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KEYWORDS Abstract  Each spring, pine pollen coats considerable expanses of Baltic Sea surface waters.
Pine pollen grains; Measurements have shown that there are areas where its concentrations in this surface layer
Particle size are so high that they are the dominant constituent of the suspended particulate matter (SPM)
distribution; (Pawlik and Ficek, 2016). It then determines to a large extent the optical properties of the
Suspended water surface, inter alia by modifying the sea colour. To date, however, the concentration of
particulate matter; this constituent in the marine environment has rarely been studied, and its presence is not
The Baltic Sea; accounted for in the satellite algorithms used to define the composition and properties of sea
Remote sensing water. This may well be the source of substantial errors in the remote sensing of the opti-

cal properties of the water and the measurement of concentrations of the optically important
constituents it contains (chlorophyll a, TSM, CDOM). Measuring the concentration of pollen
suspensions in Baltic Sea water, which often contains prodigious amounts of other SPM, is a
daunting experimental challenge. Firstly, we characterized the pollen from pine trees growing
near the southern shores of the Baltic Sea (northern Poland) using a microscope and two in-
struments routinely used in oceanography for measuring SPM size distributions: the LISST-100X
and the Coulter counter. The measurements and analyses showed that a correct interpretation
of the LISST-100X and Coulter measurements, is sufficient to count the number of pollen grains
in distilled water alone. Furthermore, our laboratory analysis of the particle size distribution
spectra enabled the fraction due only to pine pollen grains to be separated from the overall
SPM. We then tested our method of analysing the SPM composition, which showed that the
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LISST-100x instrument is both a useful and an effective means for the in situ detection of the
pine pollen that one sees in spring in Baltic waters.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Besides dissolved substances, suspended particulate mat-
ter (SPM) is one of the most important groups of opti-
cally important constituents in sea water. Marine SPM is
formed mainly as a result of biological production, shore
and bottom abrasion, and precipitation from dissolved mat-
ter. Allochthonous SPM is derived mainly from rivers, the
atmosphere and subterranean waters. The SPM concen-
tration in waters is variable both seasonally (as a result
of cyclic inflows of riverine waters, pollen formation and
the seasonal fluctuations of phytoplankton) and regionally.
Pempkowiak et al. (2002) measured SPM concentrations in
open, southern Baltic Sea waters, obtaining levels from 0.27
to 1.78 mg/dm3. SPM levels are the highest in the coastal
zone, in the lagoons and especially in river estuaries — from
0.36 to 35 mg/dm? (Eisma et al., 1991; Emelyanov (ed.),
2002; Krezel and Cyberski, 1993; Schiewer, 2008).

SPM exerts a major influence on the functioning of
aquatic ecosystems. Suspended particles are responsible in-
ter alia for the transport, accumulation and transformation
of many chemical elements, e.g. nutrients, carbon, met-
als, as well as non-biodegradable organic pollutants dis-
charged into the sea (e.g. Szefer, 2002; Turner and Mill-
ward, 2002). SPM also affects the optical properties of wa-
ter, interacting as it does with light during its absorption
and scattering and thus modifying the colour of the water,
which is a basic source of information in the remote mon-
itoring of water bodies. Such remote measurements of wa-
ter properties have become much more common in recent
years (Ficek et al., 2011; Kahru et al., 2007; Reinart and
Kutser, 2006; Wozniak et al., 2011). Teledetection from air-
craft or satellites enables the quantitative measurement of
optically active constituents (OAC) levels, so long as the sig-
nal reaching the sensors from the water is correctly inter-
preted. The remote detection of these constituents requires
robust algorithms that can isolate that fraction of the to-
tal signal best correlating with the constituent to be anal-
ysed. One constituent, which to date has not been taken
into consideration, and which could be the source of se-
rious errors in remote measurements, is pine pollen, vast
amounts of which reach Baltic waters each spring. A pre-
liminary study of ours showed that large pollen concen-
trations are found not only in the immediate vicinity of
the shoreline, but also at considerable distances from it,
where it can make up more than 40% of all the 1.25—-250
pm SPM floating on the water (Pawlik and Ficek, 2016).
Pine pollen grains are carried to Baltic waters by terres-
trial run-off and winds. The latter can blow them 50—60
km out to sea (Dyakowska, 1959), a feat enabled by their
structure — a waxy outer skin and air vesicles (sacci) (see
Figure 1). For two-three weeks in late May and early June
(the pine pollen season), these trees produce vast quantities
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Figure 1  Magnitudes measured in pine pollen grains (after
Erdtman, 1954): A — lateral position (equatorial), B — dorsal
(polar); 4-12 — height of pollen grain, 13-13 — width of pollen
grain; 3-3 — depth of pollen grain; 1-4 height of corpus, 5-5 —
width of corpus, 9-8 — height of sacci, 10-10 — width of sacci,
11-11 — depth of sacci.

of pollen, coating the adjacent land and water with yellow
dust. The Baltic coast is well wooded, the dominant tree
species being the Scots pine Pinus sylvestris. According to
the Polish National Forest Inventory (Bureau for Forest Man-
agement and Geodesy, 2020), this species makes up 58% of
forests in the country. A single pine tree produces some 350
000 000 pollen grains, so 1 ha of a monospecific tree stand
will generate as many as 12 910 095 300 (Pohl, 1937). Nu-
merous authors have shown that pollen pine grains vary in
diameter, depending on the environment the trees are grow-
ing in. For example, pine pollen grains from the state of
Maine (USA) range in diameter from 60 to 75 um (Keller and
Matrai, 1998), while those from New York from 32 to 65 um
(Wodehouse, 1935).

Microscope measurements of suspended particle sizes
in natural waters are unreliable, so other instruments that
indirectly measure particle sizes are usually used, e.g. the
LISST-100X, which operates on the basis of light scattering,
or the Coulter counter, which relies on changes in permit-
tivity. The various techniques for measuring the equivalent
spherical diameter (ESD) of a particle often give different
results for the same particles, particularly if these are
non-spherical (Janosz, 1987; Jennings and Parslow, 1988;
Karp-Boss et al., 2007). But despite these limitations, these
instruments are routinely used in studies of aquatic environ-
ments for determining the size distributions of total lacus-
trine and marine SPM (Ahn and Grant, 2007; Bradtke, 1997;
Reynolds et al., 2010), phytoplankton suspensions
(Anglés et al., 2008; Karp-Boss et al., 2007; Rienecker et al.,
2008; Rzadkowolski and Thornton, 2012), bacteria
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(Serra et al., 2001, 2002) and sediment (Gartner et al.,
2001). An attempt to analyse the concentration of pine
pollen grains in sea water has also been described
(Pawlik and Ficek, 2016).

The principal aim of the present study was to devise and
test a method for the in vitro and in situ measurement of
pine pollen grains found on Baltic Sea surface waters. Since
there might be local differences in grain sizes, we first mea-
sured microscopically the grain sizes of pollen from pines
growing on the southern Baltic coast in order to character-
ize their size distributions. Then we applied those charac-
teristics to develop a method for estimating the in situ con-
centration of pine pollen grains in an aquatic environment
using the LISST-100X instrument. The method was validated
using suspensions of pollen in pure water and sea water.

2. Material and methods

In sea water, pollen is present along with other optically im-
portant constituents in various concentration combinations.
The optical characteristics of such water are the upshot of
interactions between all of its constituents and are diffi-
cult to interpret. Therefore, in order to obtain samples of
maximally uncontaminated pollen for laboratory analysis,
we collected pollen directly from pine tree inflorescences
during the pollen season. The sizes of these grains were
then measured in different planes under a CKX41 micro-
scope (Olympus).

Pine pollen grains are irregular in shape. The parame-
ters shown on Figure 1 were measured in order to deter-
mine grain volume (V) and surface area (S): this was done
on the assumption that the various parts of a pollen grain
resembled a triaxial ellipsoid (Cho et al., 2003).

As a large number of parameters have to be measured
in order to determine V and S for irregular 3D shapes, the
procedure is simplified, for example, by approximating an
irregular particle to a sphere of volume equal to that of
the irregular particle. Then we calculate ESDv, the volume-
equivalent spherical diameter of a sphere, for such a sphere
using the formula:

-3
ESDv = (évparticle>
s

Better results are sometimes achieved by approximat-
ing the particle to a sphere whose surface area is equal
to that of the irregular particle. In this case, we calculate
ESDs, the surface-equivalent spherical diameter of a sphere
(Karp-Boss et al., 2007) from the formula:

6 -2
ESDs = <;Sparticle>

Jonasz (1987), Jennings and Parslow (1988) and Karp-
Boss et al. (2007) showed that Coulter counter measure-
ments were better correlated with ESDv, whereas those
obtained with the LISST-100X were better correlated with
ESDs. Different physical measurements are sensitive to dif-
ferent attributes of the particle (for example, whereas
near-forward light scattering is sensitive to the particle’s
cross-sectional area, electrical impedance is sensitive to the
particle’s volume). In line with the results of those authors,
we used ESDs for the LISST-100X and ESDv for the Coulter
counter.
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To test the feasibility of detecting pollen suspended in
distilled water and multi-constituent sea water we used two
instruments:

1. The LISST-100X, type B (Sequoia Scientific, Inc.), a laser
instrument for measuring scattering and transmission in
situ. This measures the volume concentration of parti-
cles V(D) in 32 size classes, divided logarithmically from
1.25 to 250 um, using small angle forward-scattering
laser diffraction. The scattered light is measured in 32
size bins using a red laser diode at 670 nm and a 32-ring
silicon detector. At these small angles, laser diffrac-
tion is unaffected by the composition of particles, be-
cause light scattering is determined almost entirely by
light diffracted by the particle. With the software pro-
vided by the manufacturers, the scattering intensities
measured by the detector are mathematically inverted
to obtain the particle volume concentration, assuming
that the particles are spheres. A detailed description
of the technology and its application is provided by
Agrawal and Pottsmith (2000).

. Multisizer 4 Coulter Counter (Beckman Coulter)
equipped with a 100-um aperture. The device uses
the Coulter method, known as electrical sensing zone
(ESZ), a method with high resolution and accuracy, ad-
ditionally supported by digital pulse processor, which
provides ultra-resolution, multi-channel analysis, and
accuracy unattainable by other technologies and meth-
ods of measurement (volumetric pump precise is higher
than 99.5%). The application of 100 .m aperture allows
for precise designation of particles in 2—60 um size
range (treated as equivalent sphere diameter) divided
into 400 size channels logarithmically spaced over the
measured range. The aperture of the instrument was
calibrated using microsphere standards following the
manufacturer’s procedure. The measurements of par-
ticle size distribution (PSD) were made in three repli-
cates for each sample.

It should be mentioned, however, that in situ measure-
ments in sea water are possible only with the LISST-100X
instrument. The Coulter counter is suitable only for the in
vitro examination of water samples in the laboratory. More-
over, as it is extremely sensitive to extraneous factors, it is
usually used for measurements on land in samples conserved
with Lugol’s solution.

The research material consisted of pine pollen grains col-
lected from male inflorescences directly from the trees dur-
ing the pollen season (12—31.05.2018). In the laboratory,
this pollen was mixed with distilled water to obtain a pre-
liminary suspension. After 24 hours, this was used to pre-
pare further suspensions with different concentrations of
pollen. These were obtained by mixing the preliminary sus-
pension with different proportions of distilled water. The
final samples thus contained 10, 20, 25, 30, 50, 75 and 100%
of the preliminary suspension. These were then examined
using the LISST-100X instrument and the Coulter counter.
The measurements with the LISST-100X were carried out for
10 minutes. To prevent the pollen grains from the outflow
during the measurements, the samples were stirred contin-
uously in a chamber equipped with a magnetic stirrer (Full
Path Mixing Chamber for LISST-100X).
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Table 1

Characteristics of ESD values of pine pollen grains (maximum, minimum, mean, median and standard deviation)

measured under a microscope and regrouped into the LISST and Coulter counter classes.

equivalent spherical diameter (ESD) range of min—max average median standard deviation
Microscope and Coulter

ESDs [pwm] 27.7—-67.4 44.7 45.0 4.2

ESDv [um] 27.4—67.3 441 44.4 4.1

LISST-100X

ESDs [pwm] 26.7-72.2 44.7 43.9 4.8

ESDv [um] 26.7—72.2 441 43.9 4.7

The next experiment was carried out using sea water.
The pine pollen grains were mixed with distilled water and
left to stand for 24 hours. On the following day, sea water
(not containing any pollen grains) was sampled from the sea
surface by the pier at Ustka. These samples were not con-
served with Lugol’s solution: both the conservation of sea
water (Menden-Deuer et al., 2001; Zaruz and Irigoien, 2008)
and its non-conservation, as well as any lengthy delay be-
tween sampling of the water and its analysis in the labora-
tory can modify the particle size distribution (PSD) of bio-
logical particles. As soon as the sea water was brought to
the laboratory (ca 1 hour after sampling), 7 samples were
prepared containing the suspension prepared 24 hours ear-
lier (containing pine pollen grains and distilled water) and
sea water. The respective samples contained 10, 20, 25, 30,
50, 75 and 100% of the distilled water suspension. The LISST-
100X was then used to measure PSD in both the original sea
water and in the mixtures prepared from it. The measure-
ments were carried out under exactly the same conditions
as were applied when measuring the suspensions of pollen
in distilled water (see the previous paragraph).

3. Results and discussion

3.1. ESD measurements of pine pollen grains
under the microscope

Because pollen grains differ in size in different parts of the
world, the first step in this research involved characteriz-
ing the size distribution of pine pollen grains from south-
ern Baltic coastal areas. To this end, pollen was collected
directly from the male inflorescences of pine trees, which
was then soaked in distilled water for 24 hours prior to the
measurements. A total of 3353 pollen grains in this sus-
pension were measured under an optical microscope, after
which the ESDv and ESDs of each grain were determined.
Table 1 lists the maximum and minimum values of ESD for
pine pollen grains, along with their mean values, median
and standard deviation. ESDv ranged from 27.4 to 67.3 um
with a mean of 44.1 um, ESDs from 27.7 to 67.4 um with a
mean of 44.7 um.

The Coulter and LISST-100X measurements were classi-
fied according to size. The Coulter diameters were allocated
to 400 size bins, each of constant width. With the LISST-100X
there are just 32 size bins of uneven width, which increases
with increasing particle diameter. To correctly interpret the
Coulter and LISST-100X diameters, the microscopically mea-
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sured diameters were regrouped into the same size bins as
those obtained with the instruments. Table 1 and Figure 2
show the results of the analyses of these regrouped distribu-
tions of diameters. Clearly, the grouping of diameters mea-
sured under the microscope in the Coulter size classes with
respect to the ungrouped measurements does not alter the
parameters describing their characteristics. The reverse is
the case when diameters are regrouped according to the
LISST size classes. In this case, the smaller number of bins
means that we observe certain changes with respect to the
ungrouped measurements. The mean value of ESDs = 44.7
and ESDv = 44.1, whereas the standard devation is 4.8 and
4.7, respectively.

3.2. PSD measurements of pine pollen grains in
water

In the next experiment, we tested whether the LISST-100X
and Coulter instruments could be used to measure the con-
centration and PSD of a suspension of pollen in water. PSD
was measured in suspensions of six different concentrations
of pine pollen grains in distilled water. By way of example,
Figure 3 shows the results obtained for suspensions contain-
ing three different concentrations of pollen. We see that
the presence of pollen grains in water is indicated by a dis-
tinct peak in the same range as that where the peak was
observed in the microscope measurements (see Figure 2).
We can therefore assume that this peak is due to the pres-
ence of pine pollen.

The measurements of pollen suspensions under the mi-
croscope and with the two instruments also enabled a com-
parison of the results. The Coulter measurements are sim-
ilar to the results obtained with the microscope. On the
other hand, the distribution of the LISST diameters is dis-
tinctly broader than that of the Coulter measurements. The
ESD of pine pollen grains measured with the LISST ranged
from 24.6 to 78.4 um, but with the Coulter counter was
from 24.62 to 60.0 um. The wider range of ESD bins of pollen
grains obtained with the LISST is due to the differences in
the size bins of the two instruments: the LISST has far larger
bins than the Coulter counter. Measuring the size of very
large pine pollen grains using the Coulter counter was lim-
ited by the size of the diaphragm in this instrument. With a
100 wm diameter diaphragm, pollen grains from 2 to 60 um
can be measured, but the ESDs of some grains lie beyond this
range. To measure such larger grains a diaphragm of wider
diameter would be necessary. Despite these differences, we
still get good agreement between the maxima from both in-
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struments for the pine pollen grain size class from 40.5 to
47.7 wm. Both instruments showed a distinct peak in the di-
ameters in the same range as the microscope measurements
at ca 45 pum, albeit the local Coulter maximum displays a
greater volume concentration than that obtained with the
LISST. This is due to the narrower measurement range of
the latter instrument.

Both instruments were also used to estimate the total
number of pollen grains in the suspension. The measure-
ments made under the microscope (Figure 2) and with the
LISST and Coulter counter (Figure 3) indicate that the peak
from the pollen grain size ranging from 24.6 to 78.4 um and
from 24.62 to 60 wm (Coulter) can be linked to the pres-
ence of pine pollen, and that the magnitude of that peak
gives a rough indication of its concentration in water. In

Particle diameter [um]

Particle diameter [um]

Particle size distribution of pine pollen grains as measured with two different instruments. Three samples with different
concentrations are depicted (25, 50, 75% pollen: distilled water).

the subsequent calculations, therefore, it was assumed that
the pollen concentration was equal to its concentration in
the following ranges: LISST-100 x 24.6—78.4 wm, Coulter
24.62—60.0. To test the quality of this means of estimating
pollen concentrations in water, we analysed the measure-
ments obtained from the samples with different pollen con-
centrations. Here we took into account the fact that when
mixing a known volume of a water-pollen grain mixture with
a known volume of distilled water, we can define the rel-
ative changes in pollen concentration in the samples with
respect to the concentration in the original pollen mixture.
The results of these measurements confirmed the linear de-
pendence between the instrumentally measured concentra-
tions and the calculated ones (coefficient of determination
r2=0.99) (see Figure 4a).
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(a) Comparison of estimated concentration of pine pollen grains in the solutions and its values determined using by

LISST method; (b) Relationship between the volume concentration obtained from Coulter-measured particle size distributions and
those obtained from the LISST-100X distributions. The real pine pollen grain concentrations obtained using by with both instruments
are shown in black, whereas the pollen grain concentrations obtained after the addition of the LISST measurements of pollen grains
larger than 60 um to the Coulter measurements are shown in grey.

We further compared the pollen grain counts using the
two aforementioned instruments. It turned out that, despite
employing two different measurement techniques, the cor-
relation between the results obtained with both was very
high (coefficient of determination r?=0.99) (Figure 4b —
concentrations shown in black). However, the pollen con-
centrations in all the samples measured with the LISST were
somewhat higher than with the Coulter counter. This is be-
cause, as mentioned above, the Coulter counter diaphragm
is too small and is incapable of measuring pollen grains with
ESD > 60 um. That is why to estimate the total number
of pollen grains in the suspension, the data from two size
classes > 60 um obtained with the LISST-100X were added
to the Coulter measurements. The results, shown in grey,
are illustrated in Figure 4b. This figure shows that after this
correction, the measurements obtained with both instru-
ments differ only slightly, the slope of the straight line is
close to 1, and the coefficient of determination r2=0.99. It
should be noted that there are always certain differences
in the readings given by the two instruments because they
employ different measurement techniques and differently
interpret ESD (Jennings and Parslow, 1988; Jonasz, 1987;
Karp-Boss et al., 2007).

3.3. PSD measurements using LISST in
multicomponent sea water

Determining the concentration of one SPM constituent in
a mixture containing other such constituents on the basis
of PSD spectra poses a considerable challenge. As will be
shown below, this is more or less possible if one knows the
size distribution parameters of the sought-after SPM con-
stituent. Pine pollen occurs in sea water together with other
substances suspended in it in various combinations of con-
centrations. It is obvious, therefore, that measurements of
such multi-constituent SPM are best carried out in situ. How-
ever, the sampling technique and the time elapsing between
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sampling and analysis in the laboratory are just two fac-
tors that can lead to errors that are hard to estimate. That
is why for this part of our research we tested the possi-
bility of analysing the pollen concentration using only the
LISST-100X, an instrument which permits in situ measure-
ments in sea water. The preliminary results of that study,
published in Pawlik and Ficek (2016), showed that in situ
measurements of pollen concentrations using the LISST-100X
are feasible. Later, we tested the accuracy of that method.
For this purpose, measurements were made on mixtures
of Baltic Sea water with known concentrations of pollen
grains. To estimate the numbers of pollen grains suspended
in sea water, we applied our knowledge of their size distri-
bution from microscope measurements (Figure 2, Table 1)
and the LISST-measurements of pollen suspensions in dis-
tilled water (Figure 3). Besides pollen in sea water, there
are multifarious other particles that modify the PSD spec-
trum, so when estimating the pollen grain concentration,
we adopted a number of simplifications. We assumed that
the concentration of SPM with ESD both below (ESD<24.6
wm) and above (ESD>92.6 ..m) the value measured micro-
scopically in pollen grains constituted a background unre-
lated to the pollen grains and that we should take only val-
ues above that background level into consideration when
estimating pollen concentrations. We also assumed that the
level of the background signal between the limiting values
varied linearly (see Figure 5). We included in the pollen
signal all those values that were above the line drawn be-
tween the concentrations from beyond the pollen ESD in-
tervals (the yellow columns in Figure 5). The choice of the
upper limit (92.6 wm) to estimate pine pollen is related
to the property of the device LISST-100X, which is used
near forward light scattering measurements to obtain in-
formation about the size and concentration of suspended
particles.

Then we examined how various concentrations of pollen
grains affected the volume distributions of marine SPM mea-
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Figure 5 Diagram illustrating the methodology for measuring the concentration of pine pollen grains in any suspension using the

LISST instrument.

Table 2 Proportions of pine pollen grains mixed with distilled water and sea water used for measurements in the study
experiment.

Number of a sample Proportion ofpreliminary suspension Mixture 1 Mixture 2
(pollen mixed with distilled water) Distilled Natural sea
water water
Natural sea water = = 100 ml
Preliminary suspension of pine pollen grains 100% 100 ml — —
Sample 1 10% 10 ml 90 ml 90 ml
Sample 2 20% 20 ml 80 ml 80 ml
Sample 3 25% 25 ml 75 ml 75 ml
Sample 4 30% 30 ml 70 ml 70 ml
Sample 5 50% 50 ml 50 ml 50 ml
Sample 6 75% 75 ml 25 ml 25 ml

sured using the LISST-100X and its ability to measure the
pine pollen concentration. The research material for this
experiment consisted of mixtures containing set propor-
tions of pine pollen grains in distilled water and sea water
(Table 2).

We then measured the pollen grain concentrations in
these suspensions; the results are shown in Figure 6. This
figure shows that all the distributions are characterized by
distinct peaks, which testify to the presence of particular
groups of SPM constituents in the water. The blue line indi-
cates the measurement made in sea water without the addi-
tion of pollen grains. The sea water was dominated by SPM
with ESD between 2.86 and 40.5 um, with a distinct peak
between 10.8 and 12.7 um. The species composition of the
taxa microphytoplankton present in the sea water samples
and its dimensions are listed in Table 3. Microscopic mea-
surements showed that, apart from the pollen, the sam-
ples analyzed did not contain any large concentrations of
phyto- or zooplankton of dimensions within the range of the
dominant maximum shown in Figure 2. The next curves on
this figure show the measurements of sea water with pollen
grains. We see that the addition of ever larger quantities of
the pollen grain — distilled water mixture to the sea water
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generates a conspicuous bulge in the 24.6—78.4 .um range,
with a distinct peak in the pollen grain group of diameter
44 um. At the same time, we note a gradual decline in the
concentration of nanoplankton in the marine suspensions. A
gradual decline concentration of nanoplankton depends on
the relative size and concentration of the pine pollen grains
in the marine suspensions.

In order to test the proposed methods of estimating
pollen grain concentrations, this time in sea water contain-
ing other SPM as well, we analysed the measurements of
the above samples containing different amounts of pollen.
Here, we utilized the fact that when mixing a known vol-
ume of distilled water containing pollen with a known vol-
ume of sea water, we can calculate the relative changes of
pollen concentration in the samples with respect to the ini-
tial pollen grain concentration. These measurements con-
firmed the linear dependence between the calculated con-
centrations and the LISST-measured ones (coefficient of de-
termination r2=0.99; see Figure 6d). Thus, when sea water
concentrations of pollen are high, PSD spectra analysis dis-
criminates the pine pollen fraction from the total SPM, and
its concentration can be measured with a satisfactory level
of accuracy.
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Figure 6 (a—c) LISST-measured particle volume distribution for suspensions of pine pollen grains and natural seawater sampled
from the Ustka Pier on 6 May 2019. The mixed suspension was produced by combining different concentrations of pine pollen grain
suspensions in different concentrations of natural seawater and distilled water; (d) Comparison of LISST concentration of pine
pollen grains and concentration of the same pine pollen grains calculated from the volume (measurements in a natural seawater
samples and a distilled water samples).

Table 3 List and characteristics of microphytoplankton taxa and taxonomic groups identified in the water used for measure-
ments (sampled on 6 May 2019) in the Baltic Sea with mean ESDs; ESD — equivalent spherical diameter.

Taxonomic groups Species Calculated volume [um?] ESDs [um]
Chlorophyceae Pseudopediastrum boryanum 15896—49749 31.2—45.6
Bacillariophyceae Actinocyclus spp. 110214—-371972 59.5—89.2
Dinophyceae Gyrodinium spp. 2685—15656 17.2-31.0
Dinophyceae Dinophysis acuminata 29401—34006 38.3—40.2
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Size classes [pm] ( f) Size classes [pm]

e)

(

In situ concentrations measured with the LISST at different stations in the Baltic during the pine pollen season. (a) Locations of the stations where large concentrations

of pollen grains were observed in the southern Baltic Sea. (b) Concentration of pine pollen grains in waters of the Baltic Sea (visible with the naked eye). (c—f) In situ concentrations

of pine pollen at four measurement stations in the Baltic Sea.

Figure 7
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The final part of this work presents examples of in situ
PSD measured with the LISST at different stations in the
Baltic during the pine pollen season (Figure 7). The posi-
tions of the stations are shown in Figure 7a. Large concen-
trations of suspended pollen at these stations were visible
with the naked eye — this is illustrated by the photograph
in Figure 7b. The presence of large pollen concentrations
was also confirmed by the distinct peak in the PSD spectrum
between 24.6 and 78.4 .m, with maxima at ca 44 and 52
pm (Figure 7c—f). As shown earlier by the laboratory mea-
surements, this range coincides with the size range in which
pollen grains are observed. Application of the above method
to calculate the pollen concentration at the various stations
showed that the pollen grain concentrations and the pro-
portions of suspended pollen in the total SPM in the 1.25—
250 wm size range were: 2.4 pl I=' (34.2%) at station Plat1,
0.8 ul 1=" (23.5%) at P5, 4.1 pul 1" (39.6%) at L4 and 2.7 pl
=" (49.2%) at P39. These measurements demonstrate that
pollen suspensions in the Baltic Sea can locally reach very
high concentrations, sometimes even being the dominant
constituent of the SPM.

4. Conclusions

This paper is the first to describe and validate a method
of counting pine pollen grains in an aquatic environment.
Numerical and volume distributions of this important con-
stituent of marine SPM were calculated using a LISST-100X
and a Coulter counter and the results compared. Even
though these two instruments employ different techniques
for detecting particles, a high correlation was achieved
between the concentrations of pine pollen grains in wa-
ter. The experiment described shows that if we know the
PSD of the pollen grains, we can use both the LISST-100X
and the Coulter counter to identify and detect this suspen-
sion. When used for laboratory measurements, both instru-
ments yielded similar size distributions and concentrations.
The LISST-100X is superior for the detection of pine pollen
grains, because it is capable of measuring the in situ volume
concentration of this pollen in Baltic Sea water relatively
quickly and simply. However, the correct interpretation of
LISST data requires that the pollen concentrations in the
suspensions be large enough for the signal (peak) due to it at
40.5—47.7 wm to be readily visible against the background
PSD of other SPM.

Research into SPM in surface waters nowadays is espe-
cially important, when remote monitoring techniques are
in the ascendancy. Ongoing global and local environmental
changes demand the intensification of studies of the Baltic
Sea, a sensitive ecosystem endangered by eutrophication.
There is no doubt that if the correctly interpreted SPM com-
position signal reaching the satellite is incorporated in satel-
lite algorithms, it will significantly improve the quality of
remotely-sensed data.
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KEYWORDS Abstract  Size-fractionated primary production (PP) and chlorophyll-a (Chl-a) with phyto-
C-14; plankton abundance and nutrients were investigated in the south-eastern Black Sea from
Phytoplankton; November 2014 to August 2015. A 14C radio-tracing technique was used to estimate phyto-
Primary production; plankton primary production. C-14 experiments revealed that total PP ranged from 295 mgC
Size-fractionated; m~2 d~' to 5931 mgC m~% d~' along the study area. Size-fractionated PP varied from 84 to
South-Eastern Black 1848 mgC m=2 d~", from 96 to 3156 mgC m~2 d~' and from 56 to 3363 mgC m~2 d~' for pico-,
Sea nano- and microphytoplankton, respectively. Overall, winter (4163 mgC m~2 d~') and spring

(5931 mgC m~% d') were the most productive seasons, which coincided with high phytoplank-
ton abundance. Contributions of microphytoplankton and nanophytoplankton were prominent
in spring with maximum PP values. Winter was the second productive season with high contribu-
tions of nano- and microphytoplankton PP. Summer and autumn were less productive seasons,
which were characterised by a high contribution of pico- and nanophytoplankton PP. Dinoflagel-
lates were represented with the highest species richness (68 species, 53.54%) and diatoms were
the second group along the area. Diatoms and other phytoplankton species (mainly Emiliania
huxleyi) were the most abundant groups in terms of quantitative contribution. The results show
that microphytoplankton along the study area are responsible for the majority of PP. However,
the measured high Chl-a against low size-fractionated PP clearly indicates that smaller groups
(i.e., pico- and nanophytoplankton) were dominant during these periods. Hence, the quantifi-
cation of size-fractionated PP rates together with ecological indicators will allow for a more
comprehensive assessment of the Black Sea ecosystem.
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1. Introduction

Phytoplankton community composition and size classes
(i.e., pico-, nano- and micro-phytoplankton) affect bio-
geochemical processes, carbon fixation and transferring
of organic matter to upper trophic levels via photo-
synthesis mechanism (Guidi et al., 2010; Kigrboe, 1993;
Margalef, 1965; Uitz et al., 2010). This mechanism builds
the base of the marine food web, and regulates trophic in-
teractions, nutrient dynamics, and energy transfer to up-
per trophic levels (Paerl et al., 2003; Platt and Sathyen-
dranath, 2008). Since phytoplankton physiologically quickly
respond to environmental changes, this makes them sensi-
tive indicators of environmental degradation in the aquatic
ecosystems (Hays et al., 2005; McQuatters-Gollop et al.,
2007).

Photosynthetic capacity, trophic role and physiology of
the phytoplankton are closely related to their size struc-
ture (Song et al., 2019). Size structure of phytoplankton
influences food web efficiency and carbon export in the
pelagic ecosystem (Tilstone et al., 2017). For example, mi-
crophytoplankton (>20 wm in size) are responsible for new
production and contribute significantly (nearly 20% of an-
nual primary production) to carbon fixation (Eppley and Pe-
terson, 1979; Goldman, 1993; Michaels and Silver, 1988;
Nelson et al., 1995; Tilstone et al., 2017). Nanophytoplank-
ton (2—20 um in size) are responsible for most of the pri-
mary production (PP) in many shelf seas (Joint et al., 1986).
Picophytoplankton are dominant in the low Chl-a areas of
oligotrophic subtropical and tropical seas (Aiken et al.,
2009; Veldhuis et al., 2005), and their contributions to an-
nual PP are generally low when compared with other size
groups (Curran et al., 2018). Moreover, phytoplankton size
classes can be associated with different biogeochemical re-
gions and trophic status for a given area. Oligotrophic wa-
ters are generally dominated by picophytoplankton with low
Chl-a and PP rates (Curran et al., 2018; Platt et al., 1983;
Viviani et al., 2011). Differently, nanophytoplankton have
moderate Chl-a and PP rates in the mesotrophic regions.
By contrast, the microphytoplankton inhabit eutrophic ar-
eas (i.e., nutrient replete waters) with high Chl-a and PP
capacity (Cho and Azam, 1988; Eppley and Peterson, 1979;
Falkowski et al., 1998, Tilstone et al., 2017). Moreover,
microphytoplankton plays a major role in global carbon
cycle (Tilstone et al., 2017). Hence, measuring of size-
fractionated primary production and monitoring of changes
in phytoplankton size structure have vital role in under-
standing biogeochemical carbon cycle, biological pump,
ecosystem management strategies and sustainable ecosys-
tem policies (Aumont et al., 2003; Le Quéré et al., 2005;
Tilstone et al., 2017; Uitz et al., 2010).

The Black Sea is a biologically productive and the
largest anoxic marine environment (Yilmaz et al., 2006;
Yunev et al., 2002). However, due to ecological deterio-
rations, shifts in the ratio of major phytoplankton groups,
qualitative and quantitative changes in community struc-
ture, phenological changes in bloom pattern and de-
cline in PP rates have been observed over the decades
(Agirbas et al., 2014; Bat et al., 2011; Feyzioglu and Sey-
han, 2007; Kideys, 1994, 2002; Kopelevich et al., 2002).
The Black Sea is characterized with two phytoplankton
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blooms throughout the year. The major bloom (mainly di-
atoms) occurs in early spring, while a secondary bloom
of coccolithophores appears in autumn (Sorokin, 1983;
Vedernikov and Demidov, 1997). However, additional sum-
mer blooms of dinoflagellates and coccolithophores have
frequently been reported from the Black Sea (Hay et al.,
1990; Sur et al., 1996; Yayla et al., 2001; Yilmaz et al.,
1998).

Production rates were generally high in the north-
western Black Sea, they ranged from 570 to 1200 mgC
m-2 d-', whereas values varied from 320 to 500 mgC m—2
d~" in the regions of continental slope, 100 to 370 mgC
m~2 d-' in the central deep-sea regions during 1960—1991
(Bologa et al., 1986; Demidov, 2008; Vedernikov and Demi-
dov, 1997). On the contrary, PP rates along the south-
ern Black Sea were reported as 247—1925 mgC m=2 d-'
for spring, and 405—687 mgC m~2 d~' for summer-autumn
period during 1995—1996 (Yilmaz et al., 2006). Recently,
monthly production rates for the south-eastern coasts of
the Black Sea were reported as 285—565 mgC m=2 d~' for
coastal stations, and as 126—530 mgC m~2 d~' for offshore
stations (Agirbas et al., 2014). Majority of studies have fo-
cused on the simultaneous analysis of size-fractionated PP
in the oceans (Cermeno et al., 2005; Han and Furuya, 2000;
Jochem and Zeitzschel, 1989; Tamigneaux et al., 1999),
however, no studies that include size-fractionated PP rates
were reported from the Black Sea, and therefore, it is essen-
tial to understand which size classes of phytoplankton are
seasonally active and make a major contribution to primary
production.

In this study, we consider the spatial and temporal
variations in seasonal size-fractionated PP and Chl-a with
phytoplankton abundance and nutrient data in the south-
eastern Black Sea during the 2014—2015 sampling period.
The present study also provides the first measurement of
size-fractionated PP rates for the study area, and specifi-
cally focuses on determining the contribution of phytoplank-
ton size classes to total PP rates in the study area through-
out a seasonal cycle.

2. Material and methods
2.1. Study area and sampling regime

Samplings were performed seasonally at the 12 stations
from November 2014 to August 2015 along the south-eastern
Black Sea (Figure 1). The station coordinates and sampling
details are given in Supplementary Material Table 1. Seawa-
ter samples were obtained from the particular depths (sur-
face, 10 m, 20 m, 30 m and 40 m) by using a SBE 32 Carousel
rosette sampler. A SBE 25 plus CTD probe was deployed
(from surface to 100 m) to reveal the vertical profile of
temperature, salinity and Chl-a during samplings. Similarly,
photosynthetically active radiation (PAR) was measured sea-
sonally by using a Li-Cor (LI-193 SA) sensor mounted to CTD
(conductivity, temperature, depth) probe. The 1% light pen-
etration depth was also calculated from PAR values in or-
der to determine the base of euphotic zone along the study
area. Variations of the parameters measured for the study
area are summarized in Table 1.
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Figure 1  Map of study area and station locations (K2: Kemalpasa 2 nm, K8: Kemalpasa 8 nm, P2: Pazar 2 nm, P8: Pazar 8 nm,
P15: Pazar 15 nm, C2: Camburnu 2 nm, €8: Camburnu 8 nm, T2: Trabzon 2 nm, T8: Trabzon 8 nm, T15: Trabzon 15 nm, G2: Giresun
2 nm, G8: Giresun 8 nm).

Table 1 Seasonal ranges of the parameters (mean, minimum and maximum values) obtained for the study area.
Parameters Autumn Winter Spring Summer Overall
Temperature (°C) 12.27 8.67 10.37 13.06 11.08
(8.35-18.20) (8.123-10.52) (8.14-19.79) (8.379-28.41) (8.12-28.41)
Salinity (%o) 18.38 18.23 18.30 18.39 18.33
(17.43-19.98) (17.354-18.88) (16.13-19.54) (17.63-19.71) (16.13-19.98)
Chl-a (pg I=") 1.25 1.60 0.68 0.60 1.03
(0.35-4.57) (0.27-4.96) (0.21-2.50) (0.161-2.75) (0.16-4.96)
Euphotic zone (m) 22.33 28.67 29.83 35.25 29.02
(19-26) (18-36) (23-45) (31-40) (18-45)
NO2.3-N (M) 0.59 0.60 0.0449 0.23 0.37
(0.001-2.12) (0.014-1.55) (0.001-0.61) (0.001-0.88) (0.001-2.12)
PO4-P (M) 0.060 0.059 0.030 0.029 0.04
(0.001-0.28) (0.001-0.11) (0.001-0.14) (0.001-0.14) (0.001-0.28)
Si0,-Si (LM) 4.24 2.04 1.94 1.55 2.444
(1.58-13.63) (0.01-6.30) (0.60-4.75) (0.28-5.19) (0.01-13.63)
Pico_PP (mgC m—2d~") 347.67 433.50 817.50 486.33 521.25
(84-582) (120-1143) (275-1848) (119-1335) (84-1848)
Nano_PP (mgC m=2d-") 409.25 947.42 1318.17 414.08 772.23
(188-637) (97-2095) (263-3156) (96-1168) (96-3156)
Micro_PP (mgC m=2d") 217.92 702.83 1301.33 444.42 666.63
(86-529) (56-1710) (169-3363) (73-1204) (56-3363)
Total_PP (mgC m=2d~") 974.67 2084.08 3437.17 1344.83 1960.19
(521-1444) (323-4163) (951-5931) (295-2555) (295-5931)
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2.2. Phytoplankton analysis

Samples (1 litre) for the phytoplankton analysis were pre-
served with 4% formalin, and later the samples were con-
centrated to 10 ml by sedimentation method after keep-
ing the samples immobile for 2 weeks in a dark and
cool place until microscopic analysis (Utermohl, 1958).
The excess seawater after settling was gently removed
with a pipette. A subsample of 1 ml from the concen-
trated sample (10 ml) was counted by using a Sedgewick-
Rafter cell under a phase-contrast binocular microscope
(Leica DM4000). The phytoplankton groups (diatoms, di-
noflagellates, other phytoplankton groups) were identified
according to Balech (1988), Tomas (1996) and Rampi and
Bernard (1978).

2.3. Nutrient analysis

Samples for nutrient (NO,,3-N, SiO,-Si and PO4-P) analy-
ses were filtered through 0.45 um cellulose acetate mem-
brane filters. The filtrate was collected in 100 ml acid-
washed high-density polyethylene bottles, and then was
kept frozen (—20°C) until the analysis. An auto-analyser
(SEAL) was used to measure nutrient concentrations. Ni-
trite and Nitrate (NO,,3-N) were analysed according to cad-
mium coil reduction method followed by sulfanilamide re-
action in the presence of N-(1-naphthylethylenediamine)
dihydrochloride (Std. Methods 4500-NO;~F, APHA, 1998).
Ortho-phosphate (PO4-P) was detected according to Or-
thoAcidic molybdate/antimony with ascorbic acid reduction
(phosphomolybdenum blue) method (Std. Methods 4500-P
F, APHA, 1998). Reactive silicate (SiO,-Si) was measured
by using acidic molybdate with ANSA reduction (silico-
molybdenum blue) method (Std. Methods 4500-SiO, D,
APHA, 1998).

2.4. Size-fractionated primary production
experiments

A 14C radio-tracing technique was deployed in order to
estimate phytoplankton primary production (Steemann-
Nielsen, 1952; Richardson, 1991). For this purpose, sea wa-
ter samples from each depth were sub-sampled into 50 ml
clear polycarbonate bottles. All bottles were pre-cleaned
following JGOFS protocols to reduce trace metal contam-
ination. Each bottle (50 ml) was inoculated with 50 L
NaH'#COs;~ (1 wCi; 2220000 dpm). After inoculations, the
polycarbonate bottles were transferred to an on-deck incu-
bation system (ICES Incubator HYDROBIOS) with simulated
subsurface irradiance over depth to 97%, 55%, 33%, 20%,
14%, 7%, 3%, 1% or 0.1% of the surface value and incubated
for two hours (between 10.00 and 12.00 pm).

After the incubation, each sample was filtered through
0.2, 2 and 10 um polycarbonate filters to measure the pico-,
nano- and microphytoplankton primary production, respec-
tively. The filters were exposed to concentrated hydrochlo-
ric acid (HCI) fumes for 12 hours. Then, the filters were
transferred to scintillation vials and 4 ml of scintillation
cocktail was added. The carbon activities (as disintegra-
tion time per minute, DPM) of each sample were measured
with a liquid scintillation counter (LSC, PerkinElmer TriCarb

1550). Dark-bottle values were subtracted from the counts
obtained from different light depths to calculate net pro-
duction. Hourly rates of production were calculated from
the measurements, and then these rates were converted to
depth-integrated PP rates (mgC m~% d-') using the trape-
zoidal method (O’reilly and Zetlin, 1998). Hourly production
rates were converted to daily rates depending on PAR mea-
surements.

Following equation was used to calculate the rates of
PP:

_ dpm(a).total CO2(c).12(d).1.05(e).1.06().k1.k2.k3
- dpm(b)

Pt
where Pt = carbon uptake, mgC m~3 h~'! and:

(a) = sample dpm — background dpm = net dpm/sample

(b) = the activity of the added '“C solution dpm

(c) = concentration of total CO, in experimental water,
uMdm-—3

(d) = 12: the atomic weight of carbon, converts uMdm—3’to
mgdm—3

(e) = a correction for the effect of 14C discrimination

(f) = a correction for the respiration of organic matter pro-
duced during the experiment

k1 = a correction factor for sub-sampling
k2 = a time correction factor
k3 = a unit conversion factor

2.5. Evaluation of data

Kolmogorov-Smirnov test was applied to check whether
the distribution of data was normal. One-way analysis
of variance (ANOVA) test was used to test for significant
differences between data sets (e.g., size-fractionated PP,
Chl-a, phytoplankton abundance, inorganic nutrients and
hydrography).

3. Results
3.1. Temperature and salinity profiles

Sea surface temperature (SST) ranged from 8.58°C (winter
2015) to 28.41°C (summer 2015) with a statistically signif-
icant difference (ANOVA, p<0.001) during the study period
(Figure 2). The water column was uniform in winter due to
the strong convectional mixing, whereas thermal stratifica-
tion was observed in summer and continued until autumn.
The seasonal thermocline was detected between 20 and 50
m depths in summer and autumn. Surface salinity values re-
vealed a typical Black Sea pattern and varied from 16.13%o
(spring 2015) to 18.18%. (summer 2015) with seasonal differ-
ences (ANOVA, p<0.001). Depending on the depth, salinity
increased to 20%. which indicates the presence of Mediter-
ranean origin waters at deeper depths (Figure 3). Surface
salinity values clearly show that the upper layer of the study
area is influenced by the river inflow, particularly during
spring. Euphotic zone depth derived from PAR values ranged
from 18 m (winter 2014) to 45 m (spring 2015) along the
area. In general, the thickness of euphotic zone in summer
and spring was greater than in other seasons (Table 1).
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Figure 2  Spatio-temporal variations in temperature (A: autumn, B: winter, C: spring, D: summer).

3.2. Nutrient dynamics study period, nutrient concentrations substantially varied,

and revealed statistically significant seasonal differences
Seasonal dynamics of nutrients (i.e., nitrite plus nitrate, (ANOVA, p<0.001). Extensive vertical mixing during autumn
phosphate and silicate) were given in Figures 4—6. Over the and winter seasons resulted in high nutrient concentrations

248



Oceanologia 64 (2022) 244—266

0 G8 G2 T15T8 T2

20

Depth [m]

80

20

40

Depth [m]

60
80

100

20

40

Depth [m]

60

80

100

Depth [m]

38.5°E 39°E 39.5°E

40°E

Salmlt){( B[%oK]2 .

Ocean Data View / DIVA

Ocean Data View / DIVA

40.5°E 41°E 41.5°E

Longitude

Figure 3  Spatio-temporal variations in salinity (A: autumn, B: winter, C: spring, D: summer).

in the euphotic zone. On the other hand, the concen-
trations were relatively low and showed a more uniform
pattern during spring and summer along the study area.
In general, the nutrient concentrations were high in the
autumn and winter, and depending on phytoplanktonic
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activity, the concentrations decreased in the spring and
summer. Overall, phosphate concentrations (0.001—0.28
+0.04 wM) were very low, however, concentrations of NO,, 3
(0.001—2.12 £0.39 wM) and silicate (0.01—13.63 £1.93 uM)
were significantly high along the stations (Table 1).
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Figure 4 Spatio-temporal variations in nitrite and nitrate concentrations (A: autumn, B: winter, C: spring, D: summer).

NO,,3-N concentrations were generally high in autumn spring (0.001—0.61 wM) and summer (0.001—0.88) periods
(0.001—2.12 pM) and winter periods (0.014—1.55 wM) when (Figure 4). Depending on the depth, high concentrations
mixing process took place and phytoplanktonic activity were recorded between 10 m and 20 m, except for the sum-
were low, differently, the concentrations were low in mer (C2 station, 40 m).
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Figure 5 Spatio-temporal variations in phosphate concentrations (A: autumn, B: winter, C: spring, D: summer).

PO4-P concentrations were generally low (generally 0.28 M), while the lowest values were measured in spring
less than 0.5 wM) with statistically significant differences and summer (0.001—0.14 wM). During the study period,
(ANOVA, p<0.05) in the study area (Figure 5). The high- deeper waters were characterized by high phosphate con-
est concentrations were measured in the autumn (0.001— centration in autumn (T2 station, 40 m) and winter (P8
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Figure 6  Spatio-temporal variations in silicate concentrations (A: autumn, B: winter, C: spring, D: summer).

station, 40 m), while the surface waters had much phos-
phate in spring (P8 station surface) and summer (P8 station,
20 m).

In general, SiO,-Si concentrations revealed an increas-
ing pattern with depth (Figure 6), and varied significantly
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(ANOVA, p<0.05) along the study area. The highest con-
centrations were generally recorded in autumn (1.58—13.63
wM) and winter (0.01—6.30 wM). On the other hand, the con-
centrations decreased in spring (0.60—4.75 wM) and summer
(0.28—5.19 uM).
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3.3. Phytoplankton composition and abundance

A total of 127 species were identified along the study
area. 53.54% of these were dinoflagellate species (68
species), 40.94% were diatom species (52 species) and
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5.51% consisted of other species (7 species), mainly coc-
colithophores (Emiliania huxleyi). The most dominant and
common species were Chaetoceros decipiens, Coscinodis-
cus granii, Coscinodiscus radiatus, Pseudo-nitzschia del-
icatissima, Rhizosolenia calcar-avis, Rhizosolenia setig-



E. Agirbas and M. Bakirci

era, Thalassionema nitzschioides, Thalassiosira anguste-
lineata, Alexandrium minutum, Ceratium furca, Ceratium
fusus, Ceratium tripos, Dinophysis acuminata, Dinophysis
acuta, Dinophysis ovata, Gymnodinium sp., Noctiluca scin-
tillans, Prorocentrum compressum, Prorocentrum micans,
Prorocentrum minimum, Protoperidinium depressum, Pro-
toperidinium steinii, Scrippsiella triquedium and Emiliania
huxleyi along the study area.

Quantitative phytoplankton distribution along the study
area varied seasonally. Dinoflagellates (up to 5 x 10° cells
-") and other taxonomic groups (up to 1.5 x 10° cells
=') were in notable abundance during the autumn. On the
other hand, diatoms (up to 3 x 10° cells |=') abundance
remarkably increased in winter (Figures 7—9). In spring,
dinoflagellates abundance (up to 10 x 10° cells |=") and
other taxonomic groups (maximum 4 x 10* cells =) were
remarkably high, however, a decrease in diatom abundance
was detected when compared to the previous sampling
period. Quantitative phytoplankton density significantly
decreased in the summer, and the abundance remained
below 3 x 103 cells =" when compared to other seasons
(Figures 7, 8 and 9)

In terms of total cell number, winter was the most promi-
nent period with a maximum of 4.1 x 10° cells =", followed
by autumn (up to 1.5 x 10° cells =") and spring (up to
5 x 10* cells =), respectively (Figure 10). Over the study
period, the abundance of diatoms revealed statistically sig-
nificant differences among all seasons, while dinoflagellates
were statistically different in spring and summer, other tax-
onomic groups were only statistically different in the au-
tumn and summer (ANOVA, p<0.05). Similarly, total cell
numbers also showed statistically significant differences be-
tween all seasons except for the autumn and spring seasons
(ANOVA, p <0.05).

3.4. In-situ Chlorophyll-a

In-situ Chl-a concentrations (0.16-4.96 4+ 0.87 g L") sig-
nificantly varied (ANOVA, p<0.01) over the study period. In
the autumn (0.35—4.57 ng I="), the first 20 m of the water
column was rich in terms of Chl-a, and its concentrations
reached up to 4.57 ug I=! (Figure 11A). After these depths,
Chl-a profile showed a more uniform pattern. In the winter
(0.27—4.96 pg =), Chl-a was much patchy due to the in-
tensive vertical mixing process (Figure 11B). In this period,
Chl-a concentration reached up to 5 pg ='. In the spring
(0.21-2.50 pg |I="), the first 20—40 m of the water column
was much richer in terms of Chl-a concentration. However,
Chl-a concentration did not exceed 2.50 g =" during this
period when the river runoff was intense, and the nutrient
concentration was high (Figure 11C). In the summer (0.16—
2.75 pg I="), Chl-a concentrations were lower than other
seasons, and the highest concentrations (2.75 pg I-') were
generally detected at 20—25 m (Figure 11D).

3.5. Total and size-fractionated primary
production

During the study period, total PP revealed significant sea-
sonal variations (Figure 12, Table 1). Total and group-
specific depth-integrated Primary Production rates for the

254

stations are given in Supplementary Material Table 2. Spring
was the most productive season with the highest total PP
rates (5931 mgC m=2 d~") over the study period. Winter was
the second productive period, and total PP rates reached
up to 4163 mgC m=2 d='. Summer and autumn had rela-
tively low total PP levels when compared to other seasons,
and their PP rates were 2555 mgC m~2 d~' and 1444 mgC
m~2 d-', respectively. Among the stations, Kemalpasa and
Pazar stations, which are under the effect of river runoff,
were the most productive stations, whereas Camburnu sta-
tion had the lowest production rates in terms of total pri-
mary production rates.

The rates of size-fractionated PP varied remarkably
throughout the study period (Figure 13, Table 1). In gen-
eral, the rates of PP varied from 84 to 1848 mgC m=2d~", 96
to 3156 mgC m~2 d~' and 56 to 3363 mgCm~2d~" for pico-,
nano- and microphytoplankton, respectively. The autumn
period was characterised with high nanophytoplankton PP
(637 mgC m=2 d-') and followed by picophytoplankton
PP (582 mgC m~% d~') along the study area (Figure 13A,
Table 1). A substantial increase in PP rates of nano-
(2095 mgC m=2 d~') and microphytoplankton PP (1710
mgC m~2 d-') were recorded in the winter (Figure 13B).
In this period, PP rates increased by almost 2—3 folds
compared to the autumn period. In the spring, the high-
est size-fractionated production rates were detected, and
reached up to 3000—3500 mgC m~2 d~' along the stations
(Figure 13C). In this period, the most significant contribu-
tion was made by microphytoplankton (3363 mgC m=2 d~").
The second group was nanophytoplankton with the rates of
3156 mgC m~2 d~' levels. Picophytoplankton was the last
group with the maximum rate of 1848 mgC m=2 d~" in spring
(Table 1). Summer period was characterized by picophy-
toplankton, and the production rates reached up to 1335
mgC m~2 d~" (Figure 13D). In terms of spatial variation, mi-
crophytoplankton was generally dominant along the coastal
stations, however their production rates (1200 mgC m=2d-")
was less than picophytoplankton. Nanophytoplankton were
high in offshore stations with the rates of 1168 mgC m~2 d~’
during summer (Table 1).

4. Discussion

The present study facilitates to examine the spatio-
temporal changes in size-fractionated PP, total PP, and in-
situ Chl-a with phytoplankton abundance and nutrient data
along the south-eastern Black Sea. More importantly, this
work is also the first study that revealed size-fractionated
primary production rates with a seasonal basis for the Black
Sea.

4.1. Spatio-temporal variations in nutrients

The surface waters of the southern coasts of the Black
Sea are characterised with low nutrient concentrations es-
pecially during stratified periods (Basturk et al., 1994;
Bingel et al., 1993; Codispoti et al., 1991). The concen-
trations are mostly affected by sub-surface nutricline and
vertical mixing processes (Yayla et al., 2001). Besides, re-
gional rivers are also the primary resources of nutrients,
especially in coastal areas. Nutrient concentrations in the
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Figure 8 Spatio-temporal variations in dinoflagellates abundance (A: autumn, B: winter, C: spring and D: summer).

euphotic zone varied seasonally from 0.16 to 1.5 uM for
TNOx, and from 0.03 to 0.35 uM for phosphate in the spring-
autumn period of 1995—1996 (Yilmaz et al., 1998). During
July 1997—September 1998 period, concentrations in the
euphotic zone were detected as <0.35 uM for PO4, <0.5
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uwM for NO2, 3 and 5 uM for silicate along the southern Black
Sea (Yayla et al., 2001). In the present study, nutrient con-
centrations varied seasonally, and detected as 0.001—2.12
wM; 0.001—0.28 M and 1.58—13.63 wM for NO,,3-N, PO4-
P and SiO,-Si, respectively. Throughout the seasons, au-
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Figure 9

tumn was detected as the richest period in terms of nutri-
ent concentrations along the study area. In the study area,
coastal stations were richer in terms of nutrient concen-
trations than offshore stations. In particular, some stations
(e.g., T2 and P2) are under influence of major river runoffs
(e.g., Degirmendere and Firtina Rivers) which lead to de-
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Spatio-temporal variations in other phytoplankton groups abundance (A: autumn, B: winter, C: spring and D: summer).

tect high nutrient concentrations even at the base of the
euphotic zone.

Total NO,,3-N concentrations for the southern Black Sea
were reported as 0.11—0.59 uM (Eker-Develi et al., 2003). In
another study, total NO,,3-N concentrations were reported
as 0.02—4.14 puM for the Anatolian coast of the Black Sea
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Figure 10  Spatio-temporal variations in total phytoplankton cell numbers (A: autumn, B: winter, C: spring and D: summer).

