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Introduction

Abstract

In the last two centuries, the development of human civilization has transformed
large natural areas into anthropogenic landscapes, making habitat fragmentation
a pervasive feature of modern landscapes. In animal populations, habitat frag-
mentation may alter their genetic diversity and structure due to limited gene flow
and dispersion and reduced effective population sizes, potentially leading to
genetic drift in small habitat patches. We tested the hypothesis that habitat frag-
mentation affects genetic diversity of tetrapod populations through a meta-
analysis. We also examined certain life history traits of species and particular
external landscape factors that may determine the magnitude of genetic erosion
observed in fragmented habitats. Our results showed that habitat fragmentation
reduces overall genetic diversity of tetrapod populations. Stronger negative frag-
mentation effects were detected for amphibians, birds and mammals. Within each
taxonomic group, species with large body size were more strongly affected by
fragmentation. Particularly within mammals, we found that less vagile species
with short generation times represent the most susceptible tetrapod group to lose
genetic diversity in fragmented habitats. As external drivers, we found a nonsig-
nificant trend of lower fragmentation effects in study systems of less than 50 years
and stronger effects in older (>100 years) fragmented systems. As expected, the
extent of habitat loss was also important in determining the magnitude of genetic
erosion in tetrapods. Extreme habitat loss showed stronger negative effects on
genetic diversity irrespective of taxonomic groups. The information gathered in
this review also highlights research bias and gaps in the literature.

to assess the effects of habitat fragmentation on genetic
diversity in order to help develop tools and strategies for the

Human activities have changed natural habitats into
anthropogenic landscapes, resulting in habitat loss and frag-
mentation of originally continuous ecosystems. Such pro-
cesses impose important changes in the structure and
distribution of natural communities, which often results in
the reduction of both the size and connectivity of plant and
animal populations surviving in fragmented habitats
(Saunders, Hobbs & Margules, 1991; Fahrig, 2003). Such
rapid and drastic changes in land use across the globe rep-
resent the main driving forces behind current biodiversity
loss and will continue to be so throughout the present
century (Sala et al., 2000). Although not always properly
acknowledged, genetic diversity represents one of the three
forms of biodiversity. The amount of genetic diversity is
crucial in determining the potential of populations to adapt
and evolve in changing environments. Thus, it is important
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conservation of wild populations (Pertoldi, Bijlsma &
Loeschcke, 2007).

After nearly three decades of research, considerable
attention has been given to the effects of habitat fragmen-
tation on population abundance and distribution of differ-
ent taxonomic groups (e.g. Férnandez-Juricic, 2004). Within
the last 15 years, however, there has been a growing interest
in assessing the genetic consequences of habitat fragmenta-
tion (e.g. Cunningham & Moritz, 1998; Lindsay et al., 2008;
Meyer, Kalko & Kerth, 2008). Changes in landscape con-
figuration imposed by habitat fragmentation can affect the
genetic characteristics of populations by limiting gene flow
and dispersion, reducing the effective population sizes and
increasing the effects of genetic drift in small habitat patches
(Caizergues et al., 2003; Reed & Frankham, 2003), reducing
genetic diversity and increasing mating between genetically
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related individuals (inbreeding). As a result, the distribution
of genetic diversity within and among populations (i.e.
genetic structure) can change drastically. The immediate
effects on genetic composition depend mainly on three
factors: (1) the effective size of remaining populations; (2)
the pattern of genetic diversity of the original population
before fragmentation; (3) the rate of migration of individu-
als among patches (Bates, 2000; Meyer et al., 2008).

Current evidence suggests that not all fragmentation sce-
narios result in genetic erosion of vertebrate populations.
Landscape factors such as the extent of habitat fragmenta-
tion, the type and quality of matrix, the presence of physi-
cal barriers such as roads or fences, among others, will
influence the magnitude of responses. On the other hand,
life history and ecological features of animal species will
also determine their ability to cope and maintain genetic
variability in fragmented habitats (Cook et al., 2002). For
example, degree of vagility of vertebrate (tetrapod) species
can be an important susceptibility trait. In this regard,
amphibians and reptiles would be more likely to lose
genetic diversity due to their low vagility and greater sus-
ceptibility to changes in the environment, compared with
birds and mammals that may be able to move across matri-
ces of unsuitable habitat (Moore et al., 2008; Allentoft &
O’Brien, 2010). Moreover, the size of mobile organisms
determines the spatial scale of their habitat requirements.
Tetrapod species with large body size require large foraging
and reproductive areas and usually make use of different
habitat types (Gurrutxaga & Lozano, 2006), which can be
limited in fragmented habitats. Thus, within the same taxo-
nomic group, large-body species may need more space,
leading to lower population densities and thereby to
smaller effective population sizes in fragments and conse-
quently to a loss of genetic diversity. Furthermore, because
genetic drift acts across successive generations, it is
expected that species with short generation times, as some
amphibians, birds and small mammals, would show signs
of genetic erosion much faster than organisms with long
generation time, as some birds, reptiles and large mammals
(Schmeller, Schregel & Veith, 2007).

