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INTRODUCTION 

Rattlesnake species living in extreme environments such 
as high elevations or high latitudes often have life history 
characteristics that may make them especially susceptible 
to declines. Perhaps one of the best studied and greatest 
examples of a rattlesnake having such life history charac-
teristics are Timber Rattlesnakes (Crotalus horridus) in 
the Appalachian Mountains. Timber Rattlesnakes in the 
Appalachians have a long-lived, low reproductive output 
life history including late ages to maturity, multi-year 

pregnancy intervals, high adult survival, low fecundity, and 
longevities of over 20 yr (Brown, 1993; Brown et al. 2007). 
For example, female Timber Rattlesnakes at the limits of 
their distribution in the Northern Appalachians likely 
mature at around nine years of age, give birth triennially, 
and may give birth to as few as three litters in their lives 
(Brown, 1991). Similarly, female Timber Rattlesnakes 
living at high elevation (>1000 m) in the Central Appala-
chians reached sexual maturity at an average age of 11 yr 
and gave birth every five yr (Martin, 2002). Due to their 
life history, Timber Rattlesnakes can often survive vari-
ation in resources (e.g., declines in prey availability) that 
might kill other species but their populations are especially 
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susceptible to any factor that increases adult mortality rates 
(Martin, unpubl. data).

The Western Rattlesnake complex (Crotalus oreganus ssp.) 
inhabits extreme habitats similar to Timber Rattlesnakes, 
including high latitudes and elevations (Ernst, 1992). While 
we do not have as great an understanding of their ecology 
because there have been fewer studies it does appear that 
they have a similar life history to that of Timber Rattle-
snakes. Studies in northern Idaho on Northern Pacific 
Rattlesnakes (Crotalus oreganus oreganus) found that they 
mature at ages of approximately four yr, have biennial 
to triennial pregnancy cycles, clutch sizes of 3–8, and 
adult survival rates of 82–55% (Diller and Wallace, 2002; 
MacCartney and Gregory, 1988). In addition, a long-term 
mark-recapture project in the Upper Snake River Plain of 
Idaho found that females reached sexual maturity at 4–5 
yr, had pregnancy intervals of 3–5 yr, and fecundity of 4–6 
follicles/embryos per pregnant female (Jenkins et al., 2009). 
Jenkins et al. (2009) also found that rattlesnake life history 
characteristics varied significantly among populations in 
close proximity.

Despite our knowledge of rattlesnakes having life histories 
characterized as long-lived with low reproductive output, 
we do not understand how these reproductive charac-
teristics affect their populations. There are few studies of 
snakes that link reproductive characteristics to population 
biology (King 1986; Plummer 1997). In this study, we 
estimate survival rates and incorporate the estimates with 
existing information on reproduction to estimate popu-
lation growth rates for the three Great Basin Rattlesnake 
(Crotalus oreganus lutosus) populations studied by Jenkins 
et al. (2009). The overall goal of this project is to determine 
if the microgeographic variation in reproductive character-
istics observed by Jenkins et al. (2009) has population-level 
consequences. Specific objectives include 1) estimating 
microgeographic variation in survival rates and 2) esti-
mating microgeographic variation in population growth 
rates.

MATERIALS AND METHODS

Study area.—We studied C. oreganus lutosus from three 
den complexes on the Idaho National Laboratory (INL: 
112°46’11.76” W, 43°40’52.10” N). The INL is located in the 
Upper Snake River Plain of southeast Idaho and is admin-
istered by the United States Department of Energy (DOE). 
Topography on the INL is generally flat with dispersed 
volcanic features including buttes, cinder cones, lava flows, 
and collapsed lava tubes. Soil types vary but the majority 
of the INL is composed of loess, sand on basalt, and cinder 
cone soils. Climate is characteristic of cold deserts with 
high daily and annual fluctuations in temperature and low 

levels of precipitation (Anderson et al., 1996). The INL 
encompasses 2305 km2 of predominately sagebrush (Arte-
misia spp.) habitats. The landscape has received minimal 
disturbance as compared to adjacent lands. The majority 
of the INL is inaccessible to the public for any use, with 
peripheral areas (approx. 40%) receiving grazing. Direct 
human fragmentation on the INL is limited to a low density 
of buildings and roads.

