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ABSTRACT

Boka Kotorska bay is a unique coastal ecosystem in
the south-eastern Adriatic Sea that has been recently un-
der the increasing influence of human activities. In this
paper, we investigated the temporal distribution of biologi-
cal and environmental parameters and the trophic state of
the Bay. Sampling was conducted weekly from March
2008 to February 2009 in the inner part of the Bay (Kotor
Bay). The phytoplankton biomass ranged between < 1 to
> 4 ug 1" chlorophyll a (Chl a), reaching maximum val-
ues in the late winter and spring period. On the basis of
Chl @ and nutrient concentrations, the study area can be
defined oligo-mesotrophic. Two indicators of the trophic
state, trophic index - TRIX and the pigment ratio - Fp were
calculated from the available physiochemical and biologi-
cal data. The TRIX value ranged from 3.02 to 5.58 (aver-
age 4.11 + 0.66) while the Fp ratio varied between 0.05
and 0.33 (average 0.17 + 0.08). These results indicate a
system that is in a good trophic state, where natural eutro-
phication still dominates over eutrophication of an anthro-
pogenic origin.
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INTRODUCTION

Eutrophication is probably one of the most important
factors affecting coastal marine environments [1]. The
Mediterranean Sea is known as one of the most oligotro-
phic areas in the world [2]. As in many coastal environ-
ments around the world, the coastal regions of the Medi-
terranean are regions of rapid population growth and chang-
ing land-use patterns that have led to increased nutrient
loadings and changes in fresh water flow patterns to coastal
waters, particularly during the last few decades. The Adri-
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atic region is characterized by intensive land-based and
sea-based activities, including urban growth and develop-
ment, commercial and recreational fisheries, tourism and
multinational commerce. Changes in these activities are
widely believed to have significantly reduced the water
quality of the area, manifested as oxygen depletion of bot-
tom water, harmful algal blooms, outbreaks of gelatinous
zooplankton, invasions of non-indigenous species, loss of
habitat and instability of fisheries [3-5].

Boka Kotorska Bay is a relatively large (87 km?) semi-
enclosed bay situated in the south-eastern part of the Adri-
atic Sea. It is surrounded by high karstic mountains with a
population of about 50,000 inhabitants living along its
coasts. Accelerated urbanization of the coastal zone, along
with some years without a developmental strategy and a
lack of spatial planning, and the disrespect of existing regu-
lations, has led to destruction of the coastal zone and sub-
stantially increased nutrient loadings. Monitoring the
changes taking place in the marine environment is quite
difficult because of the lack of historical data on marine
biological communities [6]. In addition to the human influ-
ence, a significant fresh water influx from numerous kar-
stic streams and submarine springs contributes to the unique
ecological characteristics of the Bay, especially in its inner
part (Kotor Bay). Given that this is one of the most inter-
esting transitional areas of the Adriatic Sea for its environ-
mental and strategic characteristics, very little information
is available on the influence of the hydrographical condi-
tions on the biological communities [7, 8].

There is a large amount of literature concerning hydro-
graphic conditions and hydro-chemical properties in rela-
tion to phytoplankton communities in northern and middle
parts of the eastern Adriatic Sea [7-16]. Several studies
used the elemental ratios of dissolved nutrients (N, P and
Si) in marine environments to determine which elements
were likely to be limiting phytoplankton growth in the
Mediterranean Sea [17, 18]. They suggested that productiv-
ity in the SE Mediterranean might be limited by the avail-
ability of phosphorus. A recent Lagrangian phosphorus addi-
tion experiment on surface water of the ultra-oligotrophic
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Cyprus gyre confirmed the idea that the system is phos-
phorus-starved [19, 20]. Furthermore, phosphorous limita-
tion was found to be significant in coastal areas of the
Adriatic Sea [21]. Identification of limiting nutrients is
essential for selecting appropriate nutrient control meas-
ures to mitigate the effects of eutrophication. In addition,
in order to assess the trophic status of the coastal marine
system it is necessary to apply effective tools that are
comparable across waters of different trophic conditions.
Measurements of chlorophyll a concentration and oxygen
saturation enable basic but insufficient information to be
gathered on the trophic status, so more complex indicators
were developed. Vollenweider et al. [22] introduced a com-
plex trophic index (TRIX) based on biological (chlorophyll
a concentration) and physiochemical parameters (oxygen
saturation, minerals and total nitrogen and phosphorus).
We chose to use the TRIX index because it is easy to calcu-
late and contains useable parameters for describing the
trophic state of a system. Deviations of the chlorophyll
a concentration and oxygen level from saturation directly
express productivity, whilst nutritional parameters (total
and available nutrient concentrations in the water column)
provide supplementary information on water quality (trans-
parency). Claustre [23] proposed the Fp ratio, which only
takes into account biological parameters such as phyto-
plankton pigments. The Fp is the ratio of large phyto-
plankton pigment biomass (mainly diatoms and dinoflag-
ellates) to total diagnostic pigment biomass [23] and it is
an estimator of the ratio between new production versus
total production [24]. Both indices present complemen-
tary information as Fp indicates the influence of environ-
mental conditions on phytoplankton community composi-
tion and TRIX indicates the general trophic state.