In addition to the potential susceptibility of particular life
history traits of species, external drivers such as the time
elapsed in fragmentation conditions and the extent of
habitat fragmentation can determine the magnitude of frag-
mentation effects on genetic diversity of tetrapod popula-
tions. The time elapsed in fragmentation condition is an
important factor to consider when evaluating genetic
erosion. We may expect to observe stronger fragmentation
effects on genetic variability of tetrapod populations sub-
jected to longer periods of fragmentation conditions, where
one or more generations have passed (Caizergues et al.,
2003; Aguilar et al., 2008). Furthermore, because patch size
tends to be correlated with genetic diversity (Frankham,
1995), we might expect that studies evaluating genetic con-
sequences of fragmentation in tetrapod populations surviv-
ing in extremely fragmented habitats will show stronger
effects than studies selecting less extreme or more moder-
ately fragmented systems (Holmes et al., 2013).
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In this work, we conducted a quantitative review to
evaluate the overall effects of habitat fragmentation on
genetic diversity of tetrapod populations by testing some of
the predictions of the conservation genetics paradigm. Spe-
cifically, we aim to determine: (1) the overall magnitude and
direction of habitat fragmentation effects on genetic vari-
ability of tetrapod populations; (2) whether certain life
history traits of species within the same taxonomic group,
such as vagility, body size and generation times of species,
determine the magnitude of fragmentation effects on genetic
diversity; (3) whether external drivers such as the time
elapsed in fragmentation conditions and the degree of
habitat fragmentation also guide the magnitude of effects on
genetic diversity.

Methods

Literature search

We conducted a systematic literature search comprising the
period 1989-2013 through several databases such as Cam-
bridge Scientific Abstracts, Science Citation Index, Search-
able Ornithological Research Archive and databases of
Biological Abstracts, and major publishers (Blackwell
Science, Springer-Verlag and Elsevier) and scientific socie-
ties that group the most relevant journals in ecology,
biology and conservation genetics. For this review, we con-
centrated on tetrapods (amphibians, reptiles, birds and
mammals). We used a combination of the following key-
words for conducting the literature search: (fragment* or
‘habitat loss’) and (‘genetic diversity’ or ‘inbreeding’) and
(‘vertebrate®™ or ‘amphibian*’ or ‘reptile*’ or ‘bird*’ or
‘mammal*’). We obtained 462 studies that were examined to
determine whether they met the requirements for entry into
the meta-analysis.

Because the process of anthropogenic habitat fragmenta-
tion produces habitat loss, reduces population size and
increases isolation between populations, our review allowed
the inclusion of studies analyzing any of these measures of
fragmentation. We later evaluated the relative effects of each
of these fragmentation parameters on genetic diversity. We
only included studies that compared fragmented habitats
with large extensions of continuous habitat. We excluded
papers that analyzed correlations between population size
and genetic variability with no explicit mentions to the effects
of habitat fragmentation and also those studies assessing
historically natural non-anthropogenic habitat fragmenta-
tion, which has taken place thousands of years ago.

In studies using codominant markers (i.e. microsatellites
and allozymes), the measures of genetic variability consid-
ered were: expected heterozygosity (He), number of alleles
(A) and inbreeding coefficient (Fis). In studies using domi-
nant markers [namely DNAmt sequences, random ampli-
fied polymorphic DNA (RAPDs) and amplified fragment
length polymorphism (AFLPs)], we used molecular variance
or gene diversity and these parameters were analyzed
together with expected heterozygosity (Aguilar et al., 2008).
These genetic parameters were not necessarily evaluated
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altogether within the same study, so the sample sizes for
each of these genetic parameters in the meta-analyses were
different. In studies that did not provide the inbreeding
coefficient, it was calculated using the expected (He) and
observed (Ho) heterozygosity (Fis = He — HolHe).

