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Abstract

Many populations face multiple Anthropogenic threats simultaneously, and as aresult, we have
observed loss of biodiversity worldwide. Moreover, population stressors act at different spatial
scales, and the understanding of variation in outcomes for species will depend on their dispersal
ability. In this study, we devel oped a spatially explicit metapopulation simulation to investigate
how stressors that act at different spatial scales interact with landscape composition and dispersal
behavior to drive patterns of metapopulation extirpations. We are particularly interested in
gaining insight into the decline of not only range-limited species, but also widespread butterflies
that have been reported in recent years, contrary to conventional wisdom about traits that make
species more at risk of population decline. We found that stressors acting at different spatial
scales interact with dispersal, especially in highly developed landscapes. On average, being less
dispersive produces worse outcomes because more dispersive species benefit from semi-natural
habitats, which can strengthen connections between source populations. At the sametime, itis
the degradation of these types of land in particular that may disproportionately impact dispersive
species. These findings enhance our understanding of insect biodiversity loss and demonstrate
that the conservation of widespread insects will likely require consideration of larger-scale

landscape connectivity.
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Introduction

From an ecological perspective, the past century can only be characterized as a period of
unprecedented change (Dirzo et al. 2014, Wagner et al. 2021, Edwards et al. 2025). Large-scale
modification and destruction of natural lands have significantly reduced global habitat
availability, and remain one of the primary drivers of the global biodiversity crisis (Raven and
Wagner 2021, Caro et a. 2022, Halsch et al. 2025). Landscape-level stressors are often
accompanied by, or are the cause of, additional local stressors, such as agrochemical pollutants
or the introduction of non-native species, which can have further and synergistic negative
impacts on population vital rates. As the universal threat of climate change continues to escalate,
the potential for combinatory effects among Anthropogenic stressors is almost limitless
(Parmesan and Y ohe 2003, Staudt et al. 2013, Harvey et al. 2023). Populations facing multiple
stressors in increasingly fragmented landscapes are likely to decline, but how stressors that act at
different spatial and temporal scales interact to drive declinesis uncertain and difficult to
measure in the field, a problem that is exacerbated by the lack of a clear theoretical framework

for understanding interacting stressors across scales (Brown et al. 2013).

Recent years have seen rapid growth in the attention paid to invertebrate population trends
(Althaus et a. 2021, Wagner et a. 2021). Species like the monarch butterfly (Danaus plexippus)
and Franklin’s bumblebee (Bombus franklini) have galvanized the public and become symbols of
conservation and land stewardship (Thorp 2005, Preston et a. 2021). The monarch in particular
demonstrates a relatively under-appreciated feature of insect declines. many declining species
are widely distributed (Van Dyck et al. 2009, Wagner 2020). For example, the west coast lady
(Vanessa annabella), which has a distribution that covers the entire western United States, isthe

butterfly in steepest decline acrossthat region (Forister et al. 2021, 2023b). Traditionally, insect
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conservation has focused on range-limited species, often characterized by low dispersal
capabilities, with only afew populations remaining (Murphy and Weiss 1988, Wagner and Van
Driesche 2010, Marschalek and Klein 2010). While protecting these remnant populations will
continue to be of paramount importance for conservation, the decline of widespread speciesis
also of great concern, particularly because the spatial scale at which conservation actions need to

betaken islikely very different from that of geographically limited species.

Widespread insects differ from geographically limited speciesin important ways. They are
more likely to be dietary or habitat generalists and can occupy a greater proportion of the
landscape, including degraded or suboptimal areas (Bender et al. 1998, Devictor et al. 2008).
Widespread species are also more influenced by the greater landscape context, and presence and
abundance at any one site can depend on processes occurring at that site, as well as on ecological
interactions or environmental conditions occurring far away. In some extreme cases, the number
of migratory insectsin one location can vary from year to year by orders of magnitude,
depending on overwintering conditions thousands of miles away (Hu et al. 2021). Large-scale
gpatial dependency is also true for widespread non-migratory insects that spend all year in a
landscape and have high dispersal ability (Pardikes et al. 2017). Thus, as habitats continue to be
degraded or lost, widespread species may be especially affected, and we might expect that
species with broader geographic distributions are just as likely to decline as those with more

isolated distributions.

