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Abstract Temporal and spatial variability of micro and
mesozooplankton was studied in 1998 and 1999 at four
stations in the Neretva Channel area influenced by the
Neretva river and the open waters of the south Adriatic
Sea. The area is orthophosphate limited, but an excessive
accumulation of land derived nitrogen is prevented by
phytoplankton uptake and the general circulation pattern.
Microzooplankton was dominated by ciliates, with average
abundances comparable to other Adriatic channel areas
(122-543 ind. 1""). Non-loricate ciliates (NLC) generally
peaked in the warmer periods, but a winter increase was
evident towards the inner part of the channel. Tintinnid
abundances generally increased in autumn. A significant
relationship with temperature was not recorded for either
protozoan group. An inverse relationship between NLC
and salinity might be indirectly caused by their preference
for the food abundant surface layer. Mesozooplankton was
dominated by copepods, with distinct summer maxima
throughout the area and pronounced winter maxima of
>10,000 ind. m™ at the inner stations. The community was
predominantly neritic but the open sea waters were
important in structuring the mesozooplankton assemblage
at all stations during the autumn—winter period. Although
temperature regulated the seasonal dynamics of most
metazoans and the species succession in the copepod
community, small omnivorous copepods (Oncaea media
complex, Oithona nana and Euterpina acutifrons) domi-
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nated regardless of the season. A trophic link between
copepods and ciliates was evident in winter during low
phytoplankton biomass.
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Introduction

Although the waters of the Neretva Channel have been
sampled regularly during the last decade, published data on
plankton community are still scarce. Most published work
deals with the shallow and naturally eutrophicated Mali
Ston Bay, an important shellfish farming area situated at
the Channel’s inner end (Rudenjak-Lukenda 1990; Luci¢
and Onofri 1990; Vilic¢i¢ et al. 1994; Luci¢ and KrSini¢
1998). Compared to the Mali Ston Bay, the channel waters
have been reported to show lower phyto and zooplankton
abundances (Kr$ini¢ and MusSin 1981; Vili¢i¢ 1981).
However, acoustic surveys consistently showed high echo
integral values in the Neretva Channel and fish samples
confirmed high abundances of adult and juvenile plank-
tivorous fish, indicating that this area represents an
important feeding and nursery ground for many pelagic fish
species (Ticina et al. 2006).

The major contrasting influences in the area are the
Neretva river, with an annual average runoff of 378 m>s7!
(Raicich 1994), and the intrusion of the highly saline oli-
gotrophic waters from the open sea (Zore-Armanda et al.
1999), characterized by the high species diversity and re-
duced phyto and zooplankton abundances (Vilici¢ 1989;
Krsini¢ 1998). River estuaries are known as highly pro-
ductive areas, where increased nutrient loading leads to
increased phytoplankton production, which in turn supports
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high zooplankton abundance (Caddy and Bakun 1995;
Lawrence et al. 2004). The transport of the estuarine waters
to the outer estuary is highly variable and subjected to
numerous influences (i.e. tidal mixing, topography, season,
local winds, etc.) which can significantly increase or reduce
their contribution to the productivity in the area. The
resulting hydrological characteristics can greatly influence
the population structure and seasonal variability of the
zooplankton assemblage.

Due to limitations in respective sampling techniques,
micro and mesozooplankton are often studied separately.
However, evidence of their complex relationships have
become apparent in recent years (Kleppel 1993; Gismervik
and Andersen 1997; Nakamura and Turner 1997), showing
the importance of including both categories in a compre-
hensive zooplankton study of an area. Therefore we aimed
to examine temporal and spatial patterns of both micro and
mesozooplankton component of the Neretva Channel
zooplankton, in relation to the hydrographical characteris-
tics of the area.

Methods
Study area

The Channel waters extend between the mainland and the
Peljesac peninsula (Fig. 1). The coasts are sparsely popu-
lated and industrialized. The area is influenced by a con-
siderable freshwater discharge from the Neretva river and
several submarine springs situated inside the Mali Ston
Bay. The highest Neretva river discharge typically occurs
in spring (Vukadin 1981). Its estuary is classified as the
salt-wedge type, where due to small tidal currents the
advection of the river water is much larger than the intro-
duction of seawater through tidal mixing. Vertical mixing

Fig. 1 Study area with the
sampling stations

is restricted to the thin transition layer between the fresh-
water at the surface and the salt water underneath. Hori-
zontal extension of the freshwater into the Channel mostly
depends on the direction of local winds, and recent mea-
surements indicate that those can vary on a daily basis
(Mati¢ 2005).

Most of the mainland coast is built of highly permeable
limestone without a natural barrier between the ground-
waters of the carstic fields in the hinterland and the
freshwater submarine springs in the Bay of Mali Ston
(Bahun 1981). Higher discharge of the submarine springs
in winter causes a spreading of the less saline surface
waters into the Neretva Channel and a compensatory in-
flow in the bottom layer. The strong NE “bora” wind can,
however, reverse that circulation. During the summer the
circulation pattern depends entirely on the wind direction
(Vucak et al. 1981).

