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Abstract: Species can occupy different realised niches when sharing the space with other congeneric
species or when living in allopatry. Ecological niche models are powerful tools to analyse species
niches and their changes over time and space. Analysing how species’ realised niches shift is
paramount in ecology. Here, we examine the ecological realised niche of three species of wall lizards
in six study areas: three areas where each species occurs alone; and three areas where they occur
together in pairs. We compared the species’ realised niches and how they vary depending on species’
coexistence, by quantifying niche overlap between pairs of species or populations with the R package
ecospat. For this, we considered three environmental variables (temperature, humidity, and wind
speed) recorded at each lizard re-sighting location. Realised niches were very similar when comparing
syntopic species occurring in the same study area. However, realised niches differed when comparing
conspecific populations across areas. In each of the three areas of syntopy, the less abundant species
shift its realised niche. Our study demonstrates that sympatry may shift species’ realised niche.
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1. Introduction

Species frequently live in communities composed of two or more congeneric species [1,2].
When a species is sharing resources with another species, it may be forced to shift its niche to
minimise competition or stress and to maximise success in resource acquisition and/or mating [3].
This segregation may occur in time, space, or in any other dimension of the niche (e.g., food resources,
biotic interactions) [4]. When the species segregate temporally, they avoid using the same resources
at the same time [5]. When species segregate spatially, they may use resources from different
locations [2], for instance by taking advantage of different microhabitats. The microhabitats may have
different structural characteristics [6,7]: microclimate (e.g., temperature, humidity), food availability,
predation pressure, parasite exposure, or abundance of refuges.

The set of microhabitats where the species occurs constitutes the species niche [8], i.e., the subset
of the environment containing the (micro) habitat conditions that allow the individuals of the species
to survive and reproduce [8]. Hutchinson [4] provided the first mathematical definition for species
niche: the fundamental niche is the n-dimensional hypervolume on the abiotic environmental
space where a species can maintain a viable population and persist over time without immigration.
Each dimension is an environmental variable. Hutchinson [4] also defined the realised niche as
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the subset of the fundamental niche where the species is not excluded by competition. Pearson [9]
included other biotic interactions (e.g., predation, parasitism, symbiosis), dispersal ability, as well
as geographical and historical constraints. Therefore, a species can use a specific microhabitat if the
environmental conditions fall within its realised niche, as any environmental condition outside it
cannot be occupied [4,9]. Consequently, the degree of local segregation between two coexisting species
can be approached by quantifying the differences between their realised niches [10].

Numerous studies have analysed how species segregate spatially when occurring with other
species [11–15], but not from a species ecological niche perspective, i.e., without modelling the ecological
niche. The reason for this lay in the difficulty to obtain fine-scale spatial data for micro-habitat occurrence
and use [10,16]. Numerous studies have examined niche conservatism (i.e., the species’ realised niche
is maintained without changes over space and time) at the species distribution level [17–20] using
ecological niche models (ENMs) [21,22]. ENMs are powerful statistical tools for analysing species
niches and their changes over time and space [22]. However, very few studies have applied ENMs
at very high spatial resolution [23–28] and even less have compared several species composing a
community [10].

The microhabitats used by two species in syntopy may differ from those used by the same species
when living alone. From a niche perspective, ecological character displacement [29] can be observed
when the species’ realised niche, sharing the space with a congeneric species, may be different from the
species’ realised niche when living alone. In both situations, the species uses its fundamental niche,
but it is occupying parts of the realised niche with different intensity. The parts of the realised niche
the species is occupying differently depend on the factors driving the realised niche [9]. This process is
similar to niche shifts observed in invasive species: the species’ realised niche in the native area can be
different from the niche in the introduced area if released, for instance, from predation in the latter
area [30,31]. Similarly, two congeneric species living in strict syntopy might tend to shift their realised
niches [10]. In this case, the relative abundance of each congeneric species may influence the niche
segregation: the less abundant species might be the one shifting its realised niche.

