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Abstract
Despite the importance of vocalizations in mammalian sociosexual communication, little is known about female preferences for male vocal displays in wild mammals. Here, we characterized female preferences for the advertisement songs of male Alston’s singing mice (Scotinomys teguina). We developed procedures for inducing estrus, using vaginal morphology as a bioindicator. We then broadcasted “high-effort” and “low-effort” songs recorded from wild-caught male mice to virgin female singing mice in a two-choice experiment. Our results indicated that females spent more time investigating speakers playing high-effort songs; surprisingly, this phonotactic response was independent of estrus status. In wild singing mice, acoustic characteristics of high-effort male songs positively correlate with body condition. Our data suggest that females could use acoustic cues to select good mates in good condition, thus providing preliminary support for adaptive mate choice hypotheses. More generally, our results support the hypothesis that elaborate Scotinomys song may have been shaped by female choice.
Introduction
In The Descent of Man, and Selection in Relation to Sex, Darwin elevated females from members of an indifferent sex to active participants in sexual selection, writing that females “no longer remain passive, but select the more agreeable partners” from among potential mates (Darwin, 1871). Darwin’s argument, which his contemporaries found outrageous (Rosenthal and Ryan, 2022), has since been widely supported both empirically and theoretically, and evolutionary biologists, ecologists, and ethologists recognize the importance of female preferences on the evolution of animal signals, sexual isolation, and large-scale patterns of biodiversity (Barraclough et al., 1995; Bradbury, J. W., Vehrencamp, 2011; Ryan, 2018).
Females execute mate choice by assessing behavioral, morphological, or other phenotypic components of male display, and they often tend to favor the most exaggerated traits (Ryan and Cummings, 2013; Ryan and Keddy-Hector, 1992). Preferred traits include the longest display bouts (Machnik and Kramer, 2008; Parri et al., 2002), the most frequent displays (Kodric-Brown and Nicoletto, 2001), or the brightest colors (Hill, 1991). Many explanations for such preferences have been proposed (reviewed Kirkpatrick and Ryan, 1991). Attractive traits may excite female sensory or cognitive systems, such as via pre-existing sensory biases (Rosenthal and Ryan, 2022; Ryan et al., 1990; Ryan and Cummings, 2013), or become genetically entangled with the female preferences themselves (Wilkinson and Reillo, 1994). 
Other explanations are more explicitly adaptive. Females might gain direct benefits (Price et al., 1993), such as by gaining better parental care (Norris, 1990), or avoid search costs (e.g. predation risk, time) by selecting noticeable mates (Bonachea and Ryan, 2011; Lindström and Lehtonen, 2013). Some of the most popular hypotheses posit that in species with covariation between male traits and male health or condition, female preferences select for better mates (Andersson, 1986; Grafen, 1990; Kirkpatrick and Ryan, 1991; Zahavi, 1975). Empirical studies across taxa have demonstrated that expression of elaborate male displays can be correlated with a variety of important male traits, including body mass, immune status, stress, parasite load, nutritional status, and genetic-survivorship quality (Borgia and Collins, 1989; Hill and Montgomerie, 1994; Kotiaho et al., 1998; Welch, 1998), providing evidence that females that attend to individual differences in display can select for mates better adapted for survivorship. 
Two-choice experiments are useful for testing whether females show preferences for male phenotypic indicators of enhanced survivorship or condition, hereafter, “quality”. If females prefer a stimulus correlated with better male quality over a stimulus correlated with lower male quality, this provides support for adaptive explanations for female choice. While both female preferences and their targets exist in all modalities, auditory preferences have been particularly well studied because acoustic signals are easily manipulated and presented in playback experiments. Many of these studies have focused on anurans and birds and have revealed that female frogs and birds prefer exaggerated or elaborate acoustic characteristics, such as long duration (Neubauer, 1999), increased complexity (Mountjoy and Lemon, 1996; Ryan et al., 2019; Searcy, 1992), and high calling rate (Gerhardt, 1991; Gerhardt and Huber, 2022), that provide indicators of male condition or survivorship. For example, in zebra finches, male song rate predicts both male body condition (i.e. amount of fat reserves) and female interest (Birkhead et al., 1998)
By contrast, much less is known about female acoustic preferences in mammals. Wild mammals can be challenging to study experimentally due to their larger size, behavioral complexity, and long lifespans (Charlton, 2008); additionally, female preferences in some mammalian species may be revealed only during periods of sexual receptivity, i.e. estrus (Zinck and Lima, 2013). A growing number of studies in mammals, including cervids, mice, and bats, have provided some groundwork. Mammalian female acoustic preferences seem analogous to those found in birds and anurans. For example, females prefer more complex vocalizations in geladas (Gustison and Bergman, 2016) and bats (Davidson and Wilkinson, 2004), high call rate in laboratory mice (Nomoto et al., 2018) and red deer (McComb, 1991), and low-pitched vocalizations in koalas (Charlton et al., 2012) and red deer (Charlton et al., 2007). Despite these efforts, our understanding of female acoustic preferences in mammalian species remains limited, particularly when compared to other vertebrate taxa.
