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Abstract

Evolution of Life Histories in Rattlesnakes 

by

Randall Scott Reiserer 

Doctor of Philosophy in Integrative Biology 

University of California, Berkeley 

Professor Harry W. Greene, Cochair 

Professor James L. Patton, Cochair

Rattlesnakes are viviparous, limbless, tetrapods with formidable defense capabilities. 

These attributes may require special considerations in analyses of life history (LH) evolution, and 

I first discuss LH theory applicable to rattlesnakes. I then present an improved method for 

reconstructing broken rattle strings, and use rattle and reproductive data to examine the LH of the 

sidewinder rattlesnake, Crotalus cerastes. Rattle string analyses provide information about age 

and growth of individuals, age structure of populations, age-specific survivorship, and other 

population parameters. Reproductive and rattle data in combination can be used to analyze 

important LH trade-offs and to calculate reproductive values.

Female Crotalus cerastes were generally larger than same-aged males, but males lived 

longer than females, often achieving greater snout-vent lengths (SVL). Late maturity was 

associated with slow growth, suggesting that energy acquisition influenced maturity. Females 

matured at two to three years, and usually reproduced annually. Analysis of the relative trade-offs 

in life span between males and females and of body condition imply that females have high 

reproductive costs that result in death by physiological over-extension. Gravid females had 

substantially smaller fat reserves, but higher body masses than non-reproductive females and
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males, and some females fed during follicular yolking and early gestation. Body mass, but not 

SVL, of young was significantly correlated with maternal SVL and mass, but female body 

condition may also influence offspring mass. Age-specific fecundity was determined for a 

population, and a preliminary life table showed that sidewinders exhibit the most accelerated life 

cycle known for rattlesnakes, with average female life spans of about 3 years and approximately 2 

lifetime reproductive events. Male sidewinders matured at 1*2 years, and their testicular 

enlargement cycle paralleled a seasonal fat cycle. Their LH pattern suggests that wild male 

sidewinders may not engage in rival combat.

Allometric analyses showed that rattlesnakes conform to the general squamate pattern of 

growth and maturity, and that females may fit a general model for mortality schedules. Neonatal 

mass and total clutch mass are highly correlated with female SVL, but offspring number and 

relative clutch mass (RCM) are more variable, suggesting that females optimize litter size and 

RCM to reduce reproductive costs. Neonatal mass appears to be maximized by most rattlesnakes. 

Variation in litter characteristics and other LH traits are nearly as pronounced within species as 

among them. This pattern suggests that LH traits respond rapidly to selection pressures that vary 

geographically. Preliminary phylogenetic analyses of LH traits supported the latter interpretation.

Cochair Date

Cochair Date
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INTRODUCTION

Life history theory lies at the heart of evolutionary biology. No other body of 

information brings us closer to the underlying simplicities that unite and explain the 

diversity of organisms and their life cycles. Studies of life history (LH) evolution seek to 

understand how organisms adjust their fitness to different sets of environmental 

contingencies, a quest that requires a robust comparative framework. Rattlesnakes 

(Crotalus and Sistrurus) represent a broad spectrum of LH strategies, and they occupy an 

extensive array of habitats. Reproductive biology and body form are fairly uniform 

among members of this group, and factors that could potentially confound interpretations 

of LH variation, such as differing reproductive modes, appear to be few. The diversity in 

this large clade of squamates, and the existence of wide-ranging species complexes, 

provides the means to study adaptive processes, and to explore the evolution of LH traits 

within a robust comparative framework.

Model organisms usually have a particular feature that makes them well suited to 

studies of a particular kind, and rattlesnakes are endowed with a structure that renders 

them especially appropriate for LH studies. This attribute—the rattle—provides the 

means to gather a wide variety of LH data, such as precise information about growth, 

population age structure, longevity of individuals, age-specific birth rates and mortality 

schedules, trade-offs between reproduction and survival and between reproduction and 

growth, and more. In this dissertation I demonstrate a number of techniques for 

obtaining such information, using Crotalus cerastes as a study organism. I chose this
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species because, in contrast to some other well studied rattlesnakes, it appeared to have 

an accelerated life cycle, and this anticipation was abundantly confirmed. Female C. 

cerastes experience one of the fastest population turnovers among snakes, and they begin 

to reproduce at perhaps the earliest possible age. Information about C. cerastes helps to 

define the boundaries of the rattlesnake LH spectrum, but a variety of other detailed 

studies are needed to develop an explanatory framework that identifies the causal agents 

involved in shaping the LHs of rattlesnakes and more inclusive squamate groups.

A complete explanatory framework for LH evolution in rattlesnakes will require 

the efforts of numerous researchers, accumulating data over many decades. Their 

contributions, focused on process and causation, will include demographic modeling, 

studies of genotypic and environmental sources of variation, selection experiments, and 

detailed measurements of the many possible LH trade-offs. Chapter 1 identifies some of 

the patterns and processes that are likely to apply to rattlesnakes, and introduces the 

principal theory that currently guides our investigations. This dissertation is concerned 

as much with expanding our analytical possibilities as with identifying patterns, and 

Chapter 2 presents new ways to analyze and use data derived from the rattle. Both 

detailed and comprehensive approaches contribute to our knowledge of LH evolution 

and, in Chapter 3,1 present a reasonably thorough study of the reproductive biology and 

LH of Crotalus cerastes. The subject of Chapter 4, a broad comparative analysis of some 

of the principle LH variables, represents the first step in constructing an explanatory 

framework and is meant to lay the groundwork for other detailed investigations of 

individual species. This study will remain incomplete until LH data are available for all
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rattlesnake species, especially, but not limited to, those residing in Latin America.

Future advances in phylogenetic reconstruction of the rattlesnake lineage will allow a 

synthesis of key LH variables into a more complete historical picture, but present 

information is sufficient to suggest that LH evolution tracks the environment such that 

phylogenetic signal is often lost. The challenge presented by such a rapid evolutionary 

pace is one of scale, and analyses of LH evolution may require an approach focused on 

intraspecific patterns and those of closely related species.

LH variation is as fundamental to the reality of speciation as morphological, 

genetic, or behavioral variation. Yet the focal LH traits seem less a part of a species’ 

identity because they are less visible than morphology, less objective than genetics, and 

less observable than behavior. Because they are comprised of various numbers such as 

clutch size and mass, mortality rate, and timing of reproductive events, we will never 

have a type specimen of a LH to be held in one’s hand. Indeed, we cannot measure, or in 

any way characterize, a LH—or even a single LH trait— using one specimen of an 

organism. These traits are often variable within species or through ontogeny and are 

inherently difficult to measure. Statistics from large samples are the nearest approach to 

reality that we can expect to achieve. Yet we could never completely understand natural 

selection, adaptation, extinction, and, therefore, evolution, without a good grasp of how 

LHs function in those processes. The intricacies of LH variation are manifold and 

sometimes evasive, as with measurement of parental egg manipulation (as it effects 

hatching success), sibling proximity (as it effects survival), nest temperature thresholds 

(as they effect sex ratios or the evolution of viviparity), etc. The study of historical
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changes in LHs is complicated by plasticity in traits across environmental gradients, and 

we sometimes cannot tell whether a trait has evolved for a particular purpose or whether 

it is environmentally induced. The goal of this work is to identify traits among 

rattlesnakes that vary allometrically and/or environmentally and to eventually 

differentiate these important sources of variation from phylogenetically important ones.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1

1

Rattlesnake Life Histories: Theory and Predictions

Introduction

Life history (LH) theory makes predictions about what we should observe in 

nature (Steams, 1976; Steams, 1992), but because LH traits can influence each other in 

various ways, established “rules” may not to apply to some populations, species, or 

clades. Selection may, for example, influence a change in one trait such that other traits 

must, by ecological necessity, become modified, while yet others remain historically 

constrained (e.g., Shine, 1988). The resulting pattern may defy accepted theory and, 

indeed, may discredit ideas that are merely general in principle (e.g., the concept of r- 

and /^-selection). LH variables are mutually influential and each trait adds its own 

significance to the strategy for persistence. Clearly, whatever works for population or 

species persistence—barring impossibilities—will be favored, and the correlations of 

traits (for example body size and clutch correlates) derived from one group may not hold 

for another (see Chapter 4). The principle of r- and ̂ -selection (Pianka, 1970) is one 

such general principle that does not survive careful scrutiny (as for example, when 

considering crocodilians which have a curious mix of “r” and “/? ’ traits, Thorbjamarson, 

1996). Pianka’s popular bipolar continuum is, in fact, many continua that often share the 

same orientation relative to each other, but do not have fixed end-points that anchor them 

to each other, as Pianka suggested. LH traits that are usually correlated (e.g., body size
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and parental investment/clutch size/young size) may fall along a multi-factor continuum 

when species are considered in the aggregate, but when individual cases are considered, 

such multi-factor continua are often unsatisfactory. Pianka’s reformulation of 

MacArthur and Wilson’s (1967) theory is far from the original intention. LH correlations 

within families and genera are more realistic expectations, but need demonstration. 

Rattlesnakes 0Crotalus and Sistrurus) appear to both follow and transgress generalities in 

LH theory and this analysis endeavors to explain some of the LH variation in these 

squamates. I favor lineage-specific predictions and remain skeptical of “universal” LH 

theory.

Rattlesnakes are limbless tetrapods with a body form designed for a sedentary 

lifestyle (Greene, 1997). They have a limited ability to migrate if climates change and 

populations are likely to occupy habitats, or nearby localities, where reproduction is 

successful (e.g., Martin, in press). Viviparity and capital breeding (Bonnet et al., 1998) 

are ubiquitous among rattlesnakes and likely exert a strong influence on the evolution of 

LH patterns in this clade (see e.g., Seigel et al., 1986). Their defensive capabilities are 

probably better than those of most similarly sized tetrapods, with a size function that 

results in anything from slightly improved security to near invincibility. These and other 

considerations make some LH predictions more relevant than others. This chapter 

outlines some of the ideas put forth by students of LH theory that are applicable to snakes 

in general, and rattlesnakes in particular. I also discuss and critique some currently 

applied methods in analyses of LH evolution, and point out where further research is 

especially needed.
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Demography and the Rattle

Mathematical modeling of population parameters is the goal of demography 

(Steams, 1992). Population ecology is built on demographic theory, but demographic 

data are hard won and extremely valuable for natural populations. Organisms that carry 

easily accessible demographic data around with them are exceedingly rare, but 

rattlesnakes are among those few (Beaupre, 1993). This record is the rattle, a series of 

interlocking, keratinous segments used for aposematic sound production. A new rattle 

segment is added at the base of the rattle during the molting process, and somatic growth 

between molts is reflected in the size of the new segment (Klauber, 1972). The rattle 

string is a record of growth whose potential as an analytical tool has not been fully 

realized. Several pieces of information about individuals can be gathered from complete 

rattles: 1), neonatal size (when the rattle is complete), 2) growth rate from one shed cycle 

to the next, 3) intersexual differences in size and growth, 4) relative age, and S) 

estimated actual age, when shedding frequency is known. The rattle also provides 

information about populations, for example: 1) age distribution, 2) survivorship in 

specific age classes (see below), and 3) a measure of the trade-off between growth and 

reproduction (using post-reproductive decline in growth rates). Such data form the raw 

values for life tables, population growth equations (e.g., Lotka, 1907), and calculations of 

residual reproductive value (Williams, 1966b), and thus the rattle might provide valuable 

estimates of these parameters (see Chapter 3).
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Trade-offs and Constraints

Trade-offs are evolutionary compromises, links between two or more traits that 

constrain the evolution of certain character combinations (Roff, 1992; Steams, 1992), 

and they are among the most interesting and accessible aspects of life histories owing to 

the many associated predictions. Trade-offs can be visualized as function curves 

describing negative relationships between two LH traits. If the relationship between traits 

is positive there is no trade-off, except where the exact same quantity can be expressed as 

an inverse (e.g., survivorship and mortality). The trade-offs that most concern the 

present study are: current reproduction vs. survival, future reproduction, growth, body 

condition, number of offspring, and size of offspring; parental growth vs. survival, 

number of offspring, size of offspring, and offspring condition; parental condition vs. 

number and size of offspring; number vs size of offspring; and reproduction vs. growth.

Evolutionary constraints are likely to effect most or all of the traits associated 

with trade-offs. Female body size constrains maximum litter size (Shine and 

Schwarzkopf, 1992), as does the minimum viable size of offspring. Growth is 

constrained by physiological limits, the capacity to extract nutrients from the 

environment (Steams, 1992), and reproductive expenditures (Stamps et al., 1998). Some 

constraints are likely to be specific to one or a few species, whereas others will effect a 

broad array of species. In any case, many constraints are expected to apply to a given 

taxon and the effects of such limitations on LHs will be a returning theme throughout this 

dissertation.
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Growth, Survival, and Maturation

Rattlesnakes, like most vertebrates, continue to grow after sexual maturity, 

eventually approaching terminal size as growth slows to some asymptote (see e.g., 

Andrews, 1982; Richards, 19S9). This pattern can be described by a growth model such 

as the von Bertalanffy equation:

lx =  /oo ( 1  -  cmKx),

where lx is length at age x, /«, is asymptotic length (which is close to maximum 

observed length, /m? of a large sample), and K is a growth coefficient. This equation, and 

permutations of it, have been used to explore interspecific relationships between growth, 

maturation, and survivorship (Chamov and Berrigan, 1991a; Chamov and Berrigan, 

1991b), with broad taxonomic application to squamates (Shine and Chamov, 1992).

Such studies have identified a number of potentially informative mathematical 

expressions relating size, maturity, and survival to each other within, and sometimes 

across (Chamov et al., 1993), large taxonomic groups. These theoretical relationships 

are as follows: 1) K and the instantaneous mortality rate (M) are proportional, such that 

KIM tends to be constant within taxonomic groups; 2) body length at maturity (/a ) is 

proportional to /«,, such that la /lao is a within group constant; 3) it follows from 1 and 2 

above and von Bertalanffy’s equation that

/« //»= 1 - e * 8,

where a  is the age of maturity; 4) if the above relationships hold then groups with 

constant la /l«> must also share a constant K-a value; and 5) if they also share the same 

KIM ratio then M a  is likewise a shared constant. In other words, age at maturity is
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inversely proportional to mortality rate in groups sharing the same /a //0o and KIM ratios 

(see e.g., Shine and Chamov, 1992). In addition, the relationship between Loge M  is 

thought to scale with Logg a  with a slope of approximately -1, and Chamov and 

Berrigan (1990) have shown a  and female life span to be proportional, thus deriving a 

dimensionless number which describes the relationship between these parameters across 

large taxonomic assemblages. These relationships may prove to be general, but they 

need further support from both inter- and intraspecific studies. Although they provide a 

framework for comparative explorations, more recent work on intraspecific patterns of 

life history variation suggests that a more sophisticated model of growth and maturation 

may be needed (Stamps et al., 1998), one that mirrors patterns seen at higher taxonomic 

levels. Recent work also suggests that sexual size dimorphism and behavioral correlates 

may be explained in the context of growth and maturation models that interpret patterns 

at a finer scale (Stamps, 1995). If the general patterns above hold for the majority of 

rattlesnakes, then predictions can be made regarding unknown parameters (i.e., K, M) 

even for poorly known species when a ,  /a , and lm are known.

These LH models predict that late maturing individuals should live longer and 

grow larger than those maturing earlier. For species and higher taxa, the average age at 

maturity may place restrictions on maximum size attained, and there should be strong 

correlations between a  and maximum species size (adjusted for sex) given similar 

growth rates. Patterns that differ from this predicted allometric relationship might be due 

to selection for, or constraints on, the growth function itself.
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Reproductive Costs: Output, “Investment,” and “Effort”

The central idea in Williams (1966b) is that a given reproductive effort involves 

costs in terms of future fecundity or survival. These costs may be dependent or 

independent of fecundity. Some species or populations of rattlesnakes may reduce litter 

sizes in the face of trade-offs between fecundity and competition, or between 

reproduction and predator avoidance (Cody, 1966; see also Seigel et al., 1986), and this 

mechanism seems to best explain the repeated evolution of reduced litter size in island 

forms. In such cases, where reduced adult mortality places parents, offspring, and 

siblings in competition, spreading reproductive effort over a longer period of time should 

be favored. Alternatively, there may be a mortality risk associated with litter size itself 

(see e.g. Steams, 1976). Reduction in locomotor performance of gravid females 

observed for some snake species (Seigel et al., 1987), probably does not strongly 

influence rattlesnakes, which often select and remain close to a refuge or aggregate with 

other gravid conspecifics through most of gestation (e.g., Diller and Wallace, 1984; 

Graves and Duvall, 1993; Martin, in press; Secor, 1992; A. T. Holycross, pers. comm.; 

pers. obs.). However, because many viviparous snakes do not feed during gravidity 

(Gregory et al., 1999), energy expenditure during this time may reduce survival by 

weakening a female such that she does not survive to reproduce again (Shine and 

Schwarzkopf, 1992). These fecundity-dependent costs are likely to apply broadly to 

female rattlesnakes, which depend upon energy stores during gestation and whose 

gestation may sometimes even prevent feeding before entering hibernation (Martin, 

1993). Larger litters generally mean larger expenditures, but measurements of these
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costs have not been satisfactorily accomplished for rattlesnakes.

Measures of reproductive expenditure are often difficult to obtain for snakes, and 

are sometimes controversial in terms of usefulness and/or meaning. Reproductive output 

(number of offspring produced in a single event) is the easiest and least controversial 

quantity to measure for snakes, and the one which carries the fewest assumptions, but it 

may also be the least informative. Output sometimes refers to fecundity during a single 

reproductive event, and few if any assumptions are associated with this quantity. When 

it is expressed as an average, the following implicit assumptions apply: 1) for 

intraspecific analyses, fecundity variation attributable to age and size is negligible or 

uninformative; 2) for interspecific analyses, geographic variation in fecundity within 

species is negligible. Such assumptions are not inconsequential for rattlesnakes, as one 

or both are frequently (if not universally) violated in this group (see e.g., Fitch, 1985). 

Reproductive output can be expressed as a rate by formulating it as a function of time. 

Where information on increased fecundity as a function of female size is lacking or 

unimportant, this rate may be formulated as (average clutch size)/(reproductive interval), 

with the above assumptions effecting any conclusions. By adding average number of 

reproductive events for the group under consideration, an estimate of lifetime 

reproductive output is obtained. Ideally, precise information about ontogenetic increases 

in fecundity and intraspecific geographic variation would be incorporated into analyses 

of reproductive output, but these data are not available for most species of rattlesnakes 

and the above methods and assumptions provide the only means of approximating this 

quantity. The above quantities specifically address numerical fitness of an individual,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

population or species. They may represent, to some extent, genetic fitness in that each 

young represents copies of genetic material, but they are relevant only to proximate 

evolutionary mechanisms (e.g., average lifetime reproductive output). To convert these 

numbers to a form that considers ultimate causality (e.g., contribution to the next 

generation) one needs to account for the influence of mortality and differential 

survivorship of heritable variation (Darwin, 1859; Steams, 1992). Such studies are 

currently underway for rattlesnakes (G. W. Schuett, pers comm.), but it may be a long 

time before interspecific comparisons can be made.

Reproductive investment suggests a currency and is most appropriately expressed 

in units of energy, or a combination of time and energy. Reproductive effort is often 

used interchangeably with reproductive investment, with the connotation that time and 

mortality risk during reproduction are equally as important as actual energy invested 

(Shine and Schwarzkopf, 1992). Investment and or effort are illusive quantities that are 

almost never directly measured and are usually estimated by some proxy such as relative 

clutch mass (RCM). This surrogate quantity assumes that a single reproductive event 

can, in some way, represent fitness or reproductive effort, certainly a gross 

oversimplification. Shine (1992) used RCM to ask whether reproductive “investment” 

was constrained or optimized in lizards and snakes, and concluded that body shape 

explained much of the variation in RCMs of these squamates. He pointed out that LH 

theory provides two alternative explanations for variation in reproductive output 

(investment): 1) trade-offs between current and future reproduction and 2) constraints on 

body volume. Shine’s (1992) study was taxonomically broad, included only one
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rattlesnake, Sistrurus miliarius, made many assumptions, and was riddled with potential 

error, but it provided two valuable insights for making predictions: 1) if RCM is 

controlled by trade-offs and is independent of body shape then females of some species 

will be more full of eggs than others, but 2) if constraints on body size are a primary 

determinant of RCM, then the model assumes that all females are equally full of eggs. If, 

as Shine suggests, variation in RCM is largely due to body shape, then the relatively 

invariant rattlesnake body plan yields the prediction that clutch mass, but not RCM, 

should be strongly correlated with body size in this taxon, and variation in allometric 

trends may identify taxa that have been acted upon by selection (i.e., those that have 

optimized reproductive output). Rattlesnakes are a good taxon in which to test the 

assumptions of this model, because there are small species that produce relatively large 

litters as well as large species that produce relatively small litters.

RCM does not actually estimate investment or effort, only relative output. 

Numerous problems plague the use of RCM as a quantity for measuring some specified 

reproductive value. These include: 1) There is no explicitly standardized and well 

defined methods for taking RCM measurements and making calculations. For example 

RCM should include undeveloped ova expelled by females if we are measuring 

investment in general reproduction, but not if we are measuring the contribution to future 

generations. 2) RCM is not equivalent for oviparous and viviparous forms because 

measurements on oviparous species include fluids and tissues associated with eggs, 

whereas measurements of viviparous forms include only masses of the young. This 

problem casts serious doubt on the results of some studies that use RCM to make claims
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about cost differences associated with different reproductive modes. 3) Clutches from 

oviparous species change in mass very rapidly following parturition, sometimes resulting 

in significant mass changes that reflect the laying environment (D. F. DeNardo, pers. 

comm.; pers. obs.). 4) even if RCMs do not vary significantly with body size (Seigel and 

Fitch, 1984) they can vary with clutch size (Reiserer and DeNardo, 2000). This variance 

in might cause random error in small samples, which are prevalent in estimates of RCM.

Shine (1992) failed to find a difference in RCM between oviparous and 

viviparous snakes, a result that may be due to problem 2 above. Seigel and Fitch (1984) 

found that viviparous species had significantly lower RCM values than did oviparous 

ones, and their analysis showed no relationship of RCM to foraging mode or escape 

behavior. Their analysis did not consider reproductive “strategy” (i.e., capital vs. income 

breeding), or extent of movements during gravidity, both ecological parameters that 

likely influence RCM. Seigel and Fitch (1984) also postulated an increased cost to 

viviparous species resulting from longer gestation periods, and they suggested that 

reduction in RCM reflects cost. Problem 2 above also casts doubt on their conclusions, 

which rest on the equivalence of methods for obtaining RCM for oviparous and 

viviparous forms.

Methodological problems associated with RCM are likely to be moderate for 

comparisons of rattlesnakes, and this study uses known RCM values to compare species. 

However, a standardized methodology and a clear discussion of measures of relative 

mass relationships is overdue (Reiserer and DeNardo, in progress). It must be 

acknowledged that it is presently impossible to address the evolution of reproductive
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effort with any precision because per gram measures of offspring are almost certainly not 

equivalent. Ratios of clutch mass to parental mass are crude indices, at best, and, no 

doubt, vary within wide ranging species. For example, a gram of water is probably 

“worth” more and requires more effort (energy) to obtain and/or retain in a xeric 

environment than in a mesic one. In addition to energy allocation, reproductive effort 

must also take into account time allocation. Even if two species allocate the same 

energy, calorie for calorie, to their offspring, if they differ in the amount of time it takes 

to acquire that energy then effort is different.

Life History Traits, “Fitness,” and Population Dynamics

Reproductive life span, litter size, and reproductive interval all factor into 

lifetime reproductive success (fitness) of an individual (e.g. Roff, 1992). Age at maturity 

influences individual fitness, but it also exerts a profound influence on population 

parameters (e.g., intrinsic population growth rate, r). Early and late maturing individual 

females may arrive at the same fitness (measured as number of young produced in a 

lifetime), but population dynamics will be profoundly influenced by differences in 

maturation time (Steams, 1976, see example in Chapter 4). Likewise, reproductive 

interval will strongly influence population growth rate.

LH models (see e.g., Williams, 1966a) predict that mortality will strongly 

influence age at first reproduction, with the balance between adult and juvenile mortality 

strongly affecting LH patterns. When adult mortality is artificially increased, populations 

can decline rapidly, especially in species with a low reproductive rate (e.g., Crotalus
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horridus, Brown, 1993). Adult mortality higher than that of juveniles is expected to 

favor a prolonged juvenile period, a circumstance that may be rare in rattlesnakes, but 

these mortality rates may be nearly equal in some species, relaxing pressures on 

reproductive output. Juvenile mortality should favor high rates of reproduction through 

shortened reproductive intervals and early maturation, but early maturing females might 

suffer from increased probability of predation owing to smaller size, and these two 

mortality factors might be sharply balanced in some species. In general, species that 

maximize current output should be less effected by environmental perturbations than 

those that maximize survival (Steams, 1992). In environments where maturation time, 

reproductive interval, litter size, and growth to a formidable size cannot be adjusted to 

match the forces of mortality, a species will not persist.

Sexual Differences

Because male rattlesnakes can potentially mate many more times than females, 

their mating system is characterized as polygyny (Duvall et al., 1992). Sexual size 

differences are expected in polygynous mating systems, and such differences are present 

in perhaps all but one rattlesnake species (Bishop et al., 1996). Large male advantage in 

male-male combat has been demonstrated for a number of snake taxa (e.g., Andren and 

Nilson, 1976; Goode and Schuett, 1994; Greene and Mason, 2000; Madsen, 1988), and is 

likely to influence sexual size dimorphism (SSD) in rattlesnakes (Shine, 1994). SSD 

favoring large males may be a function of inter-female distances (Stamps, 1995), but 

density of females, per se, may have a much broader influence on pitviper mating
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systems (Duvall et al., 1992), determining the degree to which female defense polygyny 

(involving male-male combat) and/or prolonged mate searching polygyny (involving long 

mate searching migrations in males) are expressed in a species or population. These two 

mating systems are the most likely to occur in rattlesnakes, with the former perhaps 

favored over the latter, but they are not mutually exclusive (pers. obs.). Each system, 

however, makes its own predictions about the social interactions (especially regarding 

their frequency) between conspecifics (Duvall et al., 1992). Female biased SSD may 

result from fecundity selection (Darwin, 1874), or from other LH influences (Shine, 

1988), and there are two, perhaps more, examples among rattlesnakes that might help to 

clarify which mechanism is the most important ultimate determinant of female biased 

SSD. Much has been written about SSD in snakes (see Shine, 1993, for a recent 

review), and I will return to this topic in subsequent chapters.

Quality vs. Quantity

Offspring survival is a key LH parameter that will tend to adjust other LH traits 

based on the survival consequences of events that happen before versus after birth. If 

larger young survive better, because they can acquire energy and defend themselves 

better, then higher pre-birth provisioning should be favored. But if there are random 

effects such that size of offspring (above a minimum threshold) confers no advantage, 

then a better strategy is to produce larger litters (and/or reproduce more often) and 

increase the probability that a few, lucky young will make it past the vulnerable stage. 

Litter size (and sometimes offspring size) in rattlesnakes generally increases with female
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body size, but fecundity advantages may accrue more to smaller species than to larger 

ones (Shine, 1994). Offspring number, being dependent on growth, is influenced by size 

at maturation. Females reproducing early might not reach large sizes (Stamps et al.,

1998) and may be limited in offspring production later in life (Williams, 1966b). The 

issue of quality versus quantity has not been adequately addressed for rattlesnakes. 

Offspring quality is, of course, not simply a function of size, but may depend on factors 

(e.g., thermal conditions) other than provisioning during gestation (Shine, 1995). Quality 

is likely to be relative and somewhat subjective, but it will always manifest itself as a 

function of performance in a given environment. As such, questions about quality of 

offspring might be best answered through laboratory studies or by comparing different 

females or closely related populations that differ in offspring number and size. Fair 

comparisons between species are likely to require many assumptions, but that does not 

mean that we should ignore this issue. Size of young in rattlesnakes confers two 

advantages (defense and foraging breadth) that are likely to be fairly comparable among 

species, especially those of similar size living in similar habitats.

Ecological and Environmental Considerations

LH theory predicts that in fluctuating environments, age/size at maturity and 

offspring size should be decreased, and reproductive effort and number of young per 

litter increased relative to species living in constant environments (Steams, 1976). The 

difficulty is that we have no measure of environmental stability and instability from a 

rattlesnake’s perspective. Instability that effects neonate survival may be very different
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from that effecting adult survival.

Unpredictable mortality of young might be responsible for the north-south trend 

of increasing size and reproductive rate in cottonmouths, Agkistrodon piscivorus (Blem, 

1981), and perhaps some rattlesnakes. When mortality rates are reasonably constant 

(predictable in an ecological sense) then litter sizes might be evolutionarily or 

facultatively adjusted to the environment, and the trade-off between offspring size and 

reproductive rate (or offspring number) can be “optimized” (Shine, 1992). But if there is 

a non-size-dependent, juvenile biased, essentially random, pattern to first year mortality 

(such as when naive young often fail to choose deep enough crevices for hibernation, 

given variance in winter severity), then there should be selection for increased offspring 

production, even if offspring size must be compromised. Indeed it might be a better 

strategy to let the young provision themselves a little more, since there is no biotic 

predictor to mortality (i.e., larger young freeze as easily and are as likely to not find a 

deep enough hibemaculum as smaller ones). Predation is a predictable source of 

mortality (i.e., associated with a probability) and is, moreover, one that can be counter 

balanced to some degree by increasing offspring size. Southern populations might be 

more at liberty to increase neonatal size and/or reduce numbers because random factors 

do not exact such a toll on the young (of course, increased size also helps with neonatal 

feeding biology so selection against this "ecological formidability" strategy must be 

strong to cause such a shift). Blem (1981) showed that northern cottonmouths reproduce 

at a higher (semi-annual) rate, have larger litters, smaller young, and smaller female body 

sizes than their southern counterparts, and He also showed that mortality is higher
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during cold winters, and that this LH adjustment requires very specific habitats (those in 

which the resources are substantially above normal).

Survival in rattlesnakes is influenced by the defensive capabilities afforded by a 

venomous bite and by the startling effect of the rattle sound. Yet rattlesnakes are still 

preyed upon by many animals, especially as juveniles ( reviewed by Ernst, 1992;

Klauber, 1972). Life histories of rattlesnakes are likely to show characteristics 

associated with an increasing function of formidability with size. The shape of such a 

formidability curve is not known, but is likely linear with growth. If higher venom 

toxicity in juveniles plays a role in defense, as well as in feeding, ontogenetic differences 

in venom composition may reflect evolution toward increased formidability in juveniles. 

Indeed, formidability extends to feeding as well as to defense, because larger neonates 

can begin feeding on larger (perhaps higher nutritional quality prey) at an earlier age. 

Figure 1.1 depicts a theoretical relationship between age and formidability. If 

formidability is a linear function of size, then it should minor the growth function, with 

two possible deviations. First, if juvenile venom composition improves defense and 

feeding, then the curve should be deflected into a logistic function and, second, if 

experience influences defense (or feeding success) in older individuals, then 

formidability may overshoot the asymptote imposed on the function by reduced adult 

growth (H. W. Greene, pers. comm.).

In species effected by a tradeoff between size (and formidability) of young and 

reproductive output, we should expect ecological correlates. Species with fixed or 

predictable mortality (i.e., those living in predictable environments), will be able to
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adjust their reproductive output (optimize), but those with random or unpredictable 

mortality will need to hedge their bets and reproduce at a continuously high rate (Steams, 

1976). Another reason to reproduce at a high rate is if mortality is heavy regardless of 

predictability, such as in an open habitat with many visually guided predators. If both 

adult and juvenile mortality are high, or subject to catastrophe, LH theory predicts that 

reproductive rates should evolve to compensate. Conversely, lower output can be 

explained by relative safety from mortality agents and emphasis on longer adult life 

spans. Habitats that provide numerous refuges may favor low output, especially where 

defense mechanisms provide a temporary advantage to an escaping animal by making it 

more startling or formidable. Environmental structure is a potentially important 

influence on LH evolution.

