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Abstract Seasonal dynamics of major biochemical
features were studied for three abundant egg-diapausing
copepods Acartia bifilosa, Centropages hamatus and
Temora longicornis, in the White Sea (66°N), between June
2002 and September 2002. Dry weight (DW) and prosome
length varied from 0.54 pugind~! and 0.163 £ 0.012 mm
(A. bifilosa, CI) to 9.58 +0.72 ugind~! and 1.135 +
0.167 mm (C. hamatus, females). C,, and N, content
reached up to 591 +044 and 1234 0.09 pgind~!
(C. hamatus, females). Protein and lipid content varied
greatly from 31.8 to 67.3% DW and from 8.7 to 42.6%
DW, respectively. These species show somewhat different
biology compared to species at lower latitudes. The cope-
pods use lipid stores to survive during short-term food
shortage (e.g. in autumn) and successfully complete their
life cycle. In the isolated White Sea during last post-glacial
period, species probably evolved some special biochemical
features (especially wax esters presence). Food quality
demands and long ice coverage are possible factors limiting
early development of species in spring.
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Introduction

Several biochemical features, which change during cope-
pod life cycles, could all be used as an indicator of the
current species adaptation to environmental conditions.
Seasonal fluctuations in chemical composition and body
weight are typical for animals from temperate and polar
regions (Auel and Hagen 2005; Lee et al. 2006). Crustacean
body size depends on temperature as reported for both
freshwater Cladocera and marine copepods (Mauchline
1998; Hirst and Lampitt 1998). The same correlations were
found for dry weight (DW) and prosome length (Viitasalo
etal. 1995; Hirst and Lampitt 1998), food concentration
(Koski et al. 1998) and predator abundance (Wahlstroem
et al. 2000). The energy (lipid) content also varies during
the season and depends on food availability (Cripps and
Hill 1998; Nanton and Castel 1999; Hygum et al. 2000).
Lipid storage is especially important for polar copepod
species, increasing over the course of the growing season
in preparation for winter diapause (Bathmann et al. 1993;
Kosobokova 1999).

Storage lipids of copepods play an important role during
reproduction, food scarcity, ontogeny and diapause, as
shown by studies in various oceanic regions. Lipid content
also varies geographically. Copepods found in polar,
upwelling and coastal biomes are characterized by large
lipid stores (Lee et al. 2006). In contrast, crustaceans from
the temperate or tropical ecosystems show only small lipid
reserves. Thus, tropical species (Acartia sinjiensis) have
low lipid content (from 11 to 26% from DW), whereas the
same parameter for Arctic copepods (Calanus glacialis,
Metridia longa) varies from 37 to 54% (Lee 1975a;
McKinnon et al. 2003). Diapausing copepods, which enter
deep waters after feeding on phytoplankton during spring/
summer blooms or at the end of upwelling periods, are
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characterized by large oil sacs filled with wax esters (WEs;
Hygum et al. 2000), which in turn could be utilized during
starvation (Lee 1975b). The thermal expansion and com-
pressibility of these WEs may allow copepods in diapause
to be neutrally buoyant in cold deep waters, reducing
energy costs to remain at these depths (Lee et al. 2006).
Lipid droplets are often found in zooplankton ovaries, and a
portion of these droplets can be transferred to developing
oocytes. Various functions the storage lipids serve during
different life history stages of zooplankton are very com-
plex and are still not understood fully (Lee et al. 2006). In
addition to lipids, proteins perform both structural and fer-
mentative functions, but much less is known about the role
of these compounds during starvation (Helland et al. 2003).
Usually, structural proteins are not used as energy source
by copepods, but they may be utilized during long starva-
tion periods once all storage lipids have been depleted.

The content of organic carbon and nitrogen can be used
as an indicator for physiological state, as has been shown
for lipid/protein content (Postel et al. 2001). The lipid ver-
sus protein ratio can be estimated from the CN ratio (Chil-
dress and Nygaard 1974; Anger 2001). Usually high
percentage of organic N indicates relatively high protein
(low lipid) content, while high content of organic carbon
simultaneously shows high lipid content. To date, a large
body of information about the organic carbon and nitrogen
content in copepods is available. Organic carbon content
varies from 28 to 68% of copepod DW with an average of
44.7% (Mauchline 1998). Pelagic species inhabiting the
upper layers of tropical and temperate waters have lower
amounts of organic carbon than bathypelagic animals from
polar seas. Organic nitrogen content usually varies from 5.2
to 15.8% of DW (see, for review, Mauchline 1998).

As mentioned earlier, copepods may be divided into two
groups according to the mode of diapause: (1) as copepodit
or (2) as latent or resting eggs (Steidinger and Walker
1984). The first type of life cycle strategy usually occurs in
the Arctic species, such as Calanus glacialis, that inhabit
the White Sea. The active phase of this species coincides
with the phytoplankton bloom when animals feed, grow,
mature and reproduce. They then store lipids and overwin-
ter in the copepodit stage (Kosobokova 1999).

