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Cognitive-Behavioral Divergence Is Greater Across Alternative Male Reproductive Phenotypes Than Between the Sexes in a Wild Wrasse
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Sexual selection is a powerful diversifier of phenotype, behavior and cognition. Here we compare cognitive-behavioral traits across four reproductive phenotypes (females and three alternative males) of wild-caught ocellated wrasse (Symphodus ocellatus). Both sex and alternative male phenotypes are environmentally determined with sex determination occuring within the first year, and males transition between alternative phenotypes across 2 years (sneaker to satellite or satellite to nesting). We captured 151 ocellated wrasse and tested them on different behavior and cognition assays (scototaxis, shoaling, and two detour-reaching tasks). We found greater divergence across alternative male reproductive phenotypes than differences between the sexes in behavior, problem-solving, and relationships between these traits. Nesting males were significantly less bold than others, while sneaker males were faster problem-solvers and the only phenotype to display a cognitive-behavioral syndrome (significant correlation between boldness and problem-solving speed). Combining these results with prior measurements of sex steroid and stress hormone across males, suggests that nesting and sneaker males represent different coping styles. Our data suggests that transitioning between alternative male phenotypes requires more than changes in physiology (size and ornamentation) and mating tactic (sneaking vs. cooperation), but also involves significant shifts in cognitive-behavioral and coping style plasticity.
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INTRODUCTION

We are quite familiar with the power of sexual selection as a shaper of traits—be them behavioral, morphological or even bundled together as suites (e.g., life history strategies). Yet the traits that most often come to mind as products of sexual selection are those directly related to reproduction. For instance, the sexually dimorphic tendency for females to be the choosier sex and males to be the competitors for access to mates has long been attributed to fundamental differences in selection on the sexes (Fairbairn et al., 2007; Fairbairn, 2013). Furthermore, the variation in male reproductive phenotypes and the divergent mating tactics that have repeatedly arisen across the animal kingdom is also a predicted outcome of intense intrasexual selection (Oliveira et al., 2008; Neff and Svensson, 2013; Shuster and Wade, 2019). However, few studies have addressed how intrasexual selection shapes differences among individuals in non-reproductive traits. Here we explore how sexual selection affects intraspecific variation in cognition and non-reproductive behavioral profiles between the sexes and among alternative male phenotypes.

Cognitive scientists are becoming more and more aware that sexual selection has a role in driving differences between the sexes in cognitive traits and the behaviors associated with them. Across a wide-range of taxa, studies have found significant differences in females’ and males’ spatial cognitive abilities (Jones et al., 2003; Jonasson, 2005; Carazo et al., 2014; Lucon-Xiccato and Bisazza, 2017), reversal learning abilities (Lucon-Xiccato and Bisazza, 2014; Fuss and Witte, 2019; Triki and Bshary, 2021), problem-solving and innovation (Laland and Reader, 1999; Aplin et al., 2013), and ability to recognize a spatial-temporal pattern (Wallace et al., 2020). It is important to note that in many cases there is no sexual dimorphism in cognitive performance (Healy et al., 1999; Lucon-Xiccato and Bisazza, 2016), and the difficulty of ensuring equal motivation between the sexes in cognition tasks can be daunting (Rowe and Healy, 2014). Nonetheless, when dimorphisms do arise they are often attributed to sexual selection forces and the different means by which males and females maximize their reproductive success (Jacobs, 1996; Jones et al., 2003; Carazo et al., 2014; Lucon-Xiccato and Bisazza, 2016; Cummings, 2018; Keagy et al., 2019). For instance, the sexually dimorphic differences in spatial cognition are often linked to territorial differences. In some rodent species with males securing larger territories than females, males have been shown to have better spatial cognition (FitzGerald, 1986; Galea et al., 1996). Meanwhile in species where females have reproductive tactics involving greater territorial use than males (e.g., brood parasitism by female cowbirds), females have larger hippocampal volumes than males and outperform males in spatial memory tasks (Astié et al., 1998; Hauber et al., 1999; Guigueno et al., 2014).

Sexually dimorphic cognition is not always attributed to sexually dimorphic reproductive roles. Rather, sometimes it is attributed to different behavioral traits that allow each sex to maximize reproductive success (Cummings, 2018). For instance, in three-spined sticklebacks (Gasterosteus aculeatus) bolder individuals solved foraging tasks faster than shyer individuals, and males tended to be bolder than females (Mamuneas et al., 2014). Three-spined stickleback males have also been shown to outperform females in a detour reaching task (that evaluates inhibitory control and cognitive flexibility) and this performance is attributed to males exhibiting less neophobia than females (Keagy et al., 2019). These results raise further questions, such as do males tend to be bolder and less neophobic than females because their reproductive strategies favor those traits? And does this behavioral tendency influence their cognitive performance in certain tasks? The relationship between behavior and cognition (e.g., cognitive-behavioral syndromes or profiles) has become a recent area of investigation to understand sources of cognitive variation between individuals (Exnerová et al., 2010; Carere and Locurto, 2011; Sih and Del Giudice, 2012; Guillette et al., 2017; Lucon-Xiccato and Bisazza, 2017; Dougherty and Guillette, 2018), and the sexes (Cummings, 2018; Etheredge et al., 2018). While Pavlov first proposed a relationship between personality (behavioral types) and learning processes in dogs (Pavlov, 1948; Gray, 1964; Locurto, 2007; Carere and Locurto, 2011), only more recently have these relationships begun to be quantified in birds (Guillette et al., 2011), fishes (Lucon-Xiccato and Bisazza, 2017; Jacquin et al., 2020; Wallace et al., 2020), guinea pigs (Brust and Guenther, 2017) and others [reviewed in Dougherty and Guillette (2018)]. Sometimes the specific relationship between an animal’s behavioral tendencies and its cognitive styles and/or performances makes intuitive sense. If animals explore their environment faster, they might in turn learn more about their environment than slower explorers (Guillette et al., 2009; Sih and Del Giudice, 2012); and variation in these relationships has been shown to have fitness consequences in the wild (Cole et al., 2012; Cole and Quinn, 2012). However, understanding why these relationships might differ between the sexes is still not fully understood. For instance, in great tits (Parus major) males exhibit a positive relationship between exploratory speed and cognitive flexibility, whereas, females show the opposite pattern (Titulaer et al., 2012). Understanding the behavioral and cognitive demands sexual selection is placing on each sex may help to unravel some of these more complicated relationships between how an animal interacts with its environment (behavioral traits/personality) and how well it performs a cognitive task.

