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Biodemography of Ectothermic
Tetrapods Provides Insights into
the Evolution and Plasticity
of Mortality Patterns

David A. W. Miller, Fredric J. Janzen, Gary M. Fellers,
Patrick M. Kleeman, and Anne M. Bronikowski

INTRODUCTION

Evolution acts to shape aging rates within the set of ecological and
organismal constraints that individual species experience. Biodemography
seeks to understand the shape of age-dependent reproductive and mortality
patterns and how they are impacted by these constraints (Carey and Vaupel,
2006). Although model laboratory organisms have been crucial to under-
standing patterns and causes of aging, there is great value in also studying
the underlying evolutionary and ecological forces that shape rates of aging
in the environment in which they evolved. In this paper we examine the
biodemography of wild populations of three species (a turtle, a frog, and
a snake). All are ectotherms, an understudied subset of the vertebrate taxa
for understanding aging. Low metabolic rates coupled with a tendency for
indeterminate growth, and thus increasing fecundity with age, lead to the
prediction that general patterns of aging should be slower in these taxa. We
focus on age-dependent differences in mortality (i.e., the shape or trajectory
of mortality), describing basic patterns and determining how early-life and
late-life exposure to poor environmental conditions shape these patterns.

Classic evolutionary theory of aging predicts that the declining power of
natural selection with advancing age will mold the age-dependent trajectory
of mortality for a species, or the rate of aging (Hamilton, 1966; Promislow
and Bronikowski, 2006). This occurs because fewer individuals are ex-
pected to survive to later age-classes due to extrinsic sources of death, and
thus alleles that are deleterious at advanced ages become fixed (Medawar,
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1946), as do alleles that confer fitness advantages earlier in life despite pos-
sible deleterious effects later in life (Williams, 1957). Within this paradigm,
a fundamental prediction is the inevitability of senescence as organisms
age (Medawar, 1946; Williams, 1957), while relative rates of aging are ex-
pected to evolve when the strength of selection is altered across the lifespan
(Hamilton, 1966; Promislow and Bronikowski, 2006).

This prediction of universal senescence has been called into question
due to problematic assumptions: lack of consideration of the sources of
mortality and the role of phenotypic plasticity, and a need for additional
mathematical rigor (Abrams, 1993; Lee, 2003; Williams and Day, 2003;
Vaupel et al., 2004; Baudisch, 2005; Nussey et al., 2013). At the same
time, empirically determined mortality trajectories, such as species-specific
Gompertz curves, and notions that animals do not display significant
senescence in the wild have been challenged by larger datasets and more
sophisticated analyses in many species, including humans (Brunet-Rossinni
and Austad, 2006; Carey and Vaupel, 2006; Bronikowski et al., 2011; Jones
et al.,, 2014). Moreover, both the diversity among species and variation
within species in the shapes of mortality trajectories have been relatively
understudied and remain major unsolved biological questions that have rel-
evance for understanding the evolution of diverse life histories and lifespans
(Munch and Mangel, 2006). Taken together, these criticisms and insights
suggest that broadening an understanding of the evolution of senescence
in diverse taxa, and incorporating analyses that include sex-specific and
environment-specific differences, are important for a comprehensive under-
standing of the constraints governing aging.

General patterns of mortality may differ both among and within spe-
cies. Important sources of within-species variation are environmental drivers
that lead to differences among individuals in age-dependent mortality and
reproductive probabilities (Le Galliard et al., 2010; Peterson et al., 2010).
The effect of the environment on demography can manifest as immediate
impacts on reproduction and survival of individuals and through long-term
ontogenetic carry-over effects that may be realized long after the period of
exposure (Madsen and Shine, 2000a). In both cases, the environment in
which an individual occurs may shape the pattern of mortality senescence.
The literature on compensatory growth in vertebrates has numerous ex-
amples of the negative effects of early nutritional stress on growth, reproduc-
tion, and survival (Metcalfe and Monaghan, 2001; Hector et al., 2012), as
well as the converse notion of a “silver spoon” effect of abundant resource
availability during the juvenile stage (Madsen and Shine, 2000b; Mangel
and Munch, 2005). For example, recent intriguing examples of an early-age
nutritional effect is reported in the lizard Zootoco vivipara (Massot and
Aragdn, 2013), where the first meal of one’s life shapes rates of reproduction
and survival months to several years later.
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Within populations, individuals born in the same year may share the
same early life conditions, which can generate common effects on age-
dependent mortality for individuals within these cohorts. Cohort effects
may either shift the average mortality rate throughout life or interact with
age to affect the rate of senescence (Massot et al., 2011). The effects of
common environmental conditions on mortality are not limited to early
life, but occur throughout life (Eskew et al., 2010). These again may lead to
common shifts in mortality across all ages or affect individuals differently
based on age-dependent vulnerability to environmental stress (Wikelski
and Thom, 2000). In addition, cohort and later-life effects may interact,
so that individuals exposed to poor conditions early in life may respond
better or worse to later stressors, depending on whether the early exposure
has a priming or a weakening effect. Studying factors related to cohort
and annual effects in wild populations provides an opportunity to test the
magnitude of environmental influences in shaping age-dependent mortality
and thereby clarifies the nuances of evolutionary senescence theory.

