
Page 1/25

Overview of modeling techniques for ecological
Connectivity in heterogeneous landscape
Amrapali Tiwari  (  tiwariamrapali61294@gmail.com )

IIRS: Indian Institute of Remote Sensing
Sameer Saran 
Kirti Avishek 

Research Article

Keywords: Corridor, modeling, graph theory, circuit theory, machine learning

Posted Date: February 3rd, 2023

DOI: https://doi.org/10.21203/rs.3.rs-2509154/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-2509154/v1
mailto:tiwariamrapali61294@gmail.com
https://doi.org/10.21203/rs.3.rs-2509154/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/25

Abstract
Ecological connectivity in a landscape is one of the crucial factors for biodiversity conservation.
Especially in case of large mammals like top carnivores. Frequent environmental changes have resulted
in isolated world’s wildlife population which leads to increased pace biodiversity loss. Moreover, Increased
human inhabitants and population shift towards the edge of forests provides animals with very less or no
scope of living in the wilderness. As a result, ecological connectivity analysis and landscape planning are
integral part of one another. This paper reviews the available techniques for quantifying dispersal in the
landscape. A critical and thorough review of available theories of wide range of methods, techniques and
tools for corridor analysis in conservation scenario is done in this paper. It also compiles various
approach utilized globally. An exhaustive discussion on modeling techniques such as graph theoretic
approaches (least cost path analysis, network analysis, etc), circuit theoretic approaches, agent based
models and machine learning based approach is compiled for improved decision making.

1. Introduction
Landscape planning in protected areas is essential for preservation and protection of ecological integrity.
Since last few years the focus of landscape ecologists has considerably increased towards the
relationships of pattern and process (Turner, 1989). For instance, evaluating movement related to
corridors and connectivity and studying movement across landscapes (Castillo et al., 2018; Dupras et al.,
2016; Krosby et al., 2015; McClure et al., 2016). For augmentation of the genetic exchange in the
landscape and to contemplate the issue of human animal con�ict, concept of functional corridor was
introduced (Hilty et al., 2012). In order to identify a functional corridor, it is important to familiarize with
nature of animal movement (Vasudev et al. 2015). Animals move from one place to other in forest in
search of prey, water, shelter, to escape predators, to �nd a new habitat etc (Sanderson, 1966). Young
animals leave their natal home range and go to a different location in quest of a mate. Such one-way
movement is called dispersal (Howard, 1960). It is ecologically important as it maintains genetic and
population diversity among organisms.

Some movements are predictable and periodic like migration where group of individuals move to discrete
areas which are unused at other times of the year. Animals also need to move from extreme events,
climate change, and anthropogenic disturbance. And sometimes animals move incidentally to the areas
of human settlement (Ament et al., 2014). Corridors can either be migration corridor, dispersal corridor or
commuting corridor based on its usability (Jongman and Pungetti, 2004) Corridors used by wildlife for
yearly migratory movements between summer and winter habitations are called as migration corridors
(Ament et al., 2014). Corridors used for dispersal are dispersal corridors (Ament et al., 2014). Dispersal is
a critical behavior for maintaining diversity within populations of species and for propagation. Those
corridors that facilitate daily communication of individuals for resources is commuting corridor (Ament et
al., 2014). It is crucial for daily survival and reproduction.
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The nature of animal movement has undergone substantial modi�cations over time (Doherty et al., 2021).
The potential harm to wildlife posed by anthropogenic factors such as increased urbanisation and
deforestation for growth and expansion is widely acknowledged (Bastille-Rousseau et al., 2020).
Agriculture, mining, the introduction of invasive species, building, infrastructure and road construction are
the main drivers of habitat fragmentation and deforestation (Kuipers et al., 2021). The main human-made
factors contributing to habitat deterioration in aquatic environments are agricultural runoff, the disposal
of untreated sewage, acid rain, mining waste, etc (Yasuhara et al., 2021). The amount of destruction in the
natural corridors has multiplied because such events are occurring at an increased rate, resulting in
frequent cases of human-animal con�ict.