The three den complexes (referred to hereafter as dens) 
included in this study are in close proximity (mean distance 
between complexes = 34 km; range of distances between 
complexes = 24–42 km); however, there are notable 
differences in the habitat characteristics surrounding the 
dens. The first den, Crater Butte (CRAB), is located in the 
southwest portion of the INL at 1697 m elevation. Crater 
Butte is formed by the rim of a large (700 × 200 m) shield 
volcano and contains seven den-openings. The vegetation 
surrounding CRAB is characterized by a Big Sagebrush 
(A. tridentata) overstory and a Bluebunch Wheatgrass 
(Pseudoroegneria spicata) understory. Crater Butte and the 
surrounding area receive human disturbance in the form of 
livestock grazing. Fires have burned a large portion of the 
area east, north, and south of CRAB. The second complex, 
Cinder Butte (CINB), is located in the northern portion of 
the INL at 1470 m elevation. Cinder Butte is also formed by 
the rim of a large (800 × 700 m) shield volcano and contains 
11 den-openings. The vegetation in this area is character-
ized by an overstory of A. tridentata and an Indian Rice 
Grass (Oryzopsis hymenoides) and Northern Wheatgrass 
(Agropyron dasystachyum) understory and is relatively 
undisturbed, receiving no grazing, minimal invasion by 
exotic plants, and no recent fires. The third complex, Rattle-
snake Cave (RCAV), is located in the southeastern portion 
of the INL at 1596 m elevation, and, unlike the other two 
complexes, has two den-openings located in the talus 
formed by a collapsed lava tube (150 × 60 m). The vege-
tation surrounding RCAV is characterized by an overstory 
of A. tridentata and a Green Rabbitbrush (Chrysothamnus 
viscidiflorus) understory and receives livestock grazing east 
of the den location. In addition, a recent fire has burned 
some areas to the west of the den.

Rattlesnake mark-recapture.—We have monitored 
rattlesnake populations at CINB since 1989 and popula-
tions at CRAB and RCAV since 1994. To account for these 
differences in sampling periods, we only use data collected 
since 1994 for all analyses presented here. At each site, 
we used a variety of techniques to capture rattlesnakes. 
First, we placed four cross-shaped drift fence arrays (one 
in each cardinal direction) at each of the den complexes. 
One funnel trap was placed at the end of each arm of the 
drift fence array. We opened and closed traps to coincide 
with snake activity at den sites. In most years traps were 
opened on May 1 and closed on June 15 then opened again 
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on September 1 and closed on October 15. We sunk traps 
approximately 4 cm into the ground and covered with card-
board to prevent overheating or freezing of the snakes. In 
addition, traps were closed if overnight temperatures were 
forecasted to drop below freezing. We constructed doors in 
the top of the traps to allow snakes to be removed without 
having to dig up the trap. Using these arrays alone, sampling 
was disproportionately high at RCAV because it is much 
smaller than either CINB or CRAB. To compensate for this, 
we placed funnel traps at den openings and conducted area 
constrained hand capturing at all three sites.

We placed all captured rattlesnakes in snake bags, which in 
turn were placed inside of white plastic nine-liter buckets 
to prevent overheating. Rattlesnakes were then returned 
to the Idaho State University Herpetology Laboratory 
to be processed. Once in the lab, we marked rattlesnakes 
by subcutaneously injecting a cylindrical shaped (1.2 × 
0.2 cm diameter) Passive Integrated Transponder (PIT) 
tag (AVID Microchip I.D. Systems, Louisiana, USA) and 
their weight, snout vent length (SVL), sex, and reproduc-
tive condition (females) were recorded. Reproductive 
condition was determined by palping the ventral side of 
female rattlesnakes. If detectable follicles/embryos were 
present, females were considered gravid and the number 
of follicles/embryos was then estimated. In addition, the 
proximal segment of each rattlesnake’s rattle was painted 
with a sampling period specific (i.e., spring or fall of a given 
year) color to determine shedding rates. We selected colors 
that were not conspicuous in the sage-steppe environment 
to prevent increased predation rates. Rattlesnakes were 
then released at their point of capture approximately 48–72 
h after their initial capture.

Survival analysis.—We used the Cormack-Jolly-Seber 
model (CJS) to estimate annual apparent survival (Φ) 
and probability of recapture (p) (Cormack, 1964; Jolly, 
1965; Seber, 1965). Apparent survival cannot distinguish 
between mortality and permanent emigration. While we 
were unable to assess the degree of permanent emigration, 
we suspect it is low relative to mortality because we never 
recaptured a marked snake at a den other than its den at 
capture despite the presence of concurrently monitored 
dens within 5 km of RCAV. Other potential hibernacula 
are scarce near CRAB and CINB. Additionally, multiple 
studies, including our own observations, indicate high 
adult fidelity to hibernacula in north temperate communal-
ly-denning rattlesnakes (Parker and Anderson, 2007; Clark 
et al., 2008). Probability of recapture is the probability of 
encountering a marked individual given it is present. In this 
manner it is analogous to detection probability commonly 
used in occupancy studies but is different in that it refers to 
the probability of detecting a marked individual rather than 
any individual of the study species (MacKenzie et al., 2002). 

