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Abstract
Biodiversity has been under severe attack the last century. Main strategy to alleviate this
phenomenon was to assign areas and species of importance under protection. However, as the
fragmentation of the environment progressively increased, the importance of spatial configuration
and connectivity was acknowledged. Connectivity is a developing field, and a variety of tools and
methods for connectivity assessment already exist. Although connectivity has been studied at
different scales and for different taxon groups, a framework for assessing functional connectivity
at a global scale with a representative number of species is still missing. This is what we tried to
do in this study, by trialling an assessment of the connectivity of forest affiliated bird species in
Africa. The framework was developed on an ecoregion level, using Graph theory and habitat
availability metrics. More specifically, we used Conefor to calculate the Probability of
Connectivity (PC) and the Equivalent Connected Area (ECA). We generated results both at the
network and at the species level, including detailed maps and graphs. Important findings of our
study are: (1) there is more habitat in the landscape than the species can easily reach, (2) our
analysis could improve the PAs network at least in regards to the connectivity of forest affiliated
bird species, and (3) our framework can be used for species specific conservation planning.
Concluding, there is need for further research towards connectivity, and with room for
improvements, our framework can be used in combination with decision support tools in future
conservation planning.
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Introduction
Biodiversity has been under severe attack during the last century. It is estimated that up to 150
species everyday are becoming extinct, while animals and plants undergo substantial decline of
their abundance (Dirzo et al., 2014; Djoghlaf Ahmed, 2007; Pimm & Joppa, 2015). More
specifically, plants are becoming extinct 1000 to 10,000 times faster than the background rate and
mammals, amphibians and birds 1000 times faster (Ceballos et al., 2015; Pimm & Joppa, 2015).
Scientists suggest that we have entered a new era of mass extinction, the Anthropocene (Ceballos
et al., 2015; Pimm & Joppa, 2015). It is debated when the era started, but it is certain that main
cause of the rapid biodiversity decline are human activities (Smith & Zeder, 2013; Steffen,
Grinevald, Crutzen, & Mcneill, 2011). The main drivers are agriculture, pollution and
overexploitation of species (L. N. Joppa et al., 2016; Maxwell, Fuller, Brooks, & Watson, 2016).
At first, species extinction became apparent as resource depletion, and that was the time when the
first conservation actions took place (Desai, 1998; “History of forests in India,” n.d.; Reiger, 2001).
Only in the early-20th century people became interested on the value of biodiversity and a
movement for the protection of nature emerged (Bateson, 1979). The main strategy during the 20th
century was to assign areas and species of importance, under protection (Geldmann et al., 2013;
RODRIGUES et al., 2004). Protected areas are defined as “geographical spaces, recognized,
dedicated and managed, through legal or other effective means, to achieve the long term
conservation of nature with associated ecosystem services and cultural values” (Dudley, 2008).
Nowadays they cover almost 15% of terrestrial and inland water and 10% of coastal and marine
areas (UNEP-WCMC & IUCN, 2016). However, although the state of biodiversity would be worse
if it weren’t for protected areas, there is room for improvements (Bruner, Gullison, Rice, & da
Fonseca, 2001; Geldmann et al., 2013; Rodrigues et al., 2004).
One such improvement is connectivity. In the early-21st century scientist realised that the spatial
configuration of the reserves was important for effective conservation. The importance of having
reserves connected to each other was becoming apparent and connectivity as a field started to draw
attention (Bennet, 1998; Brudvig, Damschen, Tewksbury, Haddad, & Levey, 2009; L. N. Joppa et
al., 2016; Roberts, Halpern, Palumbi, & Warner, 2001; Taylor, Fahrig, Henein, & Merriam, 1993).
Connectivity conservation is defined as “the maintenance of connections between areas which are
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important for biodiversity, using different types of linkages in the landscape or seascape, which
can exist at different spatial and temporal scales” (UNEP-WCMC, 2013).
The importance of connectivity for creating efficient systems for protection is widely recognized
and it is included in the Strategic Plan for Biodiversity 2011-2020. More specifically, target 11 of
the Convention on Biological Diversity (CBD) Aichi Targets says:
“By 2020, at least 17 per cent of terrestrial and inland water, and 10 per cent of coastal and
marine areas, especially areas of particular importance for biodiversity and ecosystem services,
are conserved through effective and equitably managed, ecologically representative and well
connected systems of protected areas and other effective area-based conservation measures, and
integrated into the wider landscape and seascape.” (Convention on Biological Diversity, 2010).
The size of the area is an important characteristic in regards to conservation, the bigger the better
(Cantú-Salazar & Gaston, 2010; Lucas N Joppa, Loarie, & Pimm, 2008; Maiorano, Falcucci, &
Boitani, 2008). However, most of the world’s ecosystems are fragmented and consist of relatively
small habitat patches. Small habitat patches have fewer species, smaller population sizes, larger
edge effects and higher extinction rates for species with wide ranges. Other attributes that need to
be taken into account when habitat patches are small, are the distance between patches and the
composition of the matrix (Saunders, Hobbs, & Margules, 1991; Woodroffe & Woodroffe, 1998).
Both of these affect movement between habitat patches, in other words the connectivity.
Connectivity influences immigration rate, colonization probability, demographic rescue,
extinction risk, gene flow and movement in response to climate change (Crooks & Sanjayan, 2006;
Hodgson, D., Wintle, & Moilanen, 2009; B. H. McRae, Hall, Beier, & Theobald, 2012). Therefore,
in a fragmented world connectivity might be key tool to substantially improve decision making in
regards to the conservation of biodiversity. Apart from planning and establishing more efficient
protected areas systems, connectivity can be used to make systems more resilient to changes. It
can also, through modelling, be used to inform future predictions like the impact on the
environment of public works, resource extraction, and climate change (Heller & Zavaleta, 2009;
McClure, Hansen, & Inman, 2016; NUÑEZ et al., 2013).
However, estimating connectivity is not an easy task, because it is a developing field. There are a
variety of approaches and indices that have been developed, but there are still a lot of limitations
in regards to the analytical part (Moilanen, 2011; Saura & Pascual-Hortal, 2007). Connectivity
modelling can be implemented at a landscape, regional and global level. Studies at the landscape
20

level are usually very detailed and, if not focused on one species, they use a representative number
of species (Chardon, Adriaensen, & Matthysen, 2003; Cowen, Paris, & Srinivasan, 2006; Decout,
Manel, Miaud, & Luque, 2012). However, towards the global scale, studies are less detailed, and
typically use only a few species (Santini, Saura, & Rondinini, 2016; Saura, Bastin, Battistella,
Mandrici, & Dubois, 2017). Such studies with little detail, give only a broad idea of the state of
connectivity and are of little use for conservation planning. So what is missing? A detailed study
of connectivity at the global scale, using a representative number of species. This is what we tried
to do in this study, by trialling an assessment of the connectivity of forest affiliated bird species in
Africa.

