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Abstract

As the area covered by human-modified environments grows, it is increasingly important to
understand the responses of communities to the novel habitats created, especially for sen-
sitive and threatened taxa. We aimed to improve understanding of the major evolutionary
and ecological processes that shape the assemblage of amphibian and reptile communi-
ties to forest modifications. To this end, we compiled a global data set of amphibian
and reptile surveys in natural, disturbed (burned, logged), and transformed (monocul-
tures, polyspecific plantations) forest communities to assess the richness, phylogenetic
diversity, and composition of those communities, as well as the morphological disparity
among taxa between natural and modified forest habitats. Forest transformations led to
a diversity reduction of 15.46% relative to the statistically nonsignificant effect of distur-
bances. Transformations also led to a community composition that was 39.4% dissimilar
to that on natural forests, compared with 16.1% difference in disturbances. Modifications
did not affect the morphological disparity of communities (p = 0.167 and 0.744), and
we found little evidence of taxon-specific responses to anthropic impacts. Monocultures
and polyspecific plantations detrimentally affected the conservation and ecological value
of both amphibian and reptile communities and altered the evolutionary processes shap-
ing these communities, whereas forests with lower impact disturbances might, to some
extent, serve as reservoirs of species. Although different mechanisms might buffer the col-
lapse of herpetological communities, preserving remaining natural forests is necessary for
conserving communities in the face of future anthropic pressures.
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Resumen

Con el aumento del área cubierta por entornos modificados por el humano, cada vez
es más importante entender las respuestas que tienen las comunidades a los nuevos
hábitats creados, especialmente en los taxones sensibles y amenazados. El objetivo
de este estudio es mejorar el conocimiento sobre los principales procesos evolutivos
y ecológicos que condicionan el ensamblado de las comunidades de anfibios y rep-
tiles ante las modificaciones forestales. Con este fin, compilamos un conjunto de
datos globales de los censos de anfibios y reptiles en las comunidades forestales nat-
urales, perturbadas (taladas, incendiadas) y transformadas (monocultivos, plantaciones
poliespecíficas) para valorar la riqueza, diversidad filogenética y composición de aque-
llas comunidades, así como la disparidad morfológica entre los taxones entre los
hábitats forestales naturales y modificados. Las transformaciones forestales llevaron
a una reducción de 15.46% de la diversidad en relación al efecto sin significan-
cia estadística de las perturbaciones. Las transformaciones también derivaron en una
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composición comunitaria que fue 39.4% diferente a la de los bosques naturales, en com-
paración con el 16.1% de diferencia en las perturbaciones. Las modificaciones no afectaron
la disparidad morfológica de las comunidades (p = 0.167 y 0.744) y no encontramos
suficiente evidencia de respuestas específicas por taxón a los impactos antrópicos. Los
monocultivos y las plantaciones poliespecíficas afectaron negativamente a la conservación
y al valor ecológico de las comunidades de anfibios y reptiles y alteraron los procesos evo-
lutivos que condicionan a estas comunidades, mientras que los bosques menos impactados
podrían, hasta cierto punto, actuar como reservorios de especies. Sin embargo, mientras
que diferentes mecanismos pueden amortiguar el colapso de las comunidades herpetológ-
icas, se requiere la conservación de los bosques naturales para preservar las comunidades
que se enfrentarán a presiones antrópicas.

PALABRAS CLAVE

conversión del suelo, incendios, hábitats antrópicos, silvicultura, tala
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INTRODUCTION

The area covered by human-made modifications to forests is
increasing globally, with a consequent rise in the number of
endangered species (Tilman et al., 2017). In general, human-
driven modifications reduce local species diversity and change
local community structures (Gibson et al., 2011). However,
the response of species to human modifications varies across
communities, types of modification, and taxonomic groups
(Etard et al., 2021; Gibson et al., 2011; Newbold et al., 2015).
Although some species disappear after forest modification,
others successfully colonize and even thrive in the new habi-
tat (Nowakowski et al., 2017; Thompson et al., 2016). Lack
of understanding of which clades are more likely to perish
or persist in different types of human-modified areas or of
how communities in disturbed areas are typically assembled
(e.g., Gardner et al., 2007) hampers the effective design and
implementation of conservation strategies.

