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In the White Sea, planktonic copepods Calanus glacialis, Pseudo-
calanus spp., Triconia borealis, and Metridia longa are usually not 
considered as tolerant to the water salinity decrease, and Oitho-
na similis is generally attributed to the euryhaline species. How-
ever, the life cycle of the first two genera includes active feeding 
during the spring ice melting, when a large part of their food sour
ces are concentrated in the upper water layer characterized by sa-
linity less than  18‰. M. longa and T. borealis are considered to 
be deep-dwelling species. The first one reproduces in autumn and 
thus relies on the spring phytoplankton bloom the least, the second 
spawns in spring in deep water layers; however, they are both found 
in the productive (photic) layer during this season. In order to study 
if these copepods can use food-rich freshened water layers to get 
enough energy for growth and reproduction, a series of experiments 
were performed in July 2019 and March 2020, including chronic and 
acute ones. The copepod mortality was analyzed at 25‰ or 26‰ 
(control), 18‰ and 15‰ (experiment). Surprisingly, C. glacialis and 
Pseudocalanus spp. stood the salinity decrease with minor mortality 
rates ranging from 0 up to 1.1  ±  0.2% in short-term 24-h experi-
ments. The mortality rate in these species was the highest after five 
days of gradual water freshening down to 15‰ (12.1 ± 1.8%), while 
the mortality rate was half as much in control vials at 25/26‰ and 
at 18‰ (6.4 ± 0.5% and 6.9 ± 0.6%, respectively). T. borealis was 
the most stenohaline species, exhibiting the 100% mortality rate al-
ready at 18‰ after 2 hours of exposure. M. longa did not tolerate 
the salinity stress at 15‰, reaching 100% mortality in 24 h. O. similis 
tolerated the salinity decrease well and thus exhibited euryhaline 
features as reported for this species in different areas of its range.
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Introduction
Salinity tolerance plays an important role in biology 

and life cycles of many copepod species. Generally, 
the fauna in the White Sea is historically adapted 
to lower salinity of 24–28‰ comparing to the oceanic 
values of 32–35‰, on average (Berger et al., 2001). 
Tolerant Acartia bifilosa, A. longiremis, and Oithona 
similis stand wide range of salts’ concentration, 
which promotes their populations’ success in various 
habitats, from brackish to oceanic waters (Dutz and 
Christensen, 2018; Hubareva and Svetlichny, 2016; 
Lance, 1963); these three species are common 
for the White Sea. Meantime, the representatives 
of the group of stenohaline species are usually 
considered to be inhibited by low salinity. In the White 
Sea, there are four copepod species characterized 
as true marine (stenohaline): Calanus glacialis, 
Metridia longa, Triconia borealis, and Pseudocalanus 
minutus (Berger et al., 2003; Kosobokova and 
Pertzova, 2012; OBIS, 2020). Recently, another 
representative of Pseudocalanus genus, P. acuspes, 
was found in the White Sea (Markhaseva et al., 2012). 
Most of the biogeographical databases describe 
this one as a «true» marine (stenohaline) species 
(Razouls et al., 2005–2020; OBIS, 2020; WoRMS..., 
2020). However, in the Baltic Sea, this copepod 
is able to tolerate the salinity decrease down to 7‰ 
(Renz and Hirche, 2006; Renz et al., 2007).

Coping with low salinity may be essential 
for some epipelagic neritic copepods inhabiting high 
latitudes, since their reproduction period is timed 
to the phytoplankton bloom in spring (Nicolajsen et al., 
1983), which, in turn, occurs during the ice melt. One 
may suggest a high food concentration in the under-
ice thin water layer, resulting by the release of the ice 
algae, on one hand (Gradinger, 2009; Hirche and 
Bohrer, 1987). On another hand, this food-rich layer 
is also freshened due to the same process of the ice 
melt (Runge and Ingram, 1991; Durbin and Casas, 
2014). In the White Sea, this may be a limiting factor 
for C. glacialis and Pseudocalanus sp. species, which 
start to form the gonads and even to reproduce as early 
as in March (Prygunkova, 1974), having the highest 
grazing rates during that period (Conover et al., 1986), 
when the peak of reproduction falls to the short period 
lasting about a month and coinciding with the ice melt 
(Tourangeau and Runge, 1991). The fecundity and 
reproduction success in copepods usually depends 
on the food supply during pre-spawning and spawning 
periods (Daase et al., 2011; Hirche and Bohrer, 
1987; Lischka and Hagen, 2005). In order to use 
as much of the food sources as possible, epipelagic 
species inhabiting the ice-covered seas may evolve 
the features helping them tolerate short-term exposure 
to the freshened water.

