez-Cadena et al., 2014;
Lewis et al., 2011). Mangrove plants act as a large source of
organic carbon for the associated sediments and have a direct
impact on the food web of the marine ecosystem (Alongi,
2002; Asaeda and Kalibbala, 2009; Wang and Sousa, 2009). In
addition, they provide nursery shelter for many marine organ-
isms (MacFarlane et al., 2007; Walters et al., 2008) and are
used by human beings in many ways, such as food, fodder for
animals, house construction, fishing boat construction and
warming/cooking of food (FAO, 2007; PERSGA, 2004). Man-
grove plants further represent a refuge for many migratory
birds (Abohassan et al., 2012; Kumar et al., 2010).
Generally, mangroves are known to adapt well to different
environmental conditions such as low oxygenated sediments,
intermittent flooding, sustaining osmotic balance and metal
pollutants (Buajan and Pumijumnong, 2010; Greger, 2004; Li
et al., 2016; MacFarlane et al., 2007). Several studies have
been carried out on heavy metal pollution within mangrove
environments worldwide (e.g., Bodin et al., 2013; Defew
et al., 2005; Fernandes et al., 2012; Fernandez-Cadena
etal., 2014; Lietal., 2016; Usman et al., 2013). These studies
have proven the capability of mangroves to eliminate or
control the absorption of various heavy metals next to the
root media and transport them to the shoot (MacFarlaneetal.,
2003). Heavy metals are considered to be hazardous pollu-
tants when they have a specific density greater than 5 g cm 3,
and they may change the structure of the environment and
living organisms (Jarup, 2003; Yan et al., 2017). High concen-
trations of heavy metals in sediments can also result in
reduced density and diversity of organisms by affecting the
balance of the food chain. They can also alter survival,
metabolism, growth and reproduction of organisms (Wright
and Welbourn, 2002). Numerous studies have pointed out that
metal pollutants (Pb, Mn, Cu, Zn, Fe and Cd) accumulate
mainly in the root tissue as compared to the shoots in various
mangrove taxa such as Rhizophora spp., Avicennia spp. and
Kandelia spp. (Chiu et al., 1995; MacFarlane and Burchett,
2002; Peters et al., 1997; Tam and Wong, 2000; Thomas and
Fernandez, 1997). Globally, many indices can be used to assess
the status of heavy metals in the surrounding environment and
their potential risks. These indices include contamination
factor (CF), pollution load index (PLI), potential ecological
risk, ecological risk index (E') and geo-accumulation index

(lgeo) (Li et al., 2016; Nath et al., 2014; Sakan et al., 2015;
Sekabira et al., 2010; Udechukwu et al., 2015).

As a part of urbanization, the Red Sea coast is continuously
subjected to changes that result in the loss of many intertidal
and near shore subtidal habitats (Chiffings, 1989). Petrochem-
ical industries and the associated ship traffic can also cause
pollution in coastal water bodies of the Red Sea (Badr et al.,
2009; Fahmy and Saad, 1996). However, it has also been
reported that mangrove plants in the Red Sea environment
of Saudi Arabia are exposed to severe growth conditions such
as extreme salinity, low soil fertility and poor textures (Man-
dura et al., 1988) as well as anthropogenic activities that
contribute various pollutants, particularly trace elements
(Badretal., 2009). Currentinformation about the interactions
between heavy metalsin the sediments and mangrove plants is
inadequate, especially as pertains to the Red Sea coastal area
of Saudi Arabia (Badr et al., 2009; Usman et al., 2013).
Accordingly, this work was designed to assess the status of
heavy metals and their potential risk to the grey mangrove,
Avicennia marina (Forsk.) Vierh, and associated sediments
along the Red Sea coast of Saudi Arabia.

2. Material and methods
2.1. Study area

The length of the Saudi Arabian coastline is approximately
1840 km, which comprises 79% of the eastern Red Sea coastline
(MEPA/IUCN, 1987). The present study area extended along the
entire Saudi Arabian coast of the Red Sea (between 36°10'—
42°20'E, 16°30'—25°30'N). The study was conducted during
February—March 2014. Sediment and mangrove samples (aerial
roots and leaves) were collected from twenty-one mangrove
stands distributed along the coastlines of several cities (Fig. 1
and Table 1). These stations, arranged from south to north, are
as follows: Jazan (5 stations), Sabya (1 station), Wadi Baish
(1 station), Al-Haridhah (1 station), Al-Qahma (1 station), Al-
Birk (1 station), Al-Shaqgah (1 station), Al-Lith (2 stations),
Jeddah (3 stations), Rabigh (3 stations), Al-Wajh (1 station) and
Duba (1station). The Jazan region comprised a total of 5 stations
inwhich Jlwas characterized by the presence of dead mangrove
trees, Jll lies near a fish farm effluent, Jlll was located in front of
a sewage water treatment plant, JIV was 2 km away from a
sewage treatment plant, and JV wassituated near ashelterarea
for fishing boats. Stations such as Sabya (VI), Wadi Baish (VII), Al-
Haridhah (VIII), Al-Qahma (IX), Al-Birk (X), Al-Shaqgah (XI) and
Al-Lith (XIl) represented the typical type of mangrove stands
(back reef) located at the end of wadis. The Al-Haridhah station
(VIII) was located near a fish farm effluent. Of the three stations
studied in the Jeddah region, one station (XV) was located near
the effluent of a municipal sewage treatment plant. The Rabigh
area contained two stations (one located at the end of the Al-
Kharrar lagoon and the other in the central part of the lagoon),
while Al-Wajh and Duba consisted of one station each that can
be considered as unaffected by human interference.

2.2. Physico-chemical properties and heavy
metals determination in sediments

Composite surface sediment (0—10cm) samples were
randomly collected from all the studied stations from
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Figure 1 Sampling stations along the Saudi Arabian coast of

the Red Sea.
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underneath/or adjacent to the mangrove trees. All the
sediment samples were dried at 50 + 5°C, sieved through
a 63 pm stainless steel sieve and stored for subsequent
analysis. To determine the physico-chemical properties of
the sediments, particle size distributions were examined
using the pipette method as described by Dewis and Fertias
(1970). Total carbonates were estimated gasometrically
using a Collins calcimeter and calculated following Hesse
(1971). Total soluble salts were determined by measuring
electrical conductivity (dSm~") in 1:3 soil:water extract
and soil pH (in saturated soil paste), while total organic
matter (TOM) was measured according to Walkley and Black
(1934). The concentrations of Cr, Cu, Ni, Pb and Cd
were measured according to the direct aqua regia method.
A total of 1000 mg of normalized sediment sample was
weighed and digested using a 4:1 mix of nitric acid (HNO;
AnalaR grade, BDH 69%) and perchloric acid (HClO,4, AnalaR
grade 60%) (Yap et al., 2002). The digested samples were
then filtered and diluted with deionized water to a total
volume of 50 ml and kept for further analysis. The total
content of Cr, Cu, Ni, Pb and Cd in the sediment samples
were analysed using ICP-OES.

2.3. Sediment quality guidelines

In this study, sediment quality guidelines (SQGs) were applied
as described by Bakan and Ozkoc (2007), Luo et al. (2010) and
MacDonald et al. (2000). These guidelines include the lowest
effect level (LEL), threshold effect level (TEL), probable
effect level (PEL), effect range low (ERL), probable effect

Table 1 Coordinates of the studied mangrove stations along the Saudi Arabian coast of the Red Sea.

Station name Station no. Latitude Longitude
Jazan Ji 16°41'38.18"N 42°43'3.57"E
Jil 16°43'50.49"N 42°42'22.91"E
Jiil 16°47'5.84"N 42°40'22.43"E
JIV 16°46'32.57"N 42°40'24.37"E
JV 16°49'39.37'N 42°36'36.09"E
Sabya \ 17°3'3.74'N 42°27'8.99"E
Wadi Baish Vil 17°10'43.76"N 42°21'57.12"E
Al-Haridhah Vi 17°48'4.32"N 41°53'21.38"E
Al-Qahma IX 17°57'13.99"N 41°41'2.28"E
Al-Birk X 18°7'11.99"N 41°34'51.97"E
Al-Shaqgah X 19°47'32.84'N 40°37'50.29"E
Al-Lith
Al-Lith 1 Xl 20°3'11.06”N 40°25'0.06"E
Al-Lith 2 Xl 20°32'49.87"N 39°36'40.36"E
Jeddah
Al-Shouiba XV 20°45'46.94"N 39°27'59.26"E
South Jeddah XV 21°16'8.27"N 39°7'33.13"E
Dhahaban XVI 21°59'24.84"N 38°59'15.84"E
Rabigh
Rabigh | XVII 22°51'50.75"N 38°58'12.43"E
Rabigh II XVII 22°54'7.61"N 38°55'13.38"E
Bir-Ghelyan XIX 23°19'45.49"N 38°41/15.70"E
Al-Wajh XX 25°59'27.67"N 36°42/39.29"E
Duba XXI 27°25'52.30"N 35°36'9.54"E
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level (PEL), effect range median (ERM), severe effect level
(SEL), and toxic effect threshold (TET).

2.4. Heavy metals determination in leaves and
pneumatophores (aerial roots) of mangroves

Leaves of A. marina were collected from 5 to 10 trees of
similar health status (>3 m in height and >20 cm in dia-
meter at breast height) from the studied stations. Three
leaves of the second whorl from each tree were collected
from each of three facing branches at 1 m in height. In
addition, aerial roots were sampled from what were
considered to be nutritive roots for absorption; larger
anchoring roots were avoided. The samples (leaves and
aerial roots) were washed several times with distilled
water to remove the adhering fine sediments and homo-
genized after drying at 60°C. One gram (with three repli-
cates) of the ground leaf material was placed into 125 ml
digestion tubes. Five ml of concentrated perchlorate acid
was added to each tube in a block digester, then heated
for 3 h at 120°C, and finally diluted to a final volume of
50 ml upon analysis (Cottenie et al., 1982). Heavy metal
(Cr, Cu, Ni, Pb and Cd) concentrations, as pgg~', were
determined using an Inductively Coupled Plasma Optical
Emission Spectrometer (Optima 5300 DV with an auto-
sampler Model AS 93 Plus/S10, Perkin Elmer, USA). Stan-
dards were prepared to detect the concentrations of the
digested samples. To ensure the accuracy of the analysis,
a certified reference material from the National Institute
of Standards and Technology Standard (CRM 1570) was
used. The certified reference material was analysed (in
triplicate) with the measured samples for quality control
of the analytical procedures. The results showed that all
of the heavy metals were analysed with a 99.5% recovery
rate.

2.5. Biological concentration (BCF) and
translocation factors (TFs)

In the present study, three relative measures of metal
uptake were used to differentiate the uptake of each heavy
metal. The biological concentration factor (BCF) of aerial
roots and leaves was calculated to evaluate the sensitivity
of different tissue types under varying environmental load-
ings. In addition, the translocation factor (TF) was calcu-
lated as the ratio between the concentrations of heavy
metals in the leaves and the aerial roots. This parameter
indicates the ability to transport heavy metals from the
roots to the leaves. BCF and TF values for aerial roots and
leaves were expressed as original data averages. For the
heavy metals (Cr, Cu, Ni, Pb and Cd), the bio-concentration
factors were calculated based on the equation described by
Cui et al. (2007) and Yoon et al. (2006):

BCFleaf = C Cleaf 3 BCFroot = C Croot P (1)
sediment sediment

where Ciear and C,o0t are the heavy metal concentrations in

the leaf and aerial root, respectively, and Csediment is the

heavy metal concentration in the sediment. The translo-

cation factor (TF) was calculated using the following

equation:

Cieaf
TFleaf = Cea ) (2)
root
where Ciear and C,o0r are the heavy metal concentrations in
the leaves and roots, respectively.

2.6. Risk assessment model

For environmental pollution assessment, the geochemical
and physiochemical characteristics of sediments are very
crucial to identify the contamination sources. Geo-accumu-
lation index (lge,) Was calculated to assess the changes of
heavy metal concentrations by associating the heavy metal
concentrations in aquatic sediments with the geochemical
background. It is calculated according to Miiller (1969) based
on the following equation:

C
Igeo = |.ng <1 5nB >7 (3)
-IDp

where C, is the concentration of metal measured in
mangrove sedimentary and B,, is the geochemical back-
ground value in the earth's crust (Taylor and McLennan,
1985). A constant of 1.5 was applied to account for the
potential variability in the reference value due to the
influence of lithogenic processes. In this regard, seven
classes of /5., were categorized as follows: uncontaminat-
ed (UC) when g, <0; uncontaminated to moderately
contaminated (UMC) when 0 < Ige, < 1; moderately con-
taminated (MC) when 1 < g, < 2; moderately to heavily
contaminated (MHC) when 2 < g, < 3; heavily contami-
nated (HC) when 3 < g, < 4; heavily to extremely con-
taminated (HEC) when 4 <lg,<5; and extremely
contaminated (EC) when 5 < Ig¢,. The probable ecological
risk coefficient (E!) was calculated using the formula by
Hakanson (1980) as follows:

B = Thcl = T &
r— 'r r_rci7
n

“4)

where T! values for measured heavy metals are as follows:
Cr=2,Cu=5,Ni=5, Pb=5and Cd=30; Ci is the contami-
nation factor; Cl is the concentration of heavy metals in the
sediment; C! a background value for heavy metals and T/ is
the metal toxic response factor. The degree of E! can be
categorized as follows: if El < 40: low risk (LR), 40<E' < 80:
moderate risk (MR), 80<E! <160, considerable risk (CR),
160<E! < 320: high-risk (HR) and E/<320: very high risk
(VHR).

2.7. Statistical analysis

Descriptive statistics for each of the studied heavy
metals in sediments were obtained using the Statistical
Package for the Social Sciences (SPSS) (version 23.0).
The possible relationship between measured heavy
metals and the other physico-chemical properties was
determined by calculating Pearson's correlation coeffi-
cient (r). A principal component analysis (PCA) was per-
formed on the logarithmic transformed data using factor
extraction. The Eigenvalue remained greater than 1 after
varimax rotation.
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Table 2 Physico-chemical properties of the investigated mangrove sediments along the Saudi Arabian coast of the Red Sea
(EC = electrical conductivity, %CaCO3 = percent of calcium carbonate, %0M = percent of organic matter).

Characters Range Mean Std. error Std. deviation Variance Skewness Kurtosis
Sand% 90.0—99.8 96.56 0.60 2.75 7.55 -1.07 0.28
Mud% 0.2-10.0 3.45 0.56 2.74 7.56 1.06 0.26
Soil pH 4.3-8.1 7.45 0.18 0.84 0.71 —2.94 10.27
EC [dSm™"] 2.3-37.5 12.47 2.01 9.20 84.58 1.50 1.62
%CaC0; 1.3-71.4 14.83 3.99 18.26 333.48 1.89 3.67
%0M 0.3-5.0 2.54 0.31 1.44 2.08 0.21 —0.96

3. Results and discussions
3.1. Sediment characteristics and quality

The properties of the studied sediment samples (conductiv-
ity, acidity and organic matter content) are presented in
Table 2. Based on the grain size analysis, the results
revealed that sand is the highly dominant fraction at all
of the study stations (90% to 99.8%). According to the soil
texture of the studied stations, which was predominantly
sandy, the soils were then classified as “sandy, siliceous,
hyperthermic, and aquic Torripsamments”. Soil pH values
fluctuated within a wide range, from 4.28 at JIl and 8.08 at
Al-Wajh area (XX), with a mean value of 7.45. The lower pH
values were observed at the same stations that displayed
higher concentrations of organic matter. Electrical conduc-
tivity (EC) ranged from 2.31 to 37.50dS m~" at Rabigh 1
(XVIl) and JI, respectively (average: 12.47 dSm™"). This
high variation can be explained by the fact that Red Sea
mangroves usually grow in coastal areas that receive sea-
sonal floods, which in turn reduce the salinity of those
regions (Usman et al., 2013). The higher salt concentrations
observed at station JI can also be due to the construction of
a road, which eventually separated the mangrove swamp
from the sea. This unexpected increase in salt concentra-
tion can adversely affect the growth of mangrove trees,
which further leads to their death and decay (Lambs et al.,
2015). Calcium carbonate concentration in sediment sam-
ples varied from 1.30% to 71.40%, with a mean value of
14.83%. Organic matter content was relatively low and
ranged from 0.27% to 5.00% (average: 2.54%). The highest
values of 5.00%, 4.46%, 4.46% and 4.94% were observed at
stations JI, JII, JIV and XIX, respectively. This can be mainly
due to the accumulation of mangrove litter in the associated
sediments at these stations. This phenomenon can be
further connected to the higher salinities observed at these
stations, which, as mentioned above, will reduce the growth
of the mangrove trees and have an inhibitory effect on the
decomposition of organic substances in sediments within
the mangrove ecosystem (Van de Broek et al., 2016).