Fresenius Environmental Bulletin

FEB

The objective of our work was to determine whether
or not the system of Boka Kotorska Bay is dominated by
eutrophication of a natural origin or by eutrophication of an
anthropogenic origin by: (i) investigating temporal varia-
tions in the environmental conditions and phytoplankton
biomass (chlorophyll @) and (ii) assessing the trophic state
using two trophic indices, TRIX and the Fp ratio.

2. MATERIALS AND METHODS

Weekly sampling was carried out at one monitoring
station (BK 1) in the inner part of Boka Kotorska Bay
(Figure 1), from March 2008 to February 2009. Samples
were collected at five depths (0, 2, 5, 10, and 15 m) using
5 1 Niskin bottles (Hydro Bios, Germany). Temperature
and salinity were measured in sifu using a universal meter
(Multiline P4; WTW, Germany). Oxygen concentrations
and saturation values were determined using an oxygen
electrode (Oxy Guard Handy Gamma). Transparency was
determined using a Secchi disc. Dissolved nutrient concen-
trations (phosphate and nitrate) were determined according
to the methods described by Strickland and Parsons [25].
Water samples (1 L) for chlorophyll ¢ measurement were
pre-filtered through a 330 um mesh net to remove large
zooplankton. After filtration through Whatman GF/F pig-
ment extraction was performed in 90% acetone and chloro-
phyll @ concentrations were determined by measuring the
absorbance with a Perkin-Elmer UV/VIS spectrophotome-
ter, and performing calculations according to Jeffrey et al.
[26].

FIGURE 1 - Location of the sampling stations in the Boka Kotorska Bay.
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In addition to weekly sampling at one station (BK1),
samples were also taken seasonally, in April, July, and
November 2008 and at the beginning of March 2009 at
two additional stations (BK2, BK3). Analysis of dissolved
nutrients (nitrate, nitrite, ammonia, total dissolved nitro-
gen, phosphate, total dissolved phosphate and silicate)
and phytoplankton pigment biomarkers was performed on
samples from these stations. Nutrient analyses for these
seasonal samples were performed using a Seal AutoAna-
lyser, with conventional automated methods [27]. Sam-
ples for total nitrogen and phosphorus were analyzed after
wet oxidation (REF) as nitrate and phosphate on the Seal
AutoAnalyser. The concentrations of organic nitrogen and
phosphorus were calculated as the difference between total
nitrogen or phosphorus and their inorganic fractions. Phyto-
plankton pigments were analyzed by reversed-phase high-
performance liquid chromatography (HPLC) [28]. Water
samples (1 1) were filtered through Whatman GF/F filters
and immediately frozen until analyzed. The samples were
later extracted in 4 ml of cold 90% acetone using sonica-
tion and then centrifuged to clarify the extract. The extracts
were mixed (1:1 v/v) with 1 M ammonium acetate and in-
jected into an HPLC system incorporating a C18 3 um
Pecosphere column (3.3x0.45 cm, Perkin Elmer). A binary
linear gradient was used to separate the pigments. Solvent
A consisted of 80:20 (v/v) methanol:1 M ammonium ace-
tate and solvent B contained 60:40 (v/v) methanol:acetone.
Chlorophyll a was detected by absorbance at 440 nm (Spec-
tra Physics, Model UV 2000). Qualitative and quantitative
analyses of individual pigments were performed by exter-
nal standard calibrations using authentic pigment stan-
dards (VKI, Denmark).