Many anthropic landscapes are characterized by a simplified
resource structure and a general loss of ecological niches, where

colonizing or remaining taxa are often exposed to novel selec-
tive pressures (Tews et al., 2004). These characteristics can affect
the biotic and abiotic processes by which local communities
are assembled in human-modified environments, for exam-
ple, through impacts on competition, facilitation, predator–prey
interactions, dispersal, environmental filtering, and the interac-
tion of these factors (Cadotte & Tucker, 2017; Gerhold et al.,
2015). The response of communities to these altered biotic and
abiotic interactions are complex but are predicted to result in
the loss of biodiversity, differences in species composition and
abundances, alteration of intra- and interspecific interactions,
and changes in functional traits (Mouillot et al., 2013).

To fully understand the evolutionary and ecological drivers
of community responses to the anthropogenic disturbances of
forests, it is essential to explore the ways in which community
composition and structure are affected. The most obvious
means to do this is by measuring species richness and diversity
to provide estimates of taxonomic diversity and the abundance
of each species an ecosystem can support. Measures of phyloge-
netic diversity can be used to quantify the level of phylogenetic
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relatedness of species in a community. This information can
reveal a number of processes that operate at the community
level. For example, low phylogenetic diversity can reflect niche
conservatism or the tendency for closely related species to use
similar ecological resources and subsequently occupy similar
environments (Wiens & Graham, 2005). High phylogenetic
diversity might occur when closely related and ecologically sim-
ilar species are filtered from a community through competitive
exclusion.

In the context of anthropogenically modified habitats, habitat
modifications can result in the exclusion of species with par-
ticular morphological and functional traits (Todd et al., 2017).
Yet, closely related species might still be able to coexist in a
community following resource partitioning that reduces ecolog-
ical competition. Such niche differentiation can in turn prompt
evolutionary differentiation in functionally relevant morphol-
ogy (character displacement) (Stuart & Losos, 2013). These
outcomes on morphology can be captured through measures
of morphological disparity (Webb et al., 2002). Taken together,
assessing species diversity, phylogenetic diversity, and morpho-
logical disparity of a community can shed light on the complex
mechanisms and processes that shape the community following
habitat disturbance or transformation.

The extent, directionality, and type of community response to
habitat modification are all likely to depend on the nature and
intensity of the human modification and on the taxa affected.
We evaluated the impact of some of the major forms of for-
est modifications on natural communities. We were specifically
interested in exploring modifications that resulted in forest-like
systems, rather than the conversion of a forest into an environ-
ment vastly different in structure, such as urban areas or cleared
agricultural land. In this context, we considered 2 general phe-
nomena: disturbances to existing forests defined as those single
or repeated catastrophic events that affect communities, such as
logging or burning, and transformations of forests that reflect
a major and permanent change to the environment, such as the
replacement of natural forest with plantations.

We focused on amphibian and reptile communities due
to their sensitivity to changes in habitat (e.g., Sinervo et al.,
2010). Amphibians and reptiles are among the most threat-
ened vertebrate groups in the world (IUCN, 2020). This likely
reflects their increased vulnerability to land conversion because
of their limited dispersal ability and microhabitat specializa-
tion. Amphibians and reptiles differ in a range of ecological
traits, so different habitat modifications could affect amphibian
and reptile communities differently. For instance, amphibians
often show poor resistance to desiccation, have low thermal
tolerance, and are associated with shady areas, so any habitat
modification that leads to drier and hotter conditions is likely
to have strong detrimental effects and affect species distribu-
tion (e.g., Watling & Braga, 2015). In contrast, reptiles are more
heliothermic, so dry and hot conditions that are detrimental
to amphibians could create favorable thermoregulatory con-
ditions for many reptiles. Modification that leads to a closed
canopy, which curtails basking and thermoregulation, would
have negative consequences for lizard and snake communities.

Given these ecological differences, we focused on these two
animal groups in our exploration of the similarities and differ-
ences in their responses to a variety of human-induced forest
disturbances and transformations.

To learn about the evolutionary processes driving commu-
nity composition in modified forests, we examined impacts of
forest modification on species and phylogenetic diversity, com-
munity composition, and body size disparity. Body size can be
easily and consistently measured for most species (Etard et al.,
2020) and reflects a collective outcome of a host of ecologi-
cally relevant factors (e.g., diet, physiology, dispersal ability) (Roy
et al., 2002; Tingley et al., 2010; White et al., 2007). In par-
ticular, changes in body size disparity within communities are
expected to reflect the effects of environmental characteristics
on many functional processes (e.g., Etienne & Olff, 2004) and
on the evolutionary processes that have shaped the community
in the modified habitat. To explore the effects of different for-
est modifications on herpetological communities, we compiled
a global data set of published amphibian and reptile surveys
across major disturbances (logged or burned) and modifications
(agricultural monocultures and polyspecific cultures) of forested
areas and compared the communities in modified forests with
communities in nearby natural forest. We also evaluated the time
elapsed since the last disturbance event as a means of testing the
temporal recovery of resident communities.