The concentrations of the different heavy metals in the
sediment samples varied from 10.19 to 76.79 ug g~ for Cr,
from 3.27 to 51.46 pg g~ for Cu, from 7.00 t0 59.19 ug g™
for Ni, from 0.80 to 10.07 pg g~' for Pb and from 0.10 to
3.10 pgg™' for Cd (Table 3). These heavy metals are
arranged as following order according to their mean value
and standard deviation: Cr (46.14 pgg™' + 18.48) > Cu
(22.87 ng g~ " + 13.60) > Ni (21.11pgg '+3.2)>Pb
(3.82 ngg ' +2.46) > Cd (0.75 pg g~ ' = 0.86). The highest

value of Cr (76.79 ug g~ ') was observed at station XVI. The
highest concentrations of Cu and Ni were detected at sta-
tions JIl, XVI and XVIlI, and the highest value of Pb
(10.07 ng g~ ") was recorded at station XIX. The concentra-
tions of Cd were relatively high at stations Ill, IV, XIV, XVl and
XVIl, with the maximum value (3.10 ngg~") observed at
station IV. Interestingly, the highest concentrations of most
of the heavy metals were observed at stations that were
positioned near various anthropogenic influences, such as
sewage effluents, refineries, aquaculture facilities and com-
mercial ports. These findings are in agreement with those
reported by Badr et al. (2009), who emphasized that the
upper 15 cm of sediments contained higher concentrations
of pollutants (Cr, Ni, Mn and Zn) along the Red Sea coastal
areas of Saudi Arabia. The average concentration of Cu was
22.87 pgg~' and is lower than the values obtained from
previous studies in the Red Sea area, except for the Farasan
Island region (Table 3). We assume that the major reason for
this difference is the presence of many fishing boats that use
antifouling paints containing CuSO,4 as a major ingredient, as
proposed by Usman et al. (2013). The mean concentration of
Ni (21.11 pg g~ ') was lower than its value in previous studies
in the Red Sea except for Farasan Island (Saudi Arabia) and
the Yemeni coast (Table 3). Moreover, the mean concentra-
tion of Pb was higher than recorded by Abohassan (2013) at
both the Al-Shouiba and Yanbou sites (Table 3). Except for
Jeddah and Rabigh, the mean concentration of Cd was
typically higher in the current study than values recorded
in previous studies carried out along the Red Sea (Table 3).
From a global perspective, many investigators have dis-
cussed the possibility of anthropogenic influences being
responsible for the increase of heavy metals in mangrove
sediments (e.g., Cuong et al., 2005; Defew et al., 2005; El-
Said and Youssef, 2013; Harikumar and Jisha, 2010; Li et al.,
2016; Qiu et al., 2011; Tam and Wong, 2000). Both the
maximum (3.10 ug g~") and the average (0.75 png g~ ") con-
centrations of Cd in the investigated area surpassed the
averages in shale around the world (Turekian and Wedepohl,
1961). The maximum concentration observed for Cu
(51.46 ng g~ ') was also above the world average concentra-
tion in shale (45 wg g~ ') and is comparable to the findings of
Lindsay (1979). The results of this study revealed that the
maximum concentrations of Cu, Ni, Pb and Cd exceeded the
minimum and average of the common ranges (30, 40, 10 and
0.10 ug g~ respectively). This indicates the possible litho-
genic origin of all of these heavy metals (Cu, Ni, Pb and Cd).
It is known that heavy metals can be introduced into coastal
environments from different sources, including natural
weathering processes and anthropogenic activities (Badr
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Table 3  Comparison of total heavy metals [ug g~ '] in mangrove sediment at different stations along the coastal areas from Saudi

Arabia and around the world.

Locations Cr Cu Ni Pb Cd References
Minimum (Min.) 10.19 3.27 7.00 0.80 0.10
Maximum (Max.) 76.79 51.46 59.19 10.07 3.10
Average 46.11 22.87 21.11 3.82 0.75 Current study
Std. deviation (SD) 18.48 13.60 13.85 2.46 0.86
Average shale 90 45 68 20 0.30 Turekian and Wedepohl (1961)
Common range
Max. 1000 100 500 200 0.70
Min. 1 2 5 2 0.01 Lindsay (1979)
Av. 100 30 40 10 0.06
The coastal areas of Red Sea
Saudi Arabia
Farasan Island 9.6 112.0 8.50 45.2 1.23 Usman et al. (2013)
Al-Shouiba 8.8 4.10 27.40 0.5 0.02 Abohassan (2013)
Yanbou 11.5 13.90 — 3.8 0.20 Abohassan (2013)
Jeddah 17.9 20.60 76.60 89.5 4.84 Badr et al. (2009)
Rabigh 19.4 21.30 80.10 87.2 3.51 Badr et al. (2009)
Egypt ND 108 22 25 1.8 El-Said and Youssef (2013)
Yemen 20.2 32.10 12.00 6.90 — Hassan and Nadia (2000)
Around the world
Kottuli, India ND—0.71 0.8—224 0.03—1.9 2.3-23.6 ND—0.08 Harikumar and Jisha (2010)
Punta Portete, Costa Rica 22.60 8.40 102.00 34.50 7.30 Guzman and Jiménez (1992)
Queensland, Australia 72.00 1-12 9.00 36.0 0.60 Preda and Cox (2002)
Mai Po, Hong Kong 39.20 78.50 — 79.2 2.62 Tam and Wong (2000)
Guanabara Bay, Brazil 42.40 98.60 — 160.8 1.32 Kehrig et al. (2003)
Punta Mala Bay, Panama 23.30 56.30 27.3 78.2 <10 Defew et al. (2005)
Shenzhen Bay, China 75.70 79.72 40.40 — 0.83 Li et al. (2016)
South Port Klang, Malaysia 60.19 24.89 13.9 96.02 1.46 Udechukwu et al. (2015)
Threshold effect concentration (TEC) SQGs
Threshold effect level (TEL) 26 16 16 31 0.596
Lowest effect level (LEL) 37.3 35.7 18 35 0.6 MacDonald et al. (2000)
Effect range low (ERL) 80 70 30 35 5
Canadian sediment quality — 18.7 - 30.2 0.7 Canadian Council of Ministers
guidelines (TEL) of Environment (2002)
Probable effect concentration (PEC) SQGs
Probable effect level (PEL) 90 149 36 91.3 3.53
Severe effect level (SEL) 110 110 75 250 10
Toxic effect threshold (TET) 100 86 61 170 3 HEERENEl] 5l (L)
Effective range median (ERM) 145 390 50 110 9
Canadian sediment quality — 108 - 112 112 Canadian Council of Ministers

guidelines (PEL)

of Environment (2002)

et al., 2009; Sadiq and Zaidi, 1994). Several previous studies
have recorded high concentrations of heavy metals in man-
grove sediments and have concluded that anthropogenic
activities are a long-term pollution source (e.g., Defew
et al., 2005; Tam and Wong, 2000). This study revealed that
the measured concentrations of Cd, Cr, Cu, Ni and Pb were
above the optimum levels in some of the mangrove sedi-
ments from the Red Sea as well as other mangrove ecosys-
tems worldwide (Table 3). The average concentration of Cr
was also higher than the average concentrations within the
Red Sea coastal area but was lower than other studies,
especially in China and Australia (Li et al., 2016; Udechukwu
et al., 2015).

3.2. Sediment quality guidelines (SQGs)

In terms of TEC, the results obtained here revealed that the
maximum concentrations of Cr and Cu were 76.79 and
51.46 pg g, respectively. These values were higher than
the LEL, but below the TEL and the ERL, as illustrated in
Table 3. The maximum concentration of Ni (59.19 pgg™")
was above the TEC, EL, TEL and ERL. On the other hand, the
maximum concentration of Pb (10.07 pg g~') was below the
LEL, TEL and ERL. The maximum concentration of Cd
(3.10 ug g~ ") exceeded its LEL and TEL limits, revealing
its extreme impact on different biological processes (Mac-
Donald et al., 2000). Regarding the PEL, the maximum
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Table 4 Average concentrations of measured heavy metals [.g g~! dw] in mangrove tissue along Saudi Arabian coast of the Red

Sea and around the world.

Locations Tissue type Cr Cu Ni Pb Cd References
Saudi Arabian coastal Leaves 14.96 13.24 7.56 3.79 0.18
areas, Red Sea Pneumatophores 17.46 9.82 7.58 3.67 0.07 Current study
Excessive or toxic levels 5-30 20—100 10—100 30—-300 5-30 Kabata-Pendias
and Pendias (1992)
Farasan Island, Saudi Arabia Leaves 9.30 356.6 2.30 = 1.04
Pneumatophores  14.9  270.5  4.02 - NC Usman et al. (2013)
Al-Shouiba, Saudi Arabia Leaves 4.53 4.17 6.70 0.57 0.01
Pneumatophores  4.35  3.37 4.07 _ 0.33  Abohassan (2013)
Yanbou, Saudi Arabia Leaves 2.37 6.38 21.10 — -
Pneumatophores  11.94  6.79 3.64 0.46 0.32  Abohassan (2013)
Around the world
Shenzhen, China Leaves — 5.20 — 1.90 — .
Pneumatophores — 13.00 — 3.50 = Li et al. (2016)
Punta Mala Bay, Panama Leaves — 3.70 — 6.20 — Guzman and
Pneumatophores — — = = - Jiménez (1992)
FAO (2007) Leaves 5.00 40.00 1.50 5.00 0.20
Pneumatophores — — — — — FAQ (2007)
Sydney Estuary, Australia Leaves — — — — —
Pneumatophores  1.40  20.00 2.00 5.80 0.60 Nathetal. (2014)
Port Jackson, Australia Leaves — 3.2 — 1.7 = MacFarlane and
Pneumatophores = = = - - Burchett (2002)

concentration of Ni (59.19 pug g~') was above the PEL and
ERM levels, but it was below the SEL and TEL. This can be
considered as an occasional threat to benthic organisms
(MacDonald et al., 2000). In the case of Cr, Cu and Pb, their
maximum concentrations were lower than the PEL, ERM, SEL
and TET, which in turn reveals an adverse biological impact.
The maximum concentration of Cd also exceeded its TET and
can be considered as harmful to benthic organisms (MacDo-
nald et al., 2000; Vane et al., 2009). By comparing the mean
concentrations of Cu, Cd, and Pb with those of Canadian
sediment quality guidelines, it was observed that the con-
centrations of Cu and Cd were above the TEL. This indicates
that adverse biological effects may occur frequently (Cana-
dian Council of Ministers of the Environment, 2002). On the
other hand, the concentrations of Cu, Pb and Cd were below
the PEL, which shows that these metals are not known to
have any negative impact on living organisms.

3.3. Accumulation of heavy metals in mangrove
compartments

The results obtained here indicated wide variations in the
content of heavy metals within the leaves and aerial roots of
A. marina. The concentrations of heavy metals were in the
following order: Cr > Cu > Ni > Pb > Cd and are shown in
Table 4. The levels of measured heavy metals, especially Cr,
in mangrove tissues were considered to be relatively high
when compared with respective global concentrations. This

may be due to the presence of those metals in higher
concentrations in the surrounding sediments. This study
showed that the concentrations of Cr in the root tissues
of mangrove plants were relatively higher than the concen-
trations in the leaves. Chromium can be highly toxic to
plants, seriously affecting their growth; however, the exact
mechanism of Cr translocation in plants remains uncertain
(Hajar et al., 2014; Shanker et al., 2005). In the current
study, the concentrations of Ni and Pb observed in the leaves
were comparable with those observed in the aerial roots of
the same mangroves. Generally, most of the absorbed trace
elements are restricted to the outer cortex of the root
(MacFarlane et al., 2003; Peng et al., 1997). The present
study clearly showed that the concentrations of most accu-
mulated heavy metals in mangrove tissues were higher than
their respective concentrations in mangroves worldwide
(Guzman and Jiménez, 1992; Li et al., 2016; MacFarlane
and Burchett, 2002; MacFarlane et al., 2003; Peng et al.,
1997; Qiu et al., 2011; Usman et al., 2013) (Table 4). One of
the most important findings of the current study was the
higher concentrations of Cr in both the leaves and aerial
roots of A. marina, which were considerably above toxic
levels (Kabata-Pendias and Pendias, 1992). Moreover, it was
also clear from the present study that the accumulation of
Cr in the sediments was higher than that in the aerial roots
and leaves (Fig. 2), which further indicates the passive
absorption of Cr by A. marina compared to the other heavy
metals. Except for Pb and Cd, the present study found much
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Figure 2 Average concentrations (+ standard error) of heavy
metals in sediment, mangrove leaves and aerial roots.

higher values for the other heavy metal concentrations in
the sediments than in the aerial roots and leaves of A.
marina.

3.4. Biological concentration factors (BCFs) and
translocation factors (TFs)

The mean BCFs values obtained for Cr, Cu, Ni, Pb and Cd in
the mangrove leaves were 0.43, 0.88, 0.47, 1.57 and 0.39,
respectively (Table 5). Moreover, the mean BCFs values in
aerial roots were 0.47 for Cr, 0.59 for Cu, 0.49 for Ni, 1.60 for
Pb and 0.23 for Cd. In general, the highest BCF average
among the different investigated stations was obtained for
Pb in both the leaves and aerial roots. This is a clear reflec-
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Figure 3  Average of biological concentration factors (+ stan-
dard error) of heavy metals in mangrove leaves and aerial roots.

tion of the bioavailability of Pb in the sediments as compared
to other heavy metals (Fig. 3). The lowest BCF values in the
highly contaminated sediments (station Xlll) can be due to
the low bioavailability of these heavy metals in the respec-
tive sediments. This can be explained by the binding of heavy
metals to form immovable compounds as a result of chelation
with organic molecules (Li et al., 2016; MacFarlane et al.,
2003; Nath et al., 2014). Future studies regarding the bioa-
vailable fractions and toxicity of heavy metals should take
speciation into consideration (Li et al., 2016; Luo et al.,
2017; MacFarlane et al., 2007). Generally, plants with TF
values greater than 1 are classified as having a greater
potential for metal accumulation in polluted sites (Usman
etal., 2012). These plants can effectively translocate metals

Table 5 Comparison between the biological concentrations factors (BCFs), translocation factors (TFs) of heavy metals in the Red

Sea coastal areas and around the world.

Locations Tissue type Cr Cu Ni Pb Cd Reference
Red Sea coastal areas, Leaves 0.43 0.88 0.47 1.57 0.39
Saudi Arabia BCF pneumatophores  0.47  0.59 049  1.60  0.23  Current study
TF 0.90 1.74 1.29 1.42 2.72
Farasan Island, Saudi Arabia Leaves 0.23 1.25 1.06 — 1.50
BCF Pneumatophores 4.23 9.08 3.01 0.01 0.03  Usman et al. (2013)
TF 0.42 1.30 0.35 0.00 00
Al-Shouiba, Saudi Arabia Leaves 0.34 1.00 0.46 1.07 0.50
BCF Pneumatophores 3.43 9.23 1.21 9.45 16.50  Abohassan (2013)
TF 0.25 0.10 0.20 0.11 0.03
Futian Mangrove, Leaves = = = = =
South China Sea BCF Pneumatophores 0.36 0.10 0.27 -— 0.06 Lietal. (2016)
TF 0.22 2.27 038 — 0.58
Shenzen, China Leaves — 0.15 — 0.06 —
BCF Pneumatophores  — 0.37 - 0.10 = Peng et al. (1997)
TF — — 0.54
Ting Kok, Hong Kong Leaves - 1.26 — 0.24 —
BCF Pneumatophores  — 1.02 - 0.44 — Chen et al. (2003)
TF — 1.23  — 0.53
SE, Australia BCF Leaves — 0.15 — 0.05 —
Pneumatophores  — 1.66 — 1.64 = MacFarlane et al. (2003)
TF — 0.09 - 0.03 —
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Table 6 Averages of geo-accumulation index (lge,) and potential ecological risk index (El) of the measured heavy metals in

mangrove sediments for all studied stations.