The Fp ratio was calculated as described by Claustre
[23] using pigment concentrations: Fp= (fuc + per) / (fuc
+ per + hex + but + zea + chlb + allo) where fuc repre-
sents fucoxanthin, per is peridinin, Aex is 19’-hexanoyloxy-
fucoxanthin, but is 19°-butanoyloxyfucoxanthin, zea is zea-
xantin, chl b is chlorophyll b and allo is alloxanthin.

The trophic index TRIX was calculated according to
Vollenweider ef al. [22]:

TRIX = log (Chla x aD%O x N x P) — (-1.5) / 1.2
where Chla is the chlorophyll @ concentration (pg 1),
aD%0 is the absolute (%) deviation of oxygen from satu-
ration (ABS | 100-%0 | ), N is total inorganic nitrogen (pg
1) and P is total phosphorus (ug 1"). The index is scaled
from 0 to 10.

The relationships between nutrient concentrations, sa-
linity and phytoplankton biomass were statistically ana-
lyzed using Pearson’s coefficient of correlation (r). The
best way to interpret the r value was to calculate the coef-
ficient of determination (r*), which represents the fraction
of variance in the two variables that are shared. The coef-
ficient of determination was used to propose simple linear
models of nutrient concentrations as a function of salinity
in the upper water column (0-2 m) and chlorophyll a bio-
mass as a function of the nutrient concentrations in the
whole water column. All statistical analyses were provided
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using the programs STATISTICA (data analysis software
system), version 8.0. (www.statsoft.com) and StatSoft, Inc.
(2007).

3. RESULTS

The results of temporal changes in temperature from
the weekly sampling at the BK1 station (Figure 2a) showed
a clear temporal pattern, with temperatures below 15 °C
throughout the water column until mid-April, when a
gradual heating of the surface water was recorded, result-
ing in a maximum of 28.2 °C in July. Cooling of the sur-
face water started in August/September, resulting in a mini-
mum of 8.6 °C in the surface water in December, while
the temperatures below a 5 m depth remained >13 °C.
Water of a reduced salinity (<25) was recorded in the
uppermost 2 m of the water column for most of the sam-
pling period, except for the period from mid-July to the
end of September (Figure 2b). The lowest salinity (<5) was
detected in the surface layer in March, whereas the highest
salinity was found in Aug/Sep (36.5). The upper 15 m of
the water column was fully or over-saturated (>100%) with
regard to oxygen (O,) from mid-May to mid-September
(Figure 2c). From mid-September onwards a gradual de-
crease in O, saturation was recorded throughout the water
column and the lowest O, saturation was found in early
February at a 15 m depth.

The phytoplankton biomass, expressed as chlorophyll a
(Chl a), was found to vary in time and space in the weekly
samplings at the BK1 station. The highest Chl a concen-
trations were detected in the winter-spring period (Janu-
ary-March) and reached >10 pg I (Figure 3a). March was
characterized by enhanced Chl @ concentrations (3-4 ug 1™)
throughout the water column, while the Chl a concentra-
tions later in the season were generally lower and associ-
ated with the surface layer (upper 2 m). The transparency,
as measured with a Secchi disk, varied considerably over
the sampling period. The transparency in March and April
varied between 5 and 6 m depth. The lowest transparency
was found in May (3 m) and the highest transparency of
10 m was recorded in September and varied greatly over
time from September to December.

The nutrient concentrations in the weekly samplings
at the BK1 station varied considerably during the one-
year sampling period. The phosphate concentrations were
below or close to the detection limit (<0.1 umol I'") at all
depths from August to February. Higher concentrations
were present from March to May, with concentrations >
0.4 umol I"' (Figure 3b). March and April were character-
ized by nitrate concentrations <2.5 pmol 1" at all depths
(Figure 3c). This short period of reduced nitrate concen-
tration was followed by a long period with concentrations
>7 umol I"' throughout the entire water column (May-
January). The maximum concentrations of nitrate were
measured in December and coincided with the winter
pulses of fresh water, enriched with nitrate.
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FIGURE 2 - Temporal changes in temperature (A), salinity (B) and
oxygen saturation (C) from March 2008 to February 2009 at BK1
station in the Boka Kotorska Bay.

