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Abstract This review examines the landscape genetics liter-
ature from 2011-2015 and summarises the genetic evidence
for the roles of habitat amount (i.e. total area of habitat), con-
figuration (i.e. spatial arrangement of habitat), and matrix (i.e.
nature of the intervening landscape between habitat patches)
in shaping genetic differentiation and diversity of populations.
We found that the vast majority of landscape genetic studies
focused on the effects of habitat configuration and intervening
matrix permeability on genetic differentiation of populations,
and very few consider the consequences of habitat loss (i.e.
change in habitat amount) versus fragmentation per se (i.e.
change in habitat configuration). In addition, disproportion-
ately few studies consider genetic diversity as a response var-
iable in landscape genetic models. We argue that by ignoring
the effects of habitat amount, landscape geneticists are miss-
ing an important component of how landscape structure
shapes patterns of genetic variation. On the other hand, land-
scape ecologists may need to consider the confounding role of
the matrix to resolve the ongoing debate about the relative
importance of habitat loss versus fragmentation per se in de-
termining biological diversity.
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Introduction

Landscape genetics is an interdisciplinary field combining
tools and concepts from both landscape ecology and popula-
tion genetics to relate landscape structure to patterns of genetic
variation [1, 2]. The field has evolved tremendously since
Manel’s landmark paper in 2003 [1], moving from descriptive
assignment tests used to define population boundaries to a
more explicit analytical framework including landscape vari-
ables as predictors in genetic models [3]. A recent review
categorized the types of questions and methods used in land-
scape genetic studies compared to papers published in its pre-
decessor fields and found that most self-identifying landscape
genetic studies fall more into the realm of population genetics
(e.g. using terms such as “genetic”, “gene”, and “barrier” [4])
than landscape ecology (e.g. using terms such as “vegetation”,
“resource”, “properties” [4]). This begs the question: what can
genetics contribute to the field of landscape ecology? Could
this trend reflect a lack of initiative from the landscape ecology
community to drive the agenda for landscape genetics?

As a tool, molecular genetics can make hard-to-observe
processes visible and thus should be useful for landscape ecol-
ogists working on species whose movement is hard to track.
For example, genetic markers have been used to estimate both
contemporary and historical effective population size [5], as-
sess sex-biased dispersal [6-8], identify population bottle-
necks [9], and characterize meta-population dynamics [10].
Genetics can be used to quantify actual functional connectiv-
ity either directly or indirectly, and thus provides the means to
test hypotheses about how aspects of the intervening land-
scape matrix support or inhibit dispersal and gene flow
[11-13]. Most studies in landscape genetics focus on this as-
pect, i.e. testing if the permeability of the intervening land-
scape matrix between populations matters beyond the effects
of the spatial configuration of populations in explaining
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among-population genetic differentiation. Such studies typi-
cally use link-level analysis (Fig. 1; [14]), where each data
point, or row in a data table, refers to a pair of sampling units
and quantifies their pairwise genetic, geographic, or ecologi-
cal distance. Far fewer studies have tested the effects of habitat
amount and habitat configuration (i.e. spatial arrangement of
habitat) on genetic diversity within populations [15]. Such
studies typically use node-level analysis (Fig. 1; [14]), where
each data point refers to a focal patch or population. Few
papers combine node- and link-based analysis in gravity
models [16, 17]. Note that another set of landscape genetic
studies, landscape genomics, focuses on adaptive genetic var-
iation [18, 19], which is beyond the scope of this review.
There is an ongoing and lively debate in ecology about the
relative importance of habitat loss (i.e. change in habitat
amount) versus fragmentation per se (i.e. change in habitat
configuration independently of habitat amount) in shaping
populations and communities. The two processes can occur
independently, where the same amount of habitat can be in the
shape of one large patch or several smaller patches. Thus,
fragmentation reduces patch size and increases the proportion

