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ABSTRACT:  48 

Species range contractions are important contributors to biological annihilation, yet typically do 49 

not receive the same attention as extinctions. Range contractions can lead to marked impacts on 50 

populations but are often only characterized by measurements of reduced extent. For effective 51 

conservation efforts, it is critical to recognize that not all range contractions are the same. We 52 

propose four distinct patterns of range contraction: shrinkage, amputation, hollow, and 53 

fragmentation. We tested their impact on populations of a generic generalist species using 54 

forward-time simulations. Results showed that all four patterns differentially reduced population 55 

abundance (declines of 60-80%) and significantly increased average relatedness, with differing 56 

patterns in nucleotide diversity (π) declines relative to the contraction pattern. The fragmentation 57 

pattern resulted in the strongest effects on post-contraction genetic diversity and structure. 58 

Defining and quantifying range contraction patterns and their consequences for the planet’s 59 

biodiversity provides necessary information to combat biological annihilation in the 60 

Anthropocene.     61 

 62 

 63 

 64 

  65 
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Introduction 66 

Widespread impoverishment of biodiversity, referred to as “biological annihilation” (Ceballos et 67 

al. 2017) is occurring across taxon groups and ecological scales. Yet focusing attention solely on 68 

extinctions underestimates the severity of the biodiversity crisis (Dirzo et al., 2014). Findings on 69 

range contraction for mammals by Ceballos et al. (2017) are alarming: nearly all of the 177 70 

species they examined have lost 40% or more of their geographic range, with almost half losing 71 

more than 80%. In a separate analysis, Ceballos et al. (2020) found that, for 48 mammal and 29 72 

bird species on the brink of extinction, there was an estimated reduction of 95% and 94% in their 73 

ranges since 1900, respectively. While the gravity of species extinctions is a compelling 74 

narrative within the biodiversity crisis, extinction accounts for only a small portion of overall 75 

biodiversity decline (Butchart et al., 2010; Dirzo et al., 2014).  76 

Range contraction is typically described as the amount of range lost (Ceballos et al., 77 

2017, 2020). However, range contractions can take various patterns beyond the spatial extent of 78 

loss and each of these patterns can have different consequences for species’ populations. 79 

Distinguishing between range contraction patterns therefore has important implications for 80 

conservation. Different patterns may necessitate different strategies, such as, conserving disjunct 81 

populations, prioritizing conservation corridors, reintroduction planning, or restoring habitat 82 

within a species’ historic range. Effects of range contraction on population demography and 83 

genetics are understudied and may vary according to the contraction pattern.  84 

Recent advances in simulation software (Kelleher et al., 2018; Haller et al., 2018; Haller 85 

& Messer, 2019) have expanded our ability to assess how range contractions impact populations. 86 

For example, by utilizing tree sequence recording (Haller et al., 2019) in the forward-time 87 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 27, 2021. ; https://doi.org/10.1101/2021.01.26.428313doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.26.428313
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 

 

simulator SLiM (Haller & Messer, 2019), it is possible to track the local genomic ancestry of 88 

every individual alive during the simulation. Combining this with the spatial locations of 89 

individuals, investigators can evaluate how range contraction patterns bias the distribution of 90 

ancestors backward in time.  91 

Few, if any, studies have explored the potential consequences of distinct patterns of range 92 

contraction on demography and genetics of species’ populations. We hypothesize that distinct 93 

contraction patterns will produce different demographic and genetic consequences, and these 94 

consequences will not be uniform throughout post-contraction ranges. We investigated this 95 

hypothesis by simulating the demographic and genetic effects of four different range contraction 96 

patterns on a generalist species and evaluating the significance of these impacts for mitigating 97 

future species decline due to range contractions. In Box 1, we discuss the prevailing hypotheses 98 

of how ranges contract and how we used those, coupled with real-world examples (Table 1), to 99 

define the four patterns. The goal of our simulation models was to gain insights into the interplay 100 

between range contraction patterns and their consequences for genetic diversity and demography. 101 

In addition to tracking genetic diversity (π), we also mapped spatial ancestry. Finally, we 102 

examined how sampling individuals from different parts of the range can alter interpretation of 103 

the impacts of the contraction pattern. Our models allow us to make generalizable predictions 104 

about the magnitude and timing of effects of range contraction on genetic diversity and 105 

demography, and how the spatial distribution of ancestry and genetic diversity influence the 106 

interpretation of these effects. These insights can serve to inform the development of 107 

conservation interventions aimed at confronting the challenge of biological annihilation.  108 
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Methods 109 

Population Model 110 

We modelled impacts of four range contraction patterns (Box 1) on demographics and genetic 111 

diversity of a wide-ranging habitat generalist species using the forward-time simulation program 112 

SLiM v3.3 (Haller & Messer, 2019) (Figure 1). Simulated individuals were diploid (2n), with 113 

haploid genome sizes of 1000 Mb and a uniform recombination rate of 10-9. Mutation was 114 

suppressed during the SLiM run and added later to decrease computation time (Kelleher et al., 115 

