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ABSTRACT

Telomeres have emerged as important indicators of organismal longevity and population health; however, our understanding of
their dynamics in ectotherms remains incomplete. Here, we investigated variables influencing relative telomere length (rTL) in
the Western-Canaries Lizard (Gallotia galloti) across diverse environments over 10years. Using mixed-effect model-averaging
and hierarchical partitioning, we assessed the effects of intrinsic morphological (sex and body length) and extrinsic environmen-
tal (elevation, radiant sky temperature, wind speed and relative humidity) factors while controlling for temporal (year sampled)
effects on rTL variation. In addition, we investigated temporal signals corresponding to extreme weather events over the sam-
pling period. Intrinsic factors had the strongest influence, with males exhibiting shorter rTL than females, and females showing
shorter r'TL with increasing size. Temporal patterns revealed a negative correlation with dry years, indicating that even though
environmental drivers may be secondary predictors compared to individual determinants, severe weather conditions may repre-
sent cumulative burdens. Multiple intrinsic and extrinsic variables, including climate, should be considered when investigating
telomere dynamics in ectotherms.

1 | Introduction et al. 2019; Karimian et al. 2024). Telomere length (TL) varies

extensively across species, populations and individuals shaped

Telomeres are protective caps at chromosome ends that reflect
processes related to cellular ageing and organism longevity.
While cellular division typically shortens telomeres due to in-
complete replication (Olovnikov 1973), enzymes like telomer-
ase can counteract this effect (Calado 2014). In endotherms,
telomere shortening rate, rather than absolute length, better
predictslongevity, depending on the chromosome (Whittemore

by intrinsic factors such as ageing, sex, reproductive effort and
resource availability (fat reserves), as well as extrinsic factors
including environmental conditions (Monaghan et al. 2022;
Tobler et al. 2022). In ectotherms like lizards, these dynamics
are especially complex, with both shortening and lengthening
observed in response to stress, food availability and reproduc-
tive demands (Axelsson et al. 2020; Olsson et al. 2018b, 2025).
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Understanding how such intrinsic and extrinsic drivers inter-
act is central to linking telomere biology with broader ques-
tions of life-history, evolution and physiological trade-offs.

Several frameworks provide context for interpreting telomere
dynamics. The pace-of-life hypothesis predicts that species with
faster life histories experience accelerated telomere shortening
due to higher metabolic demands (Giraudeau et al. 2019; Dantzer
and Fletcher 2015; Friesen et al. 2022). Similarly, oxidative
stress theory attributes telomere erosion to reactive oxygen spe-
cies (ROS) accumulated during metabolism (Monaghan 2014;
Ahmed and Lingner 2018; von Zglinicki 2002), particularly rel-
evant in ectotherms, whose metabolism directly depends on ex-
ternal conditions (Ritchie and Friesen 2022; Burraco, Orizaola,
et al. 2020; Friesen et al. 2022). These ideas integrate with life-
history theory, which connects telomere regulation to trade-offs
among growth, reproduction and survival, and highlights the
roles of reproductive strategy, energy allocation and individ-
ual variation (Olsson et al. 2025; Monaghan 2010; Fitzpatrick
et al. 2021). Heritability and selection add an evolutionary di-
mension to the study of telomere biology (Olsson et al. 2011a;
Olsson et al. 2018b). These frameworks are relevant when inves-
tigating multiple drivers of telomere dynamics.

Unlike mammals, in which telomeres generally shorten with
age, ectotherms exhibit more variable or even opposite patterns
(Tobler et al. 2022; Monaghan et al. 2022; Mira-Jover et al. 2024).
In some lizards (Psammodromus algirus, Lacerta agilis), larger
and older individuals have longer telomeres, potentially due to
selective mortality or sustained telomerase expression (Burraco,
Comas, et al. 2020; Axelsson et al. 2020), while others, like
Chlamydosaurus kingii, show a curvilinear relationship with
age (Ujvari et al. 2017). In the lizard Gallotia galloti, no correla-
tion with age was found (Serén et al. 2023), aligning with that of
some other ectotherms (Gao and Munch 2015; Lund et al. 2009).
These mixed results complicate the relationship between telo-
mere dynamics and life history strategies of reptiles, making
a clear emergent hypothesis unclear (Morinha et al. 2020).
Sexual dimorphism and reproductive strategy in lizards fur-
ther modulate TL variation. Males are typically larger, with
some exceptions (Braiia 1996; Liang et al. 2022), but body size
does not consistently predict TL. Females may maintain lon-
ger telomeres due to oestrogen-mediated protection and lower
competitive stress (Olsson et al. 2011a; Olsson et al. 2010; Bauch
et al. 2020), potentially via the antioxidant effects of oestrogen
and vitellogenin (Vifia et al. 2005; Lindsay et al. 2020; Barrett
and Richardson 2011). However, female TL remains sensitive
to energetic costs of reproduction, including vitellogenesis and
resource loss (through tail autotomy), which reduce the capacity
for telomere elongation (Olsson et al. 2025; Hansson et al. 2024;
Carretero 2007; Roig et al. 2000; Friesen et al. 2022). In males,
by contrast, telomere elongation is linked to reproductive suc-
cess, suggesting sex-specific evolutionary trade-offs, with a her-
itable basis (Olsson et al. 2011a; Olsson et al. 2025). While much
of this evidence is based on cross-sectional measures of relative
telomere length (rTL), it provides mechanistic insight into ob-
served sex differences in TL. Furthermore, TL also varies across
tissues, with leukocytes typically exhibiting shorter telomeres
than less proliferative tissues like muscle and skin, influenc-
ing ageing and disease susceptibility (Saferali et al. 2014; Chiu
et al. 2016; Bhattacharya et al. 2019). However, in other studies,

blood (including red blood cells and leukocytes) has been identi-
fied as a potential proxy in lizards, indicating a correlation with
other tissue types (liver, heart, brain, spleen), despite absolute
differences (Rollings et al. 2019).

Environmental conditions interact with these intrinsic driv-
ers in shaping telomere dynamics. Elevation and associated
climatic gradients affect ectotherm physiology (Anderson
et al. 2022), but their influence on TL is inconsistent and context
dependent. In some lizards, age structure explains more than
environment (Burraco, Comas, et al. 2020), whereas in others,
including G. galloti, longer telomeres at higher elevations sug-
gest that cooler temperature may slow ageing and reduce oxida-
tive stress (Serén et al. 2023; Fitzpatrick et al. 2021; Giraudeau
et al. 2019). Conversely, elevated temperatures accelerate juve-
nile growth but shorten telomeres and induce oxidative damage,
with transgenerational fitness costs (Zhang et al. 2023; Dupoué
et al. 2022). Thermal and hydric microclimate thus appear as
key regulators in shaping TL in wild populations, particularly
under climate change (Maclean et al. 2021; Dupoué et al. 2020).
Changes in elevation influence microclimate opportunities, and
hence change thermoregulatory performance, having an effect
on physiology, such as TL (Anderson et al. 2022). However, how
this interacts with other intrinsic factors and fits into pace-of-
life and life-history frameworks remains unclear.

The Western-Canaries Lizard (Gallotia galloti) provides an
ideal model to assess intrinsic and extrinsic influences on TL.
Native to Tenerife, it inhabits a heterogeneous landscape with
elevational gradients and distinct bioclimatic zones (Algar and
Loépez-Darias 2016; Albaladejo et al. 2022), ranging from arid
coastal habitats to cooler, more humid regions in the north.
The species occupies the widest elevational distribution of per-
haps any lizard, from sea level to the peak of El Teide at 3718 m
asl. consisting of three geographically separated subspecies,
G.g insulanagae (offshore islet), G.g. galloti and G.g.eisen-
trauti, which differ in their morphology and spatial distribu-
tion across the island, and hence contrasting environmental
conditions.

Gallotia galloti's ecological versatility and demonstrated links
between oxidative stress, ecophysiology and adaptation (Gilbert,
Zagar, et al. 2024; Serén et al. 2023, 2024; Gilbert, Megia-Palma,
et al. 2024) make it well suited for studying TL dynamics. All
subspecies exhibit sexual size dimorphism, with males typi-
cally larger than females, and while largely wide-foraging and
herbivorous, polygynous mating behaviour characterised by
male-male competition and territoriality has been observed
(Molina-Borja et al. 1997, 1998; Molina-Borja and Rodriguez-
Dominguez 2004; Huyghe et al. 2005, 2010). These sex-specific
life-history strategies are associated with differences in growth
rates, reproductive investment and physiological stress (Meter
et al. 2020; Steele and Warner 2020), all of which are associated
with telomere dynamics. Prior research on male G.galloti sug-
gests longer TL at higher elevations, with no correlation with age
(Serén et al. 2023). Our study expands on this by incorporating
both sexes, across multiple years and microclimate variables.
Given Tenerife's spatial heterogeneity, we hypothesise that en-
vironmental factors will be the strongest predictors of TL, with
longer TL at higher elevations, alongside sex and size, with big-
ger males having shorter TL, as seen in other lizards. We further
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predict that extreme hot and dry years will correspond to shorter
telomeres in the same year due to increased physiological stress.

