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Abstract

1. Understanding differences in life-history outcomes under variable abiotic condi-

tions is essential for understanding species coexistence. At middle elevations, a
mosaic of available sets of abiotic conditions could allow highland and lowland
species of the same ecological guild to overlap. Therefore, these sites are excel-
lent to study the influence of abiotic conditions on life history and, thus, spatial

overlap patterns of competing species.

. To test differences in life-history outcomes, we selected a pair of closely related

lacertids, Iberolacerta horvathi and Podarcis muralis, with an overlapping geo-
graphical range but a contrasting elevational distribution. To assess how abiotic
and biotic factors contribute to the realized niches of both species, we first built
dynamic energy budget (DEB) models for each species based on available func-
tional and life-history data. Then, we used a mechanistic modelling framework
(NicheMapR) to simulate the microclimatic conditions at 15 study sites across an
elevational gradient and performed whole life-cycle simulations for both species
to compare egg development times, lifespans, reproductive years, mean yearly
basking and foraging times and yearly fecundity in syntopy and allotopy along the
elevational gradient.

. Our simulations show that the variability of abiotic conditions along an eleva-

tional gradient affects life-history traits of both species. We found strong effects
of species and elevation on life-history outcomes such as longevity, activity and
fecundity. We also observed the effects of syntopy/allotopy on egg develop-
ment times, activity and reproductive output. In addition, we found a significant
interplay between elevation and species impacting fecundity where occupying
higher elevation habitats resulted in a more pronounced reduction in fecundity
in P. muralis. Furthermore, using two different thermal preferences for spring and
summer, we show that some physiological and reproductive traits change with
seasonal changes in thermal preferences.

. Based on our simulations, we conclude that the intermediate elevations that har-

bour the majority of syntopic populations exhibit high environmental variability

that is likely facilitating species coexistence. Since our model predictions support
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1 | INTRODUCTION

At the local scale, biotic interactions, such as interspecific competi-
tion, play a major role in determining the pool of species within com-
munities (i.e. Eltonian niche; Elton, 1927), which can be alleviated
through niche segregation or resource partitioning (Arrizabalaga-
Escudero et al., 2018; Reif et al., 2018). Therefore, species coexis-
tence has long attracted the attention of ecologists (Gause, 1934;
Grinnell, 1917; MacArthur, 1958; Pianka, 1973) and remains a vibrant
field of research (Buckley & Roughgarden, 2006; Gravel et al., 2011;
Tokeshi, 2009). Moreover, abiotic factors (e.g. climate and elevation)
as well as dispersal filters (e.g. geographic barriers) all affect the co-
existence of ecologically similar species (Brown & Carnaval, 2019).
Ecologically similar species can have partially overlapping ranges
with syntopic populations, where they coexist, and competition is
possible (MacArthur, 1984; Pollock et al., 2014). Examples of such
partly overlapping ranges are often observed due to transitions in
climatic gradients such as elevational gradients where species often
coexist in middle elevations (Colwell & Lees, 2000; McCain, 2005) or
at specific latitudes (Reif et al., 2018).

Several alternative hypotheses can explain the co-occurrence of
ecologically similar species at intermediate levels of environmental
gradients such as elevation. First, the co-occurrence of species at
middle elevations may be due to the biogeographic history of spe-
cies (Monasterio et al., 2011). In this case, abiotic factors do not nec-
essarily define the overlapping ranges, since the current distribution
of species is influenced by past species' distributions along with
their dispersal abilities (Guisan & Thuiller, 2005), with or without
past niche differentiation in geographically isolated areas (Tang &
Zhou, 2011). This follows the neutral theory of community ecology
(Chesson, 2000; Hubbell, 2001) according to which species that are
members of the same ecological guild have no significant ecological
differences, and their distribution is a matter of ecological drift. The
main hypothesis within neutral theory is functional equivalence; tro-
phically similar species are demographically identical on a per capita
basis in terms of birth, death and dispersal (Hubbell, 2001). Second,
middle elevations may represent extreme conditions for both spe-
cies, which are otherwise adapted to either lowland or highland con-
ditions (Herzog et al., 2005). In such cases, species coexist at middle
elevations because the abiotic conditions are less favourable there

an elevation gradient.

that the current elevational distribution of the species is not only affected by
abiotic factors, this suggests that past historical contingencies might have also
played a significant role.

5. Our study provides a framework using mechanistic models to understand current
distribution patterns of two interacting species by comparing life-history differ-

ences between species based on responses to changing abiotic conditions along

dynamic energy budget, ectotherms, elevation, Lacertidae, life history, microclimate, syntopy

and competition between species is weakened (i.e. the stress gra-
dient hypothesis; Bertness & Callaway, 1994; Maestre et al., 2009).
A third possibility is that species at intermediate elevations diverge
in resource utilization due to character displacement after second-
ary contact that facilitates their coexistence (Brodie et al., 2018;
Chesson, 2000). In this final example, middle elevations provide
an abundance of abiotic resources leading to possible competitive
release (Begon & Townsend, 2021) enabling both species to realize
their ecological niches and coexist.

Ectothermic animals, such as lizards, are largely influenced by
abiotic factors, especially temperature (Giacometti et al., 2024),
which changes with elevation. The body temperature of lizards is
the most important physiological trait reflecting their performance
(Huey & Pianka, 1981) and it depends on factors as diverse as
common ancestry, geography, climate and behaviour (Giacometti
et al., 2024; Grigg & Buckley, 2013). An example of three Liopholis
lizards replacing each other along an elevational gradient between
sea level and up to 2170m above sea level showed that intraspe-
cific variation in the thermal traits of lizards, rather than differences
in thermal tolerances, maintains the distribution of species (Senior
et al., 2019). It has also been shown that the phenotypic plasticity
of basking behaviour differs between populations and species of
Niveoscincus lizards between sea level and mountain top localities
higher than 1100m above sea level (Caldwell et al., 2017). Species
and populations in the highlands were basking more than those in
the lowlands (Caldwell et al., 2017). Thus, as thermoregulatory be-
haviour and body temperatures of lizards can change seasonally,
ontogenetically and across environmental gradients in response to
abiotic and biotic factors, mechanistic models of population growth
that incorporate spatio-temporal dynamics (Angilletta Jr et al., 2019)
and thermodynamic aspects of the fundamental niche at the individ-
ual level (Kearney, 2019) are an excellent opportunity to study lizard
coexistence.