To our knowledge, no study has analysed the differences in microhabitat use between species
in syntopy and allopatry situations from an ecological niche perspective. The main aim of this work
is to examine whether species use the same microhabitat when in syntopy with other congeneric
species compared with allopatric situations (areas with only one species). For this, we compared the
microhabitat of three species of Iberian wall lizards in a matrix of syntopic/allopatric populations:
the three species do not occur all together but can rather be found in combinations of two species when
in sympatry. We considered six study areas: three areas have a single species each (allopatric areas);
the other three areas have combinations of two species (sympatric areas). We predict that:

(1) Species occurring in syntopy might use microhabitats in the same way, as Iberian wall lizards are
considered generalists [32].

(2) When comparing the microhabitat use in populations of the same species between a sympatric
and an allopatric area, the species may use the same microhabitats as in the sympatric area when
being the more abundant of the two species [33,34].

(3) When comparing the microhabitat use of a species between a sympatric and an allopatric area,
the least abundant species within the community will shift its realised niche [33,34].

To verify these predictions, we compared the climatic characteristics (temperature, humidity,
and wind speed) of the microhabitats across the study areas using the R software package ecospat
methodology [35,36]. Ecospat quantifies the niche overlap between two entities, either species or
populations. This approach allows us to assess the degree and direction of realised niche shift when
different species pairs co-occur.
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2. Materials and Methods

2.1. Study Species

We considered three endemic species of Iberian wall lizards: Podarcis bocagei (Seoane, 1885),
a generalist species distributed in Atlantic habitats of the northwestern part of the Iberian Peninsula [37];
P. carbonelli Pérez-Mellado, 1981, a ground-dwelling species inhabiting Atlantic habitats with a
fragmented distribution in western Iberia [37]; and P. guadarramae (Boscá, 1916), a saxicolous species of
Atlantic and Mediterranean habitats of northwestern and north-central Iberia [38]. Each species can
be found alone or coexisting with one of the other two species, but the three species never occur all
together [39].

We selected wall lizards as model organisms because (1) they occur in communities with high
density of individuals over relatively small areas, (2) their communities are usually composed of a
low number of species, sometimes belonging to the same genus, and (3) they are easy to capture
and handle [40]. Further, wall lizards are ectothermic organisms and have strong dependence on
environmental conditions [41], which facilitates studies of habitat and niche flexibility.

2.2. Study Areas

We performed the systematic sampling in six different locations (Table 1 and Figure 1), three with
only one species (hereafter allopatric study areas), and three with two species (hereafter syntopic study
areas). The allopatric study areas were:

1 Coronado: an agricultural area of irrigated crops separated by high stone walls (>150 cm) inside
a lax urban matrix. Only P. bocagei is present. Lizards were captured on 9 and 10 June 2013,
and resighted between 12 and 17 June 2013.

2 Padrão: area composed by restored ruined walls (always lower than 50 cm) of a prehistorical
village and surrounded by a forest of oaks and cork trees. Only P. guadarramae is present.
Lizards are more frequent on the walls. Lizards were captured on 26 May 2013 and resighted
between 28 May and 4 June 2013.

3 Torreira: area of coastal dunes with wooden boardwalks. Only P. carbonelli is present. Lizards can
be found everywhere, but more frequently on the woody passages. Lizards were captured on 11
and 12 May 2013 and resighted between 14 and 23 May 2013.

Table 1. Matrix of species combinations by study area. In each study area occur either one (across the
diagonal, shaded in grey) or two of the three species analysed. The study areas of Espinho, Estrela,
and Moledo host two species. The study areas of Coronado, Padrão, and Torreira (background in grey)
host a single species.