Sampling methods

Sampling was performed at four stations in the Neretva
Channel in May, July, August, September and November
1998 and February, April, May, June, August and October
1999 (Fig. 1). The geographic positions and depths of the
sampling stations are presented in Table 1.

Microzooplankton samples were collected with a 51
Niskin bottle at 0, 5, 10, 20 and 30 m depths. The samples
were preserved in 2.5% formaldehyde—seawater solution,
previously buffered with CaCOs;, since Lugol’s solution
stains detritus and would reduce visibility (Fonda-Umani
and Beran 2003). Preparation of the samples for the
microscopic analysis was performed as described in Bo-
janic et al. (2005). Counting and species identification were
performed with an inverted microscope at 100x and 400x
magnifications. Abundances were expressed as number of
individuals per litre (ind. I™").
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Table 1 Geographic positions and depths of sampled stations

Station Geographic position Sampling
depth (m)

S-1 43°03'06”"N 17°21'18”E 30

S-2 43°0130”N 17°24’48"E 18

S-3 42°58'00”"N 17°2742"E 20

S-4 42°55'18”N 17°33’18"E 20

Parallel sampling of the mesozooplankton was per-
formed at the same stations, using a 125 um mesh size
Nansen net (57 cm diameter, 0.255 m? mouth area, total
length 2.5 m) hauled from near-bottom to the surface.
Organisms were preserved with the same fixative. Analysis
of the subsamples (1/16-1/64 of the total sample) was
performed with an inverted microscope at 40x and 400x
magnifications, and the entire sample was checked for the
rare species. Abundances were expressed as number of
individuals per cubic meter (ind. m~). Adult copepods and
copepodids were always counted separately. Taxonomic
identification of mesozooplankton organisms was, when-
ever possible, performed to the species level. An exception
is the copepod family Oncaeidae where recent reviews
have suggested substantial taxonomic changes (Bottger-
Schnack and Huys 2001; Bottger-Schnack et al. 2001,
2004). In the present study the triplet of sibling species
Oncaea media—0. scottodicarloi—O. waldemari was coun-
ted as the O. media complex, Monothula subtilis was
determined to species level, and all other oncaeids were
pooled and counted as Oncaea spp.

Vertical temperature and salinity profiles were measured
with a CTD multiparameter probe IDRONAUT 0OS316).
Oxygen concentrations were determined by the Winkler
method (Grasshof 1976). Nutrient concentrations were
determined on the Auto-Analyser III system, using modi-
fied automated methods (Grasshof 1976). Chlorophyll a
measurements were performed on the Turner 112 fluo-
rometer following acetone extraction (Strickland and Par-
sons 1972). Taxonomic identification of the phytoplankton
was performed with an inverted microscope at 200x
magnification following the Utermohl sedimentation
method (Utermohl 1958).

Non-parametric Kruskal-Wallis test was used to test the
differences in total micro or mesozooplankton abundances
among the sampling stations. Non-parametric Spearman
rank order correlations were used to assess the influence of
the environmental variables on the mesozooplankton
groups and species, and intergroup relationships within the
zooplankton community. Principal component analysis
(PCA) based upon the correlation matrix was performed to
identify the similarities in zooplankton variability among
investigated sites. The data input consisted of a set of

variables representing average monthly abundances of the
main micro and all mesozooplankton groups. The Varimax
rotation of extracted PCA components was used in order to
obtain a better insight into the behavior of observation
variables. The above mentioned analyses were performed
using the statistical package StatSoft Inc. (2000) STAT-
ISTICA for Windows version 5.5 (http://www.stat-
soft.com).

Shannon diversity index was used to analyse seasonal
diversity changes in the copepod community. In order to
reveal copepod species contributions to the dissimilarities
among the sampling seasons and to identify the seasonal
pattern in the copepod population, Similarity percentages
analysis (SIMPER) was performed on the copepod abun-
dance matrix log(x + 1) transformed data, with the cut off
for low contributions fixed at 75%. Seasons were deter-
mined on the basis of the temperature vertical gradient and
termocline formation, and labels such as “spring” (April,
May), “summer” (June, July, August), “autumn” (Sep-
tember, October, November) and “winter” (February) were
assigned to the individual samples and used as factor
groups. This analysis also identified characteristic copepod
seasonal ranking, along with their individual contributions
based on their averaged abundances during the particular
season. The above mentioned analyses were performed
using the statistical package Primer 5, version 5.2.9 (Clarke
and Gorley 2001).

Results
Abiotic and biotic environmental variables
Temperature

The seasonal temperature cycle was remarkably similar
among the sampling stations (Fig. 2a). Highest fluctuations
were recorded at the surface. Summer periods (July—
August 1998 and June—August 1999) were characterized by
a stratified water column and a thermocline at 10 or 20 m
depth. Maximum surface temperature values were recorded
in August 1998 at all stations, ranging from 24.78 to
25.47°C. The thermocline disappeared in September 1998
when the water column became isothermal at all stations
and a slight temperature inversion was recorded occa-
sionally. Lowest temperature values were recorded in
February 1999 at all stations, ranging from 9.34 to 10.86°C
and coinciding with the appearance of less saline (<35.50)
water at the surface. In May 1999 surface temperature in-
creased again which resulted in the formation of a ther-
mocline during summer 1999. In October 1999 the water
column became isothermal, but the average temperatures
were higher than those recorded in August at all stations.
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Fig. 2 Seasonal variability of a

temperature, and b salinity in
the Neretva Channel
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Salinity

Large surface salinity oscillations were recorded in the
area, ranging from 29.15 (May 1999) to 38.11 (October
1999) (Fig. 2b). Pronounced occurrence of low salinity
surface water and a strong vertical gradient was recorded at
all stations in February and May 1999, but the halocline
was generally positioned well above 5 m depth. Salinity
increased with depth, and the oscillations were low in the
bottom layer. Highest values were recorded in August 1999
in the bottom layer at all investigated stations (38.48-
38.61).