We examined several hypotheses. First, forest transforma-
tions lead to decreased species and phylogenetic diversity
compared with natural forests, whereas disturbances lead to
either diversity increases or diversity decreases because many
species (especially reptiles associated with open canopies) rely
on such disturbances to create habitat (Viljur et al., 2022).
Second, communities in transformed forests differ more from
natural forests than communities in disturbed forests. In dis-
turbed forests, communities become more diverse and more
similar to the natural habitat as time since disturbance increases.
Third, body size disparity differs between natural forests and
modified habitats and is higher or lower depending on the type
of species that remain in the community after modification.
Fourth, anurans and reptiles react differently to forest distur-
bance and transformation. In general, anurans are most affected
by disturbances that create drier and hotter conditions, whereas
lizards and snakes are adversely affected by transformations that
create closed and dark microclimatic conditions.

The effects of human-made habitat modifications on spe-
cific community variables (e.g., species richness—Cordier et al.,
2021) and taxonomic groups (e.g., reptiles only—Doherty
et al., 2020) have been explored, but to our knowledge, we
are the first to examine the ecological and evolutionary pro-
cesses that shape both amphibian and reptile communities
affected by different types of forest modification (based on
the combination of species and phylogenetic diversity and
morphological disparity). Our broad goal was to improve under-
standing of how human-induced modification of forests affects
the ecological and evolutionary distinctiveness of taxonomic
communities that are especially vulnerable to environmental
change.
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METHODS

Data collection

To evaluate how the modification of forests affects amphib-
ian and reptile communities, we compiled information on
species presence and absence and abundance when present in
monospecific and polyspecific plantations and in forest patches
that have been logged or burned. In all cases, data were com-
pared with amphibian and reptile surveys conducted in nearby
natural forest in the same study as a surrogate for probable pre-
disturbance community composition. Our aim was to explore
the effects of modifications to forests that after modification
still resembled a forest (e.g., with shrubs and trees). Therefore,
we did not explore other human-made transformations that lead
to more profound changes in habitat characteristics, such as
urban areas or agriculture lands.

We searched Google Scholar and the Web of Science with a
combination of the following terms: (herpet*, amphibian, reptile,
lizard, frog, snake) AND (monoculture, plantation, anthropic forest) OR
(manage*, fire, burn*, logging). We supplemented this search with
checks of cited literature in recent papers to add articles that
might have been missed. We included any study that met the
following criteria.

Included studies had to have surveyed amphibian or reptile
or both communities in natural forests and any combination
of monoculture or polyspecific plantations or burned or logged
patches.

We relied on author descriptions to assign sites to habitat
types: natural forests, monocultures, polyspecific plantations, or
disturbed natural forests (burned or logged). Natural forests
were largely undisturbed forest areas near or adjacent to the
transformed or disturbed areas or were the same land-cover
type prior to disturbance. Most studies we included used these
forests as explicit controls. We considered forests to be any area
composed of trees, but the openness of the forest could dif-
fer (from closed-canopy tropical forests to more open mallee
forests). Monospecific plantations had a single tree or shrub
species and consequently had very simplified structural envi-
ronments. In many cases, the tree or shrub species planted
were not native to the region. Polyspecific plantations had ≥2
tree or shrub species and consequently were structurally more
complex than monocultures. Disturbed natural forests were
forest patches exposed to fires, thinning, or logging activities.
Although fires are a natural disturbance in some regions, inten-
sive fires are likely to increase in the coming years due to climate
change (e.g., Jolly et al., 2015), so understanding how communi-
ties respond to fire is important in predicting how species will
be affected. Most of the areas in this category had been burned
or logged within the last 30 years (2 exceptions: Ofori-Boateng
et al., 2013, one sampling site logged 33 years ago, and Mitchell
et al. [1997], 1 sampling site logged 90 years ago). We recorded
time since disturbance. We were specifically interested in logging
and fire disturbances in forests, so we did not include studies
of clearing for livestock farming or secondary forests that had
been subject to other disturbances, such as cattle grazing. We
only included studies in which taxa were clearly identified to

species level. The raw data used in the manuscript have been
uploaded to DRYAD (https://datadryad.org/stash/share/
po6fxcOmSYQLUaOk0eTlSvoEFQ9x-UkJ4kMX3d26S54).

