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Abstract

Twelve consecutive seasonal surveys were carried out in Klaipeda port, Lithuania, in 2006-08. Water

parameters such as temperature, pH, salinity, dissolved oxygen, particulate material, nutrients (N/NH,,
N/NO;3, N/NOj, P/PO;"), petroleum hydrocarbons, and heavy metals (Cu, Zn, Ni, Pb, Cr, Cd, Hg) were deter-

mined in both the surface and near-bottom water horizons. Total contamination of port waters was evaluated

and the patterns of seasonal and spatial contamination patterns revealed. It was determined that the level of

water contamination in Klaipeda and its separate water arcas depends on the input of pollutants from the

Curonian Lagoon basin and local sources, water circulation patterns, and seasonal dynamics of water para-

meters. As Klaipeda is in a zone of circulation and maximal interface of fresh (from Curonian Lagoon) and

saline (Baltic Sea) waters, its water pollution is associated with the dominant type of water. The highest lev-

els of pollution, in combination with the highest water temperatures, highest concentrations of particulate

material and smallest concentrations of O,, occur in summer, when heavy metals, lead in particular, are the

dominant pollutants in the water.
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Introduction

Contaminants are introduced into aquatic environments
from different anthropogenic sources. Marine ports are sig-
nificant hubs of economic activity and major sources of
pollution [1-2]. Equipment and activities at ports together
with stormwater runoff and effluent discharge cause an
array of serious environmental effects. A large share of oil
contamination is a result of permanent pollution from such
sources as unloading and loading of oil tankers and the
removal of bilge water. Dredging, a routine activity of
ports, causes resuspension of bottom sediments contami-
nated with toxic chemicals, including mercury and other
heavy metals, oil products, etc. [2]. When a water body is
overloaded with nitrogen and phosphorus, a process of
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eutrophication can rapidly increase and become a serious
pollution problem [3]. Multiple contaminants from ports
disperse in the surrounding water basins and may seriously
affect the condition of river and sea water ecosystems [2-4].
As sea ports often are established in the lower reaches, the
water quality in the port basins depends on another very
important factor: the inflow of dissolved and particulate
material from the river basins [2]. Every port is distin-
guished for specific natural and anthropogenic factors
responsible for water contamination levels, spectrum of
pollutants, and dynamic patterns [2-4].

Klaipeda is situated in the Klaipeda Strait, an artery of
permanent water circulation between the freshwater
Curonian Lagoon and the Baltic Sea. Continental freshwa-
ter runoff into the sea is dominant. The river water is col-
lected from a catchment’s area of 100,500 km?. In the
Klaipeda port basin, the continental materials are supple-
mented with pollutants from the port and from Klaipeda
city and diluted by cleaner saline water from the Baltic Sea.
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The character of water circulation in the Klaipeda Strait
depends on the throughput of the strait, which increases
after every dredging of the port basin. In 1976, the naviga-
tion channel was 12 m deep. In 1999, the depth in the north-
ern part of the channel reached 14 m [4]; today it is 14.5-
15.5 m. According to the research data published in 1996
[5], 5.55 km® of water from the Baltic Sea reached the
Curonian Lagoon every year, i.e. 11% more than three
decades before. Today, the inflow of sea water into the
Klaipeda Strait and reciprocal saline water flows into the
sea have acquired the character of a permanent process [6].

There have been few attempts of complex evaluation of
Klaipeda port water [4, 7, 8]. More frequently, hydrochem-
ical indices of Klaipeda Port (Strait) water quality have
been discussed in scientific publications devoted to the
Curonian Lagoon with brief surveys of the port [9-12]. The
water column of the port is characterized by complicated
interrelations of its main physical and chemical parameters
and their especially intensive temporal and spatial dynam-
ics, which makes their recording, analysis, and generaliza-
tion of research results not an easy task. An attempt is made
to solve this task, taking into account the differences of
composition and properties of saline and fresh water types
and seasonal influence on the dynamics of water indices.
The main objective of the present article is to examine the
port water for contamination with nutrients, petroleum
hydrocarbons and heavy metals, to evaluate the total level
of multiple pollution, and to discover the seasonal and
dynamic patterns of pollution.

