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Abstract
Aim: The aim was to determine how reptile populations respond to anthropogenic
habitat modification and determine whether species traits and environmental factors
influence such responses.
Location: Global.
Time period: 1981–2018.
Major taxa studied: Squamata.
Methods: We compiled a database of 56 studies reporting how habitat modification affects reptile abundance and calculated standardized mean differences in
abundance (Hedges’ g). We used Bayesian meta-analytical models to test whether
responses to habitat modification depended on body size, clutch size, reproductive
mode, habitat specialization, range size, disturbance type, vegetation type, temperature and precipitation.
Results: Based on 815 effect sizes from 376 species, we found an overall negative
effect of habitat modification on reptile abundance (mean Hedges’ g = −0.43, 95%
credible intervals = −0.61 to −0.26). Reptile abundance was, on average, one-third
lower in modified compared with unmodified habitats. Small range sizes and small
clutch sizes were associated with more negative responses to habitat modification,
although the responses were weak and the credible intervals overlapped zero. We
detected no effects of body size, habitat specialization, reproductive mode (egglaying or live-bearing), temperature or precipitation. Some families exhibited more
negative responses than others, although overall there was no phylogenetic signal in
the data. Mining had the most negative impacts on reptile abundance, followed by
agriculture, grazing, plantations and patch size reduction, whereas the mean effect
of logging was neutral.
Main conclusions: Habitat modification is a key cause of reptile population declines,
although there is variability in responses both within and between species, families
and vegetation types. The effect of disturbance type appeared to be related to the
intensity of habitat modification. Ongoing development of environmentally sustainable practices that ameliorate anthropogenic impacts is urgently needed to prevent
declines in reptile populations.
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for birds and c. 18% for both mammals and plants (McGarigal &

Transformation and degradation of the world’s ecosystems by hu-

assessed for the Red List, compared with 85% for amphibians and

mans have caused widespread biodiversity loss (Newbold et al.,

100% for both birds and mammals (IUCN, 2019b). This large dispar-

2015). Current extinction rates are estimated to be 100–1,000 times

ity is an impediment to the design, prioritization and implementation

higher than background rates (Ceballos et al., 2015; Pimm et al.,

of conservation programmes.

Cushman, 2002). Likewise, only c. 67% of reptile species have been

2014), and c. 28% of all species on the IUCN Red List are threatened

The limited work done on reptiles has shown that species-level

with extinction (IUCN, 2019b). Expansion of production landscapes

extinction risk increases with body size and habitat specialism (Böhm

for forestry, agriculture and mining continues in many parts of the

et al., 2016; Tingley, Hitchmough, & Chapple, 2013). Local-scale

world, placing further pressure on ecosystems and communities as

studies suggest that range size, habitat use and diet can influence

habitats are cleared, fragmented or otherwise modified (Curtis, Slay,

sensitivity to habitat modification (Neilly, Nordberg, VanDerWal,

Harris, Tyukavina, & Hansen, 2018; Tilman, Balzer, Hill, & Befort,

& Schwarzkopf, 2018; Todd, Nowakowski, Rose, & Price, 2017).

2011). Urgent action is needed to curtail extinction rates and en-

However, there have been no large-scale analyses assessing how

able species recovery. One approach towards achieving this relies

reptile populations respond to anthropogenic habitat modification

on identification of the traits that make species most sensitive to

across a range of species, ecosystems and disturbance types. Such

habitat modification and understanding how these relationships

knowledge is crucial because the extinction process begins with ex-

are affected by environmental factors. Such approaches can help in

tirpations of populations (Purvis, Cardillo, Grenyer, & Collen, 2005).

predicting the sensitivity of species to environmental change, with

Furthermore, as ectotherms, reptiles possess traits such as complex

potential to inform the conservation of poorly studied species and

thermoregulatory strategies and lower energy use, movement and

regions.

habitat space requirements, relative to birds and mammals. In con-

A large body of work, mostly on birds and mammals, provides the

trast, birds of equivalent size and some mammals (e.g., ungulates,

foundation for much of what we know about how, why and where

bats) have higher energetic demands, are generally more mobile

animal species become threatened with extinction (e.g., Cardillo

and have larger space requirements. These fundamental differences

et al., 2008; Davidson, Hamilton, Boyer, Brown, & Ceballos, 2009;

might mean that reptiles respond to habitat modification in a dif-

Owens & Bennett, 2000). For instance, bird species threatened by

ferent manner from other animal groups. Indeed, a meta-analysis

habitat loss are typically small-bodied habitat specialists, whereas

showed that reptiles are generally more sensitive than birds, mam-

those threatened by human persecution and introduced predators

mals and amphibians to habitat loss and fragmentation (Keinath

have larger bodies and longer generation times (Owens & Bennett,

et al., 2017).

2000). Insectivorous and large frugivorous forest bird species are

Here, we present the largest and most comprehensive analysis

most sensitive to habitat loss and fragmentation, and effects are

to date of population responses of squamate reptiles (lizards, snakes

stronger in the tropics compared with temperate regions (Bregman,

and worm lizards) to anthropogenic habitat modification, including

Sekercioglu, & Tobias, 2014). High extinction risk in mammals is as-

logging, plantations, mining, agriculture and livestock grazing. We

sociated with large home range size, low population density, high

focus on squamates because they comprise >95% of reptile species,

weaning age and small geographical range size (Cardillo et al., 2008).

and inclusion of non-squamates (i.e., turtles and crocodilians) is less

Amphibian sensitivity to habitat modification is also highest for spe-

intuitive owing to their different biology and evolutionary history.

cies with small range sizes and for species with terrestrial or lotic

We compiled a database of 815 effect sizes to test the following

larval habitats (cf. lentic larval habitats) (Nowakowski, Thompson,

predictions:

Donnelly, & Todd, 2017). Finally, across the four terrestrial vertebrate classes, carnivores, habitat specialists and larger species had

1. Species with larger body sizes will be more sensitive to hab-

a lower probability of presence in habitat remnants compared with

itat modification owing to their higher energetic needs and

other species (Keinath et al., 2017).

requirements for space (Böhm et al., 2016; Keinath et al., 2017;

In contrast to birds and mammals, we know comparatively little

Perry, Garland, & Garland, 2002).

about how reptiles respond to environmental change, despite them

2. Species with smaller clutch sizes will be more sensitive to habitat

being one of the world’s most species-rich groups of vertebrates

modification owing to their reduced ability to compensate for in-

(> 10,800 species; Uetz, 2018). This is because reptiles are rou-

creased mortality (Fahrig, 2001; Keinath et al., 2017; Quesnelle,

tinely understudied in ecology and conservation (Gardner, Barlow, &

Lindsay, & Fahrig, 2014).

Peres, 2007; Tingley, Meiri, & Chapple, 2016), with only 4% of habi-

3. Oviparous (egg-laying) species will be more sensitive than vi-

tat fragmentation studies focusing on reptiles, compared with >50%

viparous (live-bearing) species owing to the potential loss of
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appropriate nesting conditions and limited control of incubation

amphisbaen*) AND (“land use” OR logging OR silvicultur* OR for-

temperatures (Martin & Murray, 2011; Shine, Elphick, & Barrott,

estry OR agricultur* OR farm* OR crop* OR grazing OR pasture OR

2003; Tiatragul, Hall, Pavlik, & Warner, 2019).

pastoral OR plantation OR “habitat disturbance” OR “habitat altera-

4. Species with small range sizes will be more sensitive to habitat

tion” OR “habitat degradation” OR “habitat destruction” OR “habitat

modification owing to their presumably narrower niche breadth

modification” OR “habitat loss” OR “habitat fragmentation” OR ma-

(Böhm et al., 2016; Cardillo et al., 2008; Slatyer, Hirst, & Sexton,

trix OR urban* OR mining OR mined OR weed* OR “exotic plant” OR

2013).

“invasive plant”). This returned 2,311 records from Web of Science

5. Habitat specialists will be more sensitive to habitat modification

and 3,621 from Scopus, with 4,162 unique records remaining after

owing to their adaption to a narrower range of environmental

removal of duplicates (see Supporting Information Appendix S1 for

conditions (Nowakowski et al., 2017; Slatyer et al., 2013).

the PRISMA diagram).

We also used the database to determine whether some dis-

compiled in a database. Each title and abstract of each paper were

turbances have stronger impacts on reptiles than others, whether

independently screened by two of six reviewers (T.S.D., S.B., K.B.,

there are consistent differences in the effects of habitat modifica-

T.J.B., C.F. and T.G.) and classed as either “include” or “exclude” for

tion among vegetation types and whether responses of reptiles to

full text inspection based on the selection criteria detailed below.

habitat modification differ according to temperature and precipita-

Any conflicts in the classifications were resolved by T.S.D. For the

tion, which are key drivers of ectotherm abundance and distribution

466 records classed as “include”, T.S.D. downloaded and inspected

(Powney, Greyner, Orme, Owens, & Meiri, 2010).

the full texts to determine their suitability.

