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Abstract

Most demographic studies focus on numerical changes that occur within populations across years. However,
typically studies at an interannual scale do not provide information on the particular times of the year (particu-
lar months or seasons) when rates of survival, recruitment, or migration increase or decrease due to physiolog-
ical, behavioral or ecological processes. These monthly or seasonal changes in demographic parameters may
lead to substantial variations in population abundance. In this study, we collected capture—mark-recapture data
on 3 species of lizards of the genus Sceloporus (Sceloporus torquatus, Sceloporus grammicus and Sceloporus
megalepidurus) found in ecologically similar habitats to examine potential changes in demographic rates among
3 different climatic seasons: rainy, cold-dry and warm-dry seasons. We tested different hypotheses about the ef-
fect of these seasons on survival, recruitment of new adults, and temporary emigration. We found that during
the season with severe thermal constraints, the cold-dry season, survival of S. torquatus decreased markedly.
We also detected a considerable increase in the recruitment rate of S. grammicus during the rainy season, when
these lizards are establishing territories and finding mates. In contrast, we found no evidence of intra-annual
changes in the rate of temporary emigration. In addition, we calculated abundance and population growth rates
for each species and for each season. Our study represents a significant contribution to the understanding of in-
tra-annual demographic variation in lizards.
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tion on the specific times of the year during which crit-
ical demographic events occur (Grosbois et al. 2008).
For example, several studies on birds have document-
ed years in which both survival and abundance decrease
dramatically (e.g. Sillett et al. 2000; Wright et al. 2009;
Paxton et al. 2014; Ancona et al. 2017). These studies
attempt to identify the causes of these decreases through
correlations between their demographic estimates and
the average climatic conditions of their studied years.
However, these annual censuses do not provide informa-
tion on the times of the year (e.g. seasons) when critical
processes like emigration or reproduction occur, which
may be responsible for the observed decreases in surviv-
al and abundance. In mammals, several long-term stud-
ies have documented years with drastic reductions in
population density (e.g. Owen-Smith ez al. 2005; Wang
et al. 2009; Havemann et al. 2016). At this scale, it is
not possible to distinguish whether mortality increases
during specific periods, such as the reproductive season
or the winter. Therefore, studies based on monthly or
seasonal censuses are required to determine the times of
the year when critical biological or ecological processes
lead to changes in the vital rates (Grosbois et al. 2008;
Levy et al. 2015).

In lizards, there are studies that analyze interannu-
al variation in vital rates, such as fecundity or survival,
and relate these variations to some biotic or abiotic fac-
tor that could be affecting these demographic param-
eters (Le Galliard et al. 2010; Pastro et al. 2013; Wolf
et al. 2014; Ujvari et al. 2015). For instance, surviv-
al in 4 species of the genus Ctenotus increases in years
with more precipitation (Read ef al. 2012). In contrast,
the abundance of the lizard Uta stansburiana decreases
in years of increased precipitation (Flesch ef al. 2017).
With this type of study, we cannot know at what specific
time of the year the effect of precipitation (whether pos-
itive or negative) on survival and abundance occurs.

Although less common, there are also some stud-
ies on lizards based on censuses conducted on a short-
er time scale (i.e. monthly or seasonal) that document
within-year variation in demographic parameters. These
short-term censuses show that temperature, precipitation
and food availability during particular months, as well
as the reproductive season, can notably affect the vital
rates of these organisms (Niewiarowski et al. 2004; En-
driss et al. 2007; Ramirez-Bautista ef al. 2016). Females
of Xenosaurus grandis have higher mortality during the
months that coincide with the late gestation and early
postpartum periods (Zufiiga-Vega 2011). The abundance
of juveniles of 2 species of the genus Ctenophorus in-
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creases considerably during the fall when precipita-
tion from the previous summer was relatively high, ap-
parently because abundant rain favors the survival and
growth of the young (Dickman et al. 1999). Studies at
the intra-annual scale on lizards are still needed to un-
derstand how biological and ecological processes that
vary throughout the year (i.e. climatic and reproductive
seasons) affect the population parameters of these or-
ganisms.

In this study, we examined different demographic pa-
rameters in 3 species of lizards of the genus Sceloporus
inhabiting central Mexico: Sceloporus torquatus Wieg-
mann, 1828, Sceloporus grammicus Wiegmann, 1828
and Sceloporus megalepidurus Smith, 1934. We imple-
mented capture—mark—recapture procedures, sampling
approximately every 3 months. Our main objective was
to know during which season of the year changes in sur-
vival, recruitment of new adults, temporary emigration
and population abundance occur. In addition, we tested
3 hypotheses that attempt to explain the causes of sea-
sonal variation in these demographic parameters.

Our first hypothesis suggests a decrease in survival in
all 3 species during the cold-dry season because lizards
are ectothermic organisms whose metabolism and be-
havior depend on environmental temperature (Angilletta
et al. 2010; Le Galliard ef al. 2010; McKay & Phillips
2012). Low temperatures constrain metabolic activity,
which, in turn, may cause increased mortality (Ashton
2001; Chamaillé-Jammes et al. 2006). As a consequence
of reduced survival, population abundance should also
decrease during this season.

Our second hypothesis focused on recruitment of
new reproductive individuals. We expected an increase
in this parameter just before the breeding season, be-
cause adults initiate the search and establishment of ter-
ritories and potential mates (Calsbeek & Sinervo 2002;
Cooper & Vitt 2002; Smith & Lemos-Espinal 2005).
In addition, before the breeding season, new individu-
als that have just reached sexual maturity also join the
search for mates (Ortega-Leon et al. 2007). In all 3 spe-
cies, breeding begins towards the end of the rainy sea-
son (Godinez-Cano 1985; Feria-Ortiz et al. 2001;
Ramirez-Bautista et al. 2012). Therefore, we expect-
ed the highest recruitment of adults to occur during this
season. Because of the increase in recruitment of new
adults, we expected an increase in population abundance
during the rainy season.