For each vertebrate species studied, we collected infor-
mation on certain life history traits such as vagility, genera-
tion time and body sizes to compare their relative effect size
within each taxonomic group. Information on these three
traits for each species was searched within each study and in
other literature sources (online databases) using the species
name as the keyword search. We used continuous values for
each of these three moderator variables (vagility, generation
time and body size) to examine their potential relationship
with effect sizes by means of meta-regressions (see below).
In cases where range values were provided for any of these
variables, we used an estimated mean to have a unique
value. For some species, we were not able to find informa-
tion on one or more of these traits, so analyses were con-
ducted only with the species where such information was
available (78-84% of species). Therefore, meta-analyses on
these moderator variables differed in their sample size.

We further searched in each paper for information
regarding the time elapsed in fragmentation conditions,
which included rough estimates of the onset of fragmenta-
tion events given by the authors (estimated in few decades or
centuries) and of time periods elapsed. With this informa-
tion, we created three categories (under 50 years, between 50
and 100 years, and more than 100 years). Finally, because
the studies varied in their extent or degree of habitat frag-
mentation, we created two broad categories (moderate and
extreme habitat loss) to compare the magnitude of effect
sizes. Following Winfree et al. (2009), we categorized as
‘extreme habitat loss’ studies in which the fragmented site
was either of less than 5 ha in area, surrounded by less than
5% continuous original habitat or located at more than
5 km from the nearest continuous original habitat. ‘Moder-
ate habitat loss’ category refers to study systems where these
landscape parameters were less extreme.

Some authors assessed habitat fragmentation effects on
genetic parameters in more than one species within the same
paper and we included all these species in our meta-analysis.
Because the magnitude and sometimes the direction of
genetic responses to habitat fragmentation in each species
within the same study were quite different, it is reasonable to
assume that the effects are independent for each species
(Gurevitch & Hedges, 2001; Aguilar et al., 2008).

Data analysis

We used a categorical meta-analysis approach to assess
population genetic parameters of tetrapods in two contrast-
ing habitat conditions (fragmented habitats vs. continuous
habitats), thus we obtained genetic parameters (He, 4 and
Fis) data from tetrapod populations living in fragmented
and continuous habitat conditions. With these data, which
were taken from the text, tables or graphs, we obtained
mean values and standard deviations within each habitat
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condition. From each study, the magnitude of fragmenta-
tion effects on each genetic parameter was quantified by
calculating Hedges’ d (Gurevitch & Hedges, 2001). The
effect size (d) can be interpreted as the difference between
the genetic diversity of vertebrate populations in fragmented
and continuous habitats measured in standard deviation
units (Gurevitch & Hedges, 2001, see Aguilar ez al., 2008 for
formula description).

We ran separate meta-analyses for each of the different
genetic parameters assessed in each study. Negative values
for the effect size (d) of He and A imply negative effects of
habitat fragmentation on these parameters, while positive
values of d imply positive effects of fragmentation. The
interpretation of the direction of effect size for inbreeding
coefficient (Fis) is exactly the opposite; positive values of d
imply negative effects of habitat fragmentation (high
inbreeding), while negative values of d indicate positive
effects of fragmentation (low inbreeding) (Aguilar et al.,
2008).

To analyze whether vagility, generation time and body
size influence the magnitude of effects, we ran meta-
regressions assessing the relationships between the effect size
(Hedges’ d) calculated for each species and the correspond-
ing vagility, generation time or body size values. Previous to
running meta-regressions, we log transformed these three
parameters. To compare the relative effects of the two exter-
nal drivers (time elapsed and extent of fragmentation), we
used categorical comparisons using Q statistics (see below).