The second group of key copepod species inhabiting the
White Sea is represented by the superfamily Centropagoi-
dea (Acartia bifilosa, Centropages hamatus and Temora
longicornis). These copepods overwinter in a resting egg
phase (second type of life cycle) and usually have one to
three generations during the productive season (Prygunk-
ova 1974; Pertzova 1974). They dominate the biomass and
are subdominate in abundance, following the Tintinnids
(Ciliophora), from late July until the beginning of Septem-
ber in the upper water layer 0-25 m, preferring a wide
water temperature range from +10 to +17°C and higher
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(Prygunkova 1974; Usov and Zubakha 2004; Martynova
et al. unpublished). It is probable that these species play an
important role in the productive period (mostly summer-
time) in the White Sea, when cold water species (Calanus
glacialis, Pseudocalanus spp. and Metridia longa) are
absent in upper water layers (Berger et al. 2003). It was
reported by Prygunkova (1974) that the number of genera-
tions through the summer season was closely connected
with summer temperature: in cold years, these species were
able to produce only one generation, while in warm years
they produce up to three generations. Moreover, A. bifilosa
has a much longer reproductive season in the White Sea
because of its wider optimal temperature range when com-
pared to T. longicornis and C. hamatus (Usov and Zubakha
2004). On the other hand, all these species are faced with
the harsh environment of a short Arctic summer (e.g. tem-
perature dynamics and food shortage, Berger et al. 2003)
during their life cycle in contrast to the same species in the
mid-Atlantic. Thus, we expect that the latter may induce
seasonal differences in both, their biochemical and morpho-
logical features. Until recently, very little was known about
the regional variability in these parameters for these species
until recently. The only existing investigation from the Arc-
tic region describing wet weight and body size of species
from these three genera was conducted 40 years ago in the
White Sea (Pertzova 1967). Biochemical changes in such
copepods due to their life cycle, especially for the White
Sea, have not yet been described. Therefore, the present
study predominantly focuses on investigating the possible
relationships between the dynamics of biochemical fea-
tures, some environmental conditions and the life cycle pat-
terns of three key copepod species (Acartia bifilosa,
Centropages hamatus and Temora longicornis), inhabiting
the White Sea.

Materials and methods
Sampling: copepod prosome length and CN measurements

Sampling of zooplankton was conducted from June 2002 to
September 2002. At weekly intervals, a zooplankton sam-
ple (0—15 m vertical net tow) was taken close to the White
Sea Biological Station, Cape Kartesh, Kandalaksha Bay
(the White Sea, 66°20.2 N; 33°38.9 E) at weekly intervals.
Zooplankton samples were immediately transported to the
shore laboratory or, during the cruise, to the shipboard lab-
oratory. Copepods from three species, inhabiting the upper
(0-15m) water layer, were studied: Acartia bifilosa
(Giesorecht, 1882), Centropages hamatus (Lilljeborg,
1853) and Temora longicornis (O.F. Miiller, 1792). The
copepods from each species were sorted to stage, and 100—
200 animals from each stage of every species were taken
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for each measurement with at least three replicates, where
possible. The copepods for CN analysis were placed onto
precombusted and preweighted (24 h, +190°C) Whatman
GF/C glass fiber filters (pore size 1.2 pm); these filters were
then gently washed with prefiltered (0.2 pm) seawater on
0.1 Pa vacuum. Several drops of 0.1% HCI were added to
remove any inorganic carbon. Subsequently, filters were
washed with 3-5 ml of distilled water to remove the salts,
placed in precombusted aluminum foil envelopes and dried
at 56°C for 24 h. Filters were cooled on silica-gel to con-
stant weight and then weighted to 0.05 mg accuracy. Before
the CN analysis, the filters were stored in a cool dark con-
tainer with silica-gel. Measurements of organic carbon (C)
and nitrogen (N) were conducted using a Carlo Erba NA
1500 analyser at AWI (Bremerhaven, Germany). A total of
306 samples were analyzed. The remaining zooplankton
were fixed with formaldehyde—ethanol solution (final con-
centration of formaldehyde was 2%) for later prosome mea-
surements. Prosome length (PL) of species and stages were
measured on thirty copepods, with 25 pm accuracy, under
the dissection microscope at 40x magnification. Seasonal
observations (Table 1) were only possible for Acartia, since
Temora and Centropages species only appear abundantly in
plankton communities at the end of July.

Temperature and feeding conditions

Temperature and salinity measurements were performed by
MIDAS CTD profiles with 0.1°C and 0.01 PSU accuracy
through the 0-15 m water layer at the vicinity of zooplank-
ton sampling sites. Average temperature was recalculated
for the water layer of the zooplankton sample. Organic car-
bon and phytopigment [Chlorophyll a (Chl. @) and phaeo-
phytin] content in particulate organic matter (potential
food) was measured at the sea surface using standard tech-
niques (Harris et al. 2000). To recalculate Chl. a into
organic carbon terms, the conversion factor, PPC (Chl. a
pigment per carbon, pg pg~!), was used (Smetacek and
Hendrikson 1979; Vetrov 2008). Further analyses were
applied to establish whether temperature or food quantity
affect biochemical differences through the season.

Protein analysis

The subsamples of zooplankton catch were placed in a
glass jar on ice. Triplicate samples of alive 100-200 ani-
mals from each species and developmental stage were
sorted from the total sample using a dissecting microscope
(40x magnification). For sorting, the copepods were placed
onto Petri dishes (20 mm diameter) filled with cold filtered
(0.2 pm) seawater and transferred to 2 ml sterile pre-
weighted Eppendorf cups. The cups were gently washed
with cold distilled water, and thereafter, the water was

removed with Kleenex tissues. The samples were immedi-
ately frozen (—23°C) in cryovials. Following 24-h exposi-
tion in the freezer, the samples were lyophilized in vacuum,
weighted and then stored at —23°C with silica-gel until pro-
tein analysis. Standard protein analysis was performed with
Folin—Lawry techniques (El Alaoui et al. 1992). Calibration
curve was plotted on the protein standard BSA SIGMA
(stock solution 400 ug ml~!). Absorption level was mea-
sured at 500 nm wavelength with Shimadzu-UV-120-02
spectrophotometer, and a total of 58 samples were pro-
cessed.

