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Abstract Zooplankton was sampled during 39 cruises,
from 1990 to 1993, at four fixed stations in the open
northern Adriatic. Hydrographic factors were important in
determining the abundance of the smallest and largest
components of the northern Adriatic food chain during
this period. Nauplii – especially those of the smallest size
fractions – were the major mediators of material transfer
between primary producers and higher trophic levels.
There was a significant difference in the vertical distri-
bution of nauplii size fractions between the eastern and
western parts of the northern Adriatic, but not in their
population density. According to multiple correlation
analyses, the abundance of naupliar size fractions in the
western area correlated strongly with temperature and
with certain biological factors. This study confirms the
important influence of the Po River and of mid-Adriatic
waters on the planktonic ecosystem of the northern
Adriatic.

Keywords Microzooplankton · Nauplii size fraction · Po
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Introduction

The northern Adriatic is a productive and typically neritic
sea (Benović et al. 1984) with generally cyclonic
circulation and periodic inflow of oligotrophic water
from the southern and central Adriatic (Orlić et al. 1992).
Hydrographic conditions vary owing to shallow depth,

high fresh water runoff (primarily from the Po River), and
the region’s fluctuating climate (Boicourt et al. 1999).
The area appears to be especially sensitive to seasonal and
long-term variations in nutrient load, the impact of which
depends significantly on changes in the oceanographic
conditions that have their origin in climatic fluctuations
(Degobbis et al. 2000). In fact, this ecosystem has
recently been exposed to strong environmental stress, as
manifested by the periodic presence of mucous aggregates
(Ott and Herndl 1995; Ćosović and Vojvodić 2000),
large-scale hypoxic and anoxic events, and decreased
biodiversity (Benović et al. 2000).

Copepod nauplii are a major component of zooplank-
ton biomass throughout the year in many marine ecosys-
tems (Calbet et al. 2001), even though their contribution
to total zooplankton abundance in some cases is less than
5% (Park and Marshall 2000). Despite a long tradition of
microzooplankton research in the northern Adriatic (see
Coats and Revelante 1999), there have been surprisingly
few investigations of the resident copepod populations
throughout all developmental stages (KrÐinić 1995;
Gotsis-Skretas et al. 2000). In particular, the contribution
of nauplii to secondary production has received little
attention. With weight-specific ingestion rates three to
four times higher than those of adults (Lonsdale et al.
1996), they may be expected to play an important role in
the food web.

Owing to their small size, abundance, and ability to
feed on pico/nano-sized particles, copepod nauplii are
critical intermediaries between ‘classical’ and microbial
food webs (Roff et al. 1995). Prey size strongly influences
the feeding success of fish larvae (Hunter 1984).
Furthermore, as copepod nauplii are the major prey of a
number of commercially important fish species (Last
1980; Incze et al. 1996), the size structure of nauplii
populations can be expected to influence larval fish
survival and subsequent recruitment to adult stocks. For
example, one of the more intensively exploited fish in the
northern Adriatic, the anchovy Engraulis encrasicolus,
depends critically upon nauplii during its transition
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between passive and active feeding (Regner 1985;
Coombs et al. 1997; Conway et al. 1998).

The present study reports data on the relative abun-
dance and distribution of different size fractions of nauplii
in the northern Adriatic. These data are related to key
environmental variables, and to pico-, nano-, and micro-
phytoplankton production.

Methods

Samples were taken at four fixed stations (see Fig. 1), two in the
western part of the northern Adriatic (WNA: SJ101, SJ198), and
two in the eastern part (ENA: ZI012, ZI052), aboard Vila Velebita
of the Center for Marine Research in Rovinj, Croatia. Nine cruises
were conducted in 1990, six in 1991, and 12 each in 1992 and 1993.
Water was collected with a 5-liter Niskin bottle at 0.3, 10, and 20 m,
and also near the bottom. Samples were fixed in 2% formalin
neutralized with CaCO3.