MetaWin software version 2.0 (Rosenberg, Adams &
Gurevitch, 2000) was used to run the analyses and bootstrap
resampling procedures as described in Adams, Gurevitch &
Rosenberg (1997) and to calculate confidence intervals (CIs)
of effect sizes. The effects of habitat fragmentation were
considered significant if the 95% biased-corrected bootstrap
CIs of the effect size (d) did not overlap zero (Rosenberg
et al., 2000). CIs based on resampling CI estimates are more
conservative (Adams et al., 1997). The data were analyzed
with a random effects model, assuming that differences
between studies are due to sampling errors and also to
random variation (Raudenbush, 1994). The heterogeneity of
effect sizes was evaluated with Q statistics (Gurevitch &
Hedges, 2001). Specifically, we examined the P-values asso-
ciated with Qpeween statistics, which describe the variation in
effect sizes attributed to differences between the categorical
predictors (e.g. time elapsed in fragmentation conditions and
extent of fragmentation).

Publication bias

Different methods were used to detect potential publication
bias, first graphically (funnel plots and weighted histo-
grams), and secondly by weighted calculation of the fail-safe
numbers (Rosenberg et al., 2000; Rosenberg, 2005). If the
calculated fail-safe number is greater than 57 + 10, where n
is the number of studies, then publication bias can be
ignored because the results are robust regardless of publica-
tion bias (Rosenberg, 2005).
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Phylogenetic meta-analysis

In any meta-analysis involving multiple species, it is crucial
to consider the phylogenetic relationships among them,
because more closely related species may share similar
response to the same factor (Chamberlain et al., 2012). We
used PhyloMeta software version 1.3 to conduct
phylogenetically independent meta-analyses (Lajeunesse,
2011). Before running the analyses, we constructed a main
phylogenetic tree for all tetrapod species included in this
review (Supporting Information Appendix S1) using
cytochrome b sequences for each species, retrieved from
the GenBank database and aligned using the ClustalW
algorithm (Thompson, Higgins & Gibson, 1994). We used
720 bp to estimate the length of the tree branches covering all
species included in this study using PAUP 4 beta 10
(Swofford, 2003), and phylogenetic relationships were
inferred under criterion of maximum likelihood (Felsenstein,
1981). The appropriate model of nucleotide substitution was
selected with the Akaike information criterion using the
software MrMTgui 1.0 (Nuin, 2008). The best model of
nucleotide substitution for the analysis was the general time
reversible model (GTR+1+G) (Lanave et al., 1984).

The main tree was obtained using ultrametric length
branches, adjusted to one (Sanderson, 2002) using R 2.9.2
(Paradist, Claude & Strimmer, 2004). Because we did not
obtain the same kind of information for every tetrapod
species included within the main phylogenetic tree (genetic
parameters and moderator variables), we had to construct
different sub-trees when running meta-analyses for each
genetic parameter (4, He or Fis) and when analyzing mod-
erator variables (e.g. body size, time elapsed in fragmenta-
tion conditions). These sub-trees were obtained by trimming
taxa off the main tree with the software Prunetree 5.0
(Lajeunesse lab synthesis and parasites, Tampa, FL, USA),
so that the resulting sub-tree only contained the species used
for a particular analysis (e.g. phylogenetically independent
meta-analysis for 4 had 77 species whereas for He had 99
species, each of them with a particular phylogenetic sub-
tree). Some of the tetrapod species were evaluated by more
than one author (see Supporting Information Appen-
dix S2). For the phylogenetic meta-analysis, we pooled these
multiple effect sizes per species using a traditional meta-
analysis with a fixed effects model (Koricheva, Gurevitch &
Mengersen, 2013), so that we used one effect size per species.
We used the model selection criteria (MSC) to compare
model fit between the conventional meta-analysis and the
phylogenetic-independent meta-analysis (Lajeunesse, 2011).
The model with the smallest MSC was selected as the best
fitting the data (Hedges & Olkin, 1985).

Results

Conventional and phylogenetic
meta-analyses

The conventional meta-analysis provided a significantly
better-fit model than the phylogenetically corrected
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meta-analysis (He: MSC=29623 vs. 33521, A4:
MSC =229.11 vs. 245.52; Fis: MSC =139.97 vs. 174.15),
suggesting that phylogenetic structure is not influencing the
variation among effects sizes and thus we only show the
results from the conventional meta-analyses.

