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Climate change causes earlier and warmer springs in seasonal environments and a higher incidence of extreme weather events. In aquatic environments, this changes the thermal conditions during spawning, and the thermal performance of eggs and embryos may determine the consequences of climate change on recruitment. In iteroparous species with indeterminate growth, the eggs produced by a given female in successive years will increase in size as the female grows larger and likely be exposed to different temperatures during incubation due to annual variation in spring phenology. Still, we know little about whether differences in maternal size impact the temperature-dependent performance and viability of the offspring. Here we utilised a thermal gradient laboratory experiment on Baltic Sea perch (Perca fluviatilis) to investigate how maternal size influence the temperature dependent hatching success of the offspring. The results uncovered a positive relationship between maternal size and average hatching success, but the shape of the relationship (reaction norm) linking hatching success to incubation temperature was independent of maternal size. However, we did find an association between maternal size and the variance (S.D. and CV) in hatching success across temperatures, with larger females producing offspring with maintained performance (less sensitive) across temperature treatments, indicative of flatter reaction norms and broader thermal niches. This suggests that maintaining the size distribution of fish populations, for instance through regulations of size-selective fisheries, may be important to aid the long-term productivity and viability of fish populations and ultimately conserve the function and services of ecosystems.
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1 Introduction

Global warming is impacting the thermal conditions that organisms experience during key life-history events, such as reproduction and embryo development, which may ultimately influence the dynamics and viability of populations and species (Dahlke et al., 2020). In high latitude biomes, global warming is already causing altered seasonality, increased annual mean temperatures and a higher incidence of extreme weather events that generate more variable and unpredictable thermal conditions among and within years. These effects are also predicted to increase in severity over the next decades (Tamarin-Brodsky et al., 2020). The capacity to tolerate high, variable, and unpredictable thermal conditions during life-history events, such as reproduction, is thus assumed critical for organisms to cope with climate change (Dahlke et al., 2020; Morgan et al., 2020). Previous research has highlighted that this may be mediated both through adaptive evolution of, and phenotypic plasticity in, thermal performance of eggs and embryos (Salinas and Munch, 2012; Seebacher et al., 2015; Chen et al., 2018). This is supported by a firm body of evidence based on comparisons of thermal performance and tolerance among species and populations inhabiting, and exposed to, different thermal regimes (Comte and Olden, 2017; Sunde et al., 2019; Carbonell et al., 2021). Compared with the existing work and understanding of the mechanistic underpinnings of variation among populations and species, much less is known regarding the sources of variation in thermal performance (tolerance) among individuals within populations. For example, a better knowledge of the sources of variation in the thermal performance and tolerance of offspring within and between different families, including the relative contribution of genes, developmental plasticity and maternal effects, is key for understanding evolutionary modifications of thermal tolerance and to generate predictive models on the consequences of global warming for biodiversity and the function and services of ecosystems (Salinas and Munch, 2012; Wennersten and Forsman, 2012; Forsman, 2015; Hall et al., 2021).

Maternal size affects the allocation of resources for reproduction and the distribution of those resources among offspring in most vertebrates (Roff, 1992; Marshall et al., 2018). For example, in fish, larger females tend to produce more and larger eggs with higher nutrient content (Barneche et al., 2018), which can lead to increased offspring size and survival (Heath et al., 1999; Kamler, 2005; Hixon et al., 2014). It is also known that oxygen consumption and metabolic rates often increases with increasing egg size. These are physiological factors that can influence susceptibility to thermal stress, especially in aquatic environments where oxygen solubility decreases with increasing temperature (Martin et al., 2017). From a mechanistic perspective, it has been proposed that because smaller eggs have a higher surface to volume ratio the oxygen demand of the developing embryos can more easily be met (via diffusion) in small than in large eggs, such that smaller eggs should be favorable in low oxygen (i.e. warm) environments (van den Berghe and Gross, 1989; Robertson and Collin, 2015). Still, there are also examples to the opposite effect where larger eggs perform better in low oxygen environments (Einum et al., 2002; Hendry and Day, 2003). Together, this means that there is potential for maternal size to also impact offspring performance in different temperatures, due to size-dependent changes in egg size, although evidence for this effect is limited (Martin et al., 2020; Olin et al., 2022).