Our goal was to test the ability of the White Sea 
copepods characterized by different ecology to stand 
the osmotic stress.

Materials and methods
The sampling was performed in the Chupa Inlet, 

Kandalaksha Bay, the White Sea (N  66°19ʹ50 ,̋ 
E  33°40ʹ06ʺ) in July 2019 (from vessel) and March 
2020 (from ice). The water temperature and salinity 
profiles at the sampling site were obtained by MIDAS 
CTD  + multiparameter profiler (Valeport Ltd., UK), 
the chlorophyll a profile, by Cyclops-6K submersible 
sensor (Turner Designs, USA) before the zooplankton 
sampling. The profiles were downloaded immediately 
on PC for tracking the vertical profile of the main 
parameters using the C-soft and Valeport Terminal 
X2 programs. Then the zooplankton samples were 
obtained by standard Juday plankton net (opening 
diameter of 36 cm, 100-μm mesh) at the standard layer 
of 0–10 m, 10–25 m, and 25–50 m; these samples were 
checked quickly for the rough estimation of the most 
abundant species. These data were referred to 
the water profiles. The seawater was taken from 
the appropriate depth by Niskin water bottles and 
poured with care in order to avoid stress for phyto- 
and microzooplankton (the food source for copepod) 
into the 2.0-L Pyrex glass bottles (1.8 L of seawater 
in each). The live mesozooplankton (e.g.  copepod) 
samples were taken only after all the preparations 
were performed. The live copepod samples were 
obtained by standard Juday plankton net (opening 
diameter of 36 cm, 100-μm mesh) at the appropriate 
water layer (see above) and poured with the maximal 
precaution into the pre-filled Pyrex glass bottles, 
so the animals had enough water volume to avoid 
oxygen stress until they have got to the laboratory. 
The bottles were kept at dark and cool place in order 
to avoid heat stress (Rahlff et al., 2017) and light stress 
(Ludvigsen et al., 2018) all the way to laboratory.

The experiments were aimed on studying 
the salinity stress, so all the other stress 
factors were minimized. This was accomplished 
by the precautions taken during the sampling and 
transporting to the laboratory, as well as at the 
stage of experiment launching. The live samp
les were handled with the most care in the cold 
laboratory (0–4  °C) at 1% photosynthetically active 
radiation (PAR). The freshly taken samples were 
diluted by 5  times with the seawater of the same 
temperature and obtained from the same water 
layer immediately after reaching the laboratory. 
They were left for 24 hours in order to level down 
the capture stress, then all the dead copepods 
(if any) were removed cautiously from the bottom 
with the pipette. The primary (native) sample in the 
bottle was then used for the experiment as a whole, 
without primary sorting the copepods by species 
and stages in order to avoid the light stress and 
capture stress again. The primary sample was 
divided into 150-mL aliquots and carefully placed 
into the 2.0-L Pyrex glass bottles filled with 400 mL 
of natural seawater.
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The experiments were performed at 2 °C (Arctic 
species C.  glacialis, M.  longa, T.  borealis were 
considered) and 4  °C (eurybiont and Arctic-boreal 
species: O. similis, Pseudocalanus spp.) in July 2019 
and at  0  °C in  March  2020 (C.  glacialis, M.  longa), 
and 1%  PAR (twilight zone). The  temperature 
in the experiment was set in accordance to the water 
temperature of the layer where the peak of the studied 
species was observed at the sampling date. Two sea
sons were chosen to search for possible differences 
in osmotic stress tolerance related to the copepod de
velopmental stage. The copepod mortality was analy
zed at 25.0‰ (control, July 2019) and 26.0‰ (March 
2020), 18.0‰ and 15.0‰ (experiment, both seasons). 
According to preliminary data (Smurov et al., unpubl.), 
in most species of the studied invertebrates so far 
in the White Sea, the  lower limit of salinity tolerance 
is about 18‰, a serious inhibition of vital functions 
is observed at 15‰.