In this study, we examined female preferences for advertisement vocalization in wild Alston’s singing mice (Scotinomys teguina), an insectivorous and diurnal species that inhabits high-elevation cloud forests throughout Central America and Mexico. Singing mice are named for their distinctive advertisement trills, which are long (averaging 7-10 s) and span a wide range of human-audible and ultrasonic frequencies (Hooper and Carleton, 1976; Miller and Engstrom, 2007). These acoustic characteristics mark a sharp evolutionary departure from the soft, short, and entirely ultrasonic vocalizations produced by both close and distant relatives of singing mice (Miller and Engstrom, 2012, 2007; Portfors, 2007). Advertisement song likely plays an important role in mate attraction (Fernández-Vargas et al., 2011; George, 2014; Hooper and Carleton, 1976; Pasch et al., 2013). In laboratory settings, for example, both female presence and removal are sufficient to incite male song (Fernández-Vargas et al., 2011; Hooper and Carleton, 1976). 
Interestingly, song may function as “honest” signals of male condition, providing a possible mechanism for adaptive female mate choice. Recently, we demonstrated that in wild singing mice, songs produced by male mice differ in vocal effort (Burkhard et al., 2018). “High-effort” songs are longer, begin more quickly, and have shorter inter-note intervals than “low-effort” songs. This acoustic variation is predicted by physiological and morphological measures of male body condition, especially adiposity hormones that predict long-term energy resources (Burkhard et al., 2018). Experimental work corroborates this relationship in lab-reared mice: leptin-injected mice sing at higher rates than saline-injected controls (Giglio and Phelps, 2020). 
The covariation of male song and body condition provides a putative mechanism for adaptive female choice, and earlier work by the lab has presented preliminary evidence that female singing mice may use male song to assess potential mates (Pasch et al., 2011). Pasch et al. found that female singing mice preferred supernormally high-performance songs (i.e. songs artificially sped up) indicative of high levels of testosterone and high body condition over natural songs (Pasch et al., 2011). However, whether females attend to natural variation in male song—and specifically, to natural acoustic variation signaling male condition—is unknown. In this study, we assessed whether females prefer high-effort male songs that predict good body condition. We provided female singing mice choices between naturally varying songs recorded from wild-caught male mice, then evaluated female preferences. Since female preferences emerge only during estrus in many mammalian species (Charlton, 2013; Clutton-Brock and McAuliffe, 2009), we also tested the effects of estrus induction on female responses. We predicted that females would prefer high-effort songs, which serve as phenotypic cues for good male condition. We further predicted that estrus-induced females would have a stronger response to male signals than control group females.
Methods
All research was performed with approval from the University of Texas Institutional Animal Care and Use Committee (IACUC) and following the guidelines of the National Institute of Health Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).
Focal animals
All animals in this study were descendants of wild-caught singing mice from San Gerardo de Dota, Costa Rica kept in an outbred laboratory colony at the University of Texas at Austin. All mice in this colony were provided with cat chow and water ad libitum and were kept on a light:dark cycle of 12:12 at 20º C. We weaned mice at 28 days old, then housed them in same-sex pairs until study recruitment. At this time, we recorded body mass and anogenital distance of each focal female.
We selected virgin female mice between 8 and 10 weeks old as focal animals. We moved individual focal females into 42.5 x 26.6 x 18.5 cm3 cages containing nesting cotton and moss, a PVC tube, and a running wheel (BioServ). 