Stations Geo-accumulation index (lgeo) Potential ecological risk index (E7)

Cr Cu Ni Pb Cd Cr Cu Ni Pb Cd
J1 —1.87UC —-1.95UC —-2.68UC —3.22UC -0.49UC 0.89/LR 1.94/LR 1.81/LR 0.80/LR 42.67/MR
J 1 —1.02UuC —-0.46UC —1.55UC -1.92UC 0.83UMC 1.48/LR 5.45/LR 3.97/LR 1.98/LR 106.67/CR
J —1.04UuC —-2.20UC -—-2.73UC —-2.58UC 2.55MHC 1.46/LR 1.63/LR 1.74/LR 1.26/LR 352.00/VHR
JIv —1.77UC —-1.41UC —-2.59UC -—-2.16UC 2.78MHC 0.88/LR 2.82/LR 1.93/LR 1.68/LR 413.33/VHR
JV —2.40UC -2.98UC -3.58UC —-3.75UC -1.17UC 0.57/LR 0.95/LR 0.97/LR 0.56/LR 26.67/LR
Sabya —1.10UC —-1.34UC —-2.13UC —-2.49UC -2.17UC 1.40/LR 2.96/LR 2.65/LR 1.34/LR 13.33/LR
Wadi Baish —2.32UC —-3.07UC —3.34UC -—-3.67UC —-1.79UC 0.60/LR 0.89/LR 1.14/LR 0.59/LR 17.33/LR
Al-Haridhah —-2.30UuC -2.13UC -3.04UC —-3.91UC -1.79UC 0.61/LR 1.71/LR 1.41/LR 0.50/LR 17.33/LR
Al-Qahma —1.12UC —-1.29UC —-2.22UC —-2.78UC 0.00UC 1.38/LR  3.07/LR 2.49/LR 1.09/LR 60.00/MR
Al-Birk —1.60UC —1.77UC —2.08UC —4.69UC 0.49UMC 0.99/LR 2.20/LR 2.74/LR 0.29/LR 84.00/CR
Al-Shagqgah —-1.23UC -1.42UuC -2.16UC —-2.33UC -1.91UC 1.28/LR 2.80/LR 2.59/LR 1.49/LR 16.00/LR
Al-Lith 1 —1.36UC —-1.24UC -2.19UuC —-1.58UC -2.17UC 1.17/LR 3.18/LR 2.54/LR 2.51/LR 13.33/LR
Al-Lith 2 —-2.55UC -2.77UC —-3.43UC —4.99UC 0.53UMC 0.51/LR 1.10/LR 1.08/LR 0.24/LR 86.67/CR
Al-Shouiba -2.01UC —-1.59UC -2.52UC —-3.20UC -1.91UC 0.75/LR 2.48/LR 2.02/LR 0.81/LR 16.00/LR
South Jeddah —1.43UC —-2.68UC —3.87UC —4.09UC 1.45MC 1.11/LR 1.17/LR 0.80/LR 0.44/LR 164.00/HR
Dhahaban —0.81UC -0.50UC —-0.87UC —2.43UC 1.64MC 1.71/LR  5.29/LR 6.35/LR 1.39/LR 186.67/HR
Rabigh | -3.73UC —-4.37UC -3.59UC —-4.67UC 2.15MHC 0.23/LR 0.36/LR 0.96/LR 0.29/LR 266.67/HR
Rabigh I —0.86UC —-0.39UC -0.79UC —2.64UC 0.32UMC 1.65/LR 5.72/LR 6.73/LR 1.20/LR 74.67/MR
Bir-Ghelyan —-1.94UC -2.28UC -2.62UC —-1.34UC -0.58UC 0.78/LR 1.54/LR 1.89/LR 2.96/LR 40.00/MR
Al-Wajh —-1.21UC -0.99UuC -2.30UC -—-2.88UC 0.83UMC 1.30/LR 3.78/LR 2.36/LR 1.02/LR 40.00/MR
Duba —-1.80UC —-1.70UC —-2.39UC —-2.69UC -0.49UC 0.86/LR 2.30/LR 2.21/LR 1.16/LR 74.67/MR

from roots to other tissues. The mean values of TF for the
studied metals in aerial roots displayed the following order:
Cd (2.72) > Cu (1.74) > Ni (1.42) >Pb (1.29) > Cr (0.90)
(Table 5). These results indicate that all of the TF means
were greater than 1, except in the case of Cr, and further
reveal that the mangrove plants can accumulate Cu, Ni, Pb
and Cd in considerable amounts. This finding is also supported
by the higher concentrations obtained for Cu, Ni, Pb and Cd in
the leaves (13.24, 7.56, 3.79 and 0.18 g g~ ' dw, respec-
tively), which are in accordance with TF values >1 (1.74,
1.42, 1.29 and 2.72, respectively). In addition, as shown in
Table 5, it can be seen that the leaf BCF of Pb observed here
was higher than those reported by many previous studies
(i.e., Abohassan, 2013; Chen et al., 2003; MacFarlane et al.,
2003; Usman et al., 2013). To the contrary, the root BCF of
Cu, Pb and Ni were higher than that reported by Li et al.
(2016).

3.5. Risk assessment indices

Miiller classification (Muller, 1981) was used for assessing
pollution levels among the studied mangrove sediments
(Table 6). The I, index revealed that Cd exhibited
moderate to heavy contamination in the sediments (MHC),
with values ranging from 2.15 at station XVII (Rabigh I) and
2.78 at station JIV, compared to the Ige, range in that class
(2 < lgeo < 3). Stations XV (lgeo = 1.45) and XVI (lgeo = 1.64)
showed moderately contaminated (MC) sediments
(1 < lgeo < 2). Furthermore, only five stations (JIl, X, XIII,
XVII and XX) showed uncontaminated to moderately polluted
sediments (0 < /g, < 1). Generally, all stations revealed
uncontaminated sediment types with respect to Cr, Cu, Ni

and Pb, with moderate to heavy contamination of Cd. The
ecological risk assessment index, Eﬁ, revealed that the stu-
died heavy metals in mangrove sediments showed almost the
same pattern as the I ¢, index. The concentration of Cr, Cu, Ni
and Pb in sediments of the studied stations showed low
ecological risk (E;' values lower than 40). On the other hand,
Cd showed a moderate risk (E! values of 40<E! < 80) at
stations JI, IX; XVII, XIX and XX. In addition, Cd exhibited
considerable risk (E! values of 80<E! < 160) at stations JIl, X,
XIll, XVIII and XXI, while it showed high risk (E! values of
160§E;' < 320) at stations XV, XVI and XVII. Moreover, a very
high ecological risk (HVR) (E; values >320) was observed at
stations JIIl and JIV. These results could be attributed to the
huge inputs of wastes coming from anthropogenic sources at
these stations, including discharge of refining wastes and
untreated sewage effluents (Usman et al., 2013). Further,
this finding is in agreement with those of Badr et al. (2009)
who reported that urbanization activities (electrical power
and desalination plants, the Aramco refinery plant and com-
mercial harbours) may be responsible for augmenting trace
metals concentrations in mangrove sediments near the city of
Rabigh, in the central Red Sea.

3.6. Correlation analyses

Pearson's correlation coefficient (r) was performed to study
the relation between heavy metals and physico-chemical
properties (Garcia and Millan, 1998). The results, presented
in Table 7, show that the EC values were positively corre-
lated with organic matter (OM) content (r = 0.56, P < 0.01).
It is noteworthy that microbiological decomposition of soil
organic matter is mainly initiated by the enzymatic hydro-
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Table 7 Pearson's correlation coefficient (r) between physico-chemical properties and total concentration of heavy metals in

sediment of the study area (values in bold indicate the statistically significant ones).

%Sand %Mud pH EC %OM %CaCO;  Cr Cu Ni Pb
%Mud —1.000"
0.000
pH 0.124 —0.133
0.591 0.566
EC —0.279 0.291 0.647"
0.221 0.201 0.002
%0C —0.371 0.383 —0.577"  0.560"
0.098 0.086 0.006 0.008
%CaCO;  0.143 —0.143  0.051 0.129 —0.280
0.536 0.537 0.825 0.577 0.219
Cr —0.348 0.343 —0.305 0.076 0.184 0.052
0.122 0.127 0.179 0.744 0.425 0.822
Cu —0.330 0.327 —0.449 0.178 0.272 -0.294  0.818~
0.144 0.148 0.041 0.441 0.234 0.196 0.000
Ni —0.332 0.330 —0.234 0.092 0.167 —0.330 0.754°  0.907"
0.142 0.144 0.306 0.691 0.470 0.144 0.000 0.000
Pb —0.077 0.092 —0.480 0.316 0.605  —0.063 0.415 0.431 0.323
0.739 0.693 0.027 0.162 0.004 0.786 0.062 0.051 0.153
cd —0.188 0.193 —0.074 —0.135  —0.047  0.262 0.054 —0.051 —0.016  —0.008
0.415 0.402 0.749 0.560 0.839 0.252 0.815 0.827 0.944 0.973

" Correlation is significant at the 0.05 level (P < 0.05).
™ Correlation is significant at the 0.01 level (P < 0.01).

Table 8 Varimax rotated principal component analysis (PCA) of measured heavy metals in sediment samples (bold loadings are

statistically significant).

Studied variables Factor 1 Factor 2 Factor 3 Factor 4
Culpweg™" 0.922

Ni [neg™"] 0.909

Crpmg™" 0.896

pH —0.829

EC [dSm~"] 0.826

OM% 0.803 0.307

Pb [ng '] 0.407 0.666

%Sand —0.962

%Mud 0.960

%CaC05 0.848
Cd[pg "] 0.713
Eigenvalue 4.11 1.83 1.69 1.31
Variance % 37.32 16.66 15.36 11.92
Cumulative % 37.32 53.97 69.34 81.25

lysis of miscellaneous extracellular macromolecules and
plant debris converted to monomeric and oligomeric mole-
cules (Shi, 2011). This leads to the recycling of organic
materials and the return of nutrient content to sediments
and plants in tidal wetlands (Morrissey et al., 2014). How-
ever, elevated salinity reduces the activity of microorgan-
isms (Wichern et al., 2006) by inhibiting amino acid capture
and protein synthesis (Gennari et al., 2007) and altering the
C N~ " ratio in the soil (Wichern et al., 2006). Soil pH showed
negative correlations with EC (r=—0.647, P <0.01), OM
(r=-0.577, P<0.01), Cu (r=-0.449, P<0.01) and Pb

(r=-0.480, P <0.01) (Table 8). Lower pH values were
associated with the highest levels of organic decomposition
in the studied area, which is in accordance with Matsui et al.
(2015). Based on the negative relationship between soil pH
and both Cu and Pb under the alkaline conditions, the
solubility and availability of Cu and Pb to plants were
decreased (Fijatkowski et al., 2012). A significant positive
correlation was observed between Pb and organic matter in
sediments (r=0.605, P < 0.01), implying that anaerobic
conditions and enrichment of sediments with organic matter
result in greater retention of heavy metals (Li et al., 2016;
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Tam and Wong, 2000). Significant correlations were also
observed between Cr and both Cu and Ni (r=0.818,
0.754, P < 0.01, respectively). In addition, Cu had a sig-
nificant positive correlation with Ni (r=0.907, P < 0.01).
These correlations among heavy metals in sediments might
be due to the changes in physico-chemical properties,
biological processes and discharging of contaminants into
the aquatic ecosystem (Kumar et al., 2010; MacFarlane
et al., 2007).

3.7. Principal component analysis (PCA)

In this study, principal component analysis (PCA) and com-
puted Eigenvalues had a substantial role in identifying and
understanding the associations of heavy metals with metallo-
organic compounds (chelation) and the conditions of sedi-
ment change. Furthermore, the Varimax method was carried
out to perform the rotation of the PCA. Loadings greater than
0.60 are statistically significant and are marked in bold in
Table 8. The factor analysis included four factors that
described 81.25% of total data variability in the mangrove
sediments. The first dominant factor accounted for 37.32% of
the total variance with an Eigenvalue of 4.11. This describes
the accumulation of heavy metals such as Cu, Ni and Cr. These
results are in agreement with those of Badr et al. (2009) and
Usman et al. (2013), based on work conducted along the
coast of the Red Sea. These studies reported that Cu, Pb, Zn,
Ni and Cr were primarily introduced as a result of human
activities (sewage treatment plant at Jlll, the Aramco refin-
ery, commercial harbours and sewage discharge at Jeddah
and Rabigh areas). Similar results were reported by Mao et al.
(2013), who identified the source of heavy metals in the
upper layers of sediments. This study found that Co, Cr, Cu,
Cd and Pb originated from human activities, but Ni came from
lithogenic origin. The second factor (16.66% of the total
variance with Eigenvalue = 1.83) revealed significant loading
on the sediment properties, such as EC and organic matter, as
well as Pb. This finding could be attributed to anthropogenic
activities, such as bridge construction, which separated most
of the mangrove areas from the open sea. The third compo-
nent amounted to 15.36% of the total variance (Eigenval-
ue = 1.69). This factor gave significant load to only the mud
fraction. Finally, the fourth factor accounted for only 10.97%
of total variance, with an Eigenvalue of 1.21 and gave load to
CaCO; content and Cd. This suggests that CaCO; content and
Cd that originate due to weathering of lithogenous sources
have a greater contribution than water and urban develop-
ment, including industrial activities found in some areas. In
conclusion, our results imply that activities associated with
urbanization have significant influences on the contamina-
tion of the biotic community in the mangrove ecosystem
along the coastal areas of the Red Sea, Saudi Arabia.

4. Conclusions

The concentrations of various heavy metals in the areas along
the Saudi Arabian coast of the Red Sea were higher than their
respective world average shale concentrations. These con-
centrations were above the threshold effect level, indicating
a very limited biological impact on the marine environment.
The concentration of Cd was higher than its toxic effect

threshold level, which revealed a harmful risk to marine
ecosystems. The higher concentrations of heavy metals in
both the leaves and aerial roots of mangroves indicated that
A. marina accumulates heavy metals, particularly Cr and Pb.
Based on the /g, index, sediments ranged between moder-
ately and heavily contaminated with Cd, in Al-Haridhah
(station VIII), but were moderately contaminated in South
Jeddah, Rabigh, Duba and the wastewater treatment station
in Jazan. The translocation factor was above the known
worldwide average. The ecological risk index also revealed
that Cd could have a considerable potential risk to the
mangrove ecosystem. Principal component analysis indicated
that industrial activities represent the main sources of heavy
metal contamination at the studied locations. In terms of
future investigations, the bioavailability fractions and toxi-
city of heavy metals should take molecular speciation into
account. Finally, the results obtained from this study can
contribute to establishing a decision-making framework for
the future management of natural aquatic ecosystems of the
Red Sea in Saudi Arabia.
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KEYWORDS Summary We examine the narrowband shortwave minima (NSM) of multispectral reflectance
Algae; as indication of mesoscale algal blooms. They are frequent in the Brazil-Malvinas confluence zone
Bloom; (BMCZ) where our testing site (TS) belongs. Its MODIS A images of December 2008 and 2014 were
Pigments; the source of initial data. Classification of reflectance spectra in these images revealed that the
Reflectance spectrum; TS look from space was determined by the most populated cluster of pixels having the only NSM at
MODIS; 443 nm. We divided this cluster into sub-clusters by maximum wavelengths Am.x from 412 to
Brazil-Malvinas 555 nm and retrieved the estimates of Amax (proxy for abundance of colored dissolved organic
Confluence matter (CDOM)), chl_a (MODIS chlorophyll), R,s (555) (turbidity proxy), and Cyn (NSM-based

chlorophyll) on a pixel-by-pixel basis. This allowed us to demonstrate: (1) the NSM magnitude at
443 nm peaked in mesoscale structures, (2) Cay Was consistent with chlorophyll in the BMCZ
waters samples, (3) positive linear correlation of R, (555) and Cx (4 Was characteristic of the TS
waters at any Amax, (4) the MODIS chl_a was overestimated when A, > 488 nm, (5) localization
and outlines of mesoscale structures agreed well in the fields of pairs R,s(555) — Cary and Amax —
chl_a, but not in the Cay — chl_a pair. The NSM-based chlorophyll C, n outperformed the

* Part of the paper was presented at the 9th International Conference “Current Problems in the Optics of Natural Waters”, St. Petersburg,
Russia, 20—22 September 2017.
* Corresponding author at: Laboratory of Ocean Optics, Shirshov Institute of Oceanology RAS, 36, Nahimovskiy prospekt, 117997 Moscow,
Russia. Tel. +79672134331.
E-mail address: genkar@mail.ru (G.S. Karabashev).
Peer review under the responsibility of Institute of Oceanology of the Polish Academy of Sciences.

fissvier | Production and hosting by Elsevier

https://doi.org/10.1016/j.oceano.2018.04.003
0078-3234/© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier Sp. z 0.0. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.oceano.2018.04.003
mailto:genkar@mail.ru
http://www.sciencedirect.com/science/journal/00783234
www.journals.elsevier.com/oceanologia/
https://doi.org/10.1016/j.oceano.2018.04.003
http://creativecommons.org/licenses/by-nc-nd/4.0/

528 G.S. Karabashev, M.A. Evdoshenko/Oceanologia 60 (2018) 527—543

standard chl_a determinations in exactness because the C, y is insensitive to CDOM. This is
advantageous when studying the Case 1 waters of intensive mesoscale variability where
chlorophyll co-exists with the CDOM from eddy-induced blooms.

© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In terms of semi-analytical approach (Morel et al., 2007),
reflectance R, of a water body is a function of backscattering
coefficient by, and absorption coefficient a

Rrs :f[bb/(a+bb)]' (1)

In Eq. (1), dimensionless factor f accounts for character-
istics of incident radiance field and all members of Eq. (1)
depend on wavelength A. Every coefficient involves compo-
nents that correspond to backscattering or absorption of
solar radiation by different constituents of seawater. There-
fore, we can write b, = by, + by, having in mind suspended
particles of any origination (by,) and water proper (bpy) as
contributors into backscattering. Similarly, a=acpom +
aph + am + a,, Where acpom is the absorption coefficients of
CDOM (Colored Dissolved Organic Matter (Jerlov, 1976; Kalle,
1963)), apn represents the absorption of phytoplankton pig-
ments in particles of biological origin, a, characterizes
absorption of mineralized particles of different nature,
and a,, is the absorption coefficient of water proper. Hence,
according to Eq. (1), the reflectance spectrum of water
surface has to exhibit the maximums at wavelengths of
maximal backscattering by particles and/or the minimums
at wavelengths of maximal absorption by colored admix-
tures. In the context of remote sensing of water bodies,
these relations are of interest exclusively in the visible
because water severely attenuates UV and IR radiation.