2 | Materials & Methods

Study sites span the elevation-induced climate gradient on
Tenerife, encompassing multiple localities across elevations and
bioclimatic zones (Figure 1, Table S3). DNA was extracted from
236 samples (tail tips and dried blood spots) across 19 localities
over 10years, using a salt-extraction method (Bruford et al. 1992);
previously described in Gilbert, Megia-Palma, et al. (2024) and
Gilbert, Zagar, et al. (2024). Sample metadata containing lo-
cality, year, tissue type, sex and snout-to-vent length (SVL) is
found in the associated Dryad data repository, and sample sizes
across groups are described in Tables S2 and S3. Individuals of
ambiguous sex were labelled “undetermined”. rTL was deter-
mined via quantitative polymerase chain reaction (QPCR), cal-
culating the telomere repeat copy number to single copy gene
(18S rRNA, abbreviated as SCG) number ratio (Cawthon 2002).
Standardised DNA elutions were combined with SYBR Select
Master Mix (Applied Biosystems), ddH,0 and SCG/telomere
primers (Supplementary Methods). Quantification was per-
formed in triplicate on a ThermoFisher QuantStudio Flex gPCR
(conditions in Supplementary Methods), using a pooled “Gold
standard” DNA sample and a no-template control in all runs for
standardisation (Cawthon 2002).

LinRegPCR (Ramakers et al. 2003) corrected amplification
curves with constant fluorescence thresholds kept across all
plates (0.171 in telomere plates, 0.144 for SCG plates).

The Pfaffl equation was used to calculate rTL, normalising tran-
scripts from telomere regions to housekeeping (SCG) regions
(Pfaffl 2001) (Supplementary Methods). To facilitate compara-
bility across studies, Z-scores were calculated by mean-centering
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raw rTL values by subtracting the overall mean and subse-
quently scaling by the standard deviation (Verhulst 2020). This
standardisation yields values with a mean of zero and a standard
deviation of one, expressing variation in rTL in units of stan-
dard deviation. Adherence to MIQE 2.0 guidelines (Bustin et al.
2025), where appropriate, is demonstrated in Table S1.

2.1 | Microclimate Variables

Microclimatic parameters were modelled using the microclima
(Maclean et al. 2019) and NicheMapR (Kearney et al. 2021) pack-
ages in R for each locality (< 5m resolution) for each year, fol-
lowing (Gilbert, Zagar, et al. 2024). The model used is predictive
but was originally ground-truthed with dataloggers (Maclean
et al. 2019), however has not been validated at the study site.
Monthly values were aggregated into mean, maximum and
minimum annual values for each locality. Correlated environ-
mental variables were summarised using principal component
analysis (PCA) implemented with the prcomp function in base R.
Environmental variables were centred and scaled prior to PCA,
and leading principal components explaining the majority of vari-
ance were retained for subsequent analysis (Tables S4 and S5).

2.2 | Statistical Analyses

Telomere length was analysed using generalised linear mixed-
effects models (GLMMs) fitted with the glmmTMB package
(McGillycuddy et al. 2025). Models were fitted with a Gamma
distribution and log-link function, requiring a transformation
(+1) to ensure positive values. Samples with missing data were
removed. To account for temporal non-independence among
samples, year was included as a random intercept. Fixed effects
included the first two environmental principal components (85%
variance explained), SVL, sex, tissue type and subspecies (also

i) Gallotia galloti insulanagae (Martin, 1985):
+Isolated to the offshore islet of Roque de Fuera
de Anaga in the North east of the island.

«Little studied and rarely sampled.

—»

ii) Gallotia galloti galloti (Oudart, 1839):
*Occupies broadest distribution on the island,
including the peak of El Teide.

<Habitat generalist given adequate resources.

v

iii) Gallotia galloti eisentrauti (Bischoff, 1982):
*Restricted to Northern forested part of the island.
*Generally more colourful, especially males.

g

FIGURE1 | (A)Map of Tenerife including major landmarks and topography, with the summit of El Teide (3718 m asl) as the center of the island,
and spatial sampling points marked with blue dots. Base map adapted from Oona Riisdnen (Mysid—Wikipedia) 2010 under Creative Commons

Attribution-ShareAlike 3.0 Unported Licence. Modifications: Added sampling points. (B) Describes the three subspecies found on Tenerife including

their approximate geographic distribution. Lizard images by Anna Maka, reproduced with permission.
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referred to morphotype). A biologically motivated interaction
between SVL and sex was included to allow for sex-specific scal-
ing relationships.

A global model containing all candidate predictors was sub-
jected to automated model dredging using the dredge function
in the MuMIn package (Barton 2025). Models were ranked by
Akaike's Information criterion corrected for small sample size
(AICc). Inference was based on model-averaged coefficients cal-
culated across the supported model set using model.avg, thereby
accounting for model selection uncertainty, which supports re-
covery of degrees of freedom regarding overparameterization in
evolutionary ecology studies (Hegyi and Garamszegi 2011).

Fixed effects were derived from model-averaged estimates on
the link scale, while predicted responses were generated on the
response scale for interpretation and visualisation. Estimated
marginal means and continuous marginal trends were obtained
using the emmeans package (Lenth 2024), allowing the calcu-
lation of predicted TL across observed gradients of continuous
predictors and among categorical factor levels. Confidence in-
tervals were calculated using asymptotic standard errors and
back-transformed where appropriate.

Effect sizes for continuous predictors were interpreted directly
from model-averaged slopes, while categorical predictors (sex,
tissue type, morphotype) were interpreted via contrasts relative
to reference levels.

An alternative model selection framework based on gamma-
distributed GLMs with exhaustive model selection across pre-
dictors (including year as a fixed effect) was also used to identify
key correlates of TL, with full details and results provided in the
Supporting Informations.

Hierarchical model partitioning using the hier.part function
from the hier.part R package (Nally and Walsh 2004) quantified
independent predictor effects, followed by a randomisation test
to assess the statistical significance of each independent contri-
bution. To compare intrinsic (independent-level variables: sex
and SVL) and extrinsic (group-level environmental principal
components) predictors, Nagelkerke's R? and deviance explained
for respective partial models were calculated.

Sensitivity analyses using subsets of data were used to validate
the main inferences due to inclusion of multiple variables, some
of which had small sample sizes. This included post hoc results
with unidentified sexes removed, locality as a random effect,
model subsets of tissue types (and yearxtissue type interac-
tions), and model subsets of morphotypes (including with G. g.
insulanagae removed).

Heatwave and drought frequencies from AEMET (Agencia
Estatal de Meteorologia) weather stations were calculated as the
top 10% of maximum and mean temperature per month, and
bottom 10% of total precipitation per month as in Gilbert, Megia-
Palma, et al. (2024) and Gilbert, Zagar, et al. (2024). Cross-
correlation coefficient analysis (ccf function in base R) was used
to determine the lag between the weather events and rTL, with a
maximum lag of 6 years and 5000 permutations for significance
testing.

3 | Results

Relative TL varied across sampling localities but showed con-
siderable overlap, suggesting additional influencing factors were
likely to play a dominant role (Figure S1). Environmental vari-
ables were reduced to 5 principal components (Tables S4 and
S5), where the first two representing 86% of environmental vari-
ation were used in modelling. Principal component 1 (66% of
variance) represents a broad elevational-microclimatic gradient,
with strong contributions from elevation and relative humidity
(both ~27%), and opposing contributions from radiant sky tem-
perature (~28%) and windspeed (~15%), while principal compo-
nent 2 (19% of variance) is dominated almost entirely by solar
radiation (~94%) (Tables S4 and S5).

Variation in TL was analysed using Gamma-distributed GLMMs
with a log link, including year as a random intercept. Model se-
lection based on AICc identified three competing models within
AAICc <2, together accounting for 99% of the cumulative model
weight (Table S6). Across these models, sex, SVL and tissue type
were consistently retained, whereas environmental predictors
and morphotype received comparatively weaker support.

The results were mirrored in the alternative model selection
framework through GLMs with exhaustive model selection
across predictors (including year as a fixed effect instead of a
random effect); however, year was included in the final model
(Table S8).

Model-averaged estimates revealed significant effects of sex,
body size and tissue type on TL (Table 1). TL decreased with in-
creasing SVL, indicating shorter telomeres in larger individuals.
Males exhibited significantly shorter telomeres than females,
representing the strongest effect among the predictors. Tissue
type significantly influences TL, with tail tissue samples exhib-
iting longer TL than dried blood samples.

