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A rapid assessment
methodology for quantifying
and visualizing functional
landscape connectivity
Nathan H. Schumaker *

Pacific Ecological Systems Division, US Environmental Protection Agency, Corvallis, OR, United States
Context: The number of publications that evaluate or use landscape connectivity

has grown dramatically in recent years. But the biological realism of common

connectivity assessments remains limited. To address this shortcoming, I

introduce a flexible methodology for evaluating functional landscape

connectivity that can be quick to implement, biologically nuanced, and

straightforward to interpret.

Methods: I combined a US Fish and Wildlife Service land cover map with

information from existing empirical studies to develop a movement simulator

for the Fender’s blue butterfly, an endangered species in Oregon, USA. I use the

resulting butterfly model to explore the concepts and mechanics behind my

novel connectivity assessment methodology.

Results:Mymethods are able to identify clusters of connected resource patches,

quantify and visualize movement rates between patches, and identify

opportunities for enhancing connectivity through restoration and mitigation.

My results include an emergent dispersal kernel that captures the influence of

movement behavior on connectivity.

Discussion: The methods I introduce are capable of generating detailed yet

practical connectivity analyses that can incorporate considerable biological and

behavioral realism. My approach is simple to implement, and the requisite data

can be modest. The toolkit I developed has the potential to standardize

connectivity assessments that use either real or simulated movement data.
KEYWORDS

connectivity, movement, simulation model, circuit theory, graph theory,
dispersal kernel
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Introduction

Connectivity assessments are assertions about a landscape’s

ability to facilitate or impede movement (Taylor et al., 2006). In

this context, the things doing the moving are typically living

organisms, but could also include viral pathogens, inert objects,

flows of energy, ideas, and so on. And any measure of connectivity

will be context-specific, as the same landscape can be highly

connected for one species or quantity, while being poorly

connected for others. Connectivity can be a well-defined and

objectively interpretable attribute of fractal-dimensioned networks

(Schmadel et al., 2018; Sarker et al., 2019; Xingyuan et al., 2023;

Clauzel et al., 2024), but tends to be difficult to assess in two or three

dimensional landscapes (Guarenghi et al., 2023; Riordan-Short

et al., 2023; Iverson et al., 2024). Here, I describe a new

methodology for quantifying landscape connectivity in

two dimensions.

Relatively few researchers measure landscape connectivity

directly, as empirical studies sufficient to do so are difficult to

conduct (Fagan and Calabrese, 2006; Ortega et al., 2023; Carroll

et al., 2024; Morin et al., 2024), nearly impossible to replicate, and

because the likelihood of observing interpatch movements will

typically vary with local population sizes and demographic rates

(Mcintire et al., 2007). Instead, mathematical models, computer

algorithms, and movement simulations are frequently employed to

obtain proxies for connectivity. Inferences used to be drawn from

fragmentation indices, which are pattern metrics such as shape

index, fractal dimension, or contagion (O’Neill et al., 1988; Turner,

1989). Fragmentation indices describe landscape patterns, and have

been shown to have a limited ability to anticipate connectivity when

the latter is inferred from the outcome of movement simulators

(Schumaker, 1996). The methods used to evaluate connectivity have

since changed considerably (Mestre and Silva, 2023), due largely to

the development of tools that exploit graph and circuit theories

(McRae, 2006; McRae and Beier, 2007; McRae et al., 2008; Urban

et al., 2009; Perry et al., 2017). These studies, and others, have

inferred patterns of animal movements across large landscapes

(Carroll et al., 2012; Severns et al., 2013; Hromada et al., 2020;

Finerty et al., 2023), identified strengths and weaknesses of

protected area networks (Carroll et al., 2012), prioritized

conservation and restoration activities (Dickson et al., 2017;

Pither et al., 2023), and much more.

Graph theory is the study of mathematical objects called graphs.

In this context, graphs are composed of nodes, which may represent

quantities like resource patches, and edges, which always represent

connections between pairs of nodes. Ecological models building

upon graph theory (Urban et al., 2009), which I subsequently refer

to as “graph models”, require access to a dispersal kernel (Fordham

et al., 2014; Proença-Ferreira et al., 2023). Dispersal kernels are

mathematical structures describing the likelihood of arrival at all

possible future locations, conditioned on an object’s present

location. Dispersal kernels can take the form of continuous

probability density functions, but in graph theory they are

typically square matrices. Once a dispersal kernel has been

formulated, the mathematics of graph theory can be deployed to

reveal a great deal about network or landscape connectivity (e.g.,
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Perry et al., 2017). But the difficulty of collecting empirical

movement data (Fagan and Calabrese, 2006) means that dispersal

kernels are often derived from cost path estimates or similar

measures (Fletcher et al., 2023). Unsurprisingly, conclusions

drawn from pattern-based dispersal kernels can suffer from

biological oversimplification (Fordham et al., 2014).