of edge to interior habitat. Studies in landscape ecology have
produced strong theoretical and empirical evidence that patch
occupancy (e.g. [20-23]), species diversity (e.g. [24, 25]), and
abundance (e.g. [26, 27]) are often more influenced by the
amount of habitat in a landscape rather than the degree of
fragmentation [28]. These findings have culminated into a
provocative new hypothesis, Fahrig’s “habitat amount
hypothesis”, which posits that the amount of habitat in a local
landscape determines species richness and that metrics of con-
figuration such as patch size (e.g. size of focal patch) and
isolation (e.g. distance to neighbouring patches) can largely
be ignored [29]. In contrast, existing evidence from metapop-
ulation ecology indicates a strong role of habitat configuration
in explaining species richness (e.g. [30, 31]) and population
persistence (e.g. [32]). In response to Fahrig, Hanski argues
that the habitat amount hypothesis may only be valid at small
spatial scales and when overall habitat amount is large [33].
Landscape configuration should be important in real land-
scapes where the amount of remaining habitat is often quite
low [33]. Evidence from population and landscape genetics
seems to support the metapopulation view that configuration
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Fig. 1 Approaches for quantifying the role of landscape structure on
genetic variation. Letters represent focal patches or populations, and
grey shapes represent habitat in a matrix of non-habitat (white
background). In link-based approaches and gravity models, the genetic
response (genetic differentiation) is measured in a pairwise fashion
between focal patches/populations. In node-based approaches, the
genetic response is measured per focal patch/population. Link-based
approaches model genetic differentiation as a function of the distance
(e.g. isolation-by-distance, IBD) or matrix permeability (e.g. isolation-
by-resistance, IBR) between populations or individuals. For node-based
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approaches, genetic diversity or population-specific genetic
differentiation is modeled as a function of landscape structure measured
in buffered areas around focal patches/populations (dashed circles).
Gravity models combine the two approaches, where genetic
differentiation is modeled as a function of landscape predictors
measured at both nodes (e.g. in buffered areas around each patch/
population) and links (e.g. pairwise distance or matrix resistance). Note:
incorporating the effects of habitat amount on genetic differentiation in
link-based approaches is possible, but requires sampling of multiple
landscapes
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and isolation (or its opposite, connectivity) are key determi-
nants of population outcomes. For example, gene flow among
populations decreases as a function of population isolation
(i.e. isolation-by-distance; [34]), and this relationship can be
modified by the permeability of the intervening landscape
matrix (i.e. isolation-by-resistance; [35]). These patterns have
been demonstrated in a variety of plant (e.g. [36-38]) and
animal (e.g. [39, 40]) systems. However, the amount of habitat
at the local or landscape scale should also play an important
role in shaping within-population genetic variation, as larger
amounts of habitat can accommodate higher effective popula-
tions sizes (N.), and consequently, populations will experi-
ence lower levels of genetic drift and retain higher levels of
diversity [41]. Ultimately, it is the balance of genetic drift and
gene flow that determines neutral genetic diversity within, and
genetic differentiation among, populations [41], and only by
considering the two together can we fully appreciate the role
of landscape structure on genetic variation.

Habitat loss and fragmentation tend to be highly corre-
lated in nature, and as a consequence, their independent
effects are often difficult to tease apart. Beyond this ana-
lytical challenge, there are inconsistencies in terminology
and metrics used to measure fragmentation across disci-
plines [42]. For example, metapopulation studies tend to
operate at the patch scale, measuring patch size and iso-
lation individually for each focal patch. However, in land-
scape ecology, patch size is measured at the landscape
scale (e.g. mean patch size in landscape) and is not con-
sidered a measure of habitat amount, but as a metric of
configuration (i.e., fragmentation). At the patch scale,
patch size is an ambiguous metric of fragmentation as it
does not account for local landscape context [28].
Fragmentation occurs at the landscape level and thus can
only be measured per se after accounting for effects of
habitat amount. This mismatch in approach and terminol-
ogy across disciplines has led to a large number of publi-
cations that measure the effects of certain aspects of frag-
mentation on a variety of population and genetic process-
es (e.g. [43, 44]), but very few actually quantify fragmen-
tation per se (i.e. control for habitat amount [28, 45]).

Here we examine the last five years of the landscape
genetic and relevant population genetic literature and
summarise the genetic evidence for the roles of habitat
amount, configuration, and matrix resistance in shaping
connectivity and diversity of populations. We identify
key gaps in our current knowledge and ask: (1) are land-
scape geneticists considering the independent effects of
habitat amount versus configuration on genetic variation?
And (2), are the effects of landscape structure on genetic
diversity versus genetic differentiation equally considered
by landscape geneticists? We end with a discussion of
how researchers can address the identified gaps to help
resolve a key debate in ecology.