Temperature was measured with a reversing thermometer, and
salinity with a Yeo-Kal MkII salinometer. The average annual
temperature and salinity models were based on 1966–2000 daily
values, and on records of Po River discharge from 1917 to 2000.
Models were calculated using the least-squares method, fitting a
sinusoidal function with the first six harmonics. Data from station
SJ107 were used to analyze long-term variations in salinity, mainly
because consistent measurements have been performed at that
station since 1966 (Fig. 1).

Samples (20 ml) from each Niskin bottle were taken for
analyses of heterotrophic bacteria and cyanobacteria abundance and
passed through a 0.2 �m filter, and concentrated to 2% (v/v).
Within 3 weeks of sampling, picoplankton abundance was deter-
mined by epifluorescence microscopy (Nikon Microphot-SA
microscope). Heterotrophic bacteria density was determined using
the DAPI (4,6-diamidino-2-phenylindol) staining method (Porter
and Feig 1980) and filtering onto black polycarbonate filters (pore
size 0.2 �m). Bacteria were counted using UV light excitation
(330–380 nm). Cyanobacteria were counted using green light
excitation (510–560 nm) after 15 ml sample filtration onto black
polycarbonate filters (pore size 0.6 �m; Takahashi et al. 1985). At
least ten fields, or 500 picoplankton cells, were counted per sample.

Chlorophyll a concentrations (Chl-a) were analyzed fluoromet-
rically using standard methods (Strickland and Parsons 1972).
Measurements were performed on a TD-700 fluorometer. Phyto-
plankton cell numbers were counted using an inverted microscope.

Microzooplankton samples were sedimented for 72 h, until the
original volume of 5 l was reduced to 3 ml. The organisms were
counted with a Wild stereomicroscope at magnifications of 100�
and 400�. Owing to naupliar size differences, samples were divided
into five categories: NS1 (<80 �m), NS2 (80–120 �m), NS3 (120–
160 �m), NS4 (160–200 �m), and NS5 (>200 �m).

Mesozooplankton and anchovy eggs were collected by bottom-
to-surface vertical tows with a 250 �m mesh Nansen plankton net
(diameter 80 cm) and were examined under a stereomicroscope.

In all text, figures, and tables in this article, reference to ‘surface
layer’ means depths between 0.3 and 10 m; ‘bottom layer’ is used
for depths between 20 m and the bottom.

The Mann-Whitney U test (Zar 1974) was used to compare the
differences in Chl-a, bacteria, cyanobacteria, phytoplankton abun-
dance, and nauplii density between western (WNA) and eastern
(ENA) stations, and between surface and bottom layers.

Linear correlation coefficients, multiple correlation coefficients,
and regression coefficients between nauplii fractions and abiotic as
well as other biotic factors were calculated. Discussion of results is
based on the interpretation of statistical methods by Waugh (1952)
and Spiegel (1972).

In all statistical tests, data from August 1991 were not included,
because of the appearance of a large amount of mucous aggregates
and the subsequent decrease in numbers of micrometazoans
(KrÐinić 1995), especially in nauplii.

Results

Hydrographic conditions

Thermal stratification of the water column began as early
as May, and the thermocline was typically formed by
early summer. During autumn, the vertical gradient
weakened and a moderate temperature inversion oc-
curred. The water column was generally isothermal in
winter. Temperature ranged from 7.40 to 28.93�C (mean
15.60€5.45�C) at WNA, and from 8.86 to 28.24�C (mean
17.49€4.86�C) at ENA.

The hydrographic situation during 1990–1993 was
characterized by higher-than-average salinity in the whole
area of investigation. During this period, salinity ranged
from 21.89 to 38.49 (mean 36.65€2.18) in WNA, and
from 34.41 to 38.52 (mean 37.68€0.70) in ENA. The
average monthly difference from the model (Fig. 2) in the
upper 10 m of the water column showed that, for most of
the year, salinity was above average. This difference was
especially marked during spring, owing to lower-than-
normal freshwater input. During this period the Po River,
the area’s main freshwater source, discharged 200–

Fig. 1 Map of sampling stations in the northern Adriatic Sea. Line
separates western (WNA) and eastern (ENA) parts of the sampling
area
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400 m3 s–1 (Fig. 2) less than the average (1,500 m3 s�1).
The sole exception was in October when the flow was
1,700 m3 s�1.