Most studies sampled several patches of the same type of
forest but presented data as a single estimate of species presence
or absence and abundances for each forest type. To retain con-
sistency with those studies, the few cases where the data were
given separately for each site surveyed were similarly pooled
to obtain a single estimate of the community for that given
habitat type, and subsequent statistical analyses were based
on within-study comparisons. In the case of monospecific
plantations, when a study surveyed areas composed of different
species (e.g., eucalypt and pine monocultures), we considered
these surveys of separated communities and treated them as
such in the statistical analyses. Because our aim was to compare
the entirety of an amphibian or reptile community, when a
study sampled a location in more than one season (e.g., dry and
wet seasons), we combined the survey outcomes. In the only
case (e.g., Beirne et al., 2013), where the results for different
sampling methods was provided (e.g., pitfall vs. acoustic detec-
tion), we used data from the method that detected more species
in the less species-rich area. We considered this a conservative
approach because it favors estimates of greater diversity in
the more depauperate area, resulting in higher similarity in
estimates between forest types.

Body size data were based on the maximum adult body size
estimate for a species reported by AmphibiaWeb (2019), Meiri
(2008, 2018), and Oliveira et al. (2017). Body size for amphib-
ians and reptiles that are not snakes was recorded as snout–vent
length. In snakes, it was recorded as total length. We excluded
data on urodeles, caecilians, and turtles and studies focused
exclusively on salamanders because of low representation (e.g.,
most cases <2 species), which hampered calculation of body
size disparity for some communities. Body size was not avail-
able for all species (53 amphibian and 1 lizard species), so we did
not include these species in the analyses for body size disparity.
We used snakes and lizards as categories, rather than focusing
on functional categorization (e.g., pooling snakes with legless
lizards), because snakes and lizards differ in important aspects
of their biology and to ensure that all the categories used cov-
ered all possible microhabitats (i.e., from fossorial to arboreal).

Because the effect of human modifications on species com-
munities and the time of recovery after disturbance can vary
depending on climatic region (Newbold et al., 2020), we noted
the biome of each study site (based on the 14 categories of
Olson et al. [2001]). We simplified the original classification
to four broad categories based on the ecoregions covered by
our collection of studies: tropical forests, temperate forests,
Mediterranean forest and shrubland, and savanna.

Statistical analyses

All statistical analyses were conducted using R 3.5.1 (R
Development Core Team).

To explore how forest disturbances and modifications shape
amphibian and reptile responses, we computed for each
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community: species diversity (calculated as Simpson diversity
index), phylogenetic diversity (PD), body size disparity, coeffi-
cient of variation in body size, and Jaccard and Simpson indices
as proxies for compositional similarity and species turnover.
Diversity and body size indices were calculated for each tax-
onomic group and each of the included modified and natural
locations. Community similarity and dissimilarity indices (Jac-
card and Simpson) were calculated for each taxonomic group
in each of the modified forests and compared with the cor-
responding natural habitat from the same study. To control
for differences in sampling method and effort between studies,
study identity was added as a random effect in all models (see
below) (details on calculations of each score in Appendix S1).

Effects of habitat transformation and
disturbance on communities

We used lmerTest and lme4 to implement separate random-
effects linear mixed models for each score of diversity, body
size disparity, and community similarity or turnover to explore
whether forest modifications affected these variables. Our
models tested whether the response to each type of habitat
modification varied among anurans, lizards, and snake commu-
nities; whether the response to each type of habitat modification
varied among biomes; and when the taxa and the biome did
not moderate community responses, whether there was a gen-
eral effect of habitat type on community scores independent
of taxa and biome. We used the same basic structure of pre-
dictors and followed the same choice of model selection for
each score. First, we ran a full model that included interac-
tion terms between the type of habitat (natural, disturbance,
or transformation) and taxa (lizards, snakes, and anurans) and
the type of habitat and biome (temperate, tropical, savanna,
Mediterranean). Study identity was included as a random effect
to account for variation in the data that arose due to stud-
ies differing in sampling methods or effort. When interactions
were not statistically significant, we reapplied a reduced model
without the interactions to provide a better parameterization of
the main effects as a means of exploring the general effects of
habitat type on the community scores (Appendix S2). We also
compared the level of support for the reduced versus full (with
interactions) models based on a second-order correction of the
Akaike information criterion (AICc). The model computed as
having the lower value was interpreted as better supported. In
all cases, where interaction terms were not statistically signifi-
cant, the reduced model was consistently the better supported
model.

To further explore the effects of modification type, we
examined individual effects of the five separated habitat cate-
gories (natural, monoculture, polyspecific plantation, logged or
burned) in instances where the main effect of forest type (i.e.,
in the reduced model) was statistically distinguishable from zero
(see Appendix S2 for the representation of the steps followed
during analysis). Due to the low representation of snakes in
polyspecific and monoculture plantations, models considering
each of the 5 habitats were repeated with and without snakes to
check for any potential bias.