Finally, our third hypothesis focused on the rate of
temporary emigration, which refers to the probability
that an individual is temporarily outside the study area
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(i.e. not available for recapture) during a particular sea-
son, with subsequent return to the study area (Pollock
et al. 1990; Kendall et al. 1997). The rate of tempo-
rary emigration is, therefore, determined by the move-
ment of individuals across space. Individuals that carry
out their activities within a small area have a low prob-
ability of being outside the study site during any partic-
ular census, whereas individuals that move across lon-
ger distances (i.e. that have larger activity areas) have a
higher probability of being outside the study area during
any particular census. We predicted an increase in the
movement of individuals and, in consequence, increased
temporary emigration, during the warm-dry season for
2 reasons. First, during most of this season, males of the
3 study species are not breeding (Godinez-Cano 1985;
Feria-Ortiz et al. 2001; Ramirez-Bautista et al. 2012)
and, therefore, are not strictly restricted to their terri-
tories. Second, during the warm-dry season, food (i.e.
invertebrates) is less abundant (Ramirez-Bautista &
Gonzalez-Romero 2002) and, therefore, both males and
females must move more to find prey.

MATERIAL AND METHODS

Study areas

We studied 3 lizard species of the genus Scelopo-
rus at ecologically similar sites. For S. torquatus, we
worked in a botanical garden within an ecological re-
serve (Reserva Ecologica del Pedregal de San Angel,
REPSA) located in southern Mexico City (19.31826°N,
—99.19431°W). The REPSA has an elevation of 2300

Matings
Vitellogenesis

Ovulation

m a.s.l. The main vegetation type is xerophytic scrub,
dominated by the bush Pittocaulon praecox (Feria-Or-
tiz et al. 2001; Rojo & Rodriguez 2002; Argaez et al.
2018). The study area for S. grammicus was located in
the vicinity of Nopala de Villagran, in the state of Hidal-
20 (20.26834°N, —99.64171°W) at an elevation of 2400
m a.s.l. This is a semi-arid region with xerophytic scrub
(Flores-Villela & Canseco-Marquez 2007; Gomez Men-
doza 2007; Roth-Monzoén et al. 2018). The study area
for S. megalepidurus was the area around Lake Alchi-
chica (19.40568°N, —97.40240°W), located in the state
of Puebla at an altitude of 2436 m a.s.l. (Hernandez
Marquez 2016). The predominant vegetation is xero-
phytic scrub, with plants belonging to the genera Agave,
Opuntia, Dasylirion and Nolina (Gonzalez-Ruiz 1991;
Alcocer et al. 2000; Rzedowski 2016). In all 3 study
sites, the rainy season occurs from June through Octo-
ber and the dry season from November through May.

Study species

Sceloporus torquatus, S. grammicus and S. megalepi-
durus are all viviparous, insectivorous lizard species in-
habiting central Mexico (Sites et al. 1992; Ramirez-Bau-
tista & Gonzalez-Romero 2002; Leyte-Manrique &
Ramirez-Bautista 2010). S. torquatus is a saxicolous liz-
ard (Smith 1936; Duellman 1961). Males and females of
this species reach sexual maturity at a minimum snout—
vent length (SVL) of 73 mm (Feria-Ortiz et al. 2001).
Matings occur in the fall (October—November). Vitello-
genesis begins at the end of the summer (August—Sep-
tember) and ovulation occurs at the end of November
and the beginning of December (Fig. 1). Females are

Sceloporus torquatus
Sceloporus grammicus
Sceloporus lepidurus
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pregnant over the winter (December—March) and young
are born the following spring (April-May) (Feria-Or-
tiz et al. 2001; Ramirez-Bautista & Gonzalez-Romero
2002). This species exhibits sexual dimorphism; adult
males are larger than females and have large colorful
(blue and black) ventral patches. Females also have col-
orful patches on their bellies, but these are smaller and
less intense than in males (Martinez-Méndez & Mén-
dez-de la Cruz 2007).

Sceloporus grammicus is a predominantly arbore-
al species (Ramirez-Bautista et al. 2009). Size at ma-
turity is 42.5 mm SVL in males and 40.7 mm SVL in
females (Pérez-Mendoza & Zuniga-Vega 2014). Mat-
ings occur in the fall (October—November) (Pérez-Men-
doza et al. 2014). Vitellogenesis begins in the summer
(July—October) and ovulation occurs between Novem-
ber and December (Fig. 1). Females are pregnant during
the winter and young are born in early spring (Guil-
lette & Casas-Andreu 1980; Ortega & Barbault 1984;
Ramirez-Bautista et al. 2004, 2005, 2012; Jiménez-
Cruz et al. 2005). This species is also sexually dimor-
phic; males have blue, orange or yellow patches on their
throats and black and blue ventral patches, whereas fe-
males lack these patches and can present slightly or-
ange coloration on their bellies (Ramirez-Bautista et al.
2012).

Sceloporus megalepidurus is a species that uses a di-
versity of plants (yuccas, agaves and cacti) as microhab-
itat (Smith 1939; Sanchez-Herrera 1980). Males reach
sexual maturity at 45 mm SVL, whereas females ma-
ture at 37 mm SVL (Godinez-Cano 1985; Gonzalez-
Ruiz 1991). Matings also occur in the fall (October—No-
vember), vitellogenesis occurs during the rainy season
(August—September), ovulation occurs in October and
November, females are pregnant over the winter, and
young are born in March (Fig. 1; Sanchez-Herrera 1980;
Gonzalez-Ruiz 1991). There is no evident sexual dimor-
phism in this species; both sexes lack color patches on
the belly or throat.