Environmental effects were weak. The first environmental
principal component (Env_PC1) showed a positive but non-
significant association with TL under both full and conditional
model averaging, and morphotype did not have a detectable ef-
fect. Pairwise comparisons based on marginal means further

TABLE 1 | Final model estimates and significance showing each
model variable, estimate value, standard error, t-value, p-value and

significance.
Adjusted

Predictor Estimate SE z p
Intercept 0.851 0.170 499 <0.001
Env_PC1 0.007 0.011 0.65 0.516
Sex (male) -0.131 0.046 -2.82  0.0048
Sex (unknown) -0.163 0.080 -2.04 0.0418
SVL —0.046 0.017 —-2.74  0.0062
Tissue type (tail) 0.140 0.055 2.56 0.010
Morphotype —0.009 0.029 -0.31  0.757
(galloti)
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supported sex and tissue-specific differences, while indicating
no strong evidence for interaction-dependent shifts across the
observed SVL range.

Relationships between TL (shifted z-score) and predictors re-
tained in the supported mixed-effects models are illustrated
in Figure 2. TL declined with increasing SVL across both
sexes, with a steeper negative slope in females (slope =—-0.082,
p=0.004) compared to a significant but biologically irrelevant
rate of change in males (slope =—0.007, p=0.024; Figure 2A).
Consistent with this pattern, males exhibited significantly
shorter telomeres than females when averaged across body
size (Tukey-adjusted p=0.009; Figure 2B), while individuals of
unidentified sex did not differ significantly from either group.
Tissue type had a marked effect on TL, with tail tissue sam-
ples exhibiting higher TL than blood samples (Tukey-adjusted
p=0.0002; Figure 2C). In contrast, the first environmental prin-
cipal component (Env_PC1, containing high factor loadings for
elevation [—0.52], relative humidity [—0.52] and radiant sky tem-
perature [0.53]) did not correlate with TL (slope =0.014, p=0.28;
Figure 2D). Standardised effect sizes derived from the model-
averaged estimates indicated that sex and tissue type had the
largest effects on TL, whereas SVL showed a moderate negative
effect and environmental principal components had small and
imprecise effects centred near zero (Figure 2E).

Hierarchical partitioning revealed tissue type (33.5%) and SVL
(31.7%) were the most influential predictors, shortly followed
by sex (28.3%) (Figure S2). Both environmental principal com-
ponents contributed negligible amounts (4.1% and 2.3% respec-
tively). Randomisation tests indicated all predictors’ independent
contributions were significant except for the two environmental
principal components (Table S9). Model fit metrics confirmed
intrinsic variables (sex, SVL) explained more variance than ex-
trinsic variables (environmental PCs), highlighting greater ex-
planatory power in the context of the full model (Table S7).

To assess the relationship between collection year and rTL,
cross-correlation analysis examined the impacts of dry and hot
periods occurring in these years. Relative TL was shortest in the
driest years (zero lag), with elevated dry periods from 2016 to
2019 (Figure 3A) negatively correlated with rTL and weakening
over time (Figure 3B). This crossed the significance threshold
on the cross-correlation analysis, verified through permutation
testing (5000 permutations, p=0.004). No significant relation-
ship was detected between extreme heat events and rTL (5000
permutations, p=0.8778).

4 | Discussion

The multivariate interactions of TL in ectotherms provide in-
sight into their biology, ecology and response to environmental
change. Because TL is associated with somatic maintenance,
oxidative stress and survival probability, shorter telomeres are
generally interpreted as reflecting increased physiological wear,
whereas longer telomeres may indicate greater investment in
maintenance and potential longevity. Telomere shortening and
lengthening occur due to developmental, environmental and
heritable factors. The consequences of this vary by ecological
context and life history. Here, we investigated drivers of TL in

a spatial-temporal dataset of G. galloti on Tenerife using mixed
effect model-averaging and hierarchical partitioning, assessing
morphological characters, elevation-induced environmental ef-
fects and influence of drought and heatwave years.

4.1 | Sex, SVL and Tissue Type as Intrinsic Drivers

Models identified sex and SVL as significant intrinsic drivers of
rTL variability. Despite the rejection of an interaction term be-
tween these variables from model selection, the autocorrelation
of these factors still makes it difficult to identify the weight of
each variable explaining rTL. Females generally had longer telo-
meres, a trend reflected in some reptiles due to genetic and hor-
monal factors such as telomeric repeats on the W chromosome
(Singchat et al. 2018, 2019; Matsubara et al. 2015) and female-
specific hormones (Singchat et al. 2019; Ballen et al. 2012; Olsson
et al. 2011a; Ensminger et al. 2021). Conversely, male breed-
ing behaviour can lead to higher corticosterone levels (Olsson
et al. 2010), resulting in sex-specific stress-adjacent evolution-
ary strategies associated with reproductive success (Olsson
et al. 2011b). Sex also interacts with size, where different size
classes show varying trajectories of TL (Axelsson et al. 2020;
Olsson et al. 2010), also reflected in our data. All individuals
were adults, with SVL serving as a proxy for relative age such
that larger individuals represent older age cohorts, based on
established SVL-age relationships in G. galloti (Gilbert, Megia-
Palma, et al. 2024). This relationship is based on an equation
between age structure and SVL determined in prior literature;
however, it may be inaccurate (Castanet and Baez 1991; Serén
et al. 2023).

Larger ectotherms may have longer telomeres (Rollings
et al. 2020; Burraco, Comas, et al. 2020; Ujvari et al. 2017;
Axelsson et al. 2020), contrary to trends in endotherms (Ringsby
et al. 2015; Scott et al. 2006; Pepke and Eisenberg 2022; Foote
et al. 2011; Beaulieu et al. 2017), and telomeres are dynamic
through oxidative erosion and telomerase activity (Fitzpatrick
et al. 2021). Our results contradict expectations that larger liz-
ards (particularly females) have shorter telomeres, whose subja-
cent ecological reasons require further study.

Tissue type showed tail tips having longer telomeres than blood,
potentially due to differences in cellular turnover and local-
ised oxidative stress (Daniali et al. 2013). The different storage
conditions of these tissues may also play a role; therefore, bio-
logical explanations should be cautiously inferred. In Egyptian
fruit bats (Rousettus aegyptiacus), wing skin TL correlated
with tissues but not blood, making it a reliable non-lethal proxy
(Power et al. 2021). Similarly, reptile tail tips may serve as
proxies, though comparative data are limited. Regenerated tail
tissue may have longer TL due to post-autotomy telomerase ac-
tivation (Pacon et al. 2024; Fitzpatrick et al. 2019), though tail
loss was not recorded in this study. The inclusion of tissue type
bears less physiological or ecological importance, but describes
an important methodological consideration during sample col-
lection, particularly in studies collating data across sampling
expeditions. These sex and size-dependent differences suggest
that telomere dynamics reflect divergent life-history strategies,
where females may incur greater physiological costs associated
with reproduction, while larger (older) individuals do not seem
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FIGURE 3 | Cross correlation of climate events and z-score (rTL).
(A) z-scores, heatwave count and drought count, scaled via min-max
normalisation for each year (arbitrary units). The y-axis therefore rep-
resents the z-score and the number of extreme weather events along an
arbitrary scale. (B) Cross-correlation analysis between z-score and ex-
treme climate events. The Y-axis indicates the degree of correlation, and
the X-axis indicates the amount of lag years. Dashed lines indicate sig-
nificance thresholds, with greyed areas representing the area of statisti-
cal significance. The asterisk * indicates statistical significance verified
with permutation testing (drought, p=0.004, heatwaves, p=0.8778).
At zero-lag the correlation is strongest, meaning the years with more
droughts are the same years with the shortest telomeres, and vice versa.

to accumulate telomere attrition consistent with ageing-related
somatic decline, perhaps due to mechanisms associated with
environmental (and hence physiological) tolerance breadth
(Gilbert, Megia-Palma, et al. 2024; Gilbert, Zagar, et al. 2024;
Serén et al. 2023, 2024).

4.2 | Environmental and Temporal Effects

Here, we distinguish between microclimate (fine-scale spatial
variation across elevations) and macroclimate (temporal vari-
ation including extreme drought or heatwaves) to clarify their
potentially different effects on TL. At the spatial scale, micro-
climate had minimal explanatory power. Environmental influ-
ences on TL are known (Fitzpatrick et al. 2021; Serén et al. 2023;
Axelsson et al. 2020) however, here they were reduced when

including sex and SVL, suggesting G. galloti effectively buffers
oxidative state across elevations on Tenerife, potentially limiting
oxidative-induced telomere erosion and hence a lesser effect of
environment (Gilbert, Megia-Palma, et al. 2024; Gilbert, Zagar,
et al. 2024). Buffering from harsh environments is therefore very
dependent on the sex and size of the lizard, with these variables
being more important than external conditions in this study
(Megia-Palma et al. 2020). If G. galloti is well-adapted to diverse
environments, it will be more resilient to extreme climate events
and respond rapidly, with TL being a potential indicator of this
(Gilbert, Megia-Palma, et al. 2024).