Sample of studies

We obtained a total of 94 scientific publications that evalu-
ated the effect of habitat fragmentation on genetic diversity
of tetrapod populations. These studies measured at least one
genetic parameter in 92 species of vertebrates, of which
12.6% were amphibians, 20.0% were reptiles, 31.6% were
birds and 35.8% were mammals. Some species were studied
more than once by different authors, thus we obtained a
total of 99 data points for the traditional meta-analysis for
the expected heterozygosity (He), 77 for the number of
alleles (4) and 49 for the inbreeding coefficient (F;s). Most
of the studies used microsatellites (75%) as genetic markers
to assess the effect of habitat fragmentation on genetic vari-
ability, 11% used sequences, 9% used allozymes and 5% used
RAPDs/AFLPs. Statistical comparisons of effect sizes
obtained from different molecular markers showed no sig-
nificant differences among them (He: Qpetween = 1.03,
P=0.411; A: Qvetween = 0.18, P=0.951; Fis: Qvetween = 0.75,
P =0.621), implying that all markers used are comparable
in detecting changes in genetic diversity in fragmented
habitats.

The weighted histograms of He, A and Fjs, showed
unimodal distributions with the highest frequency around
zero, and the graph of effect size versus sample size showed
a symmetric funnel shape, indicating no publication bias in
our sample (figures not shown). Similarly, the fail-safe
numbers calculated for each meta-analysis were always
greater than Sn + 10 (He: 4668.8 > (5 x 99) + 10 =505; A4:
4103.1>(5x77) +10=395; Fi:  839.3>(5x49)+ 10
=255), reinforcing the robustness of these results.

Overall, the average weighted effect sizes of habitat frag-
mentation on He and 4 were negative and significantly dif-
ferent from zero (Fig. 1). Although F;s showed a trend
towards increased inbreeding due to habitat fragmentation,
this effect was not significantly different from zero (Fig. 1).

When looking separately at each vertebrate group, we
found that fragmentation effects on He were significantly
negative for amphibians, mammals and birds, whereas for
reptiles overall mean effect was nonsignificant (Fig. 2).
Overall effects on 4 were significantly negative for all four
taxonomic groups (Fig.2). Fragmentation effects on
inbreeding coefficient (F;s) were consistently nonsignificant
for all vertebrate groups (Fig. 2). Amphibians and reptiles
were the least represented groups and their overall effect
estimations may be less precise than the other two groups.

The analysis of vagility within amphibians, birds and
reptiles showed no significant relationships between
fragmentation effects on any of the genetic parameters
(He, A and Fis; not shown). For mammals, however, we
found significant meta-regressions for A4 (Y,=-1.87+
0.605 X vagitiey); 1° =0.645, P=0.001, n=24; Fig.3) and

Animal Conservation 18 (2015) 249-258 © 2014 The Zoological Society of London
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Figure 1 Overall weighted mean effect sizes and 95% bias-corrected
confidence intervals (Cls) of habitat fragmentation on expected
heterozygosity (He), number of alleles (A) and inbreeding coefficient
(Fis). Sample sizes for each meta-analysis are shown in parenthesis;
dotted line indicates Hedges' d = 0.
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Figure 2 \Weighted mean effect sizes and 95% bias-corrected confi-
dence interval (Cl) of habitat fragmentation effects on He, A and Fis
in different tetrapod groups (Amp = amphibians, Rep = reptiles,
Bir = birds, Mam = mammals). Sample sizes for each group are
given in parentheses; dotted line indicates Hedges' d = 0.

Fis (Yq=0.391-0.631 X(vugiiyy; ° =0.78, P=0.002, n=19).
Less vagile mammals showed stronger negative effects on 4,
and these effects decreased in species with increased vagility
(Fig. 3). In the case of Fis, stronger positive effects (higher
inbreeding coefficients) were detected in less vagile species,
and these effects decreased in more vagile species (Fig. 3).
Both meta-regressions consistently indicate a higher suscep-
tibility of genetic erosion with decreased vagility of mammal
species.

Generation time of species within each tetrapod group
did not drive significant differential susceptibility to losing
genetic diversity in fragmented habitats. The only exception
was within the mammal group, which showed a significant

Animal Conservation 18 (2015) 249-258 © 2014 The Zoological Society of London

Fragmentation and genetic variability

Hedges' d
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Log [vagility (km)]

Figure 3 Relationships between the log-transformed values of
vagility of mammals and the effect sizes of fragmentation on A
(= 0.645, P=0.001) and Fis (* = 0.78, P=0.002).

relationship between effect sizes on Fis and generation time
of mammal species (Yy=0.295-1.46(eneration time; 17 = 0.42;
P=0.02, n=21). That is, species with shorter generation
times showed stronger increases on inbreeding coefficients,
while species with longer generation times showed weaker
effects of fragmentation on Fis.

