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necessitates knowledge of species requirements for dispersal. 
Yet, current connectivity modelling and management often 
implicitly assume that dispersal requirements of species are 
approximated by characteristics of their occupied habitat 
(Zeller et   al. 2012). Th is set of environments constitutes the 
species occupied niche (sensu Peterson et   al. 2011; Table 1). 
Th is assumption (i.e. that species ’  occupied habitat or niche 
approximates conditions suitable for successful dispersal) 
emerges from the frequent use of connectivity metrics that 
treat non-habitat regions of the landscape (i.e. the matrix) 
as homogenously impermeable to movement (Calabrese and 
Fagan 2004, Smolik et   al. 2010, Sawyer et   al. 2011). Even 
when matrix heterogeneity is considered, relative matrix 
resistances to movement are typically assessed based on the 
similarity of matrix types to habitat of species (Epps et   al. 
2007, Eycott et   al. 2012). As a direct consequence, connec-
tivity modelling can have poor predictive power (Fletcher 
et   al. 2011) and interventions for connectivity conservation 
are largely habitat-focused, frequently implemented through 
habitat consolidation or corridor demarcation (Moilanen 
et   al. 2009, Worboys et   al. 2010). 
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 Connectivity emerges from dispersal across landscapes, or the 
movement of individuals and genes among resource patches 
(see Table 1 for defi nition of key terms; Taylor et   al. 1993, 
Lindenmayer and Fischer 2007, Clobert et   al. 2012). Th ese 
linkages infl uence population dynamics through a variety 
of mechanisms, including demographic rescue, inbreed-
ing avoidance, colonization of unoccupied habitat, and 
the spread of diseases (Clobert et   al. 2012). Consequently, 
knowledge of connectivity can enhance our understand-
ing of species current and potential distribution patterns, 
population demography, genetic variability, evolutionary 
processes, and overall viability of species in heterogeneous 
landscapes, as well as provide insights into the dynamics of 
metacommunities. Connectivity is also increasingly relevant 
for conservation aimed at ameliorating negative impacts of 
ongoing habitat fragmentation and climate change on long-
term species persistence (Taylor et   al. 1993, Lindenmayer 
et   al. 2008, Doerr et   al. 2011). 

 Connectivity is a function of the response of 
individual dispersers to landscape structure (Taylor et   al. 
1993). Th erefore, eff ective understanding of connectivity 
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  Connectivity plays a crucial role in determining the spread, viability, and persistence of populations across space. 
Dispersal across landscapes, or the movement of individuals or genes among resource patches, is critical for 
functional connectivity. Yet current connectivity modelling typically uses information on species location or habitat 
preference rather than movement, which unfortunately may not capture key dispersal limitations. We argue that recent 
developments in species distribution modelling provide insightful lessons for addressing this gap and advancing our 
understanding of connectivity. We suggest shifting the focus of connectivity modelling from locating where animals 
potentially disperse to a process-based approach directed towards understanding and mapping factors that limit success-
ful dispersal. To do so, we propose defi ning species dispersal requirements through identifying spatial, environmental 
and intrinsic constraints to successful dispersal, analogous to identifying environmental dimensions that defi ne niches. 
We discuss the benefi ts of this constraint-based framework for understanding the distribution of species, predicting 
species responses to climate change, and connectivity conservation practice. We illustrate how the framework can aid 
in identifying potential detrimental eff ects of human activities on connectivity and species persistence, and can spur 
the implementation of innovative conservation strategies. Th e proposed framework clarifi es the validity and contextual 
utility of objectives and measures in existing connectivity models, and identifi es gaps that may impede our under-
standing of connectivity and its integration into successful conservation strategies. We expect that this framework will 
facilitate a mechanistic approach to understanding and conserving connectivity, which will aid in eff ectively predicting 
and mitigating eff ects of ongoing environmental change.   
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  Table 1. Selected defi nitions and concepts.  

Term Defi nition

Concepts relevant to connectivity
Connectivity Functional linkages between resource patches for a given species
Connectivity conservation All research and action taken to conserve such linkages. To date, the predominant 

strategy for connectivity conservation has been the demarcation of corridors
Corridors Linear sections of habitat that facilitate dispersal between fragments
Dispersal Movement leading to spatial gene fl ow. Here, we specifi cally refer to movement in 

heterogeneous landscapes, wherein dispersal represents a behavioural complex 
that includes emigration from a local habitat fragment, movement across a 
non-habitat matrix, immigration and settlement into a new habitat fragment. While 
we largely restrict our discussion to animal, and largely active, dispersal, concepts 
expanded upon are also relevant, albeit with slight modifi cations, to dispersal of 
sessile organisms (e.g. plants)

Matrix All non-habitat regions of the landscape
Matrix resistance The permeability of a matrix type to the movement of individuals

Concepts relevant to species niche
Geographic space A two-dimensional space representing the physical location of landscape elements. It 

has been contrasted in niche modelling to the environmental space, or a multi-
dimensional space of environmental variables represented in the study domain. We 
contrast the geographic space to the multi-dimensional niche hyperspace that 
encompasses aspects of physical location, as well as environmental and intrinsic 
dimensions relevant for the focal species (see below)

Species occupied (or actual) 
niche

The set of environments that a species actually inhabits. In geographic space, this 
constitutes the occupied habitat of the species

SEI framework The spatial-environment-intrinsic (SEI) framework is a heuristic representation of the 
spatial, environmental and intrinsic constraints to successful dispersal

 Source: Lindenmayer and Fischer (2007), Worboys et   al. (2010), Peterson et   al. (2011) and Clobert et   al. (2012).   

