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Reproductive trade‑offs 
of the estuarine copepod 
Eurytemora affinis under different 
thermal and haline regimes
Anissa Souissi1,2, Jiang‑Shiou Hwang3,4,5* & Sami Souissi1*

Copepod females invest a quantity of resources in their reproduction. Depending on several biotic 
and abiotic factors and their evolutionary history a trade‑off can be commonly observed between 
producing a large number of smaller offspring or a small number of larger offspring. In this study, 
a multi‑generational approach was applied to determine whether a trade‑off between clutch size 
and egg size existed in the copepod Eurytemora affinis under different controlled conditions of 
temperature and salinity. This protocol was based on the follow‑up of reproductive (Clutch Size 
‘CS’, Egg Diameter ‘ED’) and morphological (Prosome Length ‘PL’) traits during several generations. 
Copepods were acclimated to cold (7 °C) and warm (20 °C) temperatures, and then their reproductive 
output was tested at the higher temperature of 24 °C. CS and ED were positively correlated to PL, so 
as a first step linear regressions between each reproductive trait and female PL were performed. The 
residuals from the regression lines of CS and ED with PL were calculated to remove the effect of female 
size. When the normalized data (residuals) of CS and ED plotted together a negative relationship 
between egg size and egg number revealed the existence of a trade‑off. Copepod populations initially 
acclimated to cold temperature are commonly characterized by relatively smaller CS and larger ED. 
Conversely, warm temperature adapted females produced relatively larger CS and smaller ED. After 
transfer to a temperature of 24 °C, the ED did not change but the CS showed high variability indicating 
stressful conditions and no trade‑off was observed. These observations suggest that E. affinis is able 
to modulate its reproduction depending on the encountered temperature. It seems that this copepod 
species can shift between a K‑ and an r‑strategy in response to colder or warmer conditions. In a late 
winter‑early spring like cold temperature, copepod females seem to invest more on offspring quality 
by producing relatively larger eggs. This ecological strategy ensures a high recruitment of the spring 
generation that is responsible for the strength of the maximum population size usually observed 
in late spring‑early summer (May–June). To the contrary, at summer‑like temperature, where the 
population density decreases significantly in the Seine estuary, copepod females seem to switch 
from K to r strategy by favoring offspring number compared to offspring size. Finally, the use of a 
higher temperature of 24 °C seems to disrupt the observed reproductive trade‑off even after several 
generations. These results suggest that a switching between K‑ or r‑strategy of E. affinis depends 
highly on temperature effects. The effect of salinity increase during a summer‑like temperature of 
20 °C as well as after transfer to 24 °C decreased PL and CS but the ED did not change significantly.

Reproductive strategies are among the most important outcomes of evolutionary history as they serve in the 
maximization of parental  fitness1. Reproduction requires resources that can be limited by several external and/
or internal factors which determine the total reproductive  effort2. Females invest a portion of their resources in 
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their offspring (i.e., reproductive effort), but are faced with a trade-off: should the female use her reproductive 
resources to produce a large number of smaller offspring (r-selection) or a small number of larger offspring 
(K-selection). Recognition of trade-offs between these two extreme fecundity outcomes are well documented 
in terrestrial  ecology3,4. Most terrestrial studies refer to the conceptual balanced model proposed by Smith and 
 Fretwell5 based on two intuitive assumptions: (1) the existence of a trade-off between offspring number and size 
that means when energy invested in individual offspring increases (resulting in larger offspring) the total number 
of offspring decreases; and (2) a positive relationship between individual offspring size and its fitness. This model 
has proven to be more applicable to species that produce numerous small offspring without parental care which 
is a hallmark of r-strategists. Other studies confirmed that climate conditions could affect reproductive traits and 
female body size in  ectotherms6. In the aquatic environment, the reproductive trade-offs among copepod species 
were mainly studied in  ectoparasites7,8. In the literature, only a few examples dealt with zooplankton with a small 
number of papers concerned with copepods in particular. The trade-off between egg size and reproductive output 
(fecundity or reproductive effort) was analysed for a combination of copepod groups (free-living and parasitic 
taxa) and revealed a negative  relationship9,10 following the Smith & Fretwell model. The only study dealing with 
a single species was made by Timi et al.7, showing no evidence of trade-off between fecundity and egg volume 
in the parasitic copepod Lernanthropus cynoscicola. However, the absence of trade-offs in this parasitic cope-
pod could be due to the high resource availability that allowed a good allocation of energy to both egg size and 
 number7. Most free-living copepods that are playing key roles in aquatic food webs face resource limitations as 
well as fluctuations of environmental factors, such as temperature, salinity and  food11,12. Therefore, a trade-off 
between egg size and number could be expected. Empirical observations showed that individual egg carbon 
content could be modelled as a general power law (i.e., linear in a log–log plot) of egg diameter among several 
species of  copepods13. The consideration of carbon content is common in copepod ecology because one of the 
key reproductive parameters expressing the reproductive effort is the specific egg production rate calculated as 
the proportion of female body mass (usually expressed in terms of carbon content) invested in the clutch mass 
(in terms of total egg carbon) per day.

The trade-off between egg and clutch size in copepods has received less attention and the possible reasons 
of switching between an r- and K-strategy by copepod females is not known as yet. Food quality and quantity 
is one parameter that was demonstrated to affect the trade-off between offspring number and egg size in the 
marine copepod Euterpina acutifrons14. Egg size in copepods was also demonstrated to have seasonal variability. 
Liang and  Uye15 showed a clear seasonal pattern in egg diameter of the egg bearing copepod Pseudodiaptomus 
marinus with larger eggs produced by bigger females seasonally in winter and spring. Cavaleiro and  Santos8 
found a similar seasonality in the ectoparasitic copepod Octopicola superba. Generally, copepods are fast growing 
organisms and their reproductive output is often considered as an estimator of the quality of their environment. 
Environmental fluctuations such as in a pulsed resource system are otherwise known to have pronounced fitness 
 consequences16. But no deep experimental study was devoted to test the ecological and evolutionary significance 
of the trade-off occurrence between clutch size and egg size in copepods as yet. Although clutch size and egg size 
are not the only reproductive traits affecting the fitness of copepod species, it is important to test their potential to 
switch between K and r strategies. In this study, based on a large database obtained under controlled conditions, 
we aimed to test the hypothesis of existence of a trade-off between clutch size and egg size.