Three different experimental schemes were 
applied in July 2019: (no. 1) acute dilution from 25‰ 
down to 18/15‰ at 0  h, checking at 0  h, 1  h, 3  h, 
6 h, 12 h, and 24 h; (no. 2) gradual dilution from 25‰ 
down to 18/15‰ at 0 h, 1 h, 3 h, 6 h, and 12 h (checking 
at 0 h, 1 h, 3 h, 6 h, 12 h, and 24 h); and (no. 3) gradual 
dilution from 25‰ down to 18/15‰ during five days, 
checking every 24 hours (Tables 1, 2).

In March  2020, due to small amount of live 
material, one chronic experiment (no.  3) was 
performed with some modifications, when the dilution 
down to 15‰ and 18‰ was applied at  the begin

ning of the experiment, and the observations were 
performed for 5 days. In all the experiments, a fresh
ly distilled water (0‰) of the same temperature 
was used for diluting. In order to follow the stress 
of “mechanical dilution” and to avoid the additional 
negative factor of restricted volume, similar volume 
of the seawater was added to the control vials, 
so the copepods had the same certain water 
volume in each bottle at each stage of experiment. 
Each salinity factor was tested in three replicates 
per observation; for example, the total number 
of vials used in experiment no. 3 was 45 = 3 (factor 
of salinity) × 5 (days, checking daily) × 3 (replicates).

The checking procedure was organized in two 
steps. Firstly, the excess water was gently remo
ved from the vial using the silicon hose, the tip 
placed into the vial was closed by  100-μm mesh 
in order to avoid losing the copepods with the water 
flow. After the initial volume was decreased down 
to about 100 mL,the residual sample was checked 
under the stereomicroscope. The second step was 
to count the copepods in regard to the species 
and stages in a round plate with the bottom area 
of 9.4  cm2 with grid crossing lines every  0.5  cm. 
The animals were checked for five random squares 
0.5 × 0.5 cm, then their number was averaged and 
recalculated for the total area. This procedure was 
applied for Pseudocalanus  spp., T.  borealis, and 
O.  similis. Large copepod species (C.  glacialis 
and M.  longa) were checked totally. At this step, 
the copepod species, developmental stage, and 

Treatment
Time, h

0 1 3 6 12 24

Acute no. 1
15‰ 15 15 15 15 15 15

18‰ 18 18 18 18 18 18

Acute no. 2
15‰ 23 21 19 17 15 15

18‰ 24 22.5 21 19.5 18 18

Table 1. Dilution scheme in the acute experiments. Values in italics indicate the water salinity (‰) in the experimental vials at given time.

Treatment
Time, h

0 24 48 72 96 120

Chronic, no. 3
15‰ 23 21 19 17 15 15

18‰ 24 22.5 21 19.5 18 18

Table 2. Dilution scheme in the chronic experiment. Values in italics indicate the water salinity (‰) in the experimental vials at given time.
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status (dead, alive, stressed) was checked. Dead 
animals were sunk and not moving, even if touched 
by pipette. Alive animals were actively swimming and 
avoiding the water inflow to the pipette. Stressed 
animals were either moving too slowly in comparison 
to the other copepods of the same species  /  stage 
or were laying on the bottom with antennas folded 
along the body, but were moving if touched by 
pipette. The number of specimens of particular 
species  /  stage per vial considered for analysis 
was not less than 10 ind. for large copepod species 
C. glacialis and M.  longa, and exceeded 30 ind. for 
small species (Pseudocalanus spp., T. borealis, and 
O. similis).

The differences between the control and 
experimental groups of each species were 
tested by Student t‑test, the significance level 
was set as p  =  0.05. The values are presented 
as mean ± standard deviation (M ± SD).

Commonly accepted abbreviations of copepodite 
developmental stages are used in the text: CI – CV 
are the immature copepodite stages I–V, CF are 
females, CM, males.

Results

Hydrological conditions in July 2019 
and March 2020

In July 2019 and March 2020, the water 
temperature and salinity profiles at the sampling site 
(Fig. 1) were usual for the season (Usov et al., 2013). 
Generally, water salinity varied as  25.0—27.8‰ 
in July 2019, and in March 2020, most of the water 
column referred to the range of  26.0–27.1‰, except 
the very upper surface layer of about 1-m thickness, 
where it dropped down to 4.9‰, gradually increasing 
along this layer up to normal values. The chlorophyll a 
concentration in this particular layer in March 2020 
reached very high values exceeding 9 μg/L, but this 
parameter did not exceed 0.5 μg/L in the deeper layers 
(Fig.  1  C). Thus, there was obvious food-rich layer 
confined exactly to the freshened water layer, and 
the deeper layers were characterized by a low food 
concentration. In July 2019, the highest concentration 
of Chl a (4.3  μg/L) was observed in 0–15-m water 
layer, which was usual pattern for summer (Usov et 
al., 2013).