Literature Review

We conducted a final literature search on 26 October 2015 of
articles published between 2011-2015 in the ISI Web of
Science Core Collection and BIOSIS Citation Index using
the following search terms in the TOPIC field: landscape
AND genet* AND (frag* OR “habitat loss” OR connectivity
OR “gene flow” OR isolation). We refined results to include
only the following research areas: ecology, genetics and he-
redity, evolutionary biology, biodiversity, conservation, plant
science, zoology, environmental sciences, multidisciplinary
sciences, biology, and ornithology. This search returned
1346 papers. As a first pass, we looked at titles and abstracts
to remove papers that did not incorporate genetic data, were
reviews or opinions, or were mainly methodological in nature
and did not use a new empirical dataset. We also removed
papers that did not explicitly test the influence of landscape
structure (habitat amount, configuration, or matrix, as de-
scribed below and in Fig. 1) on genetic variation (i.e. did not
include them as predictors). This resulted in the exclusion of
papers that investigated the genetic consequences of certain
aspects of fragmentation (e.g. studies that compare genetic
diversity between a reference and fragmented landscape),
but these types of studies have been reviewed elsewhere
(e.g. [43, 44]). Studies comparing genetic variation amongst
islands were only included if habitat amount was defined and
included as a predictor in genetic models (i.e. not just island
size as predictor), and we excluded studies conducted in ma-
rine systems or seascapes. We placed the remaining 541 arti-
cles in one of three categories based on the landscape process
investigated and whether the genetic response was measured
at the link (i.e. pairwise genetic differences among popula-
tions or individuals; Fig. 1) or node (i.e. genetic variation
measured per population; Fig. 1) level: 1) influence of habitat
configuration on genetic differentiation measured at the link
level (e.g. isolation-by-distance, IBD), 2) influence of matrix
permeability on genetic differentiation measured at the link
level (e.g. isolation-by-resistance, IBR), or 3) influence of
habitat amount and/or configuration on within-population ge-
netic variation (e.g. genetic diversity or relatedness) or genetic
differentiation (e.g. population-specific Fy), measured at the
node level. Many papers considered two or more of the above
processes, and we categorized them hierarchically: papers that
tested IBR in addition to IBD were placed in the second cat-
egory, and papers that considered IBD or IBR and the influ-
ence of landscape structure on genetic variation measured at
the node level were placed in the third category. For each
paper that fell into the third category, we recorded the genetic
response variable and information about the landscape predic-
tors measured. Each landscape predictor was categorized as
one of the following: 1) habitat amount, measured at the land-
scape or local-landscape scale (i.e. percent habitat in buffered
area around focal patches or populations), 2) patch size
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measured at the patch scale (i.e. size of the focal patch), or 3)
habitat configuration. Metrics of habitat configuration includ-
ed patch-level measures of isolation (e.g. nearest neighbour
distances, connectivity index), patch number and density met-
rics measured at the landscape scale (e.g. mean patch size,
number of patches), and landscape-scale aggregation indices
(e.g. clumping/dispersion of patches). We considered a study
to have controlled for the independent effects of habitat loss
versus fragmentation per se [28] if they included habitat
amount and at least one (patch or landscape level) metric of
habitat configuration as predictors in genetic models, or used
an experimental approach. We did not consider patch size
measured at the patch scale to be a metric of habitat configu-
ration as it lacks local landscape context, and is often used
instead as a proxy of population size in the metapopulation
literature. We further summarized results of the retained node-
level studies by recording the direction and statistical signifi-
cance of the effects of habitat amount, patch size, and config-
uration on genetic variation. We did not carry out formal meta-
analysis because few studies reported sufficient information.