Insight into the effects of habitat oss and degradation on widespread species can be found in
the meta-population literature (Vance 1984, Vogwill et al. 2009, Wang et al. 2015). Increased
dispersal can stabilize population networks, reduce population variability, and facilitate

population rescue through demographic input and recolonization of extirpated areas (Lande et al.
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1998, Johst et al. 2002). Y et, outcomes of high dispersal are not universally positive. Greater
dispersal can lead to increased synchrony among populations, making the meta-population more
susceptible to large-scale disturbance (Heino et al. 1997, Dey and Joshi 2006, Haynes and Walter
2022). High emigration rates can also have adverse effects in areas with small populations or
small habitat patches due to the direct loss of reproducing individuals (Hanski 1998).
Approaches to studying these questions have often been theoretical, although one meta-analysis
using butterfly data has shown a negative relationship between population growth and dispersal
(Baguette and Schtickzelle 2006). The relationship between dispersal, landscape configuration,
and population persistenceis likely highly context-dependent and varies between landscapes,

stressors, and the inherent biology of the study organisms (Johst et al. 2002).

In this study, we employ a spatially explicit metapopulation simulation to investigate the
effects of multiple population stressors operating at different spatial scales, aswell asvariationin
dispersal behavior, on metapopulation dynamics. Our goal isto understand how varying
intensities of local and landscape-wide stressors interact to drive population equilibriain a
landscape with different distributions of habitat quality. We are motivated in particular by the
phenomenon of declining widespread butterflies from the California Central Valley (Shapiro,
Arthur 2024), a highly converted landscape (Forister et a. 2010, Halsch et al. 2020). First, we
ask how metapopulations respond to landscape effects when synthetic species have different
dispersal capabilities. Next, we consider whether additional stressors, acting at local and regional
scales, have a greater impact on metapopul ation persistence and examine how stressors interact
with dispersal distance. Finally, we ask how the composition of smulated landscape

conservation interacts with smulated stressorsto aid in the recovery of dispersive species.

Methods
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Overview

The metapopulation simulation consisted of three stages run for 70 time steps (20-year burn-in
followed by a 50-year observation period). First, a 100 x 100 cell landscape was randomly
generated with varying proportions of natural, semi-natural, and developed habitats, as well as
different levels of patchiness. Within each time step of the simulation, the population growth rate
in each cell was influenced by environmental factors, including habitat quality, landscape-wide
stress, local stress, and density dependence. Individuals then dispersed, with both immigration to
and emigration from a patch coinciding. At the end of each smulation iteration, the average
abundance and extinction dynamics were summarized. Parameters were varied for the magnitude
of landscape-wide stress, local stress, and dispersal ability, and simulations were run for all
combinations of these environmental stressors and dispersal parameters. Inferenceis not drawn
from temporal trends within a single iteration of the simulation, but rather from comparing
summary statistics among iterations with different parameters. All ssmulations were run using R

version 4.5.1 (R Core Team 2023).

Annual population growth rate

The primary variable affected across different conditions of the simulation was the annual
population growth rate (Sibly et a. 2002). In the initial time step, populations were given asize
proportional to the habitat quality in each cell. Subsequently, the growth rate for atime step was
the sum of the impact of landscape, weather, additional stressors (local and landscape-wide), and
density dependence based on abundance in the previous year. These effects were summed to
determine the population growth for that time step (positive effects had positive values and

negative effects had negative values). This sum was then exponentiated and multiplied by the
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123  previous year's population size. Finally, this value was used as the rate parameter in asingle
124  draw from a Poisson distribution, whose value became the population size in the current step
125 (beforedispersal). The density dependence function was aright-skewed function, where middle
126  values are assigned positive population growth, while high and very low values (Allee effects)
127  areassigned negative population growth (Fig. S1). All other effects are described in detail in

128  subsequent sections.

129  Generating baseline habitat quality and patchiness

130 Landscapes were created by first generating an empty 100 x 100 matrix. A determined number
131  (based on an input parameter) of randomly selected cells were classified into one of three land
132  types: natural, semi-natural, or developed. The more cdlls that wereinitially placed, the patchier
133  theresulting landscape. The landscape was then grown from these initial patches, with

134  neighboring cells assigned to the same class as their nearest neighbor until it reached other cells
135 that had already been assigned to a land use type. Thefinal cells that bordered two different land
136  usetypeswere assigned probabilistically based on the composition of the surrounding landscape.
137 Weaso determined theinitial proportion of cells assigned to each land use type as another

138 parameter of interest. The resulting landscape after this process was a matrix composed of three
139 land-usetypes, varying in patchiness and proportions based on the starting parameters. This

140 landscape generation process is random, and it can result in landscapes that do not reflect the
141 desired land cover proportions. Because of this, we iteratively generated landscapes and included
142  only those in the simulation where the final percent cover of land use types was within 1% of the
143  target percent cover initially specified for each land use type. We varied both the patchiness and