Important knowledge on how and why species, populations, and individuals may respond differently to changes in temperature can be achieved by studying their performance under various thermal conditions (i.e., reaction norms or performance curves)(Via et al., 1995; Hall et al., 2021). Flat (shallow) reaction norms would suggest tolerance to environmental fluctuations (i.e., maintained performance), while narrow curvilinear responses are instead indicative of a narrow environmental range for optimal performance, and directional reaction norms suggest that optimal performance peaks at one end of the environmental spectrum. Directional and/or narrow curvilinear recreation norms may increase vulnerability to temperature variation because they reduce the ability to adjust to changing temperatures without incurring fitness costs (Hall et al., 2021). However, not only the shapes of reaction norms are informative concerning the response of genotypes to different environments but also the sensitivity in performance since it may influence population dynamics (e.g. to what degree the number of recruits may be impacted in different environments).

This study aimed to determine whether and how maternal size affects offspring quality and the offspring’s ability to perform in different thermal conditions by examining the size-dependent hatching success of anadromous Baltic Sea perch (Perca fluviatilis) using a split-brood laboratory temperature gradient experiment. Perch is an iteroparous total spawner with females depositing their eggs in a single egg strand at a specific location and at a single time point (Craig, 2000). The incubation of eggs until hatching is subjected to variable thermal conditions depending on the timing of egg deposition and the prevailing spring phenology (Tibblin et al., 2012; Hall et al., 2021) such that maintained offspring performance in different temperatures may be key for individual reproductive success. For this study, we collected eggs from 69 newly deposited egg strands (the total weight of which served as a proxy for maternal size similar to Lang, 1987) in the field and conducted an experiment in which eggs from the focal females were incubated in the laboratory at four different temperatures (10, 12, 15, and 18 ˚C). The experiment was designed to answer the following questions: (1) Does maternal size influence the overall hatching success?; (2) Does the shape of reaction norms and/or the sensitivity of egg hatching success to temperature vary among families depending on maternal size?; and (3) Could size-dependent maternal effects on thermal sensitivity of offspring performance be accounted for by differences in egg size?




2 Methods



2.1 Field collection of egg strands

In 2019, we conducted a field survey to identify and sample perch egg strands in the lower stretches of Hossmoån river (56°C 37.530’N, 16°C 14.331’E southeast Sweden) which have previously been identified as an important spawning habitat for Baltic Sea anadromous perch (Tibblin et al., 2012). Perch typically spawns in shallow water and their eggs can be detected from their characteristic egg strands which are highly visible within reasonable sight depth conditions, as is the case for perch in Hossmoån (Tibblin et al., 2012; Hall et al., 2021). The study took place from April 3 to June 24 during which we identified 511 egg strands (unique females spawning) along transects set in the lower stretch of the river. We monitored the transects three days a week using a combination of polarizing glasses and a bathyscope to detect the egg strands. Each detected egg strand was marked with a red cellulose tape in the nearest reed strand, and its location was marked on a map to avoid double sampling of egg strands. During each sampling occasion (day), we sampled 3-6 of the newly detected egg strands (pending availably of egg strands). The egg strands sampled were chosen haphazardly but with the aim to comprise size variation among strands during each sample occasion. In sampling the egg strands, we first gently loosened them from the spawning substrate (typically reed), and then transferred the egg strand as a whole to a water-filled bucket using a fine-meshed net (see Hall et al., 2021 for details) after which it was weighed (gram wet weight). From each of the weighed egg strands, we took a ~10 cm subsample which was placed in a small water-filled (stream water) container (0.8 L) and brought to the to the laboratory facility at the Linnaeus University. At the laboratory, we divided each egg strand sample into four subsamples after which they were randomly distributed to the different temperature-controlled rooms, set at 10, 12, 15 and 18 C°, to be used for the split-brood temperature hatching experiment.




2.2 Hatching experiment in the laboratory

Once the subsamples had been brought into each of the temperature-controlled rooms and allowed to slowly adjust to room temperatures (~1h), we cut out two replicates (replicate weight 1.23 g ± 0.18 S.D.) from each subsample per temperature treatment. We then transferred each replicate to 0.8 L containers, filled with aerated room temperature adjusted tap-water. The container was made of two stacked 0.8 L containers, with the bottom part cut out of the top container and replaced with a 1.5*1.5 mm mesh-net to allow for throughflow during water exchanges (as water flows out from the bottom container). The containers were placed on racks within the temperature-controlled rooms, with an average light intensity of ~60 πE/m2/S. The position of each sample and replicate was assigned randomly prior to the start of the experiment, to minimize potential bias stemming from temperature and light differences within the racks. We conducted complete water exchanges regularly (daily in the 15 and 18 C° temperature-controlled room, and about every second day in the 10 and 12 C° rooms), by overflowing the containers with treatment specific temperature adjusted water. This was done to maintain high oxygen concentrations throughout the incubation period and to remove biological byproducts.