Lipid analyses

Copepods were sampled and sorted as described before for
the protein analysis. Animals were placed into Petri dishes
with cold filtered seawater and then transferred into cups on
ice that had been thoroughly prewashed with chloroform.
Copepods were placed in the cups, gently washed with cold
distilled water, which was then removed with Kleenex tis-
sue. The animals were then immediately preserved in 1 ml
of dichloromethane:methanol mixture (2:1, by vol.). Sam-
ples were stored at —30°C until analysis. Lipids were
extracted according to Folch et al. (1957). The fatty acid
(FA) and alcohol compositions were determined using gas
chromatography (Kattner and Fricke 1986). Briefly, lipids
were hydrolyzed in methanol containing 3% concentrated
sulphuric acid, and FAs were converted to methyl esters by
trans-esterification at 80°C for 4 h. FA methyl esters and
free alcohols were then simultaneously analyzed with a gas
liquid chromatograph (HP 6890 N) on a 30 m x 0.25 mm
i.d. wall-coated open tubular column (film thickness:
0.25 pm; liquid phase: DB-FFAP) using temperature pro-
gramming in accordance with standard techniques. FAs and
alcohols were identified with standard mixtures and, if nec-
essary, additional confirmation was carried out by GC-MS.
The small amount of lipids was insufficient for lipid class
analysis; thus, recalculations from FA and fatty alcohol
(FAlc) analysis were used. Lipid amount was expressed as
sum of FA and FAlc. The calculations given by Kattner and
Fricke (1986) were used to obtain the percentage of WEs.

Starvation experiments

Series of experiments were performed with CIV and CV
copepodits of Temora longicornis to investigate whether
temperature and food availability have a significant effect
on CN content and C:N ratio. Elder copepodits (CIV) and
premature (CV) specimens were used to analyze possible
reactions to a changing environment and the possibility of
their survival under harsh environmental conditions. Exper-
iments were performed in 2-12 Aug 2004, at the White
Sea Biological Station. Copepodits (CIV and CV, from 13 to
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15 animals from each developmental stage) were placed in
plastic jars (1,000 ml) for 2, 3, 4, 6, 8 and 10 days. The jars
were exposed to changing light (12/12 h) on the plankton
wheels with 2.0 rpm. Experiments were conducted at two
temperatures (+10 and +15°C) and with two different food
conditions: (1) animals were placed in prescreened water
(1 pm) or (2) fed every day by adding of natural phyto-
plankton and microzooplankton (<76 um). Every day, the
one-fourth of the water volume was replaced with fresh/
prescreened seawater at +10 or +15°C according to the tem-
perature in the experiment. Phytopigments (Chl. a, recalcu-
lated in organic C, PPC) and total organic carbon content of
given natural food were measured every day, with
means + SD of 36.2 + 4.2 and 212.2 + 9.3 ug 17!, respec-
tively, with no significant differences through the period of
experiment. Experiments were performed in triplicates for
each condition (day, temperature, food); thus, 72 jars on
four plankton wheels were used. Once the experiment was
completed, the animals were counted by developmental
stage and then prepared for CN analysis as described
before. Animals from each jar were placed onto one GF/C
filter. As Temora longicornis is too small to measure CN
for each individual copepodit, an average for the animals
from one jar was measured. Dead animals were excluded
from the analysis, since bacterial colonization of their car-
casses (Tang 2005) may strongly affect the CN measure-
ment results. The number of animals was also too low to
perform lipid analysis.

Statistics

One-way ANOVA was applied to analyze the differences
between species and stages in DW, PL, C and N. The “spe-
cies” factor included three gradients (species). Our analysis
included three groups of copepodit stages: (1) CI-CIII
(young) copepodits, (2) CIV-CV (elder) copepodits and (3)
females. Comparison between species was only performed
for August data to exclude the effect of early generations
(June, July) of Acartia bifilosa. Multiple linear regression
analysis was applied to assess whether food and tempera-
ture conditions affect Acartia’s female PL, DW and C con-
tent through the sampling season. Average organic C and
phytopigment content in potential food and average tem-
perature for 0—15m through the investigation season
(Martynova et al., unpublished) was used for the periods
between females appearance. Dependence of average
organic carbon content and C:N ratio per animal on food
availability and temperature during the starvation experi-
ment with Temora longicornis was studied. Growth (% of
moult specimens) and death (% of dead animals) indexes
were recalculated for further comparison of age population
structure. A one-way ANOVA analysis with additional
implications of Tukey HSD post hoc test was applied to

look for the differences in C, N, % moult and % dead cope-
pods between experiment treatments. Prior to the analysis,
data were subjected to an angular transformation, which
homogenized the variances in all the cases. The homogene-
ity of analysis has been tested by the Levene-test.