Species Podarcis bocagei Podarcis carbonelli Podarcis guadarramae

Podarcis bocagei Coronado

Podarcis carbonelli Espinho Torreira

Podarcis guadarramae Moledo Estrela Padrão

The sympatric areas are:

4 Moledo: agricultural area of irrigated crops with stone walls (~150 cm) separating the crops.
Podarcis bocagei and P. guadarramae occur sympatrically, although the latter in lesser numbers.
Lizards occur in the walls. Lizards were captured on 10 June 2014 and resighted between 12 and
20 June 2014.

5 Espinho: area of coastal dunes with wooden boardwalks. P. carbonelli and P. bocagei are present,
although the latter in lesser numbers. This is the only known point of syntopy for both
species [42,43]. Lizards were captured on 23 April 2013 and resighted between 25 of April and
24 May 2013.
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6 Estrela: area composed by rock boulders on the shore of a reservoir. P. guadarramae and P. carbonelli
are present in this area, although the latter in less number. Lizards were captured on 16 and 17
May 2012, and resighted between 19 and 24 May 2012.
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Figure 1. Location of the six study areas in the Iberian peninsula (A) and in Portugal (B). Backgrounds
from OpenStreetMaps. Distribution of individual records (white dots) in each of the six study areas:
Moledo, Padrão, Coronado, Espinho, Torreira, and Estrela (from north to south). Backgrounds from
Google Maps.

2.3. Fieldwork

Sampling was performed during the reproductive period (spring) of wall lizards [39,44–46].
We captured the wall lizards by noose [47], and marked each individual temporally on the belly with a
number using a non-toxic permanent marker. We identified the capture site for each wall lizard with
the number of the lizard in a plastic tape. For visual identification of wall lizards during re-sighting
sampling, we marked each individual with non-toxic coloured inks using a unique code made of three
coloured dots on their back [48–50]. All preliminary field procedures took one day, except in Torreira
and Estrela where two days were necessary to capture enough individuals (i.e., at least 30 individuals).
We concentrated sampling effort in a short time period to minimise dispersal events of captured
individuals [51]. After all procedures were completed, we released the wall lizards in the exact site
of capture. We left lizards undisturbed for one or more days (depending on weather conditions) to
ensure that they had returned to their normal activities after being captured. After that, animals were
resighted over several days until coloured inks disappeared.

We recorded the position of each wall lizard (capture and resighting locations) for 60 s with a
Trimble GeoExplorer GT GPS receiver with a horizontal error around 10 cm after postprocessing.
We corrected all GPS positions by a differential procedure using Trimble GPS Pathfinder office
software 5.0. In each lizard position, we recorded local weather measurements with a portable
meteorological station SkyMate SM-18 at substrate level for temperature (measured always at in the
shade), humidity, and wind speed. We selected these variables as they are main drivers of lizards’
biogeography and activity patterns [16,38].

In each study area, we searched for marked wall lizards in favourable climatic conditions (warm,
no rain and strong winds) from the beginning until the end of their daily activity. We performed
multiple haphazard routes (see Figure 1 for an example in each study area), as routes could not be
completely random in the wooden boardwalks and walls. We started and finished each route in a
different place of the study area. In each route, we sampled the study area only once per survey to
avoid pseudoreplication [52], allowing wall lizards to recover their normal activity after disturbance
by the observer and to prevent resightings being too close in time to keep independence. Searching for
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marked wall lizards always involved two people: one person actively searched for lizards and recorded
the local weather data; the second person recorded the wall lizard location, waiting always some meters
behind to avoid disturbance until the moment of using the GPS receptor. Minimum time between two
consecutive sightings of the same wall lizard was one hour. Based on our own experience, we consider
this interval long enough for a lizard to displace between two consecutive positions. Consequently,
a position could not be predicted from the previous one, independently of whether the wall lizard
effectively moved or not. We checked the independence of the locations using the Moran’s I test in
spdep R package [53] for each of the three local weather measures (humidity, temperature, and wind).