While we are learning much by comparing sexual dimorphic patterns across species, a parallel body of work is attempting to understand how sexual selection contributes to variation in cognitive-behavioral traits among individuals of the same sex. Studies across a number of taxa have documented that variation in some male cognitive traits are correlated with continuous variation in sexually selected traits and reproductive success [in birds: Keagy et al. (2009), Boogert et al. (2011), and Chen et al. (2019); in fish: Smith et al. (2015)]; that male cognitive performance increases with greater intrasexual selection [among Drosophila spp.: Hollis and Kawecki (2014) and Smith et al. (2015)], and that artificially selecting for increased male brain size can lead to greater mate search capabilities [in guppies: Kotrschal et al. (2015)]. However, direct comparison of cognitive performance between alternative reproductive male phenotypes (e.g., Griebling et al., 2020), or characterizing their cognitive-behavioral syndromes, is in its nascency.

We focus on a system that is uniquely positioned to explore how sexual selection shapes divergence in cognitive-behavioral profiles. The ocellated wrasse (Symphodus ocellatus) is a marine fish with a complex mating system involving three alternative male phenotypes (Warner and Lejeune, 1985; Alonzo et al., 2000; Alonzo and Warner, 2000a,b) and exhibits extensive reproductive plasticity driven by environment. The largest and most colorful males in the population (“nesting males”) must compete for territories (Alonzo, 2004), build and defend nests made of algae, court and be chosen by females (Alonzo, 2008; Alonzo and Heckman, 2010), compete with sneaker and satellite males to fertilize the eggs spawned by females (Alonzo and Warner, 2000b; Alonzo and Heckman, 2010; Alonzo et al., 2016; Stiver et al., 2018), and care for the developing embryos. The smallest males (“sneakers”) do not build nests, court females, or provide care. Instead, sneakers rush into a nest to release sperm when a female is spawning with a nesting male; and they compete for access to the nest and with other sneakers. “Satellite” males are intermediate in body size and coloration. They do not build nests or provide care, but they do assist the nesting male by chasing away sneakers and by actively bringing females to the nesting male’s nest (Stiver and Alonzo, 2013). As a result of these different selective forces, alternative male types differ in a wide variety of traits including aggressive behavior, gonad size, sperm traits, circulating hormones, and gene expression in the brain (Lejeune, 1985; Warner and Lejeune, 1985; Taborsky et al., 1987; Stiver et al., 2015; Nugent et al., 2016, 2019; Dean et al., 2017).

Both sex (Munday et al., 2006; Pennell et al., 2018) and alternative male phenotype (Alonzo et al., 2000) are environmentally-determined based on growth trajectories. Sex is determined within year 1, with females exhibiting no alternative phenotypes and no evidence of sex change (Warner and Lejeune, 1985). Females choose among available nests, actively defended and maintained by nesting males, and produce a new batch of eggs every 2–3 days throughout the roughly 2 month breeding season (Warner and Lejeune, 1985; Taborsky et al., 1987). On the other hand, males switch between types between years with fast growing males starting out as satellite males and becoming nesting males if they survive to their second year, while slow-growing males reproduce as sneakers in their first year and as satellites in their second (Alonzo et al., 2000). Here we ask whether sexual selection, which has shaped these many differences in reproductive traits between the sexes and among these males types, leads to differences in non-reproductive behaviors, cognition, and cognitive-behavioral syndromes (correlations between behavior and cognitive traits)?

The absence of a genetic polymorphism-based Alternative Reproductive Tactic (ART) system in the ocellated wrasse allows us to test how the reproductive “role” individuals adopt shapes non-reproductive traits. In a system where sexes are determined environmentally, and males transition from one role to another across years, we can identify cognitive-behavioral traits associated with an individual reproductive role rather than genetic predisposition. We can further compare differences between these alternative male roles and females that remain in a single reproductive role throughout their lifetime. Due to the differences in lifetime reproductive strategies between the sexes, researchers have noted sexual dimorphism in some non-reproductive behaviors involving sociability and boldness (Magurran and Macias Garcia, 2000). Variation in male boldness often covaries with reproductive success (Smith and Blumstein, 2008), suggesting that boldness levels are likely to diverge across alternative male reproductive tactics. Cognitive sexual dimorphism observed in spatial learning and problem-solving that is linked to sexual selection processes (Lucon-Xiccato and Bisazza, 2016), is also likely to manifest across alternative male phenotypes that vary in territorial use or innovation to gain access to females. Early neurobiological research suggests males with alternative strategies might be employing different cognitive strategies resulting in differential investment in neocortex size (Dunbar, 1998; Pawlowski and Dunbar, 1999); and neurogenomic work suggests females experiencing multiple male phenotypes engage more genomic synaptic plasticity pathways in the brain than females interacting with a single (coercive) tactic (Lynch et al., 2012; Wang et al., 2014; Cummings and Ramsey, 2015). Lastly, the correlations between behavioral tendencies and cognitive performances [cognitive-behavioral syndromes; Carere and Locurto (2011)] that are beginning to be characterized between the sexes (Titulaer et al., 2012; Etheredge et al., 2018; Wallace et al., 2020) are predicted to diverge across alternative male phenotypes (Carazo et al., 2014). However, to date, direct comparisons of inter and intrasexual variation across the abovementioned axes within a species has yet to be undertaken.

