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Abstract
Aim: Disentangling historical and ecological effects on different components of spe-
cies diversity is key to understanding the assembly and maintenance of communities 
over space and time. Historical factors may be stronger predictors of the community 
composition at regional scales, while ecological factors may be more important predic-
tors at local scales. Here, we evaluate multiple biodiversity dimensions to investigate 
riverine barrier and aridity effects on the assembly and structure of lizard assemblages.
Location: Semi-arid region of northeastern Brazil.
Taxon: Lacertilia (lizards).
Methods: We used data describing 63 lizard assemblages from Caatinga habitats 
to investigate the effects of a riverine barrier and eight environmental gradients on 
estimates of taxonomic, phylogenetic and functional diversity. At the regional scale, 
we compared communities between the banks of the SFr, assuming that differences 
could emerge from regionally interrupted dispersal in some of the sampled species. 
At local scales, we evaluated the patterns of phylogenetic and functional structure of 
the lizard assemblages from Caatinga, and investigated the influence of aridity- related 
gradients on species richness, taxonomic, phylogenetic and functional diversity.
Results: Lizard assemblages were regionally structured by the SFr acting as a barrier 
to 47% of the species sampled. We detected phylogenetic signal in 88% of the func-
tional traits. Lizard assemblages were phylogenetic and functionally overdispersed. 
Moreover, we detected evidence of aridity gradients intensifying the overdispersion 
of phylogenies and functional traits.
Main conclusions: Lizard assemblages showed high variation at both regional and 
local scales. Riverine barriers played a stronger role as a historical factor structuring 
assemblages on a regional scale. The interaction of historical constraints with com-
petition enhanced by aridity on a local scale may play a role in structuring lizard as-
semblages across multiple scales.
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1  |  INTRODUC TION

A key issue facing ecology is to understand the assembly and struc-
ture of communities in terms of species or functional trait turnover 
along spatial and temporal scales (Dornelas et al., 2014; Graham & 
Fine, 2008; Weiher et al., 2011). Community assembly refers to any 
process imposed on the regional species pool that acts to determine 
the structure of the community in space and time (Götzenberger 
et al., 2012; Weiher et al., 2011). There are two main lines of thought 
related to community assembly processes (Chase & Myers, 2011): 
(i) deterministic theories suggest that niche- based processes, such 
as environmental filtering and species interactions, determine pat-
terns of species diversity and richness (Webb et al., 2002; Weiher 
et al., 2011) and (ii) stochastic theories emphasize the importance 
of casual colonization, random extinction and ecological drift 
(Hubbell, 2001; Tilman, 2004).

Community assembly theory has become a central theme of 
ecology in the last two decades, mainly due to novel indexes and sta-
tistical models, which have increased efficiency at reflecting com-
munity processes (e.g. Götzenberger et al., 2016; Kraft et al., 2007; 
Mason et al., 2013). Some phylogenetic and functional diversity 
indexes have been widely used to infer the processes of species 
distribution and the assembly of communities at different spatial 
scales (e.g. Götzenberger et al., 2016; Kraft et al., 2007; Mayfield & 
Levine, 2010; Sobral & Cianciaruso, 2016). Phylogenetic diversity 
incorporates the regional species pool and phylogeny to measure 
proportions of evolutionary history shared by species in a given 
assemblage (Magurran, 2004). Functional diversity represents the 
extent of functional differences between species and is based on 
distinction of their morphological, physiological and ecological 
traits (Petchey & Gaston, 2002). In addition to helping to infer the 
community assembly processes on a local scale, the phylogenetic 
and functional diversity, together with taxonomic diversity (species 
composition) are also useful tools to estimate variation in diversity 
components across environmental gradients.

Biotic interactions (especially competition) and environmental 
filters are the main mechanisms influencing community assembly 
processes, because they can limit the distribution of a species to 
some portion of a given ecological gradient (Fraga et al., 2018; 
Mayfield & Levine, 2010; Moura et al., 2017). At least three dis-
tinct patterns of spatial structure of communities can be found: 
clustered, overdispersed or random (Webb et al., 2002). Moreover, 
verifying whether phylogenetic signal is present in species traits 
(i.e. where more closely related species are also ecologically 
more similar) is a key step for the correct inference of the mech-
anisms responsible for the community assembly (Cavender- Bares 
et al., 2009; Mayfield & Levine, 2010; Webb et al., 2002). For ex-
ample, when phylogenetic signal is present, competition will be 
considered the main structuring mechanism when the assemblage 
is phylogenetically or functionally overdispersed. On the other 
hand, environmental filters will be the main mechanisms when 
the structure is clustered (Cavender- Bares et al., 2009; Webb 
et al., 2002). Lastly, it is important to note that at local and regional 

scales, abiotic filters only lead to a clustered structure pattern, 
whereas competitive exclusion can lead the community structure 
to any of these three patterns (Mayfield & Levine, 2010).