Oxygen concentration and saturation
The water column was well-oxygenated and no anoxic
layers were found. Oxygen concentration ranged from 4.41

to 6.61 ml 1*1, corresponding to 94.90 and 115.76% O,,
respectively. Lowest values were recorded in August 1998
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(S-1 and S-2) and September 1999 (S-3 and S-4) at the
surface (S-2) or 10 m depth. The highest oxygen satura-
tions were recorded in April 1999 at S-1 and S-2 at the
surface (115.00 and 115.76% O,, respectively) and corre-
sponded to high biological productivity. At stations S-3 and
S-4 the concentrations were highest in February 1999,
corresponding to low surface water temperature (<10°C)
and oxygen saturation of 98.14 and 99.03%, respectively.

Nutrients concentrations

Higher concentrations of total inorganic nitrogen in the
water column were generally recorded in the autumn—
winter period, with a maximum of 7.44 mmol m™ in
November 1998 at S-2 (Fig. 3a). In April 1999 surface
inorganic nitrogen content increased at the outer stations S-
1 and S-2 (>4 mmol m™), and was extremely low at the
inner stations S-3 and S-4 (<0.5 mmol m*3). The further
increase in surface inorganic nitrogen content in May 1999
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following the higher influx of the Neretva river freshwater
was pronounced at S-1 (7.43 mmol m_3), and considerably
lower at other stations. Dominant nitrogen form was ni-
trate, while ammonia concentrations were somewhat higher
in November 1998 and May 1999.

Increased concentrations of orthosilicate were also re-
corded in autumn—winter (November 1998 and February
1999) and in spring (May 1999) (Fig. 3b). Despite the
relatively high surface salinity (>36.60) in April 1999, high
orthosilicate content was determined in the surface waters
of S-1 and S-2 (23.41 and 14.96 mmol SiO4 m>, respec-
tively), coinciding with the high chlorophyll a biomass at
the surface.

Ortophosphate concentrations were low throughout the
investigated area (Fig. 3c). Average column values of
<0.1 mmol m™ were recorded through most of the inves-
tigated period. Average Redfield ratio values (ZNinoro/P)
over the investigated period varied between 19.34 + 15.38
and 22.24 + 17.25 among stations. However, at the very
surface (0 m), those values varied between 33.67 + 35.13
and 95.21 + 237.89 (Table 2).

Phytoplankton

Average column chlorophyll a values in the investigated
area ranged from 0.03 = 0.02 to 0.96 + 0.25 mg chl ¢ m™
(Fig. 4). The most prominent feature of the phytoplankton
seasonal cycle was the occurrence of a spring maximum in
April 1999, exceeding 1 mg chl a m™ at the outer (S-1 and

Table 2 Average Redfield ratio (XNjyore/P) in the water column (0 m
bottom) and at the surface (0 m) during the investigated period

Station ZNinorg/P

0 m bottom 0m
S-1 21.60 + 15.37 36.93 + 28.89
S-2 22.24 + 17.25 72.59 + 71.71
S-3 19.64 + 17.83 95.21 + 237.89
S-4 19.34 + 15.38 33.67 = 35.13

S-2), and 0.5 mg chl a m™> at the surface of the inner
stations (S-3 and S-4). During the increased discharge of
the Neretva river in May 1999 phytoplankton biomass at
the surface generally exceeded 0.5 mg chl a m™. At sta-
tions S-3 and S-4 phytoplankton exhibited a second max-
imum in autumn (November 1998) which was absent at the
outer stations. Lowest average column values usually oc-
curred in October, except at S-3 where it was recorded in
August.

Microphytoplankton size fraction dominated by diatoms
prevailed in the population. The occurrence of monospe-
cific blooms was not recorded.

Microzooplankton
Total microzooplankton abundance per station ranged be-

tween 122 and 543 ind. 1”'. Ciliated protozoa dominated
the assemblage; the average abundances fluctuated greatly
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Fig. 3 Seasonal variability of nutrient concentrations in the Neretva Channel. a Inorganic nitrogen. b Orthosilicate. ¢ Orthophosphate
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Fig. 4 Seasonal variability of average chlorophyll a concentrations at
stations a S-1, b S-2, ¢ S-3, and d S-4 (standard deviation is indicated
by vertical bars)

during the investigated period, ranging between 81 and 431
ind. 1", The differences among stations were not signifi-
cant (P = 0.963).