Here, we explore the inter-sexual and intra-sexual divergence across different behavioral features (boldness, sociality, social boldness, and social motivation) along with cognitive measures (problem-solving), and explore the relationships between them (cognitive-behavioral syndromes). In general, we hypothesize that inter-sexual selection will drive greater differences between males and females than variation observed due to intra-sexual selection across males. Specifically, we hypothesize that (i) males (and territorial, nesting males in particular) will be bolder than females, and (ii) females will exhibit greater cognitive flexibility (problem-solving or inhibitory control) than males as has been shown in some fish taxa (Laland and Reader, 1999; Lucon-Xiccato and Bisazza, 2014; Triki and Bshary, 2021), but not others (Keagy et al., 2019). We also hypothesize that (iii) alternative male reproductive roles will have different cognitive-behavioral traits including nesting males exhibiting greater inhibitory control during problem-solving tasks than sneakers due to their parental role (Keagy et al., 2019). Furthermore, we hypothesize that (iv) differences in cognitive-behavioral syndromes between the sexes will be greater than across males types given sexually dimorphic life history strategies. Lastly, we hypothesize that (v) each of the alternative male reproductive phenotypes should show greater variation in cognitive-behavioral syndromes than females due to the plasticity in reproductive-role transitions observed in males. With this system, we have the power to not only determine if males and females differ, and how alternative male phenotypes differ, but also to ask whether the variation we see within the sexes (e.g., across the alternative types) is greater than the variation we see between the sexes.



MATERIALS AND METHODS


Underwater Observation and Capture of Wild Fish

This research was conducted during the Symphodus ocellatus breeding season (May-June) in 2017 and 2018 in the Baie de Revellata and marine research station La Station de Recherches Sous-Marin et Océanographique (STARESO) near Calvi, Corsica. Fish were first observed and then captured on SCUBA in the rocky reef habitat along roughly 200 m of coastline near the research station. We selected nests that were being actively defended by a nesting male and had one satellite and at least two sneakers present and oriented toward the nest (Alonzo and Warner, 2000a; Alonzo, 2004). The reproductive phenotypes (Females, Nesting Males, Satellite Males, Sneaker Males) are identified by their behavioral and morphological differences (Lejeune, 1985; Alonzo and Warner, 2000a). We then observed the nest for ten minutes to confirm that a nesting male was occupying and defending the nest, females were visiting and spawning in the nest, a satellite was clearly associated with the nest (by assessing whether they remained near the nest and were interacting with other fish at the nest), and that sneaker males were attempting sneak spawning events. Following this observation, we caught the nesting male, satellite, a sneaker and a female associated with the nest using small hand held nets and placed them in bait buckets for transfer back to the research station. Fish were then immediately isolated from other fish and habituated in holding tanks for a minimum of 2 h with freely flowing seawater prior to the sequence of assays described below. Following the three assays (10 min each with 10 min acclimation in between), the fish were released back into the vicinity of their nests prior to sunset on the same day as capture.



Assays

After habituating our wild caught fish for a minimum of 2 h post capture, we measured the four reproductive phenotypes (Females, Nesting Males, Satellite Males, Sneaker Males) across three cognitive and behavioral assays in the same sequence for all individuals: (1) Detour reaching task (an assay to evaluate social motivation as well as problem-solving, inhibitory control, and cognitive flexibility), (2) Shoaling (an assay to measure social tendencies and non-social style), and (3) Scototaxis (an assay to measure anxiety and/or boldness). Each assay included a 10 min habituation period (within a clear cylinder) followed by a 10 min observation period. All assays were conducted in immediate sequence of each other with 10 min time interval between assays. In total, the complete assay sequence for an individual fish took 100 min to completion. Each assay was videotaped from above using a GoPro camera (Hero 5 Black), and all experimental chambers were illuminated from above with fluorescent lights and blue filters to mimic marine spectral irradiance.



Detour Task

For the first assay, we presented each fish with a novel detour-reaching problem-solving task. Fish were placed in a detour-reaching tank (Figure 1C) that included a blue-felted alley (25 cm long × 10 cm wide) that opened up into a wider section (28 cm wide) containing a glass partition (21 cm wide) positioned 10 cm from the alley opening and 8 cm in front of a social reward chamber (a female conspecific within a transparent chamber). For this task, fish were initially placed in a clear habituation tube at the back end of a dark alley for a 10 min habituation period where they were able to observe the social reward at the opposite end of the experimental tank (Figure 1C). After 10 min, the tube was removed and the fish could freely swim throughout the chamber for the following 10 min. The video recordings were then scored by an UT undergraduate student (AR) naive to the research objectives for the following measures including (a) social motivation (time from release to approach of the glass barrier) and (b) problem-solving speed (time from first contact with glass barrier to social reward). To determine whether all phenotypes were equally motivated to approach a female social reward, we compared the latency time to reach the glass barrier (social motivation) between males and females as well as between the three male reproductive phenotypes. We further determined the relationship between social motivation and problem-solving speed by examining correlations between these variables across individuals within each phenotype.
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FIGURE 1. Aerial views of experimental assays (A–C), behavioral metrics (D–F), and cognitive performances (G,H) for all phenotypes. All experimental arenas were 98 cm × 28 cm × 24 cm. Scototaxis assays were run in an aquarium with half of the tank felted in black and the other half felted in white, with habituation cylinder (blue circle) placed at the midline between each half (A). Boldness was evaluated as the time (seconds) spent in the white half of the scototaxis tank (D). Shoaling assays were conducted in a tank with a transparent barrier between a shoal group (three conspecific females in a transparent cylinder) and the region of the tank wherein the focal fish was free to roam (B). The habituation cylinder (blue circle) was placed mid-way between social interaction zone [1 cm away from the shoal barrier (see dotted line) and the plant positioned at the far end of tank]. Shoaling assays were used to measure both social interaction time (seconds) spent within 1 cm of the shoal barrier (E), and social boldness (proportion of time spent in open region of the tank (excluding social interaction zone) relative to time spent in plant). Each focal fish ran through a detour reaching assay wherein fish were released from a habituation cylinder at the back end of an alley and allowed to navigate around a glass barrier to arrive at a social reward [a female conspecific in a transparent container placed at the opposite end of the tank, (C)]. From these detour assays, we collected one behavioral measure: social motivation, latency time (seconds) to reach glass barrier after release from habituation tube, (F), and problem-solving, time (seconds) from barrier to social reward (time to solve) in the detour task, (G). We plot the relationship between social motivation (time to barrier) and problem-solving speed (time from barrier to social reward) in detour task [r = 0.07, p = 0.55, (H)]. Bar graphs (D–G) represent box and whisker plots with midline representing the median value and upper and lower box lines representing upper and lower quartiles, respectively. Statistical comparisons between the sexes and the alternative male reproductive phenotypes (NM, nesting male; SAT, satellite male; SN, sneaker male) were evaluated with either GLMM models or Kruskal-Wallis based on normality criteria. Post-hoc Tukey tests across alternative male mating phenotypes reveal pairwise differences between phenotypes by different letters.