Separating Selection from Phenotypic Plasticity

LH traits are notoriously variable under different environmental conditions, and 

we naturally want to know how much variation is due to environment as opposed to 

direct genetic causes. Phenotypic plasticity itself may be subject to natural selection 

(Caswell, 1983), but how we interpret changes in traits will depend on whether or not 

this source of variation is thought to be involved. These genotype x environment 

interactions (reaction norms) typically involve energy allocations, but their effects can be 

influenced by different environmental gradients (e.g., nutrition, temperature, water 

economy). Depending on the trait under investigation, plasticity may be just as likely to 

characterize a single individual measured at different times during its life as it is to be
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observed in two individuals living in different environments. Some traits will show 

considerable variation, whereas others will be little effected by large environmental 

differences (see e.g., Steams, 1992, for a general discussion), and the degree of plasticity 

in a given trait may differ among taxa (Ford and Seigel, 1989). Growth is a key LH 

variable that is observably effected by environmental factors, and because the effects of 

growth cascade across other LH variables, it is particularly important to have information 

about this feature when comparing LHs within and among populations and species. 

Variability in prey abundance from year to year or in different environments produces 

variation in clutch sizes (Andren, 1982; Andren and Nilson, 1983; Goldberg and Rosen, 

2000), and seasonal and yearly variability in rainfall may also cause such fluctuations 

(Seigel and Fitch, 198S). Litter size and clutch mass varied between low and high 

nutrition treatments of the garter snake, Thamnophis marcianus, but RCM and offspring 

size did not (Ford and Seigel, 1989). Despite the problems with RCM in comparisons of 

species that differ in reproductive mode (see above), it reflects the reproductive burden 

carried by a female and may be a relatively invariant LH parameter within species or 

more inclusive taxa (Seigel and Fitch, 1984; Seigel and Fitch, 198S; Shine, 1992). 

Allometric deviations in RCM among closely related taxa might indicate that natural 

selection has influenced this parameter. Offspring size may vary somewhat with 

environmental factors such as food resources (Andren and Nilson, 1983), but is generally 

expected to vary less from environmental influences than other LH parameters and may 

be a good trait for testing adaptive hypotheses.

Unfortunately, we have very little direct data concerning phenotypic plasticity in
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rattlesnakes under natural conditions, and such data are needed before we can draw firm 

conclusions in comparative studies. Ultimately, genotype x environment interactions 

may be best studied in the laboratory, with application to patterns observed in the field.

Conclusions

I have touched on some of the major issues that are likely involved in the 

evolution of LHs in rattlesnakes, but the potentially applicable literature on this subject is 

large. I favor predictions that consider phytogeny first, with general models as 

conceptual frameworks upon which to investigate evolutionary causation within lineages. 

Rattlesnakes are a particularly convenient model organism for life history studies, by 

virtue of their namesake, the rattle. This structure provides a set of benchmarks with 

which a number of LH variables can be studied. Tradeoffs and evolutionary constraints 

are important determinants of LH patterns, and models based on growth, body size, and 

maturation parameters may prove useful in identifying how these limiting factors 

influence the evolution of populations, species and clades. Despite problems associated 

with measurements and comparisons of reproductive costs, the payoff for investigating 

this topic is likely to be high because so much of LH theory revolves around the price 

payed by individuals to secure evolutionary fitness. Some signs of these expenditures 

will be easily observed, such as differences in size between males and females, whereas 

others will be more cryptic, as with quality of young. All will be well rooted in ecology, 

with strong environmental influences sometimes the consequence of genetic changes, 

sometimes that of phenotypic plasticity.
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Figure Legend

Figure 1.1. Hypothetical relationships between size, growth, and formidability. A: 

approximate relationship of formidability (dotted line) to size (solid line) if formidability 

is effected by higher venom toxicity in young individuals and experience in old 

individuals. B: approximate relationship of formidability with growth given the above 

assumptions.
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Figure 1.1

AgeSize
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Rattle String Analysis: A Window on Rattlesnake Life Histories 

Introduction

We have, in the rattle, a mechanism—possibly unique among the 

vertebrates—which, by the entire separation of successive elements 

from the body, renders such elements independent of succeeding 

bodily growth, or other changes except loss or destruction. Thus we 

have a series of chronological bench marks, and if we can determine 

the chronology of this separation, we may be able to leam something 

of the rate of bodily growth (Klauber, 1972; p. 304).

So begins Lawrence Klauber’s treatment of dimensional relationships of the 

rattle, yet he successively erodes this early optimism by exposing the numerous 

difficulties involved in correlating rattle data to body size. While many studies have 

used the rattle as a data source, little else has been written about its potential utility since 

Klauber’s (1972) two volume treatise on rattlesnakes. Klauber gave thorough treatment 

to rattle function, morphology, development, composition, dimensions, uniformity 

among members of a species, and interspecific differences. He also provided significant 

correlations between button width and neonatal size, and between body growth and basal 

rattle segment diameter. His samples of homogeneous populations were large, but he
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focused on only two relatively large bodied species, relying on museum specimens from 

various localities for data on other species.

Today, it is common knowledge that a new segment is added to the rattle during 

the molting process, but when Klauber wrote his tome on rattlesnakes, a climate of myth 

and controversy surrounded this issue. The “rattle-per-year” tale is still prevalent in 

popular culture, despite Klauber’s efforts, and that of others (Greene, 1990), to dispel 

that myth. The rattle evolved as a structure for aposematic sound production (Greene, 

1992), and its dimensions increase with body size. Rattle dimensions might be 

influenced by pressures to produce a louder sound, a circumstance perhaps responsible 

for interspecific differences in rattle size that complicate comparisons between species. 

Nevertheless, the rattle can provide a wealth of information about a species or even an 

individual, but much of its utility has yet to be explored.

Age and growth are important life history (LH) variables, especially when 

correlated with reproductive data. Studies of rattlesnakes have sometimes estimated age 

and/or growth using a combination of rattle counts and mark-recapture data (e.g., 

Beaupre, 1995; Beaupreetal., 1998; Brown, 1991; Fitch, 1949; Heyrend and Call, 1951; 

Martin, 1993), and others have used large samples from hibernation den sights (e.g., 

Fitch, 1985), or those collected for exhibition and commerce at rattlesnake roundups 

(1998; Fitch and Pisani, 1993). Some studies rely on age estimates, based on average 

shedding rate for a species or population (e.g., Aldridge and Brown, 1995). All but one 

of these studies (Beaupre, 1995) focused on relatively large bodied species, and most 

required long term field studies or massive sampling efforts. For most long-lived
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organisms, short term sampling is usually insufficient to supply meaningful information 

about growth and age structure, but the rattle may provide a means of partially 

circumventing the need for direct growth data.

Although it is commonly acknowledged that each rattlesnake carries a record of 

its own growth (e.g., Fitch, 1998), there have been few reports on patterns of growth 

variation occurring in individuals, and no projections of growth based on rattle data. 

Maturity is expected to effect growth (Chamov and Berrigan, 1991) and, therefore, 

individuals differing in maturation age might show different growth histories. The rattle 

may also aid in determining patterns of growth associated with sexual size dimorphism 

(Beaupre et al., 1998), with resulting insights about causal and evolutionary patterns 

(e.g., Shine, 1993; 1994). Previous studies have essentially treated the rattle as a single 

dimensional data source, using only the maximum diameter of a given rattle segment, but 

exploitation of the three dimensional nature of the rattle may add precision to 

assessments of growth history and age.

The purpose of this chapter is to supplement and expand the analytical theory of 

correlated rattle and somatic growth presented by Klauber (1972) and to discuss the use 

and limitations of rattle morphology data in acquiring LH information from individuals, 

populations, and species. Foremost, I emphasize acquisition of LH information using 

rattle and reproductive data in combination. My focus is on the sidewinder, Crotalus 

cerastes, a desert dwelling rattlesnake with a distinctive mode of locomotion and an 

accelerated LH (see Chapter 3). I supply relevant ancillary data on reproduction to 

provide a more detailed picture of the unique LH of this species, but save further
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General Procedures

Specimens—Because of problems obtaining precise data from museum material, 

the main conclusions of this study are based on specimens collected in the field from 

1995-1999. The difficulties I encountered with museum materials include 1) inaccurate 

estimation of known live masses and SVLs from apparently precise measurement 

techniques, and thus uncertainty in measurements of specimens with less documentation, 

2) potentially inaccurate collecting date information, 3) the possibility that specimens 

had been held as long term captives before preservation, and 4) lack of a homogeneous 

sample population. Large inconsistencies in masses (e.g., ± 80 g) of specimens for which 

live mass was known necessitated emphasis on specimens for which pre-preservation 

data were available. I used SVL measurements only when large errors (± 20 mm) would 

presumably be canceled out by reciprocal errors. Museum specimens were used to 

collect rattle data and to examine reproductive condition. Some field collected 

specimens were either I) marked and released after full data (including ultrasound 

reproductive data) were taken, 2) not collected because they were encountered during a 

field course, or 3) not collected because of restrictions associated with reserved areas. In 

the latter two cases, notes were taken on body length and mass, time and date, rattle 

segment number, sex, and habitat, but such specimens could not be further examined and 

assessments of reproductive condition were not made. Others were implanted with 

radiotransmitters and tracked for varying lengths of time, but were not ultimately
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collected. Most specimens used for this study, however, are presently deposited in the 

Museum of Vertebrate Zoology (MVZ), California Academy of Sciences (CAS), and 

University of Arizona (UAZ).

Field studies—Collecting of field data began in July-August, 1995, with an 

expedition that focused on Arizona. Some specimens were collected in Pima and 

Maricopa counties, but most collecting was concentrated in La Paz Co. A shorter 

collecting trip was made in September, 1995, to a locality 15 km SW of Pisgah lava flow, 

San Bernardino Co., California, which in 1998 became a more permanent study site. 

Most collection was concentrated in Upper Johnson Valley (JV), but the overall sampling 

region is roughly described by Highway 40 west of Barstow to Pisgah lava flow, Highway 

247 from Barstow south through Lucerne Valley and west to W 116° 25', and that 

longitude north to Pisgah lava flow, excluding Twentynine Palms Marine Corps Base. 

Field operations in this area extended from March-October, 1998, and from May-August, 

1999. During this time 93 sidewinders were marked and released (all from JV), 15 of 

those were implanted with radiotransmitters, and 38 specimens were collected and 

preserved (some of which had been telemetered). Success in radiotelemetry was 

diminished by poor quality equipment purchased from AVM Instruments, Livermore, 

California. Only a few transmitters functioned properly, whereas failures were common 

and usually resulted in the loss of telemetered animals. Despite these difficulties, some 

individuals were tracked for long periods of time and useful data were gathered.
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Measurements—I examined 152 (78 males, 74 females) museum specimens and 

206 (124 males, 82 females) wild-captured Crotalus cerastes, obtaining rattle, body size, 

and reproductive data for most. External measurements included snout-to-vent length 

(SVL), tail length (excluding rattle), mass, rattle segment count, and three dimensions of 

the exposed (basal) lobe of each rattle segment present. Live length (± 1 mm) 

measurements were taken on relaxed and fully extended anesthetized snakes using a 

standard millimeter scale and mass was measured with a triple beam balance (± 0. lg) or 

Pesola spring scales (± 1 g). The same equipment was used for museum specimens, but 

length measurements were taken either by flexing the specimen slightly while rolling it 

along the ruler, or by incrementally extending a string along the dorsal midline of the 

snake and measuring the string. Usually I took both of the latter measurements and 

calculated an average. Rattle segments were measured (± 0.01 mm) with precision 

analog calipers, and I determined my error (± 0.05 mm) by 20 repeated measurements of 

the same five segment rattle.

Reproductive biology—Preserved specimens from museums and field collection 

were dissected for determination of reproductive condition. Data from museum 

specimens were limited by restrictions on removal of gonads and consisted of 

measurements and/or counts of reproductive structures, but field collected material was 

examined more thoroughly. For the latter specimens, part or all of the reproductive tracts 

of females and males were removed for examination after preservation. The vas deferens 

of males and the ovaries of females were examined microscopically for presence of
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sperm and corpora lutea, respectively, and counts and measurements of mature follicles 

were taken for females. Reproductive status of females collected in 1998-99 was 

determined first by ultrasound (see Chapter 3 for equipment description) and later, for 

those collected and preserved, confirmed by dissection. Males were considered to be 

mature if they met two or more of the following criteria, 1) testes large, rounded and 

turgid, 2) hemipenes enlarged, 3) sperm present in the vas deferens, and 4) SVL k 400 

mm. Females were scored as mature if they had yolked follicles, oviductal eggs, or were 

parous. Parity was identified by presence of highly muscularized oviducts and/or corpora 

lutea through visual and/or microscopic examination of the reproductive tract. 

Reproductive conditions of all female sidewinders captured in the field were precisely 

determined by ultrasound, including counts and measurements of follicles or eggs. 

Oviductal lavage was used to determine whether mating had occurred, and samples were 

viewed at 40-400X magnification using a compound microscope to detect sperm.

Analysis—Divisions in the data set reflected potential sex and geographic 

differences, and separate analyses were performed on divisions with sufficient sample 

sizes. Some body size statistics were performed using the entire sample of mature 

individuals, including museum specimens measured post preservation, assuming that 

reciprocal error would correct for inaccurate measurements of body size. I used Mests to 

compare groups for significant differences, except when data failed to meet the criteria 

of parametric statistics, in which case I used Mann-Witney Rank Sum (MWRS) tests. 

Means ± standard deviations (SD) are given for most statistics, but medians are given for
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those using MWRS. Regressions were calculated to examine size trends in males and 

females and to measure dispersion around a linear model. When necessary, data were 

transformed to conform to a linear model.

Rattle Profiles

Beaupre (1995) used regressions of segment number and maximum diameter of 

segments to reconstruct minimum rattle length (segment number) of broken rattle strings, 

and thereby assign individuals of Crotalus lepidus to relative age classes. Klauber 

(1972) used a similar method and concluded that accuracy was poor, at best, with rattles 

missing more than two terminal segments, and hopeless for those missing more than six 

segments. Herein I propose a more precise method of reconstructing rattle lengths.

Methods—Rattle data were used to generate rattle profiles (Fig. 2.1) for 190 

snakes (115 males and 75 females). These profiles consist of graphical plots of the 

following three dimensions of the proximal (exposed) lobe of each rattle segment: 1) 

dorsoventral diameter (DD), 2) lateral diameter (LD), and 3) longitudinal axis (LA). In 

some cases, these three dimensions were also multiplied to produce a “volume” profile. 

These volumes represent the rectangular cube described by the measurement of each 

segment dimension.

Complete rattles of up to 11 segments were used to construct average profiles 

(Fig. 2.2) for aligning broken rattle strings. Averages were computed for each dimension 

of 10 or more consecutive segments, starting with the button, and these averages were
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plotted on a graph with standard deviation error bars. Different 3-dimensional average 

profiles (3DAPs) were constructed for males and females and for different races or 

populations. I used these average rattle profiles to visually align individual profiles of 

broken rattles by superimposing them onto other equally scaled graphs of the rattles to be 

reconstructed. Data from an individual profile could then be aligned with the plot of 

averages by inserting blank cells as spacers representing missing segment data. This 

method for visual alignment was tested against rattle reconstruction using regression 

analysis of rattle dimensions (see Beaupre, 1995), by deleting data for 2-8 terminal 

(oldest) segments from complete rattles, then attempting to reconstruct the original 

segment number. Data from 36 complete rattles with segment counts of 5-11 were 

copied to two duplicate spreadsheets which were labeled as to only identify which 

analysis was to be performed on that copy (e.g., regl, reg2, etc.). Numbering was 

randomized in the two copies to eliminate associative bias. From each spreadsheet, I 

deleted all but three rows and three columns of data representing the three dimensions of 

three proximal segments. Both duplicate spreadsheets were closed until later analysis. 

The order of analysis was randomized so that I had no knowledge of which rattle I was 

attempting to reconstruct, and both reconstruction methods were performed separately so 

that information gained from one would not bias the other. For both regression analyses 

and alignment to averages, I tested reconstruction using all three dimensions and using 

only the DD of each segment. This axis shows the most change between the first eight 

segments and therefore regressions are strongly positive, whereas regressions of the other 

two dimensions (LD and LA), are more gently sloping. Regressions and average profiles
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were constructed using only the data from the 36 complete rattles in the analysis. The 

first eight segments were used to generate regressions of rattle dimension on rattle 

number, but ten segments were used in the average profile. The reason for this 

difference is that adding two more segments significantly reduced slopes and r2 values of 

regressions, but did not effect analysis by averages. The strategy for each method was to 

maximize its predictive power and, therefore, the difference in methods is justified.

When analyzing a given block of data, reconstructions using DD were performed first 

and the inferred rattle length was entered into a blank cell. I then plotted the data for the 

other two dimensions and if my assessment changed I entered the new guess into a 

separate cell. Data from each experimentally shortened rattle were visually aligned with 

both regression and average profile. When all analyses on data blocks were complete, I 

identified each block by the unique combination of values in the undeleted rows, entered 

the correct rattle length in a new column, and tallied the error for each estimation 

procedure.

Results—Visual alignment using an average profile proved to be far superior to 

estimation via regression analysis in accurate reconstruction of rattle lengths. Of the 36 

rattles experimentally shortened, 18 (SO %) were inaccurately reconstructed by the 

regression method with all three dimensions included. Nineteen (S3 %) were inaccurate 

using only maximum diameter. Using all dimensions, fourteen reconstructions (39 %) 

were in error by a difference of one segment and four (11 %) by two segments (Table 

2.1). Errors were not entirely reciprocal, with 11 underestimations of the true rattle
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length and seven overestimations. Accuracy was not greatly enhanced by inclusion of 

regressions of lateral and longitudinal dimensions, improving four rattle length 

predictions by one segment, and producing one correct result. Visual alignment of 

maximum diameters of rattle segments using the average profile produced 17 errors (42 

%), with most resulting in underestimation. Using all three dimensions produced only 

three errors (8 %). When the latter method was incorrect all other methods were also 

incorrect. Performance of all methods was best when fewer segments were missing.

Discussion—As noted by Klauber (1972), difficulties in reconstructing rattles 

arise when the tapering portion of the rattle is missing. His assessment was that rattles 

missing more than three segments could not be reconstructed with certainty. In this 

analysis, all rattles were reduced by two or more segments. My data support Klauber’s 

conclusions, showing that regression analysis performed best on DD data when fewer 

than three segments were missing. Accuracy was greatest with the average profile which 

included all three dimensions. Allometry of rattle development can be seen in the 3DAP, 

which shows divergence in relative positions of averages, especially past segment S, with 

LD leveling off and LA trending downward (see Figs. 2.2,2.3 and 2.17A to compare 

allometric variants by geography). This circumstance provides a better reference for 

aligning broken rattles. Indeed, rattles missing almost all signs of taper (e.g., missing 

five segments) can usually be accurately aligned (or at least estimated) with this method. 

One caveat is that rattles showing abnormal early growth are often misaligned, but this 

error pertains to all other methods as well, and should not effect most reconstructions.
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Error is most likely to be an underestimation of the true rattle number, because excessive 

growth is more rare than stunting (Klauber, 1972). Nevertheless, overestimations are 

possible owing to rapid growth in some individuals. The 3DAP provides two additional 

advantages: 1) rattle profiles that deviate significantly enough to be inaccurately aligned 

usually show obvious signs of abnormality and can be eliminated from analyses, and 2) 

the 3DAP can allow minimum segment counts to be estimated for rattles that are missing 

many segments. Because there are relative changes in average measures of each 

dimension up to the tenth segment, rattles missing ten or fewer segments will be 

estimated to within a few segments. Those missing more than ten segments will be 

inaccurate, but still assigned to the class of 10+ missing. The utility of this feature of the 

3DAP is in determining minimum ages for individuals with very long untapered rattles, 

and in some cases this estimation procedure may give maximum recorded longevity of a 

wild-caught specimen. An exceptional Crotalus cerastes specimen given to me by A. T. 

Holycross illustrates this latter point. The snake was captured near Maricopa, Arizona, 

and had 20 segments when I received it. The rattle retained only the slightest taper, just 

enough to provide reasonable certainty of alignment (Fig. 3). By the age estimation 

procedures outlined herein (see below), this snake was about IS years old. It had spent 

two years as a captive, during which it molted with normal frequency, so it survived to at 

least age 13 as a wild animal, a natural longevity record for the species.

Shedding Frequency and Age Determination

It is sometimes presumed that each rattle segment represents relative age for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

individuals in a homogeneous population (Beaupre, 199S). That is, each molt of a 

healthy animal represents a unit of age that is equivalent among individuals in a 

population. If so, that age unit is most likely associated with a physiological clock 

(Taylor, 1981) that is decoupled from standard time by hibernation and ectothermy.

Such a physiological clock is suggested by shedding rates of captive siblings (both 

Crotalus cerastes and Sistrurus catenatus) kept under uniform conditions (pers. obs., see 

below). Siblings, if healthy, shed within a week or two of each other, even when body 

sizes differ owing to nutritional differences. Other evidence, presented herein, suggests 

that a physiological clock is involved in shedding cycles, and that the magnitude of 

growth does not effect shedding frequency. If each molt represents relative age, then 

rattle data should provide information about actual age when shedding frequency is 

known.

The notion that shedding frequency is determined by some physiological process 

rather than growth is further suggested by extensive overlap in SVLs for a given rattle 

segment count (Fig. 2.4). It has been previously assumed that rapid growth during the 

early life of rattlesnakes is responsible for the higher frequency of molts by young snakes 

(Klauber, 1972). This assumption is based on the observation that stunted rattlesnakes 

sometimes shed at reduced rates (Fitch, 1949), but this circumstance does not rule out the 

influence of a fairly uniform physiological mechanism. Rattlesnakes that grow more do 

not shed at a higher frequency than those that grow normally, and there is no evidence of 

a growth threshold that influences shedding. Stunting may be the result of low foraging 

success, or it may result from periods of inactivity (perhaps induced by illness or trauma)
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during which the snake operates at a reduced metabolic rate. The mechanism that 

precipitates shedding is not fully understood, but it is clear that most rattlesnakes in 

homogeneous populations add segments at fairly uniform rates (see e.g., Martin, 1993).

Methods—I relied chiefly on my sample of sidewinders from San Bernardino, 

Kern and Los Angeles Counties, California, to estimate shedding frequency, but shedding 

frequency may vary geographically (especially north-south, see below). All specimens (n 

= 196) included were collected within the latitudinal boundaries N 35° 30' and N 34° 30', 

but most (n -  171) were from within 100 km of Barstow, California, and most of those 

were from JV and immediate vicinity. I refer to this subsample as the “Barstow Area” 

(BA) population, with the acknowledgment that it might not represent a homogeneous 

population, as likely does the JV subsample, but rather a set of animals which experience 

similar climatic conditions. I used shedding information from telemetered and 

untelemetered snakes to determine adult shedding frequency, and I determined the 

juvenile shedding rate from segment counts of the youngest individuals encountered in a 

given month. Two adult snakes began the molting process while briefly held captive 

before processing and these observations are regarded as natural shedding cycles. One 

telemetered adult was removed from the field and preserved while in a shedding cycle 

(the new fully formed rattle segment was exposed by manually removing the old 

epidermis), and I consider its preservation date to be within a few weeks of a natural 

shedding date. Dates of birth vary from year to year and geographically, but generally 

occur from mid August to early October. I used IS September as the reference birth date,
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assuming that most births would occur within three weeks of that date, and I consider age 

determination to have an associated error (± 1 month) that, for the present analysis, 

should be minimized by reciprocity. Five natural births recorded in 1998 occurred within 

10 days of 13 September. Ages were assigned to all animals (n = 136; 77 male, 79 

female) which either had complete rattles or had broken rattles that produced profiles 

that were highly congruent with the 3DAP. All individuals with uncertain rattle 

alignments were removed from the analysis. Ages were calculated in months of active 

time (AT), since growth is probably negligible during winter months. The growing 

season varies from year to year and geographically, but generally extends from March to 

October in my main study area. Thermal characteristics of different months also vary 

and may effect growth on a seasonal basis. Such variables could not be controlled for in 

a sampling study and more extensive mark-recapture data would be useful in validating 

my results.

Results—All evidence suggested that males and females shed at similar rates, so 

the samples were pooled. The youngest (smallest) March animals had 1 and 2 rattle 

segments, and April specimens had 2,3, and 4 segments. By July, individuals with 2 

segments were no longer encountered and by September, 3 segment individuals were no 

longer found (Fig. 2.3). My March and October samples lacked animals with four 

segments, but because 4 segment snakes were present in April and were much larger than 

2 and 3 segment animals from that month, I inferred that these individuals had just 

emerged from their second hibernation. Thus sidewinders in this population shed four
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times in their first year of life, once just following birth and three more times before 

September of the next year. Some second year individuals apparently acquire a fifth 

segment by early May following their second hibernation and shed again in mid summer 

(ca. July), but do not shed again in the fall (see below). This circumstance creates a 

problem for age determination in adult snakes because 1) it produces overlap in 

subsequent segment counts during concentrated periods of shedding, 2) it yields two 

rattle classes for snakes from the same cohort, and 3) it obscures the actual number of 

adult molts per year by distributing all segment number classes throughout most of the 

active season. This variation in rattle segment acquisition is likely due to variation in 

birth dates, with the earliest bom individuals shedding in the spring of their second full 

growing season rather than the fall. In S3 snakes examined from March and April, no 

individuals having five segments were found, suggesting that the five segment condition 

occurs only in the second full growing season of this sidewinder population. Size classes 

in this small rattlesnake are largely obscured by variation in growth during the first year, 

producing overlap in SVL between adjacent rattle number classes. As a result, with the 

exception of one pattern, adult shedding rates could not be determined from the 

distribution of rattle segment numbers plotted as a function of month, but data from 

telemetered snakes and from observations of natural molts supported two shedding 

cycles per year for even the oldest individuals. The adult molt cycle appeared to have a 

definite pattern, with one shed in mid summer and another that is split between fall and 

spring.

Direct evidence for a mid summer molt came from observations involving seven
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telemetered snakes, four snakes captured and later released, two preserved specimens, 

and one snake marked as a neonate and later recaptured. During July, 1998, all eight of 

my telemetered snakes shed within a week of each other. During the molting period all 

snakes remained concealed in burrows, but two females with failing transmitters were 

dug up for reimplantation. One was recovered in her burrow on 17 July with a recently 

shed skin and the other was pre-molt (eyes clouded) on the same date. Another female 

shed most of her skin inside of a burrow, but a large posterior section of skin adhered to 

her surgery scar and was sloughed in some vegetation near her burrow on 19 July. All 

other sheddings (two other females and a male) were confirmed by noting the addition of 

a rattle segment when they were next encountered on the surface. While my telemetered 

snakes remained concealed (ca. the first two weeks of July) for shedding, other 

sidewinders were not encountered, despite nightly road driving with two parties 

independently searching in separate vehicles, and ground surveys during walks to 

telemetered snakes. Other snake species were still encountered during that time, 

indicating that weather conditions were not a factor in the disappearance of sidewinders. 

Both before and after the period of confirmed shedding by telemetered snakes, 

sidewinders were encountered crossing roads on a nightly basis. During July 1999, my 

only telemetered sidewinder shed in July, and a recaptured juvenile was close to molting 

on 19 July, having a new fully formed basal segment that was still covered by skin.

Other data that support the mid summer molt were numerous, and came from both 

collected and museum specimens. Observations of skin-covered basal rattle segments 

were diagnostic of incipient shedding, but other specimens were found to have a short
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sheath of sloughed skin around part of the rattle, and it was inferred that these snakes had 

shed recently before capture and/or preservation.

The fall shedding period is less well documented and seems to be more diffuse. 

One telemetered male that shed in July 1998 was taken in and preserved on 1 September 

1998, and had a developing, but well formed, segment concealed under his tail skin; the 

segment was easily exposed by pealing off the loose epidermal layer shortly after 

preservation. Another telemetered male shed sometime between 24 October and 12 

January, when he was seen basking at the edge of his burrow on a relatively warm winter 

day. A count of his rattle revealed that he had added a new segment. A telemetered 

female that added a segment in July 1998, added a segment between 25 October 1998 

and 3 March 1999. Two adult males being held captive for processing began their 

shedding cycles (their eyes became clouded) on about 21 October. These snakes had 

been captive for 18 days before they were processed and released.

The spring molt is based entirely on the plot of month vs. segment number and 

other indirect evidence, but seems to be well defined. A regular pattern of segment 

counts was missing from my March sample, but not from later months, suggesting that 

snakes emerge from hibernation with an even number of segments. Using available 

information and the knowledge that many snakes processed in the fall (September and 

October) showed no signs of shedding, I surmised that there must be a shedding event in 

the early spring which involves those individuals that did not shed in the fall. Upon 

reviewing all information, including that from telemetered snakes and the two males that 

began their molts in the fall, there were no inconsistencies with this supposition (i.e., all
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fall sheds resulted in even numbered rattles).

The resulting shedding model used to estimate ages of Crotaius cerastes is shown 

in Fig. 5, with shedding periods represented by shading, and potential overlap in segment 

count between age cohorts indicated by arrows. Mid summer records were assigned ages 

based on body size.

Discussion—There is good evidence for a population-wide shedding event from 

early to mid July, 1998, near Barstow, California, and other evidence suggests that mid 

summer is a time of concentrated shedding. Synchronous shedding also occurs in other 

rattlesnake species. Ashton (1999) observed aggregations in Crotalus viridis from early 

June to early July of 1997 and 1998, and he found that 88% of snakes found in this 

context were in pre-shed condition, representing 57% of his sample from that time period 

(see also Gregory et al., 1987). Another concentration of shedding in C. cerastes 

appears to occur in the fall, but there was no evidence that it occurred as a relatively 

discrete event. This shedding period may extend from late September to late October, or 

even into the following spring. Shedding during the winter months cannot be ruled out, 

as some winter activity does occur. If there is a difference in the dispersion between 

summer and fall shedding dates the basis for that disparity is not known, but differences 

may be related to variation in success with finding favorable thermoregulation sites as 

seasonal temperatures decline. All available evidence suggests that sidewinders in this 

population shed either in the fall or in mid spring (beginning in April) as one of two 

annual molts, and that most if not all individuals emerge from hibernation with an even
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number of segments.

For the purpose of age estimation, uncertainty in the timing of the fall/spring molt 

is of little consequence since, the resulting segment counts produce the same age 

estimation. The uncertainty in mid summer age estimations is more problematic, owing 

to overlap between segment number classes for all cohorts, but errors in age 

determination should be reduced by reciprocity. This difficulty does not effect age 

determination of first year snakes, as they can be readily distinguished from older 

individuals based on body size. However, age determination in adults captured in July is 

less certain owing to overlapping SVLs for adjacent rattle number classes. As with other 

desert rattlesnakes (Beaupre, 199S; Beaupre et al., 1998), shedding frequency was similar 

in males and females, thus age estimates follow the same prescription for both sexes.

Age, Body Size, and Growth Analysis

Relative differences in age, body size, and growth are important in LH evolution, 

and it is beneficial to know how they operate together within species. Growth is a key 

LH parameter in rattlesnakes, with large interspecific and moderate sexual differences 

occurring throughout the clade. Sexual size dimorphism (SSD) in some desert 

rattlesnakes results from differences in growth rates after maturation (Beaupre, 199S; 

Beaupre et al., 1998), but in other snakes growth divergence occurs in juveniles (Shine, 

1990). Knowledge of proximate causes of SSD may help resolve issues about the 

evolutionary origins of size differences, and provide clues about their adaptive 

significance (Andersson, 1994; Shine, 1993; Shine, 1994). Different evolutionary
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explanations can be invoked to explain SSD, depending on the timing of size divergence 

during ontogeny—at birth, before maturity, or after maturity. Shine (1990) identified the 

latter two as the alternatives that determine SSD in snakes, and he favored 

prematurational growth as the most common pattern in snakes.

Information on proximate mechanisms of growth may be particularly valuable for 

C. cerastes, because it is thought to be the only member of its genus that exhibits 

“reversed” SSD (female size > male size) relative to all other Crotalus species (but see 

Chapter 4), and the only rattlesnake in which females attain larger average body sizes 

than males (Klauber, 1937; Klauber, 1944). The pygmy rattlesnake, Sisrurus miliarius, 

lacks SSD (Bishop et al., 1996), and recent fieldwork by S. M. Secor (cited by Ernst, 

1992) raised doubt about the direction of SSD in C. cerastes. In a large field sample (> 

100 specimens, Secor, 1992), the longest sidewinder encountered by Secor at Kelso 

Dunes, San Bernardino Co., California, was a 667 mm male and, of the 11 largest snakes 

he measured, five were males and six were females (quoted by Ernst, 1992).