(Coban-Yildiz et al., 2000). Along the south-eastern Black
Sea coasts, the total NO,,3-N concentrations varied be-
tween 0.37 and 4.71 pM in coastal waters and ranged from
0.31 to 4.46 uM in open waters (Agirbas, 2010). In a study
conducted by Koca (2014), NO,,3-N concentrations were de-
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tected between 0.52 and 9.88 uM along the south-eastern
Black Sea (Rize) (Koca, 2014). In the present study, the to-
tal NO,,3-N concentration varied between 0.001 and 2.12
M with significant seasonal variations. Compared to previ-
ous studies, NO,, 3-N concentrations were found to be lower
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Figure 11  Spatio-temporal variations in in-situ Chl-a concentrations (A: autumn, B: winter, C: spring and D: summer).

than those of studies conducted along southern coasts of the
Black Sea.

Average PO,4-P concentration in surface waters was re-
ported as 0.419 uM in the Black Sea (Sorokin, 1983). In a
time-series study conducted along the Romanian coasts, av-
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erage PO4-P concentrations were measured as 0.26 uM for
the period of 1959—1965, 6.54 .M for the period of 1983—
1990 period, 1.86 wM for the period of 1991—-2000 and 0.49
for the period of 2001—2005 (Oguz et al., 2008). The aver-
age PO,4-P concentration was reported as 0.002 uM (Novem-
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and D: summer).

ber 2009) to 0.052 uM (June 2009) at the coastal stations
in the south-eastern Black Sea (Agirbas, 2010). In the open
waters, concentrations varied between 0.002 uM (Novem-
ber 2009) and 0.068 uM (June 2009). Similarly, the phos-
phate concentration for the south-eastern Black Sea var-
ied between 0.01—0.06 uM (Kopuz, 2012). Along the south-
eastern coasts (Rize), PO4-P concentration varied between
0.03 and 0.90 uM (Koca, 2014). In this study, PO4-P concen-
trations ranged from 0.001 to 0.28 wM. The highest PO4-P
concentrations were observed in autumn while, the lowest
values were measured in winter. Overall, a significant de-
crease was observed in PO4-P concentrations over the years
when compared to the previous decades along the study
area.

As a general trend, SiO,-Si concentration of seawater
varies between 7—15 uM in surface waters during the win-
ter period, concentrations may decrease down to 0.35 pMin
the summer period (Tait, 1988). Depending on phytoplank-
ton activity, SiO,-Si concentrations decrease especially af-
ter intense diatom blooms in the Black Sea, and its con-
centration increases again with river inputs and precip-
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Spatio-temporal variations in integrated size-fractionated primary production rates (A: autumn, B: winter, C: spring

itation (Bologa, 1986). The average annual surface wa-
ter SiO,-Si concentrations were reported as 40.5 pM for
the period of 1959—65; 11.0 uM for the period of 1983—
1990; 12.6 uM for the period of 1991—2000 and 13.7 puM
for the period 2001 of 2005 along the Romanian coasts
(Oguz et al., 2008). Particularly, after the 70’s, reactive
silicate concentration in surface waters of Black Sea de-
creased by 60% due to dam constructions on river Danube,
and this decline led to dramatic changes in phytoplank-
ton compositions especially in diatoms in the early 1990s
(Kideys et al., 2000). It was reported that SiO,-Si con-
centrations varied between 1.20 and 14.08 uM in the
south-eastern Black Sea coast (Agirbas, 2010). In another
study conducted in the same region, SiO,-Si concentrations
ranged from 0.37 to 16.63 uM (Kopuz, 2012). Similarly, sili-
cate concentrations were reported between 1.92 and 16.25
M along the south-eastern Black Sea (Koca, 2014). In the
present study, SiO,-Si concentrations varied between 1.58
and 13.63 wM. The highest concentrations were detected in
the autumn due to vertical mixing and low phytoplanktonic
activity.
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Figure 13
mer).

4.2. Spatio-temporal variations in phytoplankton

The seasonal dynamics of the Black Sea phytoplank-
ton exhibit a typical spring bloom of which diatom are
main responsible groups, whereas in the autumn bloom
is stimulated by the coccolithophore Emiliania huxleyi
(Honjo et al., 1987; Oguz and Ediger, 2006; Sorokin, 1983;
Vedernikov et al., 1993). However, ecological changes oc-
curred in the ecosystem after the 80's have led to un-
usual summer phytoplankton blooms (Hay et al., 1990;
Sur et al., 1996; Yayla et al., 2001; Yilmaz et al., 1998).
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Moreover, these changes have also caused significant shifts
in phytoplankton composition and bloom patterns along
the Black Sea. In general, diatoms were considered as
the main group (46%) contributing to the total phyto-
plankton biomass, followed by dinoflagellates with a rate
of 27% (Zaitsev and Alexandrov, 1997). However, after
eutrophication and the retention of inorganic nutrients
(mainly silicate) caused shifts in phytoplankton group ra-
tios in favour of coccolithophores and dinoflagellates rather
than diatoms (Bodeanu et al., 1998; Bologa et al., 1995;
Cociasu et al., 1996; Humborg et al., 1997; Moncheva and
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Krastev, 1997). Qualitative changes were also reported in
the phytoplankton composition during the eutrophication
period, in which the diatom ratio decreased from 67%
(209 species) to 46% (172 species) between 1960—1970
and 1972—1977 (Bologa, 1986). In addition, the gradual
increases in number of dinoflagellates species in recent
years, especially during summer, have made them the dom-
inant group along the Black Sea (Mikaelyan et al., 2013;
Moncheva et al., 2001; Uysal and Sur, 1995; Uysal et al.,
1998; Zaitsev and Alexandrov, 1997). Similarly, a high di-
noflagellate species number (81% of total species number)
were reported from south-western Black Sea (Ediger et al.,
2006). Agirbas et al. (2015) also reported a high dinoflag-
ellate dominance (71%) from the south-eastern Black Sea
for the period of February—December 2009. In the present
study, a high dinoflagellate dominancy (53.54%) was also ob-
served throughout the study period. Overall, the results are
consistent with recent trends reported from previous stud-
ies thus suggesting the dinoflagellate species have become
the dominant group in terms of species richness in the study
area.

During the study period, two distinct phytoplankton
bloom were identified in terms of phytoplankton abun-
dance. These periods were autumn (1.5 x 10° cells |=') and
winter (4.1 x 10° cells |~"). Especially in winter, diatoms
were represented with the high cell abundance, followed by
E. huxleyi. In the autumn, major contributions were made
by E. huxleyi and dinoflagellates. Throughout the study pe-
riod, diatoms reached the highest abundance (3 x 10° cells
=) in the winter, whereas dinoflagellates reached the high-
est abundance (1 x 104 cells L") in the spring. E. huxleyi
was the most abundant species represented in the other
groups and reached the highest abundance (1.5 x 10° cells
=) in winter.

The north-western shelf of the Black Sea was charac-
terized with higher phytoplankton abundance than other
parts of the region. However, the abundance of phytoplank-
ton along the south-eastern Black Sea is quite low when
compared with north-western coasts. Phytoplankton abun-
dance, ranged from 3 x 10* to 4.1 x 10° cells |-, obtained
from the present study were found to be similar to those of
previous studies conducted on the Anatolian coasts of the
Black Sea (Bat et al., 2007; Eker, 1999; Feyzioglu, 1996),
however, values were lower than the studies carried out on
the north-western continental shelf.

4.3. Spatio-temporal variations in Chl-a

Chl-a concentrations vary spatially and temporally along
the Black Sea. The concentrations in the Black Sea
were reported as 0.15 + 0.04 pg/l for the period
of 1964—1986 (Kideys, 1994; McQuatters-Gollop et al.,
2008; Mikaelyan et al., 2013; Vinogradov et al., 1999;
Yunev et al., 2002). However, the seasonal variations in Chl-
a are not spatially uniform in the Black Sea (McQuatters-
Gollop et al., 2008). The average Chl-a concentrations for
the entire Black Sea varied between 0.59 and 0.69 g
=" (Kopelevich et al., 2004). In the shelf region, winters
were generally characterised with low Chl-a concentrations
(McQuatters-Gollop et al., 2008). On the other hand, max-
imum concentrations in Chl-a are generally observed dur-
ing autumn and winter in the open areas of the Black
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Sea, while reaches to minimum concentrations in summer
(Vinogradov et al., 1999).

For the Anatolian coasts of the Black Sea, Chl-a con-
centrations ranged from 0.1 to 1.5 ng/l during 1995—1996
(Yilmaz et al., 1998). In another study, the surface Chl-a
values along the coast of Turkey for the period of 1996—
1998 ranged from 0.34 to 0.42 pg L' (Eker-Develi et al.,
2003). Ediger et al. (2006) reported that the mean Chl-a
concentration for the south-western Black Sea varied be-
tween 0.15 and 1.23 pg ="', In the SE Black Sea, surface
water of Chl-a values was reported as 1.97 pg ' and 1.84
ug L' for coastal (2 miles) and offshore (8 miles) stations,
respectively (Agirbas, 2010). In another study, Chl-a con-
centrations along the SE Black Sea changed between 0.34
and 2.71 pg =" (Koca, 2014). Along the south-eastern Black
Sea ecosystem, the average surface Chl-a concentrations for
the period of November 2014—August 2015 were reported
as 0.37—2.68 ug I°'; 0.16—2.04 ng l" and 0.32—1.79 ug
=" for 2, 8, and 15 miles, respectively (Turkmen, 2016). In
another study, monthly surface Chl-a concentrations varied
between 0.51 and 3.97 ug l=! for river mouth, between 0.16
and 2.47 pg |' for coastal and 0.18 and 3.04 pg |=' for
offshore stations (Genc, 2018). Karadeniz (2019) reported
that mean surface water in-situ Chl-a concentrations var-
ied between 2.61 ug =", 2.56 ng =" and 2.23 pg =" for 2,
8 and 15 miles, respectively. Overall, the Chl-a concentra-
tions obtained from the present study exhibited a distinct
seasonal pattern, autumn and winter were characterized
with high Chl-a concentrations (0.35—4.57 and 0.27—4.96
for autumn and winter, respectively), however, the lowest
values were detected during spring and summer when the
stratification started in spring and strengthened in summer
along the study area. The differences in Chl-a values ob-
served between the present study and previous studies em-
phasise that regional differences, study period, sampling
regime and frequency as well as changes in phytoplankton
communities under changing ecosystem conditions are the
main factors.

4.4, Spatio-temporal variations in total and
size-fractionated primary production

The Black Sea is commonly reported one of the largest eu-
trophic (greater than 500 gC m~2 y~') marine environment
in the world (Arai, 2001). Over the decades, considerable
changes in nutrient input (especially silicate) and other eco-
logical factors altered trophic food web structure of the
Black Sea. These changes affected the succession, intensity,
frequency, and extension of phytoplankton besides the rates
of PP throughout the Black Sea (Oguz, 2005). Previous stud-
ies in the Black Sea on the PP reported that the values for
the north-western shelf as 570—1200 mgC m~—2 d~', for the
continental slope as 320—500 mgC m~2 d~' and for deep-sea
regions as 100—370 mgC m~2 d~' for the period of 1960—
1991 (Bologa, 1986; Demidov, 2008; Vedernikov and Demi-
dov, 1993). PP values were reported for the nearshore as
785 mgC m~2 d~" in July 1997 in the western Black Sea, and
the rates of PP for the deep regions of the Black Sea were
reported as 62—461 mgC m~2 d~" during the spring 1998 pe-
riod (Yayla et al., 2001). For the southern coasts of the Black
Sea, PP rates were measured as 247—1925 mgC m~2 d~' for
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spring period, and 405—687 mgC m~2 d~' for summer and
autumn periods from 1995 to 1996 (Yilmaz et al., 2006). In
another study, monthly PP rates for the south-eastern coasts
of the Black Sea were calculated as 285—565 mgC m=2 d~
for the coastal station, and as 126—530 mgC m~2 d~' for
the offshore station (Agirbas et al., 2014). Recently, a time-
series study obtained from the Wavelength Resolving Model
(WRM) for the period of 1998—2011 using SeaWiFS data re-
vealed spatial and temporal variations in mean annual PP
values for the open Black Sea. PP rates were significantly
higher in the western Gyre (110—2196 mgC m~2 d~') than
the eastern Gyre (111—1806 mgC m~2 d~') (Agirbas et al.,
2017). In the present study, total PP production rates were
significantly varied, and values ranged from 1444 mgC m~2
d~" (autumn) to 5931 mgC m~2 d~' (spring) along the study
area. The differences observed in PP values along the differ-
ent parts of the Black Sea are thought to be due to nutrient
concentrations (Cociasu et al., 1997). In addition, variabil-
ity in the rim current and the physics of the gyres also play a
significant role in regional differences of PP (Enriquez et al.,
2005; Zatsepin et al., 2003). The cyclonic boundary of
rim current which constitutes a biogeochemical barrier be-
tween coastal and offshore areas, and frontal jet instabil-
ities between the rim current and the interior eddy fields
affect the spatial variability in PP around the Black Sea
(Oguz et al., 1994; Yilmaz et al., 1998). Moreover, Batumi
anticyclone along the eastern Gyre, which appears as warm
core rings during summer, may also led to decrease in PP
(Oguz et al., 1993). Similarly, low PP rates detected in the
summer period coincided with low nutrient concentrations
and phytoplankton abundance along the stations. Changes
in PP rates could be also related to community struc-
ture than abiotic factors (Richardson and Schoeman, 2004).
In the study area, rates of PP closely coupled with phy-
toplankton abundance in some seasons. Spring was the
most productive period which coincided with high dinoflag-
ellates number. The second productive period was winter,
which concur with high diatom abundance along the study
area.

The main contribution of this study, which sets the cur-
rent study apart from those of previous ones is the no stud-
ies on the size-fractionated PP have been conducted in
the Black Sea so far. In this respect, this study includes
comprehensive data on spatio-temporal variations in size-
fractionated PP measurements in the Black Sea for the first
time. In general, the rates varied from 84 to 1848 mgC m~2
d=", 96 to 3156 mgC m~% d~" and 56 to 3363 mgC m~2 d-"
for pico-, nano- and microphytoplankton fractions, respec-
tively. During the study period, the contribution of each
size class to total PP changed seasonally along the study
area. Overall, microphytoplankton was the major group
contributing to total PP in the study area. The PP values
for the microphytoplankton were high in spring (3363 mgC
m~2 d~") and in winter (1710 mgC m~2 d~"). The second im-
portant group was nanophytoplankton, and their contribu-
tion was generally high in winter (2095 mgC m~% d-') and
spring (3156 mgC m~2 d~"). The production rates for the pi-
cophytoplankton were generally low along the study area,
however, their contribution was substantial in summer, and
occasionally detected in spring.

In terms of spatial variability, coastal stations were
generally dominated by microphytoplankton. On the other
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hand, offshore stations were characterised by nano- and pi-
cophytoplankton during the study period (Figure 13). Ear-
lier studies reported that picophytoplankton biomass and
PP rates are lower than larger size classes, however, high
in oligotrophic gyres. On the other hand, nanophytoplank-
ton significantly contribute to total PP in coastal upwelling
areas due to ability of light utilisation (Hirata et al.,
2009; Moreno-Ostos et al., 2011; Maranon et al., 2001;
Tilstone et al., 1999; Uitz et al., 2010). The differences in
size-fractionated PP values between coastal and offshore
areas evidently emphasize that physical factors are the ma-
jor drivers in PP rates along the study area. Coastal ecosys-
tems of the Black Sea are principally governed by fresh-
water inflow and climatic factors (Bodeanu, 2002, 2004),
however, the open sea areas are controlled by stratifi-
cation, mixing and circulation processes (Sorokin, 2002).
Moreover, spatial and temporal variation in PP of differ-
ent size classes vary greatly in the oceans with respect to
hydrography, irradiance, nutrient availability and biogeo-
chemistry (Bricaud et al., 2004; Poulton et al., 2006).

Water column stratification decreases nutrients input
from below the thermocline to the euphotic zone, thus
possibly limiting PP especially in the micro- and nanophy-
toplankton in the oligotrophic areas of Atlantic Ocean
(Aldridge et al., 2014; Maranon et al., 2003). Especially, di-
atoms due to their nitrogen metabolism can respond rapidly
to nitrate enrichment (Fogg, 1991), any deficiencies in nu-
trient affect the PP rates of diatoms and microphytoplank-
ton. Similarly, due to high nutrient concentrations in spring,
the highest PP rates were recorded with dominance of mi-
crophytoplankton along the study area. A significant rela-
tionship between abiotic factors and spring PP rates, were
detected, particularly in silicate and nitrate concentrations
with high PP rates in Western English Channel (WEC). Be-
sides, high nutrient concentrations are generally thought to
promote larger cells such as diatoms (Barnes et al., 2015;
McAndrew et al., 2007; Poulton et al., 2006). Moreover,
nanophytoplankton may have a moderate PP capacity in
low Chl-a areas because of their mixotrophic characteristic
(Riemann et al., 1995).

5. Conclusions

The data presented here contribute to our understanding of
spatio-temporal variations in total PP, size-fractionated PP
and Chl-a with phytoplankton abundance and nutrient data
along the south-eastern Black Sea. More importantly, the
study mainly focuses on the revealing the PP rates of size-
classes in the study area throughout a seasonal cycle. We
observed that microphytoplankton had the highest PP rates
(3363 mgC m~2 d~"), followed by nanophytoplankton (3156
mgC m~% d-") and picophytoplankton (1848 mgC m=2 d-")
along the study area. Overall, winter (4163 mgC m=2 d")
and spring (5931 mgC m~2 d~') were the most productive
seasons in terms of total PP which coincided with high phy-
toplankton abundance. Earlier studies on PP reported two
distinct periods in early spring and autumn, however, sum-
mer blooms have been also detected along the Black Sea
(Hay et al., 1990; Sur et al., 1996; Yilmaz et al., 1998). Sim-
ilarly, two distinct periods in PP rates were also detected in
the present study, however, seasonality of bloom timing was
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different from previous studies. Mikaelyan et al. (2017) have
reported similar phenological changes in phytoplankton
bloom pattern along the Black Sea.

Chl-a concentrations were high in autumn (4.57 pg =)
and winter (4.96 pg |="); however, its values were rela-
tively low in spring and summer. Along the study area, di-
noflagellates were the dominant group in terms of species
richness (68 species, 53.54%), and diatoms was the sec-
ond most abundant group. On the other hand, diatoms and
other phytoplankton species (mainly E. huxleyi) were the
most abundant groups in terms of quantitative contribu-
tion. SST varied seasonally between 8.58 and 28.41°C is
an important factor which affects the hydrography. Along
the study area, depending on the seasonal thermocline and
phytoplankton activity, nutrient concentrations were low in
spring and summer when compared with autumn and win-
ter. On the other hand, high nutrient concentrations (espe-
cially NO,,3-N and SiO,-Si) provoke productivity of micro-
phytoplankton in coastal waters. The coastal stations of the
southern Black Sea have different characteristics (e.g., river
inflow, hydrography, light conditions and current properties
etc.) and were separated statistically from the offshore sta-
tions with high production rates, phytoplankton abundance
and nutrient concentrations. The results suggest that micro-
phytoplankton along the study area are responsible for the
majority of PP. However, the measured high Chl-a against
low size-fractionated PP clearly indicates that smaller phy-
toplankton size classes (i.e., pico- and nanophytoplankton)
were dominant during these periods. Hence, the quantifi-
cation of size-fractionated PP rates with ecological drivers
(hydrography, nutrient availability, irradiance etc.) will give
a more comprehensive picture for the Black Sea ecosystem.
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KEYWORDS Abstract The present study investigated the phytoplankton assemblage and diversity with
TSS; physicochemical parameters of Diu coastal waters in different seasons during 2018—19. Dur-
Phytoplankton; ing the study period, 61 phytoplankton species comprising diatoms (50 sp.), dinoflagellates (8
Dinoflagellate; sp.), and cyanophyceae (3 sp.) were recorded. Diatom was found to be a major community and
Chlorophyll g; contributed 79 to 99% of total phytoplankton abundance. Reduction in dinoflagellate and dom-
Nutrient; inance of pennate-diatoms were observed during the monsoon. Chlorophyll-a concentration
Monsoon also showed a similar trend and decreased during the monsoon. However, the phytoplankton
abundance was low particularly during the monsoon which might be due to the elevated to-
tal suspended solids (TSS) load. Canonical correspondence analysis revealed that diatoms were
able to survive in high TSS with the support of high nutrients; while dinoflagellates were lim-
ited due to those conditions. Overall, the reduction in phytoplankton abundance, diversity, and
biomass was recorded due to the elevated TSS input along the coastal waters of Diu.
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1. Introduction

Phytoplankton dynamics are mainly controlled by a
wide range of environmental variables like nutrients,
temperature, salinity, light availability, current cir-
culation, water turbidity, and grazing pressure by
other trophic level organisms (Gao and Wang, 2008;
Levy et al., 2007; Margalef, 1978; Verlencar and
Parulekar, 2006; Zarauz et al., 2008). Studies related
to the controlling factors of phytoplankton community
composition and its fate in the northern Arabian Sea are
limited (Geeta and Kondalarao, 2004; Nair et al., 2005;
Naqvi et al., 2006). ldentification of the main factors
controlling phytoplankton in a particular water body is
crucial for choosing an appropriate management strategy
for the maintenance of the desired state of ecosystem
(Peretyatko et al., 2007). Phytoplankton species have
different traits and based on their size, shape, growth
rate, and motility are together determine their eco-
logical niche and favorable environmental conditions
(Litchman and Klausmeier, 2008; Spilling et al., 2018). In
recent decades, rapid growth in industrialization, urbaniza-
tion in coastal zones, tourism, and harbor activities have
exerted enormous anthropogenic pressure on nearshore
ecology (Bhavya et al., 2016; Seitzinger et al., 2010). The
aquatic environment like estuaries and coastal waters is af-
fected by both riverine nutrient input and water properties
like turbidity (Wang et al., 2019).

The total suspended solids (TSS) is one of the important
environmental factors which reflect the turbidity charac-
teristic of eroding coastline or the entry of the suspended
materials into the coastal seawater through land runoff
and determines the plankton composition and abundance
(Wu et al., 2011). TSS is a significant variable that impacts
the spatio-temporal patterns of phytoplankton and regu-
lates the biogeochemical processes of aquatic ecosystems
(Weyhenmeyer et al., 1997). The increase in TSS strongly
affects the light attenuation which further influences the
chlorophyll-a concentration in seawater and consequently
affects the zooplankton and higher tropical organisms
(Dunton, 1990). The natural process of particular coastal re-
gions has unique characteristics that are controlled by wa-
ter exchange with nearby areas, the topology of the coast-
line, rainfall, and river discharge (llyash et al., 2015). A
combination of these processes with anthropogenic activ-
ities results in the formation of a gradient in biotic and
abiotic factors which impacts phytoplankton species com-
position, succession, and abundance (Biswas et al., 2015;
Hardikar et al., 2017). Diu Island (20.71°N, and 70.98°E) is
located along the northeastern Arabian Sea, Gujarat. The
geographical area of Diu is about 40 km2. The climate is
particularly warm and humid, the average annual rainfall
ranges between 2300 and 4800 mm, the annual atmospheric
temperature ranged from 15°C to 42°C (Jha et al., 2021). In
Diu, the TSS load is always high throughout the year which
originates from the erosion of farmlands and forests which
are discharged through rivers and increases mainly during
the monsoon. Disturbance of shore sediments and resuspen-
sion in shallow parts of estuarine and coastal regions due to
tidal currents also play a major role in higher TSS load in
the coastal region (NCCR, 2018; NIO, 2015). Phytoplankton
distribution patterns are strongly correlated with environ-
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mental factors such as TSS (Lepisto et al., 2004). Studies
related to phytoplankton community dynamics concerning
environmental drivers are deficient in Diu and the surround-
ing coast.

In view of this above, the present study was conducted
in the coastal waters of Diu, the northeastern Arabian Sea,
1) to investigate the distribution patterns of phytoplank-
ton community composition and diversity during different
seasons, 2) to examine the relationship between the phy-
toplankton groups, and the environmental variables, and
3) addressing the physicochemical factors controlling the
abundance of diatoms and dinoflagellates.

2. Material and methods

In the present study, seven sampling locations (Station-
1,2,3,4,5,6, and 7) with the depth of 2 to 18 m were se-
lected for the seawater collection and analysis of physic-
ochemical and biological parameters (Figure 1). The sea-
sonal samples were collected in Pre-monsoon (PRM) (Febru-
ary), Monsoon (MON) (September), and Post-monsoon (POM)
(November) from the study region during the period 2018 to
2019. Rainfall data were collected from the Indian Meteo-
rological Department (IMD). Sea surface temperature (S5T),
salinity, and pH were measured using a calibrated portable
multi-parameter water quality instrument (HANA-HI 9829).
Surface water samples were collected using a Niskin sam-
pler for the estimation of dissolved oxygen (DO), total
suspended solids (TSS), nutrients, and chlorophyll-a (Chl-
a). DO was measured using the modified Winkler’s method
(Carrit and Carpenter, 1966). The TSS was determined by
filtering known quality of well-mixed sample through a
preweighed standard glass-fiber filter (0.45 pm Millipore
GF/C), and the residue retained on the filter was dried
at 103—105°C to a constant weight. The increase in the
weight of the filter represents the total suspended solids
(APHA, 2012). All the nutrients (ammonia, nitrite, nitrate,
phosphate, and silicate) were analyzed following standard
spectrophotometric procedures (Grasshoff et al., 1999). For
chl-a analysis, 1 L of seawater sample was filtered by GF/F
filter and was wrapped with an aluminum foil and frozen
at —20°C until analysis. Chl-a was analyzed spectrofluoro-
metrically by following the standard protocol (Parson et al.,
1984). For phytoplankton analysis, 5 L of the surface wa-
ter sample was collected and preserved with Lugol’s iodine
solution. In the laboratory, samples were kept for 48 h for
settling. For the enumeration of phytoplankton, the concen-
trated sample was examined under the microscope (ZEISS
J-902984) and identified to the lowest possible taxonomic
level using the identification keys (Subrahmanyan, 1946,
1959; Taylor, 1976; Tomas, 1997).

Diversity indices (viz., Shannon Weiner diversity index
(H') and Margalef’s species richness (d) and Pielou’s even-
ness (J')) were calculated for all the seasons by using the
statistical software package PRIMER 6.0. One-way analy-
sis of variance (ANOVA) was performed on XLSTAT soft-
ware to evaluate the statistical significance of diversity in-
dices. Pearson correlation and multivariate regression anal-
yses were performed to find out the linear relationship be-
tween the biotic and abiotic factors. Canonical Correspon-
dence Analysis (CCA) was performed to examine the rela-
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Figure 2 Temporal variation of Rainfall in the coastal region of Diu, northeastern Arabian Sea during 2018—2019.

tionships between the phytoplankton community and envi-
ronmental variables by using CANOCO statistical software.
Prior to statistical analysis, the heterogeneity in the phyto-
plankton data was removed by converting all the data to log
(x+1) transformation.

3. Results and discussion

3.1. Seasonal variation of environmental
parameters

During the study period, the monthly total rainfall was
higher during July 2018 (Figure 2). In the last six years, the
maximum rainfall in Diu was recorded in July 2018 (1265.4
mm). Spatio-temporal variations of physio-chemical param-
eters are presented in Figure 3. The TSS load in the coastal
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waters of Diu is moderately high throughout the year which
may be due to the erosion of coastal land, farmlands, and
forests which are discharged through rivers and increase
mainly during heavy rainfall. During the study period, the
TSS level ranged from 17.7 to 202.2 mg L=, the mean con-
centration was lower during the PRM and 2 to 3 times higher
during the MON (Figure 3). Erosion of soil from farmlands
and forests may be the major source for TSS load which
was brought through the runoff and river discharge mainly
during the high rainfall (NCCR, 2018). High TSS level (202.2
mg L~") at the river mouth station (St-1) during the MON
confirmed that the main source for the elevated TSS was
through land runoff caused by the high rainfall. Previous
studies also reported that siltation caused by the large river
run-off was the main reason for the high concentration of
TSS along the Gulf of Khambhat (Raghunathan et al., 2004).
Disturbance of shore sediments and resuspension in shallow
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associated environmental variables in the coastal waters of Diu, northeastern Arabian Sea. Environmental variables (SST — sea
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parts of estuarine and coastal regions due to tidal currents
also plays a major contribution to TSS load in the coastal re-
gion (NIO, 2015). The SST varied from 28.22 to 30.99°C, the
higher and lower SST was found during the POM and MON,
respectively. Salinity fluctuated highly among the seasons,
higher salinity was recorded during the PRM (34.25) and
lower during the MON (31.43). Drop in the SST and salin-
ity might be due to the intense rainfall recorded during the
MON. The pH was higher during the PRM and lower during
the MON and POM. However, the salinity (r = 0.81, p < 0.01)
and pH (r = 0.88, p < 0.01) showed strong positive corre-
lation with the phytoplankton abundance, whereas the TSS
(r = —0.60, p < 0.01) was correlated negatively. The DO
ranged from 2.38 to 5.9 mg L', the higher mean concen-
tration of DO was found during the PRM which might be due
to the higher primary production (Kumar et al., 2018).
Inorganic nutrients showed significant variation (n=21,
p<0.01) between the stations (Figure 3). The dissolved in-
organic nitrogen (DIN) (NHst + NO,~ + NOs;~) was high
during the PRM and MON, which might be due to the in-
creased concentration of nitrate and ammonia. The in-
creased nitrate concentration could be due to anthro-
pogenic input (Kumar et al., 2018; Zhou et al., 2008).
JiyalalRam et al. (2011) also reported that the significant
positive correlation between TSS and DIN indicates the ero-
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sion of soil and nutrient flux which is carried through river
discharge. The mean concentration of ammonia was high
during the MON. The phosphate and silicate concentrations
were also higher during the MON and lower during the POM.
Ammonia and phosphate formed a strong positive correla-
tion (r=0.90, p < 0.01), the similar result from the previous
study suggested that it could be the indication of sewage
disposal and sediment release leading to higher phosphate
concentration (Hardikar et al., 2019; Howarth et al., 2011).
The mean N:P ratio was higher during the PRM (~16) and
lower during the MON (~9) and POM (~10), the optimal N:P
ratio during the PRM resulted in higher phytoplankton abun-
dance and biomass.

3.2. Seasonal variation of phytoplankton biomass,
abundance, and diversity — relationship with
environmental variables

The phytoplankton biomass (chlorophyll-a) varied from 0.09
to 0.31 mg m~3, the mean concentration of chl-a was higher
during the PRM and lower in the MON and POM, respectively
(Table 1). Depletion in phytoplankton biomass during the
MON might be due to the elevated level of TSS (r = —0.72,
p < 0.01). The phaeophytin concentration varied from 0.01



P.S. Kumar, S. Venkatnarayanan, V. Pandey et al.

Table 1

Seasonal variations of phytoplankton abundance, biomass, and species diversity indices in the coastal waters of Diu,

northeastern Arabian Sea. Values in the open and parentheses represent the minimum-maximum and mean values =+ standard
error respectively. PRM — Pre-monsoon; MON — Monsoon; POM — Post-monsoon.

PRM MON POM
Phytoplankton abundance (x 10° cells L") 13.5-42.0 1.2-2.8 2.6-5.3
(23.6+3.5) (1.8+0.2) (4.0+0.4)
Chlorophyll a (mg m—3) 0.20-0.31 0.09-0.23 0.09—-0.24
(0.26+0.01) (0.15+0.02) (0.15+0.02)
Phaeophytin (mg m~3) 0.29-0.44 0.18—0.45 0.01-0.25
(0.36+0.02) (0.29+-0.04) (0.07+0.03)
Species diversity (H’) 2.06—2.56 1.10—2.18 2.14—2.71
(2.30+0.07) (1.7140.17) (2.40+-0.09)
Species richness (d) 1.26—1.70 0.28—1.03 1.09—1.88
(1.51+0.07) (0.68+0.12) (1.45+0.11)
Species evenness (J’) 0.72—0.89 0.97—1.00 0.91-0.97
(0.83+0.02) (0.99+0.004) (0.94+0.01)

to 0.45 mg m—3, the higher and lower concentration was ob-
served during the MON and POM, respectively. Phytoplank-
ton diversity indices showed a significant variation (n=21,
p < 0.01) between the seasons (Table 1). The mean phy-
toplankton diversity (H') was higher during the POM (2.40
+ 0.24) followed by the PRM (2.30 + 0.18) and low during
the MON (1.71 £ 0.45). The maximum and minimum species
richness (d) was recorded during the PRM and MON, respec-
tively. The species evenness (J') did not show much vari-
ation between the seasons, however, the higher evenness
was found during the MON (0.99) despite low diversity and
richness, which could be due to the lower abundance of phy-
toplankton species at all the locations.

The phytoplankton taxa identified during the study pe-
riod are shown in Table S1 (supplemental material). A to-
tal of 61 phytoplankton species (23-centric diatoms, 27-
pennate diatoms, 8 dinoflagellates, and 3 cyanophyceae)
were recorded along the coastal waters of Diu. Diatoms
were the most dominant phytoplankton group during all
the seasons, whereas dinoflagellate and cyanophyceae were
low. The higher number of phytoplankton taxa was recorded
during the POM (38) followed by the PRM (27) and MON (17).
The phytoplankton abundance varied from 1.2 to 41.9 x 10°
cells L=, the higher abundance was observed during the
PRM which could be attributed to a higher N:P ratio. The
mean phytoplankton abundance was higher during the PRM
(23581 cells L") and lower during the MON (1780 cells L")
followed by the POM (4046 cells L~"). A similar trend was
also observed in phytoplankton biomass (chl-a) during the
present study. During the PRM phytoplankton abundance
was high at St-1 and decreased towards St-7. Whereas dur-
ing the MON and POM the abundance was low at St-1 and
increased towards St-7, which might be due to the higher
TSS release from the riverside. Many studies along the
west coast of India encountered higher phytoplankton abun-
dance and biomass during the MON (Hardikar et al., 2019;
Kumar et al., 2018; NIO, 2015). However, the present
phytoplankton abundance and biomass were low compare
to the previous reports of Diu and surrounding regions
(Hardikar et al., 2019; NIO, 2015). Though, very few stud-
ies reported low phytoplankton abundance in the Diu coast,
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the reason was not documented (Raghunathan et al., 2004).
However, the present study explored the limiting factors for
phytoplankton growth. During the study period, 79 to 99%
of the phytoplankton density was contributed by diatoms,
the detailed contribution of phytoplankton groups during all
the seasons are presented in Figure 4. Diatoms were domi-
nant during the MON (99%) followed by PRM (92%) and POM
(79%). Total phytoplankton abundance during the MON was
very low and varied from 1189 to 2788 cells L~' and the
maximum abundance was contributed by diatoms (pennate
diatoms — 68% and centric diatoms — 31%). Dinoflagellate’s
contribution was higher during the POM (21%) and dropped
during the MON (1%) and PRM (1%). Particularly during the
MON, only one species of dinoflagellate (Protoperidinium
pallidum) was observed and contributed 1% to the total phy-
toplankton community. The drop in the dinoflagellate abun-
dance and diversity during the MON and PRM might be due to
the higher TSS (r = —0.23). During the MON, resulting 100%
pennate diatoms at the riverine station (St-1, Figure 4) in-
dicate that mixing of bottom waters due to the high rainfall
and runoff could be the reason for the higher TSS and dom-
inance of pennate diatoms.

Canonical correspondence analysis (CCA) was per-
formed to determine the environmental factors control-
ling the phytoplankton groups (Figure 5). Eigenvalues of
axes 1 (11=0.104) and 2 (1,=0.074) explained 93.3%
of the relationship between the phytoplankton commu-
nity and environmental variables. The axis-1 was asso-
ciated with the MON and PRM stations, where the di-
atoms (pennate and centric) and phytoplankton biomass
(Chl-a) were positively correlated with TSS, nutrients, and
negatively correlated with SST and salinity (Figure 5).
Whereas, for dinoflagellates, the reverse trend was ob-
served and associated with the POM stations. CCA re-
sult suggests that diatoms could survive in high TSS and
favored to low SST, salinity, and high nutrients; while
the dinoflagellates were restricted due to those ele-
vated TSS, nutrients and favored to high SST and salinity.
Ke et al. (2012) also observed a similar trend that diatoms
favor the high silicate, phosphorus with low temperature,
and the dinoflagellate favors the low silicate, phosphorus
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with high SST. In addition to that, the regression analy-
sis conformed that, overall the decline in phytoplankton
abundance, and diversity due to the elevated level of TSS
(Figure 6). The previous study at Veraval also encountered a
reduction in phytoplankton growth due to the elevated level
of turbidity (Hardikar et al., 2019). The regression analysis
illustrated that the nitrate and silicate were the main fac-
tors influencing the abundance of diatoms, whereas the di-
noflagellates were reducing with those factors (Figure 7).
Further studies need to be carried out for the better un-
derstaning about the fluctuation among the phytoplankton
groups with varying nutrients.

Several studies have reported the increased phytoplank-
ton abundance or harmful algal blooms due to the ele-
vated nutrients in the coastal environmment by land runoff
and upwelling phenomenon (Hardikar et al., 2019;
Kumar et al., 2020; Levy et al., 2007). In the present study,
the reduction in phytoplankton abundance was observed
due to the elevated level of TSS which could be attributed
to natural erosion patterns as well as anthropogenic ac-
tivities. Continuous reduction in phytoplankton abundance
could also affect the zooplankton and higher tropical lev-
els which may impact the fish stock in the future. Further
studies need to be carried out in the future for a better
understanding of the TSS, nutrients load, and their effect
on plankton and higher tropical level. Thus, the present
study suggests that to control erosion through plantation
and shore protection measures and managing the anthro-
pogenic discharge in the coastal waters of Diu. Though the
TSS load is due to natural erosion, there is a need for
shore protection measures which will ultimately conserve
the coastal environment and enhance biological productiv-

ity.

4. Conclusion

Though light is the primary limiting factor for the phyto-
plankton growth, the high TSS recorded in the present study
could have reduced the light and result in the lower phy-
toplankton abundance. Hence, the TSS played a key role
in affecting the phytoplankton abundance, diversity, and
biomass in the coastal waters of Diu. Possibly the coastal
erosion and land runoff could be attributed to higher TSS
load which might affect the growth of phytoplankton and
higher trophic level. Thus, the present study suggests to de-
velop the plantation in the coast and nutrient management
strategy for the coastal waters of Diu. Reduction in phyto-
plankton abundance and biomass could reflect in fish stock,
hence, more attention and continuous monitoring are re-
quired for developing better conservation and management
plan in the coastal regions.
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KEYWORDS Abstract The Coastal region of Diu is the natural habitat dominated by Avicennia marina
Ecological mangrove species at the southeast coast of Saurashtra in Gujarat state of India. However, Diu
assessment; being a famous industrial and tourism place survival of these mangrove species is threatened
Heavy metals; due to anthropogenic activities. In present studies, sediment and leaf samples of A. marina
Sediments; were collected from the Diu coast to evaluate the ecological threat of heavy metals accumu-
Avicennia marina; lation in the marine habitat. There was remarkable presence of heavy metals such as copper,
Diu coast nickel, cadmium, chromium and lead in sediments and leaf samples of A. marina. The values

of Biological concentration factors (BCFs) of heavy metals in leaf samples were high for cad-
mium, chromium and lead which suggest chelation of these heavy metals with biomolecules.
The geo-accumulation index suggested that Site-4 and Site-5 were heavily contaminated with
copper and nickel. The ecological risk index suggested that there is no significant effect of
heavy metals on growth of plants in the mangrove ecosystem. Principal component analysis
revealed that the samples collected from the natural habitats (Site-4 and Site-5) near the fish-
ing and industrial areas were the main sources of heavy metal contamination. Hence, it was
concluded that the concentration of heavy metals in the studied ecosystem had limited impact
on growth of plants at Site-1, Site-2 and Site-3. However, growth of plants at Site-4 and Site-5
were threatened due to the toxic effect of copper and nickel present in its sediments.
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1. Introduction

The coastal region of the Diu with vast tidal flats is one
of the richest zones for mangroves along the west coast
of India. It is the natural habitat of Avicennia marina in
the Gulf of Khambhat. Conservation of this natural habi-
tat of A. marina is important as it is the only island dom-
inated by these plants. A. marina species are distributed
sparsely in these regions in the form of patches and sur-
vival of these mangrove patches is significantly threatened
due to anthropogenic human activities in subtidal and in-
tertidal zone of coastal region. As it is a famous tourism
place and industrial zone of Gujarat, it is continuously influ-
enced by urbanization activities. This strong anthropogenic
forcing has a highly negative impact on subtidal and inter-
tidal habitats within the region. Major industries present in
the Diu region are polyester, cotton yarn, plasticizers, paper
petroleum byproducts, pharmaceuticals, plastics, electrical
conductors and marble tiles. These industries are known to
induce high concentrations of heavy metals in water and
sediments of the marine ecosystem through pollutants from
urban runoff and industrial waste disposal (Bodin et al.,
2013; Marchand et al., 2006).

Various studies have depicted that mangroves have abil-
ity to survive in changing environmental conditions such as
alternating floods, low oxygen level in sediments, chang-
ing osmotic potential, organic, inorganic or metal pollution
(Buajan and Pumijumnong, 2010; Li et al., 2016). Even, they
have ability to accumulate heavy metals in aerial roots and
translocate them to other organs of the plant (Fernandez-
Cadena et al., 2014; Liet al., 2016; Usman et al., 2013). The
concentrations of heavy metals were found high in aerial
roots of mangrove species such as Avicennia, Rhizophora
and Kandelia as compared to shoots (Chiu et al., 1995;
MacFarlane and Burchett, 2002; Peters et al., 1997; Tam and
Wong, 2000; Thomas and Fernandez, 1997). Heavy metals
are hazardous to mangrove plants if its concentration in-
creases above 5 gm/cm?. They threaten survival of man-
groves by affecting on their metabolic processes which in
turn reduces growth and reproduction in plants (Wright and
Welbourn, 2002). These in turn reduces density and diver-
sity of plant species in the ecosystem (Jarup, 2003; Yan
et al., 2017). Therefore, the ecological assessment and sub-
sequent protection measures framework for preserving the
only natural habitat of A. marina are a necessity needed
promptly.

2. Material and methods
2.1. Geographical locations of the study area

Present research was conducted on five locations where
A. marina inhabits the coastal region of Diu. These
five locations were selected for this research on the
basis of the geographical dominance of A. marina
species, the anthropogenic activities, aggregation of fish-
ing community and sewage pollution in the area. The
sites were located at the following geographical loca-
tions: 1) Site-1 (Near Goghala bridge: GPS 20°43'46.66"N
70°59'17.52"E); 2) Site-2 (Opposite Jethibai Bus Station:
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GPS 20°43'7.31”"N 70°5852.16"E); 3) Site-3 (Airport road,
Diu: GPS 20°42'51.90"N 70°57'28.26"E); 4) Site-4 (Be-
hind Goa Industrial Development Corporation area: GPS
20°42'57.40”N 70°56'59.87"E); 5) Site-5 (Taad village bridge:
GPS 20°44'7.35"N 70°55'48.07"E) (Figure 1).

2.2. Sediments samples collection and heavy
metals analysis

Heavy metals analysis from sediments and leaves samples
was done by following the method prescribed by Enders and
Lehmann (2012) with some modifications. Sediments and
leaves samples were collected from five different places
(Site-1 to Site-5) in plastic collection vessels. Sediments
and leaf samples were dried in an oven at 70°C and then
grinded using mechanical grinder. The powder of samples
was passed through 0.3 mm size sieves. Further dry ash ox-
idation method was used to digest the powder samples of
soil and leaves. The well grinded dry powder of each sam-
ple was filled in cruscible of muffle furnish. In Muffle furnesh
ash of each sample powder was prepared by incubating the
cruscible for 5 hrs. at 550°C. Then after cooling ash was dis-
solve in 5 ml of 25% HCL. The mixture was filtered using acid
wash filter paper and final volume of 50 ml was prepared us-
ing distilled water. Concentration of all microelements (Mg,
S, B, Fe, Zn, Cu, Mn, Ni) and heavy metals (As, Cd, Cr, Pd,
Hg, Se) were determined from this digested sample solution
using ICP-MS (ICAP Q Thermo Fisher Scientific, Waltham,
MA, USA). Samples were analyzed in triplicate using the fol-
lowing operation conditions of instrument: Power=1550W,
cool gas flow=14.1 L/min, nebulizer gas flow = 0.94 L/min,
auxillary gas flow =0.79 L/min, dwell time =0.01s, pero-
static pump speed = 40rpm, total time for each sample
measurement= 3 min.

2.2.1. Comparison of heavy metal estimation data with
sediment quality guidelines (SQGs)

The data obtained in present studies was compared
with sediment quality guidelines (SQGs) as described
by Bakan and Ozkoc (2007), Luo et al. (2010) and
MacDonald et al. (2000). These guidelines consists of the
data on probable effect level (PEL), threshold effect level
(TEL), lowest effect level (LEL), effect range low (ERL),
toxic effect threshold (TET), effect range median (ERM),
and severe effect level (SEL) of heavy metals in coastal re-
gions.

2.2.2. Determination of the biological concentration
factor (BCF) in leaves samples

The biological concentration factor (BCF) of leaves was
calculated to evaluate the accumulation level of heavy
metals in plant tissues from sediments. BCF values for
leaves were expressed as original data averages for the
heavy metals such as Cu, Ni, Cd, Cr, and Pb. The BCF val-
ues were calculated based on the equation described by
Cui et al. (2007) and Yoon et al. (2006):

BC Fleafzcleaf/csediment

where Cos are the heavy metal concentrations in the leaf
and Cediment 1S the heavy metal concentration in the sedi-
ment.
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Figure 1

2.2.3. Determination of geo-accumulation index (lgeo)
Geo-accumulation index (lgeo) of heavy metals was deter-
mined to assess the changes of concentration of heavy met-
als by associating it with the heavy metal concentrations
in aquatic sediments with the geochemical background.
It was calculated by following the equation described by
Maller (1969)

lgeo= 10g,C,/(1.5)Bn

where, C, is the concentration of metal measured in man-
grove sediments, B, is the geochemical background value of
the earth’s crust (Taylor and McLennan, 1985).

1.5 is a constant applied to account for the potential
variability in the reference value due to the influence of
lithogenic processes.

lgeo Values can be categorized in the following manner:
uncontaminated sediment when lg, = 0; uncontaminated
to moderately contaminated sediment when 0 <lgeo < 1;
moderately contaminated sediment when 1 <lgo <2;
moderately to heavily contaminated sediment when 2
<lgeo <3; heavily contaminated sediment when 3<
lgeo <4; heavily to extremely contaminated sediment
when 4 <lg, <5; and extremely contaminated sediment
when 5 < lgeo.

2.2.4. Determination of the probable ecological risk
coefficient (Ei;)

The probable ecological risk coefficient (E;) was deter-
mined by following the formula given by Hakanson (1980)

El =T «C\ =T «C'/C',

where, T'. values for measured heavy metals are Cr = 2,
Cu=5, Ni=5, Pb=5and Cd = 30; C', is the contamination
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Topography of study area which shows the five natural habitats of Avicennia marina at Diu coast.

factor, Cs is the concentration of heavy metals in the sedi-
ment, C', — a background value for heavy metals and T'; is
the metal toxic response factor.
E'. values can be categorized in the following manner:
E', <40 then low risk, 40 <E', <80 then moderate risk,
80 <E', <160 then considerable risk, 160 <E'; <320 then
high-risk and Ei; >320 then very high risk

2.2.5. Statistical analysis

Multivariate cluster analysis was performed to construct a
dendrogram based on the similarity matrix data using the
paired group (UPGMA) method with arithmetic averages and
Euclidean similarity index. All the measured parameters
were also subjected to Principle component analysis to de-
termine significant relationship of one component with an-
other. Comparisons and similarity groupings of all measured
parameters were done by using two-way ANOVA to deter-
mine significant variation between means. All the analysis
was performed using Past: Palaeontological Statistics soft-
ware package.

3. Results

3.1. Sediments quality assessment at natural
habitats of Avicennia marina

From present studies, it was observed that the mean con-
centration of heavy metals in sediments varied in range
from 1.34 to 2.64 .g/g for copper, 0.028 to 2.093 ng/g for
nickel, 0.023 t0 0.09 png/g for cadmium, 0.012 t0 0.099 ng/g
for chromium, and 0.024 to 0.098 wg/g for lead. The con-
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Table 1 Variation in mean concentration of heavy metals accumulation in leaves samples due to season changes.

ANOVA

Source of Variation SS df MS F P-value F crit
Sites 0.000105 4 2.63E-05 6.701746 0.000176 3.674045
Seasons 0.032951 14 0.002354 600.3941 1.24E-55 2.417951
Error 0.00022 56 3.92E-06

Total 0.033276 74

Copper in Sediments

winter

Esitel Msite2 Msite3 Msited4 MEsiteS

Cadmium in Sediments

monsoon winter summer

Esitel Msite2 Msite3 Msite4 MsiteS

Nickel in Sediments

monsoon winter summer

Esitel Msite2 Msite3 Msite4 MsiteS

Chromiumin Sediments

monscon winter summer

Esitel Msite2 Msite3 Msite4 MsiteS

0.1

Lead in Sediments

0.1

=02
d
E 01
=
0.0
0.0

[oXe]
monsoon

winter

Hsitel Hsite2 MNsite3 Msite4 MsiteS

summer

Figure 2 Changes in the mean concentration of heavy metals in sediments at all the five natural habitats of Avicennia marina

during different seasons.

centrations of heavy metals in sediments were in following
order Cu>Ni>Cd>Cr>Pd. There was remarkable significant
variation (p<0.01) of mean heavy metals concentration
at all the five natural habitats of A. marina at Diu coast
(Table 1). There was also significant (p<0.01) influence
of seasonal changes on concentration of heavy metals in
sediments of all the five natural habitats of A. marina at Diu
coast. The concentration of copper was high during summer
season as compared to winter and monsoon season at all
the five habitats. The copper concentration remained high
at Site-4 and Site-5 as compared to other sites (Figure 2).
The concentration of nickel was high during summer season
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as compared to monsoon and winter season at all the five
habitats (Figure 2). The concentration of cadmium was
high during summer and winter season as compared to
monsoon. The cadmium concentration remained high at
Site-4 and Site-5 as compared to other sites (Figure 2).
The concentration of chromium was high during monsoon
and winter season as compared to summer. The chromium
concentration remained high at site-1 and Site-5 as com-
pared to other sites (Figure 2). The concentration of lead
was high during winter and monsoon season as compared to
summer. The concentration of lead remained high at Site-2
and Site-4 as compared to other sites (Figure 2).
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Table 2 Variation in the mean concentration of heavy metals in sediments at all the five natural habitats due to seasonal

changes.

ANOVA

Source of Variation SS df MS F P-value F crit
Sites 0.255424 4 0.063856 1.053742 0.387995 3.674045
Seasons 42.59691 14 3.042636 50.20916 1.74E-26 2.417951
Error 3.393557 56 0.060599

Total 46.24589 74

Copper in Sediments

winter

Esitel Msite2 Msite3 Msited4 MEsiteS

Cadmium in Sediments

monscon winter

Esitel Msite2 Msite3 Msite4 MsiteS

Nickel in Sediments

monsoon winter summer

Esitel Msite2 Msite3 Msite4 MsiteS

Chromiumin Sediments

monscon winter summer

Esitel Msite2 Msite3 Msite4 MsiteS

Lead in Sediments

winter

Hsitel Msite2 Msite3 Msite4 MsiteS

Figure 3

3.2. Accumulation of heavy metals in leaves of
Avicennia marina

From present studies, it was observed that the mean con-
centration of heavy metals in leaves varied in range from
0.049 to 0.067 pg/g for copper, 0.009 to 0.028 pg/g for
nickle, 0.003 to 0.009 wg/g for cadmium, 0.021 to 0.052
ng/g for chromium and 0.001 to 0.0039 ng/g for lead. The
concentrations of heavy metals in leaves were in following
order Cu>Cr>Pd>Ni>Cd. There was no significant (p>0.01)
difference in the accumulation of heavy metals in leaves of
A. marina at all the five natural habitats. However, there
was remarkable high influence of seasonal change on ac-
cumulation of heavy metals in leaves (Table 2). There was
slightly higher accumulation of copper in leaves of A. ma-
rina during monsoon as compared to summer and winter
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Changes in accumulation of heavy metals in leaves of Avicennia marina during different seasons.

(Figure 3). There was high accumulation of nickle in leaves
of A. marina during summer season as compared to mon-
soon and winter (Figure 3). There was high accumulation
of cadmium during winter and summer season as compared
to monsoon (Figure 3). There was high accumulation of
chromium during summer season as compared to winter and
monsoon (Figure 3). There was high accumulation of lead
during summer season as compared to monsoon and winter
(Figure 3).

3.3. Biological concentration factors

The mean values of biological concentration factors ob-
tained from leaves samples were in range 0.023—0.044
ng/g for copper, 0.01—0.39 g/g nickel, 0.033—0.26 ng/g
for cadmium, 0.0029—0.36 wg/g for chromium and 0.015—



Oceanologia 64 (2022) 276—286

Biological Concentration Factors
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Figure 4 Biological concentration factors of heavy metals in leaves of Avicennia marina during different seasons.
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Figure 5

Geo-accumulation index of heavy metals (Cd, Cr, Pb) in sediments of Avicennia marina during different seasons (a).

Geo-accumulation index of heavy metals (Ni, Cu) in sediments of A. marina during different seasons (b).
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0.094 ng/g for lead. The highest biological concentration
factors among all the five habitats during three seasons
were obtained for cadmium and chromium in leaves samples
(Figure 4).

3.4. Geo-accumulation index and ecological risk
coefficient

The geo-accumulation index (lgeo) suggested that cadmium
and lead demonstrated uncontaminated sediments with lge,
greater than equal to 0 at all the five habitats during all
seasons. The chromiun demonstrated moderately contami-
nated sediments with lg, value greater than 1 at Site-2 and
Site-5 during monsoon season and at Site-4 and Site-5 during
winter season. However, during summer season chromium
showed uncontaminated sediments with Iy, value greater
than 0. The copper and nickel demonstrated moderately to
heavily contaminated sediments with lge, value greater than
2 in all the five habitats during all seasons (Figures 5a and
5b). The improved Nemerow index (Figure 6) and potential
ecological risk index showed the same pattern as that of the
geo-accumulation index. However, the copper, nickel, cad-
mium, chromium, and lead demonstrated uncontaminated
sediments with E'; values less than 40 (Figure 7).

3.5. Multivariate cluster analysis

Multivariate cluster analysis was used to detect the simi-
larity between the five habitats during three seasons. Clus-

monsoon

winter

Lea

site

282

| B e wtlie
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3 Msite4 MsiteS

Potential Ecological Risk index (E';) of heavy metals in sediments during different seasons.

Coordinate 2

T T T T T
075 000 075 150 225 300

Coordinate 1

T
-150

Figure 8 Non-metric multidimensional scaling of five natural
habitats of Avicennia marina on the basis of heavy metals con-
centrations in sediments.

ter analysis grouped the five habitats in to two groups on
the basis of its mean heavy metal concentrations in sedi-
ments during three seasons. Group A included Site-1, Site-2
and Site-3 and Group B included Site-4 and Site-5. Group
B corresponds to high concentration of Cu, Ni, Cr, Pd and
Cd during summer and winter season as compared to group
A which suggests high pollution in group B as compared to
group A. Similar clusters were also formed by non-metric
multidimentional scaling (MDS) (Figure 8) which supported
the results of multivariate Cluster analysis. From the Prin-
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Figure 9  Principal component analysis of heavy metals in sediments of five natural habitats Avicennia marina during different
seasons (summer, winter and monsoon).
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ciple component analysis, it was observed that there was
99.9% total variations were retained on the basis of the
eigenvalue. The first and second principle components ex-
plained 58.435% and 30.059% of variance in the heavy met-
als, respectively. However, third and fourth priniciple com-
ponent explained only 10.167% and 1.338 % of the vari-
ance, respectively. This suggests that cluster B which in-
cludes Site-4 and Site-5 has more pollution of heavy met-
als than cluster A which includes Site-1, Site-2 and Site-3
(Figure 9).

