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Maternal attendance of young in cottonmouths (Agkistrodon piscivorus):  

Adaptive value and hormonal mechanisms 

 

Abstract 

 

 

Maternal attendance of newborn snakes is ubiquitous among temperate pitviper species, yet few 

studies have focused on any aspect of this behavior.  In general, female pitvipers remain at the birth site 

with their young until neonates complete their first shed cycle (‘ecdysis’), after which the mother and 

neonates disperse.  The goals of this research were to determine if fitness benefits are conveyed to 

neonates during the maternal attendance period and to examine the hormonal mechanisms mediating 

attendance behavior.  Pregnant female cottonmouths (Agkistrodon piscivorus) were collected from the 

wild and used in captive behavioral studies.  All studies involved comparisons among two treatment 

groups: (1) ‘Maternal Attendance’ (MA) - females were allowed a normal maternal attendance period, 

where neonates were left with the mother until they completed ecdysis, after which they were 

removed, and (2) ‘Separated’ (SE) - females had their neonates removed shortly after birth.   Chapter 1 

focused on the effect of maternal attendance on kin discrimination.  The relatedness between 

individuals can have strong effects on behavioral interactions, as engaging in mutually beneficial 

behaviors with kin can increase inclusive fitness.  Parental care has been shown to be particularly 

important for kin discrimination in birds and mammals, but similar studies have not been conducted on 

species exhibiting more rudimentary forms of parental care.  We measured the affiliative behavior of 

related and unrelated juvenile-juvenile and mother-juvenile pairs that had been allowed a maternal 

attendance period (MA) or had been separated at birth (SE).  We found that maternal attendance was 

not required for sibling or mother-offspring recognition, per se, but did enhance female affiliative 
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behavior overall, and particularly that of sisters.  In contrast, post-birth separation had only a modest 

effect on mother-juvenile affiliative behavior, and no effect on the strong affiliation between mothers 

and daughters.  The patterns of affiliative behavior observed in maternally-attended snakes 

corresponded to results of previous studies on pitvipers; however, the behavior of juveniles separated 

at birth did not.  Thus, it is possible that maternal attendance plays some role in the development of 

adaptive affiliative behavior in pitvipers.  Chapter 2 focused on the effect of neonate presence on 

maternal antipredator behavior.  One of the primary functions of parental care is the protection of 

offspring from predators, and parents of diverse taxa are able to carefully modulate their antipredator 

behavior when offspring are present.  We simulated predator encounters and recorded the antipredator 

behavior of females in three treatment groups (MA, SE, and non-reproductive (NR) females).  The first 

trial occurred while MA females were attending neonates and the second trial after neonates had been 

removed; SE and NR females were also tried twice.  When mothers were attending offspring, they were 

more hesitant to engage the predator and were less aggressive once they did, relative to SE and NR 

females.  When these same mothers were no longer attending offspring, they significantly increased 

their antipredator behavior by engaging the predator quickly and displaying more aggressive behaviors.  

This behavioral change was not observed in SE or NR females, indicating that mothers were modulating 

their antipredator behavior in the presence of neonates.  Chapter 3 focused on the hormonal 

mechanisms mediating attendance behavior.  Steroid hormones have been well-documented to 

regulate many aspects of reproductive physiology and behavior, including parental care, but no studies 

have determined if maternal attendance behavior in pitvipers is similarly regulated.  Serial blood 

samples were collected from MA females at five time points during and after maternal attendance; SE 

females had samples collected on a similar temporal schedule.  Plasma levels of progesterone (P), 

estradiol (E), testosterone (T), and corticosterone (CORT) were measured.  The overall pattern of P, E, or 

T did not significantly differ between MA and SE females.  MA females exhibited a significant peak in 
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CORT on the day that neonates shed, but this peak was not observed in SE females.  It is possible that 

the elevated CORT observed in MA females was stimulated by the increased activity and/or changing 

chemical cues of shedding neonates.  Because free-ranging pitvipers cease attending neonates at the 

completion of the post-natal shed cycle, we hypothesize that CORT might play an integral role in 

signaling females to terminate attendance behavior.  Overall, our results provide limited evidence that 

maternal attendance might function to enhance adaptive kin discrimination and protect neonates from 

predation, and that certain aspects of attendance behavior are hormonally mediated. 
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Introduction 

Applying optimal parental investment theory to maternal attendance of young in pitvipers 

 

Overview 

Parental care is a fundamental life history trait of birds and mammals, (Clutton-Brock 1991, 

Rosenblatt 2003), but it is less ubiquitous among ectothermic taxa (Crawford and Balon 1996, Crump 

1996, Somma 2003). This disparity is presumably a result of substantial variation in the reproductive 

modes of ectothermic organisms (e.g., oviparity vs. viviparity, internal vs. external fertilization, genetic 

vs. environmental sex determination), which can affect the relative costs and benefits of caring for 

offspring. It is this variation, however, that makes ectotherms particularly suitable for studies aimed at 

understanding the evolution and maintenance of different forms of parental behavior (Shine 1988, 

Clutton-Brock 1991, Stahlschmidt 2011).  A focus on taxa that exhibit facultative post-parturient 

parental behavior, in particular, may aid in determining the selective factors which led to the evolution 

of the complex obligatory parental care observed in birds and mammals. In snakes, for example, 

parental behavior by females is unevenly expressed phylogenetically, and forms vary from post-laying 

abandonment to extended brooding of eggs in oviparous species to post-parturient abandonment to 

extended maternal attendance of young in viviparous species (Greene et al. 2002, Shine 1988, Somma 

2003). Egg-directed parental care is widespread in snakes, but behavior directed towards offspring is 

found only in viviparous temperate pitvipers (Greene et al. 2002, Somma 2003). 

Despite the surprising ubiquity of an extended maternal attendance of young in temperate 

pitvipers (Greene et al. 2002), this behavior has been ignored in most reviews of reptilian parental care 

(e.g., Shine 1988, Clutton-Brock 1991, Rosenblatt 2003, Balshine 2012).  This is likely due to arguments 

that the observed mother-offspring associations are coincidental, resulting from the need of the mother 

to remain in a refuge until she has recovered from the physiological stresses of birth and the need of the 
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neonates to remain in a refuge until they complete their post-natal shed (Butler et al. 1995, Klauber 

1956).  In other words, if maternal behaviors which benefit young are not occurring during this period 

(i.e., the behavior did not evolve for this purpose), then it should not be considered parental care, sensu 

stricto.  Given that there have been no reports of mother-offspring aggregations in other live-bearing 

snakes (Shine 1988, Greene et al. 2002), which presumably incur similar physiological costs of viviparity, 

the maternal attendance of young observed in pitvipers is unlikely to be pure coincidence.  Furthermore, 

a number of possible benefits that might be conveyed to offspring by an attending mother can be easily 

hypothesized (Greene et al. 2002). 

Optimal parental investment theory can be used to understand why a form of parental behavior 

that is exceedingly rare in non-avian reptiles would evolve in temperate pitvipers.  Theory related to the 

evolution of parental investment can be divided into three broad questions: 1) Which species should 

exhibit care?, 2) How much care should be provided?, and 3) Should care be maternal, paternal, or 

biparental?  Although detailed information on maternal attendance of young in pitvipers is not available, 

these same questions and their related theory can be applied to this system in an informative way.  

Specifically, by examining the probable costs and benefits of maternal attendance relative to what is 

known about pitviper life history, physiology, and ecology, the likelihood of parental care evolving and 

becoming widespread in this taxonomic group can be evaluated.  As such, the goals of this paper are to 

(1) review and summarize optimal parental investment theory, and (2) apply this theory to maternal 

attendance of young in pitvipers. 

 

Optimal Parental Investment Theory 

Which species should evolve care? 

Evolutionary theory predicts that parental behavior should evolve and be maintained when the 

indirect fitness benefits conveyed to the parent outweigh the direct fitness costs incurred (Hamilton 
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1964, Williams 1966, Trivers 1972, Stearns 1992).   Parental behavior is thought to benefit the parent by 

increasing the reproductive success of their offspring, which indirectly increases the fitness of the parent 

(‘inclusive fitness’; Hamilton 1964).  Offspring reproductive success can be enhanced by parental 

behavior in terms of increased survival of the offspring during the period of care and/or increased 

offspring quality (Klug et al. 2012).  For example, many species go through a vulnerable developmental 

period, during which they are particularly susceptible to predation.  Parental guarding can increase the 

number of offspring that survive this vulnerable period and, subsequently, reach sexual maturity.  

Alternatively, increased offspring reproductive success can be achieved without affecting survival, if 

offspring quality is increased.  Parents can increase the quality of offspring through resource allocation 

(e.g., provisioning), which can result in a marked ‘head start’ that continues to benefit offspring after the 

termination of care (the silver spoon effect; Grafen 1988, Lindström 1999, Qvarnström and Price 2001).  

Also, parental care is often coincident with a critical period of neurological development in the offspring 

that is essential for subsequent expression of appropriate social behavior (e.g., birds; ten Cate and Vos 

1999). 

The cost of parental behavior is most often modeled using the currency of time and energy 

expended by the parent.  The majority of theoretical work assumes a trade-off between the resources 

(i.e., time and energy) allocated to parental care vs. mating effort (Trivers 1972, Fromhage et al. 2007), 

such that investment in current reproduction comes at a requisite cost to future reproduction (Williams 

1966, Stearns 1992, Clutton-Brock 1991).  Reduced future reproduction of the parent can be a result of 

several factors, such as direct mortality (e.g., from depleted energy stores or death during offspring 

defense), decreased body condition (e.g., from energetically-expensive provisioning of young), and a 

reduction in additional mating opportunities (e.g., caused by a spatial and/or temporal conflict with 

caring for offspring) (Alonso-Alvarez and Velando 2012).  However, recent work has demonstrated that 

this assumed trade-off is not present in all systems (Stiver and Alonzo 2009).  If a male can use the same 
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resources for both parenting and mating, then there is no energetic trade-off between the two 

activities.  For example, the spermatophore produced by a male katydid is both attractive to females 

and beneficial to the resulting offspring (Gwynne 1988), thus the resources used to produce the 

spermatophore are simultaneously allocated to both mating and parental effort.  Similarly, 

energetically-demanding territory defense can serve a dual purpose, by acting to increase additional 

mating opportunities, as well as protect offspring from predators or conspecific aggression (Stiver and 

Alonzo 2009).   

The cost-benefit balance of parental care can be strongly affected by the life-history of an 

organism, and as such, theoretical models have been developed to determine which traits are 

associated with the presence or absence of care.  Classic r/K-selection theory (MacArthur and Wilson 

1967, Pianka 1970) has been used to link parental care to a suite of other correlated life history traits.  

Organisms classified as r-selected are those that reach sexual maturity at a young age and small size, 

have short life spans, are relatively semelparous, and display little to no parental care (Pianka 1970, 

Stearns 1976).  Alternatively, K-selected organisms reach sexual maturity at an older age and larger size, 

have longer life spans, are iteroparous, and display higher levels of parental care. There has been much 

criticism of classic r/K-selection theory, particularly with its assertion that density-dependence is the 

most important selective factor shaping life histories, and later work has focused more on the effects of 

mortality patterns on life history evolution (Reznick et al. 2002).  Also, in organisms with multiple life 

history stages, stage-specific mortality is thought to play a role in both the presence and timing of 

parental care (Clutton-Brock 1991), and models have shown that selection will favor parental care 

during the stage (e.g., egg or juvenile) at which mortality is highest when no care is provided (Webb et 

al. 2002, Klug and Bonsall 2010).    
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How much care should be provided? 

As mentioned above, parental care theory is based on an assumed trade-off between current 

and future reproduction (Trivers 1972, Gross and Sargent 1985, Winkler 1987).  Not only is this trade-off 

used to predict if parental care should evolve, at all, but also to predict the optimal level of parental 

investment during a single reproductive bout.  This optimum depends on many factors related to the 

reproductive value of the current offspring and the residual reproductive value of the parent (i.e., 

current vs. future reproduction).  Fisher (1930) provided the first mathematical treatment of 

reproductive value, which generally is defined as an organism’s age-specific current and expected future 

reproduction (e.g., number of offspring).  It seems intuitive that increased parental care should be 

favored when offspring reproductive value (ORV) is greatest, because the benefit of caring for high-

value offspring would be large.  Indeed, Winkler (1987) used mathematical models designed for avian 

systems to show that care should increase with factors positively associated with ORV, such as brood 

size and offspring age, and these predictions were well-aligned with those of other models (Andersson 

et al. 1980, Sibly and Calow 1983, Nur 1984).  However, the ‘harm to offspring hypothesis’ (Dale et al. 

1996) predicts that parents should invest more in offspring that would have lower survival in the 

absence of care, because those offspring would benefit the most from care.  Because offspring with high 

ORV (e.g., higher quality or older offspring) would be more likely to survive than offspring with low ORV 

when no care is provided, the ‘harm to offspring hypothesis’ suggests that caring for offspring with low 

ORV would convey a greater marginal benefit to the parent than caring for offspring with high ORV.  In 

other words, there should be an inverse relationship between amount of care and ORV, contrary to the 

predictions of Winkler (1987). 

Parental investment increases the fitness of the parent indirectly by benefiting offspring, but the 

optimal amount of care to devote to current offspring is predicted to also vary with the expected future 

reproduction of the parent (Williams 1966, Trivers 1972, Pianka 1976, Winkler 1987, Clutton-Brock 
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1991) or ‘parental residual reproductive value’ (PRRV).  Allocating time and energy to caring for present 

offspring can have obvious negative effects on PRRV, as those resources can no longer be used for the 

somatic growth needed to maximize future reproduction (Pianka 1976).  Furthermore, certain types of 

parental behavior, such as offspring defense, can decrease PRRV through injury to or death of the 

parent, which can reduce or altogether eliminate PRRV, respectively.  Theory predicts a negative 

relationship between PRRV and parental investment, such that an individual with high PRRV should 

invest less relative to an individual with low PRRV (Pianka 1976, Stearns 1976, Winkler 1987, Clutton-

Brock 1991).  Following this, greater parental investment should be associated with factors related to 

lower PRRV, and old age is one such factor when fecundity and survival decrease over time (Pianka and 

Parker 1975, Pianka 1976). 

 

Should care be maternal, paternal, or biparental? 

One of the most active areas of theoretical research concerning optimal parental investment is 

focused on which sex should be the one to provide care.  The roots of this theory are anchored in the 

concept of anisogamy (i.e., females produce fewer, larger gametes than males), which was used by 

Bateman (1948) to explain the ubiquity of sexual selection, in general, and the observed sex differences 

in reproductive success in Drosophila.  Several decades later, Trivers (1972) used Bateman’s results as a 

springboard to argue that sex differences in parental investment, which were, ultimately, a result of 

anisogamy, could explain variation in the strength of sexual selection acting on males and females.  

Shortly thereafter, Smith (1977) argued the reverse: that sex differences in the strength of sexual 

selection resulted in sex differences in parental investment.  The game theoretical models of Smith 

(1977) predicted that the cost of a missed opportunity to remate would limit male care and the cost of 

reduced fecundity would limit female care; however, recent work has scrutinized these models for 

various reasons.  For example, Wade and Shuster (2002) pointed out that the models were not explicit 
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with respect to which females (unmated or previously mated) non-caring males would remate with and 

built alternative models incorporating this information.  An interesting result of these new models was 

that the fitness gain of a caring male was only half that of a deserting male, which might account for the 

relative rarity of male care in nature.  Another noted issue with the models of Smith (1977) was that 

they did not consider the strong negative effects that variation in paternity could have on the evolution 

of male care (Queller 1997, Houston and McNamara 2002, Wade and Shuster 2002, Kokko and Jennions 

2003, Fromhage et al. 2007).  Despite these flaws, the general pattern predicted in early models of male 

care persisting when the opportunities for deserting males to remate are low, has persisted in more 

recent, revised models (e.g., Fromhage et al. 2007). 

The classic parental investment theory of Trivers (1972) also has been rigorously reevaluated 

and one particular issue has spawned much attention.  Trivers (1972) argued that anisogamy is 

responsible for an initial sex difference in parental investment, which then drives sexual selection, but 

the direction of causality in this relationship has been questioned.  Current theory suggests that 

anisogamy first affects sexual selection, and it is sexual selection (not anisogamy) which is responsible 

for causing an initial sex difference in parental investment (e.g., Queller 1997, Kokko and Jennions 2003, 

2008).  More specifically, if the adult sex ratio is equal, mating success is equal, and every offspring has 

one mother and one father, then males and females produce the same mean number of offspring.  This 

makes the benefits of caring equal for males and females and, thus, both sexes would be equally likely 

to care.  In other words, anisogamy alone does not alter the relative benefits of female vs. male care, so 

it is not sufficient to explain sex differences in parental investment (Kokko and Jennions 2008).  It is only 

once sexual selection alters the operational sex ratio (e.g., some males are able to mate more often and 

sire more offspring than other males), that the benefits of caring are no longer equivalent between the 

sexes, and deserting becomes more profitable for individuals that can successfully remate and produce 

additional offspring.  Furthermore, anisogamy makes sperm competition (a form of sexual selection) 
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possible because many small male gametes must compete for few large female gametes.  In systems 

where females mate with multiple males, and certainty of paternity is low, the benefits of male care will 

be lower than that of female care, and thus, male care should be rarer (Queller 1997, Kokko and 

Jennions 2003).   