The results of the nutrient analyses from the seasonal
investigations, presented as an average state for all of the
investigated stations, indicated a well-defined nutricline for
all inorganic and organic forms of nutrients with depths
that coincided with the halocline depth (Figure 4). A simi-
lar vertical distribution was determined for the chlorophyll
biomass and the N/P ratio, whereas the N/Si ratio through-
out the water column was relatively uniform. Studies on the
relationship between salinity and the investigated parame-
ters in the upper (0 to 2 m depth) fresh water-influenced
layer revealed a statistically significant negative correlation
between salinity and nitrate, dissolved inorganic nitrogen
(DIN), total dissolved nitrogen (NTOT), silicate (p<0.001)
and nitrite, dissolved organic nitrogen (NORG) and Chl a
at the significance level of p<0.05, respectively (Table 1).
The correlation coefficients presented in Table 1 also indi-
cate statistically significant relationships between some of
the nutrients, but a correlation between the nutrients and
phytoplankton biomass was not established.
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FIGURE 3 - Temporal changes in chlorophyll a (A), phosphate (B)
and nitrate (C) concentrations from March 2008 to February 2009
at BK1 station in the Boka Kotorska Bay.

Regression analysis for salinity and nutrients (p<<0.01)
indicated a linear relationship between these parameters
(Figure 5). The annual averages of concentrations of ni-
trate and silicate in the fresh water are given in the linear
regression equations as y-intercept values (Figure 5).

Further analysis of the data also indicated an influ-
ence of fresh water on the composition of total nitrogen
(TN) and total phosphorus (TP) in this layer. To prove
this hypothesis, we divided all of the data (stations BK1,
BK2 and BK3) into three ranges of salinity (6.2 to 10,
10.3 to 19.3 and 22.9 to 31.5) and found that under condi-
tions of a strong fresh water influence (salinity range 6.2
to 10) the portions of the inorganic and organic fractions
in TN and TP were almost equal (Figure 6), while under a
weaker fresh water influence (salinity ranges 10.3 to 19.3
and 22.9 to 31.5) the organic fraction dominated, both for
TN (65 and 75%) and TP (57 and 62%).
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FIGURE 4 - Average vertical distribution of salinity and nutrient concentrations in the Boka Kotorska Bay.

TABLE 1 - Pearson’s correlation coefficients between salinity and the nutrient concentrations (NOs, nitrate; NO,, nitrite; NH,*, ammonia;
DIN, dissolved inorganic nitrogen; NTOT, total dissolved nitrogen; NORG, dissolved organic nitrogen; PO,*; phosphate: PTOT, total dis-
solved phosphorus, PORG, dissolved organic phosphorus; Si, silicate) and the phytoplankton chlorophyll a concentrations (Chl a, chloro-
phyll @) in the upper (0 to 2m depth) water layer.

Salinity and nutrient and chlorophyll ¢ concentrations

SAL NOy NO, NH," DIN NTOT NORG PO,* PTOT PORG Si

NOy -0,868 ***

NO,” -0,487 * 0,457 *

NH," -0,245 0,430 * 0,146

DIN -0,846 *** 0,992 *** 0,464 * 0,538 *
NTOT  -0,816 *** 0,851 *** 0,352 0,425 * 0,851 ***
NORG  -0,575 * 0,497 * 0,155 0,209 0,490 * 0,875 ***

PO, -0,361 0,469 * 0,205 0,213 0,467 * 0,474 * 0,357
PTOT  -0,122 0,092 -0,021 0,255 0,119 0,135 0,114 0,253
PORG 0,046 -0,127 -0,118 0,158 -0,098 -0,086 -0,052 -0,213 0,891 ***

Si -0,885 *** 0,831 *** 0,419 * 0,029 0,780 *** 0,716 ** 0,469 * 0,384 0,073 -0,106
Chla -0,425 * 0,235 0,357 0,129 0,243 0,349 0,355 0,410 0,350 0,161 0,350

*-significant correlation at p< 0.05; **-significant correlation at p< 0.01; ***-significant correlation at p<0.001.
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Although statistically significant relationships between
chlorophyll ¢ and nutrients were not established in this
layer, additional data, including for the entire water col-
umn, indicated significant positive correlations between
Chl @ and most of nutrients (Table 2). The linear relation-
ships between chlorophyll @ concentrations and some of
the investigated nutrients (NTOT, PO4, PTOT and Si) are
shown in Figure 7.

