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Although its effectiveness (or cost-effectiveness) is still debatable, 
connecting habitat remnants with conservation corridors is an approach 
to mitigate negative effects of the loss and fragmentation of wildlife 
habitat on biodiversity. Planning and decision on conservation corridors 
tend to involve multiple—often subjective and uncertain—factors ranging 
from environmental and economic to social and political. Thus, actual 
corridors may not be fully connected but composed of isolated habitat 
fragments. To offer computational support in planning such ‘stepping 
stones’ corridors, we design and implement a raster-based GIS model 
that characterizes and searches for an optimal sequence of isolated 
patches as stepping stones across a mosaic of land covers. The model is 
unique in two aspects. First, it simultaneously selects stepping stones to 
be included and a path through which they are to be traversed, which 
collectively form a corridor. The latter would be useful information in 
planning on where to perform certain actions (e.g., planting) to 
encourage organisms to follow the corridor. Second, unlike existing 
least-cost path models, it does not require the quantification of land 
covers in terms of their suitability (or cost) for being included in the 
corridor, but only requires the rank-ordering of them. This would not 
eliminate all the subjectivity or uncertainty involved but reduce it 
substantially. We apply the model to a conservation project in Rwanda 
that aims to increase the connectivity of two national parks via the 
establishment of a hedgerow of native plants for dispersal of pollinator 
birds. Results suggest that the model allows for a rapid first delineation 
of candidate routes for stepping stone corridors and facilitates the early 
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exploratory stages of conservation projects. 
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ABSTRACT

Although its effectiveness (or cost-effectiveness) is still debatable, connecting habitat 

remnants with conservation corridors is an approach to mitigate negative effects of the loss 

and fragmentation of wildlife habitat on biodiversity. Planning and decision on conservation 

corridors tend to involve multiple—often subjective and uncertain—factors ranging from 

environmental and economic to social and political. Thus, actual corridors may not be fully 

connected but composed of isolated habitat fragments. To offer computational support in 

planning such ‘stepping stones’ corridors, we design and implement a raster-based GIS model 

that characterizes and searches for an optimal sequence of isolated patches as stepping stones 

across a mosaic of land covers. The model is unique in two aspects. First, it simultaneously 

selects stepping stones to be included and a path through which they are to be traversed, 

which collectively form a corridor. The latter would be useful information in planning on 

where to perform certain actions (e.g., planting) to encourage organisms to follow the 

corridor. Second, unlike existing least-cost path models, it does not require the quantification 

of land covers in terms of their suitability (or cost) for being included in the corridor, but only 

requires the rank-ordering of them. This would not eliminate all the subjectivity or uncertainty 

involved but reduce it substantially. We apply the model to a conservation project in Rwanda 

that aims to increase the connectivity of two national parks via the establishment of a 

hedgerow of native plants for dispersal of pollinator birds. Results suggest that the model 

allows for a rapid first delineation of candidate routes for stepping stone corridors and 

facilitates the early exploratory stages of conservation projects.

Keywords: Landscape connectivity, animal dispersal, pollinator corridors, conservation 

planning, path optimization, geographic information systems
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1. INTRODUCTION

Landscape connectivity—“the degree to which the landscape facilitates or impedes movement 

among resource patches” (Tailor et al. 1993)—is an important characteristic of a landscape 

and has been an active area of research in biology and ecology. It is often degraded by the 

loss or fragmentation of habitat, which isolates subpopulations of species (Saunders et al. 

1991) and reduces their movement and gene flow (Simberloff and Cox 1987, Rudnick et al. 

2012), which, in turn, jeopardizes their persistence (Fahrig and Merriam 1994, Smith and 

Hellmann 2002) and may even cause their extinction (Fahrig 2003).

While its effectiveness has been debatable (Noss 1987, Hobbs 1992), the creation of 

corridors remains one approach to maintaining and restoring landscape connectivity (Beier 

and Noss 1998, Bennett 2003, Stewart et al. 2019). As variously referred to as a “conservation 

corridor” (Lombard et al. 2010), “dispersal corridor” (Hill 1995, LaRue and Nielsen 2008), 

“wildlife corridor” (Fleury and Brown 1997, Perkl 2016) depending on context, a corridor is a 

strip of (typically vegetated) land connecting isolated habitat remnants (Hill 1995, Haddad et 

al. 2003, Beier et al. 2008, Chetkiewicz and Boyce 2009, Stewart et al. 2019). These corridors 

are expected to function as conduits for the dispersal of animals (Simberloff et al. 1992) and 

also of seeds (Lynch 2019) and pollen (Tewksbury et al. 2002, Townsend and Levey 2005, 

Klaus et al. 2015, Kormann et al. 2016).