Temporal variation explained more TL variance than spatial ef-
fects when included as a fixed effect. Further, when correlated
with extreme weather events, dry conditions showed a negative
effect on rTL, with the driest years (2016-2018) yielding shorter
TL than wetter, cooler years (2021-2022). Extreme temperatures
and drought accelerate telomere attrition (Seeker et al. 2021;
Chatelain et al. 2020), likely pivoting on stress-related physiol-
ogy (Chatelain et al. 2020; Angelier et al. 2018). Drought may
also indirectly affect TL through food availability and habitat
quality, which are often compromised during drought periods
(Angelier et al. 2018; Wilbourn et al. 2017; Olsson et al. 2025).
Water availability appeared more critical than heat, imply-
ing better adaptation to thermal rather than hydric stressors
(Dupoué et al. 2020). This highlights that single-time-point,
site-level microclimate measures may underestimate the impact
of environmental stress on telomere dynamics, whereas longi-
tudinal macroclimate assessment captures more physiologically
meaningful variation with potential consequences for survival
and reproductive output.

Besides immediate effects of dry conditions on shortening telo-
meres, there could also be long-term developmental and evo-
lutionary effects. Thermal conditions during early life shape
TL long-term (Olsson et al. 2018a), possibly contributing to ob-
served longer rTL in 2021 and 2022 (Ton et al. 2023). Climate
events with strong droughts around 2017 may have affected
G. galloti's genetic composition in 2022 (~1 generation), induc-
ing oxidative stress during egg and early life stages (Gilbert,
Megia-Palma, et al. 2024). This possibly selected against indi-
viduals with shorter telomeres (Fitzpatrick et al. 2021; Asghar
et al. 2015), and better ROS mitigation prevented telomere
attrition throughout 2017-2022. This aligns with suggestions
that shorter TL in declining lizard populations may be in-
herited or influenced by the environment at vulnerable em-
bryonic stages (Dupoué et al. 2022). The study that showed
shorter TL in declining lizard populations was done in a vi-
viparous species that is very sensitive to dehydration (Dupoué
et al. 2022), while G. galloti is an oviparous species with better
abilities to resist dry conditions (Vernet et al. 1995), and likely
better copes with increasing drought pressures in the environ-
ment as suggested by our results. It should be noted that our
analysis of temporal variation only provides correlational ev-
idence and may be influenced by other factors such as sample
size or variables included in the model. In addition, molecular
markers including rTL may not necessarily be indicative of re-
alised fitness or survival, and should be considered with other
lines of evidence for more robust assertions about telomeres'
role in population ecology. This kind of longitudinal environ-
mentally driven telomere shortening may have downstream
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consequences for survival and future reproductive output,
particularly if repeated exposure to drought accelerates cu-
mulative physiological stress within cohorts. This effect may
be masked by single-time point microclimate effects as in our
main model and should be considered in future studies.

4.3 | Individual Versus Population Level Effects

Hierarchical partitioning suggested that individual predictors
(sex, SVL) influenced rTL more than population-level differ-
ences at the environmental scale. This is unexpected given
Tenerife's elevation-driven climate gradient, which impacts
some other biological aspects such as oxidative stress, protein
expression and evolution in G. galloti (Gilbert, Zagar, et al. 2024;
Serén et al. 2023; Gilbert, Megia-Palma, et al. 2024), but on the
other hand is in line with no variation found in thermal physio-
logical performance (Serén et al. 2023). Previous studies found
elevation-related TL differences (longer at higher elevations)
(Serén et al. 2023), however, our larger dataset (n~200, across,
but controlling for years) suggests individual-level effects are
stronger. Population-scale TL differences occur across taxa,
reflecting genetic and environmental variation (Kérkkdinen
et al. 2022; Ly et al. 2019), nevertheless, individual-level dy-
namics related to life-history traits like reproductive invest-
ment, self-maintenance and response to stressors differ even
among genetically similar individuals (Fitzpatrick et al. 2021;
Bakaysa et al. 2007; Romano et al. 2013). These cumulative fac-
tors illustrate how individual experiences can drive telomere
dynamics (Boonekamp et al. 2014). If TL captures cumulative
individual condition, the dominance of intrinsic predictors sug-
gests that population-level responses to environmental change
may emerge indirectly through shifts in demographic structure
(e.g., sex ratios, age structure), rather than through uniform
physiological responses across individuals, especially when
considering a species like G. galloti that occurs across various
environmental conditions.

5 | Conclusion

Our findings highlight the importance of multivariate ap-
proaches in understanding telomere dynamics in ectotherms
like G.galloti, where physiological and environmental interac-
tions are complex. Despite environmental predictors playing a
minor role in TL across the landscape, their indirect or temporal
effects remain relevant. Future research should incorporate lon-
gitudinal data to track individual telomere trajectories and fur-
ther disentangle intrinsic (genetics, morphology) and extrinsic
(climate, resource availability) influences.

This research demonstrated intrinsic factors were the stron-
gest predictors, likely reflecting sex-specific hormones, life-
history strategies or genetics. The temporal trend correlated
with dry years, suggesting environmental factors still shape TL
at broader scales. Longer term sampling designs to assess the
connection between climate variability (particularly extreme
weather events) and TL should investigate this relationship fur-
ther. Lastly, lacertids like G. galloti, with their broad elevational
ranges, offer valuable systems for studying molecular markers of
population health, such as TL.

Author Contributions

Edward Gilbert: conceptualization (equal), data curation (equal),
formal analysis (equal), investigation (equal), validation (equal), visu-
alization (equal), writing - original draft (equal), writing - review and
editing (equal). Megan L. Power: data curation (equal), formal analy-
sis (equal), investigation (equal), methodology (equal), writing - review
and editing (equal). Annika Wolberg: data curation (equal), formal
analysis (equal), investigation (equal), writing — review and editing
(equal). Rodrigo Megia-Palma: resources (equal), writing - review
and editing (equal). Anamarija Zagar: resources (equal), writing -
review and editing (equal). Marta Lopez-Darias: resources (equal),
writing - review and editing (equal). Miguel A. Carretero: resources
(equal), writing - review and editing (equal). Nina Serén: resources
(equal), writing — review and editing (equal). Pedro Beltran-Alvarez:
conceptualization (equal), data curation (equal), formal analysis
(equal), investigation (equal), supervision (equal), validation (equal),
visualization (equal), writing — original draft (equal), writing - review
and editing (equal). Katharina C. Wollenberg Valero: conceptualiza-
tion (equal), data curation (equal), formal analysis (equal), investigation
(equal), methodology (equal), supervision (equal), validation (equal),
visualization (equal), writing - original draft (equal), writing - review
and editing (equal).

Acknowledgements

We would like to thank all members of OdysysLab (Dublin and Hull)
for helpful discussions. We thank Liam Connell for logistical support
at UCD. We thank I. Acevedo as well as G. Albaladejo, G. Palomar, B.
Farifia, J. Piquet, J.L. Herrera, E. Serrano, C. Romero, X. Santos, U.
Daj¢man, M. Krofel, S. Novak, V. Perc and S. Reguera who assisted us in
the field or shared their samples with us. We acknowledge the valuable
help of IPNA-CSIC and, particularly, Manuel Nogales.

Funding

E.G., P.B.-A. & K.C.W.V. were supported by the Leeds-York-Hull Natural
Environment Research Council (UKRI/NERC) Doctoral Training
Partnership (DTP) PANORAMA under grant NE/S007458/1. AZ was
funded by the Slovenian Research and Innovation Agency (ARIS) (P1-
0255 and MN-0004-105). M.A.C. acknowledges projects of MINECO
(Spain) /ERDF CGL2015-67789-C2-1-P and PGC2018-097426-B-C21,
FCT (Portugal)/ERDF 28014 02/SAICT/2017 and 2022.03361.PTDC.
M.L.P. & K.CW.V. acknowledge funding by the European Union (ERC,
MolStressH20, #101044202). Views and opinions expressed are how-
ever those of the author(s) only and do not necessarily reflect those
of the European Union or the European Research Council Executive
Agency. Neither the European Union nor the granting authority can
be held responsible for them. A.W. received funding from Arcadia
University (USA) to perform lab work in UCD.