Slight modifications to the general model structure were
made in the case of size disparity and phylogenetic diver-
sity. When size disparity was the response variable, we also
included phylogenetic diversity as predictor, given that phyloge-
netically diverse communities may exhibit higher size disparity.
Because PD is often correlated with species richness, we
included log10-transformed community species richness as an
offset term to assess whether the type of habitat affects the
community phylogenetic diversity per species. This offset term
therefore corrects our response variable to show whether a
community had higher or lower PD per species and led to
results identical to dividing PD by number of species in a
community.

Effects of time since disturbance on
communities

In the case of logging and fires, we also hypothesized that the
time elapsed since the last disturbance event affects commu-
nities and that their recovery capacity varies between taxa and
biomes (e.g., Viljur et al., 2022). To explore this idea, for each
community score we implemented a full model that included
the interactions between the log10-transformed time since the
last disturbance event (in years) and taxa and between time
and biome. To include natural forests in these analyses, we
arbitrarily set these areas with an age of 100 years (unless oth-
erwise specified in the original study). Again, study identity was
added as a random effect to control for potential differences in
study methodology and survey effort. We performed a global
analysis without separating the type of disturbance to explore
the generality of recovery time on community composition.
When interactions were not statistically significant, we reran
the reduced models without interactions to explore the general
effect of time on community responses.

For all models, we transformed our data by using either log10
(in the case of βsim, PD) or the function PowerTransform (in
the case of Simpson diversity, Jaccard, size disparity, and coeffi-
cient of variation of size) to increase the model fit and to better
meet the assumptions of normality and heteroscedasticity of the
residuals. When outliers were observed in plots, we repeated
the models with these removed. Results excluding outliers were
qualitatively unchanged, therefore we report results including all
data points. We tested the statistical effect of model terms with
the Anova function of the car package and the summary func-
tion in lme4. We reported the estimates of the Anova for general
patterns (e.g., general effect of habitat type) and for models
including interactions and used the estimates of the summary
for specific comparisons within the main effect models (e.g.,
burned vs. natural forest comparison).

RESULTS

Our data set consisted of 460 communities that contained
309 lizard, 149 snake, and 599 amphibian species (Figure 1;
Appendix S5). We focused analyses on communities with ≥2
species per taxonomic group (430 communities).
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(a)

(d)

(b) (c)

FIGURE 1 In surveys of 460 amphibian and reptilian communities, the (a) number of species surveyed by broad taxonomic groups, (b) forest types surveyed,
(c) number of species surveyed, and (d) geographic location of forests (n = 76) in surveyed biomes

Effects of habitat transformation and
disturbance on communities

We did not find any significant interaction between forest modi-
fication and taxa or biome for any of the variables examined (all
p > 0.05) (summary of results in Appendix S4). Refitting mod-
els without interaction terms showed that transformed forests
had lower species diversity (transformation vs. natural compar-
ison: estimate [SE] = −0.098 [0.018], t = −5.376, p < 0.001)
(Figure 2a) than natural and disturbed forests, but this was
not the case for phylogenetic diversity per species (p = 0.458)
(Figure 2b). When we explored the effects of each type of forest
modification further, both polyspecific plantations and mono-
cultures had lower species diversity than natural forests as did
burned and logged forests (both with and without snakes) (all
p < 0.038) (Figure 2a).

The difference in community composition between trans-
formed and natural forests was greater than that between
disturbed and natural forests (transformation vs. disturbance
comparison: Jaccard index, estimate [SE] = −0.135 [0.0512],
t = −2.641, p = 0.01; βsim, estimate = 0.453 [0.157], t = 2.876,
p = 0.005) (Figure 3a,b). Communities were more dissimilar
(βsim) from natural forests in monocultures than in logged
forests (estimate = 0.554 [0.175], t = 3.171, p = 0.002) (simi-
lar result without snakes), but none of the other comparisons
could be statistically distinguished from zero effect. In addi-
tion, we found a significant main effect for taxonomic group
(χ2

= 27.521, df = 2, p < 0.001). Snake communities in modi-
fied habitats were, in general, more dissimilar to communities
in natural forest than anurans (p < 0.001), and lizards were

more similar to communities in natural forest than those of
anurans (p = 0.028). With the Jaccard index, communities were
more dissimilar from natural forests in both monocultures (esti-
mate = −0.139 [0.059], t = −2.67, p = 0.021) and polyspecific
plantations (estimate = −0.157 [0.065], t = −2.406, p = 0.019)
than in logged forests, but not than in burned forests (both
p > 0.076) (Figure 3a). Models without snakes also showed
that monocultures (p = 0.004), but not polyspecific planta-
tions (p = 0.689), differed in dissimilarity from logged forests.
We considered this last result in our interpretation of findings
because it is more conservative. We found a general response of
taxonomic group (χ2

= 43.666, df= 2, p< 0.001) in which snake
communities in modified habitats were more dissimilar to those
in natural forests than both anuran and lizard communities
(both p < 0.001).