4. Discussion

In present studies, there was significant (p<0.01) influence
of seasonal changes on concentration of heavy metals in
sediments of all the five natural habitats of A. marina at
Diu coast. The concentration of copper was high during sum-
mer season as compared to winter and monsoon at all the

five habitats. The concentration of cadmium was high dur-
ing summer and winter season as compared to monsoon.
The concentration of chromium was high during monsoon
and winter season as compared to summer. The concen-
tration of lead was high during winter and monsoon sea-
son as compared to summer. It was assumed that the pres-
ence of higher concentration of copper in sediments is due
to the presence of many fishing boats that use antifouling
paints that contains CuSO4 as a major ingredient which is
being also suggested by Usman et al. (2013). The presence
of other heavy metals in the natural habitats of mangroves
is due to several anthropogenic activities such as fishing,
sewage and industrial pollution which are the major causes
for the accumulation of heavy metals in the sediments. Ma-
jor industries present in the Diu region are polyester, pa-
per, cotton yarn, petroleum by products, plasticizers, phar-
maceuticals, electrical conductors, marble tiles, and plas-
tics which are the key sources of heavy metal pollution in
mangrove sediments. Previous studies have also recorded

Table 3 Comparison of total heavy metals [wg/g] in mangrove sediments at different sites along the coastal region of Diu

and standard quality guidelines.

Heavy metals Cu Ni Cd Cr Pd

Threshold effect concentration (TEC) SQGs

Threshold effect level (TEL) 16 16 0.596 26 31

Lowest (2000) effect level (LEL) 35.7 18 0.6 37.3 35 MacDonald et al. (2000)

Effect range low (ERL) 70 30 5 80 35

Canadian sediment quality guidelines (TEL) 18.7 — 0.7 — 30.2 Canadian Council of
Ministers of
Environment (2002)

Probable effect concentration (PEC) SQGs

Probable effect level (PEL) 149 36 3.53 90 91.3

Severe effect level (SEL) 110 75 10 110 250

Toxic effect threshold (TET) 86 61 3 100 170

Effective range median (ERM) 390 50 9 145 110

Canadian sediment quality guidelines (PEL) 108 - 112 — 112 Canadian Council of
Ministers of
Environment (2002)

Present studies

Monsoon Season

Site-1 1.65 0.645 0.061 0.059 0.08

Site-2 1.34 0.543 0.087 0.088 0.095

Site-3 1.984 0.784 0.032 0.064 0.043

Site-4 1.953 0.432 0.051 0.012 0.024

Site-5 1.569 0.028 0.023 0.099 0.074

Summer Season

Site-1 1.785 0.965 0.05 0.018 0.0458

Site-2 1.976 0.976 0.08 0.018 0.0579

Site-3 2.432 1.072 0.07 0.016 0.0533

Site-4 2.355 0.365 0.08 0.015 0.0986

Site-5 2.643 2.093 0.09 0.015 0.0438

Winter Season

Site-1 1.38 0.382 0.043 0.096 0.0723

Site-2 1.84 0.432 0.063 0.018 0.0843

Site-3 1.66 0.649 0.057 0.054 0.0753

Site-4 2.3 0.941 0.075 0.077 0.0432

Site-5 2.4 0.439 0.051 0.088 0.0379
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high concentrations of heavy metals in mangrove sediments
and have suggested that anthropogenic activities are the
main source of heavy metal pollution in mangrove habitats
(Defew et al., 2005; Tam and Wong, 2000).

The results obtained in the present studies were
compared with the standard quality guidelines (SQGs)
of heavy metals given by Bakan and Ozkoc (2007),
Luo et al. (2010) and MacDonald et al. (2000). The threshold
effect concentrations of copper, nickel cadmium, chromium
and lead were lower than the values of TEL, LEL, ERL,
PEL, SEC TET and ERM (Tables 3). This suggest that
the season changes has maximum influence on accumula-
tion of heavy metals in sediments of mangroves habitat
which can cause infrequent threat to the marine organisms
(MacDonald et al., 2000).

In present studies, the highest biological concentration
factors among all the five habitats during three seasons
were obtained for cadmium and chromium in leaves sam-
ples. This clearly suggests the bioavailability of cadmium
and chromium in sediments of all the five natural habitats
of A. marina. The low values of biological concentration
factors for copper, nickel, and lead suggests low bioavail-
ability of these metals in the sediments. This reflects the
chelation of heavy metals with organic molecules which re-
sults in formation of immovable compounds (Li et al., 2016;
Nath et al., 2014).

The geo-accumulation index (lg,) Was introduced by
Mdaller (1969) to assess metal pollution in sediments. It has
been applied in present studies to facilitate the qualitative
assessment of heavy metal contamination in sediments of
five natural habitats (Shi et al. 2014; Srinivasa et al. 2010).
The improved Nemerow index and potential ecological
risk index showed the same pattern as that of the Geo-
accumulation index. These results suggests that the sedi-
ments are influenced by anthropogenic sources such as in-
dustrial wastes, untreated sewage effluents and antifoul-
ing paints from fishing boats (Usman et al., 2013). The
ecological risk index suggested that there is no signifi-
cant effect of heavy metals on growth of plants in the
mangrove ecosystem. Multivariate cluster analysis, non-
multidimentinal scaling and Principal component analysis
revealed that the samples collected from the natural habi-
tats (Site-4 and Site-5) near the fishing and industrial areas
were the main sources of heavy metal contamination.

5. Conclusions

From the present studies, it was concluded that the lev-
els of heavy metals were lower than the toxic effect
threshold level and probable effect level which indicates
a very limited biological impact on the marine environ-
ment. The higher concentrations of heavy metals in the
leaves samples of mangroves indicated that A. marina ac-
cumulates heavy metals. The values of biological concen-
tration factors (BCFs) suggested that the bioavailability of
cadmium, chromium and lead were high as compared to
copper and nickel. According to lge, index, Site-4 and Site-5
were heavily contaminated with copper and nickel. How-
ever, Site-1, Site-2 and Site-3 were moderately affected
by heavy metals. The ecological risk index suggested that
there is no significant effect of heavy metals on growth
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of plants in the mangrove ecosystem. Principal compo-
nent analysis revealed that the samples collected from
the natural habitats (Site-4 and Site-5) near the fishing
and industrial areas were the main sources of heavy metal
contamination.

Conflict of interest declaration

Authors declare that there is no conflict of interest regard-
ing publication of present research work in journal.

Acknowledgements

Authors are highly thankful to Department of Biosciences,
Saurashtra University, Rajkot for providing necessary facili-
ties to carry out this research work.

References

Bakan, G., Ozkoc, H.B., 2007. An ecological risk assessment of the
impact of heavy metals in surface sediments on biota from the
mid-Black Sea coast of Turkey. Int. J. Environ. Stud. 64 (1), 45—
57. https://doi.org/10.1080/00207230601125069

Bodin, N., N’Gom-Ka, R., K3, S., Thiaw, O.T., De Morais, L.T., Le
Loc’h, F., Rozuel-Chartier, E., Auger, D., Chiffoleau, J.F., 2013.
Assessment of trace metal contamination in mangrove ecosys-
tems from Senegal, West Africa. Chemosphere 90 (2), 150—157.
https://doi.org/10.1016/j.chemosphere.2012.06.019

Buajan, S., Pumijumnong, N., 2010. Distribution of heavy metals
in mangrove sediment at the Tha China estuary, Samut Sakhon
province. Thailand. Appl. Environ. Res. 32 (2), 61—77.

Canadian Council of Ministers of the Environment (CCME), 2002.
Canadian sediment quality guidelines for the protection of
aquat-ic life: summary tables. In: Canadian Environmental Qual-
ity Guidelines, 1999, Winnipeg. Canadian Council of Ministers of
Environment, 1-5.

Chiu, C.Y., Hsiu, ES., Chen, S.S., Chou, C.H., 1995. Reduced toxi-
city of Cu and Zn to mangrove seedlings (Kandelia candel (L.)
Druce.) in saline environments. Bot. Bull. Acad. Sin. 36 (1),
19-24.

Cui, S., Zhou, Q., Chao, L., 2007. Potential hyperaccumulation
of Pb, Zn, Cu and Cd in endurant plants distributed in an old
smeltery, northeast China. Environ. Geol. 51 (6), 1043—1048.
https://doi.org/10.1007/s00254-006-0373-3

Defew H, L, Mair M, J, Guzman M, H, 2005. An assessment of metal
contamination in mangrove sediments and leaves from Punta
Mala Bay, Pacific Panama. Marine Poll. Bull. 50 (5), 547—552.
https://doi.org/10.1016/j.marpolbul.2004.11.047

Enders, A., Lehmann, J., 2012. Comparison of wet-digestion and
dry-ashing methods for total elemental analysis of biochar. Com-
mun. Soil. Sci. Plan. 43 (7), 1042—1052.

Fernandez-Cadena, J.C., Andrade, S., Silva-Coello, C.L., De la
Iglesia, R., 2014. Heavy metal concentration in mangrove sur-
face sediments from the north-west coast of South America.
Mar. Pollut. Bull. 82 (1), 221—226. https://doi.org/10.1016/j.
marpolbul.2014.03.016

Hakanson, L., 1980. Ecological risk index for aquatic pollution con-
trol. A sedimentological approach. Water Res. 14 (8), 975—1001.
https://doi.org/10.1016/0043-1354(80)90143-8

Jarup, L., 2003. Hazards of heavy metal contamination. Br. Med.
Bull. 68 (1), 167—182. https://doi.org/10.1093/bmb/ldg032

Li, R., Chai, M., Qiu, G.Y., 2016. Distribution, fraction, and eco-
logical assessment of heavy metals in sediment-plant system in


https://doi.org/10.1080/00207230601125069
https://doi.org/10.1016/j.chemosphere.2012.06.019
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0003
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0003
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0003
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0004
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0004
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0005
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0005
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0005
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0005
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0005
https://doi.org/10.1007/s00254-006-0373-3
https://doi.org/10.1016/j.marpolbul.2004.11.047
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0007
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0007
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0007
https://doi.org/10.1016/j.marpolbul.2014.03.016
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1093/bmb/ldg032

V. Patale and J.G. Tank

Man-grove Forest, South China Sea. PLOS ONE 11 (1), e0147308.
https://doi.org/10.1371/journal.pone.0147308

Luo, W., Lu, Y., Wang, T., Hu, W., Jiao, W., Naile, J.E., Khim, J.S.,
Giesy, J.P., 2010. Ecological risk assessment of arsenic and met-
als in sediments of coastal areas of northern Bohai and Yel-
low Seas. China. AMBIO 39 (5—6), 367—375. https://doi.org/10.
1007/s13280-010-0077-5

MacDonald, D.D., Ingersoll, C.G., Berger, T.A., 2000. Development
and evaluation of consensus-based sediment quality guidelines
for freshwater ecosystems. Arch. Environ. Contam. Toxicol. 39
(1), 20—31. https://doi.org/10.1002/etc.5620190524

MacFarlane, G.R., Burchett, M.D., 2002. Toxicity, growth and ac-
cumulation relationships of copper, lead and zinc in the grey
mangrove Avicennia marina (Forsk.) Vierh. Mar. Environ. Res. 54
(1), 65—84. https://doi.org/10.1016/50141-1136(02)00095-8

Marchand, C., Lallier-Verges, E., Baltzer, F., Albéric, P., Cossa, D.,
Baillif, P., 2006. Heavy metals distribution in mangrove sedi-
ments along the mobile coastline of French Guiana. Mar. Chem.
98 (1), 1—17. https://doi.org/10.1016/j.marchem.2005.06.001

Miiller, G., 1969. Index of geoaccumulation in sediments of the
Rhine River. Geo J. 2 (3), 108—118.

Nath, B., Birch, G., Chaudhuri, P., 2014. Assessment of sediment
quality in Avicennia marina-dominated embayments of Sydney
Estuary: the potential use of pneumatophores (aerial roots) as a
bio-indicator of trace metal contamination. Sci. Total Environ.
472, 1010—1022. https://doi.org/10.1016/j.scitotenv.2013.11.
096

Peters, E.C., Gassman, N.J., Firman, J.C., Richmond, R.H.,
Power, E.A., 1997. Ecotoxicology of tropical marine ecosys-
tems. Environ. Toxicol. Chem. 16 (1), 12—40. https://doi.org/
10.1002/etc.5620160103

Shi, P, Xiao, J., Wang, Y., Chen, L., 2014. Assessment of ecological
and human health risks of heavy metal contamination in agri-
culture soils disturbed by pipeline construction. Int. J. Environ.
Res. Public. Health. 11, 2504—2520.

286

Srinivasa, G.S., Ramakrishna, R.M., Govil, P.K., 2010. Assessment
of heavy metal contamination in soils at Jajmau (Kanpur) and
Unnao industrial areas of the Ganga plain, Uttar Pradesh, India.
J. Hazard. Mater. 174, 113—121.

Tam, N.FY., Wong, Y.S., 2000. Spatial variation of heavy metals in
surface sediments of Hong Kong mangrove swamps. Environ. Pol-
lut. 110 (2), 195—205. https://doi.org/10.1016/50269-7491(99)
00310-3

Taylor, S.R., McLennan, S.M., 1985. The Continental Crust: Its Com-
position and Evolution. Blackwell Scientific Publ., Carlton, 312
PP

Thomas, G., Fernandez, T.V., 1997. Incidence of heavy metals in the
mangrove flora and sediments in Kerala, India. In: Wong, Y.S.,
Tam, N.FY. (Eds.), Asia-Pacific Conference on Science and Man-
agement of Coastal Environment, Developments in Hydrobiol-
ogy, vol. 123. Springer, Dordrecht, 77—87. https://doi.org/10.
1007/978-94-011-5234-1_9

Usman, A.R., Alkredaa, R.S., Al-Wabel, M.l., 2013. Heavy metal
contamination in sediments and mangroves from the coast of
Red Sea: Avicennia marina as potential metal bioaccumula-
tor. Ecotoxicol. Environ. Saf. 97, 263—270. https://doi.org/10.
1016/j.ecoenv.2013.08.009

Wright, D.A., Welbourn, P., 2002. Environmental Toxicology. Vol. 11.
Cambridge Univ. Press, 656 pp.

Yan, Z., Sun, X., Xu, Y., Zhang, Q., Li, X., 2017. Accumula-
tion and tolerance of mangroves to heavy metals: a review.
Curr. Pollut. Rep. 3 (4), 302—317. https://doi.org/10.1007/
s40726-017-0066-4

Yoon, J., Cao, X.D., Zhou, Q.X., Ma, L.Q., 2006. Accumulation of
Pb, Cu, and Zn in native plants growing on a contaminated
Florida site. Sci. Total Environ. 368 (2—3), 456—464. https://
doi.org/10.1016/j.scitotenv.2006.01.016


https://doi.org/10.1371/journal.pone.0147308
https://doi.org/10.1007/s13280-010-0077-5
https://doi.org/10.1002/etc.5620190524
https://doi.org/10.1016/S0141-1136(02)00095-8
https://doi.org/10.1016/j.marchem.2005.06.001
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0016
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0016
https://doi.org/10.1016/j.scitotenv.2013.11.096
https://doi.org/10.1002/etc.5620160103
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0019
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0019
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0019
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0019
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0019
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0020
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0020
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0020
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0020
https://doi.org/10.1016/S0269-7491(99)00310-3
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0022
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0022
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0022
https://doi.org/10.1007/978-94-011-5234-1_9
https://doi.org/10.1016/j.ecoenv.2013.08.009
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0025
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0025
http://refhub.elsevier.com/S0078-3234(21)00101-9/sbref0025
https://doi.org/10.1007/s40726-017-0066-4
https://doi.org/10.1016/j.scitotenv.2006.01.016

Oceanologia 64 (2022) 287—298

. Available online at www.sciencedirect.com OCEANOLOGIA

ScienceDirect |

V.

PAN

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

ORIGINAL RESEARCH ARTICLE

Distribution and ecological risk evaluation of
bioavailable phosphorus in sediments of El Temsah
Lake, Suez Canal

Alaa M. Younis?, Naglaa F. Soliman®<*, Eman M. Elkady¢,
Lamiaa |I. Mohamedein®

aDepartment of Aquatic Environment, Faculty of Fish Resources, Suez University, Suez, Egypt

bDepartment of Environmental Studies, Institute of Graduate Studies & Research — Alexandria University, Egypt
¢Basic and Applied Science Institute, Egypt-Japan University of Science and Technology (E-JUST), Alexandria, Egypt
dNational Institute of Oceanography & Fisheries (NIOF), Suez, Egypt

Received 23 March 2021; accepted 3 December 2021
Available online 17 December 2021

KEYWORDS Abstract  Phosphorus reactivity and bioavailability in lake sediments is determined by diverse
Sediments; fractions of phosphorus (P) and their distribution. To gain deeper insights into P dynamics in
Bioavailable Lakes, sediments from El Temsah Lake were investigated for water soluble P (WSP), readily
phosphorus; desorbable P (RDP), algal available P (AAP) and Olsen-P using different chemical extraction
Chemical extraction methods. Total P (TP), organic P (OP), inorganic P (IP) contents, were also investigated. The
methods; TP, OP and IP concentrations in the sediments were 598.39 .g/g, 199.76 ug/g and 398.63 pg/g,
Phosphorus ecological correspondingly. Concentrations of the bioavailable P in the sediments followed the order AAP
risk; (48.42 1.g/g)>WSP (14.60 jg/g)>RDP (1.82 ng/g)>Olsen-P (1.50 g/g). Pearson correlation
El Temsah Lake; analysis exposed that there were significant correlations among the bioavailable P fractions
Egypt concentrations and the TP concentrations (r=0.83; p>0.01, r=0.94; p>0.01, r=0.62; p>0.05);

for WSP, AAP, and Olsen-P respectively. Moreover, there were no obvious associations amongst
total P and N, Al, Ca, Fe, Mg, Mn, and OM in the sediments. The outcomes of phosphorus
ecological risk assessment in sediments by single pollution standard index method revealed
that the standard index of TP varied from 0.19 to 1.85. It demonstrated that the ecological
pollution risks of phosphorus in El Temsah Lake sediments was comparatively low.
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1. Introduction

Phosphorus (P) has a crucial role in defining the func-
tion and productivity of the ecosystems. Sediments and
soils embrace considerable amounts of inorganic, organic
and microbial P. Therefore, phosphorus dynamics are man-
aged by chemical and biological properties and processes
(Reddy et al., 2005). Phosphorus is existing in the sediment
matrix in the formulas of aluminum, calcium, iron complex
salts and organic species, or adsorbed on the surface min-
erals (Pettersson et al., 1988). The quantity of mobile or
bioavailable P in the sediments is a significant sign for sup-
posing impending internal loading and the discharge to the
water column (Rydin, 2000). In this context, it is requisite
to identify not only the total P level in the sediments but
also the levels of diverse P forms (Aydin et al., 2009).

A valuable way to appraise the stock of possibly available
fractions is to fractionate P depending on the extractabil-
ity by leaching chemicals of accumulative aggressiveness
(Perkins and Underwood, 2001; Tiyapongpattana et al.,
2004). Chemical sequential extractions have been pro-
jected to designate the several fractions in which phospho-
rus presents in the sediment (Psenner and Pucsko, 1988;
Ruban et al., 1999; Ruttenberg, 1992). The chemical se-
quential extraction methods for P fractions in sediment are
complicated and inefficient. The bioavailable P levels in
lake sediments may be simply considered by quantifying the
levels of readily desorbable P (RDP), water soluble P (WSP),
algal available P (AAP), or NaHCO; extractable P (Olsen-P)
(Zhou et al., 2001) than by P fractions as labile P, reductant
P, metal bound P, occluded P and organic P (Soliman et al.,
2017; Wang et al., 2010). These fractions of P in lake sed-
iments were extensively considered by several investiga-
tors (Bo et al., 2014; Dapeng et al., 2011; Okbah, 2006;
Soliman et al., 2017; Wang et al., 2010; Zhou et al., 2001;
Zhu et al., 2013) and can be, easily analyzed by diverse
chemical extraction methods (Zhou et al. 2001).

To the best of our knowledge, this corresponds to the
first study to relate phosphorus fractionation to scrutinize
its probable bioavailability in El Temsah Lake sediments. So,
the leading objectives of the present study is to (1) appraise
the spatial variability in total and bioavailable phosphorus
levels in El Temsah Lake sediment, (2) evaluate the ecolog-
ical risk of P, (3) recognize the relationship between P and
various sedimentary parameters. Phosphorus fractions were
also appraised in relative to the levels of the most impor-
tant P binding elements Al, Ca, Fe, Mg, and Mn, along with
other sediment physicochemical characteristics.

2. Material and methods
2.1. Sampling and study area

El Temsah Lake is the backbone of the tourism and fishing in-
dustries in the Suez Canal area (Kiser et al., 2009). However,

the Lake suffers from accumulative pollution levels which
are affected by untreated domestic and industrial wastew-
ater (Donia, 2011) in addition to agricultural wastes con-
sequences from land-based activities of Ismailia City, and
fresh water from some drains: El-Mahsama, El-Bahtini and
El-Forsan (Abdel Sabour et al., 1998) (Figure 1). The dete-
rioration of the lake has prolonged to a severe level where
urgent action is mandatory to restore the lake ecosystem
(Donia, 2011).

Twelve surface sediment samples were collected in sum-
mer 2017 using Peterson grab sampler. Sampling sites were
selected to cover different sorts of pollution to the Lake;
domestic, agricultural, and industrial (Figure 1).

2.2. Geochemical characteristics of the sediments
and elemental composition

Organic matter was assessed by the wet oxidation method
following the method of (Loring and Rantala, 1992). Total
carbonate was determined as designated by Black (1965).
Grain size analysis was analyzed using the standard siev-
ing technique (Folk, 1974). Total levels of Al, Ca, Fe, Mg
and Mn in the sediment were measured after wet digestion
(Oregioni and Aston, 1984) using an atomic absorption spec-
trometer (AAS, Model AA-6800 Shimadzu) operating in the
flame mode. The total nitrogen (TN) was analyzed by Kjel-
dahl procedure (Bremner, 1960). Total phosphorus (TP) was
analyzed by treating at 550°C (2.5 h), succeeded by 1 M
HCL extraction for 16 h. Inorganic phosphorus (IP) was di-
rectly extracted with 1 M HCl for 16 h. Organic phospho-
rus (OP) was measured as the difference between TP and IP
(Aspila et al., 1976).

2.3. Bioavailable phosphorus

Extractable P that is correlated to P bioavailability in
the sediments incorporates algal available P (AAP), read-
ily desorbable P (RDP), sodium bicarbonate (NaHCO;) ex-
tractable P (Olsen-P), and water soluble P (WSP). These
fractions of phosphorus were measured in line with
Zhou et al. (2001) (Table 1).

2.4. Ecological risk assessment

The extensively used evaluation method for ecological risk
of phosphorus is the single pollution index that was estab-
lished based on the guidelines for environmental quality as-
sessment expressed by the Department of Environment and
Energy of Ontario, Canada (1992). This index was calculated
using the subsequent formula:
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Figure 1

where Stp is the single pollution index, Crp is the deter-
mined concentration of TP and C; is the standard concen-
tration of P.

Relative to the regulations of the safe concentration lim-
its for nutrients in the Sediment Quality Guidelines (SQGs)
(Alvarez-Guerra et al., 2010), the standard concentrations
of TP should be 600 j.g/g. Consistent with the value of Syp
index, the risks are categorized into four grades, as indi-
cated in Table 2.

289

Study area of El Temsah Lake.

2.5. Data analysis

Graphically depicting groups of numerical data through
their quartiles were prepared using Minitab version 17. The
correlation analyses and means appraisal analyses were ac-
complished by Pearson Correlation in SPSS 13.0 (Statistical
Program for Social Sciences). Significance levels were la-
belled as non-significant (no signs, p > 0.05), significant (*,
0.05 > p > 0.01) or highly significant (**, p < 0.01).
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Table 1

Chemical extraction methods protocol (Zhou et al., 2001).

Bioavailable P form Method

Algal available phosphorus
(AAP)

NaHCO; extractable
phosphorus (Olsen-P)

Readily desorbable phosphorus
(RDP)

Water soluble phosphorus
(WSP)

0.2 g of sediment sample was shaken with 0.1 M NaOH (pH 13.1) for 4 h.
2.5 g of sediment sample was shaken in 50 ml of 0.52 M BaHCO;3 (pH 8.5) for 0.5 h.
2 g of sediment sample was shaken in 50 ml of 0.01 M CaCl; for 1 h.

1 g of sediment sample was shaken with 100 ml of deionized water for 2 h at 25 °C.

Note: The P extracts in the four steps were filtered through0.45 mm pore size membrane filters.

Table 2 Evaluation criteria and values for ecological risk of phosphorus in sediments of El Temsah Lake.

Risk level Value Pollution assessment Results for El Temsah Lake
Level | Stp < 0.5 Clean Sites: 1, 2, 3,9, 10
Level Il 0.5<S/p <1 Slightly polluted Sites: 8, 11, 12
Level llI 1<Sp<1.5 Moderately polluted Sites: 4, 5
Level IV 1.5 < Stp Seriously polluted Sites: 6, 7

3. Results and discussion 45 5

3.1. Physicochemical characteristics of the 8 20

sediments 70

. . . 60

Physical and chemical characters of sediments are essen- 15

tial for appraising the P exchange procedures between sedi- " R0 "

ments and overlying waters (Gonsiorezyk et al., 1998). Out- 40

comes of physicochemical characteristics of the sediments
are demonstrated in Figure 2 in box and whisker plots.
Carbonate concentrations are considerably low, desig-
nating the influx of terrigenous materials (Soliman et al.,
2018). Organic matter is needed in the fractionation of
P under definite hydrolyzing circumstances. It may formu-
late complexes with elements, such as Al, Ca, Fe, Mg, and
Mn, which possibly govern P fate in the aquatic ecosystems
(Fu et al., 2000; Pardo et al., 2003). In this study, OM display
concentrations ranging from 0.19 to 10.25%. The dispersal
of grain size reveals the domination of the sand fraction
(3.26—90.01%) followed by the clay fraction (3.03—89.88%).
Descriptive statistics of elemental composition in sedi-
ments of El Temsah Lake are presented in Table 3 and their
distribution is illustrated in Figure 2. Calcium levels range
from 5.62 to 22.63%, Mg from 1.9 to 10.85%, Al from 2280 to
3860 ng/g dw, while Fe from 4100 to 5778 j.g/g dw, and Mn
from 123.56 to 642.37 35 ng/g dw. The coefficients of varia-
tion (CV) for Mn in sediments are as high as 46.93%, followed
by Mg (CV: 43.88%) and Ca (CV: 38.26%) (Table 3). This enti-
tles the relatively great alterations in total Mn, Mg, and Ca
levels in the sediments, which may be owing to manmade
intrusions of metals (Huang et al., 2019), and the prevalent
physicochemical conditions and complex reactions such as
adsorption, flocculation and redox condition happening in
the sediments (Sekhar et al., 2003). While the lowest metal
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Figure 2 Box and whisker plots of CaCO3, OM, Sand, Silt, Clay
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Table 3 Descriptive statistics of elemental composition in sediments of El Temsah Lake.

Al(ng/g) TP (ng/g) Fe(ng/g) Mn(ng/g) Ca(%) Mg(%) IP(ug/g) OP(ng/g) TN (ng/g) OC (%)
Min 2280 131.84 4100 123.56 5.64 1.9 73.44 32.91 1200 0.17
Max 3860 2028.76 5778 642.37 22.63 10.85 1365.74  663.02 31300 5.31
Average 3024 598.39 4783.7 335.43 14.52  5.98 398.63 199.76 15450 2.11
SD 462 563.78 588.6 157.41 5.55 2.625 384.5 183.04 12823 2.09
CV (%) 15.3 106.13 12.30 46.93 38.26 43.88 96.45 91.63 82.99 99.22

CV — coefficient of variance.
TP — total phosphorus.

IP — inorganic phosphorus.
OP — organic phosphorus.
TN — total nitrogen.

OC — organic carbon.

2500

2000
1500
1000
500

mOP

mp u TP

Figure 3  Distribution of organic, inorganic and total phospho-
rus (ng/g) in El Temsah Lake sediments.

deviations are perceived for Fe (CV: 12.30%) and Al (CV:
15.30%), proving an identical distribution of these elements
in the considered sites (Bastami et al., 2016).

Total nitrogen (TN) fluctuates from 1200 to 31300 ug/g
dw (CV: 82.99%). This proposes that the TN levels of the
sediments varied significantly. Sites 4, 5, 6, 7, 11, and 12
display intensely greater levels than the other sites. All re-
sults exceed 1000 pg/g which is the Chinese environmen-
tal protection and EPA standard (US EPA, 2002; Wang et al.,
2010). The standard is a level where the sediments must
be dredged to protect the environment (US EPA, 2002;
Wang et al., 2010).

The total phosphorus (TP) contents at different sites of
the sediments are demonstrated in Figure 3. Total P con-
tents are in general high, alternating from 131.84 to 2028.76
ng/g dw (CV: 106.13%), attaining the maximum concen-
trations in the sediments from sites (2, 6, 8, 10, 11, and
12). This entitles that the lake sediments may have a high
prospective to provide P to the overlying water (Gao et al.,
2005). There is no obvious homogeneousness recognized in
the spatial distribution of TP levels in the sediments. The
areas of the maximum TP accumulation in the sediments
for the most part covered the areas of maximum TN lev-
els in the sediments. This may be explained by the efflu-
ents of agriculture, domestic wastes, and shipping activi-
ties resulting from the governorate of Ismailia (Said and El
Agroudy, 2006).
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3.2. Phosphorus fractions and bioavailability

3.2.1. Inorganic, and organic fractions of phosphorus
Outcomes for the levels of inorganic phosphorus (IP) and
organic phosphorus (OP) in El Temsah Lake sediments are
depicted in Figure 3. It can be seen in Figure 3 that inor-
ganic phosphorus is the most important form (around 66% of
the TP). Inorganic phosphorus level range from 73.44 pg/g
dw to 1365.74 pg/g dw. IP has been shown to be an essen-
tial source of bioavailable P in eutrophic sediments. NaOH-
P, which mostly comprises P bound to Al and Fe oxides and
hydroxides (Ruban et al., 2001), may be leached from sed-
iment and bring about the growing of phytoplankton under
the anoxic circumstances that succeed at the sediment—
water interface (Bo et al., 2014). The level range of the
organic phosphorus is 23.91—663.02 png/g dw (about 33.56%
of the TP). The concentrations of OP in sediments are in
generally low. OP is leached only when organic matter in
the lake is mineralized (Pedro et al., 2013). This is a signifi-
cant character distinguishing sediments from soils, in which
organic forms prevail (Gunduz et al., 2011). In general, OP
may release bioavailable fractions of P which may possibly
be utilized directly or indirectly by algae (Liu et al., 2012).
The content of bioavailable P reveals the amount of con-
tamination and the endogenous release capacity. Bioavail-
able P may be converted into active P by chemical and bio-
logical reactions and consecutively affect the water quality
(Bridgeman et al., 2012). Numerous investigations have ex-
posed that elevated quantities of bioavailable P in the sed-
iments lead to superior release of P (Liu et al., 2012). Ac-
cording to Rydin (2000), around 50—60% of OP in sediments
may be degraded or hydrolyzed to bioavailable P.

3.2.2. Bioavailable phosphorus

The levels of diverse bioavailable P fractions considered in
this work are presented in Figure 4. The comparative in-
volvement of each form to the TP is depicted in Figure 5.
The rank order owing to the average levels of P fractions
in El Temsah Lake is AAP>WSP>RDP>Olsen-P. A detached
discussion of each bioavailable P form is given below.
3.2.2.1. Water soluble phosphorus (WSP). WSP is deliber-
ated as the best evaluation of directly available P the sed-
iments (Zhou et al., 2001). Levels of WSP are considerably



A.M. Younis, N.F. Soliman, E.M. Elkady et al.

300
250
200
150
100
50

4

3
mWsp

2

BRDP

mAAP  mOlsen-P

Figure 4 Distribution of bioavailable phosphorus fractions (j.g/g) in El Temsah Lake sediments.

Table 4 Literature data concerning bioavailable phosphorus worldwide.

Location Bioavailable Phosphorus fractions (j.g/g) Reference

WSP RDP AAP Olsen-P
El Temsah Lake 14.60 1.84 48.42 1.50 This study
Lake Mariut, Egypt 40.81 9.08 107.12 89.27 Soliman et al. (2017)
Lake Edku, Egypt 9.77 1.70 59.70 42.40 Okbah (2006)
Taihu Lake, China 1.8 0.3 340 38.7 Bo et al. (2014)
West Lake, China 771 44.8 354.1 238.9 Zhou et al. (2001)
Lough Erne, Ireland 188.4 67.2 1293.9 512.2 Zhou et al. (2001)

T T T T T T T T T T T

2 3 4 5 6 7 8

mOlsen-P m AAP mRDP m WSP

9 10 11 12

Figure 5 Percentage of bioavailable P fractions in El Temsah
Lake sediments.

interrelated with P bound to clays (Hu et al., 2007). In EL
Temsah Lake the levels of WSP in the considered sediments
range from 1.49 ug/g dw to 58.99 ng/g dw, and average
14.60 png/g dw. The highest WSP concentration is demon-
strated in sediment from site 11. This faction of phosphorus
accounts for 2.39% of sedimentary TP in El Temsah Lake.
These values are to some extent low in consideration to the
values (40.81, 77.1 and 188.4 ng/g dw) described for Lake
Mariut in Egypt, West Lake, China, and Lough Erne, Ireland,
correspondingly, and higher than Lake Taihu, China (1.8
ng/g dw) and Lake Edku, Egypt (9.77 ng/g dw) (Table 4).

3.2.2.2. Readily desorbable phosphorus (RDP). Readily
desorbable phosphorus signifies the simply desorbed and re-
leased P reflected as algal available P (Zhou et al., 2001).
The RDP levels in El Temsah Lake display high variations
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ranging from 0.55 pg/g dw in site 1 to 6.85 ng/g dw in
site 11 (Figure 4). The RDP concentration is nearly 12 times
greater in sediment from site 11 than in sediment from
site 1. By discharge of industrial wastes this site is con-
taminated with: 1) Liquid wastes such as oil and grease,
paints, in addition to wastes from ships and discarding of
domestic wastewater. 2) Solid wastes as metals, sand in-
cluding metals debris and fouling (Abdel Sabour et al., 1998;
Soliman et al., 2019). The proportional contribution of RDP
to the available phosphorus ranges from 0.1% to 1.27%, and
the average is lower than 1% (0.47%) (Figure 5). This desig-
nates that most of the phosphorus is bound in such a fraction
that isn’t exchangeable, and therefore, not available for di-
rect uptake by plants (Branom and Sarkar, 2004). These lev-
els are fairly small in accordance with the levels described
for Mariut Lake, West Lake, China and Lough Erne, Ireland,
and higher than Lake Taihu, China and Lake Edku, Egypt
(Table 4).

3.2.2.3. Algal available phosphorus (AAP). This faction
of sedimentary phosphorus denotes phosphorus combined
with metal (hydr) oxides, mostly of Al, and Fe, which is
exchangeable again with OH~, anion of organic ligands
and inorganic phosphorus complexes dissolved in alkali
(Rydin, 2000). NaOH extractable P may be released for the
growing of phytoplankton once anoxic circumstances domi-
nate at the sediment-water interface (Ting, 1996). The AAP
levels in the studied sediment samples range from 10.37
ng/g dw in sediment from site 3 to 262.47 ng/g dw in sedi-
ments from site 12 (Figure 4). The comparative contribution
of AAP to the available phosphorus is between 2.13% (in site
2) to 12.94% (in site 12) (Figure 5). The outcomes acquired in
this work were lesser than the outcomes described for other
lakes (Table 4). This may be related to the sediment tex-
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ture (high clay and silt amounts in the lake. Furthermore,
these results were comparable to the outcomes in earlier
researches that the comparative involvement of NaOH—P to
TP ranged from 5 to 70% with elevated values in eutrophic
lakes, and NaOH—P was an essential origin for bioavailable
P in eutrophic sediments (Penn et al. 1995; Wang et al.,
2010).

3.2.2.4. NaHCO; extractable phosphorus (Olsen-P). Olsen-
P is an appropriate measure for demonstrating the situation
of nutrients in soils. In agreement with Zhou et al. (2001),
Olsen-P levels in soils that are >46 j1.g/g dw specify a high
nutrient rank. Consequently, Olsen-P may be moreover de-
liberated as a measurable indicator of the availability of P
for algae. Commonly, Olsen-P is represented as the active
HCL—P since a possibly mobile percentage is shown to be in-
volved in the HCI—P fraction (Kisand and Noges, 2003). The
levels of this fraction of P in El Temsah Lake sediment range
from 0.53 png/g dw in site 1 to 3.3 ng/g dw in site 11, and
accounts for from 0.1% in site 12 to 0.58% in site 3 of to-
tal phosphorus (Figures 4 and 5). The attained data reveals
that agreeing to the standards of agricultural soils, all the
locations of the study area have low Olsen-P.

Table 4 displays that the results attained in this work are
lesser than the results of 89.72, 42.40, 238.9, 512.2, 38.7
ng/g dw designated for Lake Mariut, Lake Edku, West Lake,
and Lough Erne, Lake Taihu, respectively.
3.2.2.5. Ecological risk of phosphorus in the sediments.
The considered samples may be distributed into two cat-
egories based on the Chinese environmental dredging com-
mon standard (Liu et al. 1999). Samples that their TP levels
were higher than 500 .g/g dw (sites 2, 6, 8, 10, 11, and 12)
are deliberated as heavily polluted with certain ecological
risk effects and would be dredged. The others (sites 1, 3,
4, 5, 7, and 9) are slightly polluted (mesotrophic or olig-
otrophic), in which TP levels were lesser than 500 j.g/g dw.

Based on the Canadian Sediment Quality Guidelines
(5SQGs) (Mudroch and Azcue, 1995), the TP levels at 42% of
the investigated sites surpassed the lower SQGs value (550
ng/g), and the TP concentrations at site 12 reached the
upper SQGs value (2,000 ng/g) (Figure 4), demonstrating
that there will be elevated levels of toxicity to sediment-
dwelling organisms from phosphorus at site 12. Phosphorus
gets into El Temsah Lake from greater amounts of wastes,
comprising raw liquid and solid municipal wastewater, in-
dustrial wastewater and agricultural runoff that dumped
into the lake (Abdel Sabour et al., 1998).

The single pollution index of phosphorus in El Temsah
Lake sediment samples varies from 0.19 to 1.85, and the
risk grade ranges from Grade | to Ill. Noticeably, 41% of
the samples in El Temsah Lake are clean (grade ). On the
other hand, other sites of the sediment samples are slightly
(25%) or moderately (17%), or seriously (17%) polluted. Con-
sequently, the average risk of total phosphorus contamina-
tion in El Temsah Lake is relatively low.
3.2.2.6. Relationships between bioavailable phosphorus
fractions and geochemical components of the sediments.
Phosphorus dynamics is associated with its collaboration
with the diverse sediment matrix components, so the un-
derstanding of the diverse forms in which phosphorus ex-
ists in the sediments is required (Pardo et al., 2003). The
correlation of Fe, Mn, and P in lake sediments is not ob-
viously assumed, though there is an overall agreement
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from the deliberation of solubility product interactions that
chemical interaction of phosphate would happen with Al,
Ca, and Fe complexes. Phosphate anions may be taken
up from the water by alumina, kaolinites, and montmo-
rillonites (Chen et al., 1973) and similarly by precipitated
ferric and aluminum hydroxides (Carritt and Goodall, 1954;
Hsu, 1965).

Fe:P proportion is deliberated as a degree of available
sorption places for phosphate ions on iron oxyhydroxide sur-
faces. The proportion of Fe:P beyond 15 is adequate for iron
to adjust the benthic fluctuation of phosphorus from sedi-
ment to oxic water (Jensen et al., 1992). Rydin and Brun-
berg (1998) also designated the development of an active
oxic barrier with the overhead Fe:P proportion. In El Tem-
sah Lake sediments, the Fe:P proportion is lower than 15
excluding site 1 and, leading to lower levels of Fe:P. This
can prove that the perceived phosphorus is associated with
the geochemistry of the lake sediment. Consequently, there
is no sufficient iron in the sediments to combine with phos-
phorus at the majority of the sampling locations, repre-
senting that iron can’t manage the phosphorus release and
the influence of NaOH-P on the water column phosphorus is
great (Soliman et al., 2017). Additionally, a substantial neg-
ative relationship (—0.76; p>0.01) is established between
the Fe:P atom proportion in surface sediments and mean
values of TP in the lake sediments. These results propose,
but do not ascertain, that the internal phosphorus loadings
in this lake are not associated with the Fe:P atom propor-
tion.

In this study, a high significant positive correlation co-
efficient (r= 0.79; p>0.01) between Fe-Mn is exhibited
(Table 5). The close chemical resemblance between Fe and
Mn is revealed geologically in their corporate association in
rocks of all types. Hydrous oxides of iron and manganese
are approximately plentiful in clays, soils, and sediments
(Bortleson and Lee, 1974). However, there is no obvious
relationship between TP-Fe and TP-Mn in El Temsah Lake.
Agreeing with Mackereth (1966) P deposition is not affected
by differences in the iron and manganese cycle, but the pre-
cipitation of P can be basically biological and constant. Fe
is appearing to be associated with clay minerals (r= 0.94;
p>0.01) which will afford slight prospects for P precipi-
tation with Fe complexes (Bortleson, 1971). Additionally,
there is no relationship between Ca and any of the bioavail-
able phosphorus fractions. This is similar with the results of
others (Jensen et al., 1992) and confirms that the extent of
calcium existing in the sediment has no effect on the dis-
persal of the different P pools (De Groot, 1991).

Results exhibit that, no association may be recognized
between the IP/OP and the organic matter level in the sedi-
ment samples (Table 5). Consequently, the dispersal of phos-
phorus between the inorganic and organic fractions seemed
not to be associated with the organic matter concentration
in apparent way. This is possibly owing to the composite
properties of organic matter and to the intricate relations
amongst the diverse sediment characteristics (Pardo et al.,
2003).

A significant relationship exists between organic matter
(OM) and total nitrogen (TN) in the sediments of El Temsah
Lake (r = 0.92, P < 0.01) which proposes that the content
of TN can be regulated by organic source (Hakanson and
Jansson, 1983) while total phosphorus associates nega-
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Table 5

Correlation matrix for the different studied components in sediments of El Temsah Lake.

Al Ca Fe Mg Mn TN TP IP oP CaCO; OM WSP RDP AAP Olsen-P  Sand Silt  Clay
Al 1
Ca 0.74** 1
Fe -0.76**  -0.95** 1
Mg -0.09 -0.51 0.59* 1
Mn -0.07** -0.89** 0.79**  0.23 1
TN -0.73**  -0.83** 0.81**  0.53 0.59* 1
TP -0.48 -0.29 0.18 -0.59*  0.51 0.1 1
IP -0.47 -0.28 0.16 -0.61*  0.50 0.1 0.99** 1
OoP -0.51 -0.31 0.21 -0.54  0.51 0.11 0.99** 0.97** 1
CaCO; -0.54 -0.68**  0.62* 0.39 0.54 0.89**  0.14 0.14 0.152 1
OM -0.51 -0.61*  0.58* 0.51 0.35 0.92**  -0.11 -0.11 -0.09  0.94** 1
WSP -0.63*  -0.33 0.21 -0.61*  0.41 0.2 0.83** 0.84** 0.79** 0.11 -0.03 1
RDP -0.61*  -0.25 0.15 -0.49 0.24 0.18 0.50 0.53 0.44 0.002 0.001  0.87** 1
AAP -0.52 -0.38 0.25 -0.57*  0.59* 0.18 0.94** 0.94** 0.91** 0.27 0.003 0.88** 0.58* 1
Olsen-P  -0.54 -0.26 0.17 0.34 0.16 0.20 0.62* 0.60* 0.64* 0.07 0.02 0.69** 0.63* 0.51 1
Sand 0.73**  0.98**  -0.95** -0.48 -0.88** -0.82** -0.33  -0.31 -0.35  -0.71** -0.63* -0.32 -0.19 -0.43 -0.24 1
Silt 0.14 -0.21 0.13 0.34 -0.12 0.16 -0.43 -0.39 -0.49 0.09 0.2 -0.177 0.14 -0.28 -0.12 -0.12 1
Clay -0.75**  -0.98** 0.94**  0.46 0.89**  0.81** 0.36 0.34 0.38 0.71**  0.59* 0.33 0.19 0.46 0.25 -0.99** 0.06 1

Correlation is significant at * P< 0.05, ** P < 0.01; n = 12

‘I 33 ApD)3 "W'F ‘UDWI)OS J°N ‘SIUNOA W'V



Oceanologia 64 (2022) 287—298

Table 6 Total organic carbon/total nitrogen (TOC/TN), total organic carbon/total phosphorus (TOC/TP) and total nitro-
gen/total phosphorus (TN/TP) organic carbon/organic phosphorus (OC/OP), Iron/phosphorus, manganese/phosphorus ratios in

El Temsah Lake sediments.

Station TOC/TN TOC/TP TN/TP 0C/0P Fe:P Mn:P
1 1.50 14.75 9.84 54.70 15.20 0.72
2 1.00 15.32 15.32 6.60 4.09 0.16
3 1.46 17.65 12.11 87.33 19.31 1.74
4 1.74 74.37 42.86 774.57 12.12 0.59
5 1.47 53.09 36.12 377.74 9.67 0.79
6 1.30 36.60 28.15 182.90 5.40 0.43
7 1.63 49.56 30.34 715.30 14.82 1.33
8 0.68 14.32 20.99 24.20 2.82 0.22
9 0.78 10.14 13.04 39.47 8.82 0.26
10 0.33 10.67 32.02 8.64 4.35 0.22
11 0.99 50.68 51.22 47.39 2.08 0.15
12 1.36 47.28 34.69 41.93 1.42 0.18
Min 0.33 10.14 9.84 6.60 1.42 0.15
Max 1.74 74.37 51.22 774.57 19.31 1.74
Average 1.19 32.87 27.22 196.73 8.34 0.57
SD 0.43 21.68 13.15 276.37 5.92 0.51
cv 36.10 65.95 48.29 140.48 70.99 90.42

tively with OM (Table 5). This entails that sediment TP
is influenced by parameters other than organic matter
(Knosche, 2006). If N and P in the sediments are originated
from the similar origin, they must have a good relationship.
Though, it is designated that the relationship between TN
and TP is insignificant in El Temsah Lake sediments, display-
ing dissimilar sources (Table 5).

Earlier investigations have revealed that the ratios of nu-
trient elements in sediments may reveal the geochemical
reactions of elements, the environment and the origins of
internal and external contaminations (Gu et al., 2017). Par-
ticularly, the TOC/TN ratio is extensively utilized to catego-
rize the probable origins of organic matters and the differ-
ences among species. The TOC/TP ratio reveals the decom-
position rate of OC and P fractions in sediments to a definite
range (Peng, 2016). The TN/TP ratio reveals the dynamic
progressions of the accumulation, deposition and release of
N and P in water (Peng, 2016). If TOC/TN > 10, the OM is
principally from land sources; if TOC/TN = 10, the internal
and external OM is essentially in equilibrium; if TOC/TN <
10, the OM is mostly from water bodies (Peng, 2016).

From Table 6, the TOC/TN in El Temsah Lake sediments
differs from 0.3 to 1.7. Consequently, the TOC accumula-
tion and TOC/TN in sediments in El Temsah Lake are posi-
tively interrelated to the organic components from the wa-
ter body. The TOC/TP in sediments in El Temsah Lake alters
from 10.1 to 74.4. The average value of the TOC/TP ratios is
32.9. Furthermore, the spatial dissimilarities of TOC/TP in
the sediments have comparatively high coefficient of vari-
ance (CV) of 65.95% > 50%. Great TOC contents in sites (4, 5,
6, 7, 11, and 12) have a substantial influence on the spatial
differences of nutrient element ratios, compared with the
other sites. These sites have greater amounts of TOC, which
may be introduced into the sediments by untreated munic-
ipal and urban wastes (Abdel Sabour et al., 1998). Conse-
quently, the accumulation of TOC dominates the TOC/TP
ratio. Data of the ratio between OC and OP (OC/OP)
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may support the understanding of the provenance, decom-
position and preservation of sedimentary organic matter
(Sardans et al., 2012), in addition to the transformation
of phosphorus in sediments. In general, approximately all
of the sediment OM types in aquatic ecosystems are origi-
nated from biological photosynthetic activity in the aquatic
and/or terrestrial environments. The OC/OP ratio of ma-
rine plankton is closer to the Redfield C/P ratio of 106:1
(Anderson and Sarmiento, 1994; Redfield et al., 1963), and
differ from ~50:1 to 150:1 (Li and Peng, 2002), with an av-
erage of about 117:1 (Anderson and Sarmiento, 1994). In
this work, the OC/OP ratios range from 6.6 to 774.6, with
an average of 196.7+ 276.37 (Table 6), which exceed the
Redfield ratio, representing that El Temsah Lake sediments
receive substantial quantity of OC from land-based origins.

Nitrogen and phosphorus are key parameters for the cat-
egorization of trophic status as they are nutrients most
probable to limit aquatic primary producers in lakes and
rivers. The total N to total P (TN:TP) ratio is usually uti-
lized as a guide that signifies the nutrient limitation for al-
gal growth. Elser et al. (2009) indicate that phosphorus is
limiting when TN: TP by weight is >16, nitrogen is limiting
when TN: TP is <14, and either nitrogen or phosphorus or
both are limiting when TN:TP is between 14 and 16. Results
display that the TN:TP in El Temsah Lake is fluctuated from
9.8 to 51.2 (average: 27.2), signifying that the limiting nu-
trient for the algal growth in El Temsah Lake is P.

The ratio of N: P in sediment is greater than the Redfield
value, displaying that P in the considered lake sediment is
primarily autogenic.

Table 5 exhibits that there is a significant relationship
between WSP and TP in El Temsah Lake sediments (r=0.83;
p>0.01). More or less P may be simply desorbed and re-
leased, predominantly when the level of P in the water
column is decreased (Zhou et al., 2001). Additionally, out-
comes of Pearson correlation analysis display a poor positive
relationship concerning RDP and TP or IP (Table 5).
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The Olsen-P fraction was the smallest of the extracted P
fractions. In particular, RDP in sediments of El Temsah Lake
only accounted for 0.34% of TP (Figure 5). The correlation
between Olsen-P and TP was poorer than in any other anal-
ysis, but still highly significant (P <0.05).

It is perceived that the AAP fraction displayed an en-
hanced sign of P bioavailability. The AAP fraction ex-
tracted greater quantities of P compared to WSP, RDP and
Olsen-P, ranging between 2.13 and 12.94% (average: 6.67%)
(Figure 5). The relationships between P extracted in the
AAP fraction and TP or IP are somewhat much better than
the other extracted fractions and are significant at a <0.01
level (Table 5), proposing that the elevation in TP and co-
inciding leaching of P from sediment improved the bioavail-
ability and increase risk of P (Wang and Liang, 2015).

The comparatively larger quantity of extracted P and
the significant relationship between extracted and sedimen-
tal TP designates that a substantial part of P in El Tem-
sah Lake sediments is combined with Fe/Al oxides (Anjos
et al., 2000), and a comparatively substantial fraction of
Fe/Al-bound P is bioavailable. These fractions of P are
easily dissolved under alkaline conditions and converted
into dissolved P when the redox environment changes
(Han et al., 2014). Dissolved P may then enter the overlying
water, and finally deteriorates the water quality (Wang and
Liang, 2015).

AAP discloses the impact of sediment texture, while a
high clay percentage improves the level of AAP. This end re-
sult is sustained by Pearson correlation analysis where a pos-
itive correlation between AAP and clay (r=0.46) (Table 5) is
designated.

