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Abstract

Habitat fragmentation is the process by which habitat loss results in the division of large,
continuous habitats into smaller, more isolated habitat fragments. Habitat fragmentation is
one of the most important processes contributing to population decline, biodiversity loss, and
alteration of community structure and ecosystem functioning in anthropogenically-modified
landscapes. Many thousands of individual scientific studies now show unequivocal evidence
for the impacts of patch area, edge effects, patch shape complexity, isolation, and landscape
matrix contrast on population and community dynamics in mosaic landscapes. However,
striking disparities in the results of individual studies across differing taxa and differing
ecosystems have raised considerable debate about the relative importance of the different
mechanisms underlying fragmentation effects, and even debate about the utility of the
‘habitat fragmentation’ concept in general. Resolution of this debate lies in clear
discrimination of the direct and indirect causal relationships among patch versus landscape
variables. The most important recent advances in our understanding of the ecological effects
of habitat fragmentation all stem from recognition of the strong context dependence of
ecosystem responses, including spatial context dependence at multiple scales, time lags in
population decline, trait dependence in species responses, and synergistic interactions

between habitat fragmentation and other components of global environmental change.
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Introduction

All ecosystems are heterogeneous at some spatial scale. One of the greatest advances in
theoretical ecology has been the realisation that spatial heterogeneity in environmental
conditions can fundamentally alter the outcome of species interactions and community
dynamics (Holt, 1984; Pickett & Cadenasso, 1995). Where patches of suitable versus
unsuitable habitat occur in a heterogeneous mosaic at spatial scales that are relevant to
resource acquisition, dispersal, reproduction, mortality, or other components of individual
fitness, then heterogeneity will impose selective pressures on organisms to adapt to spatial
patchiness in the landscape. In natural mosaic landscapes, organisms have been able to adapt
to the patchiness of available habitat over evolutionary time scales (e.g., through traits that
confer increased dispersal ability, or decreased resource specialisation), but this has not
typically been the case in landscapes modified by recent human influence. In
anthropogenically-modified landscapes, humans have been destroying habitat at rates that are
without precedent in the Earth’s evolutionary history (Skole & Tucker, 1993) — rates that far
exceed the capacity for most species to adapt and respond to the decreasing availability and
increasing patchiness of suitable habitat (Pimm et al., 1995; Myers & Knoll, 2001). ‘Habitat
fragmentation’, then, is an expression of the impact that rapid human alteration of the spatial

structure of the landscape has on ecological communities.

It is important to remember that habitat fragmentation represents just one subset of factors
that are more broadly encompassed under the impacts of global land-use change (Foley et al.,
2005). Land-use change refers to all components of change in the quantity and quality of land
cover types as habitat for organisms and productive land for humans. Although it would be
tempting to portray fragmentation of natural land cover types as the ‘quantity’ component of

land-use change (i.e. the amount and spatial arrangement of natural habitat remnants), and



production intensity on modified land cover types as the ‘quality’ component (i.e. the
increase or optimisation of inputs such as agrichemicals, fertilizer, water and energy to
maximise production outputs such as food, materials or human living space), the reality is
that there is no such simple dichotomy of effects in modified landscapes. Habitat
fragmentation and land-use intensification are integrally intertwined (Figure 1). Patterns of
habitat fragmentation have substantial effects on both internal habitat quality and external
crop production by humans, while at the same time patterns of land-use intensification
impose strong spatial structuring on communities in habitat remnants. Within the habitat
fragmentation literature, these interaction effects are typically dealt with by ignoring the
explicit mechanics of land management trade-offs that exist between maximisation of
production and minimisation of biodiversity loss, and simply treating land-use intensification
as one component of the external influences of the surrounding land-use matrix on processes
occurring within habitat remnants. This is not to say that these effects are considered
unimportant, but rather that emphasis is placed on the mechanistic details of patch dynamics
within production landscapes (a conservation-centred approach), as opposed to the
mechanistic details of how land-use productivity can be maximised while minimising

biodiversity loss (a sustainable production-centred approach).

Defining habitat fragmentation

The fragmentation concept — pattern or process?

Most authors define habitat fragmentation as the process by which habitat loss results in the
division of large, continuous habitats into a greater number of smaller patches of lower total
area, isolated from each other by a matrix of dissimilar habitats (modified from Wilcove et
al., 1986; Ranta et al., 1998; Franklin et al., 2002; Ewers & Didham, 2006a). This integrates

changes in the amount of remaining habitat as well as changes in the spatial arrangement of



that habitat under the same ‘umbrella’ term (Figure 2A). However, other authors have argued

that the term habitat fragmentation should be much more restricted in usage.