Biotic parameters

Picoplankton

There was an evident horizontal gradient in bacteria
abundance over the entire area, from WNA to ENA. This
started after the spring bloom and lasted until the late fall
phytoplankton bloom (Fig. 3).

A maximum of 5,642�106 cells l�1 was recorded at
WNA in May 1992. High abundances (>5,000�106 cells
l�1) were noted in August 1992 and October 1993. The
average was 1,457€891�106 cells l�1. Bacteria numbers
were considerably lower at ENA. A pronounced maxi-
mum of 3,297�106 cells l�1 was found in November,
while the 4-year mean was 933€460�106 cells l�1.

Cyanobacteria occurred in particularly high numbers
throughout the summer and, at WNA, at an extremely
high level in July 1991: 1,008�106 cells l�1 (Fig. 4).
Average abundance, however, was only 53€104�106 l�1,
while at ENA the 4-year average was 33€31�106 cells l�1.

Phytoplankton

High Chl-a concentrations and high cell counts were
recorded at WNA during spring and fall. The Chl-a
maximum, 13.03 mg m�3, was found in October 1993
(Fig. 5). The 4-year Chl-a average was 1.34€1.82 mg m�3.
Increased Chl-a concentrations were registered at ENA
only in fall. The maximum, 3.20 mg m�3, was also found
in October, with a 4-year mean of 0.39€0.43 mg m�3. In

Fig. 2 Average monthly devia-
tion of salinity (Ds) from the
annual model (1966–2000) for
surface and 10 m depth in
western (WNA) and eastern
(ENA) parts of sampling area
during the period 1990–1993.
Average monthly deviation of
Po river flow (DQm) from the
annual model (1966–2000)

Fig. 3 Box plot of numerical abundance of bacteria in the northern
Adriatic Sea during 1990–1993. Middle tiny squares and line
indicate mean values, box presents standard deviations, whisker
min–max values
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both areas, the lowest mean values were noted during
summer.

Nanophytoplankton occurred in especially high num-
bers at WNA throughout most of the year (Fig. 6). The
average abundance of total nanophytoplankton was
2.28€3.84�106 cells l�1, with a maximum of 49.68�106

cells l�1 in May 1990. Lower values were noted at the end
of the summer and at the beginning of fall, quite the
opposite of Chl-a concentrations during this period.
Densities were lower at ENA, with a maximum of
7.93�106 cells l�1 in June 1991, and with the same
minimum as in the western area. The 4-year average was
1.47€1.25�106 cells l�1.

Microphytoplankton was most numerous in spring in
both areas. More than one high value was found, and the
highest, at WNA in March 1993, was 62.33�106 cells l�1

(Fig. 7). The average abundance was 1.07€4.11�106 cells
l�1. Microphytoplankton cell numbers were lower in
ENA. The maximum was 2.37�106 cells l�1 in March
1992, and the average 0.13€0.33�106 cells l�1.

Zooplankton

Although there were generally high numbers of nonlor-
icate ciliates and tintinnids, copepod nauplii accounted for
the highest microzooplankton abundance: 31% at WNA,

and 35% at ENA. The mean composition of nonloricate
ciliates, tintinnids, copepodites, and small adult copepods
was generally similar at both stations: 35%, 24%, 7%, and
3% at WNA; and 34%, 23%, 6%, and 2% at ENA.
Oithona nana and Oncaea spp. were the most numerous
small adult copepods.

High abundances of meso-fraction copepods were
found in all seasons, especially in spring and summer. At
WNA these ranged between 146 and 9,137 ind. m�3

(2,345€1,739 ind. m�3); at ENA between 199–6,729 ind.
m–3 (2,034€1,721 ind. m�3). The most numerous species
was Paracalanus parvus, followed by Acartia clausi,
Temora longicornis, Oithona similis, Pseudocalnus elon-
gatus, Calanus helgolandicus (especially at the end of
winter and during spring at WNA), Temora stylifera, and
Oithona plumifera (summer–fall species).