Non-loricate ciliates (NLC) dominated this group,
especially in the warmer periods (Fig. 5). At stations S-1
and S-2 highest abundances of NLC were recorded at the
surface during the summer maximum. The same vertical
pattern was determined during the spring NLC maximum
(May 1999) recorded at stations S-3 and S-4. Only at the
innermost station S-4 highest average abundance of NLC
was recorded in February 1999 (415 =279 ind. l_l,
Fig. 5d), with considerably increased abundance (770 ind.
l_l) at the bottom.

Increased tintinnid abundances generally occurred in
autumn, with a relatively homogenous vertical distribution
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Fig. 5 Seasonal distribution of average density of microzooplankton
groups at stations a S-1, b S-2, ¢ S-3, and d S-4 (NLC non-loricate
ciliates, TIN tintinnides, NAUP copepod nauplii, JCOP juvenile
copepods, ACOP adult small copepods)

at all investigated stations. The highest average value of
228 + 30 ind. I"' was determined at S-4 in November 1998
(Fig. 5d). A second abundance maximum, recorded in
summer 1999 was of lower intensity.

During most of the investigated period average abun-
dances of micrometazoa were lower than those recorded
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for protozoa. The differences between their total abun- ZJCOPEPODA [N CLADOCERA ~ —O—TOTAL
dances were not significant among stations (P = 0.130).

Copepod nauplii were dominant, representing >50% of 8000 - S
total micrometazoa at all stations. They generally peaked in 6000
summer, with a maximal average abundance of 164 + 156 4000 4

ind. ™! in July 1999 at station S-1 (Fig. 5). Vertical dis-
tribution pattern of the copepod nauplii in that period
showed maximal values in the surface layer (0-5 m).
During the colder months decreased abundances (~50
ind. I"") and a slight shift in the population distribution
towards the bottom was recorded.

The average densities of juvenile copepods and adult
small copepods were lower, and their temporal and vertical
fluctuations during the sampling period less pronounced.
Nevertheless, the seasonal and vertical distributions of the
copepodids resembled those of the nauplii, with the highest
values recorded in the spring—summer period above the
10 m depth (Fig. 5). The exception was noted at the station
S-1, where in May and June 1999 the majority of this
population was recorded in the bottom layer. In the late
autumn-winter period the organisms also concentrated at
the bottom, especially at the inner stations S-3 and S-4.

Increased abundances of adult small copepods were also
found in the spring—summer period (Fig. 5). The maximum
was recorded at the surface of station S-4 (27 ind. 1) in
July 1998, when Paracalanus parvus, Euterpina acutifrons
and Oithona nana dominated this category. At the other
stations this summer maximum was of lower intensity, and
the organisms concentrated in the 0-5 m layer. A some-
what increased abundance of adult small copepods was
also recorded in the late autumn—winter period at S-3 (23
ind. I""), with Oncaea spp. and E. acutifrons as the main
contributors.

Mesozooplankton

Total mesozooplankton abundance per station varied from
2055 to 14797 ind. m™ (Fig. 6). The differences among
stations were not significant (P = 0.392). Highest abun-
dances were generally recorded in the warmer part of the
sampling period, but distinct peaks were also observed in
February 1999 at the inner stations S-3 and S-4 (Fig. 6c, d).

Copepods were the most abundant group, and their
average annual abundances represented >60% of the total
mesozooplankton.

Only in summer the contribution of cladocerans occa-
sionally surpassed that of the copepods. Lowest cladoceran
abundances were recorded in February 1999 at all stations,
and the highest value (4949 ind. m_3) was recorded in June
1999 at S-1 (Fig. 6a). The most abundant species was
Penilia avirostris.

Larval stages of benthic invertebrates generally ranged
third in abundance, although they were occasionally
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Fig. 6 Seasonal distribution of the abundances of total mesozoo-
plankton and dominant mesozooplankton groups (Copepoda, Clado-
cera) at stations a S-1, b S-2, ¢ S-3, and d S-4

surpassed by the appendicularians, especially in the sum-
mer—autumn period. Bivalve larvae dominated among the
meroplankton larval stages.

Juveniles made the highest contribution to the appen-
dicularian abundances, peaking in August and September
1998. The most abundant adult appendicularians were
Oikopleura dioica (S-1 and S-2) and O. longicauda (S-3
and S-4). Small numbers of Fritillaria pellucida were
recorded particularly in February 1999.

Chaetognaths were recorded throughout the investigated
period, and were dominated by juvenile Sagitta spp.. Their
overall contribution to the total mesozooplankton was
<4%. Thaliaceans attained significant abundances in Au-
gust 1998 when a high number of Doliolum spp. gono-
phores was recorded at all stations (>250 ind. m*3), and in
April 1999 when a Thalia democratica bloom was recorded
at S-4 (294 ind. m™).
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Other recorded groups included siphonophores, ptero-
pods and ostracods. They appeared in the plankton occa-
sionally and in low abundances. Siphonophores generally
contributed <1% to the total mesozooplankton. Increased
pteropod abundances were recorded only in August 1999 at
all stations, when high abundances of Creseis spp.
embryonic shells appeared in the plankton. A small number
of ostracods was recorded in the investigated area, mostly
during the autumn—winter period.