 Dispersal is predominantly undertaken in the non-habitat 
matrix (Clobert et   al. 2012). As a corollary, habitat of 
species, or the occupied niche, often may not fully encom-
pass requirements for successful dispersal (Kupfer 2006, 
Revilla and Wiegand 2008). Recent empirical evidence sug-
gests that while certain species may, on average, prefer matrix 
types that are similar to their habitat, this preference is highly 
variable across species (Eycott et   al. 2012). In fact, habitat 
and microhabitat selection exhibited by individuals while 
dispersing may vastly diff er from those exhibited while resid-
ing within their occupied niche (Bowne et   al. 1999, Selonen 
and Hanski 2006). Identifying the limits or constraints to 
successful dispersal across landscapes thus remains a largely 
unanswered, albeit crucial, issue for the understanding of 
connectivity patterns across landscapes. Th is knowledge gap 
exists despite recent methodological advances that allow for 
understanding species dispersal requirements (Cagnacci et   al. 
2010, Knowlton and Graham 2010). We suggest that a frame-
work emphasizing a process- and threat-based approach to 
assessing connectivity, which facilitates the systematic incor-
poration of knowledge on species dispersal requirements, 
can eff ectively address this gap in current approaches to 
understanding, modelling and conserving connectivity. 

 Th ere are strong parallels between viewing connectivity 
from the perspective of limiting factors and recent advances 
in species distribution modelling which describe species 
distribution through abiotic, biotic and movement-related 
limiting factors (Sober ó n and Peterson 2005, Peterson et   al. 
2011). Isolating these limiting factors aided in distinguish-
ing the occupied, realized and potential niche spaces and 
it enabled assessments of the validity and contextual utility 
of research models related to species distribution for conser-
vation problems (Sober ó n and Nakamura 2009, Barve et   al. 

2011, Peterson et   al. 2011, Guisan et   al. 2013). Th ese devel-
opments relating the species niche to distribution modelling 
may therefore provide key lessons for the development of an 
analogous framework within which we can validate current 
connectivity models, identify key gaps in implementation, 
and align research models with conservation objectives. 

 We develop a framework, adapted from recent concepts 
relating the species niche to distribution modelling, to aid 
in the identifi cation and assessment of limiting factors to 
successful dispersal relevant for connectivity modelling 
and conservation. While niche theory has advanced con-
siderably in recent years (Chase and Leibold 2003, Holt 
2009), here we refer specifi cally to developments that link 
species niches to their geographic distribution (Peterson et   al. 
2011) and the relevance of these developments to problems 
in connectivity science. We show how mapping dispersal 
constraints in space can facilitate identifi cation of poten-
tial and actual dispersal routes of species. Th is framework 
clarifi es the scope of existing approaches to understanding 
connectivity and provides insights for the evaluation of 
their utility. Furthermore, it can identify species for which 
connectivity may be limiting, but where current practices 
would suggest otherwise. As a consequence, we argue for 
the need to extend the focus of connectivity from locating 
potential dispersal routes to identifying species dispersal 
constraints across landscapes, and illustrate the implica-
tions of applying this framework for modelling and con-
nectivity conservation planning. We largely focus our 
discussion on animal dispersal. Nevertheless, the frame-
work we describe can have utility in understanding and 
modelling dispersal of plants and other sessile organisms 
as well. Plant dispersal abilities may vary across species, 
populations and individuals, in addition to landscape 
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features and their spatial confi guration (Nathan and 
Muller-Landau 2000, Carlo and Morales 2008). Insights 
into the relevance of these factors for plant dispersal can 
improve our understanding and predictions of plant dis-
tribution patterns, impacts of ongoing climate change and 
forest dynamics (Hanson et   al. 1990, Dullinger et   al. 2004, 
Svenning and Skov 2007).  

 Species dispersal requirements, the species 
niche and distribution modelling 

 Species dispersal limitations have been incorporated within 
species distribution modelling as a delineator of niche 
space (Pulliam 2000, Kneitel and Chase 2004, Sober ó n 
and Peterson 2005). Movement constraints of species serve 
to distinguish regions that fall within the occupied niche 
from that of the potential niche (areas that are amenable to 
species persistence, but inaccessible to the species; Sober ó n 
and Peterson 2005). Within this framework, dispersal has 
been included in species distribution models as an impor-
tant predictor of where colonization can occur (Engler 
and Guisan 2009), and to clarify focal regions of study and 
inference (Barve et   al. 2011). Th erefore, understanding 
species dispersal requirements can be benefi cial not just 
in the fi eld of connectivity, but can additionally improve 
predictions of current and future habitat of species within 
traditional ecological niche modelling (Engler and Guisan 
2009, Smolik et   al. 2010). 