Although female-only care is the most common type of care observed, there are numerous 

examples of male-only or biparental care, and much theory has been devoted to determining the 

conditions under which different types of care should evolve.  For example, Queller (1997) developed a 

null model to indicate that when the costs and benefits of caring are equal for males and females, there 

should be no bias in which sex cares; he then added additional variables to examine the selective factors 

leading to male or female care.  First, he incorporated variation in paternity, and concluded that lower 

paternity should disfavor male care, which had been predicted in the early work of Trivers (1972).  Next, 

he allowed for variation in the sex ratio and showed that when there are fewer males than females (or 

fewer mated-males than mated-females), male care will, again, be disfavored.  Queller (1997) noted that 

sexual selection could result in males being rarer in the breeding population by increasing male 

mortality (e.g., males engage in risky behavior while competing for mates) or variation in male mating 

success (e.g., some males do not successfully mate).   

Anisogamy sets the stage for strong sexual selection on males (e.g., sperm competition and 

variation in reproductive success) and a greater prevalence of female-only care (Kokko and Jennions 

2008), but male-only care is common in certain groups, such as teleost fishes (Reynolds et al. 2002).  To 

understand why, Kahn et al. (2013) developed a fish-based model and determined that the ability of a 

male to ensure the paternity and survival of a brood by guarding it was enough to ‘kick-start’ the 

evolution of male-only care from a state of no care.  However, this strategy only works if the male 

begins guarding at fertilization, which might explain why male-only care in teleost fishes, and 

vertebrates, in general, is associated with external fertilization (Mank et al. 2005).  The same selective 
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factors shown to be important for the evolution of female-only and male-only care (discussed above), 

affect the evolution of biparental care; ultimately, both parents must benefit more from caring than 

deserting for biparental care to be maintained in a system.  Game theoretical models suggest that when 

one parent cares, the costs of deserting are reduced for the other parent, so in order for both parents to 

benefit more from caring than deserting, the offspring must benefit more from biparental vs. single-

parent care (Smith 1982).  Put another way, if one parent reduces the amount of care they provide and 

the other parent increases its level of care to fully compensate for that reduced care, then the offspring 

are benefiting as much from the care of the compensating parent as they were when both parents were 

providing care.  Biparental care can be an evolutionary stable strategy only if the second parent does not 

(or cannot) increase their care to a level that fully compensates for the reduced care of the first parent 

(Parker 1985). 

 

Maternal Attendance of Young in Pitvipers:  Applying Theory 

Why would pitvipers evolve care? 

For parental care to evolve in any species, the benefit of increased offspring survival and/or 

quality must outweigh the cost of reduced future reproduction (Trivers 1972).  Perhaps the most 

obvious potential benefit of an attending mother pitviper is predator deterrence (Price 1988, Greene et 

al. 2002).  Although newborn pitvipers possess fully functional fangs and venom, they are likely 

particularly susceptible to predation during the maternal attendance period.  Not only are neonate 

snakes subject to a broader array of predators than adults (Ernst and Ernst 2003), but also their 

vulnerability is increased during ecdysis.  The post-natal shed cycle typically lasts one to two weeks and 

during this time neonates are lethargic and experience vision loss due to fluid secretion during ocular 

scale separation.  The defensive abilities of adult pitvipers are substantial enough to deter most 

predators (Ford 2002), and, as such, the mere presence of an attending mother might be sufficient to 
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decrease predation on neonates.  The venomous nature of pitvipers supports the hypothesis that 

maternal attendance is adaptive, in that species particularly capable of defense, are those in which 

young guarding is likely to evolve (Shine 1988, Clutton-Brock 1991).   

An attending mother also could benefit neonates by promoting aggregating behavior, which 

functions to enhance thermoregulation and hydroregulation, both of which are crucial to snakes during 

the shed cycle (Duvall et al. 1985, Graves and Duvall 1995, Reiserer et al. 2008, Tu et al. 2002).  Indeed, 

neonatal rattlesnakes have been found to form tight aggregations with the mother during the 

attendance period (Greene et al. 2002).  As with all ectotherms, particularly temperate species, 

regulating body temperature and evaporative water loss is necessary for many physiological processes, 

including ecdysis (Duvall et al. 1985).  Because snakes are vulnerable during the shed cycle, an 

incomplete or delayed shed could increase the amount of time that neonates are particularly 

susceptible to predation.  Thus, if neonates are better able to regulate body temperature and decrease 

cutaneous water loss by aggregating with each other and an attending mother (whose larger body could 

buffer neonates from the environment), they might be able to hasten their shed cycle and decrease the 

amount of time spent in an exceptionally vulnerable stage.  Clearly, the post-natal shed cycle provides 

an opportunity for neonates to benefit greatly from an attending mother, and could be the key trait that 

drove the evolution of parental care in this group.  Further supporting this claim is the absence of 

maternal attendance in closely related species which lack an extended post-natal shed cycle (e.g., 

Crotalus unicolor; Greene et al. 2002). 

Not only could aggregating behavior benefit offspring physiologically, but also socially; the close 

association of related individuals after birth could function to enhance kin discrimination and future 

affiliative behavior.  Even if an individual has an innate ability to distinguish related from unrelated 

conspecifics via genetic similarities (e.g., major histocompatability complex matching), as opposed to 

familiarity-dependent imprinting, close association with relatives has been shown to enhance kin 
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discrimination abilities (e.g., hamsters: Johnston and Peng 2008).  There is some evidence that the post-

birth aggregation of mother and neonates in pitvipers might function similarly (Greene et al. 2002).  For 

example, Graves et al. (1987) found that newborn prairie rattlesnakes, Crotalus viridis, tongue-flicked 

and nudged the mother’s body with their face and, during this time, exhibited mouth-gaping and head-

shaking, which are behaviors thought to increase chemosensory abilities by priming the vomeronasal 

organ (Graves and Duvall 1983, 1985).  The opportunity for neonates to learn the unique chemical 

signatures of conspecifics, in general, and/or related individuals might be beneficial for subsequent 

survival (Graves and Duvall 1995, Martin 1992, Cobb et al. 2005).   For example, Reinert and Zappalorti 

(1988) found evidence that neonatal timber rattlesnakes, C. horridus, followed adult scent trails to 

winter refuges and suggested that their close association after birth, facilitated by an attending mother, 

was responsible for the chemosensory recognition of adult conspecifics and the dens they occupied.   

Also, Clark (2012) documented kin discrimination in this same species, as evidenced by naturally 

occurring adult and juvenile aggregations composed of related individuals. 

It is clear that neonate pitvipers might benefit substantially from an attending mother, but the 

cost of this behavior to the future reproduction of the mother also must be considered.  The most 

obvious potential costs are reduced foraging while attending offspring, increased risk of injury/mortality 

while defending offspring, and missed mating opportunities.  Attending mothers do not typically forage 

during the attendance period, which could be costly, as post-parturient snakes often are emaciated 

(e.g., Vipera berus; Madsen and Shine 1992) due to reduced foraging opportunities and possible 

suppression of appetite during gestation (Gregory et al. 1999).  However, pitvipers are ambush 

predators with a low success rate of prey capture and infrequent feeding (Bull and Shine 1979), so a 

mother having to forego feeding for an extra week or two, while attending neonates, might not be a 

significant cost.  Injury or death during offspring defense is also a possibility, but because pitvipers are 
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venomous and few predators will attack an adult (Ford 2002), the risk would be much lower relative to 

that of non-venomous snakes.   

It is difficult to estimate the probability that an attending female will be subject to missed 

mating opportunities while attending offspring.  Relatively little is known about pitviper reproduction, 

specifically with respect to the exact timing of mating.  In general, temperate species appear to have 

either a unimodal (summer/fall) or bimodal (summer/fall and spring) mating season, with obligatory 

long- or short-term sperm storage (Duvall et al. 1992, Schuett 1992, Aldridge and Duvall 2002).  

Irrespective of whether a species has a unimodal or bimodal mating season, ovulation always occurs in 

late spring, gestation throughout summer, and parturition in summer/fall, which makes the birthing 

season and summer/fall mating season coincident.  The probability that attending females belonging to 

a species with a single summer/fall mating season will miss the opportunity to mate during that season 

is difficult to assess without more thorough natural history information.  If they do miss the opportunity 

to mate, it could be costly, as they will be unable to produce a litter the following year and, thus, will be 

restricted to a biennial reproductive cycle.  This would not be the case in species with a bimodal mating 

season, since attending females could mate the following spring and produce litters on an annual cycle.  

However, mating season does not appear to be associated with the presence or absence of maternal 

attendance (Greene et al. 2002).  In addition, most pitviper species reproduce on a biennial or longer 

cycle (Seigel and Ford 1987) due to the large amount of stored energy required to produce a litter (i.e., 

‘capital’ breeding; Bonnet et al. 1998), so even if maternal attendance resulted in a missed mating 

opportunity, the cost might be insignificant for most females. 

Pitvipers exhibit many life history traits that are considered characteristic of K-selected 

organisms with parental care.  Although detailed life history data on snake species are sparse, Parker 

and Plummer (1987) constructed life tables from available literature to allow for rough comparisons 

among broad taxonomic groups.  These tables indicated that female viviparous viperids reach sexual 
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maturity at almost twice the age of similarly-sized viviparous colubrids and elapids (~4.4 yr vs. ~2.7 yr).  

Also, late-maturing temperate viperids were shown to have longer estimated longevity than late-

maturing temperate colubrids (~17.5 yr vs. ~14.3 yr).  Of the 20 late-maturing temperate snake species 

with reproductive frequency data, 12 out of 13 colubrid species were annual reproducers, while all 

seven of the viperid species showed a biennial or triennial cycle (see also Bull and Shine 1979).  Finally, 

post-juvenile survivorship (i.e., survivorship after the first year) in viperids is higher than first-year 

survivorship, and the highest among snake taxa (~77%).  Given the high adult survivorship and relatively 

low fecundity of pitvipers, the indirect fitness gain to a mother would be large if her attendance 

increased the probability of neonates recruiting into the adult stage.  It is logical to assert that neonate 

mortality is likely higher during the post-natal shed stage than the stage following ecdysis, so the timing 

of maternal attendance matches the theoretical predictions that parental care should occur during the 

stage at which mortality is highest in the absence of care (Webb et al. 2002, Klug and Bonsall 2010). 

 

How much care should pitvipers provide? 

No observations have been made of attending females abandoning neonates before they 

complete their post-natal shed, which suggests that there is little, if any, variation in the length of the 

attendance period (Greene et al. 2002).  This lack of variation might be evidence that offspring 

reproductive value (ORV) does not affect how long females provide care, but ORV might affect other 

aspects of maternal behavior.  For example, there does appear to be variation in the defensive behavior 

of attending females, with some females exhibiting overt aggression toward an intruder, others 

displaying only warning behaviors, and still others remaining completely still (Greene et al. 2002).  

Unfortunately, these observation are anecdotal and lack the details required to make even the most 

general assessment of ORV, such as litter size or neonate size, so it is not possible to determine if ORV 

does, in fact, affect maternal defensive behavior; however, predictions can be made based on theory.  If 
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parental effort increases with ORV (Andersson et al. 1980, Sibly and Calow 1983, Nur 1984, Winkler 

1987), females with larger litters or larger neonates would be expected to show elevated defensive 

behavior relative to females with smaller litters or neonates.  Also, as ORV is expected to increase with 

offspring age, females should increase their defensive behavior throughout the attendance period, 

showing peak levels when the neonates are at the end of the shed cycle and sloughing their skin.  

Opposite patterns would be predicted by the ‘harm to offspring hypothesis’ (Dale et al. 1996): females 

with smaller litters or smaller neonates should show the highest levels of defensive behavior and this 

behavior should decline throughout the attendance period as neonates age. 

The parental residual reproductive value (PRRV) of attending females is just as difficult to assess, 

given the scant information contained within published observations of maternal attendance.  Theory 

suggests that parental investment should decrease as PRRV increases (Pianka 1976, Stearns 1976, 

Winkler 1987, Clutton-Brock 1991).  One factor associated with low PRRV is old age, because fecundity 

and survivorship often decrease with age (Pianka and Parker 1975, Pianka 1976), but this pattern is not 

seen in all taxonomic groups.  In snakes, fecundity increases with body size, and body size increases 

indeterminately with age, so fecundity increases with age, as well (Seigel and Ford 1987, Ford and Seigel 

1989).  As such, PRRV might be higher in older pitvipers, and if so, theory would predict older individuals 

to show lower levels of parental care relative to younger individuals.  Again, there is no evidence to 

suggest inter- or intra-individual variation in the length of maternal attendance, but if younger females 

showed greater defensive behavior than older females, the above prediction would be supported. 

 

Should pitviper care be maternal, paternal, or biparental?  

The descriptor ‘maternal attendance’ implies that only females exhibit this behavior and, 

indeed, there are only a few “vague reports” of a male being found in the proximity of neonates (Greene 

et al. 2002).  Theory predicts that male parental care will be disfavored when there is strong sexual 
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selection acting on males (Bateman 1948, Trivers 1972, Smith 1977, Queller 1997, Houston and 

McNamara 2002, Wade and Shuster 2002, Kokko and Jennions 2003, 2008, Fromhage et al. 2007), and 

there is much evidence to support that this is the case in pitvipers.  In an exhaustive review of pitviper 

mating systems, Duvall et al. (1992) provided several lines of evidence that males are subject to much 

stronger sexual selection than females.  These include the presence of male-male competition (i.e., 

ritualized combat) for access to mates, male-biased sexual size dimorphism, long- or short-term sperm 

storage with possible sperm competition, multiple paternity, and a male-biased operational sex ratio 

resulting from the greater-than-annual reproductive cycles of females.  Based on these characteristics, 

Duvall et al. (1992) argued that male pitvipers have the potential to increase their fitness through 

multiple matings, but females do not, which would make parental care more costly for males than 

females and male care unlikely to evolve (Smith 1977, Wade and Shuster 2002). 

Biparental care also would be unlikely to evolve in pitvipers.  Not only does the strong sexual 

selection on males make the cost of male care higher than that of female care, but the added benefit of 

a male caring when a female is already caring is presumably small.  Because neonate pitvipers are 

precocial and do not require provisioning, there are no large energetic costs which could be shared by 

two parents, as is typically the case in species exhibiting biparental care (e.g., birds).  Also, effective 

predator deterrence would probably not require a second adult pitviper, which would lead to a conflict 

of interest between parents regarding how much each should devote to defense (Montgomerie and 

Weatherhead 1988).  If one parent can defend just as effectively as two, the temptation to desert would 

be high for the second parent (Parker 1985).  The most likely way in which a second parent could further 

enhance offspring quality and survival is by increasing the physiological and social benefits associated 

with aggregating behavior.  Be that as it may, the temporal dissociation of mating and birth (i.e., ~4-12 

mo) would require males to remain with their mate for an extended period of time or relocate her at 

parturition, which greatly reduces the likelihood of male care evolving (Klug and Bonsall 2010).     
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Summary 

Optimal parental investment theory has enhanced our understanding of the selective factors 

responsible for the variety of parental strategies observed in nature.  However, the predictive power of 

theoretical models is dependent on the empirical data available to inform them.  Most theory has been 

developed using endothermic models with obligatory parental care, which limits their applicability to 

the vast majority of organisms.  This is of particular concern, as insights regarding the origins of parental 

care are likely to come from species that display more rudimentary parental behaviors, such as pitvipers.  

Unfortunately, there has been little empirical research devoted to the study of maternal attendance of 

young in pitvipers, and this likely stems from the long history of snakes being considered asocial and the 

assumption that the mother-offspring associations observed in pitvipers are coincidental and 

nonadaptive.  However, according to theory, pitvipers exhibit traits that make them particularly suitable 

for the evolution of maternal care, including ‘slow’ life history strategies, specialized defense 

capabilities, internal fertilization, viviparity, and a vulnerable neonatal stage.  Furthermore, the potential 

benefits of maternal attendance are many, while the potential costs are few.  If this behavior evolved to 

benefit offspring and thus convey a fitness advantage to attending mothers, then determining whether 

or not benefits exist is a logical place to start.  And if this behavior is, in fact, adaptive, then attendance 

behavior would likely be controlled by the same hormonal mechanisms known to mediate maternal care 

in other taxa. Thus, the goals of this dissertation were to examine the possibility that enhanced kin 

discrimination (Chapter 1) and predator deterrence (Chapter 2) are benefits of maternal attendance in 

pitvipers, and to determine if attendance behavior is hormonally mediated (Chapter 3).   
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Chapter 1 

Post-birth separation of mother and offspring alters kin discrimination and sex-specific affiliative 

behavior in a pitviper with maternal attendance 

 

Abstract 

The relatedness between individuals can have strong effects on behavioral interactions, as 

engaging in mutually beneficial behaviors with kin can increase inclusive fitness.  Parental care has been 

shown to be particularly important for kin discrimination in birds and mammals, but similar studies have 

not been conducted on species exhibiting facultative forms of parental care.  Maternal attendance of 

young in pitvipers is facultative and ubiquitous among temperate species, but the adaptive value of this 

behavior has received little attention.  The goal of this study was to determine if being deprived of a 

maternal attendance period as neonates altered how cottonmouths responded to kin and nonkin after a 

six to eight month period of separation in a captive setting.  To do so we measured the affiliative 

behavior of related and unrelated juvenile-juvenile and mother-juvenile pairs that had been allowed a 

maternal attendance period or had been separated at birth.  We found that maternal attendance was 

not required for sibling or mother-offspring recognition, per se, but did enhance female affiliative 

behavior overall, and particularly that of sisters.  In fact, related juveniles that were separated at birth 

showed an extreme reversal in the sex-specific affiliative behavior observed in maternally-attended 

juveniles.  In contrast, post-birth separation had only a modest effect on mother-juvenile affiliative 

behavior, and no effect on the strong affiliation between mothers and daughters.  The patterns of 

affiliative behavior, with respect to sex and relatedness, observed in maternally-attended snakes 

corresponded to patterns that have emerged from previous captive and field studies of pitvipers; 

however, the behavior of juveniles separated at birth did not.  Thus, it is possible that maternal 



27 
 

attendance plays some role in the development of adaptive sex-specific and kin-directed affiliative 

behavior in pitvipers. 