To capture the initial number of eggs and number of viable eggs in each replicate, we took a picture of each replicate at the start of the laboratory experiment (Nikon D5600, F/7.1, 1/60 sec, ISO-400, Focal length 50 mm). In a similar fashion, we also captured images of hatched larvae at the end of the experiment (Nikon D5600, F/11, 1/80 sec, ISO-400, Focal length 50 mm). These images provided us with a starting estimate of the number of viable eggs in each replicate, and the final number of hatched larvae (i.e. hatching success).



2.2.1 Counting of eggs and larvae and estimating larvae length

We counted the initial number of eggs and the number of viable eggs in each replicate using ImageJs multipoint tool (Schneider et al., 2012), we excluded dead eggs (opaque) from the estimate of viable eggs. We also counted the number of hatched larvae at the end of the experiment, using the same approach. Hatching success was then estimated as the number of hatched larvae/viable eggs.





2.3 Statistics

All statistical analyses were performed in R v. 3.5.2 and Rstudio v. 1.1.46 (Team, R. S, 2016; Team, R. C, 2018).



2.3.1 Maternal size effects on hatching success

To examine whether and how maternal size influenced hatching success, we used a linear mixed model with hatching success set as the response variable, egg strand size as a continuous fixed effect and family was included as a random effect. Here, we included all egg strand samples (n = 67 in the analysis, while later analyses focused on families with an overall hatching success above 5% to examine the influence of maternal size on thermal performance.




2.3.2 Maternal size and its influence on offspring reaction norms and thermal performance

To examine whether and how maternal size influenced the shape of the reaction norm linking hatching success to incubation temperature we first excluded egg strands (families) with a hatching success lower than 5% in all incubation temperatures. These egg strand samples were excluded to avoid estimating reaction norms and variance estimates from samples with 0 - few hatching individuals, which could severely influence the shape of reaction norms and variance estimates without reflecting true differences in thermal performance (e.g., due to differences in infections/virulence among the replicates). Following that, we used a generalized linear mixed model (GLMM) with a binomial error structure to estimate whether and how the thermal reaction norm changed with maternal size. This was analyzed using the glmer function in the lme4-package (Bates et al., 2014). Here, we set hatching success as the response variable, egg strand size (total weight in gram) and incubation temperature as continuous fixed effects with the effect of incubation temperature estimated using a curvilinear function, and with the interaction between these two factors included to examine whether size influenced temperatures effect on hatching success (i.e., the shape of the reaction norm). Family and its interaction with temperature (family-by-temperature interaction) was included as a random effect to account for among family variation in the temperature dependent reaction norms (slopes), again using a curvilinear function for the effect of temperature. Significance of fixed effects were evaluated with a type II Wald’s chi-square test.

To further investigate how maternal size influenced the thermal sensitivity of performance of the offspring, we used variance estimates to investigate the variance in hatching success among the temperature treatments. Here, we first calculated the mean hatching success within each temperature treatment for each family (from the two replicates). These mean values of hatching success in the temperature treatments (10, 12, 15 and 18 °C) were then used to estimate the standard deviation (S.D.) and the coefficient of variance (CV) in hatching success. Thereafter, we examined the relationship between egg strand size and variance estimates (S.D. and CV, respectively) with a linear regression, using the lm function in R.




2.3.3 Egg size and its influence on temperature-dependent hatching success

As egg size influences metabolism and oxygen diffusion, both of which depend on temperature, and commonly increases with maternal size in fish, we wanted to examine whether egg size per se was associated with changes in the thermal performance of the offspring. We first examined if egg size also increased with increasing maternal size (egg strand size) within this population. Egg size was estimated by dividing the weight of each replicate with its initial number of eggs, and then averaged across replicates and treatments to gather a robust estimate of the average egg size for each egg strand. We then assessed the relationship between egg size and the size of the egg strand with a linear regression, again using the lm function in R. Finally, we examined whether and how egg size influenced the thermal sensitivity of offspring performance across the temperature treatments. Here, the variance estimates (S.D. and CV, respectively) were set as response variables and egg size were set as the explanatory variable, and its relationship was analysed with a linear regression, again using the lm function in R.





