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Abstract
Aim: The vulnerability of montane species to environmental change has been in-
creasingly recognized in recent years. However, most of these species are region-
ally endemic with restricted distributions, limiting dispersal necessary for avoiding 
extinction. The outcome of threats posed for montane lizards is further complicated 
in species exhibiting mass– temperature relationships where body size increases with 
cooling temperatures, and thus with altitude, causing intraspecific physiological and 
behavioural differences. We aimed to identify areas suitable for montane endemic 
skinks of the Cameroon Volcanic Line (CVL) under current and future climates to re-
veal patterns of persistence and vulnerability based on an intersection of climate and 
body mass.
Location: Cameroon Volcanic Line
Methods: We recorded occurrences and measured body mass in the field for two 
CVL- endemic skink species. We supplemented occurrences with online repository 
records. We projected current and future habitat suitability in the region by imple-
menting bioclimatic species distribution models- based on occurrences. We tested for 
elevational variations in body mass, and integrated both occurrence and body mass 
information in a trait- based model to estimate current and future body mass.
Results: Projected currently suitable habitat for both species was limited to higher 
elevation regions, which are inhabited by numerous other threatened herpetofauna. 
We additionally detected Bergmann clines in body mass for both species. Given this 
variation in body mass, trait model projections covered slightly larger geographical 
ranges than bioclimatic estimates. Under future warming, both models project sub-
stantial contractions in suitable areas, potentially constraining species to mountain 
tops. Through the trait- based approach, we further detected potential warming- 
induced body mass reductions in projected suitable areas.
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1  |  INTRODUC TION

Anthropogenic climate change is a major threat to global biodiver-
sity and is projected to cause rapid declines and species migra-
tions across habitats (Ewers & Didham, 2006; Gibbons et al., 2000; 
Razgour et al., 2021; Tchassem et al., 2021). Rising and increasingly 
variable temperatures in the tropics are driving species toward 
higher elevations (Chen et al., 2011; Sheldon, 2019). Species re-
stricted to these higher elevations are especially vulnerable to cli-
matic shifts, warranting their conservation prioritization in regions 
with montane ecosystems (Elsen & Tingley, 2015). In squamate rep-
tiles, many tropical montane species are endemic to small geograph-
ical regions, with future environmental change potentially rendering 
them extinct (Sinervo et al., 2010; Wiens et al., 2019). Additionally, 
for montane lizards varying in phenotypic traits along elevational 
gradients, especially body size, impacts prior to species extirpation 
can include the erosion of such variation (Cerini et al., 2023; Gardner 
et al., 2011). Understanding the distribution extents and trait diver-
sity of range- limited montane reptiles, as well as how climate change 
could affect these, will be instrumental in informing conservation 
efforts (Muñoz et al., 2022; Pacifici et al., 2015; Wiens et al., 2019).

Climate change impacts on species distributions are frequently 
modelled by correlating species occurrences and bioclimatic vari-
ables for determining the spatial extent of suitable habitat (Pacifici 
et al., 2015; Penner et al., 2017). In the broad applicability of this 
method, it can be useful in conservation planning, where areas 
deemed highly suitable for vulnerable species can be identified 
(Kearney et al., 2010; Pacifici et al., 2015; Sofaer et al., 2019). 
Nevertheless, such species distribution models (SDMs) lack con-
sideration for morphological and physiological variations across a 
species' geographical range (Benito Garzón et al., 2019; Kearney 
et al., 2010), and thus may be limited in their spatial transferability 
(Manzoor et al., 2018) and overall applicability. Mechanistic distri-
bution modelling approaches typically incorporate species traits to 
estimate organismal performance across space and time (Kearney 
et al., 2010). Such models can better inform projections yet require 
more rigorous data collection for each species (Kearney et al., 2010; 
Kearney & Porter, 2009; Pacifici et al., 2015). With sufficient data, 
species distribution models correlating species traits and occurrence 
along environmental gradients (trait SDMs) can reveal general mech-
anisms on how environmental conditions interact with traits to de-
termine suitable habitat (Benito Garzón et al., 2019), and eventually 

allow model results to transfer under different conditions or even 
across species (Vesk et al., 2021).