Discussions on creating wildlife corridors have grown in recent years as a result of growing global
concerns about habitat fragmentation, biodiversity loss, climate change, and loss of landscape
connectivity. Concerns regarding human-animal con�icts and how they affect a region's biodiversity are
one of the main drivers of these debates. A major source of worry is the mortality of animals on highways
from collisions with moving automobiles. According to certain studies, the lion population in Africa's
protected areas is becoming isolated due to reproductive isolation and inbreeding depression (Lindsey et
al., 2018). The population of herbivores, such as the African elephant (Loxodonta africana), is also
drastically declining (Lee and Graham 2006). The chief reason for this decline is attributed to the human-
animal con�ict and increased habitat loss in the area (Cushman et al., 2018). Similarly, space con�ict of
humans with bears is noticed across globe (Emre Can et al., 2014). There are studies showing
development of potential corridors for cougars (Puma concolor) in Midwestern and western regions of
United States to overcome the problem of juvenile deaths during the dispersal process due to the con�ict
with neighboring human populations (LaRue & Nielsen, 2008). Human moose con�ict (Alces alces) and
moose vehicle collisions are also reported in Lithuania (Wierzchowski et al., 2019). Growing concerns
have been raised about the African elephants' (Loxodonta africana) dwindling population as a result of
local poaching. In order to build and protect dispersal corridors that improve connectedness and viability
in the landscape, the concept of corridor modelling is proposed (Merenlender et al., 2022; LaPoint et al.,
2013). With the aid of cutting-edge machine learning and deep learning technologies, numerous studies in
conservation biology are being conducted that deal with estimation and prediction in movement ecology
of animals in the landscape (Sreedevi and Saritha 2019). Nearly everywhere in the world, studies on
animal mobility and conservation are signi�cant. These studies are extremely important, especially in the
case of India given its enormous and expanding population (Kalsi, 2022; Sethi, 2022). People are moving
toward the borders of forests as human population rises and resource availability per person declines.
Numerous wildlife species perish each year as a result of such activities. Deforestation for agricultural
(such as Jhum cultivation) and timber purposes, as well as natural and anthropogenic forest �res, results
in the mass killing of wildlife, a lack of food, the destruction of habitat, and an ecosystem that is out of
balance overall, which causes wildlife to accidentally move to areas where there are human settlements
(Komarek, 1963; Balaji and Sharma, 2022). Tiger and leopard sightings in nearby villages send residents
into a panic. The horror and subsequent death of T1, the man-eating tigress Avni in 2018 in Borati village
in Yavatmal of the Vidarbha area of Maharashtra, where she was guilty for killing 13, was one of the most
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contentious events in this respect. (Mengle and Hussain, 2018). Additionally, India is home to the most
Asian elephants (Elephas maximus) in the wild. According to the Census 2017 and Project Elephant, they
make up around 29,964 of all elephants worldwide. Approximately 500 people and 100 elephants perish
in India each year as a result of human-elephant con�ict, according to the Ministry of Environment,
Forests, and Climate Change (MOEF & CC, 2020). The Indian government claimed in 2017 that either
tigers or elephants kills one person per day in India. 1144 persons died as a result of human-animal
con�ict between April 2014 and May 2017, according to �gures made public by MOEF & CC. The national
Tiger conservation authority of India reports a rise in tiger deaths, from 106 in 2020 to 127 in 2021.
Numerous strategies are suggested to reduce it because to the signi�cant issue of wildlife deaths on
roads and deaths of people as a result of this con�ict. The most sought-after technique in this regard, as
previously noted, is the establishment of prospective corridors based on animal ecology and habitat.
Various modelling methods have been developed over time for identifying corridors and representing
animal movement across them.

Remote sensing application in wildlife corridor conservation

Techniques for remote sensing are frequently employed in conservation biology (Roy and Tomar, 2000).
With the aid of change detection algorithms, the practical application of satellite remote sensing in forest
mapping and demarcation of deforested land demonstrates great accuracy (Chen et al., 2021; Guild et al.,
2004). The analysis of landscape structure is aided by the availability of open source, trustworthy, and
multitemporal datasets produced from remote sensing satellites, as well as new emerging techniques of
machine-learning image classi�cation for identifying land cover types (Crowley and Cardille, 2020).
Sentinel-1A and Landsat-8 OLI give multi-scale information on the composition and layout of the terrain
thanks to their numerous sensor capabilities. It also aids in researching how changes in the environment
over time and its structure affect biodiversity and population dynamics (Gillanders et al., 2008). Animal
movement in the corridor is de�ned by the use of remote sensing satellites to spot habitat fragmentation
and degradation (Crowley and Cardille, 2020). Forest �re research and habitat suitability can both bene�t
from the use of satellite data. In addition, animal coordinates are needed for corridor modelling
techniques. These kinds of datasets are produced by location-aware technologies like GPS, telemetry,
radiolocation, and others that are based on satellite data. 2019 (Miller et al.2019). Different models for
quantifying animal movement can be built thanks to signi�cant advancements in GIS technologies and
improved geospatial data handling abilities.

2. Corridor Modeling Techniques
Understanding animal migration could help with understanding numerous biological phenomena,
including addressing issues with management and conservation, as well as genetic exchange for
observing environmental changes (Ogburn et al., 2017; Biewener et al .,2022). This has sparked a tonne of
in-depth research in the area. Initially, antennas were employed for these research to record animal
positions, but this method only reveals broad patterns of animal locomotion (Cochran et al., 1963;
Clements et al., 2022). However, with the advent of satellite monitoring technologies and a variety of data
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handling analytical techniques, the discovery of corridor networks has become quite straightforward
(Kays et al., 2015). The creation of data-based models is utilised to identify corridors. Examples of
techniques used to identify wildlife corridors include the universal corridor network (Landguth et al.,
2012), graph theory-based models (Barnes and Harary, 1983), least cost path (LCP) (Adriansen et al.,
2003; Cushman et al. 2009, 2010a, b), network �ow (Phillips et al., 2008), circuit theory (Caroll et al.,2011;
McRae et al 2008) To identify animal behaviour based on gender and seasonal variations, it is possible to
employ a variety of machine learning methods, including random forest, SVM, and CART, along with GPS
and triaxial acceleration data obtained from the collars attached on research animals.