Mechanistic modelling provides a contemporary approach to
studying the ecological mechanisms underlying the patterns of
spatial segregation of species (e.g. Briscoe et al., 2019; Gravel &
Massol, 2020; Marn et al., 2022). From a thermodynamic perspec-
tive, the fundamental niche of an organism in a mechanistic niche
model is characterized by constraints on its heat, mass (e.g. hydration
state) and nutrient budgets in relation to growth, development and
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reproduction (Kearney & Porter, 2009). This is based on the prem-
ise that the set of environmental conditions that allow homeostasis
during the life cycle of a given organism represents its fundamental
niche (Kearney, 2012). As already mentioned before, for ectotherms,
such as lizards, a critically important factor impacting their life histo-
ries is their thermal environment (Adolph & Porter, 1996) and many
previous studies have demonstrated the importance of the thermal
environment for various performance and fitness-related traits (e.g.
Adolph & Porter, 1996; Sears & Angilletta, 2004; Zamora-Camacho
et al., 2013). Apart from temperature, previous studies have also
demonstrated the importance of other elevation-dependent abiotic
factors such as precipitation and light intensity (Santillan et al., 2018;
Watkins Jr. et al., 2006), which may also affect lizard performance
(Anderson et al., 2022; Clusella-Trullas et al., 2011). These types of
abiotic factors can be accounted for in mechanistic models (Meyer
etal., 2023).

In our study, we rely on dynamic energy budget theory (DEB)
(Kooijman, 2009; Marques et al., 2018), which is a mathematically
formalized metabolic theory explaining the complete energy and
mass balances from individuals to higher levels of biological organi-
zation (Kooijman, 2009; Nisbet et al., 2000). As such, it provides a
framework to model energy and nutrient uptake and use through-
out an organism's life cycle from first principles; namely, it is based
on established physical laws (Kooijman, 2009; Nisbet et al., 2000;
van der Meer, 2006). In addition to DEB theory, the principles of
biophysical ecology provide complementary theory and equations
to infer heat and water exchange rates between organisms and
their environment (Briscoe et al., 2023). The combination of both
approaches (i.e. DEB and biophysical ecology) allows us to simu-
late the growth, development and reproduction of organisms in
their environment (Kearney & Porter, 2019). A recent example
observing abiotic constraints on lizard reproduction, combining
approaches from DEB theory and biophysical ecology, indicated
that environmental constraints (temperature and season length)
explain the observed pattern of litter frequency (Schwarzkopf
et al., 2016). By predicting how life-history traits and reproductive
performance vary across elevation, we can gain insights into the
interaction between microclimatic conditions along environmen-
tal gradients and the functional traits of species, and consequently
better understand how microclimates and traits affect fitness and
spatial segregation in pairs of elevationally segregated species.
The described modelling approach is a valuable tool that comple-
ments empirical work observing the relationship between micro-
habitat and functional traits, especially in the context of energy
balance (metabolic rates, water loss, energy allocation, Giacometti
et al., 2022; Meter et al., 2020; Plasman et al., 2020; Tieleman
et al., 2003).

Here, we developed biophysical and DEB models for two eco-
logically similar lizard species, Podarcis muralis and Iberolacerta
horvathi, with partial elevational segregation (Sillero et al., 2014).
Specifically, we modelled the microclimatic conditions and func-
tional life-history traits (thermoregulatory behaviour, growth, ac-
tivity, reproduction and lifespan) in known sites and populations
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where only one (allotopy) or both species (syntopy) occur along an
elevational gradient (Figure 1a) (Zagar, 2016). To test the influence of
environmental factors on the coexistence patterns at middle eleva-
tions, we defined three hypotheses (Figure 1b). The first is a neutral
theory of community ecology-based hypothesis (Hubbell, 2001) and
predicts that the current distribution is a matter of historical and
dispersal factors, and range overlap (i.e. syntopy) is not explained
by the environment. Predictions showing the same response of the
two species to both locations and elevation in life-history traits
would suggest such a situation. Second, we consider the stress gra-
dient hypothesis, which states that middle elevations represent the
suboptimal conditions for both species, thus representing a shared
area of unfavourable abiotic conditions (Bertness & Callaway, 1994;
Chesson & Huntly, 1997). The third hypothesis is the abundance hy-
pothesis constructed around the idea that middle elevations provide
favourable and resource abundant microclimatic conditions allow-
ing both species to sustain viable populations (Brodie et al., 2018;
Chesson, 2000). By comparing the possible outcomes, we try to
interpret the importance of underlying abiotic factors for the func-

tional diversity in ecosystems.