Trait SDMs can be particularly useful if models have strong the-
oretical support and species' traits can be measured easily, as is the 
case with body mass. Rising temperatures can reduce body mass 
within species by influencing individuals' growth and development, 
as well as through interspecific interactions including competition 
and prey– predator relationships (Reviewed in Ohlberger, 2013). 
Body mass reductions can also result from larger sizes becoming mal-
adaptive under warming climates (Rubalcaba & Olalla- Tárraga, 2020; 
Verberk et al., 2021). Larger individuals retain more heat, requiring 
further thermoregulation to buffer environmental warming, and 
are thus vulnerable to the climate change- induced loss of required 
microclimates (Rubalcaba & Olalla- Tárraga, 2020). In lizards, there 
is evidence for lower heat tolerance in larger, heavier individuals 
(Claunch et al., 2021), potentially amplifying this morphological 
filtering.

Cases where species and populations exhibit smaller body sizes 
if occupying warmer environments at biogeographical scales, such 
as altitude or latitude, are said to follow Bergmann's rule (Blackburn 
et al., 1999). This pattern can be observed in some ectotherms, 
which are generally known to have smaller body sizes when reared 
in warmer conditions (Verberk et al., 2021). Yet the reverse trend, 
where body sizes are smaller in cooler climates, as well as the lack 
of any trend at all, also occur (Ashton & Feldman, 2003; Olalla- 
Tárraga & Rodríguez, 2007; Pincheira- Donoso et al., 2008; Slavenko 
et al., 2019). Complexities in the relevance of Bergmann's rule to ec-
totherms potentially lie in its mechanism, which likely involves ther-
moregulation and is therefore historically aimed at homeotherms 
(Pincheira- Donoso et al., 2008; Watt et al., 2010). For simplifica-
tion, here we collectively term such body size patterns as mass– 
temperature relationships.

The prevalence of elevation- driven body mass variations in 
montane lizards accordingly allows us to explore the applicability 
of mass– temperature relationships to trait SDMs, specifically for 
threatened range- restricted reptiles. In lizards, both Bergmann's 
rule and its reverse occur, with increases (Comas et al., 2020; 
González- Morales et al., 2017; Lu et al., 2018; Zamora- Camacho 
et al., 2014) and declines (Ashton & Feldman, 2003; Liang 
et al., 2021; Pincheira- Donoso et al., 2008) in body length or 
mass with higher, and thus cooler, elevations having been re-
ported in different species and systems. Altitude- driven body 

Main Conclusions: We demonstrate how combining occurrence records with species 
trait information in ecological modelling can reveal complementary trends for com-
prehensive warming impact assessments. Overall, challenges toward the persistence 
of CVL- endemic skinks should prompt urgent responses in national conservation 
management and local community engagement.

K E Y W O R D S
Africa, Bergmann's rule, body mass, Cameroon Volcanic Line, endemic skinks, species 
distribution model
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size variability can be the result of a combination of context- 
specific factors (Penniket & Cree, 2015), such as differences in 
food availability (Lu et al., 2018), lifespan (Comas et al., 2020), 
time to maturation and size- dependent predation rates (Angilletta 
et al., 2004). Overall, however, mass– temperature relationships 
are generally underpinned by direct physiological and behavioural 
responses to environmental temperatures (Angilletta et al., 2004; 
Ashton & Feldman, 2003; Roitberg et al., 2020; Zamora- Camacho 
et al., 2014), and accordingly depend on thermoregulatory strat-
egies (Velasco et al., 2020). For instance, body heat conservation 
leads to increases in body mass with elevation in active thermo-
regulators (Penniket & Cree, 2015; Zamora- Camacho et al., 2014), 
whereas smaller bodies are advantageous for gaining heat rap-
idly at higher, cooler altitudes in thermoconformers (Ashton & 
Feldman, 2003; Pincheira- Donoso et al., 2008).

Body size differences across climate gradients such as Bergmann 
clines can provide insight as to how populations will respond to 
future warming climates. While there are heterogeneities in how 
species respond to rapid climate change outpacing evolutionary 
rates, ectotherm body sizes are generally reduced as temperatures 
grow warmer (Gardner et al., 2011; Sheridan & Bickford, 2011). 
Declines in body size or mass can indicate the failure of species 
responses in coping with changing environments for maintaining 
metabolic and reproductive functions (Cerini et al., 2023; Rubalcaba 
& Olalla- Tárraga, 2020). Despite their initial buffering against cli-
matic warming, reduced body sizes may result in greater vulnera-
bilities to extreme weather events (Gardner et al., 2011). Lizard 
reproductive output could also be limited by body mass reductions 
(Meiri et al., 2020), potentially hampering local population viability. 
Ultimately, body size or mass changes in response to climate change 
should be limited by metabolic rates (Cerini et al., 2023; Makarieva 
et al., 2005). Given the severe warming implications of sub- lethal 
effects for lizards (Sinervo et al., 2010), resulting body size reduc-
tions can be considered early warning signs for eventual population 
collapse (Cerini et al., 2023).