When it is difficult to establish continuous linkage between target habitat areas 

because of, e.g., human settlement and development (Bennett 2003; Lynch 2019, Hilty et al. 

2020), a corridor may take the form of a sequence of small isolated patches commonly 

referred to as “stepping stones” (Baum et al. 2004, Stewart et al. 2019). These stepping stones 

serve as stopovers for organisms that migrate between existing habitat areas (Gilpin 1980, 

Saura et al. 2014) or disperse to new places for colonization (Kramer-Schadt et al. 2011). A 

stepping stone corridor can be an alternative to a contiguous corridor, especially when 
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budgets for the establishment of corridors are limited as is the case with many conservation 

projects (Kettunen et al. 2007).

Albeit in early exploratory stages, one such project has been conducted by a 

conservation NGO, the Dian Fossey Gorilla Fund International, in Rwanda. It aims to 

establish pollinator corridors in the agriculture-dominated northern part of the country, 

roughly between Volcanoes National Park and Gishwati-Mukura National Park. Such 

corridors would serve to increase (pollinator) biodiversity in agricultural field margins while 

facilitating migration and dispersal for numerous invertebrates and small-bodied vertebrates, 

notably birds. Of particular focus is nectar-feeding species such as sunbirds (Nectariniidae), 

which play important roles in ecological processes including plant regeneration and nutrient 

cycling through pollination.

The project emphasizes the following two aspects to reduce the associated cost and 

risk (Dian Fossey Gorilla Fund International, pers. comm.). One is to designate existing forest 

patches as stepping stones and plant fast-growing plants such as shrubs (possibly with 

artificial perches) between them to encourage birds to follow them. The other is to utilize 

existing linear landscape features (e.g., property boundaries and roads) as planting sites as 

much as possible in order to minimize impacts on existing land uses. As illustrated in Figure 

1, a key task in this approach is to identify a sequence of forest patches as potential stepping 

stones that meets specific criteria concerning the dispersal of birds and the cost of planting. 

Since there are a prohibitively large number of combinations of forest patches in the study 

area, we expect computers to facilitate at least an initial screening process.
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Figure 1: An illustration of a sequence (indicated by line segments) of forest patches (colored 
in green) as stepping stones. 

Geographic information systems (GIS) are increasingly popular tools for 

computational support in habitat connectivity analysis (Graham 2001, Adriaensen et al. 2003, 

Chardon et al. 2003, Driezen 2007, Wang et al. 2008, Pinto and Keitt 2009, Rayfield et al. 

2010, Sawyer et al. 2011, Rudnick et al. 2012, Stevenson-Holt et al. 2014, Etherington 2016, 

Cushman et al. 2018). Besides the obvious benefits of storing and presenting digital landscape 

data, they offer conservation researchers and practitioners the function of “least-cost path” 

search (Henein and Merriam 1990, Adriaensen et al. 2003, Larkin et al. 2004, Chetkiewicz 

and Boyce 2009, Rayfield et al. 2010, Poor et al. 2012, Etherington and Holland 2013). Given 

a pair of source and sink locations and a raster cost surface (i.e., a grid of cells, each having a 

value representing cost per unit length), this function finds a least-cost path (i.e., a sequence 

of cells whose cost-weighted length is minimized).

At first glance, it seems that the task of selecting stepping stones illustrated above is a 

straightforward instance of the least-cost path model. This may not be the case with the 
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project mentioned above, however, for at least two reasons. First, there is no obvious means 

to quantify the cost of a sequence of stepping stones. This is because while experts may be 

able to judge which land cover is more (or less) suitable for planting shrubs as well as for 

dispersal of birds, no quantitative information is available on how much more (or less) 

suitable one land cover is than another land cover. This means that no cost grid is available at 

least in the conventional form. Second, while the two national parks are designated as the 

source and sink, it is unknown (and thus must be searched) which forest patches serve as 

stepping stones. One might consider calculating a least-cost path (or any other type of optimal 

path) between every pair of forest patches and finding the best sequence of stepping stones 

between the terminal patches through these paths. This approach would work when a 

relatively small number of forest patches are involved, but its scalability might be limited.

Accordingly, the objective of this paper is twofold. First, it aims to design a spatial 

optimization model for stepping stone corridors and a computationally efficient method for its 

solution. Then it will demonstrate a concrete example of use of the model in application to a 

real-world conservation project.

