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Innovation is a well-studied cognitive phenomenon related to general intelligence and brain size. Innovative ability varies considerably within species and it is widely assumed that this variation must have important fitness consequences. However, direct evidence for a link between innovative ability and fitness has rarely been shown. Previous research examined variation in innovative problem-solving in wild spotted hyenas when confronting a novel puzzle box baited with meat. The earlier work revealed that variation in innovativeness in spotted hyenas was not related to age, sex, or social rank, but was predicted by neophobia, persistence, and diversity of motor responses to the puzzle. Here, we used the same dataset from wild spotted hyenas to investigate potential links between innovativeness and fitness. We found that innovative hyenas had lower offspring survivorship than non-innovators, but higher annual cub production (ACP). To test the hypothesis that high ACP can compensate for low offspring survival, we also measured annual cub survivorship (ACS) counting only offspring that survived at least 1 year. Here, there was no significant difference between innovators and non-innovators, which suggests that higher ACP does compensate for lower offspring survival, at least to 1 year of age. Overall, our data suggest that innovativeness may have both costs and benefits for fitness in wild spotted hyenas.
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INTRODUCTION

Innovation, solving a novel problem, or using a novel behavior to solve a familiar problem, is widely studied in humans and animals (Kummer and Goodall, 1985; Reader and Laland, 2003). Innovation has been strongly linked to brain size across bird, primate, and carnivore species (Reader and Laland, 2002; Lefebvre et al., 2004; Benson-Amram et al., 2016). Innovation is also thought to be an important marker of high general intelligence (Ramsey et al., 2007; Reader et al., 2016) across a diverse array of taxa. Whereas the socio-ecological causes of inter- and intraspecific variation in innovative ability have been well-studied (reviewed in Reader and Laland, 2003; Reader et al., 2016), the fitness consequences of variation in innovativeness have rarely been examined despite growing interest (Morand-Ferron et al., 2015; Ashton et al., 2018; Boogert et al., 2018).

Innovative ability is typically measured on the species level by observing the rate of spontaneous innovations demonstrated in the wild (Lefebvre et al., 2013), and on the individual level by experimentally presenting captive or wild subjects with novel problem-solving tasks (Griffin and Guez, 2014; Reader et al., 2016), which typically require performance of a novel behavior to obtain a reward. Research suggests that innovativeness may be beneficial for adjusting to novelty and environmental change (Sol et al., 2016), an idea supported by correlations between innovation rates and generalist dietary or habitat preferences (Overington et al., 2011b; Ducatez et al., 2014). Furthermore, species that are more innovative appear more likely to invade novel habitats, including urban ones (Sol et al., 2005; Griffin and Diquelou, 2015). Finally, more innovative bird species tend to have slower life-histories and longer lifespans (Sol, 2009; Sol et al., 2016). Overall, this work suggests that innovativeness is likely adaptive for individuals responding to environmental change and novelty by enabling those individuals to express novel behaviors, exploit novel food sources, or avoid novel sources of mortality. Likewise, innovativeness is generally assumed to increase fitness through enhanced survival or reproductive success by buffering individuals against mortality-causing events (Sol, 2009; Sol et al., 2016), by increasing mating success (e.g., Keagy et al., 2009; Chen et al., 2019), or by increasing foraging rate, efficiency or quality. However, direct evidence supporting these assumptions is scarce.

Although innovation and general intelligence in humans have been consistently related to positive life outcomes (Plomin and Deary, 2015), the relationship between innovative problem-solving and fitness in non-human animals is much less clear. Across bird species, five studies have found a positive link between innovative problem-solving and fitness measures that included mating success, clutch size, hatching success, fledgling survival, provisioning rates, and offspring survival (Keagy et al., 2009; Cauchard et al., 2013; Preiszner et al., 2017; Wetzel, 2017; Chen et al., 2019). However, other studies of birds found no relationship between innovative problem-solving and mating success (Isden et al., 2013), or found that innovative problem-solving was correlated with lower competitiveness and higher nest desertion (Cole et al., 2012a,b). In the only study that has looked at innovation and fitness in a mammal, Huebner et al. (2018) found no link between more efficient problem-solving and any measure of fitness in mouse lemurs. Overall, the literature linking innovation and fitness in animals is very small, with limited taxonomic representation, and with largely mixed results. Here our goal was to examine the relationship between innovativeness and fitness in wild spotted hyenas.