At ENA, copepods characteristic of the surface layer
of the open sea were noted in a higher number during fall:
Nannocalanus minor, Calocalanus pavo, Clausocalanus
arcuicornis, Cl. jobei, Cl. furcatus, Ctenocalanus vanus,
Temora stylifera, and Oithona plumifera.

In both areas, increased total nauplii densities were
found in the May–June period, and the highest abundance
in August and September, with maximum values more
than 400 ind. l�1 (Fig. 8). The quadrennial average was

Fig. 5 Box plot of Chl-a concentrations in the northern Adriatic
Sea during 1990–1993. Middle tiny squares and line indicate mean
values, box presents standard deviations, whisker min–max values

Fig. 4 Box plot of the numerical abundances of cyanobacteria in
the northern Adriatic Sea during 1990–1993. Middle tiny squares
and line indicate mean values, box presents standard deviations,
whisker min–max values
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48 € 60.68 ind. l�1 at WNA, and 47.67€58.35 ind. l�1 at
ENA.

No significant difference was found between naupliar
abundance at WNA and ENA (Table 1). Significantly

higher nauplii densities were found in the surface layer at
WNA (Table 2).

The highest values, 40–50 ind. l�1, were recorded in
August and September for the first three nauplii fractions
(NS1–NS3) at both survey areas (Fig. 9). These fractions
were considerably more abundant than the others. Minor
peaks in May were noted for NS2 and NS3, too. The
highest mean values for NS4 did not exceed 15 ind. l�1.
Several other peaks occurred throughout the year, with no
clear evidence of seasonality. Pronounced peaks of the
NS5 fraction were found in February at WNA, and in
October at ENA.

The average number of anchovy eggs for May–
September was 14.04€14.66 eggs/m3 at WNA, and
10.90€7.88 eggs/m3 at ENA. The maxima were 53

Fig. 7 Box plot of the numerical abundances of microphytoplank-
ton in the northern Adriatic Sea during 1990–1993. Middle tiny
squares and line indicate mean values, box presents standard
deviations, whisker min–max values

Table 1 Comparison of WNA and ENA sampling stations with
respect to chlorophyll a concentrations, bacteria, cyanobacteria,
phytoplankton and nauplii abundances (Mann-Whitney test)

Taxon Probability Sequence of abundance

Bacteria <0.001 WNA>ENA
Cyanobacteria 0.024 WNA>ENA
Chlorophyll a <0.001 WNA>ENA
Nanophytoplankton <0.001 WNA>ENA
Microphytoplankton <0.001 WNA>ENA
Nauplii (total) 0.059 WNA=ENA

Fig. 6 Box plot of the numerical abundances of nanophytoplankton
in the northern Adriatic Sea during 1990–1993. Middle tiny squares
and line indicate mean values, box presents standard deviations,
whisker min–max values

Table 2 Comparison of surface
(S) and bottom layers (B) at
WNA and WNA sampling sta-
tions with respect to chloro-
phyll-a concentrations, bacteria,
cyanobacteria, phytoplankton
and nauplii abundance (Mann-
Whitney test)

Taxon Probability Sequence of abundance

WNA stations ENA stations WNA stations ENA stations

Bacteria 0.003 0.891 S>B
Cyanobacteria 0.389 0.934
Chlorophyll a <0.001 0.042 S>B
Nanophytoplankton <0.001 0.065 S>B
Microphytoplankton <0.001 0.003 S>B S>B
Nauplii (total) <0.001 0.283 S>B
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eggs/m3 in May and August 1992 at WNA, and 26 eggs/
m3 in June at ENA.

Interrelationships between parameters

Significantly higher concentrations of Chl-a, picoplank-
ton, and phytoplankton were noted at WNA (Table 1).
The NS5 fraction was particularly numerous only at
WNA. Higher concentrations were found in the surface
layer at WNA for: Chl-a, bacteria, nanophytoplankton,
total nauplii numbers, and the NS3 and NS4 nauplii
fractions. This is significantly different from bottom-layer
samples (Table 2). A marked number of microphyto-
plankton cells were found in the surface layers of both
areas. The NS5 fraction showed a trend for near-bottom
aggregations.