Shoaling

Directly following the first detour task, the focal fish was transferred by a net to the Shoaling tank (98 cm long, Figure 1B) and into an opaque habituation tube centrally positioned between a transparent partition that separated a shoal group (three conspecific females) and a plant at the opposite end of the tank (habituation tube was 20 cm distance from both the shoal group and the plant). After a 10 min habituation period, the tube was removed and the following 10 min of social interactions were recorded. UCSC undergraduate researchers used the software Cowlog to score the videos of the shoaling assay tanks described above. Multiple individuals scored each video and scores were averaged. Scoring started when the acclimation tube was removed from the water and ended after 10 min. We noted when the focal fish was in the “shoal interaction zone” (i.e., the focal individual moved within approximately 1 cm of the barrier between them and the side of the tank with the shoal group), in or near the plant (within approximately 1 cm or in contact with the plant), or in the center of the tank (not near the plant or shoal group). We used the Cowlog output to calculate sociability (the proportion of time spent in the “shoal interaction zone”). To characterize the behavior of the individuals when they were outside of the “shoal interaction zone,” we calculated the proportion of time individuals spent in the open center area relative to time spent in the plant zone as a measure of social boldness. This social boldness measure was evaluated as the proportion of time in the center zone relative to total time away from shoal interaction zone (time in center zone plus time in plant area; see Figure 1A). This measure captures the relative boldness of an individual when it is not interacting in close proximity with others. High social boldness scores are associated with individuals spending a greater proportion of non-social interaction time in the open more exposed areas relative to time spent hiding in the refuge of a plant. Low social boldness scores are associated with individuals who spent the majority of their non-social interaction time in the plant refuge.



Scototaxis

Directly following the shoaling assay, individuals were transferred by handnet into an opaque habituation tube in the center of a scototaxis tank. The scototaxis tank (78 cm long × 28 cm wide) consisted of black and white felted halves (Figure 1A). Scototaxis is a commonly used assay to assess anxiety and boldness levels of smaller prey fish (Maximino et al., 2010; Ramsey et al., 2014; Etheredge et al., 2018) by comparing time spent in the safe (darker, black half) relative to time spent in the more vulnerable zone (brighter, white half). Multiple UCSC undergraduate researchers manually scored the time individual fish spent on the black and white sides of the tank. Scores were averaged across individuals, and we used time spent in the white side of the tank as our measure of boldness.



Analysis Overview

We first examined whether behavioral or cognitive variation within each assay significantly differed by phenotype. We fit generalized linear mixed models in the glmmTMB R package (Brooks et al., 2017), using phenotype as a fixed effect, year of data collection as a random effect, and behavior as the response variable. For each model, we examined the residuals for normality, overdispersion, and the presence of outliers. If these diagnostics showed evidence of poor fit of the model to the data, we attempted the following remedies. We first tried common transformations of the response variable (log + 1 and square root). If common transformations were unsuccessful, for count data we changed the family argument to each of the two negative binomial families within glmmTMB using the default link function, both with and without accounting for zero-inflation using the ziformula argument (as many of the measures we examined were zero-inflated). We then analyzed the residuals from the best model from this analysis as measured by AIC. To examine potential relationships between behavioral tendencies in different contexts (scototaxis and sociability) and relationship to performance across different cognitive tasks (e.g., problem-solving), we generated Spearman rank correlation matrices across the following variables from behavior and cognition assays: social interaction time, social boldness, boldness, social motivation, and time to solve (the problem-solving detour task). We tested significance of each correlation independently with the cor_pmat function from the ggcorrplot package (Kassambara and Kassambara, 2019). We then built generalized linear mixed models that included metrics from each assay as well as interaction terms. As before, year of assay was a random effect in the model. To explore how these diverse interactions between behavior and phenotype might explain variation in cognitive performance, we built generalized linear mixed model to explain cognitive performance (problem-solving in detour task) using behavioral responses and interactions by phenotype as explanatory variables. We then performed backwards model selection based on AIC using the step() function in R to arrive at a simpler model that we use for inference; and tested for multi-collinearity using the check_collinearity function in R. Lastly, as a complimentary approach to our GLMM models, we constructed Linear Discriminant Analyses (LDA) using phenotype as our grouping category and independent measures from each assay to visualize how phenotypes differ by their cognitive-behavioral profiles. We tested whether the loading on the first LDA axis differed by phenotype using a GLMM with phenotype as a fixed effect, year as a random effect, and LDA axis 1 score as the response variable. For all statistical comparisons, we included all four phenotypes (females, sneaker males, satellite males, nesting males) as well as constrained models to include only the three alternative male phenotypes. We used post-hoc tests to evaluate which phenotypes were more distinct from each other.




RESULTS

We collected one of each ocellated wrasse phenotype from 41 different nests. Due to technical difficulties or a lack of participation by focal fish in some assays, we assayed 151 wild-caught ocellated wrasse in total including 38 females, 38 nesting males, 34 satellites, and 41 sneaker males; with final samples sizes varying across assays (N = 97 detour task, N = 140 sociability, N = 143 scototaxis). As expected, the different phenotypes differed in size with the greatest overlap between females and sneaker males. Females ranged in standard length from 43.2 to 68.5 cm with median = 48.5 cm; sneaker males ranged from 38.8 to 64 cm with median = 47.4; satellite males ranged from 49.1 to 68.4 cm with median = 61 cm, and nesting males ranged from 70.3 to 84.2 with a median = 76 cm.