Materials and Methods

The length of the Klaipeda Strait is about 12 km and its
width Kiaules Nugara Isle is 1.5 km, and in the mouth area
0.4 km. The quays and embankments are concentrated in
the eastern bank of the strait. The largest semi-closed water
areas used for the port needs are Malku Bay and local ports:
Baltija Shipbuilding Yard (Baltija SY) and Winter Port

(Fig. 1).
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Fig. 1. Klaipeda port water area and sampling stations.

Table 1. Location and depth of stations in the Klaipeda port
basin.

Station Location l;j)s;tangejfr;? Derlr)lth’
*S1 | 55°43'41N  21°04'S2E 0.3 15.5
S2 55°42'STN  21°0624E 24 14.6
S3 55°42'18N  21°07'04E 3.9 14.0
S5 55°41'49N 21°07'31E 49 14.1
S13 | 55°40'15N  21°08'11E 7.7 13.5
S7 55°39'33N 21°08'00E 94 9.0
S8 55°39'25N  21°08'32E 9.5 9.2
**B9 | 55°39'12N 21°09'13E 10.1 11.4
BI10 | 55°38'43N 21°09'43E 11.1 10.0
B12 | 55°39'45N 21°08'50E 8.9 12.0
Bl4 | 55°42'12N 21°0733E 4.6 6.9
B16 | 55°42'4IN 21°07'14E 3.6 9.1

* stations located in Klaipeda Strait — S;
** stations located in the semi-closed bays — B

Field investigations were carried out during 12 season-
al expeditions (4 surveys per year) in the winter (February
8-13), spring (May 9-17), summer (August 7-10), and
autumn (October 24-November 8) seasons of 2006-08.
Seven stations were situated in the Klaipeda Strait (index S)
and 5 stations (index B) in the semi-closed bays (Fig. 1,
Table 1). The water was recovered from the surface (0-0.5
m) and near-bottom (0.5-1 m above the bottom) water lay-
ers. In winter 2006, samples could not be taken from 6 sta-
tions in the port bays and at the Kiaules Nugara Isle (St. S8)
due to unstable ice cover. The depth at the observing sta-
tions was measured with a sea-gauge to accuracy of 0.05 m.
Water transparency was determined by the maximal depth
of Sekki disc visibility in the water. The water temperature
(°C), salinity (%o), pH, and concentration of dissolved oxy-
gen (mg/L) were measured using express device Multi
340I1. The velocity (cm/s) and direction (azimuth, °) of
water flow were measured using AANDERAA INSTRU-
MENTS multifunctional sound RCM 9. The concentration
of particulate material was determined in laboratory by
water filtration through membrane filters with mesh diam-
eter 0.5 um, drying filters to stable weight and weighing to
accuracy of 0.1 mg.

Inorganic nitrogen (N/NH,, N/NO;, N/NO5) and phos-
phorus (P/PO;”) compounds in the water were determined
by the international (ISO) and European (CEN) standard
methods approved by Lithuanian normative documenta-
tion. Phosphates were determined by spectrometric method
[13], ammonium nitrogen — manual spectrometric detection
[14], nitrite nitrogen — molecular absorption spectrometric
method [15] and nitrate nitrogen — spectrometric method
using sulfosalicylic acid [16].
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The concentration of total petroleum hydrocarbons
(TPH) was determined by infrared spectroscopy [17],
heavy metals (HM) Pb, Cu, Ni, Cr, Zn, and Cd by atomic
absorption spectrometry using graphite furnace [18], and
Hg by atomic fluorescence spectrometry method [19].

The spatial structure of obtained data in the water col-
umn of Klaipeda port was analyzed by GIS methods. For
discovering the interrelations between water quality para-
meters (pH, O,, N/NH;, N/NO;, N/NOj, P/PO;~, TPH, Cu,
Zn, Ni, Pb, Cr, Cd, and Hg) and also between these para-
meters and water salinity, Pearson’s correlation coefficient
(r) was calculated for separate seasons and for the whole
research period. Each data set was checked for normality
using Kolmogorov-Smirnov test and evaluated according
to the form of the histograms [20]. For higher homogeneity,
the analyzed data of three years from the same 12 observa-
tion stations were grouped by seasons and water horizons.
The linkage of significant correlation coefficients (signifi-
cance level p<0.01) between two variables was estimated
using the commonly accepted gradation: when r<0.5 the
link between the variables is poor, when 0.5< r<(0.7 it is rel-
atively fair, and when r>0.7 it is strong [21, 22].