The increasing research on community assembly has led to a 
better understanding of how ecological (e.g. biotic interactions 
and environmental filters) and historical (e.g. geographical barriers 
and species evolutionary history) factors influence community as-
sembly (e.g. Burbrink & Myers, 2015; Sobral & Cianciaruso, 2016; 
Weiher et al., 2011). Communities may generally represent species 
subsets from spatiotemporal macroscales. However, physiological 
and dispersal limitations associated with biotic interactions medi-
ated by environmental heterogeneity may determine taxonomic, 
functional or phylogenetic composition of the community on finer 
scales (Gomez et al., 2010; Hayes & Sewlal, 2004; Stark et al., 2017). 
For example, we can expect that habitats with harsh environmental 
conditions (e.g. high aridity) may undergo strong effects of environ-
mental filtering, assembling organisms that are resistant to desicca-
tion and efficient thermoregulators, such as some Squamata reptiles 
(Huey et al., 2009; Pintor et al., 2016; Wiens et al., 2013). However, 
species selection in environments under strong filters may repre-
sent a paradox, because while ecologically similar species tend to 
share a habitat type, they should also experience strong competitive 
interactions due to their similarity (Cavender- Bares et al., 2009). 
Furthermore, the effects of aridity on community assembly may 
be complex, as effects can vary among taxonomic groups and 
geographical locations (Buckley et al., 2012; Wiens et al., 2013). 
Ultimately, the patterns of assemblage structure can be the result 
of the simultaneous action of two or more processes, or of different 
processes leading to the same pattern (Mayfield & Levine, 2010).

Lizards are good models for ecological studies focused on the 
climate effects on assemblage structure, because they are low 
dispersal organisms, sensitive to climatic variations, easily de-
tectable and occupy a wide variety of microhabitats (Carothers 
et al., 1996; Mesquita et al., 2016). While biotic interactions and 
environmental filters may drive lizard assemblages at local scales, 
historical factors may be stronger predictors of the assemblage 
composition at regional scales (Gonçalves- Sousa et al., 2019; 
Peixoto et al., 2020). For instance, riverine barriers have been 
major predictors of assemblage structure for a wide variety of 
organisms in South America, because they limit or block disper-
sal and gene flow (Aliaga- Samanez et al., 2020; Dias- Terceiro 
et al., 2015; Oliveira et al., 2017). Specifically, in the Brazilian 
semi- arid, the São Francisco River (SFr) represents an important 
biographical barrier for lizards (Recoder & Rodrigues, 2020) and 
rodents (Nascimento et al., 2011). Despite the SFr delimiting sim-
ilar areas in geographical size, the northern and southern regions 
of this river are environmentally quite distinct. The northern re-
gion is under influence of the Atlantic Equatorial air mass, which 
causes highly concentrated rainfall throughout the year, and con-
sequently a high water deficit most of the year. This condition, 
associated with environmental deterioration caused by anthropic 
pressures, has formed extensive nuclei of desertification (Vieira 
et al., 2015). Contrarily, the southern region of SFr is under the 
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influence of the Atlantic Tropical air mass, from which levels of 
humidity allow higher duration of temporary water bodies, and 
larger vegetation with greater floristic diversity than in the north-
ern region (Queiroz et al., 2017; Velloso et al., 2002). Therefore, 
any effect of environmental heterogeneity on lizard assemblage 
structure via environmental filtering or biotic interactions may be 
independent between the SFr banks. However, ecological models 
on a regional scale covering both banks of the SFr are necessary to 
disentangle the role of environmental heterogeneity and the river 
barrier as predictors of diversity estimates.

We used lizard occurrence data from the Brazilian Caatinga 
to investigate processes predicting assemblages on two different 
spatial scales. We quantified assemblage structure using diversity 
estimates based on taxonomic, functional and phylogenetic data, to 
evaluate multiple biodiversity components in our ecological mod-
els. On a regional scale (covering both banks of the SFr), we tested 
the hypothesis that estimates of taxonomic, functional and phylo-
genetic diversity differ between the SF river banks, which has re-
sulted in complementary assemblages (little redundancy in species 
occurrence, trait composition and phylogenetic relationships). This 
hypothesis may be supported by the fact that the SFr corresponds 
to the transition zone between two distinct climatic regions and 
may act as a barrier to dispersal and gene flow. We expect that the 
SFr exerts an historical influence on lizards, resulting in high as-
semblage turnover between the northern and southern SFr assem-
blages, which can be highlighted by different subsets of species, 
functional traits and phylogenetic histories. On a local scale (within 
the north or south bank of the SFr), we tested the effects of aridity- 
related environmental gradients on assemblage diversity and struc-
ture. The northern and southern regions of SFr have different levels 
of water availability and thermal stress, which may result in different 
levels of environmental filtering and competition. Thus, we expect 
to find taxonomic, functional and phylogenetic turnover between 
the lizard assemblages north and south of the SFr. Considering that 
phylogenetically closely related species are often functionally sim-
ilar and areas with higher levels of aridity often have less resources 
(i.e. less prey availability and less heterogeneity of habitable hab-
itats with tolerable temperatures), we expect to find assemblages 
phylogenetically and functionally overdispersed as result of com-
petitive exclusion, which may be enhanced by aridity.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The Brazilian semi- arid region encompasses 13.3% (1,128,697 km2; 
SUDENE, 2018) of the Brazilian territory. It is covered mainly by 
typical Caatinga vegetation, a steppic savanna composed of thorny 
and deciduous plants. Rainfall in the region is unpredictable and has 
marked seasonality, with an annual total mean of 773 mm (Andrade 
et al., 2017). The region experiences an annual water deficit as-
sociated with abundant solar radiation and low relative humidity 

contribute to the high evaporation rates of water bodies and wet 
surfaces in the Caatinga (Andrade et al., 2017).