Spotted hyenas are large African carnivores that have previously been established as a good model system for testing hypotheses about the evolution of cognition (Holekamp et al., 2007). Unlike most large carnivores in Africa, spotted hyenas are not endangered; their success may have been facilitated by their impressive behavioral flexibility. Spotted hyenas are generalist feeders; they eat everything from termites to elephants (Cooper et al., 1999; Hayward, 2006) and have established themselves in nearly every habitat in sub-Saharan Africa (Holekamp and Dloniak, 2010) including urban ones (Yirga et al., 2017). Earlier research found that spotted hyenas show innovative ability similar to that of wild vervet monkeys (Benson-Amram and Holekamp, 2012), and that hyenas also show high levels of innovativeness relative to other carnivores (Benson-Amram et al., 2016). In the present study we aimed to test the idea that innovativeness might be an adaptive trait in spotted hyenas by comparing their problem-solving performance to three measures of fitness. To do this, we used a subset of the data from Benson-Amram and Holekamp (2012) on innovative problem-solving in female spotted hyenas, and analyzed it in relation to our long-term data on reproduction and survival for each female. This subset included 29 female spotted hyenas, of which five were considered innovative.

Hyena fitness has been linked to both social and ecological variables. Dominance rank has large effects on lifetime reproductive success in hyenas; the highest ranking female in a clan may have up to five times more offspring than the lowest ranking female due to better access to food, younger ages at first parturition, shorter interbirth intervals, better offspring survival, and longer reproductive lifespans (Frank, 1986; Holekamp et al., 1996). Finally, ecological variables such as prey abundance and competition with lions also affect reproductive success and juvenile survival (Watts and Holekamp, 2009). Our goal here was to test the hypothesis that innovativeness is adaptive in regard to both reproductive success and survival in wild spotted hyenas; if true, we expected to see a direct positive relationship between innovative problem-solving and our measures of fitness.



MATERIALS AND METHODS


Subjects, Population, Location

The subjects were individuals from two neighboring clans (the Talek West clan and the Fig Tree clan) of spotted hyenas in the Maasai Mara National Reserve, Kenya. Individuals were identified by their unique spot patterns and other natural markings. Observations were conducted daily from 0530 to 0900 h and from 1700 h to 2000 h, on an average of 23.5 days per month. The Talek West clan was monitored continuously from May 1988 to December 2016, and the Fig Tree clan was monitored continuously from April 2007 to May 2015. All innovation testing took place between May 2007 and May 2008; during this period, the Talek West clan contained 46–48 members, including 12–13 adult females with their juvenile offspring and 10 adult males, and the Fig Tree clan contained 36–38 members, including 10 adult females with their juvenile offspring and 7–8 adult immigrant males. Additional information about the study subjects, methods and materials can be found in Benson-Amram and Holekamp (2012). Although innovativeness was tested in both male and female hyenas, in the current analysis we only included female hyenas for which we had reproductive data.