For description of total pollution of a body of water,
various water quality indices of different spectrum, season
of measuring, and limit values were used [22-27]. The envi-
ronmental impact of an individual pollutant is reflected by
the ratio (C/L;) between its measured (C,) value and maxi-
mal concentration limit (L;). The L; values are given in the
normative documentation [23, 28, 29]. The values of max-
imal concentration limit (MCL) of N/NH;, N/NO;, N/NOj,
P/PO;~, TPH, Cu, Zn, Ni, Pb, Cr, Cd, and Hg used in the
Lithuanian Water Quality Standards for dangerous and
other controlled substances discharged into the aquatic
environment [28] were taken as a point of departure for
evaluation of water contamination (Table 2). The water
contamination level was determined by calculating the
Nemerov [30] water pollution multi-factor index (PI),
which reflects the effect of each investigated pollutant on
water, and also highlights the influence of the high concen-
tration pollutants on water and water quality. PI is calculat-
ed according to the equation (1):

_|max(C,/L;)*+avg(C; /L;)?
PI —\/ . 1)

..where C; — measured concentration of chemical (i),
L~ MCL.

According to Nemerov index, the effects of chemical
pollutants on the water environment can be classified and
described by a few levels:

PI<I — no effect,

1<PI<2 — slight effect,
2<PI< 3 — moderate effect,
3<PI< 5 — strong effect, and
PI>5 — serious effect [23].

For evaluation of contamination level with nutrients (n),
we calculated PI, and evaluation of contamination level
with total petroleum hydrocarbons (TPH) and heavy metals
(HM) — P, in the following way.

Average seasonal concentrations and pollution indices of
chemicals under consideration were calculated for seasonal
evaluation of surface and near-bottom water pollution in each
measuring station. The seasonal pollution indices for nitrates,
nitrites, ammonium, and phosphates (surface and near-bot-
tom water horizons) were calculated in each station using
equation (1) serving as a basis for calculation of pollution
indices PI, showing the level of water pollution with nutri-
ents at each station. In the same way, seasonal indices of total
water pollution with heavy metals (Cu, Zn, Ni, Pb, Cd, and
Hg) and total petroleum hydrocarbons (P1,) were calculated
for each station. When the concentration of an analyzed
chemical in any of the stations throughout the investigation
period in more than 50% cases was lower than the limit value
of the method and the determined maximal concentration
was twice as low as MCL, the pollution index was equall to
0. In the same way, using equation (1), total pollution indices
PI, were calculated for surface and near-bottom water layers
of each station based on the seasonal values of pollution
indices of nutrients, metals, and petroleum hydrocarbons.
The total seasonal and annual pollution index PI; represent-
ing the whole water column in each station was calculated as
an arithmetic mean of indices (PI,) for the surface and near-
bottom water layers.

Results

Indices Describing the Properties
of Water Column

At the times of measuring, the water flow in the upper
part of the strait water column as a rule was oriented from
the Curonian Lagoon toward the Baltic Sea. The flow
included both fresh and brackish water. The velocity of
water flow reached 0.2-0.5 m/s. In the near-bottom (thick-
ness 2-3 m) horizon, saline water flew from the sea into the
lagoon (except in February 2007 and October 2007 and
2008) at lower velocities. In the semi-closed port water
areas, the directions of water flow were rather variable and
velocities minimal (0.01-0.08 m/s).

According to our data, the water salinity in the port of
Klaipeda fluctuated within a wide spectrum: from 0%o to
7.5%o (Table 2). The amount of saline water in the Klaipeda
Strait usually increases in times of reduced continental
runoff: from July until October (these were the cases in
2006 and 2008). By May, the month of spring measuring,
the continental run-off had slackened and the average water
salinity values in the Klaipeda Strait had become rather
high: 5%o near the bottom, 1.7%o at the surface. In autumn,
when salinity is more evenly distributed in the water col-
umn, it reaches its maximal values in the upper water hori-
zon (Fig. 2). The maximal average salinity values in the
longitudinal profile of Klaipeda Strait were recorded in the
closest proximity to the Klaipeda Strait mouth (St. S1): 4%o
(0-7.5%o) in the near-bottom horizon and 2%o (0-6.3%o) in
the surface horizon. Closer to the Curonian Lagoon, aver-
age salinity is slowly reduced, reaching its minimal values
at Kiaules Nugara Isle (Fig. 1, St. S7): 2.5%o (0-6.6%o0) in
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the near-bottom horizon and 1%o (0-6.2%o) in the surface
horizon. During the propagation of saline marine water into
the strait, the water of bays stays fresh for some time, yet
during the backflow it becomes saline as well.

