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Abstract | The threat of habitat fragmentation and population isola-
tion looms large over much of biodiversity in this human-dominated
epoch. Species-rich South Asia is made particularly vulnerable by its
high human density and anthropogenic habitat modification. Therefore,
reliably estimating wildlife connectivity and the factors underpinning
it become crucial in mitigating extinction risk due to isolation. We ana-
lysed peer-reviewed literature on connectivity and corridors for terrestrial
mammals in South Asia to identify trends in connectivity research. We
identify key research gaps and highlight future directions that may aid
efforts to robustly study connectivity. We found a significant bias towards
charismatic megafauna and their habitats. Methodologically, although
we observed a range of approaches reflecting some of the advances
and innovations in the field, several studies lacked data on animal move-
ment/behaviour, leading to potentially biased inferences of how species
disperse through human-modified landscapes. New avenues for con-
nectivity research, though currently under-explored in South Asia, offer
alternatives to the heavily used but less-reliable habitat suitability mod-
els. We highlight the advantages of landscape genetic methods that
reflect effective dispersal and are made feasible through non-invasive
and increasingly more cost-effective sampling methods. We also iden-
tify important gaps or areas of focus that need to be addressed going
forward, including accounting for animal movement/behaviour, human
impacts and landscape change for dynamic and adaptive connectivity
planning for the future.
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1 Introduction

Ensuring connectivity between wildlife popula-
tions is a critical aspect of nature conservation
in the Anthropocene, the present human-dom-
inated geological epoch™”. As humans convert
natural habitats to other land-use types, wildlife
populations face greater extinction risk due to
isolation®?. Protected areas (PAs) are the corner-
stone for the conservation of endangered species,
but individual PAs are often smaller than spe-
cies’ home ranges or provide sub-optimal habi-
tat, undermining the resilience of populations of

wide-ranging terrestrial mammals>®. Movement
restriction to protected habitat patches curtails
the natural ranging behaviour of animals, often
with detrimental impacts over their life cycles.
Restricted dispersal can have negative impacts on
natural patterns of colonization, reducing genetic
variation due to lack of gene flow among popu-
lations, in turn affecting long-term population
viability”™.

Humans have modified 75% of the earth’s ter-
restrial surface and a projected 90% is predicted
to be modified by 2050'°. Mammals occurring in
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these altered landscapes are increasingly exploit-
ing areas that are shared with humans, extend-
ing well beyond PA boundaries'"'2. There is an
urgent need to reorient connectivity science and
practice to look beyond PAs and include diverse
land-use types that enable wildlife movement and
dispersal. The foundational concepts in connec-
tivity science had a “structural” perspective, with
efforts to conserve “linear landscape elements”
or strips of natural habitat'>. The [IUCN’s Con-
nectivity Conservation Specialist Group (CCSG)
takes a broader view of connectivity than struc-
tural linkage between habitat patches, defining
connectivity as the “ability of plants or animals
to move freely through a landscape, seascape, or
freshwater environment” (www.conservationcor
ridor.org). The broader and more recent IUCN
CCSG definition of connectivity belies the histor-
ical arc of connectivity science—expanding from
a purely structural connectivity emphasis to land-
scape-wide permeability of multiple landscape
features supported by data on individual dispersal
providing insights into functional connectivity'*.

Understanding connectivity in the future will
depend, in large part, on the ability to model
dispersal between distinct populations’ habitat
patches reliably and dynamically, in a way that
reflects real-world animal movement. Meth-
odological advances increasingly provide deeper
insights into species ability to move through
heterogeneous landscapes (incorporating ani-
mal behaviour, observed dispersal events, indi-
vidual variation, seasonality, etc. and even human
activity) allowing for more robust and accurate
models'>. However, these advances are often not
reflected in connectivity modelling studies, which
still rely on (arguably biased) expert opinion and
species presence/absence, despite a growing num-
ber of empirical studies on animal movement'®!7.
Examining the methods used to predict animal
movement is therefore essential, to understand if
they reflect functional connectivity or real-world
animal movement in an increasingly human-
dominated world.

We focus this study on South Asia (https://
www.cia.gov/the-world-factbook/SouthAsia/)
to explore connectivity science in the context
of human-dominated landscapes which are
important for wildlife conservation, regionally
and globally. South Asia is one of the world’s
strongholds for charismatic megafauna—tigers
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(Panthera tigris), leopards (Panthera pardus), Asi-
atic lions (Panthera leo), snow leopards (Panthera
uncia) and Asian elephants (Elephas maximus)—
and holds multiple globally recognized biodiver-
sity hotspots spread across five of the worlds’ 14
biomes'®. Incredibly, one fourth of all humanity
also lives in the same geographic region, spanning
5 million km?. Millions of socially and economi-
cally vulnerable people rely on forests for goods
and services in this densely populated and biodi-
verse sub-continent'®, Much of all available arable
land has been under cultivation for generations
and conversion of lands from agriculture to peri-
urban and urban land-use is on the rise’’%. The
larger threat for connectivity and conservation in
these human-dominated landscapes is likely to
be the change of permeable matrix habitats (e.g.
smallholder agriculture) to land uses that impede
or serve as barriers to animal movement (indus-
trial use, linear infrastructure and cities). South
Asian countries face some of the highest pressure
on land that is shared by both humans and wild-
life, and future connectivity research must, there-
fore, attempt to better understand functional
connectivity and how species navigate human-
dominated landscapes.