Connectivity Review

Connectivity can be divided into two categories, structural and functional. Structural connectivity
approaches describe only the physical relationship between patches, and characterise the landscape
in a binary fashion as habitat patches and a uniform matrix. On the other hand, in addition to the
actual distances between patches, functional connectivity incorporates the species responses to the
elements of the landscape. In this case, the landscape is a mosaic of habitats with varying
permeability (Goodwin, 2003; Kindlmann & Burel, 2008).Functional connectivity is further
divided into potential and actual connectivity. Actual connectivity is measured based on field
observations, while potential connectivity is an estimation of connectivity by modelling the species
responses to the elements of the landscape and their dispersal abilities (Calabrese & Fagan, 2004).
It is difficult to collect field data for many species and for that reason actual connectivity is only
used to validate and calibrate the findings (Bergsten & Zetterberg, 2013).
Many tools and methods have been developed to assess connectivity (Figure 1). Among the most
used methods are the Least-cost analysis, Graph Theory and Habitat availability metrics. The most
used tools are Conefor and ArcGIS(Ayram, Mendoza, Etter, & Salicrup, 2016).
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Figure 1. Frequency of methods (A) and tools (B) used for assessing connectivity in regards to recent review (20002013) (Ayram et al., 2016).

Methods

The Least-cost analysis (Figure 2.A) relies on the idea that the animal incurs a cost as it moves
through the landscape. The approach uses a resistance layer (a geographic information layer that
contains values for each element in the landscape based on the ability of some organism to move
) specific for each species and calculates one single path that has the lowest cost (lower resistance)
between two patches (J. T. Kool, Moilanen, & Treml, 2013). Doing such, it assumes that the
species is aware of the surroundings and chooses only one path to move from one patch to the
other (Palmer, Coulon, & Travis, 2011).
Circuit Theory (Figure 2.B) is a method similar to Least-cost analysis that uses electric circuit
theory to model connectivity. It relies on the same idea as the Least-cost analysis, but instead of
only one path, it calculates multiple paths, offering the possibility to investigate different
connections (B. McRae, Dickson, Keitt, & Shah, 2008). Although Circuit Theory complements
the Least-cost Path, both are sensitive to the definition of resistance values (Moilanen, 2011). In
addition, the software (Circuitscape) which is used to calculate effective distances between patches
22

based on Circuit Theory principles, has a limit on the volume of data it can process: the more the
connections between patches the smaller the landscape it can analyse (B. McRae & Shah, 2009;
Moilanen, 2011). Both Least-cost analysis and Circuit theory, do not produce landscape level
connectivity metrics. They are mostly used for corridor planning and calculating effective (i.e.,
ecological) distances amongst habitat patches (Adriaensen et al., 2003; B. H. McRae, Dickson,
Keitt, & Shah, 2008; B. H. McRae, Hall, Beier, Theobald, & Moilanen, 2012).

B.

A.

C.

Figure 2. A) Least-cost analysis. Numbers in cells represent resistance values. The red line represents the least-cost
path. B) Circuit theory analysis. Light to dark colours in cells, represent low to high resistance values. The black lines
represent all possible paths from the origin (thick black dot on the left) to the destination (thick black dot to the right).
C) Graph theory analysis. Nodes represent habitat patches and lines represent the connections amongst them (Rudnick
et al., 2012).

Graph Theory analysis (Figure 2.C) on the other hand, has been extensively used to study the
structure and properties of networks in terms of connectivity (J. Kool, Moilanen, & Treml, 2013).
It represents the landscape as a series of nodes and links. Nodes represent the habitat patches of
interest and lines represent the links between the nodes (patches). Nodes can be weighted to
describe properties of patches and links can describe several ecological processes (Bunn, Urban,
& Keitt, 2000). The way distances between nodes are calculated determine if the graph represents
structural (Euclidean distances) or functional (Least-cost Path, Circuit Theory, etc.) connectivity
(Galpern, Manseau, & Fall, 2011; Rayfield, Fortin, & Fall, 2011). Euclidean (straight line)
distances can be used to calculate simple connectivity measures, such as nearest-neighbour
distance, to more complex ones, such as fractal dimension, patch contagion and patch isolation,
that take into account all surrounding patches (Moilanen & Hanski, 2001; Moilanen & Nieminen,
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2002). In any case though, this approach does not take into account the matrix or the dispersal
abilities of the species (J. Kool et al., 2013).