The coupling of lizard body mass to reproduction, metabo-
lism, warming vulnerability and potentially population viability 
thus highlights its value in modelling approaches. Given the rarity 
of lizard population biology data over time, body mass data are 
relatively more accessible. With typical SDMs failing to capture 
species population biology (Lee- Yaw et al., 2022), incorporating 
mass– temperature relationships increases the feasibility of bridg-
ing this gap. Trait SDMs can accordingly be applied to spatially 
project body mass under current and future climatic conditions 
for assessing the risk of climate change induced declines (Benito 
Garzón et al., 2019). Combining body mass and habitat suitability 
projections for montane lizards could thus enhance accuracy and 
advance a mechanistic understanding of how climate change al-
ters their distributions.

In Central and West Africa, the Cameroon Volcanic Line (CVL) 
hosts an important diversity of endemic montane skink species 
(Chirio & LeBreton, 2007). As a result of their restricted distribu-
tions and ongoing habitat loss, most of these skinks are classified as 

Near Threatened, Vulnerable, Endangered or Critically Endangered 
by the IUCN RedList (Kameni et al., 2022). However, as with many 
reptiles unique to the region, studies on their ecology, distribu-
tions and vulnerability to climate change are lacking (Chirio & 
LeBreton, 2007; Gonwouo et al., 2006; Tchassem et al., 2021). Since 
a number of these species are found across wide elevational ranges, 
assessing intraspecific body mass variations coupled with environ-
mental variables could generate informative habitat suitability pro-
jections. Additionally, projecting body mass changes across these 
potentially accessible habitats will further contribute to assessing 
warming impacts on these endemic skinks. Within a conservation 
framework, this knowledge could help locate the actual distributions 
of these species as well as determine where to assess the potential 
environmental and anthropogenic risks to their persistence (Sofaer 
et al., 2019).

In this study, we apply a combined modelling approach for 
highlighting regions of conservation priority for two CVL endemic 
mountain skink species based on both morphology and the cli-
matic environment. By collecting presence records for each spe-
cies across an elevational gradient, we (1) project their extent of 
suitable habitat under current and future climatic conditions, and 
(2) test Bergmann's rule by assessing how body mass varies with 
temperature. In species exhibiting Bergmann's rule, we aim to (3) 
estimate body mass ranges under current and future conditions to 
detect potential reductions. Combining approaches, we (4) iden-
tify regions where both high habitat suitability and realistic body 
mass are projected for species following Bergmann's rule. Through 
these analyses, we bring attention to regions of the CVL where 
endemic skinks could face higher vulnerability or find potential 
refuge under climatic warming to be considered in conservation 
planning and highlight the usefulness of combining occurrence 
and trait approaches in SDMs.

2  |  MATERIAL S AND METHODS

2.1  |  Study site area and species

We focused on the geographical areas covered by the CVL (Figure 1). 
These included the Adamawa, West, South- West, North- West, 
Centre, and Littoral regions in Cameroon, the island of Bioko in 
Equatorial Guinea, as well as the Gashaka, Kurmi and Sardauna Local 
Government Areas of Taraba State, Nigeria.

There are 11 known skink species endemic to the CVL, of 
which six are found on Mts. Oku (3011 m), Bamboutos (2740 m) and 
Manengouba (2411 m; Chirio & LeBreton, 2007; Kameni et al., 2022). 
These species occur mainly above elevations of 1500 m, although 
some can reach slightly lower elevations, such as Leptosiaphos ian-
thinoxantha and L. vigintiserierum (Ineich et al., 2015). Generally, 
L. ianthinoxantha is found at 1800– 2700 m asl, while L. vigin-
tiserierum reaches 1000– 2450 m. Each species is respectively 
classified as Vulnerable and Near threatened by the IUCN Red 
List (Chirio & LeBreton, 2007, 2021; Gonwouo & LeBreton, 2021; 
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LeBreton, 2021a, 2021b; LeBreton et al., 2021). We only consid-
ered these two species in this study due to insufficient occurrences 
from combined personal and Global Biodiversity Information Facility 
(GBIF, 2021) records for others.