2018). Individuals were hermaphroditic, but self-incompatible. We modelled populations with 116 

overlapping generations in contiguous habitat with dimensionality (x, y). We included variation 117 

in the species’ distribution within its range by incorporating fitness values in 20x20 matrices, 118 

where unsuitable portions of the range have values of 0.1 (a 90% fitness reduction) and suitable 119 

have fitness values of 1.0 (i.e., no habitat-specific fitness cost).  120 

At the beginning of each SliM run, 2000 individuals were randomly distributed across the 121 

range. Each timestep progressed through a series of events that included mate choice, offspring 122 

generation, and dispersal. Each of these processes were determined, to some degree, by a 123 

constant interaction distance, 𝜎 (= 0.5). We kept the interaction distance constant to reduce 124 

variation in results due to varying mate choice, dispersal, or spatial competition strength. For 125 

both mate choice and spatial competition, the interaction strengths were defined by a Gaussian 126 

distribution with a maximum of 1 / 2π𝜎2, where π is the mathematical constant, and standard 127 

deviation 𝜎. The interaction strength had a maximum distance of 3𝜎, beyond which spatial 128 

competition and probability of mating are both effectively zero. Following Battey et al. (2020), 129 
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the sum of all competitive interactions is 𝑛!" = ∑ 𝑔(𝑑!")" , where g is a Gaussian density with 130 

mean 0 and standard deviation 𝜎 and d is distance from a given individual (again, max distance 131 

of 3𝜎). Mates were chosen randomly from within this maximum distance, and the number of 132 

offspring per mating pair was drawn from a Poisson distribution with 𝜆 = 1 / L, where L is the 133 

mean age at stationarity. Accounting for spatial competition and habitat quality (h), the absolute 134 

fitness of individual i (the probability of surviving to the next timestep) is calculated as: 135 

𝑃! = ρmin(0.95, #
(#%&'!)/*

). 136 

In the equation above, ⍴ = F / K(1 + F), where F is the mean fecundity and K is the local 137 

carrying-capacity. To avoid edge effects, we reduced fitness relative to distance from the edge 138 

(W): 139 

𝑓+ = 𝑃!min 61, 8
,!
-
9min 61,8.!

-
9min:1,8/0,!

-
;min 61,8(𝑊 − .!

-
9, 140 

where xi and yi is the individual’s position in the x and y coordinates (Battey et al., 2020; 141 

Bradburd & Ralph, 2019). Following mate choice and offspring generation, individuals dispersed 142 

according to a random normal distribution with mean zero and standard deviation 𝜎 in both x and 143 

y coordinates (following Battey et al., 2020). All models had a burn-in period of 10,000 144 

timesteps (~10N) before range contractions began.  145 

 We simulated each model of range contraction by altering the landscape of fitness values 146 

at four discrete intervals of 100 timesteps, each of which corresponds to ~25 (Figure 1). Each 147 

interval progressively decreased the total suitable habitat in a configuration according to the 148 
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contraction pattern. To simulate a range shrinking as predicted by the demographic hypothesis, 149 

the shrinkage model initially reduced habitat suitability in the range’s periphery and continued 150 

reducing suitability towards the core at each interval. To simulate an extinction factor spreading 151 

across the landscape from its point of initial impact, as described by the contagion hypothesis, 152 

the amputation model initially reduced suitability in the periphery of the range, and at each 153 

interval this reduction expanded towards the periphery opposite the initial impact. The hollow 154 

model, also derived from the contagion hypothesis, initially reduced suitability in the core of the 155 

range, with suitability decreasing towards the periphery at each interval. The fragmentation 156 

model initially reduced suitability in several places in the range, with reductions in suitability 157 

expanding to create disjunct fragments. (See Table S1 in Supporting Information for the total 158 

percent of range loss for each type of contraction).  159 

During the run, SLiM tracked the local ancestry of each recombination breakpoint 160 

interval for all individuals via tree sequence recording (Haller et al., 2019). In addition, we 161 

utilized SLiM’s ability to track the full pedigree of all individuals, which allowed us to estimate 162 

an average of Wright’s coefficient of relatedness (Wright, 1922). We did so by randomly 163 

sampling 50 individuals each generation, estimating their pedigree relatedness, and then 164 

estimating average sampled relatedness as: Fr = (r – n) / n where r is the sum of all values in the 165 

relatedness matrix and n is the sample size. 166 

 The outputs of SLiM were the aforementioned tree sequences which store the complete 167 

population pedigree with each individual tagged in each timestep with their total number of 168 
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offspring, age, fitness, and spatial location. Specific SLiM recipes for each contraction model are 169 

available at https://github.com/hancockzb. 170 

Genetic analysis 171 

We analyzed genetic data from the SLiM model to determine how nucleotide diversity (π) and 172 

spatial ancestry were impacted by patterns of range contraction and how spatial sampling 173 

schemes impacted our interpretation. Nucleotide diversity is a common metric used in 174 

conservation genetics including inbreeding and population size estimation (e.g., Carvalho et al., 175 

