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Highlights:  25 

• Rear-edges, relict populations from glacial refugia, may offer key insights to study evolution 26 

under climate warming, yet remains underused as models. 27 

• Recent theoretical and empirical work reveals three equally likely evolutionary trajectories at 28 

the rear edge under past warming – maintenance of genetic diversity, loss of diversity through 29 

drift, and strong local adaptation – complicating predictions of evolutionary potential and 30 

response to future climates.  31 

• Significant gaps remain in understanding why species follow one evolutionary trajectory over 32 

another. This may be resolved through comparative studies of rear edges with differing 33 

evolutionary histories. 34 

• Trailing edges, rear edges where refugial populations have been lost, are rarely studied, despite 35 

their potential as models to study population extinction under climate change.  36 

 37 

Abstract: 38 

Rear-edge populations occur at species’ warmer range limits, with many still occupying glacial 39 

refugia. They offer valuable insights into evolution under changing climates yet are underused as 40 

models. From two decades of research, we identify three equally likely evolutionary patterns in 41 

rear edges: high levels of genetic diversity and differentiation, elevated genetic drift, and strong 42 

local adaptation. Multiple patterns create challenges for predicting the vulnerability, conservation 43 

value and adaptive potential of rear edges under future climates. Which factors drive these distinct 44 

outcomes, and why only some rear edges persist in former refugia, remains unclear. We propose 45 

avenues to address these gaps, leveraging rear edges as models to better understand evolution 46 

under climate change and improve predictions of species’ responses.  47 
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Rear edges are natural laboratories of evolution under changing climates 48 

A major focus of current research is to understand how species’ distributions are altered by ongoing 49 

climate change [1–3]. Temperate species are predicted to track changes in climate by migrating 50 

towards higher latitudes and/or elevations through range expansion at colder range limits and range 51 

contraction at warmer range limits [4]. However, whether species’ ranges shift, expand, contract, 52 

or remain stable, will be influenced by the interplay between environmental change and 53 

evolutionary forces [5,6]. Similar processes have driven range dynamics under past climate 54 

change, shaping present day distributions [7–10]. Understanding the contribution of distinct 55 

evolutionary processes that shaped species’ range limits under past warming will provide insights 56 

for anticipating responses to ongoing and future climate change. 57 

The rear edge of species distributions, typically comprised of relict populations from the 58 

last glaciation (Fig. 1A, [11]), serve as examples of evolution in response to past climate change 59 

due to their long histories of postglacial warming. During the last glaciation, most temperate 60 

species retreated to unglaciated refugia at low latitudes and elevations where climates were mild 61 

[12]. After the Last Glacial Maximum (LGM, ~20kya, [13]), as the Earth warmed and new habitats 62 

became available, these species colonized higher latitudes and elevations, tracking the retreat of 63 

the ice sheet (“leading edge”, Fig. 1A, [7,8]). In some cases, refugial populations persisted more 64 

or less in place while species expanded their range, and now constitute a “stable” rear edge (sensu 65 

[11]). In other cases, refugial populations were extirpated as species’ ranges shifted to track 66 

changing climates, with populations at the contracting warmer range limit representing “trailing” 67 

rear edges [11]. Therefore, rear-edge populations are often the closest relatives of refugial 68 

populations. Stable and trailing rear edges, while sharing a common origin, are likely to have been 69 

shaped by different evolutionary processes.  70 
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Rear-edge populations provide an ideal framework for elucidating the role of past eco-71 

evolutionary processes in shaping contemporary genetic patterns across species ranges. The 72 

importance of rear edges for ecological and evolutionary research was first highlighted in 2005 in 73 

the seminal review by Hampe and Petit [11]. This review provided distinct expectations for the 74 

distribution of genetic diversity, demographic history, and patterns of selection and adaptation 75 

between populations in the range core and stable rear-edges. Building upon these expectations, 76 

and drawing on current evolutionary theory and empirical research on range limits, we develop a 77 

framework of three evolutionary processes expected at the rear edge and their resulting genetic 78 

patterns (Box 1). These reflect different evolutionary outcomes to past warming (Fig. 1C), and 79 

yield the following predictions, (1) Rear edges may be hotspots of genetic diversity because of 80 

their history of persistence in former refugia. (2) Alternatively, habitat degradation associated with 81 

long-term postglacial warming may have led to population contraction and decline, exposing rear-82 

edge populations to strong genetic drift with associated reductions in genetic diversity and fitness. 83 