Characterizing Gaps in the Literature

Out of the 541 retained studies, 485 were conducted at the link
level (IBD: n=298; IBR: n=187) and 56 at the node level
(Fig. 2a). We found similar biases in study taxa as previous
reviews (Fig. 2a; [15]). Given the over-representation of link-
level studies, it was thus not surprising to find that the vast
majority of retained studies used genetic differentiation as the
response variable in genetic models and that the most com-
mon landscape predictors were habitat configuration and ma-
trix permeability (Fig. 2b). In contrast, only 23 studies—all of
which were conducted at the node level—included habitat
amount as a predictor, with either genetic differentiation
(n=15) or genetic diversity (n=18), as the response variable.
Only 11 of these controlled for the confounding effects of
habitat amount versus fragmentation per se (Table 1). We have
thus uncovered two key gaps in our knowledge of the effects
of landscape structure on genetic variation: 1) most studies on
landscape genetics are conducted at the link level and thus
only consider effects of configuration and/or matrix on genetic
variation, ignoring possible effects of habitat amount; and 2)
genetic diversity is severely under-represented as a response
variable in landscape genetic models.

Habitat Amount Versus Fragmentation
Current evidence from landscape genetics would suggest a
strong and almost singular effect of landscape configuration

on functional connectivity and genetic structure across a vari-
ety of taxa. This goes against considerable evidence from
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landscape ecology, which suggests that habitat amount is the
most important determinant of demographic outcomes (e.g.
patch occupancy, abundance, species richness [28]), and that
configuration only becomes important below a critical thresh-
old of habitat loss [57]. However, our search of the recent
literature suggests that this discordance among disciplines
likely reflects a bias in the type of questions being asked and
approaches used in landscape genetics compared to landscape
ecology. For example, the vast majority of the studies that we
identified were conducted at the link level, i.e. they quantified
the relationship between pairwise genetic differentiation
among populations and their spatial configuration (IBD;
Fig. 2a) or aspects of the intervening landscape matrix (IBR;
Fig. 2a). A much smaller proportion incorporated approaches
at the node level, where aspects of the local landscape around
focal patches were related to genetic variation. It is in this
second scenario where the best opportunity exists to quantify
the effects of habitat amount on genetic variation. This can
also be accomplished at the link level, but it requires sampling
of multiple landscapes where overall genetic differentiation
among populations within landscapes can be related to
landscape-level habitat amount, which is often not feasible.
It may be possible to conduct such analysis within landscapes
(i.e. per population pair); however, it would be difficult to
create meaningful buffers around pairs of populations in
which to measure local habitat amount. A third approach,
using network-based gravity models, has the potential to inte-
grate both node- and link-based data, but to our knowledge
has not been used to include the effects of local habitat amount
in genetic models. This approach will be discussed in a later
section of this review.

Landscape Effects on Gene Flow and Genetic Drift

To understand the importance of including habitat amount in
genetic models, we must consider the landscape determinants
of gene flow and drift (Fig. 3). The balance between these two
opposing forces ultimately defines both within- and among-
population genetic variation [58]. When the relative strength
of drift is higher than gene flow, populations are expected to
exhibit low genetic diversity and high among-population dif-
ferentiation. When the strength of gene flow outweighs that of
drift, populations are expected to exhibit the opposite pattern,
where genetic diversity within population is high and differ-
entiation among them is low [58]. Whereas gene flow is the
product of migration and thus should be influenced heavily by
habitat configuration and matrix permeability, the strength of
drift is determined by the effective size of populations (N)
and directly influenced by habitat amount (Fig. 3). A strong
link between genetic variation and N, has been empirically
demonstrated in a large number of species [59-61], yet the
potential landscape determinants of N, , and thus genetic drift,
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Fig. 2 Mosaic plot showing the proportion of studies conducted at the
link and node level across taxa (a), and barplots showing the number
times configuration only, matrix, or habitat amount were used as
predictors in genetic models with either genetic differentiation or
diversity as the response variable (b). One link-based IBR study

are largely ignored in landscape genetics in favour of land-
scape hypotheses relating to gene flow. This is despite the fact
that measures of both genetic diversity and differentiation will
contain signals of both processes. Including N, as a covariate
can potentially increase the strength of correlations between
landscape structure and both genetic diversity [62, 63] and
genetic differentiation [64, 65]. Including N, is expected to
be most important for species with low dispersal ability, but
should not be ignored for vagile organisms. For example,
Prunier et al. [65] showed through simulations that including
a proxy of N, explained up to 50 % of the variation in pairwise
population genetic differentiation when migration rates were
low, and still explained up to 20 % of the variation for high
simulated migration rates.