2.2  |  Presence and morphology data collection

We conducted daytime (from 8 am to 11 am and 1 pm to 4 pm) 
surveys from March 2015 to July 2017 during both rainy and dry 
seasons at elevations ranging from 1500 m to 3000 m on three 
mountains of the CVL (Mts. Oku, Bamboutos and Manengouba). 
We surveyed each mountain 1 week per month for 6 months. We 
found skinks through visual encounter surveys including the direct 
excavation of microhabitats by lifting rocks, shrubs and logs (Crump 
& Scott, 1994), all of which we then restored to their initial state 
to minimize habitat alteration. GPS coordinates were recorded as a 
point of presence. We downloaded additional presence data from 
GBIF to increase occurrence records across the CVL. Through these 
methods, we obtained a combined total of 99 field and 23 GBIF re-
cords for L. ianthinoxantha, as well as 73 field and 20 GBIF records 
for L. vigintiserierum.

We measured body mass (g) and length (snout- to- vent length, 
cm) in addition to location for a subset of adult individuals en-
countered during our surveys. For L. vigintiserierum these con-
sisted of one male and nine females on Mt. Bamboutos, as well 
as four males and seven females on Mt. Manengouba (n = 21). For 
L. ianthinoxantha, we assessed seven males and eight females on 
Mt. Bamboutos in addition to six males and eight females on Mt. 
Manengouba (n = 29).

2.3  |  Habitat suitability modelling

We downloaded bioclimatic variables at a 30 arc- second resolution 
from the CHELSA (Climatologies at high resolution for the earth's 
land surface areas) version 1.2 database (Karger et al., 2017, 2018, 
2020). These included downscaled temperature and precipitation 
data for current (1979– 2013) and future (2070) conditions (Beck 
et al., 2020; Karger et al., 2020; Karger & Zimmermann, 2018). We 
included projections for two representative concentration pathway 
scenarios (RCPs), with RCP 2.6 and RCP 8.5 as low and high emission 
scenarios respectively (IPCC, 2014). Bioclimatic data for future con-
ditions are downscaled from CMIP5 scenarios (Karger et al., 2018, 
2020), of which we selected projections from three global cli-
mate models known to perform well in our study region (Aloysius 
et al., 2016; Shiru et al., 2020); MRI- CGCM3 (Yukimoto et al., 2012), 
CSIRO.MK3.6.0 (Collier et al., 2011) and CESM1- CAM5 (Meehl 
et al., 2013). We selected four bioclimatic variables best correlating 
with physiological performance in lizards according to Clusella- Trullas 
et al. (2011); mean diurnal air temperature range (bio2), temperature 
seasonality (bio4), mean temperature of the wettest quarter (bio8) 
and precipitation amount of the driest month (bio14). We checked 
collinearity among these four variables across the whole region, and 
used ‘usdm’ in R version 4.2.2 (R Core Team, 2021) to sequentially 
remove those that exhibited VIF >3. We accordingly excluded the 
mean diurnal temperature range from the analyses.

We estimated habitat suitability for the two lizard species under 
current and future conditions using ‘biomod2’ (Thuiller et al., 2009, 
2016) and ‘ecospat’ (Di Cola et al., 2017) in R. We considered mul-
tiple occurrence records within a single grid as one record only, to 
eliminate potential sampling bias in the database given the presence 

F I G U R E  1  Study area including regions 
surrounding the Cameroon Volcanic 
Line (hashed lines), covering much of 
Cameroon (darker green), part of Nigeria 
(lighter green) and Equatorial Guinea's 
(blue) Bioko Island, is shown in the top 
panels. Numbered orange squares in the 
top left panel indicate Mts. Cameroon 
(1), Kupe (2), Nlonako (3), Manengouba 
(4), Bamboutos (5), Lefo (6), Oku (7) and 
Tchabal Mbabo (8). Presence records 
for each skink species collected in the 
field (yellow circles) or from the Global 
Biodiversity Information Facility data 
repository (blue triangles) are presented in 
the bottom panels.
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    |  5KAMENI N. et al.