In temperate ecosystems, copepods exhibit a clear seasonality in their life history traits with high reproduc-
tive activity during  spring12,15,17. Several calanoid copepods as well as other crustacean zooplankter can modify 
their reproductive strategy by producing subitaneous eggs and diapausing eggs during unfavorable  seasons18–21. 
From an ecological point of view, copepods could display a particular life history strategy with regard to offspring 
size and number. In addition to the empirical evidence of seasonal variability of egg size and egg number in a 
marine  copepod14,15, the advantage of producing large eggs delivering offspring of high fitness was confirmed 
in a freshwater copepod Cyclops kolensis22. To the contrary, copepod females that adopt r-strategy could maxi-
mize their recruitment potential under favorable though unpredictable conditions. Therefore, an examination 
of the reproductive strategy of copepod females with respect to offspring size and number could improve the 
understanding of life cycle variations and adaptive reproductive evolutionary strategies of copepods at different 
environmental  conditions23.

In comparison to free spawning copepods, clutch-bearing copepods use a reproductive strategy that likely 
results in lower egg mortality because eggs are carried by the  female24. In addition, clutch-bearing copepods 
offer an advantage to test above trade-off theory because ovigerous females can have their body size (maternal 
control) and reproductive effort (including clutch and egg sizes)  measured17.

The clutch-bearing copepod used in this study is the estuarine copepod Eurytemora affinis. It is a calanoid 
species that dominates, at times, the copepod communities in several estuaries and other aquatic ecosystems in 
the northern  hemisphere25,26. In macrotidal estuaries, E. affinis evolved adaptations to keep the bulk of its popu-
lation in the low salinity zone and to be exposed to high variability of both salinity and  temperature27. Several 
field and laboratory studies showed that the clutch size of E. affinis is highly variable and could be affected by 
food, temperature and  salinity28–32. Recently, Souissi and  Souissi17 showed that some climatic anomalies that 
occurred during the critical period of E. affinis development (late winter-early spring) was detected when using 
simultaneously the average data of prosome length and clutch size. These negative events occurring in the field 
decreased significantly the reproductive effort expressed as clutch-size17. However, the above study did not 
explore the partition of the reproductive effort between clutch size and egg size.

In this study, we combined results obtained from two long-term experiments carried out simultaneously, 
following a multigeneration protocol to test our hypothesis. Both studies used the copepod Eurytemora affinis 
from the Seine estuary which was cultured throughout several generations in the laboratory. The first study aimed 
to test the effect of a warming scenario of 4 °C on a warm acclimated population of E. affinis (20 °C) using two 
 salinities33. Whereas the second study investigated whether some morphological traits (e.g., female size, egg size) 



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20139  | https://doi.org/10.1038/s41598-021-99703-0

www.nature.com/scientificreports/

obtained in a cold acclimated population of E. affinis (7 °C) could be selected after severe heat-shock, similar to 
a heat-shock  wave34 with a direct transfer of the population to 24 °C35.

Starting from the same batch culture of E. affinis individuals isolated from the field we derived progressively 
three population lines, one acclimated to late winter early spring like temperature (cold = 7 °C) and another one 
acclimated to summer like temperature (warm = 20 °C). Both populations were maintained at optimal salinity 
of 15 PSU whereas the third population line combined warm (20 °C) and higher and stressful salinity (25 PSU). 
The last experimental condition corresponded to the combination of low river discharges only observed during 
summer leading to more marine water intrusion to the E. affinis habitat. These initial conditions observed dur-
ing several generations allowed to test under controlled conditions the effects of three critical situations that the 
population encounters in the Seine estuary. Then the three population lines were transferred to more stressful 
thermal conditions of 24 °C without changing the salinity and followed during 5 consecutive generations. This 
allows to have additional sets of data corresponding to a severe heat shock of the cold acclimated population 
and a warming scenario of + 4 °C applied only to summer conditions for the two other population lines. Having 
these data at 24 °C will allow to test the sensitivity of any reproductive strategy observed in the initial conditions 
to higher and stressful temperature. We focused mainly on the morphology and the reproductive strategy of E. 
affinis and made the hypothesis that the reproductive strategy of this population should show a trade-off between 
clutch and egg size under different thermal and haline conditions. We intended to investigate; first, whether an 
acclimation of a copepod culture to certain conditions prior to the initiation of experimental treatments mat-
ters; and whether temperature and/or salinity increase could affect the total reproductive effort of E. affinis. Our 
main hypothesis was that the long-term acclimation of copepods to initial conditions (7 or 20 °C) can generate 
a trade-off strategy whereas the warmer final conditions (24°) could be very stressful to the development of E. 
affinis and consequently will not show any trade-off pattern. We also tested whether the selection regime may 
have had an effect in the trade-off and whether it can be observed within the same cohort (i.e., generation).

Material and method
Experimental conditions. An E. affinis population was sampled from the Seine estuary (France) in the 
low salinity zone under the Tancarville bridge (49°26ʹN–00°16ʹW) at a water temperature of 12 °C and a salinity 
of 5 PSU. Copepods were then maintained in the laboratory in a 25 L glass aquarium at temperature 15 °C and 
salinity 15 PSU during two generations. Afterwards, the batch culture was split into two aquaria (25 L) and a 
progressive acclimation to cold (7 °C) and warm (20 °C) temperatures was realized, keeping the salinity at 15 
PSU. Then a multigeneration study of the cultures follow up of the culture was launched in 2 L beakers using 40 
ovigerous females sorted from each of the batch cultures by using the same  protocol33. The first beaker culture 
was conducted at 7 °C and 15 PSU (T7S15) and the second one was kept at elevated 20 °C and 15 PSU (T20S15). 
After one generation at 20 °C and salinity 15 PSU, 40 ovigerous females sorted randomly were used to initiate the 
second generation of the population T20S15 and 40 additional ovigerous females were sorted randomly to derive 
a third initial condition, corresponding to the population T20S25 where only salinity was increased. The selected 
cold and warm temperature corresponded to the critical period of the development of E. affinis population in 
the Seine estuary (early spring and late summer). Whereas the use of higher salinity can occur only during the 
warmer season when the river discharges are very  low27. These three experiments were followed for at least 2 
generations for an acclimation period, before testing the effects of temperature increase. The acclimation lasted 
for 2 generations at 7 °C and and for 10 to 11 generations at 20 °C (Fig. 1). The acclimation period at 7 °C com-
pared to 20 °C was selected as comparatively short due to the length of the generation time. The mean copepod 
developmental time was 42 days at 7 °C and 12 days at 20 °C.