2.1 Corridor models based on graph theory
Graph theory is a subset of discrete mathematics. Graphs are represented by a collection of vertices, often
referred to as nodes, and a collection of edges joining the nodes together. Numerous disciplines, including
computer science, physics, and biology, have used graph theory. The vertices in an ecological modelling
context represent landscape patches, and the edges the corridors that connect the patches. Every edge
has a weight assigned to it that de�nes its strength, such as the ease of movement for animals (Bunn et
al., 2000). Graph theory is applied primarily to get maximum e�ciency (least hindrance in the path) in the
movement of organisms. (Gross and Yellen, 1999). Graph theory is widely used by ecologists to de�ne
wildlife corridors because of the assessment �exibility it offers. Depending on the question, the length of
an edge in a graph can be determined in a variety of ways other than only by the Euclidian distance
between patches (Bunn et al., 2000). Thus, graph theory can be used to depict the functional connectivity
between patches. Graph theory has been used in a variety of real-world settings, including ecology and
wildlife protection.

2.1.1 Cost distance analysis/ Least cost path (LCP)
Least-cost path modeling is majorly used to calculate the ‘equivalent distance’ between habitats. It is the
most commonly used method for corridor identi�cation. It is a measure of distance adjusted with the
cost, here cost is a price of movement between habitat patches (Carroll and Miquelle 2006; Singleton et
al., 2002). The cost is decided based on geography of the region and behavioural feature of the organism
of concern (Adriaensen et al., 2002). To understand the behavioral trends of an animal careful monitoring
of its nature and habits is essential.

The path with least cost is considered ideal for animal movement since it will be the path which would
require least effort to travel. Analysis of cost is done by �rst delineating patches from where the animal
movement starts and then preparing resistance layer (usually made from habitat suitability map). In
resistance layer, resistance values are given to different land cover types based on ease of movement of
organisms through it. Other factors in�uencing animal movement like food and water availability, are also
considered in making resistance layer using techniques of GIS.
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With resistance values given to each land cover type a cost layer is generated and to obtain the equivalent
distance from the cost value it is multiplied with the cell size (Adriaensen et al., 2002). Finally, the
distance with least adjusted cost is selected as a potential movement corridor for the organisms.

The study by LaRue and Nielson (2008) used least cost path analysis for identifying potential corridor for
cougar (Puma concolor) dispersal. Wierzchowski et al.,(2019) uses least cost analysis to plan a transport
corridor for Moose (Alces alces) in Lithuania where habitat suitability map is prepared and using least
cost principle and values of habitat suitability index movement of Moose was simulated. The study was
validated by comparing the locations of actual Moose vehicle collisions with predicted zones of Moose
road crossing. Another study by LaPoint et al (2013) uses least cost analysis on high resolution GPS
tracking data for development of animal de�ned corridor for �shers (Martes pennanti). Based on GPS
tracking data, cumulative cost (e.g., energetic expenditure, mortality risk or habitat avoidance)
experienced by an individual moving through landscape also referred as resistance values were assigned
to the landscape variables. Various tools are available to execute the least cost path. Gnarly landscape
utilities toolbox of ArcMap is one such tool used to optimize the resistance layer based on layers like
LULC, roads, railways etc (Dutta et al., 2016). Similarly, MaxEnt is also used to execute a habitat suitability
analysis using machine learning approach (Phillips, 2017). MaxEnt uses occurrence points and
environmental variables to predict the distribution of species in the landscape. However, anthropogenic
variables like distance from roads, drainage, settlements along with topographical variables like slope,
aspect, ruggedness is also used in various studies to predict habitat suitability (Rather et al., 2020). To
delineate the least cost path for dispersal in a fragmented landscape Linkage mapper toolbox of ArcMap
is readily used (Dutta et al., 2016). Linkage mapper utilizes the resistance layer to delineate the least
costly path between the habitat patches. There are wide range of other tools like CorridorDesigner,
LandFacet Corridor Designer, LandScape Corridors to model landscape connectivity. R packages such as
gdistance, Grainscape, garph4lg, landscapemetric, leastcostpath, movecost, topoDistance uses least cost
path concept in modeling dispersal pathways.