of GBIF data. In total there were 16 and 17 records for L. vigin-
tiserierum and L. ianthinoxantha respectively. We randomly gener-
ated 1000 background data over five repetitions for each species 
(Breiner et al., 2015). We applied three modelling techniques to the 
data, including maximum entropy (‘MAXENT.Phillips.2’), general-
ized linear model (‘GLM’) and generalized boosting model (‘GBM’) 
with their default settings in ‘ecospat’. For GLM we allowed step-
wise selection to facilitate model convergence and minimize over- 
fitting. Because of the low number of records, we used ‘ensembles 
of small models’ (ESMs) to model distributions for each species, 
which are known to perform better than standard SDMs for rare 
species (Breiner et al., 2015). Briefly, our ESMs build numerous mod-
els with two environmental variables, before ensembling them and 
projecting models to different climatic scenarios to obtain the spe-
cies distribution. We performed five evaluation runs using Somer's 
D (Breiner et al., 2015), and evaluated the performance of individ-
ual models using leave- one- out cross- validations. Only models with 
Somer's D > 0 (i.e. better than random) were included in building the 
ensemble model for each algorithm (Breiner et al., 2015), followed 
by projecting each ensemble model to different climatic scenarios 
to obtain the species distribution. We averaged future habitat suit-
ability projections from the three GCMs and each ensemble model 
for each RCP and species, while habitat suitability projection under 
current climate was only averaged across each ensemble model. We 
subtracted future from current projections to calculate changes in 
habitat suitability for each species under each RCP. Finally, we also 
obtained the contribution of each variable in determining species 
occurrences, based on the ratio between total weights of all models 
with the focal variable, and total weights of all models without the 
focal variable. Resulting values >1 and <1 indicated above- average 
and below- average contributions respectively.

2.4  |  Body mass models

We modelled relationships between lizard body mass and climatic 
conditions using the linear regression (function ‘lm’ in R), similar to 
previous trait SDM studies (Benito Garzón et al., 2019; Tikhonov 
et al., 2020). We started with climatic variables that were used in 
SDMs, and ensured they did not exhibit strong collinearity in the 
body mass dataset. While there are other climatic variables that may 
determine body weight, our selected variables are consistent with 
those in occurrence models and are known to reflect the physiologi-
cal performance of lizards (Clusella- Trullas et al., 2011). Note that the 
body mass and occurrence datasets are not the same, since not all 
individuals were weighed, and the occurrence datasets also included 
GBIF records. We found that the VIF of temperature seasonality 
was >3, and ESM also revealed that it had lower contributions than 
other climatic variables in regulating the occurrence of these lizards. 
Temperature seasonality was thus excluded from body mass analy-
ses, while only retaining the mean temperature of the wettest quarter 
and precipitation amount of the driest month. In this case, the mean 
temperature of the wettest quarter exhibits a negative relationship 

with elevation (Figure S1). For each species, we compared AICc of 
models with both predictors and a single predictor and selected the 
one with the lowest AICc for projections. The significance of each 
climatic variable was adjusted for potential variance heteroscedas-
ticity using HC- 3 correction in the R package ‘car’. After building the 
linear regression models, we further checked spatial autocorrelation 
in model residuals using the R package ‘DHARMa’.

After establishing the trait– temperature relationships, we pro-
jected the body mass of the two species using current and future cli-
matic rasters. Mass projections from both RCP scenarios were then 
averaged to obtain a single projection for each RCP scenario.

2.5  |  Gap analyses

We compared species occurrence projections between trait and 
species distribution models. For the body mass models, grids with 
projected body mass values within the observed mass range were 
considered presences (1), while out- of- range values were considered 
absences (0). For ESMs, we used binary maps based on True Skill 
Statistic values. For both trait and species distribution models, we 
calculated the median of occurrences under both RCP scenarios. We 
compared projections based on current and future climatic scenarios 
for Leptosiaphos vigintiserierum and L. ianthinoxantha. Specifically, we 
identified consistencies and inconsistencies in projected presences 
and absences of each approach. We additionally calculated the over-
estimations in distribution size based on ESMs only, quantified as 
(DESM– DBoth)/DESM, where DBoth and DESM are the distribution size of 
each species based on both approaches and ESM only respectively. 
Furthermore, we used the elevation raster at 1 km2 from EarthEnv 
(Amatulli et al., 2018) to quantify the elevation range of the two spe-
cies based on different modelling approaches.

3  |  RESULTS

3.1  |  Habitat suitability projections

Mean temperature at the wettest quarter (relative impor-
tance = 1.11– 1.35) was always more important than the other two 
variables (0.86– 0.99) regardless of species identity and model algo-
rithms. Model projections showed regions of high habitat suitability 
to be restricted to the CVL for both species (Figure 2). Projected 
highly suitable areas under current conditions are generally similar, 
although slightly more extensive for Leptosiaphos ianthinoxantha 
than for L. vigintiserierum. The difference between both species is 
particularly pronounced within proximity of Mts. Kupe, Nlonako and 
Manengouba. Overall, the extent of high habitat suitability for these 
two species is relatively limited to the mountains where we have 
found them to occur, yet also covers Bioko Island.