Problem-Solving Apparatus

We used a novel problem-solving apparatus to test innovative ability. The “puzzle box” used here measured 60 × 31 × 37 cm and was built from welded 10.5 mm steel rebar (Figure 1). The box had a single 30 × 34 cm door on one long side, large enough for a hyena to put its head inside the box, and handles in the center of each short side. When it was baited with roughly 2 kg of raw meat, the box weighed more than 35 kg. To obtain access to the meat, a subject had to slide a 12 cm steel bolt latch laterally using the mouth or forepaws, and the door would swing open. For more detail on the apparatus, see Benson-Amram and Holekamp (2012). Successful trials were those in which the puzzle box was opened. Unsuccessful trials included those in which the hyena contacted the box, but failed to open it, as well as those in which the hyena did not interact with the box, despite spending time within 5 m of it (average duration in minutes spent within 5 m on the first trial ±SD = 11.95 ± 13.47, N = 29). Previously, we found that 14.5% of all hyenas tested with this problem-solving task had at least one successful trial. Within this group of successful hyenas, 78% were successful on subsequent trials. Trial number was a significant predictor of latency to solve the problem, with hyenas generally solving the box faster in later trials, which suggests that hyenas learned how to open the box (see Figure 2 in Benson-Amram and Holekamp, 2012). Successful problem-solving also showed modest but significant repeatability after controlling for the effect of trial number (R = 0.24, SE = 0.12, CI = 0.03–0.41, P < 0.0001) (rptR package; Stoffel et al., 2017). Additionally, another study, with the same population of wild spotted hyenas, found that innovation was significantly repeatable across four novel problem-solving tasks (R = 0.96; Johnson-Ulrich et al., in review). Therefore, in the present study hyenas were defined as innovative if they had at least one successful trial and non-innovative if they had only unsuccessful trials.


[image: Figure 1]
Figure 1. (A) An image of the puzzle box apparatus used in the experiment. (B) A close-up image of the latch bolt that hyenas had to move laterally in order to access the meat inside the puzzle box. Republished from Benson-Amram and Holekamp (2012).




Data Collection Protocols

Because we were working with a wild population, subjects for these experiments were chosen opportunistically, based on which animals were available at the time. However, every attempt was made to conduct equal numbers of trials with all the individuals in each clan, and to balance the number of participants in each age, sex and social rank category. When an appropriate subject animal was sighted in an accessible location, we parked our research vehicle ~100 m upwind of the hyena. The box was placed on the ground on the opposite side of the vehicle from the hyena in a location with good visual access, both for the subject, and for observers. The box was oriented with the door toward the hyena, with the latch protruding at 90° from the box, parallel to the ground. We then pulled the vehicle back ~50 m from the box and initiated observations. A trial began when a hyena approached to within 5 m of the box (thereby becoming a “focal hyena”); the trial ended when the hyena left the 5 m radius and remained outside of it for 5 min, or when it moved to at least 200 m from the box. All attempts were made to test subjects only when they were alone, but occasionally conspecifics approached and participated in a trial. However, the presence or absence of conspecifics did not significantly affect the likelihood of a hyena successfully opening the box (Benson-Amram and Holekamp, 2012), so this variable was not analyzed in the present study. All trials were videotaped in their entirety from our vehicle. For more detail on data collection protocols see Benson-Amram and Holekamp (2012).



Fitness Variables
 
Demography

We used several demographic variables to calculate survivorship and annual reproductive success. First, cub ages were estimated to ± 1 week based on their appearance when first observed (Holekamp et al., 1996), and date of birth (DOB) was calculated on that basis. Date of first conception (DFC) for each adult female was estimated by subtracting 110 days, the length of gestation in spotted hyenas, from the DOB of a female's first observed litter. Some females in the Fig Tree clan were adults when monitoring began; therefore DFC represents the first conception that researchers observed, but might not represent every female's first conception after reaching sexual maturity. Finally, date last seen (DLS) was recorded as the last day on which a hyena was seen alive or, if its body was found, the date on which it was found dead. Female hyenas remain in their natal clans throughout their lives (Kruuk, 1972) so females that had not been seen for at least 6 months were considered to be dead. Standardized social rank was measured as a continuous variable on a scale of 1 to −1 where a rank of 1 indicated the highest-ranking female in the clan and a rank of −1 indicated the lowest-ranking female in the clan. All individuals in a clan were assigned their own rank except for pre-weaning cubs and subadults who were assigned the rank of their mother. Ranks were assigned based on the clan hierarchy during the period from May 2007–2008, when innovation was tested. This hierarchy was generated using a dominance matrix ordering observations of aggressive or submissive behaviors within dyads of adult hyenas (Martin and Bateson, 1993; Holekamp et al., 2012). Rank hierarchies among spotted hyenas are convention-based such that offspring acquire ranks immediately below those of their mothers through a process of maternal interventions and social learning. Social ranks in spotted hyenas are relatively stable and rank reversals are rare (Strauss and Holekamp, 2019).



