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Abstract We have studied the seasonal dynamics of

abundance and feeding characteristics of three species of

calanoid copepods (Acartia spp., Centropages hamatus and

Temora longicornis) in the White Sea from the surface

water layer (0–10 m), in order to assess their role in the

pelagic food web and to determine the major factors gov-

erning their population dynamics during the productive

season. These species dominated in the upper water layer

(0–10 m) from June through September, producing up to 3

generations per year. Data on the food spectra revealed all

species to be omnivorous; but some inter- and intraspecific

differences were observed. Generally, copepods consumed

diatoms, dinoflagellates and microzooplankton. The omni-

vory index ‘UC’ (i.e., fatty acid unsaturation coefficient)

varied from 0.2 to 0.6, which implied ingestion of phyto-

plankton. The different degree of selectivity on the same

food items by the studied species was observed, and

therefore, successful surviving strategy with minimal

overlapping could be assumed. In total, the populations of

the three studied copepod species grazed up to 2.15 g

C m-2 day-1 and released up to 0.68 g C m-2 day-1 in

faecal pellets. They consumed up to 50% of particulate

organic carbon, or up to 85% of phytoplankton standing

stock (in terms of Chl. a), and thus played a significant role

in the transformation of particulate organic matter. Sea-

sonal changes in abundance of the studied species depen-

ded mostly on water temperature in the early summer, but

were also affected by food availability (Chl. a concentra-

tion) during the productive season.
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Introduction

Copepods play a key role in marine pelagic food webs,

transferring organic matter produced by unicellular algae and

microzooplankton to higher trophic levels such as pelagic

fish. Grazing by copepods largely determines the amount and

composition of vertical particle flux, when copepods produce

significant amount of faecal pellets, which sink to the bottom

and re-mineralize in the water column (Olli et al. 2007). Two

major groups of factors that govern the reproduction and thus

population dynamics of predominantly herbivorous cope-

pods in high-Arctic regions are defined. First group includes

factors that govern the food limitation, i.e. light intensity and

nutrient concentration affecting the phytoplankton produc-

tion, while the water temperature may impact to a vertical

distribution of the species through the year (Carmack and

Wassmann 2006). A pronounced seasonal variation of pri-

mary production is the major typical characteristic of the

Arctic seas (Mousseau et al. 2001). Feeding activity of her-

bivorous zooplankton and the peak of vertical organic matter

flux are closely related to phytoplankton blooms (Hagen

1999; Carmack and Wassmann 2006).

The White Sea (Fig. 1) is situated in the sub-Arctic and

has well-expressed seasonality (Berger et al. 2001) with the
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late spring being one of the most productive seasons in the

pelagic zone. The White Sea system shows the character-

istics of high-Arctic areas during both the hydrological

winter (ice coverage season) and spring, while in summer it

can be characterized as a temperate sea, including pecu-

liarities of the water temperature and zooplankton com-

munity structure in the upper water layer 0–10 m

(Prygunkova 1974; Berger et al. 2001; Pertsova and

Kosobokova 2003; present study). As a rule, surface waters

in spring time are occupied by cold-water copepod species

such as Calanus glacialis and Pseudocalanus spp., while

during the summer period, these species are replaced by

boreal ‘warm-water’ copepods, i.e. Acartia, Temora and

Centropages genera. In contrast to the high Arctic, the

White Sea also has a distinct second peak of primary

production in July–August due to both pronounced solar

summer intensity and relatively high nutrient availability

(Berger et al. 2001). It is still unknown how this vast

stock of organic matter, including microzooplankton, is

utilized in the marine ecosystem. We hypothesize that the

major consumers in summer are the boreal copepods, as

they dominate the summer zooplankton communities

(Prygunkova 1974; Martynova 2003, 2005).

Average biomass of mesozooplankton in the White Sea

is about 200 mg m-3, which is comparable to that in other

seas, with peak values as high as 2.500 mg m-3 (Berger

et al. 2003). Copepods may constitute up to 90% of meso-

zooplankton in terms of abundance and more than 95% by

biomass (Berger et al. 2001), with calanoids being a pre-

dominant group. In the White Sea, changes in zooplankton

community, including dynamics of the species abundance

and the disappearance of the warm-water species in the

winter period, are pronounced in the upper layers through

the ice-free season (Prygunkova 1974; Pertsova and

Kosobokova 2003). Key calanoid species inhabiting the

White Sea can be separated into two large groups of species

according to their temperature and depth preferences. Cold-

water calanoids (Calanus glacialis, Metridia longa,

Pseudocalanus spp.) are present all the year round as

copepodites in different developmental stages; Calanus and

Pseudocalanus feed actively in spring (March–May) in the

upper water layers and migrate to water layers below the

thermocline in summer (Kosobokova 1999; Pertsova and

Kosobokova 2003). In contrast, ‘warm-water’ calanoid

species Acartia spp. (A. longiremis and A. bifilosa), Cen-

tropages hamatus, Temora longicornis appear in the upper

water layers (0–30 m) only during warm periods (water

temperatures above 8�C), i.e. from June to September,

while hibernating as dormant eggs in winter (Prygunkova

1974; Usov and Zubakha 2004). These species can dwell

down to 30 m depth; however, 90% of their population

remains in the thin surface water layer of 0–10 m (Berger

et al. 2001, 2003 original data, unpublished). These cope-

pods do perform diel vertical migrations, but only within the

upper 0–30 m water layer (Martynova and Vakatov,

unpublished data). Apparently, these species contribute

significantly to the ecosystem, but virtually nothing is

known about their food spectra, grazing and clearance rates.

These data are important towards an understanding of their

role in sub-Arctic seas, such as the White Sea.

The other important question addressed in the present

study was to determine the major factors governing the

population dynamics of the boreal copepods in the sub-

Arctic sea. Previous research (Prygunkova 1974; Berger

et al. 2001, 2003) considered low water temperatures as

a limiting factor for the population of these warm-water

Fig. 1 Map of the sampling

area (the White Sea,

Russian sub-Arctic).

D-1, K, 1–6—stations
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copepods. However, studies in the Baltic and the North

seas clearly showed successful wintering of these species

as copepodites even when the water temperatures were

close to zero. Their survival was mostly dependent on

the food supply (Devreker et al. 2005; Wesche et al.

2007).

This is the first study that links population dynamics of

the boreal copepod species in the White Sea and the major

environmental factors affecting their abundance. Seasonal

changes of zooplankton abundance were studied at the two

nearshore stations, and geographical variation was

explored during a cruise in early July. Feeding character-

istics such as food spectra of copepods and their feeding

and faecal pellet production rates were studied experi-

mentally in order to assess grazing impact of these species

in the 0–10 m layer, where their abundance is maximal.

Finally, the influence of environmental factors (tempera-

ture and food availability) on the dynamics of boreal

copepods in the sub-Arctic sea during the productive per-

iod was analysed.

Materials and methods

Zooplankton and seston sampling

The abundance of Acartia spp. (A. longiremis and

A. bifilosa), Centropages hamatus and Temora longicornis

was estimated in different parts of the White Sea during the

summer season of 2002 (Fig. 1; Table 1). All zooplankton

samples were taken in series of vertical tows from 0 to

10 m with a Juday net (100-lm mesh gauze and 37 cm

diameter) by standard techniques (Harris et al. 2000). In the

White Sea, 90% of the warm-water copepod population (in

terms of both abundance and biomass) are found in the

surface layer of 0–10 m (Prygunkova 1974; original data).

The samples were fixed with CaCl2-buffered formaldehyde

(4% final concentration) (Harris et al. 2000). At station K

and stations 1–6, a second zooplankton sample was taken

from the same water layer for live copepods, which were

immediately transported to the laboratory and used for

grazing experiments.