After the acclimation phase, 4 successive generations were carried out under T7S15, 7 generations under 
T20S15 and 6 generations under T20S25 (Fig. 1). The experimental protocol of the generation’s follow-up was 

Figure 1.  Flowchart of experimental procedures. In the left box, n indicates the number of generations under 
acclimation phase (n = 2 for T = 7 °C and n = 10 or 11 for T = 20 °C). The two larger boxes correspond to the 
initial (left) and final (right) conditions. For each condition TXSY indicated that temperature was set to X °C 
and salinity to Y PSU. Two conditions were realized at T = 24 °C and S = 15PSU, to make a distinction the heat 
shock treatment was designed T24S15(07). In both boxes n indicates the number of generations followed at each 
condition.
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detailed in Souissi et al.33,35,36. In the present study, each generation was considered as a replicate (or pseudo-
replicate) of the experimental condition. Furthermore, for some statistical analyses all individual data for each 
ovigerous female were also used (see Supplementary Information). All initial conditions (T7S15, T20S15 and 
T20S25) were then transferred to a higher temperature of 24 °C and followed during 5 subsequent generations 
(Fig. 1). During the whole period of the experiment (~ 1 year) copepods were fed daily ad libitum with Rho-
domonas marina.

Between 20 to 40 ovigerous females were sorted from each generation sample to measure all morphological 
and reproductive traits. Each sorted female was observed under an inverted microscope. Then the prosome length 
and width were measured as detailed in Souissi et al.36. Afterwards, the clutch size was counted by tearing the 
clutch carefully and individual measurements of 5 to 15 eggs per clutch were done to determine the egg size. All 
the size measurements were conducted using Image J  software35.

Selection of reproductive traits. The fecundity (F = number of eggs  female-1) of E. affinis was estimated 
as the number of clutches multiplied by the clutch sizes. In this study only the first clutch produced by E. affinis 
females was considered. Two variables were used to estimate egg size: egg diameter (ED) and egg volume (EV). 
Egg volume was calculated based on their spherical shape. The total reproductive effort was then defined as the 
total volume of the clutch (CV, CV = clutch size x mean EV) because reproductive traits in copepods are usually 
correlated to female body size. The prosome length (PL) and the prosome volume (PV) were used as proxies of 
female size. All measured traits obtained in this study were given as means per generation.

Statistical analyses. We used Pearson’s correlation coefficient to test a possible relationship between all 
variables measured using original and log-transformed data. All correlations with log-transformed variables 
gave lower r-values than the original data. Therefore, only linear relationships were selected. Because the repro-
ductive output of copepods is often determined by female body size, we first verified this statement. The correla-
tions between reproductive trait and female body size were very similar, when either PL or PV was used. As a 
consequence, only relationships with female PL, which is the commonly used variable to describe body size in 
copepods, were retained.

Because simple linear regressions between clutch size, egg size, and total reproductive effort (dependent vari-
ables) and female PL (independent variable) provided the most significant relationships (compared to multiple 
linear regressions), we decided to perform a simple residual analysis to test the existence of trade-offs between 
egg size and number. A particular interest was given to the relative relationship between ED and clutch size (CS), 
after removing the effects of female body size. All statistical analyses were done with Matlab software (Mathworks, 
Inc., Portola Valley, CA, USA).

In order to assess the robustness of the linear relationship between residuals, the input data (x and y) were 
resampled using a bootstrap technique available from Matlab Software. This generated 10,000 resampled values 
of the correlation coefficient (r) and the slope (a) of the regression function: y = a*x. Then the distribution of the 
simulated values for each parameter was represented by a histogram.

In order to compare the three key variables, prosome length, clutch size, and egg size at initial conditions 
(T07S15, T20S15 and T20S25) and final conditions after transfer to 24 °C (T24S15(T07), T24S15, T24S25), a non-
parametric ANOVA (Kuskal-Wallis) was realised. Then, for each selected parameter, the three pairs composed of 
initial condition and final condition after transfer at 24 °C, were tested by a two-sided Wilcoxon rank sum test.

Our experiment contains 4 factors that can be summarised as follow:

 i. The acclimation/selection (if any) regime that provides 3 different populations T7S15, T20S15 and T20S25. 
We coded the data following three populations/lines corresponding to the 3 initial conditions as well as 
the generations followed after transfer to 24 °C.

 ii. The generation number was used as a second factor within each experimental condition (3 initial and 3 
final conditions, providing a total of 6 treatments).

 iii. Temperature: 7 °C, 20 °C and 24 °C
 iv. Salinity: 15 PSU and 25 PSU

After this preparation of the data base we used n-way ANOVA (function anovan under Matlab) with interac-
tion to test the significance of each factor for each reproductive trait selected in our study: Prosome length (PL), 
clutch size (CS) and egg diameter (ED).

In addition to the full n-way ANOVA with the 4 factors mentioned above, we also performed two additional 
3-way ANOVA by considering in each analysis Temperature and Salinity plus factor1 or factor2 (population line 
or generation). Because the statistical conclusions did not change when only 3 factors were tested, we kept the 
full factors ANOVA in the subsequent analyses.

Results
Figure 2 shows the variability of the mean values of the three reproductive traits PL, CS and ED at all experi-
mental conditions. At salinity 15 PSU, temperature increased from 7 to 20 °C reduced female PL by almost 10% 
from 999.14 µm to 899.82 µm (Fig. 2A). At 20 °C the salinity increase reduced slightly (2.72%) PL to 875.38 µm 
(Fig. 2A). For PL, a significant difference between three experiments was observed at initial conditions (Fig. 2A, 
p = 0.020) but not at final conditions (Fig. 2A, p = 0.406). In fact, at 24 °C, differences between the mean values of 
PL were very low with a decreasing trend from 867.78 µm (Exp. 1) to 860.33 µm (Exp. 2) and to 847.48 µm (Exp. 
3). The comparison between initial and final conditions was only significant between the extreme temperatures 
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7 °C and 24 °C (Fig. 2A, p = 0.029) where a decrease in mean PL was about 13.15%. On the contrary, for warm 
acclimated conditions the decrease of PL after transfer to 24 °C was 4.39% and 3.19% in Exp. 2 and Exp. 3, 
respectively (Fig. 2A).