Offspring Survivorship

Offspring survivorship was calculated from birthdate and mortality data during the first 24 months of life. Mortality was recorded as a binary variable: dead vs. alive. Using this mortality data, the proportion of offspring surviving was estimated at each age (in months) up to 24 months of age. If offspring disappear before 24 months of age, this represents mortality, but this is not necessarily true after 24 months because 24 months represents the age at which hyenas reach sexual maturity and male hyenas begin to disperse then from their natal clans (Van Horn et al., 2003). Thus, disappearance after 24 months of age for male hyenas may be due to either mortality or dispersal.



Annual Reproductive Success

Offspring survivorship does not necessarily correlate with lifetime reproductive success because it doesn't account for the number of offspring produced. Therefore, the next measure of fitness we examined was annual reproductive success. We included two measures of annual reproductive success: annual cub production (ACP) and annual cub survival (ACS). ACP was calculated by dividing the total number of cubs born to a female during the study divided by her observed reproductive lifespan. Observed reproductive lifespans were calculated by subtracting a female's DFC from her DLS or the end date of the study. Annual cub survival (ACS) was calculated in the same manner as ACP, but instead of using the number of cubs born, only the number of cubs surviving to 1 year of age were counted.




Statistical Analysis

All statistical analyses were done using R version 3.5.0 (R Core Team, 2019). To analyze offspring survival we used a Cox proportional hazards model, which is ideal for analyzing right-censored time-to-event data. This model estimated the probably that subjects would survive to specific ages by using both the lifespan and mortality variables described in section Offspring Survivorship. Cox regression was conducted using the R packages “survival” (Therneau and Grambsch, 2000; Therneau, 2015) and “survminer” (Kassambara and Kosinski, 2018). For all other fitness analyses we used linear regression models built using the R package “glmmTMB” (Brooks et al., 2017). The dependent variables in each of our models were survival, ACP, or ACS. Every model included innovativeness as the independent variable. Subject rank, number of trials, and an interaction effect between innovativeness and number of trials were included as potential confounds in all models. We included rank to control for its previously demonstrated effect on reproductive success in spotted hyenas (Holekamp et al., 1996). We included the number of trials each hyena received prior to her first successful trial in each model to control for the number of opportunities each hyena had to open the puzzle box. If the hyena had no successful trials, this number represented the total number of trials in which she participated. Likewise, we added an interaction effect because subjects who solved the puzzle box on their first trial were potentially demonstrating a higher level of innovative ability than those who solved the box after many trials. That is, the effect of innovativeness on fitness might depend on the trial number. We also included a random effect of maternal ID in the Cox regression. Because proportions such as ACP and ACS might not fully account for the potentially confounding effect of length of the observed reproductive lifespan we also included the length of the observed reproductive lifespan as a covariate in these two models. Full output from each model is available in the Supplementary Material (Supplementary Tables 1–3). Model fit for each model was assessed using the R package “DHARMa” (Hartig, 2019). All models showed good fits as indicated by normally distributed residuals, non-significant DHARMa non-parametric dispersion tests, and non-significant Durbin-Watson tests for temporal autocorrelation.