2.2. Circuit theory based models
The movement of species in ecological landscapes and current �ows in electrical circuits are analogous
in circuit theory. Electrical concepts of current, voltage, charge, and resistance apply here. It is possible to
comprehend how animals move over the landscape by using the laws guiding current �ow. (Carroll et al.,
2012). According to McRae et al. (2014), electrical circuit conductance is viewed as habitat permeability
and electrical circuit conductance as obstacles in the way of animals. Current �owing through the circuit
can be used to compute the expected probabilities of movement of random walkers. Voltage or potential
difference is used to predict the probability that random walkers would leave any point in the landscape
and reach the destination before another. Here, representation of landscape as a conductive surface is
done with low resistance given to most permeable landscape feature types having high probability of
gene �ow while higher resistance values are assigned to barriers to the movement. In circuit theory each
cell is treated as a node (as shown in Fig. 1b) connected with its neighbouring nodes by electrical
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resistors. The lighter-shades represent lower resistance to movement. The cell shown in the darkest shade
has highest resistance and act as a total barricade to movement.

2.2.1 Circuitscape
Circuitscape is a connectivity analysis software package that utilises circuit theory to model movement of
species across fragmented landscape (McRae et al., 2016). It is an open source package that may be
called from a command line, Circuitscape GUI or from ArcMap toolbox ‘Circuitscape for ArcGIS’. Input in
Circuitscape includes resistance data and focal points (Patches to be connected). Circuitscape can be
executed in one out of four modes such as pairwise, advanced, one to all and all to one. Pairwise mode is
most commonly used in practice. The �nal output shows a current density map and voltage map across
each focal points and a cumulative current and voltage map across the landscape (Mcrae et al., 2014).
Data in Circuitscape can either be in the form of networks or in the form raster in the .asc format as
shown in the Fig. 1(b).

Both circuit theory and least cost models are prominently used to model connectivity in the landscape by
estimating the resistance in the landscape. However these models have contrasting approach and
assumptions towards their execution. Least cost path shows the route would be the most e�cient
pathways for the animals (Bunn et al., 2000). It is also assumed in least cost models that wildlife have
perfect to near perfect knowledge of the landscape. Whereas in circuit theory based models general
movement path is predicted for the random walkers where all the paths contribute towards connectivity in
the landscape (McRae et al., 2008). One of the advantages of circuit theory is the identi�cation of the
pinch points or bottlenecks of the corridors.

To identify the importance of habitat patches and linkages between them in the landscape centrality
analysis is executed. Centrality analysis is performed on the basis of the results of connectivity analysis
such as circuit theory or least cost path. It identi�es all core areas /nodes or habitat patches in the
landscape and sums the connectivity between each pair of nodes. Betweenness centrality adds up all the
shortest paths (containing each intervening node) between each pair of nodes in a network. It is used to
identify the key areas of connectivity which are crucial for biodiversity conservation (Cushman et al.,
2013; Parks et al., 2013).

2.3Agent based modelling

Agent based modelling (ABM) utilizes bottom up approach to simulate the actions of diverse agents
individually and helps in measuring the resulting system behaviour and its outcomes over a period of
time (Tang et al., 2010; DeAngelis et al., 2019). It is used in an adaptive system perspective where bigger
events are deciphered from smaller level behavioural features within the set of interacting agents (Tang et
al., 2010). ABM combines elements of learning, evolution, fuzzy logic and adaptation in a single
computational simulation tool (Murphy et al., 2020). Group of autonomous, interacting agents act
independently in this model (McLane et al., 2010). The agent based approach is particularly useful in
cases where interaction among agents is non-linear or discrete, agents tend to learn or adapt with
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changes in environment or where interaction of agents leads to a complex or heterogeneous topology
(Crooks et al.,2012). In studies related to movement ecology agent based modeling might become a
perfect candidate for assessment and prediction. There are various literature suggesting the use of ABM
in combination with GIS in animal movement ecology. In ABM, interaction between agents, environment
and their behavior are used for simulation of animal movement dynamics in heterogeneous landscapes.
ABMs have been used in simulation of movement models such as for birds (Parry et al., 2013), herbivores
(Dumont et al., 2004; Fust et al., 2018), carnivores (Ovenden et al., 2019) etc. Here, individual animal
represent an agent which interacts with its environments or other agents like inter and intra speci�c
relationships based on prede�ned behavioral rules (Tang et al., 2010; Downs et al., 2017). Environment,
represents the habitat patches where the animal moves in the landscape. ABM also incorporates
psychological aspect of animal movement in the model. By sensing, learning and memorizing, animals
apprise their memories. These memories can either be short term or long term memory. Determining the
impact of such memory on movement of animals in the landscape is crucial for quantifying animal
movement. According to Downs et al (2017) in ABM, there are three sets of behavioral rules that affect the
movement of animals in a landscape namely habitat transition, step length and return time. Habitat
transition rules govern around the relative frequency with which movement of animal takes place from
one habitat type to another. The step length rules revolves around the relative frequency with which
animal moves in a particular range. The return time rule determines whether the animal returns to its
home range or not in a particular time frame (Downs et al., 2017).