Paper titles, abstracts and other bibliographic information were

To be included in our database, a study needed to be a peer-reviewed journal article containing data on squamate abundance at

2 | M E TH O DS

the species level. Data needed to be collected using standardized
sampling methods from at least one modified habitat treatment and

We searched the Web of Science and Scopus databases in December

an unmodified reference treatment and standardized for sampling

2017 using the search string: (reptile* OR lizard* OR snake* OR

effort. Habitat modification treatments were classified as livestock

squamat* OR gecko* OR skink* OR lacertid* OR agamid* OR vara-

grazing, agriculture, logging, plantations, mining, patch size reduc-

nid* OR iguan* OR python* OR elapid* OR colubrid* OR viper* OR

tion or “other” (see Table 1). We also initially included cropping and

TA B L E 1

List of species’ traits and environmental variables that were used in statistical models and the sources of the data

Variable

Definition

Data source

Body mass

Body mass (in grams) derived from allometric equations and snout–vent or
total lengths

Feldman, Sabath, Pyron,
Mayrose, and Meiri (2016)

Clutch size

Mean or mid-point of clutch size

Feldman (2015), Meiri (2018)

Reproductive mode

Oviparous (egg-laying) or viviparous (live-bearing). Species with a mixed
reproductive mode were excluded from analysis owing to small sample size
(11 effect sizes)

Feldman (2015), Meiri (2018)

Habitat specialization

Number of major habitat types occupied

IUCN (2019a)

Range size

Measured as the total area of distribution maps (in square kilometres)

IUCN (2019a); Roll et al. (2017)

Disturbance type

Grazing, agriculturea , logging, plantationb , mining, patch size reductionc or
otherd

Original studies

Vegetation type

Forest, woodland, shrubland or grassland

Original studies

Temperature

Mean temperature of the warmest quarter (BIO10) within a 5 km radius of
study locations (in degrees Celsius)

http://worldclim.org/

Precipitation

Mean annual precipitation (BIO12) within a 5 km radius of study locations (in
millimetres)

http://worldclim.org/

a

“Agriculture” was used when the disturbance type was a mixture of cropping and grazing or when insufficient information was provided to classify
the treatment as one or the other.
b
“Plantation” was used when the comparison was between plantation forest and original vegetation. Studies that compared logged/thinned
plantation forest with unlogged/unthinned plantation forest were included in “logging”.
c

“Patch size reduction” was used when the comparison was between large areas of continuous vegetation and smaller patches of the same
vegetation type that were isolated from the rest by land conversion. We also included in this category one study that surveyed reptiles at the edges
and interior of habitat fragments.

d
“Other” was used when the disturbance type could not be classified confidently as one of the other categories, such as disturbance by rock
collectors, military exercises, ski runs, off-road vehicles or weed invasion, or where combinations of disturbances existed (e.g., grazing and mining,
grazed habitat fragments).
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urbanization as disturbance types, but no studies for these catego-

habitat modification (e.g., lower abundance in grazed compared with

ries remained after the screening process. “Unmodified” reference

ungrazed areas), and the opposite for positive values. We excluded

areas needed to be situated in the same vegetation and landform

one data point (Cophosaurus texanus in desert grassland; Jones,

types as disturbed areas in order to provide a suitable represen-

1981) that had an extreme effect size (927.5) and variance (30,724.9)

tation of the original fauna. Reference areas in many studies were

compared with the remaining data (−10.3 to 9.1; 0.04–7.7). After ex-

not completely unmodified because no such areas exist in many

cluding studies where it was not possible to calculate a variance es-

ecosystems. Thus, reference treatments often represent areas that

timate, 56 studies provided data suitable for meta-analysis. A list of

were less disturbed or modified than the modified treatments. We

data sources is provided in the Appendix.

excluded studies where data were presented only for species that

Given that Hedges’ g is an amalgam of the means and variances,

exhibited a statistically significant response to disturbance, because

a large effect size can arise either from a large treatment differ-

this represents a reporting bias. We also excluded unreplicated stud-

ence or from a very small pooled variance (Rosenberg, Rothstein, &

ies (only one survey site in each treatment) and studies where it was

Gurevitch, 2013). To assess the sensitivity of our results to the use

not possible to calculate sample sizes or standard deviations.

of Hedges’ g, we also calculated the logarithmic response ratio by

As with any taxa, detection probabilities can be an important

dividing abundance in the treatment area (X T ) by that in the control

consideration in reptile surveys, but insufficient studies reported

area (XC) and taking the logarithm of this number. Sampling variance

this information to be included in our analyses. However, we do not

was calculated as follows:

think that this introduces a systematic bias to the results. Of the
studies that have assessed drivers of reptile detection probability,

variance =

most found that survey design or weather effects were important

SD2T
NT X2T

+

SD2C
NC X2C

,

(e.g., Treilibs, Pavey, Raghu, & Bull, 2016; Wolf, Renken, Fantz, Gao, &
Millspaugh, 2016), rather than vegetation structure. Studies in wood-

where SD represents standard deviation and N sample size for treat-

lands, forests and shrublands all found no effect of vegetation struc-

ment (T) and control (C) sites. Given that the logarithmic response

ture on reptile detection probabilities (Craig et al., 2009; Schlesinger,

ratio cannot be calculated if the mean is zero for either the treatment

2007; Smith, Bull, & Driscoll, 2012; Uribe & Estades, 2014; Wolf et al.,

or the control, this analysis was based on 530 effect sizes that did

2016), although one study found that detection probability varied be-

not include zeroes.

tween two forest types (Chergui, Fahd, & Santos, 2019). With regard

We checked the species names from the original studies against

to survey design and weather variables, we assume that published

the Reptile Database checklist from November 2018 (Uetz, 2018) and

studies took appropriate steps to minimize potential biases, such as

updated names where taxa had moved genera, species had been com-

standardizing survey times and weather conditions across sites and

bined or the spelling had changed. To identify any species that had

treatments. On balance, we are confident that our results are robust

been split or raised from taxonomic synonymy since the original study,

to any potential bias related to detection probabilities.

we cross-checked study locations against reptile range maps (IUCN,
2019a; Meiri et al., 2017; Roll et al., 2017) to determine whether each

2.1 | Data collation

data point fell within the range of the reported species name. If this
was not the case, we inspected the list of all intersecting species and
identified the correct species name for that data point. We excluded

We extracted data from the text, tables, figures and appendices

any points where the species name and location could not be resolved

of papers. Where available, we recorded mean abundance, total

confidently.

abundance, standard deviation, standard error and the number of

For each data point, we recorded a number of ecological and

survey sites for each species in each treatment. If mean abundance

environmental traits predicted to be important determinants of

or standard deviation was not reported, we derived these from the

population sensitivity to habitat disturbance (Table 1). The ecolog-

total abundance, sample size and standard error, where possible.

ical traits were body mass, clutch size, reproductive mode, habitat

Where necessary, we contacted study authors to obtain original

specialization and range size (Table 1). Following previous stud-

data or additional information. We averaged values where data were

ies (Böhm et al., 2016; Todd et al., 2017), we calculated an index

presented for multiple years or seasons. We excluded records that

of habitat specialization by counting the number of major habitat

were not identified to the species level or could not be attributed to

types (e.g., forest, savanna, wetlands, rocky areas) listed in the

a currently recognized and formally described species.

IUCN Red List profile for each species. This represents a coarse

We used the means, standard deviations and sample sizes to

measure of habitat specialization, with lower numbers represent-

calculate standardized mean differences (Hedges’ g) and sampling

ing greater specialization. We derived range size from species dis-

variances with the “escalc” function in the metafor package in R

tribution maps (IUCN, 2019a; Roll et al., 2017). A full set of trait

(Viechtbauer, 2010). Effect sizes are presented in units of the pooled

data was not available for all study species. Records with miss-

standard deviation, such that a value of 0.5 represents a difference

ing values were excluded from the statistical models for each of

between the two groups equivalent to half of a standard deviation.

those predictors (see Section 2.2). We recorded vegetation types

Negative values indicate that a species responded negatively to

as forest, woodland, shrubland or grassland. We calculated the

|
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mean temperature of the warmest quarter of the year and mean

we first centred and scaled by subtracting the mean and dividing by

annual precipitation within a 5 km radius around each study loca-

the standard deviation of each variable. None of the variables were

tion (Table 1). We chose this radius as an approximation of local

highly correlated with each other (all Pearson’s r ≤ ±.42).

climatic variables because the spatial extent of the study sites was
not reported in most studies.

We also assessed whether there are broad taxonomic patterns in
the data by fitting a model with family as the explanatory variable.
To avoid making family-level inferences based on only one or two

2.2 | Statistical analyses

species, we restricted this analysis to families with data for three
or more species (n = 784 effect sizes). We also tested for a phylogenetic signal by estimating the proportion of variance explained

We used Bayesian mixed effects models to analyse variation in effect

by phylogenetic variance (H2), following the approach of Nakagawa

sizes, implemented in the brms package in R (Bürkner, 2018). We fit-

and Santos (2012). An H2 value of zero indicates no phylogenetic

ted models assuming a normal distribution and included random ef-

relatedness between effect sizes, and a value of one indicates that

fects for species and study identity to account for non-independence

interspecific differences in effect sizes are exactly proportional to

between effect sizes from the same study or species. We determined

their phylogenetic relatedness. We calculated the phylogenetic sig-

that this random effects structure was suitable using model selection

nal for a null model and for a model with the disturbance-type vari-

(described in the next paragraph). To account for sampling variance,

able, both of which contained random effects of species and study

we weighted effect sizes using their standard errors. We specified

identity and the phylogenetic covariance matrix.

non-informative normal priors (µ = 0, σ = 10) for the fixed effects and

We did not include interactions in the models owing to the large

weakly informative half Cauchy priors (µ = 0, σ = 1) for the random

number of possible combinations, low replication for combinations

effects (Bürkner, 2017; Williams, Rast, & Bürkner, 2018). We fitted

of variables, and the difficulties inherent in interpreting interactions

models to both the Hedges’ g and logarithmic response ratio data,

involving multi-level categorical variables. For all models, we consid-

with the latter presented in Supporting Information Appendix S2.

ered predictor variables important when the 95% credible intervals

To identify an appropriate random effects structure, we fitted

(CIs) of the posterior estimates did not overlap zero. For each model,

and ranked six models containing different combinations of study

we ran four chains of 10,000 iterations each, with a burn-in of 1,000

identity, species and taxonomic family as random effects, in addi-

iterations, resulting in 36,000 samples. We assessed convergence by

tion to a phylogenetic covariance matrix (Supporting Information

inspecting trace plots and ensuring that the Gelman–Rubin statistic

Appendix S2, Table S2.1). These models also contained the six con-

was < 1.1 (Gelman & Rubin, 1992).

tinuous fixed effects (thus representing the most complex model

We used a funnel plot and Egger’s test (Egger, Davey Smith,

we fitted). We created a phylogenetic covariance matrix using the

Schneider, & Minder, 1997) to assess potential publication bias.