Circuitscape and Linkage Mapper (McRae et al., 2008, 2016),

which I subsequently refer to as “circuit models’’, have been adopted

widely in ecology, conservation, and other disciplines (Dickson

et al., 2019). Circuit models are software applications that use

electrical theory to infer landscape connectivity from resistance

surfaces (McRae, 2006; McRae and Beier, 2007; Pither et al., 2023).

Resistance surfaces are raster maps in which every pixel has been

assigned a value indicating how likely (low resistance) or unlikely

(high resistance) an object under study would be to enter that cell.

Resistance surfaces are often assembled from extensive empirical

data sets describing gene flow across complex landscapes

(Peterman, 2023; Calderón et al., 2024), or from extrapolations

based upon movement information (Finerty et al., 2023). An

advantage of resistance surfaces is their generality; these maps

need not be species-specific, and the concept is extensible to the

study of a wide variety of endpoints of interest (e.g. Tassi et al., 2015;

Tarkhnishvili et al., 2016; Dickson et al., 2019; Buchholtz et al.,

2023). A limitation stemming from the use of circuit models is that,

regardless of the biological nuance embedded within a resistance

surface, these tools have no direct way to account for dispersal

ability or behavior.

Fragmentation indices measure structural connectivity. Graph

and circuit models, in contrast, attempt to capture functional

connectivity by shifting the perspective from landscapes to

organisms (Carroll et al., 2012; Perry et al., 2017; Dickson et al.,

2019; Finerty et al., 2023; Guarenghi et al., 2023; Pither et al., 2023).

But the term functional connectivity spans a continuum of

biological and behavioral realism that is not thoroughly

represented by these models and methods (Drake et al., 2022).

For a simple illustration of what is missing, imagine a landscape

composed of an array of cells, each having a score indicating its

quality. An individual occupying a cell scored one (poor quality)

might readily elect to move into a cell scored three (moderate

quality). But, for an individual occupying a cell scored five (optimal

quality), this option may appear undesirable. Similarly, behaviors

that affect movement distance and path tortuosity might be

uniquely influenced by an individual’s perception of its recent

movement history. When incorporated, this type of biological

detail is likely to alter estimates of functional landscape connectivity.

Spatial population viability analysis (PVA) models are typically

lifecycle simulators linked to landscape maps. Movement-only

simulators are lower-complexity models that ignore much of the

detail found in a PVA. But in spite of their relative simplicity,

movement simulators can still incorporate dispersal ability, account

for species-landscape interactions and disturbance, and capture

behaviors in which future decisions are influenced by past

experience. And simulation modeling has been widely used for

evaluating functional landscape connectivity (e.g., Kramer-Schadt

et al., 2004, 2011; Revilla et al., 2004; Revilla and Wiegand, 2008;

Pe’er et al., 2011; Kanagaraj et al., 2013; Coulon et al., 2015; Diniz
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et al., 2020). Nevertheless, inferences about connectivity derived

from movement models frequently rely upon visual inspections of

cumulative dispersal traffic (Allen et al., 2016; Hauenstein et al.,

2019; Day et al., 2020; Unnithan Kumar et al., 2022; Hofmann et al.,

2023; Urbina et al., 2023), which my results (see below) suggest may

be misleading. And we lack generic, reusable methods and tools that

transform dispersal information (empirical or simulated) into

utilitarian connectivity assessments complementing those

obtained from graph or circuit models (but see Hofmann et al.,

2023). My study attempts to address both limitations, and to

provide readers with a general solution for teasing insights about

functional landscape connectivity out of movement data, regardless

of its source.

My methods are designed to draw conclusions about functional

connectivity from movement data. Species’ vital rates and life cycles

are not considered, and my results do not forecast population size,

structure, extinction risk, or related measures (e.g., Hanski and

Ovaskainen, 2000). And while I believe my methods will be useful

for prioritizing mitigation and restoration, I have not coupled my

workflow to a formal decision-making rubric (e.g., Westphal et al.,

2003). I place my work within the context of graph and circuit

models, but I do not make direct comparisons between these tools.

With regards to circuit models, I instead emphasize the value of

obtaining connectivity assessments that are sensitive to species’

movement ability and behavior. In the case of graph models, my

methods do not constitute an alternative, but rather a means for

obtaining biologically nuanced dispersal kernels. I do, however,

make an implicit comparison within the context of simulation

modeling by exploring the differences between maps of all

individual movements versus those made strictly from paths

connecting resource patches.