Although a variety of methods and programs exist to esti-
mate N, from genetic markers, effective population sizes are
difficult to quantify for real landscapes because these esti-
mates can be biased when populations are spatially structured
[66, 67]. A landscape proxy for N, may thus be preferred. But
what is the appropriate metric? Patch size measured at the
patch-scale is often used as a proxy of population size in
metapopulation models, but multiple meta-analyses have re-
vealed highly inconsistent relationships between patch size
and abundance across species [68, 69]. Measured at the patch
scale, patch size lacks local landscape context and may only
be an appropriate measure of habitat amount, and thus popu-
lation size, when patches are quite isolated [28]. In our search
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included three separate taxa, and one node-based study included two
taxa and are represented more than once in the mosaic plot. Non-insect
invertebrates were included in the insect category and studies on fungi
were included in the plant category

of the recent literature, only 11 out of the 37 models that
included patch size found it to be a significant predictor of
genetic variation, and in two instances the results showed
the opposite of the expected relationship (Table 2).
Alternatively, habitat amount, measured at the local landscape
scale (i.e. in buffered area around focal patches) may be a
more appropriate proxy for population size [29]. However,
of the 34 instances where local-landscape habitat amount
was included as a predictor in genetic models, just half
(n=17) found the predicted relationship, while 15 found no
significant effect and two found an opposite effect (Table 2).
The small number of studies retained in our literature search
precluded an in-depth meta-analysis, but there are a number of
potential reasons for these inconsistencies. First, the relevant
scale for measuring a landscape proxy of N_ is likely species-
specific and will depend on how species perceive patch
boundaries [70, 71]. Second, N, is not only determined by
habitat amount, but is also indirectly impacted by habitat con-
figuration and matrix permeability by allowing migration
among nearby patches (Fig. 3). We expect these effects to be
most important when local habitat amount is small, where
small patches will only be able to maintain a viable population
if they are connected via gene flow (i.e. genetic rescue). Third,
in addition to its impact on genetic drift, habitat amount can
have contrasting effects on gene flow, which may obscure
predicted relationships. For example, Robinson et al. [52]
and Dharmarajan et al. [72] found that high local habitat
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availability was associated with higher levels of average re-
latedness among individuals within populations of white-
tailed deer (Odocoileus virginianus) and racoons (Procyon
lotor), respectively. This suggests that these species exhibit
higher natal philopatry when local resources and habitat are
plentiful, a process that can lead to a pattern of low genetic
diversity in populations surrounded by large amounts of hab-
itat. Similarly, density-dependent migration can lead to the
movement of individuals from large populations that have
surpassed carrying capacity to smaller populations [73]. In
this case accounting for the differences in N, among pairwise
populations may produce stronger models [64, 65].

Habitat quality, shaped by local environmental conditions,
resource availability, and species interactions, can also limit
the size of populations and impact rates of migration. It is
increasingly recognized that these effects can shape genetic
outcomes (e.g. [74—77]) and thus should be incorporated into
landscape genetic models (see [78] for a review on the sub-
ject). A binary definition of habitat and non-habitat is unlikely
to capture the full range of these effects, and ideally, variation
in habitat quality should be integrated directly into measures
of habitat amount. For example, habitat suitability models are
often used as a starting point for parameterizing resistance
surfaces in landscape genetics, and these same models can
be translated to measure the amount of high quality habitat
in buffered areas around focal patches or populations.

Genetic Diversity Versus Differentiation

Our literature search revealed another important gap; very
few studies consider the effects of landscape structure on
genetic diversity within populations, as opposed to genetic
differentiation among them. Genetic diversity is a strong pre-
dictor of individual and population fitness, extinction risk,
and the ability to respond to future environmental change,
and thus is an important indicator for landscape-level conser-
vation planning [79, 80]. Understanding the causes and con-
sequences of patterns of genetic diversity has been a
longstanding goal of biogeography, population and conserva-
tion genetics. Theoretical and empirical evidence from these
fields have given us a strong understanding of the effects of
population size and population isolation on genetic diversity.
More recently, the field of landscape genomics has made
great strides relating local environmental conditions to adap-
tive genetic diversity (reviewed in [18, 19]). However, our
knowledge of the landscape determinants of neutral genetic
diversity in complex landscapes is limited and has largely
been ignored in favour of studies on genetic differentiation
in landscape genetics.