Both species displayed visible declines in future habitat suit-
ability across much of the CVL under both low (RCP 2.6) and high 
(RCP 8.5) emission scenarios (Figure 2). While we detected slight 
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increases across the eastern part of the study area, habitat suit-
ability remains higher on the CVL. Under high emissions, areas 
seemingly less affected by climate change, and where both spe-
cies are projected to retain at least moderate habitat suitability, 
are mainly limited to Mount Cameroon in the South- West Region, 
and Bioko Island.

3.2  |  Body mass projections

Body mass ranges of Leptosiaphos ianthinoxantha and L. vigintiser-
ierum were 2.0– 6.3 g and 1– 6.4 g, respectively, and generally in-
creased with elevation (Figure S2). The best linear regression model 
of both species only retained mean temperature at the wettest 
quarter, which was associated with reduced skink body mass, with 
the mass of L. ianthinoxantha and L. vigintiserierum dropping by 0.65 
(p < .001) and 0.55 g (p < .001) per degree increase in temperature 
respectively (Figure 3, Table S1). Mean temperature at the wettest 
quarter explained 38% and 47% of the body mass data in L. ianthi-
noxantha and L. vigintiserierum respectively. We recorded no spatial 
autocorrelation in the residuals of both models (p > .18). Under RCP 

2.6 and 8.5 scenarios, both species were expected to have reduced 
body mass within observed body mass ranges.

Ensembles of small model and trait modelling approaches both 
revealed shrinking distribution under climate change for each spe-
cies. Gap analyses showed that trait models generally projected a 
larger distribution area than ESMs, especially for L. vigintiserierum. 
Particularly, trait models often indicated the species' presence in 
the relatively northern parts of the study area, stretching from the 
North- West Region, crossing Nigeria's Taraba State and reaching the 
Tchabal Mbabo mountains of the Adamawa Region, all of which are 
places where ESMs mostly estimated absences (Figure 4). We also 
found that both species were expected to be increasingly confined 
to higher elevations (Table S2). We additionally found that 3.23%– 
41.93% of ESM projected distributions can be overestimations, since 
these areas were expected to exhibit body mass values out of the 
observed range based on Bergmann's rule.

When considering grids with expected presence from both ap-
proaches, warming increased the average body mass of L. ianthinox-
antha by 0.45 g under RCP 2.6 and 1.10 g under RCP 8.5 across its 
distribution, while increases for L. vigintiserierum were 0.41 g under 
RCP 2.6 and 0.81 g under RCP 8.5 (Figure 5). However, these results 

F I G U R E  2  Average habitat suitability projections across ensemble models of the three algorithms for two skink species under current 
bioclimatic conditions (leftmost column), in future conditions for 2070 under low (RCP 2.6) and high (RCP 8.5) emission scenarios. Projected 
changes in habitat suitability from current to future conditions are shown in the two rightmost columns.

F I G U R E  3  Linear regression models 
showing the inverse correlation between 
body mass and mean temperature at the 
wettest quarter for two mountain skink 
species (n = 29 and 21 for Leptosiaphos 
ianthinoxantha and L. vigintiserierum 
respectively). Shaded areas are 95% 
confidence intervals.
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are largely driven by grids with small body mass being extirpated, 
and occupations of new grids under warming (Figure S3). When we 
only include grids that had expected presence under current and fu-
ture climatic scenarios, both species had reduced body mass, with 
L. ianthinoxantha showing −0.78 g and −1.79 g and L. vigintiserierum 
showing −0.64 g and −1.47 g under RCP 2.6 and 8.5 respectively 
(Figure 5).

4  |  DISCUSSION

Through both occurrence and trait- based SDM approaches, we 
identified areas suitable for two montane skink species endemic 
to the CVL in terms of habitat and body mass, increasing predic-
tive confidence. Additionally, our results indicate that mean body 
mass can strongly decrease even in areas with projected occur-
rence from both approaches. This is consistent with previous stud-
ies showing that recent warming causes widespread declines in 
body size across a wide range of taxa (Møller et al., 2018; Polidori 
et al., 2020; Sheridan & Bickford, 2011). Predictive studies often 
focus on habitat suitability or species occurrence in future warm-
ing scenarios, but rarely incorporate trait values (Vesk et al., 2021). 
Our results demonstrate how simultaneously incorporating traits 
and occurrence records of species in ecological modelling can 

provide unique insights into the ecological impacts of environ-
mental change.