Copepod response to the water 
salinity change in the experiment

Pseudocalanus spp.
The experiments were performed in July 2019 

with CIII – CV copepodites very abundant in plankton 
community (552–1644 ind. per vial). The data on CIII, 
CIV, and CV in July have been pooled for the analysis 
since the ratio of these stages in the vials was nearly 
the same (31.4 ± 2.4%, 34.7 ± 1.1%, and 33.4 ± 2.2%, 
respectively).

In acute experiment no. 1, 70.1% of animals were 
deeply stressed after the first hour of acute exposure 
to 15‰. However, most of them have returned 
to the “alive” status in the next two hours (77.8%), and 
after 6 hours, all of survived were moving normally. 
The mortality rate was  low  (2.2%) but significant 
at 15‰ after the first hour of exposure; in 6-h and 
24-h periods, the mortality rate of less than 2% were 
observed in both freshened treatments (Fig.  2  A). 
Interestingly, no dead animals have been found 
after 3-h and 12-h periods. In acute experiment no. 2, 
zero mortality was observed for all the stages in all 
the treatments through the experiment.

The most pronounced dynamics of mortality rate 
was tracked in chronic experiment  no.  3. Gradual 
and slow dilution of rate of about 2‰ per day, 
comparing to rapid dilution of 2‰ per hour (acute 
experiment no.  2), resulted as zero mortality for 
the first 72 hours of experiment (Fig.  2 B). After the 
water salinity has reached 19‰ (15‰ treatment) and 
21‰ (18‰  treatment), the mortality rate of 2–3% 
was observed in both treatments after 24  hours of 
exposure to these salinities. As the salinity decreased, 
the mortality rate increased, reaching about 4% at 
17‰/19.5‰ (day 3 to day 4) and exceeding 14% as the 
salinity dropped down to 15‰ (day 4 to day 5). Regard 
must be paid to the mortality rates in the control vials 
at day 4 and day 5, which was similar to that in 18‰ 
treatment at the same days, averaging 3.8 ± 0.1% and 
6.9 ± 0.6% (18‰, day 4 and day 5) and 2.3 ± 0.3% and 
6.4 ± 0.5% (control, day 4 and day 5).

In March 2020, this copepod species was 
represented at the sampling site by a low number 
of CV and CF insufficient for statistics.

Calanus glacialis
In July 2019, CIII copepodites comprised 

most of C.  glacialis population. The number 
of copepodites per vial ranged from 66 up to 143. 
In acute experiment no.  1, 29.8%  of  animals were 
deeply stressed after the first hour of acute exposure 
to 15‰. However, most of them have returned to the 
“alive” status in the next two hours (97.3%), and 
after 6  hours, all of them were moving normally. 
Zero mortality was observed for 6  hours in all the 
treatments (both control and experimental vials), 
but after 12  h/24  h the pattern changed abruptly, 
when up to 23.5% of CIII were dead at  15‰, 
and  4.0%, at  18‰ (Fig.  3  A). In acute experiment 
no. 2, the survival rate was 100% through the whole 
experiment, i.e., gradual decrease of salinity down 
to 15‰ during 12 hours did not affect this stage at 
all. In chronic experiment no.  3, the mortality rate 
after 5 days did not exceed 6.6% at 18‰ and 7.6% 
at 15‰, this parameter was as low as 1.1% in control 
(Fig. 3 B).

In March 2020, only females of this species 
were considered in the chronic experiment 
no.  3 with modifications (13–18 animals per vial), 



Martynova, D.M., Ivankovich, Yu.V., 2020 Ecosystem Transformation 3 (4), 51–64. 55

Fig. 1. Water temperature (A), water salinity (B), and chlorophyll a concentration (C) in July 2019 (solid line) and March 2020 (dashed 
line) at the study site.
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Fig. 2. Mortality rate of Pseudocalanus spp. in acute experiment no. 1 (A) and chronic experiment no. 3 (B) in July 2019. Asterisk (*) 
indicates significant differences (Student t-test, p < 0.05).
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since CV copepodites were rare, and other stages 
were either absent (CI  –  CIII) in the plankton 
community or represented by single specimens (CIV 
and CM). The studied cohort (CF) tolerated well 
the acute decrease in the 18‰ treatment: no dead 
specimens were found after 48  h of exposure for 
this salinity, and the mortality rate was 42.9% after 
72 h. At 15‰, the mortality rate was 44.4  ± 11.0% 
and 57.1 ± 17.1% after 24 h and 48 h, respectively; 
after 3 days of experiment, the females were all dead.

