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Changing environments associated with rapid climate change can shape direct measures of fitness such as reproductive success by altering mating behavior, fecundity and offspring development. Using a polymorphic oceanic population of threespine stickleback (Gasterosteus aculeatus), we investigated whether a 4°C increase in sea surface temperature influenced clutch siring success, reproductive output, and offspring growth among lateral plate morphs. Since low plated morphs are thought to have a selective advantage in warmer environments, we predicted that low plated males should have higher clutch siring success in +4°C environments, and that thermal plasticity of traits (e.g., egg size, offspring growth) should reflect different trait optima in different environments among plate morphs. Parentage analysis of egg clutches revealed temperature-specific clutch siring success, in that low plated males sired more clutches in +4°C environments and completely plated males sired more clutches at ambient (seasonal) temperature. Both completely and low plated females laid larger eggs when acclimated to +4°C, but only completely plated females had smaller clutches at +4°C. Offspring of low and partially plated females grew much less at +4°C compared to those of completely plated females. Taken together, our results demonstrate that ocean warming could impact reproductive success at various levels, with differential effects depending on phenotype, in this case, lateral plate morph. Some traits (clutch siring success, egg size) showed better performance for low plated fish at +4°C, whereas others (e.g., growth) did not. Higher clutch siring success of low plated males at elevated temperature might indicate a future shift in plate morph composition for polymorphic stickleback populations, with potential implications for colonization ability during range shifts under climate change.
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INTRODUCTION

Rapid warming of the world’s oceans is a major threat to population persistence and biodiversity of marine ecosystems (Intergovernmental Panel on Climate Change [IPCC], 2014). Organisms can respond to fast changing environmental conditions either by moving to where conditions better match their thermal optima, or by remaining in place and coping via genetic adaptation and/or phenotypic plasticity (Gienapp et al., 2007). Thermal plasticity of fitness-related traits has been documented in numerous marine species, showing that different phenotypes will be adaptive in different environments (Munday et al., 2013). Importantly, changing environmental conditions may also influence reproductive success – a direct measure of fitness – and can affect different phenotypes at several levels: (1) changing environments can alter mating preferences (Candolin, 2019), which may lead to premating isolation, and thus, reduce the frequency of certain phenotypes in the population, (2) change the fecundity of particular phenotypes (Barneche et al., 2018), with some having higher reproductive output in changed conditions than others, and (3) have developmental effects on offspring (Monaghan, 2008), such that some phenotypes produce offspring that outperform others. Some of the general effects of climate warming on reproductive success include changes to mating behavior (Pilakouta and Alund, 2021), smaller egg sizes (Barneche et al., 2018), and smaller body sizes (Daufresne et al., 2009). Also, spawning adults and early developmental stages (e.g., embryos) were recently identified as the most vulnerable life stages of teleost fishes under climate change (Dahlke et al., 2020). Hence, ocean warming can influence how both natural selection and sexual selection shape phenotypes (Safran et al., 2013), with changes to reproductive success likely influenced by a combination of all of these factors.

The threespine stickleback (Gasterosteus aculeatus; hereafter referred to as stickleback), is a small teleost fish that is well known for its complex biology, with morphologically divergent populations distributed throughout the Northern hemisphere (Bell and Foster, 1994; Paepke, 2002). Nevertheless, most of this complexity is known only from freshwater populations (e.g., Wootton, 2009), which are derived from ancestral oceanic (anadromous and strictly marine) populations (Walker and Bell, 2000; Reusch et al., 2001; Raeymaekers et al., 2005; McGuigan et al., 2010; Spoljaric and Reimchen, 2011; Wund et al., 2012). Stickleback are polymorphic for the pattern of their lateral plates (bony armor plates lining the body) which aid against predation (Reimchen, 1983, 2000; Bergstrom, 2002; Barrett, 2010), but also influence swimming performance (Tudorache et al., 2007; Bjærke et al., 2010; Dalziel et al., 2011). Lateral plate morph is genetically determined (primarily by the Eda gene; Colosimo et al., 2005; Jones et al., 2006; Barrett, 2010), heritable (e.g., Hagen, 1973; Hermida et al., 2002; Loehr et al., 2012; Hansson et al., 2016; Østbye et al., 2018), and under strong selection from biotic and abiotic factors (Hagen and Moodie, 1982; Baumgartner and Bell, 1984; Bergstrom, 2002; Marchinko and Schluter, 2007; Barrett, 2010; Smith et al., 2014). Oceanic stickleback populations are predominantly comprised of the completely plated morph (plates extend from the head to the caudal fin) that is capable of migrating long distances (Wootton, 1984; Bell and Foster, 1994), whereas freshwater populations consist mostly of low plated fish (plates only on the anterior part of the trunk) with superior maneuverability. A partially plated morph expresses an intermediate but variable number of plates (plates absent in the middle of the body), and often occurs in brackish water (Wootton, 1976). Contrary to most oceanic populations, those of the North Sea (e.g., German Bight) are characterized by lateral plate polymorphism, comprised of mostly completely plated morphs (as well as some partially plated), but with a small proportion of low plated morphs present (Münzing, 1963; Wootton, 2009). Plate morph polymorphism in these coastal populations is thought to be maintained by a balance between divergent selection and gene flow (Raeymaekers et al., 2014).

The geographic distribution of plate morphs is also correlated with a number of habitat characteristics, one of which is temperature (Münzing, 1963; Wootton, 1976; Hagen and Moodie, 1982; Baumgartner and Bell, 1984; Reimchen, 2000; Des Roches et al., 2020; Smith et al., 2020). In freshwater populations, those with completely plated morphs predominantly occur in regions with cold winters and high annual temperature fluctuations, whereas the low plated morph is more common in regions with relatively warm winters and low annual temperature fluctuations (Hagen and Moodie, 1982; Paepke, 2002; Smith et al., 2020, 2021). Less is known for oceanic populations, but a temperature-dependent plate morph gradient also occurs in some marine and estuarine environments (Münzing, 1963; Baumgartner and Bell, 1984; Paepke, 2002; Des Roches et al., 2020). For instance, the frequency of low plated fish is generally higher at lower latitudes along Californian (Baumgartner and Bell, 1984; Des Roches et al., 2020) and European coasts (Münzing, 1963; Smith et al., 2020), but is shifting northward with climate change due to an increase in lentic estuarine habitats associated with climate warming and decreased precipitation (Des Roches et al., 2020), and/or correlated effects of smaller body size (Smith et al., 2020).