(3) Finally, long-term persistence in the face of postglacial warming suggests rear-edge 84 

populations may have experienced high local adaptation under warming climates. Each outcome 85 

has distinct implications for the fate of rear edges under future warming (Box 2). Determining the 86 

frequency and characteristics of these evolutionary outcomes will be key in improving forecasts 87 

of species' responses to climate change. This requires studying both stable rear edges, where 88 

refugial populations have persisted, and trailing rear edges, where refugial populations have been 89 

lost (Box 3). 90 

Rear-edge populations are generally expected to decline or go extinct as climates warm 91 

because they often coincide with a species’ warmer range limit, and thus may occur near their 92 

upper thermal tolerance ([5,14] but see [15]). Rear edges are also expected to consist of small and 93 
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isolated populations, occur in marginal habitats, and thus be more sensitive to stochastic extinction 94 

events [15–19]. Yet, a growing number of reports have documented lags in expected extinctions at 95 

warmer range limits [2,15,20–22], suggesting additional dynamics shape the vulnerability, 96 

resilience and adaptive potential of rear edges. Developing an understanding of evolutionary 97 

responses driven by past warming through the resulting genetic patterns in contemporary rear 98 

edges, may help refine existing predictive frameworks of responses to changing climates (Box 2).  99 

Despite their ecological and evolutionary importance, rear-edge populations, and warmer 100 

range limits in general, have historically represented only a small fraction of the literature on range 101 

limits, especially when compared to the leading edge or colder range limits [11]. In the 20 years 102 

since Hampe and Petit’s review, research on the rear edge has caught up (Fig.1), yielding an 103 

opportune time to summarize current knowledge. Using our framework of evolutionary outcomes 104 

(Box 1), we review evidence supporting each from genetic patterns assessed in recent empirical 105 

research and we discuss the significance of these findings. Lastly, we identify gaps remaining in 106 

our understanding and propose future research directions (see Outstanding Questions).  107 

 108 

What do we know about patterns of diversity, drift and selection at the rear edge? 109 

Attention to this historically understudied range limit has greatly increased (Fig 1B), with 419 110 

studies published in the last 20 years (see Online Supplementary Material Method S1), a similar 111 

number as the leading edge (453 studies). However, most of this research focuses on eco-112 

physiological adaptations to warm and/or dry climates (e.g. [23]), or predicting responses to 113 

climate change using modeling approaches (e.g. [24,25]). Evolutionary research on the rear edge 114 

remains scarce, representing only about 17% of rear-edge studies (Fig 1B).  115 



6 
 

We reviewed 20 years of empirical studies evaluating the three evolutionary outcomes in 116 

the rear edge (Method S1, Box 1). We identified 57 studies across 55 species that describe genetic 117 

patterns in rear-edge populations (Online Supplementary Material Table S1). Overall, the genetic 118 

patterns most frequently explored were the distribution of diversity and differentiation (93% of 119 

species). Few studies directly evaluated signatures of selection or patterns of local adaptation at 120 

the rear edge. However, a synthesis of latitudinal patterns of local adaptation over multiple species 121 

[26] can serve as a strong proxy for rear edge research. As noted by Hampe and Petit [11], research 122 

on the rear-edge, and range limits in general, tends to unevenly represent the global diversity of 123 

species and geographic regions [14,27,28]. Most studies identified for this review focus on plants, 124 

occur in the northern hemisphere, and assess latitudinal rather than elevational distributions (Table 125 

S1).  126 

 127 

Do rear edges maintain high diversity? 128 

Rear edges may be expected to serve as reservoirs of genetic variation because of their history of 129 

persistence in former refugia (Box 1). We identified 48 species in which within-population genetic 130 

diversity in the rear edge was compared to that in the rest of the range. Thirty-four of these also 131 

evaluated patterns of differentiation among populations (Table S1A). Half of the species exhibited 132 

higher genetic diversity within populations at the rear-edge than in the core (24/48), with the other 133 

half largely exhibiting lower diversity (20/48). In contrast, a majority of species (68%, 23/34) 134 

exhibited greater genetic differentiation among populations at the rear edge than among 135 

populations elsewhere in the range. In aggregate, these results indicate that rear-edge populations 136 

mostly represent hotspots of diversity between populations, but also often pools of diversity within 137 
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populations. Few species showed both high diversity and differentiation (7/34), suggesting that 138 

distinct evolutionary processes lead to high diversity within and between populations.  139 