Among the items of total absorption coefficient a, the
pigment absorption ap, is the only component whose wave-
length dependence exhibits spectral bands much narrower
than the visible range. High spectral selectivity of pigment
absorption is advantageous in terms of analytical applica-
tions. This is the more so that the absorption of light by
pigments directly depends on their content in water (Woz-
niak and Dera, 2007). Thus, it is reasonable to use a reflec-
tance minimum at wavelength of maximal pigment
absorption for retrieving the content of pigments from reflec-
tance spectra of water surface.

Earlier studies (Jerlov, 1976) and current research
(Stramski et al., 2004) provide no evidence that backscatter-
ing water constituents of any origination are able to mask the
minimums of pigment absorption in seawater. The universal
exponential growth of acpoy with diminishing wavelength of
light (Jerlov, 1976; Nelson et al., 2010) does not preclude
discrimination of a narrow-band reflectance pigment mini-
mum. No fine structure of reflectance components due to
mineral particles (as;) has been reported in Wozniak and
Stramski (2004). Absorption spectrum of water proper is free
of fine structure extremums too (Pope and Fry, 1997).

Based on the data of an airborne spectroradiometer, it has
been found that the Sargasso Sea reflectance spectra are

deprived of reflectance minima caused by pigment absorp-
tion (Clarke et al., 1970) which contradicts to what one might
expect proceeding from the expression Eq. (1). The authors
had noted that the shape of reflectance spectra was changing
with the chlorophyll content and proposed to use this depen-
dence for remote determination of chlorophyll.

The proposition was taken up and transformed into the
concept of Case 1/Case 2 waters (Mobley et al., 2004; Morel,
1988, 2009). The latter implies that chlorophyll content in
seawater is retrievable from the shape of reflectance spectra
of water bodies whose optics depends exclusively on local
phytoplankton abundance (Case 1 waters, mainly high seas)
otherwise additional information is needed (Case 2 waters).
This approach has been embodied in band-ratio algorithms.
Since late 1970s to the present, this was the main avenue of
remote sensing the chlorophyll in seas and oceans by means
of multispectral ocean color scanners (Blondeau-Patissier
et al., 2014; McClain, 2001).

The shipborne hyperspectral radiometers were widely
used for groundtruthing the data of these instruments.
Two outcomes of this activity are relevant to the present
study. First, the content of chlorophyll in water retrieved
with the help of band-ratio algorithms from multispectral
reflectance tends to be over- or underestimated as compared
to the ground truth data (Blondeau-Patissier et al., 2014;
d'Ortenzio et al., 2002; Garcia et al., 2005). Second, the
shortwave reflectance minima at wavelengths of maximal
pigment absorption sometimes occurred in the open sea-
waters when measured with a hyperspectral shipborne radio-
meters (Kopelevich et al., 2005; Lubac and Loisel, 2007).

The first item is at least partially attributable to the fact
that a band ratio algorithm is based on empirical dependence
of ratio of reflectances loosely related to optical properties
of chlorophyll. The second item hints to take advantage of
absorption bands of chlorophyll and accessory pigments.
According to expression Eq. (1), the presence of pigments
in water manifests itself in minima of reflectance at wave-
lengths of absorption band maximums (reflectance deficit
due to absorption). These bands peak mainly at » < 550 nm
(Wozniak and Dera, 2007). We named respective reflectance
deficits as Narrowband Shortwave Minima (NSM) to highlight
basic difference of our approach from band-ratio algorithms
relying on reflectances of much wider spectral range.

Remote sensing at A < 550 nm secures the deepest pene-
tration of solar radiation in ocean water of high and moderate
transparency (see Table XXVI in Jerlov, 1976). It is advanta-
geous that the amplitude of the absorption bands of algal
chlorophyll and respective NMS are directly proportional to
the content of a pigment in algal cells in the absence of
packaging and other secondary effects. These prospects are
quite feasible in the case of an orbiting hyperspectral sensor.
Yet, there are no indications that sensors of this kind are able
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to become comparable to the multispectral ones in global
coverage, revisit time, and availability of data collected.

When studying the cyanobacterial blooms in the Baltic Sea
(Stal et al., 2003) from the data of multispectral sensor
MODIS-Aqua, we have found numerous manifestations of
NMS at 443 nm in the area of intensive blooming (Karabashev
and Evdoshenko, 2015a). Based on the same approach, we
observed similar NMS in transparent waters of the Southwest
Tropical Pacific (Karabashev and Evdoshenko, 2015b) where
cyanobacterial blooms were documented by conventional
means (Dupouy et al., 2011). The same reflectance minima
at different A <550 nm were observable in waters of the
Patagonian shelf (Karabashev and Evdoshenko, 2016) noted
for the diversity of algal species (Moreno et al., 2012), in the
Caspian Sea (Karabashev and Evdoshenko, 2017a) and the
Kerguelen Plateau in the Indian Ocean (Karabashev and
Evdoshenko, 2017b) where water dynamics stimulates the
protista bloom (Georges et al., 2014; Park et al., 2008).

The above blooms in the Baltic and Caspian Seas and at the
Southwest Tropical Pacific Ocean were due to species of
cyanobacteria. They are able to control their buoyancy
and to accumulate near the air-water interface. The Ker-
guelen Plateau locates at latitude of the Circumpolar Cur-
rent. It has been shown that internal tides promote here local
vertical mixing and upward transfer of iron while general
ocean circulation may foster the annual recurrence of blooms
observed over the plateau (Park et al., 2008). Thus, different
mechanisms support the surfacing of phytoplankton and
make it visible as the NMS inherent to chlorophyll.

This inference prompted us to search for another mechan-
ism of chlorophyll surfacing because none of the above ones is
appropriate in the cases of reflectance deficit at 443 nm found
in MODIS imagery east of the Patagonian shelf-break (Karaba-
shev and Evdoshenko, 2016). This is the Brazil-Malvinas con-
fluence zone (BMCZ) known for considerable variability of
water surface reflectance (Acha et al., 2004; Garcia et al.,
2008; Matano et al., 2010; Telesca et al., 2018) and charac-
teristics of algal abundance and species diversity (d'Ovidio
et al., 2010; Ferreira et al., 2013; Garcia et al., 2008). “The
collision of the Brazil and Malvinas currents spawns one of the
most spectacular eddy fields of the global ocean. The gen-
eration of warm- and cold-core eddies at either side of the
front have led to mesoscale variability only matched by the
offshore extensions of the Gulf Stream, the Kuroshio, and the
Agulhas Current” (Piola and Matano, 2001).

The area of such oceanological intricacy is the most
appropriate place for attaining our aim: to reveal the poten-
tial of narrowband shortwave minima (NSM) of multispectral
satellite reflectance as indication of chlorophyll abundance
related to the mesoscale variability in Case 1 waters.

2. Background, methods, and materials

2.1. Testing site

Fig. 1 gives an idea of basic features of the BMCZ and
positioning of the testing site (TS) relative expectable

sources of mesoscale variability.

(a) Potential temperature 6 of the Malvinas Current grows
from 4°C at ~56°S to 16°C at ~40°S (Fig. 1) where it turns

back under the action of warmer Brazil Current
(6 > 20°C) according to Piola and Matano (2001). This
promises intensive mesoscale between-currents water
exchange observable in remotely sensed fields of optical
characteristics and SST.

(b) Interaction of the Malvinas Current and continental
slope is hypothetically one of potential triggers of me-
soscale variability of water properties along the route of
the Malvinas Current.

(c) The Malvinas Current flows around the Malvinas Archi-
pelago, which may trigger the mesoscale island wakes to
the north of the latter. The island-generated eddies are
characteristic of deep ocean islands in the paths of
currents (Barton, 2001).

(d) A shelfbreak upwelling is a permanent feature of the
study area (Matano and Palma, 2008). The upwelling is
visible in satellite distributions of SSTand reflectance as
a narrow stripe where isobaths 150—1000 m in Fig. 1
come closer together. To all appearance, the upwelling
and northbound general transport of shelf waters pre-
vents intrusion of the latter to the east of the shelf-
break.

To summarize, the testing site area to the east of
the shelfbreak (Fig. 1) is a natural model of Case 1 water

-34°

MA Malvinas Archipelago z / /
/

1 Brazil current

2 Malvinas curent

3 Shelf water transport
-38°4 4 Testing sight

-36°

Latitude

-70° -65°

0° -55 -50° -45°
Longitude

Figure 1  Study area, its bottom relief, and quasi-permanent
water flows 1-3 in the BMCZ reproduced from patterns in
(d'Ovidio et al., 2010; Loder et al., 1998; Matano et al., 2010;
Piola and Matano, 2001). The bold lines indicate the land-water
interface. Testing site 4 designates the limits of satellite images
used as a source of initial data on reflectance and SST. Here and
in the following figures, the isobaths are plotted from the
bathymetry gridded with the help of GEBCO Grid Demonstrator
(https://www.bodc.ac.uk/).
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body were intensive mesoscale variability is a common phe-
nomenon.

2.2. Approach

2.2.1. Sensor
The mesoscale inhomogeneities, being anything from 10" to
10? km in size and from a few days to a few weeks in time,
are considered as fluid dynamical niches of phytoplankton
types in the ocean (d'Ovidio et al., 2010). These scales and
periods match the specifications of any multispectral orbiting
sensor. However, the Moderate Resolution Imaging Spectro-
radiometer (MODIS) is the most advantageous one for our
goals.

MODIS is the only sensor whose set of spectral channels at
A =412, 443, 469, 488, 531, 547, 555, 645, 667, and 678 nm
permits, to an extent, to discriminate reflectance deficit due
to shortwave absorption bands of chlorophyll and accessory
pigments in phytoplankton cells. The 443 nm channel is tuned
to the absorption peak of chlorophyll a (Soret band). Hence,
reflectance minimum at 443 points to chlorophyll in water
regardless of spectrum shape. Reflectance minimum at
488 nm is attributable to the same band of other chlorophylls
and/or accessory pigments of phytoplankton (Wozniak and
Dera, 2007), while broader reflectance minimum from 412 to
555 nm is probable when diversity of pigments in local phy-
toplankton is at its maximum. The study area is known as a
region of widely varying species composition of phytoplank-
ton population (d'Ovidio et al., 2010; Garcia et al., 2008). It is
advantageous that the archive of MODIS global imagery
covers the period from 2002 to the present and MODIS images
provide global coverage at GSD = 1 km.

2.2.2. Absorption line of chlorophyll as an indication

of its content in water

Index D1 = R,5(412) — R,s(443) has been proposed as a simplest
quantitative measure of chlorophyll content in water based
on reflectances deficit at 443 nm (Karabashev and
Evdoshenko, 2015b). In inland seas, reflectance spectra peak
at Amax > 469 nm and D1 < 0. Linear dependence of D1 upon
chlorophyll content has been established from the Caspian
Sea data (Karabashev and Evdoshenko, 2016). However, the
index D1 becomes positive in transparent ocean waters
where Amax =412 nm. Now we eliminate this inconvenience
and propose a new universal chlorophyll index. It is desig-
nated the Absorption Line Height of chlorophyll (ALH) by
analogy with the Fluorescence Line Height (FLH) of the same
pigment (Letelier and Abbott, 1996). We calculate ALH pixel-
by-pixel through the linear interpolation

ALH = R/5(412) + 0.54x [Rrs(469—R,5(412)]—R/5(443). )

Additional goal of the present study is to examine the
diagnostic potential of the ALH index.

2.3. Optical characteristics of phytoplankton
blooming

In the context of ALH examination, characteristic no. 1 should
be the satellite concentration of chlorophyll chl_a. It is
retrieved with the help of the OCl algorithm for Case 1 waters
(Hu et al., 2012) and available as a level L2 standard product

of MODIS sensors along with the estimates of chlorophyll
chl_ocx based on the OCX algorithm. According to Hu
et al. (2012), chl_ocx is inferior to chl_a in accuracy of
retrieval of chlorophyll concentration in ocean waters.
Proportionality of absorption of chlorophyll to its content
in water justifies the use of a simple formula for converting
ALH into chlorophyll concentration C, 4 as a trial solution:

Can = 12xALH + 0.106. (3)

Expression (3) is based on the data of MODIS-A image of
anticyclonic eddy at the Southern Caspian Sea (September 1,
2005). The regional algorithm (Kopelevich et al., 2013) for
chlorophyll retrieving and expression (2) for ALH determina-
tion were used to obtain regression (3) at R? = 0.92.

Having regard to the fact that reflectance R,5(555) belongs
to the spectral range of minimal absorption of light by CDOM
and water proper (Jerlov, 1976), we use R,(555) as an
index of relative abundance of suspended light-scattering
particles in a layer of origination of water-leaving
radiance. The scattering coefficient by, is more appropriate
here, but it is hardly possible to calculate it from reflectance
at satisfactory accuracy in waters widely varying in size,
density, composition, and vertical distribution of suspended
particles.

The MODIS spectral channels allow one to discriminate the
ocean waters in relative abundance of CDOM: the higher is
CDOM content in water, the closer is Amax to 555 nm because
of expression (1) and exponential growth of acpoy with
diminishing A (Jerlov, 1976). This dependence is helpful for
typifying the ocean waters from An.x. The latter is higher in
areas where CDOM attenuates the shortwave reflectance
stronger than it is contributed by backscattering of sus-
pended matter. The advantage of Amay is in the fact, that
it is defined by MODIS design without relying on questionable
assumptions and is universally applicable in ocean waters of
low and moderate biological productivity.

2.4. Initial data

The season of maximum insolation of ocean surface and
lowest losses of data due to cloudiness, Sun glint, and other
inferences — these were the main criteria for selecting the
images of the testing site. These conditions turned out to be
too severe to compose series of images of the testing site for
assessing seasonal changes in distributions of characteristics
involved. However, tolerance to data gaps hampers identi-
fication of mesoscale events in individual images of the
testing site. This is of primary importance for the present
work.

Use has been made of the browser at http://oceancolor.
gsfc.nasa.gov/ (NASA) to select and download the data of
level L2 of MODIS Aqua in more than 20 images of the testing
site obtained in December—January from 2004 to 2016. Final
selection of images was performed with the help of SMCS
browser (Sheberstov, 2015). The latter supports batch proces-
sing and visualization of data of many orbital sensors, allows to
eliminate pixels corrupted by cloudiness, Sun glint, and other
inferences and to export the pre-processed data for further
treatment. In the present study, we exported reflectance R,sat
412, 443, 469, 488, 531, 547, 555, 620, 645 and 678 nm and
estimates of chlorophyll concentration chl_a, found with the
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standard MODIS algorithm OCI (Hu et al., 2012). Error-free
distributions of SST, obtained by MODIS sensor concurrently
with optical information, were also exported from the SMCS
browser. Finally, we restricted our choice to scenes
A2014336182000.L2_LAC_OC.nc, A2014336182000.L2_LAC_
SST.nc, A2008341184000.L2_LAC_OC.nc, A2008341184000.
L2_LAC_SST.nc, A2008345181500.L2_LAC_OC.nc, and
A2008345181500.L2_LAC_SST.nc. They were downloaded on
July 5, 2017, from the US NASA OBPG (http://oceancolor.gsfc.
nasa.gov/) using reprocessing R2014.0, at GSD = 1 km.

2.5. Data processing

According to earlier experience (Karabashev and
Evdoshenko, 2016), reflectance spectra of pixels in images
of testing site widely vary in shape over the BMCZ. Therefore,
we restricted our consideration to the specific type of reflec-
tance spectrum having the only chlorophyll-inherent mini-
mum at 443 nm. More complicated spectral shapes at
A < 550 nm should be attributed to co-occurrence of differ-
ent pigments in water but scarcity of relevant information
gives no way of identifying their nature at present.

The MATLAB scripts were the main tool for data treat-
ment. It started from eliminating the pixels corrupted by
cloudiness, Sun glint, outliers, and the like from files of every

scene. Next was the stage of pixels classification by shape of
reflectance spectrum. The logical sums of inequalities of
adjacent R, describing the shape of pixel's spectrum at
A <555 nm, were applied to discriminate four clusters of
pixels' spectra. For example, the sum [(R,s(412) > R,s(443))
+ (R;5(469) > R,5(443)) = 2] identified the pixels whose reflec-
tance spectra exhibited the sole minimum at 443 nm.

The sum tuned to distinguish spectra of broad minimum at
469 nm from 412 to 531 nm identified the pixels of cluster no.
1. They were removed from the set of remaining pixels.
Cluster no. 2 was recognized based on the sum tuned to
spectral minima at 488 nm (obligatory) and 443 nm (option-
ally) and removed from the rest of pixels. The pixels of
cluster no. 3 were identified using the sum tuned to the only
minimum at 443 nm inherent to the chlorophyll. Cluster no.
4 involves remaining unidentified pixels. This operating
sequence secures the absence of “foreign” pixels in spectra
of cluster no. 3 and the absence of any shortwave minima in
spectra of cluster no. 4. Now we subdivide the pixels of
clusters no. 3 and no. 4 into respective sub-clusters by
maximal wavelength of pixels' spectra at 412, 443, 469,
488, 531, 547, 555 nm. Finally, the attributes of every pixel
in cluster no. 3 were added with the estimates of Aax, ALH,
and C, y, calculated from pixel's reflectances according to
above considerations and expressions. In this way, we have
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Figure 2 Distributions of pixels' clusters in testing sight images taken with the MODIS Aqua sensor on 2008-12-06 (panels (a), (c), (e))
and 2014-12-02 (panels (b), (d), (f)). Cluster 4 is divided into three sub-clusters by A.x from 412 to 547 nm. For details see text.
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prepared tables of reflectance data and derived quantities
for dates 2008-12-06, 2008-12-10, and 2014-12-02 along with
the SST tables for the same dates.