Table 3 shows the seasonal distributions of the major
phytoplankton pigment concentrations that were used to
calculate the Fp ratios. The seasonal distribution of the
calculated indices: TRIX and the Fp ratios (Figure 8),
showed minimum values in the summer (3.02 and 0.05,
respectively) whereas maximum values were reached in
autumn (5.58 and 0.33, respectively).

TABLE 2 - Pearson’s correlation coefficients between the concentration of phytoplankton chlorophyll @ and nutrient concentrations (Chl a,
chlorophyll a; NOy', nitrate; NO,, nitrite; NH,", ammonia; DIN, dissolved inorganic nitrogen; NTOT, total dissolved nitrogen; NORG, dis-
solved organic nitrogen; PO,*, phosphate; PTOT, total dissolved phosphorus; PORG, dissolved organic phosphorus; Si, silicate) established

in the whole water column.

Chlorophyll @ and nutrient concentrations

Chla NOy NO,’ NH,* DIN NTOT NORG PO,* PTOT PORG
NO; 0.440 **
NOy 0.011 -0.001
NH,' 0.039 0.269 * 0214
DIN 0421 ** 0986 ***  0.033 0.413 **
NTOT 0.475 ***  0.838 ***  _0.065 0.193 0.816 ***
NORG 0404 ** 0535 ***  _0.123 -0.014 0491 **x  0.904 ***
PO> 0.533 *%% 0577 ***  _0.006 0.041 0.548 **% (632 ** 0.548
PTOT 0.500 ***  0.404 ** -0.147 0.199 0.403 ** 0.464 *xx 0.402 ** 0.448 ***
PORG 0.257 * 0.125 -0.161 0.199 0.140 0.161 0.138 -0.066 0.863
Si 0.481 ***  0.873 *** (007 0.032 0.825 *** (778 *** 0.562 ***  (0.541 *** 0401 ** 0.142

*-significant correlation at p< 0.05; **-significant correlation at p< 0.01; ***-significant correlation at p< 0.001.
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FIGURE 7 - Relationships of chlorophyll a and nutrients (NTOT, PO,*, PTOT and Si) in the Boka Kotorska Bay.

TABLE 3 - The maximum and the mean (plus standard deviation) concentrations (ng 1) major accessory pigments for different seasons.

But-Fuco, 19'-butanoyloxyfucoxanthin; Fuco, fucoxantine; Hex-Fuco, 19'-hexanoyloxyfucoxanthin; Allo, alloxanthin; Zea/Lut, zeaxan-

thin/lutein; Chl b, chlorophyll b.

Spring Summer Autumn Winter
Max Mean + SD Max Mean + SD Max Mean + SD Max Mean + SD
But-Fuco 146.46 5147 +4051 19.35 508 +5.78 11.07 2761 173 31.02 15.14 +9.96
Fuco 237.37 137255719 130.88 4653 +37.98 1324.29 232.49+324.64 575.04 251.61 +148.79
Hex-Fuco 669.45 23642 +172.87 113.14 3419 +2585 216.015 8141 +59.08 329.53 167.08 +87.71
Allo 232.60 47.07 +48.05 123.88 18.76 +34.38 544.59 7522 +135.67 22593 4334 +5420
Zea/Lut 151.78 59.84 +41.59 231.87 7753 +66.74 30.02 10.11 +7.27 43.89 2060 +10.01
Chlb 91.63 4378 +2781 21.07 T3T +£5:351 69.21 234 +19.97 258.67 49.11 +52.61
10 L
8 08
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FIGURE 8 - Box & Whisker representation of seasonal TRIX and Fp index in the Boka Kotorska Bay.