The CS was the most variable reproductive trait. No significant differences within initial as well as final con-
ditions were observed here (Fig. 2B, p > 0.05). As for prosome length, the only significant difference between 
initial and final conditions was for the extreme temperatures 7 °C (38.42 eggs/female) and 24 °C (21.75 eggs/
female). To the contrary a decrease in CS was relatively less pronounced for warm acclimated populations (Exp.2 
& Exp.3, Fig. 2B). At salinity 15 PSU, a temperature increase by 4 °C induced a decrease in fecundity by 19.95% 
from 32.84 eggs/female to 26.29 eggs/female (Fig. 2B). For the stressful salinity of 25 PSU the CS decrease was 
around 26.64% from 30.05 eggs/female at 20 °C to 22.04 eggs/female at 24 °C (Fig. 2B).

PL and CS showed similar patterns of variability. However, for egg size (ED) the pattern was different, because 
a Kruskal–Wallis test was significant for both initial (p = 0.013) and final (p = 0.024) conditions. This was certainly 
due to the high values of egg size at the lowest temperature of 7 °C (100.12 µm, Fig. 2C) that remained high even 
after transfer to 24 °C (98.95 µm, Fig. 2C). To the contrary, no significant difference was observed between the 

Figure 2.  Each bar represents the mean of generations under different conditions. Exp. 1: experiment 
conducted under T07S15 then T24S15(T07); Exp.2: experiment conducted under T20S15 then T24S15; Exp.3: 
experiment conducted under T20S25 then T24S25, Black bars: initial conditions, grey bars: final conditions 
(transfer to 24 °C).
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initial and final condition within a single experiment (p > 0.05). For warm acclimated populations the mean val-
ues of ED were 93.59 µm, 93.31 µm, 95.05 µm and 93.64 µm for the 4 experimental conditions T20S15, T20S25, 
T24S15, and T24S25, respectively.

For PL and CS, the n-way ANOVA results were similar. Only the factors generation, and temperature were 
significant (p < 0.01). The interaction ‘generation x temperature’ was also significant but the significance level 
was higher for PL (p = 0.007) compared to CS (p = 0.0346). For CS the interaction generation x salinity was not 
significant but the p-value was low (p = 0.0969). To the contrary the n-way ANOVA did not show any significant 
factor for ED with the lowest p-values observed for the interaction population x generation (p = 0.0713) and the 
interaction generation x salinity (0.0731).

The mean PL decreased as temperature and salinity increased (Table 1) and the largest mean PL was obtained 
at the lowest temperature. Female PL explained 85.1%, 70.0% and 25.6% of the total variance in CV, CS and ED, 
respectively (Table 1). The relatively low r2 obtained between ED and PL was due to the high dispersion of the 
data observed in all generations (Fig. 3B). ED showed no significant relationship with CS (r2 = 0.032, p = 0.362). 
CS (Fig. 3A) and CV (Fig. 3C) showed a significant positive trend with PL.

We regressed the residuals of the linear regressions of both CS and ED versus PL which resulted in a nega-
tive relationship (Fig. 4A). This linear regression explained almost 27% of the total variance in CS using ED as a 
predictor (Table 1). This negative relationship between residuals suggests that for a given PL, females with small 
CS (i.e., symbols below the regression line in Fig. 3A) tend to produce larger eggs (i.e., symbols above the regres-
sion line in Fig. 3B). The reverse was also suggested, where females with larger CS tend to produce smaller eggs 
(Fig. 3A,B). The data from the populations initially acclimated to the low temperature (7 °C) were situated in the 
same area of the graph that corresponded to relatively smaller CS and larger ED (Fig. 4A). In contrast, popula-
tions reared at 20 °C (both salinities) were situated in an opposite area of the graph, an area that corresponded 
to relatively larger CS and smaller ED (Fig. 4A).

After transfer to 24 °C, the ED of these populations did not appear to change (i.e., residuals of ED vs PL 
were close to 0) compared to other temperatures but did show high variability in CS (CS remained smaller than 
in the other treatments). We separated the initial and final experimental conditions and performed the same 
regression between the residuals of CS and ED. The residual analysis was highly significant for the initial condi-
tions (r2 = 0.638, n = 14, p < 0.001). However, the relationship was not significant after the experiment was run 
(r2 = 0.002, n = 14, p = 0.875). This suggests that the negative slope observed in Fig. 4A was driven primarily by 
the initial conditions, which suggest for a trade-off. However, when conditions became stressful, no trade-off 
was observed (Table 1). The resampling of the data by bootstrap confirmed that the linear relationship obtained 
in Fig. 4A was very robust as shown by the distribution of the coefficient of correlation with very significant 
negative values (Fig. 4B) and negative slopes (Fig. 4C).

Additional analyses using individual data (each ovigerous female) confirmed that the trade-off between 
clutch size and egg size can be observed within a generation (see Stable 1). In fact, the trade-off was statistically 
significant in 13 different generations among all observed generations (n = 35). When individual data were used 
the robustness of the trade-off in initial conditions (SFig. 1A) was much higher than the one observed after 
transfer to 24 °C (SFig. 1D).

Table 1.  Results of the linear regression analysis (Y = aX + b) between reproductive traits of E. affinis as 
dependent variables (CS, ED and CV) and PL (independent variable) as well as the relationship between 
the residuals from these regressions (CS vs PL) and (ES vs PL). CS Clutch size, ED Egg diameter, CV Clutch 
volume, PL Prosome length, ES Egg size, Resid Residual.

Y = aX + b a (slope) b (intercept) n R2 Adj-R2 p

All conditions

Y = CS X = PL 0.118 ± 0.031 − 76.806 ± 27.835 28 0.700 0.689  < 0.0001

Y = ED X = PL 0.027 ± 0.019 71.548 ± 16.483 28 0.256 0.228  < 0.01

Y = CV X = PL 6.7  10–5 ± 1.14  10–5 − 0.047 ± 0.010 28 0.851 0.845  < 0.0001

Y = Resid. (CS 
vs PL)

X = Resid (ES 
vs PL) − 0.874 ± 0.582 0.014 ± 1.551 28 0.268 0.240  < 0.01

Initial conditions

Y = CS X = PL 0.105 ± 0.040 − 62.889 ± 36.696 14 0.733 0.710  < 0.0001

Y = ED X = PL 0.034 ± 0.021 63.733 ± 19.510 14 0.511 0.470  < 0.01

Y = CV X = PL 6.5  10–5 ± 1.08  10–5 − 0.045 ± 0.010 14 0.935 0.930  < 0.0001

Y = Resid. (CS 
vs PL)