Ethics Statement

Ethical approval of research for EG and MLD was obtained from
the University of Hull, FEC_2022_103. The Spanish Direccién de
Agricultura, Ganaderia y Alimentacién of Consejeria de Medio
Ambiente y Ordenacién del Territorio of Comunidad de Madrid pro-
vided ethical approval (PROEX 128/19) after clearance of the Ethical
Committee of CSIC and approval of Area de Proteccién Animal of
Comunidad de Madrid. CAM provided a certificate for animal exper-
imentation to RMP (0945555854754694309162), and Generalitat de
Catalunya provided a certificate for animal experimentation to MAC
(27/07/2001). EG and MLD collection permits were obtained from
Cabildo de Tenerife Sigma 1701-22 AFF 154-22. Gobierno de Canarias
and Cabildo Insular de Tenerife provided specific permits AFF469/13
(2013-02234), AFF 51/16 (2016-00480) to study lizards to capture G. gal-
loti across the island. This included specially protected areas such as
Teide National Park and the Integral Natural Reserve of Roques de

8 of 12

Ecology and Evolution, 2026

85US0| 7 SUOWILIOD BA1TE8.1D) 3ol |dde a3 Aq pausenob afe sspie YO ‘8sn JO S9|nJ oy Akeqi8uljuQ 481 UO (SUONIPUOO-pUe-SWIS W00 A8 1M Afelq | pUT|UO//:SdNY) SUONIPUOD Pue swie | 8y} 8eS *[9202/50/.0] uo Ariqiaullu A8|iM * pUpe N 8@ ssusin|dwioD pepseAIUN -euwed-eife |\ 0Bupoy Aq 6vSE. €899/200T OT/I0P/W0Y A8 1M Akeiq Ul juO//:Sdny Woi) pepeojumod ‘S ‘920 ‘8SL.SV02



Anaga: 369/2014 (2014/2721), AFF 218/14 (2014-01172/29679), MDV/
amp, AFF 110/162016-01215, JLRG/arm, no. 3/332, YMG/cpa, AFF
57/172017-00308, AFF 67/172017-00335, JLRG/arm (138/2). Collection
permits for samples of 2021 were obtained from Cabildo de Tenerife
Sigma 2021-01359 AFF 146-21 and Gobierno de Canarias Ref. Expte.
2021/26145, and for 2018 samples from Cabildo de Tenerife Sigma 2018-
02258 AFF 160-18. Sampling permits AFF 57/172017-00308, exit record:
13413, AFF 67/172017-00335, exit record: 15807, AFF 160/182018-
02258, exit record: 28466, AFF 146/21 (2021-01359) and 2021/26145;
and Teide National Park sampling permit JLRG/arm, exit record 138/2
issued by Cabildo Insular de Tenerife.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data supporting this study are archived in a Dryad repository https://
doi.org/10.5061/dryad.4f4qrfjt7. Data used and the full R scripts
can also be found at: https://github.com/RepTed/Telomere-dynam
ics-in-ggalloti.

References

Ahmed, W., and J. Lingner. 2018. “Impact of Oxidative Stress on
Telomere Biology.” Differentiation; Research in Biological Diversity 99:
21-27.

Albaladejo, G., N. Rodriguez, B. Rodriguez-Concepciéon, M. Nogales,
and M. Vences. 2022. “Limited Ecophysiological Variation in Gallotia
galloti (Oudart, 1839) Lizards Across an Elevational Gradient of Over
3,500 Meters (Squamata: Lacertidae).” Herpetology Notes 15: 87-96.

Algar, A. C., and M. Lépez-Darias. 2016. “Sex-Specific Responses of
Phenotypic Diversity to Environmental Variation.” Ecography 39, no. 8:
715-725.

Anderson, R. O., L. A. Alton, C. R. White, and D. G. Chapple. 2022.
“Ecophysiology of a Small Ectotherm Tracks Environmental Variation
Along an Elevational Cline.” Journal of Biogeography 49, no. 2: 405-415.

Angelier, F., D. Costantini, P. Blévin, and O. Chastel. 2018. “Do
Glucocorticoids Mediate the Link Between Environmental Conditions
and Telomere Dynamics in Wild Vertebrates? A Review.” General and
Comparative Endocrinology 256: 99-111.

Asghar, M., S. Bensch, M. Tarka, B. Hansson, and D. Hasselquist. 2015.
“Maternal and Genetic Factors Determine Early Life Telomere Length.”
Proceedings. Biological sciences 282, no. 1799: 20142263.

Axelsson, J., E. Wapstra, E. Miller, N. Rollings, and M. Olsson. 2020.
“Contrasting Seasonal Patterns of Telomere Dynamics in Response to
Environmental Conditions in the Ectothermic Sand Lizard, Lacerta agi-
lis.” Scientific Reports 10, no. 1: 182.

Bakaysa, S. L., L. A. Mucci, P. E. Slagboom, et al. 2007. “Telomere
Length Predicts Survival Independent of Genetic Influences.” Aging
Cell 6, no. 6: 769-774.

Ballen, C., M. Healey, M. Wilson, M. Tobler, and M. Olsson.
2012. “Predictors of Telomere Content in Dragon Lizards.”
Naturwissenschaften 99, no. 8: 661-664.

Barrett, E. L. B., and D. S. Richardson. 2011. “Sex Differences in
Telomeres and Lifespan: Sex Differences in Telomeres and Lifespans.”
Aging Cell 10, no. 6: 913-921.

Barton, K. 2025. “MuMIn: Multi-Model Inference.” Preprint. https://
CRAN.R-project.org/package=MuMIn.

Bauch, C., M. C. Gatt, J. P. Granadeiro, S. Verhulst, and P. Catry. 2020.
“Sex-Specific Telomere Length and Dynamics in Relation to Age and

Reproductive Success in Cory's Shearwaters.” Molecular Ecology 29, no.
7:1344-1357.

Beaulieu, M., L. Benoit, S. Abaga, P. M. Kappeler, and M. J. E.
Charpentier. 2017. “Mind the Cell: Seasonal Variation in Telomere
Length Mirrors Changes in Leucocyte Profile.” Molecular Ecology 26,
no. 20: 5603-5613.

Bhattacharya, M., P. Bhaumik, and S. Kumar-Dey. 2019. “Telomere
Length Comparison Between Oral Cells and Blood Cells Among
Neonates.” Turkish Journal of Pediatrics 61, no. 4: 520-524.

Boonekamp, J. J., G. A. Mulder, H. M. Salomons, C. Dijkstra, and
S. Verhulst. 2014. “Nestling Telomere Shortening, but not Telomere
Length, Reflects Developmental Stress and Predicts Survival in Wild
Birds.” Proceedings. Biological sciences 281, no. 1785: 20133287.

Brana, F. 1996. “Sexual Dimorphism in Lacertid Lizards: Male Head
Increase vs Female Abdomen Increase?” Oikos 75, no. 3: 511.

Bruford, M., O. Hanotte, J. Brookfield, T. Burke, and A. Hoelzel. 1992.
“Single-Locus and Multilocus DNA Fingerprinting.” In Molecular
Genetic Analysis of Populations: A Practical Approach, edited by A. R.
Hoelzel, 287-336. Oxford University Press.

Burraco, P., M. Comas, S. Reguera, F. J. Zamora-Camacho, and G.
Moreno-Rueda. 2020. “Telomere Length Mirrors Age Structure Along a
2200-M Altitudinal Gradient in a Mediterranean Lizard.” Comparative
Biochemistry and Physiology. Part A, Molecular & Integrative Physiology
247:110741.

Burraco, P., G. Orizaola, P. Monaghan, and N. B. Metcalfe. 2020.
“Climate Change and Ageing in Ectotherms.” Global Change Biology
26, no. 10: 5371-5381.

Bustin, S. A., J. M. Ruijter, M. J. van den Hoff, et al. 2025. “MIQE 2.0:
Revision of the Minimum Information for Publication of Quantitative Real-
Time PCR Experiments Guidelines.” Clinical Chemistry 71, no. 6: 634-651.

Calado, R. T., ed. 2014. Telomeres in Health and Disease. Vol. 125.
Academic Press.

Carretero, M. 2007. “Reproductive Cycles in Mediterranean Lacertids:
Plasticity and Constraints.” In Mainland and Insular Lizards: A
Mediterrean Perspective (Monografie. Scienze; 8), 1000-1022. Firenze
University Press.

Castanet, J., and M. Bdez. 1991. “Adaptation and Evolution in Gallotia
Lizards From the Canary Islands: Age, Growth, Maturity and
Longevity.” Amphibia-Reptilia 12: 81-102.

Cawthon, R. 2002. “Telomere Measurement by Quantitative PCR.”
Nucleic Acids Research 30, no. 10: e47.