Methods—Various plotting procedures and statistics were applied to examine 

size relationships between males and females. Sample size considerations and the desire 

to ask relevant questions (e.g., do juveniles—segments 2-4—differ in size?) justified 

pooling two or more rattle classes for analysis, but care was taken to include only 

individuals relevant to the question being asked. When more than one RSC was 

represented in an analysis of body proportions, I equalized the sample sizes in each RSC 

for both sexes so that numeric superiority would not influence the results. Records were
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randomly chosen for deletion by writing the numbers l-n  (n = the larger sample number) 

on separate slips of paper, then blindly drawing out the same number of slips as records 

to be removed and deleting those corresponding to the numbers drawn. For any given 

analysis, I began by examining the Barstow area specimens and then, if the analysis 

could be reliably performed, I applied the same procedures to all specimens for which 

appropriate data were available.

To determine whether rattle growth reflects somatic growth, I fitted a standard 

growth model to rattle segment count data plotted against SVL using a variant of von 

Bertalanffy’s equation:

L ^ L M - e ^  + c

where Lx is body length (SVL) at length jc, Lx is asymptotic length, K is a growth 

constant, and c is the y-intercept. Most specimens in this analysis had complete rattles, 

but individuals missing up to five segments were also used when their rattle profiles were 

highly congruent with the 3DAP. Males and females were analyzed separately. I also 

used this growth model to analyze actual growth using estimated ages (expressed in AT) 

derived from the shedding frequency model (see above).

In order for the rattle to be useful in analyses of growth history its increments 

must correlate with somatic growth. If a growth equation fits through segment count 

data plotted against SVL, we might expect that the shape of such a curve would be very 

similar to that of a curve fitted through temporal growth data. This expectation requires, 

however, that all shedding intervals represent the same time interval and, of course, they 

do not By the model derived above, juveniles (individuals with four or fewer segments)
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shed, on average, 1.5 times more often than adults. Therefore, the three shedding 

intervals between the post-natal ecdysis and that producing the fourth rattle segment 

should be reduced by 1/3. I accomplished this conversion by subtracting 1.3 (the 

reduction in segment four) from all segment numbers above number four, and 

multiplying segments 2 4  by 0.67 (the conversion factor for juvenile to adult shedding 

rate). The value of segment number one (the button) was not changed. This procedure 

effectively shortened the three juvenile growing (= shedding) intervals, but left all of the 

adult intervals equivalent. Because one rattle segment represents multiple months of 

growing time, it was necessary to make the two scales (months of activity and adjusted 

segment number) comparable by anchoring known starting and an ending values on each 

scale to each other. Post-ecdysis neonates served as starting values and a telemetered 

female, for which segment number, shedding date, and SVL at time of shedding were 

precisely known, was used as the ending value. Because I had only one such complete 

record, I used only females from the Barstow population in my initial analysis, but for 

other groups I used the largest and oldest individual in the plotted data as the upper 

reference point. Two graphs were generated and superimposed, both with SVL on the 

ordinate and one of the scales to be compared on the abscissa (see Fig. 2.8). A similar 

graphical procedure, without any correction factor, was used to compare growth 

trajectories of males and female for both SVL vs. rattle segment number (i.e., relative 

age) and SVL vs. estimated active age. I used my shedding model to estimate the ages of 

all specimens in my sample, and this may have introduced error in the ages of some 

specimens (i.e., those from extreme northern and southern areas). These errors should
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have little effect on this analysis, as the number of specimens I examined from northern 

and southern habitats is small, and I assume that these errors will be minimized by 

reciprocity.

Growth was precisely calculated for one female specimen marked as a recently 

post ecdysis neonate, released on 25 September 1998, and recaptured on 16 July 1999. 

Growth was also estimated for other young individuals in my sample by calculating their 

approximate age in months AT and dividing by the approximate change in SVL between 

their observed SLV and the average for neonates of the appropriate population. Average 

neonatal sizes were taken from Klauber (1972), except those for JV, which were 

calculated from five litters of that population.

To examine the relative longevity of males and females, I tabulated rattle 

segment numbers for all sidewinders that 1 examined with more than one segment. I 

tried to be impartial when examining preserved materials, measuring all specimens in 

each jar. Museum data may, however, present a somewhat biased estimate of age 

structure for this species, but are likely to be instructive for comparisons of potential 

longevity. To present a sample that eliminates possible long term captives, T also 

partitioned out the specimens from JV and vicinity that I either 1) collected myself, 2) 

received from others shortly after their capture, or 3) had reliable field data at hand.

Total segment counts were made from complete and reconstructed rattle strings of 167 

males and 132 females, and individuals were classified into three categories 1) those that 

had complete rattles or a few segments (£ 4) missing (n =258), 2) those with several 

missing, but retaining enough taper to estimate maximum and minimum possible ages (n
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= 20), 3) those with no taper and whose rattles could not be accurately estimated. The 

latter category comprised approximately equal numbers of males and females (10 and 9, 

respectively). Those in category 2 were assigned minimum ages.

Results—In five litters from JV and two from Pima Co., Arizona (all measured 

within 12 days of birth, before any had fed), neonatal masses did not differ between the 

sexes (n = 31 males, x = 5.38 ± 1.02 g, n = 33 females, x = 5.87 ± 1.04 g, t = -1.89,61 

df, P = 0.0632), but neonatal SVLs differed significantly (MWRS: P = 0.006), with 

females (median = 165.0) slightly larger (2.5%) than males (median =161.0). This size 

superiority became more pronounced with age, and juvenile (RSCs 24) females 

averaged 13.5% larger than males. The numerical divergence in SVL between males and 

females was greatest for juveniles near maturity (segment 4), with a significant 

difference (P = 0.0027, n = 9 per sex) in mean SVL of 43.6 mm (females 13.4% larger), 

but the disparity decreased in older snakes, with males and females of the oldest age 

group tested (8-11 segments) differing on average by 29.4 mm. Differences between 

adult males and females with segment counts up to 11 were statistically significant 

(Table 2.2). However, the largest sidewinder encountered on my JV field site was a 534 

mm male. The largest ten males from the BA population ranged from 534471 mm, and 

the range of the largest ten females was 522485 mm. The average size of the ten largest 

males was significantly larger than that of the ten females (males x = 503.6 ± 19.2mm, 

females x = 488.8 ± 11.2mm, / = -2.11,18 d f,/> = 0.0493). When all males and females 

from the BA with rattle segment counts of four or greater were pooled for comparison
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(Fig. 2.6) the difference in body size was not significant (males x -  427.3 ± 47.1, 

females x = 442.8 ± 43.4, / = 1.72,100 df, P -  0.0877). The largest sidewinder that I 

measured was a 664 mm female from Baja California Norte, Mexico, and the next 

largest was a 635 mm female from San Felipe, Mexico, but the third largest individual 

was a 602 mm male from San Diego Co., California. The ranges of the ten largest 

individuals examined of each sex were: males 602-527 mm (x  = 564.6) and females 664- 

515 mm (x  = 565.0), with no significant difference between the sexes (t = 0.0226,18 df, 

P  = 0.9822).

Mean live body mass of 49 adult females was significantly greater than that of 49 

adult males (females: x =112.9 ± 37.6 g, males: x =77.7 ± 27.3 g, t = 5.03,86 df, P = 

0.0001) in a sample with equal representation of RSCs 5-10. The live masses of the 

heaviest ten individuals of both sexes were also significantly different (medians: males = 

139.0, females =162.2, P = 0.0091).

Plots of rattle segment counts (Fig. 2.7) showed that males more often attain 

greater relative ages than females. The oldest sidewinder with a rattle that could be 

reconstructed with confidence, was a 540 mm male from Maricopa Co., Arizona, with a 

minimum of 25 rattle segments (see Fig. 2.3). Body sizes of individuals which could not 

be accurately aged were compared (males: x = 514.3 ± 35.7 mm, females: x = 542.6 ± 

70.5 mm) and the difference was not significant (/=  1.17,18 df, P = 0.2590).

Significant linear correlations were found between SVL, tail length, natural log 

transformed body mass, and maximum diameter of the basal rattle segment for adult and 

juvenile sidewinders, with all correlations more significant for males than for females
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(Table 2.3).

Actual growth in the female marked as a neonate and recaptured as a first year 

juvenile, with 295 days elapsing between measurements, was 0.55 mm and 0.12 g per 

day. Her measurements at birth were 169 mm and 5.14g, and she was 331 mm and 39.10 

g when reprocessed. Assuming that little or no growth occurred in the winter months 

(November-February), her active season growth (over an estimated 175 days) was 0.93 

mm and 0.19 g per day. Her rattle consisted of three freed segments and one developing 

segment, fully formed, but still covered by skin, so she would have molted for the fourth 

time within a few weeks of her capture. A male of the same cohort captured on 13 July 

1999, had three rattle segments and measured 303 mm and 29.6 g. I estimated that he 

was bom on 15 September 1998, and had grown for about 170 days of active time. Using 

the mean SVL and mass calculated for JV male neonates (164 mm and 4.77 g, 

respectively), I estimated his growth at 0.82 mm and 0.18 g per day AT. Growth rate 

estimates for other first year snakes (n = 14 males and 13 females) averaged 0.89 

mm/day ( range =1.10-0.57 mm/day) for males and 0.77 mm/day (range = 1.52-0.40 

mm/day) for females. There appeared to be a strong geographic trend with higher 

estimated growth rates for more southerly populations and the average for females was 

influenced more than that of males. Removing four individuals from near the northern 

range extent of C. cerastes, the average became 0.92 mm/day ( range =1.52-0.63 

mm/day) for females, but this estimate may not be comparable to that of males, which 

includes mostly southern animals.

The shapes of growth curves generated using raw rattle segment number on SVL
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were different from those using estimated age, but all growth curves adjusted for juvenile 

shedding rate were very similar to those generated using age AT, even though data were 

differently distributed (Figs. 2.8 and 2.9). Males and females differed in their average 

growth trajectories as described by von Bertalanffy’s equation, and this difference was 

apparent for unadjusted and adjusted curves (Figs. 2.10 and 2.11). Growth curve 

equations are tabulated in the appendix to this chapter. Superimposition of curves for 

males and females showed the degree of sexual differences, with the asymptote of BA 

males converging on that of BA females (Figs. 2.10 and 2.11), but the same pattern did 

not hold for the sample with broader geography (Fig. 2.12). Males of the total sample 

reached their average asymptotic SVL at about 87% of the SVL attained in RSC 5 (when 

all males examined were mature, see below), and females reached their average 

asymptote at about 93% of mature size (ca. RSC 6). Average adult body size may be a 

smaller estimator than average asymptotic size, so to facilitate comparison with other 

literature, I calculated average adult body size using all mature individuals of each sex. 

Males averaged 441.8 ± S3.6 mm and females 472.2 ±51.6 mm for my entire sample.

The smallest ten mature males averaging 352.7 ± 9.4 mm, and those of females 410.9 ±

11.9 mm. Therefore, females matured at 87% and males at 80% of average adult SVL. 

These figures are very close to those produced by the growth curves for males in RSC4 

(81%) and females in RSC5 (89%), the youngest ages at which the two sexes matured 

(see below).

Discussion—In many respects Crotalus cerastes appears to have broken out of the
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rattlesnake mold. In most other species, males and females have indistinguishable SVLs 

at birth (reviewed by Ernst, 1992), and if size differences occur, they favor males (Fitch 

1998). Female sidewinders were significantly longer at birth and maintained a 

significant size advantage over male conspecifics through at least the fifth year of life 

(RSC 11), but females appear to live shorter lives than males and, therefore, the oldest 

males in at least some populations achieve comparable or greater SVLs (but not masses) 

than the oldest females. Some males live impressively long natural lives, perhaps 15 or 

more years in some cases, but the majority appear to live fairly short lives, as do females, 

with 7-8 year old individuals being rare in any population. Interestingly, captive females 

live just as long or longer than males. The longevity record is held by a 28 year old 

female bom in captivity and presently at California State Polytechnic University 

(Goodman et al., 1997). The pattern of SSD observed in C. cerastes appears to be 

uncommon in snakes (Shine, 1994), with SSD functioning in a demographic capacity, but 

not necessarily in an ecological one. Shine (1994) reasoned that inaccuracies could 

result from using a single measure of body size for an animal in which growth continues 

after maturity, because mean adult SVL is potentially influenced by survival rates.

Female sidewinders appear to maintain a sizable mass advantage over males in the same 

population, despite the narrowing of sexual size differences in SVL that result from 

differential mortality. Shine thought it unlikely that survival rates between the sexes 

were a major influence on SSD because mean adult body size differences are largely 

determined by SSD at maturation (Shine, 1990). Sidewinders appear to be an exception 

to the rules suggested by Shine (1994), albeit in a manner that he does not address.
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Males in the BA population exhibit a different growth pattern than females of that 

population—with a more gentle curvature that results in nearly equal asymptotes with 

females—and this growth trajectory may explain why males in this geographic region 

frequently attain larger maximum SVLs. Shine (1994) recognized sidewinders as an 

example of a species with male-male combat in which females attain larger body sizes 

than males, but combat-like behavior has only been observed once in captive sidewinders 

under cramped conditions (Lowe and Norris, 1950), and may not occur in the wild (see 

Chapter 3). Males of Australian species that do not engage in combat add an average of 

27% to their SVL at maturation to reach average adult body size, whereas species that do 

show combat add 47% to their SVL (Shine, 1994). Sidewinder males add only 20% to 

their SVL to reach average adult body size.

The growth models given for Crotalus cerastes predict average growth for the 

populations) sampled, but the growth constants (K values) are specific to the type of 

analysis performed. K can be calculated by other methods when large samples are 

available (see Chapter 4), and these values are consistently greater than those presented 

in the appendix for growth in AT. The difference is likely due to two factors: 1) 

inconsistency of time units (dividing alternate K  values by months of activity produces 

better agreement with those presented herein), and 2) alternate methods probably 

estimate maximum growth (see Chapter 4), whereas methods used herein estimate 

average growth trajectory. Interestingly, the K  values obtained using rattle data adjusted 

for juvenile shedding rate more closely approximate alternate calculations, but further 

investigation will be necessary to understand the significance of this result.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

Maturation

Males—Maturity in male Crotaius cerastes was attained between the fourth and 

fifth ecdysis. Three of 11 males (27%) with four segments were mature. These 

specimens were among the largest in RSC 4 and all were preserved during July or August 

of the year of capture. The smallest mature male (MVZ 39633) measured 338 mm and 

had five rattle segments. Of mature males measured alive, the smallest was 343 mm, 

with four rattle segments. The two largest immature males each had four segments and 

measured 345mm (RSR 74, measured alive, and MVZ 170809, measured preserved). All 

males examined reproductively with five segments (n = 15) or more were mature. The 

average size of all mature males examined (n =161) was 441.8 mm (SD = 55.6). Males 

with four rattle segments in late summer and fall are about one year old, having been 

active for about eight months, and some spring males attained five segments at 

approximately 20 months of age, or 12 months of activity. It is likely that a few one year 

old males mate in the fall, as well as the next spring, but mean maturation time probably 

occurs past the fall mating season, and most, if not all, males are ready to mate in their 

second spring.

Females—Sidewinder females in the BA reached maturity with segment counts 

between 5 and 6, but some second year females ( RSCs 4 and 5) began to enlarge 

follicles the previous fall. Thus they began to reach maturity at the same time as males 

of their cohort. Rattle dimensions usually reflected the onset of maturity, with only one 

newly mature female out of 12 (8%) not showing a downward deviation from linearity in
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her rattle volume profile. Of those 12 females, six reached maturity in their second full 

growing season and six delayed reproduction until their third full growing season. 

Immature females in RSC 5 (n = 5) were significantly smaller than mature females in 

that RSC (immature x = 412.2 ± 25.5 mm, mature x =459.0 ± 21.9 mm, / = -3.42,10 df, 

P < 0.01). The smallest gravid female was a 386 mm JV female and the next largest was 

a 397 mm JV female.

Data from all females combined produced a similar picture of maturity, with four 

exceptions that showed no obvious geographic trend. Two females of RSC 6 were 

immature—one from Kern Co., California, and the other from Sonoyta, Mexico—and 

two in RSC 7, one from La Paz Co., Arizona, and another from Kern Co, California. All 

four of these females were small for their RSCs, in light of geographic considerations.

All females with eight segments or more were mature. The average SVL of all mature 

females examined (n = 69) was 472.2 mm (SD = 51.6) significantly different (/ = 3.46, 

182 df, P = 0.0007) from that of mature males (n =115), but this result is probably 

influenced by the earlier age and smaller size of maturing males.

Correlation of Rattle Volume with Body Size

Clearly, changes in the dimensions of the rattle reflect somatic growth, but the 

questions are, how well, and what dimensions should be used. Can we determine how 

long an animal was at any given shedding? Basal segment diameter does correlate with 

body size, but it only explains about 48-73% of the variation in adult SVL, depending on 

sex. So far, correlations have only been applied to a population or species, and the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

precision of such estimates has been based on numerous individuals with different 

growth histories. Variation in individual growth histories is substantial, and within 

individual correlations should be demonstrated if we are to understand those for 

populations or species. This goal cannot be entirely met without longitudinal studies of 

individual growth and rattle development, but if the rattle is reasonably uniform for a 

given SVL, then the two measurements should be correlated. Conversely, some 

individuals might have rattles that are below average in dimensions for any given body 

size, while others have abnormally large segment dimensions. To approach this issue I 

assumed that since growth is cumulative, any measure of the pattern of change in rattle 

dimensions used to explain observed body size should also be cumulative. I also 

assumed that above average growth of the rattle should be correlated with above average 

body growth, and vice versa, and that above or below average individuals would result 

from the respective growth patterns.

Methods—Fifty-four individuals (33 females and 21 males) were selected from 

the homogeneous JV population. All had complete rattles or, at most, one segment 

(button) missing (n = 8 females). Average SVL was calculated for each RSC and these 

averages were compared to growth curves (see above and Appendix). Consistency was 

confirmed, so for uniformity I used unadjusted growth curves to estimate average body 

size for any given RSC. Averages of the three rattle segment dimensions were generated 

from the sampled individuals, and the three dimensions were multiplied together to 

produce an average volume profile (see Rattle Profiles above and Fig. 2.13). Rattle
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volume profiles were likewise generated for all specimens to be analyzed. An index for 

current SVL was calculated for each individual by subtracting its SVL from that 

predicted by the growth curve, giving a positive number for specimens larger than that 

predicted by the curve and a negative number for those below the predicted value. 

Another index was calculated for rattle dimensions as follows: 1) each segment volume 

of a sample specimen was subtracted from the average for the corresponding segment, 

producing positive and negative values, as with the SVL index, 2) the index values for 

each segment in the complete string were added together, such that positive and negative 

values canceled each other, and a cumulative index for the entire rattle was produced, 3) 

because observed SVL represents the average of a cumulative function, it was necessary 

to convert the rattle index into an average by dividing the total rattle index by the number 

of segments present. The resulting two indices were then plotted against each other and 

a regression was calculated.

Next, I directly compared correlations of BSV to those of BSD for the same 

individuals to determine which measure provided the most accurate estimate of SVL. 

Volume data did not produce a linear relationship with SVL, so volumes were 

transformed by taking the cube root of BSV (= BSVI/3). In this last analysis I included 

data from neonates, as well as adults.

Results—The rattle and body size indices showed positive correlations for both 

sexes, but correlation coefficients were low (males: r2 = 0.62, females: r2 = 0.65, Fig.

2.14). As expected, plots of the averaged rattle index on SVL index showed slightly
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higher correlations than those using unaveraged rattle index values (not included), 

indicating that observed SVL is best characterized as the mean of growth over all 

shedding intervals. BSVI/3 on SVL yielded slightly lower correlation coefficients than 

BSD on SVL for both sexes (females: BSVl/3 r2 = 0.94, BSD r2 = 0.96; males: BSVl/3 r2 =

0.90, BSD r2 = 0.94).

Discussion—Positive correlations between rattle and SVL indices indicate that 

growth history effects current size, but correlations were not strong enough to produce 

any more predictive power than that derived from regressions of BSD alone (calculated 

for adults). Neonatal body size is reasonably uniform and correlates well with rattle 

segment 1 (button) volume in Crotalus cerastes, and variation in the size of the button 

should produce negligible error for those specimens in which it was missing (a missing 

button was assigned the average value for buttons). However, untransformed rattle 

segment volume was not the best measurement to use for growth correlation. The cube 

roots of volumes produced high correlations with the linear measurement of SVL—but 

perhaps an index that uses BSD would work best. Such analyses are time intensive and 

are planned for future investigations, but ultimately the best understanding of growth and 

rattle development will come from longitudinal studies of individuals. An obvious 

difficulty in correlations of SVL with rattle dimensions, whether they be volumes or 

BSDs, is that growth in SVL is continuous between shedding intervals, but rattle segment 

dimensions are not. Therefore, variance in SVL is expected for any given segment 

number, regardless of the degree of uniformity among members of a population.
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Calculation of volume for any given rattle segment produces a tremendous spread in data 

points when plotted as a function of rattle number, much greater than that observed in 

plots of BSD on rattle number. Standard deviations for BSD range from S.7%-7.6% of 

mean BSDs for segments numbering 1-8—with the spread of points increasing uniformly 

as a function of segment number—whereas SDs of volumes range from 18.2%-27.8% of 

mean volumes. Given this amplification of variance, it is surprising that the two indices 

correlated as well as they did—indeed the correlation for females was better (explaining 

16.7% more variation) than that of SVL on BSD for adult females, and slightly worse for 

males (explaining 11.2% less variation). These regressions were calculated on adults and 

older juveniles, and correlation coefficients were far better when they included data from 

neonates.

The present analysis demonstrates that rattle segment dimensions do show 

reasonable uniformity among individuals of homogeneous populations. But for a given 

body size, some individuals appear to have whole rattles with segment dimensions that 

are smaller, and others larger, than average. For any method in which averages or 

correlations are used to estimate body size from rattle dimensions (regardless of the 

strength of correlation), we must remember that a population sample overestimates body 

size at molting by about 1/2 of the variance in segment size for any given segment 

number. Results will be little effected by this contingency, if we are only concerned with 

relative growth changes in juveniles and young adults, but the large variances associated 

with correlations in adults make any measure of the rattle less predictive for older 

individuals. Almost all old adults and even some juveniles have recently acquired
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segments that are smaller than those acquired earlier in the series, a detail noted by 

Klauber (1972), and this circumstance (baring negative body growth) is what produces 

the large variances associated with increasing segment number. Increased variance does 

not diminish, but rather qualifies, the value of volume calculations. The variance that 

potentially creates problems for one type of analysis may be an asset in another and, by 

taking the cube root of volumes, variance is minimized (by an averaging effect), 

producing correlations with SVL that are nearly as good as those of BSD with SVL. The 

amplification of dimensional relationships can reveal fluctuations in rattle segment 

growth that are not apparent in BSD profiles, and these fluctuations might be informative 

in assessments of individual growth histories (within individual comparisons). Another 

potential application is in averaging the segment volumes of a number of individuals that 

share a common reproductive history to examine how growth is effected by reproduction.

Measurement of Trade-offs Using the Rattle

The trade-off between growth and survival can be readily seen in rattle data. The 

difference between male and female survival has already been mentioned and can be 

seen in Figure 2.7. The pattern immediately suggests that females are subject to higher 

reproductive costs that result in earlier mortality, a pattern predicted by LH theory given 

other traits for this species (see Chapters 3 and 4). The rattle allows a relative measure 

of this trade-off to be calculated for a given population. The oldest female found in the 

JV population had 11 segments; the oldest male had at least 18 (estimated from rattle 

projection). Taking a relative age approach, female survival is about 61% that of males,
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i.e., males live nearly twice as long (or more) as females (given equal sampling 

probability and equal shedding rates). By calculation of actual age, the female was 5 

years old and the male was 9 years or older and, therefore, maximum measured female 

survival is 56% that of males (see further discussion below).

Another trade-off that can potentially be measured using rattle data is that 

between growth and reproduction. Rattle profiles revealed a marked decline in growth 

following maturation. I inspected data from females for which first-time reproduction 

was verified by examination of the reproductive tract and which had shedding dates 

bracketing follicular yolking, and found no exceptions to the pattern of downward 

deflection in rattle profiles at maturation. Rattle segment volume plots of immature 

female Crotalus cerastes composed of four or fewer segments usually form a fairly linear 

line. All reproductive (= gravid) females had five or more rattle segments and their rattle 

dimensions showed a marked downward curve either from segments 4-5, or from 6-7, 

depending on the age at which maturity was reached. The degree of decline from linear 

can easily be calculated, giving an indirect measure of the magnitude of this trade-off, 

but 1 also developed a system that gave an estimate of the decrement in growth that 

results from reproduction.

Specimens and methods—Ten first-time reproductive females from JV were 

available for this analysis, five of which entered their first reproductive cycle (initiation 

of follicular enlargement) at the end of their first full growing season at ages of about 11 

months (7 mo. AT). These females would have produced litters at age 2. The other five
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females delayed maturity for an extra year, and their follicles would have begun to 

enlarge at about 23 months of age (IS mo. AT). For fall shedding females, the shedding 

interval extends from September or October to the following July (just after ovulation 

occurs) and brackets almost all of the follicular enlargement period, and certainly 

encompasses all of the yolking period For spring shedding females, the shedding 

interval encompasses most of the yolk deposition phase of follicular enlargement. I used 

fall shedding females (identified by segment count) for this analysis. Each maturation 

class was treated as separate. Counts of oviductal eggs were made to evaluate the 

reproductive potential of these and two more females (one from each maturation class) 

for which full rattle dimensions were not available, but rattle counts were known. 

Volumes of each rattle segment were averaged for all females in a maturation class, 

yielding two composite profiles (Fig. 2.15) showing the average decrement to rattle 

growth for the entire group. A regression (r2 = 0.94) calculated for SVL vs. BSVI/3 of JV 

females supplied the equation from which SVLs could be calculated (SVL = 

134.8(BSV)1/3 - 74.8, Fig. 2.16). Projections were made to determine the next BSV if 

rattle growth had continued on a linear path. The SVL value was determined for that 

theoretical growth increment and compared to those calculated for the observed rattle 

growth. By subtracting observed increments in SVL growth from those calculated for 

theoretical linear growth, the decrement in growth, averaged over all females in a 

maturation class, was derived for each set of females. The delayed maturation (DM) 

females showed a decline in rattle growth from segments 5-6 and I used both the lower 

slope and the overall linear projection in comparisons with early maturation (EM)
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females. To assess the possible benefits of delayed maturity, I compared the average 

complements of oviductal eggs in each maturation class.

Results—For EM females, averaged volumes for segments 3-5 were 26.46 ± 4.41 

mm3, 39.53 ± 5.44 mm3, and 45.97 ± 7.15 mm3, respectively. Theoretical linear volume 

was 51.61 mm3. The decrement in growth for EM females was calculated as 22.2 mm of 

SVL over the last shedding interval. For DM females, averaged volumes for segments 4- 

7were44.15± 11.85 mm3,56.74± 12.66 mm3, 64.21 ±20.80 mm3, and 66.09 ±20.52 

mm3, respectively, and projected volumes were 71.68 mm3 (from slope between 

segments 5 and 6) and 81.92 mm3 (from slope between segments 4 and 5). The 

decrement in SVL over the last shedding interval was calculated as 15.0 mm, and that for 

the last two intervals was 40.4 mm. Counts of oviductal eggs were significantly different 

between maturation classes (EM x =6.17 ± 1.17, DM x = 9.14 ± 1.57, t = 3.81,11 df, P 

= 0.0029).

Discussion—Maturation has been shown to have a profound effect on growth in 

reptiles (Stamps et al., 1998), and first-time reproductive female Crotalus cerastes 

showed marked declines in growth following maturity. This analysis could also be 

performed for individuals, for males, or for whole populations, but the latter would be 

less informative than that presented here, owing to averaging of early versus delayed 

reproducers. Nevertheless, such an investigation would be useful as an overview of 

reproductive costs within populations and I will pursue that approach in a future analysis.
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Measurement of reproductive costs to DM females may have been complicated because 

even in the absence of maturation, growth would be curtailed by adherence to 

empirically determined growth models. However, because late maturing females 

continued to grow on a linear trajectory from segments 4-5, it is likely that the decrement 

measured for EM females is an accurate assessment of the costs imposed upon growth by 

maturation. Still, the estimate of a 15 mm decrement for late maturing females should 

be viewed in light of a 40.4 mm overall decrement to growth, and some of the 25.4 mm 

difference might be attributable to reproduction. Some females show dramatic declines 

in segment volume, whereas others show minor changes. The differences are probably 

due to variation in hunting success, and this variation might shed light on ecological 

questions about nutrition that are difficult to observe by other means (see below).

Stamps et al. (1998) derived a growth model that is a variant of the von 

Bertalanffy equation, but with an additional term that describes the decrement to growth 

imposed by maturity. The value of this term cannot be derived theoretically and must be 

empirically determined, but the effects of different values can be simulated. These 

simulations (see Fig 1, p. 473, Stamps et al., 1998) predict growth patterns very similar to 

those seen in sidewinders viewed through plots of SVL on rattle number (see Fig. 2.4), 

with variance in SVL increasing with time (rattle segment number). However, their 

model only considers variation in size at maturity and not variation in energy acquisition, 

both of which probably combine to produce the observed pattern in growth and 

maturation size/age. A further complication comes from the observation that smaller 

females mature later than those that have grown more rapidly, suggesting that energy
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acquisition influences maturity as much as maturity effects growth (see Chapter 4 for 

further discussion and demonstration). The observed pattern of growth in sidewinders 

appears to both differ from and conform to the model presented by Stamps et al. (1998).

Male sidewinders also show declines in rattle dimensions that correlate well with 

the onset of maturity, and a future analysis will compare males to females using 

techniques detailed herein. More research is needed to corroborate these findings, but 

given the potential of this method, rattlesnakes could become an excellent model 

organism for studies of reproductive costs.

With reference to data presented above (see Maturation), females that delayed 

reproduction were smaller than those that reproduced early, but the size advantage that 

accrued to DM females in the extra growing season significantly increased litter sizes. 

However, it may also have increased the costs of the first reproduction. DM females 

experienced a greater overall decrement to growth than the younger, EM females.

Age Structure of a Population

As already mentioned, museum specimens might yield a biased estimate of age 

structure resulting from several factors: 1) some populations may differ in mortality rates 

upon different sexes or ages, and mixing of geographic data may obscure population 

level trends, 2) males are better represented than females in most collections because 

they are less sedentary than females, and the most prevalent collecting technique depends 

on animals’ tendencies to cross roads, 3) many museum specimens are kept for varying 

lengths of time as captives before they are preserved, 4) neonates are frequently
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represented in higher numbers than would be expected in the wild, because gravid 

females are often held until they give birth, then preserved with their litters. Despite 

these problems, estimates of age structure are worthy of attempt, even with museum data, 

but it is best to have a sample at hand that does not present such problems. My sample of 

sidewinders from JV and vicinity largely meets this goal. JV is crisscrossed by Jeep 

trails and power line roads that are rarely traveled in the summertime. These roads 

provide the sandy substrates that seem to be preferred by sidewinders as places to settle 

for thermoregulation. Gravid females often use burrows that are next to such roadways 

and collecting is facilitated by their habit of using the road surface to thermoregulate 

during early evening hours. My field assistants and I also spent many hours searching on 

foot, and many specimens were located far from roadways. I also collected specimens 

encountered or killed on the properties of rural residents in the area. Finally, I used 

specimens collected from the immediate vicinity by H. W. Greene, whose field data were 

available and whose collecting and preservation practices were reliable. Thus a variety 

of collecting techniques were used and this sample should provide a reasonably accurate 

estimate of population age structure. Methods for constructing histograms (Figs. 2.7A 

and 2.7B) for each RSC were provided in a previous section, so the remainder of this 

discussion will focus on the trends apparent in the figures and additional observations.

In two years of field research and hundreds of hours of search time, neonates 

were never encountered on roads or during foot searches, except at their natal burrows. I 

did not include them in Fig. 2.7B because I encountered them in relatively large numbers, 

but in very small spatial and temporal concentrations, that would misrepresent true
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population values. First year individuals (RSCs 2-4) were also extremely rare, 

representing only 11 (7.6%) out of 14S specimens included. The conspicuous absence of 

neonates is partly due to their secretive habits. I watched nine neonates confined to large 

fencing enclosures (3 in each) for about a month following their birth, and although they 

spent considerable time on the surface, they did not make many movements after about 

the first 18 days of life. However, much of the observed deficit of neonates might be due 

to mortality. Attrition in the enclosures was apparently about 44% in less than a month, 

with 4 of nine neonates being located after about three weeks of observation. One cause 

of mortality was directly observed, when a loggerhead shrike (Lanius ludovicianus) 

killed and flew away with a newly shed neonate (not one of the nine observed) 

attempting to disperse from its natal burrow, while I watched from about 40 m away.

