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Connectivity is increasingly of conservation concern due to ongoing habitat fragmentation, land-use
dynamics and climate change. Connectivity patterns result from interactions between dispersers and
the environment. However, connectivity assessments often ignore responses of dispersers to matrix types
or characterize matrix resistance using habitat-use, rather than movement, data. We compare conserva-
tion rankings for connectivity of forest fragments in Garo Hills, India, where matrix resistance was quan-
tified based on (a) distance among fragments, (b) habitat use, and (c) movement constraints for the
arboreal western hoolock gibbon Hoolock hoolock. We first quantified matrix resistance based on gibbon
movement, in terms of gap-crossing behavior, as a function of canopy gap and tree height, which was
estimated using focal scans on seven gibbon groups. Second, we estimated matrix resistance based on
gibbon habitat use of major land-use types in the study landscape. We then compared rankings of forest
fragments using patch connectivity indices from network analyses using these quantified matrix resis-
tances and Euclidean distance among sites. We found that matrix resistances based on movement data
suggested greater resistance of plantations than did habitat-use data. Conservation rankings based on
movement data were uncorrelated with those based on Euclidean distance. Rankings derived from move-
ment data were correlated with those obtained from location data; however, there were several discrep-
ancies between rankings, which were explained by landscape heterogeneity in the neighborhood of
fragments. Incorporating movement behavior into connectivity assessments can improve our under-
standing of dispersal and provide a mechanistic basis for conservation prioritization in heterogeneous
landscapes.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Habitat fragmentation, land-use dynamics and climate change
constitute ongoing and pervasive threats to species persistence
worldwide (Wilcove et al., 1998; Fahrig, 2003; Doerr et al.,
2011). Addressing these threats requires that conservation should
no longer be restricted to intact regions of largely undisturbed hab-
itat, but rather should be focused on heterogeneous landscapes
comprised of habitat fragments interspersed in an anthropogenic
matrix (Sanderson et al., 2002; Lindenmayer et al., 2008). Connec-
tivity, or linkages between habitat patches (e.g., forest fragments),
can enhance species persistence in such heterogeneous and
dynamic landscapes through multiple mechanisms (Lindenmayer
et al., 2008; Doerr et al., 2011), including colonization of unoccu-
pied habitat (Hanski, 1998), population rescue (Brown and
Kodric-Brown, 1977) and avoidance of inbreeding (Bengtsson,
1978). Conservation in heterogeneous landscapes therefore fre-
quently encompasses processes leading to connectivity in addition
to within-fragment processes (Sanderson et al., 2002; Zetterberg
et al., 2010).

Functional connectivity requires the movement of individuals
between habitat fragments (Clobert et al., 2012); here we focus
on functional connectivity, where connectivity is measured based
on both dispersal characteristics of species and landscape struc-
ture, rather than structural connectivity, or connectivity based
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solely on physical features of landscapes (Calabrese and Fagan,
2004). Species movement behavior can modify connectivity pat-
terns in a multitude of ways (Belisle, 2005; Baguette and van
Dyck, 2007). For instance, the ability of dispersers to perceive
and appropriately respond to habitat cues can influence immigra-
tion into habitat fragments (Fletcher, 2006). Similarly, species may
be constrained from dispersing through anthropogenically-
modified landscapes by virtue of their movement mode (Ball and
Goldingay, 2008). Thus, an understanding of species dispersal
abilities is crucial for connectivity assessments and prioritizations
and can lead to increased accuracy of predictions of potential
connectivity, as well as more robust prioritizations, particularly
in novel landscapes (McIntire et al., 2007; Hudgens et al., 2012).

Nonetheless, recent reviews indicate that data used in connec-
tivity assessments typically do not encompass animal movement
behavior (Sawyer et al., 2011; Zeller et al., 2012). Instead, connec-
tivity assessments primarily use one of two approaches. First, con-
nectivity assessments have had a long tradition in prioritization
based on Euclidean distances among habitat fragments, which
implicitly assumes a homogeneous matrix (Diamond, 1975;
Calabrese and Fagan, 2004; Braaker et al., 2013). Land-cover types,
however, often differ in the resistance they offer to species move-
ment (Ricketts, 2001; Stevens et al., 2006); in turn, dispersers may
differentiate land-cover types while traversing heterogeneous
landscapes (Stevens et al., 2006; Revilla and Wiegand, 2008). Sec-
ond, data on species location, or habitat-use, are increasingly used
to inform our understanding of how matrix heterogeneity influ-
ences connectivity (Zeller et al., 2012). While data on species pres-
ence in different locations describe habitat associations, it may not
always capture dispersal limitations for species (Stevens et al.,
2006; Revilla and Wiegand, 2008; Eycott et al., 2012). This issue
is particularly evident when we consider that dispersal among
fragments largely occurs outside species habitat (Stevens et al.,
2006; Revilla and Wiegand, 2008).

