
2.4. Data analysis. 

All data were analyzed for outliers, normality, and homoscedasticity of residuals. Data 

were transformed as necessary before interpretation of results. All statistical analyses were 

conducted in SAS 9.3 and JMP Pro 11 (SAS Institute, 2013). Maternal body condition index 

(BCI) was calculated as the residual of the regression of LnMass on LnSVL. Due to the expected 

allometric relationship between maternal SVL and litter size, we fit a power function to the 

regression of these two variables. The power function approach was statistically equivalent to log 

transformation (i.e. the function was simply the back-transformed linear equation yielded using 

linear regression on log transformed data), and results were identical (King, 2000). Both the 

nonlinear fit and log-transformation yielded better fits compared to linear regression on 

untransformed data. All other litter and maternal characteristics were analyzed using linear 

Pearson correlations. One female had more than one litter over the course of the study. Data from 

the second litter were thrown out to satisfy the assumption of independence. Results were not 

sensitive to the removal. We removed one litter from the analysis of female size on litter size due 

to high leverage (Cook’s D = 0.76). The litter was from a large female and consisted of two male 

and one stillborn offspring and could have been the result of parthenogenesis (Booth and Schuett 

2011), however, we have no way to verify this possibility. The relationships between offspring 

sex and offspring size and between offspring size and litter size were analyzed separately in 

mixed models including litter as a random effect.   

Adult females processed in the study were separated into one of four life history 

categories; preparturient/pregnant (n=19), postparturient (n=19), attractive (n=26), and general 

population (n=229). Females found engaged in mating behaviors with a male were categorized as 

attractive. Data from the general population likely contained measurements on preparturient and 
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attractive individuals in addition to non-reproductive females measured throughout the active 

season. Body condition comparisons among the three different reproductive categories and the 

general population were conducted by ANCOVA. Log transformed mass was used as the 

response variable. Reproductive status was included as a fixed factor. Log transformed SVL was 

used as a covariate, and snake ID was included as a random factor.  

3. Results 

3.1. Litter characteristics.  

Preparturient females averaged 83.74 ± 1.34 SVL and 572.68 ± 28.00 g mass, and 

average litter mass was 168.72 ± 11.14 (Table 1). Litter size was positively related to maternal 

SVL (R2 = 0.45, p = 0.002, Litter Size = 0.000015*SVL2.91; Figure 1). Litter size and total litter 

mass were highly correlated (r = 0.94, p < 0.0001). Maternal preparturient and postparturient 

BCI were not correlated with litter size or litter mass (p > 0.05 for all comparisons). Male and 

female offspring did not differ in SVL (F1,108 = 0.19, p = 0.66) or mass (F1,108 = 0.004, p = 0.95). 

Litter size was negatively correlated with the mass of individual offspring (F1,17 = 6.71, p = 0.02), 

and was not related to the SVL of individual offspring (F1,17 = 0.63, p = 0.44).  

3.2. Reproductive female characteristics 

 The body conditions of adult females differed according to reproductive state (Fig 2; 

F3,258 = 26.68, p < 0.001). Tukey’s HSD post hoc tests indicated that; (1) pregnant and attractive 

females were in significantly higher body condition compared to all other reproductive 

categories, (2) postparturient females were in lower body condition compared to all other 

categories, and (3) pregnant and attractive females did not differ significantly in body condition. 

The analysis satisfied the additional assumption of homogeneity of regression slopes (p = 0.17). 
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 Of the 32 incidences of mating behaviors where the female could be positively identified, 

9 (28%) involved females that engaged in mating behavior with more than 1 male in that year. A 

total of 4 out of 27 (15%) individual females identified in reproductive associations definitely 

went on to associate with another male in the same breeding season (Table 3). Only five out of 

the 27 individual attractive (found in association with a male) females (19%) definitely had 

litters in the year following mating behavior. Ten out of 27 attractive females (37%) definitely 

did not go on to have a litter the following year. Of those ten females, three (11% of 27) had 

litters two years after engaging in mating behavior. Two of the 27 (7%) females engaged in 

mating behaviors, including a confirmed copulation, were pregnant at the time the mating 

behavior was observed. The remaining nine (33%) attractive females were not tracked in the 

years after mating behavior was observed and had unknown reproductive outcomes.   

3.3. Paternity analysis:  

The litter sizes of the seven litters used for paternity analysis ranged from four to nine. 

Between two and ten alleles were detected at the eight microsatellite loci employed (Table 3). 

Loci 7-144 and 7-150 were removed from the study because of the high number of homozygotes 

and possible null alleles. The alleles of the seven mothers and their respective neonates were 

identified at the remaining eight microsatellite markers. Of the seven families analyzed, three 

contained more than two paternal alleles at a single locus and were likely sired by multiple males 

(Appendix 1).  
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4. Discussion:  

Comparison of our results to other studied populations of C. horridus does not reveal any 

clear geographic trends in litter or offspring size (Brown, 1991, Keenlyne, 1978, Martin, 1988, 

Martin, 1993, Gibbons, 1972, Fitch and Pisani, 2006, Galligan and Dunson, 1979, Martin, 2002). 