We followed Jenkins et al. (2009) and classified rattlesnakes 
with only a single rattle segment (i.e., button) as neonates 
(<1 year olds). For individuals with at least two rattle 
segments, we used their SVL to estimate their age to the 
nearest whole year using the von Bertalanffy growth curves 
from Jenkins et al. (2009). Because Jenkins et al. (2009) 
reported differences in growth rate among the three dens, 
the size limits for each age class were determined separately 
for each den based on that den’s growth curve. We initially 
considered six age groups, neonate, first through fourth year  
juveniles, and adults. However, initial tests showed that our 
data were too sparse to fit models with six age groups, even 
when Φ was held constant among two or more groups. We 
therefore only included three age groups, neonates, first 
through second year juveniles, and adults. We initially 
kept spring and fall captures separate during the analyses 
but ultimately pooled spring and fall captures into a single 
sampling event for each year because of data sparseness. 

We evaluated the effects of den, age, sex, and time (i.e., 
year) on Φ and p. We first identified the best supported 
term for p by holding Φ constant (Φ[.]) and modeling p as 
a function of group (den, age, or sex), an interactive effect 
of group and time (group*time), and an additive effect of 
group and time (group + time). We also considered a linear 
trend effect of time (group + T) because previous studies of 
rattlesnake demonstrated support for a linear trend effect 
on Φ and p (Diller and Wallace, 2002; Brown et al., 2007). 
We set p equal to zero for CINB and CRAB in 1996 and for 
RCAV in 2008 because no recaptures were made at those 
dens that year or the den was not visited, respectively. We 
retained the best supported term for p in all subsequent 
analyses. We then compared models including an effect of 
den, age, or sex on Φ to evaluate the relative importance 
of each variable on apparent survival. In addition to group 
effects, we included models with an interactive, additive, or 
linear trend effect of time on Φ. We also included models 
with only a time and linear trend effect of time on Φ for a 
total of 15 models. We included no more than one group 
effect in these models due to data sparseness. Reduced field 
efforts and low numbers of recaptures during 2008, 2009, 
and 2010 resulted in estimates of Φ on the boundary (0, 1) 
during those years so we excluded those years from our den 
and sex analysis. However, we reran our analyses including 
the final three years and found our results to be similar 
to those using the reduced dataset. To obtain age-specific 
survival estimates with which to estimate den-specific 
population growth rates we evaluated a model including a 
den*age effect on Φ. We were unable to include additional 
factors (e.g., time) because of data sparseness. We compared 
this model to models containing only an age and den effect 
on Φ to formally test if age-specific survival rates varied 
among dens. Because we did not include an effect of time in 
our den*age model we used the full 17-yr data set although 
our results were similar using the reduced data set.
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We fit our models using program MARK 6.1 (White and 
Burnham, 1999). We used the Φ(age*time)p(den*time) as 
the most general model of our candidate models with which 
to assess model goodness-of-fit and test for overdispersion. 
We used the median c-hat procedure in MARK to estimate 
the overdispersion parameter (ĉ) using 20 intermediate 
points and 20 replications at each design point. We found 
strong evidence of adequate model goodness-of-fit with 
little overdispersion (ĉ = 1.01) so we ranked our candidate 
models using Akaike’s information criterion adjusted for 
small sample sizes (AICc, Burnham and Anderson, 2002). 
To compare models within each analysis, we calculated 
ΔAICc as the difference in AICc values for a given model 
and the best supported model in that analysis (i.e., the 
model with the lowest AICc). We also calculated AICc model 
weights (wi) which represent the probability that a given 
model is the best model in the set of candidate models. We 
used these weights to obtain model-averaged estimates of 
Φ and p and their unconditional standard errors (Burnham 
and Anderson, 2002). 