Simulation studies indicate that the description of relative
resistance offered by different land-cover types can significantly
influence our perception of potential connectivity in heteroge-
neous landscapes (Rayfield et al., 2010). Assumptions of a uniform
matrix or describing matrix heterogeneity through insights
obtained from species location may lead to misleading predictions
of potential connectivity in heterogeneous landscapes (McIntire
et al., 2007; Fletcher et al., 2011). Systematically incorporating spe-
cies movement behavior into connectivity prioritization may pro-
vide useful guidance for ongoing and future conservation efforts
(Belisle, 2005; Baguette and van Dyck, 2007; Baguette et al.,
2013). Further, an assessment of the ramifications of these fre-
quently made assumptions in terms of conservation prioritization
can provide insights on the contextual utility of location data in
connectivity prioritization and clarify the need for quantifying spe-
cies movement limitations.

We compared conservation rankings of potential conservation
areas in a fragmented landscape, where matrix resistance was
quantified based on (a) an assumption of a homogenous landscape
(simply distance among fragments), (b) location data, and (c)
movement constraints for the western hoolock gibbon Hoolock
hoolock, a highly endangered, arboreal species whose movement
is largely restricted to forest canopies. To do so, we first tested
whether gibbon location and movement, in terms of gap-crossing
behavior, varied among matrix land-cover types in the landscape.
We then used this information and data on species location within
home-ranges from groups sampled from across the landscape, cou-
pled with network modeling (e.g., McRae and Beier, 2007), to rank
conservation areas for potential connectivity. In this comparison,
we demonstrate how small-scale observations of individual move-
ment can be integrated into available and commonly used tech-
niques of connectivity assessments and prioritization. Finally, we
discuss the tradeoffs of using data on species location for inferring
movement limitations in fragmented and heterogeneous
landscapes.
2. Materials and methods

2.1. Study region and species

The western hoolock gibbon inhabits village forest fragments in
a human-dominated landscape of Garo Hills, Meghalaya, India
(Alfred and Sati, 1990; Gupta and Sharma, 2005; Kakati et al.,
2009; Kaul et al., 2010). Existing long-term community conserva-
tion initiatives in the region aim to collaborate with community
members to demarcate village forest fragments that form habitat
for the species as community reserves, but these initiatives cur-
rently lack information to prioritize fragments for conservation
(Kaul et al., 2010). Conservation prioritization in this landscape is
important as traditional practices of mixed plantations and pro-
tecting village forests are being replaced by monoculture planta-
tions (Roy and Tomar, 2000; Kaul et al., 2010). Further, gibbons
are arboreal and their movement mode is largely restricted to bra-
chiation (i.e., swinging between branches using forelimbs) and
jumping among closed canopies (Kakati et al., 2009; Mittermeier
et al., 2009). This movement mode suggests that the relatively
open canopy of modified land-cover types will constrain their
movement, and hence, that connectivity will be an important lim-
itation for their persistence in fragmented landscapes (Kakati et al.,
2009; Mittermeier et al., 2009; Sharma et al., 2014).

For between-fragment connectivity assessments, we used
remote sensing to classify land-cover types in the region. We used
satellite imagery from the Linear Imaging Self Scanner IV camera of
the Indian Remote Sensing satellite P6. The images used were
obtained from Wildlife Trust of India, taken on the 9th of March
2009 and the 8th of February 2010, at a resolution of 5.8 m. In col-
laboration with Wildlife Trust of India, supervised classification
was conducted in combination with visual interpretation of images
and ground-truth data. We categorized land-cover types measured
in this study as (a) open (no trees present within a 15 m radius, a
distance sufficiently larger than records of gibbon movement),
including river, or fallow jhum patches, (b) monoculture planta-
tions (‘plantations’ hereafter), including areca nut Areca catechu,
orange Citrus spp., banana Musa spp. and tea Camellia sinensis plan-
tations, and (c) closed canopy regions, as coffee Coffea spp., bam-
boo, forests and mixed plantations. We used Idrisi Selva
(Eastman, 2012), Google Earth (Google, California, USA), ArcGIS
Version 9 (Environmental Systems Resource Institute, California,
USA) and Quantum GIS Lisboa (Quantum GIS Development Team,
2011) for classification and geo-analyses.
2.2. Assessing movement constraints

We conducted 5-min focal scans on 20 individuals from 7 gib-
bon groups inhabiting village forest fragments between January
and May 2011 (Altmann, 1974). As these groups were in forest
fragments adjoining human settlements, they were habituated to
human presence. Study groups were between 2 and 5 members
in size, comprised of one adult male, one adult female and any
young. We sampled the adults and immature individuals (sub-
adults and juveniles) in each group (Table A.1). Gibbons show sex-
ual dimorphism such that adult males have black pelage while
adult females have light brown pelage; however, sexing immature
individuals is difficult in the field (e.g., Kakati et al., 2009). We thus
classified these individuals into three age–sex categories: adult
males, adult females and immature individuals. The internal state
or motivation for each of these categories may differ (e.g., Singh
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and Ericsson, 2014), influencing their movement propensity
(Nathan et al., 2008), so this information was recorded for each
observed movement. During each scan, we recorded only the first
observed movement by the focal individual, defining movement as
any shift in position of the individual between trees (Cannon and
Leighton, 1994). For each movement record, we noted the (a)
height of the tree used; (b) movement mode, as brachiation, jump-
ing or descending to the ground; and (c) canopy gap, i.e., the dis-
tance between the canopy edges of the origin and destination
trees (Cannon and Leighton, 1994).