Results
Temperature and feeding conditions

Temperature throughout the study ranged from +1.5 to
+17.0°C; salinity varied from 24.78 to 28.11 PSU. Organic
carbon content (POC) ranged from 29.0 to 373.0 pg 17!,
while phytopigment concentration (Chl. a) reached up to
2.69 ug 171,

General differences between species (August generations)

Dry weight of studied species exhibited a wide range in vari-
ability from 2.00 (Centropages hamatus, CII) to
9.58 £0.72 ng ind™! (the same species, females, Table 1). CI
copepodits of Acartia were quite smaller (0.54 ug DW ind ™!,
12 July 2002), but the average DW across all the stages in
total of this species compared to Temora and Centropages had
no significant differences (ANOVA: F=3.35; P=0.06).
Absolute  organic carbon content reached up to
5.91 + 0.44 ug DW ind~! (Centropages females).

Relative C and N contents (% DW) in Acartia bifilosa
were 58.1 £+ 4.5% and 12.0 + 3.3%, respectively, and was
significantly lower when compared to the same parameters
for Centropages hamatus (69.9 £+ 7.2% and 15.1 £ 2.6%,
respectively) and Temora longicornis (69.3 £ 10.4% and
17.6 & 2.3%, respectively) (ANOVA: F=13.86 and
P <0.001 for C; F=36.56 and P <0.001 for N). Differ-
ences in relative C content between Temora and Centro-
pages were insignificant (ANOVA: F=0.02, P=0.89);
however, Temora had significantly higher relative N con-
tent compared to Centropages (ANOVA: F =452,
P <0.05). The C:N ratio for A. bifilosa was the highest in
three species (ANOVA: F=16.22, P <0.001) and aver-
aged 5.0 + 0.6, followed by Centropages (4.7 £ 0.6) and
Temora (3.9 = 0.7).

Total protein content reached up to 3.49 pg ind~! (Cen-
tropages females, Table 1). Differences in average relative
protein content (%DW) for all the stages of Centropages
(44 £ 19%), Temora (45+13%) and A. Dbifilosa
(60 £ 7%) was insignificant due to high variability
(ANOVA: F =1.68, P =0.25).

Centropages and Acartia also had the lowest percentage
of lipids (%DW) of the three species (averaging 18 £ 13%
and 15 + 4%, respectively) with great differences between
developmental stages. Temora longicornis had significantly
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higher lipid content when compared to the other two spe-
cies (average 38 £7%; ANOVA: F=257, P<0.01).
Meanwhile, C. hamatus and T. longicornis had a compara-
tively higher relative WE content (% from total lipids) and
averaged 32+ 12% and 31 £ 15%, respectively, as
opposed to A. bifilosa (13 £ 12%); even then, these differ-
ences were insignificant due to high data variability (ANOVA:
F=1.05,P=041).

Differences between developmental stages
(August generations)

Animals of different stages within the investigated species
showed high variability of features studied. Developmental
stage did not affect either relative organic C or N content
within all investigated species (ANOVA: F =0.56,
P=0.59 for C; F=0.31, P=0.76 for N). The C:N ratio
was also independent of developmental stage (ANOVA:
F =254, P=0.15). However, copepod prosome length for
all the species increased during the growth, as did the DW
and organic carbon content (Table 1). Increasing PL signifi-
cantly affected organic carbon content, which increased for
all the copepods investigated (Fig. 1a). Regression model
for biomass—length relationship was applied and revealed
exponential increasing of organic C during copepod
growth. Additionally, copepod organic C content correlated
positively with their DW and could be described by linear
regression (Fig. 1b).

Absolute protein and lipid content varied greatly and
thus did not depend on developmental stage (ANOVA:
F =236, P=0.16 for proteins; F = 1.48, P =0.30 for lip-
ids). Relative content of lipids and proteins (%DW) showed
the same tendency (ANOVA: F =298, P=0.12 for pro-
teins; F'=0.12, P = 0.89 for lipids).

Differences between generations (Acartia bifilosa)

This species was investigated from June through September
and animals from different generations were studied
(Table 1). Copepod prosome length fluctuated in A. bifilosa
females of different generations. Although the average PL
increased by more than 10% during the season from
897 £ 0.029 to 960 =+ 0.051 pm, this increase was insig-
nificant (ANOVA: F=1.99, P=0.22); a similar pattern
was seen in DW and C content. Neither the increase of tem-
perature nor the food concentration influenced PL, DW and
C changes (regression analysis: P>0.1 for all cases).
Immature copepods did not show any significant seasonal
patterns in PL, DW and C content. Acartia females’ C:N
ratio decreased through the season from 5.0 to 3.7, as pro-
tein and N content were simultaneously increasing
(Table 1). Absolute carbon content positively correlated
with DW and PL (Fig.2). Copepodits of different
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Fig. 1 Relationship between organic carbon content and (a) copepod
prosome length and (b) dry weight, for all studied species in August.
Regression equation and R? values are given for each curve

developmental stages of A. bifilosa had high variability of
protein and lipid content. Absolute values for proteins
ranged from 0.35 pg ind~! (CIII) to 2.95 pg ind~! (females,
Table 1). The relative protein content (expressed as percent
of DW) varied considerably more than doubling between
CI and CIII copepodits, from 31.8 to 71.6%. Animals of
young (CI-CIII) copepodit stages of A. bifilosa had higher
protein content, except for one case of CIII copepodits in
June (31.8%). A similar pattern was observed for June
females that had already spawned. These females also
exhibited extremely low lipid content (8.5%). At the end of
June, protein content for CIII of A. bifilosa was around
32%, while in August the same parameter for similar devel-
opmental stages was twice as high (67%). An analogous
pattern was shown for the females: June animals had 33%
of protein from their DW, while July and September gener-
ations had nearly twice this (57 and 54%, respectively). At
the same time, lipid content for CI-CIII copepodits from
different generations was about 15%, while this parameter
for females increased during the season four times from 8.5
to 39%. There was no correlation between C content and
lipid content (r = 0.29). Total absolute lipid content varied
from 0.06 to 1.14 ug ind~' (CI copepodits and females,
respectively, Table 1). WE presence was minor for all the
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equation and R? values are given for each curve

developmental stages, with 1.4% being the lowest for CV
copepodits at the end of July.