 140 

Are rear edges exposed to strong genetic drift?  141 

Alternatively, rear edges are expected to be fragile populations exposed to drift following a history 142 

of small size and isolation in declining habitats (Box 1). The contribution of genetic drift to 143 

population genetic structure at the rear edge was demonstrated by reduced genetic diversity within 144 

populations and elevated genetic differentiation between them. This pattern has classically been 145 

interpreted as a signature of genetic drift at range limits [16,19], including the rear edge (e.g. [29–146 

33] but see [34]), and was found in almost half of the species studied (15/34). Four of these showed 147 

additional genetic signatures of drift including population decline and bottlenecks. Genetic 148 

signatures of greater inbreeding in and differentiation among rear edge populations provide 149 

additional evidence for genetic drift in one species [35]. Demographic inference found signatures 150 

of population decline and isolation at the rear edge in three species [36,37]. Finally, Arabidopsis 151 

lyrata, a species with low diversity in and high differentiation among rear edge population [38], 152 

also shows increased genetic and phenotypic signatures of drift load in rear edge compared to core 153 

populations [39,40]. In summary, across studies, signatures of genetic drift including low diversity, 154 

high inbreeding, population decline and drift load, highlight the fragility of rear-edge populations. 155 

 156 

Have rear edges been exposed to strong selection, leading to high local adaptation? 157 

Rear-edge populations may have persisted in place by adapting to the strong selective pressures 158 

imposed by past warming, and may thus show greater local adaptation than in expanded regions 159 

that tracked suitable habitats (Box 1). A recent metanalysis of local adaptation inferred from 160 
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transplant experiments on 135 species [26] reports a latitudinal gradient in the magnitude of local 161 

adaptation, with stronger local adaptation towards the equatorial range limits. As rear edges often 162 

coincide with the lower latitudinal range limit, this suggests stronger local adaptation at rear edges 163 

may be prevalent. While rear-edge populations are often recognized for their distinct adaptations 164 

to warmer and/or drier climates [23,41,42], we found only two studies that explicitly quantified 165 

local adaptation in rear-edge populations, and both support stronger local adaptation at the rear 166 

edge (Table S1B, [43,44]). Further, genomic studies in two species found rear-edge populations 167 

exhibit stronger genetic signatures of selection by environmental factors (Table S1B, [45]), and of 168 

local adaptation [46], compared to the rest of the range. In total, despite few explicit tests, strong 169 

selection and local adaptation at the rear edge may be more prevalent than the literature suggests.  170 

 171 

Do multiple evolutionary processes occur at the rear edge?  172 

Due to the expected age of rear-edge populations and the iterative nature of glaciations, rear-edge 173 

populations may have signatures of multiple evolutionary processes. We found seven cases of 174 

heterogeneous genetic patterns, all among refugia in species with multiple, geographically distinct 175 

rear edges (Table S1A). For five of the species, distinct rear edges showed different patterns, such 176 

as heightened diversity in one rear edge but reduced diversity in the other [47–50]. Heterogeneity 177 

among rear edges could be more prevalent than reported in the literature; many studies focus on a 178 

single refugial area despite the species occurring in additional refugial areas. With the recent 179 

profusion of range-wide phylogeographic studies, we predict more species will be identified with 180 

geographically distinct rear-edges (e.g.[49,51]). These can serve as case studies to explore the 181 

frequency of heterogeneous evolutionary outcomes of rear-edges. 182 

 183 
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Multiple possible outcomes complicate predictions of rear-edge evolution 184 

Increased diversity, drift and local adaptation, the three evolutionary outcomes predicted in rear-185 

edge populations, are all well supported by the literature. This result is both concerning and 186 

hopeful. Rear-edge populations are generally of concern because they are expected to experience 187 

adverse future climates, leading to maladaptation, population decline and ultimately loss [5]. Rear-188 

edge populations suffering from high drift may be especially vulnerable to increasingly stressful 189 

climates (Box 2). The observation that half of the surveyed species show signatures of low 190 

diversity and high drift at the rear edge underscores the pressing concern for the long-term 191 

persistence of rear-edge populations. Yet, the fact that rear-edge populations in a similar number 192 