Connectivity metrics

A variety of connectivity metrics have been developed in the recent years. These metrics, based
on the information they provide, can be divided into node scale and network scale metrics.
Network scale metrics provide an overall value for the network’s connectivity, while node scale
metrics allow the contribution of each node to the overall network to be assessed (Poodat,
Arrowsmith, Fraser, & Gordon, 2015). However, most of these metrics have being identified to
have inconsistent behaviour and insensitivity to changes (Pascual-Hortal & Saura, 2006; Saura &
Pascual-Hortal, 2007).
Habitat availability metrics on the other hand, have shown all the desired properties of an index
(Pascual-Hortal & Saura, 2006; Saura & Pascual-Hortal, 2007). They consider habitat availability,
which is necessary in order to incorporate connectivity in conservation planning (Pascual-Hortal
& Saura, 2006). Habitat availability metrics rely on graph structures and they consider a habitat
patch as an area where connectivity occurs. The reachable habitat in the landscape is measured
through a single index, which integrates the connected area within habitat patches (intrapatch
connectivity) with the area that is reachable through the connections amongst the habitat patches
(interpatch connectivity). Thus, regardless of the quality and size of habitat patches (intrapatch
connectivity) and the strength and frequency of the connections (interpatch connectivity),
connectivity is determined as the amount of reachable habitat in the landscape (Pascual-Hortal &
Saura, 2006; Saura, 2008).
Two such indices are the integral index of connectivity (IIC) and the probability of connectivity
(PC). Both assess connectivity on the landscape level, but given the value of an index M, the
importance of a node (node scale connectivity) can be expressed in relative terms 100 ∗
𝑀𝑀− 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑀𝑀

or in absolute terms 𝑀𝑀 − 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 , where 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the overall connectivity metric value

for the whole landscape after the loss of a particular node (Keitt, Urban, & Milne, 1997; PascualHortal & Saura, 2006; Rae, Rothley, & Dragicevic, 2007; Urban & Keitt, 2001).
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Materials and Methods

The main goal of this study was to create a framework to assess functional connectivity at the
global scale using a representative number of species. In order to do so, we used forest data and
distribution and dispersal data on bird species with forest affiliations in Africa and assessed the
impact forest loss had on connectivity on an ecoregion level for bird species.
We used two timeframes, 2000 and 2014, 1147 forest affiliated bird species and all types of forests
that had tree coverage of 40%. We also included in our analysis data on protected areas (PAs),
important bird and biodiversity areas (IBAs) and development corridors for the whole of Africa.
Some of the data used in the study were provided by UNEP-WCMC, collected for the Cambridge
Conservation Initiative (CCI) funded connectivity project (http://www.conservation.cam.ac.uk),
while others were retrieved by bibliographic sources. The project did not require field work. All
analysis was conducted using computer software.

Study area

Africa is the second-largest continent of the world, covering 20.4% of the total land on Earth. It
has a plethora of ecosystems, desert in the North, tropical forests in the middle, mountains in the
East and savanna and shrublands in the South (Sayre et al., 2013).
It can be divided into 121 distinct ecoregions (Figure 3). Ecoregions are large units of land that
contain a distinct assemblage of natural communities, species and environmental conditions, with
boundaries that approximate the original extent of natural communities (Olson et al., 2001). The
data on ecoregions used on this study were collected from Olson et al., 2001. We decided to do
the analysis on an ecoregion level due to computational restrictions. Ecoregions are a reasonable
framework since they are uniform in regards to species composition and environmental conditions.
Of its total land area, 14.7% of Africa consists of terrestrial protected areas (Juffe-Bignoli et al.,
2014). Data on protected areas were provided from UNEP-WCMC (UNEP-WCMC & IUCN,
2016). Africa is rich in biodiversity, containing almost a quarter of the global biodiversity (UNEP25

WCMC, 2016). Data on IBAs were provided by Birdlife International (BirdLife International,
2014). Importantly Africa is also one of the few places on earth where wilderness still exists.

Figure 3. Forest loss (yellow) and forest (green) between 2000 anto2014, divided to ecoregions in
Africa
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However, ecosystems in Africa are degrading rapidly mainly due to human intervantions.
Development corridors are one type of human intervantions that would contribute to this mass
destruction. Data on development corridors were acquired from bibliographic sources (Laurance,
Sloan, Weng, & Sayer, 2015).
The combination of the diversity in Africa, in regards to taxa and ecosystems, the extensive
documentation of biotic and abiotic data and the rapid changes in terms of land use it undergoes,
provide a good system for analysis of connectivity.

Forest data

Forests are one of the most important biomes in terms of biodiversity, as they are home to many
species. At the same time, forests have been overly exploited for decades now, resulting in
fragmentation and degradation of their ecosystems. Both make forests an ideal ecosystem for
connectivity analysis. What is more, forests are ecosystems of great interest because of the
ecosystem services they provide, and thus there are many data available (Millennium Ecosystem
Assessment, 2005).
We acquired for our analysis, forest data from Hansen et al. 2013 (Figure 3). Although they might
not be the most accurate data, they are the best data on a global scale and they provide reliable
information on change of forest coverage on an annual basis.
The forest data were created using earth observation satellite data. They have a fine resolution,
1km, and they include various tree cover percentages (Hansen et al., 2013). After some analysis
carried out by Graeme Buchanan form the Royal Society for the Protection of Birds (RSPB; partner
in the CCI connectivity project), we decided to use 40% tree cover. There was not one tree cover
percentage that could represent all species in Africa. Thus, our intention was to start the analysis
with 40% and later explore other tree cover percentages. We also did not make a distinction among
the various types of forest, neither excluded some type of forest.
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Study organism

Birds are by far the best studied taxon group, with high species richness in the African continent
(W. Jetz, G. H. Thomas, J. B. Joy, 2012), suggesting birds are a suitable study organism for an
analysis in Africa and for scaling up to a global analysis in future. However, degradation of the
natural environment is taking place in Africa, such as deforestation, due to human-induced factors
(UNEP-WCMC, 2016), and this is resulting in increased risk of extinction for African birds
(BirdLife International unpublished data).
Bird species with forest affiliations were chosen due to the necessity of restricting the analysis on
one habitat type for simplicity, the availability of forest data on a global scale and the imminent
interest for the future of species present in a rapidly degrading habitat. As forest-affiliated species
were defined those that have medium or high dependency (Bird et al., 2012; G. M. Buchanan et
al., 2008). Species with high dependency (specialists) are characteristic of the interior of
undisturbed forest. They rarely occupy non-forest habitats, and almost always breed within forest.
In cases where their ecological requirements are met, they can be found on secondary forest.
Species with medium dependency (generalists), breed in undisturbed forest, but are also regularly
found in forest strips, edges and gaps and secondary forest, where they may be more common than
in the interior of intact forest (Graeme M. Buchanan, Donald, Butchart, Thomas, & Ross, 2011).