Starvation experiments (Temora longicornis)

Starvation experiments with Temora longicornis revealed
strong differences in age structure for animals held in vari-
ous food supplement conditions (Fig.3). No significant
differences were found for the age structure of copepodits
exposed in various temperature conditions within the group
of the same food supplement (ANOVA: F =043,
P =0.81); however, food sufficiency was the crucial factor
for death (Fig. 3) and molting (Fig. 4a) indexes (ANOVA:
F=18.86, P<0.001; and F=51.87, P<0.001; respec-
tively). Starved animals did reach mature stages in some
exceptional minor cases (one to two copepodits). Average
organic carbon per animal also differed between the various
treatment groups. The organic carbon content significantly
differed for starved and normally fed animals at the end of
experiment (Tukey HSD: df=5.12, P<0.05). At the
beginning of the experiment, copepodits contained
2.8+ 0.3 ug Cind™"; on the tenth day, fed specimens had
3.2 £ 0.5 ug C ind~!, while starved animals contained only
23+0.1 ugCind~! (Fig. 4b). However, the content of

organic nitrogen did not change significantly (Fig. 4c),
averaging 0.72 £ 0.07 and 0.63 £ 0.07 ug N ind~! for fed
and starved animals on the tenth day, respectively (Tukey
HSD: df=0.99, P = 0.65). C:N ratio averaged as 4.0 &= 0.4
for freshly taken animals (start of the experiment),
4.5 £ 0.6 for the animals with food supply and 3.6 £+ 0.3
for starved animals, and differed significantly by the tenth
day for animals with different food treatment (Tukey HSD:
df=4.99, P <0.05; Fig. 4d). No significant difference in
C:N ratio or organic nitrogen/carbon content was revealed
for the copepodits that were exposed to various temperature
conditions within the group of the same food supplement
(ANOVA: P > 0.05 for all cases).

Discussion

Copepod prosome length, DW and absolute organic carbon/
nitrogen content increased during the growth and matura-
tion of copepod and were described in mathematical equa-
tions for numerous species (see, for review, Mauchline
1998). In general, relative organic carbon content depends
on the copepod DW, as these two parameters are usually
dependent on the body (or prosome) length; yet they may
be quite variable even within one species (Carlotti et al.
2007). Our data for Acartia bifilosa, Centropages hamatus
and Temora longicornis species, inhabiting the White Sea,
show significant dependence of C on DW and DW on PL,
supporting the results from previous investigations. As an
example, Pastorinho etal. (2003) showed exponential
regression between PL and C in Acartia tonsa, where bio-
mass/length relationship was estimated as follows:
Y =0.15¢*, Our data provided a similar relationship as
Y = 0.32¢>3* for whole dataset and Y = 0.31e>*** for Acar-
tia bifilosa.

High latitude systems show well-pronounced dynamics
of external factors and this affects seasonal changes in bio-
chemical features of copepods, their feeding activity and
finally their life cycles. In Arctic regions, marine copepods
employ two major life cycle strategies to survive harsh win-
ter conditions. Most of the species could be divided into
two groups with different overwintering phase: (1) copepo-
dit and (2) resting (latent) eggs (Steidinger and Walker
1984). The animals in the first (deep-water) group store lip-
ids and use them during the winter period without or with
minor food supplement, and are adapted to low tempera-
tures, as, for example, some Calanus species do (Kosobok-
ova 1999). The other type may form resting eggs instead of
lipid stores and prefer coastal areas (e.g. some species of
Acartia, Centropages, Temora and others; Lindley 1986,
1990; Engel 2005).

Three coastal-investigated species, inhabiting the White
Sea, are considered to be independent from the Barents Sea
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Fig. 3 Temora longicornis.
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population. They are able to complete their life cycles and
maintain themselves within the White Sea without advec-
tion of individuals from outside and form isolated popula-
tions (Pertsova and Pantyulin 2005). Centropages hamatus
itself is one of the most abundant copepods on the continen-
tal shelf in the mid-Atlantic region of the western North
Atlantic (Durbin and Kane 2007). This species is presented
in the latitudinal range of 20°S-64°N and temperature
range of +3° to +20°C with optimal egg production at tem-
peratures above +10°C and increasing hatching success
above +15°C (CPR Survey Team 2004; Jo and Marcus
2004; Bonnet et al. 2007). In the North Sea, this species is
present in plankton from March through September with
three generations, has highest productivity in summer and
forms resting eggs (Bonnet et al. 2007; Beaugrand et al.
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2007). In the White Sea (66°N), however, C. hamatus
appears mostly in July and finishes with resting eggs at the
end of September, producing from one to three generations
within the temperature range +8 to +16°C (Pertzova 1974;
Usov and Zubakha 2004). Nevertheless, the short summer
of less than 2 months in the White Sea (Berger et al. 2003) is
sufficient for species success. In August, observed prosome
length of C. hamatus females averages 1,135 & 167 pm,
a size that is located in the upper part of the wide range
750-1,570 pm, reported for Atlantic population (Fransz
et al. 1991).