144  the percent cover of each land cover type as documented in Table 1.
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145 Next, each land use type was assigned a different baseline habitat quality. The quality of each
146  natural habitat cell was drawn from anormal distribution with a mean of 0.5 and a standard

147  deviation of 0.1. The quality of each semi-natural cell was drawn from anormal distribution with
148 amean of -0.25 and a standard deviation of 0.1. These values are later exponentiated as part of
149 the process that determines annual population growth. Done this way, natural habitats were

150 consigtently a source, while semi-natural habitats, on average, were sinks, but could switch to
151 sourcesif conditions were otherwise favorable. Cells classified as developed were assigned a
152  valueof -5, ensuring that even the best combinations of all other parameters could not render it
153 viable. The most important aspect of the assigned habitat values was not the value itsalf, but

154  rather how it compared to the other effects in the ssmulation. By choosing evenly divisible values
155 and keeping all parameters in a comparable range, we examined how land cover compared with

156 other additiona stressors.

157 Finally, each landscape was given edge effects, where cells were adjusted based on the

158 surrounding landscape composition. Thiswas done by taking the mean habitat quality value of
159  the 3x3 neighborhood around a cell, multiplying that value by 0.5 (to reduce its importance

160 relativeto the primary cell), and adding that value to the habitat quality value of the cell. This
161 resulted in smoothed landscapes with varying patchiness, habitat composition, and additional
162 local stressors. The simulation was run on ten randomly generated landscapes for most parameter
163 combinations. However, more landscapes were used when the proportion of semi-natural habitat
164 washigher, asapreliminary analysis indicated greater uncertainty in these landscapes (see the
165 supplement for a complete description of the preliminary analysis, Fig. S2, S3). Examples of

166 landscapesarein Figure 1 and an onlinetool described in the supplementary materials (Fig. 1).

167  Smulating conservation scenarios
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168 We created two additional functions that took the generated landscapes as input and performed
169 two types of modifications. Both functions converted land from one classification to another, but
170  varied in the locations where land was changed. For this simulation, we changed land types from
171  developed to natural to mimic land acquisition and restoration. The first function converted

172  developed land into natural land along the edges of existing natural land, essentially expanding
173  theedges, and thus made the core habitat larger. Thisisdone by identifying which cellsin a

174  developed patch share an edge with anatural patch and then converting a number of these cells
175 based on an input parameter. The other function identified cells in developed patches that were
176  furthest from the edges and then converted a number of these cells based on an input parameter.
177  Thisscenario was meant to represent the habitat restoration approach of creating stepping stones
178  between natural lands (Saura et al. 2014). Examples of landscape modifications are found in the
179  supplement and the online tool described in the supplementary materials (Fig. $4). The complete

180 set of parameterstested is presented in Table 1.

181 Generating additional local and landscape-wide stress

182  The primary motivation of this ssimulation is not to explore the role of landscape alone, but also
183  to ask how simulated populations respond to additional stressors when in different landscape
184  types. Additional stressors were classified based on their area of impact, either locally or across
185 theentirelandscape. We only added local stressors to semi-natural landscapes, and they acted at
186 theleve of theinitial patch assignment, where the same negative value was applied to a patch of
187 semi-natural cells. This design resulted in variation in the intensity of local-level stressors across
188  semi-natural cellsin onelandscape. The magnitude of additional local stress for each patch was

189  randomly drawn from a gamma distribution (multiplied by -1), where values cannot be positive.
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190 Therate and shape parameters for the gamma distribution were calculated using moment

191  matching, where the mean of the distribution is a parameter that is varied (Table 1).

192 Additional landscape-wide stress impacted all cells equally, regardless of land use type, and
193 wasintended to represent large-scale “good” and “bad” weather years (such as those generated
194 by ENSO cycles). This parameter was set up as an oscillating sine wave, with awavel ength of
195 six yearsand an amplitude of 0.5. This effect is of the same magnitude as natural land, and thus,
196 inthissimulation, the value of a good weather year is equivalent to that of high-quality habitat.
197  When this parameter was set to the control (of no additional landscape-wide stress), this function
198 oscillated between 0.5 and -0.5 every 6 years. When this condition was set to higher values, a
199 negative trend of varying magnitudes was imposed on this sine function, which caused the

200 oscillating function to worsen over time (following a 20-year burn-in period). A comprehensive
201  description of the local and landscape-wide conditions affecting populations can be found in