Population growth rate.—We incorporated the esti-
mated reproductive characteristics described in Jenkins et 
al. (2009) and survival analyses presented above into a life 
table to estimate net reproductive rates, generation times, 
and population growth rates (Neal, 2004). Specifically, we 
used age, age to maturity, pregnancy interval, fecundity, 
and survivorship in developing three separate life tables, 
one each for CRAB, CINB, and RCAV. We assumed equal 
longevity and ran each life table out 20 yr. Twenty yr was 
selected based on capturing individual snakes from Cinder 
Butte that were known to be at least 16 years old. In addi-
tion, rattlesnakes of other species have been observed to 
live over 20 yr in the wild (Brown, 1993; Fitch and Pisani, 
2002). We then calculated the proportion of each popula-
tion surviving each year. The proportion of the population 
was estimated using age class specific survival estimates for 
each population (i.e., neonate, juvenile, and adult). For the 
purpose of assigning survival rates per year we used the 
same classification from survival analyses (Neonate: <1 
year olds, Juvenile: one and two year olds, and Adult: >3 
year olds). But to assign ages at first reproduction we used 
ages to maturity from Jenkins et al. (2009). Specifically, 
we used mean age to maturity (the medians and modes 
were the same value as the mean for each population) to 
determine the age at first reproduction (CRAB = 5, CINB 
= 4, RCAV = 4). To estimate fecundity by age at each 
population, we first used the growth curves, presented 
in Jenkins et al. (2009), to derive a SVL for each age. We 
then used the relationships between SVL and fecundity, 
presented in Jenkins et al. (2009), to estimate fecundity for 
each age for each population. To account for the fact that 
Western Rattlesnakes do not give birth every year, we used 
the proportion of pregnant females for a given size (5 cm 
increments) and multiplied these values by the predicted 

fecundity estimate for each age. To estimate net reproduc-
tive rates, we multiplied the proportion of each population 
surviving to each age by fecundity at each age and summed 
the products. To estimate generation time, we multiplied 
age by proportion of the population surviving by fecun-
dity for each age, summed the products, and divided the 
summed products by the net reproductive rate. To estimate 
population growth rate, we took the natural log of the net 
reproductive rate and divided it by the generation time. To 
provide upper and lower bounds on estimated population 
growth rates, we estimated three rates for each population; 
1) the base rate described above, 2) a low rate, calculated 
using the same method except replacing the survival rates 
with the lower 95% confidence intervals for survival, and 
3) a high rate, calculated using the same method except 
replacing the survival rates with the upper 95% confidence 
intervals for survival. These rates can loosely be interpreted 
as the range of population growth rates that would be expe-
rienced over time, during which the populations would be 
exposed to different environmental conditions (e.g., change 
in weather, prey abundance, or disturbance levels). 

RESULTS

Mark-recapture.—During the 17 yr course of this study, 
we captured and marked a total of 2641 rattlesnakes at 
the three dens. Of these rattlesnakes, 708 (27%) were 
recaptured. We captured 992 rattlesnakes at CINB (240 
[24%] recaptured), 894 at CRAB (182 [20%] recaptured), 
and 755 at RCAV (286 [38%] recaptured). The number of 
rattlesnakes marked and recaptured varied strongly by year 
(Fig. 1).

Survival analysis.—Recapture probability varied strongly 

Figure 1. Number of captures (closed bars) and recaptures 
(open bars) for Great Basin Rattlesnakes (Crotalus oreganus 
lutosus) from three dens on the Idaho National Laboratory from 
1994–2010.
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among dens and over time as the p(den*time) term received 
all of the model support (wi = 1.0000, Fig. 2). We therefore 
retained this term for all subsequent analyses. Models 
including an effect of age on Φ also received overwhelming 
model support (Table 1). The model including an interac-
tive effect of age and time had the highest model support 
(wi = 0.8717, Fig. 3). Recapture probability was generally 
low (p ≤0.30 in 26 of 36 den/yr combinations where p was 
not confounded with Φ, Fig. 2). Recapture probabilities 
were greatest for RCAV (≥0.20 in 11 of 12 yr). Recapture 
probabilities were very similar throughout the study 
between CINB and CRAB but were consistently lower than 
those for RCAV (≤0.20 for 18 of 24 den/yr combinations). 

The model with an age*den interaction received substan-
tially more support (wi = 0.8697) than models with only 
a main effect of age (wi = 0.1303) or den (wi < 0.0001). 
Neonatal survival was lowest and adult survival was 
highest at CINB (Table 2). The 95% confidence intervals for 
neonate and juvenile survival overlapped across all three 
dens but did not overlap for adult survival between CINB 
and CRAB.