2019, Hoelzel et al., 1993; Roelke et al., 1993), After each SLiM run, we analyzed the tree 176 

sequences produced using the python packages tskit and pyslim (Kelleher et al., 2018), and 177 

msprime (Kelleher et al., 2016). Trees were first checked for coalescence and, if multiple roots 178 

were found, we used the “recapitation” method in pyslim to simulate coalescence (Haller & 179 

Messer, 2019). We then overlaid neutral mutations (𝜇 = 10-8) onto the trees, and performed all 180 

further analyses on the resulting tree sequences.  181 

For each model of range contraction, we calculated π for 100 randomly selected 182 

individuals across four time points: 1) before the contraction began; 2) 25 generations after the 183 

contraction; 3) 50 generations after; and 4) 100 generations after. Additionally, we scaled π 184 

across time points relative to the pre-contraction mean, which enabled visualization of clusters 185 

with high or low diversity spatially. To determine if π was significantly less post-contraction, we 186 

performed a pairwise Wilcoxon test in the R platform (R Core Team, 2019). We used 187 

nonparametric tests throughout due to the data violating the assumptions of normality (Shapiro-188 

Wilkes test, p < 4.1e-13).  189 
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To determine how spatial sampling schemes impacted our interpretation of the 190 

consequences of range contractions, we sampled 50 individuals each from 5–6 groups alive in 191 

the final generation from specific locations in the remaining range (“topleft,” “topright,” 192 

bottomleft,” “bottomright,” “center” for shrinkage and “top,” “uppermiddle,” “lowermiddle,” 193 

“lower” for amputation) and compared them to random samples of 50 individuals from the 194 

population prior to the contraction (“ancient”). The hollow and fragmentation scenarios had 5 195 

groups (“topleft,” “topright,” bottomleft,” “bottomright,” “ancient”) because there was no 196 

“center” group. We computed pairwise nucleotide divergence (π12) between each group, as well 197 

as π within groups. We compared these results with a branch-length analogue statistic computed 198 

by tskit that does not rely on mutations, but instead computes the average distance (in number of 199 

timesteps) up the tree sequence between two randomly selected chromosomes within or between 200 

the specified group(s). In addition, we calculated pairwise FST for each group as 201 

𝐹12 = 1 − 3(4"%4#)
4"%34"#%4#

, 202 

where π1 and π2 is the diversity within group 1 and 2, respectively.  203 

To evaluate how patterns of spatial ancestry were impacted by range contraction, we 204 

randomly sampled 5 individuals alive at 25 generations (or 100 timesteps) after the end of the 205 

contraction and traced their ancestry back to the beginning of the contraction. This was 206 

performed in between recombination breakpoints by traversing up the tree to the ancestor(s) 207 

living in the given generation of interest. We tracked the proportion of the genome inherited 208 

from any single ancestor and recorded said ancestor’s spatial position. To determine the 209 

transition between the scattering (spatially autocorrelated ancestry) and collecting (random 210 
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mating) phases (Wakeley, 1999), we compared the spread of spatial ancestry of the sampled 211 

individuals 25 generations before the contraction to a “neutral” model in which no contraction 212 

had occurred. This analysis allowed us to assess the relationship between the true dispersal 213 

distance (𝜎) and the effective dispersal distance (𝜎e). This analysis was performed using 214 

modified Python packages from Bradburd & Ralph (2019: https://github.com/gbradburd/spgr).  215 

Demographic analysis 216 

We tracked the demographic parameters of age structure, mean number of offspring, and relative 217 

fitness throughout the SLiM simulation. Age was measured as the number of timesteps an 218 

individual survived through. We tested for a statistically significant relationship between each 219 

parameter and generation time via linear regression. We visualized areas of high and low relative 220 

fitness spatially by plotting individuals across four sampled time periods: 0, 25, 50, and 100 221 

generations, where generation 0 is the population 25 generations before the contraction began 222 

and the 100th generation is 50 generations after the last contraction. Finally, we used linear 223 

regressions to test the relationship between age and relative fitness, and between age and the 224 

number of offspring. 225 

Results 226 

Simulated range contraction models resulted in population declines of 60–80%, with the largest 227 

decreases occurring in shrinkage and amputation (Figure 2a). The model with the lowest 228 

population decline (60%) was hollow. All models showed significant increases in average 229 

relatedness (p < 0.001 in all cases; r2 ranged from 0.33–0.65; Figure 2b), but the slope of the 230 

relationship between relatedness and generations was steepest in the shrinkage and hollow 231 
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models. Variability in relatedness increased following range contraction (Figure 2b). While each 232 

model showed an eventual decline in nucleotide diversity (π), they differed in the number of 233 

generations before π became significantly less than pre-contraction conditions (Figure 3). After 234 