2. MATERIALS AND METHODS

2.1 Stepping stone model description

We describe a generic raster-based spatial optimization model for finding a sequence of 

stepping stones in terms of its assumptions, representation, and solution. It is raster based as a 

given study area is discretized into a grid of cells and all data associated with it are encoded in 

raster format. It is generic as it assumes only a small set of geometric conditions on the 

feasibility and optimality of a sequence of stepping stones. Because of this lack of specifics, 

the model’s output should not be taken as the final form of a stepping stone corridor to be 
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implemented in any conservation project but only as a rough sketch that initiates or facilitates 

its early exploratory stage.

2.1.1 Assumptions

The assumptions on which the model is based include:

1. Potential stepping stones are given, two of which are designated as terminuses (i.e., 

source and sink).

2. If two consecutive stepping stones in a sequence exceed a specified threshold distance, 

a specified action (e.g., planting) is required between them. The amount of the action 

required is proportional to the length by which the distance between those stepping 

stones exceeds the threshold distance.

3. A land cover map is given (in raster format), and all its land cover types are ordered 

(and thus need not be quantified) in terms of their suitability for the specified action.

4. A sequence of stepping stones is better than another if it requires a smaller amount of 

the specified action on the least suitable land cover. If the two sequences were tied, 

they are similarly compared in terms of the amount of the specified action required on 

the 2nd least suitable land cover, then on the 3rd least suitable land cover, and so on 

until the tie is broken.

2.1.2 Representation

A stepping stone is represented by a connected set of cells of the study area encoded in raster 

format (see, e.g., Figure 1). As assumed in Assumption 1, potential stepping stones are input 

to the model and thus they must be delineated in advance. This preprocessing may be 

automated with an existing GIS, e.g., by first selecting all cells having a specified land cover 
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type, then uniquely identifying connected sets of them, and finally selecting those sets that are 

larger than a specified threshold area.

A sequence of stepping stones is identified by a path (see, e.g., Figure 1). Assumption 

2 implies that some sequences of stepping stones require no action because they include no 

pair of consecutive stepping stones that exceeds the specified threshold distance. It is easy to 

find such sequences with an existing GIS by buffering each potential stepping stone to a 

distance of half of the threshold distance and dissolving the boundaries of all the resulting 

buffers. As illustrated in Figure 2, a contiguous union of such buffers contains a sequence of 

stepping stones such that no two consecutive stepping stones are farther than the threshold 

distance.

Figure 2: A sequence (identified by a path) of stepping stones selected from potential 
stepping stones (colored in green) with no action required. Note that a buffer (blanked) is 
created around each stepping stone with a distance of half of the threshold distance. 
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A land cover map labels each cell of the gridded study area with a land cover type. 

While the amount of work required between stepping stones is calculated independently of 

the underlying land cover type as assumed in Assumption 2, it may well be interpreted 

differently on different land cover types, which are ordered as assumed in Assumption 3. 

More specifically, a land cover map, together with Assumption 4, enables one to determine 

which is the better of two sequences of stepping stones and, in turn, which is the best among 

all sequences of stepping stones. Figure 3 illustrates an example in which two sequences of 

stepping stones are compared on a binary land cover map. Sequence 1-2-3-5 is the better 

because it goes a shorter distance on the less suitable land cover and thus requires less action.

 

Figure 3: Comparison of two sequences (identified by paths) of stepping stones (indexed and 
colored in green) on a binary land cover map (the less suitable land cover is shaded more 
darkly). Note that a buffer (blanked) is created around each stepping stone with a distance of 
half of the threshold distance. 
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A path that identifies a sequence of stepping stones also allows us to evaluate it. To 

see this, take the path identifying sequence 1-2-3-5 on the binary land cover map in Figure 3 

as an example. According to Assumption 2, the amount of the action required by this 

sequence is calculated by 1) measuring the length of the path segment between stepping 

stones 1 and 2 that intersects the more suitable land cover map, 2) the length of the path 

segment between stepping stones 3 and 5 that intersects the more suitable land cover map, and 

3) the length of the path segment between stepping stones 3 and 5 that intersects the less 

suitable land cover map. This calculation correctly disregards all other segments of the path, 

which intersect stepping stones or buffers and require no action. This implies that different 

paths identify the same sequence of stepping stones and equally effectively calculate the 

amount of action it requires, if they are identical outside their stepping stones and buffers—

even if they are different inside them (see, e.g., Figure 4). This, in turn, implies that 

Assumption 2 can be subsumed in Assumption 3 by modifying a land cover map to have all 

stepping stones and their buffers as the most suitable land cover type.