Population growth rates.—Net reproductive rates for 
each population (CINB= 0.908; CRAB= 0.533; RCAV= 
1.085) suggest that rattlesnakes from CRAB are not 
replacing themselves, CINB rattlesnakes are almost 
replacing themselves, and that RCAV rattlesnakes are more 
than replacing themselves. Generation times for all three 
populations were close to eight years (CINB: 8.691; CRAB: 
8.056; RCAV: 7.134). Population growth rates at both CINB 
and RCAV of approximately one indicate stable popula-
tions but a negative growth rate of approximately 0.07 at 
CRAB suggests declining population size by approximately 
7% per year (CINB: -0.011; CRAB: -0.078; RCAV: 0.011). 
However, when examining upper and lower bounds for 
population growth rates at each population, we see the 
greatest spread around CRAB (upper: 0.059, estimated: 
-0.072, lower: -0.279) intermediate around CINB (upper: 
0.088, estimated: -0.011, lower: -0.149), and least around 
RCAV (upper: 0.086, estimated: 0.011, lower: -0.068). In 
addition, the upper bound for each population is similar 
at around 0.10. But the lower bound for CRAB extends to 
-0.28. These results suggest that under certain situations 
CRAB may have positive or negative population growth 
rates but also that population growth rates are likely more 
often negative.

DISCUSSION

The results from this study suggest that microgeographic 
variation in reproduction and survival are having popu-
lation-level consequences in Great Basin Rattlesnakes but 
that higher neonate survival at CRAB may be buffering the 

overall effect. Jenkins et al. (2009) found that snakes from 
CRAB have lower body condition, slower growth, later ages 
to maturity, lower fecundity, and smaller offspring than two 
proximate populations. In this study we found that adult 
snakes from CRAB also had lower survival but neonatal 
survival was greatest at CRAB (albeit with the greatest level 
of variability, 0.46, 95% C.I. = 0.26–0.66), despite that fact 
that SVL and body condition were not significantly different 
for field-born neonates among the three dens (Jenkins et 
al., 2009). In a laboratory experiment with neonates kept 
in captivity over their first winter, Cambrin (2010) found 
that 38% of CINB neonates survived compared to 48% of 
neonates from CRAB, a trend consistent with our results. 
Although CINB neonates were born with a higher body 
condition than neonates from CRAB, they were less likely 
to feed prior to hibernation than neonates from CRAB, 
perhaps suggesting that neonates from CINB are more 
likely to rely on their initial fat reserves to survive their 

Table 1. Model selection results comparing the effects of den, 
age, sex, and time on annual apparent survival (Φ) for Great 
Basin rattlesnakes (Crotalus oreganus lutosus) from 1994–2007 
on the Idaho National Laboratory. The term for recapture 
probability (p) was the best supported (wi = 1.00) and retained 
for modeling Φ. Only models with wi >0.00 are reported (3 of 
15). The number of parameters in each model is given by K. A 
“+” indicates an additive effect of age and time, an “ * ” indicates 
an interactive effect of age and time, and “ T ” indicates an 
additive linear trend effect of time. 

Model -2Log(L) K AICc ΔAICc w
Φ (age * time) p (den*time) 5847.14 73 5996.67 0.00 0.8717
Φ (age + T) p (den*time) 5914.34 43 6001.57 4.90 0.0752
Φ (age + time) p (den*time) 5898.54 51 6002.26 5.60 0.0531

Table 2. Age-specific estimates of apparent survival (Φ), 
standard errors (SE), and 95% confidence interval (C.I.) for each 
den from the model Φ(age*den)p(den*time). Juveniles include 
first and second year juveniles and adults include third year 
juveniles and older. Estimates marked with an asterisk (*) have 
non-overlapping 95% confidence intervals.

Estimate SE
Lower  

95% C.I.
Upper  

95% C.I.
Cinder Butte Neonate 0.29 0.06 0.19 0.43

Juvenile 0.70 0.06 0.58 0.80
Adult* 0.84 0.02 0.80 0.87

Crater Butte Neonate 0.46 0.11 0.26 0.66
Juvenile 0.70 0.06 0.58 0.81
Adult* 0.75 0.02 0.70 0.79

Rattlesnake Cave Neonate 0.47 0.05 0.38 0.56
Juvenile 0.69 0.04 0.62 0.76
Adult 0.80 0.01 0.78 0.83
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first winter. If this pattern was consistent for wild-born 
neonates, a lower likelihood of eating prior to hiberna-
tion could contribute towards lower neonatal survival at 
CINB. However, research on other snake species indicates 
that neonatal overwintering survival may not depend on 
increased (or decreased) body mass prior to hibernation 
(Kissner and Weatherhead, 2005; Bronikowski, 2000), 
suggesting that differences in neonatal survival among our 

three dens may not be simply due to differences in neonate 
body size or body condition. 