Scototaxis (Boldness)

We found no differences between the sexes (GLMM, X 2 = 0.671, df = 1, p = 0.4126; Figure 1D) in time spent in the white portion (more bold zone) of the scototaxis tank. However, we found highly significant differences in boldness in models including only the three male ARTs (GLMM, n = 107, X 2 = 10.248, df = 2, p = 0.0059), with Tukey post-hoc contrasts showing significant differences between sneaker and nesting males (p = 0.005), and a marginally significant difference between nesting males and satellites (p = 0.053).



Shoaling Assay (Social Tendencies and Social Boldness)

We did not find significant differences between the sexes or across male phenotypes for either shoaling behavioral measure (time interacting with shoal: between sexes: Kruskal Wallis X 2 = 0.0999, df = 1, p = 0.7519; across male phenotypes: Kruskal Wallis X 2 = 0.939, df = 2, p = 0.62; Figure 1E). In addition, we found no significant sex or ART effects on social boldness (between the sexes: Kruskal Wallis X 2 = 1.924, df = 1, p = 0.1654; across male phenotypes: Kruskal Wallis X 2 = 2.3626, df = 2, p = 0.3069; data not shown).



Detour Task (Social Motivation, Cognitive Flexibility, Problem-Solving Abilities)

We first determined whether our social reward (a female conspecific) was equally motivating across all focal fish in our detour reaching task. We found that females were as motivated as males to approach the reward, as latency to approach the glass barrier revealed no significant differences between the sexes (GLMM, n = 97, X 2 = 0.0058, df = 1, p = 0.9394, Figure 1F). Furthermore, we found no significant difference in social motivation across the three male phenotypes with a non-significant trend for satellite males to approach more slowly than nesting or sneaker males (GLMM, n = 74, X 2 = 5.5405, df = 2, p = 0.06265; Figure 1F). We also found no significant difference across phenotypes in the number of individuals who solved the detour task (successfully reached the social reward) with 18 of 38 females, 20 of 38 nesting males, 19 of 34 satellite males, and 19 of 41 sneaker males solving the detour assay (X 2 = 0.894, p = 0.827). Across solvers, we found no significant sex differences in problem-solving speed (log transformed time to solve GLMM, n = 76, df = 1, X 2 = 0.0019, p = 0.9655; Figure 1G). However, when restricting the model to only male phenotypes, we found a significant difference in problem-solving speed across the three male ARTs (GLMM, n = 58, X 2 = 6.587, df = 2, p = 0.037; Figure 1G). Tukey post hoc contrasts revealed significant differences between sneaker and nesting males (p = 0.0456) with sneakers taking less time to solve the detour task than nesting males.

To evaluate whether variation in problem-solving speed was predicted by social motivation, we calculated pearson correlations between social motivation (latency to reach glass barrier) and problem-solving speed (time from barrier to social reward). We found no significant relationship overall (Pearson r = 0.07, p = 0.55) or within any of the four phenotypes (Females: r = 0.03, p = 0.92, Sneakers: r = 0.13, p = 0.58, Satellites: r = 0.02, p = 0.95, Nesting Males: r = −0.03, p = 0.89; Figure 1H). Taken together, these findings indicate that all phenotypes were similarly motivated by a female social reward, and that individual social motivation levels did not explain any of the variation in problem-solving speed across the different phenotypes.



Multivariate Relationships Within and Across Behavior and Cognitive Assays

To identify phenotype-specific cognitive-behavioral profiles, we characterized how the relationship between behavior and cognitive performance differs by phenotypes. We first evaluated Spearman rank correlations across each combination of behavior and cognitive traits (see Figure 2) for each phenotype independently. We note two interesting patterns linking behavioral tendencies to problem-solving performance. First, the significant relationship between boldness and problem-solving speed (time to solve in Detour task) differed across the phenotypes (bolded boxes lower right in each subplot of Figure 2). Sneaker males (r = 0.64, p = 0.005) and satellite males (r = 0.36, p = 0.134) showed a positive relationship between time to solve and scototaxis time, but this relationship was non-existent in nesting males (r = −0.15, p = 0.518) and females (r = −0.05, p = 0.844). Furthermore, social boldness and time to solve showed varying relationships across phenotypes ranging from negative (but non-significant) in females (r = −0.37, p = 0.195) to near-significant and strongly positive in satellite males (r = 0.47, p = 0.09) and non-existent/slightly negative in both nesting males and sneaker males.
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FIGURE 2. Heatmap of pairwise correlations (spearman) across all behavior metrics and detour problem-solving performance for females (A), nesting males (B), satellite males (C), and sneaker males (D). Each matrix box includes the spearman correlation coefficient on top and the p value on the bottom. Matrix labels are color coded t indicate which behavior assay each measurement was derived from (detour assay in teal, shoaling assay in dark purple, scototaxis in gold). Cells outlined in bold represent significant interaction terms (behavior × phenotype, p < 0.05) in generalized linear mixed models.


In addition, we find interesting patterns of co-varying social behavioral traits that differ across the phenotypes. We note that the strength of relationships between social traits differed across phenotypes. The positive relationship between social interaction time and social boldness was strongest for females (r = 0.46, p = 0.017) and nesting males (r = 0.49, p = 0.008), but less strong in sneaker males (r = 0.34, p = 0.077) and satellite males (r = 0.29, p = 0.171). Note because the social boldness measurement does not include time in the interaction zone but characterizes the time spent when not interacting, these two traits evaluate independent measures of a fish’s social and non-social behavioral traits.