Studies investigating stickleback mating patterns suggest that mate choice is often strongly based on body size (Dieckmann and Doebeli, 1999; McKinnon and Rundle, 2002; Conte and Schluter, 2013; Berner et al., 2016), but also trophic traits, antipredator traits and male reproductive characters can contribute to non-random mating (Blouw and Hagen, 1990; Ziuganov, 1995; Nagel and Schluter, 1998; McKinnon and Rundle, 2002; Scott, 2004; Snowberg and Bolnick, 2008; Jenck et al., 2020). However, little is known about how changing environmental conditions may affect mating preferences for certain phenotypic traits. For instance, both increased water turbidity (Candolin et al., 2007; Wong et al., 2007) and temperature (Fuxjäger et al., 2019) have been shown to alter strong visual mate choice cues like body size. In turbid water, olfactory cues played a more important role when vision was impaired (Heuschele et al., 2009), whereas at higher water temperature, smaller males had increased reproductive success (regardless of the female’s body size) under the hypothesis that smaller males spent less energy on metabolism at higher temperature, and therefore, had more energy available for courtship and mating (Fuxjäger et al., 2019). Such environment-induced changes in mating success suggest that female preference may be influenced by environment-dependent male condition (see also Heuschele et al., 2009; Robinson et al., 2012), which will differ for specific trait-environment combinations. However, almost nothing is known about mating patterns among stickleback lateral plate morphs in general (but see Ziuganov, 1995), and whether mating success among plate morph phenotypes differs with environmental conditions has not yet been investigated.

Earlier studies that investigated fecundity and offspring growth differences among stickleback lateral plate morphs suggest morph-specific trait performance. Differences in reproductive output traits among plate morphs were investigated at the population level, and compared, for example, oceanic populations (completely plated) with freshwater populations (low plated fish; Baker, 1994; Baker et al., 1998). In a survey of 43 freshwater and oceanic stickleback populations from Haida Gwaii (Canada), Oravec and Reimchen (2013) found that these populations had larger eggs and smaller clutches than those in other geographical areas, which they attributed to low environmental temperature. They also found a negative association between egg size and (population mean) number of lateral plates, however, no data on egg sizes or clutch sizes for each lateral plate morph were reported (Oravec and Reimchen, 2013). For offspring growth, a handful of studies have compared growth among stickleback plate morphs. In one study, low plated fish had higher growth rates as juveniles than completely plated fish, but completely plated fish reached a similar size by the time of sexual maturity (Bell et al., 2010). In another study, partially and low plated offspring grew better than completely plated fish in freshwater, whereas all morphs grew similarly in salt water (Marchinko and Schluter, 2007). Nevertheless, little is known about reproductive output and offspring growth differences among lateral plate morphs within polymorphic oceanic populations, and even less with regard to thermal plasticity of these traits.

Due to fast changing climate conditions, oceanic stickleback populations are facing strong environmental pressure (Ramler et al., 2014; Shama and Wegner, 2014; Shama, 2015; Fuxjäger et al., 2019). Since plate morph distributions may be influenced by environmental temperature (Hagen and Moodie, 1982; Baumgartner and Bell, 1984; Reimchen, 2000), climate warming may affect the geographic distribution of polymorphic populations in the future. Importantly, if low plated stickleback cope seemingly better with warmer temperatures than completely plated fish (Münzing, 1963; Smith et al., 2021), adaptive benefits of mating with low plated morphs could arise, and might help to mediate some of the negative consequences of climate warming. In this study, we used large, outdoor mesocosms simulating ambient and ocean warming conditions to investigate the role of changing environments on reproductive success (clutch siring success, reproductive output and offspring growth) among stickleback lateral plate morphs. Specifically, we used a polymorphic oceanic population to test (1) if clutch siring success differs among lateral plate morphs, and also varies with environmental temperature, (2) if thermal plasticity for fecundity traits differs among plate morphs, and (3) if parental plate morph influences offspring growth trajectories under ocean warming.



MATERIALS AND METHODS


Clutch Siring Success Experiment

Wild adult stickleback were caught by trawling from an oceanic population in the Sylt-Rømø Bight, Germany (55°05′ N, 8°39′ E) in February 2016. Adult fish (n = 215) were randomly divided between two large outdoor mesocosms (each 1800 l) set to two temperatures (ambient and +4°C), and were acclimated for 60 days during their reproductive conditioning phase. Mesocosms had permanent flow-through of seawater, and were heated using large heating elements connected to temperature sensors. Temperature was adjusted daily to match seasonal conditions in the Sylt-Rømø Bight, and was recorded hourly using HOBO Pendant ® Temperature/Light Data Loggers (Onset Computer Co., Bourne, MA, United States). Fish were fed daily with chironomid larvae ad libitum. After 2 months of temperature acclimation, all fish were caught and lateral plate morph determined by visual inspection. For low plated fish (L), lateral plates appear only on the anterior part of the trunk. The completely plated morph (C) is defined by a row of lateral plates from the head to the base of the caudal fin, and the partially plated morph (P) has a gap of at least two plates between the anterior plates and those on the caudal peduncle (Wootton, 2009). Fish were sorted by sex and plate morph, and transferred to 25 l aquaria (n = 20 fish per aquaria) in the laboratory set to the acclimation temperature.