One of limitation of this approach is involvement of behavior, choices and psychology of the agent into
the model for better predictions. Such factors are very challenging to compute, which obscures the
development of the model and interpretation of its output. This also affects the accuracy of the results.
However, proper interpretation of such results and accuracy analysis determine the use of this output
either only for qualitative insight or for quantitative forecasting. Also, since agent based models uses a
bottom up approach to the problem which requires a high degree of detail on account of agents and their
interaction with the environment. This requires large computational space and multiple runs thus making
it computationally intensive and time consuming (Crooks et al.,2012).

2.3. Machine Learning based models
Arti�cial intelligence has applications across all academic disciplines, including conservation biology.
There are several strong and adaptable predictive modelling techniques accessible today, including
machine learning and deep learning algorithms. (Kumar and Jakhar 2022). However, they are rarely
applied to the �eld of animal movement ecology. These techniques could be advantageous in case of
animal monitoring and movement because of its low human dependencies. The deployment of such
monitoring tools could save many human lives and a lot of time, especially when studying hazardous
predators like tigers or lions. It can also be used to maintain track of animals in the wild and stop animal
tra�cking. Machine learning based models can be supervised, unsupervised and reinforcement learning.
Unsupervised learning models like state space models, hidden Markov models are actively used
movement ecology (Grünewälder et al., 2012; Nathan et al., 2012; Messner, W., 2021). Similarly, supervised
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machine learning based algorithms such as support vector machines, random forests, CART etc. can also
be used in the interpretation of animal behaviour from their movement data (Wang, 2019; Kumar and
Jakhar 2022).

2.3.1 Unsupervised learning based models
Unsupervised learning is a type of machine learning in which the input data used to build the model has
not been labelled or categorised. Here, a model without any prior knowledge organises unsorted data into
meaningful information based on similarities or differences. (Barlow 1989; Ghahramani 2003). In the
studies involving corridor modelling and animal movement, GPS and accelerometer data are used in
unsupervised learning algorithms like Bayesian state space models and hidden Markov models for
inferring various behavioural modes (Grünewälder et al., 2012; Nathan et al., 2012). Bayesian state space
models are a time series model which uses probability to predict the future state of a system from its
previous state. In probabilistical models the dependence of state of the system and observation. It is a
�exible model and allows integration of statistical analysis, integration of error correction and calculation
of metrics. A study by Jonsen et al. (2007) used state space models with states like travelling, rummaging
etc on GPS location data of Dermochelys coriacea. Similar study was carried out on Bubo scandiacus by
Therrien et al (2015) with states like travelling and food hunting for delineation of their movement paths.
Hidden Markov model is used to analyse sequential information like the time series data signifying
behavioural observations of animals (V. Leos-Barajas et al 2017; Wang 2019). Roever et al (2014) used
this model on GPS location data of Loxodonta africana to analyse their behavioural states like
encamping and travelling etc. Though unsupervised learning models are considered as dominant tool for
the purpose of delineation of animal movement paths, their temporal and spatial resolutions could be too
coarse for recognising short-lived behaviour typically lasting less than few minutes (Wang, 2019).