Table 1. Information on the diversity and IUCN Red List state of the species used.

Critically
Species

Families

Orders

Vulnerable

Endangered

Endange
red

no

1147

73

25

60

38

6

The bird dataset we used, was provided by BirdLife International, which is the Red List Authority
for birds on the IUCN Red List and a partner on the CCI connectivity project. BirdLife
International provided the species’ distribution ranges and further information on species’ ecology
and habitat requirements that had been compiled through the IUCN Red List process and had been
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combined with the GLC2000 land cover dataset. The dataset contains 1147 bird species from 73
families (Table 1). In addition to this, BirdLife International provided the mean dispersal estimates
for each species, that were modelled based on allometric characteristics of the species (body mass
and hand wing index). Habitat tolerances and the mean and maximum estimates for natal dispersal
for all species (the distance that individuals move between the nest in which they hatch and the
location at which they breed as adults) were also used to estimate the mean dispersal distance.
Unrealistic or lack of dispersal distance values were replaced by expert-based estimates or
taxonomic averages.

Connectivity metrics

As mentioned in the small connectivity review before, there are many tools and methods for
assessing connectivity. In our analysis, we used Conefor (Saura & Torné, 2009) and habitat
availability indexes. More specifically, Conefor is the most used tool for measuring connectivity
and the indices it calculates have been shown to outperform others when tested in a variety of
situations (Ayram et al., 2016; Saura & Torné, 2009). This software is based on graph theory and
uses habitat availability indexes as indicators of network connectivity (Pascual-Hortal & Saura,
2006; Saura & Pascual-Hortal, 2007).
In graph theory the landscape is represented as a set of nodes and links. In this study, forest patches
are the nodes weighted by patch area and the dispersal ability of a species are the links. Thus, if
the dispersal ability of a species is lower than the actual distance between two patches, there will
not be any line connecting them. What is more, the probability of direct dispersal between two
habitat patches is described by a negative exponential curve of distance(Bunn et al., 2000; Keitt et
al., 1997; Saura & Pascual-Hortal, 2007; Urban & Keitt, 2001). This means that the further away
two habitat patches are, the lower the chances of direct dispersal. We calculated the node links in
two ways, as euclidean distances (straight lines) and as euclidean distances weighted by the
resistance of the matrix. The second type of euclidean distances was generated by modelling the
relationship of euclidean distances and resistance values generated from Circuitscape (Circuit
theory analysis).
Modelling the relationship between Euclidean distances and Circuitscape was inevitable, since
there is no standard way of converting values between these two. Conefor requires both the
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distances among patches and the dispersal abilities of the species to have the same units, but the
distances generated from Circuitscape are resistance values in ohms and the dispersal distances of
species that we had were in kilometers. What is more, although Circuitscape could provide
ecologically meaningful distances, the process of generating distances values is very time
consuming, as is the process of creating a resistance surface to use when running the software.
In comparison to other metrics, habitat availability metrics have been proven to have consistent
behavior and be sensitive to changes (Ayram et al., 2016). They can be used for both the landscape
and habitat patches level, which constitutes them as a good tool in systematic conservation
planning (Saura, Estreguil, Mouton, & Rodríguez-Freire, 2011; Saura & Pascual-Hortal, 2007).
The indices we used in our analysis are the Probability of Connectivity (PC) and the Equivalent
Connected Area (ECA) at the network level, and the Node Importance (varPC) at the node level:

𝑃𝑃𝑃𝑃 =

∑𝑛𝑛
𝑖𝑖=1

∑𝑛𝑛
𝑗𝑗=1

𝐴𝐴2𝐿𝐿

𝑎𝑎𝑖𝑖 ∗𝑎𝑎𝑗𝑗 ∗𝑝𝑝𝑖𝑖𝑖𝑖

=

𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛
𝐴𝐴2𝐿𝐿

(1)

Where: 𝑎𝑎𝑖𝑖 = area of source patch, 𝑎𝑎𝑗𝑗 = area of destination patch, 𝑝𝑝𝑖𝑖𝑖𝑖 = the maximum product
probability of movement between source and destination patch, 𝐴𝐴𝐿𝐿 = total landscape area (habitat
and non-habitat)

𝐸𝐸𝐸𝐸𝐸𝐸 = �𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛

(2)

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(3)

Where: PCafter is the value of connectivity of the network after one node is removed from the
network.
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PC is defined as the probability that two animals randomly placed within the landscape fall into
habitat areas that are reachable from each other (interconnected) given a set of n habitat patches
and the connections (pij) among them (Saura & Pascual-Hortal, 2007). ECA is defined as the size
of a single habitat patch (maximally connected) that would provide the same value of the
probability of connectivity than the actual habitat pattern in the landscape (Saura et al., 2011). PC
and ECA were calculated for each species. varPC is calculated for each node of each species, and
it is defined as the change of connectivity of the network when this node is removed. Absolute
importance was chosen instead of relative importance, because of the need for calculations to be
comparable and using equal weighting for all study species.

Programs and computer languages

This study was computer based. Several programs and computer languages were used. While
familiar with some of them, we had to learn others from scratch. What is more, apart from ordinary
computers, this study required the use of a computer cluster. Due to the immense amount of data,
we used the High Performance Computing (HPC) Cluster Darwin from Cambridge University in
the UK in order to complete the analysis on time.
ArcGIS Desktop 10.5 (desktop.arcgis.com) was the main program used to manipulate geographic
data on forests, protected areas, key biodiversity areas, development corridors and species
distribution ranges in order to be used to create the nodes (forest patches within species ranges)
for the connectivity analysis. PostgreSQL 9.6 (www.postgresql.org) was used to create the nodes
and generate the size and the distances among them. Both could had being generated using ArcGIS,
but using PostgreSQL was a faster alternative. Conefor 1.0.85 unreleased version
(www.conefor.org) was used to calculate the habitat availability metrics. This version was
provided by Santiago Saura, who is the main developer of Conefor. While Conefor comes both in
graphical user and command line interface we only used the command line interface. Last but not
least, WinSCP (www.winscp.net) and PuTTY (www.chiark.greenend.org.uk/~sgtatham/putty/)
were used to transfer data and control the HPC respectively.
R (www.r-project.org) was the main programming language in this study. It was used for
manipulating and editing files, modelling and creating outputs (maps and figures). It was also used
for running PostgreSQL and Conefor. This way we could combine different actions within one
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script. SQL was another language we used. It was required for running analysis on PostgreSQL.
In addition to these languages, shell scripts were used to control the HPC via ssh remote
connection.
42 scripts in all three programming languages were created for this study. All of them are saved
as open source on GitHub (www.github.com/Konstant1na/Development_corridors). GitHub is a
code host space and all scripts were uploaded using the command line interface of GitHub
Desktop.