Recent simulations have demonstrated that within-
population and among-population genetic variation can re-
spond quite strongly to different aspects of landscape
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Fig. 3 Predicted relationships between landscape structure, genetic drift
and gene flow, and genetic diversity and differentiation. Habitat amount
and quality are expected to strongly determine local effective population
size (N,) and thus the local pool of alleles (i.e. genetic diversity), whereas
habitat configuration and matrix will affect the probability of migration
and gene flow among populations and thus leave a stronger signal in
measures of genetic differentiation. Habitat configuration and matrix
can indirectly influence local N, by promoting migration among nearby
populations. Habitat amount and quality can directly impact migration by
promoting philopatry when local resources are high or indirectly through
density-dependent processes (e.g. emigration when a population
approaches carrying capacity)

structure. For example, using individual-based simulations of
gene flow for five hypothetical organisms that varied in dis-
persal ability, Jackson and Fahrig [81] found that habitat
amount explained 88 % of variation in genetic diversity com-
pared to 7 % explained by fragmentation. Likewise, Ezard and
Travis [82] found that the fixation time of neutral alleles with-
in simulated populations was predicted best by the amount of
habitat. In contrast, simulations by both Bruggeman et al. [83]

Table 2
literature from 2011-2015

and Cushman et al. [84] demonstrated a stronger role of hab-
itat configuration compared to habitat amount in explaining
patterns of genetic differentiation among populations. These
results appear to be reflected in a subset of the empirical stud-
ies that we retained in our literature search: Barr et al. [47],
Taylor and Hoffman [49], and Capurucho et al. [50] (Table 1)
found correlations between habitat configuration and genetic
differentiation among populations, but habitat amount and not
fragmentation correlated best with within-population genetic
diversity. These results are again supported by population ge-
netic theory. While habitat amount is expected to play a stron-
ger role in determining population size and thus the local pool
of alleles (i.e. genetic diversity; a measure of alpha diversity),
the configuration of habitat determines rates of migration and
thus leaves a stronger signal in measures of differentiation
among populations (a measure of beta diversity; Fig. 3).

Genetic diversity and differentiation reach migration-drift
equilibrium at different rates and are thus expected to respond
to landscape structure at different spatiotemporal scales [85].
When gene flow or population size is reduced by a change in
landscape structure, populations will become genetically dif-
ferentiated from each other faster than genetic diversity is lost
within populations. This difference in lag time is important to
consider when quantifying the impact of landscape structure
on genetic variation [86]. For example, measures of genetic
differentiation might correlate with current landscape structure
while genetic diversity might be better explained by a histor-
ical landscape (e.g. [48, 87]).

Both genetic diversity and differentiation are the products
of many generations of dispersal and mating. As the lag time
in the ability to detect a signal of landscape change increases,
the more important spatially distant individuals and their land-
scape context will be for explaining genetic variation. For
example, using simulations, Jackson and Fahrig [81] found
that habitat amount explained genetic diversity best when it
was measured at a broad spatial scale. In contrast,

Summary of the effects of habitat amount, patch size, and configuration on genetic variability for 56 node-based studies identified in the

Predictor variable and effect

Habitat amount Patch size Configuration
Response variable Predicted No effect Opposite Predicted No effect Opposite Predicted No effect Opposite
Genetic diversity 15 7 0 9 20 2 18 18 0
Relatedness 2 0 0 0 0
Genetic differentiation 0 0 0 2 0
Total 17 15 2 11 24 2 21 24 0

An effect on genetic diversity was classified as “predicted” if genetic diversity exhibited a significant positive relationship with habitat amount or patch
size or a negative relationship with fragmentation (configuration). An effect on relatedness or genetic differentiation was classified as “predicted” if
relatedness or differentiation exhibited a significant negative relationship with habitat amount or patch size or a positive relationship with fragmentation.
Note that many studies included multiple species or tested multiple predictors and are represented more than once
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demographic outcomes (patch occupancy and abundance)
correlated best with habitat amount measured at smaller spa-
tial scales. Similarly, Millette and Keyghobadi [53] found that
fine-scale genetic structure of a pitcher-plant insect
(Metriocnemus knabi) was best explained by broad-scale hab-
itat configuration. These findings are significant from a con-
servation perspective as they may lead to different decisions
about how to conserve the landscape depending on the out-
come measured, further emphasizing the need for both demo-
graphic and genetic approaches.