These tables were used for visualizing the distributions of
quantities in question and for estimating their statistical
characteristics. The visual perception of spatial patterns
was particularly important because extensions of testing site
allow us to observe the co-occurrence of different mesoscale
events and their relation to the satellite SST distribution and
the TS bottom relief.

3. Results

3.1. Distribution of spectral clusters

Fig. 2 shows the distributions of members of above spectral
clusters over the TS fragment mapped from MODIS images of
2008-12-06 and 2014-12-02. The maps in Fig. 2 demonstrate
spatial intermittency of spectrally different pixels at scales
close to MODIS GSD = 1 km (submesoscale range). Neverthe-
less, there were spectrally uniform mesoscale structures.
They are (i) the shelf to the west of 95 m isobath, where
pixels of cluster no. 4 outnumber the spectra of other
clusters, (ii) spaces between the 1000 and 3000 m isobaths,
that are empty in maps (b) and (d) but filled with pixels of
sub-cluster 412 of cluster no. 4 in map (f), (iii) in map (a)
(arrow), the pixels of cluster no. 2 fill the empty places in
outlines of an eddy dipole visible in map (c) between the
3000 m and 5000 m isobaths from 46.0°S to 43.5°S.

The population of cluster no. 3 is comparable to the total
population of other clusters (Fig. 2). We focused on analyzing
the data of cluster no. 3 for two reasons. First, being the most
populated, it plays a leading role in shaping the patterns
observable from space in testing site images. Second, it is a
good probability that the NSMs in spectra of this cluster are
uniquely determined by chlorophyll in water whereas the
broad or multiple NSMs are due to pigments whose composi-
tion is difficult to establish without ground truthing informa-
tion.

We divided the spectra of the cluster no. 3 into sub-
clusters by Amax (sc412, sc469, sc488, sc531, sc547, and
sc555). Fig. 3 displays the average spectra of these sub-
clusters calculated from the data that underlie the respec-
tive distributions of 2008-12-06 and 2014-12-02 in Fig. 2. In
both cases, sub-cluster sc412 significantly surpassed the rest
of sub-clusters in population, and sc531 was the second
largest sub-cluster. Fig. 3 gives the idea of the NSM shape
and shows significant inter-annual changes of spectral shapes
in sub-clusters at the same Anax and season.

3.2. Distributions of optical characteristics

The maps (a) and (b) in Fig. 4 demonstrate coincidence of
localization and outlines of patches of higher A, and larger
chl_a north of the Malvinas Archipelago and the X-shaped
structure occurrence at 47°S east of the 4000 m isobath.
These patchy structures are absent in maps (c) and (d). Here
the areas of maximum estimates of R,s(555) and Cu 4 coincide
in part. The similarity of distributions in pairs Anax — chl_a
and R,5(555) — Ca . survived in images of the same water area
recorded a few days later (Fig. 5, panels (a),(b) and (c),(d)).

Date sc412 sc469 sc488 sc531 sc547 sc555
2008-12-06 86358 8189 5753 17741 6059 17
2014-12-02 89060 5433 12097 28412 6294 0

2008-12-06 2014-12-02
0.6 06
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Figure 3  Population of sub-clusters sc412-sc555 of cluster no.
3 distinguished by wavelength A4y from 412 to 555 nm (top) and
average spectra of these sub-clusters (bottom) calculated from
data underlying the maps of 2008-12-06 and 2014-12-02 in Fig. 2.

Figs. 6 and 7 show more radical interannual changes in the
distributions of Anax, chl_a, R,s (555), and Ca 1. However, the
similarity in paired distributions of A,ax — chl_a and R, (555)
— Cay as well as the differences between the pairs took place
too. The following facts came to our attention.

1. The highest levels of R,s(555) and C, 4 visualize compact
eddy-like structures 1—3 in maps (c) and (d) of Fig. 6, but
they are difficult to distinguish in panels (a) (Amax) and (b)
(chl_a) in the same maps.

2. InFig. 6, the stripes of Amax > 531 nm and moderate chl_a
occur between the isobaths 500 and 1000 m (maps (a) and
(b)) while elevated R,s(555) (c) and Cay (d) located
between the 1000 and 2000 m isobaths.

3. In maps (a) and (b), Fig. 7, a distinctive structure 1 of
intricate shape stands out against a background of 2000 m
isobath between 47°S and 45°S. This structure is difficult
to distinguish in maps (c) and (d).

4. A mesoscale circular structure 2 in maps (c) and (d) in
Fig. 7 is easy to recognize thanks to maximal R,s(555) and
NSM-chlorophyll, but the same places in maps (a) and (b)
are occupied by the lowest estimates of Ay and chl_a.

In order to clarify this facts, we have turned to MODIS-
determinations of the SST in the testing site for the same date
and time (scene A2014336182000.L2_LAC_SST.nc), and com-
pared the outlines of inhomogeneities of SST and optical
characteristics (Fig. 8). Here the pathway of the Malvinas
Current is traced by the lowest SST. A loop-like structure Lis a
distinctive feature of distributions of SST (a), Amax (b), and
chl_a (c) to the south of 46°S. This structure is visualized by
SST > 9.4°C and higher Aqn.x and chl_a (same maps). The
highest contrast exhibits the distribution of A,.x where
Amax = D47 nm traces the loop itself against a background
of pixels whose Amax =412 nm. This loop is traceable in
the field of R,s(555) (e) and almost disappears in Cpy distri-
bution (f). The maps (d)—(f) demonstrate an eddy-like struc-
ture E marked by the highest R,5(555) and Cs 1y and medium
level SST.
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Figure 4 Pixel-by-pixel distributions of (a) wavelength of reflectance spectral maximum Ama,x [nm], (b) MODIS chlorophyll chl-a
[mg m~3], (c) reflectance R,s(555) [% sr~'], and (d) NSM-based chlorophyll Co 4 [mg m~3]. They were plotted from pixels' attributes of

the TS image of 2008-12-06.

3.3. Relationships of characteristics associated
with suspended matter

The scatter of chl_a and Cuy relative to the R,5(555)
determinations (Fig. 9) provides impartial idea of incon-
sistency of chlorophyll concentrations retrieved from
reflectance spectra of individual pixels' by means of MODIS

algorithm or based on determinations of C, . The graphs
in Fig. 9 were plotted from the data of 2008-12-06 and
2014-12-02 and show that the changes in Cay and R,5(555)
positively co-varied in both cases. Except for the subsam-
ple at Anax= 469 nm, the estimates of chl_a changed
chaotically relative to variations in R,(555) under the
same conditions.
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Figure 5 The same as in Fig. 4 but from the TS image

The histograms in Fig. 10 demonstrate the distributions of
CaLH, Ris(555), and chl_a in the sub-clusters of cluster no.
3 classed by Amax and calculated from data of 2008-12-06 and
2014-12. The distributions of Ca belong to the common
range of C y estimates regardless of Ana.x. The same beha-
vior is evident in distributions of R,s(555). On the contrary,
the histograms of chl-a tend to displace to higher chl_a
subsequent to Amax Of pixel's spectrum.

| |
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of 2008-12-10. White spaces represent areas of missing data.

4. Discussion

4.1. Surprising results in distribution and shape
of reflectance spectra

The outcomes of clustering procedure seem acceptable with
the exception of two results: spatial intermittency of spec-
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Figure 6 Pixel-by-pixel distributions of (a) wavelength of reflectance spectral maximum A [nm], (b) MODIS chlorophyll chl-a
[mg m~3], (c) reflectance R,+(555) [% sr~'], and (d) NSM-based chlorophyll Ca .,y [mg m~3] plotted from TS image of 2008-12-06. The
distributions characterize the TS fragment shifted 4° to the north relative the TS fragment in Fig. 4. Figure-of-one in panel (a) indicates
the X-like structure in panels (a) and (b). Figs. 1—3 in panel (c) mark circular structures similarly located in panels (c) and (d).

trally different pixels (Fig. 2) and widening of the shortwave
minimum in spectra of sub-clusters of cluster no. 3 at
Amax > 488 nm (Fig. 3).

The intermittency of members of different spectral clus-
ters is not a universal feature of the study area because
large mesoscale structures comprise the pixels of the
same spectral type (see Section 3.1). Supposedly, an illusory

intermittency arises at places where NSM amplitude of pixels
is close to zero. However, intermittency of reflectance spec-
tra at scales below 10 km may be due to submesoscale
forcings: “Submesoscale dynamics contribute to phytoplank-
ton production by enhancing the supply of nutrients in
regions that are nutrient limited and by generating density
stratification in the surface layer to increase light exposure
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Figure 7 The same as in Fig. 6 but the maps were plotted from the TS image of 2014-12-02. The figure-of-one points to the similar
mesoscale structures in panels (a) and (b) and figure-of-two indicates the eddy-like structure in panels (c) and (d).

for phytoplankton that are light limited. These effects occur
locally at scales of 0.1—10 km and over a few days and result
in the heterogeneous supply and distribution of nutrients,
stratification, and mixed-layer depth, which generate
patches of high productivity that are thought to contribute
substantially to oceanic ecosystems, their structure and

phenology, and the ensuing trophic cascades.” (Mahadevan,
2016). The issue of spectral intermittency deserves a tar-
geted study before it may be write off for experimental
errors.

As for the widening of the NSM, it is evidently due to algal
cells containing large quantities of accessory pigments along
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determination.

with the chlorophyll a. Inability to resolve the combined
reflectance spectrum of pigment mixture is a limitation
inherent to the multispectral sensors.

4.2. Relation of C, 4 to bio-optical
characteristics derivable from spectral
reflectance

In a large natural water basin, unpredictable occurrence and
relatively short residence time of mesoscale structures ham-
per the analysis of satellite data obtainable concurrently
with a ship-borne and orbiting instruments. This sends us to a
comparative qualitative analysis of C4 1 and well-understood
quantities. To a first approximation, reflectance R,5(555) is a
quantity determined by content of particles in water and
independent of CDOM and phytoplankton pigments (Jerlov,
1976; Stramski et al., 2004). Therefore, R,s(555) may
be regarded as an index of the water turbidity caused by
suspended matter while C4y indicates the living particles.

They are the main source of suspended matter of local origin
in the shelf-break and adjacent waters and qualified as
nanoplankton (Ferreira et al., 2013). Being larger than the
wavelength of light (2 um and more against A < 0.7 pm),
they non-selectively backscatter the solar radiation (Jerlov,
1976). Consequently, the CDOM and phytoplankton pigments
are the main agents that dictate the shape of reflectance
spectrum in the TS.

The linear relationship of C, 4 and R,5(555) in Fig. 9 agrees
well with these considerations and the idea of ALH as a
remote index of chlorophyll content in water. The coefficient
of determination ranges from 0.30 to 0.65, points to mod-
erately strong linear correlation of Csy with R.5(555), and
appears quite expectable for genetically related but physi-
cally different substances. The graphs in Fig. 9 show that
MODIS chlorophyll chl_a is unrelated to R,s(555) and to
Can- Chaotic scatter of chl_a relative to R,s(555) estimates
is incompatible with the Case 1 water concept. The latter
regards the algal mass as a sole source of suspended matter
in water bodies free of sources of allochthonous optically
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significant admixtures and is perfectly applicable to the
BMCZ waters.

4.3. Amax as an index of local relative abundance
of CDOM

This quantity varies with the ratio of suspended matter to the
CDOM: according to (1), at constant by, Amax Shifts to the red
with the content of CDOM in water because absorption

coefficient of the latter exponentially grows with diminishing
wavelength. Suspended matter in waters of our testing site is
dominated by relatively large particles because of their
biological origination (Ferreira et al., 2013; Stramski
et al., 2004). In this case, by, is virtually independent of A
and CDOM abundance becomes the only cause of Ay Varia-
bility in the visible.

The concept of Case 1/Case 2 waters disregards two facts:
(1) living algal cells release dissolved organic carbon (DOC) in
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measurable quantities during log-phase growth (Chen and
Wangersky, 1996a) and (2) this DOC might be highly labile to
bacterial utilization and could be degraded significantly
within hours (Chen and Wangersky, 1996b). The CDOM is a
fraction of dissolved degradation products that absorbs light
and emits fluorescence. The time scales of evolution of
refractory CDOM considerably exceed the residence time
of algal blooms induced by mesoscale dynamical events (from
days up to 2—3 weeks). Thus, a bloom of algae is always
accompanied by evolution of optically significant CDOM of
algal origination.

This matters for remote determination of chlorophyll by
means of band-ratio and band-difference algorithms. How-
ever, the first one relies on reflectances spaced in a wave-
length scale by a hundred of nanometers while the band-
difference algorithm for ALH determination involves violet-
blue reflectances on each side of chlorophyll absorption peak
at 443 nm. Hence, the ALH algorithm is tuned to the algae
specific property while the band-ratio algorithms use much
wider part of reflectance spectrum influenced by a number of
natural admixtures in seawater, the products of algae degra-
dation inclusive. These circumstances explain the similarity
of patches of longer A and higher chl_a in Figs. 4—8 and
the dependence of chl_a distributions upon the Amax in
Fig. 10. Thus, the similarity of Anmax and chl_a in spatial
distribution goes beyond the cases of mesoscale patches
but is characteristic of the entire area of frequent occurrence
of these inhomogeneities.

The products of degradation of a substance lag
behind the evolution of substance itself by definition. It is
reasonable to admit that co-existence of elevated A, With
low Can are indicative of senescent or extinct mesoscale
algal blooms.

4.4. Origination of shortwave reflectance deficit

The absorption and backscattering spectra of non-pigment
natural seawater admixtures in the visible appear as mono-
tonous wavelength functions. Superposition of the latter
results at best in a unimodal distribution of reflectance whose
maximum shifts to the red with the content of CDOM in water
(Jerlov, 1976). Undeniably, the chlorophyll and accessory
phytoplankton pigments are the only seawater admixtures
responsible for the shortwave reflectance minima because,
firstly, they fall into the spectral range of absorption peaks of
these pigments (Wozniak and Dera, 2007) and, secondly, their
absorption considerably exceeds absorption of non-pigment
natural admixtures in spectral selectivity.

It has been shown in the above Introduction that every
instance of shortwave reflectance deficit in MODIS spectra
took place at sites where algal cells accumulated near the
water surface owing to various forcings. First, this is cell
buoyancy tuning for surfacing in the case of cyanobacterial
blooms. Second, the internal tide served as a driver of bloom
in the Kerguelen area (Park et al., 2008) where the Circum-
polar Current branch attacks the slope of the underwater
plateau and, hypothetically, gives rise to an orographic
upwelling that enhances the tide effect. Third, a quasi-
permanent upwelling over the shelfbreak triggers the phy-
toplankton bloom hundreds of miles long and visible as a

frequent feature in satellite images off the Patagonian shelf
(Garcia et al., 2008; Matano and Palma, 2008).

Fig. 8 shows the TS part where NSMs occurred against a
background of water exchange between the local waters and
the Malvinas Current (low SST in map (a)). The latter comes
from higher latitudes, where waters are colder and richer in
CDOM (Nelson et al., 2010) relative to the BMCZ waters of
moderate latitudes. Thus, the lower SST marks the outcrop-
pings of Malvinas Current waters or their mixture with local
waters because the SST signal originates in the skin layer of a
water body. The shapes in Fig. 8 demonstrate various meso-
scale patterns resulting from interaction of intruding and
local waters. Loop L in map (a) coincides in space with well
discriminable loops in the fields of Anax (Map (b)) and chl_a
(map (c)). The same loop L is traced by medium level
estimates of R,s (555) (map(e)) but vanishes in the field of
CaLn (map (f)). In contrast, the shape of eddy-like structure E
is reproduced by higher estimates of R,5(555) (map (e)) and
Can (map (f)). To all appearance, this is a consequence of
algal bloom induced by eddy E in the zone of horizontal water
exchange between the northwards flowing Malvinas Current
and warmer offshore waters. These patterns point to meso-
and sub-mesoscale scale water dynamics near the air-water
interface as the fourth ubiquitous cause of non-zero ALH
estimates in Case 1 waters. Our interpretation is consistent
with recent findings concerning the impact of mesoscale
water dynamics on the primary production of the open ocean
(Mahadevan, 2016; McGillicuddy et al., 2007).