 

Introduction 

The ability to respond to conspecifics in a way that maximizes fitness is essential to all species, 

and particularly important for organisms that engage in social behavior outside of the context of mating.  

In addition to recognizing and responding appropriately to potential mates, fitness gains can be 

enhanced by cooperating with conspecifics during activities such as predator defense (e.g., Krams et al. 

2010), foraging (e.g., Kim et al. 2005), and offspring care (e.g., Kingma et al. 2011).  During conspecific 

interactions, individual responses are governed by the information that each individual has about the 

other.  Simple traits, such as sex, size, and receptivity can be identified via sensory cues during a single 

interaction (Mason 1993, Shine et al. 2000, 2003), but previous experience with a conspecific allows for 

more complex information to influence behavioral decisions (e.g., reciprocity: Axelrod and Hamilton 

1981).  The ability to identify individuals based on their social significance has been demonstrated in all 

major vertebrate groups, as well as some  invertebrates (reviewed in Tibbetts and Dale 2007), but 

exactly how these multicomponent representations or memories of individuals are formed is still 

unclear (Johnston and Peng 2008). 

One piece of information that can affect conspecific interactions is the relatedness between 

individuals, as engaging in mutually beneficial behaviors with kin (‘kin selection’) can increase an 

individual’s inclusive fitness indirectly by increasing the fitness of relatives (Hamilton 1964, Maynard 

Smith 1964; but see Griffin and West 2002).  Given the potential influence of kin selection on the 

evolution of social behavior, a large amount of literature documenting kin discrimination in a wide range 

of species has accrued (reviewed in Hepper 1991).  Historically, the proximate mechanisms responsible 

for kin recognition were thought to be either genetically-based (‘recognition by phenotype matching’) or 
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familiarity-based (‘recognition by association’), and thus innate and immediately assessed, or learned 

and retrieved from memory, respectively.  However, the over-simplification of this dichotomy and the 

potential for organisms to integrate information gained from both phenotype matching and familiarity 

has been acknowledged (reviewed in Barnard et al. 1991, Tang-Martinez 2001, and Penn and Frommen 

2010).  Indeed, Johnston and Peng (2008) showed that, although male golden hamsters can distinguish 

among multiple unfamiliar female hamsters using a variety of odor cues, association via physical contact 

with a female was required for memory formation, and thus future recognition.   

The extended post-birth association of parents and offspring in species with parental care 

provides related individuals an opportunity to collect information about one other that can be used 

during future interactions.  Cross-fostering studies have found that the effect of rearing environment on 

kin discrimination varies considerably among species.  Specifically, some species identify anyone with 

whom they were reared as ‘kin’, regardless of relatedness (e.g., prairie voles: Paz y Miño and Tang-

Martinez 1999), some are able to recognize unfamiliar kin, despite being reared with nonkin (e.g., zebra 

finches: Krause et al. 2012), and still others appear to incorporate both phenotype matching and 

familiarity into ‘kin templates’, against which individuals are matched (e.g., golden hamsters: Mateo and 

Johnston 2000).  A limitation of these studies, however, is that they do not address how kin 

discrimination is affected by the complete lack of an early social environment (i.e., being reared in 

isolation).  In fact, there is an absence of studies in which hatchlings or newborns of species with 

parental care are immediately separated from all conspecifics and remain so for an extended period of 

time before kin discrimination is assessed.  This is presumably due to the fact that the majority of 

species which engage in parental care do so obligatorily (i.e., young would not survive in the absence of 

care), preventing the immediate isolation of young from being a viable option.  Fortunately, various 

forms of facultative parental care occur in the taxonomically-diverse ectothermic vertebrates (i.e., fish: 
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Crawford and Balon 1996; amphibians: Crump 1996; reptiles: Gans 1996), making them ideal candidates 

for determining how the absence of care affects development. 

In temperate-zone pitvipers, post-parturient females remain with their young for an extended 

period of time after birth (‘maternal attendance’; reviewed in Greene et al. 2002), but despite the 

apparent ubiquity of maternal attendance in this group of snakes, there have been few studies aimed at 

determining its adaptive value (Graves 1989, Greene et al. 2002).  Anecdotal observations suggest that 

mother and offspring remain at the birth site until neonates complete their first skin shed, at which 

point they disperse (~10-14 days after birth, depending on species).  During maternal attendance, 

mother and neonates form tight aggregations, and have been observed tongue-flicking and nudging 

each other’s bodies and displaying behaviors thought to enhance the collection of chemosensory 

information by priming the vomeronasal organ (e.g., gaping and head-shaking; Graves and Duvall 1983, 

1985, Graves et al. 1987).  Although kin discrimination has been documented experimentally in only one 

pitviper species, the timber rattlesnake (Crotalus horridus; Clark 2004), this ability seems to be 

widespread in squamate reptiles (i.e., snakes and lizards; Main and Bull 1996, Lena and de Fraipont 

1998, Bull et al. 2001, Himes 2002, Font and Desfilis 2002, O’Connor and Shine 2006, Head et al. 2008, 

Pernetta et al. 2009).  As such, it is likely that most, if not all pitvipers are capable of kin discrimination 

and an extended post-birth period of association between mother and offspring might play a role in its 

development (Greene et al. 2002). 

The current study focuses on whether maternal attendance is required for and/or enhances kin 

discrimination in the cottonmouth (Agkistrodon piscivorus).  The cottonmouth is a widespread semi-

aquatic pitviper that is most commonly found in the floodplain forests and beaver marsh complexes of 

the southeastern United States (Gloyd and Conant 1990), and has been shown to exhibit maternal 

attendance of young (Wharton 1966, Walters and Card 1996).  Our objective was to compare kin 

discrimination after six to eight months of separation between cottonmouths that had experienced 
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maternal attendance prior to separation and those that had been reared in isolation since birth.  To do 

so, we quantified both sibling and mother-offspring recognition using two measures of affiliative 

behavior: 1) inter-individual distance and 2) time spent entwined.     

 

Methods 

Pregnant cottonmouths were collected from Georgia (Clayton and Fayette Co.) and Alabama 

(Macon Co.), transported to San Diego State University (San Diego Co., CA), and maintained in a 

temperature- and lighting-controlled room (~22.7-26.7°C and 12L:12D cycle).  Snakes were housed in 

individual cages containing a hidebox, offered one mouse per week, provided water ad libitum, and 

checked for parturition daily.  Each pregnant female was randomly assigned to one of two treatment 

groups: Maternal Attendance (MA) or Separated (SE).  Upon parturition, MA females and their neonates 

were allowed a maternal attendance period, whereby the litter was left in the birth cage with the 

mother until all neonates in that litter completed ecdysis (8-11 d; mean ± standard deviation: 8.67 ± 

1.21).  Once all neonates of a given litter completed ecdysis, they were separated from each other and 

the mother and maintained in individual cages for the duration of the study.  Females assigned to the SE 

group were not allowed a maternal attendance period.  Instead, neonates were separated from the 

mother and their littermates within 24 hours of birth and maintained in individual cages for the duration 

of the study.   After neonate removal, the mother’s cage was cleaned with a bleach solution to remove 

any chemical cues associated with her offspring.  Note that neonates were given the same treatment 

group designation as their mother (e.g., neonates produced by a MA female were in the MA treatment 

group).  Although parturition checks were made on a 24-hr interval, cottonmouths typically give birth in 

the early morning hours (S. Hoss, pers. obs.), so separations likely occurred within 8 hours of birth. 
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Juvenile-Juvenile Experiment 

This experiment was designed to assess the effects of a maternal attendance period on 

affiliative behavior among juveniles, and began after individuals of both treatment groups had been 

separated for approximately six months.  Behavioral trials were conducted on random pairs of juveniles 

that were matched according to three factors: (1) treatment group (MA or SE), (2) sex (male or female), 

and (3) relatedness (kin or nonkin; i.e., siblings or non-siblings).  Both members of the pair had the same 

designation for all three factors and no individual was used more than once.  Trials took place in a 40 cm 

x 40 cm arena fitted with an infrared time-lapse video camera.  Each pair was placed in an arena and left 

undisturbed for four days; arenas were cleaned with a bleach solution between trials.  From the videos, 

a still frame was taken every three hours over the four days of the trial, and two measures of affiliative 

behavior were recorded from each still: (1) minimum distance between individuals (measured using 

Image J freeware; W. S. Rasband, National Institutes of Health, Bethesda, MD, USA) and (2) whether or 

not individuals were entwined (i.e., coiled around each other).  We considered the first 30 hours of the 

trial an acclimation period, so only measures made on the final 23 stills were analyzed.   

In an effort to minimize the potential effects of shedding and digestion on behavior, individuals 

were not tried when they showed signs of entering a shed cycle (e.g., dull skin, opaque eyes) or within 

one week of being fed.  Also, cottonmouths are presumed to have a polygynous mating system (Gloyd 

and Conant 1990) with the potential for males to sire multiple litters, and litters to have multiple 

paternity.  To ensure that our nonkin pairs did not contain individuals that were actually paternal half-

sibs, we matched juveniles from geographically disparate populations.  In addition, genetic analyses 

conducted as part of a forthcoming study confirmed that individuals in our kin pairs were all full-sibs (W. 

Booth and S. Hoss, unpublished data). 
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Mother-Juvenile Experiment 

This experiment was conducted after the completion of all juvenile-juvenile trials and was 

focused on mother-juvenile affiliative behavior.   At the start of this experiment, all individuals had been 

separated for approximately eight months.  We established mother-juvenile pairs that differed 

according to three factors: (1) treatment group (MA or SE), (2) juvenile sex (male or female), and (3) 

relatedness (kin or nonkin; i.e., the direct progeny of the mother or an unrelated juvenile).  Each mother 

underwent two trials, the order of which was random.   In one trial, the mother was paired with one of 

her offspring, and in the other trial, she was paired with an unrelated juvenile of the same sex and 

treatment group.  Repeated trials were separated by two weeks and juveniles were used in only one 

mother-juvenile pair.  All other methods were identical to those of the first experiment, except that the 

arenas were larger (40 cm x 60 cm) to accommodate the adult female.  All mothers and their offspring 

were released at the mother’s capture site upon completion of this study. 

 

Statistical Analyses 

To avoid pseudoreplication, the average minimum distance between individuals during the final 

three days of the trial (i.e., the average of 23 distance measures taken from stills) was calculated for 

each juvenile-juvenile and mother- juvenile pair.  The proportion of time entwined was calculated by 

dividing the number of stills in which individuals were entwined by the total number of stills.  For 

juvenile-juvenile pairs, a general linear model was used to determine the effect of treatment group (MA 

or SE), sex (female or male), and relatedness (kin or nonkin) on average distance and proportion of time 

entwined, separately.  Eight post hoc pairwise comparisons for each dependent variable were chosen a 

priori and conducted using Fisher’s LSD; four compared measures between MA and SE groups, for each 

sex*relatedness combination (female kin, female nonkin, male kin, male nonkin), and four compared 

measures between kin and nonkin groups, for each treatment*sex combination (MA females, MA males, 
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SE females, SE males).  Dependent variables were square root transformed to meet the assumptions of 

normality and homogeneity of variances. 

Data from the Mother-Juvenile experiment were analyzed using a linear mixed model design, in 

which treatment group, juvenile sex, and relatedness were fixed factors, the individual ID of the mother 

was a random factor, and average distance or proportion of time entwined was the dependent variable.  

Average distance for SE pairs had exceptionally large variances, causing the dataset to violate the 

assumption of homoscedasticity.  We attempted numerous data transformations to remedy this 

problem, but were still unable to obtain adequate homoscedasticity.  As such, we conducted a linear 

mixed model on average distance using only data from MA pairs, with juvenile sex and relatedness as 

fixed effects, and the individual ID of the mother as a random effect.  Also, we present and discuss the 

large variance observed in SE pairs.  We did not encounter the same issue in the analysis of proportion 

of time entwined, so treatment group remained a fixed effect in that model.  We did, however, square 

root transform proportion of time entwined to meet the assumptions of normality and 

homoscedasticity.  For significant fixed effects, post-hoc tests were conducted using Fisher’s LSD.   

Significance was assessed at α ≤ 0.05 and all analyses were conducted in SYSTAT 12 (Systat Corp., 

Chicago, IL, USA). 

 

Results 

A total of 14 pregnant cottonmouths were collected during July and August 2010.  Parturition 

dates ranged from 15 August to 4 September 2010 and litters contained 2-5 neonates (3.87 ± 1.03).  

Juvenile-juvenile behavioral trials (N = 28) were conducted during February and March 2011 and 

mother-juvenile trials (N = 28; 14 mothers tried twice with different juveniles) during April and May 

2011.   
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Juvenile-Juvenile Experiment 

Untransformed values of mean distance and proportion of time entwined for each group are 

provided in Table 1.  With respect to average distance, no significance was found for the main effects of 

treatment (F1,20 = 0.58, p = 0.454), sex (F1,20 = 0.17, p = 0.689), or relatedness (F1,20 = 3.10, p = 0.584), nor 

the interaction between treatment and relatedness (F1,20 =  0.62, p = 0.440) or sex and relatedness (F1,20 

= 1.38, p = 0.255).  The interaction between treatment and sex was significant (F1,20 = 9.23, p = 0.007), as 

was the interaction between all three factors (treatment*sex*relatedness: F1,20 = 13.63, p = 0.001).  Post 

hoc tests revealed that the presence or absence of a maternal attendance period had a strong effect on 

how male and female juveniles responded to kin.  If allowed a maternal attendance period, female kin 

remained significantly closer to each other than if they were separated at birth (Fig. 1a).  Males showed 

the opposite pattern where maternally attended kin remained further from each other than kin that 

were separated at birth.  No effect of maternal attendance was observed in male or female nonkin pairs.  

In the MA group, female kin remained closer to each other than nonkin and male kin remained further 

from each other than nonkin, but these differences were not significant (Fig. 1b).  This pattern was 

reversed in the SE group, where female kin remained further from each other than nonkin and male kin 

remained closer to each other than nonkin, but only the male comparison was significant.    

Although there was a significant interaction between all three factors, the ANOVA revealed a 

strong two-way interaction between treatment group and sex, so we performed additional post hoc 

tests (Fisher’s LSD) examining the relationship between these two factors, while ignoring relatedness.  

These tests revealed that females (related or unrelated) remained significantly closer to each other if 

they had been given a maternal attendance period (MA females vs. SE females: p = 0.014; Fig. 2), but 

males did not show a significant effect of treatment group (MA males vs. SE males: p = 0.124).  Also, in 

the MA group, females remained significantly closer to each other than males (MA females vs. MA 
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males: p = 0.024), but this pattern was reversed in the SE group, though the difference was not 

significant (SE females vs. SE males: p = 0.078). 

With respect to proportion of time entwined, no significance was found for the main effects of 

treatment (F1,20 = 0.02, p = 0.887), sex (F1,20 = 0.72, p = 0.406), or relatedness (F1,20 = 0.29, p = 0.594), nor 

the interaction between treatment and sex (F1,20 = 2.54, p = 0.127), treatment and relatedness (F1,20 =  

0.02, p = 0.884), or sex and relatedness (F1,20 = 2.67, p = 0.118).  However, there was a significant 

interaction between all three factors (treatment*sex*relatedness: F1,20 = 8.17, p = 0.010).  Post hoc tests 

revealed that female kin spent more time entwined if given a maternal attendance period than if 

separated at birth, but unrelated females were not affected by treatment (Fig. 3a).  Maternal 

attendance had the opposite effect on male kin, where MA male kin spent significantly less time 

entwined than SE male kin, but again, treatment did not affect unrelated pairs.   There was not a 

statistically significant effect of relatedness on entwining behavior in males or females in the MA group, 

but female kin were entwined more often than female nonkin and male kin were entwined less often 

than male nonkin (Fig. 3b).  Thus, because the pattern of entwining behavior was reversed and stronger 

in juveniles that had been separated at birth, as was the case with average distance.  Specifically, SE 

female kin were never observed in the entwined position, but SE female nonkin were entwined 

approximately 20% of the time, and SE male kin were entwined more often than SE male nonkin, but the 

large amount of variation in the SE male kin group prevented this difference from achieving statistical 

significance. 

 

Mother-Juvenile Experiment 

Untransformed values of mean distance and proportion of time entwined for each group are 

provided in Table 1.  As discussed in Methods, there was a large amount of variance in average distance 

data for SE pairs, which prevented their inclusion in the linear mixed model.  This substantial variance 
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was observed in related pairs, regardless of the sex of the juvenile, but not in unrelated pairs (Table 1; 

Fig. 4a).  This indicates that related SE pairs did not show consistency in how close they remained to 

each other, but unrelated SE pairs did.  In the linear mixed model using only data from MA pairs, there 

was not a significant interaction between juvenile sex and relatedness (F1,9 = 0.14, p = 0.717), so we 

removed it from the model to conserve degrees of freedom.  The reduced model did not find a 

significant main effect of juvenile sex (F1,10 = 0.29, p = 0.603), but the main effect of relatedness was 

significant (F1,10 = 4.97, p = 0.050), where related pairs remained significantly closer to each other than 

unrelated pairs (Fig 4b). 