of species have been able to maintain high diversity, with yet others adapted to past warming, 193 

suggests that in many species these populations may not be as fragile as expected (Box 2), raising 194 

hopes for their ability to persist under future warming.  195 

 Comparable levels of support for each distinct evolutionary outcome reveals key 196 

knowledge gaps about the future trajectory of rear edges. First, these results raise concerns about 197 

our ability to predict the evolutionary history of rear edges. Rear-edge populations are equally 198 

likely to represent pools of high diversity as to be genetically depauperate. The inability to 199 

generalize about genetic diversity complicates assessment of conservation needs of these 200 

populations and their potential use in climate resilience efforts. It also leads to uncertainty in 201 

predicting the fate of rear-edge populations under future warming. High diversity and adaptation 202 

to warm climates may allow populations to persist longer than expected. However, drift could 203 

accelerate population decline (Box 2). Contrasting implications associated with distinct 204 

evolutionary outcomes may partly explain discrepancies between predicted and observed 205 

responses to contemporary warming at the warmer range limits [2,20–22], and call for a better 206 
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integration of genetic patterns and evolutionary potential into forecasts of future range shifts (see 207 

Outstanding Questions). Second, these results highlight a critical gap in our understanding of how 208 

species respond to climate change. Specifically, it is unclear why species follow one evolutionary 209 

trajectory at the rear-edge over another. Resolving these gaps is not only crucial to understand and 210 

predict rear-edge evolution, but more generally may allow a better understanding of species’ 211 

evolution under past and future climates, and how past evolutionary processes shape responses to 212 

future climate change. 213 

 214 

Leveraging stable and trailing rear edges as models of persistence and decline under 215 

warming climates    216 

Predicting evolutionary outcomes and associated genetic patterns in rear-edge populations requires 217 

a better understanding of past evolution in these populations. Stable and trailing rear edges may 218 

be leveraged as models for such studies, with stable rear edges as models of persistence under 219 

climate warming, and trailing edges as models of decline and extinction (Box 3). Stable and trailing 220 

edges can be distinguished by testing for an overlap between present day rear-edges and refugial 221 

areas, typically inferred through species distribution model hindcasting, a technique to predict past 222 

distributions [12], or from fossil and pollen records. Surprisingly few studies (26/56 species) 223 

evaluate whether rear-edge populations represent stable or trailing edges (Table S1). Of these, 224 

almost all (25/26) report an overlap between putative refugia and present-day rear-edge 225 

populations, aligning with stable rear edges. Among the studies in which the location of former 226 

refugia has not been explicitly tested, rear-edge populations broadly overlap with areas known to 227 

be refugia in other species (24/31 species, Table S1, Method S1), again suggesting stable rear 228 

edges. In sum, evolution at the rear edge has almost entirely been studied in stable edges. 229 
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Trailing edges have been studied only in two species (Table S1), revealing a large gap in 230 

our knowledge of their evolution. In Chondrus crispus, rear-edge populations occur in two distinct 231 

geographical areas, with one showing overlap with former refugia (i.e. stable), and the other 232 

occurring at higher latitudes than presumed refugia, thus representing a trailing edge [47]. For 233 

Puccinellia phryganodes [36], the whole range of the species occurs in areas covered by ice sheets 234 

during LGM, suggesting that the species shifted its range after the last ice age and refugial 235 

populations have been lost; contemporary rear-edge populations thus representing a trailing edge. 236 

The lack of studies focusing on trailing edges may partly stem from the perception that stable rear 237 

edges hold greater value for conservation projects and ecological and evolutionary research [11]. 238 

Glacial refugia have historically been viewed as centers of high biodiversity and evolutionary 239 

innovation [12,52–54], and populations persisting in these refugia provide compelling models to 240 

study adaptation to warming climates [41]. Another reason for the lack of studies on trailing edges 241 

may be that rear edges are rarely considered in cases of postglacial range shifts. “Trailing edge” is 242 

more often used to describe warmer, xeric or contracting range limits (e.g. [2]), than populations 243 

closest to glacial refugia. Finally, trailing edges may be harder to detect than stable rear edges, as 244 

the loss of ancestral populations may blur phylogeographic signals [12]. 245 

Stable, receding and trailing edges each provide unique insights into evolutionary 246 

dynamics and conservation priorities. Comparing them may help explain why rear edges in some 247 

species have persisted under past climate warming, while others have experienced extinctions. By 248 

extension, this may facilitate identifying factors accelerating extinction at warm range limits 249 