1
2

3

4

5
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Figure 4: Another path identifying the sequence of stepping stones 1-2-3-5 (indexed and 
colored in green) on a binary land cover map (the less suitable land cover is shaded more 
darkly). Its differences from the path identifying the same sequence in Figure 3 were dashed. 
Note that a buffer (blanked) is created around each stepping stone with a distance of half of 
the threshold distance. 

2.1.3 Solution

With the modified land cover map (which regards stepping stones and their buffers as the 

most suitable land cover type), the search of a path that identifies an optimal sequence of 

stepping stones can be formulated as an instance of the shortest path problem with “a 

lexicographic preference relation” (Perny and Spanjaard 2005), which is referred to here 

simply as the lexicographic shortest path problem.

Given a graph in which each arc has two or more lengths arranged in an order of 

preference, the lexicographic shortest path problem is to find an optimal path between two 

specified nodes assuming that:

 a path is better than another if it is shorter in terms of the 1st length, but

 if the two paths are tied, they are similarly compared in terms of the 2nd length, then 

of the 3rd length, and so on until the tie is broken.

A special case of this problem is one of finding a least-cost path on an ordinal-scaled 

cost map (on which cost values are ordered but not quantified) and can be solved by any 

existing lexicographic shortest path algorithm (see Murekatete and Shirabe (2020) for one). It 

is similar to the conventional least-cost path problem except that the condition of an optimal 

path is defined such that:

 a path is better than another if it is shorter in terms of the length of the segment 

intersecting the highest cost cells, but
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 if two paths are tied, they are similarly compared in terms of the length of the segment 

intersecting the 2nd highest cost cells, then of the length of the segment intersecting 

the 3rd highest cost cells, and so on until the tie is broken.

Notice that this condition can be equated to Assumption 4 by regarding suitability as the 

opposite quality to cost and thus the ascending order of suitability as the descending order of 

cost.

Therefore, the procedure designed by Murekatete and Shirabe (2020) can be adapted 

to the search for an optimal sequence of stepping stones as follows.

1. Create a graph such that each node represents a cell and each arc represents a pair of 

adjacent cells.

2. For each arc whose corresponding cells have the same (say the kth least suitable) land 

cover type, set its kth length to the distance between those cells.

3. For each arc whose corresponding cells have different (say the kth and lth least 

suitable) land cover types, set its kth and lth lengths to half of the distance between 

those cells, respectively.

4. Find in the graph a lexicographic shortest path between the two nodes corresponding 

to the given source and sink.

The output path identifies an optimal sequence of stepping stones in the original gridded study 

area as illustrated in Figure 5.
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Figure 5: A lexicographic shortest path identifying the optimal sequence of stepping stones 
between stepping stones 1 and 5 (indexed and colored in green) on a binary land cover map 
(the less suitable land cover is shaded more darkly). Its differences from those paths 
identifying the same sequence in Figures 4 and 5 were dashed. Note that a buffer (blanked) is 
created around each stepping stone with a distance of half of the threshold distance. 

2.2 Model Application

To demonstrate the use of the model presented in Section 2.1, we applied it to an ongoing 

conservation project that aims to establish a corridor to facilitate the dispersal of pollinators 

between two major habitat areas in Rwanda. There is a socio-economic concern that the 

corridor might interfere with the current pattern of land uses. Hence, it is preferred to take 

advantage of existing forest patches as stepping stones, the connectivity between which will 

then be strengthened by planting shrubs where the presence of such vegetation is relatively 

acceptable (if not welcomed)—e.g., along linear features such as roads and property 

boundaries.
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The role of the model was to facilitate an early screening process of the project by 

generating alternative sequences of stepping stones in response to different scenarios, which 

are specified by the following parameters:

 the (minimum) threshold area of a forest patch to function as a stepping stone,

 the (maximum) threshold distance between two consecutive stepping stones for birds 

to manage to fly, and

 the order of land cover types in terms of their ease (or suitability) of planting.

2.2.1 Study area and target species

The study area of the project is an approximately 14 km-by-12 km rectangular area lying on 

the volcanic plains between the Volcanoes National Park (VNP) and the Gishwati-Mukura 

National Park (GMNP) in northwestern Rwanda. Both parks are covered mainly by montane 

forest (Plumptre 1991, Grueter et al. 2013, Chancellor et al. 2012), and contain major habitat 

for multiple species such as primates (Grueter et al. 2018, Chancellor et al. 2012, van der 

Hoek et al. 2019a, Chancellor et al. 2021), amphibians (van der Hoek et al. 2019b), and birds 

(Vande Weghe and Vande Weghe 2011, Gatesire et al. 2014, Derhé et al. 2020, Inman and 

Ntoyinkama 2020). The dispersal of those species between the two parks is limited at least 

partly because most of the habitat patches between them are diminished and fragmented by 

human settlements and their extensive activities of farming (Akinyemi 2017) and grazing 

(Chancellor et al. 2021).