X = Resid (ES 
vs PL) − 1.502 ± 0.712 − 0.041 ± 1.590 14 0.638 0.607  < 0.001

Final conditions

Y = CS X = PL 0.068 ± 0.126 − 34.599 ± 108.290 14 0.102 0.027 0.265

Y = ED X = PL 0.091 ± 0.069 17.190 ± 59.521 14 0.408 0.358 0.014

Y = CV X = PL 6.5  10–5 ± 6.05  10–5 − 0.045 ± 0.052 14 0.316 0.259 0.037

Y = Resid. (CS 
vs PL)

X = Resid (ES 
vs PL) − 0.085 ± 1.143 − 0.008 ± 2.616 14 0.002  < 0.0001 0.875
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Discussion
In this study a large data-base of the main reproductive traits of the estuarine copepod E. affinis (female size, 
clutch size and egg size) was compiled from a long-term experiment conducted at 3 temperatures (7 °C, 20 °C 
and 24 °C) and two salinities (15 PSU and 25 PSU). Our results confirmed that temperature was the main factor 
that explained the variability of the reproductive traits studied here. The hypothesis of the existence of a trade-off 
between clutch size and egg size was confirmed whatever the data was averaged for each generation or considered 
individually for each female. The trade-off can also be observed within the same generation but not systematically. 
The trade-off pattern was mainly driven by the initial conditions where the populations were acclimated to three 
critical situations of temperature and salinity that can be observed in the field. The transfer of populations to 
24 °C engendered a stress to the population without strong trade-off pattern. After positioning our results with 
the available literature the ecological implications of our findings were discussed.

Our study applied a multi-generational approach to determine whether a trade-off existed between clutch size 
and egg diameter for E. affinis. The experiments conducted in this study were performed on a single population 
of E. affinis that originated from the Seine estuary and aimed to test a global warming scenario that can lead to 
an increase in both temperature and  salinity33,40.

The measure of clutch size, commonly used in the  literature13,28, was linearly related to female PL (Fig. 3A). 
In contrast to  Ban28 who found a power relationship between PL and CS in E. affinis, our fit was linear. These 
differences could be due to experimental differences between the two studies.  Ban28 focused on the effect of 
food concentration on reproductive output for a single isolate of copepods, while our protocol was based on a 
batch culture and multigenerational observations. In both cases, a general positive trend between CS and PL was 
observed, demonstrating higher fecundity in larger females. When the total reproductive effort was calculated 
(the product of CS and mean EV (that is CV)), its relationship with female PL was also positive (see Fig. 3C and 
Table 1) as a direct consequence to EV changes. In fact, if the EV was held constant, the relationship between 
either CS or CV (CS x EV) versus PL resulted in similar regression coefficients and slopes (Table 1).

 

Figure 3.  Relationship between E. affinis female prosome length with clutch size (A), egg diameter (B) and 
clutch volume (C). The rectangles contain the labels of each population used from laboratory experiments as 
shown in the flow chart of Fig. 1. The solid line is the regression line and the dashed lines indicate the 95% 
confidence interval. The results of the regression analyses were indicated in Table 1.
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We found that the mean egg diameter of E. affinis can vary from 91.96 μm to 104.19 μm, with an overall 
increase of 13.30% and 45.44% in ED and EV, respectively. The variability of ED was mainly explained by female 
size and less so by temperature and salinity (see Fig. 3B). The positive relationship between PL and ED was 
present in all combined and separate conditions (see Table 1). This result suggests that E. affinis can adjust both 
the size and the number of offspring. In order to remove the effect of female size on reproductive traits, we used 
the residuals from regression with PL and our results revealed that the presence of a trade-off between egg size 
and egg number existed. A significant negative trend was observed between residuals (see Fig. 4A and Table 1), 
confirming that the allocation of the reproductive effort to egg number and egg size was not independent. The 
negative trend of Fig. 4A (and SFig. 1 when the analysis was performed with individual data) is explained by the 
fact that E. affinis females were investing more energy in their offspring (i.e., at low temperature 7 °C) producing 
relatively smaller clutches, whereas ovigerous females with relatively bigger CS (i.e., at 20 °C) invested less in their 
individual offspring which resulted in smaller eggs. To our knowledge, this study provides the first experimental 
confirmation of the presence of a trade-off in the reproductive strategy of a clutch-bearing copepod.

The phenomenon of a trade-off between egg number and egg size was earlier observed in freshwater 
 cladocerans41 as well as in terrestrial  invertebrates42. Only one detailed study at the species level exists for cope-
pods and this species is the parasitic Lernanthropus cynoscicola7. Thus our ability to complete a comparative 
analysis for pelagic copepods is limited. At higher taxonomic levels, Caley et al.10 suggested that total reproductive 
effort (RE) and egg size in copepods did not evolve independently. The high heterogeneity in the literature values 
and the high variability in the residuals (see Fig. 1 in Caley et al. 2001) resulted in a low amount of variability 

Figure 4.  (A) Relationship between residuals of linear regressions of mean egg diameter and clutch size against 
female prosome length. The solid line is the regression line and the dashed lines are the 95% confidence interval. 
The grey lines intersect with the origin (0,0). The legend shows the labels of each population that are the same as 
in Fig. 3. (B) Histogram of the distribution of the 10,000 values of the coefficient of correlation (r) generated by 
the resampling bootstrap method. (C) Histogram of the distribution of the 10,000 values of the slope parameter 
of the linear regression y = a*x.
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of egg size (< 11%) which is explained by RE. Caley et al.10 recognizing the limitations of using an estimation 
of the total reproductive effort that was not independent from the estimation of the egg size and suggested that 
future studies should focus on the simultaneous allocation decisions rather than on sequential ones as well as 
other genetic or selective mechanisms. We confirmed their conclusions at the specific level by using E. affinis 
as a biological model. The observed trade-off between egg size and egg number was mainly driven by the initial 
conditions as confirmed by our analyses either using mean data per generation (Table 1) or individual data 
(SFig. 1). It is possible that this finding resulted from a selection process where individuals experiencing the 
same conditions during multiple generations produce the same trade-off. However, the test of the existence of a 
trade-off for each generation did not show any clear selective breeding pattern of this mechanism (see Stable 1). 
We showed that after the temperature increased to 24 °C (due to a possible warming or to an artificial heat shock) 
the trade-off between egg size and egg number observed in the initial conditions disappeared (or was very weak 
when individual data were used, SFig. 1D). This means that either the higher temperature of 24 °C disrupted 
the reproductive trade-off because it was very stressful or that the population required a much longer period 
to acclimate to this new environmental temperature. Whatever the exact mechanisms causing the absence of a 
reproductive trade-off at higher temperature, future studies on the possible effects of temperature increase on 
the life cycle traits should consider the inter-dependence of reproductive traits (see Beyrend-Dur et al.43).