The evaluation of body size within each tetrapod group
revealed that fragmentation effects on He were negatively
significantly related to body size of amphibians, birds and
reptiles (amphibians: Y, =0.724-2.441 04y sive); 1° = 0.123,
P=0.011, n = 16; birds: Y;=10.196-1.933 04y size); * = 0.395,
P=0.001, n=32; reptiles: Y;=1.568-1.445p0ay size);
r?=0.248, P=0.005, n=21; Fig. 4a). Thus, stronger nega-
tive fragmentation effects on He were observed in larger
sized amphibians, birds and reptiles. When analyzing A4, all
tetrapod groups showed significant relationships between
body size and the magnitude of fragmentation effects
(amphibians: Y, = 3.821-5.232(0dy size); I° = 0.255, P = 0.043,
n=14; birds: Y, =2.007-2.2920dy sizey; 1° = 0.404, P = 0.006,
n=20; reptiles: Y;=2.091-2.179m0ay sie; 7° = 0.308,
P=0.001, n=17; mammals: Y;=0.195-1.273pody size);
?=0.126, P =0.031, n = 27; Fig. 4b). The response patterns
remain as before, with stronger negative effect sizes as
body size increases (Fig.4b). In all cases, however, the
proportion of variation explained by body size on fragmen-
tation effects on 4 and He was moderate (° range 0.123—
0.404).

For the three genetic parameters evaluated, between 50
and 60% of the studies gave information about the time
elapsed in fragmentation condition. While there was a trend
of overall lower effect sizes in fragmented systems of less
than 50 years for He, on average fragmentation effects
did not statistically differ among the three time elapsed
fragmentation categories (not shown). In contrast, when
analyzing the extent of habitat fragmentation, we found
that studies conducted in extremely fragmented habitats
showed significantly stronger effects for A4 (Quetyeen = 3.69,
P =0.007). Although for He and Fs there was a similar
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Figure 4 Relationships between the log-transformed values of body
size of tetrapods and the effect sizes of fragmentation on (a) He
[amphibians (# =0.123, P = 0.011); birds ( = 0.395, P = 0.001); rep-
tiles (= 0.248, P=0.005)] and on (b) A [amphibians (7 = 0.255,
P=0.048); birds (=0.404, P=0.006); reptiles (*=0.308,
P =0.001); mammals (= 0.126, P = 0.031)].

trend of weaker effects in less extremely fragmented
habitats, these effects were nonsignificant (He:
Obetween = 2.364, P=0.501; Fis: Oberween = 0.268, P =0.634)

(Fig. 5).

Discussion

In this study, we showed that habitat fragmentation reduces
overall genetic diversity of tetrapod populations. The four
groups of tetrapods showed similar negative fragmentation
effects in allelic richness. Although relatively smaller effect
sizes were calculated for amphibians and reptiles, we still
detected lower genetic diversity in fragmented habitats.
Decreases in allelic richness are usually the immediate result
of sudden population reductions due to habitat loss and
fragmentation, generating bottlenecks on genetic variation.
The impact of bottlenecks in genetic variation depends pri-
marily on two factors: the effective size of the population
when the bottleneck started and the time during which the
population is kept small. Drastic reduction in the effective
size of populations caused by habitat fragmentation reduces
the genetic variation of remaining populations. If no gene
flow is maintained among them, these remaining popula-
tions will keep losing genetic variation in the following gen-
erations through genetic drift (Hoelzel, 1999). We also
observed negative fragmentation effects on the expected
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Figure 5 Weighted mean effect sizes and 95% bias-corrected confi-
dence interval (Cl) of habitat fragmentation effects on He, A and Fis
of tetrapod populations subjected to different extent of habitat frag-
mentation (extreme and moderate habitat loss). Sample sizes for
each group are given in parentheses; dotted line indicates Hedges’
d=0.

heterozygosity in amphibians, birds and mammals, but not
in reptiles. Reduced expected heterozygosity in fragmented
populations can be the result of genetic drift. When popu-
lations remain small and isolated for some generations,
reductions in genetic variability occur by random elimina-
tion of rare alleles, affecting the number and frequencies of
alleles (Caizergues et al., 2003; Reed & Frankham, 2003).