2 | MATERIALS AND METHODS
2.1 | Data collection on life-history traits

To ensure the validity of our models, we collected data from
available historical and contemporary sources on morphology,
behaviour, physiology and life-history traits such as egg develop-
ment times, clutch sizes, preferred body temperature and criti-
cal thermal minima and maxima for our model species (Table S1).
Additionally, we included data on environmental temperatures
(T,) of active lizards in the study area obtained from previous
field surveys (Zagar et al., 2023). These data were used for the
DEB and the biophysical modelling approach explained below.
Our model species are Iberolacerta horvathi and Podarcis muralis,
a pair of lacertid lizards that are partially elevationally segregated
throughout their sympatric range in the south-eastern Alps and
northern Dinaric Mountains (Sillero et al., 2014). Both species are
morphologically similar in the study area (Figure 1), with small dif-
ferences in weight and head height, which are all higher in P. mu-
ralis (Zagar et al., 2017). Podarcis muralis also has a stronger bite
force than I. horvathi; therefore, it might be able to catch larger
prey, as well as have a competitive advantage in interspecific ago-
nistic interactions that are common between male lizards (Zagar
et al., 2017). Both species are oviparous (Speybroeck et al., 2016)
and lay up to five eggs per clutch, although P. muralis has a higher
fecundity, often having several (up to three) clutches in a single
year (De Luca, 1989; Ji & Brana, 2000). Although there are reports
of high clutch sizes in P. muralis (up to 11 eggs; Ji & Brana, 2000),
we chose to limit clutches to a maximum of five eggs in our mod-
els for P. muralis, based on previous reports from a geographi-
cally closer region (Sacchi et al., 2012). Podarcis muralis shows a
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faster pace of life than I. horvathi. While P. muralis becomes sexu-
ally mature at the age of about 2years and lives up to 10years
(Castanet, 1994; Castanet & Roche, 1981), Iberolacerta horvathi
becomes sexually mature at three and lives up to 9 years (Sindaco
et al., 2006). Previous studies conducted in our study area show
that both species have similar mean preferred body temperatures
in summer but differ in T, ¢ in spring (Osojnik et al., 2013). Both
species have similar standard metabolic rates, but the measure-
ment of the maximum capacity of metabolism at the subcellular
level, measured as the iodonitrotetrazolium (INT) reduction capac-
ity, showed that I. horvathi has a higher metabolic potential activ-
ity (Zagar, Sim¢i¢, et al., 2015). Additionally, water loss rates were
higher in P. muralis (Osojnik et al., 2013). Past studies from the
region also revealed that our study system exhibits evidence of
interference competition (e.g. Zagar, Carretero, et al., 2015) and
potential indirect competition (via shared predators or parasites,
e.g. Dajéman et al., 2022; Zagar, Bitenc, et al., 2015) among cur-
rent contact zones.

2.2 | Species distribution and study locations
Podarcis muralis and Iberolacerta horvathi may occur in syntopy

or allotopy in different areas where the species ranges overlap
(Krofel et al., 2009; Rassati, 2010; Zagar, 2008; Zagar et al., 2007).

FIGURE 1 |Iberolacerta horvathi
(denoted in red) and Podarcis muralis
(denoted in yellow) were studied across
an elevation range between 250 and 1250
m above sea level and across allotopic
and syntopic sites (syntopy—denoted

in blue) (a) distribution of study sites
across elevation with relative densities
represented with the shaded triangles
based on previous data collected in

the study site (Zagar, 2016). (b) Main
hypothesis: (1) the current distribution is a
matter of historical and dispersal factors,
and range overlap is not explained by

the environment, (2) middle elevations
represent the least optimal conditions for
both species, thus representing a shared
area of unfavourable abiotic conditions,
(3) middle elevations provide favourable
and resource abundant microclimatic
conditions allowing both species to
sustain viable populations. (c) Map of

the study area with study sites. (d) Study
species (Photo credits: Miha Krofel).

The abundance of I. horvathi is higher at high altitudes, while P.
muralis is denser at lower ones. Our previous work has shown
that, in our study area, I. horvathi had the highest relative abun-
dances between 900 and 1099 m above sea level, while P. muralis
had the highest abundances between 100 and 499 m above sea
level (Zagar, 2016). Syntopic populations occur throughout the
study area and at all altitudes, with most syntopic populations
found at middle elevations (Cabela et al., 2007; Lapini et al., 2004;
Rassati, 2010; Zagar, 2016; Figure 1), averaging 620 m above sea
level. Based on these previous reports for our study region, we
categorized P. muralis as ‘lowland’ species and I. horvathi as ‘high-
land’ species (Figure 1).

Our study area is in southern Slovenia (Figure 1c—Study area)
where both species typically occupy open forest patches often char-
acterized by rock cliffs or boulders, rocky outcrops or human-made
rock or stone structures such as sides of the roads and buildings
(Zagar et al., 2013). We conducted field surveys between May and
September 2022 to select 15 sites of occurrence: five syntopic, five
allotopic I. horvathi and five allotopic P. muralis, covering the whole
elevation range of occurrence of both species within the region
(Table 1; Figure 1a). By conducting the field surveys, we assured that
the locations used in our microclimatic models covered actual sites
of known coexistence. All fieldwork was carried out in the scope
of the permit 35601-10/2021-5 issued by the Slovene Environment
Agency.

5U60 7 SUOLLILOD BATEB1D 3|qed! dde au A PaULBAE a1 SB IR YO 95N J0 Sa N1 10} AXeiql1 2UIIUO AB]1AM UO (SUOIPLCO-PL-SLLLBYLIOD" A I ATR.1q 1B 1|U0y/:Sdy) SUOIPUOD PUE SLLLB | aU) 95 *[S20Z//0/0T] Uo ArIGIT8UIIUO AB1IM 'BIUBAOIS BURILI0D At 000, 9592-GOET/TTTT OT/I0p/W0o" 8|1 ARe.q1eu!|u0'S uIno aq/:sdiy Lol papeojumod ‘0 ‘9592G98T



DAJCMAN ET AL.