Chatelain, M., S. M. Drobniak, and M. Szulkin. 2020. “The Association
Between Stressors and Telomeres in Non-Human Vertebrates: A Meta-
Analysis.” Ecology Letters 23, no. 2: 381-398.

Chiu, C. L., N. L. Hearn, D. Paine, N. Steiner, and J. M. Lind. 2016.
“Does Telomere Shortening Precede the Onset of Hypertension in
Spontaneously Hypertensive Mice?” Twin Research and Human
Genetics 19, no. 5: 422-429.

Daniali, L., A. Benetos, E. Susser, et al. 2013. “Telomeres Shorten at
Equivalent Rates in Somatic Tissues of Adults.” Nature Communications
4, no. 1: 1597.

Dantzer, B., and Q. E. Fletcher. 2015. “Telomeres Shorten More Slowly
in Slow-Aging Wild Animals Than in Fast-Aging Ones.” Experimental
Gerontology 71: 38-47.

Dupoué, A., F. Angelier, C. Ribout, et al. 2020. “Chronic Water
Restriction Triggers Sex-Specific Oxidative Stress and Telomere
Shortening in Lizards.” Biology Letters 16, no. 2: 20190889.

Dupoué, A., P. Blaimont, F. Angelier, et al. 2022. “Lizards From Warm
and Declining Populations Are Born With Extremely Short Telomeres.”

Ecology and Evolution, 2026

9o0f12

85US0| 7 SUOWILIOD BA1TE8.1D) 3ol |dde a3 Aq pausenob afe sspie YO ‘8sn JO S9|nJ oy Akeqi8uljuQ 481 UO (SUONIPUOO-pUe-SWIS W00 A8 1M Afelq | pUT|UO//:SdNY) SUONIPUOD Pue swie | 8y} 8eS *[9202/50/.0] uo Ariqiaullu A8|iM * pUpe N 8@ ssusin|dwioD pepseAIUN -euwed-eife |\ 0Bupoy Aq 6vSE. €899/200T OT/I0P/W0Y A8 1M Akeiq Ul juO//:Sdny Woi) pepeojumod ‘S ‘920 ‘8SL.SV02


https://doi.org/10.5061/dryad.4f4qrfjt7
https://doi.org/10.5061/dryad.4f4qrfjt7
https://github.com/RepTed/Telomere-dynamics-in-ggalloti
https://github.com/RepTed/Telomere-dynamics-in-ggalloti
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn

Proceedings of the National Academy of Sciences of the United States of
America 119, no. 33: €2201371119.

Ensminger, D. C., S. R. Siegel, D. A. S. Owen, M. J. Sheriff, and T.
Langkilde. 2021. “Elevated Glucocorticoids During Gestation Suggest
Sex-Specific Effects on Offspring Telomere Lengths in a Wild Lizard.”
Comparative Biochemistry and Physiology. Part A, Molecular &
Integrative Physiology 257: 110971.

Fitzpatrick, L. J., M. Olsson, L. M. Parsley, A. Pauliny, G. M. While, and
E. Wapstra. 2019. “Tail Loss and Telomeres: Consequences of Large-
Scale Tissue Regeneration in a Terrestrial Ectotherm.” Biology Letters
15, no. 7: 20190151.

Fitzpatrick, L. J., M. Olsson, A. Pauliny, G. M. While, and E. Wapstra.
2021. “Individual Telomere Dynamics and Their Links to Life History
in a Viviparous Lizard.” Proceedings of the Royal Society B: Biological
Sciences 288, no. 1951: 20210271.

Foote, C. G., E. A. Gault, L. Nasir, and P. Monaghan. 2011. “Telomere
Dynamics in Relation to Early Growth Conditions in the Wild in the
Lesser Black-Backed Gull: Telomeres and Growth.” Journal of Zoology
283, no. 3: 203-209.

Friesen, C. R., E. Wapstra, and M. Olsson. 2022. “Of Telomeres and
Temperature: Measuring Thermal Effects on Telomeres in Ectothermic
Animals.” Molecular Ecology 31, no. 23: 6069-6086.

Gao, J., and S. B. Munch. 2015. “Does Reproductive Investment
Decrease Telomere Length in Menidia menidia?” PLoS One 10, no. 5:
€0125674.

Gilbert, E., R. Megia-Palma, A. Zagar, et al. 2024. “Climate Drives
Long-Term Landscape and Rapid Short-Term Promoter Evolution in the
Western Canaries Lizard, Gallotia galloti.” In bioRxiv. December 21.
https://doi.org/10.1101/2024.12.18.628907.

Gilbert, E., A. Zagar, M. Lopez-Darias, et al. 2024. “Environmental
Factors Influence Cross-Talk Between a Heat Shock Protein and an
Oxidative Stress Protein Modification in the Lizard Gallotia galloti.”
PLoS One 19, no. 3: e0300111.

Giraudeau, M., F. Angelier, and T. Sepp. 2019. “Do Telomeres Influence
Pace-of-Life-Strategies in Response to Environmental Conditions Over
a Lifetime and Between Generations?” BioEssays 41, no. 3: €1800162.

Hansson, A., E. Wapstra, G. M. While, and M. Olsson. 2024. “Sex and
Early-Life Conditions Shape Telomere Dynamics in an Ectotherm.”
Journal of Experimental Biology 227, no. 3: jeb246512. https://doi.org/
10.1242/jeb.246512.

Hegyi, G., and L. Z. Garamszegi. 2011. “Using Information Theory as a
Substitute for Stepwise Regression in Ecology and Behavior.” Behavioral
Ecology and Sociobiology 65, no. 1: 69-76.

Huyghe, K., J. F. Husak, . T. Moore, et al. 2010. “Effects of Testosterone
on Morphology, Performance and Muscle Mass in a Lizard.” Journal of
Experimental Zoology. Part A, Ecological Genetics and Physiology 313, no.
1: 9-16.

Huyghe, K., B. Vanhooydonck, H. Scheers, M. Molina-Borja, and R.
Van Damme. 2005. “Morphology, Performance and Fighting Capacity
in Male Lizards, Gallotia galloti.” Functional Ecology 19, no. 5:
800-807.

Karimian, K., A. Groot, V. Huso, et al. 2024. “Human Telomere Length
Is Chromosome End-Specific and Conserved Across Individuals.”
Science 384, no. 6695: 533-539.

Kirkkidinen, T., T. Laaksonen, M. Burgess, et al. 2022. “Population
Differences in the Length and Early-Life Dynamics of Telomeres
Among European Pied Flycatchers.” Molecular Ecology 31, no. 23:
5966-5978.

Kearney, M. R., N. J. Briscoe, P. D. Mathewson, and W. P. Porter.
2021. “NicheMapR—An R Package for Biophysical Modelling: The
Endotherm Model.” Ecography 44, no. 11: 1595-1605.

Lenth, R. V. 2024. “emmeans: Estimated Marginal Means, aka Least-
Squares Means.” R Package Version 2.0.3. https://CRAN.R-project.org/
package=emmeans.

Liang, T., S. Meiri, and L. Shi. 2022. “Sexual Size Dimorphism in
Lizards: Rensch's Rule, Reproductive Mode, Clutch Size, and Line
Fitting Method Effects.” Integrative Zoology 17, no. 5: 787-803.

Lindsay, W. R., C. R. Friesen, C. Sihlbom, et al. 2020. “Vitellogenin
Offsets Oxidative Costs of Reproduction in Female Painted Dragon
Lizards.” Journal of Experimental Biology 223, no. Pt 12: jeb221630.

Lund, T. C., T. J. Glass, J. Tolar, and B. R. Blazar. 2009. “Expression of
Telomerase and Telomere Length Are Unaffected by Either Age or Limb
Regeneration in Danio rerio.” PLoS One 4, no. 11: €7688.

Ly, K., C. Walker, S. Berry, et al. 2019. “Telomere Length in Early
Childhood Is Associated With Sex and Ethnicity.” Scientific Reports 9,
no. 1: 10359.

Maclean, I., J. P. Duffy, S. Haesen, et al. 2021. “On the Measurement
of Microclimate.” Methods in Ecology and Evolution/British Ecological
Society 12, no. 8: 1397-1410.

Maclean, 1., J. R. Mosedale, and J. J. Bennie. 2019. “Microclima: An R
Package for Modelling Meso- and Microclimate.” Methods in Ecology
and Evolution/British Ecological Society 10, no. 2: 280-290.

Matsubara, K., Y. Uno, K. Srikulnath, Y. Matsuda, E. Miller, and M.
Olsson. 2015. “No Interstitial Telomeres on Autosomes but Remarkable
Amplification of Telomeric Repeats on the W Sex Chromosome in the
Sand Lizard (Lacerta agilis).” Journal of Heredity 106, no. 6: 753-757.