Our study joins a growing number of studies using 
capture-mark-recapture (CMR) modeling to estimate 
survival rates for snakes (e.g., Brown, 2008; Whiting et al., 
2008; Hyslop et al., 2012; Luiselli et al., 2011), although 
relatively few studies report rattlesnake survival rates using 
CMR modeling (Diller and Wallace, 2002; Brown et al., 
2007; Prival and Schroff, 2012). Age had a stronger effect on 
survival in our study compared to den or sex although the 
magnitude of the variation in survival among age classes 
varied among dens. Great Basin Rattlesnakes in all three 
of our study populations had the lowest survival rates as 
neonates, with survival increasing fairly rapidly through 
at least their first three years of life. While this trend is 
consistent for many snake taxa (Parker and Plummer, 1987; 
Bronikowski and Arnold, 1999), our survival estimates 
were lower for most age classes than those reported for 
Northern Pacific Rattlesnakes in northern Idaho (Diller 
and Wallace, 2002) or Timber Rattlesnakes in New York 
(Brown et al., 2007). In particular, neonate and juvenile 
survival rates were lower at all three of our dens compared 
to these previous two studies. Adult survival rates at CINB 
and RCAV were more comparable to these studies. Differ-
ences in growing season length and severity of winters 
could potentially explain some of these differences. Diller 
and Wallace’s (2002) study site was at lower elevation (700 
m) and had a longer growing season (206 days, Wallace 
and Diller, 2001) than our southeastern Idaho study site 
(135 days), potentially allowing neonates to feed more and 
acquire more energy reserves prior to ingress. However, 
the growing season at Brown et al.’s (2007) site (125 days) 
was similar to ours, despite also being at a lower elevation 
(150–390 m, Brown, 2008), suggesting that growing season 
length alone may not explain our lower neonatal survival 
rates. 

Our results also indicate that survival varied with time 
during our study but in no consistent manner contrary 
to the results of Diller and Wallace (2002) and Brown et 
al. (2007) which both found support for linear trends in 
annual apparent survival over time. Seasonal variation in 
survival during our study may reflect variation in winter 
conditions. Winter severity was linked to young-of-year 
survival in the European Asp (Vipera aspis, Altwegg et al., 
2005) and neonatal Northern Watersnake (Nerodia sipedon, 
Kissner and Weatherhead 2005). Seasonal variation in 
factors affecting body condition such as growing season 
length or prey abundance could also have contributed 
to variation in survival. In particular prey abundance is 
known to vary temporally as well as spatially among our 
three dens (Jenkins, 2007). However, we were unable to test 
for differences in age-specific survival over time at each den 
due to data limitations. 

Figure 2. Model-averaged annual recapture probabilities with 
95% confidence intervals by den for Great Basin Rattlesnakes 
(Crotalus oreganus lutosus) on the Idaho National Laboratory 
from 1995–2007. Data were pooled across age classes and sexes. 
The final year’s (2007) estimates are confounded by recapture 
probability and are not included.

	  

Figure 3. Model-averaged annual apparent survival rates with 
95% confidence intervals by age for Great Basin Rattlesnakes 
(Crotalus oreganus lutosus) on the Idaho National Laboratory 
from 1995–2006. Data were pooled across dens and sexes. 
The final year’s (2007) estimates are confounded by recapture 
probability and are not included. The extremely broad 95% 
confidence intervals for the first year (1995) are due to extremely 
low recapture rates (i.e., no recaptures at two of the three dens) 
in 1996.
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While our recapture rates (i.e., probability of encountering 
a marked individual when present) varied strongly by time 
and among dens, they were generally low (≤0.30). The 
temporal variation was most likely driven by variation in 
sampling intensity over the course of the study (e.g., encir-
cling RCAV with drift fences during 2005 and 2006), a factor 
reported to influence recapture rates in other studies (Lind 
et al., 2005; Maritz and Alexander, 2012; Prival and Schroff, 
2012). The variation among dens may reflect differences 
in the physical size of each den. Rattlesnake Cave was the 
smallest den (approximate perimeter 0.4 km) while perim-
eters of CINB and CRAB were approximately 3.0 and 1.8 
km, respectively. The population sizes at these dens are also 
larger than those at RCAV (C. R. Peterson, unpubl. data). 
Both factors may have reduced our ability to recapture 
marked individuals, despite continual monitoring during 
the entire egress/ingress, and contributed to lower recap-
ture rates than those obtained at RCAV. Nevertheless, low 
recapture probabilities are common in snake-mark recap-
ture studies from multiple taxa (Lind et al., 2005; Koons et 
al., 2009; Hyslop et al., 2012; Maritz and Alexander, 2012) 
including communally-denning rattlesnakes (Brown et al., 
2007; Prival and Schroff, 2012). However, other studies 
have reported higher recapture rates (Stanford and King, 
2004). Diller and Wallace (2002) reported recapture rates 
≥0.40 for northern Pacific rattlesnakes but the small size 
of their study area (approximate den perimeter of 0.3 km) 
may have allowed for more intensive sampling efforts. 