At the start of the clutch siring success experiment, standard length (±1 mm), weight, sex and plate morph were determined for 96 fish. The first dorsal spine of these fish was clipped and stored at –20°C for later genotyping (see below). Fish were then assigned to one of eight large outdoor mesocosms (see Pansch et al., 2016 for mesocosm technical details) set to either ambient or +4°C in a full-factorial design. Specifically, each mesocosm consisted of six males (three from ambient acclimation temperature and three from +4°C, and with one male of each lateral plate morph per acclimation temperature), and six females following the same treatment combinations as males (Figure 1). Fish were size-matched within each mesocosm. On average, females were size-matched to ±5.63 mm and males to ±3.63 mm. The average size difference between males and females in each mesocosm was ±5.49 mm. Each mesocosm contained a mating arena comprised of a 97 × 97 cm frame enclosed with 5 mm mesh which was fixed to a platform positioned at 50 cm water depth. To allow each male to establish a possible territory and display courtship behaviors, six plastic trays were set within each mating arena to serve as nesting sites. Plastic trays (25 × 14 × 6 cm) contained a 3 cm layer of sand (1.25 kg) and 1.5 g nesting material (Wenco Nm 30/3 black sewing thread cut into 5-7 cm lengths conditioned for 2 days in seawater). Fish in the mesocosms were fed daily with chironomid larvae ad libitum for the duration of the experiment.
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FIGURE 1. Experimental design schematic showing the combination of six males and six females from different temperature acclimation treatments (ambient, +4°C climate change scenario) and different plate morphs (c, complete; l, low plated; p, partial) in mesocosms set to either ambient or elevated (+4°C) temperature.


The experiment began on 28 April 2016 using water temperatures of 10°C (ambient) and 14°C (+4°C) and ended on 17 May 2016 with water temperatures of 16 and 20°C. Water temperature in the mesocosms was logged every 30 min using installed multi-sensor probes (Hydrolab DS5X Probe, OTT Messtechnik GmbH, Kempten, Germany). A nest report was taken every day to document the status and location of each nest in the experiment. Trays with active nests were removed every fourth day to carefully detach egg clutches (performed under a dissecting microscope to minimize disturbance of the nest). Removed trays were returned to the same position in the mating arena, and were supplemented with 0.2 g replacement nesting material. The experiment was stopped after at least seven clutches from each mesocosm had been collected (on average 9.75 clutches were collected from each mesocosm). At the end of the experiment, adult fish were recaptured, and weight (±1 mg), standard length (±1 mm), sex and plate morph was determined for each individual. Fish were then euthanized in an overdose of MS222 and stored at –20°C for later genetic analyses.



Fecundity Traits

All egg clutches were photographed under a dissecting microscope for later determination of egg size and clutch size using imaging software (LEICA QWIN, Leica Microsystems Imaging Solutions Ltd., Cambridge, United Kingdom). The diameter of 10 randomly chosen eggs per clutch was used to calculate the mean egg size of each clutch. Clutch size was determined by counting the number of eggs in each clutch. Egg clutches were transferred into 1 l glass beakers containing an air supply and filtered sea water set to the corresponding mesocosm temperature (ambient or +4°C). Water was changed in the beakers every third day until larvae began to hatch. Hatching success was estimated as the proportion of live larvae in relation to total larvae (live and dead) plus dead eggs/embryos after 2 days of hatching (i.e., unfertilized eggs were not included). Three days after hatching, 24 larvae from each clutch were randomly selected, euthanized in MS222 and frozen at –20°C for later determination of larval genotype.



Growth Experiment

For the growth experiment, ten randomly chosen larvae per clutch (n = 78 clutches) were photographed under a dissecting microscope at 2 days post-hatch for determination of larval size, and were further reared in 1 l beakers until 30 days post-hatch. At this point, the 10 larvae per clutch were transferred to a 2 l aquarium connected to a flow-through seawater system set at either ambient temperature or +4°C. All juvenile fish were photographed at 30, 60, and 90 days post-hatch under a dissecting microscope for analyses of offspring size (standard length ± 0.1 mm) using imaging software (LEICA QWIN V3.5.0; Leica Microsystems Imaging Solutions Ltd., Cambridge, United Kingdom). Throughout the growth experiment, juvenile fish were fed daily with live Artemia sp. nauplii ad libitum.



Genotyping and Parentage Analysis

All 96 adult fish and 16 larvae from each of 72 randomly chosen clutches (n = 1152 larvae in total) were genotyped at five microsatellite loci (see Kalbe et al., 2009 for loci details). DNA was extracted from spine clips for adults and whole 3 days old larvae using DNeasy Blood and Tissue Kits (Qiagen, Hilden, Germany) following the manufacturer’s protocol. The 20 μl multiplex PCR reactions consisted of 10 μl Multiplex Mastermix (Qiagen, Hilden, Germany), 8 μl primer mix (forward and reverse primer of 5196 HEX, 4170 6_FAM, 1125 6_FAM, 1097 NED and 7033 NED) and 2 μl DNA. Thermal cycling for PCR consisted of: 95°C for 5 min, 30 cycles of 94°C for 1 min, 58°C for 1 min and 72°C for 1 min, and 72°C for 10 min (as in Schade et al., 2014). Amplified fragments were diluted with water (1:20), and 1 μl of diluted PCR product was denatured in 15 μl Hi-Di Formamide containing an internal size standard (ROX500; Applied Biosystems, Foster City, CA, United States). Fragments were analyzed on an ABI 3130xl sequencer. Electropherograms were manually inspected using PeakScanner 1.0 (Applied Biosystems), and Tandem 1.01 (Matschiner and Salzburger, 2009) was used to bin final allele sizes.

Parentage analysis was performed using the program COLONY 2.0 (Wang and Santure, 2009), a likelihood-based method that uses a group-wise approach to infer genealogies from multilocus genotype data (cf. Ursprung et al., 2011; Rausch et al., 2014). The full likelihood model was used with medium precision allowing for polygamous mating in both sexes. Each mesocosm was analyzed separately with males and females (six potential fathers and mothers each) representing the potential fathers and mothers for the respective clutches collected in that mesocosm (see also Fuxjäger et al., 2019). Only ‘Best (ML) Configuration’ assignments with the maximum likelihood obtained at the end of the computation in which COLONY found both parents (i.e., no simulated genotypes) were used for subsequent analyses. The COLONY analysis implements a full-pedigree likelihood approach which considers the likelihood of the entire pedigree structure and allows the simultaneous inference of parentage and sibship. However, it does not provide explicit p values for each of the pair assignments. To obtain high confidence in the parentage assignments, we investigated the discriminative power of the microsatellite data by conducting allele frequency analyses in Cervus (Kalinowski et al., 2007). We calculated the number of alleles per locus, polymorphic information content (PIC), as well as combined non-exclusion probabilities for parent pairs and combined non-exclusion probabilities for individual identity for each mesocosm separately using only parental genotypes.