If it takes longer for a signal of landscape change to emerge
in measures of genetic diversity compared to differentiation,
we might also expect the relevant spatial scale to be larger for
within-population diversity. However, it appears that this is
not always the case. For example, Taylor and Hoffman [49]
tested the influence of habitat amount and fragmentation on
the white footed mouse (Peromycus leucopus) at three spatial
scales and found that habitat amount measured at the smallest
radius (500 m) around focal populations was the single best
predictor of genetic diversity. Balkenhol et al. [88] found that
landscape-level habitat amount influenced the contribution of
local-landscape and patch-scale measures of connectivity to
both genetic diversity and differentiation in the forest dwelling
marsupial Marmosops incanus. Similarly, Millette and
Keyghobadi [53] found an interactive effect of habitat amount
and patch connectivity; genetic differentiation of M. knabi
populations increased with patch isolation when habitat
amount was low, but decreased with patch isolation when
habitat amount was high. Together these results suggest that
both habitat amount and configuration can impact within- and
among-population measures of genetic variation at multiple
spatial and temporal scales and underlines the importance of
multi-scale approaches in landscape genetics.

Importance of the Matrix

The last decade of landscape genetics has produced over-
whelming evidence that functional connectivity is affected by
the permeability of the intervening landscape matrix beyond
the effects of the spatial configuration of populations (e.g.
[89-91]) and that different species can respond to the same
landscape in vastly different ways [92-97]. Thus, using a bina-
ry classification of habitat versus non-habitat when quantifying
landscape structure is unrealistic and can lead to misleading
conclusions about the impact of habitat loss and fragmentation
on populations [70, 98]. However, our knowledge of how hab-
itat amount, configuration, and the matrix interact to determine
gene flow is quite limited, as it requires sampling across repli-
cate landscapes, or the use of node-based or gravity model
approaches (Fig. 1), which are quite rare in landscape genetics.
The few studies that have considered multiple landscapes have
found that different aspects of the landscape matrix predicted
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gene flow for the same species in different regions (e.g. [40,
99]). However, we know of only one study with sufficient
replication to determine if these differences in landscape effects
on gene flow could be explained by landscape-level differences
in habitat amount and configuration: Short Bull et al. [100]
contrasted patterns of genetic differentiation in black bears
(Ursus americanus) across 12 landscapes and found that land-
scape features were only identified as significant predictors of
population differentiation if they were highly variable or
fragmented at the landscape scale. For example, forest (consid-
ered suitable habitat for black bears) was more likely to be
identified as a predictor of genetic differentiation in landscapes
where forest was more fragmented [100]. This study did not
control for differences in overall habitat amount among the
landscapes, so it is unclear if fragmentation per se or if the
amount of different features in each landscape was driving
the effect. This suggests that broad-scale habitat amount and
configuration can alter species response to the matrix or, alter-
natively, alter our ability to detect landscape genetic correla-
tions. Simulations by Cushman et al. [84] suggests that the
reverse can also be true; the relative resistance of the interven-
ing landscape matrix can modify the relative contribution of
landscape-level habitat amount versus fragmentation per se to
patterns of genetic differentiation. Although they identified
habitat configuration as the best overall predictor of genetic
differentiation in simulated landscapes, the amount of variance
explained by habitat amount (alone, and interactively with con-
figuration) increased with relative matrix resistance. At the
highest level of matrix resistance simulated, habitat amount
outperformed three of the four tested fragmentation metrics.
This result suggests that landscape ecologists need to take into
account the intervening matrix in order to resolve the ongoing
debate on the relative importance of habitat loss vs. fragmenta-
tion. However, more evidence from empirical studies and fur-
ther simulations are urgently needed.