I begin by introducing my connectivity methodology, and then

apply it to a simulated population of Fender’s blue butterflies

(Icaricia icarioides fenderi) occupying a small portion of the

species’ range. My focus is on illustrating the methods I have

developed, and the Fender’s blue butterfly (FBB) case study is

useful in this context (Mcintire et al., 2007). My FBB movement

simulator was informed by data obtained from empirical studies

(Schultz and Crone, 2001; Schultz et al., 2012; Cheryl Schultz, pers.

comm.); and, to the extent possible, its design replicated that of

FendNet, the original spatially-explicit and individual-based FBB

movement simulator (Mcintire et al., 2007; McIntire et al., 2013;

Severns et al., 2013).
Materials and methods

Software tools

I wrote a C-language software utility that performs connectivity

analysis, which I refer to below as “LINK”, since the program

identifies resource patches linked by movement. I also developed a

suite of complementary algorithms that simplify the processing of

LINK input and output. Together, these applications can be

assembled into a workflow for conducting rapid, actionable

connectivity assessments (Figure 1). While the FBB movement
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simulations were conducted in HexSim (Schumaker and Brookes,

2018) all of my other analyses were performed using stand-alone

utilities. I’ve made this code available to readers, along with a fully

illustrated example connectivity analysis (see Supplementary

Material). HexSim is a popular platform for developing spatially-

explicit, individual-based life history simulators (Heinrichs et al.,

2023; Lyons et al., 2023; Mims et al., 2023; Ransom et al., 2023;

White et al., 2023).

The discussion that follows is, in large part, an exploration of

the LINK utility and its potential for quantifying and visualizing

landscape connectivity. That said, readers with some programming

experience should be able to replicate, extend, and improve upon

my methods and tools without reliance on HexSim or LINK. And

those interested in quantifying connectivity in marine

environments, forest canopies, or other spatially-complex systems

could adapt my work to 3-dimensional landscapes.
FIGURE 1

A diagram illustrating the proposed connectivity assessment
workflow. LINK uses input movement data and landscape maps to
generate a suite of connectivity reports and output maps. The
process begins and ends with raster imagery, but the LINK program
and some of its companion utilities work with hexagonally-tiled
landscape maps. LINK itself contains six separate modules that each
perform a portion of the overall connectivity analysis.
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Study areas

The Fender’s blue butterfly case study runs within a map

depicting a roughly 14,000 ha area situated in the approximate

center of the species’ range. This map, which is made up from an

array of hexagonal cells, was derived from an ASCII Grid file (https://

en.wikipedia.org/wiki/Esri_grid) exported from a geographical

information system by staff at the US Fish and Wildlife Service

(USFWS). The Fender’s blue butterfly study area (Severns et al., 2013)

is located in the Cardwell Hills, to the west of Corvallis, Oregon, USA.

This site contains one of the largest extant populations of the species.

The USFWS ASCII Grid file representing FBB land cover has an

extent of 10,896 columns × 15,231 rows, with each pixel

representing a square 0.836 m2 in size. This makes for a total

landscape area of 13,876 ha. I resampled this raster image into a grid

of hexagonal cells (a “hexmap”) containing 9962 columns and

16,081 rows, slightly in excess of 160M hexagons total. The width

(measured between parallel sides) and area of each hexagon are

1.000 m and 0.866 m2. This fine-resolution map facilitated the

simulation of individual FBB movements, which can be as short as

three meters (see below). Each FBB land cover hexagon was

assigned an integer score equal to the mode of the ASCII Grid

pixels falling within that hexagon (Figure 2). Using a mode operator

ensured that each hexagon was assigned an integer value, thus

preserving the categorical nature of the input ASCII Grid file.

Subsequently, 1639 ha that had been assigned a “no data”

classification in the ASCII grid file were merged into its “non-

habitat” category. Non-habitat is used as a generic designation for

developed areas that FBBs will avoid. The resulting map of

hexagonal cells contained six land cover categories (Table 1).

Kincaid’s lupine (Lupinus oreganus) is the sole larval host plant for

the Fender’s blue butterfly (Liston et al., 1995; Schultz and Dlugosch,

1999; Schultz, 2001). FBB food resources are found within areas

classified as lupine or prairie. FBBs can move about within all of the

land cover types except for non-habitat, which they will not enter.

There are 140 distinct Kincaid’s lupine patches in the FBB map.