2.3.2 Supervised machine learning based models
Supervised machine learning models uses pre trained or labelled data as input. Algorithms developed
based on supervised machine learning such as support vector machine (SVM), CART and Random forest
are most widely used in conservation biology (Nathan et al., 2011; N de Weerd et al., 2015; Wang, 2019
;Senbel et al.,2021). The majority of research on animal movement and behaviour demonstrates that
learning algorithms are labelled using behavioural observations of movement and GPS data. (Wang,
2019). In supervised learning algorithms, location and directional data can be integrated with
synchronized behavioural observations for classifying behaviours to pre-de�ned behavioural categories
(N de Weerd et al., 2015; Wang, 2019 Senbel et al., 2021). Support vector machine (SVM) is a binary
classi�er that �nds a hyperplane to separate transformed observation and maximise the distance
between observation and the hyperplane (Cortes and Vapnik, 1995). To execute multiclass classi�cations,
the problems are treated as a set of binary. Wang et al (2016) used hybrid support vector machine to
develop and evaluate a laying hen tracking algorithm. The results showed this algorithm outperformed
the conventional methods of tracking like FRAG (fragment-based tracking method), the TLD (Tracking-
Learning-Detection) etc. A study by Martiskainen et al (2009) used accelerometer data to train the support
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vector machine classi�er for behavior pattern recognition (standing, foraging, lame walking, lying down,
ruminating etc) in cows. The results shows the model precision of 78% (Martiskainen et al., 2009).
Similarly, models based on Classi�cation and regression tree (CART) which is a decision tree model based
on non-parametric data analysis paradigm used for classi�cation and regression are widely applied in
study of animal behaviour. CART is a form of binary recursive partitioning, which indicates that each node
of the decision tree, could only be split into two groups (Lewis et al., 2000). Implementation of CART is
very quick and also relatively easier to construe (Pallara, 1992).The probable limitation of CART is over-
�tting which could be alleviated with the help of pruning. N de Weerd et al (2015) used this model to
classify the high-frequency GPS location data on behavior patterns of cows (Bos Taurus) in forested and
open habitats based on turning angles between �xes. The results shows that the accuracy of
classi�cation of data obtained from the forested areas was less than that of the open habitats (N de
Weerd et al., 2015). Random forest is another supervised classi�cation and regression algorithm
comprising large number of decision trees that work as an ensemble. Similar to CART random forest is
also a decision tree based model. It develops decision trees by randomly selecting subset of variables to
determine the best split at each node. Random forest offers more accuracy but it is also computationally
intensive to train and use (Nathan et al., 2012). Senbel et al (2021) did a comparative study on different
models (linear regression, decision tree and random forest regression model) using them on location and
behavioural data of horseshoe crabs (Limulus Polyphemus). The results proved random forest regression
model to be the best suited model among these models for predicting movement of horseshoe crabs
(Senbel et al .,2021). Similarly, Nathan et al, (2012) used GPS and acceleration data to train the multiple
machine learning classi�er algorithms (Linear discriminant analysis, support vector machines, CART,
random forest and arti�cial neural networks) to do a comparative analysis. They used repeated random
subsampling cross validation procedure for splitting the GPS and acceleration dataset of griffon vultures
(Gyps fulvus) into two subsamples. 70% of the data is used for training the model and remaining 30% is
used for testing the performance of the algorithms. Validation of the model is done against independent
observations which were used afterwards to classify behaviours from unlabelled input data. The result
indicates the accuracy of such methods were around 80–90%. A general comparison of all the models
with linear discriminant analysis (LCA) was done by Nathan et al (2011), showing all non-linear methods
like SVM and decision trees outperforming the LCA (Nathan et al., 2011).

There are numerous studies showing application of machine learning algorithms in animal movement
and other studies. Such studies were also performed on some domestic animals like cats (Watanabe et
al., 2005) with the help of different classi�cation techniques like Support vector machine (Grünewälder et
al., 2012; Nathan et al., 2011), Bayesian state space models (Grünewälder et al., 2012), Hidden Markov
model (Grünewälder et al., 2012; Wang, 2019), random forest (Nathan et al., 2011) etc.

Table 1 offers a general review of the wildlife connectivity modelling. It also includes some important
approaches like network analysis and resistance kernel analysis.
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Table 1
Review of modelling techniques proposed for wildlife corridor analysis

S.No. Principle Author Description Advantages Limitations

1. Graph
Theory

Urban and
Keitt 2001;
Cantwell and
Foreman 1993;
A. G. Bunn et
al 2007;
Barnes and
Harary 1983;
Landguth et al;
Ament et al.,
2014

Discrete
mathematical
tool which is
used to show
patches and
corridors as
nodes and
edges
respectively
allowing
e�cient
calculation of
network
properties in
the
landscape.

1.Easy to use

2.Mathematical
logic can be
applied

3.Tools available
to execute it

1. Depends on
method of
constructing and
parameterizing
graph network.

2. Cannot identify
locations of
corridors in
landscape.

1 (a) Least cost
analysis

Adriaensen, et
al., 2003;
Wade, et al.,
2015; LaPoint
et al 2013;
Wierzchowski
et al., 2008;
Ament et al.,
2014

Detects paths
that reduces
the total
travel cost
between
source and
destination

1.Flexible tool

2.Easy to use

3. Tools available

4.No excessive
computational
requirements

1. Assumes that
the animals have
impeccable
knowledge of the
landscape, thus
allowing them to
select the optimal
or near-optimal
path.

2. Predicts
connectivity
between single
source and
destination pair.

2. No account of
dispersal distance
is provided

2. Network
Theory

Phillips et al.,
2008; Ament et
al., 2014

Identi�es
distribution
of movement
through
landscape as
edges
between the
nodes. A
network of
edges and
nodes are
created
wherever the
movement is
possible in
the
landscape

1.Flexible tool

2.Easy to use

3. Tools available
(e.g. Networkx) to
execute it

1. No account of
dispersal distance
is provided.

2. Source-
destination pairs
needs to be
de�ned in
advance.
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S.No. Principle Author Description Advantages Limitations

3. Resistant
Kernel

Compton et al.,

2007;
Adriaensen, et
al., 2003;
Ament et al.,
2014;Cushman
et al., 2013)

Expected
dispersal
density is
calculated
around each
source cell
using nature
of dispersal
and
resistance
and summed
with all
source
dispersal
density to get
expected
dispersal
density in
each pixel

1. Predicts the
expected
migration rates
for every pixel of
the entire
landscape.

2.Computationally
e�cient

3. Flexible tool

4. .Easy to use

5.Tools available
to execute it

Resistance values
and factor
weights are often
subjectively
selected

4. Circuit
Theory

McRae et al.,
2008; Ament et
al., 2014

Landscape is
considered as
electrical
circuit and
likelihood of
movement is
dependent on
resistance of
the circuit.