Metridia longa
In July 2019, there were single specimens 

in the samples, so they were not considered 
for the experiment. In March 2020, this copepod 
species was represented by a wide range of different 
developmental stages, from copepodites II (CII) 
to females (CF), there were 14  to  30 animals 
of each stage per vial (chronic experiment no.  3 
with modification). The youngest copepodites (CII) 
were the most vulnerable to the salinity decrease 
down to 15‰, their mortality rate was 100% 
after 24  hours of exposure (Fig.  4  A). Surprisingly, 
the elder copepodites (CIII, CIV, and CV) and females 
were more tolerant to osmotic stress, their mortality 
rate after the first day of exposure to the same salinity 
averaged 65.5  ±  11.9% and ranged from 50.0% 
(females) up to 83.3% (CIV), never reaching 100% for 
this period. The other surprise was zero mortality of 
all the stages at 18‰ for the first 24 h of exposure. 
After 48 hours of exposure to 18‰, CV and CF were 
all alive, but the mortality in younger copepodites 
(CII – CIV) was clearly expressed (Fig. 4 B). The 100% 
mortality was observed after 72 h of exposure to 18‰ 
in all the stages.

Triconia borealis
Only immature copepodite stages have been con

sidered in July 2019. These stages were nearly absent 
in March 2020; the number of CF and CM in the samples 
both in July 2019 and in March 2020 was also 
insufficient for statistics. There were from 32 up to 67 
immature copepodites in each vial (July 2019). 
All the specimens were dead (100% mortality) in acute 
experiment no.  1 after two hours of  exposure both 
to 15‰ and 18‰. In chronic experiment no.  3 and 
acute experiment no. 2, all the animals were stressed 
after the gradual decrease of the water salinity brought 
to the values less than 20‰; the 100% mortality 
was registered as the water salinity has decreased 
down to 18‰ and lower.

Oithona similis
The experiments were performed in July 2019 

with immature copepodite stages; there were a few 
of them in March 2020. The number of immature 
copepodites per vial ranged 40–171 ind. (July 2019). 
In all the performed experiments (three schemes 
applied), the survival rate of O.  similis was 100%, 
except single specimens dead after five days of gradual 
decrease down to 15‰ in July 2019 (< 1% mortality).

Discussion
Salinity tolerance was described for many 

marine copepod species of genera Acartia (Cervetto 
et al., 1999; Dutz and Christensen, 2018; Lance, 
1963), Tigriopus (Damgaard and Davenport, 1994), 
Eurytemora (Karlsson et al., 2018; Lee and Petersen, 
2002), and Oithona (Hansen et al., 2004) inhabiting 
the estuarine or coastal biotopes. However, there 
is a scarce data on the species that are usually not 
attributed to the areas characterized by low salinity. 
Our study aims at searching for the particular 
response (mortality rate) of certain marine co
pepod species received minor attention so far 
in regard to the specific and short-term environmental 
change (osmotic stress). The threshold of 15‰ 
appears to be critical for the marine mesopelagic 
copepods, which is a higher value comparing to 12‰ 
reported as a critical level for many marine species 
(Kinne, 1964). On the other hand, a salinity range 
of 15–32‰ forms a natural border in the Baltic Sea 
for distribution of many marine fauna representatives 
(Feistel et al., 2008). Generally, our data are also 
congruent with those obtained for other invertebrates 
of the White Sea adapted to life at lower salinity 
of 25–28‰ and exposed to the salinity of 15‰ and 
18‰ (Smurov et al., unpublished: pers. comm.).