25 generations, π was notably reduced in amputation, fragmentation, and hollow simulations, but 235 

not in shrinkage. In the shrinkage models, π did not show marked decline until 100 generations 236 

after range contraction. In addition, π was strongly influenced by spatial location, with some 237 

models maintaining regions of high absolute and relative π (Figures S3, S7, S9). For all models, 238 

age was significantly correlated with number of offspring (p < 0.001; r2 = 0.50; Figure S1) and 239 

the average and max age of individuals increased as species’ ranges contracted (p < 0.001; 240 

Figure 2c–d). Age was also significantly negatively correlated with fitness, though the fit was 241 

poor (p < 0.001; r2 = 0.01).  242 

Shrinkage  243 

The shrinkage model resulted in 88% of total range loss, with the remaining area concentrated in 244 

the core of the pre-contraction range, as predicted by the demographic hypothesis (Table S1). In 245 

the shrinkage models, π remained relatively high during and following contraction when 246 

compared with the other forms of range contraction. Nucleotide diversity was not significantly 247 

different pre- and post-contraction until 100 generations after the contraction ended, despite an 248 

80% decline in population size (Figure 3). Genetic diversity relative to pre-contraction 249 

conditions remained comparable for individuals in the center of the post-contraction range even 250 

100 generations later (Figure S3). High genetic diversity was coupled with comparably high 251 

relative fitness in the center of the range compared to the edges (Figure S4). The total branch 252 
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distance (in number of timesteps) in the center group was 16045 compared to 10970–13531 for 253 

the four corners (Table S3). While heterozygosity was not significantly different from pre-254 

contraction conditions until well after the contraction ended, the average relatedness was 255 

significantly higher within the first 40–60 generations during the contraction (p < 0.001). 256 

Patterns of genetic differentiation indicate spatial autocorrelation of ancestry, with pairwise FST 257 

the highest among edge pairs and lowest when edges were compared to the “center” group 258 

(Table S4). Ancestry was spread evenly across the range, in the shrinkage model (Figure 4).  259 

Amputation  260 

The amputation model resulted in 87% total range loss, with the post-contraction range 261 

constrained to the periphery of the pre-contraction range, as consistent with the contagion 262 

hypothesis. The highest relative fitness in the amputation model was concentrated in the core of 263 

the post-contraction range (Figure S6), and this area further maintained the highest diversity 264 

relative to pre-contraction conditions. By 25 generations post-contraction, π was significantly 265 

less than pre-contraction levels (p < 0.001). Of the five sampled groups (see Figure S5, Table 266 

S5), the ‘middle’ group had the highest diversity (π = 1.44e-04), whereas the ‘top’ and ‘lower’ 267 

had the lowest (π = 1.11e-04; π = 9.46e-05, respectively). A clear pattern of isolation-by-distance 268 

had formed as well, with ‘top’ being least diverged from ‘upper middle’ and most from ‘lower’ 269 

(Table S7). The spatial ancestry spread was strongly biased in the direction of the extinction 270 

force (Figure 4).  271 
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Hollow  272 

The hollow model resulted in the least amount of range loss of all four patterns, at 68%. The 273 

post-contraction range was located in the periphery of the pre-contraction range, consistent with 274 

the contagion hypothesis. Hollow also resulted in the smallest population size decline of ~60%, 275 

which was reflected in a poor fit of average relatedness over generations (r2 = 0.33). However, 276 

hollow produced the strongest positive relationship between mean age and generation time (p < 277 

0.001; r2 = 0.43). The hollow model demonstrated that pockets of high fitness appeared freely 278 

across the range, rather than in the center of the range (Figure S10). Sampled groups did not 279 

show dramatic differences in π or branch distances (Table S11–12). Furthermore, no clear 280 

pattern emerged in respect to genetic differentiation with distance (Table S13), Spatial ancestry 281 

was strongly biased towards the edges, with few ancestors spanning the entire range prior to the 282 

contraction (Figure 4).  283 

Fragmentation  284 

The fragmentation model resulted in 86% total range loss, with the post-contraction range 285 

consisting of disjunct fragments. The fragmentation model resulted in the largest impact on 286 

genetic diversity. Diversity decreased in a steady stepwise manner after the contraction (Figure 287 

3). By 100 generations after the start of the contraction, no sampled individuals maintained π 288 

comparable to the pre-contraction mean (Figure S7). The four sampled groups were strongly 289 

differentiated from one another (FST > 0.42 for all comparisons), and the average branch-distance 290 

was twice as deep between groups as within groups (Table S9–10). The highest relative fitness 291 

was within the center of the remaining groups (see Figure S8), decreasing toward the edges. 292 
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Spatial ancestry was skewed towards the remaining fragment that the sample was taken from, 293 

with fragments with the highest population density (‘topleft’ and ‘bottomleft’) showing the 294 

greatest spatial spread (Figure 4).  295 

 296 

Discussion 297 

Our results demonstrated how range contractions can contribute to biological annihilation 298 

through marked impacts on population size, structure, and genetic diversity. Our simulations 299 

revealed that the extent and magnitude of the effects of range contraction differed depending on 300 

the pattern of contraction. The unique outcomes resulting from each pattern underscore the 301 

importance of documenting how range contractions occur in real-world ecosystems. Our models 302 

are an important step towards a general understanding of what impacts are likely to manifest 303 

under different range contraction patterns. This is crucial when considering conservation 304 

strategies for recovery of populations lost to biological annihilation.  305 

Genetic and demographic consequences of range contraction patterns 306 

The sensitivity of π to reductions in population size has been a topic of debate for some time, 307 