A total of 44 copepod taxa was determined in the
investigated area. The temporal variability of Shannon
diversity index (H’) for the copepod community is pre-
sented in Table 3.

Calanoids and poecilostomatoids generally dominated
the copepod assemblage, while the dominance of the cy-
clopoids was mainly confined to warmer periods. Calanoid
individual abundances were mostly low, but the number of
species was relatively high, cumulatively contributing to
the abundance of this group. Conversely, poecilostoma-
toids and cyclopoids in particular attained high individual
abundances, but the number of species was lower.

Main contributors to the calanoid abundances were
calanoid copepodids, representing on average >70% of
total calanoids at all stations. The most abundant and
regularly occurring adult calanoids were Paracalanus
parvus (Fig. 7a), Ctenocalanus vanus (Fig. 7b), Centro-
pages typicus (Fig. 7c), Acartia clausi (Fig. 8a), and
Temora stylifera (Fig. 8b). Temora longicornis showed
increased abundances at the inner stations S-3 and S-4,
with a maximum recorded in April 1999 at S-4
(410 ind. m_3) (Fig. 8c). Centropages krgyeri was re-
corded at all investigated stations, attaining highest abun-
dance (102 ind. m~) in July 1998 at the innermost station
S-4. The presence of isolated specimens of some open-sea
surface (Pontella spp., Labidocera wollastoni) or subsur-
face (Lucicutia flavicornis) dwellers was recorded at most
stations throughout the investigated period.

The highest contribution to the poecilostomatoid cope-
pods came from the Oncaea media complex, present and
abundant throughout the area (Fig. 9a). Monothula subtilis
density increased in the winter—spring period, when the
species’ contribution to the total poecilostomatoid abun-
dance surpassed 20% (Fig. 9b).

The most abundant cyclopoid taxa at all stations were O.
nana and Oithona copepodids (Fig. 9c). Their combined
average annual abundances represented >80% of this group
at all stations.

Harpacticoid densities were low, and mainly controlled
by the variability of the most abundant species E. acuti-
frons (Fig. 9d).

Zooplankton relationship to biotic and abiotic
parameters

Microzooplankton

Non-loricate ciliates (NLC) showed a significant negative
correlation with salinity at all stations. The relationship
with temperature was mostly positive, but not significant
for either NLC or tintinnids (Table 4).

Temperature rather than salinity showed a pronounced
influence on the metazoan component of the microzoo-
plankton community, evident in a mostly significant posi-
tive relationship with adult small copepods and their
developmental stages (Table 4).

Correlation coefficients with the average chlorophyll a
concentrations were low for all microzooplankton groups
(Table 4).

Mesozooplankton

Spearman rank order correlations showed that both cla-
docerans and appendicularians were effectively controlled
by temperature (Table 4). Copepods as a group seemed to
be unaffected by the temperature variability, but the re-
sponse of the individual species was more specific. Cten-
ocalanus vanus, T. longicornis, M. subtilis and Oithona
similis showed a consistently negative relationship with
temperature, statistically significant at most stations. Cor-
relation between T. stylifera and temperature was always
positive and significant at most stations. Paracalanus
parvus, Acartia clausi, Centropages typicus, the O. media
complex, O. nana and E. acutifrons were less affected by
temperature, evident in low correlation coefficients with
this variable. Among other mesozooplankton groups, a

Table 3 Temporal variability of the Shannon diversity index H’ (bits ind.™") in the copepod community during the sampling period

Station Sampling period

V 98 VII VIII X XI I 99 v v VI Vil X Mean
S-1 1.69 2.14 1.57 1.67 1.81 1.89 2.51 1.10 2.06 1.92 1.70 1.82
S-2 1.81 1.54 1.67 1.74 1.55 2.12 1.13 1.38 1.97 1.67 1.79 1.67
S-3 2.09 1.88 1.70 2.29 0.99 1.82 227 1.78 1.99 1.91 2.13 1.90
S-4 1.71 1.70 1.73 1.43 - 2.02 222 1.53 2.17 1.41 1.56 1.75
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Fig. 7 Seasonal distribution of calanoid copepod species abun-
dances. a Paracalanus parvus, b Ctenocalanus vanus, and c¢
Centropages typicus at stations S-1 to S-4

significant relationship with temperature was determined
only for thaliaceans at S-2 (Table 4).

Both total mesozooplankton and copepods consistently
showed a negative relationship with salinity. However, a
significant negative relationships with this parameter were
determined for Paracalanus parvus and calanoid cope-
podids, the O. media complex and E. acutifrons only at
station S-3, and for calanoid copepodids at S-4. Among the
other groups, only pteropods at S-2 showed a significant
correlation with salinity (Table 4).

Correlation coefficients with the average chlorophyll a
concentrations were low for most of the mesozooplankton
groups. Significant relationships with this parameter were
occasionally determined for Centropages typicus, calanoid
copepodids, the O. media complex, thaliaceans and ap-
pendicularians (Table 4).