Given that different pollinator species will have different habitat requirements, we 

selected a generalist focal species, the Variable Sunbird (Cinnyris venustus) at least initially. 

The idea behind this selection is that if successful, the corridor will first attract this generalist 

species, then gradually attract more specialized sunbirds such as the Regal Sunbird (Cinnyris 

regius), Rwenzori Double-Collared Sunbird (Cinnyris stuhlmanni), and Malachite Sunbird 
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(Nectarinia famosa) (Acevedo-Charry and Aide 2019), and finally help those that inhabit only 

one of the two parks such as the Purple-breasted Sunbird (found only in GMNP) reach the 

other park. In this way, we would be given a chance of demonstrating a small yet tangible 

outcome at each time when a decision is made of further investment.

2.2.2 Generation of a land cover map

Assuming that the suitability of pieces of land for planting shrubs varies with their cover 

types, we generated a raster land cover map of the study area as input to the model. To this 

end, we acquired a satellite image of the study area with a spatial resolution of 3 m from the 

data catalog of Google Earth Engine (Gorelick et al. 2017). It was originally captured on 

August 15, 2019 by the PlanetScope imaging mission (Planet 2016). The 3 m resolution was 

sufficiently high as many succeeding planting efforts were expected to be made along linear 

features such as roads and property boundaries.

We then processed the satellite image using a pixel-based land cover classification 

method based on a non-parametric machine-learning algorithm called “Support Vector 

Machine” (Vapnik, 1995) in the ENVI 5.3 image processing software. After the initial 

classification, we also used a digital elevation model (DEM) of the study area produced by the 

Shuttle Radar Topographic Mission (SRTM)—a joint effort of NASA, the National 

Geospatial Intelligence Agency, and the German and Italian Space Agencies (Farr et al. 

2007)—to identify tea plantation land, which is spectrally similar to grassland but typically 

found on slopes. The resulting land cover map consisted of seven land cover types including 

settlements, tea plantation, cropland, bare land, grassland, forest, and water bodies (Figure 6). 

Note that we did not distinguish exotic and native forests, as almost all the forests between the 

parks are exotic, which are not as suitable as native forests but still more suitable than the 

other land covers considered in the project.
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Figure 6: Land cover map of the study area. 

2.2.3 Rank-ordering of land cover types

To minimize subjectivity and uncertainty that might be involved, we decided not to quantify 

the suitability of land cover types for shrub planting but only to order them according to our 

anticipation of possible opposition from landowners and dwellers. The resulting ranking is 

presented in Table 1. While it is safe to say that no planting is necessary in forest (ranked 

first) and no planting is possible on water bodies (ranked last), the ranking of the other land 

covers is admittedly still subjective and uncertain and thus should be regarded as hypothetical.
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Table 1: Land cover types ranked in the order of suitability for shrub planting.

One scenario we are interested in testing the model with is that it is relatively easy to 

get permissions to plant shrubs along two types of linear features: roads and boundaries 

between different land covers. For the former, we acquired a vector road network of the study 

area based on a 1:5000 topographic map of 1988 (Figure 7) from the Rwanda Land 

Management and Use Authority and converted it to a raster format. For the latter, we 

delineated edges of cropland from the land cover map, since most non-cropland land covers 

were scattered throughout cropland and thus most land-cover boundaries were found on 

cropland (see Figure 6). All the said processing was done with the ArcGIS software. We 

placed these linear features equally below forests in the revised ranking shown in Table 2.

Rank Land cover type
1 Forests
2 Grassland
3 Bare land 
4 Cropland
5 Tea plantation
6 Settlements
7 Water bodies
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Figure 7: Road network of the study area. 

Table 2: Revised land cover types ranked in the order of suitability for shrub planting.

Rank Land cover type
1 Forests
2 Roads

Edges of cropland
3 Grassland
4 Bare land
5 Interiors of cropland 
6 Tea plantation
7 Settlements
8 Water bodies

2.2.4 Extraction of potential stepping stones and specification of threshold distance 

between them
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a) b)

The threshold area for a forest patch to be designated as a potential stepping stone is an 

important parameter of the model. This is because the areas of stepping stones affect the 

chance of successful dispersal and colonization of species (see, e.g., Saura (2014) and 

Kramer-schadt et al. (2011) for dispersal models for the Black Woodpecker (Dryocopus 

martius) and Eurasian lynx (Lynx lynx), respectively). Although little is known on the 

minimum habitat patch size required by our focal species—and this moreover depends on 

food resource and habitat quality—we used thresholds of 5000 and 10,000 m2 for initial 

exploration purposes as this falls roughly in the range of territory sizes listed for comparable 

species such as certain other sunbirds (Tøttrup et al. 2004) and hummingbirds (Pitelka 1942). 