4. Conclusion

This paper presents the results of P fractions (TP, OP, IP, and
bioavailable P) in the surface sediment and from El Temsah
Lake. Total phosphorus concentration is on average 598.39
ng/g. The IP level was higher than OP for the studied area
and its average % contents were 66.50% of TP. Where the av-
erage level of the OP was 33.50% of TP. Relative abundances
of the bioavailable P fractions in the sediment follow the
rank: AAP>WSP>RDP>Olsen-P. The AAP method extracted
the most P and the RDP and Olsen-P methods extracted the
least P. Clearly, as the levels of WSP, RDP, and Olsen-P were
low, accounting for lower than 4% of TP, these fractions were
as insignificant as available P sources for algal growth. In
contrast, AAP accounted for more than 7% of TP. WSP, AAP,
and Olsen-P forms gave bioavailable P levels that were cor-
related to the IP, TP, and OP levels. Correlation coefficients
showed that there were significant correlations among the
bioavailable P fractions concentrations and the TP concen-
trations. Moreover, there were no apparent relationships
between TP and N, Al, Ca, Fe, Mg, Mn, and OM in the sedi-
ments. This study exhibited that the TN:TP ratio in the wa-
ter column fluctuated from 9.8 to 51.2, proposing that P
was the limiting nutrient for the algal growth in El Temsah
Lake. Moreover, Fe:P ratio was lower than 15 supposing that
there wasn’t adequate iron in the sediment to combine with
phosphorus at most of the investigated samples. Consistent
with the single pollution index method, the risk level of P
contamination in the sediments was comparatively low. Re-
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sults from this study establish a background of bioavailable
phosphorus fractions in sediments from El Temsah Lake and
can be utilized as a reference for forthcoming investigations
on the fluctuations of phosphorus bioavailability over time.
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Abstract Instantaneous cloud cover over the Baltic Sea, estimated from satellite information,
may differ by as much as several dozen percent between the day and night. This difference
may result from both weather conditions and different algorithms used for the day and night.
The diurnal differences in cloudiness measured by proprietary and operational systems were
analysed as part of research on marine environmental assessment and monitoring. An optimised
algorithm for 2017 was presented and supplemented with information from radiation modelling.
The study showed that, in general, the average values of daily changes in cloud cover over the
sea depend on the season, which generally corresponds to the length of the day and contrasts
with the amount of cloudiness. The results were compared with available online data that met
the night and day detection criteria, the climate model, and the climate index. The averaged
analysis of seasonal changes showed that similar values of the satellite estimates are higher
than those obtained from the climate model and the lidar estimation. The satellite estimates
from SatBaltic showed the lowest uncertainty. The diurnal cycle was confirmed by all analysed
systems. These results may indicate common physical mechanisms and a methodological reason
for the uncertainty of satellite-based data. The results clearly showed the existing diurnal
difference in the amount of cloud cover over the Baltic Sea and indicated that this difference
is not always explained by the physical properties of the atmosphere. The probable causes for
these uncertainties were identified and diagnosed.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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The study of cloudiness above the sea surface based on
observations from satellites is a very complex problem.
The complexity involves results of measurements in both
the shortwave and longwave ranges, i.e. the visible (VIS)
and infrared (IR) radiation. The literature includes numer-
ous studies (Anthis et al., 1999; Bennouna et al., 2010;
Finkensieper et al., 2018; Saunders et al., 1988) on remote
cloud cover detection systems which are applicable to aver-
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Figure 1
side; SW, right-hand side) [source: www.satbaltic.pl].

aged global-scale situations, but their actual regional-scale
utility is frequently debated. Due to the nature of radiation,
measuring it involves a lot of uncertainties. Cloud detec-
tion systems based on satellite data mostly use physical
parameters calculated from the radiation spectrum, i.e.
colour, shape, thickness, gradient, height, and inter-band
relationships or interactions between the detected objects
themselves (Mahajan et al., 2020). Different detection
techniques as well as different classification methods are
used, e.g. binary classification and measurement of cloud
cover opacity based on pixel values. For the Baltic Sea re-
gion, a review of cloudiness in reference to climate change
was carried out by Post et al. (2020). The study analysed the
regional mean time series and regional maps of trends in
the Baltic Sea area. The cloud parameters studied were to-
tal fractional cloud cover and cloud-top height. In the study
carried out by Reuter et al. (2014), a SEVIRI-based cloud
detection algorithm was developed for the Baltic Sea catch-
ment area. The total cloudiness obtained from the satellite
data was 0.65 compared to 0.63 for the model. Large
discrepancies were observed in the 24-hour cloud-cycle
phase. There was no significant trend in the total cloud
amount, either from the model or from the satellite data.
Li et at. (2020) proposed a cloud detection method based
on genetic reinforcement learning in order to improve cloud
detection at a regional scale. Banks et al. (2015) showed
that the standard cloud mask used routinely in processing
global ocean colour data from National Aeronautics and
Space Administration (NASA) can mask optical phenomena
such as intense algal blooms in the Baltic Sea. These blooms
have a significant impact on the environment and require
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An example of cloudiness estimation and the resultant statistical error (Baltic Sea, 18 May 2017, 5:30 UTC) (LW, left-hand

appropriate monitoring. Their findings show that replacing
the standard cloud mask can increase the data accuracy
by 22% during the seasonal cycle in the Baltic Sea. On the
other hand, Kowalewska-Kalkowska et al. (2019) showed
the difficulties and limitations of poor cloud masking over
the Baltic Sea in identifying and modelling coastal up-
welling. It was also demonstrated that the usefulness of
this factor for predicting threats associated with extreme
conditions is still limited as a consequence of the regional
estimation of hazardous weather events (Latos et al.,
2021). Jakobson et al. (2014) showed that the diurnal
variability of precipitable water over the Baltic Sea is
the inverse of water vapour variability over land. Finally,
Mahajan et al. (2020) discussed the current trends and
direction of development for modern regional cloud de-
tection systems based on satellite data. A hybrid approach
using machine learning, physical parameter acquisition and
ground-based validation was recommended for model im-
provement. The cited publications mostly concern issues of
improving the quality and daily variability of the data at the
regional scale, which suggests that the actual usefulness of
cloud algorithms is questionable. This study discusses the
possibility of using a simple algorithm to assess cloudiness
in regions with similar geographical conditions as the Baltic
Sea. Paszkuta et al. (2019) explained those methods in
more detailed recommendations. They show new results on
the extent and size of cloud cover during the day and night
time. Detection methods have been identified as the main
source of uncertainty. First, to minimise errors, efforts were
made to limit the research area to a more homogenous re-
gion. The proximity of the northern part of the Baltic Sea to
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Table 1 Spectral characteristics of the SEVIRI radiometer channels.
Waveband Spectral range (x«m) Remarks
Acen Amin Amax
1 VIS0.6 0.64 0.56 0.71 Atmospheric visible window
2 VISO0.8 0.81 0.74 0.88 Atmospheric visible window
3 NIR1.6 1.64 1.50 1.78 Near infrared atmospheric window
4 IR3.9 3.90 3.48 4.36 Atmospheric thermal window
5 WV6.2 6.25 5.35 7.15 Water vapour absorption
6 WV7.3 7.35 6.85 7.85 Water vapour absorption
7 IR8.7 8.70 8.30 9.10 Atmospheric thermal window
8 IR9.7 9.66 9.38 9.94 Ozone absorption
9 IR10.8 10.80 9.80 11.80 Atmospheric thermal window
10 IR12.0 12.00 11.00 13.00 Atmospheric thermal window
11 IR13.4 13.40 12.40 14.40 Carbon dioxide absorption
12 HRV 0.75 0.40 1.10 Atmospheric visible window + water vapour absorption

the northern polar circle rules out, for a considerable period
of time, the possibility of using the entire bandwidth range,
particularly the bandwidths in the short-wave part, and
poses a serious challenge for geostationary satellites, e.g.
the Meteosat Second Generation (MSG) (Bennouna et al.,
2010). It is, therefore, interesting to begin with cloudi-
ness detection broken down into shortwave and longwave
band ranges, the division being important not only for the
transition from daytime to night-time, but also for the mea-
surement site. The changes will then depend primarily on
the available information; for obvious reasons (including the
high solar angle limitation), only data from the longwave
band can be used during the night (Table 1). Differences
between night-time and daytime cloud cover estimates are
quite natural and are visible when comparing information
from shortwave and longwave band daytime routines. The
differences are explained by the physical parameters of
cloudiness because high-reflectance warm formations are
usually the only reference for brightness temperature stud-
ies, and cold fog does not always affect the visible radiation
range (Jakobson et al., 2014; Jedlovec, 2009; Krezel and
Paszkuta, 2011; Paszkuta et al., 2019). As the problem is
the regional scale, different methodologies, which are a
fairly important source of uncertainty, introduce artefacts
emerging along the shoreline or at the edge of low clouds.
The artefacts result from an incorrect estimation, e.g. with
the use of the textural image analysis techniques. At the
same time, they are difficult to eliminate due to convec-
tions forming in the area and the presence of near-shore
effects such as upwellings. There are numerous examples
of instantaneous, regional over- and underestimation of
cloudiness in the atmosphere. Figure 1 shows examples of
differences in cloudiness estimation done by operational
detection systems during the day and night. The date and
time (Figure 1) was chosen due to the apparent variability
of data and the availability of a wide range of different
types of cloud cover. Generally, methods adapted to the
global scales (Figure 2), show the daytime cloudiness to
be lower when compared to regional scales (Figure 1),
with the night-time cloudiness being comparably higher. For
this reason, the averaged characteristics show relatively
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small differences which increase with the change of the
Solar Zenith Angle (SZA): the higher north, the larger the
difference due to a change in the proportions between the
daytime vs. night-time routines. In many comparisons, it is
difficult to unequivocally state whether and which physical
process is responsible for the differences between the
routines. It is certain, however, that the presence of a large
body of water substantially affects the detection results,
and physical analyses should be conducted separately
for the daytime and night-time routines. The paper is an
extension of the study conducted by Paszkuta et al. (2019),
but it is the first study to show the optimisation of the
algorithm in the process of generalizing Planck’s law based
on satellite results and published materials. To reveal the
variability in the detection of diurnal Baltic Sea cloudiness,
the results are compared with alternative sources and
the North Atlantic Oscillation (NAO) index. The goal is to
increase the quality of oceanographic data. An overestima-
tion of cloudiness can often deprive us of information about
important sea surface phenomena that can last several
hours, such as coastal upwelling. An underestimation can
have a negative impact, e.g. on the balance of radiation
reaching the sea surface. The aim is to identify and esti-
mate the source of uncertainty arising from the satellite
measurement process. Clearly, considering the availability,
scope and amount of information, satellite measurements
have an undeniable value. The article consists of five
sections. In Section 1 the problem is described using the
example of the briefly summarised SatBaltic project, the
state of knowledge on cloud detection using satellite data
is presented, and daily analyses taking into account some
outside factors on the Baltic are performed, followed by a
literature review. Section 2 focuses on the description of
data used in the analyses and suitable for comparing the
differences between day and night values. The methods
used in the paper are based on the technique published
and presented in detail for the first time by the authors,
which consists in linearising Planck’s law. It has been
proposed to improve the method further. In Section 3, we
clearly describe the modifications to that method and the
changes in cloud cover detection. In Section 4, we present
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Figure 2  Block diagram of the cloud detection data flow (Paszkuta et al., 2019).

the significance of our findings. In the last section, we
discuss the results and list the probable reasons for the
differences.

2. Material and methods

A flagship product of satellite cloudiness data developed
within the SatBaltic project (Wozniak et al., 2011a,b), con-
sists of a series of tests using the split-windows technique
and model estimations for cloudless atmosphere (Figure 2).
The detection technique is, in principle, based on a differ-
ence between the Spinning Enhanced Visible and Infrared
Imager (SEVIRI) ranges (Table 1) and compares the out-
comes with values modelled for cloudless conditions. It gen-
eralises radiation transmission equations using relationships
between two neighbouring spectral bands, and is, in fact,
based on the magnitude of the difference between them
(Kriebel et al., 2003; Kryvobok et al., 2005). The technique
of split windows and model estimation for the cloudless at-
mosphere at the Baltic Sea was used both in the short and
long range of waves. In this way, the SatBaltic system uses
two values of the cloud fraction: one referring to short-
wave radiation and the other to longwave band. The differ-
ence between the magnitude of radiation at full cloudiness
and in the absence of clouds under identical thermal con-
ditions over the Baltic Sea may be as high as 120 W m~2.
The semi-empirical formulae reported in the literature are
frequently based on the general cloudiness function as the
main factor determining the bottom-up flux of longwave-
band radiation. This is, however, a far-flung approximation
which may be subject to a statistical error of as much as
even 30% (Zapadka et al., 2015). The characteristic fea-
ture of the method proposed is that it is region-specific
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and based on radiation models developed by the authors
to avoid relying on external sources. Similarly to most of
the studies referred to, the division into daytime and night-
time is included, with the incident radiation angle of 67°
being used as a criterion (Paszkuta et al., 2019). The dif-
ferences in the diurnal cycle of cloud cover, and hence in
the radiative cycle, can lead to significant changes in the
energy balance. Clouds generally attenuate the solar radia-
tive energy flux. The problem of absorption or transmission
by different types of clouds has been explained in the lit-
erature (Kaczmarek and Dera, 1998; Rozwadowska, 2004).
The Baltic Sea has thermodynamic properties that are dif-
ferent from those of the land and the oceans, and some of
those properties have a significant influence on the atmo-
sphere. Seawater is subject to constant phase changes that
absorb large amounts of energy. The energy required for
these processes comes mainly from the atmosphere. There-
fore, changes in the water can cause significant changes in
the atmosphere, which occur in a continuous diurnal cycle,
different (on a different scale) than in the open oceans.
The air temperature varies by a few to a dozen degrees
per day, with little change in water temperature. There-
fore, it happens that the water in the Baltic Sea has a higher
temperature than the air as a consequence of air tempera-
ture fluctuations. If the sea is cooler than the air, the wa-
ter will draw heat from its surroundings in an attempt to
compensate for this difference. Conversely, when the wa-
ter in the sea contains more energy, the air temperature
changes. These mechanisms can partly explain the diurnal
differences in cloud cover. At night, when the air warms up,
it rises higher. When the rising air reaches the height where
condensation occurs, the conditions for the formation of
clouds occur. During the day, the situation can reverse and
a cloud-free atmosphere can form. If the water is warmer
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than the environment, clouds may even form around the
clock. Based on the European Centre for Medium-Range
Weather Forecasts climate reanalysis data' (ECMWF—ERAD5)
shown in (Figure 3), the average daily difference in the per-
centage of cloud cover on the Baltic Sea (between 2008
and 2017) was up to a few percent, depending on the lo-
cation and season: a maximum of 13% was recorded which
is lower than the value obtained in the study using satel-
lite data. This confirms the results obtained by the authors;
however, the question remains whether these phenomena
have natural causes. The daily changes in cloud cover over
the Baltic Sea shown in the study could even modify the at-
mospheric circulation, if they have a natural basis. In the
rest of the paper, we will identify other causes that are not
indicative of natural physical processes. It is interesting to
look for trends and long-term changes in the climate related
to the cloud cover parameter; however, at the moment,

1 https://cds.climate.copernicus.eu
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this is not the subject of this analysis, although the arbi-
trary period of 30 years of climate changes already covers
the period of data collected by satellite instruments. The
satellite-based cloudiness data calculated by the Advanced
Very High Resolution Radiometer (AVHRR) (mounted on the
Tiros N satellite series operated by the National Oceanic and
Atmospheric Administration, NOAA) is based on the AVHRR
Processing Over Land cLoud and Ocean (APOLLO) algorithm
(Saunders and Kriebel, 1988). The algorithm involves five
independent tests. It analyses a sequence of threshold, tex-
tural, and inter-waveband relations. Significantly, one of
the routines is dedicated to marine areas and simultane-
ously analyses the relationship between short and longwave
channels while using separate series of daytime and night-
time data (Cracknell, 1997). Results of the algorithm have
been repeatedly compared with alternative solutions and in
situ measurements (Kriebel et al., 1989). The AVHRR data,
owing to the regional measurement system, does not have
an inferior spatial structure to the data generated by SE-


https://cds.climate.copernicus.eu
https://cds.climate.copernicus.eu

M. Paszkuta, T. Zapadka and A. Krezel

VIRI. From the standpoint of instantaneous regional obser-
vations, the MSG is more advantageous for the measurement
of rapidly changing cloud cover (particularly at the esti-
mated range). Average differences between the data gen-
erated by AVHRR and SEVIRI are up to several per cent, the
values being higher for the night-time data. The cloud prod-
ucts offered on-line from MODIS data combine the IR and
VIS ranges, similarly to the algorithm proposed in this study.
The cloud fractional cover product developed in 2004 by the
Satellite Application Facility on Climate Monitoring (CM SAF)
consortium within the CLoud property dAtAset (CLAAS-2) us-
ing SEVIRI (Edition 2) (today the Interim Climate Data Record
[ICDR]) is based on NWC SAF cloudiness detection and clas-
sification algorithms. The Cloud-Aerosol Lidar and Infrared
Pathfinder (CALIPSO) was designed to investigate the effects
of clouds on the radiation budget (Chepfer et al., 2013).
Equipped with the Cloud-Aerosol Lidar with Orthogonal Po-
larization (CALIOP), the device offers information based on
active detection.

3. Results
3.1. New approaches

In line with the goal of this study, we estimated the aver-
ages for daytime and night-time events separately. Accord-
ing to this important classification, the data sets relate to
physical processes taking place during the day and at night.
Although marked differences in cloudiness between the day
and the night, such as those discussed in the previous sec-
tion, are likely not to have physical underpinnings, certain
differences in the emission of the sea will always happen.
They emerge, for example, due to the cyclical course of
solar radiation and its consequences during the daytime,
whereas at night they occur because of, e.g., the forma-
tion of a humid zone just above the sea surface, which
affects the long waveband emission. For the IR range, the
method is based on the three-dimensional numerical hydro-
dynamic M3D model (Kowalewski, 1997), which allows us to
calculate the emission temperature of the sea both dur-
ing the daytime and at night. As the Ty (9.80—11.80 um)
and Ty (11.00—13.00 um) frequency bands are close on the
spectrum (Table 1), the first approximation disregarded the
non-linear nature of Planck’s law, and brightness tempera-
tures in the SEVIRI channels were estimated from the mod-
elled sea-surface temperature (SST). This simplification (ap-
proach 1) has some advantages, as it produces more general
results, but involves unavoidable errors which, owing to the
structure of the algorithm (the difference between the two
wavebands is estimated with comparable uncertainty) may
only be acceptable on account of the broad objectives of
the detection model. The relationships can be illustrated
as:

T™ = SSThsp - A, (1)

where ™ equals estimated brightness temperature; SSTyap
equals sea surface temperature determined by M3D; A
equals calibration constant from Table 2.

This approximation assumes the coefficient which in fact
causes the ratio between the black body and true emis-
sion in the SEVIRI channels 9 and 10 to approach one. The
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Table 2 Estimation constants for the SEVIRI thermal
channels.

Channel k A B C
™, 9.3066 0.992 0.627 0.9983
™5 8.3966 0.998 0.397 0.9988
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Figure 4 Planck’s law for the temperatures analysed, with

spectral ranges.

coefficient should be understood as an effect of averaging
the daytime and night-time values calculated according to
the split-window formula and simultaneously taking into ac-
count the differences between the surface temperature and
the SST. More detailed estimations based on the IR range
for the day and the night should result from different emis-
sive characteristics of the spectral bands used. The prob-
lem seems to be well-explored for the sea surface; unfor-
tunately, the emissivity of inhomogeneous cloud layers at
poor radiation is difficult to measure. This is one of the rea-
sons why noticeable differences, resulting from the nature
of the radiation itself, occur when the cloudiness coefficient
is calculated from VIS and IR. Should the emissivity values (a
coefficient showing the difference between the properties
of the true body and the black body) be switched, the radi-
ation in the channel would — depending on the temperature
— be higher or lower at the same values of the emitting
body temperature. In the first approximation (approxima-
tion 1 in Figure 7), the relationship was a priori assumed
to be linear, which influences the difference between the
daytime and night-time cloud cover detection. To solve the
problem of the non-linearity of Planck’s law, the subsequent
approximations 2 and 3 use two different radiation transmis-
sion equations, one for the night and the other for the day
for the same thermal channels. The function of fitting the
spectral radiation to the black body radiation is non-linear
(Figure 4) and makes it possible to, e.g. measure SST using
satellite techniques (Wang et al., 2019). Radiation emitted
by the sea surface in the range of IR wavelengths recorded
by SEVIRI can be approximated by a function correlating
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with the Planck function:
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where: ¢ equals ambient emissivity; F equals device-specific
coefficient involving geometric and radiometric factors; T
equals black body temperature; A equals wavelength; h
equals the Planck constant; ¢ equals light speed; and kg
equals the Boltzmann constant.

Eqg. (2) is valid provided that hc/AkT >> 1, i.e. the
wavelength is below the function maximum. Figure 4 and
Figure 5 show blackbody radiation in the detection temper-
ature range for semi-transparent objects, i.e. objects with
radiation emission similar to that at sea. Spectral ranges
corresponding to the channels analysed in this work are
marked. As the temperature increases, the function max-
imum (the near-IR) shifts towards shorter wavelengths. This
behaviour is described by the Wien’s law, A=b/T, where b
equals 2.8978 x 10° nm-K. As seen in Figure 4 and Figure 5,
the spectral ranges marked are below the function maxi-
mum. This presents a challenge for satellite-aided remote
sensing, because it means that the intensity of the signal

() = eF )
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analysed will be correspondingly lower. In such cases, when
the brightness temperature of the atmosphere is close to
that of the sea surface, certain linearisation of Planck’s law
is observable (Figure 5). An appropriate transformation of
the function simplifies it to 1/A:

hc 1

kgT A

This makes it possible to carry out linear fitting to the lin-
earised radiation spectra. In addition to advantages related
to usability, this operation ensures an ideal representation
of deviations by the blackbody curves. Therefore, the fitting
can be carried out in a more universal form, excluding natu-
rally non-analysed parts of the non-linear spectrum. This is
particularly useful at temperatures corresponding to shorter
wavelengths where uncertainties are crucial and the black-
body radiation is relatively low. Non-linear procedures call
for the fitting of the Planck formula parameters (¢, F, T, and
A) which are less sensitive than those of the linear equation
and, if they are different from true values, the fitting will
not converge (Wang et al., 2019). The brightness temper-
ature computed on the basis of satellite sources is based

(n(A%1) = In (2hc*&F) 3)
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Filled shapes for May 17.

on Planck’s law, but SST (determined by the M3D), used to
calculate the brightness temperature under cloudless condi-
tions, not necessarily does. The temperature ratio proposed
in this study includes the SST with an identical value within
channels 9 and 10, multiplied by the linear factor. Unfor-
tunately, in reality, brightness temperatures differ across
different spectral ranges, although the difference may be
small. Generally, the source of temperature may be of no
importance if multiplied by the fourth root of the emissiv-
ity coefficient. In an appropriate channel, the result is the
emission temperature in this spectral channel. According to
the Stefan—Boltzmann law, the amount of thermal radiation
estimated for a satellite channel from brightness tempera-
ture is:

L= e0SSTysp
L=T*

L= (¢)% SSTsp.
According to Masuda et al. (1988), at the wavelength of 10.8
um (SEVIRI channel 9) and at the latitude of the Baltic Sea

(SZA of about 60°), emissivity is about 0.967. Obviously, the
emissivity determined this way will additionally depend on

(4)
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the SZA and wind speed; including these factors will pro-
duce the constant A as shown in Table 2. The coefficients
calculated are the fourth roots of the emissivity coefficient.
Figure 7 provides a comparison between results obtained
with the algorithm proposed earlier, broken down into suc-
cessive approach 1 with Eq. (1), approach 2 with Eq. (3) and
approach 3 with Eq. (4). With such approaches, however,
the daytime and night-time data are difficult to compare
because the situations are completely different. This will
be important for the identification of the common parame-
ter which affects, e.g. the value of transmission or emission.
Within 24 hours, the temperature of both the clouds and the
atmosphere can vary significantly. In the algorithm, SST is of
only auxiliary importance. It will never be ideal, because
it stems from theoretical estimation. Therefore, emissiv-
ity was determined empirically, that is, cloudless events
were selected — in a controlled manner — for pixels Ty and
Tyo. Figure 6 shows the relationships (for 2017) between
brightness temperatures measured at 12:00 and 00:00 UTC
in channels 9 and 10 and the differences between them.
Calculations were made for areas identified as cloudless,
conditionally and simultaneously at 12:00 and 00:00 UTC.
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difference between satellite channels as a function of the sur-
face radiation temperature.

Figure 6 allows us to conclude that during the day the sea
warms up in synchrony with the solar zenith angle (in sum-
mer and spring the most) and tends to cool down during
the night. The previously mentioned example of May 17
(Figure 1) was marked with filled shapes. It is not the
cooling-down itself that is interesting, but its extent. Statis-
tically, the cooling-down effect is included in radiation bud-
gets; unfortunately, however, it cannot be observed in radi-
ation models, e.g. in the M3D. To demonstrate the changes
in the physical properties of the water during the night, an
additional analysis of the T;,—Ty difference was included
in Figure 6c. This way, we learned that physical properties
of the water do undergo diel changes. This confirms the
hypothesis that, if cloudiness is derived from IR channels,
different methods ought to be used for the night and for
the day. Interpretation of the effect during the daytime in
the VIS range is undoubtedly related to absorption and to
evaporation at night. The general formulae showed in the
functional diagram (approximation 1, Figure 7) should be
modified to better fit the regional conditions by means of
non-linear combination of the Planck function and the spec-
tral wave length (approach 2 and approach 3, Figure 7). It
is assumed that the relationship between radiation in two
neighbouring spectral bands is non-linear, whereby the diel
period should be divided into at least two zones: the daily
and nightly zone:
cik

(m( 44)-@&
where ™ equals brightness temperature [K], k equals wave
number [m~']; ¢,=0.014388 K m, and ¢;=119.10659 mW
sr~' m~7 are empirical constants; while the remaining val-
ues are the same as defined in Table 2 (EUMETSAT, 2007;
EUMETSAT, 2012). In the last approximation, for a more ef-
fective illustration of the difference between the day and
the night, we applied Planck’s radiation law directly. This
time, we used the calibration values of the satellite ra-
diometer as measured prior to launching. The brightness
temperature can be estimated as:

™ = (5)

k3
SSTmsp

T™=ay+a;Ts+a, T2, (6)
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where
ch
T, = ,
S (2SN 1y gy
p _ceh _
)\.SSSTM;;D

ao, a1 and a, are constants fitted to every SEVIRI band, avail-
able from the European Space Agency catalogue.

Like earlier, the SSTys3p is calculated for each pixel by the
M3D. The remaining constants are defined in Table 2. The
development of the cloudiness algorithm from long wave-
length channels in Table 1 generally involved a technical fit-
ting of the formula to the constraints of the satellite de-
vice. This should restrict the uncertainties generated by
the first approximation. The solutions proposed treat the
cloudiness data (for brightness temperatures >—3°C) and
clear sea in a characteristic manner. The second Eq. (3) and
third Eq. (4) approximations involve the non-linear Planck’s
law (Figure 7). The difference between the channels is most
pronounced in the second approximation: while considering
channels with the ability of remarkable cloud detection, the
differences are in agreement with the first approximation
Eq. (1), and the differences for temperatures correspond-
ing to cloudy pixels are considerable. The general under-
estimation and overestimation of satellite cloud detection
was analysed taking into account the full available chan-
nel range. In the analysis, they were taken into account
according to the detection algorithm. However, there is a
high risk for cloud cover to be overestimated and for clear
pixels to be classified as cloudy. Approximation 3, Eq. (4),
produced a completely different pattern. While retaining
non-linearity, it poorly reflected the difference. Results of
comparing the approximations shown in Figure 7 along with
estimations from short wavelength channels proposed be-
low are discussed in the next section. As the cloudiness
(extent and type of clouds) changes, the magnitude of the
satellite signal recorded alters as well. As demonstrated
above, this also affects the change in the VIS radiation dif-
ference between the neighbouring satellite channels. Un-
der cloudless conditions, the difference remains more or
less stable. The values can be estimated from a radiation
model, e.g. the Solrad model (Krezel and Paszkuta, 2011;
Krezel et al., 2008). Such operations require estimation
of the radiation from the Earth surface to the satellite
radiometer.

3.2. Comparison of calculated and estimated
equivalents of cloud cover

The methods described above were used to determine
the unitless equivalent of cloudiness, an equivalent of the
‘cloud fraction’ calculated from external sources due to dif-
ferent terminology used in the literature to define the same
cloudiness variable for the marine environment. The vali-
dation involved both qualitative and quantitative aspects.
Estimations were performed for instantaneous and tempo-
rary averaged situations. The qualitative analysis of the
cloudiness product involved a comparison between irradi-
ance data series recorded in 2017 by stationary instruments
at Lotos Baltic Beta stations (55°28'50.67”N, 18°10'54.03"E)
(data from the SatBaltic portal). Information on the empiri-
cal data used is detailed in the publication by Zapadka et al.
(2020). The comparison of in situ data with cloudiness val-
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ues estimated from the satellite-derived data requires gen-
eralisation of reference points assigned not only to the
place, but also to the time of the nearest available projec-
tion. This pertains to both VIS and IR routines. Therefore,
most of similar analyses show fairly large uncertainties as-
sociated primarily with the methodology of the measure-
ment itself, and use radiation information collected during
the day. At this stage, estimation showed about 80% of the
cases to be estimated correctly, which means that in 20% of
the cases the algorithm may be 100% wrong: cloudless areas
may be interpreted as completely clouded (in IR situations)
and vice versa.

Figure 8 shows the distribution of differences between
the cloudiness equivalent estimated on land (Clobserve)
and calculated from satellite data for the night (clfriR,
Figure 8a) and the day (clfrVIS, Figure 8b). The largest dis-
crepancies occur when the value of a pixel is estimated by
averaging a totally cloudless and clouded area. The former
situation may be rectified by appropriately testing the chan-
nels, while the latter may be corrected by applying appro-
priate validation techniques and procedures. The remaining
differences are most likely caused by the detection method-
ology. Figure 8 shows exclusively the daytime data series,
i.e. for SZA less than 67°, the cloudiness was estimated with
the night-time algorithm for measurements taken during the
day (in the long waveband channels only). Calculations for
the night-time scenario in Figure 8b, conducted with an
algorithm published by Paszkuta et al. (2019) showed the
mean of 0.06, standard deviation of 0.34, and the correla-
tion coefficient of 0.66. Figure 8a illustrates the distribu-
tion of the differences between the cloud cover estimated
with the daytime routine (in the shortwave-band channels);
while deviations that appear due to the precision of wave-
band range were calculated from the solar constant and
the Solrad results for cloudless atmosphere. The difference
between the estimated cloudiness for the daytime routine
showed the mean error of 0.12, standard deviation of 0.26,
and the correlation coefficient of 0.77. In order to restrict
the error of measurement, our further analysis involved rou-
tines that show the best characteristics, with the method-
ological error reduced to the minimum under the current
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conditions. The quantitative characteristics were applied
for the entire 2017 for data acquired with different detec-
tion systems and satellite devices.

4. Discussion

The cloud factor (Paszkuta et al., 2019) was averaged tem-
porally and compared with the unitless cloudiness param-
eter (tentatively termed the ‘cloudiness equivalent’ be-
cause of the need to standardise the results within 0—
100%) produced by various satellite systems available on
line: APOLLO (The Cloud Physical Properties Royal Nether-
lands Meteorological Institute) (Kriebel et al., 2003), CM
SAF (The Satellite Application Facility on Climate Moni-
toring) (Finkensieper et al., 2018), MODISCP (The Moder-
ate Resolution Imaging Spectroradiometer Cloud Product)
(Platnick et al., 2017) and CALIPSO—CALIOP (Cloud-Aerosol
Lidar Pathfinder Satellite Observations—Cloud-Aerosol Li-
dar with Orthogonal Polarization) (Chepfer et al., 2008;
Winker et al., 2009). It should be mentioned that these sys-
tems compute data separately for the shortwave and long-
wave bands, using different satellite sources, thus rendering
the analysis still more valuable. Figure 9 illustrates the re-
lationship between cloudiness (termed differently and var-
iously standardised in different systems, hence the general
term ‘equivalent’) that has been normalised for the needs
of this study to the common conversion factor in the range
of 0—100%. Despite substantial differences in instantaneous
estimations, the routines show the mean annual cloudiness
over the Baltic Sea to be at a similar level of about 64%. As
could be expected, the highest and the lowest cloudiness
was recorded during winter (November—January) and sum-
mer (May—August), respectively. This trend was repeated by
all the systems. At the monthly averaging level, substantial
differences in the amount of cloudiness, of up to several
per cent, can be seen. The increase in the difference be-
tween the systems in cloudiness estimations may be associ-
ated with the true magnitude of cloudiness which is at its
lowest in summer (3—4%) and may be as high as several per
cent in winter. Because data from all seasons was used, the
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impact of meteorological parameters may be significant.
In Figure 9, the general weather property is represented
by the NAO (North Atlantic Oscillation) index (Jedrasik and
Kowalewski, 2019) as a function of cloudiness. The quanti-
tative dependence of variables is represented by the dashed
line. The NAO oscillates in the positive (NAO > 0) and neg-
ative (NAO < 0) directions. The positive phase represents
the period of the strong Azores and deep Icelandic Atmo-
spheric Lows, which move large air masses containing heat
and moisture to the area of Northern Europe (including the
Baltic Sea). As a result of low movement (from the west
to the east), there is an increase in cloud cover/reduction
of direct upwelling radiation, the number of storms and an
increase in wind speed (Jedrasik and Kowalewski, 2019).
There are thaws in winter, and frequent rainfall and temper-
ature drops in summer. During the negative phase, there are
opposing conditions, as humid air masses are moved by baric
systems (weaker by the Azores High and shallower by the
Icelandic Lows) towards the Mediterranean Sea. Continen-
tal masses from the east and north-east flow to the area of
Northern Europe, which consequently generates sunny and
cloudless summers and severe winters with reduced cloudi-
ness. In Figure 9, the monthly trend of cloudiness in 2017
shows a decrease from January (about 80%) to May (20%),
a slight increase in June and July (a little over 30%), and a
regular increase from August to December (40% to 90%, re-
spectively). Almost simultaneously, the fluctuations of the
NAO index rise from the positive phase (NAO = 1.6 in Jan-
uary) and fall to —2.0 in May, then alternately rise and fall
to the negative phase in June and July. In the subsequent
period that year, from August to December (fall—winter),
the index value rose to 0.95, thus indicating a transition to
the positive phase. The correlation seems to be obvious, as
the decrease of cloud cover at the beginning of the year
follows the decrease of the NAO index, which, during the
winter, represented the conditions of intense Atlantic cir-
culation over the Baltic Sea. Light cloudiness causes the so-
lar radiation to increase. Slight variations (increase in June
and decrease in July) in cloudiness are accompanied by an
increase in the values of the (negative) NAO index. From
August to December, there is a steady increase in cloudi-
ness and a shift of the NAO index from the negative to the
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equivalent determined during the day and at night (%).

positive phase, characterised by a return to the Atlantic cir-
culation.

The dominance of the positive phase in the autumn—
winter period in the Baltic Sea area confirms the crucial
role of the winter circulation in the NAO/North Atlantic Os-
cillation (Hurrel, 1995). More discussion on the conditions
of the NAO index in relation to cloudiness in the Baltic
Sea is presented by Gomis et al. (2008), Jedrasik (2019),
Lehmann et al. (2002), Ruiz et al. (2008). Generally, data
averaging increases the similarity between the methods:
the longer the data series averaged, the more convergent
the results. For the needs of this research, due to the na-
ture of the measurements, it may be assumed that the low-
est cloudiness deviations were obtained with measurements
conducted with the active CALIPSO methods. Using this data
series as a reference, the methods producing higher and
lower values can be treated as over- and underestimating
the measurements, respectively. Figure 10 shows the rela-
tionship between the absolute differences in cloudiness es-
timated during the day and at night. The differences be-
tween the methods used are fairly distinct and range from
a few to several per cent. Should the differences be more
or less consistent, an effect of the physical parameters
of cloudiness could be suspected, but the differences sug-
gest a methodological issue with most of the data sources,
which can be rectified technically. The difference increases
in summer, i.e. when the estimated cloud cover is at its low-
est. The absolute difference between day and night is not
mainly a function of the cloudiness: it is mainly the result
of the measurement method. One may try to relate it to
the day-to-night length ratio, particularly in winter for the
northern areas of the Baltic Sea when darkness prevails over
much of the diel cycle. As could be expected, the lowest dif-
ference was shown by the CALIPSO data series. The value of
8% is closest to the absolute day vs. night difference. Dis-
regarding the averaging effects and lidar data modelling,
it may be assumed that the differences between various
systems result from the methodology of cloudiness assess-
ment. Chepfer et al. (2019) combine satellite observations
of cloud profiles and relative humidity profiles to document
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diurnal variations in water vapour and vertical cloud distri-
bution. While the average daily water vapour and cloud pro-
files are different over the land and the ocean, their day-to-
day changes from their daily averages have similar charac-
teristics. The relative humidity and optically thin cloud frac-
tion profiles change together, reaching the maximum values
in the troposphere at night and the minimum values during
the day. It has been shown that when atmosphere over ter-
restrial regions shows a diurnal positive anomaly for low thin
clouds, there are positive anomalies of opaque clouds in the
lower atmosphere over oceanic regions in the second half
of the night, which continue to grow until sunrise. Accord-
ing to Bergman et al. (1996), most of the diurnal variation
in cloudiness is explained by regressions of only three vari-
ables: the daily solar position, the surface temperature, and
the cloud level. The diurnal variability of cloudiness does
not show a strong correlation with any climatological vari-
able, as the variations are geographically independent and
thus highly consistent spatially. Bergman et al. (1997), stud-
ied the diurnal variation of cloudiness over time and found
that the effect of clouds on radiative fluxes is due to the
diurnal variation of their properties. Time-averaged ener-
gies are obtained from radial transfer calculations in which
cloud cover, temperature, and humidity are estimated from
satellite observations.

5. Conclusions

Results obtained with the algorithm proposed showed the
average cloudiness at night to be higher by a few per
cent than during the day, the results being similar to those
produced by standard routines. This difference may stem
from natural or procedural causes. Therefore, regional al-
gorithms should not rule out the natural character of the
marine environment. However, results of similar satellite-
based estimations should be treated with utmost caution
because detection methods remain the primary source of
uncertainty, which is usually explained by technical prob-
lems associated with low quality of the data. Unfortunately,
there is no reliable information which would confirm that
the changes over the Baltic Sea are significant enough to
modify atmospheric circulation and increase/decrease the
cloud amount by several per cent, which would suggest a
natural cause of the changes. As the location and even the
time of the uncertainty are known, it is possible to develop
a targeted correction method. For this reason, application
of the algorithm results to environmental studies on a re-
gional scale should consider the factors that have a poten-
tial to improve the reliability of data. The obtained results
can be successfully used to determine the average cloud
cover metrics over the Baltic Sea because the analysis is
inter-seasonal and climate comparisons do not show much
correlation. Finally, the procedural factors responsible may
be associated with radiation transmission through the at-
mosphere and, obviously, with the conditions of the solar
radiation flux.
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Abstract We evaluated the temporal and spatial trends of the hydrological (temperature
and sea ice) and biochemical (chlorophyll-a concentration) characteristics in springtime in the
Baltic Sea. Both are strongly affected by climate change, resulting in a decrease in the du-
ration of sea-ice melting in the previous decade. A new regime of sea ice began in 2008 and
in all basins of the Baltic Sea, a rapid warming during spring could be detected. Using satel-
lite data, the temporal and spatial variations in spring bloom were analysed during severe and
warmer winters. Using a coupled hydrodynamic-biogeochemical model, we tested the response
of spring bloom to the changing ice conditions. The results of the modelling indicated that the
presence of ice significantly influences the predicted chlorophyll-a concentration values in the
Baltic Sea. Therefore, it is necessary that any coupled model system has a realistic ice model
to ensure the best simulation results for the lower trophic food web as well.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The Baltic Sea is a semi-enclosed, brackish regional sea
with a unique large-scale gradient from temperate ma-
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rine to subarctic climate. Located in Northern Europe, the
Baltic Sea is seasonally covered with ice (Lepparanta and

E-mail address: ove.parn@ext.ec.europa.eu (O. Parn). Myrberg, 2009). Its ecosystem is dominated by a strong
Peer review under the responsibility of the Institute of Oceanology salinity gradient (Zettler et al., 2014) and is simultane-
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ously threatened by eutrophication (Norback lvarsson et al.,

st
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2019), pollution from hazardous substances and marine lit-
ter (Abalansa et al., 2020; HELCOM 2018; Selin and Van-
Deveer 2004), and climate changes (Murray et al., 2019),
which make the sea extremely vulnerable.
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This study aimed to (i) describe the melting season of
the Baltic Sea and its spatial and temporal variability, (ii)
understand the trends of sea ice melting and variability of
the sea surface temperature, (iii) analyse the phytoplank-
ton (chlorophyll-a concentration values) during the melting
season, and (iv) test the response of spring blooms (concen-
tration peak values) to changes in the sea ice by using a
biogeochemical model.

The ice season lasts up to seven months (Vihma and Haa-
pala, 2009) with the typical maximum ice extent in late
February and early March (BACC Il Author Team, 2015). The
melting season starts in March, but the sea ice is observed in
the northernmost Bothnian Bay until June (Lepparanta and
Myrberg, 2009). The maximum ice extent observed during
the mildest winter (2019/20) was only 37 000 km? (~9%),
and that in the harshest winter (1986/87) was 407 000 km?
(97%). Hence, both the ice extent and level of sea ice thick-
ness vary largely (BACC Il Author Team, 2015). The sea ice
is up to 1.8-m thick (Haas, 2004), and due to the ice drift,
ice ridges are typically 5—15 m thick (Lepparanta and Myr-
berg, 2009), with the maximum drift measured in the Gulf
of Finland with 1 m s~' (Lilover, 2018).

Sea ice severely affects turbulent fluxes at the water
surface and beyond, influencing the thermodynamics of the
ocean and water-mixing. The sea ice and snow cover, which
prevent the exchange of heat, CO,, and other gases among
the air, sea and water vaporisation, are good insulators be-
tween the ocean and the atmosphere. Furthermore, the sea
ice is often covered with snow, which severely influences
light attenuation. The albedo of a new snow cover can be up
to 0.9, and that of melting bare ice is only 0.4, which is con-
siderably larger than that of the open sea (<0.1) (Vihma and
Haapala, 2009). Therefore, a small decrease in the ice or
snow cover leads to a large increase in net solar radiations
under water.

In early March, the phytoplankton spring bloom starts in
the southern parts of the Baltic Sea and extends to the melt-
ing sea ice edge of the Gulf of Finland in April (Spilling et al.,
2018). Several physical processes drive the spring bloom.
First, light availability exhibits a strong impact as the
necessary force of primary production (Wasmund et al.,
1998). Second, water temperature controls the intensity
of most biological and chemical processes (Brierley and
Kingsford, 2009). For most fish species, the initial signal
of spawning is the crossing of a certain threshold of wa-
ter temperature. For instance, herring spawning peaks at
5.6°C in the middle Baltic Proper (Jgrgensen, 2005). The
process rate increases by approximately a factor of 2 per
10°C (Jgrgensen, 1994), and climbs up to 2.3 times for zoo-
plankton metabolism (lvanova, 1985). Thus, changing sea
ice conditions not only indicate changing water tempera-
tures but also affect spring bloom timings and phytoplank-
ton species compositions (Klais et al., 2017a, Klais et al.,
2017b; Parn et al., 2021), with further implications on nutri-
ent cycles and ecosystem dynamics (Klais et al., 2013). The
presence of sea ice leads to calm conditions under water;
thus, most of the heavy plankton (e.g., diatoms) sink below
the euphotic zone (~10 m) with velocities, at times, reach-
ing as high as 15 to 30 m d~' (Passow, 1991); while dinoflag-
ellates stay in the euphotic zone and reproduce (Gemmell
et al., 2016; Parn et al., 2021).
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Various climate features including temperature, ice phe-
nomena and ecosystem characteristics can be found in rela-
tively stable regimes, which can last for several decades.
However, these states can abruptly change to another
regime due to several reasons. The shift of the regime in
these features in the Baltic Sea was studied by Hagen and
Feistel (2005), Keevallik (2011), Neumann et al. (2011),
Stips and Lilover (2010). According to Kahru et al. (2016),
the water transparency has decreased since 2007 in the
central Baltic Sea. Rjazin et al. (2020) analysed the sever-
ity characteristics of the ice season, maximum ice extent
and ice cover duration of the winter seasons from 1982—
2016. They showed that in the winter of 2007, a shift oc-
curred in the ice severity characteristics. Global warming
is a driver of this shift and can severely influence the sea
ice season and extent. Friedland et al. (2013) estimated
that the sea ice extent may decrease by 20% to 40% by the
end of the 21%t century, depending on the assumed climate
change scenario. In the Baltic Sea, the phytoplankton spring
bloom accounts for a large part of annual biomass produc-
tion (Macias et al., 2020) and bloom timing affects car-
bon recycling, ~50% annual carbon fixation is during spring
bloom (Lipsewers, 2020). Spring indicates the beginning of
the growth season, and spring bloom is the key to pelagic
and benthic (secondary) production (Chiswell, 2015; Grif-
fiths, 2017; Spilling et al., 2018). Climate variations in the
Baltic Sea affect plankton communities mostly in the be-
ginning of the production season (Kase and Geuer, 2018;
Winder and Sommer, 2012). Global warming affects the tim-
ing, composition and magnitude of the phytoplankton spring
bloom in the Baltic Sea (Hjerne et al., 2019; Meier et al.,
2018). This phenomenon has dramatic implications on the
food web dynamics and carbon recycling (Winder and Som-
mer, 2012). The temporal match with zooplankton consump-
tion is disturbed (Winder, 2004).

Biogeochemical models are one key to understanding po-
tential implications (Eilola et al., 2013; Neumann et al.,
2012), if these models are able to reproduce the key fea-
tures of spring bloom. Therefore, realistic ice models are
necessary to be able to simulate the timing, composition
and magnitude of the phytoplankton spring bloom. Dur-
ing the melting season, in the Baltic Sea, air tempera-
ture exceeds water freezing temperature, even when the
water body is covered with ice. Marine ecosystem mod-
els, using simplified ice calculations, usually ignore the
ice cover during the melting period. Because of the ice
cover, the effect of wind on water circulation is elimi-
nated, the sunlight is largely reflected back into the at-
mosphere, and the warm air does not come in direct con-
tact with the water surface. If these processes are ig-
nored, inaccurate model results are obtained for the tim-
ing, composition, and magnitude of spring bloom dynam-
ics. Although few biogeochemical models incorporate ice
sub-models (Tedesco et al., 2016), only NEMO Nordic and
MOM-ERGOM provide an ice model validated against Baltic
Sea observation data (Pemberton et al., 2017; Rjazin, 2019,
Neumann et al., 2020). Eilola et al. (2013) investigated the
impact of sea ice on Baltic Sea biogeochemistry by using an
ice model validated by (Meier, 1999). Neumann (2010) ap-
plied MOM-ERGOM to estimate that the sea ice extent may
decrease by two-thirds due to climate change by the end of
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the 21t century, which can lead to an earlier offset of spring
bloom up to one month in the Bothnian Sea and Bay.

Climate impact research is important because politi-
cians, decision makers and the society require guidance
regarding the environmental effects of global warming.
Therefore, sea ice modelling must be corrected to predict
spring bloom dynamics to improve biogeochemical models
of the Baltic Sea.

2. Material and methods
2.1. Observational data

2.1.1. Sea ice data

The daily ice fractions of the Baltic Sea were provided
by the Copernicus Marine Environment Monitoring Service
(Von Schuckmann et al., 2018). Ice concentration data was
acquired from the Swedish Meteorological and Hydrological
Institute (SMHI) at 5.5 km horizontal resolution. Secondly,
the ice product (daily ice concentration) of ERA5 was used,
which is the latest reanalysis product from the European
Centre for Medium-range Weather forecast (ECMWF), cover-
ing the 1979—2020 period (Hersbach, 2020). The mean ice
extent was determined daily.

This data was used to calculate the ice melting period
of the Baltic Sea for the ice seasons of 1982—2020. The ice
extent reaches its maximum near the end of February or
beginning of March. Therefore, the days before 1st March
were not counted to focus purely on the melting period.
The average melting time (MT) was computed as follows: 1)
calculate the number of days when ice concentration is at
least 30% for each grid cell for each year; 2) calculate the
spatial average of the number of ice-covered days on the
Baltic Sea or sub-basins.

1

Tmax

imax N

> G
1 dy

where C;; = 1; if the ice concentration on the day d in the
grid cell i is >30% and 0 otherwise, t, is 01 March, and n
is the maximal melting season length (days) in the grid cell
(110 days), imax is the number of cells in the Baltic Sea or
the sub-basin.

Rjazin (2017) defined the characteristic difference of the
ice season, which is the difference between the maximum
ice extent (Emax) and the ice extent sum (IES). IES describes
the ice cover extent from the starting of ice appearance
to its end. In normalised form, the IES can be interpreted
as the number of ice days, which, daily, considers the ice-
covered area.

th
IES::E:At
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where A; is the ice cover extent on the day t, t, is the ice
appearance date, and t, is the last day of the ice cover. In
the reference winter of 1986/87, the maximum ice extent
was 97% of the entire Baltic Sea.

We defined ice season characteristics dch as the ratio of
both values:

dch = IES / Emax

MT =

M

@)

(3)
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Figure 1 Quantity of chlorophyll data collected during the
March, April, and May of 1998—2020 for the stations included in
this study.

Emax is the value of the maximal ice extent in a partic-
ular season.The regime shift detection method was used to
identify regime shifts in the MT time series and dch.

2.1.2. Sea surface temperature (SST) and
meteorological data

The Danish Meteorological Institute (DMI) reanalysed the
daily sea surface temperature (SST) data on a grid of
0.03° x 0.03° by combining Pathfinder AVHRR satellite data
records, along-track scanning radiometer (ATSR) reprocess-
ing for a climate (ARC) dataset, and in situ observations.
Validation against an independent set of in situ observa-
tions showed a highly stable performance of the reanal-
ysed dataset with the mean deviation and standard devia-
tion (SD) of —0.06 and 0.46°C, respectively, with respect to
data from the moored buoys (Von Schuckmann et al., 2018).
The meteorological forcing data of the ERA5 reanalysis ob-
tained from the ECMWF for every 6 hours was applied to the
model and used for SST.

2.1.3. Chlorophyll-a data

To investigate the annual, monthly, and daily variations in
surface chlorophyll-a concentrations, data was used which
was provided by the Global Ocean Satellite monitoring
and marine ecosystem study group (GOS) of the Italian
National Research Council (CNR) with a spatial resolution
of 1 km, which was estimated using the BalAlg algorithm
(Pitarch et al., 2016). The spring data from March to May for
1998—2020 was extracted. Daily data was unevenly avail-
able, especially for the northern part of the Baltic Sea, and
only a few observations were available (Figure 1). For 2008
and 2015—-2018, we acquired the data of up to 26 days
for May for some regions of the Baltic Sea (Figure 2). In
March and April 1999, the data of only 8 and 9 days, re-
spectively, were available, and in 2013, the data of 22 days
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was available. The rate at which data were recorded fluctu-
ated throughout the study with an increasing trend towards
May. There is no day for which satellite data is available for
all the 23 years; however, for a minimum of 8 years, data is
available for each grid point. On 4 days (16, 22, 23, and 29
May), data was collected for 18 years.

Chlorophyll-a concentration data revealed speckle errors
such as large or negative values. Although satellite data was
not as accurate as in situ measurement data, this was the
only data available for daily measurements covering large
parts of the Baltic Sea. The raw satellite data was cor-
rected as follows: (1) only values between 0 and 20 mg m—3
were used; (2) the time series was smoothed out with a 5-
day moving average to prevent the occurrence of individual
high-concentration values; and (3) horizontal smoothing was
conducted at each grid point through a weighted average of
the grid point and the nearest eight surrounding points. The
center point received a weighting of 1, the points on either
side and those above and below received a weighting of 0.5,
and the corner points received a weighting of 0.3.

2.2. Model description

2.2.1. Setup

Simulations were performed using a coupled three-
dimensional model system, comprising a hydrodynamic
model GETM (https://getm.eu/; Burchard, 1999; Burchard
and Bolding, 2002; Stips, 2004) and a biogeochemical model
(ERGOM; www.ergom.net), based on the model described by
Neumann (2000). A general ocean turbulence model (GOTM;
www.gotm.net) was coupled with the GETM to resolve ver-
tical mixing (Umlauf and Burchard, 2005) and ice existence
problems. The default diatom sinking velocity is 0.5 m d~'.
Our implementation of the model for the Baltic Sea had a
horizontal resolution of 2 x 2 nm and included 25 vertical o
layers with an open boundary in northern Kattegat. Hourly
sea level data was interpolated from gauge measurements
at Kattegat. The model considers the land-based runoff and
nutrient loads that had incorporated into 20 major rivers
(Neumann and Schernewski, 2008).

2008

2013 2018

Year
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Maximum quantity of satellite data for a single-grid cell during March (solid), April (dashed), and May (dotted).

Parn (2020) provided the main validation for the cou-
pled model. Hydrodynamic features such as salinity, tem-
perature, and surface elevation were well reproduced. The
comparison of the modelled SST with satellite data revealed
a bias of approximately 0.7°C. The root-mean-square er-
rors (RMSEs) of the sea surface and bottom salinity were
0.3—1.7 PSU. All the modelled eutrophication indicators,
chlorophyll-a, oxygen, nitrate, and phosphate followed
the dominant seasonal cycles. The simulated chlorophyll-
a model was highly suitable to the southern Baltic Sea
(RMSE = 0.9), but it was improvable in the ice-covered parts
such as the Gulf of Finland.

2.2.2. Model scenarios

The model was applied to study the effects of physical pro-
cesses on the spring bloom affected by the sea ice. The re-
sults of runs A and B were compared and the difference
between the two scenarios with respect to the chl-a con-
centrations was analysed. Six melting seasons, 1986—1987,
1995—1996, 2002—2003, 2009—2010, 2010—2011 and 2012—
2013 were modelled, and the biogeochemical model vari-
ables had the same initial distributions on 1st March (at the
beginning of melting time). Two scenarios were modelled to
estimate the ice effect.

In Run (A), we used the ice data obtained from SMHI
(section 2.1.1. sea ice data). If the model grid cell was
assumed to be ice covered, the water surface tempera-
ture was set equal to the freezing point temperature and
the wind stress was set to 0. The underwater light condi-
tions were limited due to sea ice. In the case of sea ice,
PARi = 0.7*PAR, where PAR is photosynthetically active ra-
diation and PARi is PAR under ice (Lei et al., 2011).

For Run (B), a simple approach was implemented to
model ice conditions assuming a minimal thermodynamic
ice approximation. When the sea surface temperature (S5T)
was equal to the freezing temperature, the model grid cell
is assumed to be “ice covered”, PARi = 0.7*PAR, and the
wind stress was set to 0. When the sea surface temperature
(SST) was above freezing temperature, the model grid cell
is assumed to be open water. The key difference of this ap-
proach compared to Run (A) is that the simple “ice” model
in Run (B) did not consider ice during spring even though ice
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cover existed on the sea as seen by satellite data. From this
point of view, during the spring bloom, this period is the key
issue.

2.3. Regime shift detection methodology

The detection of regime shifts in time series data can be
applied to identify points in time when abrupt changes in
the data structure occurred. This specific point in time is
hereafter referred to as the changepoint.

Several well-documented methods are available for
changepoint detection (e.g., (Zeileis, 2003)). These meth-
ods are based on solid statistics and can reproducibly iden-
tify regime shifts as a significant change in the time se-
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(a) Average number of ice-melting days in the Baltic Sea for 1982—2020 and (b) number of ice-melting days for 1987.

ries mean. First, Bai (1994, 1997) developed a method
that can be used to test the occurrence of a single
changepoint in a time series. Bai and Perron (1998) then
extended this method to determine multiple change-
points. Rodionov (2004) developed a principally similar
method, and other methods are provided in the review by
Mantua (2004). We used the method developed by Bai and
Perron (2003) and described by (Zeileis, 2003). This method
is a widely used technique for the detection of struc-
tural changepoints in time series regression models. Their
method was implemented in the strucchange package of
the statistical software R, which is freely available on
the Comprehensive R Archive Network (CRAN, http://cran.
r-project.org/).
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The method of Zeileis (2003) is based on a test used to
assess deviations from the classical linear regression model.
A time series is assumed to have b changepoints, at which
the coefficients shift from one stable regression relation-
ship to another. Consequently, b + 1 segments with constant
regression coefficients must exist. These optimal segments
may be determined through a dynamic programming ap-
proach, thereby minimising the residual sum of squares for
certain observation intervals. The selected interval search
length influences the results. The default value of 0.15 al-
lows a maximum of 5 changepoints to be found in the time
series. Therefore, optimising the search interval and maxi-
mum number of changepoints searched by using the inves-
tigated data is important. The F statistics were used to es-
timate the optimal number of changepoints, including con-
fidence interval determination. To detect changepoints on
an annual time scale, high-frequency contributions (such as
seasonal cycles) must be eliminated by applying appropri-
ate filtering or averaging methods before the analysis. Low-
frequency oscillations with a period exceeding the selected
segment length can lead to changepoint detection. This is
especially relevant for the time series with considerable
autocorrelations and/or linear trends, which require pre-
whitening or even trend removal. All the significance tests
were used with respect to a 5% error probability threshold.
Corresponding confidence intervals are presented in the fig-
ures by using a time range indicated with the dashed verti-
cal lines.

3. Results for the melting period

The ice melting time and characteristics of ice seasons anal-
ysed for the Baltic Sea used the SMHI and ERA5 database.
As the data correlates well with each other (cross correla-
tion 0.9) and refers to the same trends, we used only SMHI
data to describe the results. The following sub-basins were
used in the analysis: Bothnian Bay (BB), Bothnian Sea (BS),
Northern Baltic Proper (NBP), Gulf of Finland (GoF), Gulf
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Figure 5 Duration of periods with strong winds (speed > 6
m s~') in ice-covered areas during the sea-ice melting period.
ERA5 wind data of 1982—2020 has been used.

of Riga (GoR), Gotland Basin (GB), Southwest Baltic (SWB)
(Figure 1).

3.1. Duration of the melting time

The sea ice is a prominent feature of the Baltic Sea. The
overall Baltic Sea melting time (MT) was acquired for an av-
erage of 10.8 days through SMHI data for the studied period
(Figure 3). The study period was divided into three parts,
1979—-1994, 1995—-2007, 2008—2020, the average ice melt-
ing time of the period was 14.6 days, 11.6 days and 4.4 days,
respectively. Spatial differences were quite large, and thus,
the range was from 0 days in the southern and central Baltic

Baltic Sea - Ice difference — dch_SMHI
Original Data

-]

)

dch_SMHI

0.0

1980 1990

oo | \
2000 2010 2020
Year

2004

Figure 6 Time series of ice season severity characteristic dch in winter 1982—2020, a statistically significant changepoint (red

line) in 2004 in the Baltic Sea.

317



0. Pdrn, R. Friedland, J. Rjazin et al.

Bothnian Bay

Bothnian Sea

9 9
£ 8- 81
g
371 7 -
g
“g’ﬁ'____ EREARER 41l e B - A
2 54 5
g
© 4 4
=

05/26 05/29 06/01 06/04 06/07 06/10 06/13

Gulf of Finland

05/16 05/19 05/22 05/25 05/28 05/31 06/03

Northern Baltic Proper

9 9
£ 8- 8-
g
274 7 -
o
864, 1. i L 53 Ll 64
€
3 54 5
g
© 4 4
=
3 3 |

Gotland Basin

05/06 05/09 05/12 05/15 05/18 05/21 05/24

05/02 05/05 05/08 05/11 05/14 05/17 05/20

Western Baltic

9 9
£ 8- 8
g
274 7 -
o
:‘é{e—_ N 3 EXRANREEAAN 64 4 -~ T1L11L
3 54 5
o]
© 4 4
3
3 T T T T T  § T T T T T T
04/25 04/28 05/01 05/04 05/07 05/10 05/13 04/2104/24 04/27 04/30 05/03 05/06 05/09
Date Date
{ 1982 1994 ¥ 1995 2007 t{ 2008 2020

Figure 7 Time series of multiannual daily mean SST over the Baltic Sea basins.

Sea to 70 days in Bothnian Bay (Figure 4a). The most severe
winter in the study period occurred in 1987, which resulted
in ice formation almost everywhere, except in the southern
central Baltic, and melting times of >90 days (Figure 4b).
Thus, spatial gradients were relatively less strong because
the high ice concentrations led to less mobile ice.