Between-group analysis

Fluctuations in the total mesozooplankton were primarily
due to the seasonal variability of copepod abundances
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Fig. 8 Seasonal distribution of calanoid copepod species abun-
dances. a Acartia clausi, b Temora stylifera, and ¢ Temora
longicornis at stations S-1 to S-4

(Table 5). Among mesozooplankton groups significant
correlations originating from either predator—prey rela-
tionships (chaetognaths with copepods, cladocerans and
meroplankton larvae) or similar food preferences (cladoc-
erans with appendicularians and pteropods, appendiculari-
ans with pteropods) were recorded (Table 5).

Non-loricate ciliates showed a significant correlation
with total copepods, calanoids and cyclopoids at S-2, as
well as with poecilostomatoids at S-3 (Table 6). Tintin-
nids were significantly correlated with poecilostomatoids
at S-4. Other significant correlations were determined
mostly between copepods and their developmental
stages.

Similarity percentages analysis (SIMPER)

Three copepod taxa ranked among the top five, regardless
of the season: the O. media complex, O. nana and E.
acutifrons. However, their position in this group varied, as
the consequence of some variability in their abundances.
The O. media complex always ranked first, with the
exception of the winter period when E. acutifrons peaked.
Oithona nana exhibited a significant peak in summer.
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Fig. 9 Seasonal distribution of non-calanoid copepod species abun-
dances. a Oncaea media complex, b Monothula subtilis, ¢ Oithona
nana, and d Euterpina acutifrons at stations S-1 to S-4

Cross comparisons of the copepod community during
different seasons revealed further differences in seasonal
copepod population structure. Acartia clausi was charac-
teristic of the spring—summer community, Centropages
krgyeri characterized the summer, 7. stylifera the summer—
autumn, and Clausocalanus furcatus the autumn commu-
nity. Temora longicornis was a characteristic part of the
winter—spring, and M. subtilis and Ctenocalanus vanus of
the winter assemblage. Paracalanus parvus contributed
less to the dissimilarities among seasons, since it was al-
most perennial at the inner stations.

@ Springer

Principal components analysis (PCA)

Data input in the PCA included the main groups of the
microzooplankton (non-loricate ciliates, tintinnids and
copepod nauplii) and all mesozooplankton components
(calanoid, cyclopoid, poecilostomatoid and harpacticoid
copepods, cladocerans, appendicularians, chaetognaths,
thaliaceans, pteropods, siphonophores, ostracods and lar-
vae) recorded at four investigated sites. The PCA extracted
two components which together accounted for 90.71%
variance (Fig. 10). The PC1, comprising S-1 and S-2, ex-
plained 80.01% variance, while PC2 (S-3 and S-4) ex-
plained 10.70% variance.

Discussion

Due to the relatively low degree of urbanization and indus-
trialization of the surrounding coasts, the anthropogenic
influence on the nutrient dynamics in the Neretva Channel
is limited. Maximum nitrate and silicate concentrations were
recorded in spring, coinciding with reduced salinity at the
surface and indicating that this nutrient enrichment came
from the Neretva river discharge. The exception was noted
in April 1999 when high nitrate and silicate surface content
coincided with the relatively high surface salinity at outer
stations S-1 and S-2 (36.60 and 37.30, respectively). How-
ever, vertical salinity changes in the 0-5 m layer during
the investigated period suggested that the halocline is often
positioned just below the surface, and it is thus possible
that the freshwater influenced thin layer was not properly
registered by the probe. The higher input of land-derived
nitrogen was regulated by the quick spring phytoplankton
uptake and further increase in nitrate concentration was
evident only at station S-1, where the influence of Neretva
river was most pronounced. Furthermore, circulation pattern
in the Channel and the strong compensatory inflow of
the open sea waters also affect nitrogen distribution, pre-
venting a strong accumulation (Vukadin 1981).

The critical orthophosphate concentration separating
between more and less productive Adriatic waters is
0.2 pmol PO;~ I"' (Vili¢i¢ 1989). Throughout the study
area it was significantly lower, designating orthophosphate
as the limiting nutrient. Similar N/P stoichiometry is often
determined in the coastal waters of the Adriatic Sea
(Vili¢i¢ and Stojanoski 1987). During the phytoplankton
peaks chlorophyll a values were much lower compared to
those recorded inside the Mali Ston Bay, where up to
6.73 pg chl a I"" was recorded during the bloom (Vili¢ié
et al. 1998).

In the absence of strong anthropogenic impacts, sea-
sonality and population structure of the coastal zooplank-
ton are largely determined by the physical environmental
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Table 5 Spearman rank order
correlations between main