“inverseA” function of MCMCglmm (Hadfield, 2010) and the squa-

Visual inspection of the funnel plot suggested no systematic asym-

mate phylogeny of Tonini, Beard, Ferreira, Jetz, and Pyron (2016).

metry in effect sizes (Supporting Information Appendix S2, Figure

We trimmed this phylogeny to include only species present in our

S2.1), although Egger’s test was significant for asymmetry (z = −2.20,

database and also excluded from the database 12 species that were

p = .028). The test was not statistically significant (z = −1.70, p = .089)

not present in the phylogeny. Model ranking using leave-one-out

when a negative outlier on the left-hand side of the plot was re-

cross-validation (Vehtari, Gabry, & Gelman, 2019; Vehtari, Gelman,

moved (Hedges’ g = −10.30). This might suggest a tendency for more

& Gabry, 2017) indicated that the best-supported model was that

negative results to be reported, but overall there does seem to be a

with random effects of species and study identity (Supporting

strong signal of publication bias.

Information Appendix S2, Table S2.1).
To test the effects of categorical predictors [reproductive mode
(n = 786 effect sizes for Hedges’ g), disturbance type (718, excluding

3 | R E S U LT S

the “other” disturbance type) and vegetation type (815)] on reptile
responses to habitat modification, we fitted a univariate model for

We analysed 815 effect sizes for 376 species (Figure 1), with 59% of

each predictor variable that excluded the intercept. We chose this

effect sizes representing a negative response to habitat modifica-

approach because intercept models for categorical predictors with

tion, 36% positive and 5% neutral (equal abundance in modified and

more than two levels use one level as the reference, with which all

unmodified sites). There were 194 cases (24%) where the study spe-

other levels are compared. Removing the intercept allows us to de-

cies was not recorded in the modified treatment and 92 cases (11%)

termine whether each level is significantly different from zero, rather

where the species was not recorded in the “unmodified” treatment.

than from the reference level, which is of less interest. We excluded

The mean effect size (Hedges’ g) was −0.43 (95% CI: −0.61 to −0.26),

the “other” category from the disturbance type model because it is

demonstrating an overall effect of reduced abundance in modified

not informative to generate a mean effect size for this mixture of

habitat compared with reference areas. The results were very similar

differing disturbances. We fitted a single model for the continuous

for the logarithmic response ratio (mean = −0.42, 95% CI = −0.64 to

predictor variables (body mass, clutch size, range size, habitat spe-

−0.20), which corresponds to an average of one-third lower abun-

cialization, precipitation and temperature; 609 effect sizes), which

dance in modified compared with unmodified areas.

6
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F I G U R E 1 Map of study locations, with the size of each circle scaled according to the number of species from each study. Boxes
provide examples of species that responded either negatively (a, c, e, g, h) or positively (b, d, f) to habitat modification. Red downward
arrows represent a decrease in abundance in response to habitat modification, and the opposite for green upward arrows. Photograph
credits: (a) Pavel Kirillov CC BY-SA 2.0; (b) Glenn Bartolotti CC BY-SA 4.0; (c) Benny Trapp CC BY 3.0; (d) Patrick Kavanagh CC BY 2.0;
(e) Franco Souza ©; (f) Gionorossi CC BY-SA 4.0; (g) Bernard Dupont CC BY-SA 2.0; (h) Tim Doherty ©

Bayesian mixed effects models revealed no apparent effects

grassland the least, although the CIs overlapped for all vegetation

of body mass, habitat specialization, temperature or precipitation

types (Figure 2; Supporting Information Appendix S2, Table S2.2).

on the responses of reptiles to habitat modification (Figure 2;

Model results based on the logarithmic response ratio were very

Supporting Information Appendix S2, Table S2.2). There were

similar, with the main differences being that the effects of range

weak positive effects of clutch size (posterior mean: 0.10, CI:

size, logging and grasslands were more positive and the effects

−0.03 to 0.22) and range size (0.15, −0.05 to 0.36) on responses

of plantations, patch size reduction and mining more negative

to habitat modification (Supporting Information Appendix S2,

(Supporting Information Appendix S2,Table S2.2; Figure S2.2).

Table S2.2). Oviparous (−0.46, −0.65 to −0.28) and viviparous

There was no phylogenetic signal in squamate responses to habi-

(−0.37, −0.63 to −0.11) species had similar negative effect sizes

tat modification for either the null model (H2 = .10, 95% CI: 0–.29) or

and CIs that overlapped each other (Figure 2). All disturbance

the disturbance type model (H2 = .18, 95% CI: .01–.41). The analysis

types had negative mean effect sizes, except for logging, which

based on taxonomic families showed that all families had negative

was essentially neutral (Figure 2). Mining had the strongest ef-

mean effect sizes, except for Phrynosomatidae, which was weakly

fect, followed by agriculture, grazing, plantations and patch size

positive (Figure 3). There were four families with negative mean ef-

reduction, all with CIs not overlapping zero, except for plantations

fects that did not overlap zero: Scincidae, Teiidae, Lacertidae and

(−0.81 to 0.14) and patch size reduction (−0.58 to 0.10; Figure 2).

Disapdidae (Figure 3). Three additional families (Phyllodactylidae,

The CIs overlapped for all disturbance types, except for logging

Diplodactylidae and Iguanidae) had negative effects that marginally

and mining, which were the most positive and negative effects,

overlapped zero (0.04–0.07 SD units; Figure 3), although the sample

respectively. Forest had the most negative mean effect size and

size was small for Phyllodactylidae (n = 6).

|
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F I G U R E 2 Mean effect sizes (Hedges’ g)
and 95% credible intervals for the effect
of habitat modification on squamate
species abundance according to lifehistory and environmental traits. Numbers
in parentheses represent the sample size
for each predictor variable. Predictors are
grouped according to the specification of
each statistical model
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bioclimatic gradients and vegetation types. There were some geographical biases in the availability of data, with few studies available

Our analysis is the most comprehensive work to date on the impacts

from Asia, Africa and Europe. However, we predict similar patterns

of anthropogenic habitat modification on reptiles. We found an

of responses in those regions because our analysis encompassed a

overall negative effect of habitat modification on squamate abun-

broad range of disturbances and ecosystems, including arid, semi-

dance, although there was high heterogeneity across species and

arid, temperate and tropical ecosystems.

disturbances. On average, reptile abundance was one-third lower in
modified habitat. Species’ traits and environmental characteristics
were poor predictors of the responses of reptiles to habitat modification. There was weak support for our predictions that range size

4.1 | Ecological correlates of sensitivity to habitat
modification

and clutch size would be negatively correlated with sensitivity to
habitat modification. We did not find any support for our predic-

Consistent with other taxa, the responses of reptile populations to

tions that large body size, oviparity and habitat specialization would

habitat modification were positively correlated with species range

increase sensitivity to habitat modification. Some families exhibited

size, although the effect was weak and the credible limits over-

an overall negative mean response to habitat modification, whereas

lapped zero. Range size often acts as a proxy for population size,

others were more variable, but our phylogenetic analysis revealed

dispersal capacity and tolerance to ecological and environmental

no signal in the data. Temperature and precipitation had no detect-

processes (Harris & Pimm, 2008; Keith, Akçakaya, & Murray, 2018;

able effect on the responses of reptiles to habitat modification, nor

Slatyer et al., 2013). As range size increases, these correlated at-

did vegetation type. This suggests that disturbance characteristics

tributes can help to buffer populations against environmental vari-

might be more important than phylogeny and climate as predic-

ation, including anthropogenic disturbances. Conversely, for reptile

tors of squamate sensitivity to habitat modification; that is, reptile

species that occupy small ranges, their smaller population sizes,

responses to disturbance appear equally severe across different

limited dispersal and higher ecological specialization may constrain

8
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F I G U R E 3 Mean effect sizes (Hedges’
g) and 95% credible intervals for the effect
of habitat modification on squamate
species abundance for each taxonomic
family. Numbers in parentheses represent
the sample size for each family. Families
with data for fewer than three species
were excluded
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local demographic and genetic processes and exacerbate negative

The lack of an effect of body size is surprising given that large body

population responses to anthropogenic disturbances. Sensitivity to

size is one of the most commonly cited correlates of extinction risk in a

disturbance may lead to a small range size, either historically or re-

range of taxa (Purvis et al., 2005), including reptiles (Böhm et al., 2016;

cently, as a consequence of human-caused disturbance. Thus, the

Meiri, 2008; Tingley et al., 2013). This result might have occurred if

current range sizes of the most sensitive species might be products

large reptiles, such as monitor lizards and pythons, were not sampled

of habitat modification itself. Data on both historical and current

effectively by the survey methods used in many studies, particularly

range sizes are necessary to resolve this question.

pitfall trapping. However, the size distribution of species in our data-

Although habitat specialists are generally considered to be more

base is very similar to that of all squamates (Supporting Information

sensitive than generalists to anthropogenic disturbance (Devictor,

Appendix S2, Figure S2.4), thus suggesting that there is not a strong

Julliard, & Jiguet, 2008; Keinath et al., 2017), we found no support

body size bias in our dataset. Another possibility is that the effect of

for this pattern in our data. It might be that the index of specializa-

large body size on species-level extinction risk might not translate well

tion that we used (number of major habitats occupied) is not an ac-

to sensitivity to habitat modification at the population level. Studies

curate proxy for specialization. Other recent studies have also failed

on birds and mammals found that small species were more threatened

to detect an effect of niche breadth on reptile responses to habitat

by habitat loss and modification, whereas larger species were more

modification (Frishkoff, Gabot, Sandler, Marte, & Mahler, 2019; Todd

threatened by direct threats to survival (e.g., hunting, invasive pred-

et al., 2017). This might suggest that there is not a strong relation-

ators; González-Suárez, Gómez, & Revilla, 2013; Owens & Bennett,

ship between niche breadth of reptile species and their sensitivity

2000). Smaller species might be more sensitive to habitat loss because

to habitat modification. However, range size is positively correlated

their reduced mobility hinders dispersal between isolated habitat frag-

with niche breadth in a range of taxa (Slatyer et al., 2013), including

ments. Nonetheless, our results for squamates essentially show no

dietary niche breadth of lizards (Gainsbury & Meiri, 2017). Thus, the

effect of body mass on their sensitivity to habitat modification. The

weak effect of range size on squamate responses to habitat modifi-

effect of body size on risk of decline might be evident only when a full

cation might be representing multiple life-history traits that render

suite of threatening processes is considered.

species least sensitive to disturbance, including habitat generalization and large population size.