Of course, neonates and juveniles must be represented in sufficient numbers to 

replenish subsequent age groups—an indication of sampling bias favoring adults. The 

most frequently encountered segment of the population was that of young to middle aged 

adults (RSCs 5-9), with males (n -  58) and females (n = 47) in fairly comparable 

numbers. Females slightly dominated RSCs 5-7, but males became more than twice as 

common in RSCs 8-9.

Data from the JV population may help to interpret the larger sample for the entire 

species. Overall, the picture is the same for both the larger sample and the J V 

subsample. Younger animals, some perhaps short term captives, appear to be better 

represented in museum collections, as are older females. Some JV females probably 

attain greater ages than those observed, but they are probably quite rare. Females of
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unknown age are also present in the larger sample, but most of those specimens are so 

categorized because they had lost all but the basal few segments of their rattles, and they 

were probably not particularly old (as evidenced by their SVLs, see above). Many males, 

on the other hand, have very long rattles that cannot be accurately reconstructed. The 

picture is of skewed survivorship that favors males, indicating that the costs imposed 

upon adult females are far greater than those on males, despite males apparently being 

more vulnerable to predation owing to a more mobile lifestyle. The fact that some large 

males live very long lives suggests that size confers some advantage, perhaps in terms of 

formidability. If so, females (the “larger” sex) should enjoy the same type of protection 

earlier than same aged males. The suggestion is that females experience fecundity 

dependent costs of reproduction that are so high that the probability of dying as a result 

of reproduction exceeds the probability of becoming the victim of predation, a hypothesis 

that is strengthened by the observation that females can live very long lives when 

nutritionally supplemented in captivity (Goodman et al., 1997).

Entrapment and Captivity: Insights from Confinement

Klauber (1972) noted some of the effects of captivity on rattle development, 

including hyper-shedding and reduction in rattle dimensions. I made comparisons 

between basal segments of captives that were raised from neonates and those of known 

age wild sidewinders, and I measured segments of wild adults that were brought into 

captivity and of those entrapped by a manmade canal. This discussion has three 

purposes: 1) to provide support for the existence of an as yet unknown physiological
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mechanism that functions in the timing of shedding cycles of rattlesnakes, 2) to further 

support the correlation between rattle dimensions and growth, and 3) to provide some 

context for natural fluctuations in rattle dimensions by comparisons with snakes for 

which hardship is evident.

In previous studies, I maintained six captive litters of Crotalus cerastes and five 

litters of Sistrurus catenatus, totaling more than 70 snakes. Body size was initially 

consistent within litters, but subsequently diverged because of differences in feeding. 

Despite large differences in growth of siblings, shedding cycles remained nearly 

synchronous (i.e., shedding of healthy snakes was concentrated in a two week period) 

through all observed cycles (N = 4 cycles for four C. cerastes litters; N = 5 cycles for two 

S. catenatus litters). Some individuals grew to nearly double the size of their siblings, 

yet their rattles consisted of the same number of segments. Exceptions occurred in 

snakes that showed signs of illness (i.e., reduced feeding, difficulty shedding), but even 

sickly individuals often shed at regular intervals. BSDs of five captive raised C. cerastes 

that attained rattle segment counts of four averaged 18.2% ±1.1% smaller than three 

wild individuals from the same population, and their SVLs averaged 12.6% ± 2.3% 

smaller. Besides suggesting that studies of captives might be limited in what they can 

tell us about growth, these observations indicate that wild juveniles feed at reasonably 

high rates. My captives were fed lizards, on average once per week. Wild juveniles feed 

on lizards early in life, but they begin to take small rodents very early. Two first year 

juveniles that I examined—both of RSC 3 and both less than one year old—had recently 

eaten pocket mice (Perognathus sp.). Another observation of shedding synchrony in
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captives was made by Strimple (1983) for a litter of eight C. scutulatus. All young of 

this Utter shed within 17 days (five within eight days) of each other at their second 

ecdysis.

A group of massasauga rattlesnakes (Sistmrus catenatus) used in behavior 

experiments (Reiserer, in press) shed at a uniform rate for three molt cycles. When that 

study ended, one of the siblings, kept privately by A. K. Lappin, was not placed in 

hibernation, while three others were hibernated for three months at a temperature of ca. 

52° C in the animal facility at UC Berkeley. Seven months later, I measured the 

unhibemated snake and compared its growth with those in the animal facility. The latter 

were well fed and had grown more than the unhibemated snake, yet they had one fewer 

rattle segment. This observation suggests that physiological activity influences shedding 

rate. If size were the main influence, then the larger animals should have acquired 

another segment, regardless of their reduced activity during hibernation.

During 1995 and 1996, A. K. Lappin brought me five sidewinders that had been 

trapped in a steep-sided concrete canal for an undetermined length of time. Food was 

apparently limited in this setting and two of the five snakes had dramatically reduced 

proximal segment dimensions (see Fig. 2.17). One snake, a 572 mm female of RSC 11, 

had apparently been trapped through two shedding cycles and weighed only 100 g when 

captured. The other, a 457 mm male of RSC 6, weighed 91.1 g (a normal mass for its 

SVL) but had a reduced basal segment dimensions (extreme in LA). Fresh fat dissections 

of both of these specimens revealed that the female had an abdominal fat body mass of 

0.71 g (0.1% of body mass), and that of the male was 1.1 g (1.2% of body mass). Fresh
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fat masses of 2-4% were found in sidewinders (n = 10) that were not undergoing 

starvation (see also Chapter 3). Although these two observations are not conclusive, they 

suggest that rattle dimensions are strongly effected by nutrition, and that variation in 

nutrition may be responsible for producing the unexplained variance in correlations 

between rattle dimensions and body size measurements. A further suggestion is that, 

since adult females show far more variance in rattle segment dimensions than adult 

males (see, e.g., 3DAPs in Fig. 2.17 and statistics in Table 2.3), they experience more (or 

greater magnitudes of) hardships than males. The obvious proposal is that reproduction 

causes tremendous depletion of fat reserves and that rattle dimensions reflect those 

losses. These observations provide clues to the reduced life spans of females, relative to 

males, and suggest that the mechanism responsible for the trade-off between 

reproduction and survival is one of energetics (see further evidence and discussion in 

Chapters 3 and 4).

General Discussion

Although Klauber’s (1972) reservations about the utility of the rattle are justified 

in some respects, there is much reason for optimism about its use, and development of 

new techniques to analyze this unique series of benchmarks should be pursued. This 

study focused on a single species, and future work should be both specific and general to 

maximize comparative potential.

With current computer technology available for analysis, manipulation, and 

display of data, rattle profiles are a potentially powerful analytical tool, and
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reconstruction based on regressions of segment dimensions should be discarded. The 

3DAP should be used wisely, however, with appropriate considerations of sex and 

geographic variation. No attempt was made to analyze the differences between sexes or 

geographic races, but they were obvious by visual inspection of 3DAPs. The 3DAP 

revealed distinctive features of the mean shapes of successive rattle segments, with 

complex allometric relationships that result in sequential separation of dimensions up to 

about the tenth segment (see Fig. 2.3). Other rattlesnakes may show different rattle 

allometry, making the 3DAP more or less useful for reconstructing broken rattles.

My studies of Crotalus cerastes agree with other work (e.g., Beaupre, 1995; 

Beaupre et al., 1998) suggesting that the rattle provides information about age, growth, 

and age structure of populations, when shedding frequency can be determined 

empirically. For the purpose of growth analysis, ages expressed in active time are most 

useful, providing a good fit with theoretical growth models. The fit of a growth model to 

rattle number plotted against SVL indicates that shedding occurs at regular intervals. 

Indeed, only minor adjustment is needed to align such curves to those based on estimated 

age AT.

Klauber (1972) pointed out that all non-captive rattlesnakes tend to have about 

the same number of segments that taper, and that average dimensions of the first four 

segments form a nearly linear relationship. This interspecific uniformity in the shape of 

rattle profiles suggests that the relationship between growth and number of molts needed 

to closely approach terminal size (and perhaps to reach maturity) is reasonably invariant 

for rattlesnakes as a group—most significant because different species vary in their
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absolute temporal growth schedules and different populations differ in shedding 

frequency.

The rattle may represent a bench mark for physiological age, even though 

differences in active season (and thus physiological activity) render it a poor standard of 

temporal age. Further evidence comes from both captive and wild snakes that are 

undernourished and grow less than normal. If shedding were dependent on growth then 

such individuals should shed at a much reduced frequency, yet they do not. Instead, they 

shed at or near the same frequency as well fed individuals kept in the same enviomment, 

but their rattles reflect the poor growth. Perhaps the most convincing evidence for a 

correlation between shedding and physiology comes from the exceptional fit of the von 

Bertalanffy growth model to SVL plotted against rattle number. The equation is based 

on the assumption that growth represents the difference between anabolic (synthetic) and 

catabolic (degredative) processes and that synthetic processes are directly proportional to 

metabolic rate (Bertalanffy, 1957). The notion that shedding in snakes is some how 

influenced by the limits of skin elasticity, is surprisingly pervasive, and may owe its long 

tenure to associations with molting in insects, whose hard integuments must be cast 

before growth can occur. Snakes, and especially pitvipers, have highly elastic skin that 

can stretch to accommodate truly enormous meals (up to 157 percent of their own body 

mass, Greene, 1992). Growth increments between shedding cycles of rattlesnakes would 

seem to challenge skin elasticity far less than feeding episodes. Further research on the 

factors that influence shedding is needed to resolve some of these issues.

Age is not a simple function of rattle number because juveniles shed more
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frequently than adults and, in some species, very old adults may shed less frequently than 

younger adults (Klauber, 1972), although I found no evidence of the latter pattern in 

Crotalus cerastes (the oldest sidewinder, a telemetered male, on the JV study site shed at 

the same frequency as younger adults). To use the rattle for measures of growth, it is 

useful to apply the concept of physiological time (e.g., Taylor, 1981). Because 

ectothermic organisms rely on environmental temperatures for metabolic efficiency, 

physiological time may not correspond to chronological time, even during the active 

season. Some individuals may thermoregulate at consistently higher temperatures than 

others, and northern populations may not have access to the same thermal conditions as 

those farther south, and thus experience different physiological activity. If shedding 

occurs as a function of physiological time and rattle segment number is a measure of 

physiological age, then there are some potential problems for studies of this sort, 1) AT 

ages may sometimes be misleading, and some individuals may appear “younger” than 

others bom at the same time, 2) activity during mild winters may result in some growth, 

causing AT ages to be inaccurate and reducing correlations with growth models, and 3) 

per annum shedding frequencies may be higher for populations experiencing longer 

growing seasons. Indeed, there is evidence for this variation in C. cerastes. Philip Rosen 

(pers. comm.), studying sidewinders at Organ Pipe Cactus National Monument, Pima 

Co., Arizona, has detected shedding rates that result in six segment rattles by the end of 

the first full growing season. Reproductive data from my sample are consistent with this 

observation, with no far southern specimens maturing in RSCs S and 6. Southern 

sidewinders are much larger on average than their northern counterparts, and the
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difference may be due, in part, to longer relative growing periods before the onset of 

maturity. Far northern sidewinders have even shorter growing seasons than those that 

comprised most of my sample, and their shedding frequency (and growth rates) may be 

somewhat reduced.

Inherent variability in rattle dimensions relative to body size causes other 

difficulties. The rattle does not form as a function of growth, but rather at the end of a 

growth interval (Zimmerman and Pope, 1948). Therefore, we might expect body 

condition at the end of a growth interval to have a greater effect on rattle dimensions 

than that at the beginning, or even of an average body condition over that interval. Thus 

we can imagine a scenario in which luck in feeding early in a shedding interval produces 

fast growth, but that poor nutrition at the end of that interval produces a smaller rattle 

segment that does not reflect the animals growth over the entire interval—or vice versa. 

In large samples, such discrepancies might be canceled out, but predictive power for 

individuals (especially older ones) will suffer from reduced correlations. Overall, 

however, variability of rattle dimensions might increase the value of the rattle for 

studying the individual. Poor nutrition appears to exert a strong influence on rattle 

dimensions and data such as growth during wet and dry periods might yield ecologically 

important information (especially when two or more segments are effected), but we must 

use each individual as a reference to itself, and derive data from patterns found at the 

individual level. Use of the rattle to study small sets of individuals that experienced 

similar conditions (e.g., environmental, reproductive) may be particularly useful when 

those conditions can be empirically determined by means other than the rattle. I
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estimated the decrement in growth of individuals that had recently reached maturity, but 

the rattle could also be used to measure the effect that maturation has on terminal size 

(see e.g., Stamps, 1998, and Chapter 4).

This study puts to rest any controversy about SSD in Crotalus cerastes. Females 

grow larger than males as a function of age, but males may be larger in a population 

because they live much longer, having more time to grow, and may have steeper adult 

growth trajectories than adult females. Thus SSD is likely more influential in a 

demographic capacity than in an ecological one. Sidewinders break most of the “rules” 

identified by Shine (1994) as important proximate determinants of SSD in snakes. 

Although prematurational growth is the observed pattern, as he suggested, females are 1) 

bom slightly longer than males, indicating that the growth differential between males and 

females is, in part, genetically rather than environmentally controlled; 2) survival rates 

between the sexes are, indeed, a major influence on the pattern of SSD, with extended 

longevity in males responsible for the statistical similarity in SVLs of males and females; 

3) differences in the size at maturity do not fix the pattern of SSD seen in adult 

sidewinders because of differences in longevity and/or growth trajectories. The pattern 

of male growth fits that of species without male-male combat, and males and females 

overlap in maturation times (though not in sizes), at least in some populations. These 

and other observations support the fecundity advantage model as originally formulated 

by Darwin (1874). The suggestion that a fecundity advantage should accrue to larger 

females only when energy is not limited (Shine, 1988) may apply to C. cerastes, but the 

picture is complicated by unpredictability in desert environments (see Chapter 3).
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Table 2.1. A test of two rattle reconstruction methods. Numbers of correct and incorrect 

rattle count reconstructions using regressions (Regr) and average rattle profile (ARP) 

alignments. Each method was tested using both the dorsoventral diameter (DD) of rattle 

segments and three dimensions (3D) of each segment (see text for methods). Incorrect 

reconstructions were either 1-2 segment overestimations (overest) or 1-2 segment 

underestimations (underest).

Analysis Correct 1 overest. 1 underest. 2 overest. 2 underest.

RegrDD 17 4 7 3 5

Regr 3D 18 7 7 0 4

ARPDD 19 4 8 0 5

ARP 3D 33 0 3 0 0
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Table 2.2. Body length differences between male and female Crotalus cerastes arranged 

into relevant rattle segment classes: juvenile (2*4), incipient maturation (4*5), young 

mature (6*7), and older adult (8*11). Comparisons were made with t-tests on equal sized 

samples.

Segment Mean Mean N
numbers SVL±SD difference (each sample) t df P

M 297.9 ± 39.2
2-4

F

M

338.0 ±51.2

359.0 ±34.9

41.1 mm 14 -2.32 26 0.0283

4-5
F

M

399.3 ±35.4 

416.9 ±32.5

40.3 mm 26 -4.13 50 0.0001

6-7
F

M

451.3 ±32.1 

458.6 ±30.1

34.5 mm 27 -3.92 52 0.0003

8-11
F 488.0 ±46.7

29.4 mm 23 -2.54 44 0.0147
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Table 2.3. Regression coefficients for pairs of body measurements of non-neonatal male 

and female Crotalus cerastes. Coefficients for regression equation: b -  y-intercept, m -  

slope, and r2 = correlation coefficient. Order of abbreviations in pairs indicates how data 

were plotted (abscissa vs. ordinate). SVL = snout to vent length, T = tail length, BSD = 

maximum diameter of basal rattle segment, and InM -  natural log transformed body mass.

Sex Tvs. SVL SVL vs. InM BSD vs. 
SVL

BSD vs. InM BSD vs. T

Male b 142.92 1.11 68.23 1.31 7.38

m 7.20 0.0075 51.66 0.43 4.71

r2 0.68 0.86 0.73 0.78 0.45

Female b 210.06 0.90 183.00 2.74 12.46

m 8.11 0.0082 39.53 0.28 2.50

0.52 0.73 0.48 0.26 0.23
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Figure Legends

Figure 2.1. Rattle profile of a male Crotalus cerastes with a complete 11-segment rattle. 

Dimensions are dorsoventral diameter (circles), lateral diameter (squares), and 

longitudinal axis (triangles). Segment numbering begins with the button (numberl) and 

increases serially to the basal segment.

Figure 2.2. Three-dimensional average rattle profile (3DAP) from the complete rattles of 

23 Johnson Valley, California, male Crotalus cerastes. Dimensions are dorsoventral 

diameter (squares), lateral diameter (triangles), and longitudinal axis (circles). Bars = 

standard deviation.

Figure 2.3. Reconstructed segment count of an exceptionally long rattle from a Maricopa 

Co., Arizona, male. The 3DAP was constructed from seven complete rattles of Crotalus 

cerastes from nearby localities.

Figure 2.4. Scattergram of Crotalus cerastes male body length (SVL) on rattle segment 

number constructed from complete and reconstructed rattles (n = 144). Incomplete rattles 

were used only if they showed good congruence with a 3DAP constructed from other 

rattles of the appropriate population.
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Figure 2.5. Shedding model for Crotalus cerastes from San Bernardino, Kem, and Los 

Angeles counties, California. The shaded areas approximate periods of adult shedding. 

Light shading indicates directly observed shedding in wild sidewinders. Darker shading 

indicates shedding inferred from total evidence, without direct observation. With 

reference to shaded areas, tick marks represent the middle of each month. Dots represent 

observed segment counts for a given month and open circles represent segment counts not 

observed, but likely for a given month. Arrows in the central shaded area indicate where 

overlapping segment counts can occur between age classes, and those to the right indicate 

how shedding in the fall results in only even numbered segment counts of snakes 

emerging from hibernation.

Figure 2.6. Comparison of body lengths of male and female Crotalus cerastes from San 

Bernardino, Kem, and Los Angeles counties, California, with four or more rattle 

segments. The extents of the box indicate the 25th and 75th percentiles, and the interior 

line marks the 50th percentile. Capped bars indicate the 10th (upper) and 90th (lower) 

percentiles, and circles plot records outside of the 10th and 95th percentiles.

Figure 2.7. Histograms of complete and estimated rattle segment counts for all specimens 

examined (A) and those from Johnson Valley and immediate vicinity, San Bernardino 

Co., California (B). Neonates were excluded from both plots (see text for details). Solid 

bars = males, open bars -  females.
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Figure 2.8. Superimposed curves and data representing growth in body length (SVL) as a 

function of relative age (inverted triangles, thin line, lower axis), and estimated age 

(circles, thick line, upper axis) in months of active time (AT) for Crotalus cerastes 

females from San Bernardino, Kem, and Los Angeles counties, California. See Appendix 

for curve equations.

Figure 2.9. Superimposed curves and data representing growth in body length (SVL) as a 

function of relative age adjusted to make juvenile and adult shedding intervals equivalent 

(inverted triangles, thin line, lower axis), and estimated age (circles, thick line, upper 

axis) in months of active time (AT) for the same female Crotalus cerastes specimens as in 

Fig. 2.8. See text for procedures used to adjust relative age to estimated age AT. See 

Appendix for curve equations.

Figure 2.10. Superimposed curves and data representing growth in body length (SVL) as 

a function of relative age (rattle segment count) for Crotalus cerastes males (open circles, 

thin line) and females (solid circles, thick line) from San Bernardino, Kem, and Los 

Angeles counties, California. See Appendix for curve equations.

Figure 2.11. Curves representing growth in body length (SVL) as a function of relative 

age (rattle segment count) adjusted to make juvenile and adult shedding intervals 

equivalent for the same Crotalus cerastes males (thin line) and females (thick line) as in 

Figure 2.10. See Appendix for curve equations.
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Figure 2.12. Data and growth curves for male (open circles, thin line) and female (solid 

circles, thick line) Crotalus cerastes from all parts of the geographic range. See 

Appendix for curve equations.

Figure 2.13. Average rattle segment volume profile from complete rattles of 23 male 

Crotalus cerastes from Johnson Valley, San Bernardino Co., California.

Figure 2.14. Body length (SVL) index plotted against average rattle index for Crotalus 

cerastes females. See text for details.

Figure 2.IS. Average rattle segment volume profiles for early (A, with 5 segment rattles) 

and late (B, with 7 segments) maturing female Crotalus cerastes. See text for additional 

details on calculated costs of reproduction in terms of growth.

\

Figure 2.16. Regression of SVL on the cube root of basal rattle segment volume (BSVI/3) 

of female Crotalus cerastes from San Bernardino Co, California.
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Figure 2.17. Profiles of two sidewinders showing reduced proximal segment dimensions 

after entrapment in a concrete canal for an undetermined time period. Specimen A = 457 

mm, 91.1 g male with a complete rattle. Specimen B -  572 mm, 100 g female whose 

rattle was missing the button. Plots for each specimen consist of (1) a 3-dimensional 

rattle profile superimposed on a 3DAP of the appropriate population and sex, and (2) a 

rattle segment volume profile calculated from the three dimensions of each segment.
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Figure 2.1.
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Figure 2.2
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Figure 2.4
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Figure 2.7
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Figure 2.8
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Figure 2.9
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Figure 2.10
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Figure 2.13
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Figure 2.14
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Figure 2.1S
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Figure 2.16
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Figure 2.17
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Chapter 2 Appendix

The following tables contain equations generated using the curve fitter option in 

SigmaPlot (version 2.0, Jandel Corporation, 1994). This curve fitter uses the 

Marquardt-Levenberg algorithm to find the coefficients of the independent variable 

(rattle number or age in months of active time [AT]) that give the best fit between the 

equation and the data by minimizing the sum of the squared differences between the 

observed and predicted values of the dependent variable (SLV). The algorithm is 

iterative, and converges on the best fit by making better guesses about equation 

parameters until the differences between the residual sum of squares no longer decreases 

significantly. SigmaPlot allows the user to manipulate parameters in the equation (e.g., 

to constrain one or more variables), and various permutations were applied to investigate 

their effect, but ultimately I used unconstrained parameters for all equations provided.

Equations fitted through unadjusted rattle data are provided for specimens from 

lower San Bernardino Co., California (Barstow Area) so that they can be compared to 

equations fitted through adjusted rattle data (Table Al.l). Equation coefficients for 

average growth (Table A1.2) are not directly comparable to those generated using rattle 

data, because the data are not in equivalent units. However, the shapes and asymptotes 

of curves generated using adjusted rattle data and calculated age (in months AT) data are 

very similar when plotted on equivalent scales, whereas those generated using raw rattle 

data differ in shape and converge on different asymptotes.
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Table A2.1. Relative age growth model equations with standard errors (StdErr) and 
coefficients of variation expressed as percentages (CV%) for each parameter in the 
equation. Relative age (jc) is expressed in units of rattle segment number for complete or 
reconstructed rattle strings. Lx = snout to vent length at age x, Ln = asymptotic body size, 
K = growth constant, and c = a relative position variable (Y-intercept). Sample 
populations are I) from lower San Bernardino and immediately adjacent Kern counties, 
California, termed Barstow Area (BA), with most specimens concentrated in Johnson 
Valley (ca. SO km SW of Barstow), and 2) All specimens examined for which 
appropriate data were available, including specimens from nearly every part of the range 
of Crotalus cerastes.

Dataset Equation Asymptote StdErr cv%
BA males

raw Lx = 448.2(1 - e'a2U) + 80.0 528.2
L„ 10.02 
K 0.02 
c 8.36

2.28
7.87

10.46

adjusted Lx = 458. l ( l - e - 0JS,) + 30.0 488.1
L„ 10.52 
K 0.03 
c 13.89

2.30 
7.73

46.30

BA females
raw Lx = 470.1 (1 -e * * )  + 45.5 515.6

L„ 12.30 
K  0.03 
c 15.37

2.62
9.81
33.79

adjusted Lx = 510.2(1 -e ^ 45* )-15.3 494.9
L* 21.09 
K  0.04 
c 24.99

3.91
8.30
49.23

All males
adjusted Lx = 459.2 (1 - e-0'40') + 23.0 482.2

L„ 12.90 
K  0.03 
c 17.06

2.81
8.21
74.21

All females
adjusted Lx = 509.3 (1 - e‘a45‘) + 0.9 510.2

L. 18.6 
K 0.04 
c 22.99

3.65
8.71
26.28
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Table A2.2. Growth model equations for age AT of Crotalus cerastes. Refer to the 
caption of Table Al. 1 for explanation and abbreviations._____________________

Dataset Equation Asymptote StdErr cv%
BA males £„ 10.19 3.26

Lx = 312.8 ( l - e * 0,')+  168.9 481.7 K  0.01 9.65
c 5.69 3.37

BA females £„ 10.73 3.35
Lx = 320.6 (l-e -aiu)+  168.4 489.0 K  0.01 10.27

c 7.44 4.42

All males £„ 10.01 3.23
£r = 312.3 ( l - e * “ ' ) + 173.8 486.1 K  0.01 9.91

c 6.86 3.95

All females £„ 12.66 3.61
Lx -  350.6 (1 * e'0,0**) + 173.7 524.3 K  0.08 9.58

c 8.02 4.61
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Reproductive Biology and the Life History of Crotalus cerastes 

Introduction

The sidewinder rattlesnake, Crotalus cerastes, is renowned for its peculiar 

locomotor habits and extreme adaptation to dry, barren environments (Brown and 

Lillywhite, 1992; Klauber, 1972; Lowe, 1942). This species is one of the smaller 

member of it genus, but, with respect to body size, it produces rather large litters. 

Information on reproduction in C. cerastes amounts to records of litter size, 

measurements of neonates, the timing of mating, and commentary about sexual size 

dimorphism (e.g., Fitch, 1985; Klauber, 1972; Lowe, 1942; reviewed by Ernst, 1992;). 

Despite a lack of detailed information, the pattern of small body size and large litter size 

suggests an accelerated life cycle and selection for high reproductive output.

In Chapter 2 1 provided evidence of early and delayed maturation in female 

sidewinders, with some individuals becoming reproductive at two years and others at 

three or sometimes later, and I gave some indications of the reproductive potential of 

young females and the probable life span of individuals. In this chapter I provide further 

details on the reproductive biology of Crotalus cerastes, and comment on how the LH of 

this species might be related to ecological context. I focus on females because their 

reproductive biology is likely dominant in establishing LH characteristics, but I also 

present data on males and comment about features of the mating system.
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Methods

Reproductive b iology—Procedures for investigating reproductive condition were 

outlined in Chapter 2, so I provide an abridged account of that discussion, with other 

pertinent details added. All specimens were weighed and measured, but I confined my 

analysis to live mass, except that of preserved reproductive structures and fat bodies. 

Reproductive tracts of 111 female and 136 male Crotalus cerastes were examined 

directly in preserved specimens, and another 21 females and 30 males were examined by 

ultrasound. Follicles and testes could be measured by both techniques, but 

measurements presented herein refer only to those taken directly. I counted yolked 

follicles to assess reproductive potential, but litter sizes and complements of embryos 

examined by ultrasound and dissection were preferentially used to estimate fecundity. 

Ultrasound equipment consisted of an Ausonics MI 1000 with a 7.3 MHz fluid offset 

probe (model 011-725). Instead of using transmission gel, the probe was used on 

anesthetized snakes partially immersed in a small tub of distilled water. This procedure 

increased the quality of ultrasound images and greatly reduced the time snakes spent 

under anesthesia. During late pregnancy, I could distinguish embryos from undeveloped 

oviductal eggs by ultrasound, and these infertile ova were not included in fecundity 

assessments. One gravid female was held captive and periodically examined by 

ultrasound to track the development of embryos, and to confirm the presence of an 

undeveloped ovum. Other females with apparently unfertilized ova were preserved after 

examination by ultrasound to confirm the presence and relative positions of these ova. 1 

used oviductal lavage to detect sperm in the reproductive tracts of live females by using a
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sterile polypropylene catheter attached to a syringe. The catheter (size 5 FR, Sherwood 

Medical) was inserted to varying depths directly into the oviducts or vaginae, 1-2 ml of 

sterile Ringer solution was expressed from the catheter, and a portion of that liquid was 

withdrawn. This procedure invariably procured a small section of oviductal epithelium, 

which then was examined under a compound microscope (100*400 X). The right testis 

of males was measured with calipers in three dimensions and its volume was calculated 

as the rectangular cube of those dimensions. For may specimens, long sections (ca, 1 

cm) of the anterior and posterior vasa deferentia were excised and examined 

microscopically (100-400 X) for presence of sperm. If opaque bundles were present in a 

section of vas deferens, I removed the cover slip, placed the specimen under a dissecting 

microscope, cut that area longitudinally using a razor blade, macerated the tissue, 

replaced the cover slip, and reexamined the specimen using a compound microscope. 

Individual sperm were easily identified without staining.

Reproductive history was assessed by dissection for many young females 

from evidence of prior reproductive events manifested in the reproductive tract. 

Assessments were based solely on the presence of ovulation scars, which were 

considered diagnostic of prior reproduction. Atretic follicles alone, though a sign of 

maturity, were not considered an indication of previous reproduction.

Assessment o f fa t reserves—Abdominal fat bodies were dissected out of fresh and 

preserved specimens. The two ventral fat “ribbons” were blotted dry and weighed 

together. Fresh fat dissections were performed on 23 specimens in an attempt to better
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understand fat dissolution in alcohol. Several of these specimens were given to me by A. 

T. Holycross, and had been captive for 1-2 years as part of a breeding experiment. 

Therefore, they were used only for general anatomical studies and to document an 

exceptionally long rattle in one male (Chapter 2). Fresh fat was weighed, preserved in 

formalin, and stored in 25 ml vials of 70% ethanol for up to 3 years. Dissolution 

(accumulation of oil droplets at the bottom of each vial) and color changes were 

qualitatively noted for these specimens. The process appeared to proceed rapidly at first, 

with apparent cessation of oil accumulation and color change (from pearl white to 

amber) after about one year. Three fat bodies kept in larger volumes of alcohol dissolved 

far more than those contained in small vials. After one year and nine months in alcohol, 

the remaining solid portion of one such preparation weighed 68% of its original mass, 

and the other two were 71% and 76% of their original mass at one year and one month 

from the preservation date (these specimens were not further utilized). Fat was weighed 

(± 0.05 g) using a triple beam balance. During my experiment on dissolution in vial 

preserved fat, I examined many whole museum specimens and noted that fat dissolution 

apparently proceeded much more slowly in those that had never been cut open, but that 

opened specimens suffered from degradation of the fat bodies. Freshly opened 

specimens—some preserved for many years—had reasonably intact fat ribbons and 

contained relatively few oil droplets. The alcohol contained in their bodies was tinted 

yellow, as was the alcohol in vial preserved fat specimens. The mesenteries and 

surrounding tissues appeared to prevent extensive fat dissolution in intact specimens, so 

instead of continuing to make qualitative assessments of fat dissolution, I sought to
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measure the dissolved portion in specimens. I proceeded with the assumption that all fat 

was still contained within unopened whole specimens. Fat in vials was dumped onto pre

weighed, white, unquilted paper towels and the alcohol was allowed to evaporate, during 

which I weighed the solid portion of the fat body. I then weighed the paper towel 

repeatedly until mass changes could no longer be detected. Continued weighing of paper 

towels over several days confirmed that the captured oil did not evaporate. I also dried 

the paper labels (standard Museum of Vertebrate Zoology specimen labels) used to 

identify samples, because they were tinted yellow from absorbing oil. These labels were 

uniform in mass when new, and the mass of ink used to mark on them was undetectable 

with techniques used herein. Mass changes in the labels owing to fat absorption was 

very minute and nearly undetectable, so I ignored this small potential source of error.

The relationship between fresh mass and mass of solid + liquid components of 

preserved fat (Fig. 3.1) implied that quantification of dissolved fat could be 

accomplished for whole, unopened specimens. Because the oil residues inside such 

specimens are not as neatly contained as those in vials, the approach to removal was 

more involved. After making an incision in the specimen long enough to expose the 

entire fat body, I let the internal liquid drain onto two of several pre-weighed paper 

towels that I kept at hand. I then squeezed the excess liquid out of the specimen before 

placing it on another set of clean pre-weighed towels to dissect out the fat bodies. The 

fat was removed and placed on the substrate towels, blotted, and weighed. After the fat 

removal, I washed the specimen inside and out with clean ethanol letting that liquid drain 

onto the substrate towels. There were, at most, four towels to weigh, each of which had
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its original mass and specimen information marked on it with India ink. After the towels 

were dry (2-24 hours), I brushed off sloughed epidermal scales deposited by the snake 

specimen and weighed the towels all together. The mass gained by the paper towels was 

then added to that measured for the fat body.