202 Tablel.

203 Dispersal

204  After the effects of the environment on population growth were applied to every cell in atime
205 step, thedispersal stage was initiated. For each cell, the percentage of the population emigrating
206  wasinformed by dispersal parameters (which contribute to a dispersal function). The key

207  parametersin this function were the abundance of the current cell, the habitat quality of the

208  current cell, and two bounding parameters that describe the asymptotes of this function. Lower
209 habitat quality in the current cell or a higher abundance promoted dispersal to other cells (with
210 total dispersal bounded by the asymptotes). Once the percentage of individuals emigrating from a

211  cell isdetermined, where they go isrelated to a dispersal distance parameter. When this
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parameter was set to 1, they could only move within the 3x3 matrix with the current cell asits
center, whereas a parameter of 10 allowed them to access cellsin a21x21 area. Closer cells were

more likely to be moved to, with the probability being inversely related to distance.

Specifically, we determined the probability that each cell will gain individuals from each of
the other cellsin the dispersal area (8 potential cells at the lowest setting, 441 at the highest).
Thiswas coded as athree-dimensional array, where x and y are the cellsin the dispersal
neighborhood, and thisis repeated z times for all cellsin the landscape. For instance, at the
lowest setting, x and y are a 9-cell array (with the reference cell in the middle). To determine the
number of individuals that the reference cell would gain, we multiplied the emigrating
population of each of the eight cells by the inverse distance to the reference cell and added these
values together. Thisfinal sum became the rate parameter for a single draw from a Poisson
digtribution. This calculation is performed simultaneously across all 9-cell arraysin the z-
dimension. Once the number of individuals each cell gains was determined, the number of
individuals a cell loses was calculated and made into aloss matrix. These matrices were then
added simultaneously to the population size matrix created after applying environmental effects.
The population size after dispersal became the end population size for that year. The functions
for dispersal are presented in the supplement (Fig. S5). The complete set of parameters tested can

befound in Table 1.

Output variables

The simulation was run atotal of 58,500 times, representing the number of parameter
combinations and replications. For each run, we saved the number of times a cell reached zero

individuals at any point during the 50-year observation period (extirpated), the number of times
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an extirpated cell later reached an abundance above the Allee effect threshold (recolonized), and
the average abundance in semi-natural cells. We used the extirpation and recolonization metrics
to calculate the probability that cells are extirpated and the probability that they are successfully
recolonized. We did not count recolonization events in which populations never reached the
Allee threshold below which we imposed a negative population growth rate in the simulation
(Fig. S1). Our primary metric for inference was calculated using the following equation, which
describes the number of cellsthat are expected to be extirpated (after accounting for
recolonization) over 50 years of observing the ssmulation’s behavior.

1 (1 — extirpation prob.) x # of cells + (recovery prob. * number of extirpations)
# of cells

Results

The number of extirpated cells in alandscape decreased when s mulations included more natural
habitat and increased with greater development. When the landscape was mainly composed of
one of these two habitat types, the number of extirpations essentially matched the number of
cellsthat are either developed or natural (inverse relationship) (Fig. 2A,C). The relationship
between extirpations and semi-natural habitat was more complex (Fig. 2B). As the proportion of
semi-natural habitat increased between different iterations, the number of populations quickly
grew (extirpations decreased) until about one-third of the landscape was semi-natural, after
which the effect plateaued and even showed a tendency to reverse with increasing extirpations at
higher levels of semi-natural habitat. These effects interacted with dispersal ability.

M etapopulations in simulations with more dispersive behavior were more resilient to increased
devel opment, occupying about 20% more of the landscape until roughly one-third of it was

developed, at which point population density declined rapidly (Fig. 2 A,C). Afterward, the
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255  number of populations mostly tracked the amount of usable habitat (natural and semi-natural).
256  This contrasted with simulations of less dispersive dynamics, which closely followed the

257  available habitat (Fig. 2B). Simulations with more semi-natural habitats benefited all species, but
258  the benefit was much greater for dispersive species. For example, when the landscape was 25%
259  semi-natural, approximately 40% of the landscape was extirpated for non-dispersive species, but
260  only about 10% for highly dispersive ones. We also found that species performed between 15
261  and 25% better in patchier landscapes, and that dispersive species fared better in particular (Fig.

262 3).