2.4 Ethical approval

The laboratory was approved as research facility (Dnr 5.2.18–17988/18), and the study was granted ethical approval (approval Dnr 168677-2018) by the Ethical Committee on Animal Experiments in Linköping, Swedish Board of Agriculture, Sweden.





3 Results



3.1 Maternal size and offspring success

Egg strand sizes varied between 31 and 1502 g, showcasing a substantial variation in the size of the reproducing individuals. These maternal size differences were associated with differences in hatching success, with larger egg strands (females) having an overall higher hatching success (χ2 = 12.08, d.f. = 1, p < 0.001, Figure 1).




Figure 1 | Relationship between maternal size (estimated through egg strand weight) and hatching success of the eggs when exposed to different incubation temperatures. The bar within each temperature treatment shows the range between the two replicates, and the black mark is the mean temperature specific hatching success of that family. Families have been ordered based on egg strand weight and split into four panels with different size classes. Families are labelled with their egg strand weight (g) with the addition of letters (A, B) to separate families that shared the same size. Data from temperature treatments are ordered from lowest to highest temperature within each family.






3.2 Maternal size and its influence on offspring reaction norms and thermal performance

The shape of the reaction norm linking hatching success to incubation temperature did not change with maternal size (egg strand size × incubation temperature interaction; χ2 = 0.73, d.f. = 2, p = 0.69, Figure 1), while temperature and maternal size, respectively, influenced hatching success (egg strand size, χ2 = 10.39, d.f. = 1, p = 0.001; incubation temperature - curvilinear relationship; χ2 = 7.82, d.f. = 2, p = 0.02). However, variance estimates (S.D. and CV) of the temperature dependent hatching success decreased with increasing maternal size (linear regression; S.D., R2 = 0.079, F1,59 = 5.06, p = 0.028; CV, R2 = 0.118, F1,59 = 7.87, p = 0.007; Figure 1), indicating that the performance of offspring produced by larger females was less sensitive to differences in incubation temperature.




3.3 Egg size and its influence on temperature performance

As egg size increased with increasing female size (linear regression; R2 = 0.19, F1,65 = 15.28, p < 0.001; Figure 2), we wanted to examine whether egg size was a driving mechanism behind the variation in thermal performance of offspring according to maternal size. We did this by examining whether egg size was associated with tolerance in temperature performance (S.D. and CV). Here, we found that larger eggs indeed were associated with maintained offspring performance across temperatures (linear regression; S.D., R2 = 0.09 F1, 59 = 5.56, p = 0.022; CV, R2 = 0.10, F1,59 = 6.47, p = 0.0136).




Figure 2 | The relationship between: maternal size (egg strand weight) (A, B) and egg size (C, D) with the temperature sensitivity of the offspring estimated as the variance (standard deviation S.D, and coefficient of variance CV) in hatching success across the temperature treatments.







4 Discussion

Thermal regimes are shifting due to climate change which result in higher and more unpredictable temperatures during spawning for fish populations in temperate regions (Lema et al., 2019; IPCC, 2022). Simultaneously, the size distribution of many fish populations is impacted by intense fisheries harvest which typically removes large individuals (Uusi-Heikkilä et al., 2016). This emphasizes the need to understand whether and how the size structure within populations and species impacts their thermal dependence of performance and resilience to climate change. In this study we examined how maternal size of perch was related to offspring size (egg size), offspring quality (hatching success), and whether it influenced the thermal performance of offspring across a laboratory temperature gradient. We found that egg size and the overall hatching success increased with increasing maternal size. We also found that the shape (i.e. slope or curvature) of the reaction norm linking hatching success to incubation temperature did not seem to differ significantly depending on maternal size (as indirectly estimated by the weight of the egg strand). However, the variance estimates of the thermal performance (CV/S.D.) decreased with increasing maternal size, indicating higher tolerance in performance across temperatures in offspring produced by large females. Further analysis indicated that this association between variance in offspring thermal performance and maternal size was mediated by egg size rather than maternal size itself, such that larger eggs had higher tolerance in performance. Although our study does not implicitly investigate whether and how this was related to oxygen conditions, the results support a growing body of evidence that challenge the conventional “bigger is worse during incubation” hypothesis stating that smaller eggs should be favoured in high temperatures due to improved diffusion of oxygen relating to the higher surface to volume ratio (van den Berghe and Gross, 1989; Hendry et al., 2001; Einum et al., 2002; Hendry and Day, 2003; Martin et al., 2017). Together, our findings suggest that maintaining the size structure of fish populations, for instance through fisheries regulations, may be fundamental for the ability to cope with the future climate change (Hidalgo et al., 2011).