Some authors consider that fragmentation should be restricted to describing just one of five
precise ways in which individual units of habitat are broken up (perforation, dissection,
fragmentation, shrinkage or attrition; Forman, 1995; Collinge, 2009) because each process
has a different ecological effect. While this may be true in some instances, there are serious
limitations to any straight-forward separation of these small-scale processes, because
perforation, for example, might be a transient precursor to dissection of habitat, which is
itself a precursor to fragmentation, following which each subdivided piece of the dissected
habitat might be subject to shrinkage and attrition. Clearly, a small-scale reductionist
approach such as this is not helpful unless it is placed within a larger framework of spatial

and temporal changes at the landscape scale.

Other authors have recognised fragmentation as a landscape-scale process, but have argued
strongly for a dichotomy to be raised between habitat amount and habitat fragmentation as
two separate, and independent, effects on biodiversity in fragmented landscapes (Fahrig,
2003). Because all quantitative measures of spatial dispersion of habitat increase strongly
with decreasing habitat amount in the landscape, Fahrig (2003) and others have argued that
the ‘independent’ effects of habitat fragmentation can only be determined after first taking
into account the effects of habitat amount remaining in the landscape (Fahrig, 2003).
Effectively, these studies are arguing that fragmentation is not the key process operating in
fragmented landscapes — the key process is total habitat loss, irrespective of its dispersion in
space — and fragmentation should instead be restricted to describing the pattern of spatial

arrangement of remaining patches in the landscape following habitat loss (Figure 2B).



There is undoubtedly strong merit in explicitly considering the importance of habitat amount
in the landscape. Many, if not most, earlier studies of ‘fragmentation” simply sampled a few
individual habitat patches and attributed all ecological effects to the spatial configuration of
the patches, without considering that some or all of these effects might actually have been
intercorrelated with other mechanisms related to the total amount of habitat remaining in the
landscape (Fahrig, 2003). On the other hand, the key conclusion of Fahrig (2003) and others,
that habitat fragmentation has a negligible effect on biodiversity after habitat amount is taken
into account represents a striking paradox when placed alongside the many thousands of
studies showing strong ecological effects of patch area, isolation, edge effects and other
factors. Reconciling this paradox requires explicit consideration of the direct and indirect

causal relationships between patch and landscape variables.

The underlying drivers of fragmentation - (pen)ultimate or proximate?

Consider a simple analogy for the debate about the ‘independent’ effects of habitat amount
versus habitat fragmentation per se: if land-use change goes hand in hand with human
population increase — that is, the two are completely intercorrelated with each other — can we
better understand the mechanistic effects of land-use change by concluding that human
population increase is the driver of change? The obvious answer is no. These drivers are
interlinked in a chain of ultimate versus proximate causality, and mechanistic understanding
only comes from identifying the proximate variables mediating the effect (Didham et al.,
2005). The same line of reasoning applies to the intercorrelation observed between
decreasing habitat amount and increasing habitat fragmentation in modified landscapes
(Figure 3A). Although habitat loss might ultimately (perhaps penultimately, if socioeconomic

human drivers are also considered to) be responsible for ecological effects in modified



landscapes, this does not improve mechanistic understanding without quantifying how these
effects are indirectly mediated by the altered spatial arrangement of habitat remnants (Figure
3B). Habitat loss acts via the change in habitat arrangement, not independently of it. The
direction of causality, and the temporal sequence of events, is clearly from habitat loss to the
resulting change in spatial arrangement and not the other way around, although even some
very influential publications have confused the direction of causality in some instances,
suggesting that “habitat loss and isolation... may result from, rather than [equate to],
fragmentation”; Forman, 1995, p.412). Of course, there can be very strong feedback effects
between these processes, as in cases where linear features such as roads or powerline
corridors initially create only a small amount of habitat loss, but result in increased edge
effects and isolation effects (as well as increased human access) that might feedback on

increased rates of habitat loss.

The relevance of fragmentation to conservation management — panchreston or paradigm?
Despite (or perhaps because of) the debate about how to properly define habitat
fragmentation, and the vast and ever-growing literature on the separate effects of patch area,
edge effects, patch shape complexity, isolation, and landscape matrix contrast, there is still a
definite need within conservation management for a single umbrella term to fully encompass
all of the patterns, processes and consequences of habitat change in modified landscapes.
This umbrella term could either be “habitat loss’ or “habitat fragmentation’, and it would not
matter which, as long as the underlying causal structure of variables is recognised (Figure
2b). Thus far habitat fragmentation has been the term that has resonated most widely across
the literature, in both a colloquial and a scientific sense. Far from habitat fragmentation being
a ‘panchreston’ — an archaic term that Lindenmayer & Fischer (2007) used to denote

fragmentation as a theory that is “made to fit all cases” and “used in such a variety of ways as



to become meaningless” — habitat fragmentation remains the most useful paradigm in
conservation management for describing the series of interlinked processes occurring in
modified landscapes and for enhancing communication among disciplines and the public

(Ewers & Didham, 2007b).