There was some support for our prediction that small clutch size
would increase the sensitivity of a species to habitat modification

|
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owing to reduced rates of potential population growth in disturbed

previous work showing a strong relationship between maximum

landscapes. Species with larger clutches tended to respond more

temperature and the effect of habitat loss/fragmentation on reptiles

positively to habitat modification, although the effect was weak and

(Mantyka-Pringle, Martin, & Rhodes, 2012). Specifically, as tempera-

the CIs overlapped zero. In human-modified landscapes, animals may

ture increased, so did the chances of being negatively affected by

need higher reproductive rates to counter higher mortality during dis-

habitat loss/fragmentation (Mantyka-Pringle et al., 2012). Similar to

persal through a hostile matrix (Rotem, Ziv, Giladi, & Bouskila, 2013)

our results, that study also found no relationship between precipi-

or because of increased rates of predation (Chalfoun, Thompson, &

tation and reptile responses to habitat loss/fragmentation. Further

Ratnaswamy, 2002; Hansen, Sato, Michael, Lindenmayer, & Driscoll,

research is clearly needed to gain a better understanding of how

2019). Lizard clutch size is positively correlated with reproductive

habitat modification and climatic variables might interact to affect

rate (Meiri, Brown, & Sibly, 2012), and simulations suggest that repro-

reptile populations, including an assessment of the relative effects

ductive rate has a greater effect on the amount of habitat needed for

of current climate compared with climate change.

population persistence than matrix quality or degree of habitat fragmentation (Fahrig, 2001). If landscapes are not managed to improve
survival and population size of species with small clutch sizes, reptile

4.2 | Disturbance type affects population response

assemblages in many disturbed landscapes are likely to be biased towards species with higher reproductive output.

There was variation in the effects of different disturbance types on

We found no support for our prediction that egg-laying (ovipa-

squamate abundance, although all had a mean negative effect size,

rous) species would be more sensitive than live-bearing (viviparous)

except for logging. The strong negative impact of mining on reptile

species, which we expected would occur owing to the loss of poten-

populations reflects the fact that open-cut or “surface” mining in-

tial nesting sites following habitat modification and limited control

variably results in complete habitat destruction in the mined area.

of incubation temperatures by oviparous species. The finding that

All of the mining studies assessed here were conducted in disturbed

egg-laying and live-bearing reptiles are affected in a similar way by

areas that had been revegetated 3–20 years earlier, which suggests

habitat modification implies either that reproductive mode has no in-

that effect sizes would be even stronger if these areas had not been

fluence or, more likely, that there are counter-balancing effects of the

revegetated.

two modes. Scaling such effects by the size of the mother, to obtain

Agriculture and grazing also had negative effects on reptile

a measure of reproductive burden, or estimating reproductive output

abundance. No species exhibited a demonstrably positive response

as rates (i.e., number of eggs laid per unit time; Meiri et al., 2012) might

to the general “agriculture” category, but several species were more

prove more informative, but data are relatively scarce. Ultimately,

abundant in grazed compared with ungrazed areas (e.g., Jones,

other vital rates in isolation or in combination with reproductive

1981). This might be attributable to altered microclimates creating

traits including generation time, dispersal capacity and survival rates

improved thermoregulatory conditions for some species (Yates,

at different life stages might better approximate determinants of rep-

Norton, & Hobbs, 2000) or to the proliferation of disturbance spe-

tile population dynamics that would influence population responses

cialists (Devictor et al., 2008). Nonetheless, the mostly negative

during and after exposure to environmental disturbance.

responses of squamates to agriculture and livestock grazing is wor-

One family, Phrynosomatidae, was an anomaly to the general pat-

rying given that these industries cover c. 37% of the land area of the

tern of negative responses to habitat modification. Across the 24 spe-

world (FAO, 2018). Wherever possible, it is important that farming

cies from that family with data, 60% of responses were either neutral

practices that promote reptile diversity and abundance are imple-

or positive, primarily in response to livestock grazing, but also in re-

mented, such as retaining or restoring woody cover between culti-

sponse to logging, patch size reduction and other disturbances. This

vated areas (Nopper, Lauströer, Rödel, & Ganzhorn, 2017; Pulsford,

suggests that phrynosomatids, such as the spiny lizards (Sceloporus),

Driscoll, Barton, & Lindenmayer, 2017).

side-blotched lizards (Uta) and horned lizards (Phrynosoma), are

The overall effect of logging was essentially neutral, with a

adapted to disturbed environments or to the conditions that anthro-

mean effect size close to zero and wide CIs, because there were

pogenic disturbances create. This might stem from the high richness of

similar numbers of positive and negative responses. Species such as

Phrynosomatids in arid regions (Wiens, Kozak, & Silva, 2013), where the

Plestiodon egregius and Ameiva ameiva were more abundant in logged

sparser vegetation cover might resemble disturbed environments more

compared with unlogged forests (Figure 1b,f). Higher abundance in

so than denser vegetation in mesic systems. In contrast, the strong neg-

areas subjected to logging might be attributable to greater basking

ative effects for Scincidae, Teiidae, Lacertidae and Disapdidae suggest

opportunities after canopy removal (Huang, Porter, Tu, & Chiou,

that most species in these families are highly likely to exhibit population

2014; Pike, Webb, & Shine, 2011). A recent global analysis found

declines in response to habitat modification. Given that there was vari-

that air temperatures are, on average, 4.1 °C warmer outside forests

ation in responses within all families, a fruitful area for future research

compared with under the forest canopies (De Frenne et al., 2019),

will be focused analyses of specific families or functional groups that

which emphasizes the strong potential for logging to disrupt reptile

attempt to resolve these nuances (e.g., Todd et al., 2017).

community composition by altering microclimatic conditions. To this

There was no detectable effect of precipitation or temperature

end, it is important also to emphasize that logging can have large

on the responses of reptiles to habitat modification. This is despite

negative impacts on reptile populations (Todd & Andrews, 2008).

10
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Other species in our database were found in lower abundance in

particularly regarding body size and habitat specialization, differ from

logged compared with unlogged areas, such as Plestiodon inexpec-

those of previous generalizations on other taxa (Keinath et al., 2017;

tatus in Florida (Greenberg, Neary, & Harris, 1994) and Saproscincus

Owens & Bennett, 2000). More generally, there are a number of

mustelinus in south-eastern Australia (Webb, 1995). These contrast-

case studies showing that body size, habitat specialization and niche

ing positive and negative responses to logging support earlier work

breadth have a range of effects or no relationship with disturbance

showing an overall neutral effect of silviculture on reptile species

(e.g., Frishkoff et al., 2019; Henle, Davies, Kleyer, Margules, & Settele,

richness (Thompson, Nowakowski, & Donnelly, 2016) and highlight

2004; Todd et al., 2017). Given this, and the high level of variation

the risk of community metrics masking the negative effects of hab-

among reptile responses to anthropogenic disturbances, it is evident

itat modification on individual species (Devictor & Robert, 2009).

that development of a robust predictive framework based on traits
will need further consideration. Nevertheless, we would expect neg-

4.3 | Limitations and future research

ative population responses to habitat modification to have important
implications for reptile communities, including shifts in species richness, abundance and composition (Newbold et al., 2016; Thompson

Overall, our results suggest that most of the traits we tested do not

et al., 2016). Clearly, to prevent those species with the most negative

predict squamate responses to habitat modification. This aligns with

responses to anthropogenic disturbance potentially going extinct, the

other studies finding that traits are poor predictors of broad-scale

ongoing development of more environmentally sustainable practices

responses of other taxa to habitat loss or modification (Bartomeus,

that ameliorate anthropogenic impacts is urgently needed.

Cariveau, Harrison, & Winfree, 2018; Hatfield, Orme, Tobias, &
Banks-Leite, 2018). There are multiple reasons why this might be.