The experimental temperatures used in the initial conditions (7 °C and 20 °C) correspond to the observed 
extremes in the low salinity zone of the Seine estuary during the seasonal growth of the population of E. affinis 
between late winter and early  summer27,44. Consequently, E. affinis should optimize its reproductive strategy at 
both temperatures to ensure optimal development of its offspring. At lower temperature (7 °C), E. affinis females 
grew slowly but showed the lowest mortalities among larger sized  individuals33. The positive relationship between 
female size and fecundity was shown for several ectotherms, including the copepod E. affinis17,28,33. Our study 
confirmed that both fecundity and the quality of individual offspring was enhanced with larger female size. 
The upper thermal limit (20 °C) corresponded to a decline of the E. affinis population in the Seine  estuary45. At 
this temperature under laboratory controlled conditions, the trade-off between egg size and number favored 
the production of smaller-sized eggs. In the Seine estuary, the E. affinis population faces its highest mortalities 
and increased predation due to high temperatures in  summer46–48. A short-term shift in reproductive strategy 
could improve the number of individuals that survive in this unfavorable season. Moreover, we showed that the 
development of E. affinis is possible at 20 °C in the laboratory when all other external factors (i.e., food, preda-
tion, competition) were removed. Even when temperature was raised to 24 °C (including the artificial heat shock 
treatment from 7 °C to 24 °C), all populations were able to survive and reproduce without showing any appar-
ent trade-off pattern. A detailed examination of the data (Fig. 4A) confirmed that the population originating 
from 7 °C kept the same initial trade-off after transfer to 24 °C. This suggests that the initial acclimation to 7 °C 
selected females adopting a strategy that favored the investment in individual offspring, even after 5 genera-
tions at 24 °C. On the other hand, a 4 °C increase in the other treatments for copepods acclimated to the upper 
thermal limit (20 °C) seemed to disturb the trade-off strategy during five subsequent generations. The summer 
population of E. affinis may face such an increase in temperature and their response to this challenge may be 
impacted significantly according to our results.

We confirmed in this study that ovigerous females of E. affinis appear capable of adjusting their egg size 
in addition to their clutch size. The variability of these two reproductive traits was highly correlated to female 
body size. However, when the effect of body size was removed, we found that females appeared to display a clear 
trade-off between size and number of offspring, a trend that also depended upon environmental conditions. This 
study is the first experimental test of Smith and Fretwell’s5 model of a clutch-bearing copepod. Our data sup-
port this model for the copepod E. affinis. As in the case of Caley et al.10, we demonstrated that the allocation of 
reproductive energy was not simply sequential but rather simultaneous. In fact, most theoretical studies in this 
field have modeled the evolution of total allocation to offspring and the subsequent division of this allocation 
into many small versus few large offspring as independent. Our study suggested that these life-history traits 
may be evolutionarily linked. This strategy offers substantial ecological advantages. In temperate ecosystems, 
the transition from winter to spring seasons is crucial in determining the strength of the maximum density of 
Eurytemora like  species17,27. Consequently, reproducing in late winter and early spring, the most critical  seasons17 
large eggs will enhance the survival of the offspring. This can ensure a high recruitment and a maximum density 
of the E. affinis population that occurs regularly in May–June in the Seine estuary. However, during the warmer 
season the physiological performance of E. affinis is reduced compared to free spawning species, such as in the 
genus Acartia33. In addition, the autumn season and particularly the month of November seems to be a critical 
month in the condition of E. affinis in  Europe17. Hence, investing in offspring quality during summer where the 
mortality is highest also due to  predation47,49 would not be advantageous for this species. Rather, switching to 
an r-strategy by producing more eggs with smaller size could lead to a reduced recruitment of pre-winter gen-
erations, that are capable of maintaining a sufficient overwintering adult stock. The life expectancy of E. affinis 
females can reach 2 months at 10 °C29 and certainly more at much lower temperature such as 6–8 °C. This means 
that the reproduction of E. affinis is continuous in the Seine estuary with a high variability of size: with generally 
larger females during the colder season and smaller females during the warmer  season17. The trade-off between 
CS and ED was also observed at a single generation level (one cohort) at all experimental conditions without 
showing any effect due to a possible selective pressure (see Stable 1). But when individual data were combined 
in a single analysis the trade-off between CS and ED was clearly much stronger in initial conditions rather than 
final and warmer conditions (see SFig. 1). This confirms the high reproductive plasticity of this species adapted 
to live in a highly variable environment and opens a new perspective to assess in future studies the role of such 
reproductive strategy in the ecological performances of this species or similar congeneric ones. Furthermore, E. 
affinis in the Seine estuary is capable of producing a small percentage of diapausing or quiescent eggs that may 
contribute to an adaptive trait in the evolutionary ecology of this  species21.
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Previous studies on the reproduction of the copepod E. affinis often focused on the  fecundity33 or carbon 
content of the produced  clutches37. However, some studies assumed that the egg size and its carbon content are 
 constant37. For example,  Hirche38 compared the reproductive strategies of E. affinis to the broadcast spawner 
Acartia tonsa using a fixed ED for both species (82 μm and 73 μm, respectively). This approach is obviously flawed 
in light of the observed variability in egg size that reflects a possible change in the reproductive investment of the 
female. For example, Crawford and  Daborn39 showed that the egg diameter of Eurytemora herdmani (congeneric 
species of E. affinis) inhabiting a turbid estuary varied between 82 and 99 μm. Despite only 4 measurements of 
ED (see Table 1 in Crawford and  Daborn39), a reanalysis of their data confirmed a significant negative correlation 
between CS and ED (r = 0.94, n = 4, p < 0.05), suggesting the possible existence of a trade-off between these two 
reproductive traits. Therefore, it is possible that E. affinis populations exhibit such a trade-off and our results 
strongly support this hypothesis.

The extrapolation of our results in an ecological context appears to be related to the observed seasonality of 
the E. affinis population in the Seine estuary. E. affinis appears as an assemblage of cryptic species composed of 
different populations inhabiting fragmented habitats in the northern  hemisphere50. Consideration of its inter-
population variability can lead us to a better understanding of its varied reproductive strategies. In conclusion, 
the present study suggests that reproductive strategies of E. affinis can be applied to optimal reproductive theory.