Patch dynamics in mosaic landscapes

Perhaps the greatest value of the seminal work by Fahrig (2003) is that she has cemented
fragmentation as the landscape-level phenomenon that it truly is, not as a patch-level
phenomenon. Much of what the study of habitat fragmentation is concerned with today is the
ecological consequences of land-use change for organisms living in networks of remnant
patches surrounded by a mosaic of modified or novel land use types. This was not always the
case, though. The historical roots of habitat fragmentation are embedded in the stochastic
spatial model of Island Biogeography Theory (IBT) (MacArthur & Wilson, 1967), which in
its strictest form considers just patch area and isolation, incorporates no external influence
beyond the probabilistic arrival of colonists across an inhospitable matrix and no internal
patch dynamics beyond probabilistic extinction rates, and is ‘neutral’ to species identities or
functional traits. Much has been made about the lack of relevance of habitat fragmentation to
landscape ecology because this underlying basis of IBT does not fit the complexity of
anthropogenically-modified landscapes, where strong external influences on patches are
paramount, and there is a blurring of the boundaries between what constitutes the ‘patch’ and
the “matrix’ from the niche perspective of an organism (Haila, 2002; Laurance, 2008).
However, the reality is that this argument is a ‘straw man’ in many ways — a situation that
never actually exists, but is set up simply to be falsified. There are no studies today that
assume a strict IBT framework, and all researchers recognise the external influence of the

surrounding matrix and the effects of variation in habitat quality and internal patch dynamics



on remnant populations. Perhaps in this sense, the criticisms of early IBT approaches have
been well heeded, and ‘mainstream’ habitat fragmentation studies are much more akin to

studies in other branches of landscape ecology than ever before.

Within the wider discipline, the five key indirect drivers of fragmentation effects are ever
more intensively studied, highlighting new aspects to the mechanistic basis for the effects of
altered spatial arrangement of habitat on population and community dynamics (for more
detailed discussion of these processes see reviews by Saunders et al., 1991; Andrén, 1997;
Didham, 1997; Tscharntke et al., 2002; Henle et al., 2004; Ries et al., 2004; Ewers &

Didham, 2006a; Kupfer et al., 2006; Banks-Leite & Ewers, 2009; Collinge, 2009).

Reduced patch area

Reduction in the total amount of habitat in the landscape inevitably leads to a strongly
skewed size distribution of remaining habitat patches, with many small patches and few large
patches (Ranta et al., 1998; Ewers & Didham, 2007a). The ecological effects of reduction in
patch area are more widely studied than for any other variable, except perhaps edge effects,
and this is largely attributable to the very long heritage of scientific interest in the underlying
causes of the species-area relationship (Lomolino, 2000). Species-area relationships have
been widely studied in the context of habitat fragmentation as well (Seabloom et al., 2002;
Ewers & Didham, 2006a), although this can be a contentious area of investigation
(Simberloff, 1992). Conceptually, any changes in species richness at the patch level are best
considered as an emergent property (or net outcome) of all the population-level and

community-level changes that combine to alter species occupancy in fragmented landscapes.
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First, at the population level, the effect of altered spatial arrangement of habitat on the
distribution and abundance of individuals is the explicit theoretical domain of metapopulation
ecology (Hanski, 1998). Reduced patch area limits resource availability, reduces colonisation
rates, alters reproductive success, and imposes an intrinsic constraint on maximum population
size. At the extreme, this exposes populations to an increased risk of local extinction (Hanski
& Ovaskainen, 2000). The underlying mechanisms driving this relationship can be divided
into four categories — environmental stochasticity, demographic stochasticity, natural
catastrophes and reduced genetic diversity (Hanski & Gaggiotti, 2004) — but all four
processes have the potential to interact, creating what have been described as “extinction
vortices” (Gilpin & Soulé, 1986). These processes lie at the heart of population viability
analysis (Beissinger & McCullough, 2002), which comprises a set of analytical and

modelling techniques for predicting the probability of species extinction

Second, at the community level, there are typically large changes in species composition
associated with reduction in patch area (Saunders et al., 1991; Ewers & Didham, 2006a), as
different species have widely varying resource and area requirements, and differing dispersal
abilities. For instance, highly dispersive ground beetles are less affected by area reduction
than less dispersive groups, because increased dispersal rates can lead to the ‘rescue’ of small
populations that would otherwise have high extinction rates in small patches (de Vries et al.
1996). Because species with differing responses to patch area frequently interact with one
another (e.g. via predator-prey or competitive interactions), there is no simple way to predict
the community-level outcome of fragmentation from the sum of individual metapopulation
models. The incorporation of species interactions into the spatial context of metapopulations
is the theoretical domain of metacommunity ecology (Leibold et al., 2004; Gonzalez, 2009).