Of these, 65 are completely isolated by non-habitat, which the

simulated butterflies would not enter. (In reality, FBBs will

occasionally move across small stretches of non-habitat, such as

those attributable to roads. Our FBB habitat map, however, did not

include a road network.) That left 75 accessible lupine patches that

FBBs might potentially move between. These Kincaid’s lupine

habitats comprise the focal patches for my butterfly connectivity

analysis. The LINK program requires that unique IDs be assigned to

every patch in its input patch maps. One of my utilities is designed to

perform this labeling task (see Supplementary Material), and I used it

to create a Kincaid’s lupine patch map suitable for use with LINK.
Movement models

My movement models incorporate behavior, and thus their

output stores information about functional landscape connectivity.

The LINK utility, which I used to extract this information, imposes
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FIGURE 2

The Fender’s blue butterfly landscape, represented as a grid of 160
million hexagonal cells. Most lupine patches are too small to be
resolved in the image.
TABLE 1 Land cover types and areas from the Fender’s blue
butterfly hexmap.

Land Cover Type Hexagons Hectares

Non-habitat 23,847,287 2066

Dense forest 85,329,621 7390

Open forest 15,565,730 1348

Ag. and pasture 24,738,745 2143

Prairie 10,593,780 918

Kincaid’s lupine 123,759 11

TOTAL 160,198,922 13,876
The raster ASCII Grid input file contained the same six land cover classes, plus a separate no-
data class. When the hexmap was constructed, the no-data and non-habitat classes
were merged.
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minimal constraints on model design. Specifically, a suitable model

must (a) simulate movement as a sequence of discrete “steps’’ in

which individuals move from a cell to one of its immediate

neighbors, and (b) write out all individual movement records in a

predefined format (see Supplementary Material). Importantly, the

application of LINK need not be limited to modeling studies; my

methods can also be used to analyze movement data collected in

field or laboratory settings (Finerty et al., 2023).

Grids of hexagonal cells are ideal for simulating movement

processes because, unlike square landscape tessellations, all

neighbors are equidistant. Hence, HexSim, LINK, and some of

the other programs referenced here are designed to work with

arrays of hexagonal cells (a hexmap). Nevertheless, landscape data

are almost always tiled using arrays of square pixels (a raster). For

this reason, I supply readers with software utilities that convert

traditional landscape maps into hexmaps, and that convert

hexmaps back into raster imagery (see Supplementary Material).

This suite of tools provides users with the convenience of beginning

and ending with raster maps, while also eliminating artifacts that

can accompany the use of such data in movement simulations.

My FBB movement model grew out of a series of conversations

with species expert Dr. Cheryl Schultz, who had gathered empirical

data describing Fender’s blue butterfly turning angles and path

lengths as a function of land cover type, and is a co-developer of the

FendNet model. All simulated FBBs made a series of 250 separate

movements, which approximates an actual butterfly’s search effort

over their single-season lifetime. Each movement step was

characterized by a path length (number of steps), autocorrelation

(turning angle), and a probability of moving directly towards the

species’ host plant (Schultz and Crone, 2001), Kincaid’s lupine,

referred to subsequently as “lupine”. In order to match the empirical

information, the values used for these parameters were adjusted

depending on the land cover class that each butterfly occupied at the

time a movement was initiated (Table 2).

In advance of each of the 250 separate movement events, every

simulated FBB was placed into one of two behavior classes. Those

not already located within lupine evaluated whether they were

within 50 meters of a lupine patch. If so, these FBBs used a “go to

lupine” probability to determine whether they should move directly

towards lupine. FBBs presently within a lupine patch, those nearby
Frontiers in Conservation Science 05
who elect not to move directly towards lupine, and butterflies

situated far from lupine all moved semi-randomly. Movement

path lengths were imposed regardless of behavior class, but

autocorrelation only influenced the behavior of butterflies moving

semi-randomly. FBBs moving directly towards lupine always took

the most efficient path available to them. Butterflies moving semi-

randomly blended a correlated random walk with limited emergent

taxis towards more “desirable” (Cheryl Schults, pers. comm.) land

cover types (Table 2).

Both the HexSim FBB model and FendNet were designed using

the same empirical data sets and subsequent analysis (Schultz et al.,

2012). The most significant differences between the two are that

FendNet is a full lifecycle model developed in SELES (Fall and Fall,

2001) for which movement behavior is in part expressed via

resource-specific turning angles. My model, in contrast, only

simulates movement, and it uses autocorrelation rates rather than

turning angles. I developed a relationship linking turning angles to

autocorrelation rates that facilitated this conversion. The FendNet

model was validated using data from a study area 80 km to the

south of the Cardwell Hills site (Mcintire et al., 2007). This prior

assessment suggests the HexSim simulator is likely to be a

reasonable proxy for movement in the Cardwell Hills system.