2.2  |  Lizard assemblage data

Our dataset consists of data on the presence or absence of lizards 
in the Caatinga, mainly obtained from the literature (papers, books, 
notes of geographical distribution, dissertations and theses). We also 
supplemented the dataset with fieldwork conducted by our research 
team, where three researchers sampled four sites in unique 10- day 
expeditions. Each researcher performed active visual search for 6 h 
during the day and 4 h at night, totalling 300 h of sampling effort in 
each site. Combining different data sources was an efficient approach 
to include as many species as possible in the assemblages analysed.

We reduced possible effects of differences in sampling methods 
and effort using binary species occurrence data instead of abun-
dance data. Although this approach may not have completely elimi-
nated the potential effects of sampling differences, it has prevented 
ecological models from being biased by any particular method re-
sulting in overestimated abundances of a specific group of lizards 
(e.g. pitfall traps favouring sampling of fossorial species).

From 72 localities within the Brazilian semi- arid Caatinga, we se-
lected a subset to avoid spatial pseudoreplication. We grouped some 
localities, keeping the centroid coordinates between them, based on 
three criteria: geographical proximity ≤20 km in straight line, altitudi-
nal difference ≤50 m and absence of a conspicuous barrier for among- 
localities dispersal, such as rivers or mountains. Our final sample 
comprised binary data of presence and absence of 51 species from 63 
locations in the Caatinga (Figure S1; Table S1), covering 912,529 km2 
(Silva et al., 2017). Of these, 50 sites are located to the north of the 
SFr and 13 are to the south. The number of localities in the south is 
lower than in the north because there are large enclaves and ecotone 
areas in the region to the south. These enclaves are generally above 
800 m in altitude and have environmental factors significantly differ-
ent from those of the adjacent Caatinga, such as higher rainfall and 
lower average annual temperature. Environmental factors of ecotone 
areas may be influenced by those from both enclaves and Caatinga, 
which could add confounding effects to our ecological models.

To attest that our locality selection method was effective in avoiding 
spatial pseudoreplication (excessive effects of geographical distance on 
the measured environmental variation), we tested spatial autocorrelation 
in the response variables (species richness, Net Relatedness Index [NRI] 
and net functional relatedness index [NFRI], see details below) using 
Moran’s I coefficient in the ‘ncf’ R- package (Bjornstad & Bjornstad, 2016). 
None of the analysed response variables showed spatial autocorrelation; 
therefore, they were spatially independent (Figure S2).

2.3  |  Phylogenetic data

We used the most comprehensive phylogenetic hypothesis for 
Squamata reptiles (Tonini et al., 2016) to estimate phylogenetic 
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diversity. This tree contains 9754 species, for which evolutionary 
relationships were estimated through integrative and molecular 
stratigraphic assessment of divergence times from common ances-
tors. Tonini et al. (2016) relied on the PASTIS algorithm to place 
unsampled species in the phylogenetic tree, and these species corre-
spond to 21.5% of our sample. We used the ‘ape’ R- package (Paradis 
et al., 2004) to build a subtree containing the 51 species sampled.

2.4  |  Species traits

We used eight traits to estimate functional diversity (Table S3): 
maximum snout– vent length, maximum clutch size, sexual dimor-
phism, foraging mode, habit, preferred microhabitat, activity pe-
riod and reproductive mode. We obtained these data from the 
literature (Mesquita et al., 2016) and from personal data. Maximum 
snout– vent length and maximum clutch size were standardized by Z- 
transformation. We choose these traits because they indirectly affect 
the biological efficiency of lizards in the ecosystem, since they can 
influence patterns of growth, reproduction, survival and spatial dis-
tribution in the environment, and are considered important aspects 
of lizard life- history variation (Mesquita et al., 2016; Shine, 2005). We 
transformed the trait matrix into a functional distance matrix using 
Gower index, because it efficiently handles continuous, discrete and 
binary data compiled in a single array (Podani & Schmera, 2006). This 
method implemented by the ‘FD’ R- package results in the average 
distance among all species projected in the functional space of a given 
site, which is scaled to be weighted by species occurrence. Thus, it 
scales all traits to range between 0 and 1, which prevents distances 
based on binary traits from being overestimated, since interspecific 
distances in binary traits may be expected to be higher than distances 
based on continuous traits in some cases, such as when species differ 
in most binary traits (Laliberté et al., 2014; Podani & Schmera, 2006).

2.5  |  Phylogenetic signal

To evaluate phylogenetic signal in the species traits, we calculated 
the phylogenetic independent contrast using the ‘picante’ R- package 
(Kembel et al., 2010) and the minimum number of character tran-
sitions for categorical traits in the ‘Slatkin.Maddison’ R- package 
(https://github.com/prmac/ slatk in.maddison). We calculated these 
indices individually for each trait and compared the values ob-
tained with values randomized, using null models (1000 randomiza-
tions), assuming as a null hypothesis a random distribution of traits 
throughout the phylogeny.