Highly useful for
categorizing
potential pinch
points, or
bottlenecks, to the
individual
movement.
Deciphers
multiple pathways
for movement.

1. No account of
dispersal distance
is provided

2. Source-
destination pairs
needs to be
de�ned in
advance.

5. Agent based
modelling

Tang et al.,
2010;
DeAngelis et
al., 2019;
Crooks et
al.,2012;
Murphy et al.,
2020;

It is technique
that simulate
the actions of
diverse
agents
individually
and helps in
measuring
the resulting
system
behaviour
and its
outcomes
over a period
of time.

1.Highly �exible
approach

2.Excellent for
quantifying
agents that
involve
capabilities to
adapt

1.High
computationally
intensive

2.Time
consuming

3.Involves factors
like psychology
and behavior
which is di�cult
to quantify
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S.No. Principle Author Description Advantages Limitations

6. Unsupervised
machine
learning
based
models

Grünewälder et
al., 2012;
Nathan et al.,
2012; Messner,
W., 2021

Using GPS
location,
unsupervised
learning
algorithms,
Bayesian
state space
models and
hidden
Markov
models are
used for
inferring
various
behavioural
modes

1.High accuracy

2.Flexible
approach

1.Temporal and
spatial resolutions
of these methods
could be too
coarse for
recognising short-
lived behaviour
typically lasting
less than few
minutes

2. Use of
telemetry data
which is di�cult
to procure

7. Supervised
machine
Learning
based
models

Lewis et al.,
2000; Cortes
and Vapnik,
1995; Pallara,
1992;
Rousseau and
Wittemyer
.,2021; Singh
et al., 2016

Use of GPS
and tri-axial
acceleration
data for
training
Models like
random
forests, SVM,
CART and
prediction of
animal
behaviour.

1.High accuracy

2. Quick and easy
to construe

1. Over�tting

2.Computationally
intensive to train
and use

3. Use of
telemetry data
which is di�cult
to procure
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Table 2
Parameters required for different modelling techniques

S.
No.

Modeling
technique

Literatures Parameters
required

1. Graph Theory
and circuit
theory based
model

A. G. Bunn et al 2007; Barnes and Harary 1983;
Landguth et al; McRae et al., 2008; Ament et al.,
2014; Phillips et al., 2008; Ament et al., 2014

1. Habitat
suitability layer

2. Resistance layer

3. Habitat patches
or focal points

4. Probable paths
for the animal
movement

2. Agent based
modeling

Tang et al., 2010; DeAngelis et al., 2019; Crooks et al.,
2012; Murphy et al., 2020; Crooks et al., 2012;
Murphy et al., 2020; Down et. al,2017

1. Habitat
suitability layer

2. Coordinates
points of the
animal

3. Behavioral
information
(resource location,
risks etc.)

4. Step length

5. Return time

3. Machine
learning based
model

Rousseau and Wittemyer .,2021; Singh et al., 2016;
Grünewälder et al., 2012; Nathan et al., 2012;
Messner, W., 2021

1. Coordinate
points of the
animal

2. Habitat
suitability layer

3. Behavioral
information
(resource location,
risks etc.)

3. Validation Based Studies For Predicted Corridors
Most evaluations of corridor modelling are generally viewed as being incomplete since the projected
corridors have not been �eld validated. While modelling techniques like least cost path and circuit theory
offers a critical and thorough connectivity analysis they are often criticised for absence of validation
procedure. However there are recent studies that have developed statistics to validate the predicted
corridors using �eld datasets (Lalechère & Bergès, 2021). Majority of the studies uses location data,
camera trap data, GPS data or telemetry data for validation (Bond et al., 2017; Koen et al., 2014; Lalechère
& Bergès, 2021). Limitation with telemetry data and GPS data are that they are often di�cult to acquire
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due to their high cost. Some studies like Koen et al (2014) uses the animal road mortality locations and
uses statistics to compare the current density at these locations with the mean current density calculated
using Circuitscape at the landscape. This shows whether the current density predicted by the model
actually represent the functional connectivity of the landscape. Furthermore, validation of current density
map with the radiotelemetry data is also used by various researchers (Bond et al., 2017). Lalechère &
Bergès, (2021) devised a new statistically signi�cant method to validate the corridors delineated using
techniques like circuit theory, least cost path etc. Value of a validation index known as corridor score
determines whether the predicted connectivity areas represent corridors or general part of matrix in the
landscape. The corridor score is calculated using distance of predicted pathways from the animal
location points in the area. The values are used as an input in the elaborate formula to calculate the
score. Sometimes, aerial survey and �eld survey is also done to validate the result of predicted corridor
models (Bond et al., 2017; Osipova et al., 2019). Osipova et al (2019) used annual aerial counts and �eld
survey to assess the performance of combination of corridor prediction models. Corridor model validation
has always been essential for the comprehensiveness of the research. The fact that only a few
researchers have access to the expensive telemetry and GPS data is a major factor in many corridor-
based studies being un validated (Wade et al., 2015).