In this systematic review, we examine trends
in peer-reviewed connectivity literature from
South Asia, with a focus on terrestrial mammals
as one of the most studied taxonomic groups®,
and arguably the most impacted by anthropo-
genic land-use change. We attempt to first get a
coarse-scale overview of the literature in terms
of geographic distribution of studies and spe-
cies being researched, and whether it maps onto
existing taxonomic bias.'®**?%, The thrust of the
review is then a deeper understanding of the
existing literature on connectivity science from a
functional perspective, or how terrestrial mam-
mals move in multi-use landscapes consisting of
forests, grasslands, agro-ecosystems and human
settlements, with a keen focus on the approaches
and methods and whether these reflect real-world
animal movement. Finally, we examine the policy
and conservation implications of this research
and touch on future directions and applicability
of recent methodological advances for connectiv-
ity studies to be more relevant in an increasingly
crowded planet.
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1.1 Definition of Key Terms Used in the Review

Term Category Definition Relevant references
1. Structural Type of con- A measure of the degree to which some landscape elements Tischendorf- and
connectivity nectivity of interest are contiguous or physically linked to one Fahrig (2000)%°; Tay-
another, independent of any attributes related to species lor et al. (2006)%°

movement/with no direct link to any behavioural attributes
of organisms

2. Functional  Type of con- A measure of connectivity that incorporates species-specific ~ Taylor et al. (2006)2°
connectivity nectivity responses to different landscape elements and accounts
for the actual movement of individuals through the matrix
between habitat patches. Based on the extent to which
species-specific responses/behaviour are incorporated, it
may be further classified as below

2.1. Potential  Type of con- A measure of connectivity that uses physical attributes of Calabrese and
functional nectivity the landscape to predict connectivity among patches for a Fagan, (2004)%’;
connectivity species, with limited information about dispersal ability or Fletcher et al.

animal movement data (2016)"

2.2 Realised Type of con- A measure of connectivity that incorporates observed data Calabrese and Fagan
functional nectivity (e.g. radio tracking, molecular genetic data) that reflects (2004)%7; Fletcher
connectivity actual rates of the movement of individuals (or their genes) et al. (2016)"”

between focal patches or in a landscape to estimate the
species-specific connectivity between landscape elements
or habitat patches

3. Resistance  Method/tool A landscape map (raster) in which the value of each pixel/ McRae et al.

surface/cost used for cell is the cost or resistance that a particular landscape (2008)%8; Spear
surface studying feature in that pixel/cell offers to movement of dispersing et al. (2015)*°
connectivity individuals
4. Least cost Method/tool A route optimization algorithm that finds the path between  Beier et al. (2009)°;
path algo- used for two locations that costs the least to those travelling along Alexander et al.
rithm studying it to determine the most cost-effective route between a (2016)*!
connectivity source and destination
5. Habitat Method/tool Habitat suitability modelling (sometimes called species distri- Hirzel and Le
suitability used for bution modelling) is a method for predicting the suitability Lay (2008)*;
modelling studying of a location for a species, or group of species, based on Zidlkowska et al.
connectivity their observed relationship with environmental conditions (2016)*3
6. Circuit Method/tool A modelling approach that assumes that ecological pro- McRae et al.
theory-based  used for cesses such as gene flow and dispersal are analogous (2008)?8; Spear
modelling studying to how electrical circuits function, relating resistance, et al. (2015)*°

connectivity current, and voltage in electronic circuits to random walks
on analogous graphs. Circuit theory is applied to predict
movement patterns and probabilities of successful dispersal
of random walkers moving across complex landscapes, to
generate measures of connectivity

7. Graph Method/tool A mathematical approach used to model pairwise rela- Bunn et al. (2000)3*;
theory-based  used for tionships between nodes. In the context of connectivity Kindlmann and
modeling studying modeling, the landscape is represented as a graph with Burel (2008)%>;

connectivity nodes (habitat patches) and edges that join pairs of nodes Godet and Clauzel,
(interpreted as connectivity) (2021)%°

8. Landscape  Discipline An approach for analysing spatial genetic data to under- Manel et al. (2003)%”

genetics stand how geographical and environmental features

structure genetic variation at both the population and
individual levels
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2 Methods

This review drew on the Collaboration for
Environmental Evidence guidelines for evi-
dence synthesis (www.environmentalevidence.
org), aimed at creating an objective and repli-
cable systematic map of the literature to iden-
tify the gaps from the perspective of functional
connectivity.