(e.g., Ringbauer et al., 2017; Bradburd & Ralph, 2019) particularly whether π responds to 308 

population reductions within a few generations, which is often the timescale of relevance to 309 

anthropogenic causes of range contractions. Concordant with previous studies (e.g., Barton et al., 310 

2013; Aguillon et al., 2017), we found that average relatedness responded much more rapidly to 311 

reductions in absolute population sizes than π for our simulated generalist species. This occurred 312 
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in all four range contraction patterns. In the most extreme case, shrinkage, we found that a 313 

decline in π may not be detectable until >100 generations after range contraction despite a >80% 314 

loss in suitable habitat (Figure 3). This finding demonstrates a pressing need for the field of 315 

conservation genetics to adopt more sensitive measures of population health than π, such as 316 

length of identity-by-descent (IBD) tracts (see Chen et al., 2019).   317 

A long-standing assumption in conservation genetics is that low genetic diversity 318 

(measured as π) increases extinction probability and must result from population bottlenecks 319 

(Amos & Balmford, 2001). However, it has been argued that some populations maintain low 320 

diversity ancestrally, making this statistic a poor predictor of the population’s health. The 321 

cheetah (Acinonyx jubatus) and several other species are classic examples of long-term patterns 322 

of low genetic diversity without ill effects (O'Brien et al., 1986; Caro & Laurenson, 1994; 323 

Caughley, 1994; Merola, 1994; Frankham, 1995; Caro, 2000; Amos & Balmford, 2001).  324 

Our range contraction models show that loss of genetic diversity relative to pre-325 

contraction levels may be more indicative of potential impacts on the health of remaining 326 

populations. We demonstrated the rate of decline of π within a population was highly impacted 327 

by the spatial pattern of contraction. Contraction patterns that maintained high connectivity and 328 

impacted the periphery of the population most heavily (such as shrinkage) tended to be resilient 329 

to declines in π. Because the population density was highest in the core of the range, the loss of 330 

peripheral populations did not remove the bulk of standing diversity (Wilkins & Wakeley, 2002). 331 

As expected, the contractions that constrained the remaining range towards the edges, as in 332 

hollow and amputation, caused appreciable reductions in standing diversity despite maintaining 333 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 27, 2021. ; https://doi.org/10.1101/2021.01.26.428313doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.26.428313
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

absolute population sizes similar to shrinkage. Furthermore, the loss of connectivity (as in 334 

fragmentation) had dramatic impacts on the rate of decline of π. Reduced connectivity has been 335 

recognized as an important driver in extinction risk of populations (Keller et al., 2003; Chan et 336 

al., 2020).  337 

Discrete sampling in continuous populations is known to bias measures of dispersal and 338 

connectivity (Wang & Bradburd, 2014; Cayuela et al., 2018; Battey et al., 2020). This is 339 

partially due to the metrics of gene flow (such as FST) being derived for discrete populations. 340 

Furthermore, incomplete sampling across the range may skew the interpretation of the impact of 341 

a contraction on measures of diversity. In our simulations, we found that samples taken from the 342 

range center consistently had higher π and lower differentiation than those from the edges 343 

(Tables S2–3, S5–6). Indeed, for the shrinkage pattern, the level of π in the range center was 344 

comparable to the pre-contraction conditions long after the contraction ended. This demonstrates 345 

the importance of having prior knowledge about range size and boundaries for species of interest 346 

and species distributions throughout the range. 347 

 Range contractions also contribute to biological annihilation by altering demographics of 348 

populations. Indeed, some alterations in demographic patterns are expected to become apparent 349 

following shifts in absolute population size. For example, the age structure of a population has 350 

been found to shift towards older age classes following population declines, which has been 351 

attributed to reduced survival of juveniles or reproductive failure (Stubbs & Swingland, 1985; 352 

Wheeler et al., 2003). Our models produced the same trends (Figure 2c–d). However, our 353 

models have no age-specific fitness declines; in effect, these correlations emerged as a by-354 
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product of the increased stochasticity of smaller populations. We recommend that future 355 

investigations into the age structure of declining populations account for this increased 356 

randomness when providing explanations for shifts towards older age classes. This will likely 357 

include an experimental or observational approach that extends beyond counts of individuals per 358 

age class to more mechanistic, instead of inferential, causes of shifts.  359 

Implications for Theories of Geographic Range 360 

Channell and Lomolino (2000a, b) found that, with a few exceptions, range contractions 361 

consistent with the contagion hypothesis (i.e., amputation and hollow) were far more likely to 362 