We used a matched, case-control study design to quantify
movement decisions of gibbons, where we compared availability
of potential trees and canopy gaps to that of observed movements.
To do so, we measured available minimum canopy gaps and near-
est tree heights at four locations for each movement observation,
three in directions perpendicular and opposite to the movement
direction, and one in the direction of movement, but excluding
the destination tree of that movement. These directions repre-
sented the midpoints of four quadrats within which the nearest
tree was selected (Fig. B.1). We used a conditional logistic regres-
sion to assess the influence of canopy gaps on propensity for gib-
bon movement, which is appropriate for matched data (Keating
et al., 2004). We compared candidate models of average canopy
gap and tree height, selecting models using Akaike’s Information
Criterion (AIC: Burnham and Anderson, 2002). We included addi-
tive models of canopy gap and tree height (the two variables were
not correlated; rs = �0.05, df = 342, p = 0.49). We also included
interactive effects of age–sex categories on the two variables to
test if gibbons of different age–sex categories responded differently
to these constraints. Similarly, we included interactive effects of
group identity on the two variables to test for differences across
groups; however, models with group identity did not converge.
Note that main effects of age–sex category and group are not rele-
vant in this statistical model framework because these categories
do not vary within each matched case-control stratum (e.g.,
Allison, 1999; McCarthy and Fletcher, 2014).

2.3. Gibbon habitat use within their home range

We assessed the influence of land-cover type on gibbon location
within their home range for input into connectivity models (loca-
tion data). We considered two modeling frameworks for this pur-
pose: occupancy modeling and logistic regression. We obtained
location of gibbon presence through instantaneous scans
(Altmann, 1974) conducted every 15 min for the same focal gibbon
groups as identified above (n = 1653), using a Global Positional Sys-
tem (GPS) device (GPS error = 6–12 m; Garmin International, Kan-
sas, USA). We note that data were obtained during the same
general sampling periods for assessing location and movement
for logistical reasons, because both kinds of data involved locating
and following gibbon groups closely. We conducted one focal scan
(for movement) in each 15-min interval between two instanta-
neous scans (for location data). We followed each group between
7 and 13 days. For compatibility with an occupancy modeling
framework, we overlaid observed locations on a 25 m � 25 m grid
network that covered the neighborhood of each group’s short-term
home range (Worton, 1987). Each grid cell was associated with
gibbon detection or non-detection and a land-cover type recorded
at vegetation sites (see Section 2.4).

We initially used an occupancy modeling framework to assess
potential bias from detection varying across the three land-cover
types, considering each sampling day as a temporal replicate
(MacKenzie and Royle, 2005). We found inconclusive evidence
for models including land-cover type as a covariate for detection
probability (v2 = 5.30, p = 0.07), and confidence intervals for
estimated detection probability p̂ of the three land-cover types
overlapped (p̂OPN ¼ 0:04, 95% CI = 0.02–0.07; p̂PLN ¼ 0:12, 95%
CI = 0.07–0.19; p̂CLS ¼ 0:08, 95% CI = 0.06–0.11). As estimates for
detection probabilities were similar, we simplified the modeling
approach by using logistic regression to assess the influence of
land-cover type on gibbon detection and non-detection (Bowne
et al., 1999; Gu and Swihart, 2004). A frequent difficulty with
assessing species–habitat relationships is how to choose locations
of species ‘absence’ or ‘pseudo-absence’ (Elith and Leathwick,
2009). We retained the grid-based approach as it allowed us to
compare locations where gibbons were detected, to those where
gibbons were not detected. Detection/non-detection data are
advantageous in assessments of species–habitat relationships as
they make the use of non-detection data (Royle et al., 2012),
including in contexts where detection probability is not influenced
by the habitat covariate in question (in our case, land-use; Gu and
Swihart, 2004). We used likelihood ratio tests to assess the signif-
icance of land-cover type as an influencing factor on gibbon loca-
tion (or use).