1966



© by PSP Volume 20 — No 8. 2011

4. DISCUSSION
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As the Boka Kotorska area is the one of the rainiest
parts in Europe [29], significant fresh water runoff and a
low average tidal amplitude (28.5 cm) [30] throughout the
autumn-spring period generates a pronounced halocline be-
tween 2 and 5 m depth. In our study, minimum salinity
values were recorded in the surface layer in March due to
winter and early spring precipitation events. In spite of the
high phytoplankton production, dissolved oxygen was gen-
erally low in the entire water column with a relatively small
vertical gradient. Lower concentrations of dissolved oxy-
gen in summer are attributed to the oxidation of organic
matter and higher water temperatures prevailing in sum-
mer [31]. Nutrient concentrations in Boka Kotorska Bay
were generally high during the investigated period. The
recorded values were higher in comparison to the values
reported for the Zrmanja river estuary [5, 13], where phos-
phorous was detected as a limiting factor throughout the
whole year and nitrogen sporadically in the summer. In the
SE Mediterranean [17] and middle Adriatic [32], phosphate
is known as the limiting nutrient instead of nitrate, which
is in contrast to many other marine environments that agree
with the results in the current study. According to the
coefficients of determination (r*) obtained in upper layer
(0-2m), 75 to 78 % of the nutrient variations could be ex-
plained by variations of salinity, i.e. by the inflow of fresh-
water to this part of the water column.

The mean monthly values of the chlorophyll @ concen-
trations were high compared to data published elsewhere in
the Mediterranean, such as for the Bay of Trieste [14], the
Tonian sea [33] and Morocco [34], and the north-eastern
Adriatic coast [35, 5], but they were lower than values from
the western port of Aleksandria [31] and the local area of
the island of Mallorca [36].

Chlorophyll a concentrations, as an indicator of phyto-
plankton biomass, are often higher after rainfall, particu-
larly if the rain has flushed nutrients into the water. Chlo-
rophyll a seasonality is characterized by the distinctive
maximum appeared in late winter (February) which was in
concordance with the results for the middle part of Adriatic
Sea [37] and in northeastern Mediterranean [38, 39] where
chlorophyll a concentration increased in late winter. The
coefficients of determination () obtained in current study
indicate that 23 to 28 % of the variations of chlorophyll a
in the Boka Kotorska Bay could be explained by varia-
tions in nutrient concentrations. However, the environ-
mental factors (temperature, insolation, microelements,
etc) could be responsible for additional variations which
effect the phytoplankton community. Also, Chl a is sig-
nificant negatively correlated with salinity (p<0.05),
which suggests the importance of enhanced winter run-off
on the annual phytoplankton biomass balance.

According to the Chl a concentration and the criteria
of Ignatiades et al. [40] and Hakanson [41], the area in the
present study could be described as oligo-mesotrophic.
According to TRIX classification criteria, the investigated
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area is in a good trophic state, with moderately productive
waters and occasional water turbidity, anomalous water
colors and bottom water hypoxia episodes. The values of
TRIX and Fp were similar to those described in the Gulf
of Trieste [42, 43], the northern Adriatic [44], the Gulf of
Gabes [45] and the Ionian Sea [33], indicative of slightly
eutrophic conditions. It seems that these two indicators are
complementary, and we agree with Flander-Purtle and Ma-
lev’s (2003) [46] suggestion that in new studies the TRIX
trophic index needs to include Chl a degradation products
as an indication of the physiological status of the phyto-
plankton community. In this study, we did not include chlo-
rophyll a degradation products but we used the Fp ratio,
which indicated a large phytoplankton pigment biomass
(diatoms and dinoflagellates) to the total diagnostic pig-
ment biomass. The large phytoplankton species are known
to be the main factors responsible for new production [47],
so the basic hypothesis used herein is as follows: the higher
the Fp, the more eutrophic the ecosystem [48].

It seems that in Boka Kotorska Bay changes in physi-
cal, chemical and biological parameters are mainly related
to island-sea water interactions, which mainly depend on
natural factors such as the pattern of rainfall. We argue that
natural eutrophication is still dominant over that of an-
thropogenic eutrophication in Boka Kotorska Bay.
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