Received: 16 June 2021; Accepted: 28 September 2021

References
 1. Stearns, S. C. The Evolution of Life Histories (Oxford Univ. Press, 1992).
 2. Churchill, E. R., Dytham, C. & Thom, M. D. F. Differing effects of age and starvation on reproductive performance in Drosophila 

melanogaster. Sci. Rep. 9, 2167. https:// doi. org/ 10. 1038/ s41598- 019- 38843-w (2019).
 3. Price, P. W. Strategies for egg production. Evolution 28(1), 76–84 (1974).
 4. Roff, D. A. The Evolution of Life Histories. Theory and analysis (Chapman and Hall, 1992).
 5. Smith, C. C. & Fretwell, S. D. The optimal balance between size and number of offspring. Am. Nat. 108(962), 499–506 (1974).
 6. Durrant, K. et al. Comparative morphological trade-offs between pre- and post-copulatory sexual selection in Giant hissing 

cockroaches (Tribe: Gromphadorhini). Sci. Rep. 6, 36755. https:// doi. org/ 10. 1038/ srep3 6755 (2016).
 7. Timi, J. T., Lanfranchi, A. L. & Poulin, R. Is there a trade-off between fecundity and egg volume in the parasitic copepod Lernan-

thropus cynoscicola?. Parasitol. Res. 95, 1–4 (2005).
 8. Cavaleiro, F. I. & Santos, M. J. Egg number–egg size: An important trade-off in parasite life history strategies. Int. J. Parasitol. 44, 

173–182 (2014).
 9. Poulin, R. Clutch size and egg size in free-living and parasitic copepods: A comparative analysis. Evolution 49(2), 325–336 (1995).
 10. Caley, M. J., Schwarzkoff, L. & Shine, R. Does total reproductive effort evolve independently of offspring size?. Evolution 55(6), 

1245–1248 (2001).
 11. McGinty, N. et al. Anthropogenic climate change impacts on copepod trait biogeography. Glob. Change Biol. 27, 1431–1442 (2021).
 12. Ianora, A., Miralto, A. & Halsband-Lenk, C. Reproduction, hatching success, and early naupliar survival in Centropages typicus. 

Prog. Oceanogr. 72, 195–213 (2007).
 13. Uye, S. & Sano, K. Seasonal reproductive biology of the small cyclopoid copepod Oithona davisae in a temperate eutrophic inlet. 

Mar. Ecol. Prog. Ser. 118, 121–128 (1995).
 14. Guisande, C., Sanchez, J., Maneiro, I. & Miranda, A. Trade-off between offspring number and offspring size in the marine copepod 

Euterpina acutifrons at different food concentrations. Mar. Ecol. Prog. Ser. 143, 37–44 (1996).
 15. Liang, D. & Uye, S. Seasonal reproductive biology of the egg-carrying calanoid copepod Pseudocalanus marinus in a eutrophic 

inlet of the Inland Sea of Japan. Mar. Biol. 128, 409–414 (1997).
 16. Hämäläinen, A. et al. Fitness consequences of peak reproductive effort in a resource pulse system. Sci. Rep. 7, 9335 (2017).
 17. Souissi, S. & Souissi, A. Promotion of the development of sentinel species in the water column: Example using body size and 

fecundity of the egg-bearing calanoid copepod Eurytemora affinis. Water 13, 1442. https:// doi. org/ 10. 3390/ w1311 1442 (2021).
 18. Madhupratap, M., Nehring, S. & Lenz, J. Resting eggs of zooplankton (Copepoda and Cladocera) from the Kiel Bay and adjacent 

waters (southwestern Baltic). Mar. Biol. 125, 77–87 (1996).
 19. Katajisto, T., Viitasalo, M. & Koski, M. Seasonal occurrence and hatching of calanoid eggs in sediments of the northern Baltic Sea. 

Mar. Ecol. Prog. Ser. 163, 133–143 (1998).
 20. Walsh, M. R. The link between environmental variation and evolutionary shifts in dormancy in zooplankton. Integr. Comp. Biol. 

53(4), 713–722 (2013).
 21. Glippa, O., Denis, L., Lesourd, S. & Souissi, S. Seasonal fluctuations of the copepod resting egg bank in the middle Seine estuary, 

France: Impact on the nauplii recruitment. Estuar. Coast. Shelf Sci. 142, 60–67 (2014).
 22. Jamieson, C. D. & Santer, B. Maternal aging in the univoltine freshwater copepod Cyclops kolensis: variation in egg sizes, egg 

development times, and naupliar development times. Hydrobiologia 510, 75–81 (2003).
 23. Kiørboe, T. & Sabatini, M. Reproduction and life cycle strategies in egg-carrying cyclopoid and free-spawning calanoid copepods. 

J. Plankton Res. 16(10), 1353–1366 (1994).
 24. Hirst, A. G. & Kiørboe, T. Mortality of marine planktonic copepods: global rates and patterns. Mar. Ecol. Prog. Ser. 230, 195–209 

(2002).
 25. Andersen, M. C. & Nielson, T. G. Hatching rate of the egg carrying estuarine copepod Eurytemora affinis. Mar. Ecol. Prog. Ser. 160, 

283–289 (1997).
 26. Winkler, G., Dodson, J. J. & Lee, C. E. Heterogeneity within the native range: population genetic analyses of sympatric invasive 

and noninvasive clades of the freshwater invading copepod Eurytemora affinis. Mol. Ecol. 17, 415–430 (2008).
 27. Devreker, D. et al. Tidal and annual variability of the population structure of Eurytemora affinis in the middle part of the Seine 

Estuary during 2005. Estuar. Coast. Shelf Sci. 89, 245–255 (2010).
 28. Ban, S. Effect of temperature and food concentration on post-embryonic development, egg production and adult body size of 

calanoid copepod Eurytemora affinis. J. Plankton Res. 16, 721–735 (1994).
 29. Devreker, D., Souissi, S., Winkler, G., Forget-Leray, J. & Leboulenger, F. Effects of salinity and temperature on the reproduction of 

Eurytemora affinis (Copepoda; Calanoida) from the Seine estuary: a laboratory study. J. Exp. Mar. Biol. Ecol. 368, 113–123 (2009).
 30. Dur, G. et al. An individual based model to study the reproduction of egg bearing copepods: application to Eurytemora affinis 

(Copepoda Calanoida) from the Seine estuary, France. Ecol. Model. 220, 1073–1089 (2009).

https://doi.org/10.1038/s41598-019-38843-w
https://doi.org/10.1038/srep36755
https://doi.org/10.3390/w13111442


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20139  | https://doi.org/10.1038/s41598-021-99703-0

www.nature.com/scientificreports/

 31. Michalec, F.-G. et al. Differences in behavioral responses of Eurytemora affinis (Copepoda, Calanoida) reproductive stages to 
salinity variations. J. Plankton Res. 32(6), 805–813 (2010).