Table 1 Sampling sites
Station Area Coordinates Bottom depth, m Sampling date

D-1 Kandalaksha Bay, Cape Kartesh 66�20.20 N, 33�38.90 E 63 14.05.02

01.06.02

11.06.02

20.06.02

10.07.02

20.07.02

30.07.02

10.08.02

20.08.02

31.08.02

10.09.02

K Kandalaksha Bay, Kruglaya Inlet 66�20.20 N, 33�38.80 E 15 22.05.02

05.06.02

14.06.02

25.06.02

11.07.02

21.07.02

31.07.02

11.08.02

21.08.02

31.08.02

11.09.02

1 Dvina Bay, near Severodvinsk 64�45.20 N, 39�30.70 E 15 27.06.02

2 Onega Bay, innermost part 64�09.20 N, 37�19.70 E 35 28.06.02

3 Kandalaksha Bay, Sidorov Island 66�07.00 N, 34�24.30 E 39 01.07.02

4 Central part (Basin) 65�36.50 N, 37�14.60 E 165 03.07.02

5 Central part (Basin) 65�26.10 N, 38�40.30 E 105 04.07.02

6 Dvina Bay, Mudjug Island 64�49.00 N, 40�00.50 E 13 06.07.02
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Seasonal variation of copepod abundance was studied at

stations D-1 and K during May–September, 2002. At Sta-

tion D-1 (63 m depth), sampling was performed every

7–10 days between 10 and 12 a.m. At Station K (15 m

depth), samples were also taken every 7–10 days. Possible

diurnal fluctuations in zooplankton community in a shallow

bay (Station K) were assessed by means of sampling every

2–3 h through 24-h period. All the samples were analysed

individually, and, where applicable, the average copepod

abundance was calculated. Temperature and salinity were

measured simultaneously with the zooplankton sampling

throughout the 0–10 m water layer by means of MIDAS

CTD, and the data for 0, 5 and 10 m depths were included

in the analysis.

Seston samples were taken using 5 L Niskin bottles at 0

and 5 m depths to study the phytoplankton and micro-

zooplankton abundance, particulate organic carbon (POC)

and Chl. a concentration. The samples were immediately

mixed to analyse the ‘overall’ pattern of the food

environment.

Experiments on grazing and faecal pellet

production rates

From June through September 2002, grazing and pellet

production was measured at Station K. These were also

measured during the 52nd cruise of RV ‘Ivan Petrov’ at

sampling stations 1–6 (Fig. 1; Table 1) for comparison

with other regions of the White Sea. Water for the exper-

iments was collected with 5-L Niskin bottles at 0 and 5 m

depths; these samples were mixed in equal volumes to

simulate the natural seston mixture in the upper water

layer. Water samples were filtered through 100-lm mesh

gauze and analysed for particulate organic matter (POM)

concentration. This water was also used as a food source in

the grazing experiments. This filtering excluded numerous

small copepods, which may graze on POM and add extra

pellets to the experimental bottle or re-ingest copepod

pellets (Svensen and Nejsgaard 2003), and some large and

colonial diatoms, which are usually not consumed by the

species under study (preliminary original data on the food

spectra). On the other hand, the pre-screening procedure

may reduce the number of large naked protists and thus

affect the food spectra. However, excluding the pre-

screening procedure increases the number of small zoo-

plankters, which may have more grazing effect and thus

lead to overestimation of the copepod grazing rates

(Gifford et al. 1995). The potentially high grazing impact

of microzooplankton smaller than 200 lm was minimized

by using fine mesh of 100 lm for pre-screening, and the

small remaining effect was corrected for by using bottles

without copepods as controls. Before the experiment, three

500 mL portions of pre-screened water were filtered under

0.30–0.35 Pa through a pre-weighed and pre-combusted

(220�C, 24 h) GF/C filter and then dried to constant weight

at 50�C for 24 h for subsequent analysis of organic C and

N. GF/C filters are suitable for such studies as they retain

most of the particles larger than 2 lm. This is sufficient to

study the feeding characteristics of certain zooplankton

species, which consume particles of more than 5 lm

diameter (Berggreen et al. 1988). Another three 500 mL

portions were filtered in the same manner and placed in

90% acetone for further Chl. a and phaeophytine (phyto-

pigments) analysis (Bathmann and Liebezeit 1986; Evans

et al. 1987). One hundred millilitres of water was fixed by

standard fixatives, i.e. buffered formaldehyde solution

(Harris et al. 2000) for further phytoplankton and micro-

zooplankton analysis (Utermöhl 1958).

Prior to the experiment, the specimens of Acartia,

Centropages and Temora at different developmental stages

and with full guts were sorted under a dissecting micro-

scope (109 magnification) into three age groups accord-

ingly to the number of pleopods and abdominal segments:

young copepodites (CII–CIII), elder copepodites (CIV–

CV) and females (CVI). Males were not studied due to

their low numbers (6–9 times less abundant than females).

Copepods were transferred to 100 mL jars (5–10 speci-

mens per jar) containing filtered (100 lm) seawater and

then acclimated for 24 h in darkness at the temperature

observed at 5 m depth at the time of sampling. All

experiments were performed at this temperature.

For each experiment, 50 females or 100 young

copepodites (0.1–1.1 mm prosome length) were placed in

5.0-L transparent polycarbonate bottles filled with filtered

(100 lm) seawater to achieve a density of one organism or

less per 50 mL. Four to six experimental and 1–2 control

(without animals) bottles were used for each experiment

(Harris et al. 2000). Bottles were exposed in situ in the

White Sea near the Cape Kartesh at a 5 m depth for

24–26 h by hanging them on a 5 m rope fixed to a standing

buoy. During the cruise, bottles were rotated (ca. 20 rpm)

in a dark sink and constantly cooled with surface water. In

total, 17 experiments were performed.

At the end of each experiment, bottles were kept sta-

tionary for 15–17 min to let the faecal pellets sink to the

bottom. Animals and faeces were gently removed with a

Pasteur pipette under the microscope (109), counted and

transferred separately to the GF/C filters for further anal-

yses. Movements and gut content of copepods, visible

through the transparent prosome, were checked to be sure

all copepods were in good condition (Pasternak 1995).

Animals and pellets on filters were gently washed with

filtered seawater (1 lm) and afterwards rinsed with 2–3

drops of deionized water. Organic C and N content of

copepods was determined. Approximately half of the faecal

pellets were counted, placed onto a GF/C filter and fixed in
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90% acetone for phytopigment analysis as described above.

Remaining pellets were counted, placed on another filter

and prepared for CN analysis as described for POM sam-

ples. Subsequently, two 0.5–1.0-L subsamples of the water

used in the experiments were filtered through 100-lm mesh

gauze and pumped through the pre-combusted GF/C filters

for subsequent analyses of organic C and phytopigments,

and one 100 mL subsample was fixed for phytoplankton

and microzooplankton analysis, as described above.

Analytics

Phytopigment and CN samples were stored with silica gel

at -23�C in dark hermetic containers. Phytopigment

analysis was performed with Turner Designs TD-700

fluorometer using standard techniques (fluorescence before

and after acidification) (Evans et al. 1987). Before CN

analysis, filters were weighed to the nearest 0.05 mg and

gently washed with 3–6 drops of 1 N HCl to remove all

inorganic C. Then, filters were washed with 10 mL

deionized water under 0.4 Pa vacuum and dried for 24 h to

constant weight at ?54�C. Organic C and N content were

determined with a Carlo Erba NA 1500 Analyzer. One

hundred to 200 animals of each species at developmental

stages were taken in three replicates from the fresh sample

and were used for fatty acid (FA) analysis. Copepods were

gently transferred into pre-weighed cups and washed with

DCM. Several blanks showed no significant deterioration

of the samples. Copepods were washed with cold distilled

water and then dried with Kleenex tissue. The animals

were immediately preserved in dichloromethane/methanol

(2:1, by vol.) and stored at -30�C until analysis (Falk-

Petersen et al. 1987; Tande and Henderson 1988; Hagen

et al. 1995). The physiological state of females was noted

(ovaries presence and their ripeness, if applicable). Lipids

were extracted according to Folch et al. (1957). The fatty

acid and alcohol compositions were determined by gas

chromatography (Kattner and Fricke 1986). Briefly, lipids

were hydrolysed in methanol containing 3% concentrated

sulphuric acid, and fatty acids were converted to methyl

esters by transesterification at 80�C for 4 h. Fatty acid

methyl esters and free alcohols were simultaneously ana-

lysed with a gas liquid chromatograph (HP 6890 N) on a

30 m 9 0.25 mm i.d. wall-coated open tubular column

(film thickness: 0.25 lm; liquid phase: DB-FFAP) using

temperature programming. Fatty acids and alcohols were

identified with standard mixtures, and if necessary, addi-

tional confirmation was carried out by GC/MS. The anal-

yses listed above were performed in the Biological

Oceanography Department of the Alfred-Wegener-Institute

(Bremerhaven, Germany).

Phytoplankton particles were counted for 100 mL sam-

ple under standard techniques (Utermöhl 1958) using DAPI

as fluorescence marker. Each phytoplankton species was

subdivided into one of three groups: (1) intact ‘full’ cells

with chloroplasts; (2) intact ‘empty’ cells without chloro-

plasts; (3) broken cells. Chain-forming phytoplankton

species were also treated as solitary cells and cell chains.