2.4. Niche Segregation between Species

Estimations of species’ realised niche were compared using the procedures implemented in the
ecospat R package version 3.1 [35,36]. We performed two sets of pairwise analyses with ecospat (Table 1):
(1) comparisons between pairs of species in the syntopic study areas (P. bocagei–P. carbonelli in Espinho;
P. carbonelli–P. guadarramae in Estrela; and P. bocagei–P. guadarramae in Moledo); and (2) comparisons
between populations of the same species between study areas (e.g., for P. bocagei: Coronado–Moledo;
Espinho–Moledo; Coronado–Espinho).

Ecospat includes tools to support spatial analyses and modelling of species’ realised
niches. It quantifies the niche overlap between two entities, either species or populations
(e.g., between sympatry and allopatry, or between species sharing a location). The package works in
three steps [36]: (1) it extracts environmental values corresponding to the observation records of the
species pair, calculates a PCA, and transforms the first two components of the PCA into densities
by kernel smoothers; (2) it measures the niche overlap along the gradients of the PCA; and (3) it
applies the statistical tests of niche equivalency and similarity [35,54]. The background data for each
pairwise comparison is the set of all study areas. Niche overlap is calculated using the Schoener’s
D metric [55], which varies from 0 (no overlap) to 1 (complete overlap). Ecospat also measures the
distance between the centroids of each species’ realised niche, represented by the kernel densities.
The larger this distance, the smaller the overlap between the species’ realised niches.

The niche equivalency test determines whether two species’ realised niches are less equivalent
than random by permuting randomly 100 times the occurrences between entities. The niche similarity
test examines whether two species’ realised niches are less similar than expected by chance by shifting
randomly 100 times the niches within the available conditions in the study area [35,54,55]. For both
tests, when the observed overlap is lower than 95% of the simulated values, both entities occupy
environments more dissimilar than expected by chance.

Finally, ecospat quantifies in three components how the niches overlap in the environment
space [18]: Stability (S), the proportion of the niche that is shared by both species; unfilling (U),
the proportion of the niche of the first species that is not occupied by the second one; and expansion
(E), the proportion of the niche of the second species that is not occupied by the first one.

We analysed the differences of humidity, temperature, and wind measures between species and
localities with Kruskal–Wallis test. When significant, we applied the Dunn post-hoc test to search for
significant pairwise comparisons. All analyses were performed with R version 4.0.3 [56].

3. Results

We captured a total of 219 individuals, with 1785 resightings (Table 2): 68 individuals and
625 resightings for P. bocagei; 61 individuals and 331 resightings for P. carbonelli; and 90 individuals
and 829 resightings for P. guadarramae. We collected more records from all allopatric populations; all
syntopic communities presented one species population with a large number of records and the other
one with a low number of records (Table 2). All locations were spatially independent as all Moran’s I
estimates were close to 0 (Table S1).
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Table 2. Number of individuals and sightings per species and study area. The study areas of Espinho,
Estrela, and Moledo host two species. The study areas of Coronado, Padrão, and Torreira host a
single species.

P. bocagei P. carbonelli P. guadarramae

Locality Individuals Sightings Individuals Sightings Individuals Sightings All
individuals

All
sightings

Moledo 37 419 6 70 43 489

Padrão 38 391 38 391

Coronado 25 174 25 174

Espinho 6 32 32 118 38 150

Torreira 20 184 20 184

Estrela 9 29 46 368 55 397

Total 68 625 61 331 90 829 219 1785

When comparing syntopic species occurring in the same study area (Espinho, Estrela, Moledo),
the equivalency tests indicated a high degree of niche similarity: all Schoener’s D indices were higher
than 0.6 (Table 3). Humidity, temperature, and wind were not different in these areas during the
study period (Tables S2 and S3, Figure S1). When comparing a species between different study areas,
the equivalency tests for all pairwise comparisons were dissimilar: all Schoener’s D indices were
lower than 0.4 (Table 3). However, the similarity tests showed that the species’ realised niches were
not more dissimilar than expected by chance (Table 3). All tests were nonsignificant, except for the
Estrela area comparison. Humidity, temperature, and wind were significantly different for most of the
combinations between species from different areas (Tables S2 and S3, Figure S1).