2.4. Assigning matrix permeability

2.4.1. Matrix permeability based on movement data
We quantified the permeability of different matrix types by

quantifying the inverse of matrix resistance, or ‘conductance’
(McRae and Beier, 2007), for each of the classified land-cover types.
We used three types of data for this purpose and for input into
assessments of fragment-specific connectivity indices (see Sec-
tion 2.5.2). First, we calculated matrix conductance for each land-
cover type as a relative probability of movement, quantified by
data on gap-crossing behavior. We characterized relative move-
ment probability through measurements of tree height and canopy
gap at 533 vegetation points. These points were systematically
placed 50 m apart with a random start within each group’s
short-term home range. Canopy gap and tree height were recorded
in four perpendicular directions, starting from a random direction.
At each canopy site, we estimated the relative movement probabil-
ity based on the chosen conditional logistic model from the model
set described in Section 2.2. We then used an analysis of variance
(ANOVA) to assess if the land-cover types considered in our study
differed in terms of their conductance. The ANOVA also provided
quantitative estimates of the relative probability of movement
p̂OPN , p̂PLN and p̂CLS in open, plantations and closed canopy regions,
which we used to describe the conductance of each land-cover
type to movement.

2.4.2. Matrix permeability based on location data
To assess matrix conductance based on location data, we pre-

dicted the influence of land-cover type on gibbon presence within
home range, k̂OPN , k̂PLN and k̂CLS from the chosen logistic model
described in Section 2.3. This method is similar to studies that
use habitat selection indices or habitat suitability predictions to
inform matrix resistance (Wang et al., 2008; Zeller et al., 2012).

2.4.3. Matrix permeability ignoring heterogeneity
Finally, we contrasted these methods with assuming a homoge-

neous matrix. To do so, we assigned conductance of all land-cover
types to a single value, as has been done in other studies that com-
pare cost- or resistance-distance with Euclidean distance measures
(e.g., Wang et al., 2008).

2.5. Conservation prioritization

2.5.1. Mapping of potential conservation areas
We surveyed 18 villages, which largely covered the focal region

for the long-term community conservation initiative for potential
conservation areas. Within each village, we questioned informants
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on the presence and location of forest fragments and conducted
extensive surveys. As there were few inaccessible regions in the
villages surveyed, except for forest fragments adjoining the
National Park south of the study region, we were likely able to
locate a majority of forest fragments in each village. We mapped
the boundary of each forest fragment using a GPS device (GPS
error = 6–12 m; Garmin International, Kansas, USA). We used this
methodology to complement the mapping of forest fragments from
satellite imagery. However, we were unable to reliably distinguish
forest fragments from satellite imagery for the following reasons:
(a) forest fragments in the region were small, precluding visual
characterization; (b) forests were utilized for extractive purposes
and consequently did not show a distinguishable spectral signa-
ture; and (c) we were unable to obtain a fine thematic classifica-
tion of all encountered land-cover types, perhaps due to
inconsistencies in plantation strategies and small-scale heteroge-
neity of land-uses.

Mapped fragments were small in area (mean ± SE = 2761.33 ±
873.66 m2), and though comparable to observed daily home ranges
of gibbons in this study (2900 ± 0.023 m2), were small relative to
reported estimates of long-term home range size of gibbons
(8000–63,000 m2; Brockelman et al., 2008). Consequently, we
grouped fragments into potential village conservation areas
(PVCAs), using a threshold distance a to link fragments. We based
this threshold distance on the criterion that fragments belonging to
a single PVCA be accessible from other fragments within the same
PVCA (Zetterberg et al., 2010), thus setting a as the mean daily dis-
placement of gibbon groups obtained from instantaneous scans of
the groups. While we did not record gibbons descending to the
ground, we frequently recorded them using plantations for move-
ment. The predominant land-use within and in the neighborhood
of PVCAs was monoculture plantations (c. 75%), as compared to
open habitat (c. 23%) and closed canopy land-uses (c. 1.5%). Addi-
tionally, the distance criterion we used was mean daily displace-
ment of gibbon groups across days, and not the total distance
moved, and hence, a conservative estimate of the ability of gibbon
groups to traverse PVCAs. Taken together, the distance we used
will likely not serve as a formidable barrier for gibbon movement
and PVCAs can thus be considered as a single conservation unit.
As land is owned and managed collectively by villages in our focal
landscape, we restricted membership in each PVCA to those frag-
ments belonging to the same village.

2.5.2. Assessing connectivity among PVCAs
We used circuit theory to quantify effective (resistance) dis-

tances between PVCA-pairs for conservation assessment as circuit
theory (a) is based on a random walk, (b) incorporates effects of
multiple pathways, and (c) includes effects of indirect connectivity,
that is, links that are facilitated through other PVCAs, each of which
has been shown to be relevant for accurately predicting connectiv-
ity (e.g., McRae and Beier, 2007; Moore et al., 2011; Fletcher et al.,
2014). Connectivity modeling can be aimed at assessing either
potential or actual connectivity (Calabrese and Fagan, 2004);
methods we use here focus on potential connectivity. We obtained
conductance maps from classified imagery using software Circuit-
Scape (McRae and Shah, 2011) and defined conductance of each
land-cover type as either (a) a uniform value, (b) k̂BRN , k̂PLN and
k̂CLS, and (c) p̂BRN , p̂PLN and p̂CLS to obtain estimates corresponding
to a uniform landscape, location-based observations and move-
ment constraints, respectively. By solely modifying the conduc-
tance map, we were able to isolate the effects of this change on
conservation rankings.