Because my goal was to evaluate inter-patch connectivity,

introducing FBBs into the interior of lupine patches was

computationally inefficient. Thus, I initially placed butterflies into

every lupine patch edge, excepting those hexagons bordered strictly

by lupine and/or non-habitat. Given this criteria, 2797 lupine

hexagons qualified as valid starting locations. I ran 1000 model

replicates, thus simulating roughly 2.8M butterflies, and generating

0.7B distinct movement records, each varying in length between 3

and 11 hexagons.
Connectivity metrics

The LINK utility ignores movement steps that precede an

individual’s arrival at its first focal patch. For that reason, I

initially placed all simulated individuals into focal patches. LINK

begins by aggregating all of the movement records associated with a

specific individual into a single continuous movement path. This

was somewhat involved for the simulated FBBs, who each moved

250 times in a randomized order, meaning that individual

movement records were scattered throughout >200 gigabytes of

model output. LINK next measures the rates at which individuals

move between focal patches. To do so, it breaks each aggregate

movement path into “connecting segments’’ that begin and end in

separate focal patches. Movement steps in the interior of focal

patches are not included in connecting segments, but LINK

separately records the frequency with which individuals (a) begin

and end in the same focal patch, and (b) begin in a focal patch but

end in a different land cover type. LINK uses this information when

it constructs dispersal kernels that capture the probability of moving

between every pair of focal patches.

LINK also constructs a pair of maps that illustrate (a) “potential

connectivity”, defined as the cumulative number of times each

hexagon was visited, and (b) “realized connectivity”, which only
TABLE 2 HexSim FBB movement model parameters.

Land
Cover Type

Path
Length
(meters)

Autocorrelation
(percent)

Go to
Lupine
(probability)

Non-habitat Unused by simulated Fender’s blue butterflies

Dense forest 7 68 0.75

Open forest 7 68 0.75

Ag. and pasture 11 71 0.25

Prairie 11 74 0.25

Kincaid’s lupine 3 35 0
The land cover classes have been sorted based on their anticipated desirability for
the butterflies.
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records visitations associated with connecting segments. Potential

connectivity may be thought of as an inverted emergent resistance

surface (high potential equaling low resistance) that conflates

absence and avoidance. In contrast, realized connectivity serves as

a visual representation of a dispersal kernel. Finally, LINK uses the

connecting segments to construct a report describing “connectivity

clusters”, defined as collections of focal patches linked by

movement. This report includes values for “cluster traffic”, the

number of focal patches per cluster, and the IDs of every patch

making up each cluster. A cluster’s traffic is defined as the number

of connecting segments linking all of the focal patches it contains.

While developed independently, the initial stages of my

connectivity analysis are reminiscent of a portion of the

methodology published by Hofmann et al. (2023). That being the

case, our approaches for drawing conclusions about functional

landscape connectivity are distinct yet complementary. Hofmann

et al. (2023) and others (e.g. Carroll et al., 2012; Sarker et al., 2019),

use a graph theory metric termed “betweenness centrality” to infer

connectivity from collections of simulated movement paths. In

contrast, my strategy involves isolating the portions of movement

paths that link resource patches, and using this information to

identify and interrogate connectivity clusters.
Results

LINK’s analysis of the FBB movement data revealed the

presence of nine separate connectivity clusters (Figure 3), which

ranged in size from 3 to 13 lupine patches. Cluster area and traffic

varied across three and four orders of magnitude, respectively

(Table 3). Of the 75 accessible lupine patches, 59 were included

in the nine connectivity clusters. The remaining 16 accessible

patches were functionally disconnected.

I used LINK’s maps of potential and realized connectivity to

more closely examine clusters 1-3, 7-8, and 9 (Figure 3). Based on

potential connectivity, almost all of the lupine patches in the vicinity

of clusters 1-3 would appear to be part of a single expansive

“supercluster”. In contrast, the map of realized connectivity

(Figure 4), and LINK’s cluster analysis, suggest that functional

connectivity is limited in this region. A direct comparison of the

two connectivity maps (Figure 4) indicates there is a possibility of

reconnecting clusters 2 and 3, presumably via habitat restoration, as

a large number of simulated butterflies explored the intervening

landscape. In contrast, many fewer butterflies moved within the gap

separating clusters 1 and 2. These results also suggest that cluster 2

might be extended to the east. Finally, the realized connectivity data

suggests that cluster 3 itself is only tenuously connected, and likely

vulnerable to future habitat loss.