Telemetry and observation—thermally sensitive radiotransmitters (AVM 

instruments, model G3) were implanted in 11 gravid female and 5 male sidewinders 

using standard techniques (Reinert and Cundall, 1982), and these snakes were followed 

for up to 9 months during 1998-99. All telemetry was done in Upper Johnson Valley 

(JV), San Bernardino Co., California. Telemetered individuals were located frequently 

throughout the active season, usually once per day, but sometimes more or less 

frequently depending on the time commitment devoted to other individuals. Priority was 

given to gravid or recently parturient females, but males were located often. Three 

females were observed through pregnancy and past the time when young left the natal 

burrow, and one was recovered and preserved prior to giving birth. Fences (15 cm tall,

20 m circumference) made of either roofing tar paper or sheet aluminum were 

constructed around the burrows of gravid females to prevent the escape of young, but not 

females, and neonates were collected, processed, marked, and released.

Thermal conditions were assessed by several means: 1) deep burrow temperatures 

were inferred from the pulse rates of calibrated thermally sensitive radiotransmitters that 

measured the internal body temperatures of snakes, 2) detailed pictures and video of the 

desert environment were made using a PalmIR infrared imaging camera borrowed from
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Raytheon (Goleta, California), and these images verified the validity of the former 

method by confirming that snakes inside of burrows equilibrate with burrow 

temperatures, 3) general environmental temperatures and surface temperatures of snakes 

were taken with infrared non-contact thermometers (Raytek Raynger ST2L and EP-K), 

and 4) fast acting mercury thermometers were employed for general purposes. I use 

temperature data herein only to relate generalities, with a detailed description and 

analysis of thermal ecology reserved for a future report.

Statistics—Data were analyzed by a variety of statistical procedures, either in 

SigmaStat 1.0 (Jandel Corporation, 1994) or in SPSS 10.0 (SPSS Inc., 1999).

Differences between groups were analyzed with /-tests, and linear correlations were 

examined with regressions (parametric) or Spearman Rank Order Correlation (non- 

parametric). For all comparisons between linear and mass measurements, variables were 

log normal transformed for analyses, unless otherwise stated. Analysis of covariance 

(ANCOVA) was used to test for differences among or between groups. All differences 

from ANCOVA analyses were due to differences in Y-intercepts and not slopes, and all 

regressions were tested for equal homogeneity of slopes prior to analysis.

Female Reproductive Biology

Reproductive cycle—The capacity for annual reproduction in females of many 

rattlesnakes might be limited by energy acquisition rather than internal rhythms 

(Aldridge, 1979a), yet species living in similar environments may show differences in
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reproductive cycles. Two species that occupy habitat similar to (even the same as) that 

of sidewinders, Crotalus scutulatus and C. mitchellii, appear to have predominantly 

biennial reproductive cycles (Goldberg, 2000a; Goldberg and Rosen, 2000). These larger 

rattlesnakes might require more energy to maintain their bodies and/or activities, and 

thus reproduce less often. However, smaller bodied species, such as C. tigris, also 

reproduce at sub-annual frequencies (Goldberg, 1999), whereas medium to large bodied 

rattlesnakes, such as C. viridis in New Mexico and C  atrox in Oklahoma, can reproduce 

annually (Fitch and Pisani, 1993). There are two characteristic temporal patterns of the 

reproductive cycle recognized for rattlesnakes (Aldridge, 1979a), the most widespread of 

which is characterized by yolk deposition over two active seasons. This pattern often 

results in biennial reproduction (e.g., Goldberg and Rosen, 2000), but it is not 

inconsistent with an annual cycle (Aldridge, 1979a) The other is more characteristic of 

colubrid snakes, and involves rapid yolk deposition in the year of ovulation. These two 

cycles may not be mutually exclusive. Crotalus cerastes appears to exhibit both types of 

cycle, depending on individual reproductive history. The temporal pattern of yolk 

deposition (follicle dimensions) is shown in Fig. 3.2 for my combined sample of mature 

females (n = 79). The figure does not consider immature individuals (nulliparous and 

without substantial yolk deposition), and so does not consider any follicle enlargement 

that occurs up to the first active season in which reproduction is probable. Note that the 

variance and dimensions of small follicles increase from mid summer to fall, but that 

mean differences from month to month are slight. The standard deviations for follicle 

dimensions are greater for the fall sample of small follicles than for the spring follicles
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undergoing yolk deposition. The cycle appears to be half way between Aldridge’s 

(1979a) Type I (one season follicle enlargement) and Type n (two season enlargement) 

characterization. This pattern is due to inclusion of females with different reproductive 

histories. Splitting females into different reproductive classes (gravid year, non-gravid 

year, nearly mature) shows that at least two, perhaps three, patterns of yolking occur (Fig.

3.3). Gravid females maintained small primary follicles, but following parturition 

(September and October subsamples) follicular enlargement resumed. This pattern is 

perhaps intermediate in type, but is most similar to the Type I cycle. Parous females that 

skipped a year of reproduction appear to channel energy to their follicles in a typical 

Type II pattern. Most studies of reproductive cycles are concerned with gross 

characterization of adult cycles, and often exclude immature individuals by using a size 

cutoff (e.g., Goldberg, 2000a; Goldberg, 2000b; Goldberg and Rosen, 2000). In doing so, 

they ignore the processes leading up to maturity. Sidewinders can begin the maturation 

process before they reach one year of age, with rattle segment counts of 3 and 4 and a 

mean SVL o f322 mm (n = 9).

Enlarged follicles that were not ovulated became attretic. Some gravid females 

contained both developing embryos and atretic follicles. Non-gravid females often had 

follicles at various stages of atresia, and yolking follicles were often accompanied by one 

or more that were degenerating. Ovulation in Crotalus cerastes appears to occur within a 

narrow window at the end of June. The earliest date on which oviductal eggs were 

detected was 22 June, and all reproductive females from 1 July onward had ovulated.

This assessment applies equally to preserved materials and field observations. The
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difference between follicles and oviductal eggs was clear in ultrasound images. Follicles 

were packed together more tightly than eggs, and clustered farther forward in the body. 

Oviductal eggs were more linearly arranged, easier to resolve, and were elongated in the 

caudal oviduct. Gestation is, therefore, 2.5-3 months for C. cerastes in JV, because 

parturition occurred from mid to late September in 1998.

Post-parturient females could be identified by large corpora lutea (ca. 4 mm 

maximum diameter). These bodies were bright amber or orange in postpartum females, 

and microscopic examinations showed them to be highly vascularized pouches filled 

with acellular material. New corpora lutea, examined microscopically (40-400 X), 

contained oil residues with no inclusions and this feature readily distinguished them from 

atretic follicles, which had “dirty,” yolk laden oil droplets. Older corpora lutea (corpora 

albicantia) retained their hollow structure, but contained little substance. These 

structures were identifiable under a dissecting microscope as milky disks, and their 

placement was always on the same side of the ovary. In a few cases, three generations of 

corpora lutea could be distinguished, based on differences in size, but I do not draw any 

conclusions on more than one generation. Conclusive evidence of annual reproduction 

in Crotalus cerastes comes from the presence of both corpora lutea and yolked follicles 

in three year old females, and secondarily from the same pattern in older females.

Reproductive frequency—Mature female sidewinders that skipped reproduction 

were usually three year olds. Five of 16 age 3 females (31%) from JV delayed 

reproduction until that age, and of the 11 age 3 females from that population which
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showed unequivocal evidence of reproduction at age two, four (36%) skipped 

reproduction at age 3. Six of 14 age 2 females were reproductive. I found no evidence 

that females from JV older than three skipped reproduction, but five females in my 

whole sample older than three were clearly non-reproductive in the year of capture. One 

of those five was severely emaciated from being trapped in a cement canal (see Chapter 

2). All things considered, it appears that older female sidewinders rarely skip 

reproductive opportunities, as has been noted for other rattlesnakes (e.g., Fitch, 1998).

Mating and sperm storage—I did not witness pairing of male and female 

sidewinders in the wild, but 1 observed both spring and fall copulations in captivity. Both 

spring and fall matings are reported in the literature (e.g., Klauber, 1972), but spring 

copulations may be more common. Detection of sperm by oviductal and vaginal lavage 

suggested that spring mating is prominent, and large quantities of sperm were detected in 

females up to 21 June. Of 22 gravid females lavaged, 55% contained sperm, whereas no 

sperm were detected in ten non-gravid females with rattle segment counts of 5 or more. 

Six of the latter were preserved and three of these had large atretic follicles. A 

microscopic examination of material shaved with a scalpel from the interior of the 

oviducts of these females revealed no sperm (a successful technique with other 

specimens). These three females had large fat bodies and it seems probable that their 

failure to reproduce was due to lack of success in mating, rather than to insufficient 

energy reserves for reproduction. Oviductal lavages of three females collected in late 

September and early October failed to detect sperm.
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Living oviductal epithelium procured during lavage of reproductive tracts of 

Crotalus cerastes was examined microscopically and video-documented. The sheets of 

epithelial cells were abundantly ciliated and some of these tissues had shallow 

invaginations that contained active sperm. The sperm were oriented with their heads 

pointing into and surrounded by the epithelium, and they appeared to be held by the 

tissue with heads clasped and tails free to thrash. During extended observation of 

numerous active and apparently lodged sperm, none broke free from the oviductal tissue, 

despite high levels of activity. The tissues described were taken from the caudal oviduct 

and are consistent with known oviductal morphology (Saint Girons, 1973). Long and 

short term storage of sperm in either the male or female reproductive tract is well 

documented for viperid snakes (Schuett, 1992), and is likely an important part of the 

reproductive biology of sidewinders.

Behavior of Reproductive Females

Movements—All sidewinders used burrows as retreats, and the length of time 

spent at one site varied from a day to a month or more. During the summer months 

movements occurred almost exclusively at night, but daytime activity (surface basking) 

became increasingly common during autumn. The activities of telemetered gravid 

females varied considerably, with some moving long distances during summer months 

and others making few movements. After moving several meters a few days following 

her surgical radio implantation and release on 3 June, 1999, one female remained 

concealed for a week, then emerged and traveled up and down a nearby road before
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settling close to her previous locality. She then remained concealed in a burrow (with no 

sign of emergence) for five days, prompting fear that she had died, and I dug into her 

burrow to find her well. After the disturbance she moved a few meters, settled in a 

burrow and remained concealed from 20 June to 18 July. Apparently, her shedding 

process was difficult and she had partially sloughed skin clinging to her on the latter 

date. She basked on the surface regularly for the next few days, then traveled away from 

her burrow and was lost (probably owing to transmitter failure). In contrast, another 

gravid female telemetered from 25 June, 1998, to 26 March, 1999, traveled extensively 

during the summer months, moving several times and covering a distance of nearly a 

kilometer before settling at a birthing burrow on 2 August, 1998. The behavior of other 

gravid females was intermediate between the two examples given, with few movements 

and short displacements, and all females eventually settled at a birthing burrow. The 

pattern of movement appears to be flexible during follicular development and early 

gestation, but during late gravidity, females invariably settled at a burrow and remained 

there until after parturition.

Feeding—O ta  female fed at least twice while gravid. She was initially located 

when 1 noticed a Merriam’s kangaroo rat (Dipodomys merriami) carrying one of her 

young away from the bush under which the snake was discovered. The female rodent 

dropped her pup and bounded away, and my field assistant placed the pup near the snake, 

upon which it was struck and ingested. The snake was then collected and found to be an 

ovigerous female. On 27 July, two of my field assistants located this same female and
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photo-documented a feeding event As they approached her location a large adult zebra

tailed lizard (CaUisauris draconoides) stumbled out of the bush and collapse nearby.

The post-ovulatory female emerged shortly thereafter, located, and ingested the lizard.

On 20 June, 1998, an ovigerous female was processed and her stomach contents were 

palpated out. She weighed 141.5 g before palpation, and 96.6 g after. The food items, a 

recently ingested desert pocket mouse (Perognathus penicillatus) and a very large, half 

digested desert iguana (Dipsosaurus dorsalis) were 46.5% of her empty mass.

Ultrasound of this 435 mm female revealed 8 large (12-15 mm long) ovarian follicles.

During early to mid pregnancy, females were often found on the surface at night, 

apparently in hunting postures, long after the thermal conditions of the ground were less 

favorable than those inside of burrows. During late gravidity, beginning in early August, 

and until after young were bom and had dispersed (early to late September), females 

rarely spent time on the surface at night My observations during this time differ from 

those of Secor (1992), who indicated that gravid females remain on the surface 

throughout the nighttime. During late gravidity, most surface activity occurred early in 

the morning or just before to a few hours after sunset and consisted of very short 

movements to basking sites and back to the burrow. The typical burrow used by a gravid 

female was 5-7 cm in diameter and faced the rising sun. Females sometimes remained in 

their burrows for sunrise basking, but protruded a portion of their mid-body out into 

direct sunlight. Burrows were superior nighttime thermoregulation sites compared to 

surface substrates, retaining relatively high temperatures from dusk to dawn, and females 

often basked just inside of their burrows after sunset It is unlikely that females are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

motivated to feed late in pregnancy. On IS September, 1998,1 watched a medium sized 

leopard lizard slowly pass about IS cm in front of a basking gravid sidewinder without 

eliciting any reaction from her. It seems likely that the behavior of gravid sidewinders 

during follicular development and early gestation is hunting behavior, but that feeding is 

curtailed later in pregnancy and thermoregulation becomes a stronger behavioral 

motivation.

Mortality of Reproductive Females

Other than road killed animals, no mortality was recorded for adult male Crotalus 

cerastes, but three apparently natural mortality events occurred in reproductive females. 

The first case concerned a four year old female that was ovigerous when captured and 

equipped with a transmitter on 24 June, 1998. Evidently healthy at first (basking and 

moving regularly), I noted on 14 July that she appeared to have expelled her eggs. On IS 

July she rattled as I approached and seemed in good health, but two days later I found her 

dead beneath a small bush. There were no signs of trauma, but during the necropsy and 

transmitter recovery I noted that she appeared to have almost no fat reserves. Her death 

might have been hastened by trauma from surgery, but other females underwent the same 

treatment with no apparent ill effects. The second case involved a healthy female that 

was killed by the activities of a predator. She was telemetered from 22 June until her 

death on 21 August, on which date her burrow had been dug into by a coyote (Canis 

latrans), identified by tracks at the site. The canid had collapsed the burrow onto the 

snake, but did not dig deep enough to reach her. At first it was not apparent that she was
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dead, but I dug into the burrow several days later and recovered the functional transmitter 

amidst her remains. It is impossible to know whether her death was due to a predation 

attempt or was simply a random event. The final case entails a female telemetered from 

29 August, 1998, until 4 March, 1999. This three year old female produced a litter of 

nine young at the end of September, but, unlike other females, did not disburse from the 

natal burrow when her young left. She had taken up residence at this site on IS 

September and remained there until her death. This female weighed 72 g about 12 days 

post-birth. She was last seen alive on 22 October, but was telemetered on 12 January and 

4 March, 1999, after which her transmitter failed. In August, 1999,1 visited her site to 

remove old drift fencing and looked into the burrow with a mirror. The odor of 

putrefaction was faintly discemable in the burrow, so I dug in and found her mummified 

body encasing the transmitter. Her death most likely resulted from failure to recover and 

feed following parturition, a potentially prominent source of mortality for females. 

Interestingly, her young were significantly lighter, but not shorter, than those of four 

other litters from this population (see below).

Male Reproductive Biology and Behavior

Reproductive cycle—Histological changes in the reproductive organs of male 

Crotalus cerastes have not been studied, so this discussion will focus on seasonal 

morphological changes in testis dimensions and presence of sperm in the vas deferens. 

The majority of North American rattlesnakes appear to share a common testicular cycle, 

with recrudescence (spermatogenesis) beginning in spring and peaking in mid-summer,
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followed by gonadal regression. Production of sperm declines in the late summer and 

fall, and spermatozoa are stored in the vas deferens until use in fall and/or spring mating 

(see e.g., Aldridge, 1979b; Aldridge and Brown, 199S; Goldberg, 2000b; Goldberg and 

Rosen, 2000; Saint Girons, 1982). Histological techniques have been the preferred 

means of analyzing male sexual cycles, and seasonal changes in mass of the testes have 

been largely ignored, perhaps because analysis of such patterns is complicated by 

covariation of testis dimensions with body size. In this analysis, I separated the influence 

of body dimensions (SVL and mass) on seasonal changes in testis dimensions (mass, 

volume, length, etc.) by using the residuals from regressions of various measured and 

calculated testis parameters as a function of SVL and/or mass. These residuals were then 

plotted against the month of collection.

The relationship between calculated testis volume and actual testis mass (Fig.

3.4) suggested that measured testis dimensions could be used with little error to estimate 

the masses of gonads that could not be removed from museum specimens. I, therefore, 

calculated the estimated mass for all testes, regressed these values against SVL, and 

plotted the residuals on month of capture (Fig. 3.3). Two museum specimens with 

uncertain preservation information were extreme outliers and were removed from the 

analysis. To test whether the cyclical pattern might be an artifact of mass estimation I 

employed the same procedure on testis volume and the cube root of testis volume, with 

the same pattern emerging for these calculations as for estimated mass. To determine 

whether different testis dimensions were more influential in the observed cycle, I ran 

similar analyses on untransformed linear measurements of all three testis dimensions.
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The resulting patterns were similar to that of Fig. 3.S, indicating that testes get longer, 

wider, and thicker simultaneously during the seasonal cycle.

Data on live body mass was available for many fewer specimens, but this 

subsample provided enough information for a preliminary assessment of this potential 

source of variation. Furthermore, actual testis mass was available for most specimens in 

this subsample, so that the pattern presented by testis volume could be checked for 

consistency. Analyses similar to those using SVL showed a different pattern, with two 

peaks in testis volume, a smaller peak in June and a larger peak in September (Fig. 3.6). 

Similar results were obtained for estimated and actual testis mass, confirming the strong 

correlation between the different estimates of this parameter. This analysis indicates that 

there is a divergence, centered on June, in the relative correlations of gonadal dimensions 

with SVL and body mass. A plot of the residuals of body mass on SVL as a function of 

month (Fig 3.7) provided a possible explanation for the difference in patterns. Because 

testis mass/volume is constant between the two analyses, the difference must be in one of 

the other parameters (mass or SVL). SLV cannot vary in the same way that mass can, 

implying that seasonal variation in body mass is responsible for the difference in 

observed patterns. Note that the means of residuals from the mass on SVL regression are 

generally below zero from April to July, and above zero from August to October, with a 

peak in September and subsequent decline. This pattern suggests that activity in the 

spring and late fall (mating periods) effects mass but not, of course, SVL, with males at 

their leanest in June (perhaps the end of the spring mating window). During this time, 

males are perhaps depleting their fat reserves in search of females, without sacrificing
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testis mass. Thus the summer peak is not due to higher testis volume, but rather to lower 

body mass relative to fall months, whereas the peak in September is due to larger testes, 

because it is prominent in the analysis using SVL. My sample of animals with known 

live masses is too small to resolve the entire pattern, and the peak in June may be due to 

low sample size for other spring and early summer months. Fat mass data support the 

contention that energy reserves are depleted during the spring and early summer. A 

month by month plot of residuals of fat mass on SVL shows this trend (Fig. 3.8), with 

peak fat reserves in September that subsequently decline. Thus both males and females 

have a fat cycle that appears to be tied to reproductive rhythms (see below).

If male sidewinders prove to have typical histology, the pattern of fat depletion 

may be partially due to energy diversion toward gonadal recrudescence in the spring and 

early summer months, but the pattern would then require peak testicular masses and 

dimensions during the time when histology would characterize the gonads as regressed. 

Clearly, more work is required to resolve this issue, but the seasonal occurrence of sperm 

in vasa deferentia of Crotalus cerastes does not support the typical male cycle. Sperm 

were present in every month with the following frequencies: March 1/1, April 5/5, May 

2/3, June 5/5, July 1/1, August 8/16, September 7/8, October 6/6. In September and 

October the vasa deferentia were always packed with sperm, but in August only 3 of the 

8 containing sperm were full and some had only small sparse bundles of sperm present.

A similar observation was made for one of the June specimens. In the typical pattern 

sperm would become abundant by July (see e.g., Goldberg and Rosen, 2000), but C 

cerastes appears to exhibit a decline in sperm production, perhaps beginning sometime
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before August, with sperm being more numerous in the ductus in the fall and spring. The 

evidence suggests that the peak in testis dimensions corresponds to a peak in sperm 

production, with a pattern perhaps similar to that of some Old World viperids (Saint 

Girons, 1982).

Movements—Male sidewinders travel extensively throughout the active season 

(Secor, 1994), with a mid-summer lull in activity, discernible from capture dates and 

telemetry records, that might be related to a concentration in shedding events (see 

Chapter 2). My own captures were most numerous in August and September, but this 

pattern is due, in part, to a concentrated effort in those months. Telemetered males 

traveled extensively in the fall, but not in the summer. Unfortunately, spring 

observations of telemetered snakes were plagued by transmitter failures, and the few that 

I made were during cold days in March when behavior was limited to basking at the 

mouth of a burrow. Spring mating is known to be prominent from vaginal lavage of 

females, and springtime movements by males and females sometimes result in high 

capture rates (A. T. Holycross, pers. comm.). Secor (1994) noted that a significant 

difference in travel distances of male and non-gravid female Crotalus cerastes was 

chiefly due to lengthy movements my males during the spring and fall mating season.

Male-male interactions—many species of rattlesnakes engage in male-male 

combat rituals thought to be important in establishing social dominance. Lowe and 

Norris (19S0) reported this behavior in Crotalus cerastes from a single captive
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interaction, and they perhaps rightly termed the observed interaction “aggressive 

behavior.” Nevertheless, their interpretation and discussion of the behavior was 

consistent with the current concept of male-male combat, and their work continues to be 

cited as evidence of this behavior in sidewinders (e.g., Shine, 1994), despite 

inconsistencies with that interpretation. The behavior described by Lowe and Norris 

(1950) involved biting and fang puncture, elements that are not part of sexually 

motivated combat interactions in other venomous snakes (Shine, 1994). Furthermore, 

the behavior was noted in snakes confined to very cramped quarters (four snakes in a 20" 

x 12" x 11" container), and there were no observations of courting behavior with a 

female present in the enclosure. The behavioral components described are more 

consistent with agonistic behavior associated with the stress of captivity, crowded 

confinement, and aggression motivated by thwarted escape.

The combat ritual has not been reported for wild sidewinders, despite two long

term field studies conducted on sand dunes (Brown and Lillywhite, 1992; Secor, 1992; 

Secor, 1994), where evidence of a scuffle could easily be detected in track ways. On 19 

November 1996,1 brought 11 male and 6 female sidewinders from Maricopa Co., 

Arizona, into the animal facility at UC Berkeley. These animals had been held captive 

for varying lengths of time (< 2 years) as part of a breeding experiment at Arizona State 

University (A. T. Holycross, pers. comm.). Males and females were deposited separately 

into large fiberglass tanks with about one square meter of floor space and about 30 cm 

from floor to mesh ceiling. These enclosures were side by side, so heterosexual odors 

should have been continuously available. The males appeared agitated and eager to
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escape following their release into the enclosure, and I noted that the act of looking in at 

them through a viewing port (ca. 15 * 20 cm) on one side of the tank elicited, in several 

individuals, tail thrashing (not rattling), sinusoidal tail undulations, and simultaneous 

locomotion away from me. The next day I was working in an adjacent room when a 

commotion drew my attention to the tank of males. One male was “chasing" two others. 

The chaser moved back and forth in the center of the enclosure with the anterior V3 of its 

body raised at a 30° angle. The males being “chased" kept to the periphery of the tank, 

moving over other snakes coiled near the outer walls. While in motion these two 

individuals thrashed and undulated their tails in the same manner observed the day 

before. There was no bodily contact between the three active males, no upright postures, 

and no twinning (Lowe and Norris, 1950). Despite several parallels to male-male 

combat, the behavior observed was more consistent with aggressive antagonism 

precipitated by confinement, and the behavior was never observed again, presumably 

because of acclimation to the conditions. After a few weeks, all of these sidewinders 

were placed in hibernation for about two months then returned to their enclosure. During 

the weeks before and after hibernation—up to 21 March, 1997, when they were all 

preserved—there were no other aggressive interactions witnessed.

In early October 19981 made three attempts to elicit combat behavior using five 

different male sidewinders recently captured and being held for processing. All were 

comparable in SVL and mass. Before testing the individuals had been individually 

confined in cloth bags and kept together with females in a large plastic box. In each trial 

I placed two males and one of two adult females in a rock outbuilding with a cement
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floor approximately l.S * 2 m. The snakes were left in this situation for 1-3 hours and I 

checked them periodically through an open window ca. 75 cm above the floor. Two 

trials were conducted during mild evening hours and one in the early morning. In all 

three trials with different combinations of the five males, no aggressive interactions were 

witnessed. Most behavior appeared to be related to escape, and there was usually at least 

one individual in motion when observations were made. Males sometimes made contact 

with each other, but only in passing, usually when one crawled over the other.

Similar procedures reliably induce combat in Crotalus atrox and C. molossus (H. 

W. Greene, pers. comm.). The above observations are, however, inconclusive, and I also 

view those of Lowe and Norris (1950) to be unsatisfactory evidence of combat in C. 

cerastes. The females used in my experiment might not have been in breeding condition 

and/or the males might have been more motivated to escape than to court the female or 

engage in combat. During the same month in which I conducted the experiments on 

sidewinders, I witnessed and photographed combat between two male Mojave 

rattlesnakes, C. scutualtus. One of these animals was captured while courting a recently 

post-parturient telemetered female of that species. It was taken to camp and equipped 

with a radiotransmitter, but when I returned three days later to release it with the female, 

she was accompanied by another male. I released the recently telemetered male about 

five meters away from the pair, and he immediately crawled toward the courting couple. 

Combat ensued immediately and lasted for about 20 minutes while I photographed the 

males at close range.

To demonstrate combat in male sidewinders it will be necessary to place sexually
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ready individuals together in a large enough arena so that aggression from stress is 

minimized. It should be noted that snakes may show similar behavior patterns in 

different contexts. For example, sinusoidal tail undulations were observed in adult male 

sidewinders mentioned above and the same behavior is seen when young sidewinders use 

their tails to caudal lure (Reiserer, in press). The limbless condition, no doubt, puts 

limits on the variety of postures available to snakes, and the raised postures and 

“twinning” described by Lowe and Norris (19S0) may be alternatively interpreted.

This subject has a strong bearing on LH evolution in Crotalus cerastes, because 

males show evidence of relaxed selection for larger size in relation to females. Shine 

(1994) pointed out that the presence of combat makes no predictions about the degree or 

direction of sexual size dimorphism (SSD) in a species, but that if all else is equal, males 

in species with combat should grow larger than females. He went on to show a 

phylogenetically independent positive correlation between species with combat and male 

biased SSD. Phylogenetically independent gains and losses of male-male combat have 

been demonstrated (Schuett et al., in press), and there are good ecological reasons to 

suspect that sidewinders have lost, or have lowered thresholds for initiating, this behavior 

(at least in the wild). Sidewinders have among the largest activity ranges recorded for 

rattlesnakes (Secor, 1994), and individuals are widely spaced (Brown and Lillywhite, 

1992), perhaps because food resources are dispersed, but not patchy (pers obs.). Because 

females reproduce annually, for the most part, they are less of a commodity, but still 

difficult to find owing to spatial distribution. Duvall et al. (1992) discussed the evolution 

of pitviper mating systems and identified spatial distribution and operational sex ratio
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(number of one sex available to the other) as important determinants of mating system 

structure. Their observations apply equally well to selective forces operating on male- 

male interactions. Species in which females reproduce sub-annually and/or represent a 

spatially concentrated resource for males, should experience selection on males for traits 

that equip them for competition over this resource. Available evidence suggests that 

male sidewinders must search extensively to find mates, but that their chances of 

encountering a receptive versus a non-receptive female during the mating season are 

good. The commotion involved in combative interactions is likely to expose males to 

predation, especially from visually guided avian predators, and the open habitat of 

sidewinders perhaps compounds that problem. It may be less costly (e.g., risk, 

energetics) to move on from an encounter with a potential rival—even if that rival has 

secured a mate—and continue to search, given a reasonably fixed probability of locating 

another female, and given some probability that combative efforts will be in vain if the 

female escapes over shifting sand (thus obscuring her pheromone trail) or into a burrow 

during the interaction. The question of whether sidewinders engage in male-male 

combat is still open, and needs to be answered if we are to understand the mating and 

social systems of this species.

Reproduction vs. Body Condition

Changes in body condition with reproductive condition may give an indirect 

measure of the cost of reproduction (Bonnet and Naulleau, 1994). 1 compared the body 

masses of non-reproductive (NR) females, reproductive (R) females, and males using
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analysis of covariance, rather than a theoretical body condition index (BCI), because the 

former method considers only the variation within the sample and does not depend on a 

theoretical relationship. The BCI used by Bonnet and Naulleau (1994) assumes that 

neonates represent the theoretical optimum body mass-length relationship for adults (i.e., 

that adults are just scaled up neonates). Because neonatal sizes may vary geographically, 

this method is perhaps most appropriate when dealing with circumscribed populations.

For mass comparisons, ANCOVA models treated body mass as the dependent 

variable, SVL as the covariate, and reproductive condition and sex as fixed factors. 

Reproductive condition significantly influenced body mass of females (n = 31 R, n = 23 

NR, ANCOVA, F  = 80.0, P < 0.001, Fig. 3.9). Masses of males (n = 40) differed from 

those of R females (ANCOVA, F = 138.6, P < 0.001). The Y-intercepts differed 

between NR females and adult males (ANCOVA, slope homogeneity F =95.8, P < 0.05, 

intercept F  = 109.1, P < 0.05), but the regression lines cross each other (Fig 3.10).

Visual inspection of the regression indicated that males and NR females may be more 

similar than different, but that larger males may change in body proportions, so /-tests 

were performed to further examine the differences. T removed the five largest males, 

thus achieving similar ranges ( NR females 383-513 mm, males 370496 mm). There 

were no significant differences between mean SVLs (P = 0.17) or mean masses (P =

0.12) of males and NG females. Regression statistics indicate that males and R females 

may be less variable in body mass than NR females ( r2 = 0.75 NR females, r2 = 0.81 

males, r2 = 0.81 R females), the expected result given mass fluctuations between female 

reproductive conditions. This analysis indicates that females gain considerable mass

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



140

during the reproductive cycle with a significant mean mass difference of 33.9 g between 

reproductive states (/-test on mass P = 0.0007, /-test on SVL P = 0.13). The mean mass 

of NG females ( x  = S4.6 g) was similar to that of males (x = 90.9 g) with comparable 

SVL range. The proportions of males and females may differ, with larger males being 

relatively lighter, but this pattern was not resolved statistically.

Mass of the abdominal fat body was tested in a similar manner (fat mass = 

dependent variable, body mass = covariate), but masses were not log, transformed. 

Levene’s test showed equal error variance between R females and males (P = 0.15), and 

between R and NR females (P = 0.57), but not between males and NR females (P = 

0.039). The variance of males appeared to nearly encompass that of all females 

combined (Fig. 3.11). Therefore, I used ANCOVA only to test for differences between R 

and NR females, and between R females and males. Males (n = 34) differed from R 

females (n = 10) in mass of the abdominal fat body (ANCOVA, F = 6.99, P = 0.011).

NR (n = 14), and females showed significant differences in fat storage (ANCOVA, F = 

18.8, P < 0.001), with R females having almost half the fat reserves (x = 2.24 ± 1.58 g) 

of NR females (x  = 4.34 ± 2.87 g). Males were intermediate between the two female 

reproductive classes (x = 3.79 ± 2.50 g).

