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Introduction

Effective conservation breeding requires having husbandry and breeding protocols which maximize reproductive outputs. However, often times critical information is missing about endangered species’ breeding habitats, which hampers the formation of best practice for breeding management. Females of many mammal species are suspected to mate with multiple males within a given estrous cycle, thus, we hypothesized that structuring mating opportunities for multimale mating would improve reproductive outcomes in a conservation breeding population of the critically endangered Pacific pocket mouse (Perognathus longimembris pacificus). Pocket mice possess a number of traits that suggest sperm competition is likely, and that there may be benefits to facilitating multimale mating.





Methods

We experimentally manipulated mating opportunities to determine if there where reproductive benefits to females with multimale vs single male mating.





Results

Although we did not find a greater likelihood of pregnancy, litter size or pup weight for multi mated females, we documented multiple paternity and a first mating advantage which suggest multimale mating may have benefits in specific cases.





Discussion

In determining that only a narrow application of multimale mating would benefit Pacific pocket mice, we explore how using an experimental framework to test different mating strategies can prevent wasting resources and increase the efficiency of breeding programs.
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1 Introduction

Many conservation breeding programs face difficulties in producing sufficient animals for sustainability and recovery (Bowkett, 2009; Conde et al., 2013; Collar and Butchart, 2014; Powell et al., 2019). Even small inefficiencies in breeding protocols can have serious consequences for the long-term viability of species. Basic management decisions in these programs include determining when and how to offer mating opportunities, balancing best practices against available resources. Strategies to maximize reproductive outputs and genetic diversity vary widely by species, depending on their mating system. However, the mating systems and breeding behavior of many threatened and endangered animals remain poorly understood, limiting the effectiveness of these programs. Efforts to uncover and test species-relevant breeding strategies can be crucial for filling these information gaps and improving breeding protocols.

In many mammal mating systems, females mate with multiple males within an estrous cycle (Firman and Simmons, 2008; Lane et al., 2008; Hoogland, 2013; Steinwald et al., 2013; Gromov, 2024). Sperm competition in these species is expected, and may improve breeding outcomes. Sperm competition has been particularly well studied over the past few decades, with several traits, such as relative testes size, sperm morphology, copulatory plugs, and genital morphology, identified as indicators of sperm competition in a species (Mangels et al., 2016; Comizzoli and Holt, 2022). For instance, copulatory plugs are formed by seminal fluid proteins in the male ejaculate, and have primarily evolved as an adaptation to prevent or delay subsequent inseminations of the female by additional males (Parker, 1970; Schneider et al., 2016). As a result, copulatory plugs function as a type of passive mate guarding and are prominent in species with higher levels of sperm competition (Dean, 2013; Schneider et al., 2016). Sperm competition and cryptic female choice allow a male or female to influence paternity on a post-copulatory level with evidence for these mechanisms found across genera including insects, mammals, fish and birds (Parker, 1970; McCreight et al., 2011; Comizzoli and Holt, 2022). It was previously thought that multimale mating and the resulting sperm competition was only beneficial for subsequent males, but research over the past few decades has provided evidence that females can gain both direct and indirect benefits from mating with multiple males which positively influences female reproductive fitness (Firman and Simmons, 2008; Hoogland, 2013). Given these potential fitness benefits, incorporating multimale mating strategies in ex-situ conservation breeding programs could improve outcomes for species where sperm competition is thought to occur in the wild.