Methodological development and analysis

Although we had an initial goal for this study, this goal changed along the way due to many issues
that emerged. There were a lot of decisions made that altered the final outcome of the study. This
section is added to explain all the necessary steps that were carried out and the decisions that were
made for this analysis. Furthermore, this section contains all details about the analysis.
This study as mentioned earlier is part of a bigger project carried out for the Cambridge
Conservation Initiative (CCI). The CCI project plan was to create a framework for assessing
functional connectivity on a global scale, using forest data and bird species with forest affiliations
in Africa. This framework would be developed on forest loss between 2000 and 2014 and then
implemented on development corridors between 2014 and 2050 (when the construction of all
development corridors will be completed). In both cases, it would be assessed what impact, forest
loss and the construction of development corridors, have on the connectivity of forest affiliated
bird species in the whole of Africa.
This study was planned to show the implementation of the framework on development corridors.
However, both cases use the same forest data and bird species and for implementing the framework
to development corridors we only had to add the development corridors data to the forest loss data.
Therefore, for simplicity we created one set of data from the beginning that would be used for both
cases.
Geospatial data

All data collected for this study were in a shapefile format. They were all imported into ArcGIS
for visualization and overlay analysis. Data on forest were overlaid with ecoregions (data_1) to
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split forest habitats into ecoregions. Due to limitations on the amount of nodes Conefor can process
(up to ~10.000), we had to make sure than ecoregions would not exceed the 10.000 nodes. Data_1
was then overlaid with a 20km grid cell layer (data_2) in order to avoid having very big nodes for
the analysis. The forest data contain loss on an annual level. In such a timeframe, small areas of
forest can be lost but big nodes are not likely to disappear, and so are less useful for conservation
prioritization. After some analysis on the percentage of annual forest loss various sizes of grid
cells contained, we found that 10km was the best choice. It contained 30% annual forest loss,
which is the threshold after which the habitat is considered degraded (Andrén, 1994; Martensen,
Ribeiro, Banks-Leite, Prado, & Metzger, 2012; Radford, Bennett, & Cheers, 2005). However, a
10km grid was resulting in many ecoregions having more than 10.000 nodes, therefore we ended
up using the second best option, 20km, although it contained less than 30% annual max loss.
Data_2 was overlaid with data on protected areas (data_3) and key biodiversity areas (data_4).
Last but not least, data_4 were overlaid with the development corridors data, creating our final
shapefile which will be used for creating nodes and links for the connectivity analysis. In all steps,
multipart to singlepart analysis was conducted to limit artefacts of overlaying data. Last but not
least, areas smaller than 1km were aggregated with other small patches, within the arbitrary chosen
distance of 1.5 km, in order to reduce the number of nodes created for each ecoregion. We
aggregated only smaller patches, as these typically have a small contribution to habitat availability.
The final shapefile contained 92 ecoregions in different sizes in regards to the number of nodes
(Table S1). The biggest ecoregion had 21.170 nodes, while the smallest one had 1 node. All
ecoregions bigger than 10.000 nodes had to be excluded from the analysis due to Conefor
limitations. Therefore, we continued our analysis with 85 ecoregions.
Nodes and distances

The final shapefile was then imported into PostgreSQL. Using a script we wrote, that could call
PostgreSQL through R, and run sql scripts, we generated and edited outputs from PostgreSQL.
This script, overlaid the final shapefile to each species range and created one node file (nodes_sp)
for each species in each ecoregion, containing the id and the size of all the nodes. It also calculated
the euclidean distance among the nodes of each species and created a distances file (distances_sp)
that contained three columns, two with the ids of the two nodes that their distance is calculated
and one with the actual distance.
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Euclidean distances are easy to compute, but they consider the matrix to be uniform. We wanted
to have ecologically meaningful distances without spending a lot of time, and therefore we
conducted some extra analysis. In order to find the relationship between euclidean distances and
circuitscape resistances, we used data from a previous analysis an intern in UNEP-WCMC had
conducted in West Africa. This analysis provided us with euclidean distances and circuitscape
resistances for 54 forest affiliated bird species. We generated models in R, to investigate the
relationship between them. All models had a poor fit because the data were incredibly scattered.
Only when we divided the species into groups were we able to fit good models. We find out that
the best way to convert euclidean distances into circuitscape resistances is by dividing species into
taxonomic groups. However, we did not use the results to the analysis, because the taxonomic
level you choose to split the species into groups, affects the results, and therefore our analysis
would be biased. Therefore, we only used euclidean distances.