The relationship between nauplii fractions and other
parameters was analyzed by multiple regression (Table 3).
Coefficients of correlation higher than 0.50 were noted at
WNA for all fractions (r=0.52–0.65), while at ENA only
for NS5 (r=0.68).

Temperature significantly correlated with all fractions
at WNA, and only with NS1 and NS5 at ENA. The
influence of temperature on NS5 was negative in both
areas. Relationships between nauplii fractions and other

parameters were more regular at WNA. Bacterioplankton
correlated only with NS1, while cyanobacteria correlated
with the larger NS3–NS5 fractions. Nanophytoplankton
numbers correlated positively and significantly with
NS3–NS5 fractions, while microphytoplankton correlated
with NS4 and NS5 fractions.

A comparison of the mean number of nauplii with the
number of anchovy eggs collected with 250 �m mesh
plankton net from May to November showed positive
correlations: n=43, r=0.69, P<0.001 at WNA; n=41, r=60,
P<0.01 at ENA. No differences in the number of anchovy
eggs were noted between WNA and ENA.

Discussion

The northern Adriatic marine ecosystem is influenced by
inputs of freshwater, nutrients, and pollutants, mainly
from the Po River (Degobbis et al. 2000). Owing to the
relatively shallow setting of this area, variations in
discharge can have dramatic effects on the composition
of the plankton. For example, ciliated protozoans are
traditionally the most abundant component of the northern
Adriatic microzooplankton (Coats and Revelante 1999);
at times, their biomass exceeds that of micrometazoans

Fig. 8 Box plot of the numerical abundances of nauplii in the
northern Adriatic Sea during 1990–1993. Middle tiny squares and
line indicate mean values, box presents standard deviations, whisker
min–max values Fig. 9 Average numbers of nauplii of different size fractions (NS1–

NS5) in the western (WNA) and eastern (ENA) part of the northern
Adriatic Sea during 1990–1993

78



(KrÐinić 1995). During 1990–1993, however, the Po River
discharge was well below the 50-year average, and the
concentration of ciliates was unusually low. Nauplii thus
became the dominant group of the microzooplankton
community.

Copepod nauplii density was generally high at the end
of spring, and highest in midsummer. Densities found in
the present study – from 200 to 450 ind l�3 – are among
the highest reported for coastal marine environments (e.g.
Beers et al. 1980; Liang and Uye 1996a, 1996b; Incze et
al. 1996; Zhang and Wang 2000; Godhantaraman and
Uye 2001). One notable exception is a Mexican Bay that
had more than 1,000 ind. l�l (Dagg et al. 1987; Dagg and
Whitledge 1991).

During most of the year the smallest naupliar fractions
were dominant. Their high summer abundance corre-
sponded with the high numbers of anchovy eggs found
during the same period. A major portion of these
copepods were small cyclopoids, the most abundant
metazoans in all parts of the world ocean (Paffenh�fer
1993; Gallienne and Robins 2001).

Among the many environmental factors that affect
nauplii growth and abundance, temperature and food have
received most attention (e.g. Revelante at al. 1985;
Godhantaraman and Uye 2001; Rey et al. 2001). All
nauplii fractions in WNA had a significant correlation
with temperature; in ENA only NS1 and NS5 had
significant correlations. The correlation between temper-
ature and the NS5 fraction was negative in both areas.
This results from the fact that higher numbers of this
largest size category occurred near the bottom, where
temperatures were lower. High values were recorded in
winter and spring in WNA, and during fall in ENA. The
same pattern was found for the larger calanoid copepods
(1–3 mm) in both areas.

The NS1 fraction in WNA correlated positively with
bacteria abundance. This suggests that bacteria may be an
important food for the first developmental stages of the
ubiquitous small cyclopoids and poecilostomatoids. Ac-
cording to some reports, cyclopoid and poecilostomatoid
nauplii start to feed immediately after hatching (Uchima

and Hirano 1986; Paffenh�fer 1993), unlike calanoid
nauplii, which begin to feed only in the second and third
naupliar stages (see, e.g.. Peterson 2001). Roff et al.
(1995) calculated that daily food requirements of nauplii
can be met by a diet of bacteria and picoplankton, but not
by nano- and net-phytoplankton. Moreover, significant
regression coefficients between cyanobacteria (a larger
size class of picoplankton) and the NS3, NS4, and NS5
fractions were noted.