In the full linear mixed model on proportion of time entwined, there was no significant 

interaction between treatment, juvenile sex, and relatedness (F1,19 = 0.03, p = 0.876), treatment and 

juvenile sex (F1,19 = 0.24, p = 0.630), or treatment and relatedness (F1,19 = 0.002, p = 0.963), so we 

removed them from the model to conserve degrees of freedom.  The reduced model showed a 

nonsignificant interaction between juvenile sex and relatedness (F1,22 = 3.14, p = 0.090), no significant 

main effect of treatment (F1,22 = 0.02, p = 0.888) or juvenile sex (F1,19 = 0.38, p = 0.546), and a marginally 

significant main effect of relatedness (F1,22 = 3.69, p = 0.068).  Although the interaction between juvenile 

sex and relatedness was not statistically significant, there was a tendency for related female pairs to be 

entwined more often than unrelated female pairs, regardless of treatment group, but this difference 

was not as strong when the juvenile of the mother-juvenile pairs was male (Fig 5). 

 

Discussion 

Juvenile-Juvenile Experiment 

Our study provides several lines of evidence that maternal attendance plays a role in the 

development of sex-specific affiliative behavior and kin discrimination in juvenile cottonmouths.  

Maternally-attended sisters showed the highest levels of affiliative behavior (i.e., they remained closer 
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to and were entwined more often with each other), but sisters that had been separated at birth were 

even less affiliative than unrelated females, and in fact, had the largest mean distance of any group 

(including males).  Furthermore, they were the only group in which no pairs were ever entwined, 

indicating possible avoidance behavior.  Males exhibited patterns of affiliative behavior opposite to that 

of females, although the effects of relatedness were not as strong in males.  Maternally-attended 

brothers were less affiliative than unrelated males, as well as brothers that had been separated at birth.  

Interestingly, post-birth separation resulted in the same extreme reversal of affiliative behavior in 

brothers as was seen in sisters.  In other words, while maternally-attended brothers showed relatively 

low levels of affiliative behavior, separated brothers showed the highest levels of affiliative behavior 

across all groups, including females.  Finally, when data for related and unrelated pairs were combined, 

affiliative behavior was female-biased in the Maternal Attendance group, but male-biased in the 

Separated group. 

The female-biased affiliative behavior observed in maternally-attended juveniles, especially with 

respect to relatedness, corresponds to what has been seen in both captive and field studies of pitviper 

social behavior.  Clark (2004) conducted a similarly-designed study, in which he paired sibling and 

nonsibling timber rattlesnakes after 2.5 years of separation.  Timber rattlesnakes exhibit maternal 

attendance, but Clark did not incorporate this behavior into his design; instead, he kept neonates of all 

litters in a communal cage until they completed their post-natal shed, to mimic the birthing rookeries 

observed in the source population.  He found that sisters remained closer to and were entwined more 

often with each other than unrelated females, and both groups of females (kin and nonkin) were more 

affiliative than males.  In a follow-up field study of timber rattlesnakes, Clark et al. (2012) calculated the 

relatedness of individuals found in natural aggregations to determine if they were more closely related 

than would be expected if snakes formed aggregations with random individuals.  He found that 

aggregations of pregnant females were comprised of closely related individuals, sometimes from 
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different generations, and same-aged juvenile pairs found together at dens were likely siblings, though 

juvenile sex did not appear to be a significant factor.  The only work concerning sex-differences in 

affiliative behavior in cottonmouths combined data from an observational field study and an 

experimental captive study to show that adult females were much more gregarious than adult males, 

and that males actively avoided each other (Roth and Lutterschmidt 2011); however, the relatedness 

among individuals was not considered. 

The general pattern of sex-specific affiliative behavior toward kin and nonkin observed in 

pitvipers can be explained in terms of the fitness costs and benefits of associating with relatives 

(Hamilton 1964).  For example, pregnant females of many pitviper species form aggregations during 

gestation and parturition, which could benefit females, as well as their neonates, through enhanced 

thermoregulation and reduced predation (reviewed in Graves and Duvall 1995).  In addition to 

benefiting directly from aggregations, females could increase their inclusive fitness by preferentially 

aggregating with relatives.  As mentioned previously, Clark et al. (2012) provided evidence that this 

phenomenon likely occurs in wild timber rattlesnakes.  Male affiliative behavior, on the other hand, 

might be costly in pitvipers.  For example, males compete for access to mates and engage in ritualized 

combat upon encountering a rival male (Gillingham 1987), and this could explain their apparent 

intolerance of other males (Clark 2004, Roth and Lutterschmidt 2011).  The male cottonmouths in the 

current study were not sexually mature, though, and were significantly less affiliative with kin than 

nonkin, if they had experienced maternal attendance.  This might be expected if cottonmouths exhibit 

male-biased juvenile dispersal and avoid related males during this time to reduce kin competition and 

inbreeding (Johnson and Gaines 1990).  Unfortunately, information on dispersal patterns in 

cottonmouths is not available, but recent genetic studies have found evidence for male-biased dispersal 

in a number of snake species (Rivera et al. 2006, Keogh et al. 2007, Clark et al. 2008, Dubey et al. 2008, 

Pernetta et al. 2011). 
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While the absence of a maternal attendance period did not have strong effects on the affiliative 

behavior of unrelated juveniles, it drastically changed how males and females responded to kin (see Fig. 

1a); this result was entirely unexpected.  If maternal attendance functions to enhance ‘normal’ kin 

discrimination, we would expect to see a smaller or no effect of relatedness on affiliative behavior in 

juveniles separated at birth.  Not only did we see a much larger effect (i.e., increased kin discrimination), 

but the sex-specific differences were reversed in kin groups, where separated brothers behaved like 

maternally-attended sisters and separated sisters behaved like maternally-attended brothers.  If 

maternal attendance is essential for kin recognition, we would expect to see evidence for kin 

recognition (i.e., kin pairs behaving differently than nonkin pairs) in maternally-attended juveniles, but 

not separated juveniles.  Again, not only did we find evidence for kin recognition in both groups, but 

discrimination was even more pronounced in juveniles that were separated at birth.  In the absence of 

an ecologically relevant explanation for this pattern, we can only conclude that the sex-specific affiliative 

behavior exhibited by maternally-attended juveniles is closely aligned to what has been documented in 

captive and wild snakes, but the behavior of siblings that were separated at birth seems aberrant. 

 

Mother-Juvenile Experiment 

Maternal attendance also affected mother-juvenile affiliative behavior, but because average 

distance and proportion of time entwined did not always vary in the same manner, we will discuss the 

two measures independently, instead of lumping them under the term ‘affiliative behavior’.  Regardless 

of juvenile sex, mother-juvenile pairs that had a maternal attendance period remained significantly 

closer to each other if they were related than if they were unrelated.  In contrast, there was a 

substantial amount of variation in average distance of related mother-juvenile pairs in the SE group (see 

Fig. 4a), which suggests that being separated at birth results in inconsistent behavior toward kin.  

Entwining behavior showed the same pattern in both treatment groups, with mother-juvenile pairs 
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being entwined more often if they were related than if they were unrelated, but the effect of 

relatedness was much stronger if the juvenile was female; indeed, mothers from both treatment groups 

rarely entwined with unrelated females.  

Similar to what was observed in the juvenile-juvenile experiment, related females (i.e., mother-

daughter pairs) that had been given a maternal attendance period, showed high levels of affiliation; 

however, treatment group did not affect entwining behavior.  This suggests that the affiliative behavior 

of mothers and daughters is more robust than that of sisters and not dependent upon a post-birth 

period of association (i.e., maternal attendance).  The potential benefits of increased affiliation between 

sisters (discussed above) also apply to mother-daughter affiliations, and the multi-generational  

aggregations of related females discovered in free-ranging timber rattlesnakes (Clark et al. 2012) 

suggests that mother-daughter interactions do occur outside of the maternal attendance period.  

However, male juveniles can also benefit from affiliating with their mother.  There is evidence that 

neonatal rattlesnakes navigate to den sites by following adult conspecific scent trails (Brown and 

Maclean 1983, Graves et al. 1986, Reinert and Zappalorti 1988, Cobb et al. 2005), and limited evidence 

that some neonates trail their mother (but not necessarily interact with her) for weeks after birth-site 

dispersal (Cobb et al. 2005, Jellen and Kawolski 2007).  In support of this limited evidence, 91% of timber 

rattlesnakes genetically identified as mother-offspring pairs were found at the same hibernaculum, 

despite the availability of other nearby hibernacula (Clark et al. 2008). 

If separated at birth, mother-juvenile pairs did not show the drastic reversals in kin-associated 

affiliative behavior seen in the Juvenile-Juvenile experiment and did not differ from MA pairs in 

entwining behavior.  Rather, the Separated group exhibited a larger amount of variation in average 

distance that was so large it prevented analysis.  This suggests that maternal attendance is not required 

for mother-offspring recognition (e.g., both treatment groups showed a strong relatedness-effect on 

their propensity to entwine with female juveniles), but that it possibly enhances kin-associated affiliative 
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behavior overall.  Greene et al. (2002) found evidence for mother-offspring attraction in another 

pitviper species with maternal attendance, the pygmy rattlesnake (Sistrurus miliarius).  In a choice-

experiment conducted in captivity, Greene and colleagues found that mothers preferred to remain with 

their neonates and neonates preferred to remain with their mother, versus remaining solitary.  These 

results provide some evidence of mutual attraction between mothers and offspring; however, subjects 

did not have the choice of associating with non-related individuals, so if they did not want to remain 

solitary, their only option was to associate with a related individual.  Thus, it is unclear whether these 

results reflect true mother-offspring recognition and attraction or simply the gregarious nature of most 

snakes when in captive situations (Aubret and Shine 2009).   

To the best of our knowledge, there is only one empirical study documenting mother-offspring 

recognition in a snake, in which post-parturient water snakes (Nerodia sipedon; a viviparous species 

lacking maternal attendance) preferentially cannibalized unrelated versus related neonates (Himes 

2002).  Other studies have determined that several viviparous lizard species are capable of mother-

offspring recognition and that this ability is not entirely dependent upon post-birth associations 

between relatives (Main and Bull 1996, Lena and de Fraipont 1998, Head et al. 2008).  However, Lena 

and de Fraipont (1998) found that juvenile common lizards (Lacerta vivipara) that had been previously 

housed with relatives preferred shelters containing mother or sibling scents, but if they had been 

separated at birth, they were still attracted to the scent of their mother but no longer attracted to the 

scent of a sibling.  These results corroborate our finding that familiarity appears to be more important 

for future interactions with siblings than with mothers.  It is important to note, however, that common 

lizards do not engage in parental behavior, but parents and offspring have overlapping home ranges 

(Clobert et al. 1994), and consequently have the potential for continued interactions. 
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Conclusions 

Our results suggest that maternal attendance in cottonmouths is not required for sibling or 

mother-offspring recognition, but does generally enhance female affiliative behavior and is critical for 

the affiliative behavior of sisters.  The lack of research concerning social behavior in snakes 

(Stahlschmidt 2011, Doody et al. 2013), particularly with regards to interactions among relatives (Clark 

et al. 2012), makes it difficult to evaluate how important affiliations among sisters might be and whether 

they are disproportionately important in species exhibiting maternal attendance.  It is doubtful, 

however, that female kin selection is strong enough to have driven the evolution of maternal 

attendance in this group, and more likely that enhanced affiliative behavior is only one of many benefits 

conveyed to offspring by an attending mother (Greene et al 2002).  

Increased familiarity with relatives during a post-birth period of association might affect kin 

discrimination and affiliative behavior in other species characterized by facultative parental care, but 

such studies are absent from the literature.  Unfortunately, these are the species most likely to provide 

insight as to the selective factors responsible for the evolution of obligatory forms of parental care and 

other complex social behaviors expressed by more traditionally-studied taxa (While et al. 2009).  Indeed, 

there is quickly accruing evidence that some groups thought to be relatively asocial, such as squamate 

reptiles, exhibit various forms of cryptic sociality (e.g., monogamous pair-bonds and family groups: 

Chapple 2003; social recognition: Yeager and Burghardt 1991; nonrandom kin aggregations: Clark et al. 

2012; spatial and temporal social organization: Shine et al. 2005; kin discrimination: Clark 2004, Pernetta 

et al. 2009).  Given the impressive capacity of organisms to form complex representations of individuals, 

the importance of this ability to the evolution of social behavior, and the recent discoveries of cryptic 

sociality in ‘asocial’ taxa, we encourage further research on the adaptive value of facultative parental 

care in ectothermic vertebrates. 
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Table1: Raw values for measures of cottonmouth affiliative behavior collected during two experiments.  

Juvenile-juvenile and mother-juvenile pairs were grouped by three factors: treatment, sex, and 

relatedness.  ‘Distance’ is the mean minimum distance (cm) between individuals in a pair and ‘Entwined’ 

is the mean proportion of time individuals were coiled around each other.   

 
Juvenile-Juvenile Mother-Juvenile 

Treatment Sex Relatedness Distance Entwined Distance Entwined 

Maternal 
Attendance 

Female 
Kin 2.63 ± 1.33 0.19 ± 0.10 2.69 ± 1.17 0.34 ± 0.09 

Nonkin 6.49 ± 2.68 0.14 ± 0.08 8.96 ± 3.33 0.05 ± 0.02 

Male 
Kin 16.49 ± 6.17 0.06 ± 0.04 4.97 ± 0.99 0.25 ± 0.14 

Nonkin 8.45 ± 3.03 0.18 ± 0.09 9.31 ± 3.45 0.21 ± 0.11 

Separated 

Female 
Kin 19.03 ± 7.23 0.00 ± 0.00 9.16 ± 7.27 0.31 ± 0.13 

Nonkin 7.59 ± 1.05 0.19 ± 0.06 9.64 ± 2.48 0.03 ± 0.03 

Male 
Kin 1.37 ± 0.76 0.43 ± 0.25 14.90 ± 10.61 0.38 ± 0.22 

Nonkin 14.61 ± 4.75 0.08 ± 0.04 4.91 ± 2.45 0.28 ± 0.20 
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Figure Legends 

 

Figure 1.  Mean (± standard error) distance between juvenile cottonmouths that experienced a maternal 

attendance period (MA) or were separated at birth (SE).  Post hoc tests were conducted to determine 

the effect of treatment, with respect to sex and relatedness (graph a), and the effect of relatedness, 

with respect to sex and treatment (graph b).  The p-value associated with each pairwise comparison is 

provided above adjacent bars; statistically significant p-values are in bold.  Note that graphs a and b 

display the same group means, but in a different orientation.  

 

Figure 2. Mean (± standard error) distance between juvenile cottonmouths that experienced a maternal 

attendance period (MA) or were separated at birth (SE).  Post hoc tests were conducted to examine the 

significant interaction between treatment group and sex (kin and nonkin groups combined).  Bars which 

share a letter were not significantly different. 

 

Figure 3.  Mean (± standard error) proportion of time that pairs of juvenile cottonmouths spent 

entwined, relative to whether they experienced a maternal attendance period (MA) or were separated 

at birth (SE).  Post hoc tests were conducted to determine the effect of treatment, with respect to sex 

and relatedness (graph a), and the effect of relatedness, with respect to sex and treatment (graph b).  

The p-value associated with each pairwise comparison is provided above adjacent bars; statistically 

significant p-values are in bold.  Note that graphs a and b display the same group means, but in a 

different orientation.  

 

Figure 4. Mean (± standard error) distance between mother-juvenile pairs of cottonmouths that did or 

did not experience a maternal attendance period (MA or SE), and differed in terms of relatedness and 
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the sex of the juvenile.  Means for each group are presented in graph a, and means for MA pairs only 

(juvenile sex combined) are presented in graph b. 

 

Figure 5.  Mean (± standard error) proportion of time that mother-juvenile pairs of cottonmouths spent 

entwined, with respect to whether or not they had experienced a maternal attendance period (MA or 

SE) and the sex of the juvenile.   
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Chapter 2 

Mother cottonmouths (Agkistrodon piscivorus) alter their anti-predator behavior while attending 

offspring 

 

Abstract 

One of the primary functions of parental care is the protection of offspring from predators, and 

parents of diverse taxa are able to carefully modulate their anti-predator behavior in the presence of 

offspring.  Female pitvipers remain with their young for a period of time after birth, but few studies have 

focused on any aspect of this attendance behavior.  Because neonate-directed care is extremely rare in 

non-avian reptiles and pitvipers are venomous, it has been hypothesized that offspring defense was a 

selective factor leading to the evolution of maternal attendance of young in this group. To test this 

hypothesis, we conducted behavioral trials on female cottonmouths (Agkistrodon piscivorus), in which 

we simulated a predator encounter using a live natural predator (eastern kingsnake, Lampropeltis 

getula) and measured female response.  Cottonmouths were divided into three treatment groups: (1) 

post-parturient, attending neonates; (2) post-parturient, not attending neonates; (3) non-reproductive.  

All females went through a second trial approximately two weeks later, after neonates had been 

removed from females in the first treatment group.  When mothers were attending offspring, they were 

more hesitant to engage the predator, and exhibited more warning than aggressive behaviors once they 

did, relative to non-attending and non-reproductive females.  When these same mothers were no longer 

attending offspring (i.e., second trial), they significantly increased their anti-predator behavior by 

engaging the predator quickly and displaying more aggressive than warning behaviors.  This change in 

behavior was not observed in post-parturient females who did not have neonates present during either 

trial, nor was it observed in non-reproductive females, indicating that the presence of neonates directly 

affected the anti-predator behavior of attending females.  We discuss hypotheses concerning the 
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adaptive value of less conspicuous, conservative anti-predator behavior in female pitvipers attending 

neonates.    