Estrus induction and evaluation
Many female rodents demonstrate sexual interest only when in estrus, a period of sexual receptivity caused by physiological changes (Becker et al., 2002). We provided hormonal injections following standard estrus-induction protocols to induce estrus in our focal female mice, with dosages adjusted to accommodate the smaller body mass of singing mouse. Because there are no established methods for inducing estrus in singing mice, we tested estrus-induction protocols for both voles (Cushing and Hite, 1996; Fowler et al., 2005) and laboratory rodents (Ajayi and Akhigbe, 2020; Edwards, 1970) against a negative control. We randomly assigned female singing mice to receive estradiol benzoate (“EB”; N = 16), as used in vole estrus induction; estradiol benzoate and progesterone (“EB+P”; N = 8), as used in lab mouse estrus induction; or sesame oil (“control”; N = 10). Hormones were delivered in sesame oil and injected subcutaneously. Control injections were also given subcutaneously. 
	All injections were made between 16h00 and 17h00. Females in the EB group received 1 ug of estradiol benzoate once daily for three consecutive days (Day 1 – Day 3), with a fourth and final injection provided on the fourth day (Day 4). Similarly, females in the EB+P group received 1 ug of estradiol benzoate once daily for three consecutive days, then injected with 1 ug of estradiol benzoate and 0.25 mg of progesterone on the fourth day. Control females were provided with sesame oil injections once daily for three consecutive days, with the final injection administered on the fourth day. 
Female mice in estrus have swollen and perforate vaginal openings, which can be identified via visual inspection (Byers et al., 2012). We photographed each female’s vaginal opening on Day 1, before giving the first injection (pre-treatment), and six hours after the final injection was provided on Day 4 (post-treatment). We used the same location and lighting for all photos. One researcher placed the female’s front paws on the lip of her home cage and held her shoulders in place while lifting her tail in the air to expose her anogenital region. A second researcher took a close-up photo using a smartphone camera (iPhone 11, Apple). We then scored these photos as follows: 0 (imperforate), 1 (semi-perforate), or 2 (fully perforate) (Byers et al., 2012). To maintain consistency, only one researcher (E.R.S.) scored all photos; to reduce bias, she scored these photos blind to individual identity and pre- or post-treatment status. Each photo was scored twice, then averaged to calculate a vaginal openness score. This resulted in two scores per female, one pre-treatment and one post-treatment, that were used in downstream analyses.
Female phonotaxis
To evaluate female phototaxis, we tested focal females using a two-choice playback paradigm one hour after females received their final hormonal or control injection on Day 4. During tests, we presented females with paired sets of “high-effort” and “low-effort” male singing mouse songs. To create high-effort/low-effort pairs of stimuli, we selected exemplar songs from a library recorded from wild male mice caught in San Gerardo de Dota, Costa Rica between 2014 and 2016 (Burkhard et al., 2018). Previously, we described acoustic variation in these songs by using principal components analysis, finding that PC1 explained differences in song effort: high-effort songs scored strongly positively on PC1 while low-effort songs scored strongly negatively on PC1 (Burkhard et al., 2018). Songs that were considered high in effort are longer, comprise more notes, and have longer initial notes. We selected three males whose songs ranked as high effort (PC1 > 4) and three males with songs ranked as low effort (PC < -7). Previously, we showed that long-term energetic reserves, which we assessed by measuring adiposity hormones and residual body mass (RBM) strongly and positively correlate with PC1 effort (Burkhard et al., 2018). While hormonal information was not available for all six stimulus males, RBM was available for each. RBM was positively correlated with PC1 effort for the six stimulus males (adjusted R2 = 0.51, P = 0.07, Fig. S1).
We then randomly selected three song files from each male’s repertoire and appended them to produce one file for each selected male, creating three high-effort stimulus files and three low-effort stimulus files, each comprising three songs from an individual male. For example, “high-effort File 1” comprised three different songs each produced by high-effort Male A; similarly, “low-effort File 1” comprised three different songs each produced by Male B. During a playback experiment, only one “high-effort” file and one “low-effort” file were played. In all files, amplitude was normalized (peak amplitude = 1 V). 