Gravid females are more massive, but have smaller fat reserves than non-gravid 

females, confirming the expectation that the reproductive cycle is synchronous with a 

stored energy cycle (Seigel and Ford, 1987). Although males are statistically 

intermediate in fat reserves between the two female reproductive states, regression 

statistics show that they exhibit nearly as much variation as females (males r2 = 0.354,
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all females combined r2 = 0.284). At the extreme are gravid females, some of which 

have almost no fat reserve. One such female had a fat body that weighed 0.10 g, only 

0.08% of her gravid mass, and another had a fat body mass of 0.85 g (0.77%). Half of 

the gravid females had fat stores less than 2% of body mass, whereas only 7% of NR 

females and 24% of males were below this level. These observations indicate that, 

regardless of their plump appearance, gravid females often become emaciated (Gregory 

et al., 1999), and may be vulnerable to death by starvation if they fail to feed soon after 

parturition. Fitch and Pisani (1993) found mean fat mass of 10.1% for ovigerous female 

Crotalus atrox in Oklahoma, larger than that of males (6.4%) and NR females (7.9%) of 

that species. Sidewinders averaged 1.9% for ovigerous and gravid females, 4.6% for NR 

females, and 3.8% for males. Lower overall fat storage in C. cerastes relative to C. atrox 

may reflect a lower capacity of desert environments to supply sufficient resources, but it 

might not reflect a difference in relative reproductive expenditures, because Oklahoma 

C. atrox reproduce annually and have relatively large litters (Fitch and Pisani, 1993).

Size Variation in Offspring

Size of young is an important LH trait because it sets the ecological stage for the 

youngest individuals of a population or species, and is an important part of female fitness 

(Seigel and Ford, 1987; Steams, 1992). Lemen and Voris (1981) identified three factors 

that determine neonatal size, and related them in the equation:

n , . (female mass) (relative reproductive effort)
Birth mass = -------------------------------------------------------.

clutchsize
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This equation does not explicitly identify the proximate factors encompassed by female 

mass that influence offspring size, and perhaps this term should be split into elements 

that consider female body condition, especially in viviparous forms that provision their 

young by placentation (Seigel and Ford, 1987). The effects of body condition (fat 

reserves) on reproduction have been extensively studied in lizards (e.g., Ballinger, 1977; 

Hahn and Tinkle, 1965; Sinervo, 1994), with the consequences of poor body condition 

ranging from delayed follicular development and/or lowered reproductive frequency to 

smaller clutches and offspring. Much less is known about the effects of body condition 

on reproduction in snakes (Seigel and Ford, 1987). Trade-offs between body condition 

(fat reserves, ecological hardship) and fecundity have been demonstrated (Andren and 

Nilson, 1983; Bonnet and Naulleau, 1994; Goldberg and Rosen, 2000), but little is 

known about the potential effects of body condition on offspring size.

Because of low sample size and incomplete information, the following analysis is 

preliminary. Reasonably detailed information was available for seven females and their 

litters. Body fat information was missing for all but one of these females, so I used 

available evidence and the body condition index (BCI) of Bonnet and Naulleau (1994) to 

make inferences about body condition. Two female-young groups were from Pinal Co., 

Arizona, and the balance were from JV. Two litters from JV were of special interest, one 

because of larger, the other because of smaller than expected young. The maternal and 

neonatal SVLs showed no relationship (Fig. 3.12). When offspring mass was plotted 

against maternal SVL, there was a significant positive correlation (r2 = 0.72, P < 0.0001, 

Fig. 3.13). Note, however, that one litter falls above the regression line and another

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

below it, and these same two litters also show a similar relationship in Fig 2.12. To 

investigate the potential reasons for these deviations, I examined available data on body 

condition. The shorter female (FI, 449 mm, 76.2 g) with larger young was captured at 

her burrow with pre-shed neonates on 16 September, 1998. Five of her six young were 

recovered, but another escaped into the burrow system. The young were weighed and 

measured post-shed, as was the procedure for all litters reported herein. The female was 

preserved and her fat mass was removed and weighed (= 2.4 g, 3.1% body mass—quite 

large for a postpartum female, see above). The other female (F2), a telemetered animal, 

gave birth to a litter of nine and two infertile ova (identified by ultrasound), and died 

during the subsequent fall or winter (see Mortality of Reproductive Females above). Her 

post-parturient (PP) mass (72 g) was the smallest of any female examined. A /-test 

showed that her young were significantly less massive than those of the next lightest set 

of young (/ = 5.73, df = 19.0, P < 0.0001). A regression of neonatal mass on PP female 

mass showed a significant relationship (r2 = 0.78, P < 0.0001, Fig. 3.14), with PP mass 

explaining 6% more of the variation in offspring mass than maternal SVL. Note that FI 

and F2 switched relative positions in the latter plot, as did some other females. I used 

population-specific neonatal sizes to calculate BCI for all females and I subtracted PP 

mass from BCI to get a measure of how much below “optimum” mass a female was after 

giving birth. All gravid females for which information was available (n = 6) had gravid 

masses substantially above that predicted by BCI. Indeed, BCI was intermediate between 

gravid and PP mass in all cases, and averaged 83% (77-90%) of gravid mass, with larger 

females generally closer to BCI than smaller ones. Various data plots (Fig. 3.15)
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indicated that F2 was in the poorest body condition, while FI was in good condition for 

her size. The larger and smaller than expected neonates could not be explained by litter 

size (Fig. 3. ISA), although FI did have a smaller than expected litter, both in total mass 

and number. PP female mass was strongly correlated with total litter mass (r2 = 0.91,

Fig. 3.1 SB, total litter masses were reconstructed from mean mass of litter mates for two 

litters with one missing neonate). The difference between BCI and PP mass failed to 

explain variation in neonatal mass for F2, but showed a positive trend that reflected the 

correlation of neonatal mass with female size parameters. However, BCI plotted against 

PP female mass showed F2 to be underweight in relation to the theoretical optimum (Fig. 

3. ISC). Size of neonates was perhaps best interpreted through PP female mass (Fig.

3.1SD), with 8S% of the variation explained by this factor.

This analysis strongly supports a positive relationship between female size and 

neonatal mass, but the potential relationship between female body condition and 

offspring mass is equivocal and needs further investigation. There are reasons to suspect 

that this relationship will be found in some rattlesnakes, especially if embryonic 

development is fueled in part by nutrient transfer from mother to foetus (see Yaron,

198S, for a review of placentation in reptiles). Females may commit to a given 

complement of embryos with the expectation that subsequent feeding (see above) will 

augment the energy needs of gestation. This situation probably applies to numerous 

lizards, but many snakes are anorexic during gestation (Gregory et al., 1999), and such 

species might commit to reproduction only if sufficient reserves are already stored. 

Explorations of this topic in snakes should focus on species that feed while gravid, and
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Crotalus cerastes may prove to be a good model organism for such studies.

Fecundity of Females

Because my sample of reproductive females was strongly biased toward Mojave 

Desert populations, geographic variation in fecundity of Crotalus cerastes cannot be 

fully addressed, but there appears to be little variation. Large litter sizes for all races 

have been reported in the literature and mean litter sizes are comparable on a large 

geographic scale (Fitch, 1985; Klauber, 1972), but there may be local differences, 

perhaps due to relaxed or intensified selection on reproductive output. Lack of fecundity 

variation throughout the range of C. cerastes is somewhat surprising because there are 

moderate differences in mean body size, with an easterly and southerly trend toward 

larger animals (Klauber, 1972). I assessed fecundity by two means: 1) using number of 

enlarged follicles as a measure of potential litter size unless embryos or number of young 

were available, and 2) by counting only young or embryos. The former slightly 

overestimates actual litter size, because of intrauterine mortality or infertility of eggs 

(Fitch, 1998; Fitch, 1949; Fitch and Pisani, 1993), but has been widely used for estimates 

of clutch and litter size in snakes (Fitch, 1985), because of its potential to supply large 

quantities of data. The second method is more reliable and, in subsequent sections, I rely 

more heavily on quantities derived therefrom. A log normal plot of follicle/embryo 

count and SVL of my entire sample of reproductive females (Fig. 3.16) showed a strong 

positive correlation (r2 = 0.50, P < 0.0001, equation: litter size = 0.00008 [SVL]189). A 

regression on only Mojave Desert females gave a similar P value, but with a slightly
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lower correlation coefficient (r2 = 0.47, equation: litter size = 0.00001[SVL]217). Mean 

reproductive potential for the whole sample was 9.64 ± 3.17 (n = 59), and that for the 

Mojave Desert subsample was 9.00 ± 2.80 (n = 49). Mean litter size, based on young or 

embryos, was 9.14 ± 2.85 (n = 21) for the whole sample, and 8.31 ± 2.18 (n = 16) for 

Mojave Desert animals.

The above estimates of fecundity are comparable to other evaluations (e.g., 

Klauber, 1972; Fitch, 1985), but like others they summarize large geographic areas and 

provide no information about age-specific reproductive output. Examination of 

fecundity and age-specific output in one or more local populations of Crotalus cerastes is 

necessary before we can appraise potential variation and construct LH models. I used my 

JV subsample to assess fecundity and evaluate age-specific reproductive output at the 

population level. I relied most heavily on information from individuals with known litter 

sizes or counts of embryos, but a few specimens with very enlarged ovarian follicles (>10 

mm) or oviductal eggs were included to increase sample sizes. Age determination 

followed the description given in Chapter 2. Twenty-seven females 2-5 (x =3.3 ± 0.88) 

years of age from JV and immediate vicinity were available for the analysis. Litter size 

(x =9.0 ± 2.7) was significantly correlated with age (Spearman Rank Order Correlation: 

r, = 0.69. P < 0.01, Fig. 3.17). Mean age-specific litter sizes for ages 2-5 were: 5.8 ± 0.8, 

8.3 ± 1.9,10.3 ± 2.5, and 12.5 ± 2.4, respectively, with sample sizes of 5,12,6, and 4, 

respectively. Even though these means are based on small samples, they fit the expected 

pattern, assuming a linear correlation between age and mean litter size. A regression 

through the four means plotted on age showed a tight relationship (r2 = 0.998).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



147

A Preliminary Life Table and Population Projection

Life tables and population parameters are so rarely known for snakes that most of 

our knowledge on this subject is summarized by one table in Parker and Plummer (1987). 

The data on 16 snakes in that summary are acknowledged to be imprecise, but with so 

little information, any contribution is valuable. Estimates of life table parameters are 

available for one rattlesnake species, northern Crotalus viridis populations from Utah 

and Canada. The LHs of these populations are characterized by high adult survival 

(70.3% annually), long generation time (7.2 years), high longevity (14.3 years), low 

fecundity (x = 6.0), and low reproductive frequency (bi-triennial). These figures are in 

contrast to those expected for C. cerastes, and even a crude comparison should be 

informative. Because juvenile snakes are so secretive, estimates of juvenile mortality are 

almost never available (Parker and Plummer, 1987). Lack of information about juvenile 

mortality prevents construction of a completely objective life table for C. cerastes, but 

with the estimate of age specific fecundity (see above) it is possible to approximate 

juvenile mortality with a few assumptions.

In the following exercise, I endeavor to make all assumptions explicit. For 

brevity, I use the notation A2, A3, A4, etc. = age 2, age 3, age 4, etc. From Chapter 2 we 

know that there are three rattle segment classes (RSCs) for any given yearly age cohort, 

but that two of those RSCs characterize the cohort during only half of the year, and also 

characterize a different (previous or subsequent) cohort during the other half of the year. 

Therefore, we can assign either the upper or lower two RSCs to a cohort for simplicity. 

Using females of the population from JV and vicinity (Fig. 2.7B) and assigning the upper
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RSCs to age classes, we get: RSCs 5-6 = A2 (n = 21), RSCs 7-8 = A3 (n = 22), RSCs 9- 

10 = A4 (n = 7), and RSCs 11-12 = A5 (n = 3). Indeed, the actual numbers for estimated 

ages are close to these figures, but because reproductive information is lacking for a few 

animals these estimates will suffice. There are clearly some A2 individuals missing from 

the sample, but the number can be approximated from available evidence. Since 

reproductive information is known for all but one A3 female, the observed reproductive 

frequency of A3 females (see above) suggested the following logic: 1) five of 16 A3 

females (31%) delayed reproduction, and the remaining 11 reproductive A3s also 

reproduced at A2,2) four of those 11 females (36%) skipped reproduction as A3s, 3) the 

number of A2 reproductives should be proportional to the number of A3 individuals 

known to have reproduced at A2, but this estimate ignores mortality from A2-A3,4) to 

offset this omission, we use the conversion from 5 to 11 (= 2.2) to enlarge the observed 

number of A2s (=21), and then calculate how many reproductive A2s might be present 

using the observed 43% (from Reproductive frequency above) of A2 reproductives, 5) the 

math yields 46 A2 females, 20 reproductive, 7 of which will skip reproduction at A3, and 

26 non-reproductive delayers. These numbers imply that 9 of 20 A2 reproductive 

females die and are not accounted for, and this mortality estimate is quite close to that 

observed from A3-A4.

So many assumptions rightly engender skepticism, so further support is needed.

In essence, we are assuming that reproductive condition somehow affects the probability 

of capture, so the observed proportions of non-reproductive to reproductive A3 females 

should be similar to that of A2 animals, and indeed there were 4/11 A3 and 6/14 A2 non-
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reproductive females. The similarity, though supportive, is not particularly convincing, 

so we proceed with caution. For the life table calculations, the frequencies of 

reproduction and delayed maturity must be built into the model by reducing the expected 

number of offspring per female in A2 and A3, and this reduction should apply to the 

initial calculation of total crop of young. Thirty-six percent of A2s skipped reproduction 

at A3, so the reproductive potential of A2s moving into age class 3 must be discounted 

by this percentage, but we assume also that those A2 females that did not reproduce 

(31%) will do so at A3 (the remaining 33% reproduce in both years). The math yields 

64% of A3 females reproductive, and we discount the output accordingly. Forty-three 

percent of A2 females were reproductive, so we discount their reproductive potential by 

this factor. We will assume that nearly all older females reproduce.

Multiplying the figures for number of reproductive females by the observed age- 

specific fecundity for this population, we get an initial crop of 342 young, half of which 

(171) are females, but we still lack an estimate of survivorship from age zero to age one.

I used a graphical approach (Fig. 3.18) to estimate this value, assuming that a smooth 

curve would describe the function, and arrived at 95 one year old survivors. This curve is 

remarkably similar to a survivorship curve predicted by LH theory based on the 

relationship between age at maturity and mortality (Shine and Chamov, 1992, see 

Chapter 4).

The evidence that the assumptions approach reality is encouraging, so with these 

approximations, I constructed a life table (Table 3.1) and calculated values of net 

reproductive rate, or expected lifetime production of female offspring {R0 = 1.003), the
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instantaneous rate of natural increase (r -  0.00074), mean generation time (G = 3.1 

years), and for each age class, reproductive value and residual reproductive value (RRV, 

Table 3.2). All quantities were manually calculated using equations from Steams 

(1992), but I used the age-structured population growth module in Populus (D. N. Alstad, 

Department of Ecology, Evolution & Behavior, University of Minnesota) to check my 

results, run simulations on the life table values, and examine how different assumptions 

effect the outcome of population projections. The simulations conformed to the 

expected outcome in describing a nearly stable population that was highly sensitive to 

perturbations in reproductive output, especially of young individuals. For example, an 

average reduction in mean reproductive output of 1.5% for either A2, A3, or A4 

produced a declining population, but a 4% reduction in AS fecundity was necessary to 

yield the same result. Leslie matrices (Leslie, 1945; 1948) for both pre- and post- 

reproductive populations are provided (Table 3.3), and the post-reproduction stable age 

distribution is shown in Fig. 3.19 with the original (reconstructed) age proportions 

superimposed. The stable age distribution given is from the 20th generation, but the 

proportions were essentially stable for all age classes by generation 7.

The simulations suggested that both age at first reproduction and fecundity are 

under strong selection, with both age/size-specific increase in reproductive output and 

early reproduction essential for population maintenance. The contributions of a few 

older females appear to be quite significant, but those of younger individuals are more 

so. Maturation time and litter size are important parameters influencing r, which is often 

used as a measure of fitness (Roff, 1992; Steams, 1992). If we accept that this model is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



151

reasonably accurate, then a fairly robust prediction is that the instantaneous mortality rate 

of juveniles (x = 0.62) is less than that of adults (x = 0.76), and is actually an increasing 

function with age (Table 3.2). Theory predicts that organisms should remain relatively 

longer in LH stages characterized by lower mortality. Thus the result for JV Crotalus 

cerastes, though perhaps counterintuitive, is not particularly surprising because the 

average juvenile period (2.57 years) is more than half of mean generation time (G = 

average age of mothers giving birth), so the juvenile period is 1.66 times longer than the 

average adult life span (= 1.55 years). When age-specific survival values were adjusted 

such that adult and juvenile mortalities were equal, the population declined rapidly.

Note, however, the distinction between mortality rate and number of individuals dying 

(D„ Table 3.1).

The estimation procedures used to reconstruct portions of the life table were 

largely based on creative use of data, rather than guesses, and the assumptions are 

substantiated by the principles of population biology. More than half of the values used 

in the life table are based strictly on observed numbers of individuals or observed 

reproductive rates. Nevertheless, small changes in life table values can have large effects 

on interpretations. Published life tables for snakes have sometimes used values adjusted 

to fit stable population (i.e., r = 0,Ro = l) assumptions (Seigel and Ford, 1987), but, 

fortunately, such adjustments were not necessary for the sidewinder life table, an 

encouraging result given lack of information on juveniles.
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Conclusions

The sidewinder rattlesnake differs from other rattlesnakes in a number of patterns 

and these differences seem functionally related to the ecology of this species. The 

reproductive cycles of females are largely similar to those of other rattlesnakes, but 

sidewinders appear to exhibit different patterns of follicular yolking depending on 

individual reproductive histories. Fat cycles may differ from those of other species (e.g., 

Crotalus atrox from Oklahoma) in being much reduced in gravid females, and female 

sidewinders may depend heavily on feeding opportunities during follicular yolking and 

early gestation.

Litter sizes do not increase as a simple function of body mass, as indicated by 

SVL versus litter size allometric coefficients close to 2. This pattern is explained by the 

positive correlation between female SVL and offspring mass. Larger females produce 

heavier, though not longer, young, but body condition may also influence offspring mass. 

The significance of this multi-factor trade-off may lie in an ecological benefit to 

producing young with larger energy reserves, perhaps a luxury that only large females 

can afford.

Delays in maturity and reproductive hiatuses reduce the reproductive potential of 

young adult females, but reproduction in these individuals appears to be essential for 

population maintenance. Females older than three years appear to rarely miss 

reproductive opportunities, and their contribution to population maintenance seems 

significant. The life table and population projection ignored females older than five 

years, but some females undoubtedly make it into their sixth year (or older). Their
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contribution to the population (if they reproduce) is, however, small at best owing to the 

relatively few young contributed by so few individuals. In the face of high adult 

mortality, exploiting the potential to produce heavier (higher quality?) young may be an 

important LH strategy for reducing mortality in juveniles, especially at the age when 

residual reproductive value quickly diminishes. Female mortality appears to increase 

with age, and the factor most implicated is physiological over-extension during 

reproduction. If feeding during the mid stages of the reproductive cycle is important to 

females, then each reproductive event may be a game of ecological roulette, with the 

ultimate consequences for losers. The low fat reserves observed in gravid females, 

annual reproduction, and high adult mortality support this interpretation, and a 

probabilistic explanation for adult female mortality based on a trade-off between 

reproduction and body condition seems to be a viable interpretation of the evidence. 

Regardless of the interpretation, the trade-off between current and future reproduction is 

well illustrated by female Crotalus cerastes. Although predation is likely an important 

influence on adult mortality, the habit of remaining close to a burrow during most of 

gestation probably minimizes this factor in reproductive females.

Like females, adult males exhibit stored fat cycles that correlate well with the 

seasonal demands of reproduction. Fat reserves are depleted in the spring and early 

summer probably owing to prolonged searches for females. Through the late summer 

and early fall months, fat stores are replenished, but the cycle reverses in mid autumn, 

when mating activity resumes. Seasonal testicular mass fluctuations closely parallel, and 

may result from, this fat cycle, rather than indicating a deviation in the usual pattern
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described by histology, but the seasonal distribution of sperm in the ductus deferens 

indicates that the main onset of spermiogenesis is later than that observed for many other 

rattlesnakes. Only histological examination of testes will resolve this issue (Goldberg 

and Reiserer, in progress). The spring mating season is longer than that of autumn owing 

to the timing of births (mid-late fall) and subsequent availability of large numbers of 

receptive females, and spring may be the main breeding time for sidewinders. The 

sparse distribution of females appears to impact the biology and LH of male sidewinders, 

with likely influences ranging from seasonal declines in body condition to increased 

mortality, but the annual reproductive potential of females probably ameliorates these 

consequences and perhaps reduces the evolutionary impetus for male-male combat.

Given all of the evidence (see also discussion in Chapter 2) it seems unlikely that male 

sidewinders engage in ritualized combat under natural conditions, but further 

experimentation is needed to substantiate claims of either persuasion.

Sidewinders are characterized by one of the most accelerated life cycles known 

among rattlesnakes, with adult females living on average about 3.3 years. Annual 

reproduction seems obligate with such short life spans, and females that reach adulthood 

can expect to produce about two litters during their lifetimes. The cost of such a life 

cycle, however, might only be manifested in reduced life spans, and the reproductive 

potential afforded by such a LH may add distinct benefits to population dynamics (and 

individual fitness) in terms of potential for recovery from the catastrophic population 

declines that are expected in fluctuating environments. This fast-paced LH strategy may 

be a key feature that allows Crotalus cerastes to thrive in certain habitats that other
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rattlesnake species apparently cannot exploit. We might also ask, however, what are the 

features of sidewinders and their habitats that permit this LH strategy? The most evident 

features are: 1) Prey may be available throughout most of the year. For example, small 

lizards (e.g., Ufa stansburiana) are active on warm days in January and heteromyid 

rodents are noctumally active throughout most of the year in the Mojave Desert (pers. 

obs.). 2) Thermoregulation, via heliothermy, at or near optimum may be possible 

throughout most of the year for small bodied snakes, such as C. cerastes, whereas larger 

bodied species (e.g., C. scutulatus and C. mitchelli) living in the same or nearby habitats 

may need to remain inactive through the winter months. 3) Thermoregulation (and 

perhaps feeding) may be possible when sidewinders are concealed, owing to the thermal 

properties of burrows (Reiserer, unpublished thermal data). 4) the rapid transit afforded 

by sidewinding locomotion may favor location of both hunting sites and receptive mates. 

And 5) caudal luring by juvenile sidewinders (Reiserer, in press) may lower foraging 

costs in young snakes, allowing them to grow faster than sympatric rattlesnake species 

(e.g., C. scutulatus and C. mitchellii) that do not employ that behavior. The low energy 

lifestyle of C. cerastes as compared to other snakes (Secor and Nagy, 1994) may 

facilitate exploitation of these ecological opportunities, as well as permitting the 

relatively high energy reproductive expenditures that apparently dominate the LH 

strategy of female sidewinders.
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Table 3.1. Life table for Crotalus cerastes from Johnson Valley, San Bernardino Co., 

California, with standard parameters: x  = age, Sx = number of survivors, Dx = number 

dying, dx = probability of dying from Jttox+ \,p x = probability of surviving from jctoo: 

+ 1, lx = probability of surviving from birth to x, mx = age specific birth rate, = 

lifetime expected production of female offspring (net reproductive rate).

JC D* d* Px h m x l X ™ X

0 171 76 0.444 0.556 1.000 — —

1 95 49 0.5.16 0.484 0.556 — —

2 46 24 0.522 0.478 0.269 1.25 0.336

3 22 15 0.682 0.318 0.129 2.66 0.343

4 7 4 0.571 0.429 0.041 5.15 0.211

5 3 3 1.000 0.000 0.018 6.25 0.113

6 0 --------- "

Ro  = 1.003
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Table 3.2. Age-specific reproductive value (RVX), residual reproductive value (RRVX), 

and mortality (Mx_x+I) for Crotalus cerastes from Johnson Valley, San Bernardino Co., 

California.

JC RVx RRV* Mx-x+i

0 1.00 1.00 0.587

1 1.80 1.80 0.657

2 3.73 1.48 0.683

3 5.17 2.51 0.799

4 7.91 2.76 0.803

5 6.30 0.05 1.000
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Table 3.3. Population projection matrices for post-reproductive (A) and pre-reproductive 

(B) populations of Crotalus cerastes from Johnson Valley, San Bernardino Co., 

California. Those unfamiliar with such matrices are referred to Leslie (1943; 1948) or 

Steams (1992) for interpretation.

A. Post-reproduction projection matrix

0.0 0.605 1.276 1.637 2.744 0.0

0.556 0.0 0.0 0.0 0.0 0.0

0.0 0.484 0.0 0.0 0.0 0.0

0.0 0.0 0.480 0.0 0.0 0.0

0.0 0.0 0.0 0.318 0.0 0.0

0.0 0.0 0.0 0.0 0.439 0.0

B. Pre-reproduction projection matrix

0.0 0.695 1.479 2.863 3.475 0.0

0.484 0.0 0.0 0.0 0.0 0.0

0.0 0.480 0.0 0.0 0.0 0.0

0.0 0.0 0.318 0.0 0.0 0.0

0.0 0.0 0.0 0.439 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0
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Figure Legends

Figure 3.1. Relationship between freshly dissected fat masses and reconstructed original 

mass from solid and liquid components of preserved samples (A), and relationship 

between fresh fat mass and mass lost from the solid fat body (B). All fat samples were 

from Crotalus cerastes.

Figure 3.2. Follicular enlargement cycle of Crotalus cerastes. Circles = maximum 

diameter of largest follicle present; squares = minimum diameter of same follicle; error 

bars = standard deviation.

Figure 3.3. Follicular enlargement patterns in Crotalus cerastes. Symbols indicate 

means and standard deviations of maximum diameters of largest follicles from females 

reproductive in the year of preservation (open circles), not reproductive in the year 

preserved (squares), and first year females that would likely have become reproductive in 

the year following preservation (solid circles).

Figure 3.4. Relationship between testis mass and testis volume (= cube described by 

testis dimensions) for Crotalus cerastes.

Figure 3.5. Month vs. residuals from a regression of reconstructed testis mass on body 

length (SVL) of male Crotalus cerastes. Means of residuals appear as large unfilled 

circles with standard deviation error bars.
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Figure 3.6. Month vs. residuals from a regression of testis volume on body mass of male 

Crotalus cerastes. Means of residuals appear as large unfilled circles with standard 

deviation error bars.

Figure 3.7. Month vs. residuals from a log normal regression of body mass on SVL of 

male Crotalus cerastes. Regression line included for reference.

Figure 3.8. Month vs. residuals from a regression of fat mass on body mass of male 

Crotalus cerastes.

Figure 3.9. Log normal plots and regressions of body mass on SVL for gravid (solid 

circles) and non-gravid (open circles) female Crotalus cerastes.

Figure 3.10. Log normal plots and regressions of body mass on SVL for gravid female 

(solid circles, dotted line), non-gravid female (open circles, dashed line), and male 

(triangles, solid line) Crotalus cerastes.

Figure 3.11. Plots and regressions of fat mass on body mass for gravid female (solid 

circles), non-gravid female (open circles), and male (triangles, dashed line) Crotalus 

cerastes.
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Figure 3.12. Plots and common regression of neonatal SVL on maternal SVL for seven 

Crotalus cerastes females with young. Different symbols designate females and their 

litters for this and subsequent plots. Open symbols = California females, solid symbols 

= Arizona females.

Figure 3.13. Plots and common regression of neonatal mass on maternal SVL for seven 

Crotalus cerastes females with young. Different symbols designate females and their 

litters for this and other plots. Open symbols = California females, solid symbols = 

Arizona females.

Figure 3.14. Plots and common regression of neonatal mass on maternal post-parturient 

mass for seven Crotalus cerastes females with young. Different symbols designate 

females and their litters for this and previous plots. Open symbols = California females, 

solid symbols = Arizona females.

Figure 3. IS. Plots of litter and female characteristics for seven Crotalus cerastes mother 

and young sets. A -  log normal plot of litter size on female SVL; B = Litter mass on 

post-parturient (PP) female mass; C = PP female mass on body condition index (BCI); D 

= mean neonatal mass on PP female mass; ** = female (FI) with young larger than 

expected; * = female (F2) with young smaller than expected. See text for details.
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Figure 3.16. Log normal plot and common regression of litter size vs. female SVL for 

Crotalus cerastes. Different races are designated by different symbols: cerastes = solid 

circles, cercobombus = open circles, laterorepens = triangles.

Figure 3.17. Plot and regression of age class vs. reproductive potential (litter size or 

enlarged follicles) for Crotalus cerastes from Johnson Valley, San Bernardino Co., 

California. Open circles indicate the means for each age class. Some hidden 

observations are present.

Figure 3.18. Reconstructed (symbols and solid line) and theoretical (dashed line) 

survivorship curves for a population of Crotalus cerastes from Johnson Valley, San 

Bernardino Co., California. Open circles = reconstructed values; closed circles = 

observed values. See text for details.

Figure 3.19. Stable age distribution for female Crotalus cerastes from Johnson Valley, 

San Bernardino Co., California. Solid portions of each bar = age distribution after 20 

generations; open portions of bars = original (reconstructed) age distribution. See text 

for details.
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Figure 3.2
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Figure 3.3
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Figure 3.6
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Figure 3.7
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Figure 3.8
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Figure 3.11
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Figure 3.12

185 -i

180 -

175 -

£  170-

165 -

160 -

155 -

150
440 460 480 500 520 540 560 580

Maternal SVL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N
eo

na
te 

m
as

s

175

Figure 3.13

8

7

6

5

4

3

440 460 480 500 520 540 560 580

Maternal SVL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N
eo

na
te 

m
as

s

176

Figure 3.14
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Life History Variation in Rattlesnakes

Introduction

Many aspects of the life histories (LHs) of reptiles are tied to body size, but 

variation in growth rates of ectothermic vertebrates has impeded progress in the search 

for inter- and intraspecific LH patterns (Case, 1978). Highly variable growth rates are 

likely associated with a strategy for energy conservation, which allows reptiles to persist 

in places of low or temporally limited resource availability (Andrews, 1982), and instead 

of viewing this variability as a hindrance to the discovery of LH patterns, I view it as an 

intrinsic component. Recent work has explored growth and body size relationships in the 

LH traits of reptiles with encouraging results (e.g., Chamov and Berrigan, 1991; Shine 

and Chamov, 1992; Stamps et al., 1998), and I explore the implications of these works in 

my analysis of rattlesnake LHs. This chapter is concerned with identifying the allometric 

patterns of LH variables in rattlesnakes, but it is also motivated by theoretical 

perspectives; specifically, with exploring and testing the predictions made by current LH 

models. I begin by inquiring further into theoretical topics introduced in Chapters 1 and 

3, progress to the subject of allometric relationships among species and populations of 

rattlesnakes, and conclude with a discussion of the variation in LHs of rattlesnakes and 

possible evolutionary interpretations of those patterns.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



188

General Methods

Literature records, data from personal communications, and my own data were 

compiled for the analyses herein. I collected available data on maximum and average 

adult size in snout to vent length (SVL), age and SVL at maturity for females, litter size, 

offspring SVL and mass, and sexual size dimorphism (SSD). The latter were usually 

calculated from mean differences of large samples, but in a few cases I used differences 

between maximum records, and I identify them as such. Not all data were available for 

all species, and some species were excluded owing to insufficient sampling. Because 

these data were so scattered in the literature, with some publications containing data for 

many species and others with only one datum for one species, with few exceptions, I list 

all of my sources in the appendix to this chapter without reference to the data extracted 

from them. Length measurements taken from Klauber (1972) are separately referenced 

in the appendix tables because they required conversion to values consistent with later 

works, and I explicitly identify these conversions. I also used values for the largest 

specimen that he measured, and these were usually males. Male total lengths were 

converted by first multiplying by the male specific conversion factor (given by Klauber) 

to eliminate tail length, then multiplying by 0.8S—the conversion from male to female 

SVL, given that large females are usually 15% smaller than large males (Klauber, 1972). 

The last step was omitted for Sistrurus miliarius, which shows little SSD. Although 

admittedly imperfect, owing to differences in SSD among species, I prefer to use a 

uniform method to facilitate other conversions. Despite having measures of SSD for a 

number of species, I did not use these values to convert Klauber’s data because they were
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calculated from mean adult SVL rather than the maximum. Because size differences 

probably become larger with age, I chose standardization over further speculation 

regarding these data. For minimum mature female length, I used Klauber’s female 

specific conversion to obtain SVL.

As a reference for future work, I used theoretical models to calculate various 

values and these predictions are provided in tabular form (Appendix Tables A4.1 and 

A4.2). Because I wish to further research in this field and there are numerous ways to 

interpret relationships between the values that I used, I present all data in the appendix. 

When my values differed from those reported in the literature I either used my values or 

present both sets.

Points of Reference and Variability in Growth and Life Histories

There are three reference points in the growth of reptiles: 1) size of 

neonates/hatchlings, 2) size at maturity ( la ), and 3) asymptotic size (Andrews, 1982). 