4.5. Cpry versus chl_a and FLH

Chlorophyll content in water retrieved from the sea surface
reflectance is open to inacceptable bias if concentration of
chlorophyll peaks below the layer of reflectance origination.
The tentative thickness of this layer Z = 1/K4 where Ky is the
diffuse attenuation coefficient of solar radiation (Gordon and
McCluney, 1975). According to Jerlov (1976), Z ~ 55 M in the
clearest ocean water at A =475 nm. However, it has long
been known that the chlorophyll maxima happen to be as
deep as 100 m and deeper (Karabashev, 1987; McGillicuddy,
2001). In this respect, the ALH index offers no advantage over
the multitude of algorithms appeared since late 1970s and
based on the band-ratio approach (Blondeau-Patissier et al.,
2014). However, the latter relies on empirical relation of
reflectances that depend on a number of water constituents
of elusive nature. In contrast, the ALH is obtainable from
measured intensity of a physical phenomenon inherent to the
substance to be determined. This approach corresponds to
the principles of optical chemical analysis widely used in
science and industry. The basic disadvantage of ALH-
approach is higher scatter of chlorophyll determinations
because the ALH is calculable as a difference of reflectances
close in amplitude. To summaries, band-ratio methods are
advantageous in lower output scatter while the ALH approach
promises lower bias.

The ALH index is akin to the FLH index in that they are
attributable to the chlorophyll as a water admixture. How-
ever, the former depends upon the absorption of light by
chlorophyll while the latter is dependent on the same absorp-
tion plus the energy dissipation processes, the act of emitting
fluorescence inclusive (Aiken, 2001). In the case of aquatic
applications, at least three circumstances downgrade the
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diagnostic potential of chlorophyll fluorescence as compared
to the chlorophyll absorption of solar radiation.

(1) The chlorophyll fluorescence spectrum peaks at
A =~ 678 nm where water proper is the main contributor
in seawater light absorption: in ocean waters at
A=675nm we have 0.42 <Ky3<0.52m~" (Jerloy,
1976). Thus, Z < 2.5 m represents the thickness of origi-
nation layer of red reflectance round the ocean. In
contrast, absorption bands of chlorophyll and accessory
pigments of algae belong to the blue-green spectral
range where remotely sensed reflectance originates
from layers tens of meters thick in waters of high and
moderate transparency (see above). As a result, the
chlorophyll fluorescence from algal cells excited by
shortwave solar radiation below 2.5 m depth level can-
not be detected by ship-borne and satellite sensors
throughout the World Ocean.

(2) The spectral resolution of multispectral sensors is too
low to reliably avoid absorption features in the atmo-
sphere and to resolve absorption and fluorescence bands
of chlorophyll in the red (Letelier and Abbott, 1996).

(3) “The in vivo fluorescence (IVF) yield of chlorophyll has
been reported to vary with species composition, size
category, and time of day (IVF yields may be greater by a
factor of 5 at night). Near-surface phytoplankton, in high
light and with high photosynthetic activity, have re-
duced (quenched) IVF yield” (Aiken, 2001). This incon-
venience is difficult to eliminate without resorting to
ground truthing.

5. Conclusions

Analytical treatment of MODIS images of testing site in the
Brazil-Malvinas Confluence Zone allowed us to:

(1) establish occurrence of reflectance NSM (reflectance
deficit due to chlorophyll absorption) in the Brazil-Mal-
vinas Confluence during austral summer,

(2) demonstrate association of reflectance NSM with the
mesoscale dynamical structures and suitability of the
NSM for indication of chlorophyll abundance in water,

(3) propose a new satellite indicator of chlorophyll abun-
dance ALH (Absorption Line Height) based on reflectance
minimum at 443 nm and calculable as linear interpolant
of R.s(412) and R,s(469) to A = 443 nm minus R,(443),

(4) find the qualitative conformity of chlorophyll determi-
nations in the BMCZ based on water sampling (Balch
et al., 2014) with those based on linear dependence of
the ALH upon chlorophyll concentration derived from
the Caspian Sea ground truth data,

(5) reveal the informativeness of the multispectral Aax as a
measurable objective index of the CDOM impact on the
reflectance spectrum of optically complex waters,

(6) propose a two-stage procedure for physical clustering
the reflectance spectra of pixels of MODIS images based
on evaluation of Anax and the NSM characteristics.

(7) to demonstrate that the mesoscale structures in
Case 1 waters are often accompanied by CDOM mani-
festations, which have no effect on ALH as index of

chlorophyll abundance but are damaging for band-ratio
algorithms for chlorophyll retrieving from multispectral
reflectance of water surface.

Most likely, the index ALH will find use as a remote index of
chlorophyll abundance in aquatic areas where phytoplankton
accumulates just below the air-water interface due to adap-
tive behavior of algae, permanent water upwellings, and
mesoscale water dynamics. The meso- and sub-mesoscale
eddies are accepted as significant suppliers of nutrients into
the photic layer of the ocean (McGillicuddy et al., 1998). It is
felt that the ALH-based algorithm is advantageous in studies
of eddy-driven blooms in Case 1 waters because it more
adequately differentiates between the chlorophyll and by-
products of algal life cycle. Hence, validation of trial solution
(3) under the most diverse natural conditions is of crucial
importance for implementing the results of the present
paper.

The intermittency of spectral clusters within the testing
site, the attribution of complex spectral shapes, and other
previously mentioned phenomena deserve special considera-
tion in parallel with efforts to squeeze out the maximum
informativeness of the ALH index. This is particularly chal-
lenging in the case of blooms caused by the meso- and sub-
mesoscale dynamical events because they are short-lived,
sliding, and unpredictable. Our results can be useful for a
qualitative analysis of the oceanological situation when pre-
paring and supporting scientific biological-ecological expedi-
tions and for exploration of oceanic fishing areas
distinguished by considerable mesoscale variability.
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KEYWORDS Summary The seasonal patterns of primary production, phytoplankton biomass, chlorophyll a,
Primary production; and nutrients were investigated in the central part of the Gulf of Riga (Baltic Sea) during 2011 and
New production; 2012. Annual primary productivity in the gulf was in the range of 353.4—376.2 gC m~2. Maximum
Mesodinium rubrum; carbon fixation rates occurred during the phytoplankton spring bloom from April to May when the
Aphanizomenon winter nutrient pool was rapidly exhausted, suggesting the use of regenerated nutrients already
flosaquae; in spring. The new production calculated on the draw-down of nitrates amounted to 51.80% of
Gulf of Riga; spring net community production. The production rates during summer were considerably lower
Baltic Sea owing to the availability of only regenerated nutrients and limited nitrogen fixation. Autumn was

established as the least productive season. In autumn despite the elevated nutrient concentra-
tions, the increasingly limited light hindered photosynthetic activity. Species governing the
nutrient fluxes and the productivity of the Gulf of Riga are the diatom species responsible for new
production in spring. The photosynthetic ciliate Mesodinium rubrum ((Lohmann) Hamburger &
Buddenbrock 1911) prevailed in all seasons and significantly correlated with elevated productivi-
ty, while diazotrophic cyanobacteria Aphanizomenon flosaquae (Ralfs ex Bornet & Flahault 1886)
contributed to new production in the summer nutrient regenerating system.
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1. Introduction

Primary production in an aquatic ecosystem depends on the
photosynthetic process carried out by autotrophic organisms
such as phytoplankton, phytobenthos, and macroalgae,
where phytoplankton is the main primary producer. The
taxonomical composition of the microalgae, the physiologi-
cal and ecological characteristics of individual species, and
the availability and optimal use of essential resources such
as light and nutrients are the major factors controlling
growth processes and phytoplankton production (Smayda
and Reynolds, 2001).

The primary production in the Gulf of Riga, considered one
of the most eutrophic areas of the Baltic Sea, thus far has only
been measured from 1989 to 1997. Earlier researchers used
the C'* method (Andrushaitis et al., 1992) but later, during
the project investigating the Gulf of Riga ecosystem from
1993—1995, the oxygen method was used (Olesen et al.,
1999; Wassman and Tamminen, 1999). Andrushaitis et al.
(1992) calculated an annual production of 250 gC m™2, while
Olesen et al. (1999) suggested that annual production could
exceed 350 gC m~2. The discrepancy was attributed to an
underestimation of the gross primary production by the C'*
method in systems with high growth rates and respiratory
losses (Olesen et al., 1999). Simultaneously, during a com-
parative assessment of the coastal and open areas of the
south-eastern Baltic Sea from 1993 to 1997, Wasmund et al.
(2001) concluded that annual primary productivity in the Gulf
of Riga reaches 250—255 gC m~2, attributing the eutrophic
status to the Gulf of Riga. Boreal environment determines the
scenario of phytoplankton development in the gulf (Jurgen-
sone et al., 2011; Olli and Heiskanen, 1999; Yurkovskis et al.,
1999). Diatoms Pauliella taeniata ((Grunow) F.E. Round & P.
W. Basson 1997) and Thalassiosira baltica ((Grunow) Osten-
feld 1901) dominate the spring blooms after ice melt from
April to May. Chaetoceros spp. becomes dominant towards
the end of the bloom accompanied by dinoflagellates
Peridiniella catenata ((Levander) Balech 1977), and ciliate
Mesodinium rubrum. With the development of thermal stra-
tification and the depletion of nutrients, the spring bloom
phytoplankton species are sedimenting. Blooms of cyanobac-
teria can be observed in July—August with dominating species
Aphanizomenon flosaquae. Chlorophytes and cryptophytes
are often accompanying cyanobacterial blooms. The second
bloom of diatoms terminates the phytoplankton succession in
September—October after the disruption of the thermocline
and convective mixing of water column (Jurgensone et al.,
2011; Yurkovskis et al., 1999 and the references therein). In
autumn and winter, wind-induced mixing of the water column
brings up nutrients from the bottom to the surface, support-
ing the growth of phytoplankton (Rydberg et al., 1990). But
the significant shortening of daylight and low light intensity
(Vihma and Haapala, 2009) hinders photosynthetic activity.

Although the phytoplankton and nutrient dynamic is well
described in the Gulf of Riga, the linkage between phyto-
plankton production and nutrients to date is insufficiently
described. This, in turn, does not allow proper characteriza-
tion of the eutrophication process in the Gulf of Riga. Even
less attention was paid to phytoplankton species involved in
the primary production. Therefore the aim of this study was
to examine the seasonal variation of primary production with

a focus on the controlling nutrient fluxes as well as the
species composition involved in the production.

2. Material and method

2.1. Study area

The Gulf of Riga (Baltic Sea) is a shallow water body with an
average depth of 26.2m. Its surface area is 16,330 km?,
however, its drainage area covers 135,700 km2. The south-
eastern part of the gulf receives 86.0% of the total river
runoff from the main rivers, the Daugava, Lielupe, Gauja,
and Salaca (Yurkovskis et al., 1993). The salinity is low
(5—7 PSU) due to weak water exchange with the Baltic Sea
and the large freshwater impact (Berzinsh, 1995). During
winter, the water column of the gulf is well-mixed to the
bottom due to convective and wind-induced mixing. During
the productive season the stratification restricts vertical
water exchange and promotes nutrient accumulation in
the bottom layer (Yurkovskis, 2004).

Nutrient limitation is the most important factor governing
the phytoplankton community. Most of the earlier nutrient
limitation studies in the Gulf of Riga showed that the spring
phytoplankton blooms are mainly nitrogen-limited in the
central part while the coastal areas can be phosphate-limited
(Tamminen and Seppala, 1999). In contrast, recent studies of
long-term phytoplankton data indicated that the spring
blooms are mainly phosphorus limited, but could shift to
nitrogen or silicate limitation for diatoms in the later stages
of the bloom due to the faster regeneration of phosphate
relative to the other nutrients (Jurgensone et al., 2011).
During the summer period, the system is nitrogen limited in
terms of phytoplankton (Balode et al., 1998; Poder et al.,
2003; Tamminen and Seppala, 1999) when both DIN and DIP
are depleted in the upper mixed layer, whereas silicates are
always present excluding silica limitation as a structuring
factor for the summer community.

2.2. Sampling

Sampling was performed by ships A-90 “Varonis” and r/v
“Salme”. Samples were collected at 5 regular monitoring
stations in the central part of the Gulf of Riga (Fig. 1),
15 times each, over a period from April 2011 to October
2012 (Table 1) covering the full seasonal spectrum. Samples
for the physical and chemical variables were taken simulta-
neously with biological variables. Water temperature and
salinity was measured using a water probe (SBE 19plus Sea-
Cat, USA). Water transparency was measured with Secchi
disc. The water for physicochemical variables, phytoplank-
ton, chlorophyll a concentrations, and primary production
was sampled as an integrated sample from the euphotic
upper layer (0—10 m).

2.3. Analytic analysis

Nutrient concentrations were determined according to
Grasshoff et al. (1983), e.g. ammonium (NH,") and phosphate
(PO4>") were measured by the indophenol blue and molyb-
denum blue methods, respectively. The sum of nitrate and
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Figure 1 The location of the sampling stations in the Gulf of Riga.
Table 1 Average temperature, Secchi depth, hydrological and hydrochemical data in the central part of the Gulf of Riga during
2011 and 2012.
Temp. PAR [mol Secchi Photic zone PO, 3 Ptot Si04 NO2.3~ NH,* Neot DIN/DIP
[°C] photons depth depth [m] [wmoll™'] [wmoll™"] [wmol =] [wmol I="] [wmol I="] [wmol I="] ratio
m2d"] [m]
2011 Apr 2.27 50.29 2.3 6.10 0.28 1.25 25.83 20.05 0.47 53.38 76.26
May 6.24 45.85 2.8 7.50 0.03 1.00 5.23 4.17 0.10 37.32 128.38
Jun 17.99 56.37 2.5 6.80 0.08 0.95 2.75 0.22 0.00 39.50 2.97
Aug 19.71 48.95 4.0 10.70 0.02 0.65 4.99 0.17 0.29 33.36 23.44
Oct 14.30 9.39 5.1 13.80 0.04 0.53 10.04 1.22 1.31 31.80 68.63
Nov 9.33 11.63 3.9 10.40 0.41 0.76 20.26 5.95 0.04 28.26 14.79
2012 Jan 3.57 15.54 3.0 8.10 1.10 1.56 31.34 12.77 0.09 36.91 11.69
Mar 0.18 20.65 4.1 11.00 1.00 1.40 33.44 15.63 0.07 39.25 15.83
Apr 1.00 39.92 3.5 9.40 0.97 1.46 30.51 15.30 0.07 39.16 16.32
May 8.08 41.81 2.1 5.60 0.04 1.45 2.05 2.87 0.07 44.94 39.89
Jun 10.61 51.69 3.2 8.50 0.04 0.76 2.72 0.69 0.41 31.72 27.08
Jul 15.30 49.54 3.8 10.20 0.01 0.67 3.25 0.40 1.47 36.84 132.13
Aug 19.02 58.44 3.3 8.80 0.04 0.66 6.10 0.09 0.64 33.15 22.60
Sep 16.30 34.57 4.5 12.30 0.10 0.58 8.61 0.40 1.24 31.90 17.44
Oct 12.95 10.77 4.3 11.70 0.26 0.69 13.69 2.59 1.49 28.10 16.23

nitrite (NO,,3~) was determined by nitrite reaction with an
azo dye after the reduction of nitrate to nitrite in a copper-
coated cadmium column. The nitrite was determined by
reaction with an azo dye and nitrate was determined as
the difference between nitrite and the sum of nitrate and
nitrite. Dissolved silicate (5i0,4) was determined colorime-
trically according to the procedure described by Grasshoff
et al. (1983). The total nitrogen (N.) and total phosphorus
(Pwot) Were analyzed as nitrate and phosphate after wet
digestion with persulfate. Dissolved inorganic nitrogen

(DIN) is the sum of NO,,3~ and NH,". All laboratory analyses
were performed in an accredited laboratory (ISO/IEC 17025).

2.4. Chlorophyll a and phytoplankton analysis

Concentrations of chlorophyll a (Chl a, mg m®) were mea-
sured according to the standard method of the Manual for
Marine Monitoring in the COMBINE Programme of HELCOM
(HELCOM, 2006).
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Phytoplankton samples (300 ml) were fixed with acid
Lugol's solution. Subsamples of 10 and 25 ml of fixed samples
were settled in a sedimentation chamber for 12h and
counted according to the Uthermdl technique with an
inverted microscope at 200x and 400x magnification. The
number of counted cells in all subsamples exceeded 500
(Edler, 1979; HELCOM, 2006; Olenina et al., 2006; Utermohl,
1958). The biomass was expressed as mg m> of wet weight. M.
rubrum was included in phytoplankton counts as the only
representative of division Ciliophora.

2.5. Primary production measurements

The light and dark bottle oxygen technique (Olesen et al.,
1999) was used in order to evaluate the productivity of the
study area. Water was filled in 15 transparent, calibrated
glass bottles for oxygen measurements. Bottles were divided
into 5 groups (with 3 replicates in each group) to imitate the
light conditions at specific depths of the euphotic layer:
Start, 100%, 66%, 23% and 0% light transmittance. Specific
light transmittance to each group was provided by wrapping
the bottles in the plastic optical filters produced by GAM-
PRODUCTS, Inc.: no filter for 100% transparency, 1514 GAM
for 66% transparency, 1516 GAM for 23% transparency and
aluminium folium for 0% transparency. Initial oxygen con-
centrations were fixed with Winkler reagents (1 ml manga-
nese chloride and 1 ml alkaline iodide) before incubation. All
vials were mounted on a rotating wheel and submerged in the
onboard incubator with a continuous flow of outboard sea-
water to ensure ambient water temperature and in situ
illumination during the 24 h incubation. Photosynthetically
active radiation (PAR) was measured on board using the LI-
1400 Data Logger and the LI-190 Quantum Sensor during
experimental incubation. At the end of incubation, samples
were fixed with Winkler reagents. Oxygen concentrations
were determined by titration with sodium thiosulphate.