Graph–theoretical approaches and network analyses have
recently attained popularity in representing networks of habitat
fragments and provide multiple patch-based indices of connectiv-
ity (e.g., Urban et al., 2009; Rayfield et al., 2011). We used weighted
graphs to represent the network of PVCAs in the focal landscape,
based on effective distances using the three approaches described
above. For each graph, we obtained an index of connectivity asso-
ciated with each PVCA using the eigen-vector centrality index #.
We chose this index as it also (a) assumes a random walk, and
(b) incorporates indirect connections (Bonacich, 1972; Borgatti,
2005; see Estrada and Bodin, 2008 for a conservation-based exam-
ple). Each PVCA was thus associated with (a) #U, which assumed a
uniform landscape, (b) #L, which incorporated location data, and
(c) #M, incorporating movement data. While, for the reasons stated
above, we largely restrict our analyses to the eigen-vector central-
ity index, we also computed a commonly used graph–theoretic
index, graph strength (or weighted graph degree; Freeman, 1978;
Borgatti, 2005). For a weighted graph, graph strength is the sum
of all weighted links associated with each PVCA (Borgatti, 2005;
see Fletcher et al., 2013 for an ecological example).
2.5.3. Prioritization of PVCAs
We ranked conservation units based on each of the three con-

nectivity indices, #U, #L, and #M. We compared rankings obtained
from each of these using Spearman’s rank-order correlations
(Spearman, 1904). We tested for the influence of landscape heter-
ogeneity and area covered by the predominant land-use, monocul-
ture plantations, on deviation of ranks from each other. We used
these two covariates as previous studies have suggested their
influence on the importance of considering movement behavior
for connectivity assessments (Bender and Fahrig, 2005; Prugh
et al., 2008). We conducted two sets of negative binomial regres-
sions, with the response variable considered being the absolute dif-
ference between ranks of PVCAs obtained from movement
constraints and (a) assumption of a uniform matrix or (b) location
data. We used the Simpson index estimated from the area of each
land-cover type within a buffer a (see Section 2.3) around each
PVCA as an index of landscape heterogeneity (Simpson, 1949;
Chandy et al., 2006; Gardiner et al., 2009). We compared models
using Akaike’s Information Criterion, AIC (Burnham and
Anderson, 2002). We also compared conservation rankings based
on summed area of member fragments within each PVCA to assess
if different criteria—habitat area versus connectivity—result in dif-
ferent conservation prioritizations. We used R Version 2.15.1 (R
Development Core Team, 2010) for statistical analyses.
3. Results

3.1. Movement constraints imposed by canopy gaps and tree height

We recorded a total of 173 movements from 929 focal scans.
Gibbons used brachiation and jumping for movement, but we did
not record any instances of descending to the ground. While gib-
bons crossed canopy gaps of up to 2.5 m, they predominantly trav-
eled across closed canopies (i.e., where canopy gaps were 0 m; 87%
of recorded movements), whereas only 49% of available gaps were
closed canopies. The best model considered to explain relative
probability of movement was an additive model of tree height
(bht = 0.385, 95% CI = 0.249�0.522) and average available canopy
gap (bgap = �0.027, 95% CI = �0.038 to �0.015; Table 1a). Even
though models including interactive effects of age–sex category
on tree height or canopy gap had AIC values comparable to the
top model, we did not consider these models as (a) these did not
improve model likelihood (Table 1a) and (b) model coefficients
overlapped zero (bgap:female = �0.006, 95% CI = �0.028 to 0.015,
bgap:immature = �0.035, 95% CI = �0.091 to 0.021, bht:female = 0.086,
95% CI = �0.252 to 0.426, bht:immature = �0.126, 95% CI = �0.431 to
0.179). Age–sex category can thus be considered as uninformative
parameters for this analysis (Arnold, 2010). Relative probability of



Table 1
(a) Conditional logistic regression models for assessing the influence of canopy gap and tree height on relative probability of movement for the western hoolock gibbon. (b)
Negative binomial regression models for explaining absolute difference between rankings obtained from location data and those based on movement constraints. For each model,
we show the number of parameters K, the negative log likelihood, Akaike’s Information Criterion (AIC), the difference between model AIC and the lowest AIC of all models
considered (DAIC) and the over-dispersion parameter for negative binomial regression models. Models are listed based on their AIC values.