TABLE 1 Study site locations arranged
by increasing elevation with information
given on the occurrence of either both

or only one species (syntopy or allotropy, Bilpa
respectively). S, &

Location

I1ski vintgar
Planinska jama
Kocevska Reka
Unska kolisevka
Ribnica
Kuzeljska stena
Kovk
Fridrihstajn
Velike bele stene
Kameni zid
Trnovski gozd
Sneznik

Orlovica

2.3 | Biophysical and DEB model integration

We used the microclimate model of the R package NicheMapR v
3.3.2 (Kearney & Porter, 2017) to obtain microclimatic data for all
15 study locations (Figure 1; Table 1). NicheMapR's microclimate
model is a set of open-source routines to simulate the specific mi-
croclimates available to organisms at relevant temporal and spatial
scales (Kearney & Porter, 2017). The simulations are based on ter-
rain (e.g. soil properties, slope, aspect, elevation, available shade)
and climate conditions (i.e. minimum, maximum temperatures, pre-
cipitation, cloud cover, humidity, wind speed and solar radiation). We
used the micro_ncep function from NicheMapR, which uses the mi-
croclima package (Maclean et al., 2019), as well as the RNCEP (Kemp
et al., 2012) and elevatr (Hollister et al., 2017) packages. These pack-
ages access 6-hourly, 2.5x2.5° gridded weather data from NCEP
(National Centers for Environmental Prediction) (Kalnay et al., 1996)
and downscale it for terrain-specific analysis, allowing us to model
local climate conditions. Furthermore, micro_ncep downscales mac-
roclimatic data accounting for local terrain effects (~30x30m),
elevation-induced lapse rates, coastal influences and cold-air drain-
age (Kearney, Gillingham et al., 2019). Soil properties in the cho-
sen locations were obtained by accessing the SoilGrids database
(a database of soil properties across the globe; Hengl et al., 2017),
through the micro_ncep function. The microclimatic conditions were
simulated for a range of 16years from January 1995 to December
2010 to account for the maximum extreme known lifespan of spe-
cies (Eroglu et al., 2018), with the moisture and snow subroutines
turned on. The period between 1995 and 2010 was chosen because
most of the occurrence data of both species in the study sites was
collected during that period (Zagar, 2016). The simulations for mi-
croclimatic conditions were run for all 15 locations. From the output,
we selected the predictions on mean environmental temperature,

number of days without snow cover, mean solar radiation and mean

EEE‘E}?;,M Journal of Animal Ecology s

Elevation
Lat Long (ma.s.l.) Species Occurrence
45.513 14.962 238 Both Syntopy
45.480 14.886 307 Podarcis muralis Allotopy
45.907 14.494 378 Both Syntopy
45.822 14.247 477 Iberolacerta horvathi Allotopy
45.582 14.791 578 P. muralis Allotopy
45.816 14.265 578 Both Syntopy
45.753 14.770 733 P. muralis Allotopy
45484 14.823 769 Both Syntopy
45.915 13.928 830 P. muralis Allotopy
45.611 14.860 946 P. muralis Allotopy
45.675 14.708 1007 I. horvathi Allotopy
45.613 14.735 1052 Both Syntopy
45.957 13.895 1097 I. horvathi Allotopy
45.599 14.397 1259 I. horvathi Allotopy
45.523 14.436 1279 I. horvathi Allotopy

relative humidity for further statistical comparisons of microclimatic
conditions between localities (see Section 2.4).

We performed the DEB parameter estimation for both species
separately, using the ‘covariation method'’. The ‘covariation method’
for estimating the parameters of the standard DEB model is ex-
plained in detail in Lika et al. (2011) and Marques et al. (2018). We
used the standard DEB model for both lizard species. We performed
the parameter estimation based on a combination of previously pub-
lished and our own unpublished data (Tables S1 and S2), including
information on age, size and weight at different life stages, maxi-
mum reproduction rate, mass-length relationships, fecundity and
metabolic potential for both species to obtain core DEB parameters
(Table S3). In addition, the dataset for P. muralis included growth and
temperature-dependent development time. Parameters were esti-
mated separately for each species using MATLAB (The MathWorks
Inc., 2022) and the freely available AmPtool (AmPtool, 2022) and
DEBtool_M (DEBtool, 2022) MATLAB packages. We checked for
the goodness-of-fit of models with the estimated parameters via the
mean relative error (MRE) and symmetric mean squared error (SMSE)
statistics (Marques et al., 2018). The models and all parameter val-
ues with accompanying MATLAB scripts used for parameter estima-
tion are available from the publicly accessible add-my-pet database
(Marques et al., 2018; https://www.bio.vu.nl/thb/deb/deblab/add_
my_pet/species_list.html). Detailed parameters of the model are
presented in Tables S1 and S2, while mass and energy flows with
a general description of the standard DEB model are presented in
a schematic representation (Figure S1). DEB models for both spe-
cies performed well at describing the life-history and life cycle traits
for the studied species, and predictions matched the data used for
model parametrization (Table S3; Figure S2).

To simulate lizards' growth, development and reproduction in the
study sites given the estimated microclimates, we used the ectotherm
function of NicheMapR (Kearney & Porter, 2019). The ectotherm
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model first integrates output from the microclimate model with species
functional traits (i.e. morphology, physiology and behaviour) to esti-
mate variables such as body temperatures (T,) through the biophysical
submodel, accounting for the processes of conduction, convection, ra-
diation, evaporation and metabolic heat production (Kearney & Porter,
2019). Furthermore, based on body temperatures and DEB model pa-
rameters, it estimates changes in DEB state variables, thus allowing
to simulate growth, development and reproductive output (Kearney
& Porter, 2019). We ran simulations for both species at each of the 15
sites—regardless of whether they naturally co-occur—so that P. muralis
was also modelled at sites occupied only by I. horvathi and vice versa.
The simulations started on the 140th day of the year, the time at which
eggs are usually laid (Arribas & Galan, 2005; Ji & Brana, 2000). The egg
was simulated to be buried 5cm below ground for both species to ac-
count for oviposition in soil and rock cracks (Speybroeck et al., 2016).
After hatching (i.e. for juveniles and adults), the animals were simu-
lated to leave retreats when reaching minimum body temperatures
necessary for activity to occur (T, =17.8°C and 15.6°C for P. muralis
and I. horvathi, respectively) obtained from personal unpublished data
(Table S2). When active above-ground, lizards were allowed to seek
shade for thermoregulation (between 0% and 90% shade). We only al-
lowed diurnal activity bounded between the voluntary thermal minima
=18.2 and 19.1.7°C; summer: T, =26.3 and
22.2°C for P. muralis and I. horvathi, respectively) and maxima (spring:
T, =32.8 and 31.6°C; summer: T, =35.5 and 33.2°C for