We tested females in a 61 x 30.5 x 63 cm3 PVC-coated wood and wire arena (Fig. 1). The bottom 22 cm of each wall of the apparatus was constructed from PVC-coated wire mesh, which mitigated the reflection and scattering of sounds. The remaining 41 cm of each wall was constructed from PVC-coated wood, which discouraged mice from climbing or escaping the apparatus. Following Asaba et al., the apparatus was bisected by a 42 x 2 x 63 cm3 PVC-coated wooden wall, creating two runways and one open space, the “starting chamber” (Asaba et al., 2015). A speaker was mounted at the end of each runway. Each runway was subdivided visually, but not physically, into two 21 x 13 cm2 zones, allowing us to describe female proximity to the speaker. We designated the runway section closest to the speaker as the “choice zone” and the runway section farther away from the speaker as the “neutral zone”. 
We tested females six hours following the final injection. This timing is consistent with methods developed by the Gore lab in the College of Pharmacy, UT Austin (A. Gore, personal communication, February 3, 2020) and falls within the range of expected behavioral and physical estrus in induced voles and mice (Cushing and Hite, 1996; Edwards, 1970). Females were placed in the starting chamber of the choice arena and then given 10 minutes to acclimate before acoustic playback. We then broadcast high-effort and low-effort song files antiphonally, offset by 30 seconds. Trills were broadcast from a laptop to each speaker using a Tucker-Davis MA3 amplifier and RX6 microprocessor (Alachua, FL, USA) with a peak amplitude of 50 dB SPL at 1 m, within the range of naturally produced trills in the field (Pasch et al., 2011). 
Stimulus order and speaker side were counterbalanced across females. Each song within a stimulus set was presented once every 60 seconds for 3 minutes. We allowed mice to investigate the entire arena freely during playback and for an additional 5 minutes after playback was complete. We videotaped all behavioral trials using a Nikon handheld camcorder. All videos were scored blindly by one observer (E.R.S.). Female response was measured by analyzing the following measures: the total number of entries in each zone per trial; the duration in seconds spent in each neutral zone during the trial; the duration in seconds spent in each choice zone during the trial; and the duration in seconds spent investigating each speaker during the trial. 
Statistical analyses	
To determine the effect of estrus-induction treatments, we used paired t-tests to compare vaginal perforation pre-treatment (Day 1) and post-treatment (Day 4), and we used one-way analysis of variation (ANOVA) to compare post-treatment vaginal perforation scores among treatment groups. We used Tukey’s HSD tests for post-hoc analysis. Three EB-treated females were fully perforate on Day 1 and were discarded from analysis of estrus-induction treatments.
To analyze female phonotaxis, we first compared female responses (i.e. number of entries, duration of stay) for high-effort and low-effort neutral zones, choice zones and speakers using paired t-tests with a significance level of 0.05. One control female and three EBP females did not respond and were excluded from statistical analyses. We then fitted generalized linear mixed models (GLMM) with the glmmTMB package (v1.0.2.1, Brooks et al., 2017) to assess the influences of estrus-induction treatment, vaginal score, stimulus type, and their interactions on female response. Because both duration and number of entries were left-skewed, positive, zero-inflated, and integer response variables, we specified negative binomial family distributions in all models. Individual females were treated as random factors. All statistical analyses were performed in R version 4.0.4 (2021-02-15). 
Results
Estrus induction
[bookmark: _Hlk97562102]Prior to estrus induction treatments, most female mice were imperforate (closed vaginal openings), and no mouse was fully perforate and swollen (mean vaginal score ± SD = 0.19 ± 0.40). Estradiol-treated (EB) females had significantly more perforate vaginal openings post-treatment than pre-treatment (paired t-test: P < 0.001; mean pre-treatment score = 0.36, mean post-treatment score = 1.4). Estradiol-progesterone treated females (EB+P) also had significantly more perforate vaginal openings post- than pre-treatment (P = 0.02; mean pre-treatment score = 0.0, mean post-treatment score = 0.71), though less strikingly so. Control females did not differ in pre-treatment vaginal openness and post-treatment vaginal openness (P = 0.1; mean pre-treatment score = 0.10, mean post-treatment score = 0.45). There were no differences in pre-treatment vaginal openness among females in EB, EB+P, and control treatment groups (ANOVA: F2,28 = 2.47, P = 0.1). Conversely, at post-treatment, female vaginal scores differed significantly among treatments (ANOVA: F2,28 = 7.70, P = 0.002). Specifically, EB females scored significantly higher in vaginal openness than either EB+P females (Tukey’s HSD: P = 0.05) or control females (P = 0.002), but EB+P females and control females did not differ in vaginal score (P = 0.73, Fig.2).