Our final generalized linear mixed models that examined cognitive performance (problem-solving in detour task) as a function of behavioral responses and interactions by phenotype retained a number of behavioral measures. Phenotype (X 2 = 8.3706, p = 0.0389), the interaction between phenotype x boldness (X 2 = 10.0628, p = 0.018), and the interaction between phenotype and social boldness (X 2 = 10.5127, p = 0.0147, Figure 3A) were retained as statistically significant terms in the final model after backwards stepwise selection by AIC. We checked for multicollinearity of the significant variables using the check_collinearity function and found low VIF (variance inflation factor) scores for social boldness (VIF = 4.28) and moderate correlation for boldness (VIF = 7.02). Removal of five (three nesting males, one female, and one satellite male) potentially influential outliers for scototaxis time in white (Figure 3B) only increased the strength of these relationships [phenotype (p = 0.002), boldness (p = 0.004), interaction term of phenotype x boldness (p = 0.003), and interaction term of phenotype x social boldness (p = 0.0003)]. We identified these outliers for time in white using the identify_outliers function from the R package rstatix. Outliers were defined as values above the third quartile + 1.5 times the interquartile range, or values below the first quartile–1.5 times the interquartile range, within each phenotype.
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FIGURE 3. (A) Relationship between boldness and problem-solving speed differs by phenotype. The association between boldness tendencies [x axis, as measured via time (seconds) in white zone of a scototaxis assay] and problem-solving speed (time in seconds) in initial detour reaching task (y axis) for each phenotype: sneaker males (magenta), satellite males (blue), nesting males (green) females (orange). The significant interactions identified with GLMM modeling of boldness (time in white zone of scototaxis trials) by phenotype (p < 0.05) that predicted (A) variation in problem-solving speed (detour task) including all datapoints, (B) with outliers removed.




Visualizing Overall Cognitive-Behavioral Profiles

To visualize the overall cognitive-behavioral profile of the individuals in our experiment, we ran a discriminant function analysis (also known as linear discriminant analysis) in r package MASS (Venables and Ripley, 2002) using log-transformed behavioral metrics (log-transformed values from Figures 1D,E) and problem-solving speed (log-transformed “time to solve” from Detour Task, Figure 1G) inputs from the outlier-removed dataset (from Figure 3B). Discriminant Function assignment performance varied across the four phenotypes (Females: 0.15, Nesting Males: 0.27, Satellite males: 0.15, and Sneaker males: 0.54). Phenotypes significantly differed in DF1 scores (GLMM, X 2 = 19.33, p = 0.0002) and plotting of DF1 and DF2 scores show that sneaker males occupy a much more constrained region in this multivariate cognitive-behavioral space than the other phenotypes (Figure 4). Post-hoc Tukey Contrast analyses on the DF1 scores showed that sneaker males differed from satellite (p = 0.0201) and nesting males (p < 0.001), with a borderline difference between females (p = 0.0523).
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FIGURE 4. Cognitive-behavioral profiles differ by phenotype. (A) Loadings of the 5 input metrics into a discriminant function analysis onto the two primary axes. (B) Boxplot of the DFA axis 1 scores by phenotype along with GLMM results. Sneaker males significantly differed from the rest of the phenotypes, p < 0.001. Letters above box plots indicate statistical outcomes of tukey contrast analyses with sneaker males being different than all other phenotypes. (C) Plotting the first two axes of the DFA grouped by phenotype. Ellipses represent the 95% confidence intervals for each phenotype.





DISCUSSION


Inter-Sexual Differences in Cognitive-Behavioral Traits

We find that behavioral and cognitive traits, and the relationships between them (cognitive-behavioral syndromes), differ more among alternative types within one sex (males) than between the sexes. Females did not differ significantly from males in any of the non-reproductive behavior attributes or cognitive measures. Contrary to our predictions, we found no detectable differences between the sexes whether evaluated univariately (Figure 1) or as multivariate suites (Figure 4). Specifically, our predictions that males and females would differ in boldness (Figure 1B) or cognitive flexibility (Figure 1G) were not borne out. Females were equally bold, or willing to take a risk and enter the more threatening zone in a non-social assay (white, brighter area in a scototaxis arena), as compared with all the male phenotypes combined. In fact, our prediction that the territorial, nesting males would be the boldest was particularly erroneous, as the nesting male turned out to be the least bold of them all in the scototaxis context.

Male and female ocellated wrasse are met with extremely different challenges during the reproductive season. Males face extreme intra-sexual selection to acquire matings either through nest defense or sneak copulations, meanwhile females’ time budget is largely devoted to foraging and inspecting different male nests. Despite such different selection pressures, we found no sexual dimorphism in problem-solving speed (initial detour task, Figure 1G). Female cognition is predicted to be enhanced in systems with multiple alternative male phenotypes due to the engagement of learning pathways when females are discriminating across types (Cummings and Ramsey, 2015). Several studies have shown females to be faster than males at cognitive tasks involving behavioral flexibility, inhibitory control, and innovation across a number of taxa [in rats: Guillamón et al. (1986); in guppies: Laland and Reader (1999) and Lucon-Xiccato and Bisazza (2017); in blue tits: Aplin et al. (2013)]. However, in other species, it is the male that outperforms females in reversal learning tasks (Fuss and Witte, 2019). Many of these studies have employed a food reward, and since female fecundity is often tied strongly to foraging that may result in the somewhat larger female-bias in performance metrics in these food-motivated tasks. Here we used a social reward. The lack of sexual dimorphism in a problem-solving task with a social reward may be driven by both sexes being equally motivated (Figures 1F,H). Other studies using a social reward in detour reaching tasks in fish have also found no evidence for sexual dimorphism in problem-solving capabilities (Wallace et al., 2020).

Perhaps most surprisingly was our lack of finding sex differences in cognitive-behavioral syndromes. Females did not exhibit distinct correlations between behavioral traits and cognitive performance that differentiated them from males as a whole (Figures 2–4). Divergent relationships between baseline anxiety and/or exploration styles with cognitive performance have been shown in birds (Titulaer et al., 2012) and fishes (Lucon-Xiccato and Dadda, 2016; Etheredge et al., 2018; Wallace et al., 2020), and have been predicted to be a product of strong sexual selection processes (Cummings, 2018). Female ocellated wrasse revealed no significant correlations between behavior metrics and problem-solving speed (Figure 2A), and their specific relationship between boldness and problem-solving speed was less pronounced than any of the alternative male phenotypes (Figures 3A,B). Comparing males and females with a multivariate cognitive-behavioral profile revealed that female ocellated wrasse were statistically similar to both nesting males and satellite males (Figure 4B), suggesting that these three reproductive roles may share similar behavioral styles and processes that shape their problem-solving abilities.