Challenges

Proceeding to the actual connectivity analysis, computational issues came up. Analysis to this
point was performed by a regular personal computer (Processor: Intel(R) Core(TM) i7-4500U @
1.80GHz to 2.40GHz; RAM: 8 GB) on Windows 10 system software. On such a computer,

Figure 4. Relationship of processing time (hours) and number of habitat patches.
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Conefor would take 17 hours to generate the habitat availability metrics for one species with
~2,100 nodes. Some species with broad distribution ranges have more than 6.000 nodes and
ecoregions have an average of 400 species each. However, it is not possible to calculate the amount
of time it would take for a medium size ecoregion (4.000 nodes) to run, because the relationship
of time and number of nodes is non-linear (Figure 4).
Even if it is not possible to calculate the exact time needed, it is clear that it is a lot, especially
when there are 85 ecoregions to run. This led to the decision of using the HPC from Cambridge
University. The HPC consists of 9.600 computer nodes and a server of 64 GB RAM. Each node
consists of two 2.60 GHz eight core Intel Sandy Bridge E5-2670 processor. This structure would
allow us to do parallel analysis, and instead of getting results for only one species with 2.100 nodes
in 17 hours, we could get results for up to 9,600 species in 17 hours.
However, the HPC has a waiting list, and your position on that list is calculated based on the time
your analysis will take to run. The faster the analysis, the higher rank you get on the queue. In that
case, we had to split our data into smaller parts, so that we get a higher rank on the queue and
complete the analysis as soon as possible. In addition to that, we had to model the relationship of
the number of nodes and the time the analysis would take to run. We generated models and got a
time prediction for each species on each ecoregion. We also used a feature that exists only on the
unpublished version of Conefor, in which by adding a third column on the nodes file with the
values of 1 (run) or -1 (do not run), you can control for which nodes the analysis will run. Thus,
we created hundreds of copies of the nodes files for each species, where each copy will run only
10 nodes and they would require less than 10 minutes to run the analysis on Conefor. This resulted
in having some ecoregions with hundreds of thousands of files. Unfortunately, transferring so
many nodes and distances files from a personal computer to the HPC, for one ecoregion, would
take up to 2 days. Another downside apart from taking a long time to transfer files, is that we
managed to “clog” the HPC by submitting 140.000 jobs. The HPC support team had to cancel all
our analysis in order to set the HPC running again.
By that point, time was limited and therefore we decided to restrict our analysis to West Africa
(Figure 5), and exclude the development corridors analysis from this study. West Africa consists
of 10 ecoregions, and 578 species in total. Even so, we had to use the HPC, but change our
approach slightly. Instead of having 10 minutes long jobs that would result in thousands of files,
we used 3 hour long jobs. In this case, we had faster transfer of files and did not cause further
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Figure 5. Lost forest (yellow) and forest (green) between 2000 and 2014 divided by ecoregions in West Africa.

problems to the HPC. After generating the Conefor outputs, all results were downloaded to a
personal computer in order to create the final outputs of the analysis with R.
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Results

Although the analysis was restricted to West Africa, there was not enough time to run the analysis
for all 10 ecoregions. We managed to run 8.5 ecoregions, a total of 578 bird species and 11,096 nodes.
Results were acquired both on the network level and on the species level. At the network level, results
were produced for the forest habitat patches, and for the protected areas located on the areas of
interest. At the species level, Gyps africanus (white-backed vulture), an endangered (based on the
IUCN Red List) bird species was used as a case study.

Network level connectivity

Between 2000 and 2014, both the forest habitat and the connectivity of the forest habitat patches in
West Africa reduced (Figure 6). The total forest area was reduced by 2%, while the equivalent
connected areas (ECA) was reduced by 30%. The ECA values in Figure 6 represents the mean ECA
value amongst all bird species in West Africa.

Figure 6. Change of the total area of forest habitat (green) and ECA
(beige) between 2000 and 2014 in West Africa.
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Analysis of the forest habitat patch importance in 2014, showed that isolated patches are of less
importance for the connectivity of the network (Figure 7). On the other hand, habitat patches that are
close to each other appear to have varying importance. In Figure 7, pink cells represent the top 20%
of areas in which the highest forest loss occurred in 2014. In many cases, pink cells overlay and are
adjacent to habitat patches that have high importance (contribution) to the connectivity of the
network.

Figure 7. Importance of habitat patches in 2014, in West Africa. Lighter colours represent habitat patches of low
importance, while darker colours represent habitat patches of high importance for the connectivity of the network. Pink
cells are the top 20% of habitat patches in which the highest rates of forest loss took place in 2014.
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Analysis was also conducted on the current system of protected areas in West Africa (Figure 8).
Overlaying the location of current PAs and the node importance in 2014, shows that most of the PAs
cover habitat patches that have low contribution to the connectivity of the system. Although there are
many protected areas in Ghana (down-left figure), and many patches of high importance located there,
most of the PAs cover areas of low importance. Similarly on the left side of our study area, there are
PAs established, but the habitat patches located there are of low contribution. Only in Cameroon
(down-right figure) PAs cover habitat patches of high contribution to the connectivity of the network.

Figure 8. Protected areas and importance of habitat patches in 2014, in West Africa. Lighter colours represent habitat
patches of low importance, while darker colours represent habitat patches of high importance for the connectivity of
the network.
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Species Level connectivity

Apart from the network level connectivity, analysis was conducted on species level as well. Figure 9,
shows the change of ECA between 2000 and 2014 for the vulnerable bird species, while Figure 10
shows this change for the endangered bird species in West Africa. There were no critically endangered
species in the forest covered by this analysis. Both for the vulnerable and endangered species, apart
from species where ECA was not affected by the loss of forest habitat, ECA was reduced. Different
species have been affected to different levels.

Figure 9. Change of ECA between 2000 and 2014 for the vulnerable (VU) bird species in West Africa.
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Figure 10. Change of ECA between 2000 and 2014 for the endangered (EN) bird species
in West Africa.

In the case study for the endangered bird species Gyps africanus in West Africa, we can see that there
are only a few habitat patches of high importance, some in the far right of its range distribution and
some of the far left (Figure 11). Most of the habitat patches where G. africanus is present, are of low
importance. What is more, on the habitat patches of high importance and adjacent to them on the far
right of its range distribution, areas of recent (in 2014) forest loss exist. Areas of recent loss appear
to be more densely distributed around that area of high importance for G. africanus. Areas of recent
loss are scarcer and smaller on the left side of its distribution.
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Figure 11. Importance of habitat patches in 2014, for the endangered species Gyps africanus (white-backed vulture) in West Africa.
Lighter colours represent habitat patches of low importance, while darker colours represent habitat patches of high importance for
the connectivity of the network. Pink habitat patches are the top 20% of habitat patches in which the highest rates of forest loss
took place in 2014.
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Discussion

Most of the studies of functional connectivity focus on small landscapes and mostly on one species,
and this focus allows for detailed work. However, when studies focus on bigger scales, the work they
produce is less detailed and more abstracted. This study, although it did not manage to assess the
connectivity of the whole of Africa due to limited time, still managed to create a framework for a
detailed analysis of connectivity beyond the local scale, using a representative number of species.
This framework offers insights for connectivity both at the network level and the species level,
qualifying it an important tool for conservation planning.