The water temperature is the best index of seasonal
fluctuations (Table 2). In cold seasons, the difference
between the water temperatures in the surface and near-bot-
tom horizons is small, in summer it is greater. This becomes
especially evident when saline cool Baltic Sea water flows
in the near-bottom horizon.

The water transparency in the Klaipeda Port basin in
most cases approximates 1 m. Transparency values become
higher with increasing salinity of the surface water horizon
(Fig. 2). The strongest fall of transparency values are
observed in summer (Fig. 2).

The average concentration of particulate material in the
port water reaches its maximal value (19.3 mg/L) in sum-
mer (Fig. 2), due to the abundance of living plankton and
dispersed plankton detritus, when the concentration of bio-
genic material in it increases to 63% [2]. In terms of abun-
dance of particulate material, summer is followed by win-
ter (15.2 mg/L) and spring (15 mg/L) (Fig. 2, Table 2). In
all seasons, the concentration of suspended and resuspend-
ed particles is slightly higher near the bottom than in the
surface horizon (Fig. 2, Table 2).

The values of pH varied from 6.8 to 9.3 (Table 2).
Values slightly exceeding pH 9 were recorded in spring due
to disturbance of CO, equilibrium by photosynthesis
processes. The values of pH measured in the bays were
even smaller.

In autumn, the measured average value of dissolved
oxygen in the water column reached 10 mg/L O,. In winter
and spring, the values were slightly higher, in summer con-
siderably smaller (Table 2). The minimal values of dis-
solved oxygen (down to 4.8 mg/L O,) were recorded in the
surface and near-bottom water horizons of the southern part
of Malku Bay (MCL is 4 mg/L O, [29]).

Nutrients

Nitrates. Winter concentrations of nitrates reach maxi-
mal values (not exceeding the MCL: 2.26 N/NO; mg/L) in
Klaipeda Strait. In some cases in the backwaters of the port,
their concentrations exceeded MCL. In the time span
between spring and autumn, the concentrations of nitrates
in the water were considerably smaller (Table 2).

Nitrites. In winter (both horizons) and spring (surface
horizon), the average values of nitrites approached 0.010-
0.012 N/NO; mg/L. In autumn (both horizons) and spring
(near-bottom horizon), the average values of nitrites were
considerably smaller: 0.004-0.005 N/NO; mg/L. In sum-
mer the average nitrite concentration in the water column of
Klaipeda port basin was highest (Table 2). Nitrite concen-
trations exceeded MCL (0.03 N/NO; mg/L) mainly in the
semi-closed water areas.

The highest average ammonium concentrations in the
water, as in the case with nitrites, were observed in summer,
but in the near-bottom horizon in winter (Table 2).

The highest average concentrations of phosphates were
observed in winter (Table 2). In spring and summer the con-
centrations of phosphates in the water column were consid-
erably lower (Table 2). In autumn the average phosphate
concentration in the water doubled in the central part of the
strait and in the water area in front of Malku Bay (Fig. 1).
In the lower water layer of this bay, it slightly (<1.1x)
exceeded the MCL values.

Total Petroleum Hydrocarbons
and Heavy Metals

In 2006-08, the concentrations of total petroleum
hydrocarbons (TPH) in the water column fluctuated
between the limit value for the method (35 pg/L) and 139
ng/L, i.e. they were almost thre times as high as the MCL
value (50 pg/L). The concentrations of TPH exceeding the
MCL values were determined in all seasons (Table 2). In
winter, when degradation of petroleum hydrocarbons is
especially slow, the TPH concentration in the port water is
highest. Even the average TPH concentration in the surface
water horizon slightly (1.1%) exceeded the MCL values. In
spring, summer and autumn, the average values of petrole-
um hydrocarbons did not exceed MCL (Table 2).

Hg concentration in the port water reached the highest
average value in spring and all other heavy metals (Cu, Zn,
Ni, Pb, Cr, Cd) in summer (Table 2). In all seasons, the
average concentration of heavy metals as a rule was higher
in the near-bottom horizon (Table 2). In spring (Pb), sum-
mer (Cu, Cr, Pb), and autumn (Pb) average concentrations
of some heavy metals exceed MCL (Table 2).

