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Abstract

Successful sexual reproduction requires both sexes to be reproductive at the same time. A variety
of internal and external factors, such as climatic events, cue reproduction. Changes in climatic
cues can cause reproductive phenology to shift, potentially affecting each sex differently and
causing a phenological mismatch. Golden-mantled ground squirrels (GMGS; Callospermophilus
lateralis) are a short-lived, hibernating species with a brief reproductive window. Female GMGS
reproductive phenology is advancing with climate change, but changes in male reproductive
phenology remain unknown. We used 29 years of male reproductive data from annual censuses
to assess whether male reproductive phenology in GMGS is correlated with snowmelt. We found
that snowmelt date is a significant predictor of reproductive status at both the individual and
population level. We found that earlier snowmelt dates correlated with lower proportions of
reproductive males, and later snowmelt dates correlated with higher proportions of reproductive
males. These findings indicate that male reproductive phenology is responsive to climate cues,
suggesting that male and female GMGS reproductive phenologies likely remain matched.
However, more research is needed to determine the relative rates of their shifts to confirm there
is no phenological mismatch between the sexes and to determine whether reproductive

synchrony will be maintained in the long term as the climate continues to shift.

Introduction

Many species have adapted the timing of important life history events (i.e., phenology) to
match favorable environmental conditions (Bronson 2009, Carey 2014). Seasonal cues, such as
changes in photoperiod, help regulate reproduction across a variety of taxa (Nakane and
Yoshimura 2019). Environmental rhythms such as food and water availability can serve as

supplementary cues for reproduction (Tolla and Stevenson 2020), the phenological event that



drives population dynamics (Lambin et al. 2025). As climate change progresses (Jones et al.
2001), environmental cues like temperature are changing, causing shifts in reproductive
phenology (Schaper et al. 2012, Aubry and Williams 2022).

Successful sexual reproduction requires the reproductive windows, or the time when
females are fertile and males are capable of contributing sperm, of both sexes to be aligned with
each other (Thompson et al. 2023). The cues that regulate reproduction, and changes in these
cues, can have different effects on males and females within the same species (Williams et al.
2017, 2022). The sexual match/mismatch hypothesis is a framework that describes how climate
change can alter reproductive phenology in a sex-dependent manner, which can influence the
emergence and successful recruitment in sexually reproducing animal species (Nakazawa et al.
2023). In some small mammal species, the reproductive windows of males and females shift in
opposite directions (Sipari et al. 2014, Sarli et al. 2016) while only one sex shifts in others
(Kucheravy et al. 2021). Studying how changes in climatic cues affect both male and female
reproductive phenology can help us determine when sex-specific shifts are expected.

A mismatch in male and female reproductive phenology has previously been reported for
some Arctic ground squirrel (Urocitellus parryii) populations (Sheriff et al. 2013, Williams et al.
2017). In female ground squirrels, hibernation emergence advanced in response to earlier
snowmelt dates, indicating that they follow climatic cues, while males had no change, indicating
they follow an annual cycle instead (Chmura et al. 2023). Consequently, years with early
snowmelt might lead to reduced population-level fitness.

Golden-mantled ground squirrels (GMGS; Callospermophilus lateralis) are a short-lived,
hibernating species with an annual breeding cycle. Male GMGS at high elevation emerge from
hibernation before snowmelt, spend three weeks foraging before developing testes (i.e., male

reproductive window), which remain for about 30 days (Bronson 1980). Females emerge from



hibernation shortly after snowmelt and enter estrus (i.e., female reproductive window) for just
one day (Kenagy et al. 1989). This relatively short estrus duration (Hayssen et al. 1993) increases
the sexual mismatch if the male and female windows shift at different rates.

Within GMGS, female estrous is correlated with emergence from hibernation and
snowmelt, leading to the female reproductive window shifting earlier along with average
snowmelt (Bronson 1980, Wells and Van Vuren 2025). Changes in male reproductive phenology
remain unstudied, so it is unknown whether a reproductive mismatch exists with GMGS
populations. Understanding whether male reproductive phenology follows climatic cues or an
annual cycle can help us determine whether climate change can be causing a reproductive
mismatch in GMGS reproduction, which can reduce population-level fitness.

Therefore, we investigated whether male reproductive phenology is trending earlier, like
snowmelt and female reproductive phenology, to determine if climate change is causing a sexual
mismatch for GMGS. Specifically, we tested whether the proportion of reproductive males
during the breeding season correlates with snowmelt. We hypothesized that the proportion of
reproductive male GMGS will remain unchanged and follow an annual cycle instead of being

correlated with climatic cues, as is the case with arctic ground squirrels (Chmura et al. 2023).

Methods

We studied the GMGS population at the Rocky Mountain Biological Laboratory townsite
(2900 m), in the East River Valley, Gunnison County, Colorado (38°580N, 106°590W), from
1996 to 2026. We live-trapped squirrels each year between June 1 and 15 using Tomahawk
model 201 traps baited with a black-oil sunflower seed and peanut butter mixture. Individual
squirrels were marked with numbered eartags (Model 1005-1, National Band and Tag Company,

Newport, Kentucky) for permanent identification. During each capture, the mass of the squirrel



was taken to the nearest gram with a Pesola spring scale, along with anogenital distance (AG) to
determine sex and reproductive status. “Scrotal” was defined as darkly pigmented and swollen
genital tissue indicating scrotal testes. “Non-scrotal” was defined as the lack of obviously
darkened tissues or distended testicles. We assessed only male squirrels who were two years or
older, as yearling males are rarely reproductively mature (Wells et al. 2017). For males whose
age was unknown, only those weighing at least 180 grams were included, as this is the threshold
for adult male body mass (Howland et al. 2024).