Natural selection over evolutionary time periods has led to vertebrate
species that vary in lifespan by orders of magnitude (< 1yr — 100+ years)
(Austad, 2010), whereas the greatest difference achieved via artifical selec-
tion in lab mice has been little more than 2-fold (Bartke et al., 2013). Thus,
studies seeking to understand how variable lifespans and senescence evolves
need to utilize this natural variation. Ectotherm (cold-blooded) vertebrates,
including reptiles and amphibians, demonstrate such extensive variation in
lifespan among major lineages and species, and include reports of negligible
aging (e.g., Congdon et al., 2003; Jones et al., 2014). Amphibians are best
known for their transition from aquatic larvae to semi-terrestrial adults
accompanied by transformation of the morphology, gut, and respiration
systems. In wild populations of reptiles, the oldest adults are often the most
fecund and robust (Paitz et al., 2007; Sparkman et al., 2007) in contrast
to most mammals (e.g., Alberts et al., 2013); this is a trait that commonly
distinguishes species with indeterminate versus determinate growth. Taken
together, low metabolic rates relative to mammals (White et al., 2006),
coupled with indeterminate growth and indeterminate fecundity, suggest
that aging rates, measured as the shape of age-specific mortality, will be
slower in reptiles and amphibians than in mammals and birds (reviewed in
Schwartz and Bronikowski, 2010). The extensive variation in ectothermic
vertebrates in lifespan indicates that forging new links with biodemography
holds exciting promise to illuminate evolutionary mechanisms for the origin
and modulation of vertebrate aging patterns.

We examined age-specific mortality in populations of three species that
have been studied for at least several generations: the Sierra Nevada yellow-
legged frog (hereafter, yellow-legged frog; Rana sierrae), western terrestrial
garter snakes (hereafter, garter snake; Thamnophis elegans), and painted
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turtles (Chrysemys picta). Data for each study derive from long-term mark-
recapture studies where environmental factors influencing demography
are well characterized and monitored (Miller et al., 2011; Schwanz et al.,
2011 Fellers et al., 2013). For each species, we first examine the general
age-dependent mortality trajectory. Then we examine how environmental
variation influences age-dependent mortality, by focusing on how shared
cohort and annual environmental conditions act and interact on mortality
patterns. Our goal is to expand the comparative perspective into aging in
nonmodel species.

METHODS

Data Collection

Data for yellow-legged frogs were collected from the Summit Meadow
population in Yosemite National Park (Fellers et al., 2013). This species has
been studied at that site from 2003-present. Animals were marked during
10-15 days each summer where observers conducted systematic searches of
the wetland and captured and marked all animals that were at least 40 mm
in length. We conditioned aging analyses on the age of maturation (~6 years
in this population; Fellers et al., 2013). Based on extensive analysis of
growth rates, which included estimating the distribution of individual size
at maturity, we classified all individuals that were less than 51 mm at the
time of first capture as known-age individuals that matured in the current
year and larger individuals as unknown age. Previous work has shown that
water availability (as measured by relative precipitation two years previ-
ous) has a strong correlation with population size fluctuations (Fellers et
al., 2013). To evaluate the role of precipitation on mortality trajectories,
we classified individuals exposed to less than average precipitation during
the 2 years prior to maturation as coming from “poor” quality cohorts and
above average as being from “good” quality cohorts. Similarly, we classified
a year as being a “poor” year when precipitation was less than the long-
term average and a “good” year as having above-average precipitation. In
this way, animals could be either from poor or good cohorts and poor or
good recapture years.