We tested whether offering females the opportunity to mate with multiple males improved breeding outcomes in a conservation breeding population of Pacific pocket mice (Perognathus longimembris pacificus). P.l. pacificus are a critically endangered small mammal in the heteromyid family, native to the coastal region of southern California, USA. With only three small extant populations remaining, they have been the focus of an ex-situ conservation breeding and reintroduction program since 2012. P.l. pacificus are aggressive towards conspecifics outside of breeding contexts (Eisenberg and Isaac, 1963), and therefore, current breeding protocols at the conservation breeding facility stage single-male mating through closely managed interactions. However, several characteristics of P.l. pacificus’s ecology and morphology suggest that promiscuous or polyandrous mating may occur. A lack of traditional male secondary sexual traits, such as ornaments or armaments, lack of sexual dimorphism, and their solitary nature (Hayden et al., 1966) suggest minimal pre-copulatory competition between males for access to females (García-Navas, 2017). However, the presence of copulatory plugs after mating (Shier et al., 2025) and sperm morphology characteristics, such as sperm head hookedness (SDZWA, unpublished data; Shier et al., 2016) suggests that post-copulatory competition could occur and that females may mate with multiple males (Parker, 1970; Šandera et al., 2013; Sutter et al., 2016). Related species, such as the banner-tailed kangaroo rat (Dipodomys spectabilis) and giant kangaroo rat (Dipodymys ingens) have also been shown to engage in promiscuous mating in the wild, which can result in litters exhibiting mixed paternity (Randall et al., 2002; Waser et al., 2006; Steinwald et al., 2013).

By providing the opportunity for female P.l. pacificus to mate with more than one male as part of an experimental framework, we aimed to determine if there were differences in reproductive fitness between females that mated multiply versus singly. Based on the species’ suspected tendency to mate multiply in the wild, we expected to find benefits of multiple mating across several potential reproductive outcomes, including: greater rates of pregnancy, larger litters, or pups with larger birth weights. We also investigated whether litters showed evidence of multiple paternity and explored how this could influence management of the species.




2 Methods



2.1 Subjects

Animals were housed at the San Diego Zoo Wildlife Alliances’ Pacific pocket mice conservation breeding facility located in Escondido, California. As a species that shows intraspecific aggression, P.l. pacificus were housed singly, in semi-social enclosures (30 x 12 x 30 cm). Enclosures were made of Plexiglass with removable slotted inserts between enclosures, allowing some olfactory, visual and tactile contact between neighbors. This type of social contact facilitates estrous cycling while limiting physical interaction, as demonstrated in other heteromyids (Yoerg, 1999). Animals were housed next to neighbors of the opposite sex during breeding season (February 1-September 30) where possible. We provided animals with ½ tsp of finch seed daily, which was supplemented by greens (for water), mealworms, and native seed enrichments. All animals are individually marked at the base of the tail with a light-activated microtransponder (500 x 500 x 100 micron P-chip; PharmaSeq, LLC, Monmouth Junction, NJ, USA).

Between 2017 and 2022, we gave female P.l. pacificus who came into estrus and displayed vaginal perforation opportunities to mate (reproductive cycle tracking described Shier et al., 2025). If females remained perforate after a copulation and if timing allowed with the remaining nocturnal hours, they were included in this study (N = 59 females, 81 breedings; details below). Due to the limited number of experimental animals, the females included were a mix of virgin females, those who had mated previously and those who had given birth previously. Previous analyses of the breeding program suggested that females who had given birth in prior seasons were not at a reproductive advantage to those who had not (Shier et al., 2025). Females in the study had a mean age of 1.83 years and the oldest participating female was five years old. Although five is beyond the typical lifespan of the species in the wild, they can live to nearly 10 years in human care, and historical analyses on age found no difference in reproductive outcomes between adult P.l. pacificus and mice >4 years old (Shier et al., 2025). As the breeding and reintroduction program is first and foremost designed to produce and introduce genetically healthy animals back into the wild, males used in pairings were chosen based on genetic compatibility and genetic representation in the captive population using the program PMx (Ballou et al., 2023), as well as reproductive condition at the time of the breeding attempt (scrotal or partially scrotal vs non-scrotal).




2.2 Breeding protocols

We developed detailed protocols for breeding since the inception of the program in 2012 (detailed in Shier et al., 2025). In summary, we staged breeding opportunities in a dedicated breeding arena (30x50x100cm) with females that visually presented as perforate. We observed pairings for aggression and courtship behavior, truncating the session if undue stress occurred. We gave pairs a maximum of 90 minutes to copulate. If females failed to copulate, and remained perforate, they were given additional breeding opportunities with other males. If copulation occurred, we noted whether a copulatory plug was present, but it is possible that females may have groomed out a plug before a visual assessment could be made.