The type of forest modification had no effect on body size
disparity (χ2

= 3.577, df= 2, p= 0.167) (Figure 4) or coefficient
of variation of body size (χ2

= 0.593, df = 2, p = 0.744).

Effects of the time since disturbance on
communities

We found a statistically significant interaction between the time
elapsed since disturbance and the type of biome occupied
by communities for the Jaccard index (χ2

= 5.963, df = 1,
p= 0.014) (Figure 5a). Specifically, disturbed forest communites
in the tropics progressively increased in similarity to a predis-
turbed state over time, whereas temperate forests tended to
decrease even further in similarity from a predisturbed state with
time (although the slope was not significant). We also found
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(a) (b)

FIGURE 2 Effect of forest transformation (monoculture vs. polyspecific plantations) and disturbance (logged vs. burned) on (a) species diversity (Simpson
index) and (b) phylogenetic diversity (values below dotted line, diversities lower in modified habitats than in natural forest; green, anurans; blue, lizards; orange,
snakes; arrow, directionality of significant statistical effect). In panel (a), the 5 habitat types are shown separately because species diversity in transformations was
statistically different from that in natural forests, whereas in panel (b) the 5 habitats are combined in broad types of modifications because none significantly affected
phylogenetic diversity relative to that computed for natural forests.

(a) (b)

FIGURE 3 Effect of forest transformation (monoculture vs. polyspecific plantations) and disturbance (logged vs. burned) on community composition (a)
Jaccard index and (b) Simpson index (green, anurans; blue, lizards; orange, snakes; arrow, directionality of significant statistical effects; reference condition, natural
forest). Results are from a model with the 4 categories of modification (monoculture, polyspecific plantation, burned, and logged) separated because the different
disturbances and transformations had statistically significant effects on both measures of community composition.

 15231739, 2023, 1, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/cobi.13998 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [29/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 12 IGLESIAS-CARRASCO ET AL.

FIGURE 4 Effect of forest modification on body size of anurans (green),
lizards (blue), and snakes (orange) in 3 habitat types (natural forests,
transformations, and disturbances). Habitats are combined because separate
categories of disturbance and transformation did not have statistically
significant effects on community body size disparity.

a statistically significant interaction bewteen time and taxa for
the score of βsim (χ2

= 6.889, df = 2, p = 0.032) (Figure 5b).
That is, snake communities showed generally greater dissimilar-
ities in disturbed patches than anurans and lizards (Figure 3b),
but snakes had a strong recovery capacity and became similar
to predisturbed natural forests over time. In contrast, anurans
and lizards were in general less affected by the disturbance of
the habitat and both groups remained at largely constant sim-
ilarity levels over time. Interaction between time and taxa and
time and biome and the main effect of time alone in the simpli-
fied models had no statistical effect on species or phylogenetic
diversity per species or any measure of community size disparity
(all p > 0.199) (Appendix S3).

DISCUSSION

Our synthesis of global amphibian and reptile surveys showed
that forest modifications resulted in a considerable loss of
species diversity and other important changes in commu-
nity composition. The response of ecological communities to
human-induced modifications of forested habitats depended,
however, on the extent of the modification, and logging and
burning disturbances seemed to have higher conservation value
than transformations resulting in plantations. This finding is in
accordance with previous studies that show disturbed forests
can sustain similar species richness to natural forests (Gibson
et al., 2011; Putz et al., 2012). In contrast, we found transfor-

mation of forests into plantations not only reduced diversity,
but also resulted in a high degree of community changes and
species turnover (captured by βsim). This is generally consistent
with results of other studies that show different types of habitat
modification often purge specialist species and encourage sub-
sequent colonization by generalists (Evans et al., 2011; Newbold
et al., 2018; Santos et al., 2014). More broadly, our results sug-
gest that regenerating disturbed forests might, in some cases,
partially mitigate the loss of natural forests, whereas the trans-
formation of areas into plantations produces long-term and
detrimental effects.