Field methods

In the 3 study areas, we delimited a plot of approx-
imately 1 ha in which we captured adult males and fe-
males by hand or noose. In the REPSA botanical gar-
den, we sampled S. forquatus 9 times (an average of
once every 2 months) between August 2015 and March
2017. In Nopala de Villagran, we sampled S. grammic-
us 7 times (on average every 3 months) between April
2016 and October 2017. In Lake Alchichica, we sam-
pled S. megalepidurus 7 times (on average every 2.5
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months) between February 2016 and June 2017. Each
sampling period lasted between 5 and 8 consecutive
days. Each captured lizard was measured (= 0.01 mm
SVL), weighed (+ 0.1 g) and individually marked with
a unique combination of small scars on the ventral sur-
face of the limbs using a medical cautery pen (Ekner et
al. 2011; Argaez et al. 2018). We determined the sex of
each lizard by the presence (males) or absence (females)
of enlarged post-anal scales (Mayhew 1963; Doughty
et al. 1994). During each subsequent visit to each site,
we recorded the number of recaptured individuals and
marked lizards that had not been previously captured.

Mark-recapture analyses

We analyzed the capture—mark—recapture data using
the program MARK, which uses maximum likelihood
procedures to estimate several demographic parameters
(White & Burnham 1999). In all analyses we focused
exclusively on adult individuals (i.e. lizards whose SVL
was larger than that reported in the literature as mini-
mum length at sexual maturity). We considered that the
demographic parameters of these 3 lizard species could
vary drastically among 3 climatic seasons that clear-
ly differ in temperature and precipitation. The rainy sea-
son begins in June and ends in October. We divided the
dry season into 2 periods: the cold-dry season, from No-
vember to February, and the warm-dry season, from
March to May.

In all 3 sites, our total sampling period spanned ap-
proximately 1.5 years. This means that, for 1 or 2 sea-
sons (depending on the particular site) we collected data
from 2 different years (e.g. for S. grammicus we collect-
ed data from 2 different warm-dry seasons and 2 differ-
ent rainy seasons). When we attempted to estimate de-
mographic rates separately for all these seasons (i.e.
when estimating the effect of year), the resulting param-
eter estimates were not precise enough (i.e. had large
standard errors) to detect differences among seasons or
to derive reliable inferences. Therefore, we pooled data
from the same season (e.g. the 2 warm-dry seasons were
pooled together) and omitted the effect of year. The re-
sulting parameter estimates were quite accurate and,
thus, here we report all our demographic rates from the
analyses that omitted the effect of year. In the supple-
mentary materials we show the full results that account-
ed for differences between years, which were in general
consistent with the results from the pooled data.

We used Pradel models for open populations (Pradel
1996) to estimate the apparent survival rate (@), recruit-
ment rate (f), recapture probability (p) and population
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growth rate (A). Specifically, the recruitment rate (f) re-
fers to the number of reproductive individuals that enter
the population for each adult individual already present
in the population. The Pradel models allow the estima-
tion of A as the sum of ¢ and f (Franklin 2001). To im-
plement these Pradel models, we combined data from
consecutive daily visits in such a way that, pooled to-
gether, these multiple consecutive visits represented a
single occasion for each sampling period.

We constructed alternative models representing dif-
ferent hypotheses about variation in @, fand p. We con-
sidered a null or constant model (.), variation among
seasons (e), between sexes (s), an additive effect of
sex and season (s + e), and a sex by season interaction
(s x e). In addition, for recapture probability, we evalu-
ated the effect of average temperature (averaged across
all the consecutive daily visits, temp), an additive effect
of temperature and sex (s + temp), and a sex by tem-
perature interaction (s x temp). Considering all possible
combinations of these sources of variation resulted in a
total of 200 models per species.

We selected the best model based on the Akaike in-
formation criterion adjusted for small sample sizes
(AICc). The smallest AICc value indicates the model
that provides the best fit to the data. Models that dif-
fer by less than 2 AICc units (AAICc < 2) from the best
model are also strongly supported by the data (Akaike
1973; Burnham & Anderson 2002). In addition, we cal-
culated the AICc weight (w) for each model, which rep-
resents a relative measure of the strength of evidence in
favor of each model. Based on these AICc weights, we
generated weighted averages (across all models) of ¢, f,
p and A for each combination of sex and season (Burn-
ham & Anderson 2002).

To estimate population abundance (N) and rate of
temporary emigration (y), we used the robust design
of Pollock et al. (1990), in which the sampling scheme
consists of primary periods separated by long time in-
tervals (2 or 3 months in our case), which, in turn, are
composed of secondary sampling periods separated by
shorter time intervals (consecutive days in our case).
During these secondary periods, the robust design as-
sumes that the population is demographically closed, al-
lowing the estimation of population abundance. We test-
ed this assumption by comparing the fit of a model in
which we fixed ¢ = 1 and /= 0 during the secondary pe-
riods (no deaths or recruitment, as expected in a closed
population) to the fit of a model in which we allowed
the estimation of ¢ and f during these secondary peri-
ods (thereby allowing for some deaths and recruitment,

as expected in an open population). In all 3 species, the
model assuming population closure provided a better
fit than the model that represented an open population
(AAICc =4 in all 3 cases). In between the primary sam-
pling periods, the population is open, so additions (births
and immigration) and subtractions (deaths and emigra-
tion) can occur, because they are separated by longer
time intervals (Kendall 1999). Therefore, the robust de-
sign also allows the estimation of survival (¢) and tem-
porary emigration (), as well as recapture probability (p)
(Pollock et al. 1990).

The rate of temporary emigration () is defined as the
probability that an individual is temporarily outside the
study area, and, therefore, not available for recapture
during a particular primary sampling period. Accord-
ing to Kendall et al. (1995, 1997), this parameter can be
expressed in 2 forms (y’ and y"). The parameter y' rep-
resents the probability that an individual is not available
for capture during a primary sampling occasion (i) given
that the animal was not present in the study area during
the previous primary sampling occasion (i — 1). On the
other hand, y” represents the probability that an individ-
ual is not available for capture during a given primary
sampling occasion (i) given that the animal was present
in the study area during the previous primary sampling
occasion (i — 1). We did not distinguish between these 2
forms of temporary emigration because when estimating
both parameters their standard errors were too large. We
therefore decided to set y’ equal to y” in all our models.