Our finding of an increase in egg size with increasing maternal size aligns with numerous previous studies in fish (Berggren et al., 2016; Rollinson and Rowe, 2016), and in perch specifically (Olin et al., 2012), where egg size commonly increases with maternal size. This pattern is also consistent across many other taxa including birds, amphibians and reptiles (see Lim et al., 2014 for a meta-analysis). This points towards a general size dependent shift in the optimal trade-off between fecundity and individual offspring investment, increasing the likelihood that offspring quality also increases with maternal size (Rollinson and Rowe, 2016). Indeed, our results also support this notion as offspring quality, estimated through hatching success, increased with maternal size. This in turn indicates that the size structure within populations could affect the overall recruitment success and ultimately impact population dynamics (Shelton et al., 2006).

Our split-brood hatching experiment across a temperature gradient did not reveal any statistically significant differences in the shape of the reaction norms depending on maternal size. This could perhaps partly be attributed to that smaller females had rather variable reactions norms (positive, negative, and curvilinear) whereas the reaction norms of larger females were predominantly flat (Figure 1) resulting in similar mean reaction norms across size classes. In agreement with this interpretation, the intraindividual variation (CV and S.D.) in hatching success across the temperature gradient decreased with increasing maternal size, indicating that the thermal tolerance of performance of offspring produced by larger individuals was broader. This suggests that the recruitment potential of larger females was less sensitive to thermal variation than that of smaller females (Sinclair et al., 2016). In the light of that climate change is expected to skew the size distributions of many temperate fish species and populations towards smaller individuals (Walters and Hassall, 2006; Estlander et al., 2015; Campana et al., 2020), our result of a positive size-dependent resilience to temperature variation suggests that there may be additive negative effects of climate change on the viability and productivity of populations. This finding also constitutes an important argument to why it is essential for fisheries management to maintain the size distribution of exploited fish stocks in the context of maintaining their capacity to cope with climate change (Hidalgo et al., 2011; Dahlke et al., 2020).

Based on a rather large body of evidence, we predicted that differences in egg size would offer a mechanistic explanation to putative patterns of size-dependent maternal effects on offspring thermal performance (Parker and Begon, 1986; Hendry et al., 2001; Martin et al., 2017) which was indeed supported by our data. However, our results did not cohere to the notion of smaller eggs performing better in high temperatures (and assumedly lower oxygen concentrations) due to improved oxygen diffusion through a higher surface to volume ratio (van den Berghe and Gross, 1989; Fleming and Gross, 1990), instead larger eggs had both higher and less variable performance across temperatures. A similar pattern of a positive association between egg size and thermal performance have been shown in salmonids (Einum et al., 2002) which was attributed to that the rate of oxygen consumption does not, as previously assumed, increase more rapidly with increasing egg size than the rate at which the egg surface area available for oxygen diffusion increases. Unfortunately, our study design does not allow to make any casual inference about the effects of egg size on thermal performance and it is possible that it may be related to other factors correlating with increasing size of the females and the eggs. For instance, the number of spawning events (which is strongly correlated with age and body size) may influence the temperature performance in eggs through epigenetic mechanisms relating to the variation in temperature conditions during spawning experienced by the female (Salinas and Munch, 2012; Tibblin et al., 2016). Another explanation may be that the higher temperature tolerance of offspring produced by larger mothers indicated by our results is accompanied by a higher buffering capacity and temperature tolerance also of other aspects of individual performance, and that broader thermal niches improve survival (Franzen et al., 2022).

Taken together, our results show that larger females, in general, produce larger eggs and eggs with an overall higher quality (increased hatching success). Furthermore, we also found indications of an increased tolerance to different temperature conditions in eggs from larger females, and that these differences may be due to maternally driven differences in egg sizes. At times when many fish populations are challenged by intense size-selective harvest this knowledge emphasize the great value in conserving the natural size distribution to avoid further negative impacts of climate change on the productivity and viability of fish populations.
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