Overall, mature females in our Ozark population are smaller and produce smaller litters 

compared to other C. horridus populations (but see Keenlyne, 1978, for record of a female with 

follicles at 67cm and Fitch and Pisani, 2006, for a litter size estimate of 5.75 based on a sample 

size of 4 litters; Table 4). The average size of reproductive females is also low compared to other 

reliable reports (Table 4). Average female size at reproduction was only estimated to be lower in 

females collected from a population in Pennsylvania. However, the reliability of these data are in 

question as study snakes were of unknown origin and were housed in the lab for extended 

periods of time (Galligan and Dunson 1979). Our population is frequently energy limited. 

Females are often found in low body condition and starvation is not uncommon (McCue et al., 

2012). Small size at maturity in our Ozark population may be an adaptive life history response to 

the resource environment and the resultant low growth rates documented in previous studies 

(Wittenberg and Beaupre, 2014). Theory predicts that relatively low growth rates will be 

associated with a smaller size at maturity (Stearns and Koella, 1986). Our descriptive data, 

combined with previous data on growth rates in our Ozark population support this idea. Lastly, 

no sexual size dimorphism was observed at birth, as has been observed in some other Crotalines 

(Taylor and DeNardo, 2005, Beaupre et al., 1998).  

We observed relationships between maternal size and litter size that are typical, although 

not universal, in Crotalines. Litter size was positively correlated with maternal SVL, but SVL 

only explained about half of the variation observed. The allometric scaling exponent of the fitted 
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power function was not different from three, the value expected when litter size is dictated by the 

size of the body cavity (King, 2000). No relationship was observed between preparturient or 

postparturient body condition and litter size or mass. Both attractive and pregnant female C. 

horridus were in significantly higher body condition compared to the general population (Figure 

2). Body condition thresholds for entering reproductive bouts have been established in other 

female vipers (Bonnet and Naulleau, 1994, Naulleau and Bonnet, 1996), and at least one study 

suggests that females in above average body condition are more sexually receptive/attractive 

compared to females in below average body condition (Aubret et al., 2002). Our results confirm 

this relationship in a field-active snake, C. horridus, suggesting that some level of stored energy 

is permissive of reproduction (both in terms of attractiveness and pregnancy). However, 

assuming that BCI is a good estimate of individual energy stores, the lack of relationship 

between pre and postparturient body condition and litter mass or litter size suggests that once the 

decision to reproduce has been made, the magnitude of energetic investment towards offspring is 

not strongly influenced by maternal stored energy levels.  

Both field and molecular data demonstrate that female C. horridus in the Ozarks are 

polyandrous. Multiple reproductive pairings by radiotagged females in a single breeding season 

were observed on several occasions, and three out of the seven litters analyzed were sired by 

multiple males. Empirical evidence for multiple paternity has been sought in many snake 

species, including C. horridus (Villarreal et al., 1996). In most species except the rattlesnakes, 

Sistrurus catenatus (Gibbs et al., 1998) and C. horridus, multiple paternity was confirmed (Uller 

and Olsson, 2008, Voris et al., 2008, Wusterbarth et al., 2010). However, Villarreal et al. (1996) 

only analyzed two litters from a northern population of C. horridus using four microsatellite 

markers, and Gibbs et al., 1998, also only analyzed two S. catenatus litters. Their results are not 
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sufficient to rule out multiple paternity in either population. A recent analysis of 24 litters of the 

Western Diamondback Rattlesnake, Crotalus atrox, found that 12 litters (50%) contained 

multiple sires (Clark et al., 2014). Their results are the first molecular evidence for multiple 

paternity in rattlesnakes. However, two studies have confirmed multiple paternity in other 

Crotalines; the Copperhead, Agkistrodon contortrix (Schuett and Gillingham, 1986) and Halys 

Pit Viper, Gloydius halys, (Simonov and Wink 2011). Our results confirm that multiple mating 

by females and multiple paternity also occurs in C. horridus in northwestern AR. 

Female promiscuity/polyandry appears to be the rule in snake mating systems, and 

rattlesnakes are likely not an exception. The mating system of temperate zone rattlesnakes has 

been described as prolonged mate search polygyny where males search widely for relatively 

sedentary females during discrete breeding seasons (Duvall and Schuett 1997, Duvall et al., 

1992). Males may defend females for periods of weeks during the mating season (Mcgowan and 

Madison, 2008, O’Leile et al., 1994). However, to our knowledge, no additional postcopulatory 

mechanism for exclusion of additional sires (e.g. a mating plug) has been identified in 

Crotalines. Females also typically breed less than annually and can store sperm across multiple 

breeding seasons, thus providing ample opportunity for sperm mixing and competition (Sever 

and Hamlett, 2002, Booth and Schuett, 2011). In some species, including C. horridus, sperm 

storage is likely obligatory, as the breeding season is dissociated from ovulation by many months 

(Aldridge and Duvall, 2002, Schuett, 1992). Our finding that almost half of the females that 

engaged in reproductive behaviors did not go on to reproduce the following year and that 8% of 

females found engaged in reproductive behaviors were pregnant suggests that a female will mate 

with a suitable male even when her likelihood of reproducing the following year is unlikely. 