Using the robust design, we constructed different
models to test biological hypotheses with respect to
variation in ¢, y and p. Population abundance (N) was
calculated as a derived parameter. As in Pradel models,
we considered a null model (.), variation among seasons
(e) and between sexes (s), an additive effect of sex and
season (s + e), and a sex by season interaction (s X e).
In addition, for recapture probability, we considered the
effect of daily temperature (in this case, the mean tem-
perature of each day of sampling, daily temp), as well as
additive and interactive effects of daily temperature and
sex (s + daily temp and s X daily temp, respectively).

Unfortunately, our data were insufficient to appropri-
ately estimate seasonal variation in temporary emigra-
tion for 2 of the 3 study species: S. grammicus and S.
megalepidurus (i.e. the standard errors estimated for this
parameter for different seasons were too large). There-
fore, for these 2 species we only considered a null mod-
el and the effect of sex on v, resulting in a total of 80
models. For S. torquatus we did estimate seasonal varia-
tion in v, yielding a total of 200 models for this species.
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Once again, we selected the best model based on
AlCc and calculated weighted averages of @, v, p and N
for each combination of sex and season, considering the
AICc weight (w) of each model (Burnham & Anderson
2002). However, model-averaged estimates of ¢ and p
for each sex and season derived from the robust design
models were very similar to these parameters estimat-
ed from the Pradel models. Therefore, for simplicity, we
only report model-averaged survival and recapture rates
derived from the Pradel models. For S. grammicus and
S. megalepidurus we also report the effect of mean tem-
perature per secondary sampling period (i.e. mean tem-
perature of each sampling day, daily temp) on p, giv-
en that the best-fitting robust design models included
this effect. We report all demographic parameters on a
monthly scale.

RESULTS

For S. torquatus, we marked a total of 497 adult in-
dividuals, of which 297 were females and 200 were
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males. Of these, we recaptured 141 individuals at least
once, of which 90 were females and 51 were males. For
S. grammicus, we marked a total of 737 adult individu-
als, of which 422 were females and 315 were males. Of
these, 215 individuals were recaptured at least once, of
which 118 were females and 97 were males. For S. me-
galepidurus, we marked a total of 689 adult individu-
als, of which 362 were females and 327 were males. Of
these, 173 individuals were recaptured at least once, of
which 93 were females and 80 were males.

Pradel models

Sceloporus torquatus

The monthly survival rate of S. torquatus was notably
high (>0.8 in all cases) and clearly varied among sea-
sons: the 3 best-supported models (AAICc < 2) included
the effect of season (Table 1). Although the effect of sex
was included in 2 of the best models, the third of these
models with strong support did not include this factor
(Table 1). This means that considering differences be-

Table 1 Best-fitting Pradel models that examine variation in rates of survival (@), recapture (p) and recruitment (f) of 3 lizard spe-

cies of the genus Sceloporus

Species Model AICc! AAICC! w Deviance K’
Sceloporus torquatus o(ste)p(sxe)f(sxe) 342422 0 0.34 344.19 16
o(sxe)p(sxe)f(sxe) 3425.26 1.05 0.20 341.03 18
o(e)p(sxe)fle) 3425.83 1.61 0.15 354.14 12
Sceloporus grammicus o(ste)p(sxe)f(sxe) 4413.69 0 0.28 184.63 16
e(sxe)p(sxe)f(ste) 4414.68 0.99 0.17 185.63 16
o(sxe)p(sxe)fle) 4415.55 1.87 0.11 188.56 15
Sceloporus megalepidurus ¢ (e) p () f(s + e) 3834.09 0 0.08 131.44
¢ (e)p (temp) f(s+e) 3834.13 0.04 0.08 129.44 9
o()pe)f(ste) 3834.15 0.06 0.08 131.51
¢ (e) p (temp) f (s % €) 3834.41 0.32 0.07 125.63 11
o@p©)f(ste 3834.97 0.88 0.05 130.29 9
@ (s+e)p (temp)f(s+e) 3835.19 1.10 0.05 128.45 10
o()p(s+e)f(s+e) 3835.20 1.11 0.05 130.51 9
o()pe)f(sxe) 3836.02 1.94 0.03 129.29 10

The demographic rates may vary as a function of sex (s), season (e), the additive effect of sex and season (s + ¢), and the interac-
tion between sex and season (s x e¢). We also considered intercept-only (null) models (.). In addition, for recapture probability (p),
we evaluated the effects of average temperature (femp), the additive effect of average temperature and sex (femp + s), and the in-
teraction between average temperature and sex (femp x s). ‘The fit of each model was evaluated using the Akaike information cri-
terion adjusted for small sample sizes (AICc). ‘AAICc indicates the difference in the AICc value of each model with respect to the
top model. We only show models with AAICc < 2. YAkaike weights, which indicate the relative support for each model in the data.

"Number of parameters in each model.
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tween males and females in ¢ did not substantially im-
prove model fit compared to the model that only includ-
ed the effect of season. Survival of both sexes decreased
in the cold-dry season and was substantially higher
during the rainy season (Fig. 2a).

Season also clearly affected the recruitment rate: the
3 best models included this factor (Table 1). In addition,
in this case, the effect of sex was not entirely evident.
Recruitment in males and females was practically zero
during the cold-dry season and relatively high (between
0.14 and 0.20) during both the rainy and warm-dry sea-
sons (Fig. 2b). We could not adequately estimate the re-
cruitment rate of females during the rainy season.