Statistical Analysis

Clutch siring success, fecundity traits (mean egg size, clutch size) and offspring growth were analyzed as general linear mixed effect models using the MCMCglmm package in R (Hadfield, 2010). For all models, we ran Markov chains of 106 iterations, removed a burn-in of 105 iterations, and then kept every 1000th estimate after thinning. We fitted proper but uninformative priors covering half the variance of the trait for each random and fixed effect (i.e., V = 0.5, nu = 0.002) when fitting Gaussian or Poisson response variables, but fixed the variance to 1 when fitting Binomial response variables. We checked the resulting Markov chains for autocorrelation and stationarity, and only kept chains with an effective sampling size of >500 for each estimated parameter. Mesocosm was included as a random effect in all models, and family (clutch) was included as a random effect for the offspring growth models.

Clutch siring success was investigated by determining whether potential combinations of male and female plate morphs had any offspring (siring success) in the two reproductive environment (mesocosm) temperatures. The clutch siring success analysis included all males (nest owners, non-reproducing males and sneakers) and all possible male-female combinations within the mesocosms. The proportion of clutches sired was estimated as the number of realized siring events divided by the number of all potential siring events a given male could have achieved (see also Fuxjäger et al., 2019). We analyzed this as a binomial response variable using male and female size as covariates, male and female acclimation temperature, male and female plate morph and mesocosm temperature plus all of their interactions as fixed effects. Mean egg size was analyzed as a Gaussian response variable, and we fit female size, clutch size, female acclimation temperature, female plate morph and mesocosm temperature, plus the interactions between clutch size and female acclimation temperature and plate morph, and all two-way interactions between female acclimation temperature, plate morph and mesocosm temperature. Clutch size was modeled in the same way, but as a Poisson distributed response variable and using mean egg size as a covariate. Note: we did not fit the three-way interaction between female °C, female plate morph and mesocosm temperature for egg traits as there was only one clutch in one of the three-way combinations. Offspring growth over time (at 2, 30, 60, and 90 days post-hatch) was modeled as a Gaussian response variable as a function of male and female acclimation temperature, male and female plate morph, mesocosm temperature and all two-way interactions. The three-way interactions were not modeled due to three missing three-way combinations.




RESULTS


Clutch Siring Success

We used parentage analysis to investigate whether clutch siring success differed among stickleback lateral plate morphs depending on environmental conditions, here, increased water temperature. For offspring assignments, all 96 parental fish were recovered at the end of the experiment, and their genotype could be reliably determined. During the course of the experiment (19 days), 78 clutches in total were collected from the eight mesocosms (39 clutches from ambient temperature and 39 clutches from +4°C mesocosms), and we randomly selected 72 clutches for genotyping. Of the 1152 larvae genotyped (16 larvae per clutch), 73 individuals (6.34%) could not be determined due to PCR failure. The microsatellite markers were highly informative, with a mean number of alleles per locus across mesocosms of 11.28 (SD = 0.48), an average PIC of 0.86 (SD = 0.01), an average combined non-exclusion probability per parent pair of 7.9*e–06, and a combined non-exclusion probability of identity of 9.0*e–07. Consequently, the power of our markers to reliably infer parentage within each mesocosm was very high.

Of the 72 clutches genotyped, 45 were single-male sirings by a nest-owner male (e.g., no extra-male fertilizations). The remaining 27 clutches were either sired by multiple males, contained eggs fertilized by sneaker males, and/or contained stolen eggs, resulting in 37.5% (27/72) of genotyped clutches reflecting some form of alternate reproductive strategy. The number of sneaking events (any siring success by a sneaker male) was similar in both mesocosm temperatures (16 events in ambient °C and 15 events in +4°C). The plate morph distribution of sneaking males was also similar between mesocosm temperatures, with the exception of fewer completely plated sneakers in +4°C mesocosms (4 complete/3 low/3 partially plated sneaker males in ambient mesocosms vs. 1 complete/3 low/4 partially plated sneaker males in +4°C mesocosms). Of the 48 males in the experiment (i.e., both mesocosm temperatures), 39 had some form of siring success, and the plate morph distribution of these males was 11 complete/13 low/15 partially plated. In total, 43 of the 48 females in the experiment managed to reproduce, with a plate morph distribution of 14 complete/15 low/14 partial.

Our GLMM analyses revealed that clutch siring success was significantly influenced by male size, female size, male acclimation temperature and the interaction between male plate morph and mesocosm (reproductive environment) temperature (Table 1). Overall, there was a positive relationship between body size (male and female) and clutch siring success. However, low plated nest-owner males were significantly smaller than both complete and partially plated nest-owner males (Figure 2), and had higher clutch siring success in +4°C mesocosms (interaction: low plate morph x + 4°C mesocosm; estimate = –0.137, p = 0.031, Supplementary Table 1). Sneaker males, on the other hand, were smaller than non-reproducing males (except partially plated males at +4°C), and low-plated sneaker males were smaller than the other plate morphs in both mesocosm temperatures (Figure 2). Overall, we found that low plated males had significantly higher clutch siring success in +4°C mesocosms when paired with females of all plate morphs, whereas completely plated males showed the opposite pattern and had higher siring success in ambient temperature mesocosms when mated with all female plate morph combinations (Figure 3). Partially plated males showed a mixed clutch siring success pattern, with higher success at +4°C when paired with completely plated females, lower success at +4°C when paired with partially plated females, and no difference in siring success between mesocosm temperatures when paired with low plated females (interaction: Meso x male plate P, Table 1 and Figure 3).


TABLE 1. Clutch siring success of stickleback (Gasterosteus aculeatus) depending on environmental (mesocosm) temperature, lateral plate morph (C, complete; L, low; P, partial), and acclimation temperature (°C) of males and females.
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FIGURE 2. Size of male nest owners and sneakers (mm ± SE) relative to non-reproducing males for each plate morph (C, complete; L, low; P, partial) in ambient and +4°C mesocosms.
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FIGURE 3. Clutch siring success (measured as the proportion of clutches sired) for each male plate morph in combination with female plate morphs (c, complete; l, low; p, partially plated) in ambient and elevated (+4°C) temperature mesocosms.