Fresh Continental and Saline Marine
Water Indices

Seasonal fluctuations of fresh continental and saline
marine water indices are noticeably different. For demon-
stration of these differences, two groups of data represent-
ing fresh and brackish water masses were chosen. The
analysis of fresh continental water was performed based on
the measuring data from stations S7 and S8 situated farthest
from the sea (Fig. 1). The measured salinity value in these
stations did not exceed 0.5%o. Saline water samples were
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taken from stations S1 and S2 (closest to the sea, Fig. 1)
where salinity values exceeded 3%o. The generalized data
revealed differences of the port water quality indices prede-
termined by genetic features of water masses (Table 3). It
was determined that in winter, spring, and summer, the
fresh water mass in the port is distinguished by higher tem-
peratures. In autumn, the shallow Curonian Lagoon water
cools faster so that the mass of saline water remains warmer
by 1.1°C (Table 3). In all seasons, the concentration of dis-
solved oxygen and pH values in the fresh water mass
exceeded the values in the saline water (Table 3). Higher
concentrations of particulate material and nitrates (in all
seasons), nitrites, and phosphates (except in autumn) are
characteristic of fresh Curonian Lagoon water. The autumn
concentrations of nitrites and phosphates often are higher in
saline water. Meanwhile, concentrations of ammonium ions
are higher in saline water mass in all seasons (Table 3).

The concentration of TPH is higher in the fresh lagoon
water in all seasons except spring. The concentrations of
Cu, Zn, and Ni in the fresh and saline water masses differ
slightly. Fresh water is distinguished for the highest con-
centrations of lead in summer and saline water in autumn.
In contrast to all other metals, the concentration of
chromium in saline water always is higher than in the
fresh water.

Dependences of the water indices on salinity are on
view in Table 4.

Klaipeda Port Water Pollution Levels

The concentrations of contaminants in components of
the natural environment are the main indicator of the levels
of pollution of different objects. The present work is based
on the calculated (in 2006-08) seasonal and annual values
of the pollution index (PI) [30]. Seasonal contamination
with nutrients (P1,), heavy metals and petroleum hydrocar-
bons (PI,), and total pollution (PI,) were evaluated sepa-
rately for surface and near-bottom water horizons (Table 5).
The total contamination of port water column (index PI;) is
subject to obvious seasonal fluctuations. Slight levels of
pollution in winter and spring only are characteristic of port
bays (Figs. 3 and 4). In summer, water pollution levels
reach their maximum (PI>5 in Winter Port and Malku
Bay) and the contaminated water spreads over the entire
port basin (Fig. 5). The autumn values of PI; are smaller but
contaminated zones (1<PI;<1.6) also persist in the open
strait (Fig. 6).

The annual PI; values for each station represent arith-
metic means derived from average seasonal PI; values. The
average annual spectra of pollutants in all semi-closed
water areas (and St S13 of the Klaipeda Strait) are compa-
rable: they are predominated by heavy metals (about 70%),
especially by lead (Fig. 7, Sts B9, B10, B12, B14, B16, and
S13). Nutrients (24%) and TPH (21-23%) account for the
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Fig. 3. Structure of winter PI; components in slightly affected (Sts B9, B10, and B16) and clean (Sts S1, S5, and S8) water.
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major part of the spectrum in relatively clean (PI;<1) strait
water (Fig. 7, Sts S1, and S2).

Discussion
Seasonal Fluctuations

The values of Klaipeda Port water indices (tempera-
ture, pH, concentrations of particulate material, dissolved
oxygen) and concentrations of contaminants (particularly
nutrients) markedly change depending on the season.
Though the highest concentrations of nitrates, phosphates,
and TPH in Klaipeda occur in winter (Table 2), winter
water is the cleanest according to multiple contaminants
(P1;=0.96). Comparable average values also occur in
spring (P1;=0.99). The maximal contamination effect is
reached when, under the conditions of rising temperatures,
the nutrients are consumed by organisms. In warm sea-
sons, the water of Curonian Lagoon and Klaipeda Strait is
distinguished for an especially high abundance of bacteri-
oplankton and phytoplankton. The emergence of some
specific varieties of plankton implies that anthropogenic
eutrophication continues [31, 32]. In summer, contrary to
nitrates and phosphates, the concentrations of nitrites and
ammonium (in the surface horizon alone) rise. The elevat-
ed concentrations of nitrites imply that the nitrification
process is interrupted, i.e. the self-cleaning process is dis-
turbed and water pollution values are high. Summer was