As a result of decreased survival and recruitment
during the cold-dry season, the rate of population growth

for both sexes was statistically less than 1 during this sea-
son (Fig. 2¢). In contrast, A was greater than 1 for both
sexes during the warm-dry season and for males during
the rainy season, whereas A for females was statistically
equal to 1 during the rainy season (Fig. 2¢). When we ac-
counted for differences between years, we obtained simi-
lar results: ¢, fand A decreased substantially during the 2
different cold-dry seasons (Fig. Sla—c).

The 3 best-supported models indicated an effect of
the interaction between sex and season on the recapture
probability of S. forquatus (Table 1). During the rainy
and cold-dry seasons, we did not detect a difference be-
tween sexes in p, whereas during the warm-dry season,
the recapture probability for females was higher than for
males (Fig. 2d).

Sceloporus torquatus
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Figure 2 Model-averaged estimates of survival (a), recruitment (b), population growth (c), and recapture rates (d) for males and fe-

males of Sceloporus torquatus. Error bars indicate 1 standard error.
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Sceloporus grammicus

The monthly survival rate of S. grammicus was also
notably high (>0.8 in all cases). The 3 best-supported
models included the effects of season and sex (Table 1).
The top model suggested an additive effect of these 2
factors and adding the interaction term did not substan-
tially improve the model fit (Table 1). The weighted av-
erages of @ showed a slight increase in female survival
during the cold-dry season and a slight decrease in sur-
vival of both sexes during the rainy season (Fig. 3a).

According to the 3 best-supported models, recruit-
ment of S. grammicus clearly varied among seasons
without a clear effect of sex (Table 1). This parame-
ter was equal to zero in males and quite close to zero
in females during the cold-dry season, with intermedi-
ate values during the warm-dry season (0.05 and 0.08

Demography of Sceloporus lizards

for males and females, respectively) and higher values
during the rainy season (0.18 and 0.13 for males and fe-
males, respectively) (Fig. 3b).

The rate of population growth was statistically less
than 1 only for males during the cold-dry season (Fig.
3c¢), the season during which recruitment of this sex was
equal to zero (Fig. 3b). When accounting for differenc-
es between years, we also observed slight decreases in @
during the 2 rainy seasons (Fig. S2a), as well as the low-
est fand A < 1 during the cold-dry season (Fig. S2b-c).

The 3 best-supported models indicated an effect of
the interaction between sex and season on the recap-
ture probability of S. grammicus (Table 1). During the
warm-dry season, we did not detect differences between
sexes in p. During the rainy season, recapture probabil-
ity was higher for males, whereas during the cold-dry
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Figure 3 Model-averaged estimates of survival (a), recruitment (b), population growth (c), and recapture rates (d) for males and fe-

males of Sceloporus grammicus. Error bars indicate 1 standard error.
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season recapture probability was higher for females (Fig.
3d).

Sceloporus megalepidurus

As in the other 2 species, the monthly survival rate of
S. megalepidurus was notably high (>0.85 in all cases).
Given that the model with constant survival (null mod-
el) had strong support in the data (AAICc = 0.06 with
respect to the top model), including the effects of sex
or season did not improve model fit (Table 1). We thus
found little evidence of differences between sexes or
among seasons in ¢ (Fig. 4a).

In contrast, the effects of sex and season were clear-
ly evident in the recruitment rate of S. megalepidurus
(Table 1). Recruitment was quite close to zero during
the rainy and cold-dry seasons, with an evident increase
in this parameter during the warm-dry season (Fig. 4b).

During this latter season, males had a higher recruitment
rate than females (0.32 and 0.19, respectively; Fig. 4b).

The rate of population growth for both sexes was less
than 1 during the cold-dry season (Fig. 4c), when f was
practically zero (Fig. 4b). In contrast, during the warm-
dry season, A of both sexes was statistically greater than
1 (Fig. 4c), which was consistent with the substantial in-
crease in f of both males and females during this sea-
son. When we accounted for differences between years,
we also obtained similar results: lack of variation in ¢
between sexes or among seasons (Fig. S3a), increased f°
during the 2 warm-dry seasons (Fig. S3b), A < 1 during
the cold-dry season, and A > 1 during the 2 warm-dry
seasons (Fig. S3c¢).

The model with constant p (null model) ranked first
in this species (Table 1). Therefore, we found no evi-
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dence of differences between sexes or among seasons in

. : Sceloporus torquatus
the recapture probability of S. megalepidurus (Fig. 4d).

%57 a -o-Females

|y e
[ ]

Robust design models

Sceloporus torquatus

The model considering a constant emigration rate
(null model) ranked first in this species (Table 2). The
model indicating a difference between sexes in y ranked
second and also had strong support in the data (AAICc =
0.19). However, estimating the additional parameter that oo
represented the effect of sex did not substantially im-
prove the model fit and, hence, evidence of intersexual
differences in temporary emigration was actually weak. w1 b
The effect of season had weak support in the data (AAICc =
9.34 and w = 0.005 for the first model that included dif-
ferences among seasons in y). During all seasons, the
proportion of individuals that moved outside the study
area was similar between sexes, around 0.4 and 0.5 (Fig.
Sa).

In no season did we detect statistical differences be-
tween males and females in population abundance. Rainy Cold-dry Warm-dry
Abundance of females was almost identical during the Season
rainy and warm-dry seasons (around 212 individuals),
whereas for males the estimate of N varied between 136
and 177 individuals (Fig. 5b). During the cold-dry sea-

Temporary emigration (V)
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250 -
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Figure 5 Model-averaged estimates of temporary emigration
(a) and population abundance (b) for males and females of Sce-
loporus torquatus. Error bars indicate 1 standard error.