Because the reproductive status of males was not consistently recorded in 1996-2002,
2004-2010, and 2012-1015, we used AG distance as a proxy to determine reproductive status
during analysis. We compiled all trapping events where the AG distance and reproductive status
were recorded and calculated the average AG distance for scrotal and non-scrotal males. We
used these averages as the cutoff for determining the reproductive status of males whose statuses
were unknown. We determined that males were non-scrotal if they had an AG distance of 22 or
less and scrotal if they had an AG distance of 27 or more, while excluding males with AG
distances in between. Using this approach, we calculated an error rate of 8% for known non-
scrotal males, and 15% for known scrotal males.

We calculated the percentage of males that were reproductive, or scrotal, between June 1
and 15 each year. For individuals who were captured multiple times during a single year, we
randomly selected one entry to include in our analysis. The data were standardized using a Z-
score, which we calculated as [(proportion of scrotal males that year - mean proportion of scrotal
males) / standard deviation].

We used the first day of bare ground as our date of snowmelt. The first day of bare
ground was defined as the first day with 0 cm of snow on the ground, as recorded in long-term

snow data from the Rocky Mountain Biological Laboratory (barr 2026).



After a pre-modeling check for bias related to yearly sample size with a simple linear
regression, we conducted our primary data analyses at the population and individual level. The
individual-level model was a binomial logistic generalized linear mixed model using the Ime4
package in RStudio and included a random effect of male identity, along with the fixed effect of
snowmelt, serving to check for the non-independence of males who were present in multiple
years. The population-level model was a simple linear regression to test if the first day of bare

ground significantly predicted the Z-Score for the proportion of scrotal males in RStudio.

Results
Pre-modeling

In the simple linear regression, we found that the yearly sample size did not significantly
predict the proportion of scrotal males and does not bias the model based on sample size (f =
-0.134 + 0.142, p=0.355; R*=0.033; Figure 1).
Individual-level model

In the generalized linear mixed model, we found that the snowmelt date significantly
predicted the male reproductive status (f = 0.108 £ 0.049, p = 0.027), with later snowmelt dates
associated with a higher probability of reproductive males in early June. The random intercept
for individual squirrels accounted for variation in their baseline reproductive status (variance =
1.175, SD = 1.084). The model was based on 69 observations from 58 individuals (Figure 2).
Population-level model

In the simple linear regression, we found that the snowmelt date significantly predicted
the proportion of scrotal males (p = 0.039 = 0.016, p = 0.018; R* = 0.196), with later snowmelt

dates associated with more reproductive males in early June (Figure 3).



Discussion

Contrary to our expectation, we found that the date of snowmelt, or bare ground, is a
statistically significant predictor in our individual-level and population-level models and is
correlated with the proportion of scrotal males during our annual census. Later snowmelt dates
led to higher proportions of scrotal males during our annual census, while earlier snowmelt dates
led to lower proportions of scrotal males. The lower proportion of scrotal males during the
annual census suggests that more males entered their reproductive window earlier, and hence,
were no longer reproductive during the June 1 to 15 annual census.

The plasticity in male reproductive timing suggests that GMGS males may be responding
to climatic cues, instead of following an annual cycle. While previous research on arctic ground
squirrels indicates that male hibernation emergence is not shifting with climatic shifts (Chmura
et al. 2023), research on Columbian ground squirrels (Urocitellus columbianus) suggests that
male hibernation emergence is shifting with climatic cues (Thompson et al. 2023). One
explanation for why male arctic ground squirrels are not responding to changing climate cues
(Chmura et al. 2023) is that the timing between torpor termination and hibernation emergence is
around 15-25 days in arctic ground squirrels (Williams et al. 2017) and only about 8 days in
Columbian ground squirrels (Thompson et al. 2023). Additionally, differences in snowpack
duration may contribute to differences between our findings and those of arctic ground squirrels.

Our research does not incorporate hibernation emergence due to logistical constraints, but
the timing of male hibernation emergence likely also shifts with snowmelt, as the timing of male
hibernation emergence and reproductive windows are highly linked (Kenagy et al. 1989). If this
is not the case, then there may be a decoupling of phenological stages with a shift in reproductive
timing. The decoupling of phenological stages has previously been suggested as a response to

phenological mismatch, such as the mistiming of optimal temperatures or food abundance



(Visser and Gienapp 2019). A decoupling in phenological stages has previously been reported in
female European ground squirrels (Spermophilus citellus), where the time between hibernation
emergence and becoming reproductively receptive is increasing due to the need for more time to
gain sufficient body mass for reproduction (Millesi et al. 1999). Further research is needed to
investigate whether there is a decoupling of hibernation emergence and reproductive readiness
timing in male GMGS.

Unlike our expectation, our study does not provide clear support for the sexual
match/mismatch hypothesis within our population, as both male and female reproductive
phenology appears to correlate with snowmelt dates (Wells and Van Vuren 2025) and the
hypothesis only applies to species whose sexes are not in sync (Nakazawa et al. 2023). Our
research found that climate change is not causing a sexual mismatch for GMGS, although more
research is needed to investigate whether male and female reproductive phenologies are shifting
at the same rate. Further research comparing the average rates of male and female reproductive
window shifts would confirm our findings. Further research is needed to evaluate potential

changes to hibernation emergence timing in male GMGS.
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Figure 1: Linear regression of sample size on proportion of scrotal males (Z-Score)
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Figure 2: Predicted probability of reproduction as a function of snowmelt date.
Predictions are from a generalized linear mixed-effects model with individual squirrel as a random intercept.
The solid line represents the fitted relationship, and the shaded band shows the 95% confidence interval.
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Figure 3: linear regression of snowmelt date on proportion of scrotal males (Z-Score)
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