Salinity tolerance may play an important role 
in copepod species biology. The phenomenon 
of a salinity tolerance to a wide range of salts’ 
concentration is well-known for Oithona similis. 
The response of this species to desalination within our 
study perfectly fits its euryhaline characteristics (OBIS, 
2020). In the White Sea, there is another evidence 
of its wide range of salinity tolerance (Dvoretskii and 
Dvoretskii, 2011), supported by a number of studies 
performed in  other areas of its geographical range 
(Fransz, et al., 1991; Hansen et al., 2004; Hubareva 
and Svetlichny, 2016). Ecologically, euryhaline 
crustacean species have more advantage comparing 
to stenohaline species of the same genera, when 
expanding their geographical ranges (Marie et al., 
2017; Svetlichny and Hubareva, 2014), so high 
tolerance to osmotic stress is biologically feasible 
for the population success in some cases.

The copepods of genera Calanus and 
Pseudocalanus reproduce during the period when 
a significant amount of food (such as ice algae) may 
be unavailable due to its accumulation in the under-
ice freshened layer (Fig. 1); however, they ultimately 
need to utilize this food source. There  are still two 
ways to reach it for the copepods if one assumes 
their tolerance to short-term salinity decrease. 
The first one is a “targeted migration”, when 
the copepods migrate actively to this layer to feed 
despite the salinity gradient. Another way is that they 
occur in this water layer by chance, when performing 
the “jumps” that may cover up to 0.5 m in Calanus 
(Kiørboe et al.,  2010). Metridia moves more evenly 

https://royalsocietypublishing.org/doi/full/10.1098/rsif.2010.0176
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Fig. 3. Mortality rates of Calanus glacialis CIII in July 2019 in acute experiment no. 1 (A) and chronic experiment no. 3 (B). Asterisk (*) 
indicates significant differences (Student t-test, p < 0.05).
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Fig. 4. Mortality rates of different stages (CII – CF) of Metridia longa in modified chronic experiment no. 3 in March 2020 at 15‰ (A) and 
18‰ (B).
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even at mechanical disturbance (pers. data), so 
this species may perceive the salinity gradient 
long before it reaches critical level and thus avoids 
it more successfully than the species performing 
quick jumps. In other words, Metridia has no need 
to develop salinity tolerance mechanisms since 
it may easily avoid the water layer of unfavorable 
salt concentration. The last is also supported 
by the species biology, since most Metridia species 
tend to occupy greater depths even during the spring 
phytoplankton bloom (Darnis and Fortier,  2014) 
and lead the life in mesopelagic (Padmavati et al., 
2004). Triconia borealis is another species that does 
not stand the salinity decrease (Auel and Hagen, 
2002); this species is also confined to mesopelagic 
in the White Sea (Usov et al., 2013). Looking back 
to the difference between the responses of epipelagic 
(Calanus and Pseudocalanus) and mesopelagic 
(Metridia and Triconia) species to salinity decrease, 
one will find obvious pattern, when the last group is 
more sensitive to such changes than the first one.

Searching for the biochemical and genetic nature 
of such salinity tolerance observed in “true marine” 
species lies beyond the scope of the present study. 
However, one should consider a period of the White 
Sea evolution lasting for about 6,000 years. This 
means at least 6,000 generations for the species 
characterized by one-year life cycle, which is enough 
for developing genetic grounds (Barrera-Morena et 
al., 2015; Peijnenburg and Goetze, 2013) for living at 
the lower salinity than in the donor region, the Barents 
Sea, known by oceanic salinity range (Lind et al., 2016; 
Smedsrud et al., 2010). It is supposed that the modern 
White Sea was initially formed as a two-layered basin 
(Naumov, 2006), which gives us two completely 
different ways of developing the zooplankton species 
composition in this sea. Apparently, mesopelagic 
species (Metridia longa and Triconia borealis) could be 
initially brought by the Deryugin Current predecessor, 
which promoted the income of some Arctic fauna 
from the Barents Sea (Naumov, 2006) and thus 
primarily occupied the cold waters at a greater depth, 
which, in turn, could slow developing of genetic 
adaptations for life at lower salinity. There is also 
a question now if not only the White Sea epipelagic 
marine copepods may cope with salinity decrease 
successfully, but the other species of these genera 
in the ice-covered seas.