Table 3. Summary of ecospat results: Schoener’s D index, p values for the equivalency and similarity
tests, and values of the observed overlaps between realised niches (expansion, stability, and unfilling).
The study areas of Espinho, Estrela, and Moledo host two species. The study areas of Coronado,
Padrão, and Torreira host a single species. The first three lines correspond to the comparisons of the
realised niches between pairs of species in sympatry. The next nine lines correspond to the comparisons
of the realised niches of a single species between the pairs of study areas. PB: Podarcis bocagei; PC:
Podarcis carbonelli; PG: Podarcis guadarramae. ET: equivalency test; ST: similarity test. p: p values. Note
that the similarity test is not symmetrical, and therefore it is performed from species 1 to 2 and from
species 2 to 1. * significant p value (<0.05).

Species Locality 1 Locality 2 D ET p ST 1→
2p

ST 2→
1p Expansion Stability Unfilling

PB-PC Espinho Espinho 0.745 0.446 0.941 0.951 0.003 0.997 0.077
PC-PG Estrela Estrela 0.619 0.673 0.960 0.960 0.000 1.000 0.063
PB-PG Moledo Moledo 0.693 0.446 0.901 0.911 0.011 0.989 0.021

PB Coronado Moledo 0.320 0.009 * 0.653 0.653 0.126 0.874 0.093
PB Espinho Moledo 0.114 0.009 * 0.317 0.416 0.108 0.892 0.461
PB Coronado Espinho 0.232 0.009 * 0.574 0.535 0.336 0.664 0.048
PC Torreira Espinho 0.032 0.009 * 0.188 0.238 0.024 0.976 0.790
PC Estrela Espinho 0.004 0.009 * 0.067 0.089 0.395 0.605 0.919
PC Torreira Estrela 0.170 0.009 * 0.614 0.713 0.368 0.632 0.419
PG Padrão Estrela 0.366 0.009 * 0.822 0.792 0.042 0.958 0.077
PG Moledo Estrela 0.133 0.009 * 0.465 0.564 0.476 0.524 0.286
PG Padrão Moledo 0.304 0.009 * 0.743 0.634 0.062 0.938 0.243

Three main patterns can be observed in ecospat results:

(1) When comparing species between syntopic areas (Espinho, Estrela, Moledo), all species pairs
occupied very similar niches (Table 3): Schoener’s D indices were high, stability values were close
or equal to 1, and the unfilling and expansion indices were very low (<0.1). The overlaps between
niches were almost complete, while the distances between centroids were very small (Figure 2).
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(2) When comparing populations of the same species between a syntopic (Espinho, Estrela, Moledo)
and an allopatric area (Coronado, Padrão, Torreira), similarities were intermediate (Table 3):
Schoener’s D indices were close to 0.3 and stability indices were very high (around 0.8–0.9).
Here, the exception is the comparison between Torreira and Espinho populations of P. carbonelli,
which presented always lower values (below 0.2). Niche overlaps across areas were high, but not
total, while the distances between centroids were large (Figures 3–5).

(3) When comparing populations of the same species between syntopic study areas (Espinho, Estrela,
Moledo), similarities values were very low (Table 3): Schoener’s D indices were lower than 0.15
and stability indices were lower than 0.8–0.9 (except the comparison between Espinho and Moledo
for P. bocagei). The expansion and unfilling indices presented the maximum values considering
all comparisons. Niche overlaps were moderate while the distances between centroids were very
large (see the red arrows in Figures 3–5).