2.3 Multimale mating procedure

We originally aimed to determine whether differences in reproductive success could be due to the act of mating with different males or due to increased sperm numbers in the vaginal tract from mating more than once. Therefore, after an initial copulation females were assigned to one of two mating conditions: same male mating (SMM, N = 19), or multiple male mating (MMM, N = 62). Before being offered another set of mating opportunities, we transferred the female to a temporary enclosure (23 x 15 x 15 cm) including sand, seed and her nest jar from her home enclosure. We kept the female in this temporary enclosure for 30-60 minutes to allow her to recuperate and groom out the copulatory plug (if present). At the end of the rest phase, we noted whether a copulatory plug was still present.

After their rest period, females in the SMM condition were re-paired with the same male for a single session, regardless of whether a copulatory plug was present. After the breeding trials concluded, we returned the male to their home enclosure and moved the female into an enclosure in the pregnancy room at the conclusion of the trial. In the MMM condition, we paired the female with a new male that she did not previously encounter or copulate with during that estrous cycle. If the female did not copulate with this new male, we removed him from the arena and added another male. This procedure continued until the female was no longer perforate, mated, or until three males had been paired with the female. If the female failed to mate despite being given the opportunity to with multiple males, she was considered a failed multiple mating.




2.4 Post-copulation

Regardless of experimental group, after the breeding trials were finished, we moved all females into a separate room without adult males, housing other potentially pregnant females and nursing dams. Their housing setup, lactation diet and frequency of reproductive checks were the same for all experimental pocket mice as all other potentially pregnant pocket mice at the facility (see Shier et al., 2025). Females that started cycling or did not give birth after the normal gestation period had passed were returned to their original home enclosures.

We tracked litter size and pup growth via a 21 day weight check of all pups in the litter. Earlier weight checks were not possible since the species is sensitive to disturbance in the first weeks following parturition. We also used a weight check taken at 30 days post-weaning (roughly 60 days of age) to determine whether any potential weight differences remained once pups were independent.




2.5 Parentage identification

To perform genetic analyses, we took a tissue sample from all P.l. pacificus in our care either upon collection, after weaning, or at death if the individual died before a sample was taken. We used a standard ear snip protocol (Metcalf et al., 2001; Alexander and Riddle, 2005; Loew et al., 2006; Waser et al., 2006; Hendricks et al., 2020; Shier et al., 2021). Ear snips can be as small as a pencil point and still provide ample genetic data for analysis of parentage and genetic relationships (Waser et al., 2006). Ear snips were obtained by sterilizing scissors with 200 proof ethanol, holding the scissors on a tangent from the edge of the pinna, and snipping a sliver (~0.5mm) off the edge of the pinna. Tissue samples were then transferred to a vial with 200 proof ethanol and stored in -20°C freezer until processed. We sterilized scissors between animals. DNA from tissue samples were extracted using the QIAamp DNA Mini Kit (Qiagen Inc.) following the manufacturer’s protocol.

Seventeen microsatellite markers specifically designed for P.l. pacificus were used for genetic testing. PCRs were performed using the Qiagen Multiplex PCR Kit (Qiagen Inc.) followed by verification of products on a 1.5% TBE agarose gel. Fragment analysis was performed using capillary electrophoresis on an ABI 3130 genetic analyzer (Applied Biosystems) and alleles were scored relative to an internal size standard (500 ROX) using GeneMapper 3.0 (Applied Biosystems).

To determine the true sire of multiple paternity litters, we used the program Cervus (Kalinowski, et al., 2007) to estimate the allele frequency for all captive-bred individuals. The program runs a simulation of parentage analysis with known sexes for 10,000 dams and 10,000 sires to provide statistical power throughout the process of parentage assignments. Finally, we conducted a parent pair analysis with known sexes using LOD (Logarithm of the odds) scores to determine the most likely candidate parents based on the delta of likelihood values.




2.6 Analysis

We investigated: 1) whether female P.l. pacificus will mate multiply, 2) whether there are any fitness benefits to females that mate multiply, and 3) whether multimale mating results in multiple paternity, including any biases towards siring based on copulation order. We addressed these topics with a series of questions, listed below.



2.6.1 Will female P.l. pacificus mate multiply and does this differ based on whether she is offered the same or a different male?