The average ice melting duration for the Baltic Sea
showed a statistically significant changepoint in 2013
(Figure 3a). After 2013, the ice melting duration de-
creased considerably to <4 days (except in 2018). The MT
time series data was analysed to determine the occur-
rence of breakpoints in the different basins of the Baltic
Sea (Table 4). For the entire Baltic Sea, GoF and the BB
(Figure 3b), statistically significant changepoints were iden-
tified.

Because the spring period is characterised by high-speed
wind, the existence of ice plays an important role in wind
stress hampering. We estimated how long the sea ice led to
the elimination of the effects of strong winds (Figure 5). For
the area with the longest melting period (Bothnian Bay), it
was up to 20 days, and it was lesser in the other basins. On
average it was 12 days in the Gulf of Bothnia, 10 days in

318

the Gulf of Finland, 8 days in the Gulf of Riga, 2 days in the
North and mid Baltic Proper, and 0.2 days in the southern
part of the Baltic Proper.

The ice season severity of the Baltic was classified into
three classes: mild (>135 000 km?), average (135 000 to
180 000 km?) and severe (<180 000 km?). Classification is
done according to the maximum ice extent. Types of win-
ters in our study: Mild winters occurred during 1988/1989,
1989/1990, 1990/1991, 1991/1992, 1992/1993, 1993/1994,
1999/2000, 2001/2002, 2007/2008, 2008/2009, 2013/2014,
2014/ 2015, 2015/2016, 2016/2017 and 2019/2020; av-
erage winters occurred during 1982/1983, 1987/1988,
1997/1998, 1998/1999, 2000/2001, 2003/2004, 2004/2005,
2006/2007, 2011/2012 and 2017/2018; and severe win-
ters occurred during 1981/1982, 1983/1984, 1984/1985,
1985/1986, 1986/1987,1993/1994, 1995/1996, 2002/2003,
2005/2006, 2009/2010, 20010/2011 and 2012/2013.

3.2. Characteristics of ice seasons (dch)

The dch time mean over the Baltic Sea is 0.9. If the value
of dch for the respective season is higher than the average,



Oceanologia 64 (2022) 312—326

Table 1 Comparison of the dates when the surface temperature of the water reached 5.6°C.

Basin a) 1982—1994 b) 1995—2007 c) 2008—2020 a—b(days) b—c(days)
Bothnian Bay 12 Jun 9 Jun 3 Jun 3 6
Bothnian Sea 31 May 31 May 23 May 0 8
Northern Baltic Proper 19 May 17 May 11 May 2 6

Gulf of Finland 19 May 20 May 13 May —1 7

Gulf of Riga 9 May 9 May 5 May 0 4

Gotland Basin 11 May 12 MAY 5 May —1 6
Western Baltic 4 May 31 April 24 April —4 7

then the ice cover lasts for a relatively long time compared
to the maximum ice extent of the same winter. The ice sea-
sons’ characteristic dch mainly exhibited higher than aver-
age values for 1982—2003 and lower than average values for
2004—2020, except for 2010 (Figure 6). The lower values of
dch indicated the seasons (winters) when the ice cover was
extensive for some time, but it did not last for a long du-
ration. Before 2004, the ice cover duration was longer than
that of the maximum ice extent. The duration of the ice
cover of the previous decade decreased compared to the
maximum ice extent of the same winter. The time series
of 1982—2020 had a statistically significant changepoint in
2004 in the Baltic Sea.

3.3. Shift of Sea Surface Temperature (SST) in
spring

We observed that the dates of the water threshold temper-
ature, i.e., 5.6°C, changed during 1982—2020. To find out if
the surface temperature of the sea had changed over time
(Figure 7), the study period was divided into three periods:
1982—1994, 1995—2007 and 2008—2020. The threshold tem-
perature was observed in the last period, 4 to 8 days earlier
compared to the middle interval (Table 1). Between the first
and second period, there was not such a clear trend, and
only for some basins the threshold temperature was reached
earlier.

BB and GoF differed from other basins. The April average
SST over BB and GoF had a statistically significant change-
point in 2006 (Table 4). In other basins (BS, NBP, GoR, GB,
SWB) the surface temperature was strongly in accordance
with the average surface temperature over the Baltic Sea,
and the correlation was >0.92. Also, the correlation coeffi-
cient between all the sub-basins (except BB) was >0.88, but
the mean SST between BB and Baltic was 0.68. The corre-
lation coefficient between MT and mean SST over the Baltic
Sea was —0.9.

3.4. Analysis of chlorophyll-a concentrations

Satellite-based chlorophyll-a average (1998—2020) concen-
trations for the Baltic Proper were 0.6, 0.9, 1.4, 2.3 and
1.6 mg m~3 for January, February, March, April and May, re-
spectively. The chlorophyll-a time average concentrations
(Figure 8) showed the highest gradient and values of the
chlorophyll-a concentration in the Gulf of Finland (up to 8
mg m~3) and the Gulf of Riga (up to 7 mg m—3). However, the
northernmost data for the Baltic Sea and easternmost data
for the Gulf of Finland must be viewed with some caution
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Chl-a [mg m~3]

Figure 8 March—May average chlorophyll-a concentration
(mg m~3) for 1998—2020 over the Baltic Sea. Satellite-based
Chl-a data from Copernicus product.

because the ice cover lasts longer in these areas. We in-
vestigated the pattern of spring bloom according to winter
severity (Section 3.1). Figure 9 shows the multiannual daily
mean of chlorophyll-a concentration for spring in Baltic Sea
basins. The Bothnian Bay and Gulf of Riga were excluded be-
cause when they are covered with sea ice from March—May,
satellites provide unreliable data or there is a lack of satel-
lite data for these areas. In the SW Baltic, the spring bloom
begins on average on March 10—15, and average chlorophyll-
a concentration values decrease (<2 mg m~3) in mid-April.
In the beginning of spring, chlorophyll-a concentration val-
ues are low (up to 2 mg m~3) in all basins except the Gulf of
Finland. In other basins, concentrations started to increase
in early April, and the peak was reached in late April.

The peak of chlorophyll-a multiannual daily mean con-
centration lasted for a shorter duration after severe winters
than after average and mild winters (Table 2). In severe win-
ters, peak of concentration only lasts a few days, except in
the Gulf of Finland. In all the basins, chlorophyll-a concen-
tration values were lower in severe winters than in average
and mild ones, mainly during the whole season (Figure 9).
We compared the chlorophyll-a multiannual daily mean con-
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Figure 9  Chlorophyll-a multiannual daily mean concentration over the Baltic Sea basins from March to May for severe, average,

and mild winters.

Table 2 Number of days when the daily chlorophyll-a concentration values were higher than the mean.

Basin Severe (Day) Average (Day) Mild (Day) Before shift (Day) After shift (Day)
Bothnian Sea 31 56 42 50 22

Northern Baltic Proper 31 58 46 59 31

Gulf of Finland 25 54 56 54 25

Gotland Basin 7 56 57 58 8

SWS Baltic 18 41 60 41 18

centration (1998—2020) in each basin with the daily values
of severe, average, and mild winters. We summed up the
number of days when the daily values were higher than the
mean concentration (Table 2).

The chlorophyll-a data does not correlate with the MT
and SST data shown in the previous sections (3.1 and 3.3).
The GoF and GoR chlorophyll-a data did not correlate with
each other (r=—0.068) or with other basins (Figure 10).
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The April mean chlorophyll-a concentration from the period
1998—2020 was analysed for the selected sub-basins. The
chlorophyll data series is shorter than the ice data, how-
ever, the statistically significant changepoint was in 2002
and 2011 in the April mean chlorophyll-a time series in NBP
and, in 2011, in the whole Baltic Sea. Statistically significant
changepoints were identified for the other basins as shown
in Table 4.
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Figure 10  Correlation between April mean chlorophyll-a concentration between the subbasin.

Phytoplankton and chlorophyll-a concentration profiles
were rarely measured in the areas covered with the sea ice.
No such data are available for the GoF and GoR. An excep-
tion is the Bay of Mecklenburg (St. OM022), for which the
measurement data is available for March 2009—2019 in the
ICES database. The Bay of Mecklenburg is covered with ice
in cold winters (Schmelzer et al., 2014). The number of ice
days in Rostock (the nearest port to the station) were: 0,
67,77, 23,54, 4,2,22, 11, 39, 2, 0 days according to 2009—
2020. In severe winters, the chlorophyll-a concentration on
the surface (Figure 11) is lower than that for deep under-
water (10 m). In mild winters, concentration values are the
same, or the surface concentration is high. An exception
is 2015, when the surface, a deep layer of 5 m, and a deep
layer of 10 m exhibited chlorophyll-a concentrations of 8, 7,
and 11 mg m~3, respectively. The day before the measure-
ments, March 17, 2015, the average wind speed was low <5
m s~' (ERA5 data) and the diatom sinking velocity during
the spring bloom in the central Baltic Sea is 15 to 30 m d™"
(Passow, 1991).

3.5. Impact of the sea ice on the spring bloom in
the ecosystem model

A coupled hydrodynamic—biogeochemical model was imple-
mented to analyse the difference between the two scenar-
ios with respect to the chl-a concentrations at stations.

We examined the frequency of the predictions coincid-
ing with the timing of the spring phytoplankton bloom for
the two different runs. If both the run results were in the

range of +3 days, we counted the results as coinciding. The
dates predicted by the two runs for the spring phytoplank-
ton bloom peak slightly coincided with each other. Stations
OMBMPK2 and OMBMPK3 coincided 4 times, station Gdansk
2 times while stations H1, 14, and G1 did not coincide with
any of the considered cases. The prediction difference for
the timing of the spring phytoplankton bloom peaks for each
station are presented in Table 3. If the bloom peaks of run
(A) and run (B) coincided by (+3 days), then we consider
the blooming difference to be 0 days. The interval in the
southern part of the Baltic Sea (OMBMPK2 and OMBMPK3)
was 4 days, and in the Gdansk Bay, it was 6 days. The cor-
relation of the diatom concentration between runs (A) and
(B) was 0.2—0.9 (Figure 11, Table 3). The correlation coef-
ficient is sensitive to the selected time interval. The same
period (25.03—5.05) was considered for all the stations. The
critical value of the Pearson correlation coefficient is 0.44
(p = 0.05). The correlation of the diatom concentration be-
tween runs (A) and (B) is not significant at stations H1 and
G1. Differences existed in the bloom timing, with the four
stations having a timing of >10 days. This shows that the
presence of ice significantly influences the values predicted
while using the model.

3.6. Influence of sea ice on the dynamics of
chlorophyll-a sinking

Sea ice reduces wind-induced turbulence in the euphotic
layer even if it is temporary. The effect of the mechanism on
chlorophyll-a concentration was tested with the model. The
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Table 3 Correlation of the concentration between runs (A) and (B). Correlation of the concentration between runs (A) and

(B).

Stations  Correlation (1.03—31.05) Correlation during bloom (25.03—5.05) Interval of the spring bloom timing peak (days)
14 0.6 0.4 10.2
32 0.8 0.45 13.7
G1 0.5 0.2 17.8
Gdansk 0.8 0.75 6
H1 0.57 0.4 13.8
OMBMPK2 0.9 0.8 3.8
OMBMPK3 0.85 0>.7 3.7
Station 14 Station H1
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Figure 11  Scatter diagram of the chlorophyll-a concentra-
tions from the two different model simulations, evaluated for
stations indicated in Figure 1.

conditions for the sinking of chlorophyll-a varied consider-
ably depending on the presence of open water or sea ice.
Figure 12 depicts the multiannual daily mean chlorophyll-
a concentration in run (A) and run (B) for six modelled
spring seasons. The chlorophyll-a concentration started to
increase in the middle of March in both the simulations. The
chlorophyll-a concentration values were higher at a depth
of 10—15 m for run A (Figure 12) which is caused by the
diatoms sinking. Therefore, the spring bloom of dinoflagel-
lates appeared only in the sea area with thin ice (or low
wind conditions), and thus, the chlorophyll-a concentration
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Table 4 Changepoint of the MT, SST and average April
clorophyll-a concentration for the Baltic Sea and its parts.

Basin MT (SMHI)  SST Chl-April Chl-May
BB 2013 199242006 No data No data

BS 1987 1988 2002 2002

NBP  No No 200242011 2002+2010
GB 1987 No 2011 No

GoF 2013 2006 No No

GoR No No 2011 2013

SWB No data 1987 No No

Baltic 1987+2011 No 2011 2008

values were lower in the upper 5 m layer. For run B, the
diatoms dominated in the ice-free water and in the upper
5m.

4. Discussion

The Baltic Sea is seasonally ice covered with biologi-
cal activity being the lowest during winter. The average
chlorophyll-a concentrations over the Baltic Proper as seen
using satellite data were <1 mg m~3 before March. The
activity of biota during spring depends strongly on the ice
cover duration. Climate changes have affected the living
environment of the Baltic Sea. The average ice melting
time (MT) of the Baltic Sea showed a statistically significant
changepoint in 2011.

The average MT in spring decreased over the last decade.
Before 2011, the average MT for the Baltic Sea was ~13
days. Since 2012, the MT was ~4 days.

Our study showed a larger change in the northern part
of the Baltic Sea, however, Rjazin et al. (2017) reported a
larger change in the mean air temperatures over the south-
west (compared to the north) of the Baltic Sea. In the south-
ern Baltic region, the average skewness of air temperature
distribution shifted from 0.39 to 0.8 (Rjazin et al., 2017).

The generation of sea ice has been episodic after regime
shift, and ice has not been able to grow to a large thick-
ness. The ice season characteristic dch shifted from 1.1 to
0.7 in 2004 (Figure 6). Compared to the maximum ice ex-
tent of the season, the ice cover lasted longer before 2004.
After 2004, the lower values of dch indicated the winters
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Figure 12

Daily average chlorophyll-a concentration values (normalise scale, values start at 0.2) at the four selected stations

(Figure 1) averaged for the severe winters of 1987, 1996, 2003, 2010, 2011, and 2013.

in which the ice cover was extensive for some time but did
not last for a long duration. However, considerable strong
winds occur during the MT. Wind speeds higher than 6 m s’
occur in some areas for 20 days (Figure 5) during the spring
period. This creates conditions for changes in the species
composition of phytoplankton.

Changes in the productivity regimes in spring were ob-
served. The April average SST of the Bothnian Bay and the
Gulf of Finland showed a statistically significant change-
point in 2006. The water temperature triggered many life
processes which have threshold values. It can be con-
cluded that the date of the water threshold temperature
of 5.6°C changed during 1982—2020. The threshold temper-
ature dates changed after the changepoint and were on av-
erage achieved on 11 May in 1982—2007, and 6 days earlier
(05 May) in 2008—20 in the Baltic Proper (Figure 7). The in-
terval 4—8 days between the dates was detected in all the
basins in the Baltic Sea (Table 1).

Sub-arctic ecosystems are strongly dependent on envi-
ronmental factors such as water temperature and changes
in it will influence the ecosystem. The spawning tem-
perature of herring is just one example that we took as
the threshold value. Phytoplankton cannot compensate for
the temporal shift, as the spring bloom is also limited
by the available light, shown for the southern Baltic Sea
by Friedland et al. (2012). Climate change effects are

very quickly identified as a high-risk for herring spawning
(Groger et al. 2014).

The most active period in the sea, the spring bloom, oc-
curs at the end of April (Figure 9), when chlorophyll con-
centrations were highest in the Baltic Sea, according to
satellite data. In the southern parts of the Baltic Sea, the
spring bloom starts in early March. The beginning of the
spring boom (according to satellite data) did not occur pro-
gressively from the south to the north. Chlorophyll-a con-
centration values in the Gotland Basin, North Baltic Proper
and Bothnian Sea started to increase when the spring bloom
in the Southwest Baltic was over, i.e., in mid-April, reach-
ing its peak by the end of April (Figure 9). In the Gulf of
Finland, chlorophyll-a concentrations started to increase in
early April. They were lower in severe winters throughout
most of the spring season in all Baltic Sea basins (Figure 9).
The Gulf of Finland and the Gulf of Riga are biologically in-
dependent basins, chlorophyll-a concentration during spring
bloom did not correlate with each other or with the rest
of the Baltic Sea sub-basins. The correlation coefficient be-
tween GoF and GoR is —0.068, with other sub-basins it is in
the range of 0.068—0.69 (Figure 10).

The modelling experiment compared the results of a ref-
erence run (A) with observed sea ice with those of a run
(B) with underestimated sea ice (imitating a mild and ice-
free winter), which confirmed that ecological conditions dif-
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fered significantly for both the scenarios. It has been found
that there are low chlorophyll-a concentrations in the up-
per 5 m layer in run (A) and the concentration values in-
creased at the surface in run (B). The results of the expe-
ditions in the Bay of Mecklenburg gave a similar result in
March 2009—2019. In mild winters, the measured values of
chlorophyll-a concentration are the same in the euphotic
zone, or the surface concentration is higher (with the ex-
ception of 2015); however, in severe winters, the concen-
tration of chlorophyll-a on the surface is lower than in the
deeper layer (10 m).

It can be seen from the observations and the model ex-
periment that it is not enough to present the surface values
alone to describe spring bloom. The deeper layers of the
water column should also be considered. It can therefore
be assumed that even in severe winters (shown by satel-
lite data), the concentrations are lower throughout the sea-
son (Figure 9) than in mild winters. The presence of ice
eliminates the effect of wind, thus creating calm condi-
tions when the heavier particles (diatoms) sink below the
euphotic zone (~10 m). The ice conditions during spring
are one of the key factors affecting the magnitude, timing
and composition of the spring bloom. The correlation of the
chlorophyll-a concentration between simulations with sea
ice (A) and simulations with the simple ice model (B) was
0.2—-0.9. The southern parts of the sea are less affected by
sea ice (correlation is higher), and the regions of the central
Baltic Sea are more affected.

During ice free conditions in the spring bloom, the di-
atoms with a higher growth rate were predominant and
quickly consumed nutrients. This indicated a faster end
of the spring bloom leading to a rapid decrease in the
chlorophyll-a concentration. During moderate ice cover and
windless springs, the physical conditions were suitable for
dinoflagellates. Their nutrient intake was lower than the
diatoms allowing the nutrients to be available for longer
in the euphotic zone. Diatoms lost their competitive ad-
vantage under sea ice and calm wind as these conditions
led the diatoms to sink into the deeper layers of water
where light was not available. The changes in dominance of
these two phytoplankton classes strongly affected the ma-
rine food web and showed that they have a role in the net
transfer of CO2 to the oceans and then to the sediments.

Extrapolating our results to a future with higher water
temperatures and less ice, we can expect an increase in the
diatom bloom magnitudes, although this event could po-
tentially not occur in calm winds. This is according to our
study, but blooming is the product of complex processes,
which need to be investigated more widely to understand
the mechanisms behind the underlying change in phyto-
plankton dynamics. The focus of our study was on the south-
ern and central Baltic Sea. In conditions such as those in the
northern part, where ice is thicker and closer along with the
presence of snow, there is less light in the sea during spring.
This part was not described in our work.
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KEYWORDS Abstract A vertically 2-D numerical model based on the Delft3D modelling system is set up,
Arabian Gulf; calibrated, and validated to simulate the tidal hydrodynamics in the Arabian Gulf. The model
Delft3D; is a barotropic solution, controlled by 13 tidal components at open boundaries. The perfor-
Strait of Hormuz; mance of the numerical model was evaluated using the hourly water level observations and
Amphidromic point; the TOPEX/Poseidon altimetry data. Statistical analysis showed a good agreement between the
Co-tidal charts simulated and observed water levels. RMS error was found to be ranged from 0.07 to 0.23 m,

with maximum discrepancies observed at Ras Tanura and Mina Sulman stations. However, the
10A between the simulated and observed water levels was significant (0.95—0.99). On average,
the errors for the tidal constituents considered in the analysis are in the order of <0.02 m (4%).
The My, Sz, K; and O4 tidal waves represent the largest among other constituents, where the
amplitude of S; represents almost 30% of the M, and the O; tidal wave represents about 50%
of the Ky tide. The co-tidal charts of the semidiurnal tides show the existence of two anti-
clockwise amphidromic systems in the north and south ends (centred around 28.25° and 24.5°N
respectively) close to the western side, while the diurnal constituents form only a single am-
phidromic point in the central part, centred around 26.8°N (North Bahrain). On the other hand,
the velocity amplitudes of the U and V components of the numerical model were compared
with a previous observational study and found to be agreed well.
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1. Introduction

On the global level, the Arabian Gulf (AG) (known also as
the Persian Gulf) is an important region environmentally,
economically, and politically due to the oil-related activ-
ities and gas resources. The physical border of the AG is
surrounded by the shoreline of Saudi Arabia, Bahrain, and
Qatar on the western edge, the coastline of Iran on the
eastern side, Kuwait in the north-western part, Iraq on the
northern part, and the United Arab Emirates (UAE) on the
southwestern coastline (Figure 1). Generally, the AG expe-
riences a sub-tropical climate due to its location in the north
of the tropic of cancer. A common weather event in the re-
gion is known as the “Shamal”, which is a north-westerly
wind predominant throughout the year (Perrone, 1979).
However, the weather condition experiences seasonal vari-
ations connected with the amplitudes of the Arabian and
Indian thermal lows (Emery, 1956; Perrone, 1979). The AG
region is characterized by high evaporation rates (~ 2 m
yr'') (Ahmad and Sultan, 1991; Privett, 1959) which exceed
the net freshwater either by precipitation or rivers flow (Al-
Subhi, 2010; Pous et al., 2012). As a result, the AG acts as
a large inverse-estuarine system, where the Strait of Hor-
muz is the only mechanism that controls the exchange be-
tween the AG and the northern Indian Ocean. The physi-
cal and hydrographic conditions of the AG including water

temperature, salinity, wind conditions, heat flux, flow ex-
change regime, etc, can be found in the previous inves-
tigations (e.g., Ahmad and Sultan, 1991; Al-Subhi, 2010;
Brewer et al., 1978; Brewer and Dyrssen, 1985; Chao et al.,
1992; Emery, 1956; Johns et al., 2003; Kampf and Sadri-
nasab, 2006; Pous et al., 2004; Reynolds, 1993; Yao, 2008).

Tides in the AG are an important driving force
(Elshorbagy et al., 2006). The tidal wave in the AG is to be
oscillating at a period of 22.6 or 21.7 hours where the main
tidal motion in the AG is due to Kelvin waves (Defant, 1961).
Several studies were carried out in the AG to study the
tidal conditions using tide gauge data (Akbari et al., 2016;
Al-Mahdi et al., 2009; Al-Subhi, 2010; Khalilabadi, 2016;
Sharaf EL-Din, 1988; Siddig et al., 2019; Sultan et al., 1995).
On the other hand, a number of modelling studies were ap-
plied to study the tidal components considering only the
four principal tidal components (M;, S;, O¢, K¢), which
considered for producing the amplitude and phase charts
(Bashir, 1993; Lardner et al., 1982,1988; Poul et al., 2016;
Najafi and Noye, 1997; Pous et al., 2012; Thompson et al.,
1994; Trepka, 1968). The conclusion drawn from these stud-
ies suggests that the tidal system is complex and changes
from being primarily semi-diurnal to diurnal throughout the
basin. Interaction between semidiurnal (M, S;) and diurnal
(04, Ky) tidal constituents yield resonance, where the for-
mer results in two amphidromic systems (one in the north-
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Figure 1  Map of the Arabian Gulf including numerical model bathymetry based on ‘GEBCO_2021’ global bathymetry datasets for

the world ocean.
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ern and one in the southern parts), and the latter forms
only a single amphidromic point in the central part, near
Bahrain. However, the earlier modelling studies showed that
amplitudes and phases of the tidal components were not
accurately produced by the used models, mainly due to
using coarse mesh-resolution, as well as low resolution of
bathymetry along the coastlines. Trepka (1968) used nonlin-
ear Cartesian coordinate of Hansen Scheme to predict M;
in the Gulf considering a coarse resolution grid (14 km).
His model predictions of amplitude and phase were good in
general, but large discrepancies of about 20% were found
along the coastal areas. Later, he conducted an experi-
ment considering 7 tidal constituents and compared the
results with predictions of low and high water presented
in the German and English Tide Tables. Their model dis-
crepancies were in the range of 0.1 m in high and 0.36 m
in low waters, with maximum deviation of about 60 min.
Lardner et al. (1982) simulated the tides in the Gulf using
the finite difference scheme considering a coarse grid (20
km) to generate the co-charts of the M; and K; constituents.
They concluded that the computed amplitudes and phases
are under-overestimated in several regions in the Gulf, due
to the method of computation used, where the amplitudes
are calculated as the average of all the maximum tidal ele-
vations and the phases are calculated from the time of the
last maximum of elevation. Later, Lardner et al. (1988) used
the method of characteristics to predict M, and K; tidal con-
stituents and compared their model results with co-tidal
charts. They found that the phase contours are in good
agreement while the amplitude contours include large dis-
crepancies. They attributed the discrepancies to the low
grid resolution along the coastline. Bashir (1993) modeled
the tides using a ~ 9 km grid model resolution and four tidal
constituents (Mz, Sz, O4, Ky) to drive the model. He vali-
dated his model using data from Admiralty chart, where his
model tended to underestimate the amplitudes and overes-
timate the phases. Najafi and Noye (1997) modelled the AG
tides using a Cartesian depth-averaged model and a spher-
ical coordinate model (8.7 km x 9.7 km) forced by 10 tidal
constituents mainly the major semidiurnal and diurnal and
(L2, n2). They found that the predicted phases for M; and O
are not consistent with the Admiralty charts in the strait of
Hormuz. They attributed the discrepancies to the boundary
effect. Pous et al. (2012) used a 9 km grid resolution model
forced by 7 tidal constituents to generate only the co-charts
for M; and K;. They concluded that their model error ratio
is in the order of 0.05 m (10%) on average with maximum
discrepancies observed for Py, O; and K;. Recently, a mod-
elling study by Poul et al. (2016) have considered 13 tidal
constituents to describe the tides and focusing on effect of
Qeshm canal in the Gulf, but only qualitative comparisons
were provided in this study, thus, nothing can be stated
about the discrepancies assessment.

As seen above that all previous modelling efforts used
coarse-resolution models forced by a limited number of
tidal constituents (depending on the study interest) along
the open boundaries. In this study, we setup, calibrate and
validate a vertically 2-D barotropic tidal model, consider-
ing a spatial horizontal mesh size of 5 km, bathymetry data
at a resolution of 15 arc-seconds, and 13 tidal components
along the open boundary. For this purpose, the Delft3D
model, which was developed in the Netherlands by Delft Hy-
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draulics is used. To select optimal parameters in the numer-
ical model, sensitivity tests of the numerical and physical
parameters were conducted. The simulation results were
evaluated using water level measurements at 7 tide gauge
stations and TOPEX/Poseidon (T/P) altimetry data. More-
over, one ADCP mooring station was used to validate the
model in terms of U and V components. Once, the model
has been validated, tidal conditions are described for the
AG region. The rest of the manuscript is arranged as follows.
Section 2 introduces the materials and methods, including a
brief description of the modelling system and the AG Model
configuration. The results and discussion of the numerical
simulations are given in section 3. Section 4 sheds light on
the summary and conclusion of this study.

2. Material and methods
2.1. Study area

The selected domain for the current study covers the en-
tire AG basin including the Strait of Hormuz and part of the
Gulf of Oman. The AG is located between 30°, 24°N lati-
tude, and 48°, 57°E longitude, oriented in the NW and SE
direction. It is a marginal, semi-enclosed hypersaline sea,
with a maximum width of 370 km to a minimum of about
60 km found in the Strait of Hormuz. The length of the AG
is about 1000 km along its main axis. The surface area of
the water basin is about 239,000 km? (Emery, 1956). The
bottom topography of the Gulf is relatively shallow, with a
maximum depth of 90—100 m in the Strait of Hormuz, and
a mean depth of about 35 m (Pous et al., 2004; Roos and
Schuttelaars, 2011; Siddig et al., 2019). The deeper topo-
graphic features (> 50 m) in the region are found along the
Iranian coast while the shallower areas (< 20 m) are found
along the southwestern coasts. The AG is connected through
the southern boundary with the Gulf of Oman (where the
typical depth is ~900 m), and the northern Indian Ocean via
the Strait of Hormuz.

2.2. Data source

In this study, hourly time-series of tidal data at seven
stations, namely Arabiyah Island, Jubail, Marjan Island,
Qurayyah Pier, Ras Tanura, Mina Sulman, and Jask Har-
bour (see Figure 2 for their locations) were made avail-
able. These data were obtained from ARAMCO Qil Company
except for Mina Sulman and Jask Harbour stations, they
were downloaded from the Sea Level Centre at University of
Hawaii (UHSLC) from the following link (http://uhslc.soest.
hawaii.edu/data/?rq#uh182a). The hourly recorded time
series from ARAMCO Oil Company covers the year 1999 while
the sea level data for Mina Sulman and Jask Harbour in-
cludes the years 1997 and 2012 respectively. The main pur-
pose of using the hourly tidal data is to carry out harmonic
analysis and validate the numerical tidal model. Moreover,
tidal constituents at 20 points selected within the model
domain extracted from TOPEX/Poseidon (T/P) altimetry
data (http://volkov.oce.orst.edu/tides/global) were con-
sidered to validate the numerical model. On the other hand,
barotropic tidal currents in terms of U and V components
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(based on ADCP data) were taken from a published study
(Johns et al., 2003) for the year 1997 at one station lo-
cated in the Strait of Hormuz (26.2678°N, 56.0867°E) to val-
idate the numerical model. The bathymetry data used is de-
rived from the new release of the global bathymetry dataset
“GEBCO_2021 Grid” at a 15 arc-second interval grid (~ 450
m), (https://www.gebco.net/data_and_products/gridded_
bathymetry_data/gebco_2021/). To drive the tidal hydrody-
namic model, 13 harmonic constituents, mainly semidiurnal
tides (M2, N2, S, K3) and diurnal tides (kq, P4, O¢, Q) includ-
ing (M¢, Mm, My, MS4,and MN4) in the form of amplitudes and
phases were extracted from the global ocean tidal model
TPXO08 (Egbert and Erofeeva, 2002) (https://www.tpxo.net/
global/tpxo8-atlas).

2.3. Statistical analysis

In the present study, several statistical parameters were
considered to evaluate the performance of the numeri-
cal model. These are determined by calculating the BIAS
(Eg. (1)), the index of agreement (IOA) (Eq. (2)), and the
root mean square difference (RMSD) (Eq. (3)) based on the
following formula:

n

1 .
BIAS = - ; abs (Simulated — Observed)

M
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_ iy (0i—5)°
Sy (18 —9] + [0 —o)*

-

OA 0 < I0A <1 (2)

where o; is the observation and s; is the simulation and o is
the average observation value (Willmott, 1981).

1 . 2
RMSD = J - ; (Simulated — Observed) (3)

On the other hand, the Delft3D-TRIANA program of the
Delft3D modelling system has been employed to perform
the tidal analysis and derive the main semidiurnal (N2, M,
S2, K2) and diurnals (Qq, O4, P4, K;) tidal constituents for
both predictions and observations. The program also pro-
vides a statistical assessment of the discrepancies between
observations and simulation results. The statistical assess-
ment includes the standard deviation of the tidal analysis
(SD), the Upper Extreme of the Residual (UER) and Lower
Extreme of the Residual (LER), and the Summed Vector Dif-
ference (SVD) (Eq. (4)), which is calculated as:

> [ cos (Ge) — Hocos (Go)I? + [He sin (Ge) — Hosin (Go)I*~ (4)
Obs

in which ", refers to a summation over the stations with
observed amplitude and phase.
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2.4. Model description

In the current research, the numerical hydrodynamic model
was developed with the Delft3D modelling system. The
modelling system was developed in the Netherlands by
WL|Delft Hydraulics (Deltares, 2011), The Delft3D-Flow
model (the main module) is capable to solve two- (2D) or
three-dimensional (3D) non-steady flow and transport pro-
cesses produced from tidal and meteorological elements in-
cluding the temperature and salinity differences effects.
The Delft3D modelling system is based on the primitive
Navier-Stokes equations for incompressible free surface
flow, under the Boussinesq approximation (Roelvink and
Banning, 1995). The system solves the momentum (Eq. (5)—
(6), and continuity equations (Eq. (7)) for velocities and wa-
ter levels. The equations include the horizontal equations
of motion and the transport equations for conservative con-
stituents.
The governing equations of the model are as follows:

at TYax T Vay g Cd+rn "\ax Tay2)
(5)

v _ ou ., v on v A

ot U PVay T8y T VT aEdT VW(3x2+8y2)_0
(6)

9 a(d u a(d v

an  3(d+n) d+nyv _, @)

ot ax ay

In which n is the water level elevation (m), d is the still
water depth (m), f is the Coriolis parameter (1 s~7), t is
the time (s), U is the magnitude of the total velocity (m
-1), C is the Chézy’s friction coefficient (m'/? s~'), uand v
are the depth-averaged velocities in the x- and y-directions
(ms7"), v, is the diffusion coefﬁc1ent (m?s7"), g is the ac-

celeration due to gravity (m? s~')

The numerical solution of the equations is discretized
using the centred second-order finite differences method
in a staggered Arakawa C-grid (Arakawa and Lamb, 1977).
To solve the shallow water equations, the Alternating Dif-
ferential Implicit (ADI) technique is used, which separates
one integration time step into two stages. Therefore, the
solution is implicit, and each stage is comprised of half a
time step (Stelling and Leendertse, 1992). Since the solu-
tion is implicit, the consistency of the model is not lim-
ited by the time step. The wave propagation is primarily
related to the Courant number (Eq. (8)), and to ensure ac-
curate wave propagation in the grid, and accurate solution
by Equation (8), the C, is less than 4+/2 (Roelvink and Ban-
ning, 1995; Stelling and Leendertse, 1992).

C, = 2At gH(iJrL) <42 (8)

Avy2

where C, is the Courant number, At is the time step (s), g is
the acceleration due to gravity (m s72), H is the local water
depth (m), and Ax, Ay are the grid mesh sizes in the x- and
y-directions (m).
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2.5. Model configuration

The computational mesh of the AG model (hereafter AG-
Model) covers the entire AG and extended to the Gulf of
Oman at 58°E. The model area was structured using a rect-
angular grid with a uniform horizontal grid resolution of Ax
and Ay =5 km (Figure 2). The figure also shows the positions
of the water level observations considered in calibrating and
validating the hydrodynamic model. The bathymetry of the
AG-Model was based on the "GEBCO_2021 Grid" at a 15 arc-
second interval grid (~ 450 m). The resulting bathymetric
map based on this data is shown in Figure 1. In terms of open
boundary, the modelling system (Delft3D) permits the use of
the Riemann-invariant boundary condition to reduce error
reflections in the open boundary (Verboom and Slob, 1984).
When there is no incoming wave, then a zero Riemann in-
variant is imposed to ensure that all waves can leave the
domain freely. The open boundary of the AG-Model was set
at the Gulf of Oman (58°E). Along the open boundary, 13 har-
monic constituents, mainly semidiurnal tides (M, N;, S2, K;)
and diurnal tides (Ky, Py, Oy, Q) including (M¢, Mm, M4, MSy,
and MN,) in the form of amplitudes and phases were pre-
scribed and linearly interpolated. The coordinates system
of the AG-Model is spherical, which means that the variation
of the Coriolis force is specified in the latitude direction. At
the closed boundaries, a free slip condition was applied (U
and V=0). In terms of initial conditions of water levels, they
were set to zero. A time step of At = 60 seconds was set
to carry out the simulations. The water density and gravi-
tational acceleration values were set respectively 1028 kg
m~3 and 9.81 m s~2. The model was initialized for differ-
ent periods, (1 January 1997, 1 January 1999, and 1 Jan-
uary 2012) and the simulations were carried out for 12 con-
secutive months. However, due to warming up processes,
the equilibrium state was attained after ten days; thus, the
first ten days of the simulation were removed before the
analyses.

2.6. Tuning model parameters

Owing to the simplification, approximation, and assump-
tions employed in the numerical model, assessment of the
model inputs is required (Palacio et al., 2005). To assess
the general performance of the numerical model, sensitiv-
ity tests were carried out to adopt optimal numerical and
physical parameters to the AG-Model. These parameters in-
volved the boundary condition, time step, bottom rough-
ness, and horizontal eddy viscosity (HEV). In terms of open
boundary forcing, the model at eastern (U-direction) bound-
ary was driven by the major eight semidiurnal and diurnal
tidal components including (M¢, Mm, M4, MS4, and MNy4). The
initial run showed that the AG-Model produces similar tidal
elevations to the observed ones, therefore, the amplitudes
and phases of the tidal components were adopted to carry
out all simulations. On the other hand, changing the value of
the time step did not influence the numerical model results;
however, the smaller the time step, the higher the accuracy
of the computations. As mentioned above that the wave
propagation is related to the Courant number (Eq. (8)), ac-
cordingly, a time step of 1 minute was used in all runs to
meet the stability criteria and accuracy requirements. The
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Table 1  Sensitivity analysis of Chézy coefficient parameter.
Station ID Water depth (m) Chézy (m'/2 s 1) BIAS (m) RMSE (m) I0A
Arabiyah Island 56 45 0.06 0.19 0.97
65 0.07 0.15 0.97
85 0.07 0.13 0.97
Jubail 10 45 0.07 0.26 0.98
65 0.07 0.19 0.98
85 0.08 0.14 0.98
Marjan Island 46 45 0.07 0.17 0.94
65 0.08 0.14 0.94
85 0.08 0.12 0.95
Qurayyah Pier 25 45 0.08 0.10 0.75
65 0.06 0.08 0.85
85 0.03 0.04 0.95
Ras Tanura 8 45 0.10 0.29 0.98
65 0.10 0.23 0.98
85 0.10 0.22 0.98
Mina Sulman 11 45 0.01 0.32 0.99
65 0.01 0.25 0.99
85 0.01 0.23 0.99
Jask Harbour 10 45 0.01 0.07 0.99
65 0.01 0.07 0.99
85 0.01 0.07 0.99

Note: The P-value related to all comparisons is very low (P > 0.0001), indicating that the results from correlation are significant. /OA
represents Index of agreement; RMSD represents Root mean square difference and BIAS.

Delft3D model applies Chézy coefficient formulation (cz'ﬂ#)
which is based mainly on the bottom roughness and the wa-
ter depth height. The bottom roughness is an important pa-
rameter that plays a crucial role in the hydrodynamic flow
models. To investigate its influence on the model results,
three different Chézy coefficient values of 45, 65, and 85
m'/2 s=! as uniform over the entire domain were examined
(Table 1). The analysis revealed that using higher or lower
values from 65 m'/2 s~ (a default value of the Delft3D sys-
tem) causes slight influences on the model results. However,
the simulations carried out with bottom roughness (Chézy)
of 85 m'2 s~' led to provide better results based on the
values of RMS error. Therefore, a constant Chézy bottom-
roughness coefficient of 85 m'/2 s~! was applied temporally
and spatially throughout the model domain. Owing to its es-
sential role in defining turbulence mixing, the influence of
the HEV was also tested by comparing different cases with
the original simulation. It was found that the EHV coefficient
has insignificant influence on the outcome of the simulation.
The optimal settings chosen for the final simulations of the
AG tidal hydrodynamics are summarized in Table 2.

3. Results and discussion

A 2-D hydrodynamic tidal model (5 km) has been setup for
the entire AG system environment to study the tidal charac-
teristics. To test the performance and quality of the AG-
Model settings, two approaches were considered. Firstly,
the model performance was assessed by comparing the
model results in terms of water level with available hourly
observed time series and tidal constituents based on T/P
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Table 2 Numerical and physical parameters adopted for
the AG-Model.

Parameters Value Unit

Grid Resolution 5 (km)
Time Step 60 (s)

Chezy Coefficient 85 (m"2 s 1)
Horizontal Eddy Viscosity (HEV) 1 (m2s~1)
Water Density 1028 (kg m=3)
Gravitational Acceleration 9.81 (ms=2)

data. The model performance was also assessed by com-
paring the model results in terms of current velocities (U
and V components) with the previous observational study of
(Johns et al., 2003) for the year 1997. Both qualitative and
statistical comparisons were carried out. In the second ap-
proach, discrepancies in terms of amplitudes and phases for
the major semidiurnal and diurnal astronomical components
were quantified statistically. In the following, the model
evaluation, co-charts analysis, and simulated tidal currents
are discussed.

3.1. Tidal elevation

In this section, comparisons of tidal elevations and statisti-
cal assessments of discrepancies between the model simula-
tions and observations are presented. Figure 3a—g shows ex-
amples of the qualitative comparison for all stations, while
Table 3 lists the statistical assessment. In general, the figure
shows a good match between the simulated and observed
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tidal elevations. This is confirmed by predicting low and high
water during neap and spring tidal cycles (Figure 3) and by
reproducing the different tidal regimes in the Gulf region.
However, there is an underestimation of high/low water
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at all stations, except for Jask Harbour. It is pronounced
largely at Ras Tanura and Mina Sulman stations. These
discrepancies may arise from several aspects, the most
important is the bathymetry of the model, especially the
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Table 3  Statistical analysis of all stations considered in the model validation.

Station No. Station ID BIAS (m) RMSD (m) 10A
1 Arabiyah Island 0.07 0.13 0.98
2 Jubail 0.08 0.14 0.99
3 Marjan Island 0.08 0.12 0.95
4 Qurayyah Pier 0.03 0.04 0.96
5 Ras Tanura 0.10 0.22 0.98
6 Mina Salman 0.01 0.23 0.99
7 Jask Harbour 0.01 0.07 0.99

Note: The P-value related to all comparisons is very low (P > 0.0001), indicating that the results from correlation are significant. /OA
represents Index of agreement; RMSD represents root mean square difference and BIAS.

shallow coastal bathymetry. Previous studies indicated that
the performance and accuracy of tidal regional models
depend highly on correct seabed data, where these models
are often restricted by seabed data, especially in shallow
regions (Madah et al., 2015; Quaresma and Pichon, 2013).
Moreover, the locations of the tide gauge stations of Ras
Tanura and Mina Sulman are mainly at port constructions
or marine platforms, which have topographic influences.
Such influences may be difficult to be resolved by the
present numerical model because of the mesh resolution
and bathymetry along these locations. This suggests that
using high-resolution bathymetry data in shallow regions
is indispensable for tidal simulation in the AG. For phase
conditions, there is a very slight phase lag between the
model simulations and observations, pronounced mainly at
the Marjan station (Figure 3).

To further quantify the discrepancies between the wa-
ter level observations and the AG-Model predictions, calcu-
lation of the respective discrepancies at the high/low wa-
ter level was conducted (Table 3). Statistical parameters
have been determined for each observation point consid-
ered in the visual interpretation for Figure 3. In general,
Table 3 shows a very good agreement between the water
level observations and simulated time series. It was found
that RMS error ranges from 0.07 to 0.23 m while the BIAS
value varies from 0.01 to 0.1 m with maximum discrepancies
observed at Ras Tanura and Mina Sulman stations. However,
the /IOA between the simulated and observed water levels
was significant with p-values less than 0.0001. The /OA val-
ues are found to be varied between 0.95—-0.99 for all sta-
tions. These statistical values reflect that the AG-Model is
able to reproduce the tidal levels in the Arabian Gulf region
to a very good degree.

Further validation of the AG-Model was carried out con-
sidering T/P altimetry data at 20 points selected within the
Gulf domain (see Figure 2 for their locations). In general,
the predicted amplitudes and phases of semidiurnal and di-
urnal tidal constituents are in very good agreement with the
values of T/P data (Figure 4a, b).

In the second approach, harmonic analysis of the simu-
lated and observed tidal data was performed to evaluate
the discrepancies in terms of amplitude and phase of the
major semidiurnal and diurnal astronomical components. An
overview of the discrepancies at the stations of Jask Har-
bour, Qurayyah, Ras Tanura, and Marjan Island is presented
in Table 4. The last column in the table lists the signal-to-
noise ratio (SNR). The results of the other stations are shown
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in Appendix A. Statistical assessment of the discrepancies
which includes SD, UER, LER, and SVD of the residuals based
on the Delft3D-TRIANA tool is presented in Table 5.

From Table 4, the simulated and observed amplitudes
errors (Hc — Hop) of all components are found to be in
the range of a few centimetres, varying between -0.065 to
0.02 min all stations. Maximum discrepancies are found for
the M; tidal wave in the Marjan and Ras Tanura stations
(0.020 and -0.055) respectively and K, tidal wave (-0.065)
in the Marjan station only. However, the Mina Sulman sta-
tion having slightly the largest discrepancies as shown in
Appendix A. Excluding this station, the results indicate that
the tidal model (AG-Model) in terms of amplitudes of the
major semidiurnal and diurnal tides is performing well. On
the other hand, the amplitude ratio (H. / H,) for semidiur-
nal tidal constituents is found to be 1 in all stations except
the Marjan station, which is showing a slightly larger value,
while for diurnal constituents is ranged between 0.5 to 1.
The phase errors (G, — G,) between the computed and ob-
served tidal constituents are observed to be satisfactorily in
all stations, with maximum phase errors observed at Ras Ta-
nura station for S,. Statistical assessment in Table 5 shows
that the SD of the tidal analysis is close to zero. In terms
of LER and UER, they range from -0.13 to -0.09, and from
0.03 to 0.16, respectively. The SVD, (which is a ratio for the
total discrepancies of all constituents) is found to be 0.074,
0.269, 1.397, and 0.741 for Jask Harbour, Qurayyah, Ras Ta-
nura, and Marjan Island stations, respectively. These results
indicate that the tidal model (AG-Model) in terms of ampli-
tude and phase is performing well.

3.2. Co-amplitude and co-phase charts analysis

To generate co-tidal charts, the tidal components obtained
from the harmonic analysis of the AG-Model outcomes were
used. Three dominant tidal regimes have been identified in
the AG, mainly the mixed, semidiurnal, and diurnal tides
(e.g., Akbari et al., 2016; Siddig et al., 2019). As mentioned
in the introduction that previous modelling studies consid-
ered only the four tidal components (M, S;, P4, O) to show
co-amplitude and co-phase charts. In this study, the four
major tidal constituents of each tidal regime (M2, N3, S,,
K, Ki, P4, O1, Qi) dominate the region were considered
in the analysis to enhance our understanding and knowl-
edge of the tidal hydrodynamics in the AG. The resulting
co-amplitudes and co-phases were analysed and compared
with the previous modelling studies as well as the British
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Table 4 Comparison between amplitudes and phases of computed and observed tidal components for Jask Harbour, Qurayyah Pier, Ras Tanura, and Marjan stations.

Components  Jask Habour Qurayyah Pier
H, H. Go G, H.—H, Gc—G, H:/H, SNR H, H. Go G, H.—H, Gc—G, H:/H, SNR
M 0.681 0.666 155.7 156.9 0.015 1.2 1.02 6E+04 0.08 0.095 252.5 195.0 0.011 -57.7 1.10 4E+04
Sz 0.265 0.259 185.0 187.9 0.006 3.0 1.02 8E+03  0.02 0.024 309.9 238.0 0.002 -71.7 1.10 2E+03
N, 0.166 0.166 140.9 139.7 0.000 -1.2 1.00 3E+03 0.02 0.018 219.5 161.0 0.003 -58.4 1.20 1E+03
K2 0.076 0.069 180.6 182.3 0.007 1.7 1.10 5E+02 0.01 0.007 289.0 229.0 0.000 -60.4 1.00 2E+02
K4 0.395 0.397 338.4 339.8 -0.002 1.4 1.00 9E+03 0.03 0.017 110.3 48.5 -0.008 -61.8 0.70 2E+03
04 0.205 0.205 339.6 341.8 0.000 2.2 1.00 3E+03 0.02 0.014 24.5 348.0 -0.003 -36.9 0.80 1E+03
P4 0.117 0.122 335.2 338.5 -0.005 3.3 0.96 1E4+03  0.01 0.003 83.5 13.6 -0.003 -69.9 0.50 8E+-01
Qq 0.044 0.045 345.4 3445 -0.001 -0.9 0.97 1E+02 0.00 0.002 6.6 309.0 0.000 -57.6 1.00 2E+4-01
Components  Ras Tanura Marjan
H, H. Go G, H.—H, G.—G, H:/H, SNR H, H. Go G, H.—H, G.—G, H./H, SNR

Mz 0.613 0.558 128.9 63.0 -0.055 -65.9 0.91 6E+04 0.056 0.076 262.8 204.0 0.020 -59.0 1.36 4E+03
Sz 0.216 0.179 185.2 111.8 -0.037 -73.4 0.82 8E+03 0.031 0.035 216.8 165.0 0.004 -51.7 1.14 1E+03
N, 0.125 0.118 98.8 30.1 -0.007 -68.7 0.94 3E+03 0.015 0.018 155.7 92.0 0.004 -64.2 1.25 3E+02
Kz 0.080 0.075 177.2 104.4 -0.005 -72.9 0.90 5e+02 0.008 0.010 17.5 324.0 0.003 -53.5 1.25 6E+-01
K4 0.147 0.120 339.1 298.2 -0.027 -40.9 0.81 9E+03 0.312 0.248 97.2 67.0 -0.065 -29.9 0.80 3E+03
0, 0.116 0.104 281.2 254.4 -0.012 -26.8 0.90 3E+03 0.193 0.169 137.1 119.0 -0.024 -18.3 0.90 1E+03
P4 0.045 0.032 328.4 283.0 -0.013 -45.4 0.70 1E+03 0.097 0.072 101.8 70.0 -0.025 -31.6 0.74 3E+02
Qq 0.020 0.020 269.8 230.1 0.000 -39.7 0.98 1E+02 0.033 0.030 23.3 0.3 -0.003 -23.0 0.91 3E-+01

H,: amplitude of observed tide, Go: phase of the observed tide, H.: amplitude of simulated tide, G.: phase of the simulated tide, H. - H,: amplitude difference, G. - G,: Phase
difference, H. / Ho: Amplitude ratio, SNR: signal-to-noise ratio.
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Figure 4 Comparisons of tidal (a) amplitudes and (b) phases between the AG-Model and T/P data.

Table 5 Statistical Assessment obtained from Delft3D-TRIANA.

Parameters Station ID
Jask Harbour Qurayyah Pier Ras Tanura Marjan Island
SD 0.008 0.029 0.047 0.030
LER -0.027 -0.090 -0.130 -0.103
UER 0.032 0.092 0.165 0.091
SVvD 0.074 0.269 1.397 0.741

SD: Standard deviation of tidal Analysis; LER: Lower extreme for residuals; UER: Upper extreme for residuals; SVD: Summed vector

differences.

Admiralty (Admiralty, 2012) co-charts especially, the My, S,
K1, and Oy tidal constituents.

3.2.1. Semidiurnal constituents

Co-amplitudes and co-phases of the major semidiurnal con-
stituents (M2, Sz, Ny, K;) are displayed in Figure 5a—d, re-
spectively. In general, the amplitudes of M;, S;, N;, and K,
tidal waves have the same performance in the AG basin. The
dominant pattern of these tidal waves is the generation of
two anticlockwise amphidromic points, one is in the north-
western part, and one is in the southern end of the basin
centred around 28.25° and 24.5°N, respectively.

The M, tidal wave represents the largest among other
constituents with a maximum amplitude of 0.9 m. The am-
plitude of S, tidal wave is low and represents almost 30% of
the Mz, while N; and K; tides are relatively smaller in ampli-
tudes compared to the S; tide. As can be seen from the fig-
ure that the semidiurnal My, S;, N, and K; tidal waves have
amplification in tidal height at several locations inside the
AG basin (Figure 5). These locations are, the northern end
of the Gulf (near Kuwait, Iraqi coast, and the northern coast
of Iran), the middle part of the basin, mainly on the eastern
coast (Iran) and on the Saudi coast, the northern Bahrain,
the southwestern end of the basin and the Strait of Hor-
muz. On the other hand, the co-amplitude chart shows low
amplitudes at the southeast coast of Iran, the UAE coast,
the eastern coast of Qatar, the south of Bahrain, the Saudi
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coast, mainly in the vicinity of the Ras Tanura, Qurayyah
Pier, and Mina Sulman stations. Figure 5 also shows the cal-
culated phases for the major semidiurnal tidal constituents
in the AG. In general, the tidal amplitudes and phases are in
good agreement with the co-amplitude and co-phase lines
of the British Admiralty charts (Admiralty, 2012).

3.2.2. Diurnal constituents

co-amplitudes and co-phases of the major diurnal con-
stituents (K, Py, 04, Qi) are shown respectively in
Figure 6a—d, respectively. The major feature of these tidal
waves is the generation of a single amphidromic point in
the central portion of the AG centred around 26.8°N (North
Bahrain). In general, the diurnal constituents show amplifi-
cation in tidal amplitude at several different locations, with
a minimum value in the central part where a virtual am-
phidromic system is developed.

The diurnal component K; represents the largest among
other constituents with a maximum amplitude of 0.42 m.
The amplitude of O; tidal wave is about 50% lower than
the K, tide, while Py and Q tides are smaller in amplitudes
compared to the O tide. Maximum computed amplitudes
for Py and Q; are respectively 0.1 and 0.04 m (Figure 6
¢, d). The Ky, Py, O4, and Q; tidal waves have amplifica-
tion in tidal height toward the head of the Gulf (Kuwait,
Iragi coasts, and northern coast of Iran), and the south-
eastern coast of Qatar, the southern Emirate coast, and
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Figure 5 Co-amplitudes (red solid-lines) and co-phases (green dashed-lines) of major semidiurnal components (Mz, Sz, Nz, K3).

the Gulf of Oman including the strait of Hormuz (Figure 6).
The patterns observed along the southern Emirate coast are
consistent with the tidal values reported in the coastal stud-
ies by Balaji (2012) and Mohamed and El-Dahshan (2002),
however, they were not shown in the previous modelling
studies. On the other hand, low amplitudes were observed
at the south of Bahrain, the Saudi coast (mainly in the vicin-
ity of Qurayyah Pier and Mina Sulman stations), the UAE
coast, the south-western coast of Qatar. The computed am-
plitudes and phases are in good agreement with the British
Admiralty Charts (Admiralty, 2012).

The above basic tidal patterns, in general, are consistent
with all previous modelling studies and the British Admiralty
charts (Admiralty, 2012); however, the position of the am-
phidromic points especially for semidiurnal constituents as
well as locations of high/low amplitudes are slightly differ-
ent when comparing with some previous modelling studies
but comparable to the latter. The Admiralty (2012) charts,
Lardner et al. (1988, 1982), Trepka (1968), Najafi and
Noye (1997), and our model results show that the position of
the amphidromic systems produced by (M, S;) tidal waves is
close to the western coast, unlike few studies that showed
positions that are mostly near the centre of the basin. How-
ever, Lardner et al. (1982) produced the co-chart for M;
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with under- overestimation in some areas and later pro-
duced the amplitudes and phases of M, and K; tidal waves
with also underestimations of amplitudes due to the coarse
grid model used along the coastline (20 km) (Lardner et al.,
1988). Moreover, Trepka (1968) found that the amplitude er-
ror of Sy, K¢, and Oy tidal constituents was large. He recom-
mended using a finer grid resolution and more than 7 tidal
constituents along the open boundary to get the prediction
of the minor tides. Najafi and Noye (1997) also modelled the
AG tides using Cartesian coordinates to produce the M, S,
K1, and Oy tidal charts and found that the predicted phases
were not well reproduced by the model.