Egg Size, Clutch Size, and Hatching Success

To investigate if thermal plasticity of fecundity traits differed among lateral plate morphs, we estimated mean egg size, clutch size and hatching success of egg clutches collected from nests within the mesocosms, with both female acclimation temperature (during reproductive conditioning) and mesocosm temperature (during egg laying) set to either ambient or +4°C. Of the 72 clutches genotyped, 39 contained eggs with single-female parentage. Only these clutches were used in the analyses of mean egg size and clutch size, since multiple-female parentage clutches may have included females from different acclimation temperatures and of different plate morph. Mean egg size was significantly influenced by female size, female acclimation temperature (female °C), the interaction between clutch size and female °C, and the interaction between female °C and plate morph (Table 2). Overall, there was a positive relationship between female size and egg size, but there was no difference in female size among plate morphs (ANOVA F2,90 = 0.447; p = 0.641) or acclimation temperatures (ANOVA F1,92 = 0.838; p = 0.363) at the start of the experiment. Partially and low plated females laid slightly larger eggs (1.71 ± 0.06 mm and 1.70 ± 0.06 mm, respectively) than completely plated females (1.69 ± 0.07 mm). However, completely and low plated females produced larger eggs when acclimated at +4°C, whereas partially plated females produced larger eggs when acclimated at ambient temperature (Figure 4A).


TABLE 2. Mean egg size (A) and clutch size (B) of stickleback (Gasterosteus aculeatus) females of differing lateral plate morph (C, complete; L, low; P, partial) depending on acclimation temperature (F°C) and environmental (mesocosm) temperature.
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FIGURE 4. (A) Mean egg size (mm ± SE) of complete (C), low (L), and partially (P) plated females acclimated to ambient or elevated (+4°C) temperature. (B) Mean clutch size (±SE) depending on female plate morph and acclimation temperature (ambient and +4°C).


Clutch size was significantly influenced by female acclimation °C, the interaction between egg size and female °C, and the interaction between female °C and plate morph (Table 2). The number of eggs per clutch ranged from 39 to 397, and on average, completely plated females laid the largest clutches (251.67 ± 93.5), low plated females laid the smallest clutches (159.33 ± 62.0), and partially plated females were intermediate (209.33 ± 105.2). However, completely plated females laid smaller clutches when acclimated to +4°C, whereas low and partially plated females had similar sized clutches in both acclimation temperatures (Figure 4B). There was a tradeoff between egg size and clutch size (bigger eggs but smaller clutches), driven by females acclimated to +4°C (Supplementary Figure 1a), and the tradeoff was most apparent for low plated females, resulting from larger eggs laid at +4°C (Supplementary Figure 1b). Hatching success of the 78 clutches collected from all mesocosms was high (74.98% in ambient and 82.30% in +4°C mesocosms), and did not differ significantly between mesocosm temperatures (ANOVA F1,76 = 1.814; p = 0.227). For the 39 single-female parentage clutches, overall hatching success was also high (81.30%), and there were no significant effects of female °C (ANOVA F1,23 = 0.572; p = 0.457), female plate morph (F2,23 = 2.083; p = 0.147), or mesocosm temperature (F1,6 = 0.402; p = 0.550) on hatching success.



Offspring Growth

Since climate warming has been shown to influence fish body size (Daufresne et al., 2009), we investigated whether parental thermal history as well as lateral plate morph might modulate temperature-induced changes to offspring body size. For offspring growth (body size over time) analyses, only clutches with single-couple parentage (i.e., no extra-pair fertilizations) were used (n = 27) so that potential effects of paternal or maternal acclimation temperature and plate morph could be tested. Offspring growth was significantly influenced by parental acclimation temperature, parental plate morph combination, and interactions between parental plate morph and mesocosm temperature (Table 3). Mesocosm temperature (offspring growth environment) interacted with parental plate morph to influence offspring size at various time points (Figures 5A–D). At 30 days post-hatch, offspring of completely and low plated females were significantly smaller in +4°C mesocosms, whereas offspring of partially plated females were similarly sized in both mesocosm temperatures (Figure 5B). However, at 60 and 90 days, offspring of low and partially plated females were markedly smaller in +4°C mesocosms, whereas offspring of completely plated females were similarly sized in both mesocosm temperatures (Table 3 and Figures 5C,D). Parental plate morph combination also influenced offspring size (averaged over mesocosm temperatures due to three missing three-way interaction combinations). At 2 days post-hatch, effects of LxP (male × female plate morph) parents on offspring size were only marginally significant (p = 0.058; Table 3 and Supplementary Figure 2a), whereas at 30 and 90 days post-hatch, a number of parental plate morph combinations had significant effects on offspring size (Table 3). At 30 days, offspring with a parental plate morph combination of LxP and PxP were significantly larger than those from CxC (Supplementary Figure 2b), and at 90 days, offspring of PxP were still significantly larger than those from CxC (Supplementary Figure 2d).


TABLE 3. Offspring size (standard length: mm) over time (at 2 days to 90 days post-hatch) of stickleback (Gasterosteus aculeatus) depending on parental acclimation temperature (M°C, F°C), offspring environment (mesocosm) temperature, and parental plate morph (C, complete; L, low; P, partial).
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FIGURE 5. Mean length (mm ± SE) of stickleback offspring depending on maternal plate morph (C, complete; L, low; P, partial) and environmental (mesocosm) temperature (ambient or +4°C): (A) 2 days post-hatch, (B) 30 days post-hatch, (C) 60 days post-hatch, and (D) 90 days post-hatch.





DISCUSSION

Our study revealed that stickleback lateral plate morphs showed different plastic responses to simulated ocean warming for several traits related to reproductive success, a direct measure of fitness. Most interesting, we detected environment-specific clutch siring success, in that low plated males sired more clutches in elevated temperature (+4°C) environments and completely plated males sired more clutches at ambient temperature, possibly reflecting energy tradeoffs between male morphology, metabolism, courtship behavior, and thermal environment. Fecundity traits (egg size and clutch size) differed depending on female plate morph and acclimation temperature experienced during the last phases of oogenesis, and offspring growth varied depending on the interaction between parental plate morph and offspring thermal environment. Taken together, our results demonstrate that reproductive success measured at multiple levels (clutch siring success, fecundity, offspring growth) differed among lateral plate morphs depending on environmental temperature, which could, thus, lead to shifts in plate morph polymorphism and colonization ability during range shifts of oceanic stickleback populations under climate change.