263 The number of extirpations in alandscape also increased when comparing simulations with
264  increasing intensities of additional stressors, which have either alocal or landscape-wide effect
265 inaddition to the impact of the landscape itself (Fig. 4). The relationship between both types of
266  additional stress and extirpations varied with dispersal. When there was no population stress
267  (other than the landscape itself), the more dispersive species occupied about 20% more of the
268 landscape. Aslocal stressincreased, both dispersive and non-dispersive species declined, but the
269 rate of extirpation was higher for non-dispersive species. The change from moderate to high
270 local stressresulted in a34% increase in extirpations for non-dispersive species, but only a 21%
271  changefor very dispersive species (Fig. 4A). The opposite istruein response to regional stress
272  (that impacted all cells), where the rate of extirpation is higher for more dispersive species (Fig.
273 4B). Specificaly, shifts from moderate to high regional stress resultsin adecline of 10% for

274  non-dispersive species, but adecline of 15% for very dispersive species.

275 The number of extirpations over the entire simulation also revealed interactive effects
276  between the landscape, combined local and landscape-wide stress, and dispersal capability,

277  shown by the curved contoursin Figure 5. When 50% or more of the landscape was comprised
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of natural habitat, most species, regardless of dispersal ability, were robust to additional stressors
(Fig. 5 A-C). Themore natural habitat, the better, but all species, even those with little dispersal
ability, occupied a large portion of the landscape. When 50% or more of the landscape consisted
of semi-natural habitat, more interactions emerged, mainly when the landscape comprised
between 50% and 67% semi-natural habitat (Fig. 5 D,E). In these landscapes, a greater ability to
disperse resulted in more resilience to moderate amounts of additional landscape stressors. In
both instances, s mulations with non-dispersive species occupy 20% less of the landscape. As
combined stress continued to grow, the dispersive species advantage decreased, and the number
of extirpations was more related to the amount of combined stress, and not dispersal (Fig. 5D-F).
Landscapes that were primarily developed resulted in the most extreme interactive effects (Fig. 5
G-I). For instance, when the landscape is 67% devel oped, a non-dispersive species (on the left
side of Fig. 5H) declines by 30% when moving from no additional stressto the most extreme
case. However, a dispersive species (on the right side of Fig. 5H) declines by 65% when moving
from the no additional condition scenario to the extreme additional stress condition. In the most
extreme simulation, where 90% of the landscape is devel oped, thereis almost no difference

between dispersive and non-dispersive species, under high amounts of additional stress (Fig. 5I).

Interactions between dispersiveness and habitat were not only apparent under simulated stress,
but also under simulated conservation. Both smulated conservation scenarios (connectivity
versus core habitat) resulted in fewer extirpations; however, increasing connectivity had anon-
linear positive effect on dispersive speciesin non-patchy landscapes. For a mostly non-dispersive
species in anon-patchy landscape, the difference between no additional conservation and 30%
habitat restoration was an improvement in occupancy of 20%; however, this increase was closer

to 40% for highly dispersive species (Fig. 6A). Increasing core habitat was also beneficial;
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however, the relationship was essentially linear with the amount of new habitat added, regardless
of dispersal ability (Fig. 6C). When the simulated landscape was patchier the differences
between connectivity and core habitat were not as strong. Both increased approximately linearly
with the amount of new habitat being added, with little interaction between dispersiveness (Fig.

6B,D).

In addition to landscape extirpations, we also tracked the average abundance of individualsin
semi-natural areas. Overall, this metric interacted with dispersal ability less than extirpations did,
and because of this, figures are primarily presented in the supplement (Fig. S6, 7). We found no
difference in abundance between dispersal abilities in response to landscape patchiness (Fig. S6).
We also found no differences in average abundance between dispersal groupsin response to
landscape-wide stress (Fig. S7A). We found a dlight effect of local stressors, where additional
local stressin semi-natural landscapes was more detrimental to non-dispersive species (Fig.
S7B). The variable with the most substantial impact was landscape cover, where increasesin
natural and semi-natural areas disproportionately benefited and increases in development land
disproportionately hurt more dispersive species (Fig. 7). This effect was such that, unlike
patterns of extirpations, conditions were observed that are clearly worse for dispersive species

than non-dispersive ones.