Mark/recapture data for the garter snake are from a long-term study in
the northern Sierra Nevada (Lassen County, California), in the Eagle Lake
basin and surrounding meadows. These populations have been the object
of extensive studies from 1976-present. Previous work has shown strong
evidence of life-history divergence among populations along a fast-to-slow
pace of life continuum, with low-elevation populations characterized by
individuals that grow fast, mature early, and have both higher fecundity and
shorter median lifespan than higher elevation populations (Bronikowski
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and Vleck, 2010; Robert and Bronikowski, 2010), hereafter referred to
as “short-lived” and “long-lived” ecotypes of garter snakes. Although
observed maximum life spans do not differ (ca. 18-20 years), the age struc-
ture is markedly different with low-elevation populations skewed towards
younger individuals. For our analyses, we focused on two populations of
the long-lived ecotype and one population of the short-lived ecotype for
which we had sufficient power to estimate age-specific mortality. Capture
effort varied among years, but substantial effort occurred for all popula-
tions from 1979-1988 and 1994-1996; thus we use these years for our
analyses. Known-age individuals were defined by age/size relationships.
Individuals less than 280 mm in long-lived and 350 mm in short-lived
populations were considered young of the year and treated as known-
age (1-year-olds), and all individuals initially caught at larger sizes were
treated as unknown-age. Previous work showed a strong tie between food
availability and demography, with precipitation and its effect on anuran
prey and water availability being the major driver of annual variation
(Bronikowski and Arnold, 1999). We defined “poor” and “good” years
following criteria developed by Miller et al. (2011) as years with less than
or greater than 500 mm precipitation in the preceding year. “Poor” cohorts
were defined to be cohorts that experienced a “poor” first year and “good”
cohorts were the opposite. Like the frogs, animals could be either from poor
or good cohorts and poor or good recapture years.

Our painted turtle data are from long-term studies of a nesting popula-
tion of painted turtles on the Mississippi River between Iowa and Illinois
(Whiteside County, Illinois). This area has been monitored since 1988,
with mark-recapture beginning in earnest in 1995 (Schwanz et al., 2010;
Jergenson et al., 2014; Warner et al., 2014). There are two sources of
data: females are primarily captured when they move onto land to con-
struct nests or when they are trapped aquatically in fyke and hoop nets.
Males are caught almost exclusively in aquatic traps, with the occasional
rare male hand-captured on land. Known-age individuals are identified
based on pectoral scute annuli when they first return to the breeding
grounds (6-8 years of age for females, 3-5 years of age for males). Less is
known about what environmental factors drive annual variation in sur-
vival beyond the first year of life, in part because adult survival remains
fairly stable across years (Jergenson et al., 2014; Warner et al., 2014).
Our primary analyses for this painted turtle population do not consider
“good” and “bad” recapture years, although adverse winter conditions
likely impact individual survival via anoxia. However, previous work
(Schwanz et al., 2010) has detected high variability among annual cohorts
in hatching success, which is tied to above-average thermal conditions dur-
ing embryogenesis. Based on this criterion, we assigned individuals from
years where less than two-thirds of intact eggs hatched as “poor” cohorts,
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with “good” cohorts in years where greater than two-thirds of intact eggs
hatched (Schwanz et al., 2010).

Analyses

We estimated age-specific mortality probabilities using standard mark-
recapture methodologies to account for detection uncertainty common
to monitoring of wild populations (Lebreton et al., 1992; Williams et
al., 2002). We first estimated the age-specific mortality schedule from all
individuals pooled within each population (i.e., one population of yellow-
legged frogs, three populations of garter snakes, one population of painted
turtles), with the yellow-legged frog data partitioned further into males and
females. Secondly, using only animals of known age, we related mortality
to the covariates of cohort quality (“good” vs. “poor”) and quality of year
in which the animal was recaptured (“good” vs. “poor”). Although the ef-
fect of sex was not estimable due to statistical power of our sample size in
this second analysis, we were able to test for age-specific cohort and year
effects (and their interaction) on known-age individuals. Findings from this
latter analysis specifically address the question of whether early-life experi-
ences leave a signature on mortality trajectories, and indeed whether this
signature manifests differently among animals that experienced “good” vs.
“poor” recapture years.