forage_max orage_max

P. muralis and I. horvathi, respectively) (Osojnik et al., 2013). Active indi-

(SDrmg: Tforage_min orage_min

viduals were forced to maintain body temperatures close to preferred
body temperatures (spring: Tpref=26.9 and 27.8°C; summer: Tpref= 31.2
and 30.4°C for P. muralis and I. horvathi; Osojnik et al., 2013). To account
for seasonal variability, we ran the models with two sets of parameters.
The two sets of parameters were different only in the values based
T

forage_min and

on previously reported seasonal variability for T,

Ttorage_max (Osojnik et al., 2013). When body temperatures exceeded
Ttorage max ©F Ttorage min W€ Simulated the use of shelters in the sub-

strate at a depth where the temperature did not go out of bounds of
the animals' critical thermal minima/maxima (5.1°C/43.0°C for P. mura-
lis and 5.7°C/42.2°C for I. horvathi; Bennett et al., 2018; Bodensteiner
et al., 2021; Herrando-Pérez et al., 2020). For adults, we set the re-
productive period between spring and summer, starting with a pho-
toperiod of 12.6h of sunlight and ending at 14h of sunlight roughly
corresponding to late March and early September, respectively, for
the simulated localities. Size-dependent litter production predictions
made during the DEB modelling were further refined by using a linear
relationship between snout-vent length and clutch size obtained from
Galeotti et al. (2013) for P. muralis and using data from a previous study
on I. horvathi reproduction in Slovenia (Ljubisavljevi¢ et al., 2012). It is
noteworthy that feeding only occurred when animals were predicted
to be active above ground, and we assumed that food was available
ad libitum. We ran 30 separate biophysical models (15 localities and
two species) from which we extracted six life-history traits: Egg de-
velopment time, total lifespan, years of reproduction, yearly basking
time, yearly foraging time and yearly fecundity. Activity times were
calculated as the number of hours the animals were predicted to be

active in 1 year. Behavioural predictions were assigned to two cate-

gories: ‘basking’ (T, between T, and T, ), which is the time

emerge forage_min
spent reaching body temperatures that allow ‘foraging’, and ‘foraging’

and T,

forage_max) €lated to feeding, mating, etc.

(Tb-s between Tforage_min
We additionally extracted data on location-specific times without
snow cover and mean daily maximum solar radiation received by the

simulated lizard.

2.4 | Statistical analysis

All analyses and visualizations were carried out in R v4.4.1 (R Core
Team, 2024). We used several tidyverse (Wickham et al.,, 2019)
functions to prepare the data for final analysis. To identify differ-
ences in microclimatic conditions that could determine lizards' life
history and, thus, influence the patterns of coexistence, we built
ordinary least squares regressions between obtained microclimatic
estimates, elevation and location type. Location type was the cat-
egorical factor describing syntopy/allotopy. More precisely, the
ordinary least squares (OLS) regressions took the form: variable ~el-
evation+location type. In addition, we constructed models with
interaction terms between predictors, but no interaction resulted
significant, and interaction terms were removed. We compared the
models using AlCc where simpler models were favoured (AAICc
>2) (Hurvich & Tsai, 1989; Mazerolle, 2023). Second, we compared
the ectotherm model outputs between elevation, species and the
three location types. We tested the effects of all three independent
variables by constructing OLS models including pairwise interac-
tion terms for each dependent variable separately with the syntax:
variable ~ Elevation x Species x Location type. We again compared
the models by AICc and opted for simpler models (without inter-
actions) unless we observed a significant interaction and removed
the interaction terms where less complex models were favoured. All
the constructed models were checked for normality of residuals, ho-
moscedasticity and additionally visually checked for normality using
Q-Q plots. Since we calculated individual coefficient results for the
OLS models using the summary() function which assesses individual
coefficients against the reference group, we additionally performed
pairwise post hoc tests using Tukey tests as implemented in the
glht() function of the multcomp R package (Hothorn et al., 2008) to
account for possible pairwise differences in the effect of location
type. We report the results for models constructed using spring and

summer Tpref values.

3 | RESULTS
3.1 | Microclimatic conditions across elevations

All the analysed microclimatic variables except mean solar radiation
significantly varied along the elevational gradient (Table S4; Figure 2).
Mean ambient temperature decreased (f=-0.0054, p<0.001)
while relative mean humidity (#=0.015, p<0.001) increased with
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elevation. The yearly number of days without snow during the whole
simulation of the animal's life decreased with elevation (=-1.053,
p<0.001). There was no significant change with elevation in mean
yearly solar radiation (4=0.003, p=0.773). Importantly, we found no
significant differences in microclimatic variables between the three

location types (Table S4; Figure 2).

3.2 | Life-history traits

The predictions from our models show significant differences
between the two species in their simulated life-history traits
(Tables S5-S8). Podarics muralis had longer egg development times
(using T . measured in spring and in summer: $=8.53, p<0.001) as

pre
well as longer lifespans (spring T_: #=0.93, p<0.01; summer Tpref:

pre
$=0.60, p<0.01) and more reproductive years (only spring Tpref:
$=1.73, p<0.001) than I. horvathi (Figure 3). Podarcis muralis spent
less time basking (spring Tpref: p=-348, p<0.001; summer Tpref:
p=-365, p<0.001) and had more available time for foraging (spring
Tpref: $=0210, p<0.001; summer Tpref: B=63.8,p<0.001) (Figure 3).
We observed no effect of species on reproductive years when using
summer Tpref (p=0.40, p=0.128).