Discussion

Many populations of wild plants and animals are facing concurrent Anthropogenic threats acting
at different spatial scales (Brown et a. 2013, Halsch et al. 2025), and we can expect that
metapopul ation outcomes will depend on the magnitude of stressors and species-specific

variation in dispersal ability. Understanding these dependencies may, in part, explain the


https://doi.org/10.1101/2025.09.17.676929
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.17.676929; this version posted September 20, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

available under aCC-BY-NC-ND 4.0 International license.

observed declines of widespread insect species, which are exposed to more landscape stressors
than range-restricted species (Van Dyck et al. 2009, Edwards et al. 2025). Here, we developed a
gpatially explicit metapopulation simulation to s multaneously explore how multiple axes of
stress, from landscape composition to local and landscape-wide stressors, and dispersal behavior,
impact metapopulation persistence. We found that responses to different categories of stressors
were expectedly negative, but that they interacted with dispersal and that expectations for
population trajectories may indeed vary with dispersal. These findings have implications for
understanding patterns of insect declines, aswell as for insect conservation, since strategies to
help widespread insects will likely need to consider alarger scale than those for range-limited

Species.

The primary objective of this study was to gain insight into the nature of the decline of
widespread insect species, which include the monarch butterfly and other speciesin North
Americathat have been reported to have declining populations despite, in many cases,
geographic ranges that span multiple broad geographic regions (Forister et al. 2023b, Edwards et
al. 2025). We hypothesized that widespread species sample more of the landscape, and because
of this, in aheavily modified landscape, they are exposed to more cumulative stress than non-
dispersive species. Thiswas not the case for most of the combinations of conditions that we
explored. In nearly all combinations of land use compositions and additional stressors, we found
that non-dispersive species performed worse, or in extreme cases, about the same as dispersive
ones. This does not mean that dispersive species are not at risk, as long-term data indicate that
many arein decline (Van Dyck et al. 2009, Forister et al. 2021); instead, it invites consideration
of the areasin our smulated world that most closaly reflect the patterns of decline of both non-

dispersive and dispersive species. The conditions where this was seen were in landscapes that
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346  were highly developed, where most of the landscape provides no resources for synthetic

347  populations. It isin these landscapes where dispersive species are reduced to similar occupancy
348 asnon-dispersive ones. Thisislikely dueto the reduction of connectivity. Connections between
349  source populations reduce distances to other high-quality patches and can stabilize the network
350 through the effects of long-range dispersal (Howe et al. 1991, Johst et al. 2002, Bowler and

351 Benton 2009). In primarily devel oped landscapes, the semi-natural spaces become fewer and

352 morecritical, and as additional pressures increase in these spaces, thisis especially detrimental to

353  dispersive species.

354 Thisresult may provide some insight into the contemporary loss of butterfliesin highly

355  converted landscapes (Van Dyck et al. 2009, Forister et al. 2010). We consider the case of

356 butterfliesin the Central Valley of California as an example of such alandscape; however, the
357  results apply to other, similarly modified landscapes. The Central Valley is a highly converted
358 landscape, where the legacy of centuries of land use change is now being met with additional
359 factorslikeinvasive species, disease, pesticides, and climate change (Forister et al. 2010,

360 MaclLean et al. 2018, Halsch et al. 2020). Thisis precisely the type of landscape where, based on
361  our results, we should expect to see rates of decline that are comparable regardless of dispersal
362 range. It may be the case that the historical loss of habitat over centuries had greater impacts on
363  non-dispersive species (as predicted by the simulation), and that contemporary dispersive insects
364 areonly in significant decline now in response to additional stressors like climate change,

365 introduced species (and pathogens), and pesticide exposure. In other words, the decline of many
366 range-restricted species may have occurred before their geographic distributions and habitat

367 preferences were completely understood (Fattorini 2011, Habel et al. 2016, Forister et al. 2023a).
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368 While the extreme landscapes yield extreme results for dispersive species, it remains true that
369 thissimulation demonstrates that being dispersive is mostly beneficial, even if it means being
370  exposed to the additional threats of a semi-natural landscape. One likely contributing factor to
371 thisfinding isthe landscape generation processitself. Theinitial patches from which each

372  landscape was built were placed randomly, which, on average, results in well-connected and
373  stable landscapes (Grilli et al. 2015). For instance, even if alandscape is 2/3 developed, the

374  remaining 1/3 will be more evenly distributed across the matrix, resulting in alandscape that
375 may benefit dispersive species (Howe et al. 1991). The distribution of natural land in human-
376  modified landscapesis not random, and it is possible that specific landscapes can be constructed
377  to hurt dispersive species even more than non-dispersive ones. Such a study would be an

378  excellent follow-up to these results, especialy if it were designed based on the landscape

379 compositions of real focal landscapes. Still, this simulation demonstrates that under many

380 conditions, ageneral expectation is that dispersive species are more stable as a metapopulation

381 network than non-dispersive species.