occur than those predicted by the demographic hypothesis. As such, our generalizations for 363 

amputation and hollow contagion patterns will likely be the most broadly applicable in natural 364 

systems, though the hollow pattern was mostly theoretical in this analysis.  365 

Though amputation may be the more common contagion pattern of range contraction in 366 

natural systems (as opposed to hollow), our findings reveal that peripheral populations will be 367 

differentially impacted depending on the way the contagion spreads. Whereas the range center 368 

maintained the highest relative fitness in the amputation pattern, the hollow range demonstrated 369 

that pockets of high fitness appeared to shift freely across the range (Figure S10). This may be a 370 

response to shifting population density: when the density becomes too high in any one area, 371 

relative fitness declines causing the highest fitness to shift away from the area. However, these 372 

areas are somewhat skewed towards corners, which may be due to the ability of corners to 373 

maintain higher population densities than straights due to the greater proximity of habitable areas 374 

(well within the dispersal distance). Pairwise FST among sampled groups was relatively high 375 
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(0.27–0.37) in hollow compared to amputation. This difference, and the greater decline in 376 

relative π, may be the result of higher population densities in the amputation model relative to 377 

the hollow model. Spatial ancestry in the hollow simulation was strongly biased towards the 378 

edges, with few ancestors spanning the entire range prior to the contraction, as opposed to the 379 

amputation simulation, where spatial ancestry was biased in the direction of the extinction force 380 

(Figure 4). Given that the importance of the range periphery relative to range core for species 381 

persistence has been contested in the literature (Channell, 2004; Channell & Lomolino, 2000a,b; 382 

Rodríguez, 2002), we caution that peripherally contracted ranges will likely vary according to 383 

how extinction factors spread across each range.   384 

Fragmentation is a ubiquitous and challenging form of range contraction and biological 385 

annihilation (Fitzgerald et al., 2018), yet it has not been adequately addressed in studies of 386 

geographic range (but see Donald & Greenwood, 2001). Our simulations of range contraction by 387 

fragmentation resulted in more drastic effects on genetic diversity and post-contraction 388 

population genetic structure than the other patterns. Range fragmentation can occur naturally 389 

over geologic time scales, yet is also caused by human land use over rapid time scales (Chan et 390 

al., 2020). Range fragmentation has also been shown to cause striking demographic disruption 391 

(Cegelski et al., 2003; Proctor et al., 2005) that in some instances has directly led to population 392 

extinction (Leavitt & Fitzgerald, 2013; Walkup et al., 2017). Most fragmentation research is 393 

directed at understanding effects of habitat fragmentation on populations (Fahrig, 2003; Rogan & 394 

Lacher, 2018). Including fragmentation in geographic range theory is especially relevant 395 

considering that land use occurs across multiple temporal and spatial scales and has driven 396 
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spatial patterns of range contraction (Boakes et al., 2018). We suggest that fragmentation merits 397 

further consideration as an important pattern of range contraction across the globe. 398 

Future Research and Implications for Conservation 399 

The principal implication of our results is that a “one size fits all” conservation approach will not 400 

be effective in ameliorating the consequences of range contraction. We showed fragmentation 401 

caused strong genetic differentiation among disjunct range fragments (FST > 0.42 for all 402 

comparisons), which resulted in increased pedigree relatedness and decreased genetic diversity in 403 

each range fragment due to inbreeding. However, genetic diversity as whole remained high 404 

because the action of genetic drift was partitioned to individual fragments. This finding supports 405 

conservation corridor theory and conservation translocations in the form of population 406 

reinforcement. In natural systems, it may be a priority to develop corridors between fragments to 407 

restore gene flow and employ reciprocal introductions to mitigate loss of diversity among 408 

remnant populations (Hurtado et al. 2012). Reintroductions may be an important strategy for the 409 

amputation scenario, in which connectivity remained high in the remaining range but genetic 410 

diversity was low due to the persistence of historically less diverse lineages. Undoubtedly, a 411 

complex synergy of unique factors including life history, phylogeny, social group structure, 412 

behavioral flexibility, ecological niche, or local and regional factors (Lawton, 1993; Purvis et al., 413 

2000; Cardillo et al., 2008; Boakes et al., 2018) should be considered when developing strategies 414 

to combat biological annihilation.  415 

  Our finding that the spatial distribution of ancestors was strongly skewed in the direction 416 

of the contraction force for almost all patterns bears important implications for interventions 417 
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aimed at addressing the loss of locally adapted gene complexes. This ancestry effect was 418 

particularly pronounced in amputation, the most common form of contraction. Spatial ancestry 419 

was influenced in our models by local lineages more than through migration. This implies that 420 

local adaptations may be lost because lineages carrying those adaptations go extinct as the range 421 

contracts. Attempts at repatriation in the historic range may be hindered by lack of locally 422 

adapted gene complexes, and conservation interventions should be designed to monitor and 423 

prevent loss of local lineages (Templeton, 1986). 424 

The timing and rate of response of π and demographic factors varied among the four 425 