the only season when direct dependence between ammoni-
um and nitrite concentrations was significant (p<0.01):
=0.67 for the surface water horizon and r=0.72 for the
near-bottom horizon. The inverse dependence between
dissolved oxygen and ammonium concentrations was even
better than in the case with nitrites: r=-0.82 for the surface
water horizon and r=-0.85 for the near-bottom horizon.
The calculated correlation between the summer concentra-
tions of nitrites and the dangerous pollutant lead was rela-
tively fair in the near-bottom water horizon (r=0.57) and
strong in the surface horizon: r=0.72 (for Ni 1=0.65, for Cu
=0.57, for Cr r=0.56). This allows assuming that seasonal
increases of Pb and less marked increases of other metals
are related to biosorption.

In the seasonal pattern of port water quality fluctua-
tions, summer stands for the highest pollution levels and
widest range of fluctuations of pollution values:
1.37<P1,<5.45 (Table 5, Fig. 5). In terms of the structure of
pollutants, the most strongly affected autumn water (Fig. 6,
Sts B10 and B14) resembles the cleanest summer water
(Fig. 5, Sts S1 and S2).

Dependence of Water Indices on Water Genesis

The values of port water indices largely depend on the
type of water (marine saline, continental fresh, or mixed)
dominant at the time of measuring. Water dynamics in the
Klaipeda Strait were predetermined by hydro-meteorologi-
cal factors, though seasonal influence remained.

ESt. B10 O St. B14 E St.B9 [0St B16 St. B12
WPIT=1'33 PI,=1.16 0/PIT=1.17 PIt=1.11 9 PI=1.59
300 300 30
20 20 20
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0 : 0 . _ 0

5 g £
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Fig. 4. Structure of spring PI; components in slightly affected (Sts B9, B10, B12, and B16) and clean (Sts S1, S5, and S8) water.
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Table 4. Variability of Pearson correlation coefficients (r) between water quality parameters and water salinity.
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In comparison with fresh Curonian Lagoon water,
saline sea water is distinguished by lower temperatures
(except in autumn), smaller values of pH, and smaller O,
concentrations (Table 3). Baltic Sea water contains consid-
erably smaller amounts of particulate material [2, 4, 11]
(Table 3). The bulk of particulate material is carried into the
Klaipeda Port from the Curonian Lagoon [11]. Particulate
material is one of the indices reflecting the water quality in
the Klaipeda Port basin. Fine particles absorb the larger part
of toxins in the water, protecting the water ecosystem from
critical pollution [33].

Concentrations of nitrites, nitrates, and phosphates
(except near-bottom horizon in autumn) in the continental
water is 1.2-3.3 times as high as their concentration in the
sea water, whereas the continental water contains a smaller
concentration of ammonium (Table 3). Comparison of
annual average values for 2006-08 (Table 3) with the long-
term dynamics of nutrients in the adjoining water areas [34,
35] showed that nitrate concentration in the saline port
water mass by 1.5-7 and in the fresh by 2-6 times exceeded
the respective values for the Baltic Sea offshore and
Curonian Lagoon. The average concentration of nitrates
(0.794 mgN/L) in the Port water determined for 2006-08 by
1.5 times exceeded the value determined in 2004-06 [34].
The average concentration of phosphates (0.023 mgP/L) in
the port water determined for 2006-08 is comparable with
the average values of recent years [34, 35].

Comparison of the values of fresh and saline water
indices and concentrations of contaminants showed that in
the majority of cases the autumn average values in the near-
bottom saline water horizon exceed the ones in the conti-
nental fresh water (Table 3). In the context of the present
study, the untypical properties were characteristic of saline
water that invaded the Curonian Lagoon. In October 2007
and 2008 the studied saline near-bottom water flew
(returned) from the lagoon into the sea. Meanwhile, in other
cases saline water flew from the sea into the lagoon.

The impact of saline water on various water indices is
proved by calculated seasonal correlation coefficients r
(Table 4). The most pronounced inverse linear dependences
are characteristic of nitrates, phosphates and dissolved oxy-
gen (r>0.5). Meanwhile the concentrations of petroleum
hydrocarbons and heavy metals were almost independent
of salinity values (r<0.5).