2.1 Boolean Search String

Based on a number of preliminary search
phrases in the database Scopus (www.scopus.
com) a “catch-all” Boolean search string was
formulated to capture the maximum number
of studies related to connectivity in South Asia:
TITLE-ABS-KEY ((connectivity OR corridor)
AND (wildlife OR animal OR species OR habi-
tat OR landscape) AND ((“India” OR “Pakistan”
OR “Bangladesh” OR “Sri Lanka” OR “Nepal”
OR “Bhutan” OR “Afghanistan” OR “Maldives”)
OR ((“Indian” OR “Pakistani” OR “Bangla-
deshi” OR “Sri Lankan” OR “Nepali” OR “Nep-
alese” OR “Bhutanese” OR “Afghanistani” OR
“Afghani” OR “Maldivian”))).

Capturing papers relating to South Asia was
a challenge since the “Affiliation” search field in
the database is related to the geographic affilia-
tion of the author rather than the study region.
Further, the adjective form of countries has to
also be used, since some papers describe sub-
national regions (e.g. “Central Indian Landscape”
in Thatte et al. (2018)°”).

This search string yielded 841 results, and
these were then divided among the authors, and
then filtered and tagged using the flowchart in
Fig. 1. The bibliographic software Zotero was
used, and tags were capitalised to differenti-
ate from existing article tags. The screening
and tagging process was validated by each set
of tags being checked by two authors to ensure
consistency.

2.2 Eligibility Criteria

The eligibility criteria for inclusion in the review
were (1) study region is within the terrestrial
realm of South Asia (209 papers tagged with
“Indian Ocean” were also captured with the above
search string, while a further 287 mentioned a
South Asian country though the study was from
elsewhere), (2) is related to wildlife/conservation
(130 papers not related to wildlife/conservation
but related to studies around development/infra-
structure ‘corridors’ were also captured), and (3)

Q
1ISc

connectivity and animal movement is a key part
of the study—267 papers mentioned the terms
“corridor” or “connectivity” in the abstract or
title, but did not actually study them. A number
of articles relating to phylogeography, paleoge-
ography or biogeography were excluded, since
these studies deal with phylogenetic relationships
between populations/subspecies, referring to iso-
lation on a much longer temporal scale, and may
not be informative in the context of contempo-
rary animal movement.

We found 108 papers had a wildlife connectiv-
ity focus, and 36 of these were related to species
other than mammals, while another 19 were spe-
cies-independent connectivity studies. Our final
dataset consisted of 53 research papers’ %%’
on terrestrial mammal corridors and connectiv-
ity in South Asia. While we have considered these
53 articles to be a representative sample of peer-
reviewed research focused on wildlife corridors
and connectivity in South Asia over the past 3
decades, we also emphasize that this search may
not have captured all the published work on this
topic. We have followed the principles of a sys-
tematic review while designing our methodology
and search string and for this to be a standard-
ised, replicable process we have not included grey
literature in our search. From these 53 articles,
various fields of data were extracted and tabu-
lated into a spreadsheet (Appendix 1) for further
analysis, presented in subsequent sections.

3 Results and Discussion

3.1 Overview

First, we present an overview of the literature
in terms of (a) regional distribution, (b) spe-
cies studied, and (c) the geographical scale of the
analysis.

Regional distribution: At a national level,
India (n=45) had considerably more studies
than the other South Asian nations, followed by
Nepal (10), Pakistan (3) and Afghanistan, Bhutan
and Bangladesh (1 each). Our search yielded no
studies for the island nations of the Maldives or
Sri Lanka, even though Sri Lanka harbours 126
mammalian species of which 97 are terrestrial®,

We also classified studies from a biogeo-
graphic perspective of landscapes that most stud-
ies attributed themselves to, presented in Fig. 2.
The Central Indian Landscape and The Terai Arc
Landscape (across India and Nepal) are the most
studied. While these are recognised as impor-
tant regions for tiger conservation, connectivity
research does not map onto the broader conser-
vation priority landscapes from a scheme such

@ Springer s J. Indian Inst. Sci.lVOL 101:21177-193 April 2021ljournal.iisc.ernet.in
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as the biodiversity hotspots®® with comparatively
lower research in the Western Ghats—Sri Lanka
and Indo-Burma (Northeast India) hotspots.