Oxygen consumption in the dark bottles was used as a
proxy for community respiration (CR), while the other three
groups were used to evaluate daily, water column, primary
production rates. Measured oxygen concentrations were con-
verted to carbon units according to the stoichiometry of
photosynthesis equation. The approximate attenuation coef-
ficient (k) was calculated for each sampling from the simul-
taneously measured Secchi depth according to the equation
k =1.7/Ds, where D; is Secchi depth. The depth of specific
light conditions (z) was calculated from z=—Inl,/I,/k,
where [, is light intensity at a specific depth (66% or 23%)
and I, is the light intensity below the surface (100%). Daily
water column net community production (NCP, gC m~2d~")
rates were estimated by trapezoidal integration of the data
from various light conditions. Gross primary production (GPP,
gC m~2d~") was calculated summing up the NCP and CR. GPP,
NCP, and CR values from 5 stations were averaged to get the
monthly average. Annual primary production was calculated
as the GPP monthly averages multiplied by the number of
days and summed up for 365 days.

2.6. New production calculation from nutrient
concentrations

Since primary production rates have low representativeness
in time and space, there have been attempts to use other

parameters to calculate them, such as nutrient depletion
(Rahm et al., 2000; Wasmund et al., 2005), increase in
particulate organic carbon (Wasmund et al., 2005), and
changes in CO, concentrations (Schneider et al., 2003). In
our study, we applied the nutrient depletion method
described in detail by Wasmund et al. (2005). We used data
obtained during 2012, because the sampling frequency was
higher this year, and calculated primary production, assum-
ing that carbon, nitrogen, and phosphorus are assimilated in a
stable molar ratio of 106:16:1 (Redfield et al., 1963). In April,
what we consider the starting month of the spring bloom, the
DIN:DIP ratio was 16.3 (Table 1), we assumed that the PO,3~
excess production as described by Rahm et al. (2000) was not
relevant for our calculations. The nutrient concentration
decrease pattern suggests that the new production period
lasts until June. We used concentration change (ADIN) in the
upper mixed layer (0—20 m) to calculate new production for
the period from April to May (1st period, 37 days) and for the
period from May to June (2nd period, 23 days). We also
considered air depositions of nitrogen in our calculations.
Since there was no published information on air deposition
for 2012, values calculated for 2010 were used instead. The
air deposition over the whole surface area of the Gulf of Riga
was 9973 t of nitrogen in 2010 (HELCOM, 2013). Averaging the
deposited amount over the surface area of the Gulf of Riga
(16,330 km?), we estimated that nitrogen air deposition is
0.12 mmol m~2 day~". Since the Gulf of Riga is much more
significantly impacted by river runoff than air deposition, we
also considered the amount of DIN delivered by the four
largest rivers, the Daugava, Gauja, Lielupe, and Salaca,
which constitute close to 90% of freshwater input to the Gulf
of Riga (Yurkovskis et al., 1993), over the respective period.
The monitoring frequency was not sufficient for our purposes,
so we used the linear regression method (Hirsch et al., 2010)
to estimate missing values. The method employs the use of
weighted regressions of concentrations on time, discharge,
and season. This weighting results in a set of weights on every
observation in the dataset, based on the selected values of
time and discharge. So, we used known values of specific time
and discharge to estimate the expected value of concentra-
tion. Data from national monitoring (e.g., flowrate and
nutrient concentrations), stored in the database of Latvian
Environment, Geology and Meteorology Centre, were used as
input data. Estimated nitrogen loads were averaged over the
whole area of the Gulf of Riga. Furthermore, from April to
May, depletion of DIN could be observed in water layer 20—
30 m. We used this concentration change to calculate an
additional primary production for the 1st period.

Diatom biomass production was estimated from the sili-
cate consumption by using N:Si=1.25mol mol™" constant
conversion factor (Sarthou et al., 2005). The nitrogen units
thereafter were converted into carbon units by the Redfield
ratio of C:N = 6.625 (Redfield et al., 1963).

3. Results
3.1. Environmental factors

The seasonal variation in water temperature, Secchi
depth, PAR and nutrient concentrations are summarized in
Table 1.
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3.2. Phytoplankton and chlorophyll a

The highest phytoplankton biomass and Chl a were observed
in spring — April 2011 and May 2012 (5715, 5411 mg m— and
18.5, 29.1 mg m—3, respectively) (Fig. 2). However, the typi-
cal spring bloom of phytoplankton with high biomass and
more than 90.0% dominance of diatoms, consisting mainly
of P. taeniata, Chaetoceros wighamii (Brightwell 1856), and
T. baltica, was observed only in April 2011. The succession of
phytoplankton in May 2011 and 2012 was formed mainly from
three taxonomical groups where single species composed up
to 72.2—-93.4% of the corresponding phytoplankton group —
diatoms (T. baltica), dinoflagellates (P. catenata), and cilio-
phora (M. rubrum).

The summer (June—September) phytoplankton was char-
acterized by relatively low Chl a and total phytoplankton
biomass (Fig. 2). In this period, cyanobacteria (mostly N,-
fixing A. flosaquae) in both years constituted 15.2—57.8% of
total phytoplankton biomass with the highest value in July
2012. The dominance of photosynthetic ciliate M. rubrum
(56.3% of total biomass) was recorded in June 2012 (Fig. 2).

The autumn (October, November) phytoplankton con-
sisted of cyanobacteria, diatoms, and M. rubrum (28.2%,
18.4% and 19.8%, respectively) in 2011, whereas in
2012 autumn was dominated by diatoms (>50.3%). The
Chl a values were slightly higher in 2011 than in 2012
(Fig. 2). In the winter, total phytoplankton biomass
(143.6—268.5mgm~3), as well as Chl a concentrations
(1.62—1.71 mg m—3), were low. The relative abundance of
M. rubrum in the phytoplankton community increased during
winter, reaching 34.2% of the total biomass in January. The
next two most abundant groups, cyanobacteria (mainly A.
flosaquae) and diatoms, composed 23.3 and 17.4%, respec-
tively. The beginning of the increase in phytoplankton bio-
mass was detected in March when M. rubrum composed, on
average, 48.4% of total biomass.

3.3. Primary production and respiration

The data of primary production obtained from 5 stations were
averaged for each month due to low variability in hydrolo-
gical and hydrochemical conditions at the individual stations.
Therefore, the patchiness of biological communities is the
main source of measurement uncertainties. On average, the

6000

GPP was highest during the spring. Thereafter, it gradually
decreased over summer and reached minimum values during
the autumn—winter period (Fig. 3). Multiple regression ana-
lyses with dominant species as explanatory values showed
the significant importance of P. catenata and M. rubrum in
the formation of GPP in springtime in both years (r* = 0.59,
p =0.009, n=9). The carbon biomass variance of both spe-
cies explains 59.2% of GPP variance in spring. However,
during summer, when similar dominance of M. rubrum and
A. flosaquae was observed, no significant correlation could
be established.

Plankton CR varied between 0.01—-3.12gCm2d~" (aver-
age 1.01 gC m~2d~" of both years), accounting to 40.4% of
GPPin 2011 and 68.5% in 2012. The rate of respiration mostly
followed the pattern of GPP (Fig. 3), except in April
2012 when respiration exceeded GPP. NCP is also highest
during the spring bloom and decreased over summer, except
for in April 2012, when negative values of NCP were
observed.

3.4. New production calculation from nutrient
concentrations

The change of DIN concentrations in water from
15.3 pmol 1" to 2.87 umol ™" (ADIN =12.4 wmol I™") in
the upper mixed layer (0—20 m) amounted to the new pro-
duction of 1647 mmol C m~2 for the period from April to May
(1st period) and ADIN =2.18 wmol I~ resulted in new pro-
duction of 289 mmol C m~2 for the period from May to June
(2nd period). The depletion of DIN from April to May in water
layer 20—30 m (ADIN = 5.04 umol [~ ') amounted to an addi-
tional primary production of 331 mmolCm™2 in the 1st
period. The new production, estimated from average nitro-
gen air deposition rate (0.12 mmol m~2 day™"), was 29.0 and
18.0 mmol C m~2 for the 1st and 2nd periods, respectively.
The calculated average supply of riverine DIN was 289 t day ™
in April, 87tday™" in May and 38tday™' in June.
Averaging received nitrogen over the area of the Gulf of
Riga, we estimated an additional supply of 31.2 and
6.45 mmol N m~2 in the 1st and 2nd periods, respectively.
This resulted in the new production of 205 and
40.1 mmol C m~2 in the 1st and 2nd periods, respectively.
The total new production estimated from DIN consump-
tion summed to 2212 and 347 mmolCm~2 (26.6 and
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Figure 2 Total phytoplankton biomass and Chl a concentrations in the central part of the Gulf of Riga during 2011 and 2012.
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Figure 3  Average daily production (GPP and NCP) and CR in the central part of the Gulf of Riga during 2011 and 2012.

4.23 gC m~2) for the 1st and 2nd period, respectively. The
average new primary production rates estimated from the
available DIN pool in the upper mixed layer and loads from
atmosphere and rivers are 0.72 and 0.17 gC m~2d~" in May
and June, respectively.

The change of silicate concentration in the upper mixed
layer from April to May 2012 (Table 1) gave an estimate of
ASi = 569 mmol m~2 for the 1st period. The concentration
changes from 30.5 pmol 1" to 15.3 pmol I~ in the 20—30 m
water layer, which gives an additional 155 mmol m—2 of
silicate accessible for diatom growth. By applying conversion
factors we estimated that new production of diatoms was
5997 mmol C m~2 in the 1st period, corresponding to a new
production rate of 1.95gCm=2d~".

4. Discussion

4.1. Annual and seasonal primary productivity

In the northern temperate and boreal seas, including the
Baltic Sea, the spring bloom, sustained by the nutrient winter
pool, lasts approximately one month, but typically dominates
the annual phytoplankton productivity cycle, contributing
40.0—60.0% of the annual carbon fixation (Heiskanen, 1998).
The autumn bloom, sustained by the delivery of nutrients
from deeper water layers upon the breakdown of seasonal
stratification, is considered second most important period for
annual phytoplankton productivity cycle. The summer pro-
duction and biomass are considered to be low in comparison
to the spring bloom period, while winter production is usually
neglected as important. This has been somewhat challenged
in the past (Platt et al., 1989; Stigebrandt and Djurfeldt,
1996) especially in the case of summer productivity (Sahlsten
et al., 1988). In our study, the spring bloom (April—May)
comprised 46.3% while summer productivity made another
44.5% of annual productivity. The autumn-winter productiv-
ity (October—March) comprised the remaining 10.2% of the
annual productivity. Moreover, in our study we established
that the least productive period is during October—November

despite the water temperature still remaining rather high
(13.4°C) and nutrient concentrations substantially increasing
due to the breakdown of thermal stratification and resuspen-
sion of re-mineralized nutrients from deeper layers. The
autumn is characterized by strong, westerly winds that bring
mild and moist Atlantic air to northern Europe (Vihma and
Haapala, 2009), resulting in dense cloud cover and frequent
rain. At the same time the shortening of daylight hours (from
10 h 50 min in October to 6 h 40 min in December) can be
observed. Therefore, we can hypothesize, that meteorolo-
gical conditions in autumn lead to strong light limitation of
GPP despite rather good water transparency conditions mea-
sured as Secchi depth (Table 1). Later, the onset of colder
winter air temperatures results in clear skies and higher light
intensity. As a result, relatively low but still comparable
primary production was also measured during winter months
that previously were considered unproductive.

The annual primary productivity in the Gulf of Riga
reached values as high as 353—376 gC m~2 in our study, while
in the previous studies (Andrushaitis et al., 1992; Wasmund
etal., 2001) the estimated annual primary productivity of the
Gulf was only 250—255 gC m~2 for the period of 1993—1995.
However, this estimate was based on measurements that had
not included the most productive period of phytoplankton
succession from the end of March until the end of April when
the biomass of spring diatoms can reach even 20.3gm™>
(Yurkovskis et al., 1999). This allowed the Olesen et al. (1999)
to hypothesize that primary productivity in the Gulf of Riga
can exceed 350 gC m~2. So, our values of annual production
were similar to estimations of Olesen et al. (1999). At the
same time, we cannot exclude the possibility that the pro-
ductivity values in our study were still underestimated since
sampling frequency was still too low to fully capture spring
phytoplankton bloom development. For example, phyto-
plankton biomass and composition from April to May
2012 could not explain the depleted pool of Si0,4, suggesting
that diatom bloom between these sampling events was unre-
gistered by our study at least at the level of that observed in
April 2011.



550 I. Purina et al./Oceanologia 60 (2018) 544—552

4.2. New production

The values of new production calculated from nutrient con-
centrations (0.70 and 0.17gCm~2d~", in May and June,
respectively) were substantially lower than measured NCP
rates, e.g., 1.68 and 0.72gCm~2d~", in May and June,
respectively. The total new production, calculated from
the nitrate consumption, was equivalent to 51.8% of spring
NCP. Smetacek et al. (1984) divided the spring bloom into two
stages. Stage 1 was characterized by a rapid bloom of diatoms
exhausting the winter-accumulated nutrient pool where
production is strictly “new” in the sense of Dugdale and
Goering (1967). Stage 2 was characterized by the dominance
of dinoflagellates and an increase of protozooplankton. Loss
rates of this planktonic system were amongst the lowest of
the year, indicating a great retention capacity (Smetacek
et al., 1984). The new production during stage 1 was >75.0%
of NCP, but during stage 2 it was approximately 50%. These
data were consistent with our calculations where new pro-
duction, based on nutrient consumption, composed 51.8% of
NCP during both stages of spring bloom. At steady state,
there should be a balance between the input of nitrogen and
the export of carbon, implying that on a longer time scale,
sedimentary loss from the pelagic system approaches new
production (Eppley et al., 1983). This could be the case in the
Gulf of Riga as the bloom of diatoms, that used most of
nitrates and predominantly contributed to the new produc-
tion and sedimentation fluxes, was largely unobserved in
2012. However, if new production is calculated from the
consumption of SiO4 according to Wasmund et al. (2013),
it alone gives an average estimate of 1.95 gC m~2d~" for the
first period. As no other algae, except diatoms, can use SiOy,
the bloom maxima of diatoms should be assumed between
the sampling occasions in April and May 2012 followed by
rapid sedimentation as diatoms composed only 25.2% of total
phytoplankton biomass in May. The excess consumption of
silica can be explained either by different silicification of
diatom species (OLlli et al., 2008) or by diatom resting spore
formation as this process requires plenty of silicate. It has
been reported that the resting spores generally have higher
sinking rates than vegetative cells (Alldredge et al., 1995).
The spore formation in the deeper water layers could explain
the SiO4 consumption in the 20—30 m (data not shown) layer
of the Gulf of Riga.

4.3. Influence of dominant species on the
nutrient fluxes and productivity

The species which exert a dominant role in the planktonic
ecosystem are often those that govern the fluxes of organic
matter and nutrients in the pelagic system (Heiskanen,
1998). To understand the functioning of the aquatic ecosys-
tem it is necessary to understand the role, regulation, and
species-specific properties of the “key” species (Verity and
Smetacek, 1996).

The main “key” planktonic species dominating almost
all seasons was photosynthetic ciliate M. rubrum. Leppanen
and Bruun (1986) reported that M. rubrum contributed
about 10.0% of the primary production during spring in the
open northern Baltic. Similar values of 6.00—9.00% of phy-
toplankton biomass and production have also been shown for

M. rubrum in the Gdansk Basin of the southern Baltic Sea
(Witek, 1998). It appears that in the Gulf of Riga, M. rubrum
plays an even more important role in the primary production
than in other regions of the Baltic Sea, since its biomass
composed 18.2—73.9% of the total phytoplankton biomass
during the spring bloom period in May, 6.22—41.4% during
summer, 14.9—22.2% during autumn, and 40.1—61.3% during
winter. Significant positive correlation was detected
between the biomass of M. rubrum and GPP (r=0.650,
p > 0.001, n =42). The importance of M. rubrum in the Gulf
of Riga was observed during periods when nutrient recycling
was the most important (spring—summer) as well as during
periods when nutrients were freely available, but the light
limited the phytoplankton development (autumn—winter). It
has been observed that M. rubrum demonstrates an ability to
accumulate near the sea surface and to photosynthesize at
high light intensities (Esteban et al., 2010). At the same time,
it has been noted that M. rubrum can also tolerate the low-
light conditions, composing the main phytoplankton biomass
also during winter period (Moeller et al., 2011). In addition,
its rapid swimming behaviour appears to reduce its suscept-
ibility to grazing (Jonsson and Tiselius, 1990) and may
increase its ability to utilize nutrient micropatches (Stoecker
et al., 1991). Our study confirms that the M. rubrum is a
highly competitive and opportunistic specie that substan-
tially contributes to the productivity of the Gulf of Riga.
Another “key” species substantially contributing to pro-
ductivity and internal nutrient fluxes of the Gulf of Riga is A.
flosaquae. Filamentous, N,-fixing cyanobacteria are well
known for bloom formation during August—September in
the Baltic Sea (Kahru et al., 1994). In our study, the relative
dominance of A. flosaquae (18.7—37.4% of total phytoplank-
ton biomass) begun in June when inorganic nutrients (both, N
and P) were exhausted, reached a maximum in July (59.4—
65.2%) and continued until September (21.3—42.1%). The
blooms of A. flosaquae are usually associated with calm
weather, high surface temperatures, availability of phos-
phates, and a low DIN:DIP ratio (Kononen et al., 1996).
However, according to the results of this study, the phos-
phates were exhausted already during the spring bloom
creating the apparent phosphorus limitation in May (Table 1).
This suggested that N, fixation was not likely to occur during
the summer. Furthermore, the increase of A. flosaquae
biomass from 309 mg m~3 (in June 2012) to 543 mgm~3 (in
July 2012) was observed simultaneously with the fast
increase of the DIN:DIP ratio as well as increase of total N
(Table 1). The river runoff and atmospheric deposition was of
the secondary importance, since both these nutrient path-
ways are relatively small during the summer and unlikely to
sustain, or let alone increase, the observed population. At
the same time, Ploug et al. (2010) showed that A. flosaquae
was highly productive in the Baltic Sea with high rates of C
and N assimilation and the capacity to release a large fraction
(35.5%) of newly assimilated N to the surrounding water. This
allowed us to create a hypothesis that the population of A.
flosaquae sustains the observed population level by rapid re-
circulation of phosphorus upon the death of phytoplankton
cells and the assimilation of nitrogen via N, fixation to
compensate nitrogen loss in the sedimentation pathway.
The importance of M. rubrum and A. flosaquae was also
observed during the autumn and winter seasons. However,
more observations were needed to understand their roles
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during those seasons as well as regulatory factors of these
species under conditions of limited light and replenished
nutrients.