Chaetoceros, Corethron, Thalassionema, Thalassiosira and

Pseudonitzschia species were counted into three size

classes: (1) cells \ 50 lm diameter (length); (2) cells of

50–100 lm size and (3) cells [ 100 lm.

Calculations

The following equations were used to estimate major

feeding parameters:

1. Grazing rate, GR (Frost 1972)

GR ¼ ½C� � V � g
Ncop

lg ind�1 h�1
� �

½C� ¼
q1experiment � eðk�gÞ�t � 1

� �

ðk � gÞ � t

q2ðcontrolÞ ¼ q1ðcontrolÞ � ek�t ð1:1Þ

q2ðexperimentÞ ¼ q1ðexperimentÞ � e k�gð Þ�t ð1:2Þ

2. Faecal pellet production rate, as number of egested

pellets (FPR) or organic carbon (FPC)

FPR ¼ Np

Ncop � t
pellet ind�1 h�1
� �

or FPC ¼ ½C�p � 24h �Np

Ncop � t C½ � ind�1day�1
� �

where [C]—POM consumed in the experimental jar

(organic C or phytopigment), lg mL-1, q1 and q2—initial

and final POM concentrations (organic C or phytopig-

ment), lg mL-1, V—volume of experimental jar, mL, t—

duration of experiment, h, k—POM increasing coefficient

in control jar without copepods, h-1, g—grazing (POM

decreasing) coefficient in experimental bottle with cope-

pods, h-1, coefficients k and g were calculated by

transformation of Eqs. 1.1 and 1.2., Ncop and Np—numbers

of copepods and pellets, respectively, in experimental jar,

[C]p—organic C content of pellet, lg.

Grazing and pellet production rates were estimated by

multiplying abundance of the various stages of respective

species by individual parameters of GR and FPR, expres-

sed in organic C. High variability in feeding activity due to

the light impact was minimized in these calculations by

using average values based on data of 24-h experiments

from the bottles exposed at distinct depths.

Phytoplankton pigment per carbon ratio (PPC) in seston

was calculated according to Harris et al. (2000). The PPC

ratio means that 1 unit (i.e., lg) of Chl. a in phytoplankton

refers to n units of organic C for the same phytoplankton.
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This ratio helps to recalculate the Chl. a values into the

organic C values and is essential in assessing the role of

algal food in the copepod diet, when a comparison of data

of both organic C and Chl. a has to be performed. At the

beginning of the experiment, PPC averaged 120.0 ± 59.7,

while at the end of the experiment, it was 113.2 ± 39.2

(control vials) and 143.6 ± 44.7 (experimental vials).

These differences were not statistically significant; hence,

we assumed a PPC ratio of 120 in our calculations. The

PPC ratio was used to recalculate the amount of ingested

Chl. a into organic carbon and thus to estimate the per-

centage of algal food in the total diet.

Recalculations of the species grazing effect

To assess the role of the studied species in the ecosystem

(e.g. organic carbon intake), the recalculations using ori-

ginal and published data were performed. Most of the

suspended matter (POC) in the White Sea is concentrated

in the upper water layers above the thermocline (0–25 m)

(Berger et al. 2001; Romankevich and Vetrov 2001; Berger

2007). The Chl. a maximum in the White Sea occurs in the

surface water layer (0–10 m), throughout the productive

season (Bobrov et al. 1995; Berger et al. 2001; Berger

2007). The grazing effect was estimated using previously

published data on primary production (Berger 2007) and

original data on Chl. a and POC concentration.

Statistics

Unpaired t-tests were used to compare GR obtained at

different stations (cruise and station K) for the same age

groups, CII–III, CIV (or CV) and CVI (females only) of

studied species. Pearson correlation was applied to corre-

late species grazing impact and population abundance.

Original data were log10 transformed prior to the analyses.

The effects of the developmental stage and species of

copepods on grazing and faecal production rates were

tested with one-way repeated-measures analysis of vari-

ance (ANOVA). Linear regression analysis was used to

describe plankton responses, e.g., GR of different species

and developmental stages, as a function of food concen-

trations and to analyse interrelationships between food

concentrations, zooplankton abundance and biomass and

species grazing impact, the latter both in absolute and in

relative units (percentage of ingested food from total

potential food). To assess the influence of food quantity on

the species abundance and biomass, 1–2 week shifts were

applied for the data set. Linear regression analysis was also

used to describe interrelationships between POM parame-

ters and average temperature of 0–10 m layer. Principal

component analysis was applied to FA data to reveal any

differences in the relative content of major fatty acids and

thus to learn more about dominant food particles ingested.

Log10 transformations were applied when residuals did not

meet the assumptions of normality and homogeneity of

variance. The analysis was performed using the Statistica

6.0 software. Mean and standard deviation (m ± SD) are

given in the text and figures.

Results

Hydrology, POC, Chl. a and phytoplankton

characteristics

Temperatures differed at stations D-1 and K (Fig. 2a). In

general, the upper 0–10 m layer at Station K was well

mixed throughout the entire period of observation, whereas

significant differences within this layer were observed for

Station D-1 during most of the season (Fig. 2a). The water

temperature of the upper layer differed insignificantly from

that of the other studied areas of the White Sea (stations

1–6) in the beginning of July (Fig. 2a). The thermocline

was recorded at a depth of 20–50 m and was absent in

shallow areas (depth \ 25 m) (A. Lisitzin, personal com-

munication, data not shown).

The upper 0–5(10) m water layer was well mixed

through the summer period at both the neritic (D-1, K) and

open-sea stations (1–6), and a Chl. a maximum was reg-

istered in the near-surface water at depths of 5–12 m,

photic layer, above the thermocline (courtesy of A. Lisit-

zin). Chl. a concentration varied from 0.67 to 2.69 lg L-1

with variations corresponding to those observed in POC

(Fig. 2b). At Station K, three pronounced peaks of POC

were observed during summer of 2002 (Fig. 2c). The

POC level at Station D-1 was relatively stable throughout

the summer, with peaks in late spring and early autumn and

decreasing to a minimum during late autumn (Fig. 2c). The

absolute content of organic carbon and phytopigments

in POM did not depend on the average water temperature

in the 0–10 m layer (regression analysis, R2 = 0.10;

F1,26 = 2.9; P = 0.09 and R2 = 0.02; F1,26 = 0.4,

P = 0.51, respectively). The C:N ratio of POM ranged

from 4.8 to 10.3 (7.1 on average). Secchi depths ranged

from 3 to 4.5 m; thus, the light level of 1% varied between

8.1 and 12.2 m (Parsons et al. 1984), so the euphotic layer

did not extend deeper than 12.0 m. The phytoplankton

community in the upper 0–10 m was characterized by well-

expressed seasonal dynamics of the dominating species

(Fig. 3a, b). In the beginning of the ice-free season (May,

22), centric diatoms (Thalassionema spp.) were the domi-

nating group, comprised up to 86% of total phytoplankton

community abundance, which reached up to 130–210 cells

mL-1 (Fig. 3a). The dinoflagellate abundance was insig-

nificant during this period, when solitary cells were seldom
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found. When the solar intensity and water temperature

increased through June, the pennate diatom abundance

(Chaetoceros spp., small Pseudonitzschia species) rose

simultaneously; however, a dramatic decrease occurred at

the end of June, which may probably be linked to both

nutrient deficit and copepod grazing activity. During the

second decade of July (11.07), the phytoplankton com-

munity achieved abundances of 150–250 cells mL-1 and

withheld these values for a period of over 2 months (until

September, 11). However, the community pattern exhibited

great changes during this period, when dominating diatoms

were replaced by large dinoflagellates (Ceratium fusus, C.

arctica), which constituted 84% of total phytoplankton

abundance in the first week of September (Fig. 3b).