 Current connectivity modelling focuses predominantly 
on identifying actual or potential dispersal routes of focal 
species (Sanderson et   al. 2002, Rabinowitz and Zeller 2010, 
Lawler et   al. 2013), or on areas accessible to animals (Smolik 
et   al. 2010). Th ese approaches amount to viewing connectiv-
ity primarily in geographic space. Ecological niche modelling 
translates species distribution patterns in geographic space 
to a heuristic hyperspace depicted by limiting factors. In 
operational terms, such a hyperspace can be defi ned as one 
where the probability of occurrence, or of long-term per-
sistence of populations, is above a set threshold (Elith et   al. 
2006, Smolik et   al. 2010). In a similar vein, we envision 
a translation of dispersal patterns in geographic space to a 
heuristic hyperspace defi ned by factors relevant to success-
ful dispersal, including, but not limited to, spatial loca-
tion. Here, we envision delimiting a hyperspace wherein 
the probability of successful dispersal, conditional on 
an animal taking a decision to disperse, is above a set 
threshold. Th is perspective of dispersal moves beyond the 
traditional representation of movement responses as spa-
tial locations (Adriaensen et   al. 2003, Nathan et   al. 2008), 
while retaining space as an important infl uencing factor for 
individual movement and connectivity patterns. 

 Niche concepts distinguish the geographic space, 
or locations of species presence (and absence), from the 
environmental space, representing factors infl uencing spe-
cies distribution (Peterson et   al. 2011). Similarly, we envi-
sion an environmental space comprised of factors that 
constrain successful dispersal. Yet the environmental space 
currently defi ned to delimit species ’  niche is insuffi  cient for 
developing a framework for dispersal limitations relevant to 
connectivity for at least three reasons. First, niche require-

ments primarily include habitat and resources relevant to the 
survival and reproduction of species (Chase and Leibold 
2003, Sober ó n 2007), whereas dispersal largely occurs in 
non-habitat matrix. Second, successful dispersal requires 
entire routes in geographic space. Th erefore, interpreting the 
cumulative confi guration of landscape elements in space (or 
the arrangement of landscape elements along entire dispersal 
routes) is necessary for identifying species dispersal require-
ments (Revilla and Wiegand 2008). Th ird, recent approaches 
to movement ecology emphasize the role of intrinsic attri-
butes of the individual disperser in determining movement 
patterns (Nathan et   al. 2008, Clobert et   al. 2009), whereas 
individual variation plays a minimal role in conventional 
species distribution modelling or conceptualization of 
species niches (Peterson et   al. 2011). Furthermore, the incor-
poration of movement into species distribution and ecologi-
cal niche modelling has been largely focussed on delimiting 
areas that are accessible to species on an evolutionary time-
scale (Sober ó n and Peterson 2005); on the other hand, 
connectivity modelling is typically focussed on identifying 
locations in the landscape that are crucial for movement of 
species between habitats and populations on ecological time 
scales (Lowe and Allendorf 2010). Notwithstanding these 
divergences from ecological niche modelling, successful dis-
persal routes are delineated by the manifestation of identifi ed 
dispersal constraints in geographic space, akin to the relation-
ship between the species niche and geographic distribution.  

 A framework for revealing species dispersal 
constraints across landscapes 

 To facilitate identifi cation of species dispersal constraints, 
we adopt an approach similar to distribution modelling 
(as used in Peterson et   al. 2011) in that we consider factors 
that have been shown, theoretically or empirically, to limit 
dispersal. We classify these limiting factors into three general 
categories: a) spatial constraints pertaining to the location 
of landscape elements, b) external environmental factors, 
and c) intrinsic factors, or internal constraints of dispersers. 
Together, these factors constitute the spatial-environment-
intrinsic (SEI) framework. By demarcating regions of a 
heuristic hyperspace unconstrained by each of these cat-
egories, one can characterize requirements for successful 
dispersal of species (Fig. 1A). 

 Dispersal encompasses three stages: emigration, a tran-
sient search or transfer stage, and immigration or estab-
lishment (Clobert et   al. 2012). Spatial, environmental and 
intrinsic factors may diff erentially infl uence each of these 
stages through two mechanisms: fi rst, alteration of demo-
graphic parameters (such as mortality or energetic costs that 
can impact fi tness), and second, modifi cation of movement 
behaviours. Th ese factors can operate alone or in synergistic 
ways to limit successful dispersal across landscapes.   