    

Introduction 

Predation-induced mortality during early developmental stages is considered to be a major 

driving force in the evolution of parental care (Clutton-Brock 1991, Martin and Briskie 2009, Klug and 

Bonsall 2010), as the continued presence of one or both parents can greatly reduce the frequency 

and/or success of predator attacks on offspring.  In order to maximize inclusive fitness (Hamilton 1964), 

parents must weigh the direct costs of engaging a predator against the indirect benefits of offspring 

survival (Williams 1966, Trivers 1972, Stearns 1992), making the optimal type and intensity of offspring 

defense highly context-dependent.  For example, Campobello and Sealy (2010) found that parental reed 

warblers (Acrocephalus scirpaceus) displayed aggressive conspicuous anti-predator behaviors toward an 

egg-only predator, but more cautious inconspicuous behaviors toward a hatchling/adult predator.  

Furthermore, the intensity of these predator-specific behaviors was greatest during the stage at which 

offspring were most vulnerable to each predator, which presumably minimized the costs to parents, 

while maximizing the benefits to offspring.  The ability to modulate offspring defense based on a variety 

of factors has been documented most widely in avian species (Montgomerie and Weatherhead 1988, 

Martin and Briskie 2009), but similar examples have also been found in taxonomic groups that exhibit 

less-complex forms of parental care (e.g., long-tailed skink, Huang and Huang 2009; convict cichlid, 

Lavery 1995; red swamp crayfish, Figler et al. 1997). 

The majority of squamate reptile species (i.e., lizards and snakes) do not display parental care, 

but maternal egg attendance is widespread among certain groups (Shine 1988, Somma 2003).  This 

behavior functions to reduce egg mortality caused by predators or conspecifics (e.g., Huang 2006) and 

fluctuations in environmental conditions (Somma and Fawcett 1989, Aubret et al. 2005), but typically, 
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attendance does not continue after hatching.  In contrast, viviparous species gain the protective and 

physiological benefits of egg attendance by retaining embryos in the uterus until fully developed 

(Blackburn and Stewart 2011), and consequently, parental behavior in viviparous reptiles is exceedingly 

rare.  For example, although ~20% of snake species are viviparous (Blackburn 1985), neonate 

attendance has only been documented in temperate pitvipers (Greene et al. 2002).  This begs the 

question of why such a rare form of reptilian parental behavior would evolve in pitvipers; one likely 

answer is that the unique defensive abilities of this group (i.e., they are venomous) make them 

particularly effective at protecting offspring. 

In general, female pitvipers (e.g., rattlesnakes and moccasins) remain with their young at the 

birth site until neonates complete their first shed cycle (‘post-natal ecdysis’), at which point the mother 

and neonates disperse (reviewed in Greene et al. 2002).  Although newborn pitvipers possess fully 

functional fangs and venom, they are subject to a broader array of predators than adults (Ford 2002, 

Ernst and Ernst 2003), and might be particularly vulnerable during the attendance period, due to the 

general lethargy and vision impairment associated with ecdysis (King and Turmo 1997).  Although 

predator deterrence seems a likely function of maternal attendance in this group, only two studies have 

tested this hypothesis in an empirical manner.  Graves (1989) and Greene et al. (2002) demonstrated 

that female rattlesnakes (Crotalus viridis and Sistrurus miliarius) relied more on crypsis and escape when 

pregnant, but increased defensive behavior post-parturition, while attending neonates.  While these 

observed behavioral changes are interesting, species that do not attend offspring have been shown to 

increase their defensive behavior after parturition (e.g., garter snakes, Brodie III 1989), so whether 

pitviper mothers alter their behavior based on the presence of offspring remains to be determined. 

The goal of the current study was to decouple the effect of offspring presence from the effect of 

reproductive state on maternal anti-predator behavior in the cottonmouth (Agkistrodon piscivorus), a 

semi-aquatic pitviper native to the southeastern United States (Gloyd and Conant 1990).  We conducted 
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captive behavioral trials in which we used a live kingsnake (Lampropeltis getula) to simulate a predator 

encounter and measured the behavioral response of females that were (1) post-parturient and 

attending neonates, (2) post-parturient, but not attending neonates, and (3) non-reproductive.  We then 

removed neonates from females in the first group and conducted a second set of trials on all females, 

which allowed us to examine the effect of neonate presence or absence on anti-predator behavior in 

the same females, while controlling for the potential effects of reproductive state and habituation.  

 

Methods 

Pregnant and non-reproductive adult female cottonmouths were collected from Clayton and 

Fayette counties, Georgia, and transported to the San Diego State University Sky Oaks Field Station in 

Warner Springs, California.  All snakes were measured (snout-vent length; SVL), weighed, and housed 

individually, in large indoor enclosures (1.8 m x 1.8 m x 0.9 m) containing a hide box (0.6 m x 0.6 m x 0.6 

m).  These enclosures were inside an insulated warehouse with a concrete floor and skylights, which 

provided a natural light:dark cycle.  To eliminate the potential effects of recent feeding on anti-predator 

behavior (Herzog and Bailey 1987), snakes were not fed during this study, but water was provided ad 

libitum.  Each pregnant female was randomly assigned to one of two treatment groups: Maternal 

Attendance (MA) or Separated (SE).  Upon parturition, MA females and their neonates were allowed a 

maternal attendance period, whereby the litter was left in the enclosure with the mother until all 

neonates in that litter completed ecdysis (14-18 d post-parturition; mean ± standard deviation: 16.29 ± 

1.60).  Once all neonates of a given litter completed ecdysis, they were removed from the mother’s 

enclosure.  Females in the SE group were not allowed a maternal attendance period, but instead were 

removed from their litter within 24 hr of parturition and moved to a new enclosure.  We moved the 

mother to a new enclosure, as opposed to removing the litter, to ensure the absence of any chemical 

cues associated with neonates.  Although we checked for parturition at 24-hr intervals, cottonmouths 
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typically give birth in the early morning hours (S. Hoss, pers. obs.); as such, separations likely occurred 

within 8 hours of birth. 

Each female was subjected to two predator trials (Trial 1 and Trial 2).  For MA females, Trial 1 

occurred in the presence of their neonates (4 d post-parturition) and Trial 2 occurred in the absence of 

neonates (1 wk after neonates had been removed; ~17 d after Trial 1).  Females in the SE group did not 

have neonates present during either trial, but the timing of Trial 1 and Trial 2 was similar to that of MA 

females (i.e., Trial 1 occurred 4 d post-parturition and Trial 2 occurred ~17 d after Trial 1).  Females in 

the NR group did not give birth, so Trial 1 was randomly scheduled, but occurred during the weeks that 

pregnant females were giving birth, and Trial 2 occurred ~17 d after Trial 1.  This design allowed us to 

isolate the effect of neonate presence on maternal anti-predator behavior, by taking into account the 

potentially confounding effect of habituation (Glaudas et al. 2006).  The inclusion of non-reproductive 

females allowed us to determine the effect of reproductive state, in general, on anti-predator behavior. 

We used a live kingsnake (Lampropeltis getula; a known cottonmouth predator, Gloyd and Conant 

1990), to elicit anti-predator behavior in female cottonmouths.  One of two adult male kingsnakes 

(collected in Alabama and South Carolina) was randomly assigned to each trial.  Before trials, the 

kingsnake was restrained by placing it head-first into a plastic snake tube until its snout was at the tube 

opening; the body was secured to the tube-end opposite the head, using electrical tape.  In addition, we 

rubbed the kingsnake’s body over the exterior of the snake tube, in an effort to enhance the 

transmission of volatile chemical cues used by crotalines to recognize kingsnakes (Bogert 1941, 

Carpenter and Gillingham 1975, Gutzke et al. 1993).  The snake tube was cleaned with a bleach solution 

and re-scented between trials.  During trials, the restrained kingsnake was moved using snake tongs, so 

that the handler could remain at a distance and on the outside of the enclosure.  Predator trials were 

only conducted when the focal female was in her hide-box.  To allow observation, the front panel of the 

hide-box was removed and the female was left undisturbed for 10 minutes before the trial began.  At 
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the start of the trial, the restrained kingsnake was moved to within ~0.5 m from the focal female’s head, 

and slowly waved in a side-to-side motion for approximately 4 seconds.  This allowed the focal female to 

orient toward the kingsnake and begin tongue-flicking.  The handler then simulated nine predator 

‘advance-retreat’ cycles, in which the kingsnake was moved toward the female until the head-end of the 

tube made contact with the front-facing flank of the female (‘advance’), and then back away from the 

female (‘retreat’).  This advance-retreat cycle was repeated nine times in a slow rhythmic manner (i.e., 

each cycle lasted 4-5 seconds), after which the kingsnake was removed and the trial ended.  All trials 

were conducted by the same handler to ensure among-trial consistency in the timing and general 

characteristics of predator movement.  Trials lasted approximately 1 minute and were recorded with a 

tripod-mounted video camera.  All trials took place between 1 September and 13 October 2011 and 

during 11:30 to 16:30 hrs.  Because we were unable to control temperature, we noted the substrate 

temperature before each trial.  Adult cottonmouths were released at their capture site and neonates 

were released at their mother’s capture site in the spring following this study.  

 

Statistical Analyses 

A single observer who was blind to treatment group and trial number (with exception of MA 

females in Trial 1, due to the obvious presence of neonates) analyzed video recordings of the trials, with 

respect to the following anti-predator behaviors: number of strikes and tail vibrations; latency to strike; 

presence of body-bridging or thrashing.  Snakes engaged in bouts of tail vibrating that varied in length, 

but the occasional lack of visibility prevented us from accurately calculating the total time a snake spent 

vibrating its tail.  Instead, we recorded whether or not a snake vibrated its tail at any point during each 

predator advance-retreat cycle, to obtain a value for ‘number of tail vibrations’.  In order to compare the 

relative aggressiveness of females during trials, we created a composite behavioral score 

(‘aggressiveness score ’) by dividing the total number of strikes by the total number of tail vibrations, 
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such that a large score indicated a more aggressive response than a small score.  Because some females 

did not strike, and a score could not be calculated with a numerator of 0, we added 1 to both the strike 

and tail vibration values of all snakes before calculating the aggressiveness score.  Latency to strike was 

divided into three categories: short latency (first strike occurred during first half of trial), long latency 

(first strike occurred during second half of trial), no strike (snake never struck).  We chose to collapse 

strike latency into these categories, because treating it as a continuous variable would not allow us to 

include females that never struck in the analysis and we feel those observations are important.  Body-

bridging was defined as the snake assuming an elongate posture and elevating sections of the trunk off 

the ground in an undulating manner (Carpenter and Gillingham 1975).  This behavior is a response that 

is specific to threat of predation from an ophiophagous snake (Bogert 1941), and might function to 

direct the predator attack away from the head.  Thrashing was defined as the snake assuming an 

elongate and raised body position, but then rapidly whipping the raised part of the trunk toward the 

predator.  Due to the postural similarities between body-bridging and thrashing, and the fact that 

thrashing typically occurred during body-bridging, we did not treat the two behaviors separately in 

analyses, but rather scored each female as to whether they displayed either of the behaviors at any 

point during a trial. 

To ensure that behavioral differences among treatment groups were not due to a significant 

difference in body size (e.g., Roth and Johnson 2004) or number of days between Trial 1 and Trial 2, we 

conducted an Analysis of Variance (ANOVA) on SVL and number of days between trials with treatment 

group as a factor.  The mean body size of adult females did not significantly differ among treatment 

groups (F2, 27 = 0.774, p = 0.471), nor did the number of days between trials (F2, 27 = 1.69, p = 0.20).  To 

determine if pre-trial temperature differed significantly among treatment groups, we conducted an 

ANOVA on substrate temperature with treatment group as a factor.  There was not a significant 

difference in substrate temperature among treatment groups for Trial 1 (F2, 27 = 0.46, p = 0.638) or Trial 2 
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(F2, 27 = 0.32, p = 0.726).  Mean ± standard error substrate temperatures were 24.35°C ± 0.23 (Trial 1) and 

23.51°C ± 0.29 (Trial 2). 

We conducted Kruskal-Wallis tests (nonparametric analysis of variance) to determine the 

difference in number of strikes and total number of tail vibrations among treatment groups (MA, SE, and 

NR) for Trial 1 and Trial 2, separately.  In the event of a significant result, we conducted pairwise 

comparisons using Two-Sample Kolmogorov-Smirnov tests (nonparametric two-sample t-test).  To 

determine if individuals altered their behavior between Trial 1 and Trial 2, we conducted Wilcoxon 

signed-rank tests (nonparametric paired t-test) on number of strikes and number of tail vibrations for 

each treatment group, separately.  To examine differences relative aggressiveness, we conducted a 

Repeated Measures Analysis of Variance (RMANOVA), with treatment group as a factor and 

aggressiveness score (square root transformed) for Trial 1 and Trial 2 as the repeated measure.  A 

significant interaction between treatment group and trial was further analyzed with ANOVAs (Fisher’s 

LSD post hoc tests) and paired t-tests.  G-tests were used to determine if there was an association 

between treatment group (MA, SE, or NR) and latency to strike (short, long, no strike) or presence of 

body-bridging or thrashing (yes or no).  The assumptions of all parametric statistics were met and 

significance was assessed at α ≤ 0.05.  All analyses were conducted in SYSTAT 12 (Systat Corp., Chicago, 

IL, USA). 

 

Results 

Pregnant (n = 20; 10 MA and 10 SE) and non-reproductive (n = 10) adult female cottonmouths 

were collected during July and August 2011.  Parturition dates for pregnant females ranged from 27 

August to 17 September 2011 and litters contained 2-8 neonates (mean ± SD: 4.75 ± 1.29).  There was a 

significant treatment effect on number of strikes in Trial 1 (Kruskal-Wallis test statistic = 10.092, df = 2, p 

= 0.006; Fig. 1a), where mothers with neonates present (MA) struck less than non-reproductive (NR) 
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females (p = 0.006).  MA females also struck less than mothers with neonates absent (SE), but the 

difference was not statistically significant (p = 0.112).  Also, there was no significant difference in 

number of strikes between SE and NR females (p = 0.962).  For Trial 2, during which MA females no 

longer had neonates present, there was no longer a significant treatment effect on number of strikes 

(Kruskal-Wallis test statistic = 3.476, df = 2, p = 0.176).  Treatment group did not have a significant effect 

on number of tail vibrations in Trial 1 (Kruskal-Wallis test statistic = 3.480, df = 2, p = 0.176; Fig. 1b) or 

Trial 2 (Kruskal-Wallis test statistic = 2.04, df = 2, p = 0.361).  When assessing changes in behavior 

between trials, within treatment groups, we found that MA females struck significantly less (z = 1.983, p 

= 0.047) and tended to vibrate their tails more (z = -1.697, p = 0.090) when their neonates were present 

(Trial 1) versus when they were absent (Trial 2).  However, neither SE nor NR females exhibited a 

significant change in number of strikes (SE: z = 0.060, p = 0.952; NR: z = -0.575, p = 0.565) or number of 

tail vibrations (SE: z = 0.213, p = 0.832; NR: z = -1.063, p = 0.288) between trials. 

The RMANVOA on aggressiveness score revealed a significant between-group effect of 

treatment (F2,27 = 3.657, p = 0.039), a non-significant within-group effect of trial (F2,27 = 2.092, p = 0.160), 

and a significant trial x treatment interaction (F2,27 = 3.891, p = 0.033).  The post hoc ANOVA for Trial 1 

indicated a significant treatment effect (F2,27 = 5.236, p = 0.012; Fig. 2a), in which MA females responded 

less aggressively (i.e., significantly lower aggressiveness score) than SE (p = 0.049) and NR females (p = 

0.004), but SE and NR females did not significantly differ (p = 0.271).  However, when MA females no 

longer had their neonates present (Trial 2), their aggressiveness score no longer differed from that of SE 

and NR females (F2,27 = 2.250, p = 0.125).  When comparing the change in aggressiveness between trials 

we found that MA females showed a significant change in aggressiveness score (t9 = -3.273, p = 0.010; 

Fig. 2b), but SE and NR females did not (SE: t9 = 0.748, p = 0.474; NR: t9 = -0.362, p = 0.726). 

There was a significant association between treatment group and latency to strike for Trial 1 (G 

= 11.247, df = 4, p = 0.024; Fig. 3), where only 50% of MA females initiated striking behavior during the 
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first half of the trial, compared to 90% of SE females and 100% of NR females.  However, in the absence 

of neonates (Trial 2), 80% of MA females struck during the first half of the trial, and there was no longer 

an association between treatment group and latency to strike (G = 3.045, df = 4, p = 0.550).  Similarly, 

there was a significant association between treatment group and the presence of body-bridging or 

thrashing in Trial 1 (G = 6.007, df = 2, p = 0.050; Fig. 4), but not Trial 2 (G = 0.966, df = 2, p = 0.617).  

Specifically, when neonates were present (Trial 1), fewer MA females exhibited these behaviors, relative 

to SE or NR females (MA: 10%; SE: 60%; NR: 40%), but when neonates were absent (Trial 2), there was 

no longer a difference among treatment groups (MA: 40%; SE: 30%; NR: 20%). 