Climatic warming could exert significant pressures on range- 
limited tropical montane lizards (Muñoz et al., 2022; Wiens 
et al., 2019). Our bioclimatic model projections show extensive 
contractions in suitable regions for both species, with high habi-
tat suitability persisting only on the highest peaks, such as Mount 
Cameroon. For Leptosiaphos ianthinoxantha and L. vigintiserierum, 
both showing Bergmann clines in body mass, spatial projections of 
optimal body mass covered larger areas than bioclimatic projections 
under current and future conditions. Yet both species also showed 
future body mass reductions under warming within distributions 
projected by the trait- based model. Under the assumption that evo-
lutionary rates are low, the lower projected body mass we found in 
these two species suggests morphology could be highly impacted 
by climate change. Lizard body sizes are understood to vary with 
climatic conditions through both direct and indirect mechanisms, 
such as thermoregulation and food abundance changes respectively 
(Liang et al., 2021; Tuff et al., 2019). Climate- driven selective pres-
sures on lizard morphology occur through multiple processes span-
ning interannual, decadal (Donihue et al., 2020; Tuff et al., 2019) and 
geologic timescales (Velasco et al., 2020). How average body mass 
in these skinks could shift in the coming decades will depend on the 
extent to which current variation is phenotypically or genetically 

F I G U R E  4  Gap analyses showing 
consistencies and inconsistencies 
between body mass (blue) and occurrence 
(black) models based on projected 
occurrence for two skink species, 
Leptosiaphos ianthinoxantha (a– c) and 
L. vigintiserierum (d– f). Non- yellow areas 
represent occurrences predicted by at 
least one model. Consistencies among 
both approaches (green) were compared 
for projections by current (a, d), RCP 2.6 
(b, e) and RCP 8.5 scenarios (c, f).
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underpinned. Given that the body mass ranges we have observed 
for L. ianthinoxantha and L. vigintiserierum (Figure 3) are consider-
able enough to result in metabolic differences in lizards (Claunch 
et al., 2021; Meiri et al., 2020; Zamora- Camacho et al., 2014), such 
variation should also be conducive to eventual selection. The eco-
logical and life- history consequences of our body mass projections 
thus present potential challenges to the survival and persistence of 
these CVL- endemic species. Reduced body size may lead to a wider 
range of predators (de Barros et al., 2010) while reducing accessible 
prey diversity (Pafilis et al., 2016). Smaller lizards can be less aggres-
sive in competition (Names et al., 2019), causing competitive out-
comes to be driven by the ability to exploit resources rather than 
fighting. Interspecific competition could be further compounded 
as a result of a narrowed body size range and environmental niche 
(Brennan et al., 2021). Moreover, with Bergmann clines sometimes 
more pronounced in female lizards (Penniket & Cree, 2015; Roitberg 
et al., 2020), reproductive success could be especially impacted by 
lower body mass resulting in smaller clutch sizes (Meiri et al., 2020). 
Altogether, the loss of larger sizes introduces the risk of eroding 
intraspecific morphological, behavioural and physiological varia-
tion necessary for buffering against climatic anomalies (Anderson 
et al., 2022; Buckley et al., 2013; Cerini et al., 2023; Domínguez- 
Godoy et al., 2020; Muñoz et al., 2022). Therefore, while our results 

demonstrate lizard persistence in some areas following climatic 
warming, a smaller body mass might influence interactions with local 
environments and species. Accordingly, impacts on competitor, prey 
and predator populations or species in response to lizard body size 
shifts may highlight the ecological relevance of this trait. This ef-
fect could be pronounced in L. ianthinoxantha and L. vigintiserierum, 
which specialize in montane grasslands (Kameni et al., 2022), and 
thus interact with other range- restricted species, including inverte-
brate prey, avian and snake predators, as well as other skink compet-
itors (Ineich et al., 2015). Generally, exposure to interspecific effects 
would vary per locality, seeing that lizard species richness and abun-
dance are sensitive to elevation (Fischer & Lindenmayer, 2005). 
Indeed, climate change is known to alter biotic interactions (Clusella- 
Trullas et al., 2011), although this impact remains relatively less stud-
ied compared to species occurrence or habitat suitability. Overall, 
results from trait SDMs can generate hypotheses on how biotic 
interactions would change under altered climates, especially when 
relationships between traits and the ecological relevance of species 
are well- established.