1 
 

 

 
 

Figure 2. Matrix of ecospat overlap plots of the realised niches of P. bocagei, P. carbonelli, and P. guadarramae
in the sympatric study areas where two of them occur together: Moledo, Espinho, and Estrela. The small
plots correspond to the individual species’ realised niche in each study area. Stability is represented in
blue, unfilling in green, and expansion in red. The red arrow is the distance between centroids.
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2 

 
Figure 3. Matrix of ecospat overlap plots of the realised niches of P. bocagei between the study areas
where it occurs: Coronado (allopatric area), Moledo, and Espinho (both sympatric areas). The small
plots correspond to the species’ realised niche in each study area. Stability is represented in blue,
unfilling in green, and expansion in red. The red arrow is the distance between centroids.
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4. Discussion

Our initial hypotheses were confirmed: niches were very similar when comparing syntopic
species in the same study area (Espinho, Estrela, Moledo), but the same species shifted their realised
niches across different study areas. In this last case, the niches could be considered dissimilar when
involving less abundant populations. In other words, allopatric populations and abundant populations
in sympatry from the same species have similar niches. Therefore, different ecological responses
may depend on the syntopic species presence and on their relative abundance. We can draw two
main conclusions:

(1) Considering the environmental micro-niche variables analysed here, all Podarcis species tend to
use similar microhabitats, as indicated by ecospat results between syntopic populations.

(2) When in syntopy with another congeneric species, a species tends to occupy different microhabitats
if it is relatively less abundant.

The overlap between species in the same study area (Espinho, Estrela, Moledo) were the highest
in all comparisons. The overlap between populations of the same species were high but not total as
when comparing populations of different species. Therefore, proportions of niche shared (i.e., stability)
by populations from the same species were high when comparing allopatric with syntopic populations:
Coronado against the syntopic populations of Espinho and Moledo for P. bocagei; Torreira against
the syntopic populations of Estrela and Espinho for P. carbonelli; and Padrão against the syntopic
populations of Moledo and Estrela for P. guadarramae. The comparisons between syntopic populations
of the same species had the lowest proportion of niche shared (i.e., stability) in all comparisons: the less
abundant population of Espinho against the abundant population of Moledo for P. bocagei (Figure 3);
the less abundant population of Estrela against the abundant population of Espinho for P. carbonelli
(Figure 4); and the less abundant population of Moledo against the abundant population of Estrela for
P. guadarramae (Figure 5). Comparisons including the population of P. carbonelli from Espinho were
always more dissimilar than the rest, probably due to the higher climatic variability characterizing the
records of this sampling, which lasted for four weeks.

We used only three environmental microniche variables (humidity, temperature, and wind) as these
variables are main drivers of the lizards’ biogeography and activity patterns [16,38]. Other variables
can be selected, more related to vegetation cover and microtopography features [10]. Future research
may clarify whether other variables might lead to niche segregation in Podarcis species. Despite some
variation across species, Podarcis species are generalists compared to other southern European
lizards [32]: they tend to use similar microhabitats. For example, P. guadarramae is a saxicolous lizard,
but P. bocagei and P. carbonelli, both ground-dwelling lizards, will use also walls if available [39,46,57].
Moledo is a coastal agricultural area where P. bocagei and P. guadarramae occur in walls separating fields.
There, P. bocagei is more abundant than P. guadarramae despite the latter being a rock specialist [48,57–59].
Indeed, the allopatric study area of P. bocagei (Coronado) is composed as well by walls separating
agricultural fields. Thus, the habitat structure of the study areas alone does not fully explain the
ecospat results. Although the study areas are clearly different, they did not differ so much in terms
of habitat potentially or effectively used by wall lizards. We can divide the study areas in two
groups: (1) Coronado (allopatric area) is a rural area with high walls separating agricultural fields,
Padrão (allopatric area) is an archaeological site with small walls, Moledo (sympatric area) is a coastal
agricultural area with medium-sized walls, Estrela (sympatric area) is an area of rock boulders, thus,
all rocky; and (2) Torreira (allopatric area) and Espinho (sympatric area) are coastal dune systems,
thus, habitats of sparse vegetation. Consequently, we found species highly overlapping (i.e., stability)
their realised niches between study areas which are structurally different: Coronado and Espinho
for P. bocagei, and Torreira and Estrela for P. carbonelli. Even the comparison between Estrela and
Espinho for P. carbonelli, provided medium stability values despite Estrela being a continental rocky
area and Espinho a coastal dune system. P. carbonelli is distributed in oak forests through the Iberian
Central System mountain range and in Atlantic coastal dune systems [37]. Although both habitats
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are clearly different, the microhabitats are very similar: both are very humid at the time the species is
active [60,61].