Utermöhl counting and fatty acid analysis results

The data on the food spectra, obtained by the Utermöhl

counting method, revealed nearly all the species and

developmental stages as omnivorous, consuming both

phytoplankton particles and microzooplankton. In particu-

lar, only the young copepodites (CI–CIII) of Acartia fed

largely on the phytoplankton, i.e. diatom species, mostly

Thalassiosira, Thalassionema and Chaetoceros. The food

spectra of the other developmental stages and species

included also such items as small dinoflagellates and

microzooplankton (protists and nauplii of other crustaceans)

(Fig. 3c). There was an overlap in the food preferences of

all three species, but differences were also observed among

samples taken at the same date. In the beginning of the

season, when Acartia dominated in the surface layers, it

preferred to consume small diatoms of cell size less than

50 lm, which included such species as Thalassiosira,

Thalassionema, Chaetoceros, Pseudonitzschia and Navic-

ula. The same trend was observed through the season by

Centropages and Temora; however, elder copepodites

included some small dinoflagellates and microzooplankton

in their diet. When all three species co-occurred in the

surface water layer, they competed for certain food items,

i.e. small diatoms of Thalassionema, Chaetoceros and

Pseudonitzschia species. At the end of August, 20% of the

diet of the adults of Centropages and Temora consisted of

microzooplankton. All the species and developmental

stages almost totally avoided Sceletonema, Rhizosolenia

and Melosira (Bacillariophytes) and nearly all the Dino-

phyta species, especially Ceratium. Even when the relative

abundance of small diatoms was low, all the copepods were

characterized by high selectivity towards these items

(Fig. 3b, c). Similar FA contents were observed for the

copepods of C. hamatus and T. longicornis, with similar

phytoplankton biomarkers (16:2(n-4); 20:5(n-3); PUFA,

UC, (n-3)/(n-6)) found for both species (Tables 2, 3;

Fig. 4). The saturated (SFA) and monounsaturated

(MUFA) fatty acids (14:0, 16:0, 18:0, SFA, MUFA) were

observed, including copepod (18:1(n-9), 20:1(n-9)) and

dinoflagellate (18:4(n-3); DHA/EPA) biomarkers, i.e. both

phytoplankton/herbivorous and animal/carnivorous FA

were found. There were almost no significant changes of

FA relative content during the maturation, except one case,

when a slight increase in 22:6(n-3) was observed in

Fig. 2 Seasonal dynamics of

a temperature (average for

0–10 m); b Chl.

a concentration, lg L-1

(surface); c POC concentration,

lg L-1 (surface); d copepod

abundance, ind. 910 3 m-3

(in 0–10 m).

D-1 (black squares);

K (empty squares),

1–6—stations (other signs)
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C. hamatus females. 16:1(n-7)/C16:0 ratio was the same in

all the developmental stages (0.24–0.25). Mature animals

were characterized by a higher relative amount of 22:6(n-3);

(n-3)/(n-6) and nearly the same UC (i.e., fatty acid unsat-

uration coefficient) and 16:1/16:0 ratios than other animals.

T. longicornis copepodites of different stages are quite

similar to C. hamatus in their FA content. High content of

monoenic FA 18:1(n-9) (carnivorous) was observed

(Table 3). High relative contents of dinoflagellate (18:4(n-3),

22:6(n-3)) and diatom (20:5(n-3)) polyunsaturated FAs

were also registered. FA content in Temora copepodites

differed significantly throughout the copepod development,

CVI females and CIV copepodites having similar param-

eters (Table 3). In contrast to CIV and CVI, young

copepodites (CIIs) had significantly lower contents of 18:0,

18:1(n-7), 20:1(n-9), 22:5(n-3) FA and 20:1(n-9) alcohol,

half as much as found in the other copepodite stages To the

contrary, the contents of 16:0, 16:1(n-7) and 20:4(n-3)

FA’s were more than 2 times less than in the copepodites

of other stages. We observed significant differences in FA

content of T. longicornis and C. hamatus sampled two days

apart (26–28.08.2002) (Tables 2, 3; Fig. 4), when females

Fig. 3 Seasonal dynamics of

phytoplankton/

microzooplankton community:

a abundance, cells mL-1;

b relative abundance, %; and

food items preferred by the

studied species: c food spectra,

%; according to the Utermöhl

analysis. Aca Acartia spp., Tem
Temora longicornis, Cen
Centropages hamatus, CI–CV,
fem copepodite stages
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Table 2 Centropages hamatus

Stages CII CIV Females

Sampling date 12.08.02 21.08.02 28.08.02

Fatty acids

14:0 3.1 2.8 4.1

14:1 – – –

15:0 1.1 2.1 0.8

16:0 13.2 18.2 13.1

16:1(n-7) 3.2 4.4 3.3

16:1(n-5) 0.5 – 0.6

16:2(n-4) 3.1 1.5 0.5

16:3(n-4) 0.7 0.6 0.6

16:4(n-1) – – –

18:0 3.3 3.9 3.2

18:1(n-9) 24.3 23.4 21.7

18:1(n-7) 1.6 2.8 2.0

18:2(n-6) 3.3 2.2 2.9

18:3(n-6) – 1.2 –

18:3(n-3) 1.9 1.2 1.8

18:4(n-3) 5.8 3.8 5.4

20:0 0.2 0.4 0.5

20:1(n-9) 1.0 2.2 1.7

20:1(n-7) – 0.6 0.4

20:3(n-6) – – –

20:3(n-3) – – –

20:4(n-6) 0.3 0.5 0.3

20:4(n-3) 4.1 1.8 2.1

20:5(n-3) 10.9 8.5 11.9

22:5(n-3) 1.8 2.2 2.4

22:6(n-3) 16.1 14.8 21.6

Alcohols

14:0 20.9 24.0 24.9

16:0 79.1 76.0 75.1

16:1(n-7) – – –

18:1(n-9) – – –

18:1(n-7) – – –

20:1(n-9) – – –

20:1(n-7) – – –

22:1(n-11) – – –

SFA 21.0 27.4 24.7

MUFA 31.0 33.3 32.0

PUFA 48.1 38.3 42.7

OBFA 14.4 20.3 17.2

DHA/EPA 1.5 1.7 1.8

16:1(n-7)/16:0 0.28 0.24 0.31

(n-3)/(n-6) 9.5 7.3 11.5

UC 0.5 0.4 0.4

DW (lg) 2.000 6.000 9.580

Relative FA content, %, and main indexes, ‘-’ FA/FAlc content is less than

0.2%. SFA saturated FA, %; MUFA monounsaturated FA, %; PUFA
polyunsaturated FA, %; OBFA odd- and branched FA, %; DHA/EPA
dinoflagellate index, 16:1/16:0 omnivory index, (n-3)/(n-6) herbivory

index, UC unsaturation coefficient (wax ester-based omnivory index), DW
dry weight of one specimen

Table 3 Temora longicornis

Stages CII CIV Females

Sampling date 21.08.02 26.08.02 11.09.02

Fatty acids

14:0 3.7 2.6 2.8

14:1 0.4 0.5 0.4

15:0 0.6 0.8 0.7

15:1(n-6) – – –

16:0 1.4 10.2 10.5

16:1(n-7) 0.8 3.4 3.5

16:1(n-5) 7.5 – 0.4

16:2(n-4) 2.6 0.5 0.4

16:3(n-4) 1.8 0.7 0.6

16:4(n-1) 0.9 0.3 –

17:0 – – –

17:1(n-8) – – –

18:0 8.3 2.6 1.5

18:1(n-9) 25.8 26.9 26.1

18:1(n-7) 4.5 1.7 1.9

18:2(n-6) 2.2 3.4 3.3

18:3(n-6) – – –

18:3(n-3) 1.3 1.9 2.1

18:4(n-3) 3.5 5.8 6.4

20:0 0.4 0.7 0.6

20:1(n-9) 3.3 1.3 1.5

20:1(n-7) 0.7 0.4 0.3

20:3(n-6) – – –

20:3(n-3) – – –

20:4(n-6) 0.7 0.3 0.3

20:4(n-3) 1.7 4.9 4.5

20:5(n-3) 7.3 10.9 12.4

22:5(n-3) 4.9 2.1 –

22:6(n-3) 15.6 18.0 19.8

Alcohols

14:0 50.0 17.8 27.9

16:0 50.0 81.0 72.1

16:1(n-7) – – –

18:1(n-9) – – –

18:1(n-7) – – –

20:1(n-9) – 1.2 –

20:1(n-7) – – –

22:1(n-11) – – –

SFA 14.4 17.0 16.0

MUFA 43.0 34.1 34.2

PUFA 42.6 48.9 49.8

OBFA 1.9 11.0 11.2

DHA/EPA 2.1 1.7 1.6

16:1/16:0 6.05 0.33 0.37

(n-3)/(n-6) 10.2 10.5 10.7

UC 0.5 0.4 0.5

DW (lg) 2.170 3.330 4.720

Relative FA content, %, and main indexes. Please refer to Table 2 for the

legend
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of C. hamatus had twofold 14:0 and 20:4(n-3) fatty acids

comparing to CIVs of T. longicornis. The FA content of

16:0, 16:1(n-7), 18:1(n-9), 20:5(n-3) and 22:6(n-3) varied

significantly in Acartia copepods of the same stages from

different generations (Table 4; Fig. 4). As for Centropages

and Temora, the major FAs were 18:1(n-9), and PUFA

20:5(n-3) and 22:6(n-3). There was a lack of 18:4(n-3), but

16:1(n-7) and 18:0 FAs were found for females and CV

copepodites, respectively (Table 4; Fig. 4). The differences

in the FA content (diet) were also estimated by the PCA.