 Spatial constraints 

 Spatial constraints arise from limiting eff ects of the 
arrangement of landscape elements in space (e.g. land-
scape confi guration), including the relative location of 
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  Figure 1.     (A) Th e spatial-environmental-intrinsic (SEI) framework facilitates identifi cation of conditions that allow for successful dispersal 
(diagonally shaded), through spatial (S), environmental (E) and intrinsic (I) constraints to successful dispersal. We contrast locations of 
successful dispersal with dispersal traps, undervalued dispersal routes, and potential dispersal routes. We additionally illustrate that dispersal 
models based on spatial constraints, or cost- or resistance-distance (S  Ç  E), may over-predict regions of successful dispersal. (B) We illustrate 
the effi  cacy of threat-based conservation in facilitating connectivity in a hypothetical formulation of the SEI framework. We assume a 
situation where intrinsic constraints maximally limit successful dispersal. Results of conservation interventions are represented as dashed 
circles. Conservation interventions that focus on the most limiting factor to successful dispersal (I) may result in facilitating dispersal, while 
those focused on non-limiting factors (e.g. S) may not facilitate dispersal.  
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  Figure 2.     Illustration of the eff ects of constraining factors on dispersal mortality when two fragments are separated by a matrix. Inhospitable 
matrix types are shown as dark grey. In each case, a potential movement path is illustrated, and mortality occurs when a movement path 
ends in the matrix. (i) Similar matrices when confi gured in diff erent manners can vary in their mortality eff ects, illustrating how spatial 
constraints (S) can impact dispersal. (ii) Increased inhospitability of the matrix can constrain successful dispersal, illustrating environmental 
constraints (E) from heightened mortality risk. (iii) Eff ects may vary across populations, in this example, based on body size (an intrinsic 
constraint, I).  

both habitat and matrix elements. Constraints imposed 
upon dispersal by the location of habitat undoubtedly con-
stitute the most studied aspect of connectivity and form 
the theoretical foundation for many concepts in the science 
of connectivity (MacArthur and Wilson 1967, Adriaensen 
et   al. 2003). Th eir consideration in connectivity can perhaps 
be traced back to the description of spatial patterns of dis-
persal that arise out of random diff usion processes (Skellam 
1951) and the theory of island biogeography (MacArthur 
and Wilson 1967). As dispersal distances increase, indi-
viduals incur cumulative time and energy costs (Bonte et   al. 
2012), which suggests increased overall dispersal costs for 
more geographically isolated habitat fragments (Adriaensen 
et   al. 2003). Th e confi guration of habitat fragments also lim-
its the distribution and occupied niche of species, thus relat-
ing this category to species  ‘ movement limitations ’  identifi ed 
in species distribution modelling (Barve et   al. 2011). Habitat 
fragments can occasionally serve as stepping-stones, such 
that dispersal between two habitat fragments can be facili-
tated by a third (Fletcher et   al. 2014). 

 Beyond distance eff ects, other spatial eff ects of confi gura-
tion of habitats can alter movements. For instance, Fletcher 
et   al. (2014) experimentally altered the confi guration of 
stepping-stone habitat of the cactus bug  Chelinidea vittiger , 
while keeping the overall area of stepping-stones and 
distances to target patches constant, fi nding that coloniza-
tion probability increased when stepping-stones were con-
fi gured such that they had a funnelling eff ect on emigrants. 
Spatial constraints can also emerge from the location of 
matrix elements (Fig. 2). For example, Uezu et   al. (2005) 
found that emigration propensity for some forest birds was 
suppressed when open habitat was located adjacent to forest 
fragments.   

 Environmental constraints 

 Environmental constraints to successful dispersal arise from 
factors extrinsic to the dispersing organism. Th ese constraints 
relate to 1) the biotic community (Orrock et   al. 2008, Bowler 
and Benton 2009) and 2) abiotic factors including structural 
attributes of the matrix (Prevedello et   al. 2011), climatic 
factors (Vasconcelos and Calhoun 2004), and landform or 
terrain (Cushman et   al. 2009). Th ese constraints can alter 
environmental quality for dispersers. Th ese can be consid-
ered analogous to the factors limiting the biotic and abiotic 
niche of species, respectively. 

 Biotic factors include predators, competitors, facili-
tators, and resources. Th e presence of predators in the 
matrix can constrain successful dispersal through height-
ened mortality costs or through anti-predator behaviour 
(Orrock et   al. 2008). Competition in the matrix, in 
particular with humans, can suppress the movement of 
individuals across landscapes and be a signifi cant con-
tributor to mortality (Cushman et   al. 2010). On the 
other hand, the presence and utilization of resources in 
the matrix can facilitate dispersal by off setting energetic 
costs (Manning et   al. 2006, Bowler and Benton 2009). 
Resources in the matrix could also facilitate disper-
sal across multiple generations, such that emigration is 
followed by reproduction in sink or stepping-stone 
habitat; descendants of the emigrating animal may then 
complete the dispersal process by locating and immigrat-
ing into a suitable habitat fragment (Apte et   al. 2000). 
Th ese demographic events in the matrix, while not 
contributing substantially to population recruitment, 
may play an important role in increasing the long-term 
probability of successful dispersal among habitats. 



6-EV

als to perceive and respond to information can infl uence 
emigration, search and immigration decisions in fragmented 
landscapes (Doligez et   al. 2002, Zollner and Lima 2005, 
Fletcher 2006, Fletcher et   al. 2013). For instance, Fletcher 
(2006, 2009) showed that the presence of conspecifi cs 
could augment immigration rates into habitat fragments. 
Th ese intrinsic constraints can provide insights into various 
patterns of connectivity observed in fragmented habi-
tats (e.g. leptokurtic dispersal kernels: Fraser et   al. 2001, 
fragment size-related target eff ects: Fletcher 2006).   