Mesozooplankton groups

mesozooplankton groups Total CoP CLADO APP CHAETO PTERO
CoP
S-1 08464+
S-2 0.900%*
S-3 0.980%
S-4 0.806%*
CLADO
S-1 0.554 0.355
S-2 0.700%* 0.418
S-3 0.427 0.351
S-4 0.346 -0.042
APP
S-1 0.636* 0.564 0.473
S-2 0.582 0.418 0.655%
S-3 -0.014 -0.100 0.596
S-4 0.146 0.006 0.567
CHAETO
S-1 0.665* 0.706* 0.410% 0.565
S-2 0.836%* 0.845% 0.333 0.365
S-3 0.375 0.417 0.481 0.323
S-4 -0.067 0.080 0.190 -0.258
PTERO
S-1 0.356 0.137 0.397 0.753+ 0.192
S-2 0.430 0.105 0.609* 0.645% 0.257
COP Copepoda, CLADO S-3 0.401 0.360 0.820%* 0.303 0.441
Cladocera, APP S-4 -0.067 -0.425 0.306 -0.060 0.241
Appendicularia, CHAETO LARVAE
Chaetognatha, PTERO
Pteropoda S-1 0.272 0.200 -0.436 0.318 0.177 0.132
N=11: %P < 0.05: S-2 0.509 0.446 0.282 -0.064 0.616* 0.292
P < 0.005; ***P < 0.001 S-3 0.560 0.491 0.156 -0.354 0.213 0.279
(significant correlations are S-4 0.418 0.394 -0.224 -0.396 -0.184 -0.455

printed in bold)

variables. Average abundances of the ciliate dominated
protozoan assemblage in the study area were low compared
to highly productive Adriatic bays (Revelante and Gil-
martin 1983; Bojani¢ 2001; Bojani¢ et al. 2005), showing
more similarity to those recorded in the mesotrophic
channel areas (Bojani¢ 2002). Non-loricate ciliates (NLC)
seemed to be regulated by salinity, rather than temperature.
A similar relationship was recorded in the Kastela Bay
(Bojani¢ 2001). However, there are indications that the
inverse relationship between NLC and salinity might be the
indirect consequence of the NLC vertical distribution, since
they often prefer near surface layers where food is plentiful
(Bojani¢ et al. 2006). There was no evident influence of
either temperature or salinity on total tintinnids, indicating
that it might be inferred only at the species level.
According to Krsini¢ (1980) salinity exerts a determining
influence on the geographical distribution of tintinnid

@ Springer

species along the eastern Adriatic coast, while temperature
greatly impacts their seasonal succession.

Seasonal dynamics of metazoans was mostly governed
by temperature, especially in the case of copepods and their
developmental stages that regulated the fluctuations of
mesozooplankton and metazoan microzooplankton,
respectively. A similar relationship was determined for the
majority of other mesozooplankton groups. For cladocer-
ans and appendicularians a temperature-related season-
ality has been frequently documented (Fonda-Umani
1980; Luci¢ and Onofri 1990; Isari et al. 2006). The
only monospecific outburst in the Channel waters was
the appearance of the cladoceran Penilia avirostris
(>4000 ind. m™), greatly contributing to distinct summer
mesozooplankton maxima at all stations in both 1998 and
1999. Similar abrupt increases of its population have been
observed in other Adriatic and Mediterranean coastal areas,
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cToarlr);Tagor?E %zazz;iﬂ;:;gﬁr Copepods/station Microzooplankton groups
groups and microzooplankton NLC TIN NAUP JCOP ACOP
abundances
COP
S-1 0.264 0.091 0.000 0.327 -0.068
S-2 0.773* 0.146 0.637* 0.200 0.114
S-3 0.651 -0.259 0.592 0.408 0.588
S-4 -0.067 -0.055 -0.139 0.285 -0.079
CALANO
S-1 0.273 0.036 -0.273 0.046 -0.319
S-2 0.736* -0.055 0.654* 0.419 0.434
S-3 0.446 -0.509 0.173 0.223 0.183
S-4 0.486 -0.139 0.066 0.552 0.237
CYCLO
S-1 0.469 -0.163 0.155 0.145 -0.351
S-2 0.627* -0.027 0.191 0.005 -0.370
S-3 0.064 -0.209 0.427 0.181 0.082
S-4 —0.006 -0.188 -0.576 —0.842%* —0.869%*
POECILO
. . S-1 0.009 -0.045 0.127 0.536 0.269
NLC non-loricate ciliates, TIN
tintinnides, NAUP copepod S-2 0.518 0.200 0.736* 0.405 0.443
nauplii, JCOP juvenile S-3 0.609* 0.018 0.700* 0.582 0.795
Copepogs, Agg: adultlsma}(li S-4 -0.450 0.636* 0.176 0.381 0.364
e CALINO Sl aweac
poecilostomatoids, HARPAC S-1 -0.310 0.063 0.009 0.090 0.059
harpacticoids S-2 0.136 0.355 0.382 -0.196 -0.064
N =11; *P < 0.05; S-3 0.273 -0.246 0418 -0.023 0.287
**P < 0.005 (significant 4 -0.608 0297 ~0.224 0.297 0213

correlations are printed in bold)

relating to the species’ temperature-dependant reproductive
cycle (Siokou-Frangou 1996; Lipej et al. 1997; Vidjak
et al. 2006).

Factor Loadings, Factor 1 vs. Factor 2
Rotation: Varimax raw

b Extraction: Principal components

54 .l-’CZ

PC2

0.2

0.0 : : :
0.0 0.2 0.4 0.6 0.8 1.0

PC1

Fig. 10 Ordering of investigated stations with respect to zooplankton
structure and abundance obtained by the principal component analysis
(PCA)

Species succession in the copepod community was also
regulated by temperature, and its fluctuations resulted in
the appearance of either cryophilic (Ctenocalanus vanus,
M. subtilis) or thermophilic (T. stylifera) species. However,
it did not limit the presence of the most abundant small
taxa such as the O. media complex, O. nana and E. acu-
tifrons or Paracalanus parvus which was almost perennial
at the inner stations.