We examined the number of successes and failures of 2nd copulations for females offered different males or the same male, using a Fisher’s exact test. We also investigated whether the presence of a copulatory plug after the first copulation reduced the likelihood of a second copulation, with a Fisher’s exact test.




2.6.2 Does mating multiply increase female reproductive fitness?

We had too few females that mated more than once with the same male (N = 2) for statistical analysis. Therefore, we investigated the influence of multimale mating between the three remaining treatment groups, which varied in the type of breeding attempts offered and their outcomes. These groups were: females that mated multiply with a different male than their first copulation, females that did not mate multiply with a different male despite having the opportunity (i.e. failed multimale mating), and females that did not mate multiply with the same male despite having the opportunity. We determined the effect of these three treatments on several metrics of fitness: likelihood of pregnancy from pairing (Y/N), likelihood of giving birth to a litter from pairing (Y/N), litter size for known pregnancies, female weight gain during pregnancy, the weight of pups produced at their youngest standard check (21 days) and the weight of pups 30 days post-weaning.

We used generalized linear mixed models (GLMMs) with the lme4 package in R (Bates et al., 2015; R Core Team, 2021) to examine the effect of treatment on each metric of fitness, allowing us to account for potential non-random variation in the data between breeding years and between different dams. We included study year and Dam ID as random effects initially in all models, dropping either or both if they failed to contribute to variation within the model. If neither random effect accounted for variance in the model, we instead used a Generalized Linear Model (GLM). For each model where year was included, we examined whether 2019 was an outlier year, since it has previously been excluded from other reproductive analyses (Shier et al., 2025), due to a diet change that radically impacted weight, pregnancy, and young of year survival.

We analyzed pregnancy (Y/N) and the production of a litter (Y/N) with a binomial error distribution and a logit-link function, litter size with a Poisson error distribution and the three models on body weight with a Gaussian error distribution (female weight gain during pregnancy, pup weight at 21 days since birth and 30 days since weaning). For each binomial model we constructed binned plots and for all other models we examined the appropriateness of the data distribution and model fit using the DHARMa package (Hartig, 2021), to make quantile-quantile plots and test for issues of over dispersion, outliers and zero inflation.

In addition to treatment, we included testes position and longest mount as covariates in the pregnancy model. These covariates were selected because testes position and longest mount have been shown to influence the likelihood of pregnancy in a wider analyses on P.l. pacificus reproductive success (Shier et al., 2025). With females who mated multiply, we used the best testes position (i.e., fully scrotal or partially scrotal) and the longest mount between the two matings. To investigate the likelihood of producing a litter, we used only the subset of data where females had been confirmed pregnant. In the models investigating pup weight, we included litter size as a covariate alongside treatment.

Since covariates were chosen in a hypothesis-based way for all models, we did not pursue model selection and instead interpreted the full models.




2.6.3 Does multimale mating result in multiple paternity?

To better craft management advice, we aimed to determine several outcomes that may influence the circumstances under which multimale mating may be an appropriate recommendation. First, we investigated if litters produced after multimale mating showed multiple paternity, and if so, whether there was an effect of mating order. We used an exact test of goodness of fit, assuming a 50:50 distribution of paternity between both males. We also investigated whether multimale mating was less likely to result in multiple paternity if a copulatory plug was present after the first mating and after the second mating, using Fisher’s exact tests.






3 Results



3.1 Will female P.l. pacificus mate multiply and does this differ based on whether she is offered the same or a different male?

Females mated more than once in ~40% of the trials (32 out of 81), with either the same or a different male, confirming that pocket mice will mate multiply. Females were more likely to mate with a different male than the same one a second time (Fisher’s exact test; p = 0.003), with only two of 19 same male pairing attempts resulting in a second copulation. The pocket mice were not less likely to mate a second time if they were observed with a copulatory plug (Fisher’s exact test; p = 1.00). As multiply mating with the same male only occurred twice, it was dropped from further analysis.