Metacommunity ecology has been responsible for the most significant re-invigoration of
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spatial ecology in recent years, and is increasingly seen as the theoretical underpinning to the

study of habitat fragmentation (Gonzalez, 2009).

Finally, the net outcome of altered population and community dynamics is a characteristic
reduction in species richness in small habitat patches (Figure 4A) (Ewers & Didham, 2006a).
There are many potential explanations for a net positive species-area relationship such as this,
including strong influences of reduced habitat heterogeneity, reduced resource concentration,
increased disturbance, or altered colonisation-extinction dynamics (i.e. IBT) in small patches
(or more likely a combination of these factors operating on different species). Unlike oceanic
island systems, however, species-area relationships across habitat patches frequently show no
net relationship, or even a negative relationship (Cook et al., 2002; Ewers et al., 2007) when
there is an over-riding influence of external variables, such as context-dependence in the
effects of the surrounding landscape matrix on the ability of species to invade and occupy

small patches.

Increased edge effects

Habitat loss and reduction in patch area increase the proportion of habitat edge in the
landscape, and expose fragment interiors to external influence (Didham, 1997). Edge effects
describe the transition in abiotic and biotic variables that occurs across the boundary between
adjacent land-use types (Cadenasso et al., 2003). Edges are typically hotter, drier and windier
than the interior of patches, with a higher light intensity and modified plant composition and
habitat structure (Matlack, 1994; Williams-Linera et al., 1998; Chen et al., 1999; Harper et
al., 2005). These changes have pronounced effects on patterns of habitat use and the relative
abundance of animals at patch edges as well (Ries et al., 2004). Species richness typically

increases at the edge, sometimes dramatically so for many invertebrate taxa (Didham, 1997;
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Ewers et al., 2007), and there can be substantial turnover in species composition (Ewers &
Didham, 2008). Ultimately, changes in both species richness and composition are a
composite of individual species responses, which are extremely varied both within and
between studies (Didham et al., 1998; Davies et al., 2000). As a generality, though, high
species richness at edges is typically a result of species influx from adjacent disturbed

habitats, whereas patch specialists typically decline at edges (Figure 4B).

A continued problem in interpreting these types of ecological edge effects is that most studies
have taken a ‘one-sided” approach focusing on the internal dynamics of patch edges, without
considering the ‘two-sided’ nature of edge dynamics (Fonseca & Joner, 2007; Ewers &
Didham, 2008). This is particularly surprising as most drivers of edge effects originate
external to the patch. Moreover, because of some curious properties of factors such as
shading, wind turbulence, and spillover effects, the observed edge response for some
variables may actually occur well outside the structural vegetation edge of the patch
(Cadenasso et al., 1997), and therefore be missed entirely if sampling only occurs within the
patch. More generally speaking, the two-sided approach to edge studies places better
emphasis on the fact that edges are three-dimensional zones of transition between habitats
(Cadenasso et al., 2003), and have no absolute quantifiable dimensions unless comparisons

are made relative to both the adjacent patch and matrix interiors.

The other major recent advance in the study of edge effects is recognition that quantification
of edge impact requires explicit discrimination of two quite distinct components of edge

influence: edge extent (i.e. the distance over which a statistical difference in response can be
detected between the matrix and the patch) and edge magnitude (i.e. the degree of difference

in response between the patch interior and the matrix interior) (Harper et al., 2005; Ewers &
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Didham, 2006b). For example, a particular edge response with a large extent but a small
magnitude of effect might not be considered to be as important, ecologically speaking, as an
edge response with a small extent, but a very large magnitude. The majority of previous
studies have focused on edge extent, rather than edge magnitude, even though it is the more
difficult variable to quantify (Ewers & Didham, 2006b). There are probably as many rules of
thumb about the distance of edge influence as there are edge studies (e.g., Skole & Tucker,
1993; Young & Mitchell, 1994; Chen et al., 1999). However, it is worth pointing out that the
reliability of these estimates is highly questionable, as most studies are limited in taking a
one-sided approach to the measurement of edge effects (Fonseca & Joner, 2007), most lack
the appropriate statistical rigour to determine edge extent reliably (Ewers & Didham, 2006b),
and edge extent is notoriously variable between different response variables and different
edge types (Laurance et al., 2002). Edge extent can vary from a few metres up to a kilometre
or more for different response variables (Ewers & Didham, 2008), and despite thousands of
individual studies of edge effects there has been relatively little progress toward
understanding the factors that determine edge extent (let alone appropriate integration of edge

extent and edge magnitude).