Similarly, while the map of realized connectivity suggests that

clusters 7 and 8 are functionally distinct, the map of potential

connectivity indicates that the possibility exists to tie this entire area

into a single connected supercluster (Figure 5). Given that clusters 7

and 8 exhibited the system’s largest cluster traffic (Table 3), the
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relative benefit of targeting this area for restoration may be high. A

parallel inspection of cluster 9 (Figure 6) suggests that restoration

activities in the immediate vicinity of the existing functionally

connected lupine patches might benefit the FBB population; but

the creation of a robust new supercluster here may require

substantial investment.

LINK generated an emergent FBB dispersal kernel in the form

of a sparse square matrix with dimension 140 (the number of lupine

patches) containing 19,600 cells. This matrix, which is best imaged

as a heat map due to its size (Figure 7), has values that range

between zero and 0.996. The value of the cell in column i and row k

represents the probability that a FBB located in lupine patch i would

subsequently move to patch k. The sum of column i equals the

probability that a butterfly located in patch i would move to any

lupine patch (including itself), while 1.0 minus this quantity is the

likelihood that a FBB leaving that location would stop moving

somewhere in the non-lupine matrix. The sum of row k represents

the probability that a butterfly would travel to patch k from any

other lupine patch, including itself.
FIGURE 3

An image of potential connectivity for the Fender’s blue butterfly
system. Numbered ovals indicate the approximate locations of nine
emergent connectivity clusters. The inset map shows the study
area’s location relative to the state of Oregon, USA.
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Discussion
Researchers commonly use graph theory, circuit models, and

spatial simulators to quantify landscape connectivity. Models

incorporating graph theory (e.g. Bastian et al., 2009; Foltête et al.,

2012) use putative dispersal kernels to assess the importance of

network “nodes’’ and “edges’’. But by necessity, dispersal kernels are

often derived from landscape geometry rather than movement data

(Dickson et al., 2019; Finerty et al., 2023); in such cases, conclusions

drawn from these models can lack realism (Fordham et al., 2014).

And even when sufficient movement data are available, it can prove

difficult to extract a dispersal kernel from this information. The

Circuitscape family of tools (McRae et al., 2008, 2016) infer patterns

of landscape connectivity from simulations of electrical current

flowing across resistance surfaces. But current flow cannot capture

movement behavior, and will only fall to zero where resistance is
Frontiers in Conservation Science 07
infinite. In contrast, movement simulators can replicate complex

individual behaviors, and their estimates of movement rates may

drop to zero in any location due to energetic constraints, perceived

threats, and so on. Unfortunately, generic, flexible tools that can

convert movement data (simulated or real) into connectivity

assessments have not been available, forcing researchers to

develop independent solutions on an as-needed basis.

Here, I have introduced a general methodology for extracting

dispersal kernels from movement data. LINK’s emergent dispersal

kernels, which retain the biological detail captured within real or

simulated movement data, can be substituted into existing graph

models, thus increasing their realism. My software can also generate

assessments of functional landscape connectivity directly from any

properly-formatted movement dataset. LINK’s illustrations of

potential connectivity are reminiscent of the current flows

obtained from circuit models, and of the maps of cumulative

individual movement paths derived from simulation modeling

experiments. But the considerable differences between LINK’s

potential and realized connectivity maps highlight the utility of

discriminating between all landscape locations that have been

visited collectively, versus just the sites that were traversed during

successful movements between resource patches. Policy

recommendations informed by the former are likely to differ

significantly from those influenced by the latter.

I used the Fender’s blue butterfly case study to explore the

differences between potential and realized connectivity, and to

illustrate how maps of these quantities might be useful for

ranking management strategies. Simulated FBBs frequently

proved unable to move between lupine patches that exhibited

high potential connectivity. For example, maps of potential

connectivity suggest the lupine patches in the vicinity of

connectivity clusters 1, 2, and 3 might be a low priority for

habitat restoration (Figure 4). The results from my evaluation of

realized connectivity indicate exactly the opposite. Similar

mismatches arose in the neighborhood of connectivity clusters 7
FIGURE 4

An image of potential connectivity in the vicinity of clusters 1, 2, and 3 (A). The image of realized connectivity used to identify the three clusters (B).
The relative values of both potential and realized connectivity are indicated by the colorbar. Non-habitat and areas unused by FBBs are shown in
light green. The black outlines indicate the approximate cluster locations. Isolated (white) and connected (black) lupine patches have been
superimposed on the images. Some lupine patches may be too small to resolve. Each panel is 2.2 km in width.
TABLE 3 The LINK connectivity cluster analysis for the FBB model.