The first of these is relatively uniform within populations of rattlesnakes, and sometimes 

within species. The last two can be highly variable. Examination of growth data for 

rattlesnakes (e.g., Fig 3.4 in Chapter 2, Fig 2 in Diemer Berish 1998), shows that not all 

individuals reach the maximum asymptotic size (/«,) for a given population or species. 

Indeed the asymptote is divisible into upper, lower, and mean. At present, we do not 

understand the causal factors producing the variation in the upper growth limit, but 

Stamps et al. (1998) suggested that size at maturity places the cap on terminal size. Their 

simulations are valuable, but they largely ignore environmental influences on maturation
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and growth, and do not address why some individuals mature later than others. This is an 

important question, because our interpretation would change depending on whether 

larger or smaller individuals delayed maturity.

The proximate factors involved in age and size at maturity will likely influence 

how we view the ultimate factors influencing LH evolution in rattlesnakes. Much 

emphasis has been placed on maximum size records for reptiles (see, e.g., Conant and 

Collins, 1991), but there may be a limit to the value of these novel observations for LH 

studies. Such records are thought to represent the upper limit of growth for a species, but 

it is questionable whether they accurately represent growth potential, and use of such 

data may be analogous to representing human life expectancy by sampling 110 year-old 

men. Nevertheless, for many species the absolute upper and lower boundaries of mature 

size are the only Arm reference numbers reported, and I have used them cautiously in the 

following analyses.

In Chapter 2 1 showed that linear body size was highly correlated with rattle 

dimensions in Crotalus cerastes, and this correlation has been confirmed for other 

species as well (e.g., Beaupre, 199S; Beaupre et al., 1998; Fitch and Pisani, 1993; 

Klauber, 1972). Thus every rattlesnake specimen with a complete rattle comes with a set 

of data that approximates its growth and, because neonatal size is highly uniform within 

populations, even those specimens with the button missing can be included in analyses. 

These rattle data can be translated into body sizes and used to model growth with 

standard equations. However, before we can be confident in the results of such analyses, 

we must examine the assumptions of this analytical paradigm. SVLs reconstructed from
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basal rattle segment data for female C. cerastes showed no significant difference 

between observed and calculated values (paired t-test: / = 1.06, d f= 66.0, P = 0.2948), 

with nearly reciprocal errors (mean difference = 4.1 mm± 3.9 SE). Error was large in 

18% of 67 cases and potential error increased with size of specimen. These findings 

suggest caution in drawing conclusions, but reasonable certainty exists for younger 

snakes experiencing rapid growth.

To examine the relationship between growth, maturation, and size, I plotted SVLs 

reconstructed from rattle data of 10 female sidewinders from Johnson Valley, San 

Bernardino Co., California, for which maturation information was known. I used 

observed SVL for the terminal size instead of reconstructed SVL. The specimens were 

either first or second time reproductives. All first time delayed maturation females and 

second time reproductives were examined by dissection to verify their previous year’s 

reproductive status (i.e., by presence vs. absence of ovulation scars). Only snakes with 

seven or fewer rattle segments (£ 3  years old) were included in the analysis, so none 

could have been reproductive more than twice. Late maturing females grew more slowly 

than those maturing early (Fig. 4.1), suggesting that early feeding success is the 

proximate determinant of age at maturity in this species. Examination of similar data for 

35 individual females (Fig. 4.2) revealed extensive variation in growth, and there was a 

strong statistically significant tendency for females with fast early growth to maintain 

superior size (Table 4.1). There was an initial trend for fast growing individuals to drop 

out of the sample with increasing rattle number, but the two oldest females (10 and 11 

segments) showed fast early growth. Using methods similar to those applied in Chapter
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2, the mean asymptotic SVL for these females was 476 mm. Curves were generated to 

roughly describe the boundaries of the data. The best fits were curves that yielded upper 

(53S mm) and lower (416 mm) asymptotes of equal distance from the mean, and with 

equal differences of K  from the meanK  value (x = 0.37, upper = 0.43, lower = 0.28). As 

noted in Chapter 2, these growth constants apply to physiological time (shedding 

interval) rather than chronological time, and adjusting rattle data for variation in juvenile 

and adult shedding rate is necessary for a more a accurate estimate of K. However, the 

magnitudes of differences between the asymptotes and the K values should not be 

affected by not adjusting these data.

These simulations suggest that both the growth constant and asymptotic length 

are subject to variation within populations, and that age at maturity is influenced by 

factors effecting growth prior to maturation. In Chapter 2 1 showed that females which 

matured late also matured at greater SVLs than those that matured one year earlier, but 

the conclusion that those females go on to become the largest individuals in the 

population would be false. My data support the opposite conclusion, showing that early 

maturing, smaller females are more likely to be larger than those maturing late at larger 

sizes. These observations do not refute, but rather qualify the findings of Stamps et al. 

(1998), who showed that size at maturity significantly influenced terminal size in Iguana 

iguana.

Asymptotes can be approximated for a combined sample of male and female 

Crotalus adamanteus from data presented by Diemer Berish (1998, Fig. 2, p. SSS). This 

species is the largest of rattlesnakes, reaching SVLs of l.S m or more. Only a portion of
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the observed variation can be attributed to females, but the apparent range of variation 

(ca. 400 mm) between upper and lower asymptotes is large. However, if the female 

asymptote for C. adamanteus is 10% that of males (assuming that the lower asymptote is 

defined by females), then the relative range (range * upper asymptote) is similar for both 

C. adamanteus and C. cerastes.

These data suggest that 1) fast early growth correlates with early maturation and 

larger terminal size, and 2) that there is reasonable uniformity in relative size ranges of 

large and small rattlesnakes which have reached terminal size. Therefore, using data 

from small gravid females and large adults to estimate /a //00 (see below) is a valid 

procedure for exploring the allometry of growth among and within species of 

rattlesnakes. This method can only estimate maximum growth, and probably only 

applies to the earliest maturing females. A complete understanding of LH variation as a 

function of growth will require analyses that consider all of the variation in la and /„.

Allometric Relationships Between Age at Maturity and Growth

The linkage between five of the most important and predictive LH traits, age at 

maturity(a), size at maturity ( /tt), the instantaneous mortality rate (M), the growth 

constant (AO, and terminal size ( /„ )  has been demonstrated for representative birds, 

mammals, squamates, fishes, crustaceans, and echinoderms (summarized by Chamov 

and Berrigan, 1990). If these correlations hold generally, they represent potentially 

powerful tools for investigating the evolutionary and ecological dynamics of LH traits. 

To summarize the discussion presented in Chapter 2, assuming a von Bertalanffy growth
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model with the equation:

/ , . u i - e * * ) ,

the following theoretical relationships have been identified: 1) K  and M  are proportional, 

an KIM tends to be constant within taxonomic groups; 2) la is proportional to /«,, such 

that /a //oo is a within group constant; 3) it follows that

/ « / / . - 1

4) if the above relationships hold then groups with constant /a //oo must also share a 

constant K'Ct value; and 5) if they also share the same KIM ratio then M a  is likewise a 

shared constant. M' a  neatly summarizes the relationship between the prereproductive 

period (a )  and adult life span (1/A/). In addition, the relationship between Logg M is 

thought to scale with Logg a  with a slope of approximately -1. If these patterns are true 

for rattlesnakes, then predictions can be made regarding unknown parameters (i.e., K, M) 

even for poorly known species when a , /a , and lm are known. Shine and Chamov 

(1992) obtained a mean lallw value of 0.71 and a regression slope of 1.34 for /«, on la .

Rattlesnakes (all populations and species in my sample, n =37) had a mean la ll„  

of 0.72 ±0.11, with a regression slope of 1.27 (r2 = 0.800, P < 0.0001), quite close to the 

values reported by Shine and Chamov (1992). Fig. 4.3 shows the relationship between 

age at maturity and terminal (asymptotic) SVL for rattlesnakes. The plot includes 

species, races, and populations as outlined in Table A4.1 in the appendix. One species, 

Crotalus basiliscus, was an outlier, and when excluded the mean becomes 0.723, with a 

regression slope of 1.18 (r2 = 0.864). Using one representative of each species, and only 

those for which no male-based estimation was made (excluding C. basiliscus), produced
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a slope of 1.41 (r2 = 0.920), and a mean la ll„  of 0.72 ± 0.07 (n = 14 species). These 

values are remarkably close to those for squamates in general, and indicate that 

rattlesnakes follow similar rules governing growth and maturation. It is tempting to 

assert that rattlesnakes also have mortality rates similar to those of other squamates, but a 

complete test of this hypothesis awaits acquisition of the appropriate data. The 

predictions made by LH theory and the fit of current information to those predictions is 

the topic of the next section.

Size Relationships and Mortality

The mean M-a value reported by Shine and Charnov (1992) was 1.5 for 

squamates, and their equation relating mortality to growth was K =.04 + .95M  If there 

is a constant that describes the relationship between mortality and age/size at maturity, it 

is important to know it precisely, because variation in this constant has a strong influence 

on population parameters, especially for taxa that mature early. To illustrate this point I 

present theoretical projections of survival and mortality using different M'CL values for 

Crotalus cerastes and northern C. horridus (based on Brown, 1991) in Table 4.2 and Fig. 

4.4. These values can be compared directly to the implied adult mortality rate derived 

for C. cerastes from rattle data in Chapter 2 and to the population parameters presented 

in Chapter 3. For C. cerastes in general, the numbers provided by Shine and Chamov 

(1992) predict that survival from one age class to the next (e’xt) will be 0.47 for 

individuals maturing at age 2, and 0.61 for those maturing at age 3. Female sidewinders 

mature at both ages so a functional mean survival rate of 0.54 is appropriate for an
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approximate juvenile period (= 0 ) of 2.5 years. If M a  = 1.5, then M = 0.60, and 

average adult life span (1/M) = 1.7 years, giving an average adult age of 4.2 years. 

Comparison of the implied survival of individuals from year to year shows a remarkable 

fit with theoretical predictions. Starting with the 43 second year individuals in rattle 

segment classes (RSCs) 5*6 in Fig. 2.7A of Chapter 2, a constant survival rate of 0.S4 

would give the following predicted values with observed values in parentheses 23.2 (33), 

12.S (14), 6.8 (7), and 3.7 (2). Note that late maturing individuals (those maturing in 

RSCs 7-8) should tend to inflate the first observed value if we assume that mortality of 

similarly sized individuals is higher for reproductives. Theoretical values predict 

mortality rates slightly lower than those presented in Chapter 3, perhaps because the 

latter consider variation in age at maturity. When the minimum age of maturity (= 2 

years) is used, the values agree more closely (i.e., theoretical M = 0.7S, average adult M  

= 0.76 from Chapter 3). This observation suggests that ignoring variation in age at 

maturity may yield inaccurate assessments of adult mortality, and that quantities 

claiming to apply generally should be explicit about which age (minimum, average, etc.) 

was used.

I also analyzed data for Crotalus viridis from Kansas (Fig. 4.S) taken from Fitch 

(1998) for a sample examined during four seasons of a rattlesnake roundup, and for C. 

horridus from spring and fall sampling in northeastern Kansas (Fitch, 1985a). The C. 

viridis sample was skewed toward adults, but the largest subset of females consisted of 

newly matured individuals of rattle segment class (RSC) 7. Because the shedding rate in 

this population was not known with certainty, I used rattle number as a proxy for the time
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unit. Fitch (1998) suggested that mature females shed once per season, so time units 

based on rattle number should approximate yearly cohorts. To simulate even mortality 

across age classes (= rattle number), I used numbers adjusted to produce a straight line 

relationship from rattle segments 7-14 ( -  Type II survivorship curve). The line 

intersected near the top of all but the bar representing RSC13, so my adjustments to 

observed numbers were minor. By this method, the year to year survival rate was not 

linear, ranging from 0.87 to 0.2S, with a mean of 0.64. The oldest individuals in Fitch’s 

sample seemingly experienced the highest mortality from one age class to the next, with 

an apparent Type I survivorship, but the numbers may reflect selection of larger 

individuals by rattlesnake hunters, which might inflate the numbers of the most available 

snakes (mid to large sized) while not effecting the number of more rare (largest) 

specimens. Taking the mean of survivorship should adjust the value for any shape of 

curve. The mean of 0.64 corresponds to 3-4 years at maturity, precisely what Fitch 

(1998) determined for Kansas G viridis, but a better estimator (given the nature of 

potential bias) might be to find the mid-point between mature aged snakes and the 

observed maximum age. The two logical methods for accomplishing this calculation 

(count of classes and division by two, and division of the number of adults sampled into 

two equal halves) produced the same result—a snake with 10 segments appears to 

represent the average post maturation life expectancy. If Fitch’s (1998) estimates are 

correct then these snakes are about 6 years old, a very good match to the theoretical value 

(average adult life expectancy = 5.8 years) for snakes maturing at an average age of 3.5 

years.
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Another way to approach this problem is to calculate a predicted mortality rate 

based on growth information (i.e., using K). From the equation of Shine and Chamov 

(1992), above, and the K  value for Kansas Crotalus viridis (see Appendix) this 

calculation produces a mortality of 0.S0, exactly that of a rattlesnake maturing in three 

years. The growth curve (and K) were calculated for the earliest age of maturity (see 

above), so this result agrees with the above estimate. Other populations of C. viridis 

have mortality rates (from Parker and Plummer, 1987) consistent with M'Ct = l.S, but 1 

do not include them here because they were used in Shine and Chamov’s (1992) analysis 

to derive M '(t.

The Crotalus horridus sample was relatively small (n = SO females), but Fitch 

(198S) could estimate ages based on size classes and observed shedding frequency. 

Despite the small sample size and a few records missing for intermediate aged adult 

females, his data fit theoretical predictions fo rM a = 1.5, with a known a  = 4. From his 

sample of four-year-old females (n =10), given equal sampling probability and a 

theoretical survival rate of 0.69, ages past 10 years should be rare or absent, and this was 

his observation. As with the C. viridis example, adult mortality calculated from the 

growth constant is consistent with values predicted from age at maturity. Fig. 4.6 depicts 

the relationship between values of adult mortality predicted from AT versus those 

predicted from known minimum ages of maturity for several rattlesnake species and 

populations. These data are dependent only to the extent that they rely on the 

assumptions of the von Bertalanffy growth model, and the relationship is highly 

significant (r2 = 0.72, n = 19, P  < 0.0001).
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Despite the apparent fit of data to the model, there are good reasons to continue 

efforts to refine K ta . Analysis of data for males may find a substantially different value 

for M' a  and, given current knowledge about sexual differences in field samples, it is 

likely that this would be the case. Male sidewinders, which mature before females, fit a 

theoretical model with A/*a = 1 or 0.7S much better than with M-a = l.S, and numerous 

other authors have noted the apparent differences in male and female mortality (e.g., 

Fitch, 1998; Fitch, 1985a; Julian, 1951; Klauber, 1972). Male rattlesnakes may differ 

from females in mortality for a number of reasons and I suggest two hypotheses to test:

1) the formidability function (see Chapter 1) has less effect on females than on males 

because higher costs of reproduction in females override any defensive benefits of being 

larger, 2) males have a different value of A/* a  due only to differences in reproductive 

costs, with no interaction from formidability. The former hypothesis would be supported 

if males show a reduction in mortality as size increases (i.e., mortality rate becomes a 

positive function with size at some point), whereas the former would gain support if 

mortality rate is even over all size classes. Hypothesis I is supported by data on 

sidewinders, which have maximum natural life spans that are not consistent with the 

initial mortality rate. I separated males from females in my calculations, whereas those 

of Parker and Plummer (1987), and therefore Shine and Berrigan (1992), include males 

in adult mortality estimates. Potential differences in the mortality of males and females 

would indicate that future efforts should separate calculations for the sexes unless it is 

demonstrated that they do not differ in mortality. Nevertheless, the rattlesnakes tested fit 

the predictions of the model, suggesting that A/* a  ~ 1.5 for rattlesnakes.
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The relationship between body size and theoretical mortality rates, derived from 

the two methods of calculation (i.e., K = .04 + 95M and M a  = 1.5), can be examined 

for several rattlesnake taxa in Fig. 4.7. The relationship between mortality and body size 

appears to conform to the expected result—nonlinear and negative. The relationship in 

Fig. 4.7B, naturally, mirrors that of K  versus body size (see below), filtered through the 

equation of Shine and Chamov (1992), but that in Fig. 4.7A is based on the A/*a 

proportionality. Note that the general relationship between data points would remain, 

given transformation by other theoretical proportionalities and/or linear equations.

To further examine the assumptions of the model and to facilitate future 

comparisons, I constructed Table 4.3 using M 'd = 1.5 and the range of known or 

potential values of a  in rattlesnakes. A striking feature of the model is the prediction 

that snakes (and lizards) maturing at one year would be either functionally semelparous 

or nonexistent because, on average, they would live for only 0.67 reproductive 

opportunities. I could find no examples of snakes that mature in one year in the 

literature, and it seems unlikely that such a LH could exist. However, examples of 

lizards were not uncommon (see e.g., Parker and Plummer, 1987). The lower boundary 

for age at maturity in snakes seems to be two years, and Crotalus cerastes is the only 

species of rattlesnake known to achieve reproductive status at such an early age.

Allometry of Growth and Age at Maturity

It seems peculiar to inquire about the allometry of growth, since the former is 

defined by the latter, but to determine how K  varies with body size among species, it is a
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useful queiy. We might expect that species attaining large adult sizes grow faster than 

smaller species or—as demonstrated by Stamps, et al. (1998) to be the intraspecific 

pattern in iguanas—that larger size correlates with delayed maturity. Earlier, it was 

demonstrated for sidewinders that fast growth correlates with early maturity, but 

interspecific data on rattlesnakes supports conclusions similar to those of Stamps, et al. 

(1998), with K  exhibiting a negative correlation with maximum SVL (Fig. 4.8), and 

minimum age at maturity showing a weak positive relationship (Fig. 4.9). In other 

words, larger species generally grow slower and mature later than smaller species. The 

difference in direction of correlation at different taxonomic levels might result from 

different levels of causation, the intraspecific or intra-population pattern being related to 

proximate mechanisms (e.g., energetics) and the interspecific pattern linked to ultimate 

causality (e.g., evolution of body size or its LH correlates).

Allometry of Reproductive Traits

Patterns of variation in reproductive traits may narrow the possible evolutionary 

explanations for increased body size. Rattlesnakes are a good squamate model with 

which to study the evolution of fecundity and reproductive costs because, unlike lizards, 

interpretations are not so complicated by diversity in body form. The lack of alternate 

locomotor demands and different reproductive modes reduces the necessary assumptions 

(see discussion in Seigel et al., 1986). Body shape may be important in determining how 

much abdominal space can be allocated to developing offspring (Shine, 1992), and the 

allometry of reproductive traits may help focus attention on the pressures that most
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strongly influence this allocation. All data used in the following analyses are provided 

with reference sources in the appendix, so I focus my attention mainly on the patterns of 

variation, and place less emphasis on reporting satisfies.

Body size vs. litter size—Positive correlations of litter size with female size are 

the norm for snakes, and a strong relationship between these variables is reported in 

nearly every detailed study of reproduction in rattlesnakes (see e.g., Fitch, 1970). 

Intraspecific patterns of variation in litter size was reviewed for several rattlesnakes by 

Fitch (1985b), and his analysis revealed both increasing and decreasing latitudinal trends 

in litter size. Here I discuss inter- and intraspecific trends in litter size as a correlate of 

female body size. This relationship is depicted in Fig. 4.10 for all species and 

populations for which data were available. Two plots, representing non-transformed 

values (A) and log normal transformed data (B), are provided for comparison. Because 

litter size often increases as a cubic function of body size, logarithmic transformation has 

been recommended for both intra- and interspecific regressions of these parameters 

(King, 2000). Transformation did not improve the correlations (r2 = 0.34 untransformed, 

r2 = 0.30 transformed), but the relationship was highly significant (n = 51, P < 0.0001). 

The log plot illustrates the poorly defined correlation between the variables and better 

distinguishes one of the outliers. The three apparent outliers, Crotalus basiliscus, C. 

durissus, and C. viridis caliginus are evident in Fig 4.10B. Unfortunately, mean litter 

sizes for these species are based on a few records (13,6 and 7, respectively, see Fitch, 

1985b; Klauber, 1972), but these data are noteworthy. Crotalus basiliscus is credited
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with the largest litter (60) of any species of rattlesnake, and the smallest litter recorded 

from this species consisted of 14 young. The two races of C. durissus from which 

records were taken also have extraordinarily large litters (second only to C. basiliscus), 

with a maximum record of 47 young. Even if the means for these species are reduced by 

further sampling, it is likely that they will still be quite high. 1 estimated an average 

female SVL for C. basiliscus by choosing the midpoint between the smallest gravid 

female and the largest female measured by Klauber (1972). My estimate of 1414 mm 

seems reasonable, and altering it slightly one way or the other would not change the 

result Neither of the larger species has a strong sexual size bias toward males, indeed 

available information on C. basiliscus supports a rather strong female size superiority.

The sister taxon of C. basiliscus is unquestionably C. molossus (Klauber, 1972; Murphy 

et al., in press), a species that has relatively small litters for its size and a strong male size 

bias. It seems most parsimonious to attribute these enormous litter sizes to selection for 

increased fecundity. Conversely, C. viridis caliginus, endemic to Los Coronados Islands 

is a dwarfed race of C. viridis, and has the largest sexual size difference recorded for 

rattlesnakes. Reduced predation pressure and restricted food resources (primarily 

lizards) have probably influenced productivity of females in this population (Fitch,

1985).

Average female size was a poor indicator of mean litter size for six populations of 

Crotalus horridus, explaining only 26% of inter-population variation. Likewise, average 

female SVL explained only 24% of the variation for 11 populations of C. viridis. The 

correlation for C. horridus was diminished by log normal transformation, and that for C.
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viridis was only slightly improved. The allometric coefficient for all species and 

populations combined was 0.81, far below the power of three expected if litter size 

increases as a cubic function of body length. The positive trend between body size and 

litter size seems to reiterate that larger snakes can potentially produce more offspring, 

but the low regression and allometric coefficients indicate that LHs are adjusted by other 

factors, and that the evolution of large body size is not likely to be related to fecundity 

advantages for most rattlesnakes, but rather females might optimize litter size to reduce 

fecundity costs. This result is not surprising, given that in most rattlesnakes the male is 

the larger sex. Interestingly, species with SSDs that favor females (or neither sex) are 

those in which litter sizes are largest, especially when the influence of body size is 

eliminated, suggesting that these species’ LHs are dominated by selection for higher 

fecundity.

An interesting, though slightly disturbing, result of this analysis is the observation 

that variation can be more pronounced within species than among them, and that closely 

related species or populations may differ markedly in their LHs. This pattern may 

indicate that LHs respond rapidly to selection pressures that vary geographically, thus 

quickly erasing any phylogenetic signal in these traits and reducing the necessity of 

correcting for phylogenetic dependence (see below).

Relative clutch mass (RCM)—The ratio of female mass to litter mass has been 

promoted as a measure of reproductive cost or effort (Seigel and Fitch, 1984; Shine and 

Schwarzkopf, 1992; Vitt and Price, 1982). Three hypotheses to explain the apparent
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negative relationship between RCM and body size were proposed by Seigel et al. (1986), 

1) larger species maximize their survivorship by reducing large clutch burdens that 

reduce their escape ability, 2) gravidity is more burdensome to larger species than to 

smaller ones, and 3) habitat utilization and exposure to predators may vary between large 

and small species. These “three” hypotheses are perhaps better portrayed as one, the 

“burden vulnerability hypothesis.” Shine and Schwarzkopf (1992) presented a similar 

argument, but went much further, discussing both survival and fecundity costs and 

developing mathematical models which predict that low RCM should be correlated with 

1) late maturation, 2) low reproductive frequency, 3), high survival, especially in young 

snakes, and 4) declining population size. The reverse was indicated for species with high 

RCM. Rattlesnakes should provide a good test of these hypothesis as more LH data 

become available, because they are reasonably uniform in body proportions and show 

considerable variation in RCM (see Appendix).

Because most calculations of RCM in the literature follow the form advocated by 

Seigel and Fitch (1984), I calculated RCM for my data by their method (gravid female 

mass * mass of young). The weak negative correlation between average female SVL and 

RCM was not significant (r2 = 0.19, n = 16, P = 0.091, Fig 4.11). The sample of Seigel et 

al. (1986) was smaller (n = 7) than my sample, and the result here suggests that their 

strongly negative (but non-significant) correlation was due to sampling error. Other 

evidence (see sections below) suggests that the correlation will not be improved by 

increasing the sample size. Two species, Crotalus durissus and C  enyo, strongly 

influence the slope of the regression, and when removed the slope is slightly positive (=
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0.80). Both of these records were from captive bred specimens (Armstrong and Murphy, 

1979; Tryon and Radcliffe, 1977), and the RCM of C. durissus may represent a relatively 

small litter (21) bom to a relatively large female (3 kg). The C. enyo RCM is from a 

single litter of 6 young, and the female was much smaller than the mean female SVL 

used here, but because RCM seems to be invariant within species (Seigel and Fitch,

1986) the difference in actual female size should not matter. Both of these records are 

suspect, but that of C. enyo is more consistent with observed number of young per litter. 

Unfortunately, we do not have RCM data for C. basiliscus, the rattlesnake species in 

which females attain the largest recorded sizes, but conservative speculation about this 

species suggests that RCM must be relatively high. Assuming the body proportions of 

the stockier C. adamanteus (mass relationships from W. H. Martin, pers. comm.) the 

largest female C. basiliscus (SVL 1916 mm) measured by Klauber (1972) would have 

been about 4.S kg non-gravid. This evaluation probably overestimates the mass of 

maximum female size, and certainly overestimates post-parturient mass for a female of 

this length. Using the maximum litter of 60 and an average of 21 g at birth, the litter 

would weigh 1.26 kg. Adding 1 g per neonate (embryo) for fluid and membrane mass 

gives a total gravid female mass of 4.32 kg and an estimated RCM of 0.22. On more 

solid grounds, large rattlesnakes such as C. horridus can have large RCMs. Interestingly, 

the RCM of C. horridus is from a declining population (Fitch, 1999), exhibiting 

relatively late maturation and low reproductive frequency, some of the key LH 

characteristics that Shine and Schwarzkopf (1992) identified as favoring low RCM.

The burden vulnerability hypothesis appears not to apply to rattlesnakes, perhaps
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because defense is not particularly a problem for large dangerous females, and because 

locomotion, per se, may not be an option for defense in such heavy snakes. Fecundity 

costs may be more influential than survival costs in shaping the LHs of rattlesnakes. If 

all rattlesnakes were equally filled up when gravid, we would expect to see little variance 

in RCM, but this is not the case. Instead, the interspecific variance in RCM implies that 

a diversity of LH strategies are employed by rattlesnakes, with some species 

characterized by a high-cost high-output LH and others with a more conservative 

strategy.

Offspring size—Natural selection should favor LHs that minimize the time spent 

in the most vulnerable stages of the life cycle (Williams, 1966). For most rattlesnakes, 

this stage is likely to be the juvenile period (but see Chapter 3). LH theory indicates that 

larger bodied species should generally live long, and for those species, such as Crotalus 

horridus (Brown, 1991), with long adult life spans and reasonably large litters ( x « 9), 

we expect juvenile mortality higher than that of adults, a pattern that has been observed 

(Martin, in press). One way to minimize mortality of young might be to increase their 

size such that they begin life at or near the point when vulnerability is reduced. This size 

threshold may vary from environment to environment, but should apply to a variety of 

mortality agents, such as dessication, predation, feeding opportunities, etc. (see, e.g., the 

discussion by Shine, 1989). If offspring size is important for rattlesnakes we would 

expect that species capable of increasing the size of young (i.e., larger species) 

consistently do so. Conversely, if juvenile mortality cannot be significantly diminished
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by increased size, or if there is a physiological limit to the size of neonate that can be 

produced, we would expect a tapering off of offspring size as female size increases. 

Various log normal and untransformed plots were made to examine the relationships 

between average female SVL and measures of offspring size (mass and SVL), and unless 

otherwise stated correlations pertain to transformed data. To emphasize the relationship 

between litter mass and RCM, I use the term “clutch mass” interchangeably with litter 

mass in the subsequent discussion.

Plots of average offspring SVL on average female SVL indicate that large species 

reduce the linear dimensions of offspring relative to female linear dimensions. Log 

transformation of these variables were highly significant (r2 = 0.81, n = 50, P < 0.0001) 

and improved the fit to a linear model suggesting that neonatal mass might be a more 

important variable in limiting offspring size. A log plot of neonatal mass on female SVL 

showed a highly significant correlation (r2 = 0.83, n = 40, P < 0.0001). Neonatal mass 

was plotted against neonatal SVL to determine whether different sized young are 

differently proportioned (allometric coefficient = 2.32, r2 = 0.91, n = 47, P < 0.0001, Fig 

4.12). The allometric coefficient differs significantly from 3 (i.e., 3 does not fall within 

the 95% confidence interval), indicating that the neonates of larger species generally 

weigh less than those of smaller ones. By multiplying mean neonatal mass by mean litter 

size to get mean clutch mass, the relationship between offspring number and female SVL 

is greatly clarified. The relationship between average female SVL and average clutch 

mass was highly significant (n = 45, r2 = 0.73, P < 0.0001, Fig. 4.13), with an allometric 

coefficient close to 3 (= 2.41). A slope of 2.94 falls within the 95% confidence interval,
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so the observed value is significantly lower than expected if total clutch mass scales with 

female mass, but the reason for this discrepancy is clear. My calculation of total clutch 

mass does not include tissue and fluid mass expelled with the litter. Addition of this 

mass quantity would very likely change the allometric coefficient to a value statistically 

indistinguishable from 3, because fluid and membrane mass is at least 1 g per neonate 

(pers. obs.). The larger litters o f larger species would be more effected by this mass 

omission and, thus, the regression slope should be increased. By examining the 

difference in the correlation coefficients of litter size on female SVL (see Fig 4.10), it is 

clear that clutch mass is held more constant over different female sizes than is offspring 

number.

Together with the observation that large species often produce many young, 

female-offspring size relationships suggest that rattlesnakes are generally incapable of 

producing neonates large enough to render them invulnerable to mortality agents. This 

circumstance would place litter size and offspring size in a competative balance, such 

that selection should favor the evolution of multiple strategies to deal with variation in 

ecological contexts. This balance would encourage fast changes in LH strategies to meet 

the fecundity and/or survival quota imposed by mortality of young. Clutch mass appears 

to be a particularly important determinant of offspring size, and is more invariant among 

rattlesnakes than litter size. Multiple linear regressions on different combinations of log 

transformed variables (litter size, neonatal SVL and mass, average clutch mass, and 

female SVL) with offspring mass as the dependent variable identified average female 

size and average clutch mass as equally important determinants of offspring mass (n =
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39, r2 = 0.91, P < 0.0001; x neonatal mass = 0.0081S + [x female SVL]0870 + [x Utter 

mass]0366). If offspring mass is often the target of selection, this observation may explain 

the lack of correlation between female body size and RCM, because RCM is the ratio of 

these two equally important parameters. Of course, this suggestion requires further 

testing using mean female mass instead of SVL as the measure of female size. In 

general, however, this scenario suggests several alternative LH strategies, 1) if both large 

offspring size and large litter size are favored by the environment, then large female size 

is an advantage and females should produce maximum clutch masses, 2) if large 

offspring size is favored and selection on numbers is relaxed, then large females are free 

to reduce clutch mass, but small females are not, 3) if large litters are favored and 

offspring size pressures are relaxed, then large size is advantageous and females of all 

sizes will fill their bodies with small young and maintain large clutch masses, 4) if 

pressures for both large offspring and large litters are relaxed, then females of all sizes 

can reproduce at the rate that maximizes survival.

When other dimensions of LH strategies (e.g., reproductive interval, age and size 

at maturity, adult mortality, environmental constraints on productivity) are layered onto 

the above reasoning, there appears to be a tremendous potential for variety in the LHs of 

rattlesnakes.

Patterns of Evolution in Life Histories of Rattlesnakes

There is little doubt that LHs evolve (Steams, 1992), but we want answers to 

several more specific questions: 1) What were the ancestral LH traits o f rattlesnakes?, 2)
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Which traits were retained from a common ancestor with the immediate out group and 

more basal lineages, and which ones are derived for rattlesnakes?, 3) How have LH traits 

subsequently evolved as rattlesnakes have diverged?, and 4) What do rattlesnakes tell us 

about broader patterns of LH evolution, for example, the extent of coupling among traits, 

relative rates of LH evolution, and the extent to which environmental variation can 

successfully predict LH variation? This section explores such issues within the limits of 

information at hand, but the tools to complete an analysis of the evolution of LHs in 

rattlesnakes are not yet available, and intraspecific variation threatens to further hamper 

this effort because such variation violates the assumptions of many analytical techniques.