 

Discussion 

Mother cottonmouths exhibited more warning than aggressive behaviors toward an introduced 

predator when they were attending offspring.  Specifically, they vibrated their tails more, struck less, 

and only one individual engaged in body-bridging.  They were also hesitant to initiate active defense, as 

evidenced by 50% of attending females remaining quiescent for the first half of the simulated predator 

intrusion.  In contrast, post-parturient females who were not attending offspring (neonates had been 

removed at birth) initiated defense sooner and engaged in more aggressive, conspicuous behaviors (e.g., 

all but one female thrashed or body-bridged during Trial 1), similar to non-reproductive females.  After 

attending females were no longer in the presence of neonates, they appeared to escalate predator 

defense, whereby they engaged the predator quickly and displayed more aggressive than warning 

behaviors.  This change in behavior was not observed in post-parturient females who did not have 

neonates present during either trial, nor was it observed in non-reproductive females. 

 

There have been two previous studies which quantified anti-predator behavior in attending 

pitvipers, but differences in experimental design and methodology make comparisons difficult.  A study 
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on pygmy rattlesnakes (Sistrurus miliarus) found that a significantly larger proportion of attending 

females exhibited a response to an ophiophagous snake (black racer, Coluber constrictor), compared to 

non-reproductive females (Greene et al. 2002), but behavior categories were general (i.e., they defined 

‘response’ as movement other than tongue-flicking, including “any head movement”), and their design 

did not allow for the effect of neonate presence to be decoupled from the potential effect of 

reproductive state.  Similarly, a study on prairie rattlesnakes (Crotalus viridis) found that when 

approached by a surrogate predator (a human), attending females abandoned crypsis more quickly (i.e., 

began rattling and moving) and were less likely to escape to a refuge, compared to their pre-parturient 

behavior (Graves 1989), but again, the direct effect of neonate presence could not be separated from 

the effect of reproductive state (i.e., pre- vs. post-parturient).  Although both of these studies found that 

general anti-predator behavior increased after parturition, the behavior of attending females did not 

appear to be particularly aggressive, as only 3 of 12 S. miliarius struck at the predator and all 5 C. viridis 

simply rattled.  In addition, neither studied measured the behavior of post-parturient females after the 

neonates had shed and dispersed.   Most anecdotal observations of attending females noted that the 

mother either remained still or was not exceptionally aggressive when approached by an observer 

(reviewed in Greene et al. 2002). 

If maternal attendance in pitvipers is adaptive in terms of offspring defense, our finding that 

mothers were less aggressive in the presence of neonates seems counterintuitive; however, the optimal 

level of defense during a particular encounter might be influenced by multiple factors.  For example, it is 

possible that attending mothers engage in less conspicuous anti-predator behavior in an effort to 

maintain crypsis.  Not only do pitvipers rely heavily on crypsis for both ambush foraging and predator 

avoidance, but they also choose birth sites that are not easily detected (e.g., subterranean burrows, rock 

crevices; reviewed in Greene et al. 2002).  As such, attending mothers might be hesitant to mount an 

active defense and opt for less conspicuous behaviors once they do to prevent the predator from 
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locating the birth site and to allow exposed neonates the opportunity to take refuge.  In support of this 

hypothesis, Graves (1989) noted that neonates quickly retreated into a refuge while their mother was 

rattling at the human ‘predator’, and similar observations have been made in other pitviper species 

(reviewed in Greene et al. 2002).  Also, the pattern of decreased or delayed parental anti-predator 

behavior with increasing nest crypsis has been well-documented in avian species (e.g., Ricklefs 1977, 

Montgomerie and Weatherhead 1988, Albrecht and Klvaňa 2004). 

Another potential benefit of less risky maternal anti-predator behavior is the decreased 

probability that offspring care will be terminated prematurely due to the mother being injured or killed 

(Montgomerie and Weatherhead 1988, Curio et al. 1984).  Although neonatal pitvipers are not 

nutritionally dependent on their mother, maternal presence might convey other benefits to newborn 

snakes.  During the attendance period neonates undergo their first shed cycle, which requires 

substantial thermoregulation and hydroregulation.  The post-natal shed functions to replace the highly-

permeable embryonic skin with thicker skin, so neonates must successfully complete this process to 

prevent dessication (Tu et al. 2002).  One way in which snakes can achieve the physiological 

requirements of shedding is by aggregating with conspecifics, which effectively reduces their surface 

area-to-volume ratio and thus, stabilizes body temperature, while retarding cutaneous water loss 

(Graves and Duvall 1987, Lillywhite 1987, Reiserer et al. 2008).  As aggregation size increases, via more 

or larger individuals, so does the thermal inertia of that aggregation (Aubret and Shine 2009).  In our 

study, the average post-parturient mass of mother cottonmouths (mean ± SD: 287 ± 44.9 g) was almost 

twenty times that of neonates (mean ± SD: 14.9 ± 2.7 g), and given the small litter sizes (2-8 neonates), 

there was potential for neonates to realize considerable physiological benefits by aggregating with their 

large-bodied mother until ecdysis was completed.  Indeed, we observed mothers and neonates 

aggregating throughout the attendance period and this behavior appears to be the predominant 

characteristic of maternal attendance in other pitvipers (Greene et al. 2002).   In addition, maternal 
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attendance appears to be an important component of the development of kin recognition and affiliative 

behaviors directed toward conspecifics (see Chapter 1).                           

Although adult pitvipers are particularly capable of defense, post-parturient females might be 

less capable of fending off predators due to the physiological costs associated with viviparity.  A large 

reduction in mobility and appetite suppression during pregnancy can result in anorexia during the 

reproductive cycle (Macartney and Gregory 1988, Bonnet et al. 1998, Lourdais et al. 2002, Crane and 

Greene 2008, Webber et al. 2012; but see Schuett et al. 2013).  In conjunction with the metabolic 

demands of gestation anorexia can lead to post-parturient emaciation (e.g., Madsen and Shine 1993).  

The intense protein catabolism and musculature loss that occurs during pregnancy has been shown to 

significantly reduce the physical performance of post-parturient snakes (Lourdais et al. 2004), a 

consequence of which might be a higher probability of injury or death of a mother pitviper if she 

engages a predator aggressively.  Although post-parturient females without neonates did not exhibit 

statistically significant differences in behavior when compared to non-reproductive females, perhaps the 

combination of the reduced energetic capacity and the potential importance of maternal presence for 

the physiological needs of shedding neonates results in more conservative anti-predator behavior during 

attendance.   

Finally, it is possible that attending females will exhibit elevated defense toward a more 

immediate threat than a restrained kingsnake.  Even though our predator presentation was enough to 

elicit the full suite of anti-predator behaviors observed in cottonmouths (Gibbons and Dorcas 2002, Roth 

and Johnson 2004, Glaudas et al. 2006, Glaudas and Winne 2007), a freely-moving predator could 

represent a more realistic or immediate threat.  In addition, predator trials conducted at natural birth 

sites, where mothers and neonates have the option of retreating into a natural refuge, would provide a 

better understanding of the efficacy of different offspring defense strategies.  Although the results of 

our study do not allow us to conclude with certainty that increased offspring survival via maternal 
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defense was a selective factor leading to the evolution of maternal attendance in pitvipers, we were 

able to demonstrate that offspring presence had a direct effect on maternal anti-predator behavior. This 

intriguing result deserves further empirical investigation across a wider range of species.  Because 

temperate pitvipers exhibit facultative maternal attendance of young, which has been subsequently lost 

in some species, they are an ideal group for continued investigations regarding the initial evolution and 

adaptive value of parental care. 
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Figure Legends 

 

Figure 1.  Mean ± standard error of number of strikes (Graph a) and number of tail vibrations (Graph b) 

exhibited by adult female cottonmouths during two predator trials.  ‘MA’ females were post-parturient 

and attending neonates in Trial 1, but not Trial 2; ‘SE’ females were post-parturient, but not attending 

neonates in either trial; ‘NR’ females were not reproductive, and thus, were not attending neonates in 

either trial.  Above-bar p-values were generated from within-trial Kruskal-Wallis tests (significant p-

values are in bold) and above-bar letters were generated from post hoc tests (bars that do not share a 

letter were significantly different). 

 

Figure 2. Mean ± standard error of aggressiveness scores (strike:tail-vibration ratio) of adult female 

cottonmouths for two predator trials.  ‘MA’ females were post-parturient and attending neonates in 

Trial 1, but not Trial 2; ‘SE’ females were post-parturient, but not attending neonates in either trial; ‘NR’ 

females were not reproductive, and thus, were not attending neonates in either trial.  In Graph a, above-

bar p-values were generated from within-trial ANOVAs (significant p-values are in bold) and above-bar 

letters were generated from post hoc tests (bars that do not share a letter were significantly different).  

In Graph b, p-values were generated from within-treatment-group paired t-tests (significant p-values are 

in bold). 

 

Figure 3.  Proportion of adult female cottonmouths that exhibited different strike latencies during two 

predator trials.  Bar shading distinguishes among females that displayed a short latency (black), long 

latency (dark grey), or did not strike, at all (light grey).  ‘MA’ females were post-parturient and attending 

neonates in Trial 1, but not Trial 2; ‘SE’ females were post-parturient, but not attending neonates in 

either trial; ‘NR’ females were not reproductive, and thus, were not attending neonates in either trial.  

Above-bar p-values correspond to within-trial G-tests; significant p-values are in bold.  



80 
 

 

Figure 4.  Proportion of adult female cottonmouths that exhibited body-bridging and/or thrashing during 

two predator trials.  ‘MA’ females were post-parturient and attending neonates in Trial 1, but not Trial 2; 

‘SE’ females were post-parturient, but not attending neonates in either trial; ‘NR’ females were not 

reproductive, and thus, were not attending neonates in either trial.  Above-bar p-values correspond to 

within-trial G-tests; significant p-values are in bold. 

 

  



81 
 

Figure 1 

Trial 1 Trial 2

M
e

a
n
 N

u
m

b
e

r 
o

f 
S

tr
ik

e
s

0

1

2

3

4

5

6

7

MA

SE

NR
p = 0.006 p = 0.176 

A

AB

B

a

 

Trial 1 Trial 2

M
e

a
n
 N

u
m

b
e

r 
o

f 
T

a
il-

V
ib

ra
ti
o

n
s

0

1

2

3

4

5

6

7

MA

SE

NR
p = 0.176 p = 0.361

b

 

  



82 
 

Figure 2 

Trial 1 Trial 2

M
e

a
n
 A

g
g

re
s
s
iv

e
n
e

s
s
 S

c
o

re

0

1

2

3

4

5

6

7

MA

SE

NR
p = 0.012 p = 0.125 

A

B

B

a

 

Trial 1 Trial 2

M
e

a
n
 A

g
g

re
s
s
iv

e
n
e

s
s
 S

c
o

re

0

1

2

3

4

MA

SE

NR

p = 0.726

p = 0.474

p = 0.010

b

 

  



83 
 

Figure 3 
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Figure 4 
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Chapter 3 

Fine-scale hormonal patterns associated with parturition and maternal attendance of neonates in the 

cottonmouth (Agkistrodon piscivorus) 

 

Abstract 

Steroid hormones have been well-documented to regulate many aspects of reproductive 

physiology and behavior, including parental care.  Reptiles display a variety of egg- and neonate-directed 

parental behaviors, yet few studies have addressed the endocrine correlates of these behaviors.  To 

address this lack of empirical work, we examined fine-scale hormonal patterns associated with the key 

events of maternal attendance of young in pitvipers.  Female pitvipers remain at the birth site with their 

young until neonates complete their first shed cycle (‘ecdysis’), after which the mother and neonates 

disperse.  To determine if this behavior is regulated by steroid hormones, we conducted a captive study 

on wild-caught pregnant cottonmouths.  Females were divided into two treatment groups: (1) females 

that were allowed a normal maternal attendance period, where neonates were left with the mother 

until they completed ecdysis and then removed from the mother, and (2) females that had their 

neonates removed shortly after birth.  Serial blood samples were collected from females attending 

neonates at the following time points: (1) within 24 hr of parturition, (2) 4 d post-parturition (i.e., while 

they were attending neonates), (3) on the day that all neonates in a given litter had shed (immediately 

before neonate removal), (4) one week after neonates were removed, and (5) two weeks after neonates 

were removed.  Females that were separated from their neonates shortly after birth had samples 

collected on a similar temporal schedule.  Plasma levels of progesterone (P), estradiol (E), testosterone 

(T), and corticosterone (CORT) were measured in all samples.  We did not find a difference in the overall 

pattern of P, E, or T between attending and non-attending females.  Attending females exhibited a 

significant peak in CORT on the day that neonates shed, but this peak was not observed in non-
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attending females.  It is possible that the elevated CORT observed in attending females was stimulated 

by the increased activity and/or changing chemical cues of shedding neonates.  Because free-ranging 

pitvipers cease attending neonates at the completion of the post-natal shed cycle, we hypothesize that 

CORT might play an integral role in signaling females to terminate attendance behavior. 

 

Introduction 

Many aspects of reproductive physiology and behavior are primarily regulated by steroid 

hormones, the molecular structure of which is highly conserved across vertebrates (Norris 1997).  This 

allows for a comparison of the reproductive functions of these hormones among taxa with contrasting 

life histories that have been shaped by their unique physiology and ecology (e.g., Staub and De Beer 

1997, Wingfield et al. 1997, Romero 2002, Hirschenhauser and Olivera 2006).  One life history 

characteristic that varies markedly among vertebrate groups with substantially different physiology is 

parental care (defined in the narrow sense as ‘parental behavior that occurs post-fertilization, is directed 

at offspring, and appears likely to increase offspring lifetime reproductive success’; Klug et al. 2012, p. 

21), which is present in almost all endothermic vertebrates (i.e., birds and mammals), but relatively rare 

among ectothermic species (i.e., fishes, reptiles, and amphibians) (Clutton-Brock 1991).  Furthermore, in 

contrast to the precocial young of ectotherms, the young of most endotherms are nutritionally and 

physiologically dependent upon parents, making the costs of not providing care particularly large for this 

group.  These costs presumably resulted in the strong hormone-behavior relationships that have been 

documented during obligatory parental care in birds (reviewed in Buntin 1996) and mammals (reviewed 

in Gonzalez-Mariscal and Poindron 2002), but very little is known about the endocrine control of the 

more rudimentary parental behaviors characteristic of terrestrial ectotherms (fishes have been 

investigated more thoroughly; e.g., Oliveira et al. 2002, Whittington and Wilson 2013).   
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For example, despite the widespread occurrence of egg-directed parental care (e.g., nest 

guarding and egg brooding) in reptiles (reviewed in Shine 1988, Somma 2003) we know of only four 

studies which reported steroid hormone levels of females engaged in these behaviors (alligators: Elsey 

et al. 1990; tuataras: Guillette et al. 1990; marine iguanas: Rubenstein and Wikelski 2005; pythons: 

Stahlschmidt et al. 2013).  Also, none of these studies measured hormones in non-guarding/brooding 

females in the same reproductive state (i.e., same number of days post-oviposition), so it cannot be 

concluded that the hormonal changes documented are regulating (or are at least associated with) 

parental behaviors, per se, rather than a simple consequence of reproduction.  Neonate-directed 

parental care (e.g., attendance with documented or putative guarding) is rare in reptiles, but does occur 

in crocodilians, viviparous lizards in the genus Egernia (While et al. 2009), and viviparous snakes in the 

subfamily Crotalinae (pitvipers) (reviewed in Shine 1988, Greene et al. 2002, Somma 2003); to date, 

there have been no studies measuring steroid hormones during neonate care in any reptile.  To address 

this paucity of information, we chose to examine the hormonal correlates of neonate-directed parental 

behavior in a pitviper. 

Although empirical data are limited, a large numberof anecdotal observations have documented 

extended maternal attendance of young in the majority of New World pitviper species that inhabit 

temperate zones (i.e., Agkistrodon, Crotalus, Sistrurus; commonly known as rattlesnakes and moccasins; 

reviewed in Greene et al. 2002).  Mothers generally remain with young at the birth site until neonates 

complete the first shed cycle, which occurs approximately 10-14 days after parturition; once neonates 

shed, they and the mother disperse.  During attendance, the defensive behavior of mothers can vary 

from complete quiescence to elevated aggression, and sometimes includes ‘chasing’ behavior that 

involves the mother making a quick advance toward the observer.  These observations led to the 

hypothesis that maternal attendance of young in pitvipers might function to increase the survival of 
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offspring via predator deterrence (Butler et al. 1995, Greene et al. 2002), and a few empirical studies 

have found evidence supporting this hypothesis (see Chapter 2; Graves 1989, Greene et al. 2002).   

Another conspicuous behavior that has been observed during the maternal attendance period is 

the formation of tight mother-young aggregations (reviewed in Greene et al. 2002).  Aggregating 

behavior can greatly enhance thermoregulation and hydroregulation in snakes (Graves and Duvall 1987, 

Lillywhite 1987, Reiserer et al. 2008), both of which are particularly important during the shed cycle.  

The physiological benefits of aggregation might be substantial for pre-shed neonates, as their natal skin 

is highly permeable and they are more vulnerable to dessication while it is being replaced with thicker 

skin (Tu et al. 2002).  Further evidence of the importance of the shed cycle in regulating maternal 

attendance stems from observations that Crotalus unicolor (formerly C. durissus unicolor) neonates shed 

and disperse within hours of birth, and C. unicolor is the only Crotalus spp with immediate post-birth 

dispersal of mothers (see Greene et al. 2002).  The general pattern of mothers remaining at the birth 

site until neonates have completed their shed cycle, regardless of how long it takes, suggests that the 

delayed dispersal of mothers is not merely a result of the physiological stress of parturition, as 

suggested by Klauber (1972) and might be under endocrine control.   