2.6  |  Environmental data

To evaluate the effects of environmental predictors on taxonomic, 
phylogenetic and functional diversity estimates, we used the 
‘raster’ R- package (Hijmans et al., 2015) to extract the following 

environmental variables: mean annual temperature and annual 
rainfall from Worldclim (Fick & Hijmans, 2017); annual relative hu-
midity from Atlas of the Biosphere (with permission of the Center 
for Sustainability and the Global Environment, Nelson Institute 
for Environmental Studies, University of Wisconsin- Madison); and 
stream density, height above nearest underground water (HAND— 
Height Above Nearest Drainage), and percent tree cover from the 
Instituto Nacional de Pesquisas Espaciais (http://www.dpi.inpe.br/
Ambda ta/index.php). All these variables were collected at a resolu-
tion of 30 arc seconds (~1 km). Additionally, we measured the dis-
tance of each sample site to both the SFr and the nearest stream 
(Table S2). Although some distance measurements were repeated 
when SFr was the closest lotic environment (8 out of 63), these two 
variables carry distinct information because they are weakly corre-
lated (Pearson r = 0.19).

2.7  |  Riverine barrier hypothesis

To test the effects of the SFr as a barrier at the regional scale (cover-
ing both banks of SFr), we used a Discriminant Analysis of Principal 
Components (DAPC), applied over binary presence or absence data. 
This is a multivariate ordination analysis that maximizes differences 
between groups (river banks) while minimizing differences within 
each group (Jombart & Collins, 2015). We performed DAPC using 
the ‘adegenet’ R- package (Jombart, 2008), defining the number of 
principal component axes retained (45) by a- scores. This approach 
optimizes the probabilities of the localities being allocated to the 
same group (river bank) over successive random permutations, 
which avoids the excessive retention of principal components and 
the consequent formation of false clusters (Jombart et al., 2010). 
We defined groups a priori according to river bank (north and south 
of SFr), and checked the quality of the clusters by means of a pos-
teriori probability of each location being correctly allocated to one 
of the defined groups (north and south). To test for differences in 
qualitative structure of the assemblages between river banks, we 
performed an analysis of variance (ANOVA), with scores gener-
ated by DAPC as the response and river banks as the explanatory 
variable.

2.8  |  Assemblage structure metrics

We quantified species richness as the absolute number of species 
per site. We evaluated phylogenetic and functional structure of liz-
ard assemblages from the north and south sides of the SFr banks 
separately.

To evaluate the phylogenetic structure, we calculated the mean 
pairwise phylogenetic distance (MPD) of each site (Webb, 2000). 
The MPD is the average distance among all possible pairs of spe-
cies, which results in absolute values of phylogenetic diversity per 
site (Webb, 2000). Thus, we estimated MPD for each sampled site 
and compared the original values with randomized values, which 

https://github.com/prmac/slatkin.maddison
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http://www.dpi.inpe.br/Ambdata/index.php
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were obtained throughout null models (999 randomizations of the 
original data). We used the ‘phylogeny pool’ algorithm to produce 
the randomizations. This algorithm randomizes the community data 
matrix by drawing species occurring in the distance matrix with 
equal probability (Kembel et al., 2010). Then we used the NRI (Webb 
et al., 2002) to investigate the pattern of phylogenetic structure 
(whether clustered, random or overdispersed) of lizard assemblages.

To evaluate the functional structure of lizard assemblages, we 
first calculated the mean pairwise functional distances (MFD), which 
is the functional equivalent of MPD (Webb, 2000). The MFD rep-
resents the mean functional distance among all species of a given site. 
Next, we used the NFRI, which is the functional equivalent of NRI 
(Webb et al., 2002). Positive values of NRI or NFRI indicate clustered, 
while negative values indicate overdispersion, and zero indicates ran-
dom structure (Webb et al., 2002). We used the ‘picante’ R- package 
(Kembel et al., 2010) to estimate MPD, MFD, NRI and NFRI.

Since NRI and NFRI are generated from means and standard 
deviations, their calculations may be under or overestimated when 
the null distribution (i.e. probability distribution of the test statis-
tic under the null hypothesis) is asymmetric. Therefore, we tested 
normality and the asymmetry coefficient of the null distributions 
generated from 999 randomizations to check whether we used the 
NRI and NFRI correctly. When the assumptions of normality and 
asymmetry were not met, we made corrections following Botta- 
Dukát (2018). To test whether the NRI and NFRI values presented 
significant deviations from a null expectation (average = 0, random 
structure), we executed one sample t- tests for each SFr bank.