[55,56] or contributing to the observed extinction lags under contemporary climate change [2,20–250 

22]. Comparing stable and trailing edges may also help link genetic patterns of areas with histories 251 

of persistence or decline under past warming (Box 3), with implications for their vulnerability and 252 
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conservation needs under future climates [47]. We therefore advocate that research sample trailing 253 

edges and leverage their potential as models of decline under past warming (see Outstanding 254 

Questions).  255 

 256 

Context matters: Identifying factors driving rear-edge evolution 257 

Which of the three evolutionary processes populations undergo is likely the product of ecological, 258 

climatic, and genetic context. Identifying factors that drove persistence or decline under past 259 

climate change may offer practical approaches to address the apparent unpredictability of rear-260 

edge evolution. Particular attention should be given to factors facilitating persistence in stable rear 261 

edges, as persistence likely reflects successful adaptations to past warming. Similarly, attention 262 

should be given to factors constraining adaptation in trailing edges as past population decline is 263 

likely to have resulted from limited adaptive capacity to warming climates. Many ecological and 264 

evolutionary processes may affect adaptation at range limits [57], and in early stages of postglacial 265 

warming, such as a lack of standing genetic variation, small initial population size favoring genetic 266 

drift [58–61] and life history trade-offs [62], among others. Alternatively, the speed and magnitude 267 

of past climate change could also have outpaced the capacity of refugial populations to adapt. 268 

These processes have yet to be integrated in a framework for understanding why some species 269 

experienced range shifts versus range expansion during postglacial warming. In general, the 270 

evolutionary dynamics of selection under past warming, and how they affect local or mal-271 

adaptation, remain largely unexplored at the rear-edge. 272 

Theoretical models and simulation studies may represent a first step in identifying potential 273 

drivers of evolution at the rear edge. These approaches have been conducted to investigate the 274 

interaction between ecological and evolutionary processes underlying range expansion, 275 
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particularly the roles of genetic drift, adaptation and their interactions in shaping leading edges 276 

[63–67]. Extending theoretical and simulation frameworks to model eco-evolutionary dynamics at 277 

the rear edge could provide powerful insights. Predictions from these models may then be tested 278 

and refined by fitting empirical genetic or phenotypic data.  279 

Potential drivers may also be identified through detailed empirical comparisons of rear 280 

edges with different evolutionary outcomes, and with different histories of persistence or decline 281 

under past warming. In particular, species exhibiting heterogeneity among rear edges found across 282 

multiple glacial refugia, may serve as model systems to explore contextual factors driving one or 283 

another evolutionary outcome. For example, the strength of past climate change has been linked 284 

to differences in genetic patterns between former refugia, with the lowest diversity populations 285 

having experienced stronger change in the past [50]. A comparative focus among rear-edge 286 

populations from multiple putative refugia in future studies will allow the identification of cases 287 

where distinct responses among rear edges can allow for exploration of underlying drivers. 288 

 289 

Concluding remarks  290 

Rear-edge populations provide natural laboratories to study evolutionary processes that have 291 

shaped species’ responses to past warming, and may provide insight into responses to ongoing and 292 

future climate change. Our review of the last 20 years of research on rear-edge evolution revealed 293 

three common evolutionary outcomes for rear-edge populations: the maintenance of ancestral 294 

genetic diversity, exposure to strong genetic drift, and adaptation under past warming. This set of 295 

distinct outcomes provides robust expectations for future studies of evolution in rear-edge 296 

populations (see Outstanding questions). Furthermore, with this set of outcomes, rear edges may 297 



14 
 

serve as models for disentangling the roles of genetic diversity, demographic history, and selection 298 

in shaping range dynamics and species' responses to changing climates: past, present, and future.  299 

The diversity of outcomes at the rear edge also reveals new challenges for identifying the 300 

conservation needs of these populations, their potential as sources of adaptive genetic diversity, 301 

and their vulnerability under future climate change. Further, it is yet unclear why species 302 

experience one or another outcome. This presents a fundamental challenge for predicting long-303 

term evolutionary responses to changing climates. Addressing this challenge will require a 304 

nuanced understanding of the impact of past and present ecological and genetic context on the 305 

response of rear edges to ongoing and future warming (see Outstanding questions).  306 