The observed loss of diversity and the changes in commu-
nity composition in forests transformed into plantations could
be the result of a variety of changes in the forests. For example,
plantations can lead to the structural simplification of the envi-
ronment, the results of which are contraction of available niches,
altered microclimate (e.g., more ground shade), and changes in
the chemical environment due to the release of exotic leachates
(Iglesias-Carrasco, Wong, et al., 2022). All these alterations can
affect amphibian and lizard behavior and physiology (Iglesias-
Carrasco, Cabido, et al., 2022) and lead to losses in species and
functional diversity (Tews et al., 2004), which might in turn
cascade into effects that prompt the ultimate collapse of the
community (Dakos & Bascompte, 2014; Dunne & Williams,
2009).

Our results showed that despite diversity loss, modified
forests were not linked to the loss of particular groups with spe-
cific body sizes, but instead maintained similar size disparities
to those found in natural forests. One possibility is that certain
species were initially lost following habitat simplification but
then these were ultimately replaced by other colonizing species
of comparable body size, although these invading species would
presumably differ in other key life-history traits and niche
exploitation suited to living in plantations (Todd et al., 2017).
This might be the case for snake communities, which showed a
strong turnover in the species composition in modified habitats
(based on βsim), but did not differ in their body size dispar-
ity. Alternatively, or in addition, communities in natural forests
might support many ecologically and functionally redundant
species that buffer these communities against the impacts of
habitat simplification (Laliberté et al., 2010), allowing the main-
tenance of similar variation in morphological traits. If this is the
case, our findings imply that communities subject to severe dis-
ruptions might avoid collapse because of a high degree of body
size-related functional redundancy in community composition
in the original habitat.

We found no differences in body size disparity and phyloge-
netic diversity per species between natural and modified forests.
This suggests that there were no strong effects of body size and
phylogenetic relatedness on the ability of species to colonize
these modified habitats. Our findings contrast with previous
studies showing that the phylogenetic history of species can
affect colonization success of modified habitats, manifesting in
the loss of whole evolutionary distinct clades in such environ-
ments (Greenberg et al., 2018; Nowakowski et al., 2018). The
fact that body size disparity did not show any pattern refutes the
potential of ecological sorting based on competitive exclusion
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(a) (b)

FIGURE 5 Effect of time since last disturbance on community composition (a) in tropical and temperate forests (as reflected in Jaccard similarity index) and
(b) for each taxonomic group (based on Simpson dissimilarity index) (lines, direction of the effect)

of morphologically similar species, or evolutionary character
displacement, as the main evolutionary processes shaping com-
munities in modified forests. This is because ecological sorting
is likely to result in communities of species with higher phy-
logenetic and size disparity than expected by chance, whereas
character displacement would result in communities having
lower phylogenetic but higher size disparity than a random
assemblage. Our results also indicated that the loss of species in
transformed forests was not associated with environmental fil-
ters on body size, which is consistent with some previous studies
(Doherty et al., 2020; Nowakowski et al., 2017), but contrasts
with others that show size-specific species losses associated with
human-modified habitats (Iglesias-Carrasco et al., 2019; Nichols
et al., 2007).

It is generally expected that communities in disturbed areas
will recover with time. A disturbance event, such as a bushfire
or logging, can induce important alterations in habitat structure
(Bowman et al., 2009; Hu et al., 2013), such as the simpli-
fication of the canopy, which often leads to the creation of
open environments with increased solar radiation and shrub
growth. This new environment might benefit animals adapted
to such conditions (e.g., Santos & Poquet, 2010) and displace
forest-dependent species. However, over time, succession often
ends in a structurally similar environment to that before the
disturbance, and as their habitat requirements are met, animal
communities are expected to return in response to changes in
vegetation.

Although some studies show support for the recovery capac-
ity of communities (Dunn, 2004; Thompson & Donnelly, 2018),
others do not (Cordier et al., 2021; Georgiev et al., 2020).
Our results were mixed. We found evidence for the recovery
capacity of communities for only some of the indices. Some
communities in disturbed habitats began to resemble natu-
ral communities over time, and this recovery capacity seemed
stronger in the tropics than for temperate forests (based on
Jaccard results). We interpret this result with caution due to