RESULTS


Innovative Problem-Solving

Thirty-three female hyenas participated in trials with the puzzle box; however, the exact social ranks of two females were unknown, and two other females had incomplete reproductive data, so they were dropped from the analysis, yielding a sample size of 29 (Table 1). Of these 29 females, five females were able to open the box at least once, and were thus considered to be innovative. On average, female hyenas received 4.48 ± 4.16 trials (range = 1–14 trials) and opened the box an average of 1.62 ± 4.53 times (range = 0–18).


Table 1. Summary of number of subjects in each rank and age class combination.
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Offspring Survivorship

These 29 females produced 288 offspring across the study period and we confirmed 114 cases of mortality within the first 24 months of age. Using a Cox proportional hazards regression model, we found that offspring of innovative mothers had significantly lower survival rates during the first 24 months than offspring of non-innovative mothers (cox: z = 2.31, P < 0.02; Figure 2; Supplementary Table 1). None of the other covariates were significant in this model.


[image: Figure 2]
FIGURE 2. Unadjusted survival curves calculated showing the proportion of offspring surviving at each age point between 0 and 24 months of age for non-innovative and innovative mothers.




Annual Reproductive Success

On average, subjects gave birth to 9.6 ± 4.48 cubs (range = 3–19) during their observed reproductive lifespan. The average length of the observed reproductive lifespan was 8.24 ± 4.57 years (range = 1.73–20.00). Across all 29 females, without controlling for covariates, average ACP was 1.29 ± 0.35 cubs per year (range = 0.60–1.93). In our model, innovative females produced significantly more cubs annually than did non-innovative females (LM: z = 2.85, P = 0.004; Figure 3A; Supplementary Table 2). Innovative females produced an average of 1.35 ± 0.24 (estimated marginal mean ± SE) cubs annually, whereas non-innovative females produced only 1.2 ± 0.07 cubs annually. The length of the observed reproduction lifespan (LM: z = −3.42, P < 0.001) and the interaction between innovativeness and trial number were also significant in this model (Supplementary Table 2). The effect of innovativeness on ACP was highest for female hyenas with the fewest trials (LM: z = −0.44, P = 0.01). When this interaction effect was not included the model, the effect of innovation on ACP was not significant (LM: z = 1.04, P = 0.30).


[image: Figure 3]
FIGURE 3. Annual reproductive success for innovative and non-innovative females. (A) Average number of cubs produced annually by female hyenas. (B) Overall number cubs that survive to 1 year of age for female hyenas. Errors bars show standard error.


Next, we investigated the possibility that high ACP could compensate for low offspring survival by comparing the overall number of cubs surviving to 1 year of age between innovative and non-innovative females. On average, without controlling for covariates, females produced 0.81 ± 0.31 surviving cubs each year (range = 0–1.62). In our model, innovative females produced 0.94 ± 0.18 cubs annually and non-innovative females produced 0.79 ± 0.06 cubs annually, but this difference was not significant (LM: z = 1.28, P = 0.20), suggesting that innovative and non-innovative females produce similar numbers of cubs that survive to 1 year of age (Figure 3B; Supplementary Table 3). No other covariates were significant in this model (Supplementary Table 3).




DISCUSSION

We found that innovativeness was linked to fitness in variable ways in wild spotted hyenas. Innovative females had lower offspring survivorship, but gave birth to more offspring annually, than did non-innovative females. In addition, innovative and non-innovative females gave birth to similar numbers of cubs that survived to 1 year of age. This suggests that innovative females might be able to offset lower offspring survival with higher reproductive success. However, given our very small sample size of 29 hyenas (of which, only five were able to solve the puzzle box), our results should be interpreted cautiously. Our results are similar to those from other species suggesting that cognitive abilities may have both fitness costs and benefits. For example, guppies that were artificially selected for larger brains had better performance on cognitive tasks, but produced fewer offspring (Kotrschal et al., 2013), and more innovative great tits had larger clutches but also had higher levels of nest desertion (Cole et al., 2012a). Fitness trade-offs involving non-cognitive traits appear to be fairly common in animals (e.g., Sinervo et al., 2000; Ricklefs and Wikelski, 2002; Wolf et al., 2007; Barrickman et al., 2008; Lewin et al., 2017; Ducatez et al., 2019), so it should probably not surprise us to find that this may be true in regard to cognitive traits as well.