 307 

  308 
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Outstanding questions: 309 

1) What can trailing edges teach us about population decline under climate change? 310 

Trailing edges have received almost no study and could provide insight into what drives local 311 

extinction or persistence under changing environments.  312 

2) What drives specific evolutionary outcomes at the rear edge? Understanding the factors 313 

driving each outcome is crucial for predicting evolutionary responses to changing climates. 314 

These factors can be identified through theory, simulation, and comparative analysis of 315 

environmental and historical contexts of rear edges with different genetic patterns. 316 

3) How does evolutionary history affect future range shifts or persistence? Improving 317 

forecasts of species’ responses to climate change may require combining population genetic 318 

patterns with dynamic species distribution models. This integration depends on resolving key 319 

questions about the impact of genetic structure on rear-edge population’s response to 320 

environmental changes: Is the high diversity observed in some rear edges adaptive? How does 321 

drift impact response to climate change? Does strong local adaptation indicate further adaptive 322 

potential to warming or its exhaustion?  323 

4) What can rear edges teach us about adaptation to warming climates? Stable, well adapted 324 

rear edges are natural laboratories to study successful adaptation to climate change. Future 325 

studies should explicitly test for local adaptation at the rear edge, investigate its phenotypic 326 

and genetic basis, and evaluate whether these adaptations remain effective under future 327 

warming.  328 

5) Can rear-edge populations serve as models of climate resilience? Conservation and 329 

restoration projects increasingly aim for climate resilience. Exploring adaptive potential in 330 

relation to genetic patterns in rear-edge populations will be key in determining their 331 

conservation value and in identifying source populations for climate resilience in other parts 332 

of the range.  333 



16 
 

Author contributions 334 
All authors contributed to the conceptualization of the review. A.P. and O.J.K. performed the 335 

literature review. A.P. and L.F.G. wrote the manuscript.  336 
 337 
Acknowledgments 338 
This work was supported by the Swiss National Science Foundation (P2BSP3_195363) and the 339 
University of Virginia College of Arts and Sciences. 340 

 341 
Declaration of interests 342 
The authors declare no competing interests.  343 



17 
 

References 344 

1. Lenoir, J. and Svenning, J.C. (2015) Climate-related range shifts – a global multidimensional 345 
synthesis and new research directions. Ecography 38, 15–28 346 

2. Rubenstein, M.A. et al. (2023) Climate change and the global redistribution of biodiversity: 347 
substantial variation in empirical support for expected range shifts. Environ. Evid. 12, 7 348 

3. Urban, M.C. (2024) Climate change extinctions. Science 386, 1123–1128 349 

4. Parmesan, C. and Yohe, G. (2003) A globally coherent fingerprint of climate change impacts 350 
across natural systems. Nature 421, 37–42 351 

5. Nadeau, C.P. and Urban, M.C. (2019) Eco-evolution on the edge during climate change. 352 

Ecography 42, 1280–1297 353 

6. Aguirre-Liguori, J.A. et al. (2021) The evolutionary genomics of species’ responses to climate 354 

change. Nat. Ecol. Evol. 5, 1350–1360 355 

7. Hewitt, G.M. (2000) The genetic legacy of the Quaternary ice ages. Nature 405, 907–913 356 

8. Hewitt, G.M. (2004) Genetic consequences of climatic oscillations in the Quaternary. Phil. 357 
Trans. R. Soc. B 359, 183–195 358 

9. Davis, M.B. and Shaw, R.G. (2001) Range shifts and adaptive responses to Quaternary climate 359 

change. Science 292, 673–679 360 

10. de Lafontaine, G. et al. (2018) Invoking adaptation to decipher the genetic legacy of past 361 
climate change. Ecology 99, 1530–1546 362 

11. Hampe, A. and Petit, R.J. (2005) Conserving biodiversity under climate change: the rear edge 363 
matters. Ecol. Lett. 8, 461–467 364 

12. Gavin, D.G. et al. (2014) Climate refugia: joint inference from fossil records, species 365 

distribution models and phylogeography. New Phytol. 204, 37–54 366 

13. Hughes, P.D. et al. (2013) Timing of glaciation during the last glacial cycle: evaluating the 367 
concept of a global ‘Last Glacial Maximum’ (LGM). Earth-Sci. Rev. 125, 171–198 368 