Altered patch shape

Shape complexity is a patch attribute that has been extremely poorly studied in comparison to
other components of habitat fragmentation (Ewers & Didham, 2006a). Fragments with
complex shapes have a much higher proportion of total fragment area that is edge, rather than
core habitat (Laurance & Yensen, 1991), and this has two important ecological consequences.
First, patches with higher shape complexity may have correspondingly higher patch
colonisation rates, and higher patch emigration rates, and this can cause greater variability in

population size and a decreased probability of population persistence (Hamazaki, 1996;
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Collinge & Palmer, 2002; Cumming, 2002). Second, shape complexity accentuates the extent
to which edge effects permeate habitat patches (Collinge, 1996), reducing core area for patch
specialists. These effects are likely to be particularly severe for linear patch features, such as
strips of remnant vegetation along riparian zones. Surprisingly, these effects are also of
special concern for the world’s largest nature reserves. Recent studies suggest that a
characteristic feature of fragmented landscapes is that shape complexity increases
exponentially with increasing patch area (Ewers & Didham, 2007a), so that very large
patches contain far less core area than might otherwise be expected. Furthermore, the highly
convoluted nature of very large patches can result in the division of core habitat into multiple,
disjunct core areas that are separated by regions of edge-affected habitat (Ewers & Didham,
2007a). Population estimates based on a literature review of the density-area relationship
(Connor et al., 2000) showed that disjunct cores in large fragments can reduce population
size to one-fifth of that which could be supported if core habitat were continuous (Ewers &
Didham, 2007a). Taken together, the assumption is that these processes will lead to increased
species loss in patches with higher shape complexity (Figure 4C), but this has not been well

studied.

Increased patch isolation

Patch isolation — and its converse, patch connectivity — are not absolute quantities, rather
there are degrees of isolation in both time and space depending on the dispersal traits of the
species in question and their ability to cross the intervening matrix between patches. As
habitat loss increases in the landscape, both time since isolation and distance of isolation
increase in concert, and this can make it difficult to distinguish their effects (Saunders et al.,
1991). Immediately after isolation, a patch will typically contain far more species than will

be able to maintain viable populations in the long term, and species richness will decline
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through time in a process called ‘species relaxation’ (Brooks et al., 1999). The time course
of relaxation depends greatly on the initial population size in the patch and the average
longevity of the organism, so can vary from months up to hundreds of years in the case of
long-lived trees (Vellend et al., 2006). Time of isolation can also be a significant factor
confounding comparisons of species diversity or composition between different patches if

some patches have been isolated for substantially longer than other patches.

The effects of time since isolation interact strongly with distance of isolation, as a narrow
spatial separation between patches may represent only a limited barrier to some organisms,
and allow populations to survive in the patch over the long term, when this might not
otherwise be the case in a more spatially isolated patch. However, gap or matrix crossing
abilities are highly variable between species. An extreme example of this was highlighted by
Bhattacharya et al. (2003) who found that two species of Bombus bumblebees would rarely
cross roads or railways despite the presence of suitable habitat that was within easy flying
range. Because some matrix habitats inhibit dispersal more than others (see Roland et al.,
2000; Ricketts, 2001) and because species differ in their ability to disperse through matrix
environments (Haddad & Baum, 1999; Collinge, 2000), the literature is full of seemingly
disparate results regarding the effects of spatial isolation on species and communities (Ewers
& Didham, 2006a). The most important conclusions from these studies are that spatial
isolation effects can depend as strongly on the structure of edge habitats as on the
permeability of the surrounding landscape, and the nature of species responses can depend as
much on behavioural predisposition to disperse as on physical ability to traverse large

distances.
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Within conservation management, habitat corridors (either retained or restored) have been
widely promoted as a means of maintaining species diversity (Hilty et al., 2006) based on the
general principle that more connected patches have lower species loss rates than more
isolated patches (Figure 4D). Although there has been considerable debate over the potential
disadvantages of corridors, such as facilitation of the spread of disease, invasive species, fire
disturbance, and other threatening processes (Saunders & Hobbs, 1991), a wealth of studies
ranging from small-scale moss microecosystems (Gilbert et al., 1998) to large-scale forested
landscapes (Damschen et al., 2006) now show that corridors can increase population
abundance and species diversity in habitat patches, and even have a significant effect on the
outcome of species interactions and ecosystem functioning in fragmented landscapes

(Tewksbury et al., 2002; Levey et al., 2005).