3.2 Does mating multiply increase fitness?

Fifty-six percent of the multimale and single mating breedings resulted in pregnancy (N = 44 of 79). We did not detect an effect of mating multiply on the likelihood of becoming pregnant (Binomial GLMM; N = 79 pairings; Single mating vs multimale mating, β ± SE = -0.25 ± 0.67, z = -0.38, p = 0.71; Figure 1). No other covariates predicted pregnancy either (Table 1). Year was also excluded as a random effect because it had 0 variance in the model.

[image: Failed multimale and single mating has nearly equal counts of non-pregnant and pregnant outcomes, and multimale shows more pregnant outcomes than non-pregnant ones.]
Figure 1 | Raw counts of copulation outcomes (the occurrence of pregnancy) by different mating treatment groups. In the failed multimale group the females were offered the opportunity to mate with either the same or a different male after a copulation but did not mate again. Multimale mating includes only females who mated with a different male during the 2nd mating opportunity and single mating included only females who were not given an additional opportunity to mate with a different male after a copulation.


Table 1 | Binomial GLMM results on pregnancy outcomes.
	Variable
	β ± SE
	z
	p



	Intercept
	-2.20 ± 2.01
	-1.09
	0.27


	Treatment
_Failed multimale mating
	-0.85 ± 0.58
	-1.47
	0.14


	-Single mating
	-0.25 ± 0.67
	-0.38
	0.71


	Testes value
	0.13 ± 0.56
	0.23
	0.82


	Longest mount
	0.22 ± 0.14
	1.60
	0.11





The reference category for treatment was multimale mating and all other treatment values here are reported in relation to that effect.



Of the 79 pairings, 48% resulted in a litter of at least one pup. We did not detect an effect of mating multiply on the likelihood of birthing a litter (Binomial GLMM; N = 79 pairings; Single mating vs multimale mating, β ± SE = -0.15 ± 0.64, z = -0.23, p = 0.82; Figure 2). Year was also excluded as a random effect because it had 0 variance in the model.

[image: Bar chart comparing the count of litter outcomes under three treatments: failed multimale, multimale, and single mating. Bars are divided by birthed litter outcomes: “No” in black and “Yes” in light green. Failed multimale has high “No” and lower “Yes” outcomes, multimale has more “Yes” than “No”, and single mating has a balance, slightly favoring “Yes”.]
Figure 2 | Raw counts of pregnancy outcomes (the birth of a litter) by mating treatment groups.

Forty-two pregnancies had litters where the number of pups produced could be verified, including four where no pups were born. We observed a mean litter size of 3.10 pups across the 42 pregnancies. There was no difference in litter size between treatment groups (Poisson GLM; N = 42, Single mating vs multimale mating, β ± SE = 0.06 ± 0.22, z = 0.29, p = 0.77, Failed multimale mating vs multimale mating, β ± SE = 0.05 ± 0.20, z = 0.23, p = 0.82; Figure 3).

[image: Box plot comparing litter sizes across three treatments: failed multimale (purple), multimale (turquoise), and single male (yellow). Each box represents data spread with medians and outliers indicated by individual points.]
Figure 3 | Litter size by treatment. Colored dots depict raw litter size and have been jittered to vary slightly to avoid visual overlap. Boxplots show the median value (horizontal line) with the upper and lower quartiles of the data contained within the box and outliers (black dots).

While we found some support to suggest that females had different patterns of weight gain depending on whether they had been singly or multiply mated (Figure 4), litter size had a large impact and their interaction was not significant (Gaussian GLMM, N = 42, Treatment multimale vs single: Litter size interaction, β ± SE = 0.30 ± 0.17, t = -1.75, p = 0.09).

[image: Scatter plot showing the relationship between litter size and increase in weight during pregnancy under three treatment conditions: multimale (blue), failed multimale (orange), and single male (green). Blue and orange regression lines show positive correlations, while the green line is flat. Data points are scattered around these lines with shaded confidence intervals.]
Figure 4 | Changes in weight over pregnancy based on litter size and treatment. Lines represented predicted values from the GLMM model and points show raw data. Shaded regions are 95% confidence intervals calculated from the predicted values.