Phylogenetically independent contrasts (PIC), and other methods used to correct 

for phylogenetic dependence in continuously varying traits, assume that within-species 

variation is absent, or that relationships can be resolved to the level at which taxa are 

essentially invariant (Martins and Hansen, 1996). A further problem for analysis using 

PIC is that phylogenetic relationships are not yet satisfactorily resolved, and there are no 

acceptable estimates of divergence times (i.e., sequence divergence) reported with 

phylogenetic hypotheses. Recent systematic work (Murphy et al., in press) resolved all 

rattlesnake taxa in the analysis (= most species), but this resolution required weighting of 

data, and many of the taxonomic associations were weak. Nevertheless, Murphy et al. 

provide the best supported cladogram presently available and I tentatively examined 

trends in rattlesnake LH evolution using their preferred tree (Figure 4.14). I used 

MacClade (Maddison and Maddison, 2000) to analyze continuous variables, so all traits 

were assigned to classes based on discrete range limits. To reduce the effects of arbitrary
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assignment, I began by using small ranges (= 10 or 20 divisions depending on the 

magnitude of the observed range) apportioned evenly across the range of variation seen 

in my sample of rattlesnakes. I then used other range schemes to explore the effects of 

lumping. Not all taxa were available for all analyses and because I added polytomys to 

the phytogeny to represent species for which multiple populations were sampled, I settled 

on a range scheme that was sensitive to the number of taxa in the analysis. The 

procedure used was */aN (rounded up for uneven numbers) divisions of the range 

exhibited by all taxa, where N is the number of taxa. For some analyses, this approach 

produced too many divisions, as indicated by almost all populations or species with 

different character states. In such cases I reduced the diversity of characters by lumping 

adjacent ranges. All characters were treated as unordered.

Different division schemes produced similar results, and most variables showed 

no phylogenetic trend, regardless of how fine or course the divisions. Very weak 

phylogenetic trends were apparent for offspring size and for the growth constant (AT), but 

only with extreme lumping. These correlations were undoubtedly due to phylogenetic 

trends in body size, and homoplasy was common even within taxa. I consider my 

analysis to be insufficient evidence of phylogenetic correlation. RCM showed no 

apparent trend, nor did any other variable (e.g., a, /a? /a //00) litter size, SSD, etc.).

One of the most conspicuous features of rattlesnake LHs is extreme intraspecific 

variation in almost all traits (see e.g., Fitch, 1985b, for examples of litter size variability). 

Variation in particular LH traits for some wide ranging species (e.g., Crotalus viridis, 

likely a species complex) spans nearly half the variation seen in the entire rattlesnake
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clade. This pattern suggests that geography and environmental factors influence changes 

in LHs that tend to erase phylogenetic correlations. The basal LH condition for 

rattlesnakes is equivocal for all traits examined. The sister taxon of 

rattlesnakes (Agkistrodon, see Parkinson, 1999) includes, for example, both small- and 

large-bodied forms, relatively small litters, relatively large young, and strong SSD, 

whereas the basal rattlesnakes (the paraphyletic genus Sistrurus) have small to medium 

body sizes, small to large litters, small (but allometrically normal) young, and little or no 

SSD. To analyze such variation phylogenetically, one almost needs to resolve 

relationships at the population level. To partially address the questions posed earlier, the 

ancestral LH of rattlesnakes probably did not involve extremely large litters, prolonged 

juvenile periods, or extensively delayed reproduction, and it might have been 

characterized by relatively small litters and annual reproduction. Such patterns are 

evident from casual observation of LHs of basal rattlesnakes and outgroup taxa. Given 

these conservative generalities, rattlesnakes have diversified to encompass a wide array 

of litter sizes, juvenile periods, and reproductive schedules, with a concomitant 

diversification in body size and life span. The extent of coupling among traits appears to 

be low and likely related to shared environmental influences, rather than shared 

phylogenetic history, and traits that appear coincident with cladogenesis are confounded 

by allometry.

Evolutionary and Ecological Perspectives

Despite die failure to demonstrate phylogenetic trends, there are demonstrable
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evolutionary and ecological patterns in rattlesnake LHs. They are dominated by juvenile 

mortality and fecundity costs that reduce female survival much more than predation.

Even gravid female rattlesnakes are formidable adversaries, and they often do not 

hesitate to warn a potential predator of their presence. If mortality by predation were 

problematic, we would expect strong selection against any behavior that alerted a 

potential predator to a female’s presence, but even gravid females of small species often 

rattle when approached (pers. obs.). The general observation that wild females (but not 

captive ones) live shorter lives than males (e.g., Fitch, 1998) suggests that energetics is 

important in shaping the LHs of rattlesnakes. Captive female rattlesnakes live as long as 

males of their species without reproductive senescence (Almeida-Santos and Salomao, 

1999; Goodman et al., 1997), so the difference in wild males and females must be due to 

environmental stressors. That females, the more sedentary sex, usually have lower 

survivorship than males further supports the contention that female mortality is generally 

due to the large energy expenditures of reproduction, rather than a sexual difference in 

predation rate.

Reproductive costs must be balanced with offspring number, size, and total clutch 

mass to produce a viable LH strategy, and these costs should increase with the relative 

burden of litters. Because clutch mass scales with body mass interspecifically, females 

of most species are relatively full of young during pregnancy, indicating that the 

predominant LH strategy includes maximizing one or both of the two important offspring 

characteristics, size and number. Offspring size may not translate into offspring quality, 

and populations, such as Sistrurus catenatus in Wisconsin (Keenlyne, 1978) and Crotalus
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viridis in Saskatchewan, Canada, may increase litter sizes at the expense of offspring 

size, perhaps to counteract unpredictable neonatal mortality that results from stochastic 

winter conditions. Other populations, e.g., C. viridis from Los Coronados Islands, 

apparently experience relaxation of all pressures for productivity (Fitch, 1985). Such 

changes are predicted by LH theory when competition among related individuals (rather 

than predation) and diminished resources are the dominant selective forces (MacArthur 

and Wilson, 1967). Environmental factors, such as resource availability and length of 

active season are probably most influential on age/size at maturity and reproductive 

interval, a pattern that also characterizes other viperids (Zuffi et al., 1999). The classic 

example of this pattern in rattlesnakes is C. horridus, a wide ranging, large-bodied 

species that exhibits extremely delayed reproduction and long reproductive intervals at 

its ecological limit (Martin, in press).

Strategies at the Extreme

Life cycles can often be characterized as either accelerated or extended, but they 

most often fall somewhere between the extremes (Steams, 1992), and the LH correlates 

of such categories are poorly defined. In general, species with high population turnover 

are expected to be small bodied (because growth takes time), produce large numbers of 

young, have high mortality, mature early, and reproduce frequently, with the opposite 

traits characterizing species with low population turnover. An attempt to categorize 

rattlesnake species into such classes would essentially be guesswork, because such 

circumscribed LH patterns are actually the exception rather than the rule, and many taxa
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exhibit a mixture o f traits associated with both extremes. Instead, I offer the perspective 

of independent variation of traits by illustrating which species hold die records for a 

number of LH variables (Table 4.4). When two species had values close enough to call a 

tie, I listed both and gave an approximation of the quantity. The table shows both 

diversity and clumping of record holders, indicating that there are either poorly defined 

extremes or no precise LH categories for ratdesnakes. The contention that Crotalus 

cerastes is the only ratdesnake species with “reversed” (males > females) SSD (Klauber, 

1972) has often been reiterated, but several other species or populations show either 

reversed or no SSD. Clear examples of weak or absent SSD are Sistrurus miliarius in 

Florida (Bishop et al., 1996) and S. catenatus in Missouri (Seigel, 1986), but other 

species may exhibit reversed SSD more strongly than C. cerastes. In particular, C. 

basiliscus and C. polystictus might show strong reversed SSD. This speculation is based 

on maximum size records and clearly needs to be substantiated, but my goal here is to 

question the dogma that persists in the literature on rattlesnakes. All of the species or 

populations that exhibit poorly defined or reversed SSD are also characterized by 

relatively large litter sizes. Indeed, there was a weak, but significant negative correlation 

between log normal mean litter size and SSD (r2 = 0.26, n = 35,P = 0.0016) calculated 

by Klauber’s (1972) male superiority index.

At the outset of this dissertation, I was reasonably certain that Crotalus cerastes 

would solidly define the “accelerated end” of the LH spectrum in rattlesnakes, but my 

present conclusion is that lines of demarcation are, at best, fuzzy. Female sidewinders 

do exhibit the most accelerated life cycle yet recorded, but much variation remains to be
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documented. Distinctions between accelerated and extended life cycles may be 

meaningless in reference to individual fitness when viewed from the perspective of the 

dimensionless generation, and perhaps these labels are best reserved for descriptions of 

population dynamics. W. H. Martin (in press) has estimated that female C. horridus at 

their climatic limit average 2.4 lifetime pregnancies, with 1.8 successful. I estimate that 

C. cerastes has a similar reproductive expectation and the average litter sizes of the two 

species are virtually indistinguishable. Therefore, females of both species should 

produce the same number of offspring during their lifetimes. The difference is in the 

time interval over which reproduction occurs. To illustrate this difference I offer a 

thought experiment. Assume an ecological vacuum in which all female offspring survive 

and reproduce at the average rate, with an equal sex ratio in all litters, an average of two 

litters of ten young per lifetime, and ignore offspring produced by male progeny. Now 

imagine that a female sidewinder is bom in the Mojave Desert and, the same year, a 

female timber rattlesnake is bom on the Allegheny Plateau of West Virginia. The 

sidewinder completes her life cycle in three years having matured at age two. She gives 

birth to litters of ten young in two consecutive years and dies in her burrow following the 

second. The timber rattlesnake, depleted of hit reserves, dies while gravid for the third 

time at age 20, having been forced by an early frost to enter hibernation before 

parturition. She had matured and produced a litter at age 10, and another at age IS. She 

lived long enough for her female offspring to reproduce for the first time—the 

sidewinder did not. The female timber rattlesnake produced 20 young over her 

lifetime—as did the sidewinder—and at the end of her life she had 70 descendants, SO of
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which were the progeny of her first five female young. The female sidewinder was 

responsible for only 20 offspring (her own) during her lifetime, but over the 20 years that 

the timber rattlesnake was alive, the progeny and grand-progeny of the sidewinder 

continued reproducing and dying, such that the final product of their combined life 

cycles was 29,296,870 descendants, some of them at the beginning of their life cycle, 

others at the end, and many long since deceased.

This fanciful example illustrates the point that accelerated life cycles exhibit 

tremendous potential for population growth. Of course, mortality must be quite high in 

such species, but slight increases in survivorship can make a big difference in population 

dynamics. Such species probably experience large fluctuations in population sizes 

because periods during which the environment poorly supports reproduction may span 

the lifetime of individuals, but populations can rebound quickly. For species with 

extended life cycles, short term fluctuations should be less problematic, but long term 

increases in mortality can easily push the population to the brink of extinction (Brown, 

1991; Brown, 1993).

Most rattlesnakes appear to take the middle road, perhaps avoiding the perils that 

lie at the fringes of the LH spectrum, but different environments call for different 

strategies, and rattlesnakes seem to be flexible enough to adjust their reproductive tactics 

to fit a diversity of ecological contexts.

Conclusions

A number of factors appear to contribute to the diversity observed in LHs of
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rattlesnakes. At the population level, environmental contingencies shape the growth and 

maturation patterns of individuals. The primary determinants of maturation time within 

species appear to be resource availability and length of growing season, with trends in 

both maturation and reproductive interval showing a strong and widely applicable 

correlation with climatic conditions (Fitch, 1970; Seigel and Ford, 1987). At the species 

level patterns of growth appear to be important, with larger, slower growing species 

maturing at later ages. Because growth takes time, species that put substantial resources 

into getting large must generally have lower mortality rates than those which grow fast 

and mature early. LH theory makes predictions about mortality rates as they relate to 

certain benchmarks in growth and maturation, and female rattlesnakes apparently adhere 

to these theoretical conventions. Adult mortality rates probably differ between male and 

female rattlesnakes, and future studies should separate the sexes for analyses.

The allometry of reproductive traits showed several trends in rattlesnakes.

Among species, offspring number and size vary with female body size, but RCM does 

not. Offspring size and number appear to be in a balance with most emphasis placed on 

the former, and this balance may be responsible for much of the diversity in rattlesnake 

LHs. Evolutionary patterns in LH traits are obscured by considerable intraspecific 

variation, and the overall pattern in rattlesnakes suggests that LH traits rapidly track 

environmental changes. The extremes of the LH spectrum in rattlesnakes are not clearly 

occupied by any one species, and geographic variation contributes to the patterns 

observed. Extended life cycles are most pronounced at the climatic limits of a species 

distribution, whereas accelerated life cycles are more common where climatic conditions
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favor growth and early maturity. It seems paradoxical that traits so influential in species 

persistence would leave so little evidence of their evolutionary past, while 

simultaneously supplying the mechanics for evolution itself. Perhaps LHs and associated 

traits are more akin to process than pattern and species, populations, and individuals are 

both the machine and the product of its workings.
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Table 4.1. Ontogenetic size differences in female Crotalus cerastes, divided into two 

groups based on reconstructed SVL at rattle number 3. Sm = smaller size class (£ 318 

mm),Lg 2. 318 mm.

Segment

number

Mean

SVL±SD

N Mean

difference df P

Sm 357.4 ±29.2 17

4 Lg 392.2 ±37.5 18 34.8 33 0.0045

Sm 398.6 ±23.0 15

5 Lg 424.8 ±31.7 19 26.2 32 0.0114

Sm 405.2 ±32.1 14

6 Lg 447.0 ±32.9 14 41.8 26 0.0022

Sm 424.8 ±25.3 11

7 Lg 446.1 ±37.4 8 21.3 17 0.1552
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Table 4.2. Simulated mortality/survival schedules for Crotalus cerastes (a  = 2.S) and 

northern C. horridus (a  = 9.S, based roughly on the report of Brown, 1991) given

different values of A /a , with. ALE = average adult life expectancy, S(00 = number of 

years needed to reduce the number of a cohort of 100 newly matured females to a value 

less than one.

A /a M 1/A/ ALE € " Sioo

Crotalus cerastes 0.75 0.3 3.33 5.83 0.74 15

1.0 0.4 2.50 5.00 0.67 11

1.5 0.6 1.67 4.17 0.55 7

2.0 0.8 1.25 3.75 0.45 5

Crotalus horridus 0.75 0.08 12.5 22.0 0.92 55

1.0 0.11 9.1 18.6 0.90 43

1.5 0.16 6.3 15.8 0.85 28

2.0 0.21 4.8 14.3 0.81 21
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Table 4.3. Theoretical mortality and survivorship values for different ages at maturity 

(a ), covering the known range for rattlesnakes. Calculations were done with four 

significant figures before rounding.

a M MM ALE

l 1.50 0.67 0.22 2.5

2 0.75 1.33 0.47 3.3

3 0.50 2.00 0.61 4.0

4 0.38 2.67 0.69 6.7

5 0.30 3.33 0.74 8.3

6 0.25 4.00 0.78 10.0

7 0.21 4.67 0.81 11.7

8 0.19 5.33 0.83 13.3

9 0.17 6.00 0.85 15.0

10 0.15 6.67 0.86 16.7

11 0.14 7.33 0.87 18.1
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Table 4.4. Records for life history (LH) traits in rattlesnakes. See Appendix for

references. Records refer to adult females unless otherwise specified.

LH trait Species Record
Longest maturation time C. horridus NE range 14 years
Shortest maturation time C. cerastes 2 years
Largest maturation size C. adamanteus and C. horridus SE range ca. 1100 mm
Smallest maturation size C. price) and C. intermedius ca.290mm
Largest average and maximum litter C. basiliscus 33.1,60
Smallest average and maximum litter C. viridis Los Coronados Islands 2.6,4
Largest RCM C. pricei 0.53
Smallest RCM C. enyo 0.12
Largest young C. adamanteus and C. horridus SE range 350 mm
Smallest young S. miliarius and C. pricei ca. 150 nun, 4-5 g
Shortest natural life expectancy C. cerastes Mojave Desert 3.3 years
Longest natural life expectancy probably C. horridus NE range =20 years
Longest mean reproductive interval C. horridus NE range 5 years
Shortest mean reproductive interval many species 1 year
Largest males (total length) C. adamanteus 2440 mm
Largest females (total length) C. basiliscus 2045 mm
Largest male sexual size bias C. viridis Los Coronados Islands 23.1 %
Largest female sexual size bias C. basiliscus ? 16.8%
Most accelerated life cycle C. cerastes —
Most extended life cvcle C. horridus NE range —
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Figure Legends

Figure 4.1. SVL reconstructed from rattle data for 10 female Crotalus cerastes with 

known reproductive histories. Heavy lines -  first-time reproductive females that 

matured at age 2, dashed lines = first-time reproductive females that matured at age 3, 

fine solid lines = second time reproductive females that matured at age 2. See text for 

further details.

Figure 4.2. SVL reconstructed from rattle data for 35 female Crotalus cerastes (gray 

lines), and upper, lower and mean asymptotes (thick solid curves) fitted to the rattle and 

reconstructed SVL data. See text for details.

Figure 4.3. Relationship between maximum SVL and SVL at maturity for rattlesnake 

species and populations. See text for details.

Figure 4.4. Adult survivorship curves for theoretical A/*a values (0.75,1.0,1.5, and 2.0) 

based on an initial population of 100 Crotalus cerastes (thin curves a  = 2.5) and 100 

northern C. horridus (heavy curves a  = 9.5).

Figure 4.5. Numbers of male (solid bars) and female (open bars) Crotalus viridis with a 

given rattle segment count taken at a rattlesnake roundup in Kansas. Data taken from 

Fitch (1998).
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Figure 4.6. Relationship between mortality rates for rattlesnakes (n = 19) estimated 

using two different theoretical procedures. On the x-axis, mortality calculated using the 

relationship Af’CC = l.S, and on the y-axis mortality calculated by the equation K= .04 + 

.95M  See text for details and the appendix for species and data. Equations taken from 

Shine and Chamov (1992).

Figure 4.7. Relationships between estimated mortality and maximum female SVL for 19 

rattlesnake species using two different theoretical procedures, M'Ct = 1.5 (A), and K = 

.04 + .95A/(B). See text for details and the appendix for species and data. Equations 

taken from Shine and Chamov (1992).

Figure 4.8. Relationship between calculated growth constant (K) and maximum SVL of 

female rattlesnakes. See Appendix for species with calculated K  values.

Figure 4.9. Relationship between minimum age at maturity and maximum female SVL 

for rattlesnakes.

Figure 4.10. Untransformed (A) and log normal (B) plots of average litter size on 

average female SVL for 52 rattlesnake species or populations. See text for statistics.

Figure4.11. Log normal plot ofRCM on average female SVL. See text for details.
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Figure 4.12. Log normal plot of neonatal mass on neonatal SVL for rattlesnake species 

and populations.

Figure 4.13. Log normal plot of average litter mass on average female SVL of 

rattlesnake species and populations.

Figure 4.14. Phytogeny of rattlesnakes. The topology of the tree is the same as that in 

Murphy, et al. (in press), except for the exclusion of taxa irrelevant to this analysis and 

the placement of two Agkistrodon species as sister taxa in the outgroup. The 

relationships of outgroup taxa to each other and to rattlesnakes was adopted from 

Parkinson (1999).
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Figure 4.1

550 -i

500 -

450 -

400 -

350 -

300 -

250 -

200 -

150 -

100
0 1 2 3 4 5

Rattle segment number

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.2

229

Rattle segment number

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



M
ax

im
um

 
SV

L

Figure 4.3

2200

2000 -

1800 -

1600 -

1400 -

1200 -

1000 -

800 -

600 -

400 -

200
200 400 600 800 1000 1200

SVL at maturity

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



231

Figure 4.4
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Figure 4.S
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Figure 4.7
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Figure 4.9
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Figure 4.10
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Figure 4.14
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Chapter 4 Appendix

Table A4.1. Size and growth parameters for rattlesnakes. Maximum recorded SVL (/*) 
and smallest recorded SVL at maturity (/a ) for females of rattlesnake (Crotalus and 
Sistrurus) species and populations. See text for methods of calculating the growth 
constant (A) and derivation o f #  a , where a  is the age at maturity. K  values estimate 
maximal growth. Conversions from total length to SVL are marked (*) and estimates 
based on males are indicated by a superscript “m.” Records from Klauber (1972) are 
indicated by a superscript “K.” Other reference sources are listed below.____________
Species /oo l a
C. adamanteus 1600 1093
C. atroxAZ 880 730
C.atrox OK 1300 850
C.atrox TX 1 1 0 0 850
C. basiliscus K 1916 • K 911*
C. c. cerastes 5 4 9  *k 410
C. c. cerastes BA, PS 512 386
C. c. cercobombus K 592 * K 415*
C. c. laterorepens K 773 K 448*
C. c. laterorepens PS 664 470
C. e. enyo 691 * K " 569
C. e. cerralvensis 598* K 570
C. exul 7 4 4  *k« 677*
C. h. horridus NY 1065 840
C. h. horridus WV 1 1 0 0 865
C. h. horridus VA 1053 714
C. h. horridus WI 1065 805
C. h. horridus KS 1038 895
C. h. atricaudatus SC 1280 1 0 2 0

C. h. atricaudatus FL 1264 1099
C. intermedius1 532*10 296*
C. 1. lepidus TXB 480 374
C. /. lepidus TX G 540 418
C. /. lepidus 556 * K “ 410*
C. 1. klauberi 647 • * “ 364*
C. 1. morulus 551 *K" 436*
C. mitchelli angelensis 1066 * K " 607*
C. m. muertensis 505 * K“ 408*
C. m. pyrrhus 879 • * " 538*
C. m. stephensi 737 • K * 634*
C. m. molossus 993*10. 663*
C. m. estebanensis 775 *Km 690*
C. m. nigrescens 857 * K " 701*

/« //« , a K # 0
0.683 4-5 0.29 1.15
0.830 3-4 0.59 1.77
0.692 3-4 0.39 1.18
0.773 1.48
0.475 0.64
0.698 2-4 0.60 1 .2 0

0.754 2-4 0.70 1.40
0.701 3 est 0.40 1.37
0.58 3est 0.29 0.87
0.71 3 est 0.41 1.23
0.752 1.40
0.733 1.32
0.859 1.96
0.789 7-11 0 . 2 2 1.56
0.786 9-\4 0.17 1.54
0.678 5-11 0.23 1.13
0.756 4- 0.29 1.41
0.862 4 - 0.50 1.98
0.797 5-6 0.32 1.59
0.869 2.03
0.556 0.81
0.779 1.51
0.774 1.49
0.725 129
0.568 0.84
0.768 1.46
0.511 0.72
0.728 1.30
0.553 0.81
0.769 1.47
0.628 0.99
0.838 1.82
0.768 1.44
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Table A4.1. Continued
Species /co /« //» a K K a
C. polystictus 875* 505* 0.577 0 . 8 6

C. p. pricei 500 * ICm 281* 0.553 0.81
C. p. miquihuanus 452 * K “ 303 0.670 1 .1 1

C. r. ruber 1206 •  K " 694* 0.653 0.81
C. r. lucasensis K 1067* 697* 0.653 1.06
C. scutulatus 900 610 0.678 1.13
C. tigris 667 541 0.811 1.67
C. tortugensis 832 * K " 718* 0.800 1.61
C. t. triseriatus 520 * K " 416* 0.740 1.35
C. t. aquilus 523 * K ■ 314* 0.564 0.83
C. vergrandis 620 460 0.747 1.37
C. v. viridis Canada 1150 768 0 . 6 6 8 4- 0.28 1 .1 0

C. v. viridis WY 1 0 1 0 874 0.865 2 .0 1

C. v. viridis SD 965 683 0.708 1.23
C. v. viridis CO 863 575 0 .6 6 6 1 .1 0

C. v. viridis NM 800 550 0 . 6 8 8 1.16
C. v. viridis KS 953 750 0.787 3- 0.52 1.55
C. v. abysus •jj2 * Km 644* 0.776 1.49
C. v. caliginus 535 * K" 496* 0.859 1.96
C. v. cerberus 817**" 663* 0.755 1.40
C. v. concolor 576 * k - 491 * 0.789 1.55
C. v. helleri 1079 • K " 563* 0.483 0 . 6 6

C. v. lutosus general 9 5 4  • k « 527* 0.523 0.74
C. v. lutosus UT 790 635 0.804 3-4 0.54 1.63
C. v. nuntius 5 7 4  * k  - 373 * 0.599 0.91
C. v. oreganus Canada 950 650 0.684 5-7 0.23 1.15
C. v. oreganus ID 780 570 0.731 4-6 0.33 1.31
C. v. oreganus CA 1 1 0 0 775 0.705 4- 0.31 1 .2 2

C. willardi 562 402 0.715 4- 0.32 1.26
S. c. catenatus 710 *K“ 372* 0.532 0.76
S. c. edwardsi 530 329 0.621 3- 0.32 0.97
S. c. tergiminus general 620 * K “ 490* 0.725 3 - 0.43 1.29
S. c. tergiminus MO 670 501 0.748 3- 0.46 1.38
S. m. miliarius 559 394* 0 .6 8 8 1.17
S. m. barbouri general 620 • K ■ 349* 0.552 0.80
5. m. barbouri FL 540 380 0.704 3- 0.41 1 .2 2

S. m. streckeri 557 * K “ 320* 0.564 0.83
S. raws 536 •  K “ 466*

PS = present study, BA = Baistow area population, G and B = two populations of C. lepidus reported by 
Beaupre (1995), est = estimate, other capital abbreviations -  state codes.
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Table A4.2. Life history variables for rattlesnake (Crotalus and Sistrurus) and 
Agkistrodon species and populations. AFL = average female SVL, SSD = sexual size 
dimorphism, calculated as a percentage of male SVL by the method of Klauber (1972); 
negative numbers mean female larger than male, ALS = average litter size, LS range = 
litter size range, ANL = average neonatal SVL, ANM = average neonatal mass, RCM = 
relative clutch mass, est = a value estimated from the observed range and/or conspecific 
information. Reference sources are listed below.

Species AFL SSD ALS LS range ANL ANM RCM
C. adamanteus 1168 7.1 13.8 6-24 350 41.5
C. atrox AZ 873 10.3 9.0 2-24 270 18.5
C. atrox OK 868 12.3 13.0 4-23 302 21.0
C. atrox TX 976 13.0 6-19 302 21.0
C. basiliscus 1414est -16.8 33.1 14-60 300
C. c. cerastes 445 10.8 7-18 170 5.8
C. c. cerastes BA 442 -3.5 8.9 5-15 165 4.8 0.306
C. c. cicobombus 489 11.4 5-16 165 7.04 0.373
C. c. laterorepens 562 -4.1 8.6 5-16 175 8.0
C. d. durissus/totonacus 731 3.0 24.2 10-47 295 23.4 0.164
C. d. terriftcus 18.2 10-31 285
C. e. enyo 736 8.8 5.8 1-9 213 10.2 0.12
C. h. horridus NY 782 4.0 10.6 5-30 285 20.0
C. h. horridus WV 980 12.2 8.8 6-14 300 21.1
C. h. horridus W1 972 7.7 3-11 280
C. h. horridus KS 927 13.3 8.9 4-14 325 26.0 0.335
C. h. atricaudatus SC 1228 6.6 12.6 10-16 350 31.0
C. h. atricaudatus FL 1082 14 10.6 6-15
C. imermedius K 4.5 4-5 190 52
C. /. lepidus TX B 430 3.6 2-5 204 6.8
C. /. lepidus TX G 470 3.6 2-5 204 6.8
C. 1. lepidus 449 17.2 5.0 1-11 200 6.6 0.414
C. m. mitchellii 788 6.9 5.5 1-7 240 17.0
C. m. muertensis 3.7 1-4 167 4.9
C. m. pyrhus 673 5.2 5.5 1-8 250 17.0 0 2 V
C. m. stephensi 8.6 6-10 241 16.5
C. m. molossus 862 10.8 6.9 3-13 284 26.6
C. m. nigrescent 6.8 2-16 270 26.0
C. polystictus 620 -8.6 9.44 3-20 205 9.5 0.405
C. r. ruber 8.7 3-20
C. r. lucasensis 14.8 4.5 1-12
C. p. pricei 400 8.3 5.6 3-9 150 4.0 0.53
C. pusillus 410 4 2-6 155 5.0
C. p. miquihuanus 400 est 5.0 4-6 128 3.0
C. scutvlatus 682 1.5 8.4 2-17 260 11.5 0.316
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TableA4.2. Continued
Species AFL SSD ALS LS range ANL ANM
C. tigris 578 12.3 4.4 3-6 210 9.0
C. t. triseriatus 475 11.0 6.3 3-14 163 6.4
C. t. aquilus 4.4 4-7 163 6.4
C. vergrandis 600 4.2 2-8 224 10.1
C. v. viridis Canada 971 3.7 9.6 245 12.4
C. v. viridis WY 874 12.0 11.4 2-21 250
C. v. viridis SD 822 4.8 10.8 255
C. v. viridis CO 735 5.5 11.9 275
C. v. viridis NM 640 9.5
C. v. viridis KS 850 4.7 10.1 5-18 266
C. v. caliginus 528 23.1 2.6 1-4 190
C. v. heileri 8.7 1-14
C. v. lutosus ID+NV 8.1 2-13
C. v. lutosus UT 680 7.5 6.5 6-11 294
C. v. nuntius 7.0 3-10
C. v. oreganus Canada 800 7.0 4.6 2-8 268.5 17.6 0.37
C. v. oreganus ID 659 7.1 5.5 4-6 270 18.1
C. v. oreganus CA 820 17.0 8.3 2.14 280
C. unicolor 900 6.2 2-14 269 13.0
C. willardi 452 7.8 5.4 2-9 167 7.4 0.333
S. c. catenatus 499 8.8 2-19 197 12.0
S. c. edwardsi 380 6.1 3-11 168 5.5
S. c. tergiminus general 550 10.4 5-20 212 11.5 0.403
S. c. tergiminus MO 539 -4.8 6.35 4-10 244 12.0 0.247
S. m. miliarius 5.2 3-7 150 4.5
S. m. barbouri FL 443 0 5.88 2-11 158 4.78 0.30
S. m. streckeri 430 est 8.6 3-32 145 5.0 0.35
S. ravus 500 est 4.0 3-9 166 5.4
A. contortrix KS 601 8.0 5.4 2-13 217.5 12.2 0.286
A. piscivorus S. FL 800 24.0 5.5 3-8 270 31
A. piscivorus VA 704 18 7.6 4-11 211.3 17.3

BA = Baratow area population, G and B = two populations of C. lepidus repotted by Beaupre (1995), est = 
estimate, other capital abbreviations = state codes.

Sources

Aldridge, 1979; Anton, 2000; Armstrong and Murphy, 1979; Beaupre, 1995; Beaupre et 

al., 1998; Bishop et al., 1996; Blem, 1981; Brown, 1991; Bull and Shine, 1979; Carl et 

al., 1982; Carpenter, 1960; Chaney and Liner, 1986; Diemer Berish, 1998; Diller and
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Wallace, 1984; Ernst, 1992; Espinosa et al., 1999; Fanell et al., 1995; Fitch, 1998; 1949; 

1960; 1970; 1985a; 1999; Fitch and Pisani, 1993; Gannon and Secoy, 1984; Gibbons, 

1972; Goldberg, 1999; 2000a; 2000b; Goldberg and Holycross, 1999; Goldberg and 

Rosen, 2000; Greene and Oliver, 1965; Holycross and Goldberg, in press; Keegan et al., 

1999; Keenlyne, 1978; Klauber, 1972; Liner and Chaney, 1986; Lowe et al., 1989; 

Macartney and Gregory, 1988; Macartney et al., 1990; Mahaney, 1997; Martin, 1992; 

1993; 1996; in press; Mellink, 1990; Murphy and Mitchell, 1979; Ramirez-Bautista et al., 

1995; Reinert, 1981; Sanchez et al., 1999; Seigel, 1986; Seigel and Fitch, 1984; Seigel et 

al., 1986; Seigel and Ford, 1987; Shine, 1994; Shine and Seigel, 1996; Strimple, 1984; 

1985; 1987a; 1987b; Swanson, 1933; Tinkle, 1962; Tohulka, 1992; Tryon and Radcliffe, 

1977; Watkins-Colwell, 1995; Wharton, 1966; Woodbury et al., 1951; Wright and 

Wright, 1957
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