3.3. Sensitivity analysis for the number of tidal
constituents at the open boundary

To test the accuracy of the numerical model in representa-
tion of the tidal conditions in the Gulf region, three differ-
ent scenarios were carried out considering different num-
ber of tidal constituents along the open boundary. In the
first scenario (SN-1), the model was run using only the four
tidal constituents (M2, S;, K{, O¢) at the open sea bound-
ary. In the second scenario (SN-2), the model was driven



F. Madah and S.H. Gharbi

30°N 30°N

™\ onN ON |

7 28°N 28°N

o]

N’

L

=

£ 2N 26°N

-

]

-

24°N+ 249N
T T T T T T T T T T T T T T
48°E  S0°E  52°F  54°%F  56°F  58°E  60°F 48°E  S0°E  52°F  S4°E  56°E  58°F  60°F

30°N 30°N- d)

~ op | ON-|

Z 28N 28°N

[¢]

N

0

=

Z 2N 26°N

s

]

-

24°N- 24°N-
o1
T T T T T T T T T T T T T T
48°E  S0°E  52°F  S4°E  56°F  58°E  60°F 48°E  50°E  52°F  S4°F  56°E  58°F  60°F

Longitude (°E) Longitude (°E)

Figure 6 Co-Amplitudes (red solid-lines) and co-phases (green dashed-lines) of major diurnal components (K1, P1, O1, Q1).

by the major eight semidiurnal (M, Nz, S;, K;) and diur-
nal tidal components (K;, O4, P1, Q4). In the third scenario
(SN-3), the same as the second one but with additional five
tidal constituents (M¢, Mm, M4, MSs, MN4). Figure 7 shows
an example of the model predictions of the three scenarios
against the observations at two coastal stations (Ras Tanura
and Mina Sulman), while Table 6 lists the statistical assess-
ment for all stations considered in the analysis. The initial
simulation (SN-1) shows that the AG-Model produces similar
tidal elevations to the observed ones, however the discrep-
ancies are large at the coastal areas, where the RMSE varies
between 0.12 to 0.28 m. The simulation of the SN-2 shows
slight improvements in tidal amplitudes compared with the
SN-1. The RMS error ranges from 0.07 to 0.25 m with maxi-
mum discrepancies found at the coastal stations (Ras Tanura
and Mina Sulman). The tidal predictions of the last scenario
(SN-3) confirms that the AG-Model produces better results
compared to the two previous scenarios (SN-1 and SN-2),
especially at the coastal stations, where the discrepancies
are less than 0.24 m (Figure 7 and Table 6).

The statistical assessment in Tables 3 and 5 also confirms
the model ability to reproduce the tidal regimes in the Gulf
accurately. This indicates that using 13 tidal constituents
along the open boundary is very important in simulating the
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tidal conditions in the AG region. Such tidal constituents
are necessary to be incorporated to reproduce the regional
propagation of tidal waves (Quaresma and Pichon, 2013),
thus, they can interact nonlinearly. The AG-Model predic-
tions based on using 13 tidal constituents along the open
boundary conditions showed a very good agreement with
the water level time series observations in the Gulf region
(Figure 3). Maximum discrepancies in amplitudes are found
in the range of 0.065 m at Marjan station only for K;, while
on average, the errors for all tidal constituents considered
in the analysis are in the order of less than 0.02 m (4%)
(Table 4 and Appendix A). This error value is reflecting a very
good performance of the AG-Model compared with the pre-
vious modelling studies carried out in the Gulf, where min-
imum discrepancies (on average 0.05 m, 10%) were found
in the study by Pous et al. (2012) who used only 7 tidal
constituents along the open boundary. On the other hand,
the comparison of the tidal constituents between the AG-
Model and T/P altimetry data showed a very good agree-
ment (Figure 4), indicating the effectiveness of the tidal
constituents prescribed along the open boundary in explain-
ing the tidal conditions in the Gulf region.

Although the AG-Model underestimates slightly the am-
plitudes of the tidal constituents, especially at Ras Tanura,
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Figure 7 Comparisons between tidal predictions and observations at (a) Ras Tanura and (b) Mina Sulman stations considering a

different number of tidal constituents at the open boundary.

Table 6 Statistical analysis for the number of tidal con-
stituents at the open boundary.

Station ID Scenarios RMSE (m)
Arabiyah SN-1: 4TC 0.15
Island SN-2: 8TC 0.14
SN-3: 13TC 0.13
Jubail SN-1: 4TC 0.16
SN-2: 8TC 0.15
SN-3: 13TC 0.14
Marjan SN-1: 4TC 0.12
Island SN-2: 8TC 0.13
SN-3: 13TC 0.12
Qurayyah SN-1: 4TC 0.08
Pier SN-2: 8TC 0.07
SN-3: 13TC 0.04
Ras SN-1: 4TC 0.26
Tanura SN-2: 8TC 0.23
SN-3: 13TC 0.22
Mina SN-1: 4TC 0.28
Sulman SN-2: 8TC 0.25
SN-3: 13TC 0.23
Jask SN-1: 4TC 0.17
Harbour SN-2: 8TC 0.08
SN-3: 13TC 0.07

Note: The TC represents tidal constituents, RMSE represents
Root mean square difference. SN-1: [My, S;, Ky, O4]; SN-2:
[MZ) SZ) NZJ KZ) K1) 01) P1) Q1]) SN-3: [MZ’ SZ) NZ’ KZ’ K1’ 01)
P1, Q1, Ms, Mm, Mg, MS4 MN4]

Mina Sulman stations (the western coast) as shown from the
statistical analysis (Section 2.3), the model captures all re-
gions of high and low amplitudes accurately (Figure 5, 6)
identical to the British Admiralty Charts (Admiralty, 2012).
However, the coastal areas of Ras Tanura and Mina Sulman

stations are shallow and complex due to coastal construc-
tures, indicating that the grid resolution along these sta-
tions is inadequate to resolve the tidal amplitudes accu-
rately. These results may be improved by applying a nesting
approach as explained by Spall and Holland (1991), consid-
ering parent and child grids with changing grid spacings, in
which the child grid has a finer resolution in areas of ques-
tion. In this approach, the data is exchanged between the
coarse parent grid and the finer child grid, allowing the child
model to resolve better the tidal hydrodynamic patterns in
such complex regions, as applied in several regional ocean
modelling (e.g., Barth et al., 2005; Debreu et al., 2012;
Mason et al., 2010). In this frame, the numerical model re-
liability would be enhanced, thus, the AG-Model can be ap-
plied as a regional model.

3.3. Form factor analysis

To find out the relative importance of the semidiurnal and
diurnal tidal components in the AG, the form factor (FF) is
calculated based on (Pugh, 2004):

. 0 + K,
T M+ S

where 04, Ky, My, and S; are the elevation amplitudes of the
indicated components. To classify, if FF < 0.25 the tide is
semidiurnal; if FF is between 0.25 and 1.5, the tide is mixed
semidiurnal; if FF is between 1.5 and 3, the tide is mixed di-
urnal, and when FF > 3, the tide is diurnal. Figure 8 shows
the spatial distribution of the FF in the AG basin. As can be
observed that the AG-Model reproduces the tidal types ob-
served in the region accurately, where the tidal type varies
according to the location. The relative importance is clear
in the northern and southern portions of the AG where an-
ticlockwise amphidromic points are developed, and it is not
constant in the whole AG. Thus, the diurnal tide is greater
in the northern and southern parts of the AG, showing mixed

FF
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Table 7 Comparison between amplitudes and phases of computed and observed tidal components of East velocities (m s~')

at the Strait of Hormuz for the year 1997.

Components H, H, G, G Hc. — H, G — Gy Hc / Hy
M, 0.208 0.249 35.4 42.0 0.041 6.7 1.1
Sz 0.085 0.096 69.3 74.1 0.011 4.8 1.1
N2 0.053 0.059 18.2 24.6 0.006 6.4 1.1
K4 0.236 0.228 204.6 213.8 -0.008 9.1 0.9
04 0.091 0.107 177.5 202.0 0.016 24.6 1.1
P4 0.072 0.063 185.9 210.5 -0.009 24.6 0.9

H,: amplitude of observed tide, G,. phase of the observed tide, H.: amplitude of simulated tide, G.: phase of the simulated tide, H.
- Ho: amplitude difference, G. - Go: Phase difference, H. / Ho: Amplitude ratio.

nature dominant with semidiurnal and diurnal components
on the eastern coast and the western coast respectively. The
figure reveals that the diurnal nature (orange) dominates in
the northern part of the AG, at around 28°N; while the sur-
rounding is dominated by the mixed tides, mainly diurnal
(green) and semidiurnal (blue). Similar characteristics are
observed in the southwestern part of the basin, at approx-
imately 24.5°N, while the central part of the AG and the
strait of Hormuz are dominated by semidiurnal components
(purple). These results agree with the previous studies in
the region (e.g., Akbari et al., 2016; Siddig et al., 2019).

3.4. Tidal currents

To evaluate the simulation results in terms of U and V com-
ponents, barotropic tidal currents based on ADCP observa-
tions reported in Johns et al. (2003) for the year 1997 at
one station located in the Strait of Hormuz were consid-
ered. Table 7,8 list the comparisons between amplitudes
and phases of observed and simulated tidal constituents of
east and north velocities, while Table 9 shows the statis-
tical assessment. The comparison indicates that the simu-
lated and observed amplitude errors (Hc — Hp) of Mz, N3, S,,
Ky, Py, and Oy are found to be in the range of a few m s,
varying between -0.01 to 0.041 m s~ for east and north ve-
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locity components. The maximum discrepancies are found
for M, tidal velocity with 0.041 and 0.024 m s~' for U and
V respectively, while minimum errors are observed for P;.
On the other hand, the phase errors (G, — G,) between the
computed and observed U and V components are found to
be reasonable, with maximum phase errors of 32.9 and 32.3
degrees for the north velocity of O; and P, respectively. To
obtain an evaluation of the model performance regarding
horizontal and/or vertical tide, the deviations in terms of
amplitude ratio and phase errors were considered. The typ-
ical value of phase error is 0 and the amplitude ratio is 1
(Deltares, 2011). It was observed that the amplitude ratio
(Hc / H,) is approximately close to 1 for all components of
U and V tide, and the phase errors (G, — G,) are found to be
less than 33 degrees. Statistical assessment in Table 9 shows
that the SD of the tidal analysis is 0.01, while the SVD is less
than 0.2. These results indicate that the tidal model (AG-
Model) in terms of east and north velocities is performing
well.

To study the tidal currents in the AG, the simulated
tide-induced currents from the numerical model are anal-
ysed. The simulation results are analysed under flood and
ebb conditions during the spring tide. The simulated tide-
induced current patterns during flood and ebb are shown in
Figure 9a,b. The tidal currents in general are changing



Oceanologia 64 (2022) 327—345
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Figure 9 Depth averaged velocity during (a) flood (20:00:00 hr) and (b) ebb (04:00:00 hr) conditions.

based on the basin geometry and ocean currents of flood
and ebb tides. The simulation results reveal that the cur-
rent magnitude of 0.25—0.5 m s~' is dominated in the AG.
The highest velocities during flood tide were observed in
the Strait of Hormuz, in the vicinity of the northern part,
in the vicinity of Bahrain and western coast of Qatar, and
in the shallow coastal areas along UAE. The maximum cur-

Kz

rent velocities extend up to 0.86 m s~! in the vicinity of
the Strait of Hormuz and the head of the Gulf. The sim-
ulation results are comparable with the tidal simulations
of Najafi and Noye, (1997) and the more recent modelling
study of Mehri et al. (2021).

The simulation results suggest an intensification of cur-
rents along the north-western coast (Saudi coast) directed
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Table 8 Comparison between amplitudes and phases of computed and observed tidal components of North velocities (m s=')

at the Strait of Hormuz for the year 1997.

Components H, H. Go G, H. — H, Gc — G, H:. / H,
M2 0.152 0.176 34.9 49.7 0.024 14.8 1.1
Sz 0.062 0.068 69.7 81.1 0.007 11.4 1.1
N, 0.038 0.042 18.2 32.2 0.004 14.0 1.0
K4 0.171 0.163 204.6 221.9 -0.008 17.3 0.9
04 0.062 0.075 177.5 210.4 0.013 32.9 1.2
P, 0.055 0.045 185.8 218.1 -0.010 32.3 0.8

H,: amplitude of observed tide, Go. phase of the observed tide, H.: amplitude of simulated tide, G.: phase of the simulated tide, H.
- Ho: amplitude difference, G. - Go: Phase difference, H. / Ho: Amplitude ratio.

Table 9 Statistical assessment obtained from Delft3D-TRIANA.

Parameters East velocities at Strait of Hormuz North velocities at Strait of Hormuz
SD 0.01 0.01

LER -0.04 -0.03

UER 0.04 0.03

SVD 0.18 0.19

SD: Standard deviation of tidal Analysis; LER: Lower extreme for residuals; UER: Upper extreme for residuals; SVD: Summed vector

differences.

southward, and along the UAE shallow areas directed north-
ward and eastward. On the other hand, maximum currents
magnitude during ebb tide (0.25 m s7") is also detected in
the Strait of Hormuz, and along the UAE shallow coastal
waters (0.4 m s~'). The simulation results reveal that the
direction of tidal currents contains some variability. In the
northern and central part, the tidal currents are directed
southward, however, in the Strait of Hormuz and the south-
ern part, it is opposite, causing a deviation to the tidal cur-
rents towards the south-western coast.

4. Conclusion

The current study is concerned with the simulation of tidal
hydrodynamics in the AG using a vertically 2-D hydrody-
namic model based on the Delft3D modelling system. The
model is a barotropic solution forced by 13 tidal compo-
nents at the open boundaries in the eastern Gulf of Oman
(58°E). The model results were validated against the avail-
able water level observations at 7 locations, and data from
T/P, where statistical analyses in terms of BIAS, RMSD, I0A,
SD, and SVD parameters were considered to evaluate the
numerical model. Using 13 tidal constituents along the open
boundary indeed provided very good results (error 4%) com-
pared with the previous modelling studies carried out in
the Gulf, which considered only a limited number of tidal
constituents to drive the models, indicating that nonlin-
ear interactions cannot be ignored. Sensitivity analysis also
showed that the model prediction based on 13 tidal con-
stituents produces much better results than the model pre-
diction using 4/8 tidal components at the open sea bound-
ary. The analysis showed that the BIAS value varies from
0.01 to 0.1 m while, RMS error was found to be ranged from
0.07 to 0.23 m, with maximum discrepancies observed at
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Ras Tanura and Mina Sulman stations. These two stations
are mainly located at marine platforms/constructions, and
characterised by complex bathymetry, therefore, a small-
scale high-resolution ‘child’ model coupled with a coarse-
scale ‘parent’ model applying the nesting approach would
improve the accuracy of predictions in such areas, as shown
in different studies (e.g., Barth et al., 2005; Debreu et al.,
2012). However, the IOA was found to be significant with
p-values less than 0.0001. The IOA values are found to be
over 0.95 for all stations, except the Qurayyah Pier station,
with a value of 0.83 (Table 3). The SD of the tidal analysis
is found close to zero, while the SVD is found to be 0.074,
0.269, 1.397, and 0.741 for Jask Harbour, Qurayyah, Ras Ta-
nura, and Marjan Island stations respectively (Table 5). On
the other hand, the amplitude ratio (H. /H,) for semidiurnal
tidal constituents and diurnal constituents is found close to
1, while the phase error (G, — G,) is observed to be sat-
isfactorily in all stations. Based on the statistical evalua-
tion, the simulation results were analysed to generate co-
tidal charts. The results showed that the semidiurnal tides
generate two amphidromic points located in the northern
and southern parts, around 28.25° and 24.5°N respectively,
while diurnal tides generate a single amphidromic system
located in the central part around 26.8°N.

The hydrodynamic model was also validated in terms of
U and V velocity components in the Strait of Hormuz with a
previous study by Johns et al. (2003). The amplitude ratio
(Hc / H,) is found to be close to 1 for all components of U
and V tide, and the phase error (G, — G,) is found to be less
than 33 degrees. The simulation showed that the highest ve-
locities occur in the Strait of Hormuz, in the vicinity of the
northern part, in the vicinity of Bahrain and western coast of
Qatar, and in the shallow coastal areas along UAE. The simu-
lation also suggests an intensification of tidal currents along
the north-western coast (Saudi coast) during flood condition
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and the eastern coast of Iran during ebb condition directed
southward. In summary, although the AG-Model underesti-
mates slightly high/low waters, the analysis indicates that
the model can reproduce the tidal surface elevations in the
AG region with very good accuracy. In the next step, the 2-D
tidal model will be extended into a 3-D approach to investi-
gate the relevant forcing mechanisms that play a major role
in the circulation of the AG, including wind conditions and
thermohaline fluxes.
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Appendix

Table 1a, 2a, 3a and 4a.

Table 1a Comparison between amplitudes and phases of computed and observed tidal components at Jubail station.

Components H, H, G, G, H:. — H, G — G, Hc / H, SNR

M, 0.544 0.502 137.6 231.1 -0.042 93.5 0.9 1E+03
Sz 0.246 0.206 90.4 153.4 -0.040 63.1 0.8 1.9E+02
N2 0.093 0.098 105.7 19.1 0.004 -86.6 1.0 2.8E+01
K, 0.025 0.064 160.9 99.1 0.039 -61.8 2.6 7.2E-03
K4 0.144 0.102 84.5 64.3 -0.042 -20.2 0.7 1.9E4+02
04 0.144 0.119 293.1 292.4 -0.024 -0.7 0.8 2.1E+02
P4 0.043 0.036 100.8 98.2 -0.006 -2.6 0.9 3.8E+00
Qq 0.020 0.022 264.8 221.2 0.002 -43.6 1.1 2.3E+00

H,: amplitude of observed tide, G, : phase of the observed tide, Hc: amplitude of simulated tide, G.: phase of the simulated tide, H.
- Hy: amplitude difference, G, - Go: Phase difference, H. / Ho: Amplitude ratio, SNR: signal-to-noise ratio.

Table 2a Comparison between amplitudes and phases of computed and observed tidal components at Arabiyah Island station.

Components H, Hc G, G, H:. — H, G — G, Hc / H, SNR

Mz 0.365 0.336 191.2 147.8 -0.029 -43.4 0.9 2.5E+03
Sz 0.132 0.111 162.1 115.0 -0.020 -47.2 0.8 2.6E+02
N, 0.069 0.069 61.9 15.2 -0.001 -46.7 1.0 8.4E+01
K, 0.038 0.037 327.7 278.6 -0.001 -49.1 1.0 3.2E+01
K4 0.189 0.150 95.8 66.3 -0.039 -29.5 0.8 1.8E+03
04 0.129 0.113 136.3 118.7 -0.016 -17.6 0.9 6.5E+02
P4 0.061 0.044 98.0 67.0 -0.017 -31.0 0.7 1.8E+02
Q4 0.022 0.021 25.3 357.8 -0.001 -27.4 1.0 2.1E+01

H,: amplitude of observed tide, Go. phase of the observed tide, H.: amplitude of simulated tide, G.: phase of the simulated tide, H.
- Hp: amplitude difference, G, - Go: Phase difference, H. / Ho: Amplitude ratio, SNR: signal-to-noise ratio.

343


http://hpc.kau.edu.sa

F. Madah and S.H. Gharbi

Table 3a Comparison between amplitudes and phases of computed and observed tidal components at Mina Sulman station.

Components H, H. Go G, H. — H, Gc — Go Hc / Ho SNR

M, 0.710 0.550 319.3 330.7 -0.160 11.4 0.8 5.4E+03
Sz 0.208 0.165 97.0 92.9 -0.042 -4.1 0.8 3.7E+02
N2 0.156 0.125 6.5 17.4 -0.031 10.8 0.8 2.7E+02
K, 0.081 0.050 252.7 249.2 -0.031 -3.5 0.6 9.5E+01
K4 0.098 0.082 156.6 152.2 -0.016 -4.4 0.8 3.2E+02
0, 0.065 0.056 16.4 32.2 -0.008 15.8 0.9 1.3E+02
P4 0.036 0.022 166.1 155.2 -0.014 -10.8 0.6 4.3E+-01
Q 0.009 0.010 60.4 79.9 0.001 19.5 1.0 2.9E+00

H,: amplitude of observed tide, Go. phase of the observed tide, H.: amplitude of simulated tide, G.: phase of the simulated tide, H.
- Ho: amplitude difference, G. - Go: Phase difference, H. / Ho: Amplitude ratio, SNR: signal-to-noise ratio.

Table 4a Statistical assessment obtained from Delft3D-TRIANA.

Parameters Station ID
Jubail Mina Sulman Arabiyah Island
SD 0.040 0.049 0.028
LER -0.143 -0.208 -0.099
UER 0.119 0.127 0.085
SVD 1.092 1.563 1.078
SD: Standard deviation of tidal Analysis; LER: Lower extreme for residuals; UER: Upper extreme for residuals; SVD: Summed vector
differences.
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KEYWORDS Abstract Salinity and pH play a fundamental role in structuring spatial patterns of physical
Salinity; properties, biota, and biogeochemical processes in the estuarine ecosystem. In this study, the
pH; influence of salinity-pH gradient and carbonate system on polychaete diversity in Ennore, Up-
Estuaries; panar, Vellar, and Kaduvaiyar estuaries was investigated. Water and sediment samples were
Polychaetes; collected from September 2017 to August 2018. Univariate and multivariate statistical anal-
Ecological status yses were employed to define ecological status. Temperature, salinity, pH, and partial pres-

sure of carbon-di-oxide varied between 21 and 30°C; 29 and 39 ppt; 7.4 and 8.3; and 89.216
and 1702.558 patm, respectively. PCA and CCA results revealed that DO, chlorophyll, carbon-
ate species, and sediment TOC have a higher influence on polychaete community structure.
Forty-two species such as Ancistrosyllis parva, Cossura coasta, Eunice pennata, Euclymene
annandalei, Lumbrineris albidentata, Capitella capitata, Prionospio cirrifera, P. pinnata, P.
cirrobranchiata, and Notomastus sp. were found dominantly in all estuaries. Shannon index
values ranged between 1.619 (UE-1) and 3.376 (VE-2). Based on these findings, high levels of
carbonate species and low pH have a greater impact on polychaete diversity and richness val-
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ues. The results of the AMBI Index revealed that stations UE-1, UE-2, UE-3 in Uppanar, EC-1,
EC-2 in Ennore indicate “moderately disturbed”, while other stations are under the “slightly
disturbed” category. This trend was quite evident in M-AMBI as well.

© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Estuaries are dynamic ecosystems that host one of the
highest biodiversity and biological production in the world
(Bianchi, 2007). They have been increasingly vulnerable
to anthropogenic inputs in recent decades, undergoing
complex biogeochemical and hydrological processes. They
are vulnerable aquatic ecosystems due to the constant
influx of contaminants, mostly from land runoff, agri-
cultural and industrial discharges (Fiorino et al., 2018;
Plhalova et al., 2018). Among the environmental param-
eters prevailing in estuaries, salinity is known to be one
of the most important key environmental parameters that
control the biological components of the estuarine and ma-
rine ecosystems. Equally, changes in water pH mainly de-
pend on CO, fluxes through photosynthesis, bicarbonate de-
composition, freshwater influx, salinity, and temperature,
as well as organic matter degradation (Rajasegar et al.,
2002). pH fluctuation may also have negative impacts
on the metabolism and growth rate of marine organisms
(Guinotte and Fabry, 2008). Furthermore, temperature,
salinity, and pH in tandem are known to affect seawater
chemistry directly, as well as buffering capacity and el-
evated CO; in estuarine systems (Dickinson et al., 2012;
Lannig et al., 2010; Nikinmaa, 2013). It is also reported that
the uncharacteristic changes in temperature, pH, and salin-
ity exacerbate adverse effects on biota distribution, mostly
on benthic organisms (Bochert et al., 1996; Dean, 2008).

Understandably, estuaries play a key role in the global
carbon (C) cycle and carbon dioxide (CO;) budget (Le Quéré
et al., 2016; Regnier et al., 2013). They are characterized
by a dynamic range of carbon dioxide (pCO;) fluxes, which
are sequestered in the terrestrial system by photosynthe-
sis and weathering reactions and transported to the ocean
through rivers and estuaries. The high fluctuation of pCO,
in estuaries reflects similar trends of organic carbon stocks
and degradation compared to other coastal environments
as exemplified in the levels of dissolved organic carbon
(DOC), oxygen saturation level (%0;), and chlorophyll-a (Chl
a). Furthermore, an increase in pCO, concentration in the
aquatic environment also reduces the availability of carbon-
ate ions, affecting biological and physicochemical processes
significantly (Doney et al., 2009; Frankignoulle et al., 1998).
Earlier studies have also reported the negative responses to
increased pCO, exposure on a variety of endpoints in ma-
rine organisms at various physicochemical (acid-base) and
biological parameters namely survival, growth rate, and re-
production (Freitas et al., 2016; Rodriguez-Romero et al.,
2014a,b).

On the other hand, benthic organisms also play a piv-
otal role in the functioning of estuaries and coastal envi-
ronments, through re-mineralization and nutrients churn-

347

ing between sediment and the overlying water column
(Ingole et al., 2009; Jayaraj et al., 2007). Polychaetes con-
stitute the most dominant component with high species
richness and abundance in the invertebrate communities in
aquatic environments besides possessing varying levels of
tolerance to environmental stress as they have been known
as bio-indicators of environmental quality assessment stud-
ies worldwide (Jayaraj et al., 2007; Khan et al., 2014;
Papageorgiou et al., 2006; Sigamani et al., 2019). Con-
versely, anthropogenic disturbances, especially pollutants
from industrial clusters and urban discharges located along
the coast, may result in deleterious effects on the biotic and
abiotic variables of an ecosystem leading to dwindling biodi-
versity in estuarine and marine environments. Earlier stud-
ies have done elsewhere also reported that the estuaries
act as a sink for pollutants and become impacted by a wide
variety of contaminants (Khan et al., 2014; Natesan et al.,
2017; Senthilnathan and Balasubramanian, 1994).

The present study aims to investigate the status of
ecosystem variability in relation to salinity-pH and carbon-
ate systems influence on the distribution of polychaetes in
four select estuaries viz., (i) Ennore, (ii) Uppanar, (iii) Vel-
lar, and (iv) Kaduvaiyar, Southeast coast of India. Ennore es-
tuary is known for the dumping of fly ash slurry from the
nearby Ennore thermal plant, and the disposal of municipal
domestic wastes. Similarly, on the northern bank of Uppa-
nar, where clusters of industries are located, discharges in-
cluding coolant water are finding their way into this ecosys-
tem. Quite on the contrary, Vellar and Kaduvaiyar estuaries
are known to receive wastes from anthropogenic activities,
sewage disposal, and agricultural run-off.

2. Material and methods
2.1. Study area

Ennore estuary is a backwater that drains the Koratalliyar
River. It is located in the north-eastern part of Chennai city,
Tamilnadu, India, and is spread over an area of 4 km along
the coast of the Bay of Bengal. The southern arm of the
creek, fringing the northern areas of the city of Chennai,
has well-developed industries, utilities, suburban residen-
tial areas, and fishing hamlets. The northern section of the
creek or Kosastalaiyar backwater is connected to Lake Puli-
cate and has two major developments: the north Chennai
Thermal Power Plant and Ennore port. Development in the
northern area is likely to intensify with a major industrial
park being proposed at present, including power utilities,
petrochemical industries, and chemical storage units.

The confluence of Gadilam and Paravanar rivers forms
the Uppanar estuary at Cuddalore’s old town area and opens
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Figure 1

into the Bay of Bengal. The Uppanar estuary is the open type
of estuary with the tidal action extending up to a distance of
approximately 6 km. The width of the estuary ranges from
20 to 30 m, with an average depth of 2.5 m. It acts as a
sink since the large quantity of effluents/discharges accu-
mulated from these industries located on the northern bank
of the Uppanar estuary are finding their way into the river.

Contrarily, the Vellar estuary, situated along the south-
east coast of India is relatively undisturbed. It presents a
semi-diurnal tidal action range from 10—15 km towards the
upstream region. The average width and depth of this es-
tuary are 100 m and 2.5 m, respectively, and it receives
terrestrial runoff from the river and different channels. The
intrusion of neritic water from the sea and freshwater from
the land source forms the brackish nature of the Vellar es-
tuary.

The river Kaduviyar is situated near the town Nagapat-
tinam on the east (Coromandel) coast of India. The Kadu-
viyar estuary has its source in another major river, Cauvery
of Tamil Nadu. The Kaduviyar estuary has a year-round con-
nection with the sea and is subjected to semi-diurnal tides
with a maximum tidal amplitude of approximately 1.0 m. It
flows for a distance of 380 km through an area of red, sandy,
leached and laterised black soil in loamy red soil, and finally
joins with the Bay of Bengal. A selection of estuaries was
made based on their nature and the accrual of discharges
from nearby industries and other anthropogenic sources, as
well as salinity intrusion; sampling was made accordingly in
three stations/locations in each of the following estuaries:

81°0'0"E
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Map showing the sampling stations.

Ennore estuary: EC-1, EC-2, EC-3 (Lat. 13°13'59.19"N,
Long. 80°19'1.44"E);

Uppanar estuary: UE-1, UE-2, UE-3 (Lat. 11°42/14.24"N,
Long. 79°45'23.89"E);

Vellar estuary: VE-1, VE-2, VE-3 (Lat. 11°29'43.36"N,
Long. 79°45'21.42"E) and

Kaduvaiyar estuary: KE-1, KE-2, KE-3 (Lat.
10°45'52.16"N, Long. 79°50'56.95"E) of Southeast
coast of India (Figure 1).

2.2. Collection of water and sediment samples

The estuaries are exposed to a microtidal regime, with a
tidal range varying between 0.22 m to 1.5 m. The tidal
regime is mostly composed of semi-diurnal components.
The tidal phase at estuaries is semidiurnal having two
peaks and two lows every day. Samples were collected dur-
ing high tide periods. Water samples were collected using
clean plastic 1 L poly-propylene bottles. Parameters such
as temperature, pH (Eutech Instrument, Singapore), and
salinity (Hand refractometer, Atago co. Ltd., Japan) were
recorded in-situ. Dissolved oxygen (DO) and Biological Oxy-
gen Demand (BOD) were measured by following Winkler’s
titration method (Strickland and Parsons, 1972). To esti-
mate the other physicochemical parameters, water sam-
ples were preserved immediately in an icebox and brought
to the laboratory in a controlled condition. Total Alkalin-
ity (TA) was quantified in the laboratory by a titrimetric
method using methyl orange and phenolphthalein indica-
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tors (Gran, 1952); Chlorophyll-a concentration was analyzed
using Strickland and Parson’s method (1972); Dissolved Or-
ganic Carbon (DOC) was analyzed using a Shimadzu TOC
analyzer (Shimadzu TOC-VCPH); Particulate Organic Car-
bon (POC) was obtained with GF/F filters (0.45 um), dried
at 65°C and analyzed using an elemental analyzer (Perkin
Elmer, 2400), carbonate ion (COs), bicarbonate ion (HCOs),
Dissolved Inorganic Carbon (DIC) and carbon-dioxide par-
tial pressure of (pCO,) were calculated from pH, temper-
ature, salinity and measured using ‘Seacarb’ package avail-
able in ‘R’ software (Gattuso et al., 2019). The Venice
System method was used for the classification of salinity
zones (with slight modifications for the requirements of the
present study) (Anonymous, 1959). Accordingly, the salinity
zones viz., polyhaline (25—30), and euhaline (30—40) were
classified. Based on this, stations in various estuaries were
categorized.

Sediment samples were collected using a stainless grab
sampler. After collection, the sediment samples were shade
dried and then homogenized using a mortar and pestle. A
known quantity of homogenized samples was subjected to
sediment texture using the pipette method of Krumbein and
Pettijohn (1938) and Total Organic Carbon (TOC) was calcu-
lated with the chromic acid oxidation method (EL Wakeel
and Riley, 1957).

2.3. Benthic samples

For faunal analysis, sediment samples were collected us-
ing a long-armed Peterson Grab, which covered an area of
0.1 m2. In each station, three replicate samples were col-
lected and then passed through sieves of 0.5 mm. Retained
organisms were stored in a clean plastic container and were
fixed immediately with 5% formalin to which Rose Bengal
(0.1 g/100 ml distilled water) dye was added for easy spot-
ting at the time of sorting. After sorting, the polychaetes
were counted and identified to species level by consulting
standard references (Day, 1967; Fauvel, 1953).

2.4. Diversity indices and benthic ecological
assessment tools

Polychaete data were subjected to the following di-
versity descriptors i) Shannon index (H’) (Shannon and
Weaver, 1949), Margalef richness (Margalef, 1958), and
Pielou’s evenness (Pielou, 1966) using PRIMER software (ver-
sion 7.0). In addition to diversity indices, ecological health
indices namely AMBI (AZTI Marine Biotic Index) and M-AMBI
(Multivariate-AZTI| Marine Biotic Index) were also adopted
by following the method proposed by Borja et al. (2000,
2008); Muxika et al. (2007); AZTI Laboratory (http://ambi.
azti.es). To perform AMBI indices, benthic species were as-
signed to the following five ecological groups based on their
sensitivity to the pollutants:

i Ecological Group | (EG-1) — very sensitive to organic

enrichment,

ii Ecological Group Il (EG-1l) — indifferent to organic en-
richment,

iii Ecological Group Il (EG-IIl) — tolerant to excess organic
enrichment,
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iv Ecological Group IV (EG-1V) — second-order opportunis-
tic species and

v Ecological Group V (EG-V) — first-order opportunistic
species.

Borja et al. (2000) further categorized the following
classifications with their scale ranges based on the above-
mentioned ecological groups as unpolluted (0.0—1.0);
slightly polluted (1.1—2.0); moderately polluted (2.1—4.0);
heavily polluted (4.1—6.0) and extremely polluted (6.1—
7.0). Accordingly, the distribution of these ecological groups
were further analyzed according to their sensitivity to pol-
lution stress using Bl (Biotic Index) with eight levels (0—7)
(Hily et al., 1986; Majeed, 1987). To confirm the trend
of AMBI, the M-AMBI index was also calculated which ex-
presses the relationship between observed values and ref-
erence condition values. At high quality status, the M-AMBI
approaches 1 and at bad quality status, it approaches 0.
The threshold values are as follows: high quality > 0.80,
good quality 0.57—0.80, moderate quality 0.38—0.57, and
bad quality < 0.20 (Muxika et al. 2007). These reference
values were accomplished with the WFD requirements.

2.5. Statistical treatment for environmental
parameters

Variations in physicochemical parameters are shown in a
scatterplot. One-way ANOVA was performed using Tukey’s
test to observe the variation among the stations. To ascer-
tain the relationship among the environmental parameters,
a PCA biplot was drawn using physicochemical parameters
vs seasons. Canonical Correspondence Analysis (CCA) was
drawn to determine the relationship between environmen-
tal parameters and polychaetes. All the above-stated graph-
ical and various multivariate analyses were performed us-
ing the statistical language R version 3.5 (R Development
Core Team, 2018). Scatterplot and PCA biplot was plotted
using “ggplot2” of ‘R’ software (Wickham et al., 2018).
The CCA was used to run “Vegan 2.4.4” of ‘R’ software
(Oksanen et al., 2017).

3. Results
3.1. Physico-chemical characteristics

The mean with SD values of physicochemical parameters
recorded at each sampling location is summarized in Sup-
plementary Table 1. The surface water was characterized
by a salinity gradient from 26.0 to 39.0 ppt (mean 32.0+3.5,
F =1.181, p < 0.1) with a maximum during summer (VE-3)
and a minimum during monsoon season (KE-1); pH varied
between 7.4 (UE-1) and 8.3 (EC-1 & VE-3) (mean 7.9+0.2,
F = 1.691, p < 0.1) showing significant variations and wa-
ter temperature reaching 30.0°C (EC-2) during summer and
a trough of 21.0°C (VE-1) during pre-monsoon, with sta-
tistically significant variations (mean 25.4+1.9, F = 4.058,
p < 0.05).

A positive linear relationship was inferred between wa-
ter temperature versus salinity and pH (Figure 2a). Dis-
solved oxygen ranged between 3.1 (EC-2, summer) and
4.8 mg/l (UE-1, pre-monsoon), (mean 3.9+0.4, F = 2.189,
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p < 0.05). Unlike temperature, a negative linear relation-
ship was found between DO versus salinity-pH (Figure 2b).
The range of BOD was found to vary between 0.5 (UE-1)
and 2.4 mg/l (EC-2) with lower values during the monsoon
season and high values during the summer season (mean
1.0+0.4, F = 3.515, p < 0.05). Biological oxygen demand
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versus salinity and pH showed a positive linear relationship
(Figure 2c). Chlorophyll-a concentration exhibited high val-
ues (2.4 ng/l) at VE-1 during the monsoon season and lower
values (0.6 pg/l) at KE-3 during summer season. A neg-
ative linear relationship was found between chlorophyll-a
and salinity-pH (Figure 2d).
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Further, total alkalinity varied from 1118.9 (VE-3) to
1736.4 pmol/kg (UE-1) with significant variations among
stations (mean 1396.4+160.6, F = 7.747, p < 0.001).
For total alkalinity, salinity and pH, a negative linear re-
lationship was observed (Figure 3a). Carbonate ion and
bicarbonate ion values exhibited a maximum of 196.3
pmol/kg (EC-1) during summer and a minimum of 38.7
wmol/kg (UE-1) during monsoon season (mean 105.8+41.4,
F=1.769, p < 0.1) and from 676.2 nmol/kg (VE-3, summer)
to 1640.4 umol/kg (UE-1, monsoon), respectively (mean
1107.2+227.7, F = 3.031, p < 0.05). For carbonate ions
versus salinity — pH gradient, a positive correlation was ob-
served (Figure 3b) while HCO; showed a negative correla-
tion with salinity and pH (Figure 3c). Similarly, pCO, showed
a wide variation from 2.4 (KE-3) to 51.5 pmol/kg (UE-1)
(mean 12.6+9.3, F = 3.202, p < 0.05) with a negative linear
relationship against salinity-pH gradient (Figure 3d).

Dissolved inorganic carbon (DIC) concentrations ranged
between 835.8 (VE-3) and 1734.3 pmol/kg (UE-1) with
a non-conservative decreasing trend along the salinity-
pH gradient (Figure 4a) during the summer season
whereas increasing trend during the monsoon season (mean
1236.2+207.9, F = 3.965, p < 0.001). Dissolved organic
carbon concentration ranged from 30.1 (KE-1) to 487.5
wmol/kg (EC-1) (mean 190.4+125.8, F = 0.864, p < 0.1)
with a maximum during summer and a minimum during
the monsoon season showing a positive linear relationship
along the salinity-pH gradient (Figure 4b). Particulate or-
ganic carbon varied greatly between 32.0 (VE-3) and 742.5
wmol/kg (EC-1), with a maximum value recorded during the
monsoon season and minimum during summer season (mean
334.3+175.5, F = 0.936, p < 0.1) and thus a negative linear
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Figure 5 Partial pressure of carbon dioxide versus pH during

the study period.

relationship was observed between POC versus salinity — pH
gradient (Figure 4c). pCO, also varied significantly from 89.2
(KE-3) to 1702.6 patm (UE-1), with significant variations
(mean 434.0+307.1, F = 3.084, p < 0.01), coupled with a
non-conservative decreasing trend along with the salinity —
pH gradient (Figure 4d). Similarly, linking pCO, versus pH,
a negative linear relationship emerged (Figure 5). Similarly,
an increasing trend was observed with DIC (Figure 6a), POC
(Figure 6c), and pCO; (Figure 6d) along the pH gradient bar-
ring DOC wherein a negative linear relationship was found
(Figure 6b).

3.2. Sediment characteristics

TOC content ranged between 3.7 (VE-2) and 9.7 mgC/g
(EC-1) with a maximum value during the summer and min-
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imum value during the monsoon season (mean 6.3+1.2,
F =2.301, p < 0.05) (Figure 7). Sediment texture indicated
that clay content is relatively high compared to sand and
silt. Clay ranged between 4.25 (VE-1, monsoon) and 87.47%
(KE-1, summer) followed by sand with a range from 2.37
(UE-1, monsoon) to 56.45% (VE-1, premonsoon) and silt from
5.35 to 49.34% with a peak in VE-3 (monsoon) and a trough
in KE-1 (summer) (Figure 8).

3.3. Principal Component Analysis (PCA)
The principal component analysis plot revealed four large

groups (Figure 9). Two components explained 55.69% of to-
tal variance with 41.54% and 14.15% of components 1 and 2,
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respectively. The component representing DO, chlorophyll,
HCO;, alkalinity, DIC, POC, pCO,, CO,, sediment TOC, and
clays point towards pre-monsoon, monsoon, and postmon-
soon, while those representing temperature, salinity, pH,
BOD, CO;, DOC, sand, and silt point towards the summer
season. PCA plots drawn for individual estuaries are illus-
trated in Supplementary Figure 1.

3.4. Canonical Correspondence Analysis (CCA)

The canonical correspondence analysis describes the prin-
cipal tendencies in the relationship between the envi-
ronmental variables and polychaete assemblage. Compo-
nents 1 and 2 explained 42.24% of the total variability
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of species-environment biplot and accordingly the follow-
ing environmental parameters such as pH, salinity, DO,
COs, sand, clay, DOC had a positive correlation in compo-
nent 1 and polychaetes namely Cirratulus cirratus, Cos-
sura coasta, Diopatra cuprea, Diopatra neapolitana, Dorvil-
lea sp., Glycera benguellana, Maldane sarsi, Marphysa sp.,
Nephtys dibranchis, Notomastus aberans, Phylo capensis,
Pista cristata, Pygospio elegans, Sabella sp., Syllis anops,
Thelepus sp., emerged as highly correlated species with
maximum canonical values (0.5376, 0.4554, 0.2993, 0.2990,
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0.2879, 0.2040, 0.1967 and 0.1929) (Figure 10). Contrarily
in component 2, temperature, BOD, chlorophyll, alkalinity,
HCO;, DIC, POC, pCO,, CO,, Sed.TOC, and silt exhibited
a negative correlation with Ancistrosyllis parva, Ancistro-
syllis sp., Capitella capitata, Cirratulus filiformis, Eucly-
mene annandalei, Eunice pennata, Eunice sp., Glycera uni-
cornis, Goniada emerita, Goniada sp., Lumbrineris aber-
rans, Lumbrineris albidentata, Nereis diversicolor, Nereis
sp., Notomastus sp., Ophelia sp., Pectinaria sp., Pista
quadrilobata, Platynereis dumerilii, Platynereis sp., Poly-
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dora capensis, Prionospio cirriferra, P. cirrobranchiata,
P pinnata, Serpula sp. as highly associated polychaete
species.

3.5. Biological entities

Polychaete density was found to vary from 518 to 4723 in
d m~% with a maximum observed during summer and mini-
mum during monsoon season. Together 42 species of benthic
polychaetes were recorded during the study with a maxi-
mum species in Vellar estuary (41 species) followed by Kadu-
vaiyar estuary (31 species), Ennore creek (30 species), and
Uppanar estuary (25 species). The most abundant species
were Capitella capitata, Prionospio cirrifera, P. pinnata, P.
cirrobranchiata, and Notomastus sp. in Ennore and Uppa-
nar estuaries; Ancistrosyllis parva, Cossura coasta, Eunice
pennata, Euclymene annandalei, Lumbrineris albidentata,
Nephtys dibranchis, and Pectinaria sp. in Vellar and Kadu-
vaiyar.

Similarly, the species Cirratulus cirratus, Cirratulus fili-
formis, Cossura coasta, Diopatra cuprea, Diopatra neapoli-
tana, Prionospio cirrifera, Notomastus aberans, and No-
tomastus sp. was found to be more common in Vellar,
Kaduvaiyar, Ennore, and Uppanar; followed by Ancistrosyllis
parva, Euclymene annandalei, Eunice sp., Glycera sp., Go-
niada sp., Lumbrineris albidentata, Marphysa sp., Nephtys

354

dibranchis, Nereis sp., Notomastus sp., Pista cristata,
Platynereis sp., Polydora capensis, and Pygospio elegans.

With respect to the salinity gradient zone, as many as 42
polychaete species were observed, with a maximum num-
ber of polychaetes recorded in the polyhaline zone (salinity
range from 25 to 30 ppt) and minimum number in the Eu-
haline zone (salinity range from 30 to 40 ppt). Among the
polychaete families, representatives from Capitellidae, Eu-
nicidae, Lumbrineridae, Nephtyidae, Nereididae, Spionidae
were found to be dominant in the euhaline zone, and those
of Cirratulidae, Cossuridae, Dorvilleidae, Glyceridae, Go-
niadidae, Maldanidae, Onuphidae, Opheliidae, Orbiniidae,
Pectinariidae, Pilargidae, Sabellidae, Syllidae, and Terebel-
lidae in the polyhaline zone. Table 2 lists the number of
polychaetes recorded in the salinity zones of various estu-
aries.

3.6. Diversity indices

Species diversity (H’) varied from 1.6 (UE-1, monsoon) to 3.4
(VE-2, summer), species richness (d) fluctuated between 3.0
and 6.9 with a maximum in UE-1(summer) and minimum in
VE-2 (monsoon). Regarding Pielou’s species evenness (J), it
ranged between 0.6 and 0.9 with a peak in VE-2 (summer)
and a trough in UE-1 (monsoon).
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3.7. Ecological health assessment using biotic
indices

The AMBI values calculated for benthic polychaetes fluctu-
ated from 2.23 to 4.12, with a peak at EC-1 and a trough in
VE-2 indicated stations UE-1, UE-2, UE-3 in Uppanar; EC-1
and EC-2 in Ennore belong to the category of moderately
disturbed; while stations namely VE-1, VE-2, and VE-3 in
Vellar, KE-1, KE-2, and KE-3 in Kaduvaiyar and EC-3 in En-
nore belonged to the slightly disturbed category (Figure 11).
Similarly, M-AMBI values ranged between 0.49 and 0.99 indi-
cating that stations UE-1, UE-2, and EC-1 fell into moderate
ecological health status, while other stations into good and
high ecological health status (Figure 12, Table 1).

4. Discussion

Estuarine environments are subjected to changes in physico-
chemical properties due to continuous mixing of freshwater
with brackish waters as well as discharges from urban and
other sources (Bianchi, 2007). The estimation of water qual-
ity is fundamental in determining the health of an ecosys-
tem (Chang, 2008). In the present study, salinity-pH coin-
cided with their variation throughout the study and followed
the same pattern with a gradual rise and fall. Among the
seasons, a typical upstream-downstream salinity gradient
was observed with a minimum of 26.0 ppt (KE-1, monsoon)
and a maximum of 39.0 ppt (VE-3, summer). Similarly, wa-
ter pH showed seasonal variation from 7.4 (UE-1, monsoon)
to 8.3 (EC-1 and KE-3, summer). Temperature showed wide
variations between 21.0 (VE-1, pre-monsoon) and 30.0°C
(EC-2, summer), indicating a positive linear relationship
with salinity and pH. High values during summer could be
attributed to faster evaporation and low values during the
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AZTI Marine Biotic Index (AMBI) disturbance classification values in stations of various estuaries during the study.

monsoon season due to the dilution of brackish water and
freshwater influx in the respective area. The findings of the
present study are in close agreement with the trends ob-
served in other studies made elsewhere (Bharathi et al.,
2018; Bouillon et al., 2003; Vajravelu et al., 2018).

Dissolved oxygen concentrations ranged between 3.1
(EC-1) and 4.8 mg/l (UE-1) and accordingly a negative linear
relationship was observed with salinity and pH. The high-
est values registered in the pre-monsoon season were at-
tributed to the influx of freshwater. On the contrary, re-
garding BOD, a maximum value was observed during sum-
mer and a minimum level was observed during the monsoon
season with a positive correlation to salinity and pH. A sim-
ilar distribution of DO content with a maximum during the
monsoon and minimum during the summer season was re-
ported earlier by Morgan et al. (2006) in Upper Kaskaskia
rivers and Sigamani et al. (2015) in Vellar—Coleroon estuar-
ine complex, southeast coast of India.

Conversely, the chlorophyll value exhibited a maximum
during the monsoon at VE-1 and a minimum during the sum-
mer season at KE-3. The higher value could be due to wind-
induced upwelling and river runoff, which would have in-
creased the chlorophyll level. A negative correlation was
found between chlorophyll-a versus salinity and pH. Chloro-
phyll concentrations recorded are comparable to those re-
ported in earlier studies (Cloern et al. (2017) in San Fran-
cisco Bay and Shanthi et al. (2015) in Bengal Bay).

Total alkalinity is an important factor in determining the
estuary’s ability to neutralize acidification from rainfall or
wastewater. Alkaline compounds such as CO3;, HCO;, and hy-
droxides, remove hydrogen ions and thus lower the acid-
ity of the water (Toma, 2013). In the present investigation,
the maximum alkalinity was recorded during the monsoon
(UE-1) and the minimum (VE-3) during the summer season.
There was a negative link between the salinity-pH gradient
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Table 1 AMBI, ecological groups, Bl-disturbance classification, and M-AMBI status of the stations during the study.

Stations EG I (%) EG Il (%) EG Il (%) EG IV (%) EG YV (%) AMBI Bl from mean AMBI Disturbance classification M-AMBI Status
EC-1 3.093 6.186 11.34 71.649 7.732 4.12 3 Moderately disturbed 0.50 Moderate
EC-2 4.167 8.333 14.583 66.667 6.25 3.94 3 Moderately disturbed 0.59 Good
EC-3 11.864 23.729 42.373 10.169 11.864 2.80 2 Slightly disturbed 0.75 Good
UE-1 1.282 8.333 10.897 77.564 1.923 4.06 3 Moderately disturbed 0.49 Moderate
UE-2 1.961 11.111 13.072 69.281 4.575 3.95 3 Moderately disturbed 0.56 Moderate
UE-3 2.041 14.286 55.102 18.367 10.204 3.31 3 Moderately disturbed 0.64 Good
VE-1 22.581 33.871 19.355 17.742 6.452 2.27 2 Slightly disturbed 0.93 High
VE-2 30.488 20.732 21.951 23.171 3.659 2.23 2 Slightly disturbed 0.98 High
VE-3 20 31.429 25.714 17.143 5.714 2.36 2 Slightly disturbed 0.88 High

KE-1 27.778 8.333 33.333 16.667 13.889 2.71 2 Slightly disturbed 0.70 Good
KE-2 11.111 30.556 19.444 33.333 5.556 2.88 2 Slightly disturbed 0.76 Good
KE-3 26.471 32.353 11.765 14.706 14.706 2.38 2 Slightly disturbed 0.76 Good

AMBI: AZTI marine biotic index; BI: biotic index; M-AMBI: Multivariate-AMBI.
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Table 2 Polychaete species recorded in the polyhaline and euhaline zones of the select estuaries (September 2017—August 2018).

UE (pH 7.4-8.1)

VE (pH 7.6-8.1)

EC (pH 7.5-8.3)

KE (pH 7.7—8.3)

Family Polychaete species
Polyhaline Euhaline Sal Polyhaline Euhaline Sal Polyhaline Euhaline Sal Polyhaline Euhaline Sal
Sal (25—30) (30—40) Sal (25—-30) (30—40) Sal (25—30) (30—40) Sal (25—30) (30—40)
Capitellidae Capitella capitata 4F + + + + 4E 4L
Notomastus aberans + - + - & . + -
Notomastus sp. + + uE + + + + +
Cirratulidae Cirratulus cirratus + + + I + + + 4
C. filiformis - - 4 = - - + +
Cossuridae Cossura coasta + 4k = - -
Dorvilleidae Dorvillea sp. = = aF aF aF - s .
Eunicidae Eunice pennata + + + + 4L 4k + +
Eunice sp. ® @ + + aF A + +
Marphysa sp. + + + 4k b + + .
Glyceridae Glycera benguellana - - 4L + 5 - + +
G. unicornis + + + - 4 + - ;
Goniadidae Goniada emeriti + - - = + -
Goniada sp. + —+ 4 + + + -
Lumbrineridae  Lumbrineris aberrans ° - + + - - 4 -
L. albidentata + + + o + + + +
Maldanidae Euclymene annandalei = - + 4k uE uE + 4
Maldane sarsi = + - 4 > . .
Nephtyidae Nephtys dibranchis + - o 4k L + + .
N. hombergi + + + + + 4 4= +
Nereididae Nereis diversicolor + - + o o > 5 -
Nereis sp. —+ s 4 + + + + +
Platynereis dumerilii + 4 + + + . B ;
Platynereis sp. + + L + + + + +
Onuphidae Diopatra cuprea - - 4 - - 5 - -
D. neapolitana E - + + i
Opheliidae Ophelia sp. - - AL + 5 + +
Orbiniidae Phylo capensis + + 4k + . - + +
Pectinariidae Pectinaria sp. + + aF IF aF aF 4F +
Pilargidae Ancistrosyllis parva + - + A - - . -
Ancistrosyllis sp. + 4F F 4F 4F aF F 4F
Sabellidae Sabella sp. - - + - o > . B
Serpula sp. - 4t = + .
Spionidae Polydora capensis + - uE + - + ;
Prionospio cirriferra + 3F aF aF aF AF 3F
P. pinnata —+ s 4 + + + +
P. cirrobranchiata + + + 4 + - + 4=
Pygospio elegans + - o b uE + 5 .
Syllidae Syllis anops - 4 4 + + + 4
Terebellidae Pista quadrilobata - oS - . - + .
P. cristata IF + o 4 5
Thelepus sp. ® L + -

Note: +, present; -, absent.

29€—9¥€ (2207) 9 p150)0UDSID
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Multivariate-AZTI marine biotic index (M-AMBI) values indicating the ecological status for the stations of various estu-

aries during the study disturbance classification and M-AMBI status of the stations during the study.

and total alkalinity, HCO3, and CO,; and a positive linear
association with COs. Ray et al. (2018) also reported a simi-
lar correlation with parameters combinations. Earlier stud-
ies indicated that the range of alkalinity, COs;, and HCO;
had increased in areas where heavy anthropogenic activi-
ties occur, corroborating the findings of the current study
(Bouillon et al., 2003; Oliveira et al., 2018; Thasneem et al.,
2018).

Studies conducted elsewhere reported that DIC and DOC
are strongly influenced by estuarine processes (Gu et al.,
2009). Accordingly, the carbon species namely DIC, DOC,
and POC are essential components having an important
link in biogeochemical carbon cycling between land and
ocean (Wu et al., 2007). The increased concentration of
CO, and bicarbonate ions reduces the availability of car-
bonate ions, which affects metabolism, growth rate, and
relative abundance of polychaetes (Ho and Carpenter, 2017;
Veron, 2011). In the present study, DIC concentration ranged
between 835.777 (VE-3, summer) and 1734.268 pmol/kg
(UE-1, monsoon) with a non-conservative decreasing trend
along the salinity and pH gradient. However, as an odd-
ity, the trend was opposite in DOC, wherein an increas-
ing trend was found along the salinity-pH gradient, with
maximum DOC during the summer and a minimum dur-
ing the monsoon season. POC ranged between 32.0 (EC-1,
summer) and 742.5 umol/kg (EC-1, monsoon), generating
a negative linear relationship between POC versus salin-
ity and pH gradient. Likewise, Marescaux et al. (2018) and
Ray et al. (2018) reported similar ranges of POC concen-
trations with a negative linear relationship for the salinity-
pH gradient. With respect to pCO,, values ranged from 89.2
(KE-3) to 1702.6 patm (UE-1). As that of DIC, pCO, also ex-
hibited a non-conservative decreasing trend along the salin-
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ity and pH gradient. With respect to pCO, with DIC, DOC,
POC, and CO, concentrations, an increasing trend with a
positive linear relationship was found along the pH gradi-
ent excluding DOC that showed a negative linear relation-
ship. The study conducted by Hutchins et al. (2019) found
a positive linear association versus salinity-pH gradient on
large-scale drivers of DIC and POC in the Boreal river. Fur-
thermore, low salinity was found to exacerbate negative
effects of elevated CO, levels on growth, energy balance,
and bio-mineralization of common estuarine invertebrates
(Cauwet, 1991; Dickinson et al., 2012; Dutta et al., 2019;
Gupta et al., 2008; Hutchins et al., 2019; Marescaux et al.,
2018; Palanivel et al., 2019; Ray et al., 2018).