 32. Michalec, F.-G., Holzner, M., Menu, D., Hwang, J.-S. & Souissi, S. Behavioral responses of the estuarine calanoid copepod Euryte-
mora affinis to sub-lethal concentrations of waterborne pollutants. Aquat. Toxicol. 138–139, 129–138 (2013).

 33. Souissi, A., Souissi, S. & Hwang, J.-S. Evaluation of the copepod Eurytemora affinis life history response to temperature and salinity 
increases. Zool. Stud. 55, e4. https:// doi. org/ 10. 6620/ ZS. 2016. 55- 04 (2016).

 34. Frölicher, T. L., Fischer, E. M. & Gruber, N. Marine heatwaves under global warming. Nature 560, 360–364 (2018).
 35. Souissi, A., Souissi, S. & Hansen, B. W. Physiological improvement in the copepod Eurytemora affinis through thermal and mul-

tigenerational selection. Aquac. Res. 47, 2227–2242 (2016).
 36. Souissi, A., Souissi, S., Devreker, D. & Hwang, J.-S. Occurence of intersexuality in a laboratory culture of the copepod Eurytemora 

affinis from the Seine estuary (France). Mar. Biol. 157, 851–861 (2010).
 37. Heinle, D. R. & Flemer, D. A. Carbon requirements of a population of the estuarine copepod Eurytemora affinis. Mar. Biol. 31, 

235–247 (1975).
 38. Hirche, H.-J. Egg production of Eurytemora affinis—effect of K-strategy. Estuar. Coast. Shelf Sci. 35, 395–407 (1992).
 39. Crawford, P. & Daborn, G. R. Seasonal variations in body size and fecundity in a copepod of turbid estuaries. Estuaries 9(2), 

133–141 (1986).
 40. IPCC Climate change The physical science basis. In Contribution of Working Group I to the Fourth Assessment Report of the Inter-

governmental Panel on Climate Change (eds Solomon, S. et al.) 2007 (Cambridge University Press, 2007).
 41. Guisande, C. & Gliwicz, Z. M. Egg size and clutch size in 2 Daphnia species grown at different food levels. J. Plankton Res. 14, 

997–1007 (1992).
 42. Carrière, Y. & Roff, D. A. The evolution of offspring size and number: a test of the Smith-Fretwell model in three species of crickets. 

Oecologia 102, 389–396 (1995).
 43. Beyrend-Dur, D., Souissi, S., Devreker, D., Winklerd, G. & Hwang, J.-S. Life cycle traits of two transatlantic populations of Euryte-

mora affinis (Copepoda: Calanoida): Salinity effects. J. Plankton Res. 31(7), 713–728 (2009).
 44. Dur, G. & Souissi, S. Ontogenetic optimal temperature and salinity envelops of the copepod Eurytemora affinis in the Seine estuary 

(France). Est. Coast Shelf Sci. 200, 311–323 (2018).
 45. Mouny, P. & Dauvin, J. C. Environmental control of mesozooplankton communities in the Seine estuary (English Channel). 

Oceanol. Acta 25, 13–22 (2002).
 46. Mouny, P., Dauvin, J. C., Bessineton, C., Elkaim, B. & Simon, S. Biological components from the Seine estuary: first results. Hyd-

robiologia 373(374), 333–347 (1998).
 47. Dur, G., Jimenez-Melero, R., Beyrend-Dur, D., Hwang, J.-S. & Souissi, S. Individual-based model of the phenology of egg-bearing 

copepods application to Eurytemora affinis from the Seine estuary, France. Ecol. Model. 269, 21–36 (2013).
 48. Cailleaud, K. et al. Changes in the swimming behavior of Eurytemora affinis (Copepoda, Calanoida) in response to a sub-lethal 

exposure to nonylphenols. Aquat. Tox. 112, 228–231 (2011).
 49. Mahjoub, M.-S., Souissi, S., Michalec, F.-G., Schmitt, F. G. & Hwang, J.-S. Swimming kinematics of Eurytemora affinis (Copepoda, 

Calanoida) reproductive stages and differential vulnerability to predation of larval Dicentrarchus labrax (Teleostei, Perciformes). 
J. Plankton Res. 33(7), 1095–1103 (2011).

 50. Lee, C. E. Rapid and repeated invasion of freshwater by the copepod Eurytemora affinis. Evolution 53(5), 1423–1434 (1999).

Acknowledgements
We thank all past and present members of S. Souissi’s group who helped in keeping micro-algae and copepod 
cultures for several years and particularly those who helped in initiating the multigeneration experiment. This 
work is a contribution to the GIP Seine-Aval scientific programs and the International Associated Laboratory 
between Université de Lille and National Taiwan Ocean University (IAL MULTIFAQUA). Financial support 
from the Ministry of Science and Technology of Taiwan (Grant no. MOST 107-2621-M-019-001, MOST 108-
2621-M-019-003, MOST 109-2621-M-019-002 and MOST 110-2621-M-019-001) and the Center of Excellence 
for Ocean Engineering (Grant no. 109J13801-51 and 110J13801-51) to J.-S. Hwang is acknowledged.

Author contributions
A.S., S.S. and J.S.H. conceived the study. A.S. performed the experiments and completed all morphological and 
reproductive traits measurements. S.S. performed statistical analyses. A.S. and S.S. wrote the manuscript. A.S., 
S.S. and J.S.H. read and agreed to the published version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 99703-0.

Correspondence and requests for materials should be addressed to J.-S.H. or S.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.6620/ZS.2016.55-04
https://doi.org/10.1038/s41598-021-99703-0
https://doi.org/10.1038/s41598-021-99703-0
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20139  | https://doi.org/10.1038/s41598-021-99703-0

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Reproductive trade-offs of the estuarine copepod Eurytemora affinis under different thermal and haline regimes
	Material and method
	Experimental conditions. 
	Selection of reproductive traits. 
	Statistical analyses. 

	Results
	Discussion
	References
	Acknowledgements