patterns we investigated. We found that pedigree relatedness in shrinkage models increased well 426 

ahead of the decline in π. Time lags between range contraction and detectable differences in 427 

genetic diversity has been observed in several other studies (Anderson et al., 2010; Balkenhol et 428 

al., 2016; Schlaepfer et al., 2018). We therefore suggest measures other than π such as 429 

relatedness may generally show a quicker response and should be considered when assessing 430 

impacts of range contractions. Furthermore, the importance of recognizing early changes in 431 

demographic structure based on the pattern of range contraction may increase capacity to rescue 432 

populations before they are severely compromised.  433 

Our simulation model has a few limitations to consider. First, individuals in our models 434 

are hermaphroditic, which alleviates the issue in small populations of finding a mate of the 435 

opposite sex. Thus, our results represent a conservative measure of the impacts of range 436 

contraction. Future work might consider modelling separate sexes and more complex mating 437 

systems. Second, despite living for several generations, individuals only disperse once 438 

immediately after birth, which limits their ability to respond to range contractions. For highly 439 
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vagile organisms that may reproduce in several locations over their lifetimes, our results will be 440 

exaggerated. This limitation can also be mitigated by future work incorporating adult movement 441 

following offspring generation, which will allow a greater number of individuals to “escape” the 442 

extinction front. Thirdly, our simulated ranges are uniform in their pre-contraction suitability, 443 

whereas natural ranges are typically patchier. Finally, we assume that contraction happens in 444 

discrete intervals instead of continuously. We do this for model simplicity, but we recognize that 445 

some contractions may happen continuously, depending on the driver(s).   446 

Empirical studies that explicitly address range contraction patterns are of increasing value 447 

to conservation, especially if genetic and demographic correlates are also measured. Patterns of 448 

range contraction have typically only been considered in multi-species analyses and reviews 449 

(e.g., Laliberte & Ripple, 2004), while most reports of range contractions for single species focus 450 

on the amount and extent of range lost. (however, see Lomolino & Smith, 2001). Our results 451 

show an important next step will be to investigate consequences of contraction patterns, 452 

particularly fragmentation, in real ecological systems. Understanding range contraction patterns 453 

and their consequences for the planet’s biodiversity is crucial to further combat biological 454 

annihilation in the Anthropocene.     455 
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Figures, Tables, and Boxes 721 

Legends 722 

Figure 1. Simulation model showing both forward-in-time simulation and backward-in-time 723 

analysis directions. Size of the ranges have been scaled down to 10x10 instead of 20x20 for 724 

easier visualization of contraction patterns. While shown as a grid with distinct boundaries 725 

between cells, note that interpolation is used and there is a smooth gradient between them. 726 

Historic range has no cell-specific fitness reduction (though there are fitness consequences 727 

relative to distance from the edge).  728 

 729 

Figure 2. Effects of patterns of range contraction on populations size and demography. a) 730 

Population size decreased following each discrete range contraction event; b) increase in 731 

pedigree relatedness across generations increased following contraction, with different slopes of 732 

the relationship between relatedness and generations for different forms of contraction; c) mean 733 

age of individuals in the population increased following range contraction; d) relationship 734 

between the maximum age of individuals in the population and the absolute population size 735 

revealed decreasing trends in maximum age following range contraction. Dashed lines represent 736 

the timing of each discrete range contraction event.  737 

 738 

Figure 3. Changes in nucleotide diversity (π) following contraction. a) change in absolute π 739 

following the contraction; b) change in π relative to pre-contraction levels. “Before” is 25 740 
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generations before the contraction begins; “25_After” is 25 generations after the last contraction 741 

point; “50_After” is 50 generations later; and “100_After” is 100 generations later. Tukey’s post 742 

hoc test results for differences in π across different time points following each form of range 743 

contraction also provided for each plot. 744 

Figure 4. The spread of spatial ancestry of 5 randomly sampled individuals in the post-745 

contraction range. Left column is sampled individuals from the range 25 generations after the 746 

contraction. The size of the circles indicate the proportion of the genome inherited from a given 747 

ancestor. Note that there are multiple circles due to overlapping generations. Each color 748 

represents the sampled individuals. Right column is the ancestors of the 5 sampled individuals 25 749 

generations prior to the contraction. 750 
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Table 1. Examples of patterns of range contractions found in various taxa. 