Cluster Traffic Lupine Patches Cluster Area

Cluster 1 349 3 929

Cluster 2 346,486 13 2591

Cluster 3 496,290 10 25,818

Cluster 4 248,465 3 45

Cluster 5 368,602 5 943

Cluster 6 331,611 3 168

Cluster 7 1,025,837 13 2909

Cluster 8 540,085 3 50

Cluster 9 66,593 6 947
Lists of individual patch IDs have been replaced with cluster area, measured as the total
number of lupine patch hexagons. LINK assigns cluster IDs in map order, from the upper-left
to lower-right.
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and 8 (Figure 5) and cluster 9 (Figure 6); they are likely ubiquitous

across the FBB system.

Data is not currently available to directly test the validity of

LINK’s FBB connectivity assessments. The most similar existing

connectivity analysis is substantially different, and was conducted in

a separate portion of the species’ range (Mcintire et al., 2007). While

a great deal of information has been gathered on FBB movement in

various portions of the species’ range (e.g., Schultz et al., 2012), the

only other Cardwell Hills connectivity study (Severns et al., 2013)

produced findings that, by design, cannot be compared to LINK’s

output. The results from the present study should therefore be

approached as hypotheses to be challenged and refined. More

generally, the methodology I’ve described here will benefit from

future applications involving other ecological systems, landscapes,

and life histories.
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Conclusions

Graph- and circuit-based connectivity assessments are

compelling and influential, but they frequently incorporate little

biological nuance (Drake et al., 2022). In contrast, spatial PVAs

have been trending towards realism and defensibility (D’Elia et al.,

2022; Pili et al., 2022; Heinrichs et al., 2023), though this has been

accompanied by increasing development time and effort (e.g.

Snyder et al., 2019). Movement-only simulators provide a

compromise; they can capture sophisticated individual behaviors

(Schultz and Crone, 2001; Brown et al., 2017), species-landscape

interactions, and disturbance, while still being parsimonious and

quick to assemble. And the data generated by these models are

uniquely well-suited for catalyzing new insights into functional

landscape connectivity. But researchers lack generic methods for
FIGURE 6

An image of potential connectivity in the vicinity of cluster 9 (A). The image of realized connectivity used to identify the cluster (B). Isolated (white)
and connected (black) lupine patches have been superimposed on the images. Some lupine patches may be too small to resolve. Each panel is 1.4
km in width. See Figure 4 for additional color-related details.
FIGURE 5

An image of potential connectivity in the vicinity of clusters 7 and 8 (A). The image of realized connectivity used to identify the two clusters (B).
Isolated (white) and connected (black) lupine patches have been superimposed on the images. Some lupine patches may be too small to resolve.
Each panel is 2.2 km in width. See Figure 4 for additional color-related details.
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inferring functional connectivity from simulation model output,

and thus frequently end up developing study-specific software and

algorithms that are not readily transferable to others. Here, I

provide a general solution constructed with reuse in mind.

My LINK utility is designed to extract connectivity metrics from

movement data regardless of how this information was obtained.

The analyses I’ve described involve five steps: (1) designing a

movement model and running simulations, (2) processing the

simulation output, (3) generating a dispersal kernel, (4) mapping

and visually inspecting both potential and realized connectivity, and

(5) performing a connectivity cluster analysis. LINK automates

steps 2-5, thus greatly simplifying the workflow. Though I used

HexSim for simulating FBB movement, all my other pre- and post-

processing steps were performed by stand-alone software utilities.

To facilitate the transfer of this technology, I have provided a

worked example of the entire process, beginning with a land cover

map and ending with a full connectivity analysis (see

Supplementary Material). This illustration does not require the

use of HexSim, thus minimizing the investment required to

replicate and improve upon my methods.

By isolating Fender’s blue butterfly movements that join distinct

lupine patches, I was able to identify connectivity clusters, and

quantify rates of movement between cluster patches. My visual

comparisons of potential versus realized connectivity suggest where

restoration efforts might most effectively enhance landscape

connectivity, and can help identify resources at risk of becoming
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functionally disconnected. Additionally, LINK’s emergent dispersal

kernels should facilitate the application of graph-theoretic models

to conservation challenges set within complex landscapes. Once a

dispersal kernel has been obtained, the remaining components of a

graph model are relatively straightforward to assemble. LINK’s

results also have the potential to simplify future PVA model

development. For example, smaller more computationally efficient

predictive models could be developed separately for each of LINK’s

emergent connectivity clusters. And these new focal-area PVAs

would no longer need to simulate movement, as they could instead

use a pre-computed dispersal kernel.
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Unnithan Kumar, S., Kaszta, Ż., and Cushman, S. A. (2022). Pathwalker: A new
individual-based movement model for conservation science and connectivity
modelling. ISPRS Int. J. Geo-Informat. 11, 329. doi: 10.3390/ijgi11060329