Table 2 Best-fitting robust design models that examine variation in rates of survival (), recapture (p) and temporary emigration (y)
of 3 lizard species of the genus Sceloporus

Species Model AICc AAICC! w' Deviance K’
Sceloporus torquatus o(ste)y()p(sxe) 5250.78 0 0.52 4645.77 11
o(st+e)y(s)p(sxe) 5250.97 0.19 0.47 4643.90 12
Sceloporus grammicus ¢ (s xe)y () p (daily temp % s) 6533.26 0 0.23 6541.90 11
¢ (s X e)y () p (daily temp) 6533.36 0.10 0.22 6546.07 9
¢ (s X e)y () p (daily temp + ) 6535.06 1.80 0.09 6545.73 10
Sceloporus megalepidurus ¢ (s x e) v (.) p (daily temp X s) 5096.81 0 0.15 4652.31 11
o (e) vy () p (daily temp x s) 5097.36 0.55 0.11 4658.99 8
¢ () v () p (daily temp x s) 5097.68 0.87 0.09 4663.37 6
¢ (s x e)y (s) p (daily temp * s) 5098.66 1.85 0.06 4652.11 12

The demographic rates may vary as a function of sex (s), season (e), the additive effect of sex and season (s + ) and the interac-
tion between sex and season (s x e). We also considered intercept-only (null) models (.). In addition, for recapture probability (p),
we evaluated the effects of daily temperature (daily temp), the additive effect of daily temperature and sex (daily temp + s) and the
interaction between daily temperature and sex (daily temp x s). "The fit of each model was evaluated using the Akaike informa-
tion criterion adjusted for small sample sizes (AICc). YAAICc indicates the difference in the AICc value of each model with respect
to the top model. We only show models with AAICc < 2. *Akaike weights, which indicate the relative support for each model in the
data. "Number of parameters in each model.
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son, N decreased notably for both sexes, with approx-
imately 104 females and 85 males (Fig. 5b). Our es-
timates of population abundance that accounted for
differences between years also indicated relatively low
numbers of individuals during the 2 cold-dry seasons
(Fig. S1d).

Sceloporus grammicus

In this species, the 3 best-supported models includ-
ed a constant emigration rate (Table 2). For both sex-
es and all seasons, y was approximately 0.20 (Fig. 6a).
In contrast, we did detect differences between sexes in
N during the cold-dry and warm-dry seasons. Abun-
dance of males was lower (between 125 and 161 indi-
viduals) than abundance of females (between 319 and
324 individuals) during both seasons (Fig. 6b). During
the rainy season we did not find evidence of differences
between sexes in this parameter (our estimates were 299
males and 337 females; Fig. 6b). Estimates of N that ac-
counted for differences between years also revealed that
males were less abundant than females in 3 of the 5 sea-
sons that we visited this population (Fig. S2d).

In the case of recapture probability estimated using
the robust design, the 3 best-supported models included
an effect of daily temperature (Table 2). Adding an ef-
fect of sex did not notably improve the fit of these mod-
els and, therefore, p was similar between sexes. Appar-
ently, p of both males and females decreased slightly
with increasing daily temperature (Fig. 6¢).

Sceloporus megalepidurus

As in the other 2 species, we found strong support for
a constant emigration rate (Table 2). Even though the
model that ranked fourth included an effect of sex on y
and had considerable support in the data (AAICc = 1.85),
the addition of the parameter that represented the effect
of sex did not improve the model fit. Thus, we found lit-
tle evidence of differences between males and females
in temporary emigration. For all seasons, y was estimat-
ed as 0.15 for males and 0.17 for females (Fig. 7a).

Abundance of both sexes notably decreased during
the cold-dry season (around 175 males and 301 fe-
males), compared to the rainy (around 486 males and
546 females) and warm-dry (around 391 males and 578
females) seasons (Fig. 7b). Similar to S. grammicus, the
abundance of S. megalepidurus females was higher than
that of males during the cold-dry and warm-dry seasons
(Fig. 7b), although these differences between sexes were
not as drastic as in S. grammicus (Fig. 6b). Estimates
of N from the models that accounted for differences be-
tween years revealed similar patterns: reductions in pop-

ulation abundance during the 2 cold-dry seasons and
greater abundance of females also during the 2 cold-dry
seasons as well as during 1 warm-dry season (Fig. S3d).

The 4 best-supported models included an effect of the

Sceloporus grammicus
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interaction between daily temperature and sex on p (Ta-
ble 2). The estimate of p for males decreased with in-
creasing daily temperature, whereas p for females was
not affected by this environmental variable (Fig. 7c).

Sceloporus megalepidurus
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loporus megalepidurus. We also show the estimated effects of
daily temperature on recapture rates (c). Error bars indicate 1
standard error.
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DISCUSSION

The analysis of demographic rates at an intra-annu-
al scale allowed us to observe the time of the year when
the most drastic changes in survival, recruitment and
abundance occurred in our 3 study species. In addition,
we report for the first time in the genus Sceloporus esti-
mates of temporary emigration from the study area. Our
findings revealed an interesting general pattern: in all 3
species the number of individuals and the rate of popu-
lation growth were lowest during the cold-dry season.
This pattern has 2 important implications. First, harsh
environmental conditions and critical reproductive pro-
cesses (e.g. gestation; Fig. 1) that occur during these
cold months appear to cause increased mortality and/or
restricted recruitment of new adults into the population.
Second, interannual changes in population numbers of
these and other species may be explained by the occur-
rence of severe winters. The observed negative effects
of cold-dry months on vital rates may certainly occur in
other ectothermic vertebrates, such as other reptiles and
many amphibians (Ashton 2001; Anholt ef al. 2003). In
endothermic vertebrates (birds and mammals), whose
metabolism does not depend as strongly on environmen-
tal temperature, the negative demographic consequences
of the cold-dry season might not be as drastic, although
this hypothesis that predicts differences between ecto-
thermic and endothermic vertebrates deserves further
exploration.