Altered matrix structure

The “matrix’ is a term broadly used to describe the human-modified land-use types
surrounding remnant habitat patches, but variation in the structure and importance of the
matrix for different species defies any simple dichotomy in attributes between ‘patch’ and
‘matrix’. For many species, human-modified land-use types provide supplementary or
complementary resources that may compensate for limited resource availability in habitat
patches (Ries et al., 2004). Strictly speaking, then, there is no dividing line between what is a
‘patch’ and what is a “matrix’ in these cases, and some species may well perceive the whole
landscape as ‘habitat’ and there would be no ‘matrix’ per se. However, it is likely that even in
these cases habitat quality will still vary spatially in relation to the spatial distribution of
dominant land-use types. For example, Perfecto & VVandermeer (2002) demonstrated that ants
inhabiting forest patches in Mexican coffee plantations were actively foraging in the

surrounding coffee ‘matrix’ and that some species were even able to survive in this land-use
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type in perpetuity. Furthermore, an increase in ‘matrix’ quality was associated with an
increase in the number of species and individuals that occurred there (Perfecto &

Vandermeer, 2002).

A growing body of evidence suggests that matrix quality is crucially important in
determining the abundance and composition of species within habitat patches (Gascon et al.,
1999; Cook et al., 2002). Matrix properties can affect the dispersal and movement of
individuals between patches (Gascon et al., 1999; Davies et al., 2001), and the degree of
structural contrast between patch and matrix determines the permeability of habitat edges to
propagule movement (Collinge & Palmer, 2002), which taken together can be the prime
determinants of colonisation-extinction dynamics (Brotons et al., 2003; Kupfer et al., 2006)
and species loss (Figure 4E). For these reasons the study of matrix structure is frequently seen
as the most important avenue for building a synthesis between patch and landscape
perspectives on habitat fragmentation. At the same time, modification of matrix quality in
order to facilitate dispersal, increase population size and increase the probability of
population persistence at both patch and landscape scales is seen as a viable practical strategy

for conservation management (Donald & Evans, 2006).

Confounding factors in the determination of species responses to habitat fragmentation
With the burgeoning fragmentation literature (Collinge, 2009) it is becoming ever more
difficult to interpret the huge number of case-specific ‘exceptions’ to the typical patterns of
response to fragmentation described above. In some cases the reason for this is that many
supposedly well-accepted generalities were actually founded on relatively weak evidence in
the first place. In other cases, the weight of evidence still supports perceived generalities, but

disparate results point to the need for a fundamental reconsideration of what we understand
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about the mechanistic bases for fragmentation effects. In a recent review, Ewers & Didham
(20064a) provide a structured framework for interpreting the very large number of factors that
have been observed to confound straight-forward determination of the causal processes
underlying species responses to fragmentation. These factors include the degree of context-
dependence in the effects of individual components of fragmentation, the degree of temporal
dependence in ecological responses, the degree of trait-dependence of observed species
responses, and the degree to which fragmentation effects are dependent on, or interact with,
other components of global environmental change. Most of these areas remain entirely
unexplored, and represent the cutting edge of fragmentation research, and yet it is now clear
that understanding context-dependence, in all its many forms, will be crucial to understanding

the fragmentation process as a whole.

Interactions between multiple drivers of fragmentation

Recognition that “the matrix matters” (Ricketts, 2001) to our understanding of patch
dynamics is tacit acknowledgement that patch processes are dependent on, or interact with,
matrix context. Similar recognition of the interaction between matrix structure and the
magnitude of edge influence has pervaded the contentious ‘edge effects on nest predation’
literature (e.g., Tewksbury et al., 2006). Surprisingly, though, these examples of interactions
between multiple drivers of fragmentation have not been taken more broadly as being
indicative of the importance of spatial context-dependence among variables in general. For
example, Ewers et al. (2007) showed the striking importance of synergistic interactions
between patch area and edge effects on beetle communities in temperate forest remnants in
New Zealand. Despite thousands of individual studies investigating the effects of patch area
and thousands more studies separately investigating edge effects, only a handful of studies

have tested for interactions between the two variables (Ewers et al., 2007). In a similar vein,
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the importance of patch shape complexity is likely to be entirely dependent on the magnitude
of edge effects, and similar arguments could be made for context-dependence among other
variables. No-one has yet tested for higher-order interactions among suites of variables, but

these almost certainly occur frequently, if not ubiquitously, as well.