Temora longicornis (alike C. hamatus) tends to populate
warm coastal and shelf waters of North and Middle Atlan-
tic, producing several generations and overwinters as rest-
ing eggs in northern areas (Gaard 1999; Dippner et al.
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2000; Licandro et al. 2001; Engel and Hirche 2004; Alheit
et al. 2005; Aube et al. 2005; Devreker et al. 2005; Debes
and Eliasen 2006; Durbin and Casas 2006; Kane and Prezi-
0so 2008). In the North Sea, T. longicornis is present in
plankton throughout the year, overwinters as copepodit
stage in temperatures close to 0°C (Halsband and Hirche
2001). This species is observed in the Atlantic warm waters
intruding Nordwestbanken (Northern Norway) and the
Iceland shelf (Halvorsen and Tande 1999; Gislason and
Astthorsson 2004). In summertime, in the White Sea,
temperature conditions of the upper water layer, which is
separated from cold waters at 30 m depth by a strong ther-
mocline, are predominantly affected by dates of ice melting,
air temperature and solar impact (Berger et al. 2003). Water
temperatures may only remain above +10°C for a period of
less than 2 months, mostly in July and August (Babkov
1998; present study). Consequently, 7. longicornis in the
White Sea (as Centropages hamatus) only have a short time
period of favorable conditions and as a result produces no
more than three generations in summertime (Prygunkova
1974). The weight and length parameters of this species in
the White Sea are in accordance with the data from other
areas. Observed female length is 977 & 67 um and DW is
4.72 + 0.48 pug and fit to values of 700-1,200 pm length
and of 10-40 pg DW for T. longicornis from the Long
Island Sound (USA) for a temperature field between 0 and
+22°C (Dam and Peterson 1991). The protein content for
Temora varied between 52.4 and 57.6% of DW as observed
by Evjemo et al. (2003) and 31-54% for a Temora-domi-
nated zooplankton community (Helland et al. 2003). In the
present study, this parameter showed the same span of
33.6-58.4%. This may be an indication that the short sum-
mer period is sufficient to produce at least one generation of
T. longicornis in the White Sea successfully, within the
given narrow temperature span. Furthermore, in the White
Sea, Temora strictly overwinters only as resting eggs,
which could be an effect of ice covering for long period up
to 6 months per year (Babkov 1998).

For Acartia bifilosa, much less is known compared to
the other species and the few published studies are quite old
and even contradictory. Acartia bifilosa is found in Middle
and North Atlantic (Castro-Longoria and Williams 1999;
Vieira et al. 2003), in the Baltic Sea (Tanskanen 1994,
Werner and Auel 2004) and in the disconnected area in the
Yellow Sea and the Bohai Sea (Yoon et al. 1998; Li et al.
2003). In the White Sea, Acartia bifilosa species is present
in zooplankton communities longer throughout the year
than Centropages and Temora (Martynova et al. unpub-
lished; present study), produces both subitaneous and rest-
ing eggs and has even been observed overwintering under
the ice as copepodits in small shallow inlets (Kutcheva,
personal communication). The latter was also reported for
Baltic Sea by Werner and Auel (2004), where, despite low

temperatures, this copepod continued growth and develop-
ment below the ice, doubling in numbers (mainly CI, CII)
during the third week of March. However, the most suc-
cessful hatching of subitaneous eggs was observed for this
species in the range of +10.0 to +15.0°C (Castro-Longoria
and Williams 1999). Acartia bifilosa females in the White
Sea are significantly bigger than those observed in other
areas, with prosome length (868—1,011 um) nearly twice as
long at +5.3 to +14.3°C (present study) compared to that of
the same species (518-714 um) in the Yellow Sea at
+17 &£ 1°C (Yoon etal. 1998). In the northern Baltic,
females are observed all the year round, grow up to 880 pm
PL and contain up to 1.056 ng C (Tanskanen 1994). As the
northern Baltic, like the White Sea, is characterized by
lower salinity compared to oceanic values (Flinkman et al.
1998), we consider that the White Sea population of Acar-
tia bifilosa exhibits similarity to the northern Baltic popula-
tion, which nicely coordinates with the Baltic origin of this
species in the White Sea about 6,000 years ago (Pertsova
and Pantyulin 2005). In Southampton Waters, A. bifilosa
prefers a temperature span of +5.0 to +12.0°C and is
observed from January till June, producing both diapausing
and subitaneous eggs (Castro-Longoria and Williams
1999). The disappearance of A. bifilosa in winter, in the lat-
ter case, is connected with increasing temperature, and this
species has been reported as winter/spring crustacean spe-
cies, while in the White Sea, evanescence of most of popu-
lation is usually linked with water temperature decreasing
in autumn (Prygunkova 1974; Berger et al. 2003).