Our results of the copepod seasonality are in general
accordance with some earlier studies: Acartia clausi is a part
of the typical summer association in the Gulf of Trieste
(Cataletto et al. 1995; Mozeti¢ et al. 2002), Kastela Bay
(Regner 1992), Gulf of Naples (Mazzocchi and Ribera
d’Alcala 1995) and Balearic Sea (Fernandez de Puelles et al.
2003); Oncaea spp. belong to the autumn—winter assem-
blage in the Gulf of Trieste (Cataletto et al. 1995); T.. stylifera
characterizes the summer—autumn (Siokou-Frangou 1996),
and Ctenocalanus vanus belongs to the winter community in
the eastern Mediterranean (Siokou-Frangou et al. 1998).

The influence of salinity on copepod population was less
clear. At the inner stations, Spearman correlations sug-
gested a strong favourable influence of reduced salinity on
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copepod abundances, but this should be interpreted with
caution. Throughout the investigated area lowest salinity
values were recorded in the upper 5 m, while deeper layers
showed less oscillations and higher values. Although our
sampling technique did not provide data on mesozoo-
plankton vertical distribution, earlier investigation inside
the Mali Ston Bay demonstrated significant aggregation of
calanoid copepodids, T. longicornis, O. nana, O. media and
E. acutifrons in deeper layers (Luci¢ and Krsini¢ 1998),
where they remained unaffected by the reduced surface
salinity. Moreover, among estuarine neritic copepods
which might benefit from their adaptation to a wider
salinity range only Acartia clausi exhibited a significant
negative relationship with salinity, while the appearance
and abundance of T. longicornis were regulated by tem-
perature.

Apart from the physical variables of the environment,
the zooplankton community is strongly influenced by food
supply. Although phytoplankton is considered as the most
important food item for a number of zooplankters (Kleppel
1993), chlorophyll a concentrations were poorly correlated
with zooplankton groups in our study. Nevertheless,
distinctly reversed patterns in seasonal fluctuations of
calanoid abundances and chlorophyll a concentrations
suggested that the grazing pressure by calanoids affects the
phytoplankton biomass and that periods of low calanoid
abundance can relieve that pressure thus contributing to
higher phytoplankton biomass. Lawrence et al. (2004)
suggested that the availability of nitrogen may indirectly
control calanoid population via phytoplankton standing
crop, but that an uncoupling of the calanoid abundance
from nitrogen loading may occur if calanoids consume a
food source that does not vary according to the nitrogen
load. The same is presumably true for other omnivorous
copepods. The winter mesozooplankton maxima in Feb-
ruary 1999 at the inner stations were mainly due to cope-
pods and bivalve larvae. The low phytoplankton biomass
could hardly have supported the high calanoid and poe-
cilostomatoid abundances (>4000 ind. m~ each) and the
intensive filter-feeding from bivalve larvae. Their food
requirements at that time could be met by relatively high
abundances of ciliates, since there was a significant cor-
relation between various copepod orders and ciliated pro-
tozoans. Moreover, our data showed that both NLC and
small poecilostomatoids in that period preferred bottom
waters, where they could interact as predator and prey.
Krsini¢ (1987) revealed a positive correlation between
tintinnids and copepod nauplii in the Mali Ston Bay winter
community. The role of ciliates in the diet of bivalve
molluscs in this area has also been recognized (KrSini¢ and
Musin 1981; Njire et al. 2004).

Although the freshwater inflow and nutrient input into
the Channel waters may influence the timing and magni-
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tude of annual phytoplankton maxima, they did not
similarly affect zooplankton community structure and
abundance. High densities and dominance of omnivorous
copepods regardless of the season indicated the existence
of the complex food web in which herbivory is just one of
the possible paths. Although the zooplankton assemblage
was dominated by the neritic species, strong circulation and
the compensatory inflow of the highly saline offshore
waters in the bottom layer during the autumn—winter period
promotes the presence of the open water zooplankton, such
as small oncaeids and ostracods which are important ele-
ments of the south Adriatic winter zooplankton community
(Rudenjak-Lukenda 1990; Krsini¢ 1998; Brautovic et al.
2006). Highest values of the Shannon diversity index for
the copepod community were also recorded in the colder
part of the investigated period.

The differences in total micro and mesozooplankton
abundances among stations were not significant, but a
slight increasing trend towards the inner stations was no-
ticed for both zooplankton size categories. The result of the
PCA analysis also suggested a differentiation in the area
with respect to zooplankton assemblage, thus warranting
the grouping to inner and outer stations used in our paper.
Due to the elongated and narrow form of the Channel, the
influence of the surrounding coasts inevitably increases
towards its end, culminating inside the Mali Ston Bay
where high concentrations of organic and inorganic sus-
pended particles provide favourable conditions for com-
mercial bivalve farming (Vili¢i¢ et al. 1994).
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