Model K �2 Log likelihood AIC DAIC Overdispersion parameter (SE)

(a)
Average canopy gap + average tree height 2 104.89 108.89 0.00 –
Average canopy gap * age–sex + average tree height 4 102.32 110.32 1.43 –
Average canopy gap + average tree height * age–sex 4 103.02 111.02 2.13 –
Average canopy gap * age–sex + average tree height * age–sex 6 103.02 112.62 3.74 –
Average tree height 1 154.87 156.87 47.98 –
Average tree height * age–sex 3 154.69 160.69 48.03 –
Average canopy gap * age–sex 3 173.38 179.34 70.49 –
Average canopy gap 1 177.99 179.99 71.10 –

(b)
Landscape heterogeneity 3 191.21 197.21 0.00 1.18 (0.39)
Area of plantations 3 193.84 199.84 2.63 1.31 (0.45)
Constant (null) 2 196.04 200.04 2.83 1.07 (0.34)
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movement decreased as canopy gap increased, and increased with
tree height (Fig. 1).

3.2. Land-cover conductance from movement and location data

Relative movement probabilities were significantly different
among the three categories of open (mean relative movement
probability p̂OPN ¼ 0:03, 95% CI = 0–0.07), plantations (p̂PLN ¼
0:46, 95% CI = 0.41–0.51) and closed canopy (p̂CLS ¼ 0:71, 95%
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Fig. 1. Relative movement probability for the western hoolock gibbon decreases
with (a) increasing canopy gap and (b) decreasing tree height as estimated from the
chosen conditional logistic regression model. Logistic regression models were based
on observations of gibbon movement (n = 173) from focal scans conducted between
January and May 2011 in Garo Hills, India. Gray shaded regions represent the 95%
confidence intervals as estimated by the delta method.
CI = 0.68–0.75; Fig. 2a). Estimated conductance (i.e., matrix perme-
ability) was highest in closed canopy, followed by plantations and
least in open land-cover types (Fig. 2a). Land-cover type was corre-
lated with the probability of use by gibbons, with probability of use
in plantations (mean probability of use k̂PLN ¼ 0:20, 95% CI = 0.13–
0.28) and closed canopy (k̂CLS ¼ 0:17, 95% CI = 0.12–0.21) being
higher than open regions (k̂OPN ¼ 0:07, 95% CI = 0.03–0.10;
Fig. 2b). Consequently, the primary difference in conductance
a

b

Fig. 2. Matrix permeability (i.e., conductance values or 1/resistance) and 95%
confidence intervals as estimated from (a) movement constraints, assessed from
focal scans on the western hoolock gibbon and (b) location data, assessed through
instantaneous scans, of open, monoculture plantation and closed-canopy land-uses
in Garo Hills, India.
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based on movement data and location data was that movement
data suggested that plantations had lower conductance (and
imposed greater resistance on gibbon movement) than closed can-
opy regions, whereas using location data suggested that these two
land cover types were similar (Fig. 2).
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Fig. 3. Conservation rankings of Potential Village Conservation Areas (PVCAs)
3.3. Conservation ranks of PVCAs

We located a total of 143 fragments in the 18 villages surveyed.
The mean daily movement displacement of gibbon groups,
assigned as the threshold distance a for fragment membership
within the same conservation PVCA, was 231 m. Based on this
value, we mapped 36 PVCAs (see Fig. C.1 for two examples of the
mapped PVCAs).

Conservation rankings based on an assumption of uniform land-
scape were not strongly correlated with those obtained from data
on movement constraints (rs = 0.22, df = 34, p = 0.19; Fig. 3a). Con-
servation rankings based on location data were correlated with
those obtained from data on movement constraints (rs = 0.77,
df = 34, p < 0.001; Fig. 3b). Nevertheless, there were notable differ-
ences between the two ranking systems, with absolute rank differ-
ences ranging from 0 to 17 (median rank difference = 4).
Conservation ranking based on fragment area correlated signifi-
cantly, but weakly, with those based on connectivity that incorpo-
rates movement constraints (rs = 0.35, df = 34, p = 0.04; Fig. 3a).

Landscape heterogeneity did not influence the rank difference
between assuming a uniform landscape and movement data
(v2 = 1.62, p = 0.20). Differences between ranks that are based on
location data and those based on movement constraints were
explained by landscape heterogeneity, such that rank difference
increased with landscape heterogeneity (bHet ± SE = 1.37 ± 0.59;
over-dispersion parameter ± SE = 1.34 ± 0.46; Table 1b and
Fig. 3c). We identified the top ranked PVCAs based on conservation
rankings that incorporated movement constraints as high priority
(Fig. D.1).