Network level connectivity

The spatial configuration of habitat patches are well accepted to have an important role in
metapopulation dynamics, and the survival of species populations. As habitats become more and
more fragmented, connectivity reduces, so the ability of the species to move from one patch to
another is lower, and so are the chances for survival. Unfortunately, connectivity is affected more
than the overall quality of actual habitat (Figure 6). The connected area (ECA) is far less than the
forest habitat in 2014. This means that there is more habitat in the landscape than the species can
easily reach. This is alarming, and points out that underlying processes (such as natal dispersal)
which in many studies are ignored, change how we perceive a landscape. However, the magnitude
of the difference between habitat area and ECA is likely due to using total area change as opposed
to mean area change from all the species, while ECA is a result of the mean ECA change.
The information that can be acquired from this framework is of practical use, and that was our
intention from the beginning. For example, in Figure 7 we calculated the importance of each
habitat patch as an average among the species. In this case we have identified areas that are of high
importance (darker colours) for connectivity in general, for birds in West Africa. Obviously,
including all forested areas in West Africa, in the analysis, would change our results. Our results
show that isolated patches, and small patches mainly located at the edges of forested areas,
contribute less to the connectivity of the network. This is not an unexpected result, as species do
not use the edges of a rather compact habitat area often, and nor do they choose to expose
themselves and move towards isolated habitat patches if there is no need to. In order to improve
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our predictions, in future analysis, the importance of each habitat patch could be weighted by its
area (i.e., importance for connectivity per km2). We have already removed most of the bias that
can result from the effect of the area, by using a 20km grid. This way there are no huge differences
in regards to the size of the habitat patches.
The patches of high importance for the connectivity of the network should be a priority for future
conservation planning. Especially the ones in which habitat loss takes place in or adjacent to them
(Figure 7). Areas where recent habitat loss has occurred, should have higher chances of degrading
more in the future, as there are already pressures present in that area that causes habitat loss. Recent
habitat loss is therefore a simple proxy for near future habitat loss and, combined with the mean
connectivity layer provides areas of interest for conservation prioritsation.
This links well with the PAs map (Figure 8). There is an extensive network of PAs in West Africa,
which fails to protect the important areas at least in regards to connectivity. This can have two
explanations. Either the habitat patches that PAs cover, were of good quality and important to
connectivity in the past, but insufficient management of the PAs resulted in degraded habitat, or
the establishment of PAs did not take into account connectivity. Maybe reality lies somewhere in
between. Based on Figure 8, while PAs in Cameroon seem to be covering areas of importance for
connectivity, in the Ghana region PAs could either be extended or money should be allocated to
establish new ones or for habitat management. However, habitat availability for forest birds is
likely only one aspect to be taken into account in any such process.
Creating more resilient systems to changes by promoting connectivity, will not only protect
biodiversity from imminent human induced destruction, but it will also allow, for some species at
least, to be resilient to the projected impacts of climate change.
There are two aspects of the analysis that we did not manage to investigate. One aspect is the
connectivity between ecoregions. Approaches for achieving this in the current framework could
be adapted from recent analyses (Santini et al., 2016; Saura, Bastin, Attistella, Mandrici, & Dubois,
2017), as this is important to include in a global scale assessment of connectivity. Due to analytic
restrictions of the tools developed to assess connectivity, analysis on a large geographic scale needs
to be divided into smaller areas. Those smaller areas are also connected between them, and that
connectivity is also important. The other aspect has to do with calculating distances between
habitat patches. This is a time consuming process that would need to become a separate project in
order to model effective distances. Based on bibliographic sources and expert opinions, resistance
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maps for each species need to be created. These maps later could be used in Least-cost analysis,
or Circuitscape to generate distances between patches. Such approaches allow connectivity
analysis to depict reality more closely, although this relies upon an understanding of speciesspecific ecology that is often lacking. In addition any such analysis with so many patches (nodes)
would itself be a huge processing challenge even with recent advancements in cloud-based
computing.