AC K N OW L E D G M E N T S

Firstly, general patterns might not emerge if the responses of species

We thank Mike Craig, Bran Cromer and Scott Thompson for provid-

to disturbance vary in different parts of their range (Frishkoff et al.,

ing us with additional information regarding their studies, Billy Geary

2019; Nimmo, Kelly, Farnsworth, Watson, & Bennett, 2014; Orme

for sharing his MCMCglmm code with us, Michael Sumner for assist-

et al., 2019). Secondly, if the responses of species vary between dis-

ing with GIS code and three anonymous reviewers for comments

turbance types and are influenced by different trait combinations,

on an earlier version of the manuscript. T.S.D. was supported by an

then the strength and generality of single traits or phylogenetic

Alfred Deakin Postdoctoral Research Fellowship.

patterns would be reduced (Driscoll, Smith, Blight, & Sellar, 2020;
Williams et al., 2010). Thirdly, other traits that we did not assess

DATA AC C E S S I B I L I T Y S TAT E M E N T

might be important, such as traits related to thermal biology. For in-

The data used in this study are available at datadryad.org (https://

stance, lizards in Costa Rica and Colombia with lower critical thermal

doi.org/10.5061/dryad.5x69p8d0n).

maxima were more sensitive to habitat conversion than those with
higher critical thermal maxima (Nowakowski et al., 2018). Further

ORCID

work is needed to assess how these patterns extend across a range

Tim S. Doherty

of ecosystems and disturbances. Finally, the variability in responses

Kristian Bell

https://orcid.org/0000-0001-7745-0251
https://orcid.org/0000-0002-1857-6257

we recorded across species and studies might be attributable, in part,

Tim S. Jessop

to temporal and spatial aspects of disturbance regimes that were not

Shai Meiri

https://orcid.org/0000-0002-7712-4373

assessed here, such as the magnitude, frequency and scale of distur-

Don A. Driscoll

https://orcid.org/0000-0003-3839-6330
https://orcid.org/0000-0002-1560-5235

bances. Incorporating such information is not feasible for the wide
range of disturbances we studied, because there would probably be

REFERENCES

little to no replication for many combinations of disturbance types

Bartomeus, I., Cariveau, D. P., Harrison, T., & Winfree, R. (2018). On
the inconsistency of pollinator species traits for predicting either
response to land-use change or functional contribution. Oikos, 127,
306–315.
Böhm, M., Williams, R., Bramhall, H. R., McMillan, K. M., Davidson, A. D.,
Garcia, A., … Collen, B. (2016). Correlates of extinction risk in squamate reptiles: The relative importance of biology, geography, threat
and range size. Global Ecology and Biogeography, 25, 391–405.
Bregman, T. P., Sekercioglu, C. H., & Tobias, J. A. (2014). Global patterns
and predictors of bird species responses to forest fragmentation:
Implications for ecosystem function and conservation. Biological
Conservation, 169, 372–383.
Bürkner, P.-C. (2017). brms: An R package for Bayesian multilevel models
using Stan. Journal of Statistical Software, 80, 1–28.
Bürkner, P.-C. (2018). Advanced Bayesian multilevel modeling with the R
package brms. The R Journal, 10, 395–411.
Cardillo, M., Mace, G. M., Gittleman, J. L., Jones, K. E., Bielby, J., & Purvis,
A. (2008). The predictability of extinction: Biological and external

and characteristics. The overall lack of predictive ability suggests
that analyses encompassing a taxonomic order as large as Squamata
and varying disturbance types might be inappropriate for identifying
reptile species most at risk of population decline. We suggest that
individual analyses focused on specific disturbance types are more
suited to the examination of disturbance characteristics and interactions between life-history traits and environmental factors (e.g.,
Keinath et al., 2017; Thorn et al., 2018).

5 | CO N C LU S I O N S
Our results show that squamates, like other taxa, are unquestionably
sensitive to anthropogenic habitat modification. Some of our results,

DOHERTY et al.

correlates of decline in mammals. Proceedings of the Royal Society B:
Biological Sciences, 275, 1441–1448.
Ceballos, G., Ehrlich, P. R., Barnosky, A. D., García, A., Pringle, R. M.,
& Palmer, T. M. (2015). Accelerated modern human-induced species losses: Entering the sixth mass extinction. Science Advances, 1,
e1400253.
Chalfoun, A. D., Thompson, F. R., & Ratnaswamy, M. J. (2002). Nest predators and fragmentation: A review and meta-analysis. Conservation
Biology, 16, 306–318.
Chergui, B., Fahd, S., & Santos, X. (2019). Are reptile responses to fire
shaped by forest type and vegetation structure? Insights from
the Mediterranean basin. Forest Ecology and Management, 437,
340–347.
Craig, M. D., Grigg, A. H., Garkaklis, M. J., Hobbs, R. J., Grant, C. D.,
Fleming, P. A., & Hardy, G. E. S. J. (2009). Does habitat structure influence capture probabilities? A study of reptiles in a eucalypt forest.
Wildlife Research, 36, 509–515.
Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A., & Hansen, M.
C. (2018). Classifying drivers of global forest loss. Science, 361,
1108–1111.
Davidson, A. D., Hamilton, M. J., Boyer, A. G., Brown, J. H., & Ceballos,
G. (2009). Multiple ecological pathways to extinction in mammals. Proceedings of the National Academy of Sciences USA, 106,
10702–10705.
De Frenne, P., Zellweger, F., Rodríguez-Sánchez, F., Scheffers, B. R.,
Hylander, K., Luoto, M., … Lenoir, J. (2019). Global buffering of
temperatures under forest canopies. Nature Ecology & Evolution, 3,
744–749.
Devictor, V., Julliard, R., & Jiguet, F. (2008). Distribution of specialist and
generalist species along spatial gradients of habitat disturbance and
fragmentation. Oikos, 117, 507–514.
Devictor, V., & Robert, A. (2009). Measuring community responses to
large-scale disturbance in conservation biogeography. Diversity and
Distributions, 15, 122–130.
Driscoll, D. A., Smith, A. L., Blight, S., & Sellar, I. (2020). Interactions
among body size, trophic level, and dispersal traits predict beetle detectability and occurrence responses to fire. Ecological Entomology,
45, 300–310.
Egger, M., Davey Smith, G., Schneider, M., & Minder, C. (1997). Bias in meta-analysis detected by a simple, graphical test. BMJ, 315, 629–634.
Fahrig, L. (2001). How much habitat is enough? Biological Conservation,
100, 65–74.
FAO. (2018). FAOSTAT. Rome: Author. Retrieved from http://www.fao.
org/faostat/en/#data
Feldman, A. (2015). Snake macroecology (Unpublished PhD thesis). Tel
Aviv University, Tel Aviv.
Feldman, A., Sabath, N., Pyron, R. A., Mayrose, I., & Meiri, S. (2016). Body
sizes and diversification rates of lizards, snakes, amphisbaenians and
the tuatara. Global Ecology and Biogeography, 25, 187–197.
Frishkoff, L. O., Gabot, E., Sandler, G., Marte, C., & Mahler, D. L. (2019).
Elevation shapes the reassembly of Anthropocene lizard communities. Nature Ecology and Evolution, 3, 638–646.
Gainsbury, A., & Meiri, S. (2017). The latitudinal diversity gradient
and interspecific competition: No global relationship between lizard dietary niche breadth and species richness. Global Ecology and
Biogeography, 26, 563–572.
Gardner, T. A., Barlow, J., & Peres, C. A. (2007). Paradox, presumption and
pitfalls in conservation biology: The importance of habitat change for
amphibians and reptiles. Biological Conservation, 138, 166–179.
Gelman, A., & Rubin, D. B. (1992). Inference from iterative simulation
using multiple sequences. Statistical Science, 7, 457–511.
González-Suárez, M., Gómez, A., & Revilla, E. (2013). Which intrinsic traits predict vulnerability to extinction depends on the actual
threatening processes. Ecosphere, 4, 1–16.

|

11

Greenberg, C. H., Neary, D. G., & Harris, L. D. (1994). Effect of high-intensity wildfire and silvicultural treatments on reptile communities in
sand-pine scrub. Conservation Biology, 8, 1047–1057.
Hadfield, J. D. (2010). MCMC methods for multi-response generalized
linear mixed models: The MCMCglmm R package. Journal of Statistical
Software, 33, A13–A13.
Hansen, N. A., Sato, C. F., Michael, D. R., Lindenmayer, D. B., & Driscoll,
D. A. (2019). Predation risk for reptiles is highest at remnant edges in
agricultural landscapes. Journal of Applied Ecology, 56, 31–43.
Harris, G., & Pimm, S. L. (2008). Range size and extinction risk in forest
birds. Conservation Biology, 22, 163–171.
Hatfield, J. H., Orme, C. D. L., Tobias, J. A., & Banks-Leite, C. (2018).
Trait-based indicators of bird species sensitivity to habitat loss are
effective within but not across data sets. Ecological Applications, 28,
28–34.
Henle, K., Davies, K. F., Kleyer, M., Margules, C., & Settele, J. (2004).
Predictors of species sensitivity to fragmentation. Biodiversity and
Conservation, 13, 207–251.
Huang, S. P., Porter, W. P., Tu, M. C., & Chiou, C. R. (2014). Forest
cover reduces thermally suitable habitats and affects responses
to a warmer climate predicted in a high-elevation lizard. Oecologia,
175, 25–35.
IUCN. (2019a). IUCN Red List of threatened species version 2019–1. Author.
Retrieved on 21 March 2019 from https://www.iucnredlist.org
IUCN. (2019b). IUCN Red List summary statistics. Author. Retrieved on 29
March 2019 from https://www.iucnredlist.org/resources/summar ystatistics
Jones, K. B. (1981). Effects of grazing on lizard abundance and diversity
in western Arizona. The Southwestern Naturalist, 26, 107–115.
Keinath, D. A., Doak, D. F., Hodges, K. E., Prugh, L. R., Fagan, W.,
Sekercioglu, C. H., … Kauffman, M. (2017). A global analysis of
traits predicting species sensitivity to habitat fragmentation. Global
Ecology and Biogeography, 26, 115–127.
Keith, D. A., Akçakaya, H. R., & Murray, N. J. (2018). Scaling range sizes
to threats for robust predictions of risks to biodiversity. Conservation
Biology, 32, 322–332.
Mantyka-Pringle, C. S., Martin, T. G., & Rhodes, J. R. (2012). Interactions
between climate and habitat loss effects on biodiversity: A systematic review and meta-analysis. Global Change Biology, 18, 1239–1252.
Martin, L. J., & Murray, B. R. (2011). A predictive framework and review
of the ecological impacts of exotic plant invasions on reptiles and
amphibians. Biological Reviews, 86, 407–419.
McGarigal, K., & Cushman, S. A. (2002). Comparative evaluation of experimental approaches to the study of habitat fragmentation effects.
Ecological Applications, 12, 335–345.
Meiri, S. (2008). Evolution and ecology of lizard body sizes. Global Ecology
and Biogeography, 17, 724–734.
Meiri, S. (2018). Traits of lizards of the world: Variation around a successful evolutionary design. Global Ecology and Biogeography, 27,
1168–1172.
Meiri, S., Brown, J. H., & Sibly, R. M. (2012). The ecology of lizard reproductive output. Global Ecology and Biogeography, 21, 592–602.
Meiri, S., Roll, U., Grenyer, R., Feldman, A., Novosolov, M., & Bauer, A.
M. (2017). Data from: The global distribution of tetrapods reveals
a need for targeted reptile conservation. Dryad Digital Repository.
doi:10.5061/dryad.83s7k
Nakagawa, S., & Santos, E. S. A. (2012). Methodological issues and
advances in biological meta-analysis. Evolutionary Ecology, 26,
1253–1274.
Neilly, H., Nordberg, E. J., VanDerWal, J., & Schwarzkopf, L. (2018).
Arboreality increases reptile community resistance to disturbance
from livestock grazing. Journal of Applied Ecology, 55, 786–799.
Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Gray, C. L.,
Scharlemann, J. P. W., … Purvis, A. (2016). Global patterns of