Male Plate Morph and Reproductive Environment Temperature Shape Clutch Siring Success

In our siring success experiment, alternate reproductive strategies (e.g., sneaking or egg theft) were found in 37.5% of genotyped clutches. This relatively high proportion is in line with other studies (e.g., Largiadèr et al., 2001; Fuxjäger et al., 2019), demonstrating that alternate strategies may be common in stickleback, with potentially large influences on male reproductive success. Stickleback males not only steal foreign eggs, but occasionally, the sneaker returns and steals the eggs he fertilized to place them in his own nest (Largiadèr et al., 2001; Le Comber et al., 2003). For males with empty nests, egg thievery can be the first step to a successful breeding season since females prefer to spawn in nests already containing eggs (Bell and Foster, 1994; Largiadèr et al., 2001; Le Comber et al., 2003). In our experiment, sneaking events were equally distributed between mesocosm temperatures and there were no large differences among plate morphs. That is, we did not detect environment-dependent sneaking success that differed by lateral plate morph. We did find a clear pattern that (almost) all sneaking males were smaller than non-reproducing males, consistent with other studies showing that small size is often advantageous, and may even be a prerequisite for successful alternate reproductive strategies (Taborsky, 2008).

Clutch siring success of nest owners, on the other hand, differed depending on male plate morph, size and reproductive environment (mesocosm) temperature. Most interestingly, low plated nest owners were smaller than non-reproducing males, and had higher siring success in +4°C mesocosms compared to ambient temperature. Completely plated males showed the opposite pattern (higher siring success in ambient mesocosms; no size difference compared to non-reproducing males), and partially plated males showed a mixed siring success pattern in terms of body size and mesocosm temperature. Rather than assortative mating where particular morphs preferentially choose the same morph phenotype, we predicted that increasing water temperature should lead to higher reproductive success for low plated males irrespective of the plate morph of the female. Indeed, this is what we found, in that low plated males sired the most clutches in +4°C mesocosms and completely plated males sired the most at ambient °C (in both cases with all female plate morphs), suggestive of context-dependent or environment-dependent mate choice (Heuschele et al., 2009; Robinson et al., 2012; McGhee et al., 2015). However, further studies including behavioral assays and controlled choice experiments are needed to determine if female preference is the mechanism underlying the differences in mating success among lateral plate morphs found in our study.

The sexual cue underlying higher clutch siring success of low plated males at elevated temperature is unclear. One candidate trait is metabolic performance: small, low plated males may have a metabolic advantage at elevated temperature allowing them to spend more energy on courtship, mating and/or brood care (Kraak et al., 1999; Fuxjäger et al., 2019). Nevertheless, studies of metabolic rates of stickleback plate morphs have revealed contradicting results. Comparing completely plated anadromous with low plated freshwater populations, Tudorache et al. (2007) found higher metabolic rates in completely plated fish, whereas Morozov et al. (2018) did not find any differences in metabolic rate between both eco- and morphotypes. Also, Schaarschmidt and Jürss (2003) did not detect differences in metabolic performance related to migratory behavior between non-migrating freshwater and migrating anadromous stickleback. However, to the best of our knowledge, there is currently no data on metabolic performance of low plated oceanic stickleback, especially with regard to reproductive environment temperature.



Thermal Plasticity of Fecundity Traits Differs With Female Plate Morph

Temperature-mediated variation in egg size has been shown in numerous fish species, with a common pattern of larger eggs produced at lower temperature (Barneche et al., 2018). In line with this, previous studies of the stickleback population investigated here found that mothers produced larger eggs when acclimated to ambient temperature, and smaller eggs when acclimated to a +4°C ocean warming scenario (Shama and Wegner, 2014; Shama, 2015, 2017). In the current study, we found a contrasting overall pattern of larger eggs produced at +4°C (driven by completely and low plated females, see below). However, previous studies compared 17°C (ambient) with 21°C (+4°C), and 21°C was shown to have negative effects on several traits, e.g., development (Ramler et al., 2014), growth (Shama et al., 2014; Shama and Wegner, 2014; Shama, 2015, 2017), and survival (Schade et al., 2014). In the current study, mothers were acclimated during their reproductive conditioning phase at temperatures starting at either 10 or 14°C, and laid eggs in mesocosms reaching either 16 or 20°C. It is likely that the optimum temperature range for late oogenesis and egg ripening for this population lies above 13°C but below 21°C (see Ramler et al., 2014), suggesting that 10°C may be too cold to promote high energy states necessary to induce reproduction and/or large egg size (Baker et al., 2015).

Interestingly, females allocated resources to eggs differently depending on plate morph and the temperature experienced during acclimation. Completely and low plated females produced larger eggs when acclimated at +4°C, whereas partially plated females produced larger eggs when acclimated at ambient temperature. Moreover, tradeoffs between egg size and clutch size differed not only between acclimation temperatures (as shown in many studies e.g., Bownds et al., 2010; Liefting et al., 2010), but also among plate morphs. Completely plated females laid larger eggs but smaller clutches at +4°C (and smaller eggs but larger clutches at ambient °C), whereas low and partially plated females laid similar sized clutches under both acclimation temperatures. Overall, the slope of the egg size-clutch size tradeoff was only negative when females were acclimated to +4°C, and low plated females showed the steepest slope. Several studies have found that freshwater, low plated females tend to produce large but few eggs (Baker, 1994), but thermal plasticity of egg allocation was not investigated. Our results indicate that the strong negative correlation between egg size and clutch size for low plated females is not likely due to large eggs being more energetically costly to produce (since their clutch sizes did not differ between acclimation temperatures), but may reflect different morphology – physiology – fitness relationships among plate morphs (Morozov et al., 2018). Differing tradeoffs between fecundity and egg size were also found among morphs within a polymorphic population of Arctic charr, driven by different adaptations to feeding and habitat utilization (Smalås et al., 2017), but this remains to be investigated in oceanic stickleback.