 From dispersal constraints to landscape 
connectivity 

 By identifying constraints arising from spatial, environ-
mental and intrinsic factors, the SEI framework sheds light 
on the extent to which existing connectivity models and 
analytical approaches adequately capture successful dispersal 
routes (Fig. 3). Predictive models informed solely by spatial 
constraints will typically over-predict regions of successful 
dispersal (Fig. 1A, Smolik et   al. 2010). Consideration of 
environmental constraints in the form of movement  ‘ costs ’  
(e.g. matrix resistance: Zeller et   al. 2012) provides an assess-
ment of constraints arising from the quality of the extrinsic 
environment, while the translation of these resistances to 
an  ‘ eff ective distance ’  between habitat fragments represents 
the intersection of environmental and spatial constraints 
(S  Ç  E; Fig. 1A). Yet such regions might still be unsuitable 
for dispersal due to intrinsic constraints (Fig. 1A). Th erefore, 
the area suitable for successful dispersal may frequently be 
smaller than what is commonly assumed. 

 Demarcating specifi c constraints to dispersal could also 
identify regions of the landscape that infl ict environment-
induced mortality costs on dispersers. For example, regions 
that are not limited through spatial or intrinsic factors, but 
are limited through environmental eff ects on mortality can 
result in dispersal traps (Fig. 1A; Frair et   al. 2008, Stokes 
et   al. 2010). Further, regions may exist that are amenable to 
dispersal, but where dispersal fails to occur due to avoidance 
behaviours displayed by individual dispersers (Harris and 
Reed 2002, Ciuti et   al. 2012). Th ese regions are analogous to 
suitable habitats unoccupied by species due to a disassocia-
tion of cues from habitat (Gilroy and Sutherland 2007), and 
can be considered as undervalued dispersal routes (Fig. 1A). 
Potential dispersal routes, or regions amenable to dispersal, 
but currently inaccessible by virtue of their location, are also 
revealed through this framework (Fig. 1A). Knowledge of 
potential dispersal routes can aid reserve design, habitat res-
toration, reintroduction programs and conservation in the 
face of climate change (Schultz and Crone 2005, Grimbacher 
and Catterall 2007). Th is framework can thus help contex-
tualize assessments and predictions of connectivity models, 
validate their utility, and identify gaps in their implementa-
tion in the context of connectivity modelling in ecology.   

 Methodological advances that allow for linking 
dispersal constraints to connectivity 

 Dispersal has traditionally been a diffi  cult process to 
study and understand, particularly across complex land-
scapes. Th is diffi  culty has, in part, led to the practice of 

 Vegetation structure in the matrix can pose physical 
obstructions to the movement of animals. Th e structure 
of the matrix can provide cover against perceived predation 
(Bowne et   al. 1999). It can obstruct the perception of habi-
tat (Prevedello et   al. 2011) and hence depress immigration 
into habitat fragments. Certain matrix elements, such as 
roads, are associated with signifi cant mortality risk and can 
be particularly infl uential on dispersal mortality and observed 
movement paths (Frair et   al. 2008). Th ese infl uences of envi-
ronmental constraints to movement are often collectively 
incorporated into connectivity assessments in the form of 
matrix resistances (Zeller et   al. 2012). Climatic conditions, 
such as temperature and precipitation (Vasconcelos and 
Calhoun 2004), as well as landform, such as terrain (Johnson 
et   al. 2002, Cushman et   al. 2009), also modify movement 
paths of dispersing animals, infl uence energetic costs, and 
ultimately can limit successful dispersal (Bonte et   al. 2012).   

 Intrinsic constraints 

 Limitations to successful dispersal can also arise through 
intrinsic characteristics of individual dispersers (Belisle 2005, 
Baguette et   al. 2013), groups of individuals (Th ouless and 
Sakwa 1995), populations (Resasco et   al. 2014), or species 
(Ball and Goldingay 2008). At the species level, traits such as 
movement modes and average body mass have been shown 
to infl uence dispersal across landscapes (Ball and Goldingay 
2008). We note that while such species-level eff ects will be 
crucial for comparisons of the dispersal requirements or 
constraints across species, our framework is species-centred 
(as is the species niche; Peterson et   al. 2011), such that spe-
cies-level intrinsic constraints are only implicitly captured. 
Populations, or groups of individuals, can also show charac-
teristic variability in movement mode and behaviour, induc-
ing a within-species bias in dispersal patterns (Fig. 2, Resasco 
et   al. 2014). Resasco et   al. (2014) further demonstrated that 
intrinsic constraints, namely the movement mode of diff er-
ent groups of individuals of invasive fi re ants  Solenopsis invicta  
(polygynes versus monogynes) infl uenced the eff ectiveness of 
corridors in facilitating connectivity between habitat frag-
ments. Th us, intrinsic constraints can mediate the effi  cacy 
of conservation interventions that manage for connectivity. 
Characteristics of habitats, such as habitat quality and envi-
ronmental conditions, as well as the density of populations 
that reside within habitats, can infl uence population-specifi c 
probability of emigration, disperser ability to successfully 
traverse the matrix, and their immigration into destination 
habitat patches (Stamps 2006, Benard and McCauley 2008, 
Bonte and de la Pe ñ a 2009, Bitume et   al. 2014). 