382 Another explanation for our results differing from our expectations may result from the

383  primary metric of inference: the percent of the landscape extirpated. This metric summarized the
384  entirelandscape and, based on extirpation and recolonization rates, calculated the expected

385 number of cells expected to be occupied at equilibrium. This metric is thus all-knowing and

386 incorporates information from the entire landscape to assess extinction. Thisis not the same type
387  of information that is provided by long-term monitoring programs, which would be more

388 reflected by the abundance of asingle cell in the simulation. Furthermore, many large-scale

389  monitoring programs are biased in their location, as they often oversample areas near

390 development (Dunn et al. 2005, Geldmann et a. 2016). For this reason, we also tracked the
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average abundance of speciesin semi-natural cells. We found that there are indeed cases where
dispersive species decline at the same rate or at greater rates than non-dispersive species. The
factor that generated the most significant declines of dispersive species (relative to non-
dispersive ones) was the development of land. Thisislikely afurther demonstration of the
previously noted importance of connectivity for dispersive species (Johst et al. 2002) and that the

trangition to alandscape entirely unusable has detrimental effects on dispersive species.

This result also demonstrates that while monitoring data may detect greater reductionsin the
abundance of widespread species, this does not necessarily reflect a greater risk to the entire
metapopulation. This suggests that even in cases where dispersive species experience greater
losses of individuals across the whole meta-population, they are till at less total risk of complete
extirpation. While this may be the base expectation, this finding should be taken with caution.
Firstly, many charismatic widespread insects, such as the monarch butterfly (Danaus plexippus),
are not only highly dispersive but also migratory (Reppert and Roode 2018), and these dynamics
are not captured in this simulation. For instance, we did not examine situations where conditions
in a subset of the landscape, such as overwintering grounds, exhibit a disproportionate influence
on the entire population. In such cases, amodel would need to be built to capture this dynamic
explicitly, and it may be the case that the impacts on population growth during this one critical
phase of their migration are as crucial as the rest of the landscape collectively (Taylor and Hall
2011). Secondly, while under many conditions, non-dispersive species may be at a higher risk of
metapopulation extirpation, there are conditions where dispersiveness ceases to matter, which
occurs in landscapes that are heavily modified and under additional stressors. Given the

landscape composition of many lowland areas and the global threat of climate change, it isnot
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unreasonable to expect that many species in such places are being pushed to their limits and that

declines of range-restricted and widespread species should be expected.

While this ssimulation is informative for understanding observed patterns of insect decline, it
can aso inform the efficacy of potential interventions. Semi-natural landscapes appear to offer
considerable value for bolstering metapopulations, especially for more dispersive species (Howe
et al. 1991). While the expansion of high-quality source habitats is beneficial for all species,
increasing the coverage of semi-natural habitats can have comparable effects for dispersive
species (to a certain extent). In the context of insects, such areas may include pollinator strips
and hedgerows in agricultural areas, as well as pollinator gardens in cities, which can provide
resources in otherwise substandard areas (Buhk et al. 2018, von Konigslow et al. 2022,
Donkerdley et al. 2023). Thisfinding is also supported by experimental work, which has shown
that open corridors that do not support populations themselves are still capable of facilitating
movement between high-quality patches (Haddad and Tewksbury 2005). Our additional habitat
restoration iterations also found that building connections between existing high-quality patches
can have a disproportionately positive effect on dispersive species. The effect was especially
strong in landscapes that are not otherwise patchy, with few existing connections between source
populations. Such “stepping stone” habitats are important for long dispersal events, although
such habitats need to be of adequate size or quality to be useful (Saura et al. 2014). Together,
these results underscore the importance of strategically expanding and connecting semi-natural

and high-quality habitats, which can amplify the persistence of dispersive species.

One of the defining features of the Anthropocene is the interconnectedness of threats imposed
on natural populations (Breitburg et al. 1998, Pirotta et al. 2022, Halsch et al. 2025). Many

landscapes face multiple at once, which islikely crucial for understanding the decline of both


https://doi.org/10.1101/2025.09.17.676929
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.17.676929; this version posted September 20, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

436

437

438

439

440

441

442

445
446
447
448
449
450
451
452

453

454

455

456

457

458

459

460

461

available under aCC-BY-NC-ND 4.0 International license.

local and widespread insects (Yang et al. 2021, Pirotta et al. 2022). Our findings provide a
metapopul ation perspective on this process and offer further insights into the decline of
widespread species. All else being equal, being highly dispersive creates larger and more stable
metapopulations. Still, in highly devel oped landscapes with alegacy of habitat |oss, additional
stressors like climate change can lead to rapid declines. These results highlight the importance of
marginal habitats and how establishing connections can support mobile species (Samways 2007).
Many range-limited species may have already been lost before baseline data could be established
through monitoring programs. However, many widespread species, while declining, can be

supported through thoughtful land conservation and management.
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624 Tables

625
Table 1. Description of all varied parameters in the smulation. Multiple iterations were run for
all parameter combinations. The number of iterations for each parameter combination was
determined from a power analysis (described in the supplement).