We also found strong effects of elevation on all simulated
life-history traits. Longer egg development times (spring/sum-
mer Tpref: $=0.02, p<0.001) as well as longer lifespans (spring

Tpref: $=0.002, p<0.01; summer Tpref: $=0.001, p<0.01) were

observed at higher elevations (Figure 3). Increasing elevation neg-
atively influenced the number of years the animals reproduced
(summer Tpref: p=-0.001, p<0.01) as well as the time available
for animals to bask (spring Tpref: $=0.26, p<0.01; summer Tpref:
p=-0.35, p<0.01) and forage (spring Tp :p=0.12, p<0.01; sum-

ref*
mer Tpref: p=-0.16, p<0.01) (Figure 3). There was a statistically
significant negative interaction between elevation and species on
yearly fecundity: elevation impacted more negatively the fecun-
dity of P. muralis than I. horvathi (spring Tpref: $=0.001, p<0.01;
summer Tpref: $=-0.00091, p<0.01) (Figure 3). We observed no
effect of elevation on years reproducing when using spring Tpref
values.

Finally, location type also showed some significant effects on
life-history traits (Tables S6 and S8). Egg development time was
shorter in syntopic localities than in allotopic localities of P. muralis
(spring Tpref: B=-6.08, p<0.001; summer Tpref: p=-6.17, p<0.001)
(Figure 3). Time spent basking and foraging differed between syn-
topic localities and P. murallis allotopy. Lizards had more time to bask
(spring Tpref: p=163, p<0.01; summer Tpref: B=165, p<0.05) as well
as more time to forage (spring Tpref: S =59.5, p<0.001; summer Tpref:
p=64.4, p<0.005) in syntopy (Figure 3). We also found significant
differences between syntopic and P. muralis allotopic localities in
mean yearly fecundity, with syntopic localities being more produc-
tive (spring Tpref: $=0.58,p<0.001; summer Tpref: $=0.54,p<0.001)
(Figure 3). Additionally, we observed no significant difference in

lifespan when using summer T, indicating a trend of lifespans

pref’
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FIGURE 3 Plots of OLS linear regressions of the effect of elevation, species and location type on life-history traits (blue—syntopy study
sites, red—highland species Iberolacerta horvathi allotopy study sites, yellow—lowland species Podarcis muralis allotopy study sites) at 30
different microclimate-species trait combinations. Panels on the left represent simulation predictions when using spring preferred body
temperatures and panels on the right when using summer preferred body temperatures. In the case of years reproducing, we avoided
showing separate slopes by location type (syntopy/allotopy) since we found no significant effect. Yearly fecundity is expressed as mean

yearly fecundity throughout the reproductive years of the animal.

being shorter in syntopic localities than in P. muralis allotopy (spring

pref : p=-0.18, p=0.52; summer T oreft B== -0.41, p<0.05) (Figure 3).
We observed no significant effects of location types on the num-
ber of years reproducing. Interestingly, our post hoc tests revealed
no significant differences between syntopic and I. horvathi allotopic

sites.

4 | DISCUSSION

Here, we set out to offer a novel approach to addressing a long-
standing question in ecology: which factors promote coexistence
among species along environmental gradients? An integrated mech-
anistic modelling approach using DEB theory and NicheMapR was
applied to a two-species system to derive the relative role of abiotic
factors and biotic interactions in explaining species distribution pat-
terns. Our results point in the direction that abiotic factors alone
do not explain current species ranges and spatial overlap patterns
in Podarcis muralis and Iberolacerta horvathi. We found that, when
compared with allotopic P. muralis locations, syntopic locations pro-
vide more favourable abiotic conditions through high microclimatic
variability that promotes higher fecundity, activity and faster devel-
opment, which might facilitate species coexistence. However, it is
difficult to exclude the possibility of historical contingencies play-
ing a role in the observed spatial distribution along the elevational

gradient since both species exhibit specific adaptations to either
lowland or highland conditions that may be due to evolutionary pro-
cesses. Moreover, in our study area, the sites with P. muralis at the
highest elevation might represent the elevation limit of this species
here, while this species is known to occur at higher elevations else-
where in its range (e.g. Gangloff et al., 2019) where we could expect
differences in historical contingencies and specific adaptations (e.g.
thermal preferences).

While our study species are generally adapted to either high-
lands (I. horvathi) or lowlands (P. muralis), we expected that our
models would capture different responses in their life-history traits
across elevation. It is well known that temperature, as well as other
abiotic factors such as humidity and solar radiation, varies across el-
evational gradients and is one of the main factors posing biophysical
constraints on ectotherm life (Shine, 2005). In our system, ambient
temperature and the number of days without snow decrease with
elevation, while solar radiation and humidity showed an opposite
trend. Lower temperatures and prolonged periods of snow at higher
elevations are known to impact lizard maturation times (Angilletta
et al., 2004), while studies looking explicitly at ambient temperature
consistently show that ectotherms in cold environments live longer
(Flouris & Piantoni, 2014). In agreement, our simulations showed
that animals at higher elevations experience a delay both in egg de-
velopment times as well as in general development, resulting in a

prolonged lifespan.
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High elevations may pose thermal constraints over ectotherms
(Navas, 2002; Sunday et al., 2014). To overcome these limitations,
ectotherms such as lizards may use behavioural thermoregulation
to ensure that body temperature is maintained within favour-
able values (Pearson & Bradford, 1976; Smith & Ballinger, 1994).
Previous studies have demonstrated that, in heliothermic ecto-
therms, the proportion of time spent basking versus foraging typ-
ically increases with lower ambient temperatures (Vitt & Caldwell,
2013). Contrary to this, our results reveal a significant decrease in
both forms of activity (basking and foraging) with increasing ele-
vation where the combination of lower temperatures and longer
snow cover limits the activity windows of lizards. However, our
simulations suggested that species differ—the highland I. horvathi
spends more time thermoregulating than lowland P. muralis, and
I. horvathi spends less time foraging than P. muralis at high eleva-
tions. This result suggests that I. horvathi probably spends more
time than P. muralis on behavioural thermoregulation. Thisisin line
with a previous study that showed narrower thermal preferences
in I. horvathi when compared with P. muralis (Osojnik et al., 2013).
However, whether the field-active lizards of both species reach
different body temperatures has not yet been measured and could
be tested by further targeted studies to verify the model predic-
tions. A further important aspect of thermoregulation that should
be investigated through targeted experimental studies is the effi-
ciency of thermoregulation. These data could in turn be used to
fine-tune the mechanistic models.