 At the individual level, the internal state of animals, 
such as their energy reserves or physiological stress, has 
theoretically been suggested to infl uence individual decisions 
(Fraser et   al. 2001, Belisle 2005, Zollner and Lima 2005). 
Prior experience of individuals can infl uence dispersal abil-
ity and propensity, as well as their capacity to appropriately 
respond to habitat cues in fragmented landscapes (Benard 
and McCauley 2008). Dispersal is increasingly recognized 
as a process wherein individuals make behavioural decisions 
based on information perceived about the environment 
(Clobert et   al. 2009). Th erefore, the ability of individu-
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  Figure 3.     Th ree recent examples illustrate the identifi cation of diff erent types of constraints (shaded) for connectivity assessments. Unknown 
constraints are represented in the fi gures as dashed circles. (A) Uezu et   al. (2005) used distance between habitat fragments and the presence 
of corridors (spatial constraints) to assess connectivity of forest birds in the Brazilian Atlantic forest landscape. (B) Kramer-Schadt et   al. 
(2004) included daily distance travelled (spatial constraint), propensity to use diff erent land-use types and road-induced mortality 
(environmental constraints) in their assessment of Eurasian lynx  Lynx lynx  connectivity in Germany. (C) Resasco et   al. (2014) considered 
the presence of corridors (spatial constraint) and movement mode of the monogyne and polygyne social forms (intrinsic constraint) of the 
invasive fi re ant  Solenopsis invicta . Photo courtesy: Claudio Dias Timm, Dario Sanchez (A), Aconcongua (B), and Lamiot (C), Wikimedia 
Commons.  

connectivity modelling with substantial focus on remotely 
sensed landscape characteristics, often unsupported by data 
on movement (Sawyer et   al. 2011). Yet, recently developed 
technologies, such as global positioning system-based telem-
etry, allow for the observation of fi ne-scale movement data 
(Cagnacci et   al. 2010), while analytical methods, such as 
individual-based and network modelling (Grimm and 
Railsback 2005, Minor and Urban 2008, Th urfj ell et   al. 
2014), facilitate the incorporation of such information 
into connectivity assessments and predictions (Revilla and 
Wiegand 2008, Fletcher et   al. 2011). Furthermore, land-
scape genetics, or the analysis of genetic information at the 
landscape scale, allows for the identifi cation of specifi c bar-
riers and resistant matrix types to movement and gene fl ow 
(Epps et   al. 2007, Cushman et   al. 2009, Spear et   al. 2010). 
Combining these methods with small-scale observational or 
experimental studies on movement behaviour (Knowlton 
and Graham 2010) can aid in identifying constraints to 
successful dispersal (Stevens et   al. 2006). Small-scale move-
ments (e.g. foraging movement within home ranges or in 
the matrix) do not equate to landscape-scale connectivity; 
however, these movements can provide useful information 
in interpreting connectivity at larger scales (Vasudev and 
Fletcher 2015). 

 Niche models often defi ne the boundaries of a species 
ecological niche based on the probability of occurrence, 
using envelope-based or non-linear methods to capture 
limits to distributions (Elith et   al. 2006, Smolik et   al. 2010). 
Similarly, one can identify limits to successful dispersal and 
defi ne the boundaries of regions that facilitate dispersal, 
based on the probability of successful dispersal. Constraints 
to dispersal may cause infl ection points in probability of 

successful dispersal, which could be measured through empir-
ical data on observed dispersal rates, transition probabilities 
or genetic relatedness. Empirical data on dispersal and animal 
movement can also be incorporated into dispersal models 
to assess the eff ects of specifi c factors across their parameter 
space on overall landscape connectivity (Kramer-Schadt et   al. 
2004, Revilla and Wiegand 2008). We note here that it may 
be diffi  cult to map certain constraints, particularly intrinsic 
constraints, across large landscapes. In addition, there may 
be a mismatch in scale across multiple constraints that act 
on dispersal. Hierarchical modelling or spatially explicit indi-
vidual-based modelling may be able to deal with such issues 
(Fletcher 2006, Revilla and Wiegand 2008). 

 Considering the probability of dispersal success as analo-
gous to probability of occupancy suggests that a number of 
analytical tools used in ecological niche modelling and species 
distribution modelling may be transferrable to identifying 
and mapping dispersal constraints. For instance, thresholds 
for determining locations that allow for successful dispersal 
(on the basis of dispersal probabilities) can be evaluated using 
techniques that determine optimal thresholds for diff erent 
types of prediction errors and associated  ‘ confusion matri-
ces ’  (Liu et   al. 2005). Viewing dispersal modelling in such a 
manner allows us to make decisions on whether to minimize 
false positive or negative error rates (Elith et   al. 2006). Th e 
cumulative nature of dispersal suggests that methods such as 
estimating cumulative hazards to dispersal through survival 
modelling (Merrill et   al. 2010) may also prove useful for cap-
turing dispersal constraints. Finally, insights obtained on spe-
cies dispersal constraints can be used to direct further research 
eff orts in an approach analogous to the iterative sampling 
approach of ecological niche modelling (Guisan et   al. 2006). 
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Conservation strategies that encompass environmental or 
intrinsic constraints may be more suited to facilitate success-
ful dispersal in certain contexts (Manning et   al. 2006, Ball 
and Goldingay 2008) and can greatly expand the current rep-
ertoire of connectivity conservation interventions. We illus-
trate below, using the example of a wide-ranging species for 
which spatial constraints are negligible, how the threat-based 
approach of the SEI framework can provide insights into 
dispersal limitations in heterogeneous landscapes, aid in pri-
oritizing conservation interventions, and identify innovative 
conservations strategies for the facilitation of connectivity.   