It is interesting to ponder whether the convergence of females, nesting males, and satellite males on similar cognitive-behavioral syndromes may be related to shared reproductive goals. All three of these phenotypes “choose” nests to engage in cooperative reproduction. Nesting males build and guard nests from sneakers and predators and solicit visitations from females while satellite males assist the nesting male in this process. It is noteworthy that nesting males and females expressed nearly identical patterns of social interaction and social boldness in the shoaling assay (Figures 2A,B), for these two phenotypes have the most direct negotiations for reproductive events. Determining whether or not males with similar “social interactions” with females have greater reproductive success than other males will shed light on whether there is a functional benefit for males to share similar social styles to females.

We also found no support for our final prediction that males would show greater variation in cognitive-behavioral syndromes/profiles than females due to the greater plasticity in male reproductive tactics (e.g., transitioning from sneaker to satellite or from satellite to nesting male). In contrast, we observed females having large cognitive-behavioral variation spanning a greater range than some of the male types in cognitive-behavioral space (Figures 4B,C). For instance, females and satellite males exhibited the widest range of DFA1 scores (the primary axis of the multivariate discriminant function analysis), while nesting males and sneaker males appear to occupy opposing ends of this primary axis. Do the roles of sneaking and nesting constrain these phenotypes to a specific cognitive-behavioral relationship? Or is some of this variation related to age? Sneaker males are all first year individuals, nesting males are all second year individuals, and both females and satellite males represent a mixture of both first and second year individuals.



Intra-Sexual Differences in Cognitive-Behavioral Traits

While we observed no sexual dimorphism, we did measure significant differences among the three alternative male reproductive phenotypes in boldness, problem-solving speed, and cognitive-behavioral relationships. Nesting males were the least bold of all male phenotypes, while sneaker males were the boldest (Figure 1D). In the ocellated wrasse, nesting males are the most socially dominant male type with the greatest reproductive success. Nesting males sire roughly two thirds of the offspring, while the satellite and sneakers males at the nest sire the rest (Alonzo and Heckman, 2010; Stiver et al., 2018). The observed difference in boldness levels between nesting and sneaker males is predicted by models focusing on how variation in future reproductive opportunities influences risk-aversion personality traits. Models show that greater caution leads to greater fitness in individuals with higher future reproductive opportunities, whereas greater boldness is favored in individuals with lower future reproductive expectations (Wolf et al., 2007). Hence, the difference in boldness between nesting and sneaker males may be driven by their expectations for future reproductive success.

Divergent life history strategies are expected to lead to divergence in behavioral traits. For instance, several models indicate that polymorphisms in life history strategies should lead to polymorphic behavioral traits including those involving boldness (Wolf et al., 2007; Biro and Stamps, 2008; Réale et al., 2010). Furthermore, theory predicts that the strategic differences that occur in polymorphisms can lead to differences in behavior and cognitive traits that are state-dependent and driven by variation in social interactions experienced by each phenotype in a polymorphism (Wolf and Weissing, 2010). Here we find that the three male phenotypes differ significantly in cognitive-behavioral syndromes (Figures 2–4). It is important to consider that these different male phenotypes are not genetically determined, but rather transition between roles over a lifetime. Unlike a system with genetically determined alternatively reproductive polymorphism where these differences across males would be fixed for life, we have characterized discrete differences across male types in a system where reproductive role is plastic across years. This suggests one of two possible mechanisms maintaining this variation. The first is that cognitive-behavioral syndromes can be reshaped over the lifetime of an adult male. An individual satellite male might be relatively bold in his first year, but if he transitions to a nesting male, this boldness might be reduced (Figure 1D). An individual sneaker male who transitions to a satellite male in year two may trend toward greater social motivation (Figure 1F) while becoming slower at problem-solving (Figure 1G). Alternatively, males may not be changing their behavioral attributes over time but rather the transition of a male from one tactic to another is predicted by behavioral characteristics. For instance, satellite males that are less bold may be the individuals who transition to become nesting males; or sneaker males that are slower at problem-solving might become the satellite males in year two. Only longitudinal studies on individual males can determine which process is maintaining this variation.



Why Are Sneakers so Different From the Rest?

Overall, we found that the sneaker male phenotype differed significantly from all others in boldness (Figure 1D), problem-solving (Figure 1G) and behavioral predictors associated with this cognitive trait (Figures 2, 3). Furthermore, the sneaker male was the only phenotype to significantly differ from all others at a multivariate level, occupying a unique, and potentially more constrained, niche in cognitive-behavioral space (Figures 4B,C). The fast detour solution speeds exhibited by sneakers suggests that males that adopt the sneaker reproductive tactic are better able to innovate or exhibit greater inhibitory control than nesting males that court females, build nests, and defend them. This is contrary to our predictions that the paternal, nesting males would outperform the sneaker male in the inhibitory control aspects of a detour reaching task, as predicted in other paternal care fish systems [e.g., sticklebacks, Keagy et al. (2019)]. However, in fish species with alternative male “sneaker” phenotypes, sneaker males have been shown to have either equal performance in spatial learning abilities relative to territorial dominant males [Rose bitterling, Smith et al. (2015)] or faster at learning associative foraging tasks than the courting phenotype [Xiphophorus multilineatus, Griebling et al. (2020)].

When we combine all measurements from cognition and behavioral assays, we find that the sneaker males are significantly different in cognitive-behavioral syndromes than all other phenotypes (Figure 4). This finding lends support for our predictions that male ARTs would differ in terms of cognitive-behavioral syndromes. However, why are ocellated wrasse sneaker males so different from other male roles as well as females? Is this related to the younger age of sneakers from all other phenotypes, or is the art of “sneaking” a more singular task that involves a more restrictive combination of cognitive and behavioral attributes? A third possibility, which we discuss below, is that the social position of sneaker males in the ocellated wrasse hierarchy leads to divergent coping styles with concomitant variation in behavior and cognition.