Regard must be paid to rapid acclimation 
of copepods to the dramatic salinity decrease 
in acute experiments, for example, as observed 
for Pseudocalanus  spp., when it took two hours 
for most of the copepods to recover. This period 
corresponds well to that observed in different 
groups of crustaceans exposed to acute osmotic 
stress. In particular, a significant elevation in heat-
shock protein (HSP) mRNA expression is reported 
after 0.5  hour of osmotic stress in the American 

lobster Homarus americanus (Chang, 2005) and 
1-h exposure to low salinity in the Pacific white 
shrimp Litopenaeus vannamei (Huang et al., 2018). 
The highest expression rate of the stress proteins 
is found after 3–6-h period in the mud crab Scylla 
paramamosain exposed to low salinity (Huang et 
al., 2019). The large amount of differential gene 
expression is observed in shrimps Palaemon 
longirostris and P.  macrodactylus under osmotic 
stress (Marie et al., 2017); unfortunately, the authors 
have not included the data on the exposure period. 
Nevertheless, a certain tolerance to the salinity 
decrease supported by rapid transcriptomic response 
seems to be a feature of many crustaceans.

Another issue arising since two sibling Pseudoca
lanus species were identified in the White Sea (and for 
the study site, in particular), is the absence of reliable 
criteria for separating these two species at immature 
stages (Markhaseva et al., 2012). This, in fact, opens 
two possible ways for discussing the results on 
salinity tolerance obtained for Pseudocalanus spp. in 
this study. The first explanation is that P. minutus does 
not stand the freshening, so all the dead specimens 
within the Pseudocalanus  spp. pool belong to this 
species, and thus the mortality rates differ for the two 
species. It seems to be very attractive conclusion, 
however, no data still exist on the species ratio 
at the study site. The second way to explain our 
data is that both species have evolved historically 
a certain tolerance for low salinity, since both species 
are epipelagic and inhabiting a large area of coastal 
waters in the White Sea, which is a coastal sea itself 
(Berger et al., 2001). The last suggestion is supported 
by different ranges of salinity tolerance rates found 
for the estuarine, coastal, and marine species of 
phytoplankton (Brand, 1984). Particularly, the salinity 
tolerances of estuarine and oceanic species were 
appropriate for their environments, but most of the 
coastal species could tolerate much lower salinity than 
their ambient range (Brand, 1984). We suggest that 
epipelagic copepods may also have a certain degree 
of “cryptic” salinity tolerance, which may evolve quite 
rapidly when it becomes necessary for the species 
success. Rapid selection under chronic osmotic 
stress was found in the intertidal copepod Tigriopus 
californicus already after five generations exposed 
to high  /  low salinity (Kelly et al., 2016). In fish, 
net diversification rates were higher in freshwater 
than marine environments (Bloom et al., 2013). 
Finally, a significant genotype-by-environment 
interaction for development time was reported 
for copepod Eurytemora affinis inhabiting brackish 
to hypersaline environments (Lee and Petersen, 
2002). These examples together with our results 
may serve as a starting point for the subsequent 
studies of the genetic nature of salinity tolerance 
in the copepods of different ecological groups inhabi
ting the same realm.
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The scarcity of data on the salinity tolerance 
in different developmental (copepodite) stages 
of the same species, as it is observed for M.  longa 
in our study, also requires attention. Up to date, 
the studies are focused either on copepod embryos 
(Charmantier and Charmantier-Daures, 2001) or adult 
stages (Calliari et al., 2019; Dutz and Christensen, 
2018) with the only exception for Eurytemora affinis 
from the Baltic Sea (Karlsson et al., 2018). Different 
response to the osmotic stress in ontogeny is 
reported for isopods (Charmantier and Charmantier-
Daures, 1994), shrimps (Torres et al., 2011; Vázquez 
et al., 2016), and crabs (Charmantier et al., 1998; 
de Jesus de Brito Simith et al., 2012). It is obvious 
that this problem needs a complex approach 
in regard to Copepoda as applied so far for other 
crustaceans in order to assess possible adaptations 
through the species lifespan.

Conclusions
Generally, our study considers the species 

life cycle strategy to use the available resources 
with the highest efficiency, especially when the food 
maximum is limited in time and is indispensable 
for the population success. Epipelagic marine 
copepod species, relying on the seasonal peak 
of food, such as C. glacialis and Pseudocalanus spp. 
(Conover et al., 1986; Durbin and Casas, 2014), 
seem to tolerate short- and even long-term significant 
decrease of salinity quite successfully. The species 
attributed to  mesopelagic, such as T.  borealis 
and M.  longa, which life cycles are not tightened 
to spring  /  summer phytoplankton blooms followed 
by microplankton abundance peak (Kosobokova 
and Pertsova, 2012; Padmavati et al., 2004), exhibit 
the least tolerance to the salinity decrease.
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