To quantify variation in lizard diversity throughout the study 
area, we used Bayesian model averaging (BMA) to test whether spe-
cies richness, phylogenetic and functional structure (NRI and NFRI, 
respectively) of assemblages to the north and south of the SFr can be 
predicted by tree cover, stream density, HAND, precipitation, tem-
perature, humidity and distance to SFr or streams. We verified the 
relative importance of each predictor variable over the total model 
using BMA (Raftery et al., 1997). We selected the best model by com-
bining the two predictors with the higher posterior probability distri-
bution (HPD), and performed Bayesian Pearson correlation analyses 
(BPC) to estimate the probabilities of correlation of the two best abi-
otic predictors with species richness, NRI and NFRI. We performed 
BMA using the ‘BMS’ R- package (Zeugner & Feldkircher, 2015) and 
BPC using the ‘BayesianFirstAid’ R- package (https://github.com/
rasmu sab/bayes ian_first_aid). Additionally, to assess whether phy-
logenetically closest species are ecologically more similar, we per-
formed a BPC with cophenetic correlation between lizard functional 
traits and phylogenetic distances among the sampled sites.

2.9  |  Taxonomic, phylogenetic and 
functional turnover

To quantify the degree of taxonomic turnover along the environmen-
tal gradients measured, we performed Non- Metric Multidimensional 
Scaling (NMDS) in the ‘vegan’ R- package (Oksanen et al., 2018), 

separately by river bank. We used NMDS because this method re-
turned relatively little loss of information due to reduced dimension-
ality, which was demonstrated by relatively high linear correlation 
levels (63.5% in the north; 74.9% in the south) between the dis-
similarities observed and generated by the NMDS, and low levels of 
global Stress (0.32; 0.25). We configured the NMDS models with the 
Jaccard dissimilarity index, one dimension and a maximum of 1000 
repositioning attempts to reduce Stress.

To estimate phylogenetic turnover, we used the phylosor function 
of the ‘picante’ R- package (Kembel et al., 2010) to calculate phyloge-
netic distances among paired localities. We reduced the dimension-
ality of the dissimilarity matrix using Principal Coordinate Analysis 
(PCoA). This method was appropriate because PCoA has the advan-
tage of being directly applied to the dissimilarity matrix and does not 
depend on the index used to estimate paired dissimilarities.

To quantify functional differences among paired sites, we ap-
plied the betaUniqueness function of the ‘adiv’ R- package (Pavoine, 
2020, 2021) on the Gower distance matrix. Through this approach, 
functional betaUniqueness (β- Uni) is given by the fraction of differ-
ences in species traits that is associated with functional differences 
between paired plots.

We used BMA and BPC to test whether there is taxonomic 
(NMDS), phylogenetic (PCoA) and functional (β- Uni) turnover along 
eight environmental gradients in the semi- arid Caatinga. The NMDS, 
PCoA and β- Uni reduce the dimensionalities of the data to an axis, 
giving scores to each assemblage. We used BMA to identify the two 
abiotic predictors with the highest probabilities to explain the vari-
ance in those scores. Then, we used BPC to estimate the probabili-
ties of correlation between the two best abiotic predictors and the 
NMDS, PCoA and β- Uni scores in assemblages north and south of 
the SFr.

To test the influence of the measured environmental gradients 
on the lizard diversity estimates across the banks of the SFr (regional 
scale), we used generalized mixed linear models (GLMMs) imple-
mented in the ‘lme4’ R- package (Bates et al., 2015). We built models 
with taxonomic, phylogenetic or functional scores of diversity esti-
mates as response variable, all uncorrelated environmental gradients 
as fixed- effect predictors, and the SFr bank as a random factor. This 
approach was efficient in accounting for ecological differences be-
tween the SFr banks in the inferential models while saving degrees 
of freedom, since the dataset was not split between river banks. We 
sequentially removed predictor variables and retained the most par-
simonious models based on the lowest Akaine information criterion 
(AIC). The final models were well fitted to the Gaussian family, as we 
show with diagnostic graphs (Figure S3). We evaluated the variance 
explained by the models based on R2- values obtained by the ‘rsq’ 
R- package (Zhang, 2021).

To disentangle the effects of environmental gradients on lizard di-
versity from geographical distance effects on a regional scale (across SFr 
banks), we applied spatial autocorrelation tests on the residuals derived 
from the GLMMs used to model diversity estimates. We used a Moran's 
test with seven classes of geographical distance for local spatial auto-
correlation implemented in the ‘pgirmess’ R- package (Giraudoux, 2021). 

https://github.com/rasmusab/bayesian_first_aid
https://github.com/rasmusab/bayesian_first_aid
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On a local scale, we follow the same procedure, except that the resid-
uals were obtained from Bayesian linear models with Zellner's g (ZLM) 
in the ‘BMS’ R- package applied on the models whose best predictors 
(identified by the BMA) showed diversity turnover.

3  |  RESULTS

3.1  |  Species richness and composition

We found an average of 13 lizard species per sampled site, ranging 
from 6 to 22 in the north, and 7 to 22 in the south. The richest fami-
lies were Gymnophthalmidae (17 spp.), Tropiduridae (11 spp.) and 
Teiidae (6 spp.). The most frequent species in the 63 sampled loca-
tions were the tropidurids Tropidurus hispidus (96.8%) and Tropidurus 
semitaeniatus (82.5%), the teiids Ameivula pyrrhogularis (95.2%) and 
Ameiva ameiva (77.8%), and the phyllodactylids Phyllopezus pollicaris 
(85.7%) and Gymnodactylus geckoides (80.9%).