The first component (season of sampling) explained about

50% of data variance; the second one, fatty acid saturation,

about 30% of variance. 16:1(n-7)/16:0 ratios varied greatly

for copepods of different generations but never exceed 1.

Individual grazing and pellet production rates

Differences in grazing rate (GR) of similar stages and

species measured at Station K and on the cruise were not

significant (t-test, df = 136, P = 0.76). Therefore, we

pooled GR values by species and stages without reference

to sampling area. The maximum GR expressed in organic

carbon (GRC) was recorded in Temora females

(0.59 ± 0.04 lg C ind.-1 h-1), while the minimum value

was observed in CII–CIII copepodites of the same species

(0.10 ± 0.05 lg C ind.-1 h-1) (Fig 5a). GRC increased

with age in all three species (ANOVA; F = 22.45;

P \ 0.001). GRC did not depend on seston concentration

expressed in carbon units (regression analysis; R2 = 0.09;

F1,13 = 1.3, P = 0.27).

GR of phytopigments (GRP) ranged from 0.09 ±

0.04 ng Chl. a ind.-1 h-1 for CII–CIII copepodites to

0.5 ± 0.01 ng Chl. a ind.-1 h-1 for females of Temora

longicornis (Fig. 5b). GRP decreased in older develop-

mental stages in Acartia and Centropages, and increased in

Temora. Phytoplankton comprised up to 30% of total con-

sumed C in the diet, based on PPC ratio, and GR in terms of

phytopigments increased with Chl. a concentration

(regression analysis; R2 = 0.88; F1,13 = 94.9, P \ 0.001).

The rate of organic carbon excretion as faecal pellets

varied from 1.3 to 6.4 ± 0.1 lg C ind.-1 day-1 (Fig. 5d).

Both faecal production (FPR) and excreted carbon (FPC)

were highest in Acartia spp. (ANOVA; F = 12.12;

P \ 0.001) (Fig. 5c, d). GRC and FPC were significantly

correlated (r = 0.92; P \ 0.001; N = 51) and tended to

increase with the copepod developmental stage (Fig. 5a, d).

FPR had an opposite tendency, and younger copepodites

produced more pellets per hour than adults (Fig. 5c). Low

content of phytopigments was typical for all pellets,

varying from 0.9 to 19.1% of that recorded in POM.

Phaeophytine content in pellets was 1.2–12.5 times higher

than in POM, and ‘phaeophytine/Chl. a’ ratio in pellets

varied from 4.2 to 41.2. Pellets were also characterized by

lower organic N content compared to that in ingested food.

The C:N ratio for pellets varied from 6.6 to 20.5 (10.4 on

average).

Zooplankton community structure with emphasis

on the investigated species

During May–early June, Pseudocalanus spp. and Calanus

glacialis had a significant impact on the zooplankton

community both in abundance (Fig. 6a, b) and in biomass

at Station K (Fig. 6c, d). During June, with increasing

water temperature, these calanoids disappeared from the 0

to 10 m water layer (presumably they migrated deeper),

and eurybiont Oithona similis became the most abundant

plankter. The first individuals of Acartia spp. appeared at

the beginning of July followed by Centropages hamatus

and Temora longicornis. By the end of August, these

species had a great impact to the zooplankton fauna,

accounting for more than 50% in biomass and 20% in

abundance (Fig. 6b, d). The summer community (July–

August) also included cyclopids Oithona similis and other

holo- and meroplankton. During September, abundance of

the three studied species declined. At Station K, Acartia

spp. reached a density of 0.7 9 103 ind. m-3, while C.

hamatus and T. longicornis reached 2.7 9 103 ind. m-3

and 1.4 9 103 ind. m-3, respectively (Fig. 6a). At Station

D-1, the maximum total density of all studied species was

lower than that at station K, where densities ranged up to

2.7 9 103 ind. m-3 and 3.7 9 103 ind. m-3, respectively

(Fig. 2d). At Station K, significant fluctuations in plankton

Fig. 4 Fatty acid principal component analysis. The first component

is the seasonal variability of data and the second, saturation of the

fatty acids analysed. Abbreviations: numbers indicate the FAs; Aca
Acartia spp., Tem Temora longicornis, Cen Centropages hamatus,

CI–CV, fem copepodite stages; Jun, Jul, Aug—sampling date for

Acartia spp
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density were recorded, whereas at Station D-1, plankton

density increased gradually through the study period

without pronounced fluctuation until mid-September

(Fig. 2d). At Station K, the seasonal dynamics of total

abundance of three investigated species had three pro-

nounced peaks in late June, July and late August, which

Table 4 Acartia spp

Stages CI CIII CV Females

Sampling date 14.06.02 11.07.02 22.06.02 21.08.02 21.07.02 31.08.02 05.06.02 01.08.02

Fatty acids

14:0 4.6 3.8 5.7 4.2 5.7 3.7 3.4 5.3

14:1 0.9 0.8 1.5 0.7 0.5 1.3 0.7 0.8

15:0 3.6 0.8 1.0 1.0 1.5 0.8 0.9 1.1

16:0 22.4 14.6 22.8 17.6 21.7 17.1 13.5 20.2

16:1(n-7) 3.0 4.4 7.1 – 4.5 6.8 3.6 3.5

16:2(n-4) – 0.5 – – 0.6 0.7 0.8 –

16:3(n-4) – 0.6 – – 0.7 0.5 0.5 –

16:4(n-1) – – – – – – – –

18:0 5.9 2.8 4.7 3.6 4.8 2.6 3.7 4.6

18:1(n-9) 11.8 17.4 29.8 29.0 13.3 22.2 14.6 8.9

18:1(n-7) 2.8 2.9 4.1 2.6 – 4.2 2.3 3.2

18:2(n-6) 4.0 2.3 1.7 3.7 2.8 1.5 2.1 3.1

18:3(n-6) – – – – – – – –

18:3(n-3) 1.1 1.7 0.9 2.0 1.8 0.8 1.4 2.3

18:4(n-3) 1.1 3.0 1.4 5.9 3.7 1.6 2.6 4.7

20:0 1.8 – 0.5 0.4 0.5 – – –

20:1(n-9) – 1.1 3.0 1.7 2.1 1.7 1.1 1.8

20:1(n-7) – – 0.6 0.4 0.4 – – 0.5

20:4(n-6) – 0.5 – 0.4 0.4 0.3 0.3 –

20:4(n-3) – 2.1 0.9 3.9 0.6 0.9 1.7 1.1

20:5(n-3) 11.6 13.6 5.4 9.9 12.5 10.2 10.0 15.0

22:5(n-3) 1.1 0.9 0.6 0.5 0.8 0.5 3.9 1.0

22:6(n-3) 24.3 25.3 8.1 12.5 21.0 22.2 32.0 22.8

Alcohols

14:0 24.1 33.3 26.4 17.5 28.2 31.6 26.3 24.9

16:0 75.9 66.7 73.6 82.5 71.8 68.4 73.7 75.1

16:1(n-7) – – – – – – – –

18:1(n-9) – – – – – – – –

18:1(n-7) – – – – – – – –

20:1(n-9) – – – – – – – –

20:1(n-7) – – – – – – – –

22:1(n-11) – – – – – – – –

SFA 38.3 22.2 34.7 26.7 34.3 24.3 21.8 31.4

MUFA 18.4 27.2 46.1 34.4 20.9 36.4 22.9 18.6

PUFA 43.2 50.6 19.2 38.9 44.9 39.4 55.3 50.0

OBFA 26.0 15.4 23.8 18.6 23.2 17.9 14.5 21.2

DHA/EPA 2.1 1.9 1.5 1.3 1.7 2.2 3.2 1.5

16:1/16:0 0.13 0.30 0.31 0.00 0.21 0.40 0.31 0.17

(n-3)/(n-6) 9.6 15.7 8.2 7.1 11.5 18.8 20.1 13.8

UC 0.4 0.5 0.2 0.4 0.4 0.4 0.6 0.5

DW (lg) 1.500 1.625 2.167 3.000 4.250 5.000 5.000 5.000

Relative FA content, %, and main indexes. Please refer to Table 2 for the legend
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tended to follow the peaks of POC with a 1-week delay

(Fig. 2c, d). There was another small peak of abundance in

early June, which probably corresponds to the slight

increase in POC in late May. The abundance of the studied

species at Station D-1 did not follow the seasonal pattern of

POC (Fig. 2c, d). The seasonal increase in copepod density

in May–June at stations K and D-1 was associated with

temperature increase (regression analysis, R2 = 0.70;

F1,9 = 18.47; P \ 0.01). Later, from July through Sep-

tember, the temperature had no impact on both copepod

abundance and biomass (regression analysis; R2 = 0.07;

F1,14 = 1.04; P = 0.32; and R2 = 0.06; F1,14 = 1.40;

P = 0.22; respectively). A pronounced increase in abun-

dance was seen after the average temperature in the

0–10 m water layer reached ?10�C. At stations 1–6,

abundance of the studied copepods varied from 14 to

1,237 ind. m-3 at the beginning of July (Fig. 2d). Acartia

and Centropages dominated as also shown for the same

period for stations D1 and K and Temora occurred less

frequently.