In contrast, the rainy and warm-dry seasons had, in
general, positive effects on the population numbers of
our 3 study species. Positive population growth during
these seasons may have resulted from the combina-
tion of favorable climatic conditions and less demand-
ing phases of the annual reproductive cycle (males are
not reproductive during a large part of these 2 seasons;
Fig. 1). This is consistent with the positive population
growth that occurs during the spring and summer in sev-
eral other taxa that inhabit environments with stronger
seasonality (such as regions located at higher latitudes),
caused by warmer temperatures and abundant food re-
sources during these seasons (Merritt et al. 2001; Cor-
nulier et al. 2013). Thus, particular years of high popu-
lation abundance that have been observed in numerous
animal species (e.g. Owen-Smith et al. 2005; Camp-
bell et al. 2015) may have been the result of remarkably
good conditions during the warm and/or rainy seasons.
In addition, our results also demonstrate interesting dif-
ferences among the 3 lizard species that we studied,
which we discuss in the context of the hypotheses that
we proposed for this study.
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Hypothesis 1. Survival decreases during the cold-dry
season.

This hypothesis was confirmed only in 1 of our 3
study species: S. torquatus. Survival of both sexes de-
creased during the cold-dry season. Temperature has a
critical influence on all physiological processes of ec-
tothermic organisms (Huey et al. 2009; Kearney 2013;
Abram et al. 2017). In lizards, there is a diversity of
studies on the impact of temperature on processes such
as digestion, disease resistance, gestation and activity
(Angilletta et al. 2002; Kearney & Porter 2004; Le Gal-
liard et al. 2010; McKay & Phillips 2012). Therefore,
drastic reductions in environmental temperature could
lead to severe alterations of vital functions, such as me-
tabolism and the immune system, which could, in turn,
lead to increased mortality (Angilletta et al. 2004, 2010;
Chamaillé-Jammes et al. 2006). Only 22% of juveniles
of the lizard Sceloporus undulatus survive the winter
(Jones & Ballinger 1987). In the snake Crotalus viridis,
smaller individuals have lower survival rates during the
winter due to physiological costs of hibernation (Ashton
2001). In the lizard Lacerta vivipara, higher tempera-
tures during spring and summer are directly related to
increased survival (Chamaillé-Jammes et al. 2000).

We did not find support for the hypothesis that sur-
vival decreases during the cold-dry season in S. gram-
micus or S. megalepidurus. In contrast, in S. grammicus
we observed that females had a slightly higher survival
rate in the cold-dry season, and in S. megalepidurus we
found no differences in survival among seasons. These
differences from what we observed in S. torquatus can
be tentatively explained in 2 ways. First, decreases in
temperature in the microhabitats occupied by S. forqua-
tus may be more intense than those experienced by S.
grammicus and S. megalepidurus. The study area for
S. torquatus is a botanical garden with greater tree cov-
er, which may lead to increased thermal constraints (i.e.
fewer refuges and perch sites that receive direct sun-
light). In contrast, the study sites for S. grammicus and
S. megalepidurus are xerophytic scrubs, where vegeta-
tion is much more open. Second, increased survival in
female S. grammicus during the cold-dry season could
be due to differences in behavior compared to the oth-
er 2 species. Even though females from all 3 species are
pregnant during the winter (Fig. 1) and during gestation
many species of lizards have lower mobility and forage
less frequently (Weiss 2001; Sinervo ef al. 2010), fe-
male S. grammicus could have the lowest activity levels
compared to the other 2 species, making them notably
less conspicuous to predators.

An alternative explanation for the lower surviv-
al during the cold-dry season that we detected in S. for-
quatus is that both males and females may experience
reproductive costs. Gestation and matings take place
during this season (Fig. 1) and these reproductive pro-
cesses are energetically demanding (Harshman & Zera
2007). Large investments in embryo development and
in securing and defending mates and territories can en-
tail a higher risk of mortality (Marler et al. 1995; Zaii-
ga-Vega 2011). Intriguingly, we did not detect evidence
of these trade-offs between these reproductive process-
es and survival of S. grammicus and S. megalepidurus,
even though in all 3 species gestation and matings occur
during the cold-dry season.

Hypothesis 2. Recruitment increases during the rainy
season.

Given that matings in all 3 species begin toward the
end of the rainy season, we proposed the hypothesis
that just before matings (i.e. during the rainy season),
new adult individuals should recruit into the population.
Both males and females must search for potential mates
and establish territories during the rainy season, which
would lead to the arrival of new adult individuals to the
study area. We found support for this hypothesis only in
S. grammicus, in which the recruitment rate of both sex-
es was highest during the rainy season.

In contrast, the recruitment rate for adults of S. me-
galepidurus was notably lower during the rainy and
cold-dry seasons. During the warm-dry season, in con-
trast, approximately 6 months before matings, recruit-
ment in this species was relatively high: 0.19 females
for each female present in the population and 0.32
males for each male present in the population. There-
fore, in this species recruitment is apparently not asso-
ciated with the search for mates, but rather could be the
result of searching for sites with higher food availability
during the driest and warmest time of the year, when the
abundance of potential prey (i.e. invertebrates) is nota-
bly low (Ramirez-Bautista et al. 2016). This hypothe-
sis was not supported in S. torquatus cither. Recruitment
of adults in this species was relatively high during both
the rainy season and the warm-dry season. Thus, this
demographic process is not strictly associated with the
pre-mating season in this species either.

Hypothesis 3. Temporary emigration increases during
the warm-dry season.

The rate of temporary emigration is associated with
the movement of individuals throughout space. We pro-
posed the hypothesis that the 3 species of lizards would
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move more during the non-reproductive season, when
they are not restricted to territories, which is the warm-
est and driest season of the year. This season also co-
incides with the months during which food availabili-
ty is lowest, when individuals should have to move the
most in order to find prey. The prediction derived from
this hypothesis was that the rate of temporary emigra-
tion out of the study area would be highest during the
warm-dry season. Unfortunately, we were only able to
test this hypothesis using the data from S. torquatus (due
to convergence problems when season was incorporated
as a factor affecting the rate of temporary emigration of
the other 2 species). In this species, we did not find evi-
dence of variation due to season or sex. We must notice
that the values estimated for this parameter were quite
high: on each sampling occasion between 40% and 50%
of marked individuals were outside the study area. This
is evidence that these lizards move considerable distanc-
es throughout the year, regardless of the phase of the re-
productive cycle.