Species: Connectivity studies were found to
have been conducted for a total of 18 terrestrial
mammal species (Fig. 3). This accounts for only
3.7% of the total number of terrestrial mam-
mal species in South Asia®. Further, tigers (27)
and Asian elephants (9) account for 68% of all
the studies, which could in part be on account
of their relatively large home ranges, but there
remains a significant bias against other less char-
ismatic wide-ranging terrestrial mammal species
also threatened by habitat fragmentation, which
is similar to other global trends in conservation
research in general”. Three studies adopted a
multi-species modelling approach**¢”8!,

Scale: Ten papers studied single corridors,
while the majority, 75% (n=40) assessed con-
nectivity at the landscape scale (landscapes
encompass multiple corridors). Only three papers
conducted country-wide studies looking at mul-
tiple (tiger) landscapes in India for identification
of conservation priorities.

3.2 Varying Approaches to Connectivity
and Associated Limitations

There is a wide range of approaches to studying
connectivity, making any classification or clus-
tering of these studies a challenge. We identified
three thematic areas based on the objectives and
focus of the studies: (i) evidence of use—studies
that validated potential corridors or established
use of known corridors (n=38), (ii) popula-
tion genetics—studies that used genetic tools to
study gene flow, migration rates, clustering or
isolation of populations (n=15) and (iii) con-
nectivity modelling—studies that quantified
connectivity, investigated drivers of connectiv-
ity patterns and identified corridors (n=32),
which can further be split into (a) structural
connectivity, (b) potential (functional) connec-
tivity and (c) realised (functional) connectivity
(Fig. 4).

(i) Evidence of use: These studies (n=238)
had the explicit objective of documenting wild-
life use of corridors. Seven of the studies relied
on information from camera traps and sign sur-
veys to validate the use of the corridor by one
or more species. There was again a species bias:
five related to tigers, one elephant, one tiger and
elephant, and one fishing cat. They noted the
presence/absence of the species, while two stud-
ies estimated occupancy in the corridor based
on camera trapping surveys. One used conflict

J. Indian Inst. Sci. IVOL 101:21177-193 April 2021 ljournal.iisc.ernet.in @ Springer pi
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locations, indirect signs, and the tracking of
individuals to assess the use of a trans-border
corridor between India and Bangladesh®.

The key limitation of these studies is that
they restrict their investigations to an area
assumed a priori to be a corridor, without
clearly defining the geographic area or look-
ing for evidence of use outside its assumed
boundaries.

(ii) Population Genetics: Studies assigned to
this thematic group primarily examined popula-
tion genetic structure, calculated heterozygosity-
based statistics, and investigated the presence
of migrants in the populations sampled. Such
studies provide useful information on how het-
erozygosity is partitioned in space and help in the
identification of isolated and/or inbred popula-
tions. Some studies explicitly modelled gene flow
and identified more and less connected popula-
tions. A few studies interpreted this in the light of
identified structural corridors or change in land-
scape over time®>’. However, the lack of land-
scape information in these studies makes them
less useful for the identification of potential cor-
ridors or any kind of on-ground spatial conser-
vation planning. Nevertheless, the lack of directly
actionable conservation insights is not neces-
sarily a shortcoming, since the studies did not
claim to provide specific insights for conservation
planning.

(iii) Connectivity Modelling: Studies assigned
to this theme constituted the majority of pub-
lished research on connectivity (58% of studies),
and was further grouped into studies that (a)
investigated structural connectivity using physical
attributes of the landscape, based on maps alone,
to determine connectivity (n=3); (b) modelled
potential connectivity (n=20) using information
on landscape configuration, species distribution,
habitat use, and expert opinion to predict link-
ages or connectivity; and (c) those that modelled
realised connectivity (n=8), using information on
animal movement from telemetry or gene flow to
investigate connectivity.

Structural connectivity studies used informa-
tion on vegetation and other land use features
to visually identify connectivity and potential
corridors®®7#56,

Potential connectivity studies were largely
motivated by the goal of identifying potential
movement corridors for the study species (19/20).
These studies predominantly (16/20) used a
resistance-surface-based modelling approach,
which assigns resistance values to landscape fea-
tures based on whether they impede or facilitate
movement’!. Parameterisation of the resistance

f ]
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SINGLE CORRIDOR (10)

South Asian countries?

Related to wildlife/conservation?

WILDLIFE (424)

Core focus on connectivity/corridors?