Female phonotaxis 
Fifteen of the 19 female mice we tested responded to playbacks (EB: N = 7, EB+P: N = 4, control: N = 4). Female mice did not differ in the number of times they entered high-effort or low-effort runways (paired t-test: P = 0.32, Fig. 3a). Further, there were no significant effects of treatment, vaginal score, or stimulus type (low vs high effort) on the number of entries in high- or low-effort runways (GLMM, Treatment_EB: estimate = 2.72, SE = 1.79, Z = 1.52, P = 0.13; Treatment_EBP: estimate = 0.05, SE = 1.28, Z = 0.04, P = 0.97; Vaginal_score: estimate = 2.72, SE = 1.79, Z = 1.52, P = 0.65; Stimulus_low-effort: estimate = 2.72, SE = 1.79, Z = 1.52, P = 0.09).
By contrast, female mice spent more time on average investigating high-effort over low-effort speakers (mean ± SD; high-effort speaker: 32.3 ± 33.2 s, low-effort speaker: 11.1 ± 20.5 s; paired t-test: P = 0.05, Fig. 3d). Results from generalized linear mixed models including estrus-induction treatment and vaginal score corroborated this result, indicating that female mice spent more time investigating high-effort speakers than low-effort speakers (GLMM, Stimulus_low-effort: estimate = -2.64, SE = 1.26, Z = -2.10, P = 0.04) and clarified that neither estrus-induction treatment nor vaginal openness score influenced female response (Treatment_EB: estimate = 0.14, SE = 2.40, Z = 0.06, P = 0.95, Treatment_EBP: estimate = -0.12, SE = 1.37, Z = -0.09, P = 0.93, Vaginal_score: estimate = -0.42, SE = 0.87, Z = -0.49, P = 0.63).
Females spent about twice as long in high-effort choice zones than low-effort choice zones on average (mean ± SD, high-effort choice zone: 79.3 ± 85.7 s, low-effort choice zone: 42.5 ± 73.8 s, Fig. 3c). Paired t-tests found this difference to be insignificant (data blind to treatment or vaginal status, paired t-test: P = 0.2). However, mixed models taking treatment, vaginal status, and their interactions into account found that females spent more time in high-effort choice zones (GLMM, Stimulus_low-effort: estimate = -2.33, SE = 0.98, Z = -2.37, P = 0.02), with a significant interaction between treatment and vaginal perforation (Treatment_EBP x Vaginal_score, estimate = 3.89, SE = 1.55, Z = 2.52, P = 0.01), such that EBP females with more perforate vaginas spent more time in low-effort choice zones than in high-effort choice zones. This relationship seems driven by one EBP female (F13) who spent >200s in the low-effort choice zone and not indicative of a greater trend, however; additionally, there was one EB female (F18) who spent >200s in the low-effort choice zone (Fig. 3c). Unsurprisingly, removal of both females from analyses strengthens the finding that females spent more time in high-effort choice zones than in low-effort choice zones (paired t-test, P = 0.01; GLMM, Stimulus_low-effort: estimate = -2.33, SE = 0.86, Z = -2.71, P = 0.007). 
Females did not differ in the duration spent in neutral zones (mean ± SD, high-effort neutral zone: 36.9 ± 38.1 s, low-effort neutral zone: 37.7 ± 49.2 s; P = 0.96, Fig. 3b). Mixed models indicated that neither stimulus type, treatment, nor vaginal score had an effect on the duration spent in the neutral zone (Stimulus_low-effort: estimate = - 0.08576, SE = 0.80, Z = 0.11, P = 0.91; Treatment_EB: estimate = 1.38, SE = 1.56, Z = 0.88, P = 0.38; Treatment_EBP: estimate = -0.29, SE = 0.90, Z = -0.32, P = 0.75; Vaginal_score: estimate = 0.36, SE = 0.56, Z = 0.63, P = 0.53).