For the first analysis, we estimated age-specific mortality on data
pooled over years for each species (i.e., ignoring variation due to cohort
and annual effects, but testing for an effect of advancing chronological
age) using the program BaSTA (Colchero and Clark, 2012; Colchero et al.,
2012). This program fits models using a Bayesian approach that includes
both known and unknown age individuals, as well as accounting for in-
complete detection. Models were fit using MCMC. For each population,
we fit a Gompertz model of accelerating death rate to the data, reasoning
that more parameterized models were not justified given the sparse data. A
Gompertz model is defined by u_= Aeb_where u_ is the mortality hazard
rate, A is the initial mortality rate (IMR), and b is rate of increasing death
probability with advancing age (referred to hereafter as “aging rate”). We
fit models using the complete data sets (i.e., that included both known-age
and unknown-age individuals). This approach worked well for the yellow-
legged frog and painted turtle datasets, and for the long-lived garter snake
populations. We were unable to fit models to short-lived snake populations,
likely because of the limited capability of BaSTA to deal with detection
heterogeneity and the shorter median lifespan and higher mortality of ani-
mals in this population. Thus, we could not estimate mortality trajectories
for this population. For yellow-legged frogs we were able to estimate sepa-
rate mortality functions for males and females, while for the painted turtles,
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our data were limited to females. For garter snakes, a large proportion of
animals of known age-at-first-encounter (i.e., neonates) were of unknown
sex. Thus, we could not test for a difference between the sexes for garter
snakes in age-specific mortality.

While powerful, the BaSTA approach has limitations, including an in-
ability to deal with cohort and annual effects on survival, and known-age
animals that enter a population at later ages. In addition, the approach
makes strong assumptions about a lack of emigration and immigration,
no relationship between age and detection variation, and no individual
heterogeneity. Therefore, to examine cohort and annual effects, we fit
Cormack-Jolly-Seber models (Cormack, 1964; Jolly, 1965; Seber, 1965)
for known-age individuals using Program MARK (White and Burnham,
1999). For these analyses, we were limited to the known-age component
of the dataset. We again were unable to examine sex-related differences
in the painted turtles and garter snakes. Due to data constraints, we also
did not consider sex-specific differences for yellow-legged frogs. Other
analyses show a high degree of congruence in female and male mortality
patterns (Fellers et al., 2013; BaSTA analysis in this study). Our ability to
fit complex models for age-specific mortality probabilities was limited when
simultaneously considering cohort and annual effects; thus, we grouped
data into several age-classes rather than using annual age for each species.
For yellow-legged frogs, the age-classes were the first year after reach-
ing maturity (i.e., 6 years of age) and greater than 1 year after reaching
maturity (> 6 years of age). Following our previous studies (Bronikowski
and Arnold, 1999; Miller et al., 2011), we divided garter snakes from the
long-lived ecotype into 1-year-olds (neonates), 2-4 year olds (juveniles),
and greater than 4 years of age (adults). Likewise for the short-lived eco-
type of garter snakes, we divided garter snakes into 1-year-olds (neonates),
2-year-olds (juveniles), and greater than 2 years of age (adults). Finally,
adult female painted turtles were divided into less than 2 years after first
breeding (young adult, i.e., 6-8 years of age), 2-4 years after first breeding
(i.e., 8-10 years of age), and greater than 4 years after first breeding (i.e.,
10+ years of age).

We fit survival models that allowed for variation among age-classes,
poor and good cohorts, and poor and good years, along with all two-way
interactions among these effects. Our global model took the form of

logit(Survival) = Age-Class + Cohort + Year-Quality +
(Age x Cohort) + (Age x Year-Quality) + (Cohort x Year)

where all explanatory variables were categorical. Age-classes for each spe-

cies are as explained above. Cohort and year effects are divided into poor
and good based on criteria defined in the “Data Collection” section above.
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For yellow-legged frogs and garter snakes, we were able to include all
the factors in the models. Because we were unable to define poor and good
years for adult painted turtles based on an environmental variable, we did
not test for an effect of “Year” quality, but did test for effects of age and
cohort for this species. We fit models for all possible combinations of two-
way interactions and main effects and selected among models using AIC.
We present model-averaged estimates of parameters to account for uncer-
tainty in the model selection procedures (Burnham and Anderson, 2002).