In contrast to the genetic diversity parameters, we did not
observe significant changes in the inbreeding coefficients in
fragmented habitats. In the vast majority of the studies
included here, the inbreeding coefficients were estimated
based on adult genotypes (as stated by the authors), not on
progeny, thus mostly reflecting mating patterns of long-
lived adult individuals, which may not yet show signs of
inbreeding. Therefore, it would be particularly interesting in
future studies to determine inbreeding exclusively on
progeny generated in fragmented habitats. This way we may
be able to detect changes in mating patterns towards
increased biparental inbreeding as a result of new habitat
configurations imposed by habitat fragmentation (Aguilar
et al., 2008).

We observed that amphibian populations surviving in
fragmented conditions showed a stronger decrease in
genetic diversity, especially in expected heterozygosity.
Because of their inherent low vagility, amphibian popula-
tions can be especially affected by decreased connectivity in
fragmented habitats, strongly limiting gene flow between
populations (Saunders et al., 1991; Allentoft & O’Brien,
2010). Moreover, amphibians are comparatively shorter
lived, thus individuals living in fragments would undergo
stronger genetic drift affecting their expected heterozygosity
more strongly than the rest of the tetrapods (Cushman,
2006). Furthermore, lower genetic diversity in fragments
may be due to other specific life history traits, such as their
need to spend the first part of their life cycle in water, which
considerably constraints their vagility capacity as adults,
making them more vulnerable to fragmentation of their
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habitats (Beebee & Griffiths, 2005). The loss of genetic
diversity in amphibian populations has been little recog-
nized as a potential factor in their worldwide decline. Our
results suggest that genetic erosion imposed by habitat
fragmentation may play an important role in the rate of
species loss of amphibians (e.g. Allentoft & O’Brien, 2010).

In reptiles, we only observed fragmentation effects in
allelic richness. The lack of a significant decrease in
expected heterozygosity of fragmented reptile populations
may be due to their relatively long generation times and
high population densities even in fragmented landscapes
(McCoy et al., 2010). In fact, by taking a close look at
the 20 species included in this review, the reptile group
showed the longest average generation time compared
with the other three groups. In addition, only three of the
studies in this group assessed fragmented systems of more
than 100 years. Thus, the combination of these two vari-
ables within our sample of reptile studies may have influ-
enced the results observed. Another potential reason
may be due to taxonomic bias of the studied species
within reptiles. Most of the species belong to the suborder
saurians (lizards), which have higher mobility compared
with the suborder ophidians (snakes) that have been less
well studied (e.g. Cunningham & Moritz, 1998; Moore
et al., 2008; Marsack & Swanson, 2009; McCoy et al.,
2010).

The observed negative effects of habitat fragmentation
on the genetic diversity of birds are surprising, given that
this group is considered highly vagile and presumably able
to cross large areas of unsuitable habitat compared with the
other tetrapod groups (Avise, 1996; Wang & Schreiber,
2001). Most of the studies until now have been conducted in
bird species of the orders Passeriformes and Galliformes.
Within the Passeriformes, there is high incidence of bird
species with restricted flight capacity and specific habitat
requirements (Avise, 1996; Kurtis, Fahrig & Merriam,
1999). Therefore, for this particular taxonomic group,
habitat fragmentation may reduce gene flow between
remnant populations, thereby increasing genetic drift (e.g.
Bates, 2000; Mercival et al., 2007; Lindsay et al., 2008;
MacDougall-Shackleton et al., 2011). However, habitat
fragmentation may also affect birds that have greater
vagility as is the case of Galliformes. This group of birds has
specific reproductive habitat requirements, and only fly
short distances (not more than 80 m) at low altitudes (up to
2 m) to move among different habitats. Thus, habitat frag-
mentation can similarly impede movements and erode
genetic diversity. Members of this group also tend to have
low effective population sizes as a result of both historical
hunting pressures and recent habitat loss (e.g. Caizergues
et al., 2003; Bech et al., 2009).

Like amphibians and birds, mammals had lower genetic
diversity in fragmented environments. The majority (65%)
of species studied are small mammals that are particularly
sensitive to environmental perturbations. Such biological
characteristics make them particularly vulnerable because
isolated populations of small mammals are less capable of
dispersing across the inhospitable matrix, restricting gene
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flow, increasing genetic drift and inbreeding, thereby
leading to loss of genetic variability (e.g. Lada, Nally &
Taylor, 2008; Meyer et al., 2008; Olivieri et al., 2008;
Pacioni, Wayne & Spencer, 2011).