Deferred population response (copepod abundance with

0, 1 and 2 weeks lag) to food availability was checked

through regression analyses. The start date was chosen

when the abundance of copepods was 25% above the

average (in most of cases, it was in mid-July, when the

surface water temperature reached its seasonal maximum).

Density and biomass of different species and of the three

studied species together were tested. A positive influence

of Chl. a concentration on the 1-week lagged density was

recorded (regression analysis, R2 = 0.43; F1,13 = 9.79;

P \ 0.01). The same was observed for POC concentration

and both copepod density and biomass. When the dynamics

of the three species were analysed separately, only

Centropages was dependent on both POC (density;

regression analysis, R2 = 0.34; F1,13 = 6.74; P \ 0.05)

and Chl. a concentration (biomass; regression analysis,

R2 = 0.30; F1,13 = 5.64; P \ 0.05) with 1-week delay.

Analysis of data with 2-week shift did not reveal any

influence of both POC and Chl. a concentration on separate

species or all species together.

Throughout the summer, the age structure of the cope-

pod populations differed significantly between stations D-1

and K. For example, mature females of Acartia spp. and

Temora longicornis were relatively abundant at Station D-1

(Fig. 7a), whereas the population at the Station K consisted

mainly of the immature copepodites (Fig. 7b). At Station

K, the first generation of Centropages hamatus appeared at

least 5 days earlier than at Station D-1. Consequently, on

June 11, only immature copepodites of this species were

present at Station D-1, while females had already appeared

at Station K almost a week earlier. Young copepodites of

Acartia spp. and C. hamatus comprised to 96% of these

species’ abundance at stations 1–6 (data not shown).

Grazing and pellet contribution

Population density of studied copepod species and, thus,

overall grazing activity varied greatly in different parts of

the White Sea during summer. Low grazing pressure by

Acartia spp. compared to the other two species was

observed at Station K. Estimated grazing by Centropages

hamatus was negligible in June and increased threefold

from early July to late August, reaching maximal values of

570 mg C m-2 day-1, with a subsequent decrease during

September. Temora longicornis appeared abundantly by

the beginning of August and, by early September, showed a

Fig. 5 Feeding characteristics

of investigated species. a GRC,

grazing rate in terms of organic

carbon, lg Corg ind.-1 h-1;

b GRP, grazing rate in terms of

phytopigments, ng Chl. a
ind.-1 h-1; c FPR, faecal

pellet production rate; pellet

ind.-1 h-1; and d FPC, faecal

pellet production rate in terms

of organic carbon, lg Corg

ind.-1 h-1. Grey bars—Temora
longicornis; white—

Centropages hamatus; cross-

hatched—Acartia spp. Each bar

combines the data of one

experiment (T. longicornis,

C. hamatus) or two experiments

(Acartia spp.), 4–6 replicates

each

1186 Polar Biol (2011) 34:1175–1195

123



maximum grazing rate of about 300 mg C m-2 day-1. The

pattern of species dynamics was similar at Station D-1

(data not shown). Together, the three species grazed up to

2,200 mg C m-2 day-1 during September at Station K in

the 0–10 m layer (Fig. 8a). Grazing by the studied species

at Station D-1 became evident at the beginning of July and

reached maximum values of about 2,000 mg C m-2 day-1

by the end of August (Fig. 8b). Grazing pressure dynamics

had similar seasonal patterns at D-1 and K stations,

increasing until the end of August. However, abundance of

studied species and, therefore, grazing pressure in shallow

waters (Station K) remained high during early September,

while in a deeper area (Station D-1), a sharp decline of both

parameters was observed (Fig. 8). In most cases, high

copepod abundance was associated with increased grazing

pressure. However, there was no significant correlation

Fig. 6 Seasonal patterns of

zooplankton community

structure at the station K

(0–10 m layer): a abundance,

ind. m-3; b relative abundance,

%; c biomass, mg DW m-3;

d relative biomass, %. Dark

grey bars—Temora longicornis;

white—Centropages hamatus;

light grey—Acartia spp.;

hatched varieties—other species
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between copepod abundance and grazing pressure either

for any single species (Acartia spp.: r = 0.12; P [ 0.05;

N = 22; C. hamatus: r = 0.11; P [ 0.05; N = 22; T.

longicornis: r = 0.09; P [ 0.05; N = 22) or for the total

population of these three species (r = 0.05; P [ 0.05;

N = 22). Grazing pressure at the beginning of July 2002 in

different parts of the White Sea (stations 1–6) by all the

studied species varied by more than two orders of magni-

tude, from 0.4 to 68.9 mg C m-3 day-1. At stations 1–6,

grazing correlated positively with copepod abundance

(r = 0.99; P \ 0.01; N = 6), in contrast to that observed

for D-1 and K stations. The main reason for such a cor-

relation may be the dominance of young copepodites of

Acartia spp. and C. hamatus with almost the same feeding

rates during this short time period at stations 1–6.

The relative POC grazing reached maximum values of

about 50% of standing stock at the end of August at both

stations. It also exhibited seasonal changes, which corre-

sponded to copepod abundance, but did not reflect the

dynamics of the potential food concentration. High cope-

pod abundance resulted in an increase in relative POC

consumption (regression analysis; R2 = 0.86; F1,26 = 166;

P \ 0.001) and algal (phytopigments) consumption

(regression analysis; R2 = 0.84; F1,26 = 138; P \ 0.001).

Phytoplankton consumption by copepods was high at the

end of summer, reaching 70–90% of total algal biomass.

However, organic carbon incorporated by copepods from

phytoplankton was less than 50% (average 35 ± 9%) of

total ingested organic C and hardly reached

100 mg C m-3 day-1. The relative food consumption

values did not depend on POC and phytopigment concen-

tration (regression analysis; POC: R2 = 0.12; F1,26 = 3.67;

P = 0.07; phytopigments: R2 = 0.30; F1,26 = 2.63;

P = 0.12). Organic carbon in pellets produced by Acartia

spp., C. hamatus and T. longicornis varied from 0.2 to

78.3 mg C m-3 day-1 and did not exceed 16% of total

POC concentration.

Discussion

Three copepod species, Acartia spp., Centropages hama-

tus and Temora longicornis, dominate in the surface water

layer from late June through September in the White Sea.

They play a significant role in energy transformation as

the populations inhabiting 0–10 m water layer consume

up to 50% of POC standing stock, or up to 85% of

phytoplankton standing stock. The impact may be even

higher taking into account that about 10% of the popu-

lation live below 10 m. These species seem to employ the

same life cycle strategies; however, significant interspe-

cific differences in temperature preferences and feeding

Fig. 7 Age structure of the

three studied species.

X-axis—months;

Y-axis—relative abundance of

age groups. CI–CVI

(females)—copepodite stages.

Dark grey bars—CVI (females);

white—CV–CIV copepodites;

light grey—CIII–CII

copepodites
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characteristics were observed. Generally, these copepods

appear to feed on the most abundant prey, including

diatoms, dinoflagellates, microzooplankton and, possibly,

microbial material (detritus particles), and are thus

omnivorous. Acartia appears to have a wider temperature

optimum than Temora and Centropages. The population

of Acartia increases from late May to early June, while

Temora and Centropages become more abundant in July.