 A recent surge in research focused on the endocrinology of female reproduction in snakes 

(reviewed in DeNardo and Taylor 2011) provides a starting point from which to examine the hormonal 

mechanisms of maternal attendance in pitvipers.  A general pattern of steroid hormone levels during 

key reproductive events has been documented in females of several New World pitvipers, mostly by 

opportunistic sampling of free-ranging snakes.  In general, estradiol is elevated during vitellogenesis, but 

low throughout pregnancy and the post-parturient period, while progesterone levels increase during 

pregnancy, but quickly return to baseline after parturition (reviewed in DeNardo and Taylor 2011; Smith 

et al. 2012).  Few studies have measured testosterone in females, but slight elevations were seen in C. 

atrox (Taylor et al. 2004) and C. oreganus (Lind et al. 2010) during the spring mating season, and 
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testosterone was low or undetectable during gestation and post-parturition in C. atrox (Schuett et al. 

2004) and A. contortrix (Smith et al. 2012).  Corticosterone levels appear to be more variable than other 

steroid hormones, but pregnant C. atrox (Taylor et al. 2004) and C. horridus (Lutterschmidt et al. 2009) 

showed significantly higher concentrations than non-reproductive females.  The only studies that 

repeatedly sampled females on a fine temporal scale, demonstrated that corticosterone levels remained 

high throughout gestation, dramatically peaked at parturition, and then quickly returned to pre-

parturition levels (Schuett et al. 2004, Smith et al. 2012).  However, none of the above studies measured 

hormones in females while they were in attendance of neonates. 

Here, we examine hormonal correlates of maternal attendance behavior in the cottonmouth (A. 

piscivorus), a semi-aquatic New World pitviper that is native to the southeastern United States known to 

exhibit maternal attendance behavior (Wharton 1966, Walters and Card 1996).  Reproductive female 

cottonmouths initiate vitellogenesis in late summer to early fall, suspend it over winter, and resume and 

complete it upon emergence from winter hibernacula in early spring (reviewed in Siegel et al. 2009).  In 

vitellogenic females, ovulation occurs in late spring, followed by an approximately 90 d gestation with 

parturition taking place in fall; thus, the reproductive cycle spans an entire year.  Due to the large 

amount of stored energy required for reproduction in viviparous snakes (i.e., capital mode of 

reproduction; Bonnet et al. 1998) and pregnancy-associated anorexia (Macartney and Gregory 1988, 

Bonnet et al. 1998, Lourdais et al. 2002, Crane and Greene 2008, Webber et al. 2012; but see Schuett et 

al. 2013), annual reproduction is uncommon in New World pitvipers (reviewed in Klauber 1972, Seigel 

and Ford 1987, Taylor and DeNardo 2010; but see Schuett et al. 2011).  Though no long-term telemetry 

studies have been conducted on cottonmouths, available evidence suggests that most females 

reproduce on a less-than-annual basis (Wharton 1966, Scott et al. 1995, Zaidan III et al. 2003, Siegel et 

al. 2009).  
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To determine if maternal attendance behavior in pitvipers is regulated by steroid hormones, we 

conducted a captive study on wild-caught pregnant cottonmouths.  Circulating levels of progesterone, 

estradiol, testosterone, and corticosterone were measured from blood samples that were serially-

collected from attending females before, during, and after the attendance period.  The hormone 

patterns of these females were compared to those of females that were not in attendance of neonates, 

but that had blood samples collected on a similar temporal schedule.  We used this sampling scheme in 

order to disentangle general reproductive hormone profiles from hormonal changes stemming directly 

from the presence of neonates 

 

Methods 

Animal collection and husbandry 

Pregnant cottonmouths were collected from Alabama (Monroe county) and Georgia (Clayton 

and Fayette counties), measured (snout-vent length), and transported to San Diego, California, where 

they were maintained in captivity.  Females were collected during two years (2010 and 2011) and 

captive maintenance differed between years.  Females collected in 2010 (‘Y1’) were housed in a 

temperature- and lighting-controlled (i.e., ~22.7-26.7°C and 12L:12D cycle) room on the San Diego State 

University campus.  Snakes were kept in individual cages (0.5 m x 0.4 m x 0.2 m) containing a small a 

water dish.  Females collected in 2011 (‘Y2’) were housed at the Sky Oaks Field Station in Warner 

Springs, California.  Snakes were kept, individually, in large enclosures (1.8 m x 1.8 m x 0.9 m) containing 

a hide box (0.6 m x 0.6 m x 0.6 m) and water dish.  These enclosures were inside an insulated warehouse 

with a concrete floor and skylights, which provided a natural light:dark cycle.  Daytime substrate 

temperatures varied between 20.6-26.4°C.  
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Experimental design and blood sample collection 

During both years, pregnant females were randomly assigned to one of two treatment groups: 

Maternal Attendance (‘MA’) or Separated (‘SE’).  Upon parturition, MA females and their neonates were 

allowed a maternal attendance period, where the litter was left in the mother’s cage/enclosure until all 

neonates in that litter completed ecdysis.  Once all neonates of a given litter completed ecdysis, they 

were removed from the mother’s cage/enclosure.  Females in the SE group were not allowed a maternal 

attendance period, but instead were separated from their neonates and associated chemical cues within 

24 hr of birth.  To achieve chemical cue removal, the mother’s cage was cleaned with a bleach solution 

(Y1) or the mother was moved to a new unused enclosure (Y2).  Although parturition checks were made 

on a 24-hr interval, cottonmouths typically gave birth in the early morning hours (S. Hoss, pers. obs.); as 

such, separations likely occurred within 8 hr of birth. 

A series of five blood samples was collected from all females, the timing of which corresponded 

to key events related to the maternal attendance period.  The first sample, ‘post-parturition’ (‘PP’), was 

collected within 24 hr of parturition, just prior to neonate removal in the SE group.  The second sample, 

‘attendance’ (‘AT’), was collected four days post-parturition; MA mothers were attending neonates, but 

SE mothers were not.  The third sample, ‘post-natal shed’ (‘PNS’), was collected on the day that all 

neonates in a given MA litter had completed ecdysis, just prior to separation.  Because SE females were 

not attending neonates, their PNS sample was scheduled to be collected after an equivalent amount of 

time had passed since collection of the AT sample.  The fourth sample, ‘one week post-separation’ 

(‘1W’), was collected one week after the PNS sample; MA mothers had been separated from neonates 

for one week.  The fifth sample, ‘two weeks post-separation’ (‘2W’), was collected two weeks after the 

PNS sample; MA mothers had been separated from neonates for two weeks.  During Y1, we collected 

additional samples prior to parturition and three and four weeks after the PNS sample.  We present 

these data to show hormonal changes taking place over a longer time period, but because we did not 
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take these additional samples during Y2, we did not include them in analyses.  Blood samples (2 ml) 

were collected via cardiocentesis (within 1-5 min of capture) using a heparinized syringe and centrifuged 

immediately for 5 min at 9000 x g.  Plasma was separated and stored at -20°C until assays were 

conducted. 

 

Hormone extraction and enzyme immunoassays 

Plasma samples were shipped frozen to the University of Alabama and were transferred 

immediately to -20°C for storage until extraction and assay.  Prior to extraction, samples were thawed 

overnight at 4°C and centrifuged at 9000 x g for 5 min at 4°C.  100µl of plasma was pipetted into 18 x 

150 mm labeled borosilicate vials on ice followed by the addition of 20 ml ultrapure water.  One end of 

Tygon tubing (Saint-Gobain, formulation 2275), pre-cleaned with ethanol and distilled water, was 

fastened to a Hypersep C18 column (Fisher Catalog #60108-304) fitted to a 24-port vacuum manifold, 

and the other end of the tubing was inserted into the diluted plasma sample.  C18 columns were pre-

primed with 2 x 2 ml washes methanol (MeOH) followed by 2 x 2 ml washes of distilled water; columns 

were kept wet until the vacuum was engaged, drawing the diluted plasma sample over the C18 column.  

Salts were purged from the column with 2 ml distilled water. Steroids were eluted from the column with 

6 ml MeOH into 13 x 100 mm labeled borosilicate vials. Eluted solvent was stored at 4°C overnight and 

then evaporated in a 37°C water bath under a gentle stream of nitrogen (~7 bar) using an evaporating 

manifold (Evap-O-Rac, Cole-Parmer), resulting in a residue that was immediately re-suspended in 25µl 

ethanol and vortexed for 1 min followed by the addition of 475µl EIA buffer; EIA buffer was provided 

with the Cayman Chemicals, Inc. enzyme immunoassay kits.  Re-suspended samples were stored at -

20°C for 9 days until the assays were conducted.  Samples were thawed and 30µl from each of the 

samples was combined to form a pool for purposes of running validations and to serve as intra- and 

inter-assay controls.  This pool was initially diluted 1:5 with EIA buffer. Progesterone (P), estradiol (E), 
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testosterone (T), and corticosterone (CORT) EIA kits were validated for A. piscivorous by serially diluting 

a pool (1:5 to 1:640 for CORT, T, P; 1:5 to 1:160 for E) and examining parallelism of the serial dilution 

curve with the standard curve generated using Cayman Chemicals, Inc. EIA kit standards.  All serial 

dilution curves were parallel to the standard curve (comparison of slopes, Zar 1996; P: t12 = 0.126, p = 

0.90; E: t10 = 0.278, p = 0.79; T: t12 = 0.145, p = 0.89; CORT: t12 = 0.036, p = 0.97). The serial dilution 

curves allowed us to identify 1:5 as the most appropriate dilution for P, E, and T, and 1:75 as the most 

appropriate dilution for CORT.  The CORT dilution was accomplished by mixing 50µl of 1:5 re-suspended 

sample with 700µl EIA buffer followed by vortexing for 1 min; intra- and inter-assay controls (pool) also 

were diluted 1:75 for the CORT assay.  Following validation, samples were stored at 4°C overnight and all 

assays (10, 96-well plates for each hormone) were conducted on the same day; the manufacturer’s 

protocol was followed strictly.  All plates were developed for 75-90 minutes and were read at 405 nm on 

a BioTek ELx800 spectrophotometer.  Samples were assayed in duplicate on the 10, 96-well plates.  

Intra-assay coefficients of variation were as follows: P (Median: 5.06%, Range: 1.09-7.76%), E (Median: 

3.78%, Range: 0.96-10.70%), T (Median: 3.01%, Range: 1.79-9.38%), and CORT (Median: 4.16%, Range: 

1.49-5.30%).  Inter-assay coefficients of variation were as follows: P (6.81%), E (7.82%), T (8.38%), and 

CORT (7.77%). 

 

Statistical Analyses 

To ensure there was no significant difference in body size among MA and SE females in Y1 or Y2, 

we ran an analysis of variance on snout-vent length, with the combination of treatment group and year 

(i.e., MA Y1, SE Y1, MA Y2, SE Y2) as a factor.  The ANOVA was not significant (F3,25 = 1.478, p = 0.242), so 

body size was not incorporated into further analyses.  For each hormone, we conducted a mixed model 

repeated measures analysis using PROC MIXED in SAS 9.3 (SAS Institute Inc., Cary, NC).  The main effects 

were treatment (SE or MA) and year (Y1 or Y2), the repeated measure was sample (PP, AT, PNS, 1W, 
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2W), and the dependent variable was the plasma concentration of hormone (P4, E2, T, or CORT) for 

each sample.  We also included the following interaction terms: treatment*year, sample*treatment, 

sample*year, and sample*treatment*year.  There was not a significant treatment*year or 

sample*treatment*year interaction for any hormone, so we excluded those interaction terms from final 

models.  To determine the most appropriate covariance structure, we ran each of the four models with 

11 different covariance structures and found that the compound symmetry structure minimized the AIC 

and BIC values across models; thus, we employed this covariance structure in all models.  For significant 

main effects and interactions, pairwise comparisons were conducted using Fisher’s LSD.  Because we 

were interested in how hormone levels changed from one sampling time to the next, we limited 

pairwise comparisons to four a priori contrasts: (1) PP vs. AT, (2) AT vs. PNS, (3) PNS vs. 1W, and (4) 1W 

vs. 2W.  Hormone data were log transformed to meet the assumption of normality.  Significance was 

assessed at α = 0.05. 

 

Results 

A total of 29 pregnant cottonmouths were collected during July and August of 2010 (Y1; n = 13) 

and 2011 (Y2; n = 16).  A total of 14 females were in the MA treatment group (Y1: n = 7; Y2: n = 7) and 15 

were in the SE treatment group (Y1: n = 6; Y2: n = 9).  Snakes measured 570-731 mm (mean ± standard 

deviation: 638.17 ± 39.08) in snout-vent length.  In Y1, parturition dates ranged from 15 August to 4 

September and litters contained 1-5 live neonates (3.15 ± 1.28).  In Y2, parturition occurred between 29 

August to 17 September and litters contained 2-8 live neonates (4.75 ± 1.44).  The length of time it took 

for all individuals in an MA litter to complete post-natal ecdysis varied greatly between, but not within 

years (Y1:  8-11 d; mean: 8.67 ± 1.21; Y2: 14-18 d; mean: 16.29 ± 1.60), with Y2 neonates taking twice as 

long to shed than Y1 neonates.  This difference was presumably due to the relatively low humidity that 

Y2 snakes experienced at the field station.  We did take this difference into account when scheduling the 
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PNS blood sample for SE snakes, so the timing of that sample was similar for MA and SE snakes within 

each year.  In other words, the PNS sample for SE snakes was collected approx. 8 d post-parturition in Y1 

(8-9 d; mean: 8.00 ± 0.41) and approx. 16 d post-parturition in Y2 (13-18 d; mean: 16.00 ± 2.06). 

A composite hormone profile encompassing the longest sampling period (i.e., Y1, MA females 

only) is provided in Figure 1, but the following results are from analyses on only those samples collected 

during both years.  Results for all repeated measures analyses are presented in Table 1 and means and 

standard errors of all hormones for females in each treatment group (years combined) in Table 2.  In 

general, progesterone levels were very high shortly after parturition, had dropped markedly by the AT 

sample (4 d post-parturition), and slowly declined throughout the rest of the sampling period (Fig. 2a).  

This pattern did not significantly differ between MA and SE females (i.e., no significant 

sample*treatment interaction; Table 1), but the initial drop in mean progesterone (i.e., PP to AT) was 

more than twice as large in SE females (834.40 pg/ml to 281.60 pg/ml) as it was in MA females (583.28 

pg/ml to 316.93 pg/ml).   There was a significant sample*year interaction for progesterone, resulting 

from Y1 females having significantly higher progesterone during the AT (p < 0.001) and PNS (p = 0.002) 

samples, but not the PP (p = 0.169), 1W (p = 0.153), or 2W (p = 0.484) samples.  This indicates that, 

although females in both years had similar progesterone levels at the start of sampling, Y2 females 

showed a stronger post-parturient drop in progesterone than Y1 females.  Regardless, during both 

years, females showed a significant decrease in progesterone between the PP and AT samples (Y1: p = 

0.007; Y2: p < 0.001), but no significant changes between the AT and PNS (Y1: p = 0.636; Y2: p = 0.248), 

PNS and 1W (Y1: p = 0.112; Y2: p = 0.819), or 1W and 2W (Y1: p = 0.229; Y2: p = 0.644) samples. 

Estradiol levels changed very little throughout the sampling period (Fig. 2b), and there was not a 

significant sample*treatment or sample*year interaction (Table 1).  When treatment groups were 

combined (i.e., main effect of sample), females showed a significant decrease in estradiol between the 

AT and PNS samples (p = 0.021), but no significant changes between the PP and AT (p = 0.673), PNS and 
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1W (p = 0.372), or 1W and 2W (p = 0.177) samples.  The main effect of year was significant, with Y1 

females having estradiol levels that were significantly higher than Y2 females (p = 0.042).  Similar to 

estradiol, testosterone levels did not show large changes between sampling periods (Fig. 2c), and there 

was not a significant sample*treatment or sample*year interaction (Table 1).  There was a significant 

main effect of sample, where females showed a marginally significant increase in testosterone between 

the AT and PNS samples (p = 0.052), a significant decrease between the PNS and 1W samples (p = 

0.049), and no significant change between the PP and AT (p = 0.230) or 1W and 2W (p = 0.416) samples.  

Although the repeated measures analysis failed to find a significant sample*treatment interaction, the 

significant increase and subsequent decrease in testosterone during the middle of the sampling period 

(i.e., AT to PNS to 1W) was mostly attributable to SE females (see Fig. 2c).  The main effect of year was 

significant, with Y1 females exhibiting higher levels of testosterone than Y2 females (p < 0.001). 

Females in both treatment groups showed a general pattern of a post-parturient decline in 

corticosterone, with levels recovering by the final sampling point (Fig. 2d), but there was a significant 

sample*treatment effect (Table 1).  This treatment effect was mostly due to a significant increase in 

corticosterone between the AT and PNS samples in mothers attending neonates (p = 0.020), that was 

not observed in non-attending mothers (p = 0.946).  Also, though the initial drop in corticosterone 

between the PP and AT samples was not significant for either treatment group (MA: p = 0.683; SE: p = 

0.069), the difference in mean levels between the two samples in MA females (9.57 ng/ml) was almost 

half that of SE females (16.56 ng/ml), indicating that corticosterone did not drop as drastically in 

mothers attending neonates.  Corticosterone levels did not significantly change between the final three 

sampling points in MA (PNS vs. 1W: p = 0.476; 1W vs. 2W: p = 0.169) or SE (PNS vs. 1W: p = 0.786; 1W 

vs. 2W: p = 0.183) females.  There was a significant sample*year interaction, resulting from Y1 females 

(treatment groups combined) having significantly higher corticosterone levels for the PP (p < 0.001) and 

AT (p = 0.038) samples, but not the PNS (p = 0.207), 1W (p = 0.352) or 2W (p = 0.194) samples. 
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Discussion 

General hormone patterns 

Female cottonmouths showed a marked drop in progesterone (P) four days after parturition, 

with a steady, but very small decline over the following weeks.  This pattern is similar to what has been 

shown in other pitviper species (Agkistrodon contortrix: Smith et al. 2012; Crotalus atrox: Schuett et al. 