Urban, D. L., Minor, E. S., Treml, E. A., and Schick, R. S. (2009). Graph models of
habitat mosaics. Ecol. Lett. 12, 260–273. doi: 10.1111/j.1461-0248.2008.01271.x

Urbina, L., Fischer, C., Ray, N., and Lehmann, A. (2023). Modeling red deer
functional connectivity at a regional scale in a human-dominated landscape. Front.
Environ. Sci. 11. doi: 10.3389/fenvs.2023.1198168

Westphal, M. I., Pickett, M., Getz, W. M., and Possingham, H. P. (2003). The use of
stochastic dynamic programming in optimal landscape reconstruction for
metapopulations. Ecol. Appl. 13, 543–555. doi: 10.1890/1051-0761(2003)013[0543:
TUOSDP]2.0.CO;2

White, J. M., Schumaker, N. H., Chock, R. Y., and Watkins, S. M. (2023). Adding
pattern and process to eco-evo theory and applications. PloS One 18, e0282535.
doi: 10.1371/journal.pone.0282535

Xingyuan, Z., Fawen, L., and Yong, Z. (2023). Impact of changes in river network
structure on hydrological connectivity of watersheds. Ecol. Indic. 146, 109848.
doi: 10.1016/j.ecolind.2022.109848
frontiersin.org

https://www.jstor.org/stable/41425079
https://www.biodiversitylibrary.org/page/47991850
https://doi.org/10.1002/jwmg.22410
https://doi.org/10.1007/s00442-012-2475-9
https://doi.org/10.1111/j.1365-2664.2007.01326.x
https://doi.org/10.1111/j.0014-3820.2006.tb00500.x
https://doi.org/10.1111/j.0014-3820.2006.tb00500.x
https://doi.org/10.1073/pnas.0706568104
https://doi.org/10.1890/07-1861.1
https://doi.org/10.13140/RG.2.1.4158.6166
https://doi.org/10.1016/j.ecolmodel.2023.110489
https://doi.org/10.1007/s10980-023-01599-w
https://doi.org/10.1016/j.jenvman.2023.120009
https://doi.org/10.1007/BF00162741
https://doi.org/10.1007/s10980-023-01789-6
https://doi.org/10.1371/annotation/68a211a3-1d14-4948-8486-53d4966429f6
https://doi.org/10.1111/1365-2664.12827
https://doi.org/10.1111/1755-0998.13876
https://doi.org/10.1007/s10980-022-01468-y
https://doi.org/10.1371/journal.pone.0281980
https://doi.org/10.1016/j.ecoinf.2023.102018
https://doi.org/10.1016/j.biocon.2023.109947
https://doi.org/10.1073/pnas.0801725105
https://doi.org/10.1086/424767
https://doi.org/10.1111/ecog.06766
https://doi.org/10.1038/s41598-019-47292-4
https://doi.org/10.1038/s41467-018-05156-x
https://doi.org/10.1046/j.1365-2664.2001.00659.x
https://doi.org/10.1890/0012-9658(2001)082[1879:EMDBIA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[1879:EMDBIA]2.0.CO;2
https://doi.org/10.1007/s004420050781
https://doi.org/10.1007/s004420050781
https://doi.org/10.1111/j.1365-2656.2011.01947.x
https://doi.org/10.1111/j.1365-2656.2011.01947.x
https://doi.org/10.2307/2265590
https://doi.org/10.1007/s10980-017-0605-9
https://doi.org/10.1007/s10980-013-9860-6
https://doi.org/10.1007/s10980-019-00804-z
https://doi.org/10.1007/s10980-019-00804-z
https://doi.org/10.13110/humanbiology.88.4.0287
https://doi.org/10.1186/s13323-015-0030-2
https://doi.org/10.1017/CBO9780511754821.003
https://doi.org/10.1146/annurev.es.20.110189.001131
https://doi.org/10.3390/ijgi11060329
https://doi.org/10.1111/j.1461-0248.2008.01271.x
https://doi.org/10.3389/fenvs.2023.1198168
https://doi.org/10.1890/1051-0761(2003)013[0543:TUOSDP]2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)013[0543:TUOSDP]2.0.CO;2
https://doi.org/10.1371/journal.pone.0282535
https://doi.org/10.1016/j.ecolind.2022.109848
https://doi.org/10.3389/fcosc.2024.1412888
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

	A rapid assessment methodology for quantifying and visualizing functional landscape connectivity
	Introduction
	Materials and methods
	Software tools
	Study areas
	Movement models
	Connectivity metrics

	Results
	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