RESULTS

We successfully fit age-specific Gompertz mortality models to male and
female yellow-legged frogs, female painted turtles, and two populations of
long-lived garter snakes of both sexes (see Table 13-1, Figure 13-1). Overall
mortality was lower and rates of aging slower for painted turtles than for
yellow-legged frogs and garter snakes. Mortality trajectories were similar
for both sexes in yellow-legged frogs, with the only difference being slightly
higher mortality for males than females. Mortality acceleration was similar
in both populations of long-lived garter snakes. One difference between
these two populations was that the best model for Population 1 included
an age-independent (constant) mortality, i.e., a Makeham term, which is
additive with the standard Gompertz model (Table 13-1.) Notwithstanding,
rates of aging were quite similar among garter snakes and yellow-legged
frogs (range: 0.16-0.22), which corresponds to a mortality rate doubling
time (MRDT) of 3.2-4.3 years. The MRDT for female painted turtles
was 6.8 years, which is significantly slower than for frogs and snakes
(Table 13-1).

When fitting models to determine cohort and annual survival effects,
with data limited to only known-age individuals, all populations showed
differences in mortality among age-classes similar to the Gompertz analysis
(see Table 13-2). In addition, whereas long-lived garter snakes and yellow-
legged frogs showed strong evidence of cohort and annual effects on mortal-
ity, painted turtles were more resilient and were seemingly buffered against
years of poor cohort quality and environmental variance (see Figure 13-2).
Overall, mortality of yellow-legged frogs decreased strongly in the first year
post-maturity. This was pronounced and consistent for animals from good
quality cohorts, regardless of whether their recapture year was of poor or
good quality. For individuals who were in cohorts from poor quality years,
mortality increased significantly when these poor cohorts experienced poor
resource years (Figure 13-2). Growth is still rapid during this first year post-
maturation, perhaps contributing to the added mortality in this latter group
(Fellers et al., 2013).
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FIGURE 13-1 Age-specific mortality rates for two populations of long-lived west-
ern terrestrial garter snakes (Thamnophis elegans), male and female Sierra Nevada
yellow-legged frogs (Rana sierrae), and female painted turtles (Chrysemys picta).
NOTES: Estimates are for a Gompertz mortality model (see Table 13-1 for
parameters), excepting Population 1 of the long-lived snakes, for which an additive
age-independent mortality term (i.e., a Makeham term) was included for improved
model selection. For the populations of short-lived garter snakes, we were unable
to fit a Gompertz model; the value indicated on the graph corresponds to the point
estimate for adult mortality from our analysis of mark-recapture data.

SOURCE: Illustrations by Shawna Snyder, lowa State University. Used with permission.

Long-lived snakes and yellow-legged frogs exhibited a similar interac-
tion between cohort and annual effects. Mortality for long-lived snakes
initially decreased after their first year and then began to increase again
once they reached maturity. Individuals from poor cohorts began to ex-
hibit higher mortality starting in their second year and the magnitude of
the difference increased for adults. This suggests that poor developmental
conditions during the first year of life may lead to greater rates of senes-
cence. In addition, deleterious effects of poor conditions later in life only
occurred for individuals from poor cohorts, indicating that early-life stress
may reduce the ability of individuals to cope with poor conditions later in
life (Figure 13-2).

The model with the strongest support for both painted turtles and short-
lived garter snakes only included effects of age (Table 13-2, Figure 13-2).
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TABLE 13-2 Mortality Estimates for the Indicated Age-Classes from
Cormack-Jolly-Seber Analysis of Mark-Recapture Data

Cohort Quality/ Age-specific survival
Species N Capture Year Quality (yrs of age)
0-6 6-7 7+
Sierra Nevada 366 Good cohort/Good year 0.523  0.952
Yellow-legged Good cohort/Poor year 0.291  0.749
Frog Poor cohort/Good year 0.774  0.813
Poor cohort/Poor year 0.576  0.411

0-1 1-4 4+

Western 1080  Good cohort/Good year ~ 0.366  0.948  0.942
Terrestrial Good cohort/Poor year 0.976  0.926
Garter Snake Poor cohort/Good year 0.880  0.872
Long-lived Poor cohort/Poor year 0.395 0.858 0.663

0-1 1-2 2+

Western 341 Good cohort/Good year  0.316  0.707  0.627
Terrestrial Good cohort/Poor year 0.716  0.648
Garter Snake Poor cohort/Good year 0.706  0.629
Short-lived Poor cohort/Poor year 0.323  0.722  0.659

0-6 6-8 8-10 10+

Painted Turtle 603 Good cohort 0.811  0.924 0.904
Poor cohort 0.815 0.922  0.899

NOTES: See Table 13-1 for years studied. Point estimates are from model-averaging.