Life History Trade-Offs

Because innovative females had lower offspring survival (Figure 2), but higher ACP (Figure 3A) than non-innovative females, we considered the possibility that these correlations represented an adaptive trade-off between two alternative life history strategies where innovative female hyenas pursue a faster, quantity over quality, life history strategy and non-innovative females pursue a slower, quality over quantity, life history strategy. Previous research in wild spotted hyenas found that in juveniles, high insulin-like growth factor 1 (IGF-1) concentrations correlated with fast growth and earlier reproduction, but shorter lifespans (Lewin et al., 2017), suggesting that hyenas may invest differentially in reproduction and survival. However, innovation is generally thought to be associated with slower life histories across species (Sol et al., 2016). Instead of, or in addition to, alternative life-history strategies, it is also worth considering the possibility that innovativeness is an evolutionary stable strategy where the adaptive benefits of innovativeness are only realized at a specific ratio of innovative to non-innovative hyenas in the study population due to frequency-dependent selection. It is conceivable that the presence of a small ratio of innovative females could be beneficial at the scale of the entire clan if innovative females make previously unexploited resources available to the entire clan. Although spotted hyenas show only limited social learning of novel behaviors, feeding itself is highly socially facilitated (Yoerg, 1991; Benson-Amram et al., 2014).

Our result showed that innovative and non-innovative females have similar numbers of cubs surviving to 1 year, which suggests that higher birth rates in innovative females do indeed offset the significantly lower offspring survival rates. For spotted hyenas, mortality rates are highest in the first year of life; nearly half of all cubs born perish during their first year (Watts and Holekamp, 2009). Therefore, it seems reasonable to assume that the proportion of cubs that survive to 1 year would correlate with the overall proportion of offspring surviving to sexual maturity for female hyenas. This could be interpreted as evidence for equal adaptive value between being innovative vs. non-innovative; however, previous research on spotted hyenas found that, whereas annual reproductive success significantly predicted lifetime fitness, the length of the reproductive lifespan was the strongest determinant of lifetime fitness in spotted hyenas (Swanson et al., 2011). We were unable to calculate the actual reproductive lifespans of our female subjects because our dataset was both right and left-censored temporally; some of our subjects were adults females without known DOBs or dates of sexual maturity, and many were still alive at the end of the study period. However, the average observed reproductive lifespan in our dataset was 8.24 ± 4.57 years which, although censored for some subjects, is not significantly different from the average reproductive lifespan in our study population (7.13 ± 3.34 years, N = 170) (Swanson et al., 2011). Therefore, it is possible that innovative and non-innovative females have similar lifetime fitness, but, without actual lifetime fitness data on a larger sample of females, we cannot conclude this with any certainty.



Mediators of the Link Between Innovativeness and Fitness

Not only are researchers interested in the links between cognition and fitness, but also the mechanisms mediating such linkages. However, it is often unclear just why a specific cognitive ability might improve reproductive success or survival. The largest natural source of mortality for wild spotted hyenas comes from lions, both directly through conflict and indirectly through competition over food resources (Watts and Holekamp, 2009). In hyenas and other animals innovative problem-solving has been linked to greater boldness or risk-taking behavior (Webster and Lefebvre, 2001; Overington et al., 2011a; Benson-Amram and Holekamp, 2012; Audet et al., 2016; van Horik et al., 2017; Johnson-Ulrich et al., 2018), which in turn are correlated with higher mortality in wild hyenas. Hyenas that are bolder in the presence of lions, in particular, have a higher risk of mortality than conspecifics with intermediate or low levels of boldness (Yoshida et al., 2016), so lower survivorship among offspring of innovative females may be mediated by high boldness during conflict or competition with lions. In addition, greater risk-taking behavior in spotted hyenas, measured with a “mock intruder” test, is also correlated with a higher risk of mortality (Turner et al., 2019). Overall, if more proactive, bold, or risk-taking behavior, demonstrated by hyenas while interacting with problem-solving apparatuses, is correlated with their behavior in other contexts, it is possible that these traits mediate the link between innovation and survival.