Parameter Values Description
0 0, 0, 0,
Landscape 5%, 16%, 25%, 33%, The percent cover of the landscape of each habitat
- 50%, 66%, 90%
composition type.
cover
Landscape The number of initial patches in landscape creation

10, 200, 400 patches

patchiness (showninFig. 1).
Local effect -1,-0.75, -0.5, -0.25, The additional local effects associated with patchesin
0 semi-natural habitats.
Regional effect 0,025, 0.5, 0.75, 1 The magnitude of the v;/fc])crecsetr; ng of regional weather
Dispersal The number of cells away that individuals may move
distance 1.3,5,8,10cdls to during one time step.
The percent of the landscape that is changed from
0 0
Landscz_:\pe L0 20. A) (208 devel oped to natural. These values were used for both
restoration modified

types restoration simulations.
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Figures

A

© Developed () Semi-natural Q) Natural

Figure 1. Four example simulated landscapes with different parameterizations. A) A landscape
with an even proportion of habitat types with low patchiness. B) A landscape with an even
proportion of habitat types with high patchiness. C) A landscape with a higher proportion of
developed habitat with low patchiness. D) A landscape with a higher proportion of developed
habitat with high patchiness.
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634

635 Figure 2. The effects of habitat quality and dispersal ability on the average number of

636  extirpations across the simulations. Panel A shows the impact of increasing natural habitat, Panel
637 B showsincreasing semi-natural habitat, and Panel C shows increasing developed habitat. The
638  effects shown are the mean effects after averaging over all other effects. Points and lines

639 represent the mean effect and are colored by dispersal ability. The bands surrounding the lines
640 indicate bootstrapped 95% confidence intervals.
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642  Figure 3. The effects of patchiness and dispersal ability on the average number of extirpations
643  across the simulations. The effects shown are the mean effects after averaging over all other

644  effects. Pointsand lines represent the mean effect and are colored by dispersal ability. The bands
645  surrounding the lines indicate bootstrapped 95% confidence intervals based on bootstrapping.
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649  Figure 4. The effects of landscape stressors and dispersal ability on the average number of

650 extirpations across the simulations. Panel A shows the effects of local stressors associated with
651 semi-natural habitat, and Panel B shows stressors that impact the entire landscape. The effects
652 shown are the mean effects after averaging over all other effects. Points and lines represent the
653 mean effect and are colored by dispersal ability. The bands surrounding the lines indicate

654  bootstrapped 95% confidence intervals.
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Figure 5. The interactive effects of habitat quality, landscape stress, and dispersal ability on the
average number of extirpations across the simulations. Within each panel, the x-axis represents
increasing dispersal ability, and the y-axis represents increasing stressors (local and regional
combined). Comparison across panels shows the effects of habitat quality. Panelsin the left
column show when the landscape is primarily natural, panels in the middle show when the
landscape is predominantly semi-natural, and panels on the right show when the landscape is
primarily developed. As panels move down, the proportion of that cover type increases. Contours
and colors represent the average number of extirpations across the simulations, after averaging
over the effects not shown. Each contour line represents a change in 5% extirpation.
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667  Figure 6. The effects of landscape restoration and dispersal ability on the average number of

668  extirpations across the simulations. Panel A shows the effects of enhancing connectivity between
669 existing patchesin anon-patchy landscape. Panel B shows the impact of enhancing connectivity
670 between existing patches in a patchy landscape. Panel C shows the effects of increasing existing
671 natura habitat in a non-patchy landscape. Panel D shows the effects of increasing existing

672 natura habitat in a patchy landscape. The bands surrounding the lines indicate bootstrapped 95%
673  confidenceintervals.
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675 Figure 7. The effects of habitat quality and dispersal ability on the average abundance in semi-
676 natural cells across the smulations. Panel A shows the impact of increasing natural habitat, Panel
677 B showsincreasing semi-natural habitat, and Panel C shows increasing developed habitat. The
678  effects shown are the mean effects after averaging over all other effects. Points and lines

679  represent the mean effect and are colored by dispersal ability. The bands surrounding the lines
680 indicate bootstrapped 95% confidence intervals.
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