McGillycuddy, M., D. I. Warton, G. Popovic, and B. M. Bolker. 2025.
“Parsimoniously Fitting Large Multivariate Random Effects in glm-
mTMB.” Journal of Statistical Software 112, no. 1: 1-19. https://doi.org/
10.18637/jss.v112.i01.

Megia-Palma, R., L. Arregui, I. Pozo, et al. 2020. “Geographic Patterns
of Stress in Insular Lizards Reveal Anthropogenic and Climatic
Signatures.” Science of the Total Environment 749: 141655.

Meter, B., Z. Starostova, L. Kubicka, and L. Kratochvil. 2020. “The
Limits of the Energetical Perspective: Life-History Decisions in Lizard
Growth.” Evolutionary Ecology 34, no. 4: 469-481.

Mira-Jover, A., R. C. Rodriguez-Caro, J. C. Noguera, et al. 2024.
“Shorter Telomeres Are Associated With Shell Anomalies in a Long-
Lived Tortoise.” Journal of Zoology 323, no. 1: 67-75.

Molina-Borja, M., M. Padron-Fumero, and M. T. Alfonso-Martin. 1997.
“Intrapopulation Variability in Morphology, Coloration, and Body
Size in Two Races of the Lacertid Lizard, Gallotia galloti.” Journal of
Herpetology 31, no. 4: 499.

Molina-Borja, M., M. Padron-Fumero, and T. Alfonso-Martin. 1998.
“Morphological and Behavioural Traits Affecting the Intensity and
Outcome of Male Contests in Gallotia galloti galloti (Family Lacertidae).”
Ethology 104, no. 4: 314-322.

Molina-Borja, M., and M. A. Rodriguez-Dominguez. 2004. “Evolution of
Biometric and Life-History Traits in Lizards (Gallotia) From the Canary
Islands.” Journal of Zoological Systematics and Evolutionary Research
= Zeitschrift Fur Zoologische Systematik Und Evolutionsforschung 42,
no. 1: 44-53.

Monaghan, P. 2010. “Telomeres and Life Histories: The Long and
the Short of It: Telomeres and Life Histories.” Annals of the New York
Academy of Sciences 1206, no. 1: 130-142.

Monaghan, P. 2014. “Organismal Stress, Telomeres and Life Histories.”
Journal of Experimental Biology 217: 57-66.

Monaghan, P., M. Olsson, D. S. Richardson, S. Verhulst, and S. M.
Rogers. 2022. “Integrating Telomere Biology Into the Ecology and
Evolution of Natural Populations: Progress and Prospects.” Molecular
Ecology 31, no. 23: 5909-5916.

10 of 12

Ecology and Evolution, 2026

85US0| 7 SUOWILIOD BA1TE8.1D) 3ol |dde a3 Aq pausenob afe sspie YO ‘8sn JO S9|nJ oy Akeqi8uljuQ 481 UO (SUONIPUOO-pUe-SWIS W00 A8 1M Afelq | pUT|UO//:SdNY) SUONIPUOD Pue swie | 8y} 8eS *[9202/50/.0] uo Ariqiaullu A8|iM * pUpe N 8@ ssusin|dwioD pepseAIUN -euwed-eife |\ 0Bupoy Aq 6vSE. €899/200T OT/I0P/W0Y A8 1M Akeiq Ul juO//:Sdny Woi) pepeojumod ‘S ‘920 ‘8SL.SV02


https://doi.org/10.1101/2024.12.18.628907
https://doi.org/10.1242/jeb.246512
https://doi.org/10.1242/jeb.246512
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://doi.org/10.18637/jss.v112.i01
https://doi.org/10.18637/jss.v112.i01

Morinha, F., P. Magalhdes, and G. Blanco. 2020. “Standard Guidelines
for the Publication of Telomere qPCR Results in Evolutionary Ecology.”
Molecular Ecology Resources 20, no. 3: 635-648.

Nally, R. M., and C. J. Walsh. 2004. “Hierarchical Partitioning Public-
Domain Software.” Biodiversity and Conservation 13: 659-660.
https://search.proquest.com/openview/6£19c4d612b6cf75b106c479¢
7084a58/1.

Olovnikov, A. M. 1973. “A Theory of Marginotomy. The Incomplete
Copying of Template Margin in Enzymic Synthesis of Polynucleotides
and Biological Significance of the Phenomenon.” Journal of Theoretical
Biology 41, no. 1: 181-190.

Olsson, M., E. Miller, N. Rollings, et al. 2025. “The Effects of Costly
Telomere Maintenance on Lifespan - Reproductive Tradeoffs in Sand
Lizards.” Evolution 79, no. 5: 847-857. https://doi.org/10.1093/evolut/
qpael8l.

Olsson, M., A. Pauliny, E. Wapstra, and D. Blomqvist. 2010. “Proximate
Determinants of Telomere Length in Sand Lizards (Lacerta agilis).”
Biology Letters 6, no. 5: 651-653.

Olsson, M., A. Pauliny, E. Wapstra, et al. 2011b. “Sexual Differences
in Telomere Selection in the Wild.” Molecular Ecology 20, no. 10:
2085-2099.

Olsson, M., A. Pauliny, E. Wapstra, T. Uller, T. Schwartz, and
D. Blomgqvist. 2011a. “Sex Differences in Sand Lizard Telomere
Inheritance: Paternal Epigenetic Effects Increases Telomere Heritability
and Offspring Survival.” PLoS One 6, no. 4: €17473.

Olsson, M., E. Wapstra, and C. R. Friesen. 2018a. “Ectothermic
Telomeres: It's Time They Came in From the Cold.” Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences
373, no. 1741: 20160449. https://doi.org/10.1098/rstb.2016.0449.

Olsson, M., E. Wapstra, and C. R. Friesen. 2018b. “Evolutionary Ecology
of Telomeres: A Review.” Annals of the New York Academy of Sciences
1422, no. 1: 5-28.

Pacon, J., P. Cholewinska, K. Wojnarowski, W. Kruszynski, and M.
Wotoszynska. 2024. “Comparison of the Relative Telomere Length in
the Skin, Muscle, and Spinal Cord of the Crested Gecko (Correlophus
ciliatus).” Research Square: 1-12. https://doi.org/10.21203/rs.3.rs-38303
42/v1.

Pepke, M., and D. T. A. Eisenberg. 2022. “On the Comparative Biology of
Mammalian Telomeres: Telomere Length co-Evolves With Body Mass,
Lifespan and Cancer Risk.” Molecular Ecology 31, no. 23: 6286-6296.

Pfaffl, M. 2001. “A New Mathematical Model for Relative Quantification
in Real-Time RT-PCR.” Nucleic Acids Research 29, no. 9: e45.

Power, M. L., S. Power, M. F. Bertelsen, G. Jones, and E. C. Teeling.
2021. “Wing: A Suitable Nonlethal Tissue Type for Repeatable and
Rapid Telomere Length Estimates in Bats.” Molecular Ecology Resources
21, no. 2:421-432.

Ramakers, C., J. M. Ruijter, R. H. Lekanne Deprez, and A. F. M.
Moorman. 2003. “Assumption-Free Analysis of Quantitative Real-Time
Polymerase Chain Reaction (PCR) Data.” Neuroscience Letters 339, no.
1: 62-66.

Ringsby, T. H., H. Jensen, H. Pidrn, et al. 2015. “On Being the Right
Size: Increased Body Size Is Associated With Reduced Telomere Length
Under Natural Conditions.” Proceedings. Biological sciences 282, no.
1820: 20152331.

Ritchie, D. J.,, and C. R. Friesen. 2022. “Invited Review: Thermal
Effects on Oxidative Stress in Vertebrate Ectotherms.” Comparative
Biochemistry and Physiology. Part A, Molecular & Integrative Physiology
263:111082.

Roig, H. M., M. A. Carretero, and G. A. Llorente. 2000. “Reproductive
Cycle in a Pyrenean Oviparous Population of the Common Lizard
(Zootoca vivipara).” Netherlands Journal of Zoology 50, no. 1: 15-27.

Rollings, N., C. R. Friesen, C. M. Whittington, R. Johansson, R. Shine,
and M. Olsson. 2019. “Sex- and Tissue-Specific Differences in Telomere
Length in a Reptile.” Ecology and Evolution 9, no. 11: 6211-6219.

Rollings, N., H. L. Waye, R. W. Krohmer, et al. 2020. “Sperm Telomere
Length Correlates With Blood Telomeres and Body Size in Red-Sided
Garter Snakes, Thamnophis sirtalis parietalis.” Journal of Zoology 312,
no. 1: 21-31.

Romano, G. H., Y. Harari, T. Yehuda, et al. 2013. “Environmental
Stresses Disrupt Telomere Length Homeostasis.” PLoS Genetics 9, no.
9:e1003721.