Offspring Size Varies With Parental Plate Morph and Growth Environment Temperature

Our growth experiment showed that both the lateral plate morph of parents and offspring environmental temperature influenced body size. Although we could not test all parental plate morph combinations in both temperature environments (due to three missing combinations), we found that offspring size varied depending on the interaction between maternal plate morph and mesocosm temperature at a number of time points. Here, we found that temperature-mediated differences among plate morphs became most apparent after 60 days, when offspring of low and partially plated mothers were much smaller in +4°C mesocosms, whereas offspring of completely plated mothers were less influenced by environmental temperature. We also found that offspring of low and partially plated parents grew better than those from completely plated parents (averaged over mesocosm temperature), at least up to 90 days post-hatch. Low plated morphs have been shown to differ from completely plated morphs for a number of traits important for colonization of freshwater (growth rate, foraging behavior, immune response; Østbye et al., 2018). Our results concur with these, and suggest that morph-specific growth rates of oceanic stickleback could play a role in colonization during range shifts under ocean warming.

Intriguingly, although low plated females acclimated to +4°C produced the largest eggs, these offspring did not grow best at elevated temperature. Previous studies of this population investigating the relationship between egg size and offspring size found contrasting results. In some cases, large eggs become small offspring (as in the current study), whereas in others, small eggs went on to become large offspring (e.g., Shama, 2015), suggesting that other maternal inputs to eggs (e.g., hormones, epigenetic modifications) that are unrelated to egg size play a role in shaping offspring size (Shama et al., 2016). Specifically, we previously found maternally mediated transgenerational plasticity effects on early offspring growth (0–30 days), with offspring growing best at the same temperature their mother was acclimated to Shama et al. (2014). However, growth in later stages (60–90 days) was primarily influenced by offspring environmental temperature, and offspring grew better at ambient (17°C) than at elevated temperature (21°C; see also Shama and Wegner, 2014; Shama, 2015, 2017). In the current study, we did not detect any transgenerational plasticity effects on offspring size [e.g., no parent environment (acclimation °C) by offspring environment (mesocosm °C) interaction], and perhaps, none should be expected since parents and offspring experienced different temperatures. As stated above, mothers exposed to the +4°C scenario experienced 14°C at the start of the experiment (potentially leading to larger egg size), whereas offspring growth would have occurred at 20°C (which is above their growth thermal optimum). The ambient temperature scenario, on the other hand, was likely too cold at the start of the experiment for large egg production (10°C), but the optimum temperature for offspring growth (16°C), essentially decoupling parent and offspring environments.

Our results also showed that higher clutch siring success of low plated males in +4°C mesocosms did not translate to larger size of low plated offspring at +4°C (up to 90 days). Nevertheless, there may be other positive effects of this siring success in the next generation. Smaller offspring at elevated temperature is a common finding in climate change experiments, and is one of the universal ecological responses to global warming in aquatic systems (Daufresne et al., 2009; Shama, 2017; Fuxjäger et al., 2019). Despite some potentially negative effects of reduced body size for various aspects of their life history (e.g., male–male competition), advantages of a smaller body size should not be ignored. For instance, if smaller individuals are able to allocate resources from growth into gonad development earlier, they might be able to reach sexual maturity faster than their conspecifics with prolonged growth (Daufresne et al., 2009). Moreover, as shown here, small size may be beneficial in warmer environments due to lower metabolic demand, leaving more energy available for courtship behavior, potentially leading to higher mating success (see also Fuxjäger et al., 2019).




CONCLUSION

Our study found that a temperature increase of 4°C as predicted by several climate models (Intergovernmental Panel on Climate Change [IPCC], 2014) will influence a number of reproductive success-related traits of oceanic stickleback, and that thermal plasticity of these traits differed with lateral plate morph. Some traits (clutch siring success, egg size) showed better performance for low plated fish at elevated temperature, whereas others (e.g., growth) did not. Higher clutch siring success of low plated males at elevated temperature might indicate a future shift in plate morph composition for polymorphic populations. One key trait coupled to such a shift is sustained swimming ability, since low plated fish lack a keel on the caudal peduncle, putting them at a hydrodynamic disadvantage (Wootton, 1984). Energetic tradeoffs between sustained swimming, growth and reproduction (McKinnon et al., 2004), together with environment-dependent mate choice for low plated males could shift the morph distribution in polymorphic populations, with potential consequences for long migrations and range shifts under ocean warming.
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Est. 95% CI P Est. 95% CI P Est. 95% CI P Est. 95% CI P
Male temp. (M°C) -0.020 -0.826 t0 0.653 0.949 0.123 -0.588 t0 0.800 0.698 0.447 -0.558 to 1.332 0.344 0.813 -0.314 t0 1.895 0.160
Female temp. (F°C) 0.054 -0.613t00.735 0.884 -0.220 -0.801t0 0.444 0.387 0.230 -0.723t0 1.289 0.684 0.321 -0.795 to 1.440 0.580
Mesocosm®C (Meso) -0.229 -1.522 t0 0.969 0.700 -0.137 -1.425t0 1.027 0.796 -0.452 -2.155 t0 1.291 0.551 -0.172 -2.098 to 1.565 0.856
Male plate L -0.101 -1.524 10 1.220 0.860 0.256 -1.072 to 1.281 0.638 -0.360 -2.043t01.116 0.629 -0.871 -2.7511t01.176 0.382
Male plate P 0.182 -1.097 to 1.463 0.782 0.108 -1.129t0 1.316 0.829 -1.444 -2.926t00.188 0.082 -1.349 -3.105 to 0.902 0.196
Female plate L -0.444 -1.705t00.776 0.427 -0.122 -1.214t0 0.908 0.776 0.509 -1.027 t0 2.049 0.509 3.009 1.063 to 4.893 0.004
Female plate P -1.095 -2.367 t0 0.254 0.087 -1.497 -2.666 to -0.329 0.018 -0.543 -2.169 to 1.027 0.500 -0.331 -2.307to 1.412 0.744
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F°C * Meso 0.172 -0.436 10 0.737 0.580 0.149 -0.383100.773 0.560 0.432 -0.557 to 1.420 0.316 -0.540 -1.552 to 0.503 0.258
ale L * female L 0.402 -0.592 to0 1.423 0.407 0.497 -0.3811t0 1.316 0.238 0.798 -0.392 to 2.066 0.187 0.688 -0.932 to 2.206 0.393
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Random effects Var.C. 95% CI Var.C. 95% ClI Var.C. 95% CI Var.C. 95% CI
Mesocosm 0.003 0.001t0 0.012 0.010 0.001 to 0.044 0.102 0.001 to 0.580 0.053 0.001 to 0.121
Family (clutch) 0.079 0.007 t0 0.198 0.025 0.001t0 0.152 0.025 0.001t0 0.165 0.042 0.001 to 0.277
Units 0.156 0.131t00.184 0.572 0.473t0 0.680 1.244 0.104 to 1.482 1.962 1.594 to 2.336