The major factors, usually discussed as controlling the
seasonal dynamics of investigated species in different
regions of North Atlantic, are restricted temperature span
and food sufficiency (Calbet and Agusti 1999; Halsband
and Hirche 2001; Halsband-Lenk et al. 2002, 2004; Castel-
lani and Altunbas 2006; Bonnet et al. 2007; Beaugrand
et al. 2007; Durbin and Kane 2007). The same parameters
also may have a strong effect on copepod body length, DW
and organic C content, and such a phenomenon is well
known for species with several generations through the pro-
ductive season, e.g. Centropages, Temora and Acartia
(Weisse 1983; Dam and Peterson 1991; Cataletto and
Fonda Umani 1994; Gaudy et al. 1996; Halsband and Hir-
che 2001). The general trend is for a larger final body size
at colder temperatures. As an example, Dam and Peterson
(1991) observed a negative effect of increasing temperature
on body size for Temora longicornis female PL, but they
discuss this as primarily due to decreasing food availability
affected by temperature changes. Therefore, lack of food
had a particular greater impact in PL changes. In contrast,
organic carbon content of Acartia tonsa females varies
from 1.29 to 2.20 pg ind~' and depends positively on the
water temperature in the wide range from +5 to + 17°C
(Gaudy etal. 1996). Yet, neither water temperature nor
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observed natural food concentration affected prosome
length, DW or organic C content of Acartia bifilosa in the
White Sea. A slight insignificant increase in these parameters
was observed from June to August and had no relationships
with food concentration both in total organic carbon and
Chl. a.

To continue the discussion on the impact of temperature
and food on species biology, one must consider growth
rates and reproduction success. Egg production rates for
Centropages tenuiremis from Xiamen waters (China)
increased with seawater temperature and Chl. a concentra-
tion, but after the latter reached a maximum, no significant
relationship was found (Wu et al. 2007). Conversely, Cen-
tropages typicus developmental rate is governed less by
food quality and quantity than by growth rate with high
weight variability (Carlotti et al. 2007), and finally, in the
north-west Mediterranean, Centropages typicus and
Temora stylifera egg production rate does not even depend
on food concentration (Halsband-Lenk et al. 2001), nor was
a relationship found between Chl. a and reproductive suc-
cess in Temora longicornis (Arendt etal. 2005). Some
studies reported higher importance of food quality over
quantity as a major factor influencing changes in abundance
and biochemical features of studied species (Kozlowsky-
Suzuki et al. 2006; Gaudy and Thibault-Botha 2007). Here,
we conclude that the observed food concentrations in the
White Sea are sufficient for Acartia bifilosa to maintain
species prosome length; however, further investigations on
egg production rates as a function of the seasonal food
spectra are essential. In addition, the wide variability of
biochemical features demonstrated in our study may also be
related to genetic factors of the species involved. For exam-
ple, the RNA variability of Acartia bifilosa from the Baltic
Sea was positively correlated to PL, egg production rate
and temperature span but not to spatial origin of the species
(Holmborn and Gorokhova 2008).

Seasonal differences and starvation impact on protein
and lipid content may bring new insights to this discussion.
Carlotti et al. (2007) showed that the length/weight rela-
tionship in Centropages typicus is very variable, and the
authors argue for more investigations on the seasonal
changes in biochemical composition. Protein and lipid con-
tents are biochemical features that could be used to describe
seasonal and ontogenetical processes. Great seasonal differ-
ences in observed parameters for Acartia bifilosa in the
White Sea are, at first glance, more likely connected with
the animal’s physiologic state. The females of the first gen-
eration (June) contained low protein and lipid levels, com-
pared to the summer generation (July), which had much
higher protein levels while lipid content remained relatively
low. By the end of summer, protein content remained con-
stant, but lipid content increased about threefold. We tend
to link low lipid and protein contents of the June generation
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to the fact that most of females sampled in June had already
spawned and are visually highly transparent. Yet, the C:N
ratio was about 5, but the relative amount of C and N was
lower when compared to females of the other generations.
We suggest that their body weight was composed mainly of
exuviaes, which consist mostly of carbohydrates (chitin)
and may explain both the high C:N ratio and low amount of
proteins and lipids (Bamstedt 1986). Females of the sum-
mer generation had high protein content and ripe ovaries
with eggs ready to be spawned. Females sampled at the end
of August had no visible ovaries, but the high protein con-
tent marked their readiness for the first stage of breeding.
This premise is supported by low C:N ratio, which may be
used as marker of rich protein, DNA and amino acid con-
tent (Postel et al. 2001). There are several dissimilarities in
the biochemical indices for immature stages of A. bifilosa
that must be discussed. Acartia CIII copepodits from differ-
ent generations had different protein contents. For the end
of June species total protein content was low, averaging
about 32% of DW, whereas copepods from the August gen-
eration had a more than twofold increase in protein (67%),
yet lipid content was almost the same (about 15%) and the
C:N ratio was high (about 5). We cannot conclusively state
the reasons for such a pattern, but a different physiological
ratio of analyzed animals could be a possible explanation.
The protein content may be rather high because of stage
changes; CIII specimens caught at the end of June were just
molting from CII stage, while animals in August were
preparing to become CIV copepodits.