Then we extracted 244 and 97 forest patches larger than the two respective threshold areas, as 

potential stepping stones (see Figure 8) using the ArcGIS software. We did not increase the 

threshold area any further, because fewer stepping stones would have become too sparse to be 

connected.

Figure 8: Forest patches (colored in green) larger than threshold areas of (a) 5000 m2 and (b) 
10000 m2 as potential stepping stones. 
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Another important parameter of the model is the threshold distance between two 

consecutive stepping stones that do not require shrub planting. This corresponds to “gap-

tolerance: the maximum distance of cleared land between two habitat patches that an 

individual will cross” (Robertson and Radford 2009). We could not find this critical distance 

for the variable sunbird. For the present demonstration, we set it to 50, 100, and 200 m based 

on our speculation from the estimated gap-tolerances for some forest bird species—162 m for 

the green hermit hummingbird (Volpe et al. 2016), 50 m for the chickadees (Desrochers and 

Hannon 1996), 85 m for the shrike-thrush (Robertson and Radford 2009), 65 m for the 

treecreeper (Robertson and Radford 2009), and 50 m for six other species (Ibarra-Macias 

2011)—and expectation of the chance of some individuals to fly across wider gaps.

2.2.5 Generation of lexicographic shortest paths

We generated lexicographic shortest paths between VNP and GMNP according to each of the 

following scenarios on the spatial distribution of the suitability for shrub planting.

1. The suitability for shrub planting is uniform throughout the study area.

2. The suitability for shrub planting varies with land cover type. Land cover types can be 

ranked in the order of their suitability for shrub planting shown in Table 1.

3. The suitability for shrub planting varies with land cover type. Land cover types, which 

here include linear landscape features, can be ranked in the order of their suitability 

for shrub planting shown in Table 2.

For each of the three scenarios, we considered the two threshold areas (5000 and 10000 m2) 

for stepping stones and the three threshold distances (50, 100, and 200 m) for pairs of 

consecutive stepping stones described in Section 2.2.4, which made a total of 18 problem 

instances. Then, we applied to them the solution method presented in Section 2.1.3, which 
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was coded in Java and run on a 2.80 GHz Intel Core i7-7600U CPU processor with 32.8 GB 

of RAM.

3. RESULTS

Under each of the three scenarios described above, six stepping stone corridors were 

generated, each with a unique pair of a threshold area (5000 m2 or 10000 m2) and a threshold 

distance (50 m, 100 m, or 200 m). Figures 9 to 11 show their locations. For each stepping 

stone corridor, we measured the length of the segment inside each land cover type (but 

outside stepping stones or their buffers) and aggregated them for all land cover types. The 

results correspond to the lengths of potential planting on each land cover type and in total, 

respectively, in Tables 3 to 5.
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Threshold distance = 50m Threshold distance = 100m Threshold distance = 200m 

Threshold area
= 5000m2

Threshold area
= 10000m2

a) b) c)

d) e) f)

Figure 9: Stepping stone corridors (specified by solid lines) between VNP and GMNP with two different threshold areas (indicated by rows) 
and three different threshold distances (indicated by columns) under the first scenario on the spatial variation of shrub planting suitability. 
Note that the segments of the paths that do not require shrub planting are not shown. 
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Threshold distance = 50m Threshold distance = 100m Threshold distance = 200m 

Threshold area
= 5000m2

Threshold area
= 10000m2

a) b) c)

d) e) f)

Figure 10: Stepping stone corridors (specified by solid lines) between VNP and GMNP with two different threshold areas (indicated by rows) 
and three different threshold distances (indicated by columns) under the second scenario on the spatial variation of shrub planting suitability. 
Note that the segments of the paths that do not require shrub planting are not shown. 
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Threshold distance = 50m Threshold distance = 100m Threshold distance = 200m 

Threshold area
= 5000m2

Threshold area
= 10000m2

a) b) c)

d) e) f)

Figure 11: Stepping stone corridors (specified by solid lines) between VNP and GMNP with two different threshold areas (indicated by rows) 
and three different threshold distances (indicated by columns) under the third scenario on the spatial variation of shrub planting suitability. 
Note that the segments of the paths that do not require shrub planting are not shown. 
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Table 3: Lengths of potential shrub planting between VNP and GMNP under the first 
scenario on the spatial variation of shrub planting suitability.