While we did not quantify how skink body size relates to fit-
ness, larger individuals often demonstrate higher fitness in reptiles 
(Kingsolver & Huey, 2008). As data directly reflecting fitness are 
generally difficult to obtain, especially in the field, body size data 

F I G U R E  5  Projected body mass 
for two skink species (Leptosiaphos 
ianthinoxantha, left column, and 
L. vigintiserierum, right column) under 
current bioclimatic conditions (a, d), as 
well as in future conditions for 2070 
under RCP 2.6 (b, e) and 8.5 (c, f) emission 
scenarios. Areas with projected mass 
outside the observed body mass range are 
shown in yellow.
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can be a useful proxy to estimate how fitness will change under dif-
ferent global change scenarios (Angilletta et al., 2004; Kingsolver & 
Huey, 2008). When coupled with occurrence projections, trait SDMs 
can therefore also reveal whether fitness would decline in persist-
ing populations (Mammola et al., 2019). Understanding future body 
size and resulting fitness shifts for different populations can be cru-
cial to conservation planning, as high fitness populations might act 
as sources for maintaining the viability of low fitness populations 
(Boughton, 1999). We therefore advocate future studies to include 
body size, or other fitness- related traits, in SDMs to generate more 
comprehensive assessments of global change drivers.

Our spatial projections of potentially optimal body mass generally 
spanned larger areas than our bioclimatic models, which is not unex-
pected as the latter incorporates multiple environmental variables, 
while the trait model only considered one trait– environment inter-
action. In reality, species occurrence is likely shaped by various traits 
and environmental drivers. For example, in montane lizards, traits 
including dietary and microhabitat niche breadths could be import-
ant, as they can vary with elevation (Refsnider et al., 2019) and body 
size (Brecko et al., 2008). While our body mass model should not be 
interpreted as a direct prediction of species occurrence, it provides 
unique mechanistic insights on whether some areas became unsuit-
able due to mismatches between climatic conditions and body mass 
(Sheridan & Bickford, 2011; Verberk et al., 2021). Although there are 
over- estimations, both occurrence and body mass models projected 
lower elevation regions of the CVL to become unsuitable for these 
skink species, suggesting the importance of mass– temperature rela-
tionships in restricting species distributions (Mammola et al., 2019).

Assessing elevational trait variations in tandem with geo-
graphical occurrence and habitat suitability for rare species could 
therefore help to identify regions of strategic importance for con-
servation planning. In this case, potential target regions range from 
Mount Cameroon to the centre of the CVL constituting Mounts 
Manengouba, Nlonako, Bamboutos, Lefo, Kupe and Oku (Figure 2), 
which are known to host a diversity of endemic skinks (Kameni 
et al., 2022). Our model projections for L. ianthinoxantha and L. vigin-
tiserierum support an emphasis on low elevation areas across these 
mountains for expecting and, ideally, mitigating extirpation risks. 
Bioko Island also presents conservation value given the high habi-
tat suitability and realistic body mass projected by our models for 
both species, despite their lack of occurrence records in that region. 
The restriction of these endemic skinks to the CVL exposes them 
to substantial climate change pressures, as demonstrated by our 
future projections. Besides climatic warming, habitat loss has led 
to conservation concerns for L. ianthinoxantha and L. vigintiserierum 
by the IUCN RedList, yet neither is granted full protection by the 
Ministry of Forestry and Wildlife of Cameroon (Kameni et al., 2022; 
MINFOF, 2020). Our results thus highlight the need for national con-
servation status re- assessments, as well as developing local manage-
ment strategies specifically targeting these endemic skinks and their 
habitats.

We have conducted for the first time the distribution modelling 
of two skink species endemic to the CVL. By considering both body 

mass and bioclimatic variables, we found severe climate change vul-
nerability in the persistence of these skinks. While both species ex-
hibit Bergmann clines in body mass, this variability could be eroded 
under warming. This would result in smaller skinks and potential 
local extinctions at lower elevations. A reduced body mass implies 
several ecological challenges, thus suggesting indirect effects of cli-
mate warming on persistent populations. The CVL is host to uniquely 
diverse and numerous herpetofauna, many of which are endemic to 
the region (Chirio & LeBreton, 2007; Kameni et al., 2022; Tchassem 
et al., 2021). Despite this, much of the CVL is not presently included 
as part of any existing network of government- managed protected 
areas in Cameroon. For species restricted to this montane region, 
climatic warming in addition to increasing anthropogenic activity 
places them at risk of elevational range contractions and ensuing ex-
tinction (Chen et al., 2011; Sheldon, 2019: Wiens et al., 2019; Muñoz 
et al., 2022). This urgency should prompt intensive ecological sur-
veys, local community engagement, as well as reviewed conservation 
management policies relating to reptile diversity throughout the CVL.
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