The discrepancy between the equivalency and similarity tests were expectable: similarity results
indicated that the equivalency tests identified the species niche as different because the analyses
focused on comparing different study areas, not because the niches are in fact significantly different.
In other words, comparing different study areas forced the equivalency test to identify the niches as
different [54,55].

Previous studies found similar results. Sillero and Gonçalves-Seco [10] modelled the local
distribution of four species of wall lizards in northern Portugal, including P. bocagei and P. guadarramae.
Despite not being identical, the distribution models for both species widely overlap: the former was
widespread and the latter showed a clear preference for walls. However, when considering study areas
with diversified habitats, species of the same genus (e.g., Podarcis guadarramae and P. carbonelli) segregate
almost totally, inhabiting different habitats, while species of different genera (e.g., Lacerta and Timon)
presented partial segregation, sharing some habitats [2]. Therefore, it is not surprising that we did
not find niche segregation when comparing different species in the syntopic areas (Espinho, Estrela,
Moledo). In these three areas, the two Podarcis species occurring there are using the same microhabitats
as recovered for the environmental variables analysed.

Many studies have identified shifts in the realised niches of invasive and introduced species when
compared with their native ranges [30,31,62,63]. Although all these studies analysed whether there
is niche conservatism, none showed shifts in the fundamental niche [4]. All niche shifts detected
correspond to changes in the species’ realised niche [17–20]. Here, we provided evidence that
lizards shifted their realised niches when in syntopy, depending on the conspecific with which they
coexisted. Based on previous knowledge of the examined species, phylogenetic relationships [64],
morphology [65,66] and structural microhabitat use [57], and supported by character displacement
theory [29], we might have expected Podarcis bocagei and P. guadarramae to exhibit the less intense niche
shifts across areas, as they are sister species [64]. However, these species have quite different structural
habitat preferences [57,59], which is hypothesized to have driven their morphological divergence.
As such, they might have segregated their niches adaptively across their entire (and extensively
overlapping) distribution areas [64], but not entering in direct competition when they meet in sympatry.
By contrast, P. bocagei and P. carbonelli are much more similar in both morphology and structural habitat
use [59,67], a fact that could be expected to trigger more intense niche shifts across this species pair.
However, these predictions are not verified in our system. Instead, the most feasible explanation in
our study case regards relative local abundance (see above) [34], where asymmetric competition may
explain the pattern of ecological character displacement observed [33].

In this study, we only considered climatic dimensions of the species’ realised niches.
Other dimensions were not considered because of the difficulty of recording them spatially [16].
Habitat segregation may also occur in other niche dimensions such as diet, predation risk,
refuge availability, or parasite exposure [66,68]. However, as stated before, Podarcis species tend to use
the environment in a similar way [32], thus habitat segregation during the study period may be the same
even if considering other niche dimensions. Moreover, our study is also limited by its own structure:
there is not a place where our three Podarcis species occur together [41,69]. The current impossibility of
ecospat performing comparisons between three or more entities constitutes a limitation [35,36]. Indeed,
our results would gain in understandability if all study areas can be compared together. An alternative
to ecospat is the hypervolume R package, which is able to compare several species at the same time [70].
However, tests for measuring niche overlap are not implemented in hypervolume. Furthermore,
ecospat takes less statistical assumptions [35,36]. Nevertheless, ecological niche models are reliable
and powerful statistical tools for analysing changes in species niches over time and space [22]. As our
study demonstrates, biotic interactions among species may shift spatially the species’ realised niches.
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