12

|

terrestrial assemblage turnover within and among land uses.
Ecography, 39, 1151–1163.
Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior, R.
A., … Purvis, A. (2015). Global effects of land use on local terrestrial
biodiversity. Nature, 520, 45–50.
Nimmo, D. G., Kelly, L. T., Farnsworth, L. M., Watson, S. J., & Bennett,
A. F. (2014). Why do some species have geographically varying responses to fire history? Ecography, 37, 805–813.
Nopper, J., Lauströer, B., Rödel, M.-O., & Ganzhorn, J. U. (2017). A structurally enriched agricultural landscape maintains high reptile diversity in sub-arid south-western Madagascar. Journal of Applied Ecology,
54, 480–488.
Nowakowski, A. J., Thompson, M. E., Donnelly, M. A., & Todd, B. D.
(2017). Amphibian sensitivity to habitat modification is associated with population trends and species traits. Global Ecology and
Biogeography, 26, 700–712.
Nowakowski, A. J., Watling, J. I., Thompson, M. E., Brusch, G. A.,
Catenazzi, A., Whitfield, S. M., … Todd, B. D. (2018). Thermal biology
mediates responses of amphibians and reptiles to habitat modification. Ecology Letters, 21, 345–355.
Orme, C. D. L., Mayor, S., dos Anjos, L., Develey, P. F., Hatfield, J. H.,
Morante-Filho, J. C., … Banks-Leite, C. (2019). Distance to range edge
determines sensitivity to deforestation. Nature Ecology and Evolution,
3, 886–891.
Owens, I. P. F., & Bennett, P. M. (2000). Ecological basis of extinction
risk in birds: Habitat loss versus human persecution and introduced
predators. Proceedings of the National Academy of Sciences USA, 97,
12144–12148.
Perry, G., Garland, T. Jr, & Garland, T. (2002). Lizard home ranges revisted: Effects of sex, body size, diet, habitat, and phylogeny. Ecology,
83, 1870–1885.
Pike, D. A., Webb, J. K., & Shine, R. (2011). Removing forest canopy
cover restores a reptile assemblage. Ecological Applications, 21,
274–280.
Pimm, S. L., Jenkins, C. N., Abell, R., Brooks, T. M., Gittleman, J. L.,
Joppa, L. N., … Sexton, J. O. (2014). The biodiversity of species and
their rates of extinction, distribution, and protection. Science, 344,
1246752.
Powney, G. D., Greyner, R., Orme, C. D. L., Owens, I. P. F., & Meiri, S.
(2010). Hot, dry and different: Australian lizard richness is unlike that
of mammals, amphibians and birds. Global Ecology and Biogeography,
19, 386–396.
Pulsford, S. A., Driscoll, D. A., Barton, P. S., & Lindenmayer, D. B. (2017).
Remnant vegetation, plantings and fences are beneficial for reptiles
in agricultural landscapes. Journal of Applied Ecology, 18, 1410–1447.
Purvis, A., Cardillo, M., Grenyer, R., & Collen, B. (2005). Correlates of
extinction risk: Phylogeny, biology, threat and scale. Phylogeny
and conservation. In A. Purvis, J. L. Gittleman, & T. Brooks (Eds.),
Phylogeny and Conservation (pp. 295–316). Cambridge: Cambridge
University Press.
Quesnelle, P. E., Lindsay, K. E., & Fahrig, L. (2014). Low reproductive rate
predicts species sensitivity to habitat loss: A meta-analysis of wetland vertebrates. PLoS ONE, 9, e90926.
Roll, U., Feldman, A., Novosolov, M., Allison, A., Bauer, A. M., Bernard,
R., … Meiri, S. (2017). The global distribution of tetrapods reveals a
need for targeted reptile conservation. Nature Ecology and Evolution,
1, 1677–1682.
Rosenberg, M. S., Rothstein, H. R., & Gurevitch, J. (2013). Effect Sizes:
Conventional Choices and Calculations. In J. Koricheva, J. Gurevitch,
& K. Mengersen (Eds.), Handbook of meta-analysis in ecology and evolution (pp. 61–71). Princeton: Princeton University Press.
Rotem, G., Ziv, Y., Giladi, I., & Bouskila, A. (2013). Wheat fields as an
ecological trap for reptiles in a semiarid agroecosystem. Biological
Conservation, 167, 349–353.

DOHERTY et al.

Schlesinger, C. A. (2007). Does vegetation cover affect the rate of capture of ground-active lizards in pitfall traps? Wildlife Research, 34,
359–365.
Shine, R., Elphick, M. J., & Barrott, E. G. (2003). Sunny side up: Lethally
high, not low, nest temperatures may prevent oviparous reptiles
from reproducing at high elevations. Biological Journal of the Linnean
Society, 78, 325–334.
Slatyer, R. A., Hirst, M., & Sexton, J. P. (2013). Niche breadth predicts
geographical range size: A general ecological pattern. Ecology Letters,
16, 1104–1114.
Smith, A. L., Bull, C. M., & Driscoll, D. A. (2012). Post-fire succession affects abundance and survival but not detectability in a knob-tailed
gecko. Biological Conservation, 145, 139–147.
Thompson, M. E., Nowakowski, A. J., & Donnelly, M. A. (2016). The importance of defining focal assemblages when evaluating amphibian
and reptile responses to land use. Conservation Biology, 30, 249–258.
Thorn, S., Bässler, C., Brandl, R., Burton, P. J., Cahall, R., Campbell, J. L.,
… Müller, J. (2018). Impacts of salvage logging on biodiversity: A meta-analysis. Journal of Applied Ecology, 55, 279–289.
Tiatragul, S., Hall, J. M., Pavlik, N. G., & Warner, D. A. (2019). Lizard nest
environments differ between suburban and forest habitats. Biological
Journal of the Linnean Society, 126, 392–403.
Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand
and the sustainable intensification of agriculture. Proceedings of the
National Academy of Sciences USA, 108, 20260–20264.
Tingley, R., Hitchmough, R. A., & Chapple, D. G. (2013). Life-history traits
and extrinsic threats determine extinction risk in New Zealand lizards. Biological Conservation, 165, 62–68.
Tingley, R., Meiri, S., & Chapple, D. G. (2016). Addressing knowledge gaps
in reptile conservation. Biological Conservation, 204, 1–5.
Todd, B. D., & Andrews, K. M. (2008). Response of a reptile guild to forest
harvesting. Conservation Biology, 22, 753–761.
Todd, B. D., Nowakowski, A. J., Rose, J. P., & Price, S. J. (2017). Species
traits explaining sensitivity of snakes to human land use estimated
from citizen science data. Biological Conservation, 206, 31–36.
Tonini, J. F. R., Beard, K. H., Ferreira, R. B., Jetz, W., & Pyron, R. A. (2016).
Fully-sampled phylogenies of squamates reveal evolutionary patterns in threat status. Biological Conservation, 204, 23–31.
Treilibs, C. E., Pavey, C. R., Raghu, S., Bull, C. M. (2016). Weather correlates of temporal activity patterns in a desert lizard: Insights for
designing more effective surveys. Journal of Zoology, 300, 281–290.
Uetz, P. (2018). The reptile database. Retrieved from http://www.reptiledatabase.org
Uribe, S., & Estades, C. F. (2014). Reptiles in monterey pine plantations
of the Coastal Range of Central Chile. Revista Chilena De Historia
Natural, 87, 1–8.
Vehtari, A., Gabry, J., & Gelman, A. (2019). loo: Efficient leave-one-out
cross-validation and WAIC for Bayesian models. R package version
2.1.0. Retrieved from https://CRAN.R-projec t.org/package=loo
Vehtari, A., Gelman, A., & Gabry, J. (2017). Practical Bayesian model evaluation using leave-one-out cross-validation and WAIC. Statistics and
Computing, 27, 1413–1432.
Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor
package. Journal of Statistical Software, 36, 1–48.
Webb, G. A. (1995). Effects of logging on lizards in eucalypt forest at
Eden, New South Wales. Australian Forestry, 58, 155–159.
Wiens, J. J., Kozak, K. H., & Silva, N. (2013). Diversity and niche evolution
along aridity gradients in North American lizards (Phrynosomatidae).
Evolution, 67, 1715–1728.
Williams, D. R., Rast, P., & Bürkner, P.-C. (2018). Bayesian meta-analysis with weakly informative prior distributions. PsyArXiv, 1–19.
doi:10.31234/osf.io/7tbrm
Williams, N. M., Crone, E. E., Roulston, T. H., Minckley, R. L., Packer,
L., & Potts, S. G. (2010). Ecological and life-history traits predict

|

DOHERTY et al.

bee species responses to environmental disturbances. Biological
Conservation, 143, 2280–2291.
Wolf, A. J., Renken, R. B., Fantz, D. K., Gao, X., & Millspaugh, J. J. (2016).
Effects of 3 forest management systems on herpetofaunal diversity
over 23 years in the Missouri Ozarks. Forest Ecology and Management,
379, 252–264.
Yates, C. J., Norton, D. A., & Hobbs, R. J. (2000). Grazing effects on
plant cover, soil and microclimate in fragmented woodlands in
south-western Australia: Implications for restoration. Austral
Ecology, 25, 36–47.