We recorded a 21-day weight for 117 pups produced during the experiment. Examining the random effects showed that 2019 was an outlier year and was therefore excluded from the weight data (N = 9 pups). Pups in larger litters were more likely to weigh less (Gaussian GLMM; N = 108, β ± SE = -0.32 ± 0.10, t = -3.22, p < 0.01). Pocket mice in the singly mated group had higher weights than those in the multiply mated group (Single mating vs multimale mating, β ± SE = 0.49 ± 0.16, t = 3.06, p <0.01; Figure 5). However, there was no difference in weight between pups whose mother had been multiply mated and those where multimale mating was attempted but failed (β ± SE = -0.08 ± 0.24, t = -0.35, p = 0.73), suggesting the lower weights may have been an effect of the experience of interacting with other males post-mating, not one of mating itself.

[image: Line graph showing predicted weight in grams at 21 days against litter size. Three treatment groups: failed multimale (yellow), multimale (teal), and single male (purple) show a decreasing trend with increased litter size. Shaded areas depict confidence intervals.]
Figure 5 | Weight of pups at 21 days old, predicted by treatment and litter size. We obtained the predicted values from a GLMM including treatment and litter size as covariates, with year and dam ID as random effects. Shaded regions show the upper and lower confidence intervals along the predicted values.

In examining weight 30 days post-weaning, we did not need to exclude 2019 since it was not an outlier year for pups that survived to that age class. By roughly 60 days of age, when pups hit 30 days post-wean, there was no longer an effect of treatment on weight. Specifically, there was no difference in weight between pups born to multiply mated and single mated litters (Gaussian GLMM, N = 117 pups, β ± SE = 0.05 ± 0.20, t = 0.26, p = 0.80), nor any difference between multiply mated and failed multiply mated litters (β ± SE = -0.04 ± 0.19, t = -0.19, p = 0.85). Additionally, there was no difference in weight between pups based on litter size (β ± SE = -0.10 ± 0.45, t = -1.05, p = 0.30).

We found a trend suggesting a negative impact of offering more matings. The more opportunities we offered females to mate after an initial copulation, the lower her resulting pups’ weights were at 21 days (β ± SE = -0.32 ± 0.16, t = -2.03, p = 0.054).




3.3 Does multimale mating result in multiple paternity?

We found evidence for multiple paternity in litters where there were copulations with multiple males (44% had multiple paternity, N = 7 of 16 litters). Overall, there was a bias towards the first copulated male in siring pups (75%, N = 33 of 44 pups sired by first male; Exact goodness of fit test, 0.75 (CI = 0.60 - 0.87), p=0.001). A copulatory plug after the first (Fisher’s exact test, p = 1.00) or after the second copulation (p = 0.24) did not influence the likelihood of multiple paternity.





4 Discussion

Conservation breeding programs can benefit from understanding the mating system of the target, imperiled species. Based on what we knew of the morphology and natural history of P.l. pacificus and closely related species (Randall, 1991; Randall et al., 2002), we aimed to determine whether offering multiple breeding opportunities to females would improve reproductive fitness and, thus, breeding outcomes. We did not find significant improvements in the likelihood of pregnancy, litter size or pup condition that would warrant the adoption of this approach across the breeding program. The only difference we saw between experimental groups was in the weight of pups at 21 days, which suggested a potential drawback, not benefit, of offering females post-copulatory mating opportunities. Despite the lack of positive impact on fitness, there may be circumstances in which using multimale mating would be advantageous in this system since we found that multiply mated litters had multiple paternity.

Although we had predicted to find a positive impact of conducting multimale mating, the null results are equally as important in developing a robust conservation breeding program. Conservation breeding is a challenge, and many programs struggle to maintain sustainable populations or meet recovery goals (Collar and Butchart, 2014; Powell et al., 2019). With time and resource restrictions, often programs are run based on best guesses, or trial and error. Based on the available evidence, it would be plausible to consider conducting multimale matings for pocket mice, but it was not guaranteed to help, since multimale mating is not always beneficial (e.g., no impact on pregnancy or litter size in North American red squirrels, Tamiasciurus hudsonicus, Lane et al., 2008). Had we done so without the strict experimentation this study afforded, it would have been easy to adopt a time-intensive and costly intervention unnecessarily. Reporting null results is important to prevent others from repeating efforts not likely to improve outcomes. In this case, caution should be taken before incorporating assumed wild-type mating patterns without further testing.