Species Level connectivity

Our framework can provide extensive information at the species level as well. Being unable to
succinctly present results for all 578 species, we chose to focus on the species that are of more
interest. These are the vulnerable (VU), endangered (EN) and critically endangered (CR) species,
based on the IUCN Red List categories. No critically endangered species were present in our
analysis in West Africa, however both the vulnerable and endangered species reacted similarly to
forest loss, in regards to connectivity (Figure 9, 10).
Vulnerable and endangered species were either not affected by forest loss, or their ECA decreased
between 2000 and 2014. ECA gives a clearer picture of what is left of a species range, and it seems
that species react differently. Comparing ECA to habitat area for each species, as in Figure 6,
would provide a clearer view of the impact forest loss had on their connectivity, but time
restrictions did not allow us to do so. ECA remained the same between 2000 and 2014 for some
species, this could be for several reasons. First of all, these species might be generalists, and
fragmentation of their habitat is not affecting them as does with others. They may be capable of
long range dispersal and have broad distribution which would counteract the results of habitat loss,
and allow species to move without difficulty within their distribution range.
Although species live in the same habitat and belong to the same taxon group, they still vary in
regards to their traits and their interactions with other species. Analysis on connectivity could be
taken further if species were upweighted or downweighted based on their sensitivity to
fragmentation. At this point, with the resources available, this approach would be quite arbitrary.
Species however do not vary only on their traits, but also on their interactions with other species.
Their survival, amongst other aspects, is a combination of the availability of resources and species
competition. Likewise, biotic interactions should play an important role in connectivity as well.
For instance, habitat loss for a specific species might look alarming. However, habitat loss may
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cause the contraction of the distribution ranges of species that compete with that species, and as a
result our species will have ecological space available to occupy, and expand its range within its
ecological niche. In this case, connectivity for that species would be increased. This example leads
to the conclusion that apart from the land cover maps, species distribution ranges should be
updated often and taken into account in connectivity analysis, not only as a starting point.
In the case study for the endangered species Gyps africanus, ECA was reduced by 23.3% between
2000 and 2014, nearly ¼ of its reachable habitat was lost. G. africanus is a species with a broad
distribution range, covering 5 African countries (Figure 11). In the habitat patches that it has left,
we can see that only few of them have high contribution to connectivity. In Figure 11, we can see
that in these patches and adjacent to them, recent forest loss occurred. Assuming that loss will
continue to occur in that areas, the patches of high importance are likely to deteriorate. Creating
maps like Figure 11, gives us insight of the important areas for the survival of that species.
Incorporating an analysis like ours, will lead to more effective conservation planning and
management decisions.
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Conclusion
Now more than ever, the protection of biodiversity should be the number one priority. Climate
change in combination with human induced destructions, is altering the face of this world, and it
is of major importance that we are aware of the consequences it will have on biodiversity, land
use, ecosystem services and the economy in order to be well prepared. Apart from understanding
better the reasons behind the rapid biodiversity loss that takes place nowadays, and take actions to
alleviate it, connectivity could be the way forward. It can be used to make more accurate future
predictions, create more efficient protected area networks and management plans, and create more
resilient systems.
Our analysis was ambitious for a master’s level project. It might not have managed to assess
connectivity for the whole of Africa, but it did set the foundation to do so. This framework moves
beyond structural connectivity, can be implemented in a variety of taxon groups, and sets a baseline
for further evolution in the field of connectivity. Such analysis was missing, and we managed to
create a novel framework, with open source code which allows easy and fast reproduction of the
analysis. Our suggestions, in combination with approaches of other scientist could improve our
framework even more. This framework could become a powerful tool, which can be used in
combination with decision support tools which are able to utilise species-specific outputs, such as
Zonation and MaxEnt, for future conservation planning.
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Appendix
Table S1. Number of nodes for each ecoregion on the final shapefile.
Number of

Ecoregion

nodes

Central Zambezian Miombo woodlands

21170

Eastern Miombo woodlands

13539

Southern Congolian forest-savanna mosaic

11293

Angolan Miombo woodlands

10588

Western Congolian forest-savanna mosaic

10583

Madagascar lowland forests

10519

Drakensberg montane grasslands, woodlands and
forests

10488

Northern Congolian forest-savanna mosaic

8707

Guinean forest-savanna mosaic

8028

Northeastern Congolian lowland forests

7798

East Sudanian savanna

7149

Eastern Guinean forests

6617

Victoria Basin forest-savanna mosaic

6537

Western Guinean lowland forests

6256

Northwestern Congolian lowland forests

5797

Albertine Rift montane forests

5572

Southern Zanzibar-Inhambane coastal forest mosaic

5519

Eastern Arc forests

4887

Northern Zanzibar-Inhambane coastal forest mosaic

4675

Zambezian and Mopane woodlands

4497

Madagascar dry deciduous forests

4438

Madagascar subhumid forests

4257

Central Congolian lowland forests

3971

Atlantic Equatorial coastal forests

3930

Southern Miombo woodlands

3760

Western Congolian swamp forests

3213
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East African montane forests

3028

KwaZulu-Cape coastal forest mosaic

2897

Cross-Sanaga-Bioko coastal forests

2789

Mediterranean woodlands and forests

2749

Ethiopian montane forests

2692

Ethiopian montane grasslands and woodlands

2671

Cameroonian Highlands forests

2338

Zambezian flooded grasslands

2286

Maputaland-Pondoland bushland and thickets

2259

Nigerian lowland forests

2215

Maputaland coastal forest mosaic

2124

Central African mangroves

1964

Madagascar succulent woodlands

1853

Eastern Congolian swamp forests

1741

Southern Rift montane forest-grassland mosaic

1622

Montane fynbos and renosterveld

1559

East African mangroves

1487

Angolan scarp savanna and woodlands

1441

Guinean montane forests

1201

Guinean mangroves

1191

Lowland fynbos and renosterveld

1083

Knysna-Amatole montane forests

823

Northern Acacia-Commiphora bushlands and thickets

796

Southern Acacia-Commiphora bushlands and thickets

785

Mediterranean conifer and mixed forests

749

Lake

747

Zambezian Cryptosepalum dry forests

724

Zambezian coastal flooded savanna

700

Angolan montane forest-grassland mosaic

677

West Sudanian savanna

593

Eastern Zimbabwe montane forest-grassland mosaic

573

Zambezian Baikiaea woodlands

570
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Albany thickets

504

Madagascar spiny thickets

464

Southern Africa bushveld

462

Niger Delta swamp forests

386

Somali Acacia-Commiphora bushlands and thickets

358

Ethiopian montane moorlands

334

Comoros forests

319

Madagascar mangroves

280

Western Zambezian grasslands

255

Itigi-Sumbu thicket

251

South Malawi montane forest-grassland mosaic

248

Southern Africa mangroves

211

Cross-Niger transition forests

205

Rwenzori-Virunga montane moorlands

201

Saharan flooded grasslands

199

East African montane moorlands

182

Madagascar ericoid thickets

100

Nama Karoo

82

Mount Cameroon and Bioko montane forests

51

Serengeti volcanic grasslands

45

Mediterranean dry woodlands and steppe

40

Sao Tome, Principe and Annobon moist lowland
forests

40

Highveld grasslands

26

Angolan Mopane woodlands

22

East African halophytics

8

Nile Delta flooded savanna

6

Somali montane xeric woodlands

5

Aldabra Island xeric scrub

4

Mediterranean acacia-argania dry woodlands and
succulent thickets
Jos Plateau forest-grassland mosaic

3
2

50

Namibian savanna woodlands

2

Sahelian Acacia savanna

2

Zambezian halophytics

2

Drakensberg alti-montane grasslands and woodlands

1
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