 Identifying and mapping dispersal constraints: 
an example of a wide-ranging species 

 We highlight the utility of the SEI framework in understand-
ing constraints to successful dispersal for the African elephant 
 Loxodonta africana.  We focus on two factors identifi ed using 
satellite-telemetry as constraints for elephant dispersal in a 
landscape located at the boundaries of Botswana, Namibia 
and Zambia: a) availability of water, and b) the presence of 
wildlife fences and other human-induced movement barriers 
(Cushman et   al. 2010). Traditional consideration of species 
dispersal requirements as an approximation of the occupied 
niche is not valid for elephants, as the species is known to 
traverse non-habitat land cover types across large distances 
(Cushman et   al. 2010). Moreover, due to the wide-ranging 
nature of the species, spatial constraints pose a limitation to 
elephant dispersal only at very large scales. Models or conser-
vation interventions that only focus on spatial constraints are 
therefore likely to greatly over-predict dispersal. 

 Th e presence of water, an environmental constraint, has 
been shown to infl uence elephant movement (Loarie et   al. 
2009, Cushman et   al. 2010), and Cushman et   al. (2010) 
incorporated this limitation into landscape resistance analy-
ses to map potential dispersal routes that follow existing water 
bodies (Fig. 4A, B). Furthermore, Loarie et   al. (2009) used 
telemetry data from 73 elephants to quantify this relation-
ship in a manner amenable for envelope-based approaches 
used in niche modelling; all recorded locations of elephants 
were within 60 km of a permanent water source, while 93% 
of recorded locations in the dry season were within 15 km of 
a water source. Incorporating this environmental constraint 
into dispersal assessments would result in restricting loca-
tions that allow for successful dispersal to areas adjacent to 
water sources. 

 Wildlife fences and other human-induced barriers restrict 
the movement of individual elephants due to mortality from 
electrocution and persecution by humans (Cushman et   al. 
2010). Individual elephants diff erentially perceive fences 
and other anthropogenic deterrents as barriers to movement 
(intrinsic constraints), segregating into risk-averse individu-
als, for whom fences pose an absolute barrier to dispersal, 
and risk-prone individuals, for whom fences do not represent 
a movement barrier (Th ouless and Sakwa 1995, O’Connell-
Rodwell et   al. 2000). Cushman et   al. (2010) evaluated the 
 ‘ barrier eff ect ’  of fences and other anthropogenic deterrents 
by mapping potential dispersal routes for elephants in the 
presence and absence of such deterrents (Fig. 4A, B, source: 
Fig. 19.6 in Cushman et   al. 2010). We suggest that the two 

 Despite considerable theoretical knowledge on potential 
limitations to dispersal and recent methodological advances, 
there exists little information on the context-specifi c rel-
evance of these limitations to connectivity (but see Ball and 
Goldingay 2008). While network models and resistance-
distance models, frequently used to model connectivity, can 
account for various limits to successful dispersal, they do so 
in an implicit manner. In addition, as currently applied in 
spatial ecology, these models are not suffi  cient to address all 
types of constraints we discuss, partly because they focus on 
spatial sampling units rather than individual-based sampling 
units. As a consequence, such approaches may over-predict 
connectivity (Fletcher et   al. 2011). In fact, as pointed out by 
Sawyer et   al. (2011) and Zeller et   al. (2012), connectivity 
models are often based on data of questionable relevance to 
animal movement. Th e process-based approach emphasized 
by the SEI framework highlights the need for future research 
to be aimed at identifying the relative importance of various 
spatial, environmental and intrinsic factors in limiting 
successful dispersal, and explicitly incorporating these 
factors into connectivity models.   

 Constraint-based connectivity conservation 

 Connectivity is included as an explicit objective in many 
conservation programs (Lindenmayer et   al. 2008, Doerr 
et   al. 2011). In this context, it is worthwhile to revisit and 
state explicitly the central question being addressed while 
practicing connectivity conservation. We note how a simi-
lar exercise facilitated the clarifi cation of central goals in the 
fi eld of niche modelling, and the tailoring of goals subtly 
to suit diff erent conservation objectives, particularly in the 
face of climate change (Peterson et   al. 2011). As connectiv-
ity conservation is currently practiced, it can be argued that 
we typically ask,  ‘ where do animals potentially disperse? ’  We 
contend that an equally important question for connectiv-
ity conservation should be,  ‘ what are the limiting factors to 
successful dispersal across landscapes? ’  Traditionally, objec-
tives are phrased within the geographic space, for instance, 
conserving dispersal routes between pre-determined popu-
lation fragments. In an alternative approach, conservation 
objectives may emphasize ameliorating current or potential 
anthropogenic limitations to dispersal. Further, we suggest 
that approaching connectivity conservation from the per-
spective of dispersal constraints emphasizes that conserva-
tion eff orts might productively focus on the most imminent 
threat to connectivity (Fig. 1B) .  Th reat-based conservation 
approaches might achieve greater success at facilitating suc-
cessful dispersal than traditional approaches to connectivity 
conservation in some situations (Fig. 1B). 