Overall, short-lived garter snakes showed a similar pattern of age-specific
mortality to long-lived garter snakes, with the lowest mortality occurring
after the first year of life and prior to maturation. Unlike the long-lived
garter snakes, whether cohorts were of poor or good quality did not influ-
ence this pattern. Interestingly, the painted turtles had higher mortality
in the first 2 years after maturation, decreasing in the next 2 years before
starting to increase again in later life, suggestive of a signature of senescence
even within these broad age-classes.

DISCUSSION

Evolutionary senescence theory, underpinned by clear expectations from
population genetic principles, has guided much of the research in compara-
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FIGURE 13-2 Tests for effect of early life experience and environmental variation
on late life mortality for short-lived and long-lived ecotypes of the western terres-
trial garter snakes (Thamnophis elegans), Sierra Nevada yellow-legged frogs (Rana
sierrae), and painted turtles (C. picta).

NOTES: Model averaged estimates of mortality are from analysis of mark-recapture
models accounting for age, cohort, and annual effects on survival. For yellow-legged
frogs and long-lived garter snakes, we found effects of both cohort and year, along
with their interaction suggesting that poor developmental conditions are associated
with both greater mortality later in life and greater vulnerability to poor conditions
at later ages.

tive biodemography for nearly 50 years. Even so, it has become apparent
that variation in mortality trajectories demands a deeper understanding of
mechanisms, particularly as such variation relates to potential constraints,
be they environmental, sex-specific, or otherwise (Austad, 2010). Employ-
ing a comparative perspective by examining wild populations of relatively
long-lived ectothermic vertebrates, we found that (1) across all three species,
there was strong evidence for mortality senescence and (2) environmental
factors, including stress, influence age-specific patterns of mortality both in
current and later years and therefore produces plastic variation in the shapes
of mortality trajectories.

We observed increased mortality with age in populations of all three
species—yellow-legged frogs (R. sierrae), garter snakes (T. elegans), and
painted turtles (C. picta). Painted turtles aged at a much slower rate than
yellow-legged frogs and garter snakes, in agreement with a handful of aging
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studies on turtles. However, the results for female painted turtles suggest
that contrary to other turtle reports (Congdon et al., 2001; Miller, 2001;
Jones et al., 2014), there was measurable aging, though this rate of aging
is much slower than in many other taxa (reported here and see Finch et al.,
1990; Finch, 2009; Bronikowski et al., 2011).

We found similarities with mammalian studies in the observed rate
of aging for yellow-legged frogs and garter snakes. This was surprising,
because indeterminate growth and indeterminate fecundity have been pre-
dicted to offset declines in the power of natural selection to remove deleteri-
ous mutations with late-age phenotypes (Reznick et al., 2004; Bronikowski
and Promislow, 2005). The lack of uniformity in aging among our three
ectothermic species suggests metabolism and indeterminate growth may
not explain evolved differences in aging rates. Future work should evalu-
ate other aspects of comparative aging, including sex-specific dynamics
and other mechanisms underlying increasing mortality with advancing
age. Such studies should include external sources of mortality (e.g., pre-
dation, drought, food availability) and internal mechanisms such as
immunosenescence and accumulation of damaged cell components. Such a
comparative perspective on biodemography and its underlying mechanisms
will provide much needed insights into vertebrate aging.

Our results validate previous observations for the garter snakes, the one
species where we had data on multiple populations. Interestingly, long-lived
ecotypic individuals are generally smaller bodied and live on average twice
as long as the larger-bodied, short-lived ecotypes (Bronikowski and Vleck,
2010). This is consistent with the pattern typically seen in lab rodents and
dogs where smaller-bodied genotypes are generally characterized by longer
lifespans than larger bodied (e.g., Miller and Austad, 2006).

Due to the limitations of our data, we were only able to examine sex-
specific differences in mortality trajectories for the yellow-legged frogs. Not
only did males and females in this population exhibit very similar mortality
rates, but also the rate at which mortality increased with age was nearly
identical between the sexes (Table 13-1). In the case of painted turtles, long-
term data were only available for females, while for garter snakes, sex was
unknown for the youngest age-classes and could only be determined for
individuals recaptured at older ages. Thus, analyzing data for only known-
sex individuals would rely on a non-random sample with respect to realized
mortality schedules (Miller et al., 2011).