Contrary to expectation, vagility and generation time of
tetrapods did not drive differential susceptibility to losing
genetic diversity in fragmented habitats. Mammals were the
only tetrapod group showing significant relationships in the
hypothesized direction of these two traits with the magni-
tude of fragmentation effects on genetic variability. A prob-
able explanation for such results may lay in the relative
range scale of vagility and generation time within the
mammal species included in our review. By far, mammals
showed the greatest range of variation in all life history
traits assessed, as they included species of very small rodents
as well as bears, gorillas and horses (Supporting Informa-
tion Appendix S1). In contrast to the other tetrapod groups,
vagility and generation time were relatively more homoge-
neous among species. Therefore, vagility and generation
time are detectable susceptibility traits to lose genetic diver-
sity in fragmented systems only within mammal species.

In accordance with our expectation, genetic variability of
species with large body size within each tetrapod group was
more strongly affected by habitat fragmentation than that
of small-bodied species. Body size is positively related to the
range of distribution, as larger species require more habitats
for feeding and breeding. Furthermore, large-sized species
usually occur in low densities. Therefore, larger spatial
requirements together with lower population densities may
make large-sized species particularly susceptible to genetic
erosion in fragmented habitats (Bergl ez al., 2008). In addi-
tion, bird and mammal species of large body size in particu-
lar have reproductive traits such as low number of offspring
per reproductive event and longer time to reach sexual
maturity, which can also increase genetic erosion suscepti-
bility. However, the large-sized species typically present
longer generation times than smaller species, which should
lead to a delayed manifestation of fragmentation effects and
may become evident in the future (Frankham, 1995; Prugh
et al., 2008).

Finally, we observed that the time elapsed in fragmenta-
tion conditions and the extent of habitat fragmentation are
important factors determining the magnitude of effects
observed on genetic diversity of tetrapod populations.
However, because we were only able to gather information
about these factors in a subset of the studies within this
review, the analyses were limited in their power. Future
research should systematically incorporate information
about the fragmented systems they study, which will help
make more robust conclusions about potential fragmenta-
tion thresholds of spatial scales and time frames.

Conservation implications

The controversy about whether ecological and demographic
factors are more important than genetic factors for the
decline and extinction of populations or even species has
been recently evaluated (Frankham, Ballou & Briscoe, 2003;
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Spielman, Brook & Frankham, 2004). Most taxa are not
driven to extinction before genetic factors have been nega-
tively affected (Spielman et al., 2004). Currently, the main
causes triggering increased extinction risks of animal species
are anthropogenic, either through land use changes or indis-
criminate hunting. In our review, we found that tetrapod
species surviving in fragmented habitats are, overall, likely
to suffer genetic erosion, compared with populations living
in continuous habitats. Therefore, it is crucial to identify
susceptible tetrapod groups of species that may experience
lower evolutionary potential due to specialized ecological
requirements and life history traits.

Here we observed that habitat fragmentation reduces
allelic richness of all tetrapod groups evaluated, and also the
genetic diversity expressed as expected heterozygosity of
amphibian, bird and mammal populations. Our results indi-
cate that less vagile mammal species with short generation
times represent the most susceptible tetrapod group to
genetic erosion in fragmented habitats. Moreover, large-
bodied species living in highly fragmented systems are par-
ticularly prone to suffer strong genetic erosion, regardless of
their taxonomic identity. The information gathered in this
quantitative review should help identify and determine the
extinction risk of wild populations and to prioritize conser-
vation efforts (Aguilar et al., 2008).

Despite these unequivocal signs of fragmentation effects
on genetic variability, there is a clear gap in the literature of
population genetics of tetrapods that prevents additional
generalizations. Most data come from adults, and their
genetic makeup may differ from that of their progeny that
have been subjected to fragmentation conditions. We call
upon an increase in studies assessing genetic effects on tet-
rapod progeny, which will allow us to estimate mating and
gene flow patterns in fragmented conditions, and to assess
how changes in mating patterns may affect the genetic diver-
sity of future generations of tetrapod populations.
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