However, our body condition analysis revealed that attractive females were in better body 
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condition compared to the general population. If a female has the ability to store sperm over long 

periods (i.e. years) without any cost in terms of reproductive success, one would expect to 

observe no relationship between attractiveness and energetic status. These seemingly 

contradictory results lead to several hypotheses regarding the mating system of C. horridus, and 

snakes in general: (1) There is a cost in terms of fitness to using sperm stored for long time 

periods to fertilize eggs compared to “fresh” sperm, (2) during the breeding season, females at 

certain intermediate body conditions do not have the ability to reliably predict reproductive 

outcomes the following year, and will mate in order to ensure fertilization if future resource 

availability/acquisition permits reproduction, and (3) males may have the limited ability to assess 

the likelihood that a female will produce offspring in the near future, and the observed difference 

in the body condition of attractive females may have to do with male choice rather than female 

receptivity (i.e. perhaps females of all body conditions are receptive, but only some are chosen as 

mates).  

Assuming that there is a cost to mating in females, there must be some adaptive benefit 

(e.g. cryptic choice, sperm competition or unpredictable availability of males) to acquiring sperm 

even when fertilization will likely not occur for several years. Acquisition of sperm from 

multiple males could protect a female’s reproductive investment from potential genetic 

incompatibility with a single mate (Zeh and Zeh., 1997). At least one study in snakes has shown 

increased reproductive success in females that mated multiply compared to those that did not, 

indicating indirect (genetic) fitness benefits to female promiscuity (Madsen et al. 2005). 

However, Uller and Olsson, 2008, suggest that female promiscuity and multiple paternity in 

reptiles is more likely driven by “strong selection on multiple male mating, low degree of 

precopulatory mate choice, high mate-encounter rate, and a relatively low cost of repeated 
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mating to females,” rather than indirect genetic benefits to female multiple mating. We believe 

that several of these conditions do not apply to C. horridus. First, female rattlesnakes are thought 

to be active participants in reproduction and cannot be “forced” into copulations. Second, mate 

encounter rates are low in our system. Most females tracked throughout the breeding season are 

seen with one or no mates despite the fact that male handling time (i.e. courtship and mate 

guarding) can last for days to weeks (personal observation). Thus, we hypothesize that female 

polyandry in C. horridus is more likely driven by indirect genetic benefits and or a very low 

mate encounter rate coupled with long-term sperm storage/mixing. Experimental evidence for or 

against indirect genetic benefits to multiple mating and of the potential fitness costs and benefits 

of long-term sperm storage is needed in order to establish the adaptive significance of female 

reproductive patterns and mating systems in reptiles (Clark et al., 2014). 

In conclusion, C. horridus in northwestern Arkansas mature at small body sizes and have 

small litters compared to most other studied populations. Litter size is primarily driven by 

maternal SVL and not maternal body condition. Females do mate multiply within a given 

breeding season and often engage in mating behavior even when the chances of producing a litter 

the following year are low. Multiple mating and or sperm storage can result in litters sired by 

multiple males. Overall, results confirm that, as is the case for many snakes, the mating system 

of C. horridus is best described as “polygynandry” where both males and females mate multiply 

(Rivas amd Burghardt., 2005). While the benefits to male polygyny are intuitive, the adaptive 

benefits of polyandry in snakes have not been established. Future studies integrating long-term 

individual-based field monitoring, molecular techniques, and experimental tests designed to 

examine the fitness consequences of polyandry are required in order to understand the ecology 

and evolution of snake mating systems.    
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Table 1:  Descriptive statistics for maternal and litter characteristics based on analysis of 19 
litters and a total of 112 offspring.  
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Table 2: Presents the dates of association for females that were observed engaging in 
reproductive behaviors with multiple males in a given breeding season.   
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Table 3: Characteristics of the microsatellite DNA markers. Repeat motif, primer sequence, 
annealing temperatures, and the number of alleles revealed are presented for each marker loci.  
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Table 5: Summary of life history characteristics available in the literature for other C. horridus populations.  
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Figure 1: Scatterplot and non-linear fit showing the relationship between maternal SVL and 
litter size (Litter size = 0.00015*SVL2.91, R2 = 0.45, p = 0.002).  
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Figure 2: Scatterplot with linear regression lines indicating the mass of females in the four life 
history categories corrected for size (i.e. body condition). ANCOVA results show that both 
attractive and pregnant females were in better body condition compared to the general 
population, and that postpartum females were in lower body condition compared to all other 
categories.   
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Appendix 1: Genotypes from mothers and neonates are listed.  There is a (?) in place of 
genotypes when alleles could not be determined. Potential paternal (father) alleles are listed for 
each litter at each locus. More than two paternal alleles suggest multiple sired litters and are 
highlighted in Bold. 
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