The Way Forward

How can we test the relative importance of the effects of
habitat amount versus fragmentation per se on genetic
variation? We see three possible approaches: 1) Link-
based analysis in multiple landscapes (Fig 1a): by quanti-
fying gene flow across multiple landscapes that vary in
overall habitat amount and degree of fragmentation, we
can start to understand the interactive effects of habitat
amount, configuration, and matrix. Link-based analysis
is by far the most common approach in landscape genet-
ics, but usually only a single landscape is considered. We
recognize that replication at the landscape scale is not
always feasible, but as shown by Short Bull et al. [100],
it is desperately needed to build a comprehensive under-
standing of how landscape structure influences gene flow;
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2) Node-based analysis (Fig. 1): habitat amount and frag-
mentation are measured either at the landscape-scale or
locally within a given radius around focal patches and
are related to patch-specific measures of genetic variation.
The genetic response variable can either be a measure of
genetic diversity, or population-specific F that represents
the relative genetic differentiation of a local population
from all others in a metapopulation [101]. This focal
patch approach is commonly used in landscape ecology
and can be adapted to directly test Fahrig’s habitat amount
hypothesis [29], but can also incorporate matrix effects by
measuring connectivity of the focal patch to all others in
the local landscape as a function of matrix permeability
(e.g. using an incidence function; [102]); 3) Network-
based gravity models (Fig. 1): this approach models ge-
netic differentiation among populations as a function of
both local-landscape variables that are measured at the
node level and matrix permeability measured at the link
level. This method has been used to model the effects of
local environment and habitat quality on gene flow (e.g.
[16, 17]), but to the best of our knowledge has not yet
been employed to quantify the relative contribution of
local habitat amount, fragmentation, and matrix.

Ideally, future research in landscape genetics should em-
ploy all three approaches, as each captures the potential effects
of landscape structure on genetic variation at different spatio-
temporal scales. Certain approaches will be more appropriate
or feasible in particular systems or for particular species. For
example, the use of the individual as the study unit is common
in link-based studies for continuously distributed species (i.e.
genetic differentiation is measured among individuals rather
than among populations); however, it is less clear if
individual-based methods can be translated to node or gravity
model frameworks. It has been suggested that landscape fea-
tures could be measured around sampling locations of focal
individuals at radii relevant to the species’ dispersal ability or
home-range size (see [78]); however, more theoretical work is
needed to demonstrate the validity and strength of this
approach.

Node-based analysis is most intuitively applicable
when habitat is discrete. For more continuously distribut-
ed species, binary habitat classification may not be appro-
priate, and this may explain why we found an under-
representation of node-based studies. In comparison,
link-based analysis of either IBD or IBR does not neces-
sarily require the quantification of landscape pattern with
a strict definition of patch boundaries. For example, ma-
trix permeability can be modeled as a continuous variable
such as habitat suitability or outputs from species distri-
bution models. Translating these continuous representa-
tions of landscapes to categorical ones that can be used
to quantify the amount and configuration of habitat is
possible, but not always straightforward [70, 103].

Conclusions

Here we have identified three key gaps in our knowledge of
the effects of landscape structure on genetic variation. (1) Very
few empirical studies have included habitat amount as a co-
variate in genetic models, and as a result, empirical evidence
of the relative influence of habitat loss versus fragmentation
per se on genetic diversity and differentiation is limited. (2) In
addition, disproportionately few studies in landscape genetics
consider genetic diversity as a response variable. Habitat
amount can have important impacts on both genetic drift and
gene flow at multiple spatial scales. Moreover, the effects of
drift and gene flow are unequally represented in the signals of
genetic diversity and differentiation and thus may correlate
with different aspects of landscape structure. (3) The effects
of habitat amount, configuration, and matrix (and ideally also
habitat quality) should be considered simultaneously to help
resolve the debate about the relative importance of habitat loss
versus fragmentation in determining biological diversity. This
will require a more balanced analytical framework that incor-
porates node-based and landscape-level approaches common-
ly used in landscape ecology. We thus encourage landscape
ecologists take a more active role in setting the agenda for
landscape genetics.
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