4. Conclusion
It is essential to de�ne pathways for wildlife to travel around a landscape, and a great deal of research
has been done in this area in recent years. By distributing nutrients, pollen, seeds, and parasites as they
move across the surface of the earth, animal movement connects the lives of all creatures. They aid in the
spread of pathogens, pollen, and occasionally even seeds. They contribute to the study of predation,
herbivory, and other ecological processes through their movement. As a result, they offer crucial
perspectives on the patterns of biodiversity and the ecological roles played by various species. Here,
different technological methods for �nding such corridors are examined in detail, including graph theory,
circuit theory, and machine learning methods. Modelling animal movement in a landscape requires
understanding of processes that produces such movements. This particularly requires understanding of
animal behaviour, pathways and environmental constraints in the way.

The study of animal movements has advanced greatly, and in recent years, these studies have become
increasingly important. One of the main reasons for this is the rise in human-animal con�icts. In the past,
antenna were used to gather data for these investigations, and later, on the basis of that data, movement
corridors were determined. It possessed a unique set of restrictions, such as antenna maintenance,
waterproo�ng, battery damage, etc. With the passage of time, the application of computer science to
methods like graph theory combined with remote sensing offers a novel viewpoint in the study of biology
(Cantwell and Foreman 1993; A. G. Bunn et al 2007). Shortest path or minimum spanning tree algorithms
and Dijkstra’s algorithm are widely used on the graph to decipher the least costly path for the animal
(Adriaensen, et al., 2003). The main delinquency with this approach was that not every node is a
destination point for the animal and it is assumed that the animal has knowledge about the entire
landscape which is not always the case. Also, not much information is provided about the nature of
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corridor path and bottlenecks. As an advancement over graph theory, circuit theory can be used for
identi�cation of potential pinch points and bottlenecks of corridors. Circuit theory draws an analogy of
movement of current in an electrical circuit with movement of animals in the landscape (McRae et al.,
2008). Circuitscape software is most widely used to execute circuit theory model in a landscape. It
calculates the mean current density for random walkers in the study area between the focal points
(McRae et al., 2014). However, in circuit theoretic models similar to graph theoretic models source and
destination pairs needs to be speci�ed beforehand for executing the model. The analysis of connectivity
using least cost path algorithm or circuit theory always depends on the resistance surface generated.
There are various methods to do a resistance analysis of an area like expert opinion based resistance,
machine learning based (MaxEnt, random forest, SVM etc) for habitat suitability. The output of
connectivity analysis is highly dependent on the quality of resistance analysis (Wade et al., 2015).
Therefore, highly accurate and quality based resistance analysis is crucial for highly accurate connectivity
analysis. Moreover, more studies on statistical validation of predicted corridors are essential to
demonstrate the functional connectivity and to aid the future wildlife behavioural studies for
conservation.

Some of the restrictions in such approaches can now be overcome with further advancements in machine
learning and deep learning technologies, as well as the availability of movement data and tri-axial
acceleration data of animals obtained with the use of collar-based GPS devices, models for predicting
animal behaviour from movement data, such as hidden Markov models, state space models, and random
forests (GPS and tri-axial acceleration data) (Pallara, 1992; Cortes and Vapnik, 1995; Lewis et al., 2000;
Senbel et al., 2021). Table 1 compiles a general description, bene�ts, and drawbacks of these techniques.
Based on the conservation challenge at hand and the type of dataset, the best among these procedures
can be chosen. Each of these processes has advantages and limits. These approaches can be combined
to create new and inventive methods for modelling corridors, for instance by combining machine learning
with graph theory notions. Additionally, socio-political, economic, and other factors must be taken into
account while creating and protecting animal dispersal corridors. For better real world depiction, they
should be effectively handled in the studies. These problems vary depending on the study location, hence
it is essential for such studies to have a full grasp of the subject area with regard to these characteristics.
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Figure 1

(a) Representation of landscape elements in the form of graph network highlighting the least cost path
selected

(b) Representation of landscape elements in the form   of circuit (Adapted from McRae et al., 2008)

Figure 2

(a) Landscape connectivity between 8 protected areas of Terai Arc Landscape measured using
Circuitscape (McRae et al., 2008). The darker portions shows the high connectivity while the lighter shade
represents low current density or connectivity in the landscape (b) Least cost path for same 8 protected
areas calculated using Linkage Mapper. The results of least cost path shows only single most optimum
route for connecting the protected areas while the circuit theory shows the multiple probable pathways
connecting the protected areas. It also identi�es important conservational areas or pinch points.