Trait-dependence of species responses

A significant problem in interpreting the many seemingly contradictory species responses to
fragmentation is that the life history and biology of most species is so poorly known that it is
difficult to determine the mechanistic basis for population decline (or increase). In many
cases ecologists and conservation managers are also seeking more generality to their
conclusions about the effects of fragmentation than simply knowledge about how particular
species respond. Consequently, considerable effort has been expended drawing
generalisations about the traits of species that might confer susceptibility or resilience to
fragmentation (Henle et al., 2004). For example, a number of studies have found that habitat
specialists, species with large body size, species at higher trophic levels, and those with poor
dispersal abilities or a reliance on mutualist species are expected to go extinct first when
habitat area decreases (see reviews by Tscharntke et al., 2002; Henle et al., 2004; Ewers &
Didham, 2006a). In a similar vein, species at higher trophic levels (Zabel & Tscharntke,
1998) and species with “intermediate’ dispersal capabilities (Thomas, 2000) appear to be
most sensitive to patch isolation. Recognising these trait-dependencies can explain many of
the contrasting finds about the effects of patch area and isolation on species responses, and
the same is true of the other drivers of fragmentation effects also. Overall, across all drivers
of fragmentation effects, a very large number of traits have been proposed as being important
in determining species responses, although Henle et al. (2004) suggested that just six ‘traits’

(defined in the broadest sense) have sufficient empirical support to justify being considered
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strong predictors of species’ sensitivity to fragmentation: population size, population
variability, competitive ability and sensitivity to disturbance, degree of habitat specialisation,

rarity, and biogeographic location.

Time lags in ecological response

Given the inherent difficulties in measuring temporal responses to human disturbance, the
issue of temporal context-dependence of fragmentation effects has been surprisingly widely
considered, if not always well studied directly. A range of transient dynamics has been
observed in habitat patches immediately following disturbance of the surrounding landscape,
with the most common of these being a short-term increase in population densities of mobile
taxa that ‘crowd’ into the remaining intact patches (Bierregaard et al., 1992; Collinge &
Forman, 1998). Ecological observations made during this time-frame can give a highly biased
impression of the ecological condition of the patch and the ecological impact of
fragmentation (Ewers & Didham, 2006a). Transient crowding effects may also impose a
strong destabilising effect on species interactions and community structure for resident
organisms within habitat patches, and might even be one of the factors that exacerbates the

rate or magnitude of community change in the long term.

Over the succeeding trajectory of species relaxation, populations decline and are lost at
varying rates depending on the spatial attributes of the remaining habitat and the traits of the
remaining species (Brooks et al., 1999; Ferraz et al., 2003), with rates being very rapid (on
the order of months to a few years) for short-lived invertebrate species in small habitat
patches (Collinge & Forman, 1998; Gonzalez, 2000). In some regions where habitat loss has
been exceptionally rapid and severe (such as the Atlantic Forest of Brazil, and many regions

of tropical South East Asia), there is considerable concern that long time-lags to extinction
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for many taxa could mean that we are facing a very large ‘extinction debt’ (Tilman et al.,
1994; Brooks et al., 1999), that will inevitably lead to many hundreds, if not thousands, of
rare and endangered species disappearing over the coming century. Although at one time the
concept of extinction debts was largely theoretical (Tilman et al., 1994), there is a now a
growing body of empirical evidence supporting the strong temporal dependence of
community change following fragmentation (Ewers & Didham, 2006a; Kuussaari et al.,
2009). The same concept has also been extended to temporal dependence in a range of other
processes occurring concurrently in modified landscapes, including the concept of an
‘invasion debt’ (reflecting the number of species yet to invade a patch from incipient
populations in the landscape; Seabloom et al., 2006), and a ‘colonisation credit’ (reflecting
the number of species yet to colonize a patch during community re-assembly following
habitat restoration; Cristofoli et al., 2010), although these may eventually be seen as one in

the same concept (Jackson & Sax, 2010).