the small number of tropical locations with recent disturbances
(Figure 5a), but it suggests that in tropical locations any dis-
turbance of the forest has considerable short-term effects on
community composition. Such change in community composi-
tion might be the consequence of tropical forests being rapidly
colonized by disturbance-tolerant or terrestrial species immedi-
ately following a disturbance event, which are then pushed out
in later stages as old-growth forest specialists or arboreal species
return with the progressive recovery of canopy height. In con-
trast, species in temperate forests are likely to historically occupy
a simpler forest structure with a long history of human man-
agement, so disturbances might impose less pressure on these
communities than in tropical biomes. Nevertheless, there was a
general lack of any change over time for most of the variables
examined. One potential explanation is that amphibian and rep-
tile communities seem to be quite resilient to forest disturbances
(e.g., similar PD or size disparity in disturbed and natural forests)
and to not require recovery of the community to its original
state. Alternatively, it is possible that for some of the measured
indices the time elapsed was not adequate to detect community
recovery. Most included studies surveyed communities relatively
soon after the disturbance (e.g., <5 years). Some communities
recover only after many decades (e.g., up to 100 years in some
habitats [Nimmo et al., 2012]). In other communities, species
richness remains similar in disturbed and undisturbed habitats
for some years after disturbance; changes in species richness are
detected only later (Viljur et al., 2022).

Anuran, lizard, and snake community composition
responded differently to habitat modifications. In general,
snake communities in modified habitats were more dissimilar
from natural forests than anurans and lizards. This suggests that
snakes experienced a higher turnover of species when natural
forests were disturbed or replaced with plantations. However,
we also found that snake communities had a strong recovery
capacity and that species composition and abundances progres-
sively became similar to those of the original natural forest.
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The high turnover of snakes might be the result of specialist
top-predator carnivore species abandoning the transformed
forests (Todd et al., 2017) as species from lower trophic posi-
tions colonize the novel habitat. This would be consistent with
studies showing that carnivore species are often more strongly
affected by anthropic habitats than species from other feeding
guilds (Keinath et al., 2017). However, we cannot discard the
possibility that the high turnover detected reflects the difficulty
of detecting snakes in the wild and the consequent potential
randomness in the species and abundances detected during the
samplings.

Our results also show that lizards seem to be more resilient
to habitat disturbances than anurans (based on βsim), which
might reflect a higher tolerance of lizard species to the potential
drier conditions created after disturbance. Beyond that, amphib-
ians and reptiles seemed to respond in a similar way to habitat
modifications; we did not find any other moderating effect of
taxonomic group. It might be expected that amphibians are
the more likely group to exhibit detrimental effects after for-
est disturbances because of the often-drastic reduction in water
sources for breeding in human-affected environments (Koralay
& Kara, 2018). Amphibians generally have poor resistance to
desiccation and low thermal tolerance that would presumably
result in amphibians being less likely to remain in, or colonize,
the often drier and hotter environment created by habitat dis-
turbances (Bowman et al., 2009; Gardner et al., 2007; Hu et al.,
2013). In contrast, reptiles might be expected to respond more
strongly to the replacement of natural forests by plantations,
which are often characterized by closed canopies and increased
shade that impedes thermoregulation. Yet based on the com-
munity indices we measured, it seems amphibians and reptiles
respond in a similar way to the altered conditions in modified
forests (e.g., changes in shade availability, leaf litter characteris-
tics, and presence of coarse woody debris and simplified forest
structure) and that severe habitat transformations will pose an
acute challenge for both amphibian and reptile conservation in
an increasingly altered world.

As the area covered by human-modified forests continues
to increase around the world, it is critical to understand how
communities respond to this—often drastic—environmental
change. We found that anthropic modifications to forests can
threaten herpetological communities and that some specific
modifications, such as the transformation of natural forests
to plantations, are more detrimental than disturbances from
burning and especially logging. However, our results in com-
bination with those of other studies (Dunn, 2004; Thompson
& Donnelly, 2018) suggest that the community dynamics of
disturbed forests are complex, which might explain the discrep-
ancies between various other studies on the recovery capacity
of ecological communities during succession. Such conflicting
results could reflect differences between studies, including the
taxa and variables studied or the biotic and abiotic factors of
the environments investigated, such as temperature, humidity,
forest structure, competition, and predator–prey interactions
(e.g., Díaz-García et al., 2020; Herrera-Montes & Brokaw, 2010).
However, by identifying how communities respond to land
modification at a broad, global level (as we have done here),

one can begin to identify the evolutionary and ecological pro-
cesses that shape such communities. By doing so, there is
the possibility of designing plantations in a way that better
promotes the coexistence of human activities and biodiver-
sity. Indeed, the conservation of amphibians and reptiles in
human-affected areas will almost certainly depend on under-
standing the impacts of environmental change on reshaping the
morphological and functional structure of these species com-
munities. Our study is an important additional step toward that
goal.
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