Lipid content itself and lipid composition may explain
some life cycle strategy peculiarities. The mechanisms of
lipid biosynthesis and storage for the Arctic species are
well described (Kattner and Hagen 1995; Albers et al.
1996; Falk-Petersen et al. 1999; Lee et al. 2006), but nearly
nothing is known about boreal species that inhabit high
latitudes. It is assumed that tropical and temperate coastal
copepods, which form resting eggs, do not need any addi-
tional large energy (lipid) reserves, since they finish their
life cycles without long winter starvation. Scarce publica-
tions on single species starvation experiments, however,
show quick loss of lipids for T. longicornis, while species
such as Pseudocalanus elongatus survive in filtered water
nearly twice as long as first species (Evjemo et al. 2003;
Koski and Breteler 2003). The present investigation expects
that Temora tends to lose only lipid reserves, keeping pro-
tein content intact. Since no measurements of lipid/protein
content were performed, we assume that CN content
dynamics and C:N ratio may also be used as an indirect
indicator of protein/lipid content (Postel et al. 2001). It is
apparent that food sufficiency is a crucial factor in the
present study, while temperature has no significant effect
on molting and survival. Since increase in temperature
increases metabolic rates in warm-water copepods, the food
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need increases at the higher temperatures (Ianora 1998;
Melido et al. 2004; Pu et al. 2004). This effect could have
been visible at intermediate food levels, although it is not
evident at starvation or food saturation. Even after 10 days
of total starvation, about one-third of Temora population
still remained alive. The C:N ratio for starved specimens
decreased significantly, but stayed relatively high (3.9 on
average). Since under food absence, C content decreased
significantly while N content was conserved, we postulate
that under starvation elder specimens of Temora longicor-
nis preferentially use lipids. Mature females of Temora lon-
gicornis in the North Sea (off Helgoland) show a dramatic
decrease in egg and pellet production ratio, proteolytic
enzyme and citrate synthase activities under starvation con-
ditions and is highly dependent on the food supply, espe-
cially on the detrital and animal-based diet, in this region
(Kreibich et al. 2008). Hence, we propose further lipid
analysis for the White Sea population to understand
whether the remaining lipids contain storage or only struc-
tural molecules, followed by respiration rate estimations to
establish energy traits (Thor 2002).

We noticed obvious dissimilarities in WE content for
Acartia bifilosa specimens of different stages and genera-
tions, as well as for Temora and Centropages species.
Besides lipid content, the percentage of WEs is an impor-
tant index of copepod physiological state (Cripps and Hill
1998; Stottrup et al. 1999; Helland et al. 2003). WEs are
storage lipids, usually used during the overwintering or
during other conditions with low food concentrations
(Ward et al. 1996). Usually, WEs are found in species that
have an overwintering copepodit stage. Such copepods in
the White Sea are predominantly herbivorous Arctic spe-
cies like Calanus glacialis and Pseudocalanus minutus.
Tande and Henderson (1988) described WE in CIII cope-
pods of C. glacialis in the Barents Sea and found that WE
content increased during maturation. Copepods inhabiting
temperate areas (e.g. Centropagidae in our case) are sup-
posed to have low storage lipid content (Lee 1975b;
McKinnon et al. 2003), and we did not find any data on the
presence of WE in copepods of such species. Nevertheless,
our findings of high WE content in young and old stages of
boreal T. longicornis and C. hamatus may have the same
biological cause as for Arctic species. When WE are found
in boreal species, this may be explained as a physiological
adaptation of copepods with short life cycles due to rapidly
changing food conditions. During late August, boreal spe-
cies begin to leave the plankton and we suggest that the
observed high WE content may indicate preparation of the
animals for possible starvation and, in this case, the ability
to finish maturation and the reproductive phase of their life
cycle. In contrast, WE content was minimal for all the
developmental stages of the more ecologically flexible
A. bifilosa with the lowest value of 1.4% for CV copepodits

at the end of July. Sufficient food availability and optimal
water temperature, creating perfect growing conditions for
the last stage, could present a possible explanation for low
WE content. Moreover, Acartia species in the White Sea
has a wider temperature range for breeding (Usov and
Zubakha 2004). This means that, in the summer season,
given a wide temperature tolerance and sufficient food,
Acartia does not need to form such energy molecules as
WE. The question of whether Acartia can use triacylglyce-
rols for possible overwintering as does the Antarctic spe-
cies Calanus propinquus (Hagen and Auel 2001) still
remains open.

In conclusion, we are stating dissimilitude of some
biology aspects of Acartia bifilosa, Centropages hama-
tus and Temora longicornis in the White Sea compared
to the same species at lower latitudes. These species
comprise the isolated White Sea population (Pertsova
and Pantyulin 2005), have delayed reproduction period
(Prygunkova 1974) and differ in some biochemical fea-
tures (present study). The isolation of the White Sea in
last postglacial period for last 6,000 years and harsh
environmental conditions are usually named as the
mechanism for the first two phenomena (Berger et al.
2003). We suggest that this complex also evolved some
special biochemical features (especially the presence of
WEs5) of these species. We suggest species-specific abil-
ity to resist long starvation using lipid reserves, which
might be important in success determination of copepod
populations (Koski and Breteler 2003). Consequently,
high variability in C:N ratio in the observed range of
3.7-6.0 may be explained as a result of limiting nutrients
for certain species, both algal and protozoan as food
source, which affects reproduction and thus the physio-
logical state (Postel etal. 2001; Pertola et al. 2002;
Tanora et al. 2007; Souissi et al. 2008). Wider optima for
A. bifilosa may be a result of lower food quality
demands, when Acartia displayed an even less selective
behavior comparing to omnivorous Centropages and
Temora species (Kozlowsky-Suzuki et al. 2006). We did
not find any limitations of temperature or food quantity
for these copepods when comparing them to the same
species from other areas. Therefore, we propose food
quality demands and long ice coverage as possible fac-
tors limiting early development of species in spring. The
deficiency in food quality may be an important factor of
autumn species disappearance, which is a topic for
future studies.
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