Mesocosm and family (clutch) were modeled as random effects (Var.C., variance component). Fixed estimates (Est.) and variance components (Var.C.) are shown with 4

£ 95% C.1., and significant terms are in bold.
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Clutch siring success (binomial) DIC = 1173.272

Fixed effects Estimate 95% CI Effective sample P
Male size -1.712 -3.362 to 0.065 900 0.042
Female size 1.008 0.098 to 1.800 900 0.020
Mesocosm temperature (Meso) -1.097 —13.469 to 9.846 900 0.871
Male plate morph L -0.203 —-1.293 t0 0.898 512 0.740
Male plate morph P -0.187 -1.43310 0.775 1018 0.747
Female plate morph L -0.315 —-1.553 to 0.868 900 0.618
Female plate morph P 0.273 -0.842 10 1.310 900 0.644
Male temperature (M°C) -1.001 —1.865 to -0.268 816 0.002
Female temperature (F°C) 0.219 -0.346 to 0.882 900 0.487
Male size * Meso 0.045 -1.912 10 2.109 900 0.984
Male plate L * female plate L -0.380 —2.168 to 1.309 900 0.700
Male plate P * female plate L 1.079 —-0.421 to 2.601 900 0.160
Male plate L * female plate P —0.294 -1.7793-1.163 900 0.736
Male plate P * female plate P 0.649 -0.792 to 1.980 900 0.384
Meso * male plate L 0.873 —-0.589 to 2.531 634 0.280
Meso * male plate P 1.743 0.290 to 3.290 900 0.024
Meso * female plate L -0.005 =1.912 o 2.116 834 0.989
Meso * female plate P -0.173 ~1.691 to 1.777 791 0.853
MeC * F°C 0.101 -1.103 t0 1.238 900 0.842
M°C * Meso 0.639 -0.462 t0 1.612 753 0.224
F°C * Meso -0.361 -1.396 to 0.512 1022 0.427
Meso * male plate L * female plate L 0.828 —-1.638 to 3.533 801 0.522
Meso * male plate P * female plate L -0.942 -3.105 to 1.506 900 0.396
Meso * male plate L * female plate P 0.428 -1.910 to 2.642 900 0.676
Meso * male plate P * female plate P -1.348 -3.473 10 0.755 599 0.222
MeC * F°C * Meso -0.032 -1.474 10 1.500 900 0.960
Random effects Variance component 95% CI Effective sample

Mesocosm 0.167 0.001 to 0.548 900

Male and female size (standard length: mm) were included as covariates, and mesocosm was modeled as a random effect. Clutch siring success was estimated as the
proportion of clutches sired and modeled as a binomial response. Fixed term estimates with 95% confidence intervals are given, with significant terms in bold.
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(A) Mean egg size (Gaussian) DIC = -116.162

Fixed effects Estimate 95% CI Effective sample P
Female size 0.025 0.011 to 0.040 900 <0.001
Clutch size 0.001 -0.001 to 0.002 900 0.936
Female temperature (F°C) 0.203 0.073 to 0.334 900 <0.001
Plate morph L 0.058 -0.010t0 0.199 900 0.442
Plate morph P 0.066 -0.080t0 0.185 680 0.340
Mesocosm temperature (Meso) 0.037 -0.072t0 0.147 900 0.496
Clutch size * F°C -0.001 -0.002 to 0.001 900 0.013
Clutch size * plate morph L 0.001 —-0.001 to 0.002 917 0.898
Clutch size * plate morph P 0.001 —-0.001 to 0.002 900 0.336
F°C x plate morph L 0.042 -0.0741t00.173 900 0.507
F°C x plate morph P -0.136 -0.248 t0 -0.023 900 0.022
Plate morph L * Meso -0.039 -0.172t0 0.111 900 0.564
Plate morph P * Meso -0.104 -0.258 t0 0.027 900 0.122
F°C * Meso -0.063 -0.19310 0.072 900 0.351
Random effects Variance component 95% CI Effective sample

Mesocosm 0.000 0.000 to 0.001 900

Units 0.002 0.001 to 0.003 949

(B) Clutch size (Poisson) DIC = 352.927

Fixed effects Estimate 95% CI Effective sample P
Female size 0.101 -0.090t0 0.277 965 0.251
Mean egg size (egg size) 0.366 -5.690 to 6.487 900 0.887
Female temperature (F°C) 10.709 0.772 t0 21.302 900 0.049
Plate morph L 11.195 —-2.636 to 23.574 762 0.091
Plate morph P -6.636 -17.342t0 6.171 905 0.258
Mesocosm temperature (Meso) 0.477 -0.377t01.212 900 0.218
Egg size * F°C -6.217 -11.891 to -0.033 900 0.040
Egg size * plate morph L —6.776 -14.099 to 1.319 766 0.093
Egg size * plate morph P 3.477 —4.207 10 9.808 895 0.298
F°C * plate morph L 1.495 0.450 to 2.633 811 0.013
F°C * plate morph P 0.425 -0.462 to 1.288 794 0.356
Plate morph L * Meso -0.737 -1.804 t0 0.335 900 0.149
Plate morph P * Meso 0.612 —0.059 to 1.463 900 0.113
F°C * Meso -0.710 -1.575 10 0.066 900 0.102
Random effects Variance component 95% CI Effective sample

Mesocosm 0.008 0.000 to 0.024 670

Units 0.201 0.086 to 0.342 900

Female size (standard length: mm), clutch size (total number of eggs) and mean egg size were included as covariates in the models, and mesocosm was modeled as a
random effect. Fixed term estimates including 95% confidence intervals are shown, and significant terms are highlighted in bold.