Results were similar when we compared graph strength. Con-
servation rankings (from graph strength) based on an assumption
of a uniform landscape were uncorrelated to those based on move-
ment constraints (rs = 0.09, df = 34, p = 0.62). Rankings based on
location data were correlated with rankings that incorporated
movement constraints (rs = 0.69, df = 34, p < 0.001), but still
showed discrepancies (range of absolute rank differences = 0–20,
median = 5).
mapped in the study landscape in Garo Hills differed based on the criteria and
information used. (a) Ranks of PVCAs that incorporated movement probability
differed from those that ignored these constraints and considered the landscape as
homogeneous. Ranks also differed from those based on PVCA area (size of circles).
(b) Ranks of PVCAs obtained from location data correlated with those based on
movement constraints. The dashed lines in (a) and (b) represent equivalent ranking
based on the two considered forms of information. (c) We also show the predicted
relationship (solid line) of absolute rank difference between conservation rankings
that incorporated movement constraints, and those that were based on location
data, with landscape heterogeneity. Observed values are shown as gray circles,
while 95% confidence intervals are indicated by the dotted lines.
4. Discussion

A significant obstacle to robust connectivity modeling has been
the quantification of the costs or resistances of different matrix
types based on empirical movement data (Rayfield et al., 2010;
Zeller et al., 2012). Some studies have quantified matrix resistances
based on observed dispersal or genetic relatedness (e.g., Cushman
et al., 2008). However, matrices are predominantly ranked on their
facilitation of dispersal based on expert-opinion, while the abso-
lute values of matrix resistances or costs are arbitrarily assigned
(Zeller et al., 2012). Dispersal has traditionally been a difficult
behavior to study (Clobert et al., 2012), and this perhaps has led
to the lack of incorporation of movement data in conservation con-
siderations (Sawyer et al., 2011). Yet Rayfield et al. (2010) demon-
strate the high sensitivity of connectivity modeling to the relative
costs or resistances assigned to each matrix type, particularly in
heterogeneous landscapes. We show that empirical data on species
movement behavior collected through feasible methodology can
serve to quantify matrix resistances and prioritize conservation
areas for connectivity on the basis of the key biological parameter
for facilitating connectivity—movement.
4.1. Can small-scale movement behavior inform connectivity
conservation?

Connectivity patterns emerge from the interaction of species- or
individualistic-traits with attributes of the external environment
(Taylor et al., 1993; Baguette and van Dyck, 2007; Nathan et al.,
2008). Thus, we suggest that incorporation of constraints imposed
by the interaction of species-specific traits with the environment
can provide a more mechanistic basis for understanding, predicting
and prioritizing for connectivity. Lima and Zollner (1996) discuss
the limitation imposed by the small scale of behavioral studies
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on their utility in explaining landscape-scale processes. In the con-
text of this study, the question is whether limitations imposed on
gibbon movement at small scales can provide new insights rele-
vant for and applicable within landscape-scale connectivity con-
servation. Dispersing individuals may show distinct patterns of
movement from the small-scale movements we observed by resi-
dent individuals in our study, due to their differing internal state
or motivation (van Dyck and Baguette, 2005; Nathan et al.,
2008). Nonetheless, small-scale observations of the response of
individuals to boundaries and canopy gaps have provided valuable
insight into and have improved predictions of emigration propen-
sities, movement paths, and/or overall connectivity among habitat
fragments (Stevens et al., 2006; McIntire et al., 2007). Knowlton
and Graham (2010) review potential methods for the observation
of small-scale behaviors relevant to dispersal patterns. We quanti-
fied a limitation arising from the movement mode of the focal spe-
cies, which perhaps is less likely to change during dispersal, such
that this movement constraint is likely relevant for understanding
and predicting dispersal patterns in the landscape. Nevertheless, it
will be valuable to obtain data on the movement behavior of dis-
persing gibbons, perhaps through radio-telemetry studies. Such
data may further clarify if dispersers show differences in their
movement behavior as compared to individuals resident within
their home range. For instance, while we did not record instances
of ground movement, this behavior may be more frequent in dis-
persing individuals. Similarly, while we were unable to discern
inter-group variability in movement propensity, intensive studies
on groups could shed light on differences among groups as well
as factors that lead to these differences.

While we isolated one movement constraint of the arboreal gib-
bon, there are possibly additional factors that influence their
movement in the matrix. For instance, the availability of food
resources in the matrix has been suggested to facilitate long-
distance dispersal (Manning et al., 2006). Based on prior knowledge
of the species, we focused on what is believed to be the most con-
straining factor for their movement (Kakati et al., 2009). However,
overlaying this constraint with additional limitations to dispersal
can provide further understanding of their movement in this frag-
mented landscape, and perhaps provide for directed conservation
strategies to effectively facilitate their dispersal (e.g., Ball and
Goldingay, 2008). Currently, a number of different metrics, includ-
ing movement speed (Stevens et al., 2006) and tortuosity of paths
(Haynes and Cronin, 2006), are used to interpret matrix resis-
tances, but these sometimes provide conflicting inferences
(Stevens et al., 2006). These conflicts potentially arise due to multi-
ple acting constraints on the movement of individuals; separating
these individual constraints might provide for more insights into
the processes defining matrix resistance (cf. functional landscape
heterogeneity: Fahrig et al., 2011).