Total organic carbon plays a vital role in the accumula-
tion and release of different micronutrients. It is a well-
etched fact that the sediment texture determines the to-
tal organic carbon content, which in turn, influences the
distribution of benthic organisms. Organic matter in sed-
iments is an essential source of food for benthic fauna
(Gray, 1974; Pearson and Rosenberg, 1978; Sanders, 1958;
Snelgrove and Butman, 1994). In the present investigation,
total organic carbon ranged between 3.7 (VE-2, monsoon)
and 9.7 mgC/g (EC-1, summer). Sediment texture revealed
clay content to be relatively high compared to sand and
silt. Clay ranged between 4.25 (VE-1, monsoon) and 87.47%
(KE-1, summer) followed by sand ranging from 2.37 (UE-
1. monsoon) to 56.45% (VE-1, premonsoon) and silt be-
tween 5.35 and 49.34% with a peak in VE-3 (monsoon) and a
trough in KE-1 (summer). Earlier authors reported that dur-
ing the summer season, a large amount of organic matter
settled at the bottom potentially elevating TOC levels in
the study area (Khan et al., 2014; Murugesan et al., 2018;
Rajasegar et al., 2002).
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Multivariate analysis is considered to be an effective
method to retrieve information from data sets containing
more significant amounts of variance, simultaneously con-
sidering the interrelationships of several influential vari-
ables. Furthermore, these methods also allow us to analyze
the patterns by relating biotic variables with abiotic pat-
terns on spatio-temporal scales (Field, 1987). Accordingly,
PCA representing the parameters DO, chlorophyll, HCO;, al-
kalinity, DIC, POC, pCO,, CO,, sediment TOC, and clay were
associated with pre-monsoon, postmonsoon, and monsoon
seasons; whereas temperature, salinity, pH, BOD, CO;, DOC,
sand, and silt were associated with summer season (Sup-
plementary Figure 1). Similar seasonal combinations of pa-
rameters were also reported by Mukherjee et al. (2014) and
Sigamani et al. (2015).

The canonical correspondence analysis describes the
principal tendencies in the relationship between the envi-
ronmental variables and polychaete species assemblages.
In component 1, parameters such as pH, salinity, DO, COs3,
sand, clay, and DOC had a positive correlation with Cir-
ratulus cirratus, Cossura coasta, Diopatra cuprea, etc.,
as highly associated polychaetes; while other parame-
ters such as temperature, BOD, chlorophyll, alkalinity,
HCO;, DIC, POC, pCO;, CO;, Sed.TOC and silt exhibited
a negative correlation in component 2 with Ancistrosyl-
lis parva, Ancistrosyllis sp., Capitella capitata, and Cir-
ratulus filiformis as significantly correlated polychaete
species. Similar combinations of environmental variables
influencing the benthic faunal distribution were reported
by Murugesan et al. (2018), Musale et al. (2015) and
Sivaraj et al. (2014).

Moreover, several authors also report that the combina-
tions of pH, salinity, and sediment variables play crucial
roles in determining the distribution of the benthic com-
munity structure. Sediment-bound organic matter is related
to its clay content, which in turn influences the feeding
habits of the benthic fauna (Fauchald and Jumars, 1979;
Flint, 1981; Gray, 1974), validating the results of the present
study.

About polychaete density, the low density recorded dur-
ing the monsoon season could be attributed to the inflow
of copious freshwater from rivers, reducing the salinity
level, and leading to unfavorable conditions. Similar trends
were reported by Murugesan et al. (2018) and Sivaraj et al.
(2014).

Species diversity and richness values were high during
the summer and low during the monsoon season, while
species evenness largely followed the trend of species di-
versity. Several researchers stated that terrestrial runoff
during monsoon season, industrial wastes, sewage, and an-
thropogenic activities are known to influence the distribu-
tion of benthic organisms, reducing diversity values during
the monsoon season (Musale et al., 2015; Natesan et al.,
2017). With respect to polychaete diversity and pCO,, high
fluctuation of pCO, in estuaries reflects similar trends of
organic carbon stocks and degradation in other coastal
environments as exemplified by dissolved organic car-
bon, oxygen saturation level, and chlorophyll-a. The in-
crease in partial pressure of carbon-dioxide concentra-
tion in the aquatic environment will reduce the avail-
ability of carbonate ions, which results in minimal detri-
mental effects in biological and physicochemical processes
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(Doney et al., 2009; Frankignoulle et al., 1998). Other re-
searchers elsewhere reported that high pCO,/low pH re-
duces polychaete diversity and increases species richness
values (Gambi et al., 2016; Molari et al., 2019). Accord-
ingly, high pCO,/low pH was recorded in stations of Uppanar
and Ennore estuaries with minimum polychaete diversity.
A similar range of diversity values was recorded earlier by
Khan et al. (2014) in Vellar-Uppanar estuary; Sivaleela and
Venkataraman (2013) in selected places long the Tamil-
nadu coast; Natesan et al. (2017) in Ennore coastal waters;
Selvaraj et al., (2019) in Vellar and Ennore estuarine ecosys-
tems.

Concerning salinity-zones, the members of the follow-
ing polychaete families viz., Capitellidae, Eunicidae, Lum-
brineridae, Nephtyidae, Nereididae, Spionidae were found
to be dominant in the euhaline zone, and those of the
Cirratulidae, Cossuridae, Dorvilleidae, Glyceridae, Goniadi-
dae, Maldanidae, Onuphidae, Opheliidae, Orbiniidae, Pecti-
nariidae, Pilargidae, Sabellidae, Syllidae, and Terebellidae
families were dominant in the polyhaline zone. Accordingly,
it is evident that the polychaete families with the salin-
ity pattern stated above, indicate their ability to regulate
hyper and hypo-osmotic environments in different salin-
ity zones as described by earlier researchers (Costa et al.,
1980; Freel et al., 1973; Onwuteaka, 2016; Quinn and
Bashor, 1982; Richmond and Woodin, 1999; Smith, 1970 and
Van Gaest et al., 2007).

AMBI-indices are a widely used tool for assessing the eco-
logical health status of ecosystems (Borja et al., 2000). In
the present study, AMBI values calculated for the benthic
polychaete species fluctuated from 2.23 to 4.12. Accord-
ing to these values, stations UE-1, UE-2, and UE-3 in Up-
panar estuary, EC-1, and EC-2 in Ennore were found to fall
in the category of moderately disturbed, while other sta-
tions were in the slightly disturbed category. Similarly, M-
AMBI values ranged between 0.49 and 0.99 with UE-1, UE-2,
and EC-1 falling under the moderate ecological health cat-
egory, while other stations fell under good and high ecolog-
ical health categories. In their study, Khan et al. (2014) and
Natesan et al. (2017) also reported similar ecological cate-
gories since the referred stations of Uppanar-Ennore were
located near the discharge points of industrial waste,
power-plant discharge of coolant water, indiscriminate dis-
charge of untreated municipal waste, terrestrial river run-
off and anthropogenic activities which could have gener-
ated variations in the benthic community structure resulting
in the dominance of pollution tolerant benthic polychaete
groups in the disturbed category.

5. Conclusion

The present study provides benchmark data on the distri-
bution of polychaetes in relation to pH-salinity gradients
in the studied estuaries of Tamilnadu. The role of the pH-
salinity gradient in conjunction with sediment characteris-
tics on polychaete distribution is intriguing, as there was a
decrease in polychaete diversity during monsoonal months,
but a few opportunistic polychaete species were found to
occur in extremely large numbers in the Uppanar and En-
nore estuaries. Although some light has been shed on the
role of the salinity-pH gradient on the polychaete commu-
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nity in selected estuaries, more research into the interac-
tion modes of biotic/abiotic processes is needed to deter-
mine the accuracy of polychaete occurrence along salinity
gradients/zones of biological, chemical, and physical pro-
cesses.
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KEYWORDS Abstract In this study, wind-driven coastal upwelling in the Caspian Sea was investigated
Upwelling; using a developed three-dimensional hydrodynamic numerical model based on the Princeton
Vertical velocity; Ocean Model (POM). The model was forced with wind fields and atmospheric fluxes from the
Wind field; ECMWF database and it considers freshwater inflows from the Volga, Kura and Ural Rivers. This
Bottom topography; model was implemented for 10 years (2008—2018). Findings indicated that the upwelling in
Hydrodynamic the Caspian Sea was due to effects of wind and bottom topography, often occurring from May
modelling; to September. In June and July, in the eastern part of the middle and sometimes southern
Caspian Sea basins, up to 3°C water temperature difference occurs between coastal and offshore areas.

The vertical temperature gradient in the middle basin was larger than that in the southern
basin. Upwelling in August in the eastern coasts of the middle basin within 25 km of coast from
the depth of 15 m to the surface was shown, which was due to the effects of wind and bottom
topography. In the middle basin, the highest vertical velocities caused by upwelling in June,
July and August were 12, 13.82, and 10.36 m/day, respectively.

© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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mansoury@modares.ac.ir (D. Mansoury). is by upwelling from below. Since there is a good chance

Peer review under the responsibility of the Institute of Oceanology that the upwelled water has been enriched in nutrients, an
of the Polish Academy of Sciences. upwelling area is likely to be a site of enhanced biological
ey, production. Coastal upwelling is mainly influenced by winds
X and rotational effects of the Earth (Coriolis force), so that
its formation is owing to the presence of coast as an im-
penetrable lateral boundary as well as the relatively shal-

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.0ceano.2022.01.003
0078-3234/© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.oceano.2022.01.003
http://www.sciencedirect.com
http://www.journals.elsevier.com/oceanologia
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fa.fallah1374@gmail.com
mailto:mansoury@modares.ac.ir
https://doi.org/10.1016/j.oceano.2022.01.003
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Fallah and D. Mansoury

low waters of the continental shelf (Brink, 1983; Kampf and
Chapman, 2016). The denser mass of water rises to sea sur-
face, so that the sea surface temperature drops. The hori-
zontal movement of water masses toward the offshore de-
creases the sea level in the coastal area, and it creates
a horizontal pressure gradient and produces a geostrophic
current under Ekman’s transfer function (Kampf and Chap-
man, 2016). Many studies have related the coastline ori-
entation and the upwelling-favorable winds (Anand et al.,
2019; Closset et al., 2021; Li et al., 2018; Nigam et al.,
2018; Sun et al., 2017; Wirasatriya et al., 2020). Owing
to the prevailing wind regime in the summer, the forma-
tion of the upwelling phenomenon in the Caspian Sea is
highly important (Ibrayev et al., 2010). The surface wa-
ters are often warmer during the summer in the shallow
coastal areas of the Caspian Sea, while along the east coast
of the middle and southern Caspian basins, due to favorable
winds (parallel to the coast), the surface waters move to-
ward the west coast, and create the this phenomenon in the
east coast (Ibrayev et al., 2010). Furthermore, they some-
times cause downwelling on the west coast. Several fac-
tors, such as wind and bottom topography (length and cur-
vature of the bed), affect the rise of water along the coast
(Shanks et al., 2000). The bottom topography plays a key
role in the formation of the long upwelling filaments, whose
signature extends over the entire water column and influ-
ences the upper layer dynamics advecting water parcels off-
shore (Meunier et al., 2010). The upwelling phenomenon in
warm seasons has an almost stable trend as confirmed in at-
mospheric (Kosarev and Yablonskaya, 1994) and satellite ob-
servations (Sur et al., 2000). During the summer, due to the
prevailing north wind, a relatively strong current is gener-
ated from the eastern part of the sea to the center, creating
the Ekman transport along the eastern part (lbrayev et al.,
2010). In July, the prevailing wind in the central Caspian
Sea is often from north to south, causing the upwelling phe-
nomenon on the east coast (Knysh et al., 2008), while in
the winter, the movement of water mass to the south and
north on the western and eastern parts, respectively, in the
subsurface layer (up to 30 m depth) of the Caspian Sea cre-
ates a seasonal counterclockwise rotation (Gunduz and Oz-
soy, 2014). Sea surface temperature (SST) satellite data of-
ten show relatively colder waters along the coast and fila-
ments penetrating offshore from the upwelling region. The
upwelling region extends from 41° to 44°N along the eastern
coast with a temperature anomaly of 2—3°C in a region ex-
tending 5—20 km from the coast (Gunduz and Ozsoy, 2014).
The thermohaline structures of the Caspian Sea waters in
the areas near the river mouths as well as on the eastern
shores of the middle Caspian basin, where upwelling is ob-
served in the summer, have considerable inconsistency in
three dimensions, and seasonal changes in the temperature
and salinity of sea water are at 100 m and 20 m, respectively
(Tuzhilkin and Kosarev, 2005). To investigate the upwelling
phenomenon in the eastern coasts of the middle Caspian
basin, one study used a three-dimensional COHERENS model
whose horizontal model grid was 0.046 x 0.046 degree and,
in the vertical direction, it had 30 layers in the sigma co-
ordinates (Shiea and Bidokhti, 2015). The model was im-
plemented for 5 years, and it was investigated by sim-
ulation results, studying the horizontal and vertical tem-
perature structure, and velocities of the sea currents in
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Figure 1  Three basins of the Caspian Sea.

the eastern area of the middle Caspian coast. The maxi-
mum vertical velocity was 12 m/day in July and 7 m/day
in August (Shiea and Bidokhti, 2015; Shiea et al., 2016).
Although previous research focused on studying the cir-
culation of the Caspian Sea, some issues in simulation of
the current field remain unresolved. Since currents over
the Caspian Sea are primarily wind-driven (Ghaffari et al.,
2013), their accurate simulations depend largely upon the
wind data resolution (Kitazawa and Yang, 2012). However,
to the best of our knowledge, previous studies did not ap-
ply well-resolved spatial changes of wind field over the
Caspian Sea to predict its current field (e.g. Gunduz and
Ozsoy, 2014; Ibrayev et al., 2010; Turuncoglu et al., 2013).
The major problem using satellite SST images to detect up-
welling is that they only provide information about the near
sea surface layer (Su and Pohlmann, 2009). In addition to
the lack or scarcity of field measurements for the Caspian
Sea, a high-resolution hydrodynamic model of the South-
ern Caspian Sea circulation is also absent in the literature.
In this research, upwelling caused by wind and bottom to-
pography during the year and in the whole Caspian Sea by
applying more forcing and resolution (compared to previ-
ous research), was carried out using Princeton Ocean Model
(POM). The purposes of the paper are (1) to implement the
3D hydrodynamic model (POM) for current, salinity and tem-
perature fields modeling of the Caspian Sea by applying a
0.041° resolution; (2) to investigate the frequency of up-
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Main characteristics of the Caspian Sea (Arpe et al., 2018; Hall, 2002; Kostianoy and Kosarev, 2005).

Table 1

Surface area (km?) North
Middle
South

Volume (km?3) North 1%

South 66%

South 33%
Length (km)
Width (min-max) (km)
Average depth (m) North
Middle
South
North
South
North
Middle
South

Average surface temperature (°C)

Average surface salinity (psu)

386,400 in 2017 112,056
139,104
135,240

78,200 900
27335
49865

1,200

196-435

5 (max 20)

190 (max 790)

330 (max 1025)

Winter: 0°C with ice cover Summer: 24

Winter: 10 Summer: 27

4

12.8

13

4T 48 49 S0 51 52 53 54

47 48 49 S0 51 52 53 54

Figure 2
February and August (Tuzhilkin and Kosarev, 2005).

welling (per month) in the Caspian Sea using POM model;
(3) In particular, we try to identify the roles of bottom to-
pography and wind field as important upwelling mechanisms
in the Caspian Sea.

2. General features of the Caspian Sea
2.1. Study area

The Caspian Sea, a landlocked body of water between
Asia and Europe, and the largest enclosed sea basin
in the world is located at 36—48°N and 46—55°E, with
40—44% of the total lacustrine waters of the world
(Dumont, 1998; Bohluly et al., 2018). According to phys-
ical and geographical conditions as well as the bottom
topography, the Caspian Sea is divided into three basins
(Figure 1, Table 1), North Caspian Basin (NCB), Mid-
dle Caspian Basin (MCB) and South Caspian Basin (SCB)
(Tuzhilkin and Kosarev, 2005; Zereshkian and Mansoury,
2020).
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Climatic fields of the water temperature (°C, a, b) and salinity (psu, c, d) in the surface layer of the Caspian Sea in

2.2. The climatic temperature and salinity fields
of the Caspian Sea

Based on the results of statistical and physical analy-
ses of ship and coastal measurement data (Tuzhilkin and
Kosarev, 2005), the winter surface temperature field is char-
acterized by its significant increase from the north to the
south (Figure 2a). Heat losses during the winter in the north-
ern and southern Caspian basins reach approximately 700 MJ
m~2 and 200 MJ m~2, respectively. Water temperatures are
approximately 3°C lower than those in the open sea at the
same latitude (Tuzhilkin and Kosarev, 2005). The advection
of the waters of the northern and southern Caspian basins
affects the surface temperatures of the western and eastern
boundaries of the Middle Caspian Sea. The maximum values
of the winter surface temperatures in the Middle Caspian
result from the advection of warm waters from the south to
the north along its eastern boundaries. In the summer, the
minimum temperature of the Caspian Sea is observed in part
of its eastern coast, which could be due to a summertime
upwelling. The high summertime recurrence of upwelling
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Figure 3 Annual mean climatic field of the current vec-
tors in the surface layer of the Caspian Sea (Tuzhilkin and
Kosarev, 2005).

off the eastern coast of the Middle Caspian from May to
September makes this phenomenon climatically significant
and it is well illustrated in the multiannual mean monthly
fields of the water temperature (Figure 2b).

The salinity field in the Caspian Sea is subject to certain
seasonal changes owing to its geographical location, river
inflow, evaporation (shallow-water zones off arid eastern
coasts), and precipitation (Tuzhilkin and Kosarev, 2005). In
winter, due to reduced evaporation, surface salinity is low
in the central and southern Caspian basins (Figure 2c). The
propagation of reduced salinity from the northern basin to
the middle is negligible due to high evaporation in the sum-
mer (Figure 2d).

2.3. The mean annual field of the current and
wind of the Caspian Sea

The mean annual current velocities at the centers of the
sub-basin gyres are 0.05—0.10 ms~" and reach 0.20 m s~ at
the interfaces of gyres with opposite vorticities (Figure 3).
Wind-induced currents play a rather significant role in the
sea surface layer (Table 2). The current variability is re-
lated to the synoptic variability of the direct wind impact
(Medvedev et al., 2020).
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3. Data and methods
3.1. POM model

The POM is a simple-to-run yet powerful ocean modeling
code to simulate a wide-range of problems, from small-scale
coastal processes to global ocean climate change (http://
www.ccpo.odu.edu/POMWEB/; Mellor and Blumberg, 1985).
Many international researchers have studied numerous ap-
plications of this model in the modeling field in oceans and
seas in different parts of the world. This model was provided
by Princeton University in New Jersey and was developed
with the support of the Geophysical Fluid Dynamics Labo-
ratory (GFDL) of the National Oceanic and Atmospheric Ad-
ministration (NOAA) as well as the Princeton Dynamic Analy-
sis Institute (Blumberg and Mellor, 1987). The message pass-
ing interface Princeton Ocean Model (mpiPOM) was devel-
oped by Advanced Taiwan Ocean Prediction (ATOP), and it
was optimized for the needs and resources of the ATOP sys-
tem (Oey et al., 2013). This model was developed for the
Caspian Sea with modifications and various types of coding
as mpiPOM_Caspian Sea (mpiPOM-CS).

3.2. Data preparation to implement the model

Unfortunately, most of the time, there are not sufficient re-
liable data for the study area due to the lack of field mea-
surements. For the model input, temperature and salinity
data of the World Ocean Atlas (Antonov et al., 2006) were
used; despite high accuracy (1°), the data do not cover
the entire Caspian Sea and an algorithm for extrapolation,
in addition to interpolation on the grid, should be used
(Mansoury et al., 2015). The General Bathymetric Chart of
the Oceans (GEBCO) aims to provide the most authoritative,
publicly available bathymetry data sets for the oceans and
seas including the Caspian Sea. Atmospheric fluxes data, in-
cluding wind, precipitation, evaporation, heat fluxes (sen-
sible and latent), and short and long wave solar radiation
were received from the ECMWF database with an accuracy
of 0.125° and a 6-hour time step. The most important rivers
entering the Caspian Sea are Volga (5 branches), Kura and
Ural. The monthly average of Naval Research Laboratory
(NRL) data was used for the data of the rivers (Table 3;
Kara et al., 2010). In this research, the model was imple-
mented for ten years (2008—2018), and the last year out-
puts of the model implementation were investigated. The
model domain is 46.5—55°E and 36.5—47°N with a horizon-
tal resolution of 0.041° (about 4 km) and 35 vertical layers in
sigma coordinates. It uses external and internal time steps
of 2s and 90s, respectively. To apply the parallel process-
ing, four cores were considered with a computational grid
of 135 x 103.

3.3. Stability and validation of the model

In the course of a year, salinity has almost a round cy-
cle, but in the first years of the model, it does not have
a clear trend. Its multi-year repetition during model ex-
ecution indicates that the model is stable (and can also
be true for temperature). In this study, salinity changes
in the last years of the model implementation show rela-
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Figure 4 Monthly mean wind velocity vectors in (a) December and (b) July 1982. The units are in m/s (lbrayev et al., 2010).

Table 2 Some wind features in the Caspian Sea (lbrayev et al., 2010).

Wind speed (typically)

Summer (approximately 4 m/s)

The maximum speed occurs to the east of the Apsheron
Winter (approximately 5—6.5 m/s)
The maximum speed occurs in the north (Figure 4a)

The classification of the annual cycle
of the monthly mean wind
(Figure 4a)

2 — February—July:
When large-scale anti-cyclonic winds prevail over the sea (Figure 4b).

3 — August—November:

When average wind direction gradually changes from south-, southwestward to

westward.

1 — December—January:
With the convergence of winds in MCB and SCB due to high land-sea temperature

135
— 132
129
12.6
12.3

su

Q

Salinity (

117 + T
1 366

T T T T T T d
1461 1827 2192 2557 2922 3288 3653

Time (days)

7;1 10‘96
Figure 5 Changes in salinity in the ten-year implementation
period of the model.

tively good model stability (Kampf and Sadrinasab, 2006;
Sadrinasab and Kampf, 2004) (Figure 5).

The data collected during research cruises in the Caspian
Sea in August and September (from 30.08.1996 for one
week) were used to validate the model results. To validate
the model output according to the available measurement
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data during 1996 (UNESCO-IHP-I0C-IAEA, 1996), the model
was re-run for ten years (1988—1997). The results of the
model output and measurements were compared to each
other (Figure 6) in three positions (Figure 1).

The following comparisons indicate acceptable agree-
ments between the model results and the measurement
data and satellite image (https://oceancolor.gsfc.nasa.
gov/). Due to the limited availability of the current veloc-
ity measurement data in the Caspian Sea, the mean annual
current velocities of previous study (Figure 3), SST satellite
image (Figure 7a) and this study (Figure 7b) were compared,
showing good agreement between them.

3.4. Upwelling detection mechanism

Upwelling occurs due to divergence of currents in the sur-
face layers of the sea caused by wind field, in the presence
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of the shoreline or other special conditions, after which
the water of the lower layer (colder and denser) is trans-
ferred to the surface to maintain balance. The lower lay-
ers are known as permanent sources of nutrients, so pro-
ductivity is significant in areas where upwelling occurs. Due
to the favorable wind in the sea shores and the resulting
ecumenical transfer, there is a difference in water level
between the coast and offshore, and the pressure differ-
ence caused by them will follow the surface geostrophic
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flow. Changes in sea water temperature (surface temper-
ature at nearshore and offshore, and the vertical section
of seawater temperature) and sea currents (such as verti-
cal velocity) due to a rise in a body of water from depth
to surface which can be caused by wind and bottom topo-
graphic effects (Meunier et al., 2010), indicate the coastal
upwelling (Ghaffari et al., 2013; Olita et al., 2013). In
this research, owing to the physical and geographical lo-
cation of the Caspian Sea, the Coriolis effect in differ-
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Figure 7 Annual mean climatic field of SST (°C): a) Satellite image (https://oceancolor.gsfc.nasa.gov/); b) Model output in the

Caspian Sea.

Table 3 Monthly mean discharge for the major rivers dis-
charged into the Caspian Sea (Kara et al., 2010).

Volga (m3/s)

Kura (m3/s)

Ural (m3/s)

January
February
March
April

May

June

July
August
September
October
November
December

780
790
800
1500
4780
4000
1650
1120
1000
1060
1070
780

490
500
530
800
1050
800
450
310
315
400
420
460

50
55
60
900
1370
420
220
180
140
140
135
80

Table 4 The maximum vertical velocities of seawater in
upwelling events at 43°N in June.

Day Wmax (M/day)
11 10.5

12 11

13 10.1

27 10.3

28 11.3

29 12

Table 5 The maximum vertical velocities of seawater in
upwelling events at 43°N in July.

Day Wmax (M/day)
22 12.09

24 8.64

25 13.82

26 7.77
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Table 6 The maximum vertical velocities of seawater in
upwelling events at 43°N in August.

Day Wmax (M/day)
3 10.36

4 6.04

5 6.9

6 8.64

ent latitudes and a variable wind field, as well as the ice
effect were considered with an appropriate accuracy in
mpiPOM-CS.

3. Results

3.1. Spatio-temporal variability of sea surface
temperature

Figure 8 presents the monthly changes in the Caspian Sea
temperature in 2017. In the northern and middle basins,
the climate pattern is relatively cold and in the southern
basin, the pattern is warm. Sea surface temperature from
January to April in the three basins of the Caspian Sea have
increased, and this increase in temperature in the north-
ern basin (from January to April) is east-west due to depth
changes (Figure 8a—d). These changes are caused by the
lower depth of the eastern part compared to the west-
ern part of the basin and the lower heat capacity of the
seafloor relative to seawater. The mean monthly seawater
temperature in some parts of the Caspian Sea, particularly
from May to September, undergoes unexpected changes
(Figure 8e—i). SST changes in the eastern part of the mid-
dle and southern basins, from May to August and into part
of September, are colder than offshore ones (blue ovals).
From October to December, it resumes its natural trend
(Figure 8j—L). In these months, the air temperature rises
compared to previous months, and this increase in tem-
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perature is expected to affect the eastern coasts of the
Caspian Sea due to the shallow depth and to raise the sur-
face temperature of the water. However, the sea surface
water on the eastern shores of the central and southern
Caspian basins has been colder compared to the offshore ar-
eas, which may be owed to the transfer of cold water from
the lower layers to the sea level. The difference between
the average sea surface temperature in the eastern part of
the middle Caspian Basin (coastal and offshore) indicates
the possibility of upwelling in these areas.
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SST (°C) with monthly mean wind overlaid in 2017.

Nevertheless, the monthly pattern of the wind field in
May, August and September does not show the Ekman trans-
port in favor of upwelling (perpendicular to the coastline)
(Figure 8e,h,i). However, the direction of the wind in this
part, due to pushing the surface water, causes a difference
in the water level between coastal and offshore areas, be-
ing consistent with the upwelling event. Since the effect of
other factors (other than wind) may play a role in creat-
ing upwelling, it is necessary to examine the daily changes
for a more detailed study. Northwest and north winds in
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June and July are the main mechanism of upwelling on the
eastern coasts of middle and southern Caspian basins, ow-
ing to the Ekman transport perpendicular to the coastline
(Figure 8f,g).

3.2. Vertical section of seawater temperature in
middle and southern Caspian basins

In May, although the wind direction in the middle Caspian
basin (at 43°N) is not parallel to the east coast (Figure 8e),
a slight upwelling occurs in lower layers, which may be
due to topographic effect (Figure 9a). However, in the
southern Caspian basin (at 39°N), it is upwelling-favorable
wind. Coastal upwelling is seen in the upper layers, which
can be due to wind field effect (Figure 9b). In June,
temperature contours show that the water masses of the
eastern coasts of the middle and southern Caspian basins
are the result of divergence of surface waters and the
movement of water from lower layers to upper layers
(Figure 9¢,d). Wind field is the main factor of upwelling
in this month (Figure 8f).The intensity of upwelling due
to wind is higher in the middle basin than in the southern
basin, so that the topographic effect in this basin is neg-
ligible (Figure 9). In July, in the middle basin, the rise of
water mass at a depth of 20 m to the surface occurred,
and in the southern basin at a depth of 12 m, partially
along 52—53°E, according to the north wind (Figure 9e,f).
Furthermore, in the middle basin, wind-driven upwelling is
predominant.

In August and September, the rise of water mass from
lower layers to upper layers in the middle basin (at 43 °N)
can be seen in two parts (Figure 9h,i). The first part (blue
ovals) indicates weak coastal upwelling considering the east
and southeast wind and change at the coastal water level
(Less than 10 m depth) (Figure 9g,i). However, the second
parts (red ovals) show water rises from a depth of approxi-
mately 35 to 10 m (along another longitude), which can be
due to sea currents encountering the seafloor (bottom to-
pographic effect). Nevertheless, in the southern basin (at
39°N), rising water is seen only in part, at a depth of 35—
10 m (orange ovals), which is similar to the middle basin
owing to topographic effects (Figure 9h,j).

48.0°E 52.0°E

Continued.

371

3.3. Monthly mean of vertical velocity in June and
July

According to Figure 10, the maximum vertical velocity oc-
curs at 51.2°E in June and July considering positive values.

3.4. Daily upwelling in June, July and August

Rising water mass from lower layers to the surface layer on
June 27 (Figure 11a) in the longitude 51.2°E occurs consider-
ing the northwest wind that is almost parallel to the coast-
line (Figure 11b). Moreover, according to Table 4, the high-
est vertical velocity is estimated at 12 m/day in upwelling
events this month, where wp, is the maximum vertical ve-
locity.

On July 22, the water mass rises vertically in the longi-
tude 51.20°E (Figure 12a,b), and according to Table 5, the
highest vertical velocity is 13.82 m/day in upwelling events.

In August, according to the wind direction (southeast),
the mechanism of formation of upwelling on the fourth
day cannot be the effect of wind (Figure 13a). Although
the vector of the wind field in this area is almost paral-
lel to the coastline, its Ekman transport is to the onshore.
Therefore, the formation of upwelling in this part of mid-
dle basin coasts can be due to topography (Figure 13b). The
highest vertical velocity is 10.36 m/day in upwelling events
(Figures 13b, 14, Table 6).

4. Conclusion

In this study, upwelling in the Caspian Sea was investigated
using a developed three-dimensional hydrodynamic numeri-
cal model (mpiPOM-CS). The Validation of the model results
based on measurement and observational data (satellite im-
age) showed greater consistency of the simulation results.
According to the findings, upwelling often occurs in the
Caspian Sea from May to September, which is in good agree-
ment with the results of studies conducted by Lavrova et al.
(2011) and Tuzhilkin and Kosarev (2005) in the eastern part
of the middle Caspian basin. The difference in SST between
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Figure 9  Vertical section of the seawater temperature (°C) in MCB and SCB (May—September).
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(b) in the Caspian Sea on August 4.

Figure 14 Plan view of the topography and model current
vectors at a depth of 27 m and its seawater temperature (°C) in
the eastern part of the middle Caspian Basin on August 4.

the eastern coast of the southern basin and the offshore
area is noticeable in May. Upwelling occurs in upper layers
at the 20 m depth to the surface and 15 km from the coast,
which can be due to the wind field effect. However, in the
middle Caspian basin, a slight upwelling occurs in lower lay-
ers, owing to the topographic effect. In June, in the middle
basin, upwelling occurs within 25 km from the coast in up-
per layers at a depth of 35 m. Although the difference in SST
(between coastal and offshore waters) in these two basins is
negligible, the vertical temperature gradient is much more
intense in the middle basin (43°N) than in the southern basin
(39°N). Upwelling in the middle basin occurred 6, 4, and 4
times per month in June, July, and August, respectively, so
that its intensity in June and July is much higher than in Au-
gust. According to the wind field direction, upwelling events
in June and July are mainly due to wind field effects and in
August due to the bottom topography. In July and August,
the mean of the maximum vertical velocities in the middle
Caspian basin was estimated 10.58 m/day and 7.98 m/day,

51.00°E
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Vertical velocity over the vertical section of seawater temperature (°C) at 43°N (a) and SST (°C) with wind field overlaid

respectively, being in good agreement with the results ob-
tained by Shia and Bidokhti (2015) (12 m/day and 7 m/day,
respectively). The reason for the slight difference in these
values can be explained by the difference in the forcing ap-
plied to the model. Wind-driven upwelling in August occurs
in the eastern coasts of the middle Caspian basin within 25
km from the coast up to a depth of 15 m. The mechanism of
upwelling formation in the middle Caspian basin in June and
July is north or northeast wind (parallel to the coastline),
being consistent with the results obtained by Knysh et al.
(2008) indicating that the reason of upwelling in July is the
prevailing wind from north to south in the middle Caspian
basin. According to east and southeast winds in August and
September in the eastern part of the middle basin, the up-
welling in these months can be due to the effect of the bot-
tom topography.
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KEYWORDS Abstract  Approximately one-year water level records were utilized for examining the tidal
Tidal asymmetry; dynamics and tidal asymmetry at the Shatt Al-Arab river estuary. The harmonic and the tidal
Harmonic analysis; skewness, two traditional methods in quantifying tidal asymmetry in tidal systems, were used.
Tidal skewness; The water level measurements revealed a presence of a tidal wave attenuation when prop-
Arabian Gulf; agating further towards the inland direction, with notable reductions in the tidal range. The
Shatt Al-Arab river results of the harmonic analysis indicated that the diurnal and semi-diurnal constituents expe-

rience considerable damping towards the upstream direction. The largest constituent was M2,
followed by K1, O1, and S2. The largest shallow water constituent was MK3, followed by M4,
MS4, MN4, and M6. The tidal form number ranged from 0.68 to 0.7 along the estuary; then,
mixed, mainly semi-diurnal tidal nature was observed. However, six possible combinations of
tidal constituents were used to quantify the tidal asymmetry, involving the interactions be-
tween astronomical constituents alone as well as with the higher harmonics. According to the
harmonic method, the relative phase difference of M2 and M4 constituents was in the range
of 63 to 87.06, suggesting a flood dominance behavior of tidal wave along the estuary. Positive
values of the tidal skewness were observed at all stations, with a pronounced increase towards
the inland direction. The M2 and M4 interaction was the main contributor to tidal asymmetry,
followed by M2-K1-01, M2-52-MS4, M2-M4-M6, K1-M2-MK3, and M2-N2-MN4 interactions.
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1. Introduction

The tidal wave generated in the ocean undergoes sev-
eral changes when propagating towards the coastal regions,
which are generally shallow water areas, leading to tidal
wave asymmetry (Parker, 2007). The tidal asymmetry refers
to the distortion of the tidal wave with an unequal dura-
tion of rising and falling tides, as well as the difference in
the strength of the flood and ebb velocities (Friedrichs and
Aubrey, 1988; Pugh, 1987). Tidal asymmetry plays a major
role in sediment transport and water circulation in estuaries
and coastal systems. The tide-averaged (residual) sediment
movement in tidal environments is mainly related to its
tidal asymmetry situation (Gatto et al., 2017; Hoitink et al.,
2003). Consequently, the long-term morphological changes
of these water systems are mainly associated with their
tidal dynamics (Aubery and Speers,1985).

Various factors contribute to tidal asymmetry, resulting
from the interaction between the astronomical tide and
nonlinearities generated inside the estuary, including bot-
tom friction, river inflow, bathymetric changes, and the
morphology of such systems (Dronkers, 1986; Godin, 1991;
Oliveira et al., 2006). Bottom frictions play the main role
in the dissipation of tidal energy and transformation of the
wave energy from the principal tidal constituents to sev-
eral frequencies. These sets of frequencies are known as
shallow water components of the tide (Boon, 2013). The
shallow water components of tide are mainly referred to
as the multiplying of principle frequencies, such as M4 and
M6, representing the constituents generated from the prin-
ciple semi-diurnal tidal constituent M2 and known as over-
tides or higher harmonics. Furthermore, the shallow wa-
ter effects lead to the nonlinear interaction between the
principal tidal constituents as well as the overtides, which
can generate constituents with various frequencies and are
known as compound tides, resulting from two or more con-
stituents such as MN4, MS4, and MK3 (Gallo and Vizon, 2005;
Hoitink et al., 2003). River inflow has substantial effects on
the tidal dynamics of estuarine systems. However, river dis-
charge can increase the average water level and thus reduce
the tidal amplitudes and retards the celerity of tidal prop-
agation, that is, deforming the tidal waves (Godin, 1985;
Guo et al., 2015). Moreover, the morphology of the tidal sys-
tems can have an impact on their tidal dynamics. The fun-
neling shape estuaries with reducing cross-sections can be
damping the tidal wave energy by reflection against bound-
aries. In contrast, tidal waves can be amplified when the
effects of the convergent overcome the effect of frictions.
Consequently, tidal wave propagation exhibits a difference
between high and low water, and deformation in the tidal
wave occurs (Prandle, 2003).

Basically, there are two methods to recognize tidal asym-
metry (Guo et al., 2019). The first is the harmonic method,
which requires the calculations of amplitudes and phases of
the interacted tidal constituents. This method depends on
the phase difference between the interacted constituents
in order to determine the direction of the tidal asymmetry
and the ratio of the amplitudes to quantify the magnitude
of the asymmetry (Parker, 2007). The second is the statis-
tical method, which calculates the tidal probability density
function and is known as a tidal skewness (Nidzieko, 2010;
Song et al., 2011).
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Shatt Al-Arab river is formed by the confluence of
Euphrates and Tigris rivers at Qurna city in the Basrah
province in southern Iraq and discharges to the Arabian Gulf
(Figure 1). Shatt Al-Arab river estuary (SARE) represents an
international border between Iraq and Iran. SARE has high
importance for Basrah province as well as for many cities
on the Iranian side. In addition to using its water for various
residents’ activities, the river is considered to be a navi-
gation channel for shipping, oil transportation, and fishing
(Lafta, 2021a). Several ports are located on the two river
sides, principally depending on the tidal status in their over-
all activities (Abdullah et al., 2016; Al-Taei et al., 2014).

Tides of SARE follow the tidal regime of the Arabian
Gulf. However, there are limited studies that highlighted
the tidal dynamics of SARE. Generally, due to several rea-
sons, the field measurements of physical characteristics in
this estuary are scarce (Abdullah et al., 2015). The study
of Al-Ramdhan and Pastour (1987) was the first study dis-
cussing the water movement in SARE. They indicated that
the water dynamics in the estuary is governed by tidal ef-
fect and freshwater inflow. The tidal wave in SARE was an-
alyzed by Abdullah (2002). The analysis was based on the
data of 29 days of water level taken from the admiralty
tide tables at the primary port of Iraq, known as an Outer
Bar station. This station is located at the northwest tip of
the Arabian Gulf, south of the SARE mouth (Figure 1). He
illustrated that M2 constituent was the major tidal com-
ponent. Moreover, he demonstrated that the tide displays
a mixed, predominant semi-diurnal nature with the form
number at 0.85. Abdullah (2014), based on the predicted
water level acquired from the website (http://easytide),
studied the characteristics of tidal phenomena in SARE. He
demonstrated that the tidal wave undergoes attenuation as
it propagates towards the upper reaches of the river, and
the ebb duration was longer than the flood duration. Cor-
respondingly, the aim of the current study is to examine
the tidal dynamics and tidal wave deformation based on the
continuous field measurements of water level at several lo-
cations along the estuary. However, according to our knowl-
edge, there are no studies that explored the tidal dynamics
in this estuary through the use of comprehensive field mea-
surements of water level. In particular, to give a picture of
tidal dynamics along SARE, evolution of tidal constituents
and tidal deformation are discussed.

2. Material and methods
2.1. Study area

SARE is located in southern Iraq and represents the main
source of freshwater discharging to the Arabian Gulf (Al-
Yamani et al., 2020). The length of the river is about 200
km from Qurna city until it meets the Arabian Gulf at about
12 km south of Faw city (Figure 1). The river width exhib-
ited a funnel shape nature. The width ranges from about
1000 m at its mouth and is reduced to 200 m at the Qurna.
The bathymetry of the river is irregular, with the maxi-
mum and minimum depths reaching 18 and 6 m, respectively
(Lafta, 2021a). Many islands formed along the river course
as a result of river depositions, as well as tectonic and an-
thropogenic activities (Al-Whaely, 2014).
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The hydrology of SARE is governed by the freshwater dis-
charged from Tigris, Euphrates, and Karun rivers, the tidal
force of the gulf, and the climatic conditions (Allafta and
Opp, 2020). However, the continuous developments in the
upstream countries of the Tigris, Euphrates, and Karun
rivers result in very large reductions in the amounts of fresh-
water arriving at SARE. Additionally, the water resources
authorities in Iraq exacerbate the problem after 2009, when
the Euphrates river inflow towards SARE is completely segre-
gated by constructing an embankment on its stream, about
35 km west of the Qurna site. Nowadays, due to these devel-
opments, SARE receives freshwater mainly from the Tigris
river and minorly from the Karun river. These changes result
in a pronounced alteration in the river hydrology and conse-
quently affect the tidal propagation along the estuary.

2.2. Data collection

Water level measurements represent the main data required
to conduct the study objective. However, the hourly water
level records at four sites are conducted by installing water
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level divers at Faw, Sihan, Abo Flous, and Basrah. The co-
ordinates, distance to the estuary mouth, and length of the
data record of these sites are given in Table 1.

The field measurements of water level were accom-
plished as cooperation between Marine Science Cen-
ter/University of Basrah and Delft University of Technol-
ogy during 2014. SARE is a high dynamics, and its naviga-
tion channel is always crowded by ships and fishermen’s
boats. Hence, all water level divers were installed inside
steel pipes on the western bank of the estuary to overcome
the undesired movement. These pipes contain several holes
along their entire course to allow the water to flow through
them.

Before installing these instruments, a controlling point
on the land was determined by transferring its level rela-
tive to the local datum in this region, which is the mean sea
level at Faw city (known as Faw 1979 datum). The differen-
tial global position system was utilized for transferring the
level to the control points. Then, the divers were installed
at suitable depths by taking into account that they are sub-
merged during low and high tides.
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Table 1 The coordinates, distance to the estuary mouth, and period of the data record at study stations.

Station Longitude Latitude Distance to Estuary Mouth (km) Period of Record

Faw 48°29.986'E 29°58.104'N 12 1/22/2014 to 1/9/2015
Sihan 48°11.973'E 30°19.423'N 67.7 1/25/2014 to 12/23/2014
Abo Flous 48°1.528'E 30°27.585'N 98.4 1/25/2014 to 12/23/2014
Basrah 47°50.098'E 30°32.041'N 119 3/26/2014 to 12/24/2014

2.3. Methodology

2.3.1. Harmonic analysis of tide
The harmonic method is widely utilized for investigating
the tidal dynamics and tidal asymmetry in coastal systems
(Iglesias et al., 2019; Lafta et al., 2020, 2021b; Mao et al.,
2004; Siddig et al., 2019; Suh et al., 2014). This method
is based on calculating the amplitudes and phases of the
tidal constituents from the measured tidal data series
(Boon, 2013).

The equation for the harmonic model is given as follows
(Boon, 2013):

m

h(x.t)=h,+_ fj Hjcos (w;t +uj — k). (1)

j=1

where t is the time in hours, h(x,t) is the predicted wa-
ter level, f; is the lunar node factor for constituent, H; is
the amplitude for constituent, hy is the mean water level
in that location, u; is the nodal phase for constituent, «;* is
the phase of constituent, wj is the frequency of constituent,
and m is the number of constituents. For purely solar con-
stituents, f; = 1 and u; = 0. The Matlab worldtides, a pack-
age for tidal analysis, was used in this study. More details
on this method, acquiring, and the application of this pack-
age can be found on the website (https://www.mathworks.
com/matlabcentral/fileexchange/24217-world-tides).
However, tidal asymmetry can be generated when the in-
teracted constituents satisfy 2w1 = w; and wy + w; = w3 (@
is the constituent frequency) (Song et al., 2011). The rela-
tive phase relations, likely 20; — 6, and 01 + 6, — 65 (0 is the
constituent phase in degrees), are mainly utilized for rec-
ognizing the nature of tidal deformation. In a semi-diurnal
tidal system, for example, the interaction of the princi-
pal lunar semi-diurnal constituents M2 with its first har-
monic M4 was broadly considered as the main cause that
is responsible for tidal asymmetry (Aubrey and Speer, 1985;
Friedrichs and Aubrey, 1988). The phase difference (20,
6,) in the range of 0 to 180 degrees refers to a shorter
duration of the rising tide than the falling tide, or a flood
dominance, while, in contrast, the phase difference in the
range of 180 to 360 degrees refers to an ebb dominance
tidal wave. When the phase difference was exactly 0 or 180
degrees, no tidal asymmetry will occur. Similarly, triad con-
stituents interactions can lead to a tidal asymmetry. How-
ever, Song et al. (2011) examined the tidal wave deforma-
tion in 335 sea-level stations around the world. He reported
that, in the mixed, mainly semi-diurnal tidal systems, the
most significant triad interactions that can contribute to
the total tidal asymmetry are M2-M4, M2-S2-MS4, M2-N2-
MN4, M2-K1-O1, M2-K1-MK3, and M2-M4-Mé. Similarly, the
relative phase difference of these triad interactions in the
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range of 0 to 180 degrees refers to a longer falling tide than
the rising tide, thus flood dominance. Meanwhile, the phase
differences in the range of 180 to 360 degrees refer to an
ebb dominance tidal system (Song et al., 2011).

2.3.2. Tidal skewness
Tidal skewness is a statistical approach based on the
calculation of the probability density function of wa-
ter level proposed by Nidzieko (2010) and extended by
Song et al. (2011). In this method, asymmetry from several
constituents combinations taken into account, with only
two or three combinations, could contribute to tidal skew-
ness (Zhang et al., 2018). The most remarkable feature of
this method is that it can determine the strength and rel-
ative contribution of each of such combinations into total
tidal asymmetry based on the amplitudes, phases, and fre-
quencies of the tidal constituents. The tidal skewness re-
sulting from the combination of two tidal constituents is
given as follows (Song et al., 2011):
y 2@ wla,mysin(291 — @)
7 = .
[4 (@0 + o)

Meanwhile, the skewness resulting from the combina-
tions of three constituents is given as follows (Song et al.,
2011):

@)

3 .
7 A101G203w38iIN (01 + @2 — @3)

[} (@} + aje} + ajed)]”*

3)

V3 =

where a,, ¢,, and o, are amplitude, phase, and frequency
of the tidal constituent. The contribution of the different
combination to the overall tidal asymmetry is obtained as
follows: for the combination of two constituents:

a%a)12 + a%w%

32
B = )’2( N )
Y G}

and for the combinations of three constituents:
2, .2 2, .2 2, .2
ajwj + Gw; + a3w3

32

)’3( N ) .
2 2
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Hence, the total skewness can be obtained by the sum-
mation of individual 8:

W= B+ B (6)

The direction of the tidal asymmetry is determined by
the sign of the total skewness yy. The positive values of yy
refer to a short period of rising water and long period of
falling water, that is, the flood dominance, while the nega-
tive values of yy indicate the ebb dominance nature of tidal
asymmetry.
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2.3.3. Relative Sensitivity Coefficient (RSC)
The sensitivity of tidal asymmetry contributed by differ-
ent combinations to the evolution of the amplitudes of
tidal constituents can be examined by a nondimensional
parameter known as a relative sensitivity coefficient (RSC)
(Zhang et al. 2018).

The expression of RSC takes the form of two or three
combinations (Yu et al. 2020): for the combination of two
tidal constituents:

2.2 _ 2 2
s 2a505 — ajwy
@ =3 2 22
a0y + G;w;

; )

2,2 2 2

_ Gjoy — 2a;05% (8)
a = " 723 2,2
ajwy + a0y

and for the combination of three tidal constituents:

2 2 2 2 2 2
a;w5 + aw; — 2a;w;

Say = 9)
1 7 2 2.7 42 2
Qi + Qo) + G303
2.2, 2.2 2 2
_ Gjoy + a30f — 2a5w5

Sa, = R? + Qo? + Bl (10)
1007 297 303
2.2, 2.2 2 2
aswy + a5ws — 205w

Sa — 11 2772 3 37 (11)

T @l v el + ol
where a and o represents the amplitude and frequency of
the tidal constituent, respectively. The RSCs values refer
to the correlation between tidal skewness and constituent
amplitude. However, the positive RSC implies the positive
relationship between the tidal skewness and the amplitude;
that is, tidal asymmetry will improve with the increase of
the amplitude. In contrast, negative RSC suggests that tidal
asymmetry will be reduced as the amplitude increases.

3. Results and discussion
3.1. Tidal harmonics

The time series measurements of water level are shown in
Figure 2, which are exhibits the spatial and spring-neap vari-
ability of the tidal range. The maximum tidal range was
observed in the Faw station, reaching about 3 and 2.5 m
in spring and neap tides, respectively. These ranges are
nearly similar to the ranges recorded in estuary mouth by
Shahidi et al. (2011), which are about 3.2 and 2.65 m in
spring and neap tides, respectively. Meanwhile, the tidal
range is highly reduced in Basrah station and reaches 0.5
m in spring tide. However, the reduction in the tidal ranges
along the SARE reflect the continuous attenuation of the
tidal wave when propagating further upstream.

The along-estuary variations in the amplitudes and
phases of the tidal constituents (01, K1, N2, M2, S2, MK3,
MN4, M4, MS4, and M6) at the four locations are shown
in Table 2. These ten tidal components explain over 92%
of the total variance in water level at Faw station. Har-
monic analysis results suggested that the tidal form numbers
(O1+4+K1/M2+S2) range between 0.68 and 0.7. Hence, SARE
is characterized by mixed, predominantly semi-diurnal tides
according to the classification of Defant (Defant, 1960).
This result is in accordance with the previous finding of
Abdullah (2002). Among the main tidal constituents used in
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the analysis, the largest was M2 in all stations. The second
important constituent was K1, followed by 01, S2, and N2.
The maximum amplitudes of the principal tidal constituents
(M2, S2, N2, K1, and O1) were observed in the Faw station.
However, it is obvious from Table 2 that the amplitudes of
the semi-diurnal and diurnal tidal constituents have under-
gone a large reduction with distance along the longitudi-
nal path of the estuary. The reduction in the constituents’
amplitudes could be attributed to local bathymetry, that
is, friction effect, which appears to exceed the effect of
convergence nature of the estuary. As mentioned before,
SARE is characterized by irregular depths along its course
as well as the existence of several islands, particularly in
the region located north and south of the confluence point
of Karun river with SARE, as indicated in Figure 1. These
islands can work as barriers that participate in the attenu-
ation and nonlinear transformation of tidal energy and con-
sequently the decay of the tidal harmonics. As illustrated by
the results of the harmonic analysis (Table 2), most of the
tidal energy is mainly dissipated near these islands, and this
is reflected by the sharp decline of the amplitudes of the
astronomical tidal constituents at Abo Flous station. How-
ever, Wu et al. (2018) demonstrated that the islands have
a major effect on tidal hydrodynamics in tidal channels and
make the tides more nonlinear. The reduction in the am-
plitudes of the tidal components towards inland direction
was observed in many tidal systems, that is, Murray coastal
lagoon (Jewell et al., 2012), Cochin estuary (Vinita et al.,
2015), and Yangtze estuary (Lu et al., 2015).

The shallow water tidal constituents are generated when
the tidal wave is distorted inside the estuary. The high-
est amplitudes of these constituents were observed near
the estuary mouth (Faw station), except for M6. Unlike the
M4 constituent, which is the most significant shallow wa-
ter component in semi-diurnal tidal systems, MK3 was the
largest shallow water constituent in the SARE. This could be
because SARE is a mixed, mainly semi-diurnal tidal system,
and the dominant astronomical components M2 and K1 con-
trol the tidal behavior. Consequently, the nonlinear transfer
of energy from these two constituents gives a rise to MK3
among the other shallow water components. The second-
largest shallow water constituent was M4, followed by MS4.
These two constituents vary almost similarly due to their
close frequencies. However, the evolution trend of the shal-
low water constituents displays a continuous reduction to-
wards the inland direction, generally like the evolution of
the principal astronomical components, except for the Mé
and MK3. The M6 amplitude reaches its peak value at the
Sihan station, about 61% relative to its amplitude at Faw
station, and then decreases towards upper stations. In ad-
dition, the amplitude of the MK3 constituent showed a little
increase between Abo Flous and Basrah stations, in compari-
son with its continuous reduction from Faw to Abo Flous sta-
tions. This inconsistent behavior of the shallow water com-
ponents reflected the influences of the local geometry of
the estuary in such regions.

The phase lags of all tidal constituents exhibited a grad-
ual increase along the SARE. The tidal period in the SARE
is close to the period of the M2 constituent, that is, 12.42
hours (Abdullah et al., 2016). Hence, the time of high and
low water along the estuary is associated with the time of
crest and trough of the M2 wave. However, according to
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Figure 2  Time series of hourly water level records along the Shatt Al-Arab river estuary at Faw (A), Sihan (B), Abo Flous (c), and
Basrah (D) stations during 2014.

Table 2 Amplitudes (m) and phases (degrees) for the tidal constituents used in the analysis.

Tidal Constituent Faw Sihan Abo Flous Basrah

Amp. Phase Amp. Phase Amp. Phase Amp. Phase
01 0.261 218.89 0.122 260.66 0.068 297.30 0.059 304.81
K1 0.449 305.53 0.277 346.40 0.133 22.59 0.129 32.58
N2 0.159 166.29 0.081 225.60 0.04 268.27 0.036 298.01
M2 0.799 278.58 0.443 342.32 0.23 28.39 0.221 54.09
S2 0.249 36.59 0.125 101.17 0.06 153.01 0.053 177.94
MK3 0.07 141.26 0.041 239.61 0.027 308.47 0.028 341.25
M4 0.049 110.10 0.03 261.64 0.015 350.85 0.014 30.99
MS4 0.039 236.95 0.022 22.15 0.011 109.57 0.008 154.10
MN4 0.017 2.17 0.009 156.61 0.005 256.09 0.004 299.08
M6 0.005 223.8 0.013 79.98 0.011 202.85 0.008 265.33
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Hicks (2006) and Kuang et al. (2017), the time corresponding
to the phase lag of the tidal constituent can be estimated
by the following:

Time = X Teont.,

G
360
where AG is the phase lag between two locations and
Teont. is the period of the tidal constituent. The results re-
vealed that the phase lags of the semi-diurnal constituents
increase faster than the phase lags of the diurnal con-
stituents. This is mainly related to the effect of friction,
which is proportional to the square of the wave speed
(Parker, 2007); that is, wave speeds of semi-diurnal con-
stituents are slower than those diurnal constituents. How-
ever, according to Hicks (2006), the speed of the tidal con-
stituents is 360°/ Tone ; hence, semi-diurnal constituents de-
cay faster than the diurnal constituents under the effects
of friction. This result is consistent with the theoretical in-
dication of Godin (1999), which illustrated that the decay
rate of the tidal constituents is frequency-dependent; that
is, constituents with higher frequencies decay faster. The
phase lag of M2 (Ty; = 12.42 hours) between Faw and Si-
han stations reaches 63.74 degrees; that is, high water, or
wave crest, takes about 2.19 hours between these two sta-
tions. By taking into account that the distance between Faw
and Sihan stations reaches 55 km, hence tidal wave propa-
gates with speed at about 25 km/h. As the tidal wave moves
further upstream, a pronounced delay in speed occurs. The
phase lag of M2 reaches 46.07 degrees between Sihan and
Abo Flous stations, and hence, high water needs about 1.58
hours to cover the distance between these two locations.
The distance between Sihan and Abo Flous is about 31 km,
and consequently, the tidal wave propagates at a speed that
reaches 21 km/hour. The phase lag reaches 135.51 degrees
between Faw and Basrah station; that is, about 4.67 hours
are required for the tidal wave to move from Faw to Basrah
station. The phase lags of the S2 and N2 exhibited a simi-
lar evolution trend as M2 but with a few different magni-
tudes as a result of their different periods. Additionally, the
phase lags of the diurnal constituents also showed gradual
increases towards upstream. For instance, the phase lag of
K1 between Faw and Basrah stations reaches 87.05 degrees.
Based on the period of the K1, which equals 23.93 hours,
the time required by this wave to move from Faw to Basrah
station reaches 5.78 hours. However, since the wave speed
of K1 is about half of the speed of M2 (Hicks, 2006), and by
comparison of the time required by M2 and K1 to move from
Faw to Basrah stations, it is obvious that semi-diurnal con-
stituents experience a large delay along the estuary. Mean-
while, the phase lags for the shallow water constituents are
related to their frequencies and increase faster than the as-
tronomical constituents towards upstream under the effect
of nonlinear friction.

3.2. Tidal asymmetry

Tidal asymmetry can be created by the combinations of two
or more constituents, both astronomical or mixed between
astronomical and shallow water constituents (Guo et al.,
2019; Provost, 1991; Song et al., 2011).