WILDLIFE CONNECTIVITY (108)

Taxa studied

TERRESTRIAL MAMMALS (53)

Study scale

SINGLE LANDSCAPE (40)

OTHER COUNTRIES (287)

NON-WILDLIFE (130)

CONNECTIVITY MENTION (267)

OTHER SPECIES (36)

NO SPECIES (19)

MULTIPLE LANDSCAPES (3)

Thematic area

POPULATION GENETICS (15)

CONNECTIVITY MODELLING (31)

EVIDENCE OF USE (8)

Type of connectivity modelled

STRUCTURAL CONNECTIVITY (3)

POTENTIAL CONNECTIVITY (20)

REALISED CONNECTIVITY (8)

Figure 1: Flowchart followed for the tagging process for all studies in our search (n=841), criteria for tag

in blue box and ensuring logical tag given in yellow. Numbers in brackets signify the total number of stud-
ies given the respective tag.

surface in these studies is vital, but was invari-
ably not based on real-world movement data. In
our dataset, ten of sixteen studies assigned resist-
ance values based on habitat suitability model-
ling, while others used expert opinion, movement
behaviour, habitat use and occupancy, and one
study did not specify the basis for assigning
resistance values. Habitat suitability modelling
(HSM) is usually carried out using animals’ pres-
ence locations within their home range and often
unmodified habitat. It is used for parameterizing
a resistance surface based on the assumption that
suitable habitat approximates conditions suitable
for successful dispersal. However, several studies
show that dispersing individuals move through

@ Springer %

the landscape very differently, compared to move-
ment within their home range'**>%, A study on
brown bears in the Carpathians, for example,
found habitat suitability models underestimated
bear connectivity, as they predicted substantially
higher resistance values for most non-habitat
areas.

Based on the resistance surface, corridors were
identified using various approaches such as cir-
cuit theory-based modeling” (n=8$), least cost
path (LCP) algorithms (n=6), least cost resist-
ant kernel approach (n=3) and individual-based
movement model (n=1). Least cost methods
(LCM) evaluate a resistance surface to determine
the lowest cumulative resistance to travel between

J. Indian Inst. Sci.lVOL 101:21177-193 April 2021ljournal.iisc.ernet.in



60.00 72.00

Trends in Wildlife Connectivity Science

84.00 96.00 108.00

33.00

Western
India ()

25.00

Central/

Legend

Landcover

17.00

[ Cropland
I Forest land
|| Grassland
"1 water bodies
e 1

@

9.00

19

b Ot

1.00

33.00

25.00

17.00

9.00

o

500

By
o]

1.00

60.00 72.00

84.00 108.00

Figure 2: Map showing the distribution of the 53 studies reviewed across different sub-regions in South

Asia (created using QGIS v2.18.25).

source and destination’>””. LCM assumes that an
animal has complete knowledge of the landscape
and is likely to follow the shortest path based on
resistance through the landscape’’. However, they
have been criticized as they emphasize corridors
as relatively simple paths by only representing a
line between two points, whereas animals are
highly unlikely to follow these exact trajectories™.
This is especially pertinent because corridors
sometimes exist in an extensive matrix of agricul-
ture, and wildlife use these areas widely, relying
on myriad pathways to disperse'”. Least-cost-
resistant kernel approach involves the identifica-
tion of the least cost path with resistant kernel
buffering. An advantage of this approach is that
it includes dispersal thresholds that limit the cal-
culation of paths between nodes to a specified
threshold representing the dispersal ability of the
species'®. While circuit theory is a more holistic
landscape-level analysis, it does not incorpo-
rate any data on dispersal ability and the output
visualisations are not easily actionable in terms
of conservation strategies to preserve connec-
tivity since they lack explicit boundaries. How-
ever, Circuitscape output accounts for multiple
movement pathways and varying degrees of cor-
ridor use across the landscape97, and in combi-
nation with on-the-ground validation of use,
circuit theory-based output can be used to define

J. Indian Inst. Sci. IVOL 101:21177-193 April 2021 ljournal.iisc.ernet.in

boundaries and even investigate multiple corri-
dor routing options.

Four studies did not use a resistance-based
modelling approach. Two of them identified
corridors visually, based on habitat suitability
modelling and a combination of visual evalua-
tion of structural connectivity, expert opinion
and some direct observations’*®. One used a
game theory and graph theory-based modeling
approach and provided a basic computational
framework for designing corridors, though the
approach needs further refinement for conserva-
tion application®. Another used a novel dynamic
occupancy modelling approach to understand
potential connectivity. While it does not incorpo-
rate actual movement data, it estimates the prob-
ability of persistence over space between habitat
patches using animal space-use data and provides
a robust way to measure potential connectivity®’.