The latter two species tend to inhabit open areas, and

Acartia is usually described as a neritic species (Berger

et al. 2001). However, all three species maintain their

populations successfully in the transition areas, where

neritic and open-sea areas coincide.

Species of similar life cycle strategies, occupying

overlapped ecological niches, such as copepods inhabiting

the same water layer may be subject to strong trophic

competition. Information on seasonal changes of food

spectra typical for different species and developmental

stages may help towards clarifying whether they compete

for food. Although all three species were omnivorous and

their diet overlapped, significant differences were observed

in their food preferences, supported both by the PCA of the

fatty acid content and food spectra analysis by counting

method. Seasonal changes in the age structure of the

populations may depress competition when high abundance

of adults of one species coincided with high abundance of

young copepodite stages of another species. Thus, their

food spectra overlap less, which was supported by the FA

analysis. Competition between older copepodites and

adults of one species showing similar feeding preferences

is depressed by the fact that they do not occur together at

the same time. This relaxation of food competition may

also be a result of omnivory. Omnivorous feeding has been

reported for the other species of Acartia, Temora and

Centropages from different areas. They feed on phyto-

plankton (mostly diatoms), dinoflagellates and microzoo-

plankton (Hansen et al. 1993; Dam et al. 1994; Kleppel

et al. 1996; Gasparini et al. 2000; Roman et al. 2006;

Kozlowsky-Suzuki et al. 2006). Some species of Acartia

genus (A. clausi, A. grani, A. tonsa) are described as her-

bivorous (Anraku and Omori 1963; Kleppel et al. 1991;

Gasparini et al. 2000), but for A. bifilosa an omnivorous

feeding was proposed by Irigoien and Castel (1995). In the

Bay of Biscay, Temora longicornis does not feed on

Dinophyta, while Centropages chierchiae prefers these

items (Vincent and Hartmann 2001). Cotonnec et al. (2001)

described omnivorous feeding for T. longicornis and

C. hamatus from the Mediterranean based on the fatty acid

analysis, when copepods preferred Cryptophyta and detri-

tus particles. An omnivorous diet for Centropages based on

the fatty acid analysis was also observed by Lavaniegos

and Lopez-Cortes (1997). Jansen et al. (2006) described

Acartia, Centropages and Temora species inhabiting the

North Sea as omnivorous.

Omnivorous feeding is closely connected with the well-

known phenomenon of selective feeding of copepods

(Päffenhofer 1988; Jansen et al. 2006; Olson et al. 2006).

Selectivity may be tracked by different pathways, for

example fatty acid analysis and counting methods. The

copepod lipids may closely mirror available prey, such as

diatoms, dinoflagellates, microzooplankton (Cripps and

Hill 1998; Buhring and Christiansen 2001; Kreibich et al.

2008). Fatty acids have been successfully used as qualita-

tive markers to trace or confirm predator–prey relationships

in the marine environments (Graeve et al. 1994a; Falk-

Petersen et al. 2002; Dalsgaard et al. 2003). The bulk of de

novo biosynthesis of fatty acids (FAs) is thought to take

place among phototrophic algae at the base of the marine

food web. From there, they are transferred through trophic

levels and accumulated as major constituents of the lipids

Fig. 8 Seasonal variations in POC consumption, g Corg day-1 m-2,

by Acartia spp., Centropages hamatus and Temora longicornis at

stations K a and D-1 b in 0–10 m layer. Dark grey bars—consumed

organic C (phytoplankton); light grey—consumed organic C (total);

dots—copepod abundance
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of practically all marine animals (Sargent and Falk-Petersen

1988). Long-chain and short-chain FAs and alcohols can be

used to classify copepods as predominantly herbivorous or

carnivorous and also to distinguish different types of

phytoplankton in the diets (Albers et al. 1996). Opportu-

nistic feeders are characterized by low levels or absence of

long-chain monounsaturate FAs 20:1(n-9) and 22:1(n-11)

(Graeve et al. 1994b). Thus, according to Graeve et al.

(1994a, b), Kattner et al. (1994), Boyd and Newton (1995),

Hagen et al. (1995), Lavaniegos and Lopez-Cortes (1997),

Napolitano et al. (1997) and Cotonnec et al. (2001), the

studied species ingested diatoms and dinoflagellates, while

the cryptophytes (18:3(n-6), 18:3(n-3), 20:1(n-9), 20:1(n-7))

were mostly avoided by Acartia. Our analyses also suggest

that detritus particles, defined by odd-branched bacterial

FAs (Desvilettes et al. 1997; Colaço et al. 2007), did form

part of the diet of all investigated copepods, albeit to

varying extents. We surmised that the copepods did not

ingest free-living bacteria, but rather detritus, bacterivorous

microzooplankton, or other particles associated with bac-

teria (Kiørboe et al. 2002). Calanoid copepods have been

shown to ingest detritus both in situ (Dagg 1993) and in

vitro (Dilling et al. 1998), and their ingestion of protists is

well documented (e.g., Atkinson 1996; Froneman et al.

1996). Ingestion of bacteria-associated particles occurred

in all the investigated species, always in association with

diatom-based herbivorous feeding. Long-chain fatty alco-

hols found in the present study are typical for copepods,

consuming phytoplankton (Stevens et al. 2004a, b). High

presence of short-chain 14:0 and 16:0 FAlc could be

explained by a significant carnivorous index for the

investigated animals (Tables 2, 3, 4), and this was also

supported by the Utermöhl analysis. An omnivorous diet is

also indicated by low 16:1(n-7)/16:0 ratios and by the equal

amounts of long-chain and short-chain fatty acids (Graeve

et al. 1994a; Kattner et al. 1994; Napolitano et al. 1997).

Low levels of long-chain monounsaturates 20:1(n-9) and

22:1(n-11) reveal the opportunistic way of feeding (Graeve

et al. 1994b).

Two strategies of selective feeding are usually reported

for the copepods of Acartia, Centropages and Temora. The

first group of studies combines the evidence of highly

selective feeding, as demonstrated for females of Centro-

pages typicus in the New York Bight (Dagg and Grill

1980), Acartia tonsa from Florida, California, Irish Sea,

Gulf Stream (Kleppel et al. 1991). Temora longicornis in

the North Sea strongly depends on the food supply and has

a more on detrital, animal-based diet and to a minor extent,

a diatom-based diet (Kreibich et al. 2008). The food niche

width for Acartia hudsonica and Temora longicornis was

wide in the autumn, but decreased and overlapped com-

pletely in the early summer. These species are quite sen-

sitive to temporal variation of the food composition (Skiver

1980). On the other hand, Acartia tonsa in Florida Bay was

characterized by a diverse diet on diatoms, dinoflagellates

(both auto- and heterotrophic), microzooplankton (includ-

ing Protista), and selective feeding was uncommon

(Kleppel and Hazzard 2000). In the North Sea estuaries,

Eurytemora affinis exhibit unselective feeding by feeding

on all available food items in proportion to their numerical

abundance. Consequently, copepods feed mainly on detri-

tus, a non-limiting food source in these areas. Selective

feeding occurs randomly in Acartia bifilosa and A. tonsa on

both phytoplankton and microzooplankton, when these

organisms occur in the bloom (Tackx et al. 1995). Acartia

clausi and Temora longicornis seem to behave as non-

selective grazers with respect to particle size in Bedford

Basin, Nova Scotia (Poulet 1978). In the White Sea, we

propose high selectivity of diatoms studied throughout the

season.

In the White Sea, even when the total phytoplankton

concentration was high, not all the phytoplankton particles

were consumed by the studied copepod species. We sug-

gest that food may be limited by the end of the productive

season and competition for available food will be high.

This corresponds to the data from Cripps and Hill (1998),

describing omnivorous feeding as more common in low-

chlorophyll environments where copepods of the same

genera usually ate the most abundant prey. In response to

phytoplankton shortage, copepods may switch to alternate

prey including nauplii (Tackx and Polk 1982), ciliates

(Atkinson 1996), early developmental stages of other cal-

anoids (Calbet et al. 2007) and heterotrophic dinoflagel-

lates (Levinsen et al. 2000). Similar patterns in copepod

feeding strategy were observed for the studied species in

the White Sea. Thus, high selectivity in all the studied

species may cause changes in the phytoplankton commu-

nity. When inedible dinoflagellates prevail in the phyto-

plankton community in autumn, the decrease and lack of

the diatoms that are the preferable food items for the

copepods may limit the species populations. Food limita-

tion significantly decreases egg production in many cope-

pod species (McKinnon and Ayukai 1996; Kimmerer et al.