Our study is the second to estimate this demograph-
ic parameter for lizard species. The gecko Nephrurus
stellatus in Australia had a temporary emigration rate of
0.093 (i.e. on each sampling occasion 9.3% of marked
individuals were temporarily outside the study area;
Smith et al. 2012). This estimate of temporary emigra-
tion is considerably lower than what we observed in
S. torquatus, suggesting that this latter species moves
around relatively large areas.

Abundance and population growth rate

In general, our results were consistent in terms of
the expected effects of seasonal variation in recruit-
ment and survival on population abundance. In S. for-
quatus, reductions in survival and recruitment of both
sexes during the cold-dry season led to decreased abun-
dance and population growth rate during this season. In
S. grammicus, the abundance of males decreased nota-
bly during the cold-dry and warm-dry seasons, appar-
ently due to drastic reductions in recruitment during
these 2 seasons. In fact, the population growth rate of
males indicated a substantial decrease in the number of
adult males during the cold-dry season, when recruit-
ment was practically zero. In contrast, the increase in fe-
male survival during the cold-dry season compensated
for the decrease in female recruitment during this sea-
son, leading to relatively stable abundance and popula-
tion growth rate throughout the year for females. At the
same time, this generated a female-biased sex ratio in
S. grammicus during the dry periods of the year. Other

Demography of Sceloporus lizards

studies on lizards have also found that females are more
abundant than males, for example in the lizard Scelopo-
rus scalaris (Ortega-Rubio et al. 2000) and in the dwarf
chameleon Bradypodion pumilum (Katz et al. 2013).

In S. megalepidurus, both abundance and popula-
tion growth rate were lowest during the cold-dry season,
when recruitment of both sexes was practically zero.
During the warm-dry season, individuals of both sex-
es were recruited into the population, generating posi-
tive population growth rates during this season. In this
species we also detected greater abundance of females
during both dry seasons compared to the abundance of
males. This female-biased sex ratio could have interest-
ing consequences in terms of the intensity of sexual se-
lection (McCoy et al. 2004; Bock et al. 2010). If there
are relatively few males, then male—male competition
for potential mates should be relaxed, which could re-
duce the magnitude of sexual size dimorphism (i.e. rel-
atively smaller males; Berns 2013). Consistent with this
hypothesis, the most intense sexual size dimorphism oc-
curs in S. forquatus, which is the species in which we
did not find differences in abundance between males
and females and in which males are notably larger than
females (Ramirez-Bautista & Gonzalez-Romero 2002).
In S. grammicus there is moderate sexual size dimor-
phism (Jiménez-Cruz et al. 2005) and in S. megalepidu-
rus there is no sexual size dimorphism (Gonzalez-Ruiz
1991).

Our estimates of population abundance indicate that
our 3 study species are locally abundant. If we take into
account that the 3 study sites had an average area of 1
ha, the lowest population density we observed was 85
lizards/ha in S. forquatus during the cold-dry season,
and the highest was 578 lizards/ha in S. megalepidurus
during the warm-dry season. These densities are rela-
tively high compared to densities of other species from
the same genus, such as S. undulatus (63.5 lizards/ha;
Buckley et al. 2008), S. scalaris (48 lizards/ha; Orte-
ga-Rubio et al. 2000) and S. woodi (5 lizards/ha; Mc-
Coy et al. 2004).

Caveats and future directions

We recognize that our total sampling period lasted on
average 1.5 years. This implies that we had limited tem-
poral coverage. Even though we obtained similar pat-
terns of demographic variation when we pooled data
from 2 different years and when we accounted for po-
tential differences between years (see our supplemen-
tary materials), longer monitoring of these populations
may reveal greater interannual variation. Hence, the sea-
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sonal patterns that we detected here should be interpret-
ed with caution because previous long-term studies have
demonstrated particular years with unusual conditions
during either the favorable (warm or rainy) or the re-
stricting (cold or dry) season, which in turn had substan-
tial effects on interannual demographic variation (e.g.
DelGiudice et al. 2002; Jonsson et al. 2013). In other
words, the data that we collected here may have come
from an unusually harsh cold-dry season or from unusu-
ally benign warm and rainy seasons, which do not repre-
sent the average environmental conditions in our study
sites.

In addition, we focused our study exclusively on
adult individuals because we recaptured very few juve-
niles, which precluded us from accurately estimating
demographic parameters for these immature individuals.
Juveniles are an important and sometimes large compo-
nent of all animal populations and, thus, must be consid-
ered when making inferences with respect to population
dynamics. Thus, we propose the following informed hy-
pothesis about seasonal variation in the vital rates of ju-
veniles of our 3 study species. First, juvenile survival
should be lower than adult survival, with an evident de-
crease also during the cold-dry season, such as has been
observed in other lizard species (Civantos et al. 1999;
Siqueira & Rocha 2008). Second, recruitment of ju-
veniles should be highest right after parturitions take
place; that is, at the end of the warm-dry season and at
the beginning of the rainy season (Fig. 1; Vogel 1984).
Third, juveniles should have higher rates of temporary
emigration than adults because in other lizard species
(and in general in many vertebrates) juveniles are less
philopatric and have higher dispersal rates than adults
(Warner & Shine 2008; Vercken et al. 2012). Testing
these hypotheses requires more effective ways to recap-
ture juvenile individuals in natural conditions.
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standard error.
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1 standard error.

Figure S3 Model-averaged estimates of survival (a),
recruitment (b), population growth (c¢) and population
abundance (d) for males and females of Sceloporus me-
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1 standard error.
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