Threshold
area
[m2]

Threshold
distance

[m]

Total
length of
potential
planting

[m]
5000 50 4996.2

100 4242.9
200 3019.7

10000 50 5972.4
100 5548.1
200 4714.8

Note that each row represents the stepping stone corridor generated with the associated 
threshold area and distance.

Table 4: Lengths of potential shrub planting (in total and per land cover type) between VNP 
and GMNP under the second scenario on the spatial variation of shrub planting suitability.

Note that each row represents the stepping stone corridor generated with the associated 
threshold area and distance.

Threshold
area
[m2]

Threshold
distance

[m]

Total
length of
potential
planting

[m]

Water
bodies

[m]

Settlements
[m]

Tea
plantatio

n
[m]

Cropland
[m]

Bare
land
[m]

Grassland
[m]

Forests
[m]

5000 50 7409.2 0 0 0 2830.2 914.5 515.7 3148.9
100 6678.4 0 0 0 2446.7 904.8 461.5 2865.4
200 3857.5 0 0 0 1539.0 624.6 300.1 1393.9

10000 50 12736.3 0 0 0 2993.0 1374.9 5363.1 3005.3
100 11924.9 0 0 0 2800.0 1509.3 5227.7 2387.8
200 7034.3 0 0 0 2430.4 956.1 344.8 3303.0
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Table 5: Lengths of potential shrub planting (in total and per land cover type) between VNP 
and GMNP under the third scenario on the spatial variation of shrub planting suitability.

Note that each row represents the stepping stone corridor generated with the associated 
threshold area and distance.

4. DISCUSSION

4.1 Effects of the model parameters

The Rwandan application demonstrated how the proposed model would respond to changes in 

its parameters. Although the uniform-suitability scenario was the least realistic, it helped us 

see the effects of the threshold area and the threshold distance on the output of the model. 

That is, the length of potential shrub planting decreased as the former decreased (see the first 

and third columns of Table 3) and as the latter increased (see the second and third columns of 

Table 3). These two effects can be explained by the increasing numbers of potential stepping 

stones and of pairs of consecutive stepping stones without shrub planting, respectively. This 

can be confirmed visually as well in Figure 9: the smaller the threshold area was and the 

greater the threshold distance was, the more gaps there were in the resulting path.

In the varying-suitability scenario, it was found that the order of land cover types in 

shrub planting suitability greatly influenced the spatial characteristics of the output path. 

Table 4 shows that all the six paths completely avoided the three least suitable land cover 

Threshold
area
[m2]

Threshold
distance

[m]

Total
length of
potential
planting

[m]

Water
bodies

[m]

Settlement
s

[m]

Tea
plantation

[m]

Cropland
[m]

Bare
land
[m]

Grassland
[m]

Linear
features

[m]

Forests
[m]

5000 50 8571.7 0 0 0 0 0 0 8001.8 569.9
100 7530.1 0 0 0 0 0 0 7049.5 480.7
200 5971.6 0 0 0 0 0 0 5222.6 749.0

10000 50 9043.6 0 0 0 0 0 0 8341.8 701.8
100 8612.5 0 0 0 0 0 0 7965.7 646.8
200 7197.6 0 0 0 0 0 0 6467.8 729.9
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types (i.e., water bodies, settlements, and tea plantation) while reducing the crossing of 

cropland and others. As a result, they tended to be more turning and twisting (Figure 10) than 

those in Figure 9. Notice that the two effects observed under the uniform-suitability scenario 

were still present. The path in Figure 10(c), which resulted from the smallest threshold area 

and the largest threshold distance, took the most advantage of stepping stones, and the path in 

Figure 10(d) corresponded to the other extremity.

In the third scenario, the additional consideration of roads and cropland boundaries as 

the second most suitable land cover (next to forests) was found to have a dominant impact on 

the output. As seen in Figure 11, all paths were located mostly along those linear features, in 

particular, roads, and thus looked alike. The numerical results presented in Table 5 support 

this observation. All the six paths had zero lengths on all types of land covers but linear 

features and forests. As seen in Figure 11, all paths were located mostly along these linear 

features, in particular, roads, and thus looked alike. The numerical results presented in Table 5 

support this observation. All the six paths had zero lengths on all types of land covers but 

linear features and forests.