Moreover, more time spent basking also means a higher risk of
predation. Therefore, highland species should have developed a
better predator avoidance strategy, which has already been con-
firmed by an empirical study showing that I. horvathi escapes to
shelter earlier than P. muralis when reacting to an approaching in-
dividual (Zagar, Bitenc, et al., 2015). Furthermore, empirical data
suggested that I. horvathi has higher metabolic rates and faster
metabolism (higher potential metabolic activity; Zagar, Sim¢ic,
et al., 2015) than P. muralis. Higher metabolic rates represent
greater energy expenditure, which needs to be fuelled either
by greater energy intake (i.e. increased foraging times; Huey &
Pianka, 1981) or greater efficiency in energy assimilation (i.e. ani-
mals eat less but can maximize energy intake; Somero et al., 2017).
Our simulations predicted that highland species (I. horvathi) ex-
hibited lower foraging times than its lowland counterpart due to
spending more time basking. It is possible that the metabolic ef-
ficiency of I. horvathi is higher (which is supported to some ex-
tent by previous research that found higher aerobic respiration
efficiency; Zagar, Simcic, et al., 2015), or that the prey capture
efficiency is higher than that of P. muralis to compensate for the
shorter foraging time. However, the latter would need to be veri-
fied by empirical studies in the future.

Our simulations predicted faster egg development in I. horvathi
than in P. muralis. Clutch sizes and their frequency are known to vary
by elevation. An example in passerine birds showed that clutch size
generally decreases with increasing altitude (Hille et al., 2014), while
a study looking at lizards found that annual temperatures positively
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correlate with clutch frequency and negatively correlate with clutch
size (Meiri et al., 2013). Our model predicted that the fecundity of
the lowland species decreases faster with increasing elevation than
the fecundity of the highland species. The ability of I. horvathi to
maintain stable yearly fecundity in colder environments likely re-
flects the adaptation of this species to high-altitude environment.
The yearly fecundity of P. muralis declined steeply with increasing
elevation reaching a point of no successful reproduction at the high-
est elevations (1279 m); this suggests that the reproductive capacity
of the lowland species is due to adaptation to the warmer climate in
the lowlands. Data from other regions of the distribution of P. mu-
ralis confirm that these animals can successfully reproduce even at
much higher elevations (i.e. up to 2400m above sea level), but they
do experience sex-specific abiotic limitations leading to smaller male
body sizes and lower female body condition at higher elevations
(Perry et al., 2024). This suggests that local adaptation may play a
role in shaping the life-history traits of this species, and examina-
tion of other parts of the species' range where they have a greater
altitudinal distribution span may yield different results. Our results
on predicted fecundity suggest that high elevations in our study site
may exhibit a combination of microclimatic factors that limit the dis-
tribution of lowland species.

Seasonal changes in Tpref used in our models influenced some
life-history traits such as lifespan and reproductive output and im-
pacted the results on the number of years reproducing. These find-
ings align with the understanding that preferred body temperature
is an important factor that changes seasonally and therefore has a
seasonally variable impact on ectotherm physiology, performance
and life history (Giacometti et al., 2024). Additionally, seasonality
can be an important driver of physiological states such as pregnancy
which can by itself influence preferred body temperatures (Mathies
& Andrews, 1997). Furthermore, it has been shown that a certain
level of plasticity in Tpref is crucial to maintain fitness across seasons
(Angilletta, 2009). These and our findings show the importance of
seasonal variation in thermal preferences in ectotherms to adapt to
regular cycles of differing abiotic thermal conditions. The observed
differences in life-history traits when using spring and summer
thermal preferences in our study further highlight the importance
of integrating seasonally shifting thermal traits with life history and
ecological data to advance our understanding of ectotherm thermo-
regulation strategies (Giacometti et al., 2024). Approaches such as
ours using mechanistic models are a great way to integrate these
various levels of data at the individual level and offer a promising
approach to study how seasonality affects ectotherms on both a mi-
cro- and macroecological scale.

Elevational segregation patterns of competing species are
known from a variety of taxa (e.g. Chan et al., 2019; Tannerfeldt
et al., 2002; Vrezec & Tome, 2004). For example, Bastianelli et al.
(2017) used a modelling approach to study bird species turnover,
where they concluded that no single mechanism drove the distri-
bution of their coexisting species, but the distributions were de-
fined by many small forces including both biotic and abiotic factors.
Previous research supports the idea that competition might be a
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driving force in our study system (Zagar, Carretero, et al., 2015), as
well as in other closely related species (e.g. Carranza et al., 2004).
By comparing microclimate and life-history traits between sites of
allotopy and syntopy, we were able to gain insight into the effects
of potential exclusion between species, which is an indirect way of
looking for evidence of competition (Pianka, 1981). While our mi-
croclimatic models did not capture any significant variation between
location types, we did observe important differences in life-history
traits (i.e. after running the ectotherm model). Thus, these results
imply that the observed differences are not due to microclimates
alone but are an interaction between abiotic factors and species
traits. Moreover, in syntopy, both species exhibit lower developmen-
tal times and lifespan, higher basking and activity times as well as
higher fecundity. Importantly, we only observed significant pairwise
differences between syntopy and allotopic P. muralis. Observing
that both species reach their highest fecundities in syntopic local-
ities is interesting when viewed through contemporary coexistence
theory (Chesson, 2000). This theory posits that intraspecific density
dependence should be stronger than interspecific (Chesson, 2000).
Consequently, higher population densities of each species can lead
to increased intraspecific competition, which in turn results in com-
petitive release for interspecific competition (Alatalo et al., 1985).
Furthermore, it seems that the syntopic sites which mainly occur
at middle elevations are extremely favourable for both species. The
animals attain high metabolic rates, reproduce more and grow fast in
syntopic sites, which favours the abundance hypothesis represent-
ing syntopy as the most favourable conditions where species share
abundant environmental (abiotic) resources (Brodie et al., 2018). It
is worth noting that maintaining a higher metabolic rate is only ben-
eficial when resources are abundant; otherwise, energy stores are
quickly depleted, leading to lethargy or even death. Previous stud-
ies have already empirically shown changes in relative abundance
across elevation (Zagar, 2016) which, when combined with our re-
sults, lead us to conclude that, in our system, allotopy may be a func-
tion of competitive exclusion under suboptimal conditions for one
or the other species (Means, 1975; Reif et al., 2018) with P. muralis
being excluded at high elevations and a more complex picture of co-
existence of species in the lowlands. Additionally, syntopy possibly
represents a case of abiotic variability leading to the promotion of
coexistence (Chesson, 2000; Cloyed & Eason, 2017). Additionally,
we conclude that it is essential to include both abiotic data as well as
species traits when studying species spatial separation.