Significant correlations were not found between the
smaller size classes (NS1–NS3) and either Chl-a or
nanophytoplankton, but high values of nauplii during the
summer corresponded with the lowest values of Chl-a and
a lower abundance of nanophytoplankton. This may result
from intense grazing by the numerous adult Oithona nana
found during this period (KrÐinić 1995), followed by
proliferation of its nauplii.

The density of larger nauplii (NS3–NS5) in WNA
correlated positively with nanophytoplankton. This sug-
gests the importance of these small phytoplankton cells in
naupliar development. There was a less significant
correlation with microphytoplanton cells and the largest
nauplii (NS4–NS5).

Biological factors correlated strongly with the abun-
dance of naupliar sizes only in WNA, although there were
especially large variations in phytoplankton numbers in
these area. One reason for this might be the influence of
oligotrophic, high-salinity, well-oxygenated mid-Adriatic
waters in the eastern sector of the northern Adriatic (Orlić
et al. 1992). Depending on the severity and persistence of
meteorological conditions, the water column in WNA is
generally more strongly stratified, and the highest values
for most of the estimated parameters were noted in the
surface layer. Seasonal variations in phytoplankton in
ENA were notably lower. Total nauplii abundance,
however, was similar in both areas, as were the
abundances of the various naupliar size fractions.

Nauplii filtration and ingestion rates are well described
by saturation kinetics (Price and Paffenhofer 1986). At
the maximum Chl-a concentrations and phytoplankton
abundances observed during this study, it may be

Table 3 Results of multiple
correlation analysis, for WNA
and ENA, between the abun-
dance of different nauplii size
fractions (NS1–NS5), abiotic
and biotic parameters (signifi-
cant b coefficients are marked
by an asterisk)

WNA NS1 NS2 NS3 NS4 NS5

Multiple correlation coefficient 0.65 0.59 0.59 0.65 0.52
Temperature 0.57* 0.55* 0.41* 0.32* �0.30*
Salinity 0.10 0.08 0.10 0.03 0.08
Bacteria 0.23* 0.08 0.10 0.18 0.12
Cyanobacteria –0.02 0.00 0.34* 0.43* 0.27*
Chlorophyll a –0.13 –0.07 0.01 0.02 0.04
Nanophytoplankton –0.06 0.07 0.21* 0.35* 0.27*
Microphytoplankton 0.08 0.04 0.15 0.21* 0.21*
ENA NS1 NS2 NS3 NS4 NS5

Multiple correlation coefficient 0.46 0.33 0.33 0.46 0.68
Temperature 0.36* 0.12 0.00 –0.18 –0.57*
Salinity –0.03 0.04 0.07 0.03 0.05
Bacteria 0.19 0.22 0.20 0.20 0.11
Cyanobacteria 0.07 0.03 –0.02 0.01 0.31*
Chlorophyll a –0.06 –0.07 –0.11 –0.21 –0.13
Nanophytoplankton 0.03 0.20 0.34* 0.20 0.11
Microphytoplankton –0.02 –0.07 –0.10 –0.02 –0.02
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speculated that nauplii were feeding at saturation levels,
and so were not food-limited. Thus, available food
concentrations and cell sizes would not seem to limit
nauplii growth in either study area. Similarly, Turner et al.
(1999), working in the western part of the northern
Adriatic, concluded that zooplankton grazing had a
minimal impact on the phytoplankton community; in-
stead, they found phytoplankton growth to continue
unabated until nutrients were exhausted.

Drawing conclusions about the dynamic behavior of
ecosystems from discrete samples taken at time intervals
longer than the characteristic times of key processes is
fraught with interpretation problems. The data presented
here nevertheless suggest where limited sampling re-
sources should be deployed to describe more confidently
the functional role of copepod nauplii in the northern
Adriatic plankton community.
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for providing the microzooplankton samples. We thank Dr. Nick
Staresinic and Dr. Adam Benović for constructive criticism and
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