5. Conclusions

The annual primary productivity in the Gulf of Riga reached
values 353—376 gC m~2 in our study. It showed no significant
increase of productivity since 1992—1998. Spring bloom
(April—May) comprised 46.2% of annual production with max-
imal carbon fixation rates and draw-down of winter nutrient
pool. The new production calculated from consumption of
nitrates amounted to 51.8% of spring NCP. Detailed examina-
tion of phytoplankton species along with measurements of
productivity revealed key species governing the nutrient
fluxes and the productivity of the Gulf of Riga. The auto-
trophic ciliate M. rubrum prevailed in all seasons and sig-
nificantly correlated with elevated productivity, while
diazotrophic cyanobacteria A. flosaquae contributed to
“new production” in the summer nutrient-regenerating sys-
tem.
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KEYWORDS Summary An attempt is made to use long-term (1979—2014) macrobenthos data series to
Macrozoobenthos; derive insights on changes in abiotic conditions and on potential effects of long-term macro-
Long-term changes; benthos variability on food availability for fish and wintering waterfowl. The data were collected
Hypoxia from a small embayment, protected as a NATURA 2000 area, functioning as a fishing ground

important for the local community and as a site of diverse commercial developments. The
analysis showed a drastic reduction of the macrobenthos abundance and biomass, which could
have been related to oxygen deficiency; on the other hand, recolonisation processes have also
been observed.

© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o0.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

The western part of the Gulf of Gdansk, called the Puck Bay, According to the data reported by the fishermen and
sheltered by the Hel Peninsula, has been for ages important uploaded to the official data base held by Fisheries Monitor-
for local communities as a fishing ground where both fresh- ing Centre in Gdynia, the catches are at present dominated
water, marine, and migrating species have been harvested. by the flounder, a species that feeds mainly on benthic
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invertebrates. The Puck Bay is also an important feeding
ground for the wintering waterfowl. In addition, the Bay is
protected as a NATURA 2000 area (PLH220032). At the same
time, it is affected by intensive human activities and there-
fore aquatic organisms themselves as well as their contribu-
tion to food resources of fish (particularly the flounder) and
the wintering waterfowl may be affected by local anthro-
pogenic factors (e.g. effects of a brine-containing sewage
discharge, the brine being produced as a result of inland salt
deposit leaching to form caverns). The fishermen operating in
the Puck Bay suggest that the decline in flounder catches is
due to the impoverishment of the food resources consisting of
benthic invertebrates. Some opinions hold that the brine
produced during salt deposit leaching with treated sewage
from the local treatment plant, in progress since 2009,
whereby ultimately the brine-containing sewage is released
into the Bay, may have resulted in salinity changes and the
water column salinity stratification leading to oxygen defi-
ciency in the near-bottom layer. As stipulated by the pre-
conditions of the brine-enriched sewage discharge operation,
the salinity of the discharged brine should be equal to that
prevalent in the Puck Bay. The area near the brine-containing
sewage discharge site has been subjected to monitoring.
This study is not aimed at providing an additional envir-
onmental impact assessment, but is an attempt to use the
data on macrobenthos assemblages as an indicator of poten-
tial environmental changes in the Puck Bay over a large
spatio-temporal scale. The motivation lies in a possible
synergy created by various anthropogenic and natural factors
acting in synchrony, the long-term pressures resulting in a
cumulative effect. This in turn may mask the effect of an
actual impact of a concrete anthropogenic pressure. In addi-

tion, the macrobenthos in the Baltic Sea is an important food
source for demersal fish and birds, for which reason long-
term studies on the macrobenthic biomass/productivity may
aid in addressing the question whether food is a limiting
factor for top consumers, e.g. demersal fish and birds.

The macrozoobenthos (alternatively termed the macro-
benthos or the macrofauna) is defined as benthic inverte-
brates retained on a 1 mm mesh size sieve. Compared to, for
example, the plankton, the macrobenthos is stable in time
and space, as it is composed of long-lived organisms, mostly
sessile or with a limited mobility, and inhabiting relatively
small areas. Because of this, macrobenthic organisms are
exposed, for a relatively long time, to various (also unfavour-
able) environmental effects prevalent at a given site. For this
reason, the macrobenthos is regarded as a good indicator of
environmental status, and is particularly useful for the detec-
tion of short-term fluctuations of abiotic factors (e.g. oxygen
content or salinity) which, on account of their high varia-
bility, are difficult to be measured directly.

The Outer Puck Bay is defined as an area which, by
convention, is bordered from the west by an emergent
shallow known as the Ryf Mew (the Seagull Sandbar), a
hypothetical line connecting the Hel Peninsula terminus with
Gdynia constituting the eastern border of the Outer Puck Bay
(e.g. Demel, 1935; Stomianko, 1974) (Fig. 1). The maximum
water depth is about 56 m and the salinity ranges within 7.2—
8.0. The bottom in the inshore zone, down to a depth of
several to about 30 m, is covered by sandy and mixed (sand
and mud) sediments, muddy sediments prevailing at larger
depths. As determined by the loss on ignition (Lol), the
organic content in the muddy sediments is up to 17%. The
relatively scarce data on the near-bottom dissolved oxygen
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Figure 2  Results of abundance-based non-metric multidimen-
sional scaling.

content indicate hypoxia (e.g. NMFRI database), but are not
fully representative due to the lack of systematic long-term
measurement series.

Macrobenthos data were collected in 1978—2014 by the
National Marine Fisheries Research Institute (NMFRI) within
the framework of projects addressing the structure and

555

changes in the macrobenthos within the Polish part of the
southern Baltic Sea. The sandy bottom of the Outer Puck Bay
showed no changes which could have substantially affected
food resources available to the fish or the waterfowl, or
which would have been indicative of unfavourable environ-
mental effects (Warzocha et al., unpubl.). Therefore, this
study is limited to the muddy bottom of the Outer Puck Bay
(Fig. 1). In 1979, 2000 and 2014, samples were collected from
several, each time the same, stations distributed so as to
cover the entire muddy bottom of the area. In addition, in
2002—2005 and 2007 three sites (marked in Fig. 1 as Sites 1—
3), differing in the depth and degree of exposure to waves,
were sampled to analyse potential short-term changes. Most
samples were collected in summer (June—September); it was
only in 1979 that some samples were collected in spring
(April) and autumn (October). Therefore, changes in the
macrobenthos assemblage are assessed based primarily on
the biomass, as its seasonal fluctuations are narrower than
those of the abundance. Samples were collected with an
0.1 m? Van Veen grab (33 kg weight), a standard gear used in
the HELCOM monitoring (e.g. HELCOM, 2014).

The sediment sample retrieved was sieved on a 1 mm
mesh size sieve and the sieving residue was preserved in
4% formaldehyde. Water salinity and temperature was mea-
sured during each sampling event; the dissolved oxygen
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Figure 3 Changes in abundance of the four dominant species occurring in all the periods analysed.
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content in the near-bottom water was determined during few
cruises on board a larger craft. The analyses presented make
also use of long-term oxygen data available in the NMFRI data
base. The salinity and temperature did not change substan-
tially during the period of study, hence their potential effects
were disregarded in this study. The sediment organic matter
content (Lol) was determined by combusting a sediment
sample at 500°C. The macrobenthos was sorted under a
stereomicroscope, identified to the lowest taxon possible,
and dried on a blotting paper. Individuals belonging to the
same taxon/species were weighed together. The Bivalvia
were weighed with shells, without water in the mantle
cavity. The abundance is expressed as the number of indivi-
duals per m?, the biomass being expressed as formalin wet
weight per m?.

Numerical data treatment (MDS) was carried out using the
PRIMER software package.

The taxonomic composition of the macrozoobenthos on
the muddy bottom of the Outer Puck Bay in 1979 was typical
of this bottom type in the Gulf of Gdansk above the halocline
(e.g. Mulicki, 1937; Warzocha, 1995). Characteristic of the
community is the relatively low number of species and a
strong dominance, particularly in the biomass, of the bivalve
Limecola balthica. The remaining species typical of the
community included Saduria entomon, Pontoporeia femor-
ata and Diastylis rathkei as well as the priapulid Halicryptus

1978 - 1979

18°30'E 18°40'E

2000 - 2001
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Pontoporeia femorata
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Halicryptus spinulosus

18°50'E

spinulosus. Within 1979—2014, no species was observed to
disappear, while in 2000, the presence of a new taxon, the
polychaete Marenzelleria was recorded. Nonetheless,
because of the strong domination of the Baltic tellinid L.
balthica, no substantial effect of the new polychaete immi-
grant on the total macrozoobenthic biomass could be
observed. No information has been so far provided on the
importance of Marenzelleria as a food item for organisms at
higher trophic levels in the Gulf of Gdansk. However, accord-
ing to observations in other areas (e.g. Siaulys et al., 2012;
Winkler, 1996), a potential role of this species in the food of
demersal fish in the Puck Bay, cannot be ruled out.

Results of abundance-based non-metric multidimensional
scaling (MDS) are shown in Fig. 2. Samples from 1979,
2000 and 2014 were separated into three distinct groups,
which points to substantial differences in the macrobenthic
community structure between the periods compared. Figs.
3 and 4 illustrate this differences in the community structure
by showing distribution, abundance and biomass of dominant
species in the three time periods compared.

Whereas in 1979 all the species were present throughout
the entire muddy bottom of the outer Puck Bay, drastic
changes in distribution, abundance and biomass (Figs. 3 and
4) were observed in 2000. A new assemblage on the deeper
(depth exceeding 30 m) muddy bottom appeared, totally
lacking the crustaceans S. entomon, P. femorata and D.
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Figure 4 Changes in biomass of the four dominant species occurring in all the periods analysed.
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rathkei, and including the sparsely occurring bivalve L.
balthica only (Figs. 3 and 4). The most drastic reduction in
the abundance and biomass of the macrofauna was observed in
the deeper and sheltered regions (Figs. 1 and 5; sites [l and Ill).

Subsequent years witnessed recolonisation of the muddy
bottom; the data demonstrate gradual re-appearance of the
key species (except S. entomon) as well as an increase in the
macrozoobenthic abundance and biomass (Figs. 3—5). How-
ever, the structure of the recovering community changed.
From among the species occurring in the area in 1979, it was
only the bivalve L. balthica and the crustacean P. femorata
that recovered or exceeded their former abundance and
biomass throughout the entire area of study. The contribution
of polychaetes (mainly Marenzelleria but also Hediste diver-
sicolor) to the total abundance increased compared to 1979
(Fig. 5).
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A considerable increase in the crustacean contribution to
the macrobenthic abundance was due to the numerous indi-
viduals of P. femorata appearing on the bottom. However, the
crustacean contribution to the total macrobenthic biomass
did not reach the values recorded in 1979, because the
bottom had not been recolonised by S. entomon, formerly
a substantial contributor to the total macrozoobenthic bio-
mass (Fig. 4). In 2014, the species was recorded only at the
easternmost sampling station, basically beyond the border of
the area adjacent to the Hel Peninsula (Figs. 3 and 4). Of the
crustaceans, P. femorata was abundant in 2014, but only in
the eastern, deepest part of the area. Only single individuals
of another crustacean, D. rathkei, were recorded. On the
other hand, no clear differences in the distribution of H.
spinulosus were observed within the period of study. How-
ever, as the species occurs at low abundances anyway, the
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Figure 5 Changes in total macrobenthic abundance and biomass, and in abundance and biomass of individual taxa, at three sites
differing in depth and exposure to wave action. Depth ranges: site | — 30—35 m, site Il — 36—40 m, site Il — 41—-51 m.
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Figure 6 Dissolved oxygen contents in the near-bottom water
layer in 1952—2014.

values of abundance and biomass reported may not have
been consistent.

Noteworthy are the abundances and biomasses of L.
balthica in 2014, much higher than those found in
1979. One may thus conclude that the environmental con-
ditions were not favourable for the macrobenthos as early as
in 1979. The available dissolved oxygen content values at the
time (Fig. 6) may suggest that relatively low abundances and
biomasses in 1979 were caused by hypoxia.

The nature of changes in the structure of macrozoobenthic
communities, a rapid faunal reduction followed by recolonisa-
tions, changes in the dominance structure (an increased con-
tribution of polychaetes and a reduced share of crustaceans)
point to periodic oxygen deficiencies in the near-bottom water
layer (Pearson and Rosenberg, 1978; Rumohr et al., 1996). The
role of hypoxia is suggested also by the available data on
oxygen content (Fig. 6), the high organic load (maximum about
17%), and results of chemical sediment assays regarding, e.g.
the presence of methane (Brodecka et al., 2013; Reindl and
Bolatek, 2012). The abundance and biomass of macrobenthos
at muddy bottom in the eastern part of the Outer Puck Bay was
found to be reduced as early as in the 1990s (Janas and
Szaniawska, 1996; Janas et al., 2004; Wtodarska-Kowalczuk
et al., 1996). The authors mentioned ascribed the changes
they observed to oxygen deficiency and the resultant presence
of hydrogen sulphide in the sediment. Studies carried out in
2000 showed reduction in the number of species, abundance
and biomass on almost the entire area of the muddy bottom in
the outer Puck Bay (Warzocha et al., 2001).

Information from shallower areas (30—35 m) with a muddy
bottom, where the macrozoobenthos had been reduced by
2000, shows L. balthica to have survived at abundances
sufficient for the analysis of the population structure used
as an indicator of the condition at the study site (Fig. 7). The
analysis demonstrated that in 1979 the population included
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Figure 7 Contribution of two Limecola balthica size classes,
most abundant in the samples, to the species’ population in
1979 and 2000.

much more numerous younger individuals, whereas the con-
tribution of the oldest individuals increased after the reduc-
tion of the population size in 2000. The change in the size
structure of the bivalve population constituting an important
fish diet item may have also impacted the predators' food
resources (e.g. Barnes et al., 2010).

Summing up: The structure of the muddy bottom macro-
benthos in the Outer Puck Bay has been undergoing substan-
tial changes in the several recent decades. A drastic
reduction of the fauna observed in the area in 2000 may
have been indicative of oxygen deficiency in the near-bottom
water. The re-appearance of the species following the reduc-
tion did not lead to any complete recovery of the community,
which may suggest a permanent alteration of sediment
characteristics.

Changes in the biomass observed (particularly the reduc-
tion in the crustacean biomass) may have adverse conse-
quences for food availability for higher trophic levels,
although the biomass of the bivalve Limecola balthica, one
of the major diet components for the flounder and sea ducks,
has recovered in recent years. On the other hand, preliminary
observations indicate a change in the size structure of the
bivalve population resulting from a higher mortality of younger
individuals, in the periods when reduction of macrofauna was
observed. The polychaete Marenzelleria, a new immigrant,
changed the community structure, but did not affect the total
macrozoobenthos biomass in any substantial way.

Conclusions

Long-term changes in the distribution and structure of the
macrozoobenthos occurring on the muddy bottom of the
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outer Puck Bay point towards adverse effects of abiotic
conditions, most probably oxygen deficiency resulting from
eutrophication, on the functioning of the benthic community.
Those effects may impinge, permanently or periodically,
upon the availability of food for demersal fish and wintering
waterfowl. As the adverse drastic changes, especially in the
abundance and biomass of crustaceans, have been observed
since 2000, it would be difficult to directly relate them to an
impact of a concrete anthropogenic intervention, except for
the discharge of sewage which, in progress for many years,
has doubtless induced an increase in the area's trophic status
and sediment organic load. In light of the data collected, it
appears important to combine the environmental impact
assessment of a development and the relevant monitoring
data with results of long-term research.
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