Realised connectivity (n=38) studies were
largely motivated by the need to understand how
various landscape features impacted dispersal
(6/8 studies), and advocated the use of rigorous/
advanced methods®>”>. These studies used ani-
mal movement data (genetic, radio-telemetry,
etc.) to identify the degree of resistance offered
by different land use features and then visual-
ize this on a map to indicate areas of low to high
resistance. All realised connectivity studies in our

@ Springer n‘%
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Figure 3: Histogram showing species-wise distribution of studies. All species encountered only once are
indicated above the last bar—Argali (Ovis ammon), Brown bear (Ursus arctos), Chital (Axis axis), Fishing
cat (Prionailurus viverrinus), Gaur (Bos gaurus), Himalayan langur (Semnopithecus schistaceus ), Jun-

gle cat (Felis chaus), Lion-tailed macaque (Macaca silenus), Nilgai (Boselaphus tragocamelus), Western
hoolock gibbon (Hoolock hoolock), and Wild boar (Sus scrofa), from top to bottom. One of the studies

does not specifically study any species and has, therefore, not been considered for this figure. Silhouettes
are from phylopic.org.

dataset evaluated the impact of landscape features
and generated resistance surfaces, but only two
of them identified corridors. The other six had
the relevant information and a basis to identify
corridors/connectivity spaces, but their objec-
tive was to investigate the impact of landscape
features like human settlements, agriculture,
roads, etc. on connectivity. Overall, these studies
that generate information on how human-made
landscape features impede or facilitate the move-
ment of animals have much greater conservation
applicability.

We observed a trend in the realised connec-
tivity studies. Earlier studies tested the impact
of landscape features by correlating genetic and
resistance distance between populations. In these
studies, resistance was parameterized based on
knowledge of the species, occupancy data and
habitat suitability modelling. Some recent studies
have integrated telemetry data with connectiv-
ity modelling and lately, a few studies have used
genetic data as a response variable to infer the
resistance of landscape features using multivari-
ate optimization approaches.

@ Springer a

Connectivity research for terrestrial mammals
has progressively increased in India over the past
decade, largely represented by potential connec-
tivity studies. Most potential connectivity studies,
however, have used habitat suitability modelling,
which unfortunately is unlikely to capture con-
ditions suitable for successful dispersal. Effective
planning for connectivity conservation needs a
reliable understanding of the processes that shape
connectivity patterns, how matrix or landscape
features impact dispersal and use that informa-
tion to identify areas between habitat patches that
need to be conserved to maintain connectivity.
With the lack of movement data in most poten-
tial connectivity studies and likely bias of the
habitat suitability modelling towards underesti-
mating connectivity, there is a risk of misleading
inferences and inefficient connectivity planning.

3.3 Conservation Implications

One of the fundamental challenges associated
with connectivity research is the translation of
science-based connectivity research into con-
servation prioritization of regions or corridor

...... J. Indian Inst. Sci.lVOL 101:21177-193 April 2021ljournal.iisc.ernet.in
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Figure 4: Histogram showing the distribution of studies in the five thematic areas across different time

periods.

areas’®®, often referred to as the research-imple-

mentation gap. Overall, the reviewed studies
identified conservation implications arising from
their results, ranging from broad guidelines to
more specific suggestions. However, none of the
reviewed studies went on to identify mechanisms
for implementation of their recommendations.
Although successful conservation action must
integrate connectivity research with multiple
other elements including land-use planning and
zonation, mitigation of conflict, stakeholders’
feedback, and other social and economic con-
siderations, it was beyond the scope of the con-
nectivity studies we surveyed. Only a small subset
of studies dealt with specific conservation issues
and identified specific measures to remedies, such
as mitigating the impact of identified barriers or
restoring connectivitng’75 . We note, however, that
the current study does not include grey literature
such as conservation reports and policy docu-
ments, thus precluding us from comprehensively
discussing conservation applications of the sur-
veyed connectivity literature.

Mismatch in the scale of the research study
and management targets further hinders the
application of scientific recommendations. Con-
nectivity studies are typically conducted at the
landscape scale, sometimes even across multi-
ple geographies, political boundaries and com-
munities. But management remains largely at
a very local scale, of one management unit/PA.
Policy documents, such as the Indian National
Wildlife Action Plan (2017-31) (https://wii.gov.
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in/nwap_2017_31), that emphasizes the need
for landscape-scale planning (with a focus on
mapping and monitoring of wildlife corridors
between PAs), and the Bhutan Biological Con-
servation Complex, a landscape conservation ini-
tiative, along with Bhutan’s national connectivity
legislation'"’, may pave the way for easier imple-
mentation of connectivity science. Another chal-
lenge is that research outcomes are often several
steps away from implementation. For instance,
connectivity modelling studies usually require
rigorous on-ground validation to verify corridor
use by the study species thus establishing func-
tional connectivity. Yet, the majority of validation
studies fall short in terms of design; they are car-
ried out within “known” corridors, ignoring the
movement of individuals in surrounding areas.
We hope future studies are based on more robust
study design, in ways that can inform manage-
ment of policy decisions related to corridors.