Although we found no evidence of increased female reproductive fitness via multimale mating, nearly 40% of females given the opportunity would mate with an additional male, whilst less than 11% of females offered the opportunity to remate with their same male chose to do so. This result does suggest some possible benefit to females mating with multiple males that was not captured in our study. For example, research with house mice suggest that females benefit from polyandry by producing sons that achieve high reproductive success (Firman, 2011). Alternatively, females that mate with multiple males may receive indirect benefits that are not able to be captured by our study due to the artificial housing conditions. For instance, in banner-tailed kangaroo rats, females were significantly more likely to be captured on mounds belonging to neighboring males in the breeding season compared to the nonbreeding season (Steinwald et al., 2013). Although the authors posit that this change in mobility may serve as a means of seeking competing mates, multimale mating could indirectly benefit the female’s fitness by an opportunity to widen her foraging grounds through allowing matings with neighboring males.

If anything, we found that there could be a minor fitness cost to multimale mating if it were adopted across the board in our program. We found a decrease in pup weight at 21 days based on the mating setup. However, the effect was present both in pups whose mothers had mated multiply, and those whose mothers had been given merely the opportunity to mate multiply. This suggests that the process of being socialized with another male, post-copulation, influenced something about pup development which reduced the mean pup size, even when litter size was accounted for. While stress could feasibly be a mechanism, there is not good evidence from the literature that a single stressful event at the time of copulation would influence downstream reproductive outcomes since most research into the effects of stress on pregnancy in rodents examines reoccurring or chronic stressors (e.g., Meek et al., 2001). Regardless of the cause, the effect disappeared by the day 30 post-wean weight checks, suggesting that the pups and dams are able to compensate for whatever impact multimale mating caused.

Although it appears inadvisable to mate P.l. pacificus multiply for most breedings, there are some instances where it could be beneficial. The species is genetically imperiled, with the remaining wild diversity coming from three small extant populations (Wilder et al., 2020, 2022). Effective genetic management of the species requires special consideration of population origin because admixed individuals fare better and one population (Dana Point) appears to carry deleterious alleles (Wilder et al., 2020). To enhance genetic diversity within the time frame of single litters, multiple mating could be a useful strategy. As estrous cycling is rarer in founding females from Dana Point (Shier, unpublished data), it may be advantageous to capitalize on their mating opportunities when they arise. In these cases since the first mated male seems to gain the fitness advantage, the order of matings should prioritize the most valuable males first. This finding is particularly notable since, unlike P.l. pacificus, other species of small mammals, such as deer mice (Peromyscus maniculatus, Dewsbury, 1985) do not show the same fitness differential between first and subsequent mates. Therefore, for unrepresented founders whose genetic material is crucial to the breeding program, multimale mating should be considered as a strategy to maximize genetic diversity more rapidly.

We also gained valuable insights into pocket mice natural history. The presence of a copulatory plug between matings did not influence the likelihood of a second mating. This is consistent with findings from diverse other species where remating is unaffected by the placement of a copulatory plug (e.g. nematodes, Timmermeyer et al., 2010; lizards, Moreira and Birkhead, 2003). Also the presence of a copulatory plug did not influence the likelihood of multiple paternity, which aligns with research from other species suggesting that copulatory plugs also do not prevent the presence of multiple males’ DNA in females’ reproductive tracts (e.g. banner-tailed kangaroo rats (McCreight et al., 2011). As prior research suggested no impact of the presence of a copulatory plug in P.l. pacificus on downstream pregnancy outcomes (Shier et al., 2025), their evolutionary function in the species is still unknown.

As we continue to refine protocols and improve conservation breeding outputs for the Pacific Pocket Mouse Conservation Breeding and Reintroduction Program, we are better able to produce the numbers and genetic diversity needed for species recovery. This process often requires strict experimentation, which can be challenging given small sample sizes and the competing priorities of management and research. By developing evidence-based breeding recommendations, we hope to provide lessons that can be adopted by other small mammal breeding programs and contribute to an adaptive management framework.
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