13

Beever, E. A., & Brussard, P. F. (2004). Community- and landscapelevel responses of reptiles and small mammals to feral-horse
grazing in the Great Basin. Journal of Arid Environments, 59,
271–297.
Brown, G. W. (2001). The influence of habitat disturbance on reptiles in a Box-Ironbark eucalypt forest of south-eastern Australia.
Biodiversity and Conservation, 10, 161–176.
Cabrera-Guzmán, E., & Reynoso, V. H. (2012). Amphibian and reptile
communities of rainforest fragments: minimum patch size to support high richness and abundance. Biodiversity and Conservation,

B I O S K E TC H

21, 3243–3265.
Carvalho, E. A. R., Jr., Lima, A. P., Magnusson, W. E., & Albernaz, A.

Tim S. Doherty is a wildlife ecologist specializing in the fields of

L. K. M. (2008). Long-term effect of forest fragmentation on

disturbance ecology and predator–prey ecology. His research

the Amazonian gekkonid lizards, Coleodactylus amazonicus and

aims to improve our understanding and management of the

Gonatodes humeralis. Austral Ecology, 33, 723–729.

natural world, particularly regarding the impacts of humans on

Craig, M. D., Garkaklis, M. J., Hardy, G. E. S. J., Grigg, A. H., Grant,

the environment. He achieves this through a combination of

C. D., Fleming, P. A., & Hobbs, R. J. (2007). Ecology of the west-

local field experiments and quantitative syntheses at continen-

ern bearded dragon (Pogona minor) in unmined forest and forest

tal and global scales.

restored after bauxite mining in south-west Western Australia.
Australian Journal of Zoology, 55, 107–116.
Craig, M. D., Stokes, V. L., Hardy, G. E. S., & Hobbs, R. J. (2015). Edge

S U P P O R T I N G I N FO R M AT I O N

effects across boundaries between natural and restored jarrah

Additional supporting information may be found online in the

(Eucalyptus marginata) forests in south-western Australia. Austral

Supporting Information section.

Ecology, 40, 186–197.
Cromer, R. B., Lanham, J. D., & Hanlin, H. H. (2002). Herpetofaunal

How to cite this article: Doherty TS, Balouch S, Bell K, et al.
Reptile responses to anthropogenic habitat modification: A
global meta-analysis. Global Ecol Biogeogr. 2020;00:1–15.
https://doi.org/10.1111/geb.13091

response to gap and skidder-rut wetland creation in a southern
bottomland hardwood forest. Forest Science, 48, 407–413.
Cruz, F. B. (2014). Responses of two sympatric sand lizards to exotic
forestations in the coastal dunes of Argentina: some implications
for conservation. Wildlife Research, 41, 480–489.
D’Cruze, N., & Kumar, S. (2011). Effects of anthropogenic activities on lizard communities in northern Madagascar. Animal

APPENDIX
L I S T O F DATA S O U R C E S
Almeida-Gomes, M., Frederico, C., & Rocha, D. (2014). Diversity and
distribution of lizards in fragmented Atlantic forest landscape in
south-eastern Brazil. Journal of Herpetology, 48, 423–429.

Conservation, 14, 542–552.
Driscoll, D. A. (2004). Extinction and outbreaks accompany fragmentation of a reptile community. Ecological Applications, 14,
220–240.
Fabricius, C., Burger, M., & Hockey, P. A. R. (2003). Comparing biodi-

Anderson, L., & Burgin, S. (2002). Influence of woodland remnant

versity between protected areas and adjacent rangeland in xeric

edges on small skinks (Richmond, New South Wales). Austral

succulent thicket, South Africa: Arthropods and reptiles. Journal

Ecology, 27, 630–637.
Attum, O. A., & Eason, P. K. (2006). Effects of vegetation loss on a
sand dune lizard. Journal of Wildlife Management, 70, 27–30.
Attum, O., Eason, P., Cobbs, G., & Baha El Din, S. M. (2006). Response

of Applied Ecology, 40, 392–403.
Gainsbury, A. M., & Colli, G. R. (2014). Effects of abandoned
Eucalyptus plantations on lizard communities in the Brazilian
Cerrado. Biodiversity and Conservation, 23, 3155–3170.

of a desert lizard community to habitat degradation: Do ideas

Germano, D. J., Rathbun, G. B., & Saslaw, L. R. (2012). Effects of graz-

about habitat specialists/generalists hold? Biological Conservation,

ing and invasive grasses on desert vertebrates in California. The

133, 52–62.

Journal of Wildlife Management, 76, 670–682.

Azor, J. S., Santos, X., & Pleguezuelos, J. M. (2015). Conifer-plantation

Goldingay, R. L., & Newell, D. A. (2017). Small-scale field experiments

thinning restores reptile biodiversity in Mediterranean land-

provide important insights to restore the rock habitat of Australia’s

scapes. Forest Ecology and Management, 354, 185–189.

most endangered snake. Restoration Ecology, 25, 243–252.

Barrows, C. W., Allen, E. B., Brooks, M. L., & Allen, M. F. (2009).

Goldingay, R., Daly, G., & Lemckert, F. (1996). Assessing the impacts

Effects of an invasive plant on a desert sand dune landscape.

of logging on reptiles and frogs in the montane forests of south-

Biological Invasions, 11, 673–686.

ern New South Wales. Wildlife Research, 23, 495–510.

14

|

DOHERTY et al.

Goode, M. J., Horrace, W. C., Sredl, M. J., & Howland, J. M. (2005).

Read, J. L. (2002). Experimental trial of Australian arid zone rep-

Habitat destruction by collectors associated with decreased abun-

tiles as early warning indicators of overgrazing by cattle. Austral

dance of rock-dwelling lizards. Biological Conservation, 125, 47–54.

Ecology, 27, 55–66.

Gorissen, S., Greenlees, M., & Shine, R. (2017). A skink out of water:

Reading, C., & Jofré, G. (2015). Habitat use by smooth snakes on low-

impacts of anthropogenic disturbance on an endangered reptile

land heath managed using ‘conservation grazing’. Herpetological

in Australian highland swamps. Oryx, 51, 610–618.

Journal, 25, 225–231.

Greenberg, C. H., Neary, D. G., & Harris, L. D. (1994). Effect of high-

Reading, C. J., & Jofré, G. M. (2016). Habitat use by grass snakes and

intensity wildfire and silvicultural treatments on reptile commu-

three sympatric lizard species on lowland heath managed using

nities in sand-pine scrub. Conservation Biology, 8, 1047–1057.

‘conservation grazing’. Herpetological Journal, 26, 131–138.

Haby, N. A., & Brandle, R. (2018). Passive recovery of small verte-

Rubio, A. V., & Simonetti, J. A. (2011). Lizard assemblages in a frag-

brates following livestock removal in the Australian rangelands.

mented landscape of central Chile. European Journal of Wildlife

Restoration Ecology, 26, 174–182.

Research, 57, 195–199.

Hecnar, S. J., & M.’Closkey, R. T. (1998). Effects of human disturbance

Saccol, S. da S. A., Bolzan, A. M. R., & dos Santos, T. G. (2017). In

on five-lined skink, Eumeces fasciatus, abundance and distribu-

the shadow of trees: Does Eucalyptus afforestation reduce her-

tion. Biological Conservation, 85, 213–222.

petofaunal diversity in southern Brazil? South American Journal of

Homyack, J. D., & Giuliano, W. M. (1973). Effect of streambank fencing on herpetofauna in pasture stream zones. Wildlife Society
Bulletin, 30, 361–369.
Jellinek, S., Driscoll, D. A., & Kirkpatrick, J. B. (2004). Environmental

Herpetology, 12, 42–56.
Sato, C. F., Wood, J. T., Schroder, M., Michael, D. R., Osborne, W. S.,
Green, K., & Lindenmayer, D. B. (2014). Designing for conservation outcomes: The value of remnant habitat for reptiles on ski

and vegetation variables have a greater influence than habitat

runs in subalpine landscapes. Landscape Ecology, 29, 1225–1236.

fragmentation in structuring lizard communities in remnant

Scott, D. M., Brown, D., Mahood, S., Denton, B., Silburn, A., &

urban bushland. Austral Ecology, 29, 294–304.
Jones, K. B. (1981). Effects of grazing on lizard abundance and diversity in western Arizona. The Southwestern Naturalist, 26, 107–115.
Knox, C. D., Cree, A., & Seddon, P. J. (2012). Direct and indirect ef-

Rakotondraparany, F. (2006). The impacts of forest clearance on
lizard, small mammal and bird communities in the arid spiny forest, southern Madagascar. Biological Conservation, 127, 72–87.
Silveira, J. M., & Azevedo-Ramos, C. (2010). Effect of reduced-im-

fects of grazing by introduced mammals on a native, arboreal

pact and conventional logging techniques on the lizard Kentropyx

gecko (Naultinus gemmeus). Journal of Herpetology, 46, 145–152.

calcarata (Teiidae) in the eastern Amazon. Ecotropica, 16, 1–14.

Kutt, A. S., Vanderduys, E. P., Ferguson, D., & Mathieson, M. (2012).

Smart, R., Whiting, M. J., & Twine, W. (2005). Lizards and landscapes:

Effect of small-scale woodland clearing and thinning on verte-

integrating field surveys and interviews to assess the impact of

brate fauna in a largely intact tropical savanna mosaic. Wildlife

human disturbance on lizard assemblages and selected reptiles

Research, 39, 366–373.

in a savanna in South Africa. Biological Conservation, 122, 23–31.

Letnic, M. I., & Fox, B. J. (1997). The impact of industrial fluoride

Suazo-Ortuño, I., Alvarado-Díaz, J., Mendoza, E., López-Toledo, L.,

fallout on faunal succession following sand mining of dry sclero-

Lara-Uribe, N., Márquez-Camargo, C., … Rangel-Orozco, J. D.

phyll forest at Tomago, NSW.—I. Lizard recolonisation. Biological

(2015). High resilience of herpetofaunal communities in a hu-

Conservation, 80, 63–81.

man-modified tropical dry forest landscape in western Mexico.