Work is currently under way to characterize survival patterns in male
painted turtles, and sex-specific comparisons in this species will be espe-
cially interesting. Painted turtles have temperature-dependent sex determi-
nation (TSD), where temperatures experienced during a limited period of
embryonic development determine the sex of the individual. Thus, since
sex-linked genes do not exist in this species, differences between the sexes in
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their biology, including their mortality patterns, must derive from environ-
mental contexts or interactions between the environment and sex-specific
physiology once gender has been determined.

Many studies on ectothermic vertebrates have demonstrated that
environmental conditions in early life, especially during embryogenesis,
influence subsequent individual phenotypes (Deeming, 2004), including
behavior, physiology, life history, learning, and memory. Our study shows
that environmental variation can affect mortality patterns (Figure 13-2).
In both yellow-legged frogs and long-lived garter snakes, this is seen as a
relationship between environmental quality during early life and an indi-
vidual’s ability to tolerate poor environmental conditions later on. That is,
individuals that experienced poor environmental conditions as embryos
or neonates had higher mortality when exposed to poor environmental
conditions later in life. This pattern suggests that animals stressed early in
life senesce more quickly in response to later life stressors. Further work to
understand the physiological underpinnings of this relationship could shed
light on the mechanisms leading to this pattern. Such an effect was not seen
in painted turtles and short-lived garter snakes (Figure 13-2). The apparent
buffering of female painted turtles against detrimental effects of early stress
may be due to the consistency of food availability that characterizes their
habitats and their resilience to extreme environmental perturbations such as
flooding (Jergenson et al., 2014). Similarly, short-lived garter snakes reside
in close proximity to continuous water and food availability (fish) in con-
trast to the long-lived ecotype. Thus, the susceptibility to low precipitation
may be more pronounced in habitats inhabited by the long-lived ecotype
where snakes rely on less reliable breeding anurans for food (Robert and
Bronikowski, 2010).

All three species exhibited mortality senescence—increasing mortality
with advancing adult age. However, Darwinian fitness is measured not in
survival, but as lifetime reproductive success. For a complete understand-
ing of how early life stressors relate to mortality, reproduction, and ulti-
mately fitness, we would need information on how reproductive output
changes with age and hence how lifetime reproduction varies with early-
life environmental conditions. In the painted turtle population, female
reproductive output increases with age until the late age-classes, at which
point reproduction falls off quickly (D.A. Warner and EJ. Janzen, personal
communication)—a pattern that suggests delayed but measurable reproduc-
tive senescence. However, the garter snakes—both the short- and long- lived
ecotypes—continue to increase reproductive output with age, although
much more rapidly in the short-lived than long-lived ecotype (Sparkman et
al., 2007). We have no data for yellow-legged frog reproductive output as
they age. However, novel environmental stressors such as pesticide expo-
sure (Sparling and Fellers, 2007; Sparling and Fellers, 2009; Fellers et al.,
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2014) and chytrid fungus (Fellers et al., 2001) are likely influencing lifetime
reproduction and longevity more than traditional environmental variation.

Finally, we suggest that ectothermic tetrapods, are an underutilized
comparative system for understanding the evolutionary forces that shape
variation in age-dependent mortality relative to mammals. Ectothermic rep-
tiles may have different mortality and reproduction trajectories across the
adult lifespan than seen in many mammals (Lutz et al., 2003; Paitz et al.,
2007; Bronikowski, 2008). Evolutionary theory posits alterations in traits
that protect the organism from mortality as an ultimate source of variation
in species-specific rates-of-aging and lifespan (Bronikowski and Promislow,
2005), and reptiles and amphibians have a number of such evolutionarily
novel traits (Schwartz and Bronikowski, 2010). For example, crocodilians,
turtles, tuatara, lizards, snakes, and amphibians have evolved the following:
an external ribcage (turtles); venom (snakes); toxic secretions (anurans);
limblessness (snakes, some lizards, caecilians); extended metabolic shut-
down (all); starvation resistance, including remodeling of the digestive tract
(snakes); supercooling, freeze tolerance, and heat tolerance (turtles, crocodil-
ians, and some frogs); and extended hypoxia resistance (turtles, crocodilians,
lizards) (Robert et al., 2007; Owerkowicz et al., 2009). Thus, mammalian
aging and its limits may be best understood by studying variation across all
tetrapods.
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