4 Future Directions

The past few decades have seen a shift in the
conceptual underpinnings of connectivity
from a primarily landscape characteristics-
focused approach (structural connectivity),
to one incorporating species- and individual-
specific responses to the landscape (functional
connectivity)*>'"71%  Effective dispersal is a
complex interplay between the individual/spe-
cies’ dispersal ability and its interaction with
the landscape!**'%, However, predicting how
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dispersing individuals may move through a
heterogeneous landscape remains a challeng-
ing task and studies often only partially account
for species behaviour while studying functional
connectivity'**!%7, Advancements in methods and
incorporation of animal movement data increas-
ingly enable the modelling of functional connec-
tivity with more accurate predictions®”10>108:109,
Adopting improved methods with better accuracy
in identifying movement areas/corridors, or real-
ised connectivity, must therefore be a priority.

Telemetry data clearly provides one of the
best ways to estimate landscape resistance, since
it is based on real-world animal movement paths.
However, this data is still hard to obtain given the
large number of field constraints, and only one
study in our dataset used telemetry data, where
it had six dispersal paths from four individuals®.
High costs and frequent collar failures often result
in insufficient sample sizes, poorer study design
and weaker statistical inferences''’. However,
newer biotelemetry approaches and biologging
devices, with enhanced spatial and temporal reso-
lution in measurement of animal movement, are
making it increasingly possible to investigate fine-
scale space use by animals'!!. Biologging devices,
with accelerometers and a variety of sensors (that
can not only detect location but also measure
heart rate, blood pressure, etc.), can provide fine
resolution spatiotemporal data that can provide
insights to understand behavioural and physi-
ological response of species to the environment
during dispersal''*''*. Development of com-
munication technology with high precision and
transmission ability, miniaturization of digital
sensors, improved data management tools and
advances in analysing movement data are likely
to make bio-logging and telemetry-based tools
more accessible for connectivity studies in the
near future'%”.

Landscape genetics remains one of the best
avenues for investigating functional connectiv-
ity and has progressed rapidly since its incep-
tion nearly two decades ago®’. In our review, only
seven studies effectively combined and correlated
patterns of genetic variation with spatial or land-
scape data. Globally, however, over 500 landscape
genetics studies have been reported between 2011
and 2015'"°. Genetic data provide an indirect way
of inferring resistance by reflecting movement
that results in successful breeding. Landscape
genetics methods are especially useful for species
whose movement is difficult to track, as genetic
data can be easily generated from non-invasively
collected (e.g. hair or scat) samples. With the
development of high-throughput next-generation
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sequencing and reduction in processing costs per
sample, generating large amounts of molecular
data per individual is now possible and even fea-
sible for non-model organisms. This transition
to genome-scale data is helping uncover more
fine-scale patterns and additional insights about
adaptive genetic variation in wildlife popula-
tions and inform their conservation''. As this
field continues to evolve, there are no ‘best prac-
tices’ yet—from choosing the right measure of
genetic differentiation''” to the selection of the
most appropriate analytical approach''® and
the assignment of resistance values to landscape
features''”. With rapidly developing technology
and analytical approaches, improved methods
are likely to emerge in the near future to better
understand landscape genetic pattern—process
relationships.

While telemetry and landscape genetic meth-
ods may best identify realised functional connec-
tivity, obtaining such data remains challenging,
making it more feasible to study potential con-
nectivity. Nonetheless, exploring alternative
and innovative approaches to investigate poten-
tial connectivity should be favoured instead
of the current heavy reliance on HSM + LCP/
Circuitscape that we observe in the reviewed
literature. Modifications to habitat suitability
modelling to identify important habitat patches
followed by dynamic occupancy modelling to
quantify connectivity and identify corridors®’ or
individual (or agent) based modeling” that inte-
grates behaviour, dispersal range and movement
decisions into modelling connectivity would
bring more accuracy to connectivity modelling.
Beyond implementing the best methods, it must
also be an academic priority to test the validity of
the predictions to ensure they are real—through
replicated studies in other landscapes, multi-
species studies and validation of predicted move-
ment areas through observation data.

We find a significant “charismatic-species”
bias in the connectivity literature, with tigers
and elephants being the most-studied species.
However, conservation strategies based on infor-
mation from a single species may not effectively
capture varied ecological requirements for dis-
persal of other sympatric species'*>!?!, Several
opinion pieces emphasize that conservation
strategies for a landscape need to factor in the
different requirements of multiple species when
developing guidelines for landscape-level con-
servation and management'*>'%*, But only three
studies in our dataset do this***”*! and relatively
few studies globally have studied connectivity
for multiple species'?*'*°, While understanding
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multi-species connectivity is critical, using multi-
species connectivity data for conservation plan-
ning is challenging. Any planning approach that
aims to conserve multiple species is likely to be a
compromise between what is best for each spe-
cies individually and what is optimum and fea-
sible when all species are considered together'?’.
Only a few studies have tried to incorporate data
on multiple species that differ in their connectiv-
ity pattern and dispersal ability into conserva-
tion planning exercises'**'?1%%, As generalization
across species can be a challenge, there is grow-
ing interest in species-agnostic approaches for
large-scale land-use and connectivity planning'®.
There are no studies in South Asia that have used
a species-agnostic modelling approach. Although
potentially useful, such approaches require care-
ful consideration of how the impact of landscape
features is defined and parameterized, and rigor-
ous testing to estimate the uncertainty associated
with the parametrization'*’.