The relationship between innovative problem-solving and reproductive success, on the other hand, has been linked in some bird species to the ability to forage more efficiently (Cauchard et al., 2017; Preiszner et al., 2017; Wetzel, 2017) but see Cole et al. (2012a). Access to food is a strong determinant of reproductive success among female hyenas; social rank is the strongest determinant of reproductive success because high ranking individuals enjoy the best access to high quality food resources (Holekamp et al., 1996). In addition, both average fatness, which usually indicates how recently a hyena has fed, and per capita prey availability also correlate with reproductive success in hyenas (Watts and Holekamp, 2009; Swanson et al., 2011). Social rank doesn't predict innovativeness in spotted hyenas (Benson-Amram and Holekamp, 2012); therefore, if innovativeness is correlated with the ability to access food in hyenas, then it is plausible that this would directly increase reproductive success.



Assumptions and Limitations

Our analysis of the relationship between offspring survival and female innovativeness is based on only a small sample and hinges on several assumptions. First, for innovativeness to be related to offspring survival, innovativeness must be transmitted from mother to offspring through genetic heritability or social learning. However, few studies have assessed the heritability of innovative problem-solving and one that has, in great tits, found no evidence for heritability (Quinn et al., 2016). If instead the relationship between innovative ability and offspring survival is mediated by a trait such as boldness, then boldness must be transmissible. Although the heritability of innovativeness in wild spotted hyenas has not been tested, previous research indicates that their boldness is heritable (Yoshida et al., 2016). Alternatively, it is also possible that innovative ability is entirely stochastic and has a direct effect on offspring survival through early-life effects or ongoing social support. Cubs usually wean between 12 and 18 months of age, but female hyenas provide ongoing social support to their mature female offspring throughout their lives during feeding competition and other social interactions with clan members (Watts et al., 2009; Smith et al., 2010; Vullioud et al., 2019). Thus, it is possible that variation in this support, if related to the ability to innovate, results in differential survival between offspring of innovative and non-innovative females.

Although our analysis of annual reproductive success in spotted hyenas doesn't hinge on assumptions about heritability, it is less robust than our analysis of offspring survival due to an extremely small sample size and censored windows of time during which we were able to monitor reproductive output for many subjects. Our total sample size consisted of 29 female hyenas, of which only five were innovators. Of these five individuals three were high ranking, one was mid-ranking, and one was low-ranking. In addition, three were adults at the time innovativeness was measured and two were pre-weaning subadults. Thus, these five innovative hyenas did not differ in any substantial measurable way from our overall sample of females, but our results should still be interpreted with caution because we cannot be sure that these five are not outliers in ways we did not measure. Maternal age might also have affected our measures of fitness. For individuals with known birth dates, the length of the reproductive lifespan would have controlled for this. Unfortunately, without knowing the birth dates for some of the females sampled (N = 2 innovators, N = 5 non-innovators), we have no way of knowing what their age was during the observed portions of their reproductive lives.




CONCLUSION

In summary, innovative female spotted hyenas were found to have lower offspring survival, but higher annual cub production, than non-innovative females. These results suggest there might be trade-offs among the costs and benefits of innovativeness, or that innovative and non-innovative females pursue different life history strategies. We would benefit from further study of the relationship between fitness and innovativeness in wild spotted hyenas. Ideally, long-term study would allow for measurement of lifetime reproductive success and assessing the heritability of innovativeness across generations. In addition, future work might investigate the mediators of the relationship between innovativeness and fitness by comparing innovativeness to other variables such as foraging ability, boldness, and social relationships.
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