4.2 Utility of the model for corridor planning support

The Rwandan application also demonstrated the utility of the model in the context of corridor 

planning. While the model is designed to generate one sequence of stepping stones for a given 

set of parameters, it is easy to adapt the parameters to particular contexts. In the said 

application, we tried two different threshold areas of stepping stones (5000 and 1000 m2), 

three different threshold distances between pairs of consecutive stepping stones (50, 100, and 

200 m), and three different scenarios on the spatial variation of shrub planting suitability, 

which led to 18 alternatives. While none of them was intended to become the final form of a 

stepping stone corridor, their comparison was expected to help identify incremental pieces of 
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it. For example, an intersection of paths generated with different scenarios might be a good 

candidate site for initial planting for its robustness against the uncertainty in the parameter 

estimation. One such instance is illustrated in Figure 12, which zooms in on a segment of a 

path shown in Figure 11(b) that is identical or substantially similar to the five other paths 

shown in Figure 11, except that it has a gap in the middle indicating no planting necessary. If 

a decision were to be made based solely on this information, it might be to plant shrubs along 

the road going through a settlement and bare land in the north in order to navigate birds to a 

forest patch in the south (pointed by an arrow).

Figure 12: Zoomed-in area of Figure 11(b). 

To further enhance the ability to generate alternatives, it is possible to turn the model 

into a tool that allows planners to express their geographic preference by preselecting 

intermediate stepping stones to be included in the output sequence. This enables them to 
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incorporate factors that might be (at least initially) too intangible to be part of the model. The 

stepping stone corridor illustrated in the introduction (Figure 1) was actually created in this 

way. It is a lexicographic shortest path between VNP and GMNP generated with the same 

setting as for the one illustrated in Figure 9(b) except that it was set to go through a stepping 

stone located in the west of the study area. The (re)setting of parameters as well as the 

selection of intermediate stepping stones can be done graphically and interactively, which will 

help immerse corridor planners in the explanatory phase of a corridor planning process.

4.3 Reduction of uncertainty and subjectivity

One might consider using the conventional least-cost path model in the Rwandan application. 

A critical input to it would be a cost grid in which each cell is assigned a value that represents 

the cost—or any undesirable quantity such as risk or energy loss—per unit area. Cost 

estimation often requires expert knowledge and opinions, which can be subjective or 

uncertain if sufficient information is not available on target landscape and organisms (Beier et 

al. 2008, Rayfield et al. 2010, Spear et al. 2010, Zeller et al. 2012, Ligmann-Zielinska and 

Jankowski 2014). This is problematic because the output of the least-cost path model may 

well be highly sensitive to the underlying distribution of cost values (Schadt et al. 2002, 

Larkin et al. 2004, Driezen et al. 2007, Gonzales and Gergel 2007, Rayfield et al. 2010, 

Murekatete and Shirabe 2018).

It was demonstrated that the present model dispensed with the quantification of cost 

(or suitability as its opposite quality) in view of our lack of key information on the study area 

(e.g., land availability, planting cost, and property ownership) and sunbirds (e.g., dispersal 

range and gap tolerance). Of course, this does not mean that we have completely eliminated 

subjectivity and uncertainty; in particular, our rank-ordering of land cover types in shrub 

planting suitability was subjective and uncertain. Thus, we do not intend our approach to 
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replace the conventional one but would rather propose it as a complementary means for 

corridor planners to obtain a wider variety of alternatives.

5. CONCLUSIONS

Conservation and restoration of wildlife habitat subject to human settlement and development 

is a difficult ecological dilemma to resolve. While we recognize the longer-term consequence 

of degradation of the natural environment, we respect the shorter-term pursuit of quality life 

by each resident. This seems particularly true to fast-growing developing countries like 

Rwanda for which food security and housing stability are as important issues as biological 

diversity and landscape connectivity.

This paper presents a computational tool for assisting conservation planners to tackle 

this dilemma. It is a raster-based GIS model that characterizes and finds an optimal sequence 

of stepping stones between two terminuses across a mosaic of land covers. It is expected to be 

an alternative to a fully contiguous corridor when it is not a viable option to relocate people or 

convert land convers. Another important aspect of the model is that it requires the ordering of 

land cover types in terms of suitability (for a certain activity, e.g., planting) but not their 

quantification. The latter would involve much higher degrees of uncertainty and subjectivity.

Still, we must acknowledge that because of the generic nature of the model, its output 

should be regarded as no more than a rough sketch of a possible passage for simulated 

species. It is then left to conservation planners what needs to be done for it to be embodied as 

a real landscape feature and used by actual species. Also, in view of its limited utility, it might 

be worth to consider using the model as a component of a larger and more complex model 

designed for a specific application, which could be explored in future research.
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