Discussion
Male singing mice produce long and elaborate advertisement trills that function in mate attraction and male-male competition (Fernández-Vargas et al., 2011; Hooper and Carleton, 1976). These songs vary in many temporal, spectral, and amplitude-related characteristics (Burkhard et al., 2018; Campbell et al., 2010). Previously, we described acoustic variation in advertisement song from wild Costa Rican mice using principal components analysis (PCA), which revealed a component describing individual differences in temporal and amplitude-related characteristics (Burkhard et al., 2018). This we interpreted as variation in display effort, where “high-effort” songs are longer, have elongated first notes, are quicker to reach peak amplitude, and have shorter inter-note intervals than “low-effort” songs (Burkhard et al., 2018). In the present study, we presented lab-reared female singing mice with exemplar high-effort and low-effort songs recorded from wild-caught male mice. Female singing mice spent more time investigating speakers playing high-effort songs than speakers playing low-effort songs (paired t-test, P = 0.05; GLMM, P = 0.04, Fig. 3d), indicating a stronger interest in high-effort advertisement trills. This phonotactic response was independent of estrus.
Our high/low stimulus pairs were designed to provide salient contrasts for the two-choice tests: we picked exemplars that scored strongly and oppositely on PC1 song effort (high-effort songs scored PC1 > 4; low-effort songs scored PC1 < -7). Given the complexity of interpreting principal components, however, we are unable to distinguish which song effort trait—note duration, internote interval, or song length, for example—might contribute most to mate choice. Studies of mammals, birds, and anurans provide hints for which may be important, demonstrating evidence of female preferences for long duration (Neubauer, 1999; Ryan and Keddy-Hector, 1992), quick rise to max amplitude (Lyu et al., 2016), increased rate of display (McComb, 1991), and rapid trill rate (Ballentine, 2009; Searcy et al., 2010). Work in wild and laboratory rodents also indicates female preferences for longer vocalizations (Hanson and Hurley, 2012), increased call rate (Nomoto et al., 2018), and faster trill rate (Pasch et al., 2011). Experiments presenting more exhaustive binary choice tests to females (e.g. in bats, Hemingway et al., 2019; and frogs, Kime et al., 1998) would help us parse out the traits playing the biggest role in mate choice. Of course, multiple traits may also be used in female mate choice (Candolin, 2003), including traits from considerably different modalities (Zhao et al., 2022). Regardless, our results contribute to taxonomically widespread evidence of female preferences for higher effort and more elaborate courtship vocalizations. 
What explains these preferences? While this is beyond the scope of our study, we propose a few possible explanations. Some hypotheses in sexual selection predict that females use male traits to assess male quality, which may mean that males are better able to defend resources, less likely to be parasitized, or may carry fewer deleterious mutations that could be passed on (Kirkpatrick and Ryan, 1991). In many species, acoustic characteristics like duration, trill rate, and complexity predict male motivation (Bernal et al., 2009; Demartsev et al., 2014), motor skills (Byers et al., 2010), immune function (Kubli and MacDougall-Shackleton, 2014) and body condition (Kagawa and Soma, 2013; Vannoni and McElligott, 2009; Wyman et al., 2008). In singing mice, males that produce high-effort songs have higher concentrations of adiposity hormones, which indicate consistent nourishment over long periods (Burkhard et al., 2018). In these systems, female preference for such characteristics may thus serve to select healthier mates. A non-mutually exclusive alternative hypothesis is that preferences for high-effort songs help females locate mates more quickly. In the field, singing mice share montane grasslands and forests with many other noisy diurnal creatures. This complex soundscape ecology degrades signals and increases acoustic competition (Morton, 1975; Pijanowski et al., 2011), and high-effort songs may be more noticeable in these conditions than low-effort songs (Luther and Gentry, 2013; Wiley, 2017; Wollerman and Wiley, 2002). If the cost of mate search is high, as demonstrated in other species (Alatalo et al., 1988; Vitousek, 2009), attending conspicuous advertisement songs could help females find mates quickly. Additional work is needed to determine whether female preferences correlate with mate preferences, and whether preferences provide benefits to females. Such insight will be important to understanding how sexual selection contributes to the evolution of elaborate mouse song.