4.2. Can location data approximate species movement limitations?

Connectivity emerges from the movement of individuals among
fragments, which suggests that data on species movement are
needed for connectivity assessments and prioritizations for con-
nectivity. However, connectivity assessments, when considering
species-specific empirical data, are predominantly based on loca-
tion or habitat use data (Zeller et al., 2012). It is important to eval-
uate if location data can provide a suitable approximation for
species movement limitations. Eycott et al. (2012) found a general,
but highly variable, preference of dispersers for matrix types that
were more similar to species’ habitat. Our results are similar in that
location data do provide connectivity rankings that were corre-
lated with movement data, but still showed several discrepancies
with rankings based on movement data. Absolute discrepancies
in conservation rankings increased in heterogeneous landscapes,
providing some guidance on when it may be more important to
accurately distinguish land-cover types based on their resistance
to movement. This result is consistent with studies that show sim-
ple Euclidean-distance-based isolation measures to be less accu-
rate in landscapes of increased heterogeneity (Bender and Fahrig,
2005).

We were only able to follow gibbon groups in fragments due to
logistical and safety reasons. Earlier studies on habitat associations
of forest-interior gibbon groups have suggested the preferential
use of forest interiors by the species (Akers et al., 2013), which if
included into connectivity assessments may have led to different
inferences on the resistance imposed by plantations. It is likely that
the prevalence of plantations combined with limited availability of
closed-canopy habitat in our study area resulted in the inability of
location data to differentiate between plantations and closed can-
opy regions (Fig. 2). The fact that gibbons can use plantations for
movement indicates that connectivity can perhaps be maintained
in the landscape despite ongoing land-use change to monoculture
plantations (Kaul et al., 2010). If monoculture plantations increase
in prevalence in the landscape, our results suggest that: (a) move-
ment may still be facilitated in the non-habitat matrix (Fig. 2), and
(b) in an increasingly homogeneous landscape of monoculture
plantations, connectivity may be primarily distance-limited
(Fig. 3c). We note, however, that we were unable to separate
effects of different types of monoculture plantations on connectiv-
ity in our study area, even though plantation types might, in real-
ity, vary widely in their effect on movement. We also emphasize
that closed canopy land-uses or monoculture plantations that
can facilitate gibbon movement should be encouraged within pri-
oritized PVCAs to minimize within home range fragmentation;
where possible, natural regeneration within PVCAs could be facili-
tated to allow for increased habitat availability for the species.
4.3. Assumption of a homogeneous landscape

Movement in many species is influenced by variation in land-
cover types surrounding remaining habitats (Ricketts, 2001;
Stevens et al., 2006; Zeller et al., 2012). Incorporating this hetero-
geneity of land-cover significantly modified conservation rankings
of PVCAs as compared to assuming landscape homogeneity
(Fig. 3a). Similar findings have been reported for other species
where incorporating landscape heterogeneity increased predictive
accuracy and influenced conservation prioritization (Stevens et al.,
2006; McIntire et al., 2007; Revilla and Wiegand, 2008; Fletcher
et al., 2011). Yet metrics for connectivity assessment and conserva-
tion strategies that consider the non-habitat matrix as homoge-
nously inhospitable are still used (Calabrese and Fagan, 2004;
Braaker et al., 2013). Results from our study suggest that consider-
ation of matrix heterogeneity can change conservation solutions
and that incorporating data on movement behavior or dispersal
abilities is particularly relevant in heterogeneous landscapes
(Fig. 3). Considering matrix heterogeneity additionally provides
conservation practitioners with options for promoting ‘wildlife-
friendly’ land-cover types in land-use planning (Theobald et al.,
2000; Revilla and Wiegand, 2008).
5. Conclusion

Connectivity conservation is increasingly being used as a strat-
egy to ameliorate effects of habitat fragmentation, land-use
dynamics and climate change (Doerr et al., 2011). However, move-
ment data are yet to be systematically incorporated into assess-
ments and prioritization of connectivity (Sawyer et al., 2011;
Zeller et al., 2012), perhaps due to the difficulty in studying dis-
persal (Clobert et al., 2012). We show that small-scale behavioral
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observations can provide an important source of information for
connectivity assessments. While data on species presence, location
or habitat-use, frequently used to characterize matrix resistance
(Zeller et al., 2012), may be able to identify absolute or near-abso-
lute barriers to movement, such information might be less useful
in contexts high landscape heterogeneity (Fig. 3c). We suggest that
identification and quantification of movement constraints can
form a mechanistic basis for describing land-uses in heterogeneous
landscapes in terms of their benefit to species persistence. In doing
so, incorporating such information can aid in prioritization of con-
servation units, direct conservation strategies, such as land-use
planning, and can thus improve the efficiency of species conserva-
tion in heterogeneous landscapes.
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