The results of the harmonic method indicated that the
relative phase relation between M2 and M4 (204, — 6u,)
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at the Faw station is 87.06 degrees and varies along the
estuary with 63, 65.93, and 77.19 degrees in Sihan, Abo
Flous, and Basrah stations, respectively. Hence, according
to Aubrey and Speer (1985), SARE exhibits a flood domi-
nance behavior if only the M2-M4 interaction is taken into
account. According to Lu et al. (2015), the M4/M2 amplitude
ratio that is greater than 0.01 indicates the significant tidal
distortion in the tidal system. In SARE, this ratio ranged be-
tween 0.061 and 0.067 and exhibited an inconsistent evolu-
tion trend by increasing from Faw towards Sihan, and then,
it displayed a little reduction towards the other stations.
However, the evolution of this ratio depends on the behav-
ior of both M2 and M4. The spatial distribution of this ratio is
highly dependent on the local geometry of the estuary, and
when it increases, it refers to the large transfer of energy
from M2 to M4.

Tidal asymmetry was investigated further by the tidal
skewness metrics. Following Song et al. (2011), the tidal
asymmetry in SARE can be induced by several interac-
tions, such as M2-M4, M2-K1-O1, M2-S2-MS4, M2-K1-MK3,
M2-N2-MN4, and M2-M4-Mé6. However, the relative phase
relations for all these interactions ranged between 5 and
179 degrees, suggesting a flood dominance tidal asymme-
try in the estuary. These results are mainly consistent with
the observed longer period of the ebb tide than the flood
tide and are in agreement with the previous indications of
Abdullah (2014). Figure 3 displays the mean values of the
tidal skewness at all stations. Positive values of tidal skew-
ness were observed at all stations, indicating a longer pe-
riod of the falling tide than the rising tide. The steadily in-
creasing tidal skewness reflected the continuous tidal wave
deformation towards the upper reaches of the estuary.

The highest values of tidal skewness were recorded at
Basrah and Sihan stations, indicating the nonuniform behav-
ior of tidal wave deformation along the SARE. However, in-
creasing the tidal skewness at the middle reaches of the
estuary, that is, at Sihan station, could be mainly attributed
to the local characteristics of the estuary as well as to the
freshwater inputs from the Karun river, which is sufficient
to prolong the ebb duration, and consequently more tidal
deformation at this region will occur. Similar behavior of
nonuniform tidal wave deformations was observed in sev-
eral estuaries in the world, that is, the upper St. Lawrence
(Godin 1985, 1999), the Amazon estuary (Gallo and Vin-
zon, 2005), and Changjiang river estuary (Guo et al., 2019).
Furthermore, Figure 3 illustrates the contributions of the
six combinations to total tidal skewness. The nonlinear in-
teraction between M2 and its first harmonic M4 appears
to be the dominant contributor to tidal asymmetry, with
a gradual evolution along the estuary. This interaction ac-
counts for 49.17, 51.73, 54.67, and 54.45% of the total
skewness at Faw, Sihan, Abo Flous, and Basrah stations, re-
spectively. However, asymmetry generated by this interac-
tion is traditionally increased by the reduction of M2 ampli-
tude and generation of M4, and obviously, this is the case
at SARE, which displayed a large reduction of the M2 am-
plitude towards inland stations. Such behavior was com-
monly recorded in many estuaries around the world, like the
Amazon estuary (Gallo and Vizon, 2005), Yangtze estuary
(Lu et al., 2015), and Pearl river delta (Zhang et al., 2018).
The interaction of the astronomical M2-K1-01 triad repre-
sents the second main contributor to the tidal asymmetry,
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Figure 3  The contributions of the six combinations to total tidal skewness along the Shatt Al-Arab river estuary.
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Figure 4 The mean value of relative sensitivity coefficient for different constituents amplitudes contributing to total tidal skew-
ness by M2-M4 (A), M2-K1-O1 (B), M2-S2-MS4 (C), M2-K1-MK3 (D), M2-N2-MN4 (E), and M2-M4-Mé6 (F) along the Shatt Al-Arab river

estuary.

accounting for 32.18, 26.26, 21.03, and 18.42% at four sta-
tions, respectively. However, although a substantial decline
in the skewness of this interaction occurs towards the in-
land direction, due to the large reduction of the amplitudes
of astronomical constituents, the tidal asymmetry induced
by this triad combination is a flood dominant in SARE. This
indicates that the tide is mostly a flood dominant in offshore
before entering the estuary. It is well known that the north-
ern Arabian Gulf is a shallow water region with maximum
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depths that do not exceed 20 m (Lafta et al., 2019). Hence,
the nonlinear friction in shallow water plays a fundamen-
tal role in tidal wave deformation in the northern part of
the gulf, resulting in the retard of the tidal wave propa-
gation around low tides to high tides. Similar behaviors of
the M2-K1-01 interaction were observed in some estuarine
systems, such as the Cochin estuary (Vinita et al., 2015) and
Yangtze estuary (Yu et al., 2020). The M2-52-MS4 interaction
seems to be the third contributor, participating by about
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9—10% to the total skewness. The considerable attenuation
of both M2 and S2 constituents inside the estuary gave rise
to this interaction. However, Song et al. (2011) indicated
that, in mixed semi-diurnal tidal systems, M2-52-MS4 inter-
action plays a fundamental role in the tidal asymmetry in
such systems. The fourth important interaction was M2-M4-
M6 with contribution percentage rising from 2% at Faw to
10% at Basrah station. This rise was expected as the M2 con-
stituent experiences more reduction in the upper reaches
of the estuary. The interaction of K1-M2-MK3 seems to have
a secondary effect on the tidal asymmetry at all stations,
with the largest contribution reaching about 5% at Basrah
station. While the M2-N2-MN4 interaction has a minor role
in the total asymmetry with the contribution not exceeding
2%, this can be attributed to the small amplitudes for both
N2 and MN4 constituents.

3.3. Influence of tidal evolution on tidal
asymmetry

Sensitivity analysis is conducted to quantify the response of
the tidal skewness to the evolution of the tidal constituents
along SARE. Figure 4 illustrates the relative sensitivity co-
efficients for the six combinations contributing to the tidal
asymmetry in SARE. The results revealed that RSC for M2
amplitude is negative for all six combinations. This implies
that the tidal asymmetry is enhanced by a reduction in the
M2 amplitude. The tidal asymmetry induced by the M2-M4
combination is mainly intensified by increasing M4 ampli-
tude and decreasing the M2 amplitude. However, our results
showed a relative reduction in the M4 amplitude, which is
expected to minimize the tidal skewness of M2-M4 along the
estuary. In contrast, a substantial increase in tidal skewness
of M2-M4 was observed towards the upper reaches of estu-
ary. This behavior is mainly due to the large reduction in
the M2 amplitude in comparison with M4 amplitude along
the estuary. Regarding tidal skewness induced by the M2-K1-
01 combination, the relative sensitivity coefficient implies
that tidal asymmetry is enhanced by increasing K1 and O1
amplitudes and decreasing the M2 amplitude. The results
indicated that tidal skewness that resulted from M2-K1-0O1
asymmetry experienced a significant reduction towards the
upper reaches of the estuary, despite the substantial atten-
uation of M2 amplitude. However, both K1 and O1 ampli-
tudes showed a large reduction as they propagate towards
the inland direction, leading to an obvious minimizing of
the M2-K1-O1 asymmetry. The sensitivity coefficient of M2
for the M2-M4-Mé6 combination is also negative. The tidal
asymmetry induced by this combination undergoes a signif-
icant increase towards the inland areas and is associated
with a large reduction that occurs in the M2 amplitude, in
the same way as the M2-M4 combination. The sensitivity co-
efficients of M2 for the remaining combinations, including
M2-S2-MS4, M2-K1-MK3, and M2-N2-MN4, are also negative.
However, all these three combinations illustrated a relative
increase along the estuary due to the reduction that occurs
in M2 amplitude. Consequently, the reduction of M2 ampli-
tude plays a fundamental role in intensifying the tidal asym-
metry in SARE.
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4. Conclusions

In this study, the water level measurements indicated that
the tidal wave experiences pronounced damping when prop-
agating towards the inland direction. Consequently, the fric-
tion effect was overcoming the convergent nature of the
estuary. The maximum tidal ranges at the seaside station
were 3 and 2.5 m in spring and neap tides, respectively, and
decreased in the upper reaches of the estuary. The results
of the harmonic analysis indicated that the amplitudes of
the principles diurnal K1 and O1 and semi-diurnal M2 and S2
experience considerable reductions towards the inland di-
rection under the effect of friction and the geometry of the
estuary. Hence, in this context, higher and compound tides
were generated.

Six possible interactions, including the astronomical and
nonlinearities to the total asymmetry, were evaluated. The
main contributor to the tidal wave deformation coincides
with the interaction of M2 and M4 at all stations, followed by
other interactions. The results of both the harmonic method
and the tidal skewness method demonstrated that SARE ex-
hibited a flood dominance nature of tidal asymmetry. The
nonuniform behavior of tidal asymmetry was recognized.
The Basrah and Sihan stations presented a more tidal wave
deformation due to the local characteristics as well as the
effect of the freshwater inflow. The relative sensitivity co-
efficient of M2 appears to have the largest values in all com-
binations; hence, the tidal asymmetry of SARE is mainly sen-
sitive to variations in the M2 amplitude.

It is worth mentioning that the results obtained are
mainly based on the water level measurements and focused
on the tidal duration asymmetry due to the lack of flow ve-
locity data. Hence, it is highly recommended to investigate
the velocity asymmetry that is directly correlated with the
sediment dynamics and morphological evolution in coastal
systems. Additionally, it is highly recommended to study the
influence of the river discharge variations on the tidal dy-
namics. This could be conducted based on the numerical
modeling techniques.
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KEYWORDS Abstract Species aggregation has important implications for population survivorship and eco-
Habitat logical functioning in many habitats, including rocky intertidal shores, which have been valu-
heterogeneity; able to research for understanding ecological patterns and process. Intertidal gastropods of
Cerithiidae; the family Cerithiidae often form extensive aggregations for which the driving mechanism may
Intertidal snails; be positive thigmotaxis, i.e. movement occurring until an obstructing surface is contacted,
Patchiness; then cessation of movement. However, it is unknown if thigmotaxis may occur by cerithiids
Over-dispersed contacting and aggregating around uneven surfaces of the rock topography, or by contacting
distribution; other conspecific individuals. We quantified aggregation patterns in invertebrate assemblages
Intertidal ecology and topographic complexity at intertidal rock platforms in NW India with extensive cerithiid

populations. The cerithiids Clypeomorus moniliferus and Cerithium caeruleum were the most
common species. Distribution analysis confirmed significant over-dispersion indicative of ag-
gregation (densities were often around zero but occasionally reached up to 680 dm~2). Multi-
variate correlation analyses showed that topographic complexity contributes to overall species
assemblage variability, but there was no evidence that topographic complexity correlates with
cerithiid abundances or was likely to affect their aggregation. Thus the thigmotaxis produc-
ing cerithiid aggregation is probably associated with individuals contacting each other rather
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than any feature of the rock surface such as crevices or raised areas. Overall, while some
components of species assemblages were associated with complex topography, regarding the
abundant cerithiids, potential population benefits from aggregation (e.g. reduced desiccation
and temperature) may be expected on rocky shores with any level of topographic complexity.

© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host-

ing by Elsevier

B.V. This

is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Aggregation or spatial patchiness is one of the most im-
portant population features to evaluate for understanding
processes controlling species distribution (He et al. 2000)
and consequent wider implications (e.g. setting conserva-
tion priorities for species of concern or quantifying the fer-
tilization and reproductive capability of broadcast spawn-
ers; e.g. Button, 2008; Green and Ostling, 2003). Ag-
gregation may be related to biotic factors such as pre-
dation defence (Ray and Stoner, 1994) and food supply
(Lauzon-Guay and Scheibling, 2009; Lapointe and Sainte-
Marie, 1992; Schmitt,1987) or to environmental factors
such as habitat complexity (Stafford and Davies, 2005)
and environmental harshness (Chapperon et al., 2013;
Rojas et al., 2013). Aggregations can have impor-
tant ecological implications such as increased popu-
lation survivorship and altered interactions with co-
occurring species (Stafford and Davies, 2005; Stoll and
Prati, 2001). There can also be implications related to eco-
nomic use of species as resources (Hallier and Gaertner,
2008).
Invertebrates
(Aguilera and

shores
2011;

on rocky
Navarrete,

including
Coleman, 2010;
Moisez, et al. 2020), gastropods (Chapman and
Underwood, 1996; Underwood, 2004) and chitons
(Aguilera and Navarrete, 2011; Grayson and Chapman, 2004;
Montecinos et al., 2020) are often observed to aggregate
or occur in over-dispersed distributions. Past research has
shown that habitat complexity is a main driver of aggrega-
tion for invertebrates in intertidal rocky habitats. Difficulty
of moving through areas of high topographic complexity
of the rock substratum may reduce population turn-over
(Underwood and Chapman, 1989) and cause higher densities
compared to habitat patches of less complex topography
(Chapman and Underwood, 1994). Alternatively, a complex
rocky intertidal topography may involve crevices and other
features where susceptible species aggregate to avoid
harsh environmental conditions (Montecinos et al., 2020;
Stafford and Davies, 2005) or predation (Garrity and Lev-
ings, 1981). Although if predators themselves use crevices,
then any prey aggregation may involve higher abundances
outside crevices (Fairweather, 1988). More recently there
has been interest in increasing the scope of our knowl-
edge about intertidal species aggregation to include other
less studied taxa, e.g. research on economically impor-
tant aggregating gastropods in China (Yu et al., 2020)
and on aggregation of poorly studied taxa from cryptic
intertidal habitats done by Grayson and Chapman (2004).
Stafford et al. (2008) did computer simulations of in-
tertidal gastropod aggregation behaviour in connection

limpets
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with availability of crevices and trail following. Crevice
abundance appeared important in determining aggregation
patterns. However for broadcast spawning species aggrega-
tion behaviour also develops on flat rock. These simulations
highlighted the potential complexity of influences from
topographic features toward affecting aggregation, which
could be followed up with observational or experimental
testing.

Rocky intertidal gastropods such as cerithiids and lit-
torinids often have aggregated distributions (Chapman and
Underwood, 1996; Denadai et al., 2004; Moulton, 1962;
Rohde and Sandland, 1975). Cerithiid aggregations may be
formed during movement, involving individuals moving un-
til contact occurs with some obstacle and then cessation of
movement (Moulton, 1962). This has been described as pos-
itive thigmotaxis, i.e. the tendency for individuals to move
into pressure such as from a solid surface. Surfaces caus-
ing thigmotaxis and aggregation might be features of the
rock associated with uneven topography (Moulton, 1962).
Alternatively, it is possible that bodies/shells of other gas-
tropod individuals may be the surfaces most commonly in-
volved in thigmotaxis, in which case aggregation may occur
irrespective of topographical features. In addition, aggre-
gation formation appears to vary among cerithiids, an ex-
ample of apparent lack of aggregation being found for the
low density Cerithium nodulosum populations (2 individuals
per 100 m?) studied by Yamaguchi (1977); this can be com-
pared to the Clypeomorus moniliferum populations studied
by Moulton (1962) which had closely positioned clusters con-
taining hundreds to thousands of individuals. Cerithiids are a
useful taxon for gaining insight about intertidal aggregation
processes because of the wide extent of their distribution
globally across temperate (Garilli et al., 2018) and tropi-
cal shores (Denadai et al., 2004), and due to the apparent
consistency and distinctiveness of the aggregation patterns
that have so far been described (e.g. Moulton, 1962). This
hints at the possibility of related research programmes on
these observations being able to reveal mechanistic eco-
logical understanding with high spatiotemporal consistency
(Underwood et al., 2000). Cerithiids can be considered as
a model research taxon from which research findings can
be applied to other aggregating intertidal species, some of
which are economically important (abalone — Button, 2008;
whelks — Yu et al., 2020). The potential ecological impor-
tance of cerithiids themselves (Nicolaidou and Nott, 1999)
also highlights the usefulness of research to understand
main processes determining distributions of their popula-
tions and functions.

Here we aimed to test hypotheses about patterns of
over-dispersion of intertidal macroinvertebrate distribu-
tions on the Kathiawar Peninsula of Gujarat State in NW
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Figure 1  Map showing the coastal sampling sites near the mu-
nicipality of Veraval in the state of Gujarat in NW India.

India, using an observational study (Underwood et al.,
2000). The Kathiawar Peninsula has extensive intertidal
rock platforms that harbour diverse plant (Ishakani et al.,
2016) and animal (Bhadja et al., 2014) assemblages. The
intertidal biota of this region has been quantified in relation
to different locations and seasons (Misra and Kundu, 2005)
but few studies have revealed specific physical habitat
features that may affect species distribution patchiness.

Cerithiid gastropods are particularly widespread on NW
Indian rocky shores, often with extremely patchy distribu-
tions. This applies to large-scale distributions, with mean
densities per m? found to vary between 30—279 among
different sites and seasons (Thivakaran and Sawale, 2016)
and preliminary observations suggested strong patchiness
may also be common at smaller scales (here cerithiids
were often observed in clusters within areas of about
0.1 m? where most individuals were in contact with each
other). Our specific aim was to quantify intertidal inverte-
brate distributions, focusing on cerithiids, as well as fea-
tures of their habitat. This study tested two main hypothe-
ses: 1) The distribution of cerithiids within rock-platforms
is over-dispersed (confirming significant aggregation pat-
terns) and 2) similar to studies on gastropod aggrega-
tion as mentioned by Chapman and Underwood (1994) and
Meager et al. (2011), cerithiid abundances will positively
correlate with rock topographic complexity. In addition to
tests focusing on cerithiids, this correlation was also tested
of rock topography on the whole invertebrate assemblage
structure.

2. Material and methods

Measurements of macroinvertebrate populations and habi-
tat complexity were taken during low tides at two
sites near Veraval (i.e. 20°55'01.15”N, 70°20'35.29"E and
(20°55'29.36”'N, 70°19'46.28"E) on the Kathiawar Peninsula
(Figure 1) in January 2020. These were selected as ran-
dom sites, with biotic and abiotic structure appearing simi-
lar between them. The Veraval shore has a gently sloping
rock platform at the mid tidal zone below a sand beach
at the high zone. A steep drop-off into deep subtidal wa-
ters occurs at the seaward end of the low intertidal zone.
The nearest settlement is the Veraval municipality approxi-
mately 1—2km from the sampling sites. There are extensive

389

algae present, which includes foliose algae but most notably
non-geniculate coralline algal mats that had a mean cover
of 31% when measured during nearby algal quadrat surveys.
The sampling was done during winter, with mean tempera-
ture of the intertidal rock surface at low tide being 25.18°C
(S.E. = 0.66).

At each site, topographic complexity of the rock sub-
stratum was measured along twenty randomly placed 2 m
transects at each site (40 transects total). Each transect
was separated from other transects by approximately 2—
10 metres. The method for measuring topography was us-
ing a steel chain draped across the undulating rock sur-
face, which can involve a single measurement taken per
quadrat (Aguilera et al., 2014) or multiple measurements
(Beck, 1998). The length of each chain link section was 2.6
cm, allowing the chain to provide a topographic profile of
features such as crevices and boulders that have previously
been shown as important for affecting aggregation of inter-
tidal species of similar body dimension to these cerithiids
(Snyder-Conn, 1979). We laid one chain length along each
transect which had four 20 x 20 cm quadrats placed along
the transect at evenly spaced intervals for sampling densi-
ties of all macroinvertebrates, allowing the biotic data to
be correlated to the linear topographic measurements that
ran through the middle of each quadrat. Complexity of the
rock surface did not appear to differ according to any spe-
cific spatial axis (e.g. the vertical profile from low to high
tide level, compared to the alongshore horizontal profile),
so topographic measurement from a single spatial axis was
considered sufficient for estimating the general topographic
habitat profile within a quadrat.

The first hypothesis was tested using one sample
Kolmogorov-Smirnov goodness-of-fit tests, separately for
each site. This method was previously used by Grayson and
Chapman (2004) for investigating intertidal mollusc ag-
gregation patterns by testing if populations have over-
dispersed distributions among discreet patches of rocky
habitat, but in our study the over-dispersion was tested
among quadrats on a continuous intertidal rock plat-
form. These analyses were done on the most widespread
cerithiid species (Clypeomorus moniliferus and Cerithium
caeruleum) and tested if any patterns of over-dispersion
in observed distributions among quadrats caused significant
differences to the Poisson distributions expected if cerithi-
ids were distributed randomly.

The second hypothesis was tested using permutational
analysis of covariance (ANCOVA) to test the correlation be-
tween cerithiid density (averaged from the four quadrats in-
cluded in each transect) and rock surface topography for the
transect. Site was included as a categorical random factor.
The analysis was done in PRIMER 6 and used the resemblance
measure of Euclidean distance and Type Il Sums of Squares.
Homogeneity of variances was tested with PERMDISP us-
ing medians, equivalent to Levene’s Test (Anderson et al.,
2008). ALl PRIMER analyses used 9999 permutations.

Lastly, the total invertebrate assemblage (molluscs,
arthropods, annelids and cnidarians) was analysed using
the Distance Based Linear Modelling (DistLM) function in
PRIMER, correlating multivariate assemblage structure (bi-
otic data) with the ratio values characterising topographic
complexity (environmental data). Data were combined from
both sites. Biotic data were fourth-root transformed to re-
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Figure 2

Frequency distributions showing proportions of quadrats (20 x 20 cm) having different abundances of the cerithiid

gastropod species Clypeomorus moniliferus (A, B) and Cerithium caeruleum (C, D) sampled at two sites on the rocky intertidal
coast of Veraval. Grey bars show the measured frequency distributions of the actual populations; white bars show the calculated
Poisson distributions expected if the populations were distributed randomly. In all cases the actual and Poisson distributions differed
significantly (one-sample Kolmogorov-Smirnov goodness-of-fit tests).

duce the influence of abundant taxa. These data were plot-
ted using Principle Coordinates (PCO) with vectors added to
visualise which sample groups were associated with which
different taxa and values of the topography variable.

3. Results

A total of 24 macroinvertebrate taxa were observed, mostly
gastropod molluscs (Table 1). Two species in the family
Cerithiidae were observed in large abundances (Clypeo-
morus moniliferus with mean density per quadrat of 21.01
(S.E. = 3.58) and Cerithium caeruleum with 3.71 (0.76))
and two others more rarely (Cerithium zonatum 0.04 (0.03)
and Rhinoclavis sinensis 0.01 (0.01)). Analyses were done on
the large populations of C. moniliferus and C. caeruleum.
For both species at both sites, observed frequency distri-
butions among transects differed to the distributions ex-
pected if cerithiids were distributed randomly (Table 2).
They were often sparsely distributed in or absent from the
majority of quadrats, while smaller proportions had densi-
ties up to 680 dm=2 for C. moniliferus (Figure 2a,b) and
136 dm~2 for C. caeruleum (Figure 2c,d), confirming sig-
nificantly over-dispersed distributions indicative of aggrega-
tion. However, in one case (C. caeruleum at site 2), the dis-
tribution expected with random (Poisson) distribution had
similar proportions of samples with large densities com-
pared to the empirical data (Figure 2d), so in this case
the significant difference in frequency distributions may be
largely attributable to the large proportion of vacant/low-
density quadrat samples.
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There was highly variable topographic complexity on the
sampled rock platforms, indicated by measurements of the
ratio of the chain length (that followed the contours of the
rock surface) to the linear length of the transect (2 m); val-
ues ranged from 0.717 to 0.995. The ANCOVA revealed no
correlations between cerithiid abundances and topographic
complexity (Table 3). The only significant effect was from
the random site factor for C. moniliferus (Table 3).

The multivariate assemblage structure was significantly
correlated with measures of topographic complexity (DistLM
— Pseudo-F = 3.128, P = 0.015). However, there was an
R? value of only 0.076 so topographic complexity explained
relatively minor amounts of the total variation. The vectors
on the PCO plot (Figure 3) showed that hermit crabs and
Siphonaria spp. limpets were most strongly associated with
the samples from rock surfaces with more complex/uneven
topography.

4. Discussion

Aggregated distributions on the scale of metres are com-
mon for invertebrates on rocky shores (Aguilera and Navar-
rete, 2011; Chapman and Underwood, 1996; Coleman, 2010;
Grayson and Chapman, 2004; Moisez et al., 2020;
Montecinos et al., 2020). Even so, the high levels of such
patchiness for varied species on the Veraval shore was strik-
ing. This suggests that the processes causing patchiness on
other shores are acting strongly here, or other processes are
involved. For some intertidal gastropods, patchiness may be
caused by aggregation in areas of abundant food (Lauzon-
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Table 1 List of total numbers of macrofaunal taxa found in January 2020 during the sampling at two sites on the intertidal rock platforms at Veraval.
Phylum Class Order Family Species/common name Authority Site 1 Site 2
Mollusca Gastropoda Caenogastropoda Cerithiidae Clypeomorus moniliferus Kiener, 1841 831 2531
Cerithium caeruleum G. B. Sowerby Il, 1855 224 369
Cerithium zonatum W. Wood, 1828 0 6
Rhinoclavis sinensis Gmelin, 1791 0 2
Neogastropoda Muricidae Murex brunneus Link, 1807 1 0
Purpura panama Roding, 1798 1 1
Conidae Conus cumingii Reeve, 1848 0 1
Conus figulinus Linnaeus, 1758 0 1
Melongenidae Tylothais savignyi Deshayes, 1844 2 1
Cycloneritida Neritidae Nerita albicilla Linnaeus, 1758 2 0
Systellommatophora Onchidiidae Paronia verruculata Cuvier, 1830 1 1
Patellogastropoda Nacellidae Cellana karachiensis Winckworth, 1930 3 0
Trochida Turbinidae Lunella coronata Gmelin, 1791 13 70
Sacoglossa Limapontiidae Placida sp. — 4 0
Siphonariida Siphonariidae Siphonaria spp. — 21 42
Nudibranchia Plakobranchidae Elysia sp. — 0 11
Polyplacophora Chitonida Chitonidae Rhyssoplax peregrina Thiele, 1909 2 2
Arthropoda Malacostraca Stomatopoda Squillidae Gonodactylaceus sp. — 0 2
Decapoda Pilumnidae Pilumnus vespertilio Fabricius, 1793 2 0
Plagusiidae Plagusia squamosa Herbst, 1790 0 1
= Unidentified hermit crabs = 143 155
Annelida Polychaeta Sabellida Sabellidae Sabella pavonina Savigny, 1822 0 6
Cnidaria Anthozoa Actiniaria Actiniidae Aulactinia veratra Drayton in Dana, 1846 1 0
Gyractis sesere Haddon & Shackleton, 1893 0 3

G6£—/8€ (2202) ¥9 pis0joUD3ID
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Table 2 Statistical details from the one-sample Kolmogorov-Smirnov goodness-of-fit tests done on two cerithiid gastropod
species at two sites on the Veraval coast. Gastropod distributions among quadrats were compared to Poisson distributions
expected if distributions are random, with significant values representing population over-dispersion.

Species Site Max. deviation D Kolmogorov-Smirnov test statistic ks P

Clypeomorus 1 0.80 5.06 <0.001
moniliferus 2 0.38 2.37 <0.001
Cerithium 1 0.75 4.74 <0.001
caeruleum 2 0.56 3.56 <0.001

Table 3 ANCOVA on abundances of two intertidal gastropods testing effects of topographic habitat complexity (continuous
variable) and random site (categorical variable). PERMDISP tests showed that variances were homogenous.

Species Source DF MS F P
Clypeomorus Habitat complexity covariate 1 46.44 0.1 >0.5
moniliferus Site 1 4294.30 10.32 <0.001
Residual 37 416.20
Cerithium Habitat complexity covariate 1 0.51 0.00 >0.75
caeruleum Site 1 31.24 1.32 >0.25
Residual 37 23.60
40—
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Figure 3  PCO ordination showing the structure of macroinvertebrate assemblages in quadrat samples of intertidal rock platforms

at two sites near Veraval (Site 1 has black symbols, Site 2 grey). Vectors are included showing the macroinvertebrate taxa with
strongest correlations to sample points (Pearson correlation R? > 0.25) and the sampling points associated with the measured
environmental variable (topographic complexity, highlighted in bold); the vector length represents the strength of the correlation.

Guay and Scheibling, 2009). The cerithiids here have a
highly generalised diet including microalgae and detritus
that can be taken from surfaces such as on rocks, mud,
seaweeds, or seagrasses (Ayal and Safriel, 1982). Here we
did not quantify these potential food sources but their gen-
eralised nature may be considered to result in a relatively
even spread over rock platforms such as at Veraval, so we
considered that food supply may not be a feature of prior-
ity to test for explaining this small-scale clustering. There
was evidence that habitat complexity, in the form of un-
evenness of the rock topography, was to a limited extent
structuring the invertebrate assemblage as a whole. Based
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on the current results, however, it may be ruled out that
such habitat complexity is involved in the strong patterns
of cerithiid aggregation at the scale of complexity we mea-
sured, although further studies may consider testing if com-
plexity of the rock surface at different scales may still affect
cerithiid aggregation.

Highly uneven topography may involve the presence
of beneficial crevices and other shelters that produce
some tendency for processes resulting in aggregation (e.g.
Chapman and Underwood, 1994). However, gastropods may
still acquire such shelter using the presence of conspecifics.
For example, although crevices and pits may protect from



Oceanologia 64 (2022) 387—395

temperature/desiccation (Stafford and Davies, 2005) or
predation (Garrity and Levings, 1981), similar protection
may also occur for individuals within dense aggregations
(Ray and Stoner, 1994; Rojas et al., 2013) even on flat rock.
In the case of cerithiid aggregations, the latter situation
may be occurring.

Observations of intertidal cerithiid behaviour in other re-
gions have shown that while feeding at high tide they are
not aggregated, and that cluster formation occurs shortly
before low tide. Clustering possibly occurs via initiation of
the thigmotactic response while moving (Moulton, 1962), al-
though it has been unclear whether thigmotaxis is directed
to features of the rock substratum or to surrounding con-
specifics. Our evidence suggests this situation may likewise
be occurring for Clypeomorus moniliferus and Cerithium
caeruleum in our study location, and that features of the
rock substratum are not involved. Thus, regardless of vari-
ability in topographic complexity, aggregations likely de-
velop in response to the presence of other gastropods. Indi-
viduals of Austrolittorina unifasciata, a similar aggregating
intertidal gastropod studied by Chapman (1995, 1998), fol-
low each other’s trails, and chemotaxis is a potential mech-
anism to allow gastropod individuals to contact each other
during the aggregation forming process. Other features of A.
unifasciata do not, however, relate to the cerithiids studied
here, such as the association of A. unifasciata with complex
rock topography (Chapman and Underwood, 1994). Informal
observations of cerithiids done by Moulton (1962) suggested
a process of desiccation and temperature stress reduction
may occur within cerithiid aggregations, but the study by
Stafford et al. (2012) should also be considered that dis-
cussed the difficulties of confirming any such process.

Although there was no evidence that cerithiids were af-
fected by habitat topography, the multivariate analysis indi-
cated such an effect may occur for hermit crabs and limpets
of the genus Siphonaria. This is similar to results from
Loke et al. (2019) who found that a related limpet in Sin-
gapore, Siphonaria atra, is also associated with uneven in-
tertidal topography. They may be acquiring predation, tem-
perature or desiccation protection by using features of un-
even rocky topography. Snyder-Conn (1979) found that her-
mit crabs can have aggregation patterns similar to cerithiids
(i.e. dispersed distributions during high tide immersion fol-
lowed by aggregation at low tide emersion; Moulton, 1962).
However, hermit crab aggregation was clearly controlled by
topographic features such as crevices and boulders (Snyder-
Conn, 1979). The lack of evidence for such topographic con-
trol in the cerithiids we studied highlights the importance
of testing correlations or effects of substratum features to
understand intertidal invertebrate aggregation, as explana-
tions clearly cannot be extrapolated from one taxon to an-
other, even if the biotic patterns have close similarity.

Shelter seeking aggregation behaviours may be used
by macroinvertebrate prey on the Veraval coast due to
large abundances of intertidal crab and whelk predators
(Bhadja et al., 2014) and the potential for extreme re-
gional summer temperatures (Azhar et al., 2014). Also,
while topographic complexity appears largely ineffectual,
other environmental factors unexplored in this study may
be contributing to gastropods aggregating in certain ar-
eas. For cerithiids, there may be implications from ag-
gregation for survivorship from harsh environmental condi-
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tions or predators, but also for processes such as parasitism
(Cannon, 1979). In addition, for some cerithiids, factors af-
fecting their populations may in turn have consequences for
the wider ecological system, e.g. via changes to biochem-
ical cycling (Nicolaidou and Nott, 1999). These results can
guide further research on factors affecting cerithiid aggre-
gation. Our results indicate plausibility of aggregation being
affected not by topography, but more likely by the alterna-
tive explanation of the presence of conspecifics. This could
be tested experimentally, with aggregation levels measured
following manipulation of densities of conspecific cerithiids
or artificial mimics of cerithiids. Overall, the current study
along with any further related observational or experimen-
tal research will inform our understanding of causes for and
consequences of aggregation behaviour in intertidal inver-
tebrates.
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KEYWORDS Abstract The Chunnambar backwater of Puducherry experienced changes in water quality
Algal bloom; over a period. The most significant impact was the sudden mass fish kill event coincided with
Hypoxia; the Pseudo-nitzschia bloom. On 25" September 2019, a mass fish kill event was reported, i.e.
Fish kill; about a 0.25 metric ton (MT) floating on the water surface. On 29t September 2019, a much
Water quality; larger (~1 MT) than the earlier incident had occurred. Sampling was carried out to assess the
Puducherry; causes thereof. The results indicate that high organic matter and bacterial loads accumulated
India in the water and sediment due to the closure of the river mouth for an extended period. High

ammonia (61.4 wM) and phosphate (6.2 uM) levels attributed to eutrophic conditions in the
water column and hypoxemia due to low dissolved oxygen (1.62 mg/L at St.1 and 2.4 mg/L
at St.5) and algal bloom were the proximate cause of these sudden fish kills. We recommend
periodic dredging to facilitate proper water exchange between the backwater and the sea.
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The mass fish kill in the rivers, lakes, estuaries, and
coastal waters are (Hoyer et al., 2009; La and Cooke, 2011),
usually triggered by abrupt changes in environmental pa-
rameters, i.e., salinity, temperature, pH, and dissolved oxy-
gen (DO), and the introduction of chemicals, toxicants or
pollutants, toxic algal blooms and pathogens (Eissa et al.,
2013; Meyer and Barclay, 1990). These changes can hinder
coastal and marine environments and influence the local
economy, i.e., loss of tourism, fisheries, aesthetic value,
and negatively impact the food web dynamics and nutri-
ent balance (Holmlund and Hammer, 1999). In many cases,
the primary reasons attributed to mass fish kill are nat-
ural and anthropogenic hypoxia (Ram et al., 2014). The
other important factor that triggers fish kill is toxic algal
blooms (Kangur et al., 2005). Certain species of diatom
like the genus Pseudo-nitzschia produce neurotoxin domoic
acid (DA) is responsible for the neurological disorder known
as amnesic shellfish poisoning (ASP) (Pulido, 2008), can af-
fect fish and other organisms (Galvao et al., 2009). Excess
nutrient input is a primary concern in many coastal areas
(Carpenter et al., 1998; Rabalais et al., 2002) and induce
the growth of phytoplankton, some harmful algal blooms,
high organic matter, hypoxic or anoxic conditions, and mass
mortality of biota (Anderson et al., 2008; Glasgow and
Burkholder, 2000). Various developmental activities intro-
duce a significant amount of organic matter and nutrients,
typically untreated or partially treated sewage released
into the rivers and estuaries, accelerate hypoxia and the
eutrophication processes (Villate et al., 2013). Coastal hy-
poxia (DO < 2.0 mg/L, or approximately 30% saturation) is
a major threat to coastal ecosystems globally (Ram et al.,
2014; Zhang et al., 2010). Mortality occurs if oxygen lev-
els drop below a critical concentration depending on the
fish species. Fishes in the water bodies likely evade ad-
verse environmental conditions to overcome the harmful
surroundings. However, if a large proportion of the wa-
ter bodies are suddenly affected, fishes cannot absorb the
ecological stress and relocate, resulting in mass mortal-
ity. In the past, mass fish kill events in the Indian coastal
waters have been reported, i.e., Tapti Estuary of Gujarat
(Ram et al., 2014), Kokilamedu, Ennore, and Adyar estuary
of Tamil Nadu (Raja et al., 2019; Sachithanandam et al.,
2017; Venugopalan et al.,1998).

Puducherry, a union territory (UT) coastal city, is one
of India’s most visited tourist destinations, surrounded by
the Bay of Bengal on the eastern side and Tamil Nadu
state on the other three sides. A backwater known locally
as Chunnambar lies in the southern part of the city adja-
cent to the popular Paradise Beach, attracts many tourists
for recreational activities, i.e., swimming, sailing, boating,
sunbathing, and wading. The city has a population of around
735,000 (as per the 2011 census). There are six major indus-
tries in the UT of Puducherry manufacturing paper, alcoholic
beverages, chemicals, and pharmaceuticals. Around 40 mil-
lion liters per day (MLD) of domestic sewage is being gener-
ated, of which 31 MLD is treated in situ and the remaining 9
MLD is lost into the drains and rivers (Govt. of Puducherry,
2019). The region experiences a tropical sub-humid climate
with an annual mean temperature of 25°C and average
yearly precipitation of 1200 mm (Solai et al., 2010).

On 25% September 2019, the Puducherry Pollution Con-
trol Committee (PPCC) was informed by the locals about the
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incident of a large number of dead fishes floating near the
boathouse (St.1) of Chunnambar backwater (Figure 1). To
assess the immediate cause of the fish kill incident, PPCC
carried out a field survey and surface water sampling at four
locations (St.1 to St.4) on 26™ September 2019 (Figure 1).
On 29t™ September 2019, another fish kill incident larger
than the previous one occurred at a different location in
the backwater at St.5 (Figure 1). On 15t October 2019, Na-
tional Centre for Coastal Research (NCCR), Chennai, took
cognizance of the incident and sampled water and sediment
from 6 locations between 9 AM and 1 PM. The sampling loca-
tions are spatially distributed i.e., St.1 to St.5 in the Chun-
nambar backwater, and St.6 at the shore, covering about 1.8
km? of backwater area (Figure 1). Surface water samples
were collected in pre-cleaned polyethylene bottles using a
5L Niskin’s water sampler, then preserved in an icebox and
transported to the laboratory for analysis. A mercury ther-
mometer measured the temperature with an accuracy of +
0.1°C. The water quality probe (/n Situ AQUA TROLL, USA)
measured pH and oxygen saturation. The dissolved oxygen
and biochemical oxygen demand (BOD) were estimated fol-
lowing Winkler’s titration method. Salinity was determined
by Mohr Knudsen’s titration method (Grasshoff et al., 2009).
Millipore membrane, 47 mm diameter filter (porosity 0.45
um) was used for gravimetric determination of total sus-
pended matter (TSM). Dissolved inorganic nutrients (NO;~-
N, NO,~-N, NH4*-N, PO43~-P, SiO4*~-Si, TN, and TP) and the
analytical precision of each nutrient parameters such as
(nitrate+nitrite £ 0.02 M, ammonium + 0.02 wM, phos-
phate + 0.01 uM and silicate + 0.02 M) was adopted by
following the standard protocol (Grasshoff et al., 2009). One
liter of water sample for Chl-a and pheophytin were filtered
through Whatman GF/F, 47-mm-diameter filter (porosity 0.7
mm), and pigment extraction was performed using 90% ace-
tone. Chlorophyll-a (Chl-a) and pheophytin concentrations
were measured by using a UV-visible spectrophotometer
(Strickland and Parsons, 1972). One liter of phytoplank-
ton sample was collected and preserved with Lugol’s io-
dine solution. The samples were settled for 48 hours af-
ter that, the supernatant was siphoned to the volume of
approximately 250 ml. 1 ml of an aliquot of the sample
was taken in a Sedgewick-Rafter counting chamber for enu-
meration of cells under a phase-contrast microscope (Nikon
ECLIPSE Ni), and species were identified following standard
identification manuals (Desikachary, 1987; Sournia, 1970;
Subrahmanyan, 1971). The microbial density from the sur-
face waters was analyzed by the spread plating method on
selective medium plates with 0.1ml of suitable dilutions.
The final counts were expressed in the colony-forming unit
(CFU/mL) followed by APHA (1998). Statistical analyses in-
cluded Factor Analysis (FA) and Canonical Correspondence
Analysis (CCA) on the present water quality data to under-
stand the relationships between variables. FA and CCA were
carried out by using Past 3 statistical software.

The spatial variations of physicochemical and biological
parameters are shown in Table 1. Automatic weather sta-
tion (AWS) data on air temperature, rainfall, wind speed,
and direction for the period 20" to 30" September 2019
provided by PPCC were analysed to understand local mete-
orological influence. The wind speed was in the range of 0.5
to 4 m/s with an average of 2.2 m/s, and wind direction var-
ied from 200° to 250°, predominantly south-westerly. About
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Figure 1  a) Study map with sampling locations; b— c) Fish kill incidents.

15 mm rainfall was recorded on 26™ September 2019. The
daily air temperature followed high and low values consis-
tent with the diurnal variations, between 28 to 32°C except
for two days (22" and 23 September 2019) with the min-
imum value of more than 30°C. Water temperature varied
from 28.6 to 32.9°C. Maximum temperature was recorded
at St.5 during second fish kill incident (Table 1). The pH
ranged from 6.9 to 8.4; the lowest and highest pH was no-
ticed at St.1 on 26 September and 1%t October 2019, re-
spectively (Table 1). Salinity ranged from 26 to 34.9 PSU,
and the highest salinity was observed at St.6 (shore). Total
suspended matter (TSM) varied from 42 to 201.2 mg/L; high
values were observed during the first fish kill incident. The
DO ranged from 1.62 to 10.5 mg/L were recorded during the
study period. Low DO (1.62 mg/L) was recorded at St.1 in
the first fish kill incident whereas, DO was 2.4 mg/L at St.5
in the second incident (Table 1). The maximum DO (10.5
mg/L) was recorded at St.4 might be due to high oxygen
saturation (177.1%) in the water column (Table 1). Nitrite
concentration ranged from 0.2 to 0.5 wM, with an average
of 0.33 uM. Nitrate and ammonia ranged from 1.2 to 4.7
wM and 2.5 to 61.4 uM, respectively. The maximum value
was recorded at the mass fish kill location (St.5, Table 1).
High nitrate and ammonia values revealed the degradation
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and decomposition of fishes after the fish kill incident. Sim-
ilarly, phosphate values varied from 1.2 to 6.2 uM, and the
maximum was observed at St.5 (Table 1). High phosphate
characterizes the decomposition process, and the adjacent
location at St.4 (4.35 uM) signifies the impact of the inci-
dent. Silicate varied from 4.9 to 148.2 uM, and the max-
imum value was recorded at St.5 (Table 1), indicating the
riverine input of silica into the water.

During the sampling period, a prominent discolouration
of the surface water was noticed, attributed to the bloom
of Pseudo-nitzschia, resulting in long, dense golden-brown
patches (Figure 2a,b,c) spreading over about 1 km? in
the backwater. Phytoplankton density ranged from 94,800
Nos/L to 589,600 Nos/L (Table 1). A total of 31 species
of phytoplankton belonging to four groups, such as di-
atoms, dinoflagellates, green algae, and cyanobacteria,
were recorded. Diatoms (67%) constituted the most dom-
inant group, followed by dinoflagellates (17%), green al-
gae (11%), and cyanobacteria (5%). Eutrophic waters con-
sequently favor algae proliferation, causing algal bloom and
the onset of hypoxic and anoxic conditions (Karim et al.,
2002). The bloom of Pseudo-nitzschia contributed 75% of
the total abundance and was widely distributed in all loca-
tions in the backwater except at St.6 shore water (Table 2).
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Table 1 Physicochemical and biological parameters in the study area.
Parameters Backwater (BW) Shore (SH)
St.1 St.2 St.3 St.4 St.5 St.6
I Il I Il | Il | Il Il Il
Depth (m) - 1.4 - 2.6 - 1.3 - 2.5 1.2 -
AT (°C) 28 29.5 28 32 29 30.6 28.5 31.2 30.6 30
WT (°C) 29 28.6 29.5 30.8 31 29.7 30.5 31.7 32.9 28.8
pH 6.9 8.4 7.1 8.2 7.7 8.2 7.8 8.2 7.6 8.0
Salinity (PSU) 29 28.7 32 28.8 28 28.9 26 29.2 29.5 34.9
TSM (mg/L) 164.7 50 164.3 54.0 201.2 50.0 167.7 42.0 52.0 42.0
DO (mg/L) 1.62 8.3 2.91 6.2 3.90 9.8 4.11 10.5 2.4 6.2
Oxygen Sat % - 149.4 - 98.7 - 153.3 - 1771 39.3 99.1
BOD (mg/L) - 3.7 - 2.9 - 3.5 - 4.5 2.2 3.0
NO; (kM) - 0.3 - 0.2 - 0.3 - 0.4 0.3 0.3
NO;3; (kM) - 4.4 - 2.9 - 1.2 - 1.9 4.7 4.1
NH4 (M) - 6.8 - 8.2 - 4.9 - 2.5 61.4 2.8
PO4 (LM) - 2.9 - 2.4 - 2.8 - 4.3 6.2 1.2
Si04 (LM) 73.6 9.3 80.2 73.8 66.4 90.8 62.0 113.1 148.2 4.9
Chl-a (mg/m?3) - 188.8 - 210.9 - 203.0 - 98.9 43.2 34.7
Phaeo (mg/m?3) - 46.9 - 15.6 10.7 11.8 1.4 4.1
Phytoplankton - 3.82 - 5.90 4.85 3.33 4.57 0.95
(x 105 Nos/L)
THB - 3.44 - 5.28 8.54 4.6 4.36 3.96
(x103CFU/mL)
TC (x103CFU/mL) - 9.5 - 1.3 15.6 6.1 3.1 9.2
FC (x10! - 5.0 - ND 2.0 13.0 ND 9.0
CFU/mL)
ECLO - 9.0 - ND 2.0 ND 14.0 3.0
(x10% CFU/mL)
SHLO - 1.08 - 2.04 1.24 3.32 1.38 2.0
(x10* CFU/mL)
VPLO - 1.12 - 0.38 6.4 1.56 9.3 1.92

(x10* CFU/mL)

| — Fish kill incident on 25.09.2019; Sampling date: 26.09.2019.

Il — Fish kill incident on 29.09.2019; Sampling date: 01.10.2019.

Some species of phytoplankton had occurred commonly in
both shore and backwater. The common species such as
diatoms Rhizosolenia setigera, Navicula longa, and green
algae Chlorella marina were recorded. A high density of
Pseudo-nitzschia cells were found in the backwater and the
gills of the dead fishes. The presence of many cells might
have suffocated the fish by clogging or irritating the gills
leading to asphyxiation. Samples of six fish kill species were
collected and identified (Figure 3a—f). DO levels were be-
low 3 mg/L during fish kill events, and low DO (<2 mg/L)
can cause suffocation of fish and one of the common causes
of fish kills. The decay of algae exhausted the oxygen, and
the decomposition process depleted the available DO result
in massive fish kill (San Diego-McGlone et al., 2008). The
Chl-a ranged from 34.7 to 210.9 mg/m?, and the highest
was recorded at St.2 in concomitant with high phytoplank-
ton population density (Table 1). The values of pheophytin
in the study area varied between 1.4 and 46.9 mg/m3, and
the highest pheophytin concentration was recorded at St.1
(Table 1).

High microbial abundance recorded in the backwater was
attributed to the enrichment of organic matter associated
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with sewage effluent. Total heterotrophic bacteria (THB)
ranged from 3.44 to 8.54 x10° CFU/mL, and the maxi-
mum density was encountered at St.3. Total coliform (TC)
and Faecal coliform (FC) varied from 1.30 to 15.60 x103
CFU/mL and ND (not detected) to 13.0 x10' CFU/mL, re-
spectively. The pathogenic bacteria such as Vibrio para-
haemolyticus like organisms (VPLO) varied from 0.38 to
9.30 x10* CFU/mL, Shigella like organisms (SHLO) from
1.08 to 3.32 x10* CFU/mL and, Escherichia coli like organ-
isms (ECLO) from ND to 14.0 x10? CFU/mL, respectively.
Maximum counts of VPLO and ECLO were found at St.5
(Table 1). In the present case, oxygen depletion in the back-
water might have occurred due to the increasing uptake of
available dissolved oxygen by bacteria during the breaking
down of high organic matter.

The factor analysis was carried out to elucidate the pat-
tern of variation existing in the dataset. Four significant fac-
tors (eigenvalue>1) indicate the total variance of 85.14%
(Table 3). Factor 1 explains 39.52% of the total variance and
strong positive loadings of PO4, NHy4, SiO4 and TN moder-
ate positive loading of water temperature. High phosphate
and nitrogenous substances specify the sewage pollution re-
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Figure 2

a) Discoloration of backwater; b—c) microscopic images of Pseudo-nitzschia.

Figure 3
Mugil cephalus and, f) Strophiodonsathate.

sulting from the untreated sewage drained into the back-
water. Factor 2 explains the 25.71% of the total variance
with strong positive loading of NH4, and NOs, whereas nega-
tive loading of DO%, DO, BOD, and pH. Depletion of DO and
increase of BOD indicate the eutrophic condition in the wa-
ter column due to mostly land and agricultural runoff, do-
mestic and urban sewage. Factor 3 explained 19.91% of the
total variance and detected strong positive loading of phy-
toplankton, Chl-a, and TP. In contrast, a negative salinity
load indicates the presence of excess nutrients, and favor-
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a—f) Six fish species killed; a) Silago sihama, b) Cephalopholis sonerrati, c) Arius arius, d) Leiognathus equidens, e)

able water temperature supports the phytoplankton growth
in the backwater. The tri-plot of CCA was performed to un-
derstand the relationship between the phytoplankton and
environmental variables are presented in Figure 4. The first
three axes explained about 99% of the relationship between
the environmental variables. Axis-1 accounted for 75.85%
of the total variation, was positively correlated with salin-
ity and pheophytin but negatively correlated with WT, NO,,
Si04, and phytoplankton. Axis-2 explained about 16.43% of
the total variation, and it was positively correlated with
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Table 2 Phytoplankton taxa (Nos/ml) in the Chunnambar backwater.

SI.No. Taxa Backwater (BW) Shore (SH) % Comp.
St.1 St.2 St.3 St.4 St.5 St.6 BW SH

1 Asterionellopsis X X X X X 56 0.0 11.8
glacialis

2 Bacteriastrum X X X X 25 X 0.4 0.0
hyalinum

3 Ceratium furca X X 32 29 42 X 1.8 0.0

4 Ceratium tripos X X X 46 X X 0.8 0.0

5 Chaetoceros X 56 X X X X 1.0 0.0
curvisetus

6 Chaetoceros X X X 64 X X 1.1 0.0
diadema

7 Chlamydomonas X X 34 X X X 0.6 0.0
sp.

8 Chlorella marina X X X X 78 34 1.3 7.2

9 Chlorella salina 30 84 X X X X 1.9 0.0

10 Coscinodiscus X X X X X 72 0.0 15.2
centralis

11 Dinophysis X X X X X 28 0.0 5.9
caudata

12 Gonyaulax minima 29 X X X 56 X 1.4 0.0

13 Guinardia striata X X X X X 24 0.0 5.1

14 Leptocylindrus X X X 31 X X 0.5 0.0
danicus

15 Lyngbya elegans X X X 35 X X 0.6 0.0

16 Navicula clavata X X X X X 19 0.0 4.0

17 Navicula longa 24 X X X X 38 0.4 8.0

18 Odontella X X 42 X X X 0.7 0.0
mobiliensis

19 Oocystis sp. X 36 45 X X X 1.4 0.0

20 Oscillatoria 28 X X X X X 0.5 0.0
australis

21 Peridinium X X 18 X X X 0.3 0.0
pentagonum

22 Pinnularia alpina X X X X X 26 0.0 5.5

23 Planktoniella sol X X 23 X X X 0.4 0.0

24 Prorocentrum X X X 20 X X 0.3 0.0
micans

25 Pseudo-nitzschia 729 1026 956 572 1135 X 75.1 0.0

26 Rhizosolenia alata X X X X X 43 0.0 9.1

27 Rhizosolenia 57 106 75 128 92 76 7.8 16.0
setigera

28 Skeletonema X X X X X 58 0.0 12.2
costatum

29 Thalassionema 12 X X X X X 0.2 0.0
nitzschioides

30 Thalassiothrix X X 52 X X X 0.9 0.0
longissima

31 Triceratium X 32 X X X X 0.5 0.0
reticulum
Total taxa 909 1340 1277 925 1428 474 100.0 100.0

NOs, NH4, POy, turbidity, and TSM and negatively correlated
with pH, DO, DO%, BOD, and Chl-a. The study revealed that
the anthropogenic nutrients and salinity were the most im-
portant environmental factors influencing the phytoplank-
ton bloom and hypoxic conditions in the water column re-
sulted in the mass fish kill.
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Usually, fish kills incidents are a major cause of concern
for the coastal water quality and ecosystem health. Our
study demonstrates the impact of untreated sewage load
in the backwater declined the water quality as THB counts
were overall high in the water column. Pollution indicators
such as FC and TC were several folds above the permissi-
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Figure 4 Canonical Correspondence Analysis (CCA) for environmental variables.
intrusion of a huge load of nutrients, viz., nitrate, ammo-
Table 3 Factor Loadings > 0.650000 (Varimax normal- nia, and phosphate levels, were associated with sewage dis-
ized). Extraction: Principal Component Analysis. charge and other anthropogenic and recreational activities
Variables F-1 F-2 F-3 in the backwater. High nitrate, phosphate, ammonia, and
silicate were recorded at the location of the major fish kill.
AT 0.08 0.03 0.3 o - . . .
In addition to this, the algal bloom of Pseudo-nitzschia, high
WT 0.79 0.31 0.02 . . "
bacterial loads, and the hypoxic conditions (1.62 mg/L) at-
pH —0.49 —-0.75 0.41 . s . . .
tributed to the episodic mass fish kill events in the Chun-
DO% —0.1 —-0.99 0.11
salinit _0.48 0.22 —0.84 nambar backwater.
Do Y 0 0'1 _'0 85 _0'21 The present study demonstrates that the discharges from
’ : ’ nearby residential hamlets, tourism activities, untreated
BOD 0.04 —0.98 —0.01 X o
point sources such as Sankaraparani River waters must be
PO4 0.96 0.23 0.09 s . o -
NO 0.65 036 02 maintained as per CPCB water quality criteria and guide-
2 : ; ’ lines. Even though several measures have been imple-
NO3 —0.05 0.69 —0.17 . - -
sio 0.84 0.16 0.12 mented by the local administration and pollution control
4 ) ’ ’ agencies, it is still necessary to focus on long-term solutions.
NH4 0.88 0.75 0.01 . .
It is suggested that appropriate water exchange between
TP 0.21 0.51 0.73 N, .
™ 0.83 —0.08 0.45 the backwater and the sea through periodic dredging and
Chl-a _'0 3 —0.36 0.87 maintenance of the inlet, proper wastewater treatment fa-
’ ’ : cilities, and installation of good aeration systems are some
Phaeo —0.23 —0.35 0.55 . . .
of the immediate measures that need to be implemented
Phyto 0.27 0.14 0.89 . - -
. for improving the Chunnambar backwater quality. The regu-
Eigenvalue 7.1 4.63 3.58 " -
. latory authorities need to regularly monitor the water bod-
% of Variance 39.52 25.71 19.91 ies to assess the changes happening in the water bodies to
Cumulative % 39.52 65.23 85.14 ges happening

ble level [100 CFU/100ml, Central Pollution Control Board
(CPCB), New Delhi], and the variability of pathogenic and
vibrio forms was more pronounced during the study. There
is a dire requirement to develop a framework for safe back-
water use for amusement, contact sports, and fishing. The
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prevent pollution.
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