Water salinity is decisive for many aspects of water
quality in the saline-fresh water interface zones. Salinity
gradients predetermine the distribution of dissolved and
solid phases of metal concentrations [36-38] and affect the
composition of the complex of metals in the water column
and other geo-chemical features [39-41]. Variations of
salinity values affect the distribution of nutrients and
dynamics of other water indices [42, 43]. Fresh-saline
water interfaces are characterized by especially high fluc-
tuations of metals and other pollutants [44]. The impurities
of sea water not only show the content of dissolved salts
but also indirectly imply other possible water qualities:
transparency, concentration of particulate material, degree
of saturation with nitrogen and phosphorus compounds,
etc.
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Spatial Distribution of the Klaipeda Port Water
Pollution Indices

Analysis of the spatial distribution patterns of contami-
nation indices in the Klaipeda port basin revealed the areas
with the highest pollution levels, paths of dispersion of pol-
lutants and cleanest areas of port basin. It was established
that the levels of water contamination are higher in the
semi-closed water areas in the neighbourhood of industrial
objects. Additionally, the fluctuation patterns of salinity
demonstrate slower renewal of the water in the bays than in
the open areas of Klaipeda Strait. This is the substantial
cause of higher concentrations of pollutants in semi-closed
water areas. Local reductions of pH values in the bays are
characteristic of strongly affected port areas where hydro-
gen ions are emitted in the process of organic matter degra-
dation and reduce pH values [45].

In winter, when the Klaipeda Strait is mainly clean,
semi-closed water areas are slightly affected by contamina-
tion with nutrients (Fig. 3, Table 5). In contrast to winter,
heavy metals (lead standing out among them) account for
the greater part of spring pollution in slightly affected semi-
cloused water areas (Fig. 4, Sts B). Considerably lower
concentrations of lead are the main cause of pollution index
PI; reduction to the values identifying clean water in
Klaipeda Strait (Fig. 4, Sts S).

In summer the concentrations of nitrites in the semi-
closed water areas of the port are twice as high as in the
open strait. This implies elevated contamination of bays.
The inverse dependence between the concentrations of dis-
solved oxygen and nitrites was relatively fair in both the
surface (r=-0.57) and the near-bottom (r=-0.63) water hori-
zons (in other seasons significant at (p<0.01) correlation
coefficients not found out).

From spring to autumn the degree of pollution with
heavy metals and petroleum hydrocarbons of semi-closed
bays exceeds the total value for the strait (Table 5). In sum-
mer, there is no port area that could be classified as
absolutely clean (Fig. 5). Heavy metals, lead in particular,
are the main pollutants in the port water area situated in the
closest proximity to the sea (37-41% of the total pollution)
(Fig. 5, Sts S1 and S2). PL; values gradually rise moving
towards the south (Fig. 5, Sts S3, S5 and S13). Though in
the southernmost part of the strait the PI; values again are
lower (Fig. 5, Sts S7 and S8). In the semi-closed water areas
of the port the spectrum of pollution is almost identical
(Fig. 5, Sts B9, B12, B14, B16). The contribution of Pb
reaches its maximal value (56%) in the most strongly
affected part of Malku Bay (PI;=5.45), where the role of
nutrients is reduced (7%) (Fig. 5, St. B10). In summer, the
average value of pollution for the near-bottom water hori-
zon of semi-closed water areas even exceeds the limit of
serious pollution (P[=5.30) (Table 5). Analysis of pollution
patterns in the port water column show that in all seasons,
the near-bottom water horizon of semi-closed water areas is
more strongly affected with petroleum hydrocarbons and
heavy metals than the surface horizon. Conversely, the sur-
face horizon is more often contaminated with nutrients

(except in autumn). In the Klaipeda Strait, seasonal pollu-
tion patterns in the near-bottom and surface water horizons
are more variable (Table 5).

The distribution pattern of P >1 areas allows assuming
that in autumn, slightly affected water masses flood from
the Curonian Lagoon and Dane River. Evidence of pollu-
tion and local sources persist: the PI; index reaches its max-
imal values in the semi-cloased areas of intensive econom-
ic activity — southern part of the Malku Bay and Baltija SY
quay (Figs. 1 and 6). In contrast to other seasons, the
autumn spectrum of pollutants is similar both in open and
semi-closed water areas of the strait: Sts S5, S8, and B16;
Sts S3, S7, and B9 (Fig. 6). In autumn, the differentiation
disappears due to the active water dynamics and horizon-
tal and vertical water mixing. This process is proved by a
marked reduction of the vertical salinity gradient in autumn
(Fig. 2).