Saferali, A., J. Lee, D. D. Sin, F. N. Rouhani, M. L. Brantly, and A. J.
Sandford. 2014. “Longer Telomere Length in COPD Patients With o1-
Antitrypsin Deficiency Independent of Lung Function.” PLoS One 9, no.
4:e95600.

Scott, N. M., M. F. Haussmann, R. M. Elsey, P. L. Trosclair, and C. M.
Vleck. 2006. “Telomere Length Shortens With Body Length in Alligator
mississippiensis.” Southeastern Naturalist 5, no. 4: 685-692.

Seeker, L. A., S. L. Underwood, R. V. Wilbourn, et al. 2021. “Telomere
Attrition Rates Are Associated With Weather Conditions and Predict
Productive Lifespan in Dairy Cattle.” Scientific Reports 11, no. 1: 5589.

Serén, N., R. Megia-Palma, T. Simci¢, et al. 2023. “Functional
Responses in a Lizard Along a 3.5-Km Altitudinal Gradient.” Journal of
Biogeography 50, no. 12: 2042-2056.

Serén, N., C. Pinho, R. Megia-Palma, et al. 2024. “Selection on the
Vascular-Remodeling BMPER Gene Is Associated With Altitudinal
Adaptation in an Insular Lizard.” Evolution Letters 9: qrae047.

Singchat, W., E. Kraichak, P. Tawichasri, et al. 2019. “Dynamics of
Telomere Length in Captive Siamese Cobra (Naja kaouthia) Related to
Age and Sex.” Ecology and Evolution 9, no. 11: 6366-6377.

Singchat, W., R. E. O'Connor, P. Tawichasri, et al. 2018. “Chromosome
Map of the Siamese Cobra: Did Partial Synteny of Sex Chromosomes
in the Amniote Represent ‘a Hypothetical Ancestral Super-Sex
Chromosome’ or Random Distribution?” BMC Genomics 19, no. 1:
939.

Steele, A. L., and D. A. Warner. 2020. “Sex-Specific Effects of
Developmental Temperature on Morphology, Growth and Survival of
Offspringina Lizard With Temperature-Dependent Sex Determination.”
Biological Journal of the Linnean Society 130, no. 2: 320-335.

Tobler, M., D. Gémez-Blanco, A. Hegemann, et al. 2022. “Telomeres in
Ecology and Evolution: A Review and Classification of Hypotheses.”
Molecular Ecology 31, no. 23: 5946-5965.

Ton, R., W. Boner, S. Raveh, P. Monaghan, and S. C. Griffith. 2023.
“Effects of Heat Waves on Telomere Dynamics and Parental Brooding
Effort in Nestlings of the Zebra Finch (Taeniopygia castanotis)
Transitioning From Ectothermy to Endothermy.” Molecular Ecology 32,
no. 17: 4911-4920.

Ujvari, B., P. A. Biro, J. E. Charters, et al. 2017. “Curvilinear Telomere
Length Dynamics in a Squamate Reptile.” Functional Ecology 31, no. 3:
753-759.

Verhulst, S. 2020. “Improving Comparability Between qPCR-Based
Telomere Studies.” Molecular Ecology Resources 20, no. 1: 11-13.

Vernet, R.,J. Castanet, and M. Baez. 1995. “Comparative Water Flux and
Daily Energy Expenditure of Lizards of the Genus Gallotia (Lacertidae)
From the Canary Islands.” Amphibia-Reptilia 16, no. 1: 55-66.

Vifia, J., C. Borras, J. Gambini, J. Sastre, and F. V. Pallardé. 2005. “Why
Females Live Longer Than Males? Importance of the Upregulation of
Longevity-Associated Genes by Oestrogenic Compounds.” FEBS Letters
579, no. 12: 2541-2545.

von Zglinicki, T. 2002. “Oxidative Stress Shortens Telomeres.” Trends in
Biochemical Sciences 27, no. 7: 339-344.

Ecology and Evolution, 2026

11 of 12

85US0| 7 SUOWILIOD BA1TE8.1D) 3ol |dde a3 Aq pausenob afe sspie YO ‘8sn JO S9|nJ oy Akeqi8uljuQ 481 UO (SUONIPUOO-pUe-SWIS W00 A8 1M Afelq | pUT|UO//:SdNY) SUONIPUOD Pue swie | 8y} 8eS *[9202/50/.0] uo Ariqiaullu A8|iM * pUpe N 8@ ssusin|dwioD pepseAIUN -euwed-eife |\ 0Bupoy Aq 6vSE. €899/200T OT/I0P/W0Y A8 1M Akeiq Ul juO//:Sdny Woi) pepeojumod ‘S ‘920 ‘8SL.SV02


https://search.proquest.com/openview/6f19c4d612b6cf75b106c479e7084a58/1
https://search.proquest.com/openview/6f19c4d612b6cf75b106c479e7084a58/1
https://doi.org/10.1093/evolut/qpae181
https://doi.org/10.1093/evolut/qpae181
https://doi.org/10.1098/rstb.2016.0449
https://doi.org/10.21203/rs.3.rs-3830342/v1
https://doi.org/10.21203/rs.3.rs-3830342/v1

Whittemore, K., E. Vera, E. Martinez-Nevado, C. Sanpera, and M. A.
Blasco. 2019. “Telomere Shortening Rate Predicts Species Life Span.”
Proceedings of the National Academy of Sciences of the United States of
America 116, no. 30: 15122-15127.

Wilbourn, R. V., H. Froy, M.-C. McManus, et al. 2017. “Age-Dependent
Associations Between Telomere Length and Environmental Conditions
in Roe Deer.” Biology Letters 13, no. 9: 20170434. https://doi.org/10.
1098/rsbl.2017.0434.

Zhang, Q., X.-Z. Han, P. Burraco, et al. 2023. “Telomere Length,
Oxidative Stress and Their Links With Growth and Survival in a Lizard
Facing Climate Warming.” Science of the Total Environment 891, no.
September: 164424.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Checklist for MIQE guide-
lines (Bustin et al. 2025) for transparency of qPCR data. Table S2:
Sample sizes for each variable used in analyses. Table S3: Sample sizes
for each locality sampled (across years). Table S4: Variance explained
and cumulative variance for each principal component. Table S5:
Raw loading contribution of each environmental variable, and calcu-
lated percentage contribution. Table S6: Top three models. Models
are ranked by AICc; all include a random intercept for year. Table S7:
Model fit of pseudo R? (Nagelkerke) and deviance explained for the full
model, a model with just the intrinsic variables, and just the external
variables Table S8: Alternative generalised linear model including year
as a fixed effect and all environmental variables after model selection.
Shown are final model variables, estimates, standard error, t-value, p-
value and significance. Table S9: Randomisation test of hierarchical
partitioning examining statistical significance of the independent con-
tributions of each predictor variable to the log-likelihood goodness-of-
fit. Figure S1: Relative telomere length (transformed to z-scores) across
different localities. Raw data, where each point is a single animal, is
coloured by the environment type. Roque de Anaga (RA) is considered
separately as an islet in the NE, occupied by the understudied G.g.in-
sulanagae subspecies. Figure S2: Percentage of independent effects of
predictors included in model on rTL, calculated using hierarchical par-
titioning. Independent effects are expressed as a percentage of the total
explained variance.

12 of 12

Ecology and Evolution, 2026

85US0| 7 SUOWILIOD BA1TE8.1D) 3ol |dde a3 Aq pausenob afe sspie YO ‘8sn JO S9|nJ oy Akeqi8uljuQ 481 UO (SUONIPUOO-pUe-SWIS W00 A8 1M Afelq | pUT|UO//:SdNY) SUONIPUOD Pue swie | 8y} 8eS *[9202/50/.0] uo Ariqiaullu A8|iM * pUpe N 8@ ssusin|dwioD pepseAIUN -euwed-eife |\ 0Bupoy Aq 6vSE. €899/200T OT/I0P/W0Y A8 1M Akeiq Ul juO//:Sdny Woi) pepeojumod ‘S ‘920 ‘8SL.SV02


https://doi.org/10.1098/rsbl.2017.0434
https://doi.org/10.1098/rsbl.2017.0434

	Telomere Length Is Determined by Intrinsic Factors and Is Shortened During Drought Years in Gallotia galloti
	ABSTRACT
	1   |   Introduction
	2   |   Materials & Methods
	2.1   |   Microclimate Variables
	2.2   |   Statistical Analyses

	3   |   Results
	4   |   Discussion
	4.1   |   Sex, SVL and Tissue Type as Intrinsic Drivers
	4.2   |   Environmental and Temporal Effects
	4.3   |   Individual Versus Population Level Effects

	5   |   Conclusion
	Author Contributions
	Acknowledgements
	Funding
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