We found that providing females with injections of estradiol benzoate (EB) over four days effected swollen, perforate vaginal openings—anatomical indicators of estrus (Byers et al., 2012)—by the final day of treatment (paired t-test, P < 0.001; mean pre-treatment score = 0.36, mean post-treatment score = 1.4). Cocktails of estradiol and progesterone (EB+P) also effected vaginal perforation in treated females but were less effective than EB (P = 0.02; mean pre-treatment score = 0.0, mean post-treatment score = 0.71). This difference in efficacy between the two methods is consistent with phylogenetic patterns of estrus induction. EB treatment is a well-established method for estrus induction in voles (Cushing and Hite, 1996; Fowler et al., 2005), while EB+P treatment is used in laboratory mice (Mus musculus) and rats (Rattus rattus) (Ajayi and Akhigbe, 2020; Edwards, 1970). Singing mice (subfamily Neotominae) and voles (subfamily Arvicolinae) are both members of the Cricetidae family of rodents, whereas laboratory mice and rats are of the Muridae family (Steppan et al., 2004; Steppan and Schenk, 2017). Singing mice and voles are thus more recently diverged than singing mice and laboratory rodents (earliest estimated split: singing mice and voles, 14 mya; singing mice and ancestor of M. musculus and R. rattus, 17.4 mya, Steppan and Schenk, 2017). The means of reliable estrus induction in Cricetidae are known for few species, however, and whether such phylogenetic patterns prove reliable await further work.
Hormonal and physiological changes affects female mate choice in a variety of vertebrates (Adkins-Regan, 1998; Lynch et al., 2006), and for many mammalian species, estrus strongly influences female preferences (Charlton, 2013; Clutton-Brock and McAuliffe, 2009). Surprisingly, we found in this study that female phonotactic behavior was independent of both hormonal treatment and vaginal openness score. Our results mirror those described in several studies of lab mice, however, which found that female mice are attracted to male ultrasonic vocalizations (USV) regardless of estrus state (Hammerschmidt et al., 2009; Shepard and Liu, 2011). Hammerschmidt et al. (2009) speculated that male USVs may function less to attract sexually receptive females than to assist mating by stimulating receptive behavior in nearby females or by shepherding females into close range. Similarly, in singing mice, male song, which can carry over long distances in field (pers. obs; Hooper and Carleton, 1976), may help bring females and males into contact. Field study will be necessary to understand how song is used in natural social contexts. 
Overall, our study reveals female preferences for elaborate male song in a wild mammal species. Because Scotinomys advertisement song is condition dependent (Burkhard et al., 2018; Giglio and Phelps, 2020; Pasch et al., 2011), our findings highlight the potential role for female preferences in selecting higher quality mates. Our findings also support the hypothesis that female preferences for longer songs could drive the elaboration of song in Scotinomys. Additional work is necessary to provide greater insight into the mechanisms underlying female preferences and how such preferences may shape mammalian vocalizations.
Acknowledgements
We thank M. Gustison and A. Gore for helpful conversations regarding estrus induction and thank M. Gustison additionally for her assistance with developing estrus induction protocols. M. Ryan provided insightful comments on this manuscript. This research was supported in part by grants from the EEB Graduate Program at the University of Texas at Austin (T.T.B.) and NSF IOS 0845455 (S.M.P).
Figures
[image: Diagram

Description automatically generated]
Figure 1. Schematic of two-choice experimental arena and playback devices. The test chamber comprises two runways connected to an open chamber. Solid lines indicate walls; dashed lines indicate zone parameters. Females began in the starting chamber and were free to explore runways and speakers during playback. The two-choice chamber and speakers were placed on the floor of a small testing room, and the trials were recorded from above. Song stimuli were broadcasted antiphonally from speakers located at the end of each runway.
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Figure 2. Vaginal perforation pre and post estrus induction treatment. Boxplots show medians and interquartile ranges (IQR) of values, and whiskers extend to the most extreme data within ±1.5 x IQR. Control females, grey; EB+P females, purple; EB females, turquoise. Only significant pairwise contrasts (P ≤ 0.05) are included in the figure.
[image: ][image: Chart, box and whisker chart

Description automatically generated]A  					        B
C  					        D[image: ]


Figure 3 (A) Number of entries in high-effort and low-effort runways. (B) Time spent in neutral zone. (C) Time spent in choice zone. (D) Time spent at high vs low effort speakers. Boxplots show medians and interquartile ranges (IQR) of values, and whiskers extend to the most extreme data within ±1.5⋅IQR. Control females, grey; EB+P females, purple; EB females, turquoise.
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Figure S1. PC1 effort score vs RBM for the stimulus songs
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