Analysis of distribution patterns of the annual PI; val-
ues in the Klaipeda Strait allowed determining the group of
potentially maximally polluted water areas (Fig. 7). This
group includes Malku Bay (particularly the southern part),
Baltija SY, and winter port (Fig. 1). The water remains rel-
atively clean (annual PI;<1) only at that part of the strait
close to the entrance channel of the port permanently
washed by sea waves (Fig. 7).

As in the earlier years [4, 8, 46], stable clearly defined
areas with high concentrations of petroleum hydrocarbons
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Fig. 5. Distribution of summer PI; values in the Klaipeda port
water area and structure of pollution components.
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were not detected in the port water area. The concentrations
of heavy metals depend on the strength and distribution of
their sources. The correlation coefficients calculated for the
whole research period for finding the links between heavy
metals and TPH showed that the closest link existed
between Pb and Cu, Pb, and Ni, and Cu and Ni concentra-
tions (1>0.7), implying their common sources in the port.
The correlation between Ni and Cr, Pb and Cr, Zn and Cd,
Ni and Cd, and Cu and Cd was relatively fair (0.5<r<0.7).
The link between concentrations of petroleum hydrocar-
bons and investigated heavy metals was poor (r<0.5).

Conclusions

The level of water pollution in Klaipeda and its separate
water areas is predetermined by the input of pollutants from
the Curonian Lagoon basin and local sources, water circu-
lation patterns, and seasonal dynamics of water parameters.

In winter, the water of the port is least polluted with
total multiple contaminants. This is predetermined by a
minimized biosorption process during the slowdown of
vital activity of organisms and by lower concentrations of
heavy metals, lead in particular. In winter, nutrients become
the major contaminants.

In spring, total water pollution is the same as in winter,
with the difference that the weight of heavy metals —lead in
particular — in the spectrum of pollutants in bays rises con-
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Fig. 6. Distribution of autumn PI; values in the Klaipeda port

water area and structure of pollution components.
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Fig. 7. Distribution of annual Pl; values in the Klaipeda port
water area and structure of pollution component.

siderably. The pollutants of the cleaner open strait water,
where organisms develop with a time lag, are predominat-
ed by petroleum hydrocarbons and nutrients.

The highest levels of pollution, in combination with the
highest water temperatures, highest concentrations of par-
ticulate material and smallest concentrations of O,, occur in
summer when no clean water remains in the entire port
basin and in its semi-closed areas the water is seriously
affected. Heavy metals, lead in particular, are the dominant
pollutants in summer. The increase of Pb and less marked
increase of Cr, Cu, and other metals presumably is related
to biosorbtion.

In autumn, the total water contamination level, includ-
ing heavy metals in the spectrum of pollutants, becomes
half as low. The role of continental runoff in contamination
of Klaipéda Port basin becomes especially evident.

The pollution dynamics of Klaipeda port water are indi-
rectly reflected by fluctuations of water indices: pollution
tends to increase with higher values of temperature and
concentrations of particulate material and lower values of
salinity, pH, and transparency. Dissolved oxygen in sum-
mer and concentrations of nitrates and phosphates in all
seasons are in closest inverse dependence with salinity. The
concentrations of petroleum hydrocarbons and heavy met-
als are almost independent of salinity values.

The average values of petroleum hydrocarbons and
heavy metals are less dependent on seasonal variations and
are considerably higher in the port water than in the saline
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marine or fresh lagoon water. This implies that the port is the
source of these chemicals. In all seasons, the levels of pollu-
tion with petroleum hydrocarbons and heavy metals of the
near-bottom water in semi-closed port water areas are high-
er than those of the surface horizon. Among investigated
heavy metals, the closest mutual links exist between Pb and
Cu, Pb and Ni, and Cu and Ni. Presumably pollutants with
similar concentration dynamics have common sources.

The most strongly affected water in the port of Klaipeda
is characteristic of semi-closed water areas where intensive
economic activity of the port companies takes place and
renewal of the water is slow. From these water areas, the
contaminated water flows into the open Klaipéda Strait.
Analysis of annual distribution patterns of the water pollu-
tion showed that the water remains relatively clean only in
those water areas close to the entrance channel of the port
permanently washed by sea waves.
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