Social Dominance, Coping Style, and Cognitive Performance

Here we show the socially dominant ocellated wrasse nesting male are significantly less fast at problem solving than the more subordinate sneaker males. This pattern of the socially dominant exhibiting inferior novel problem -solving abilities than social subordinates has been found in some taxa [crab-eating macaques: Bunnell and Perkins (1980); song sparrows: Boogert et al. (2011)], but not others (Keagy et al., 2009; Chen et al., 2019). Dominant individuals do not underperform in all cognitive tasks. In fact, in many primates (Reader and Laland, 2001), dogs (Pongrácz et al., 2012), and birds (Pravosudov et al., 2003; Langley et al., 2018; Gomes et al., 2020) it is the dominant individuals that exhibit greater associative learning efficiency. However, when environments change (reversal learning) or in novel environments where inhibitory control is required (detour reaching tasks) or innovation it is often the more subordinant individuals that perform better (Reader and Laland, 2001; Mazza et al., 2018).

The tendency for the more aggressive nesting males to be the slowest to solve the detour task is consistent with a proactive coping style. A proactive coping style is associated with highly aggressive individuals with higher testosterone, lower HPA axis, and tendencies to be less attentive to changes in the environment than individuals with a reactive coping style (Koolhaas et al., 1999). Previous physiological measurements of this phenotype have documented higher 11-KT (Nugent et al., 2016), greater aggression (Stiver et al., 2015), and lower HPA activity [lower cortisol, Nugent et al. (2016)] than sneaker males. The relative lack of movement by the nesting males in the scototaxis assays (e.g., decreased “boldness” in a non-social assay) might be similar to the tonic immobility that aggressive, proactive chickens exhibit in open field experiments (Jones et al., 1995). Proactive individuals are predicted to have less inhibitory control and to be less attentive to environmental conditions than reactive individuals. In novel cognitive tasks that involve inhibitory control (e.g., our detour task), proactive types are likely to spend more time pursuing the reward with persistent action (more time spent at glass partition), than identifying novel means to circumvent the problem (Sih and Del Giudice, 2012; Chung et al., 2017; Gomes et al., 2020). The slower growth rates observed in sneaker males along with their higher cortisol levels relative to other ocellated wrasse males and females (Nugent et al., 2016), coupled with the fastest problem-solving times in the novel environment (detour task) are all characteristic of a reactive coping style (Koolhaas et al., 1999; Biro and Stamps, 2008; Réale et al., 2010; Krams et al., 2018; Mazza et al., 2018). Reactive coping styles are expected to perform better at inhibitory control tasks, such as detour reaching, because of their ability to inhibit responses toward irrelevant stimuli (Sih and Del Giudice, 2012), and studies have found negative correlations between boldness and reversal learning performance in a variety of taxa (Mazza et al., 2018). Consistent with this pattern, we found that the least bold sneakers exhibited the fastest problem-solving tendencies (Figures 2D, 3).



Sexual Selection as a Driver of Plasticity in Coping Styles and Cognitive-Behavioral Syndromes

Our finding that alternative male reproductive phenotypes differ in their cognitive-behavioral syndromes and likely coping styles as they transition to different mating tactics suggests the power of sexual selection to shape traits well beyond reproduction. This also suggests intra-individual plasticity in both coping styles and cognitive-behavioral syndromes. Earlier research demonstrated a strong genetic control of both coping-styles (Henry and Stephens, 1977; Koolhaas et al., 1999; Carere et al., 2003; Veenema et al., 2003; Kralj-Fišer et al., 2007) as well as personality or behavioral types (Dingemanse et al., 2002, 2003; Drent et al., 2003; Dingemanse and Réale, 2005; Groothuis and Carere, 2005) in a number of different systems. Here we are finding patterns that suggest the possibility that individual males will transition their behavior, cognition, and coping style physiology to adopt an alternative reproductive role within a lifetime.

As male ocellated wrasse transition from satellite to nesting male, or from sneaker male to satellite male they are putatively shifting behavioral tendencies, problem-solving performance, and shifting the relationship between them to engage in different reproductive roles (Figures 1–4). In addition, they are also transitioning their sex steroid and stress hormone responses. In essence, their transition across alternative reproductive tactics produces a concomitant shift in coping styles. What are the mechanisms regulating this dynamic co-variation in traits? Carere and colleagues (Carere et al., 2010; Carere and Locurto, 2011) put forth multiple possible causal relationships between copying style physiology, behavior, and cognitive responses including the pleiotropic effects of glucocorticoids, direct effects of behavior, and social stress. Carere suggests that social stress is the fundamental basis tying together behavioral types and cognitive performance because personalities likely evolved to navigate social interactions. It is easy to imagine that the three alternative ocellated wrasse male reproductive phenotypes engage in very different forms of social stress, and these different social stressors may indeed activate the glucocorticoid (HPA axis) in different ways. Nesting males engage with all phenotypes with very different behaviors: females (via courtship), satellites (via “encouragement” to serve him), and sneaker males (via actively chasing them away). Meanwhile sneaker males engage with other phenotypes in similar ways that involve covert or hidden actions; and are accustomed to receiving similar treatment (being chased) by nearly all phenotypes. Perhaps this is one reason why their cognitive-behavioral syndromes are the tightest [show the least variation (Figures 4B,C) and strongest correlations (Figures 2, 3)] across all phenotypes.

In summary, we found striking differences in cognitive-behavioral profiles among male types and no evidence of divergence in these profiles between the sexes. Given the fundamental importance of sex differences to so many aspects of biology, it is perhaps surprising that males and females did not differ more in learning, cognition or behavioral profiles in this species. However, on the other hand, when it comes to reproduction males and females must engage in social interactions that require elements of boldness, sociality, and problem-solving. When considering the differences among male types in cognitive behavioral profiles, while we did find striking differences, these differences were also surprising. In systems that include both dominant and subordinate male alternative types, perhaps we should expect great divergence in non-reproductive behavior and cognitive traits as alternative male strategies evolve to circumvent the most successful tactic. Our results show that while sexual selection does shape these patterns, further theoretical and empirical work is clearly needed if we wish to understand in general how sexual selection shapes cognition and behavior or organisms broadly, rather than primarily in the context of reproductive traits and behaviors. Finally, our results demonstrates the immense plasticity that is possible not only among individuals that share a genome, but also that adaptive change in cognition, learning and behavior are possible in striking ways over the lifetime of an individual.
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