Synergistic interactions between fragmentation and other threatening processes

Finally, habitat fragmentation is not the only anthropogenically-driven process threatening
species in habitat patches, and in many cases it may not even be the most important factor.
Other components of land-use change, such as land-use intensification in the matrix for
example, can be the key determinant of patch processes (Tscharntke et al., 2005), and there
can be strong historical or environmental context dependence in the effects of other
components of global environmental change which blurs or confounds determination of
species responses to fragmentation (Didham et al., 2005; Didham et al., 2007). For instance,
in most, if not all, modified landscapes there is strong intercorrelation between loss of habitat,
invasion of non-native species and decline of native species, making it difficult to separate

whether it really is habitat loss or invasion that is the cause of decline (Didham et al., 2005).
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Of even greater concern is the weight of emerging evidence showing that multiple drivers of
global change interact synergistically, rather than independently, such that the effects of one
driver exacerbate the effects of other drivers (Didham et al., 2007; Brook et al., 2008;
Tylianakis et al., 2008). Such synergies operate frequently, if not ubiquitously, between
habitat fragmentation and species invasion (Didham et al., 2007). For example, invasion of
the predatory beetle Coccinella septempunctata into cropland in the USA led to a three-fold
increase in predation pressure on a native aphid Bipersona sp. in natural grassland patches
within a crop matrix, compared to control sites in a more pristine grassland-dominated
landscape (Rand & Louda, 2006). Habitat fragmentation may also exacerbate future impacts
of climate change. For example, the geographical distribution of butterflies tracks climate
warming (Thomas et al., 2006) but in fragmented landscapes the movement of habitat
specialists is restricted by adverse conditions in the matrix, such that climate change impacts
are likely to be much more severe in heavily fragmented landscapes than in less modified
landscapes (Thomas et al., 2006). Numerous other examples of synergistic and antagonistic
interactions have also been recorded among all components of land-use change, atmospheric
CO; increase, climate change, anthropogenic nitrogen deposition and species invasion
processes (Didham et al., 2007; Brook et al., 2008; Darling & Coté, 2008; Tylianakis et al.,
2008). Ecological understanding of the interactions among multiple drivers of global change
is still in its infancy and presents an important future challenge for conservation management

in fragmented landscapes (Didham et al., 2007; Tylianakis et al., 2008).

Conclusions
When considered in the broadest sense as an on-going process of human modification of the
amount, spatial arrangement and quality of semi-natural habitats remaining in the landscape,

‘habitat fragmentation’ continues to be the most widely-accepted and useful umbrella concept
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for ecology, conservation and management in modified landscapes. The discipline of habitat
fragmentation is constantly developing, so that today most studies are either implicitly or
explicitly linking both patch and landscape perspectives on the ecological consequences of
land-use change for organisms living in networks of remnant patches surrounded by a mosaic
of modified or novel land use types. The most important recent advances in our
understanding of the ecological effects of habitat fragmentation all stem from recognition of
the strong context dependence of ecosystem responses, and the synergistic interactions

between habitat fragmentation and other components of global environmental change.
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Figure captions

Figure 1. Land-use change in a fragmented tropical forest landscape in the highlands near
Sapa, Vietnam, showing the scale of habitat loss, the altered spatial arrangement of remaining
rainforest habitats, and the mosaic of human land-use intensification in the surrounding
landscape matrix. Photo reproduced with permission from iStock Photo

(http://www.istockphoto.com).

Figure 2. Defining habitat fragmentation. There is strong debate about whether the term
‘habitat fragmentation’ should be used to describe: (A) the entire spatio-temporal process by
which habitat loss leads to the subdivision of large, continuous habitats into a greater number
of smaller patches of lower total area, isolated from each other by a matrix of dissimilar
habitats; or (B) solely the differences that occur due to the differing pattern of spatial
arrangement of remaining habitat after the amount of habitat remaining in the landscape has
been taken into account. The satellite images in (A) show typical correlated changes in
habitat loss and habitat fragmentation in the same landscape east of Santa Cruz, Bolivia, over
three time intervals (images courtesy of NASA/Goddard Space Flight Center Scientific
Visualization Studio; http://visibleearth.nasa.gov). The satellite images in (B) show three
different landscapes in southern Mato Grosso, Brazil, with approximately the same amount of
habitat loss, but very differing spatial arrangement (images courtesy of Jacques Descloitres,
MODIS Land Rapid Response Team, NASA/GSFC, 29 May 2001;

http://visibleearth.nasa.gov).

Figure 3. A schematic representation of the problem of attributing causality to ‘habitat loss’
versus ‘habitat fragmentation per se’. (A) In modified landscapes, all measures of spatial

habitat configuration are strongly intercorrelated with the amount of remaining habitat,
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making separation of ‘independent’ effects impossible. (B) The reason for the strong
intercorrelation is that the effects of habitat amount do not only operate directly and
separately from the effects of habitat fragmentation, they predominantly operate through
indirect pathways mediated by altered spatial configuration. For clarity, not all possible

indirect pathways are shown in (B).

Figure 4. Widely-held generalisations about community responses to habitat fragmentation.
Predictions of how species richness typically changes as the five main components of the

spatial context of habitat fragments are altered. Redrawn from Ewers & Didham (2006a).
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Figure 2
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