In the quest to understand the factors that favour coexistence of
species along environmental gradients, we have demonstrated that
the interplay between abiotic factors and species traits is a corner-
stone. It is tempting to assume that abiotic factors are responsible
for the spatial distribution of ecologically similar species along envi-
ronmental gradients (e.g. Gaston, 2003) or that historical/geograph-
ical factors play arole (e.g. Wiens & Donoghue, 2004). Regarding the
influence of historical contingencies, it is worth mentioning that ob-
taining distribution data from biogeographic studies might turn out
to be crucial (de Carvalho et al., 2013). However, we show that more
complex, interacting mechanisms may underlie species coexistence

patterns along climatic gradients. In this sense, we show that the
integration of abiotic conditions and species functional traits is key
if we want to predict the spatial distribution and overlap of species.
Furthermore, with our study, we exemplify that our mechanistic
modelling-based approach offers essential tools to advance under-
standing of patterns of coexistence in ecologically similar species
even when considering its obvious limitation of heavy reliance on
input data and complex modelling procedures. Future work on this
topic should focus on facilitating the integration of empirical, experi-

mental and field studies with mechanistic model approaches.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Schematic representation of the metabolic processes in
the standard DEB model.

Figure S2. Plots of univariate data used in DEB model estimation.
Table S1. Life history data and corresponding model predictions for
the two studied lizard species: Horvath's rock lizard (Iberolacerta
horvathi) and Common wall lizard (Podarcis muralis).

Table S2. Table used to estimate temperatures at start of activity for
both species of lizards.

85U8017 SUOWILLIOD aA 11D 3]qeol dde 8L Aq peuseob ae Sapoie YO ‘8sh JO 3| 10y Aeiq18UlUO AB]IM UO (SUORIPUOD-PUR-SWRIALO" A3 1M Ae1q 1 BU1 [UO//SdNLY) SUORIPUOD pUe SWie | 8u) 89S *[520Z/70/0T] Uo AriqiaullUO A8]IM @IUBAOIS 8UeIL00D A] 0E002'9592-GIET/TTTT OT/I0P/WO0 A8 | IM AreIq1BUIIUO'S [PUIN0 KB/ STy W14 papeo|umoq ‘0 ‘9G92S9ET


https://doi.org/10.1093/icb/44.6.433
https://doi.org/10.1093/icb/44.6.433
https://doi.org/10.1093/biolinnean/blz046
https://www.jstor.org/stable/30033795
https://www.jstor.org/stable/30033795
https://doi.org/10.1163/15685381-00002935
https://doi.org/10.1163/15685381-00002935
https://doi.org/10.2307/2426621
https://doi.org/10.2307/2426621
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1016/j.jtbi.2010.12.025
https://doi.org/10.1007/s00442-002-0967-8
https://doi.org/10.1007/s00442-002-0967-8
https://www.mathworks.com
https://doi.org/10.1098/rspb.2002.2205
https://doi.org/10.1098/rspb.2002.2205
https://doi.org/10.1016/j.seares.2006.03.001
https://doi.org/10.1016/j.seares.2006.03.001
https://doi.org/10.1080/00063650409461362
https://doi.org/10.1080/00063650409461362
https://doi.org/10.3732/ajb.93.1.73
https://doi.org/10.21105/joss.01686
https://doi.org/10.1016/j.tree.2004.09.011
https://doi.org/10.14720/ns.10.2.59-61
https://doi.org/10.1016/j.jcz.2015.10.002
https://doi.org/10.1016/j.jcz.2015.10.002
https://doi.org/10.1007/s00265-015-1927-8
https://doi.org/10.1111/1365-2435.12878
https://doi.org/10.1163/15685381-00002889
https://doi.org/10.14720/ns.9.2.43-44
https://doi.org/10.14720/ns.9.2.43-44
https://doi.org/10.1016/j.cbpa.2014.08.018
https://doi.org/10.1016/j.jtherbio.2012.11.002

DAJCMAN ET AL.

Table S3. Core DEB parameters for the two studied species of lizards.
Table S4. Individual coefficient results of OLS linear regression
models of the effect of elevation and location type on environmental
variables.

Table S5. Individual coefficient results of linear models of the effect
of elevation, species, and location type on life history traits when
modelled using spring preferred body temperatures.

Table Sé6. Post hoc comparisons of location types when modelled
using spring preferred body temperatures.

Table S7. Individual coefficient results of linear models of the effect
of elevation, species, and location type on life history traits when
modelled using summer preferred body temperatures.

Table S8. Post hoc comparisons of location types when modelled
using summer preferred body temperatures.

Data S1. R code examples
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