It is possible that our low recapture rates were influenced 
by temporary emigration due to marked individual being 
unavailable for capture (e.g., underground) despite their 
presence within the sampling area during the sampling 
period. If temporary emigration is random, recapture rates 
are underestimated which reduces the precision (e.g., 95% 
CI) of survival estimates although they remain unbiased 
(Kendall et al., 1997). Unfortunately, our study design and 
data sparseness did not allow us to assess the degree of 
temporary emigration (e.g., using a robust-design model, 
Kendall et al., 1997). However, we surveyed all known 
den-openings at each den continuously throughout ingress/
egress thereby increasing the chances of each individual 
being available for capture (i.e., on the surface) during each 
sampling period. Additionally, other studies have reported 
low (<0.30) recapture rates for multiple snake taxa despite 
accounting for temporary emigration (Willson et al., 
2011; Guimaraes et al., 2014). Temporary emigration has 
received relatively little attention in snake mark-recapture 
studies and we encourage future researchers to implement 
sampling designs that allow the estimation of this param-
eter to better elucidate factors influencing snake recapture 
rates. 

We now have a good understanding of life history charac-
teristics in some rattlesnakes such as Western Rattlesnakes 

and Timber Rattlesnakes (Diller and Wallace, 2002; Jenkins 
et al., 2009; Brown, 1991; Martin, 2002). Other studies of 
snake population biology (King, 1986; Plummer, 1997) 
and this study have shown population-level consequences 
of variation in life history characteristics even over fine 
spatial scales. Thus, to better manage snake populations, it  
is important that we begin to examine the causes of varia-
tion in life histories. Many researchers have documented 
the importance of prey in determining growth and repro-
duction in rattlesnakes (e.g., Beaupre, 1995; Taylor and 
Denardo, 2005; Taylor et al. 2005; Jenkins, 2007). Similarly, 
other factors such as thermal environment, predation, and 
competition (Grothe, 1992; Peterson et al., 1993; Luiselli, 
2006) may play an important role in causing variation in 
rattlesnake reproduction. 

The link between life histories and population growth rates 
has important applied implications for the conservation 
of rattlesnakes. Of the landscapes surrounding the three 
populations in this study, disturbance levels in the form 
of invasive plants and fires are highest surround CRAB 
(Jenkins, 2007). These disturbance factors are correlated 
with lower prey availability at CRAB relative to CINB and 
RCAV (Jenkins, 2007). Finally, focal animal studies on 
rattlesnakes from CRAB and RCAV showed that individual 
snakes using relatively high disturbance, low prey avail-
ability areas gain less weight and had lower body condition 
relative to snakes using low disturbance-high prey avail-
ability areas (Jenkins and Peterson, 2009). These relation-
ships suggest that if disturbance continues to increase in 
sagebrush-steppe ecosystems, Great Basin Rattlesnakes 
could decline due to the indirect effects on population 
growth rates. These types of approaches, linking human 
caused disturbance to rattlesnake population biology 
via the relationship between prey availability and snake 
life histories, may have a broader utility for studying the 
conservation biology of many other species.
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Appendix I. Life table estimating net reproductive rate, 
generation time, and population growth rate for Cinder Butte 
(lx = proportion of the population surviving; Grav = proportion 
gravid; mx = fecundity; Ro = net reproductive rate; T = 
Generation Time; rc = population growth rate).

Appendix II. Life table estimating net reproductive rate, 
generation time, and population growth rate for Crater Butte 
(lx = proportion of the population surviving; Grav = proportion 
gravid; mx = fecundity; Ro = net reproductive rate; T = 
Generation Time; rc = population growth rate).