Leynaud, G. C., & Bucher, E. H. (2005). Restoration of degraded
Chaco woodlands: Effects on reptile assemblages. Forest Ecology
and Management, 213, 384–390.
Lima, A., Suárez, F. I. O., & Higuchi, N. (2001). The effects of selective logging on the lizards Kentropyx calcarata, Ameiva ameiva and
Mabuya nigropunctata. Amphibia-Reptilia, 22, 209–216.
Owens, A. K., Moseley, K. R., McCay, T. S., Castleberry, S. B., Kilgo,

Tropical Conservation Science, 8, 396–423.
Sumner, J., Moritz, C., & Shine, R. (1999). Shrinking forest shrinks
skink: Morphological change in response to rainforest fragmentation in the prickly forest skink (Gnypetoscincus queenslandiae).
Biological Conservation, 91, 159–167.
Sutton, W. B., Wang, Y., & Schweitzer, C. J. (2013). Amphibian and
reptile responses to thinning and prescribed burning in mixed

J. C., & Ford, W. M. (2008). Amphibian and reptile community re-

pine–hardwood forests of northwestern Alabama, USA. Forest

sponse to coarse woody debris manipulations in upland loblolly

Ecology and Management, 295, 213–227.

pine (Pinus taeda) forests. Forest Ecology and Management, 256,
2078–2083.
Pafilis, P., Anastasiou, I., Sagonas, K., & Valakos, E. D. (2013). Grazing
by goats on islands affects the populations of an endemic
Mediterranean lizard. Journal of Zoology, 290, 255–264.

Thompson, G. G., & Thompson, S. A. (2007). Early and late colonizers in mine site rehabilitated waste dumps in the Goldfields of
Western Australia. Pacific Conservation Biology, 13, 235–243.
Todd, B. D., & Amdrews, K. M. (2008). Response of a reptile guild to
forest harvesting. Conservation Biology, 22, 753–761.

Pulsford, S. A., Driscoll, D. A., Barton, P. S., & Lindenmayer, D. B.

Triska, M. D., Craig, M. D., Stokes, V. L., Pech, R. P., & Hobbs, R. J.

(2017). Remnant vegetation, plantings and fences are beneficial

(2016). The relative influence of in situ and neighborhood fac-

for reptiles in agricultural landscapes. Journal of Applied Ecology,

tors on reptile recolonization in post-mining restoration sites.

54, 1710–1719.

Restoration Ecology, 24, 517–527.

|

DOHERTY et al.

15

Vasudevan, K., & Deepak, V. (2008). Density and microhabitat as-

Wasiolka, B., & Blaum, N. (2011). Comparing biodiversity be-

sociation of Salea anamallayana in Eravikulam National Park,

tween protected savanna and adjacent non-protected farm-

Western Ghats, India. Herpetological Journal, 18, 165–170.

land in the southern Kalahari. Journal of Arid Environments, 75,

Walkup, D. K., Leavitt, D. J., & Fitzgerald, L. A. (2017). Effects of
habitat fragmentation on population structure of dune-dwelling
lizards. Ecosphere, 8, e01729-14.

836–841.
Webb, G. A. (1995). Effects of logging on lizards in eucalypt forest at
Eden, New South Wales. Australian Forestry, 58, 155–159.

Supporting information for Reptile responses to anthropogenic habitat modification:
a global meta-analysis
Appendix S1: PRISMA diagram.
Appendix S2: Additional results.

Identification

Appendix S1: PRISMA diagram.

Records identified through
database searching
(n = 5,932)

Additional records identified
through other sources
(n = 0)

Eligibility

Screening

Records after duplicates removed
(n = 4,162)

Records screened
(n = 4,162)

Records excluded
(n = 3,696)

Full-text articles
assessed for eligibility
(n = 466)

Full-text articles
excluded, with reasons
(n = 410)

Included

Studies included in
qualitative synthesis
(n = 56)

Studies included in
quantitative synthesis
(meta-analysis)
(n = 56)

1

Appendix S2: Additional results.
Table S2.1 Identification of an appropriate random effects structure using leave-one-out
cross-validation model selection. LOOIC, leave-one-out information criterion. We selected
the random effects structure of the model with the lowest LOOIC.
Hedges’ g
Random effects structure
Study ID + Species
Study ID + Species + Phylogeny
Study + Species + Family
Study ID + Phylogeny
Study ID
No random effects

LOOIC
1646.1
1646.2
1651.8
1697.1
1869.9
1942.4

Log response ratio
Random effects structure
Study ID + Species
Study ID + Species + Phylogeny
Study + Species + Family
Study ID + Phylogeny
Study ID
No random effects

LOOIC
1286.2
1289.4
1293.8
1326.1
1362.3
1415.9

Fig. S2.1 Funnel plot of effect sizes (Hedges’ g) plotted against the inverse standard error of
sampling variances. The white area bordered by dashed lines represents the region of 95%
pseudo confidence intervals where 95% of studies are expected to fall in the absence of bias
and heterogeneity. Although difficult to see in the plot, ~85–90% of studies fall within this
region.
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Table S2.2. Mean effect sizes (Hedges’ g and log response ratio) and 95% credible intervals
for predictor variables. Bold values indicate where the credible intervals do not include zero.

Model

Term

Continuous
model

Intercept
Body mass
Clutch size
Range size
Habitat
specialisation
Temperature
Precipitation
Oviparous
Viviparous
Agriculture
Grazing
Logging
Plantation
Patch size
reduction
Mining
Forest
Woodland
Shrubland
Grassland

Reproductive
mode
Disturbance
type

Vegetation
type

Hedges’ g
Posterior Lower
mean
95% CI

Upper
95% CI

Log response ratio
Posterior Lower
mean
95% CI

Upper
95% CI

-0.40
-0.03
0.10
0.15

-0.60
-0.32
-0.03
-0.05

-0.20
0.26
0.22
0.36

-0.31
0.01
0.10
0.24

-0.58
-0.23
-0.10
-0.05

-0.04
0.25
0.31
0.53

-0.01
-0.01
-0.06
-0.46
-0.37
-0.55
-0.39
0.08
-0.35

-0.13
-0.17
-0.23
-0.65
-0.63
-0.90
-0.67
-0.30
-0.81

0.11
0.15
0.12
-0.28
-0.11
-0.20
-0.13
0.46
0.14

-0.02
0.05
-0.01
-0.46
-0.32
-0.51
-0.25
0.43
-0.76

-0.20
-0.17
-0.25
-0.69
-0.71
-1.19
-0.55
-0.01
-1.48

0.16
0.28
0.23
-0.22
0.08
0.19
0.03
0.88
-0.02

-0.25
-0.81
-0.51
-0.39
-0.42
-0.20

-0.58
-1.26
-0.77
-0.75
-0.71
-0.68

0.10
-0.35
-0.26
-0.04
-0.12
0.29

-0.55
-1.24
-0.49
-0.51
-0.38
0.12

-0.99
-1.73
-0.82
-0.93
-0.72
-0.39

-0.12
-0.70
-0.18
-0.08
-0.02
0.66
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Fig. S2.2. Mean effect sizes (log response ratio) and 95% credible intervals for the effect of
habitat modification on squamate species abundance according to life history and
environmental traits. Numbers in parentheses represent the sample size for each predictor
variable. Predictors are grouped according to the specification of each statistical model.

4

Fig. S2.3. Mean effect sizes (log response ratio) and 95% credible intervals for the effect of
habitat modification on squamate species abundance for each taxonomic family. Numbers in
parentheses represent the sample size for each family. Families with data for fewer than
three species were excluded.
Table S2.3. Mean effect sizes (Hedges’ g and log response ratio) and 95% credible intervals
for the taxonomic family model. Bold values indicate where the credible intervals do not
include zero.
Hedges’ g

Family
Agamidae
Chamaeleonidae
Colubridae
Dactyloidae
Diplodactylidae
Dipsadidae
Elapidae
Gekkonidae
Gerrhosauridae
Gymnophthalmidae
Iguanidae
Lacertidae
Lamprophiidae
Phrynosomatidae
Phyllodactylidae
Pygopodidae
Scincidae
Teiidae
Typhlopidae
Varanidae
Viperidae

Posterior
mean
-0.28
-0.32
-0.26
-0.31
-0.40
-0.68
-0.30
-0.32
-0.88
-0.48
-0.41
-1.10
-0.76
0.22
-0.99
-0.34
-0.49
-0.92
-0.19
-0.27
-0.30

Log response ratio
Lower
95% CI
-0.73
-1.41
-0.63
-1.09
-0.88
-1.13
-0.73
-0.85
-2.03
-1.47
-0.86
-1.69
-1.74
-0.20
-2.04
-1.09
-0.74
-1.46
-0.93
-1.05
-0.91

Upper
95% CI
0.17
0.77
0.11
0.49
0.07
-0.22
0.13
0.22
0.29
0.52
0.04
-0.50
0.22
0.63
0.06
0.41
-0.23
-0.39
0.55
0.52
0.28

Posterior
mean
-0.14
-0.30
-0.18
-0.53
-0.85
-0.02
0.02
-0.89
-0.17
-0.63
0.31
-0.39
-0.59
-0.77
-0.11
-0.34

Lower
95% CI
-0.75
-0.84
-1.04
-1.12
-1.53
-0.89
-0.83
-2.23
-0.76
-1.39
-0.19
-2.14
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Fig. S2.4 Size-frequency distributions for all squamates and the species included in our
database. Body mass data are from Feldman, A., Sabath, N., Pyron, R.A., Mayrose, I. &
Meiri, S. (2016) Body sizes and diversification rates of lizards, snakes, amphisbaenians and
the tuatara. Global Ecology and Biogeography, 25, 187–197.
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