Taxonomic 
Group 

Species Authors and 
Year 

Contraction 
Pattern  

Driver(s)  

Anthozoa Coral communities Greenstein and 
Pandolfi (2008) 
 

Amputation Climate 
change 

Birds Bachman's Warbler 
(Vermivora 
bachmanii) 
 

Wilcove and 
Terbough (1984) 

Fragmentation Habitat 
destruction 

Birds Pampas Meadowlark 
(Sturnella delfilippii) 
 

Gabelli et al. 
(2004) 

Shrinkage Habitat 
destruction 

Herpetofauna Eastern Massasauga 
Rattlesnake 
(Sistrurus catenatus) 
 

Pomara et al. 
(2014) 

Amputation Climate 
change, land 
cover 

Herpetofauna New Zealand 
herpetofauna 
 

Towns and 
Daugherty (1994) 

Amputation Introduced 
mammals 

Herpetofauna Louisiana Pine 
Snake (Pituophis 
ruthveni)  
 

Rudolf et al. 
(2006) 

Fragmentation Habitat 
destruction 

Herpetofauna Blanchard's Cricket 
Frog (Acris 
blanchardi) 
 

Russell et al. 
(2002) 

Amputation Water 
contamination 

Herpetofauna Cascades Frog 
(Rana cascadae) 

Fellers and Drost 
(1993) 

Amputation invasive 
species, habitat 
destruction 

Insects Butterflies  Franco et al. 
(2006) 

Amputation Climate 
change 

Mammals American Pika 
(Ochotona princeps) 

Stewart et al. 
(2017) 
 

Fragmentation Climate 
change 

Mammals Iberian Lynx (Lynx Rodríguez and Fragmentation prey 
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pardinus) Delibes (2002) abundance, 
land use 
changes 

Mammals Spectacled Bear 
(Tremarctos 
ornatus) 
 

Kattan et al. 
(2004) 

Fragmentation Habitat 
destruction 

Mollusks Blue mussel (Mytilus 
edulis) 
 

Jones et al. (2010) Amputation Climate 
change 

Plants Scythothalia 
dorycarpa 

Smale and 
Wernberg (2013) 

Amputation Marine heat 
wave 
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Figure 1. 776 
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Figure 2. 778 
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Figure 4. 781 
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Box 1. Range contractions: hypotheses and patterns 782 

 The mechanisms of range contraction have been predominately described by two hypotheses: 783 

demographic and contagion (Lomolino and Channell,1995; Channell & Lomolino, 2000b). The 784 

demographic hypothesis states that local populations go extinct because of demographic 785 

processes in increasingly small populations. It is derived from the theory of extinction in small 786 

populations and is predicated on the assumption that populations are larger and denser in the core 787 

of a species range. Therefore, the demographic hypothesis predicts that all else being equal, 788 

populations should go extinct beginning on the periphery of the range, and the last remaining 789 

populations will be found closest to the center of the species’ historical range (Channell and 790 

Lomolino 2000b). The demographic hypothesis does not consider drivers of extinction.  791 

The contagion hypothesis, which was favored by Lomolino and Channell (1995, 1998), 792 

posits that multiple extinction factors (e.g., habitat loss, climate change, disease, persecution) 793 

take place in concert across landscapes and these extinction factors spread like a contagion 794 

causing areas of the range to be lost. The contagion hypothesis predicts that if complete 795 

extinction does not occur, remaining populations will persist in the periphery of the range where 796 

they are most geographically isolated from the extinction factors (Towns and Daugherty 1994, 797 

Lomolino and Channel 1995). By examining the changes in the index of centrality of contracting 798 

ranges, Channell and Lomolino (2000b) found that initial range loss was usually peripheral. 799 

However, the initial impact of extinction factors does not have to occur in the periphery to be 800 

consistent with the contagion hypothesis (Channell and Lomolino 2000b, Donald and 801 

Greenwood 2001).  802 
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Here we considered four patterns of species range contraction and the potential 803 

mechanisms that form them: shrinkage, amputation, hollow, and fragmentation. Shrinkage is the 804 

predicted outcome from the demographic hypothesis and describes the scenario where a species’ 805 

range contracts from its periphery to its core. This pattern has also been referred to as a “melting 806 

range” (Rodríguez, 2002) or “range collapse” (Fisher, 2011). Amputation is predicted by the 807 

contagion hypothesis and occurs when loss of geographic range begins at a particular point or 808 

region in the periphery of the species’ range and spreads across the range until the last remaining 809 

populations occur in the areas that are furthest from the original population extinctions. In short, 810 

portions of the species’ range are amputated with the advancing extinction front. This is thought 811 

to be the most common way that ranges contract (Lomolino and Channel 1995, Channel and 812 

Lomolino 2000a,b). Hollow is also derived from the contagion hypothesis, yet distinct from 813 

range amputation in that extinction begins in the center of a species’ range and spreads until the 814 

remaining populations only persist on the periphery. Fragmentation occurs through loss of 815 

continuity in a species’ range, resulting in disjunct populations, and constrains dispersal, 816 

contributing to impacts on genetic diversity. Fragmentation may result in a much smaller total 817 

area occupied by a species even if the geographic span of the range is similar to its historical 818 

baseline. Range contraction through fragmentation does not conform to either the demographic 819 

or contagion hypothesis. Though pattern is often not considered in case studies of range 820 

contractions, it can be inferred, especially when contractions are recent and historical range data 821 

exists. With the exception of hollow, which is mostly theoretical in our study, range contractions 822 

demonstrating these patterns have been observed in a wide variety of taxa worldwide and have 823 

been attributed to a number of different drivers (Table 1). 824 
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