3.2  |  Riverine barrier effects

The DAPC model returned two distinct clusters, which were composed 
of lizard assemblages north and south of SFr. This finding suggests 
compositional turnover between the SFr banks, which was supported 
by a 100% probability that bank- restricted species were correctly al-
located to one of the SFr banks, and significant differences in DAPC 
scores between the SFr banks (ANOVA F1– 61 = 102.6, p < 0.0001). 
These results suggest that the SFr acts as a regional dispersal barrier 
for some of the species sampled, which is supported by the fact that 
33.3% (n = 17) of the species were restricted to the north, and 13.7% 
(n = 7) of the species were restricted to the south (Figure S4).

3.3  |  Assemblage structure metrics

On the north bank of the SFr, species richness was negatively af-
fected by temperature (BPC = −0.25) and distance from the SFr 
(BPC = −0.24). These findings suggest poorer diverse assem-
blages in more arid localities (Figure 1). At this river bank, we found 
negative NRI in 94% (N = 47 out of 50) of the sampled localities. 
Thus, there was a predominance of phylogenetic overdispersion 
(t = −8.59; p < 0.001), which was positively explained by stream 
density (BPC = 0.34) and tree cover (BPC = 0.15). We found nega-
tive NFRI in 39 localities (78%), with a predominance of functionally 
overdispersed assemblages (t = −5.01; p < 0.001). The functional 
structure was positively predicted by tree cover (BPC = 0.24) and 
HAND (BPC = 0.21) (Figure 1).

On the south bank of the SFr, species richness was positively 
affected by humidity (BPC = 0.35) and temperature (BPC = 0.23). 
These findings suggest that relatively low water and thermal 
stress favour more diverse assemblages (Figure 2). At this river 
bank, we found negative NRI in 92% (N = 12 out of 13) of the 

sampled localities with a predominance of phylogenetic overdis-
persion (t = −3.704; p = 0.003). The phylogenetic structure at the 
south bank was negatively affected by humidity (BPC = −0.70), 
and positively affected by stream density (BCP = 0.34). We found 
negative NFRI in nine localities (69%) with a predominance of 
functional overdispersion (t = −3.54; p = 0.004). The NFRI on 
the south bank was positively predicted by distance to the near-
est river (BPC = 0.68), and negatively by humidity (BPC = −0.16) 
(Figure 2).

Considering the complete dataset, there was phylogenetic signal 
in all functional traits analysed (Table S4), except for sexual dimor-
phism (88%). This suggests that there is a general tendency of closely 
related species to ecologically resemble each other. However, split-
ting the data by river bank revealed that the relationships between 
phylogenetic and functional distances differed north and south of 
the SFr (Figure 3). While the southern assemblages are composed 
of closely related functionally similar species, the northern assem-
blages contained closely related species with distinct functional 
traits.

3.4  |  Taxonomic, phylogenetic and functional turnover

The NMDS axis summarizing species composition of the north 
assemblages captured 63.4% of the original dissimilarities 
(Stress = 0.32). We found taxonomic turnover along a temperature 
gradient (BPC = −0.21) and distance in relation to the SFr gradi-
ent (BPC = −0.23). We found phylogenetic turnover along the tree 
cover gradient (BPC = 0.12), and functional turnover along the pre-
cipitation gradient (BPC = 0.22) and humidity gradient (BPC = 0.19).

For the south assemblages, NMDS captured 74.9% of variation in 
dissimilarities (Stress = 0.247). We found taxonomic turnover along 
the stream density gradient (BPC = −0.21) and distance to the near-
est river gradients (BPC = 0.27), phylogenetic turnover along the 
precipitation gradient (BPC = 0.16), and functional turnover along 
the precipitation gradient (BPC = −0.45) and stream density gradient 
(BPC = −0.43).

Although the variance explained by the riverbank as a random 
factor was low in most GLMMs (<0.001 in all cases), it was higher 
than the variances explained by the environmental gradients as 
fixed- effects predictors (Table 1). These findings suggest that at 
a regional scale, and controlling the model for the river bank as a 
grouping factor, river bank is a better predictor of lizard assemblages 
than environmental gradients (Table 1), which is consistent with the 
DAPC. The most parsimonious GLMM constructed with taxonomic 
beta- diversity as a response variable retained only annual tempera-
ture as a predictor. This model had low predictive power (R2 = 0.04) 
and did not reveal significant effects of annual temperature on 
the taxonomic beta- diversity (p = 0.09). Similarly, the GLMM con-
structed with phylogenetic (R2 = 0.02) and functional (R2 = 0.08) 
beta- diversity as a response variable had low predictive power and 
did not reveal any significant effect of tree cover or precipitation, 
respectively, the only predictors retained by the selection based on 
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F I G U R E  1  Left, results of Bayesian model averaging (BMA) showing cumulative probabilities of environmental predictors for species 
richness, phylogenetic structure (NRI) and functional structure (NFRI) of the caatinga lizard assemblages from the north of the SFr. Each 
predictor variable is scaled by its posterior model probabilities. Blue corresponds to positive and orange to a negative relationship between 
environmental predictors and these components of species diversity. White corresponds to non- inclusion of posterior model probabilities. 
Right, results of Bayesian Pearson correlations, with dark blue indicating 50% higher posterior probability distribution (HPD) and light 
blue indicating 95% of the HPD. BPC, Bayesian Pearson correlation; HAND, height above nearest drainage; HUMID, mean annual relative 
humidity; PREC, annual precipitation; SFr, distance to the São Francisco River; STR.DENS, stream density; STR.DIST, distance to the nearest 
stream; TEMP, mean annual temperature; TREE, tree cover
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F I G U R E  2  Left, results of Bayesian model averaging (BMA) showing cumulative probabilities of environmental predictors for species 
richness, phylogenetic structure (NRI) and functional structure (NFRI) of the caatinga lizard assemblages from the south of the São Francisco 
River. Each predictor variable is scaled by their posterior model probabilities. Blue corresponds to positive and orange to a negative 
relationship between environmental predictors and these components of species diversity. White corresponds to non- inclusion of posterior 
model probabilities. Right, results of Bayesian Pearson correlations, with dark blue indicating 50% higher posterior probability distribution 
(HPD) and light blue indicating 95% HPD. See Figure 1 for more details