 Current conservation practice predominantly encom-
passes constraints to dispersal arising from habitat confi gu-
ration (Moilanen et   al. 2009, Worboys et   al. 2010, Sawyer 
et   al. 2011), such that conservation strategies based on these 
spatial constraints, or informed by models that incorporate 
only spatial constraints, may focus conservation eff orts on 
areas that are not amenable to successful dispersal (illus-
trated in Fig. 1A). Corridors and stepping-stones (Worboys 
et   al. 2010), in eff ectively decreasing the distance between 
fragments, also address spatial constraints to dispersal. 
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  Figure 4.     Locations of successful dispersal for the African elephant  Loxodonta africana  in a landscape located at the boundaries of Botswana, 
Namibia and Zambia are constrained by the availability of water and the presence of anthropogenic deterrents (e.g. wildlife fences, Cush-
man et   al. 2010). Dispersal routes, shown in red, are seen to follow the existing water body passing vertically through the centre of the 
landscape (A, B). Landscape resistance maps produced by Cushman et   al. (2010) in the presence (A) and absence (B) of anthropogenic 
deterrents can be considered as representing locations of successful dispersal for elephants that consider such deterrents as a barrier (A), and 
those that do not (B). Fences (an anthropogenic deterrent, shown as orange dashed lines in (C) and (D)) can either have mortality or 
behavioural eff ects on elephants. (C) Mortality eff ects at fences are caused by electrocution or persecution by humans, while (D) behavioral 
eff ects occur when individual elephants modify their movement path on perceiving the threat posed by wildlife fences. One such potential 
movement path of dispersing animals between two habitat fragments (shown in green) in a hypothetical landscape is shown in both fi gures 
as black lines, the dotted black line representing a projection of the movement paths in the absence of mortality. (A) and (B) reproduced 
from Cushman et   al. 2010 with permission.  

maps can be viewed as representing locations of successful 
dispersal for the aforementioned two categories of indi-
viduals in the elephant population, respectively (Fig. 4A, 
B, reproduced from Fig. 19.6 in Cushman et   al. 2010 with 
permission). Furthermore, fences act as a constraint to suc-
cessful dispersal through both the augmentation of mortality 
costs of dispersal (Fig. 4C) and the alteration of movement 
paths (Fig. 4D). 

 Th e SEI approach to understanding connectivity empha-
sizes the explicit consideration of constraints to successful 
dispersal. Focusing on the foremost threat to movement, 
we might consider that the intersection between the 
presence of fences (environmental constraint) and the 
perception of these barriers as an untenable risk by a 
portion of the population (intrinsic constraint) limits 
and modifi es patterns of dispersal in the species (Fig. 4). 
Directing conservation eff orts towards these identifi ed 
constraints might include a) the mitigation of confl ict that 
induces the erection of wildlife fences and b) alternative 
methods of cattle fencing that restrict the movement of 
cattle, but do not negatively infl uence animal movement 
routes. Novel strategies such as these might better manage 
connectivity than conventional strategies. 

 Furthermore, diff erentiating between the mortality and 
behavioural eff ects of the wildlife fences facilitates a more 
mechanistic understanding of the constraints to successful 
dispersal. For individuals who do not consider the wildlife 

fence as a barrier, we might consider areas of high mortal-
ity risk associated with fences as potential dispersal traps 
(Fig. 1A). If these individuals are intrinsically associated 
with heightened exploratory behaviour or  ‘ boldness ’  (Fraser 
et   al. 2001), or belong to a particular age-sex class (Sukumar 
and Gadgil 1988), these suspected dispersal traps could have 
substantial infl uence on the overall viability of populations 
in the landscape. In revealing these potential detrimen-
tal eff ects of anthropogenic threats to connectivity and in 
directing conservation strategies to be more threat-based, the 
SEI approach may help guide appropriate management of 
connectivity for this endangered species.   

 Conclusions 

 Th e growing emphasis on connectivity is evident in the 
shifting focus from single populations to heterogeneous 
landscapes, encompassing dispersal processes as well as the 
human-dominated matrix within which these processes 
largely occur (Worboys et   al. 2010). However, despite our 
theoretical understanding of dispersal, a vast literature on 
connectivity modelling, and on-ground eff orts in manag-
ing connectivity (Worboys et   al. 2010, Clobert et   al. 2012), 
the veracity and rigor of existing connectivity modelling 
and conservation has been repeatedly questioned (Sawyer 
et   al. 2011, Zeller et   al. 2012). Sharpening our focus on 
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constraints to successful dispersal may spur the integration 
of key processes into modelling, conservation prioritiza-
tion and interventions through the productive implemen-
tation of existing and new methodologies (Cagnacci et   al. 
2010, Knowlton and Graham 2010). Such a process-based 
approach may ultimately lead to a deeper understanding of 
how species utilize resources and disperse across landscapes, 
alter monitoring and assessments of the success of connec-
tivity conservation, and may help identify how and why 
connectivity limits populations and communities. In this 
manner, we expect that the SEI framework will help facili-
tate these goals with ongoing environmental change.               
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