2005; Wesche et al. 2007) and thus indirectly affects the

population density of the next generation (Calliari and

Tiselius 2005; Halsband-Lenk 2005; Klein Breteler et al.

2005; David et al. 2006). As shown in the present study,

food consumption by copepods may increase with popu-

lation growth, but not necessarily, and the maximum

grazing values of the whole community (in terms of

organic carbon) never reached 100%. However, Chl.

a consumption by the studied species may reach high

values close to 100% of the phytoplankton standing stock,

and individual grazing rates were significantly influenced

by Chl. a concentration. Additionally, crucial declines in

species abundance correlated with food concentration
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(Chl. a), but not with temperature, as is clearly seen at

Station D-1 in September (Fig. 2b, d). Moreover, the pro-

duced pellets were highly enriched with phaeophytine and

were quite low in organic N compared to the ingested food,

which suggests high assimilation rates for Chl. a

(Bathmann and Liebezeit 1986) and proteins (Morales

1987). The former can be supported by the data on the food

spectra of these species reported above. The highest values

of ingested phytoplankton were less than one-third of

consumed Corg in the total diet, which may be evidence for

limitation by this component. Therefore, in the White Sea,

food limitation (phytoplankton component) may also

indirectly affect species abundance, possibly by reducing

reproduction success.

Previous studies have attributed the increase in abun-

dance of the studied species in the White Sea to seasonal

warming of the surface waters, and the decrease in abun-

dance in autumn to a decrease in water temperatures

(Golikov et al. 1989; Berger et al. 2001). However, tar-

geted investigations and corresponding analyses were not

performed as yet. The present study shows that the abun-

dance of Acartia, Centropages and Temora in the White

Sea does not necessarily correlate with surface water

temperature and may be governed by food availability. The

extreme variation in the abundance of these species at

the beginning of July was observed in different areas of the

White Sea with almost the same water temperature and

salinity. Similar observations have been made for Temora

species in the English Channel (Devreker et al. 2005) and

for Acartia tonsa (Thompson et al. 1994). In the Baltic Sea,

which is inhabited by the Centropagidae species similar to

those from the White Sea, food availability is named as a

factor limiting the population growth in spring, while in the

autumn, the water temperature plays a significant role in

Acartia spp. population dynamics (Dzierzbicka-Glowacka

et al. 2009, 2010). The water temperature may also affect

the reproduction success in Temora longicornis in the same

region (Holste et al. 2009). The importance of both tem-

perature and Chl. a concentration was found for Centro-

pages species population dynamics in the North Sea, Bay

of Biscay and the English Channel (Bonnet et al. 2007).

The lack of food, rather than low temperature, had a sig-

nificant negative effect on the Temora longicornis copepod

moulting rate and lipid/protein body content (Martynova

et al. 2009).

Despite similar ecological features of the species under

study, the optimal temperature range varies from one

species to another. Obviously Acartia has a wider tem-

perature range than the other two, as it starts to appear and

reproduce in the White Sea a month earlier. Centropages

species were reported to be less adapted to pelagic life in

winter than A. clausi and T. longicornis (Wesche et al.

2007). However, Temora longicornis and some Acartia

species can overwinter as copepodites in the other northern

European seas, even under the ice with surface tempera-

tures close to zero (Devreker et al. 2005; Wesche et al.

2007). Therefore, other factors should be sought as limiting

the studied copepods’ abundance in the White Sea; water

temperature could explain the spring appearance, but not

all the variation in the species population dynamics.

The population dynamics is governed by environmental

factors, and the role of the copepod populations in the

ecosystem is consequently determined by both population

dynamics and feeding characteristics of the species.

Ingestion rates of the studied copepods in the White Sea

varied by an order of magnitude, from 0.11 to

1.49 lg C ind.-1 day-1, and significantly increased during

maturation. These values are comparable to the same

parameters recorded for similar species from other seas (cf.

0.16 to 2.80 lg C ind.-1 day-1, Acartia bifilosa, A. tonsa,

Temora longicornis, Centropages chierchiae; see: Irigoien

and Castel 1995; Gasparini et al. 2000; Vincent and

Hartmann 2001). The gut evacuation time varied from 18

to 60 min and fell within the wide range of 23.8–545 min

reported for copepods from similar genera (see reviews:

Corner et al. 1986; Mauchline 1998). Thus, we conclude

the feeding conditions and environmental regime were

favourable during our experiments, and the obtained data

with high probability reflect the processes taking place in

the natural environment. Pellet production and feeding

rates depend on numerous factors, such as food quality and

concentration (Rey et al. 1999). We assume that the pre-

screened seawater used in the experiments contained nat-

ural food for copepods, and hence the pellets produced in

the experiments have organic carbon content and other

characteristics similar to those produced by the copepods in

the field. Seasonal dynamics of copepod abundance is the

other important feature that is essential in assessing the

contribution of these species to the ecosystem. This was

low almost until the last 10 days of July, after which time

these animals dominated by biomass and reached a high

population density that lasted for more than a month until

the beginning of September. The grazing role of these

species in the White Sea is relatively high, when they graze

up to 50% of organic C or up to 85% of phytoplankton

standing stock and about 140% of primary production,

based on ratios of production to Chl. a concentration

(Berger 1995). Thus, Acartia spp., Centropages hamatus

and Temora longicornis are the main consumers of phy-

toplankton during warm summer months, playing a central

role in organic matter transformation. Obviously, the

absolute values of grazing by these species may be

decreased by predation, but a study of predation on the

three copepod species was beyond the scope of the present

paper. The absolute values obtained in the present study are

somewhat higher than those reported for the same or
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related species from the other regions. For example, in the

North Atlantic, Temora longicornis population may con-

sume 21–67% of the phytoplankton production during a

Phaeocystis pouchetii bloom (Hansen et al. 1993). Popu-

lations of Centropages hamatus and Centropages typicus

from the same region graze 24.7 and 27.1% of phyto-

plankton production, respectively, or 37.6 and

78.6 mg C m-2 day-1 (Saiz et al. 1992). In the Yellow

Sea, grazing rates of Calanus sinicus, Acartia longiremis

and Centropages mcmurrichi populations were 2.9–13.5%

of POC standing stock or 77% of the daily production

(Wang et al. 1998).

Faecal pellet production rate is another important char-

acteristic of feeding, allowing calculation of feeding ratios

of zooplankton and estimation of their role in biogeo-

chemical cycle of carbon in the given area. Vertical flux of

copepod faecal pellets can be estimated using pellet pro-

duction rates and copepod abundance. Production of faecal

pellets by copepods in the White Sea in summer ranged

from 0.13 to 0.65 lg Corg ind.-1 day-1. This is in the

range of pellet production rates reported from the mid-

Atlantic (0.10–0.30 lg Corg ind.-1 day-1, Lane et al.

1994). Increase in organic carbon associated with pellets in

the POC stock of the upper water column in the White Sea,

calculated from faecal pellet contents, averaged up to 3.3%

of the total Corg particulate matter; this value increased to

about 15.3% when boreal copepods reached their highest

population densities. Assuming copepods of the studied

species assimilate about 50% of ingested carbon (cf.

ingestion and faecal pellet production rates, present study),

70% of primary production is estimated to return to the

ecosystem in pellets.

We concluded that Acartia, Centropages and Temora

species play a significant role in transformation of partic-

ulate organic matter in the White Sea during the ice-free

productive season. Seasonal changes in abundance of

investigated species and their grazing impact depend

mostly on temperature when copepods begin to appear in

the early summer. Through the summer season, their

abundance is governed by food availability, mostly phy-

toplankton. The different species and stages dominating in

the same season have much in common, i.e. prefer several

certain algae species. This may lead to overlap in the food

spectra when the species coexist in the same period.

However, the mature copepods tend to include more non-

algae components in their diet compared to younger stages.

Studied species, inhabiting the same water layer (0–10 m),

have various feeding strategies ranging from primarily

herbivorous diets (young copepodites of Acartia spp.) to

omnivorous with primarily carnivorous diets (mature

copepods of Centropages hamatus) and omnivorous dom-

inated by herbivorous with different preferences (others).

This helps avoiding considerable overlap in feeding

preferences. We also suggest the lack of available phyto-

plankton food and therefore switching to alternate prey

(microzooplankton) for these species in the White Sea

during the summer period. We suggest that the survival of

copepods living in the 0–10 m layer during the summer

season depends on 1-week difference in dominating stages

of key species exploring the same feeding strategy.
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