Age lx logSVL Grav mx lxmx xlxmx

0.25 0.29 1.42 0.00 0.00 0.00 0.00 Ro 0.908
1 0.20 1.56 0.00 0.00 0.00 0.00 T 8.691
2 0.14 1.65 0.00 0.00 0.00 0.00 rc -0.011
3 0.12 1.71 0.00 0.00 0.00 0.00
4 0.10 1.76 0.24 1.04 0.10 0.42
5 0.08 1.80 0.27 1.31 0.11 0.55
6 0.07 1.83 0.28 1.48 0.10 0.63
7 0.06 1.86 0.26 1.46 0.09 0.61
8 0.05 1.88 0.26 1.53 0.08 0.61
9 0.04 1.90 0.26 1.59 0.07 0.60
10 0.04 1.91 0.35 2.21 0.08 0.78
11 0.03 1.92 0.35 2.27 0.07 0.74
12 0.02 1.93 0.37 2.45 0.06 0.73
13 0.02 1.94 0.37 2.49 0.05 0.68
14 0.02 1.95 0.37 2.53 0.04 0.62
15 0.01 1.95 0.24 1.66 0.02 0.37
16 0.01 1.96 0.10 0.70 0.01 0.14
17 0.01 1.96 0.10 0.70 0.01 0.12
18 0.01 1.97 0.10 0.71 0.01 0.11
19 0.01 1.97 0.10 0.71 0.01 0.10
20 0.01 1.97 0.10 0.72 0.00 0.09

Age lx logSVL Grav mx lxmx xlxmx

0.25 0.46 1.42 0.00 0.00 0.00 0.00 Ro 0.533
1 0.32 1.56 0.00 0.00 0.00 0.00 T 8.056
2 0.23 1.65 0.00 0.00 0.00 0.00 rc -0.078
3 0.17 1.71 0.00 0.00 0.00 0.00
4 0.13 1.76 0.00 0.00 0.00 0.00
5 0.10 1.79 0.24 1.13 0.11 0.54
6 0.07 1.81 0.30 1.51 0.11 0.64
7 0.05 1.83 0.30 1.58 0.08 0.59
8 0.04 1.85 0.26 1.42 0.06 0.46
9 0.03 1.86 0.26 1.46 0.04 0.40
10 0.02 1.87 0.26 1.49 0.03 0.34
11 0.02 1.87 0.26 1.52 0.03 0.28
12 0.01 1.88 0.26 1.54 0.02 0.23
13 0.01 1.88 0.26 1.55 0.01 0.19
14 0.01 1.89 0.26 1.57 0.01 0.16
15 0.01 1.89 0.26 1.58 0.01 0.13
16 0.00 1.89 0.26 1.58 0.01 0.10
17 0.00 1.89 0.26 1.59 0.00 0.08
18 0.00 1.90 0.26 1.60 0.00 0.06
19 0.00 1.90 0.26 1.60 0.00 0.05
20 0.00 1.90 0.26 1.60 0.00 0.04
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Appendix III. Life table estimating net reproductive rate, 
generation time, and population growth rate for Rattlesnake 
Cave (lx = proportion of the population surviving; Grav = 
proportion gravid; mx = fecundity; Ro = net reproductive rate; T 
= Generation Time; rc = population growth rate).

Age lx logSVL Grav mx lxmx xlxmx

0.25 0.47 1.41 0.00 0.00 0.00 0.00 Ro 1.085
1 0.32 1.58 0.00 0.00 0.00 0.00 T 7.134
2 0.22 1.68 0.00 0.00 0.00 0.00 rc 0.011
3 0.18 1.75 0.00 0.00 0.00 0.00
4 0.14 1.81 0.29 1.43 0.20 0.82
5 0.11 1.85 0.26 1.42 0.16 0.81
6 0.09 1.88 0.26 1.53 0.14 0.84
7 0.07 1.90 0.36 2.24 0.16 1.15
8 0.06 1.92 0.36 2.34 0.14 1.10
9 0.05 1.94 0.37 2.48 0.12 1.05
10 0.04 1.95 0.24 1.65 0.06 0.62
11 0.03 1.96 0.10 0.70 0.02 0.23
12 0.02 1.97 0.10 0.71 0.02 0.21
13 0.02 1.98 0.10 0.72 0.01 0.18
14 0.02 1.98 0.10 0.73 0.01 0.16
15 0.01 1.99 0.10 0.74 0.01 0.14
16 0.01 1.99 0.10 0.75 0.01 0.12
17 0.01 2.00 0.10 0.75 0.01 0.10
18 0.01 2.00 0.10 0.75 0.00 0.09
19 0.01 2.00 0.10 0.76 0.00 0.07
20 0.00 2.00 0.10 0.76 0.00 0.06
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