As landscapes and climate continue to change,
it will become necessary to account for dynamic
changes in connectivity into the future. A recent
review examining connectivity studies in the
context of climate and land-use change found
that globally, studies included climate change
in connectivity design more often than land-
use change'®. Our dataset had one study that
investigated the impact of climate change on
connectivity for brown bears. Such research is
necessary to facilitate the development of adap-
tive planning and strategies in the context of
future climate change. One study in our dataset
investigated how connectivity might change in
the face of future development’, but did not fac-
tor in climate change. We found no studies that
investigated the combined impacts of climate
and land-use change in South Asia. In a rapidly
changing landscape, such studies are important
to develop adaptive conservation strategies and
prevent isolation of habitat and accumulation of
extinction debt in the future. Along with under-
standing how future change is likely to impact
connectivity, an adaptive and dynamic planning
approach is required, which in turn requires con-
tinuous monitoring and analysis of implemen-
tation actions and strategies'’"'*2. Along with
considering dynamic models for the seasonal-
ity and variation in the behaviour of dispersing
animals'*, researchers are also recognizing that
human activity in landscapes can also be mod-
elled to better inform conservation practice or
landscape modeling'**.

A starting point to include the human dimen-
sion of connectivity is to consider how the impact
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of human behaviour or activity could be assessed
and how it can be assigned a resistance score in
circuit theory-based modelling exercises'** or
an interaction rule for agent-based modelling
exercises. In South Asian countries, understand-
ing social resistance to animal movement will be
important in human-dominated landscapes with
high biodiversity and global conservation impor-
tance. Studying social resistance also supports the
paradigm shift in connectivity science from pre-
dominantly structural preservation of habitats
to managing functionally connected populations
with many dynamic aspects to consider—human
behaviour being one such aspect. In the land-
scapes of tomorrow, the perspective of viewing
connectivity from a functional and dynamic lens
will bode well for the conservation of endangered
wildlife alongside multitudes of developing and
vulnerable human communities. A vision that is
already present across much of South Asia.

5 Conclusion

Connectivity is clearly a priority for wildlife
conservation, and the literature on the subject
is growing. In this review, we have analysed the
trends in the literature, identified gaps and future
directions.

In summarizing our key findings: first, in
terms of an overview, there is a growing inter-
est in connectivity as evident in the rate of
publications, but only a fraction of studies that
mention connectivity actually study this for ter-
restrial mammals (53 out of 375), with a sig-
nificant bias towards charismatic megafauna
and their habitats. Second, and perhaps most
importantly, is that habitat suitability modelling
is growing in popularity, but there is a dearth of
animal movement data, without which studies
significantly fall short of capturing functional
connectivity. More data on how animals move
through anthropogenic landscapes is vital in
better understanding dispersal and connectivity.
Genetic tools offer significant opportunities in
the future, to non-invasively and cost-efficiently
glean insights into animal movement. Third,
there is a research-implementation gap, where
the majority of studies do not aim to identify
actionable conservation outcomes, resulting in
a knowledge gap in managing regions outside
of formal conservation zones to ensure long-
term connectivity. Fourth is a gap in the human
dimensions, to understand anthropogenic
impacts on animal movement in terms of devel-
opment trajectories’, as well as human culture
and tolerance to wildlife'*>™"7.
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South Asia is comparable to other biodiverse
regions in the world but is unique in the extent
and intensity of human pressures on these con-
servation landscapes. This context of shared
human-wildlife spaces has allowed research from
South Asia to offer key insights into bridging the
nature-society dichotomy by bringing human
dimensions into ecology'”® and “re-imagining
wilderness” to be more human-inclusive'*”. Co-
adaptation is a key to successful coexistence'*’,
where research from South Asia highlights that
animals are adapting to living in modified land-
scapes in multiple ways'*"'*?, which are vital for
long-term connectivity. The literature is evolv-
ing, land-use changes are being included in con-
nectivity science, with emerging work in not just
individual animal behaviour but also human
behaviour. The pressure and focus on shared
human-wildlife spaces is also an opportunity to
explore this frontier further, to provide insights
for connectivity and conservation outside PAs
as similar contexts emerge in other parts of the
world in the future.
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