2004, Taylor et al. 2004; C. durissus: Almeida-Santos et al. 2004), as well as distantly related viviparous 

snakes (Gorman et al. 1981, Bonnet et al. 2001, Tsai and Tu 2001).  Progesterone is secreted by the 

corpora lutea of the ovaries and is associated with the maintenance of pregnancy through its effect on 

oviductal vascularity (Mead et al. 1981, Callard et al. 1992, Custodia-Lora and Callard 2002).  There is 

limited evidence that the characteristic pre-parturient decline in P observed in reptiles might be 

required for parturition to occur (e.g., Guillette et al. 1991; but see Bonnet et al. 2001).  Although the 

sampling period analyzed in the current study began after parturition, we did measure hormones in 

some females (Y1) up to 21 d prior to parturition.  Earlier in pregnancy, P levels were sometimes five 

times higher than those observed within 24 hr after parturition (4.9 ng/ml vs. < 1 ng/ml), and similarly 

elevated P levels in pregnant females have been documented in free-ranging cottonmouths (Graham et 

al. 2011). 

Females in this study exhibited very low estradiol (E) levels (< 0.1 ng/ml) that did not vary 

substantially throughout the sampling period.  There was a significant decline in E between the AT and 

PNS samples (i.e., 4 d to ~8-16 d post-parturition), but it is difficult to say whether a difference of ~0.008 

ng/ml is biologically meaningful.  The low levels of E were expected, as E promotes vitellogenin 

production by the liver (Ho et al. 1982, Callard et al 1990) and studies of other pitvipers have found E to 

be elevated only during vitellogenesis (reviewed in DeNardo and Taylor 2011).  Cottonmouths appear to 

follow the ‘type 2’ pattern of vitellogenesis (Aldridge 1979), where it is initiated in the fall, suspended 
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during winter, and resumed and completed the following spring (Siegel et al. 2009).  Because 

cottonmouths are purported to reproduce on a less-than-annual cycle (Wharton 1966, Scott et al. 1995, 

Zaidan III et al. 2003), post-parturient females most likely delay vitellogenesis until the subsequent fall 

(Siegel et al. 2009), and thus, should not have elevated E; our finding that E remained low up to 40 d 

after parturition supports the hypothesis of delayed vitellogenesis in post-parturient cottonmouths.  

Similar to E, T remained low throughout the study, and the statistically significant difference between 

the PNS and 1W samples was very small (~0.02 ng/ml).  These low T levels correspond to the results of 

Smith et al. (2012), in which copperheads (A. contortix) - the sister taxon to cottonmouths - had 

undetectable T levels during the two weeks following parturition.  Few other studies have measured T in 

female pitvipers, and all of them sampled T on a monthly basis; T was slightly elevated only during the 

mating season in reproductive females (Taylor et al. 2004, Lind et al. 2010).  The exact role of elevated T 

in female snakes is unknown, but hypothesized to function in E synthesis (i.e., T is a precursor to E; 

Staub and De Beer 1997) and/or mating behavior (reviewed in DeNardo and Taylor 2011). 

Corticosterone (CORT) levels rose during late gestation, peaked prior to parturition, then 

declined over the weeks following parturition (see below for discussion of CORT peak unique to MA 

females).  This same pattern was exhibited by A. contortrix (Smith et al. 2012) and C. atrox (Schuett et al. 

2004), but both of these species showed a substantially larger parturition-related surge in CORT.  It is 

likely that we did not detect a similar CORT surge because our snakes typically gave birth overnight and 

the first post-parturient sample was taken the following morning, presumably during the time that CORT 

was rapidly decreasing.  In contrast, Smith et al. (2012) and Schuett et al. (2004) collected blood 

immediately after the last neonate was born.  Other studies of pitvipers found CORT to be elevated in 

pregnant females relative to those that were non-reproductive or post-parturient (Taylor et al. 2004, 

Lutterschmidt et al. 2009).  The functions of CORT in reptilian gestation and parturition are not known, 

but they are likely similar to those documented in mammals, such as mobilizing the large amount of 
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energy required during this stage of reproduction, suppressing the mother’s immune reaction to 

fetuses, and controlling the timing of parturition (reviewed in Brunton et al. 2008).  Also, it is important 

to note that the high circulating levels of CORT experienced by females during late gestation and 

parturition might be a result of additional CORT being secreted from the placenta and fetuses (Weiss 

2000, Wada 2008).             

 

Hormone changes associated with maternal attendance of young 

Mother cottonmouths attending young (MA group) did not show significantly different patterns 

of P relative to mothers deprived of their young (SE group).  There was a tendency for MA females to 

show a smaller drop in P between the first two samples (i.e., PP and AT), but this might have been a 

result of SE females having higher P levels when the PP sample was taken, due to random factors.  In 

other words, both groups had been treated identically when the PP sample was taken, so treatment 

group cannot account for the difference in P levels in that first sample.  As mentioned above, our 

cottonmouths gave birth at various times throughout the night, but the PP sample was always taken the 

following morning; thus, if P was rapidly dropping after parturition and SE females happened to give 

birth closer to when the PP sample was taken, this would explain the higher P levels in the SE group.  

Levels of P in the AT sample were similar in both groups, suggesting that P levels drop to baseline within 

4 days of parturition. 

The pattern of P in post-parturient cottonmouths corresponds to what has been observed in 

species with obligate parental care (i.e., birds and mammals).  In general, elevated P prior to oviposition 

or parturition with a subsequent decline is required for the onset of maternal behaviors, but continued 

parental care requires somatosensory input from the young and is disrupted if P is artificially elevated 

during this time (reviewed in Buntin 1996, Bridges 1996, Gonźales-Mariscal and Poindron 2002).  

However, viviparous snakes that do not exhibit parental behavior show the same rise and fall of P during 



100 
 

gestation and parturition (Highfill and Mead 1975, Chan et al. 1973, Gorman et al. 1981, Bonnet et al. 

2001, Tsai and Tu 2001), so it was not unexpected that the pattern of P in SE females did not 

significantly differ from that of MA females.  There are no comparable studies investigating the effects 

of the presence of young on maternal P levels in other species that exhibit rudimentary parental 

behavior, but the results of our study suggest that P does not play a unique role in this particular system. 

The presence of young did not significantly affect patterns of E or T in female cottonmouths, and 

both of these hormones were very low throughout the post-partum period.  Similar to P, gonadal 

hormones (e.g., E and T) are typically low during parental care in birds (reviewed in Buntin 1996) and 

mammals (reviewed in Bridges 1996, Gonźales-Mariscal and Poindron 2002).  This pattern is thought to 

reflect the general incompatibility of sexual behavior - governed by gonadal hormones - with parental 

behavior, and consequently, one of the primary costs of parental care in most organisms (Williams 1966, 

Trivers 1972, Stearns 1992; but see Stiver and Alonso 2009).  For example, numerous studies have 

shown that male birds with artificially elevated T allocated more time to sexual behaviors than parental 

behaviors, but males with low T showed the opposite behavioral pattern (Hegner and Wingfield 1987, 

Ketterson et al. 1992, De Riddler et al. 2000).  Much less is known about the effects of T or E on female 

parental behavior in birds, and while some species show a negative effect of E (Lehrman 1958), others 

show no effect of artificially elevated E (Wingfield et al. 1989, Hunt and Wingfield 2004) or T (Clotfelter 

et al. 2004).  However, there are many avian studies which have shown large increases in maternal 

gonadal hormones after the removal of eggs or chicks, and a consequent reinstatement of sexual 

behavior (reviewed in Buntin 1996).  We did not find a similar effect of neonate removal on E or T levels 

in female cottonmouths, which can be explained by the low frequency of reproduction in cottonmouths.  

Post-parturient cottonmouths are unlikely to initiate vitellogenesis and become sexually receptive until 

the year following parturition, and indeed, this lack of a trade-off between sexual and parental behavior 

in pitvipers could have been a factor in the evolution of maternal attendance of young in this group. 
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Corticosterone was the only hormone that was significantly affected by the presence of 

neonates in this study.  Both MA and SE mothers exhibited a post-parturient drop in CORT, with levels 

returning to those of the initial sample over the following weeks.  However, while SE females showed a 

gradual increase in CORT throughout the post-parturient period, MA females exhibited a significant 

transient peak in CORT on the day that neonates completed ecdysis - the point at which free-ranging 

pitvipers cease attendance behavior and disperse from the birth site.  High levels of glucocorticoids have 

been linked to nest abandonment in fish (e.g., O’Connor et al. 2009) and birds (e.g., Love et al. 2004), 

and reductions in parental behavior in mammals (e.g., Saltzman and Abbott 2009).  This is presumed to 

be a result of excessively high glucocorticoids, resulting from acute or chronic stress, signaling the 

parent to invest more in future reproduction (e.g., self-maintenance) than current reproduction (e.g., 

offspring care) (Sapolsky et al. 2000, Wingfield and Sapolsky 2003, Angelier and Chastel 2009).  

Supporting this hypothesis is evidence that elevated CORT is associated with increased appetite and 

foraging behavior in birds (Wingfield et al. 1998, Sapolsky et al. 2000, Landys et al. 2006).  Our finding 

that CORT was significantly elevated in attending females around the time that free-ranging pitvipers 

terminate neonate attendance (i.e., when neonates complete ecdysis), suggests that CORT might be an 

important mediator of attendance behavior in pitvipers.   

Because female cottonmouths (or other pitvipers) do not provision their young and there is no 

evident reason for attending females to be subject to higher stress than non-attending females, at least 

in a captive setting, the elevated CORT observed in MA females was likely caused by changes in neonate 

behavior and/or chemical cues.  For example, snakes are typically sedentary in the early stages of 

ecdysis (King and Turmo 1997), but must increase activity to remove the shed from the new epidermis.  

In our study, we witnessed neonates using the mother’s body to aid in the shedding process (i.e., 

rubbing against the mother helped peel back the shed), and neonates became very active once they 

successfully removed the shed.  This large increase in neonate movement and tactile stimulation might 
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have activated the hypothalamic-pituitary-adrenal axis of mothers, resulting in elevated CORT.  

Alternatively, if maternal CORT levels are modulated by neonate olfactory cues, as they are in rats 

(Zarrow et al. 1972), then changes in the chemical signatures of neonates as they complete the shed 

cycle could elevate maternal CORT to a point that it signals mothers to terminate attendance behavior.  

Of course, changes in neonate activity and chemical cues could act synergistically on maternal CORT, 

with the ultimate result being maternal dispersal from the birth site. 

We did not measure prolactin (PRL) in our cottonmouths, but this peptide hormone has been 

widely implicated in the control of maternal care in mammals (reviewed in Gonźales-Mariscal and 

Poindron 2002) and birds (reviewed in Buntin 1996).  For instance, the results of a study on mallard 

ducks (Anas platyrhynchos), a species with precocial young, revealed that a threshold level of PRL might 

be responsible for the onset of post-hatching care and the intensity of parental behaviors over the 6 wk 

rearing period was related to PRL levels (Boos et al. 2007).  In mammals, PRL is stimulated by the 

presence of young and is hypothesized to contribute to a hyporesponsiveness of the maternal HPA axis 

that allows mothers to maintain parental behavior during acute stress (reviewed in Brunton et al. 2008).  

However, when subjected to chronic stress, parental birds exhibit elevated CORT (i.e., activation of the 

HPA axis) with a concomitant decrease in PRL and parental behavior (reviewed in Angelier and Chastel 

2009).  The negative relationship between CORT and PRL during chronic stress is thought to reflect the 

conflicting demands of parental behavior and self-maintenance.   Currently, there are no bioassays 

available to detect plasma PRL levels in non-avian reptiles, but these species show remarkable 

similarities to birds in the molecular structure of PRL and its receptors (Noso et al. 1992, Kato et al. 

2005), suggesting similarities in PRL function.  

Overall, we did not find evidence that neonate presence affected maternal P, E, T, or CORT soon 

after parturition (i.e., MA and SE females had comparable levels 4 d post-parturition), so it is unlikely 

that the maintenance of attendance behavior (i.e., delayed dispersal) is mediated by these hormones.  
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This is similar to what has been found in species with obligate parental care, where the onset of parental 

behavior requires the normal hormonal patterns of reproduction (which we observed in our 

cottonmouths), but its maintenance depends upon continued somatosensory input from the offspring 

(reviewed in Buntin 1966, Bridges 1996, Gonźales-Mariscal and Poindron 2002).  If the presence of 

offspring is required to maintain maternal attendance behavior in pitvipers, we would predict that 

females deprived of their litter would disperse from the birth site soon after parturition.  Unfortunately, 

the captive setting of the current study did not allow us to test that prediction.  Similarly, if CORT 

mediates the termination of maternal attendance behavior, we would predict that mothers given 

exogenous CORT in the middle of attendance would disperse from the birth site prematurely.  

Admittedly, the results of this study are preliminary, but they provide a much-needed foundation for 

future research on the physiological mechanisms mediating maternal attendance of young in pitvipers. 
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Table 1. Results of repeated measures analyses on mean plasma hormone levels of female cottonmouths.  Degrees of freedom (‘df’) were the 

same for all analyses.  Significant p-values are in bold.  

  

Model Parameters df F -value p -value F -value p -value F -value p -value F -value p -value

Treatment 1,26 1.12 0.301 1.32 0.260 0.03 0.566 0.59 0.451

Year 1,26 13.64 0.001 4.57 0.042 80.74 < 0.001 4.05 0.055

Sample 4,104 21.54 < 0.001 2.89 0.026 2.49 0.048 2.34 0.060

Sample*Treatment 4,104 2.09 0.087 1.59 0.182 1.60 0.181 2.55 0.043

Sample*Year 4,104 3.11 0.019 1.27 0.286 0.05 0.995 4.44 0.002

CorticosteroneProgesterone Estradiol Testosterone

 



 
 

Table 2. Mean ± standard error of plasma hormone levels in adult female cottonmouths taken at five time points.  The timing of samples was as 

follows: ‘PP’ - within 24 hr of parturition, ‘AT’ - 4 d after parturition, ‘PNS’ - the day that all neonates in a litter completed post-natal ecdysis, 

‘1W’ - one week after PNS sample, ‘2W’ - two weeks after PNS sample.  Females in the SE treatment group (n = 15) had their litter permanently 

removed immediately after the PP sample was collected.  Females in the MA group (n = 14) did not have their litter removed until after the PNS 

sample was collected.  

 

  

Sample

ID MA SE MA SE MA SE MA SE

PP 0.583 ± 0.163 0.834 ± 0.128 0.065 ± 0.004 0.052 ± 0.006 0.092 ± 0.023 0.065 ± 0.012 26.05 ± 7.40 34.89 ± 5.01

AT 0.317 ± 0.119 0.282 ± 0.058 0.068 ± 0.008 0.052 ± 0.004 0.069 ± 0.013 0.064 ± 0.008 16.48 ± 3.22 18.33 ± 2.74

PNS 0.276 ± 0.047 0.260 ± 0.039 0.055 ± 0.005 0.048 ± 0.005 0.081 ± 0.014 0.087 ± 0.020 32.31 ± 10.36 19.12 ± 2.99

1W 0.242 ± 0.037 0.216 ± 0.025 0.051 ± 0.004 0.054 ± 0.004 0.079 ± 0.014 0.055 ± 0.008 23.46 ± 3.86 21.05 ± 3.91

2W 0.195 ± 0.019 0.178 ± 0.024 0.048 ± 0.003 0.047 ± 0.003 0.080 ± 0.022 0.050 ± 0.009 35.51 ± 5.66 30.38 ± 4.50

Progesterone (ng/ml) Estradiol (ng/ml) Testosterone (ng/ml) Corticosterone (ng/ml)

 



 
 

Figure Legends 

Figure 1: Composite hormone profile of captive cottonmouths prior to parturition, during maternal 

attendance, and after neonate removal.  Data are mean ± standard error plasma hormone levels for 

females sampled during 2010 (MA treatment group only; n = 7).   Labels on the x-axis represent how 

many days before (negative values) or after (positive values) parturition samples were taken (Note: 

exact parturition times were not known, so ‘Day 1’ samples were taken up to 24 hrs after parturition).  

Reference lines indicate when parturition occurred and the day that all neonates in a given litter had 

completed ecdysis and were removed from the mother.  Thus, mothers were in attendance of young for 

all samples taken between ‘Day 1’ and ‘Day 8 to 11’, but were no longer in attendance for the remainder 

of samples.  

 

Figure 2: Mean ± standard error of plasma progesterone (a), estradiol (b), testosterone (c), and 

corticosterone (d) of adult female cottonmouths taken at five time points during 2010 and 2011.  The 

timing of samples was as follows: ‘PP’ - within 24 hr of parturition, ‘AT’ - 4 d after parturition, ‘PNS’ - the 

day that all neonates in a litter completed post-natal ecdysis, ‘1W’ - one week after PNS sample, ‘2W’ - 

two weeks after PNS sample.  Females in the SE treatment group (n = 15) had their litter permanently 

removed immediately after the PP sample was collected.  Females in the MA group (n = 14) did not have 

their litter removed until after the PNS sample was collected.  Vertical reference lines indicate the point 

at which litters were removed from MA or SE females and, thus, whether females were with or without 

their litter when a sample was collected. 
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