    |  1029GONÇALVES- SOUSA Et AL.

AIC. Overall, these findings showed that although the distributions 
of multiple species, traits and shared phylogenies were random in re-
lation to the environmental gradients measured on a regional scale. 
On a local scale, we found no spatial autocorrelation in taxonomic, 
phylogenetic or functional diversity estimates, for both river banks.

4  |  DISCUSSION

Lizard assemblages in the Brazilian semi- arid region were structured 
by different factors at two spatial scales. At the regional scale, the 
SFr acts as an important biogeographical barrier and it is the main 
determinant of the divergence in the taxonomic and phylogenetic di-
versity of the assemblages between river banks. In our study, the SFr 
acted as a barrier to 47% of the lizard species sampled, supporting 

the hypothesis that the SFr is an effective barrier for lizards. The 
barrier effect on the SFr is more evident on sand dunes of each 
bank, promoting speciation of psammophilous species (Recoder & 
Rodrigues, 2020; Rodrigues, 1996). Several studies have corrobo-
rated the riverine barrier hypothesis for some species of amphib-
ians (Dias- Terceiro et al., 2015; Moraes et al., 2016), birds (Hayes 
& Sewlal, 2004; Oliveira et al., 2017) and primates (Aliaga- Samanez 
et al., 2020; Harcourt & Wood, 2012). However, the barrier effect 
seems to be more effective for organisms with low dispersal abil-
ity (Oliveira et al., 2017). At the local scale, lizard assemblages were 
spatially structured, where different portions of the environmental 
gradients showed distinct subsets of co- occurring species, func-
tional traits and phylogenetic histories. However, we cannot assume 
the same set of environmental gradients are strong predictors of 
assemblages on both river banks, which is consistent with frog as-
semblages from the very humid forests in Amazonia (Dias- Terceiro 
et al., 2015).

The lizard richness of Caatinga assemblages was highly depen-
dent on the levels of aridity north and south of the SFr. Under the 
comparatively drier and hotter climatic conditions in the region 
north of the SFr, sites with high temperatures and long distances 
from the SFr bank contained low diverse assemblages. On the other 
hand, the milder southern climate revealed portions of temperature 
and humidity gradients positively correlated to species richness. 
Local temperature is an especially important condition for lizards 
because it may affect physiological functions that are necessary for 
locomotion, growth and reproduction (Deutsch et al., 2008; Sinervo 
et al., 2010; Wang et al., 2016). Moreover, environmental tempera-
tures shape thermal physiology and influence species turnover in liz-
ards (Garcia- Porta et al., 2019; Present study). Tropical ectotherms 
are often less tolerant to warming temperatures because if their 
upper thermal limits are close to environmental temperatures, then 
they require relatively high energy investment in thermoregulation 
to avoid overheating (Huey et al., 2009, 2012; Simon et al., 2015). 
Consequently, it is possible that northern Caatinga lizards are reduc-
ing their foraging time to invest in active thermoregulation (e.g. trav-
elling across shaded shelters), or experiencing temperatures above 
the physiological optimum or close to the critical body temperature.

The Caatinga lizard assemblages are poorer in species richness 
(on average, 13 spp. per sample site; but see Pedrosa et al., 2014; 
Rodrigues, 1996) than those from deserts or forests (Prudente 

F I G U R E  3  Cophenetic correlation between phylogenetic 
and functional traits distances in lizard assemblages of caatinga. 
Percentage values refer to the probability of the BPC being 
negative (<0) or positive (>0). BPC, Bayesian Pearson correlation; 
HPD, higher posterior probability distribution

Response

Random

FixedVariance

River bank Residual Estimate SE p

Taxonomic
R2 = 0.04

0 0.130 ± 0.350 (Temperature)
−0.070

0.040 0.090

Phylogenetic
R2 = 0.02

0 0.008 ± 0.090 (Tree cover)
0.010

0.010 0.220

Functional
R2 = 0.08

<0.001 ± 0.016 0.004 ± 0.060 (Precipitation)
−0.011

0.008 0.151

TA B L E  1  Summarized results of mixed 
linear models used to test the effects of 
environmental gradients on estimates 
of lizard diversity. Only the coefficients 
obtained for the predictor variables 
retained by the selection of models based 
on AIC are shown. ±, standard deviation, 
SE, standard error
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et al., 2013; Rabosky et al., 2019). Such local lizard richness found 
in Caatinga assemblages is similar to the savannas of the Brazilian 
Cerrado (Nogueira et al., 2009), although the Cerrado region contains 
less arid habitats than the Caatinga (Werneck, 2011). Changes in cli-
matic conditions over time and space influence organisms at multiple 
levels (Erwin, 2009), and each region has a faunistic composition that 
evolved under the physical conditions of the environments therein. 
Species- poor assemblages in the non- forested areas of South 
America compared to arid savannas in other parts of the world pos-
sibly have resulted from the climate changes that have formed the 
South American dry and open diagonal, which are relatively recent 
(Oliveira et al., 1999; Prado & Gibbs, 1993). Finally, the formation of 
a desertification nuclei in the north of the SFr (Vieira et al., 2015), as-
sociated with the continuous degradation of Caatinga habitats (Silva 
& Barbosa, 2017), may lead to further loss of species or functional 
groups in lizard assemblages (Berriozabal- Islas et al., 2017).

The studied Caatinga lizard assemblages showed phylogenet-
ically and functionally structure patterns predominantly overdis-
persed, and we found phylogenetic signal in 88% of the analysed 
traits. Although we did not directly test the effects of competition, 
in the presence of phylogenetic signal, we can infer that there is in-
direct evidence that competition is the main assembly mechanism 
of Caatinga lizard assemblages and that high aridity to the north 
of the SFr has enhanced competition and caused species exclusion 
(Cavender- Bares et al., 2009; Webb et al., 2002). North of the SFr, 
overdispersed assemblages, presumably structured by competition, 
were more pronounced in localities covered by open vegetation and 
highly drained soils, as demonstrated by the negative effects of tree 
cover, HAND and stream density on the NRI and NFRI. Specifically, 
our data suggest that aridity conditions evolutionarily selected func-
tional traits adapted to water and thermal stress, and that function-
ally similar species were excluded through competition. The negative 
correlation between the functional and phylogenetic trees based on 
the species sampled in the north of the SFr suggests that the compet-
itive exclusion has mainly acted on phylogenetically closely related 
species. Alternatively, this pattern may be the result of phylogenetic 
differences already present during the community assembly. In both 
scenarios, the assemblage structure patterns based on taxonomy or 
functional traits seem to reflect evolutionary processes mediated by 
environmental filters that enhance competition.

South of the SFr, phylogenetic overdispersion was higher in 
more humid areas and with lower stream density, while functional 
overdispersion increased proportionally with increased humidity 
and proximity to streams. Herein, closely related lizards were more 
ecologically similar, and we found strong phylogenetic and func-
tional turnover along a rainfall gradient. Rainfall is temporally less 
condensed in the region south of the SFr and, therefore, there is 
less annual water deficit than in the north (Andrade et al., 2017; 
Velloso et al., 2002). More diverse and dispersed assemblages are 
expected in humid areas and close to rivers due to less fluctuation 
in prey availability throughout the year (McCluney & Sabo, 2009; 
McCluney et al., 2012; Pinheiro et al., 2002). On the other hand, low 

water availability may limit the number of species in an assemblage, 
especially those that are close related. In depauperate assemblages, 
lizards might expand some niche breadth dimension to use abundant 
and previously unused resources (Pianka, 2011; Pianka et al., 2017). 
Thus, we hypothesized that in the most arid areas of the Caatinga, 
which have low richness, lizards would expand their niche breadth 
to use the maximum available resources, which would increase the 
effect of competition due to the higher niche overlap between pairs 
of species using the same resources. This mechanism is conceptually 
similar to ecological release in island habitats (Mesquita et al., 2007; 
Teixeira et al., 2020).

We showed that different facets of lizard diversity in the 
Brazilian semi- arid Caatinga are structured by a historical and sev-
eral ecological factors at regional and local scales. Our results are 
widely relevant for conservation plans, because they revealed biotic 
levels of complementarity among different regions within Caatinga 
and provided data about the influence of aridity that may also impact 
other ectotherms with low dispersal abilities. On a regional scale, the 
SFr barrier effects structured lizard assemblages limiting distribu-
tion of almost half of the species sampled from the Caatinga to one 
of its banks. Thus, assemblages are highly complementary between 
the SFr banks, which suggests that they are biogeographically dis-
tinct. At the local scale, assemblages exhibited a general tendency 
towards phylogenetic and functional overdispersion. However, 
assemblages between the SFr banks responded differently to the 
different environmental gradients tested. In summary, we showed 
that the SFr is a biogeographical contact point between two distinct 
subsets of lizard assemblages, which differ mainly in their responses 
to aridity. Moreover, the taxonomic, phylogenetic and functional 
turnover showed that there is biotic complementarity even on a 
local scale, within each river bank. Overall, our results highlight the 
relevance of investigating communities under multiple spatial scales 
and dimensions of biodiversity. Future studies could directly test 
to what extent lizard assemblage responses to aridity are mediated 
by a combination of limited dispersal, physiological tolerance and 
competition.
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