14. Cahill, A.E. et al. (2014) Causes of warm-edge range limits: systematic review, proximate 369 
factors and implications for climate change. J. Biogeogr. 41, 429–442 370 

15. Vilà-Cabrera, A. et al. (2019) Refining predictions of population decline at species’ rear edges. 371 
Glob. Chang. Biol. 25, 1549–1560 372 

16. Eckert, C.G. et al. (2008) Genetic variation across species’ geographical ranges: the central–373 

marginal hypothesis and beyond. Mol. Ecol. 17, 1170–1188 374 

17. Kawecki, T.J. (2008) Adaptation to marginal habitats. Annu. Rev. Ecol. Evol. Syst. 39, 321–375 

342 376 

18. Sexton, J.P. et al. (2009) Evolution and ecology of species range limits. Annu. Rev. Ecol. Evol. 377 
Syst. 40, 415–436 378 



18 
 

19. Pironon, S. et al. (2017) Geographic variation in genetic and demographic performance: new 379 
insights from an old biogeographical paradigm. Biol. Rev. 92, 1877–1909 380 

20. Alexander, J.M. et al. (2018) Lags in the response of mountain plant communities to climate 381 
change. Glob. Chang. Biol. 24, 563–579 382 

21. Geppert, C. et al. (2020) Consistent population declines but idiosyncratic range shifts in Alpine 383 
orchids under global change. Nat. Commun. 11, 5835 384 

22. Duchenne, F. et al. (2021) European plants lagging behind climate change pay a climatic debt 385 

in the North, but are favoured in the South. Ecol. Lett. 24, 1178–1186 386 

23. Pelletier, E. and de Lafontaine, G. (2023) Jack pine of all trades: Deciphering intraspecific 387 
variability of a key adaptive trait at the rear edge of a widespread fire-embracing North 388 
American conifer. Am. J. Bot. 110, e16111 389 

24. Changenet, A. et al. (2021) Occurrence but not intensity of mortality rises towards the climatic 390 

trailing edge of tree species ranges in European forests. Glob. Ecol. Biogeog. 30, 1356–1374 391 

25. de Gabriel Hernando, M. et al. (2021) Warming threatens habitat suitability and breeding 392 

occupancy of rear-edge alpine bird specialists. Ecography 44, 1191–1204 393 

26. Bontrager, M. et al. (2021) Adaptation across geographic ranges is consistent with strong 394 
selection in marginal climates and legacies of range expansion. Evolution 75, 1316–1333 395 

27. Paquette, A. and Hargreaves, A.L. (2021) Biotic interactions are more often important at 396 

species’ warm versus cool range edges. Ecol. Lett. 24, 2427–2438 397 

28. Parker, E.J. et al. (2024) Insufficient and biased representation of species geographic responses 398 

to climate change. Glob. Chang. Biol. 30, e17408 399 

29. Scalfi, M. et al. (2009) Genetic variability of Italian southern Scots pine (Pinus sylvestris L.) 400 
populations: the rear edge of the range. Eur. J. Forest. Res. 128, 377–386 401 

30. Diekmann, O.E. and Serrão, E.A. (2012) Range-edge genetic diversity: locally poor extant 402 

southern patches maintain a regionally diverse hotspot in the seagrass Zostera marina. Mol. 403 
Ecol. 21, 1647–1657 404 

31. Assis, J. et al. (2014) Climate-driven range shifts explain the distribution of extant gene pools 405 
and predict future loss of unique lineages in a marine brown alga. Mol. Ecol. 23, 2797–2810 406 

32. Carbognani, M. et al. (2019) Reproductive and genetic consequences of extreme isolation in 407 
Salix herbacea L. at the rear edge of its distribution. Ann. Bot. 124, 849–860 408 

33. Kebaïli, C. et al. (2022) Demographic inferences and climatic niche modelling shed light on 409 

the evolutionary history of the emblematic cold-adapted Apollo butterfly at regional scale. 410 
Mol. Ecol. 31, 448–466 411 

34. Wood, G. et al. (2021) Genomic vulnerability of a dominant seaweed points to future-proofing 412 
pathways for Australia’s underwater forests. Glob. Chang. Biol. 27, 2200–2212 413 



19 
 

35. Dupoué, A. et al. (2021) Genetic and demographic trends from rear to leading edge are 414 
explained by climate and forest cover in a cold-adapted ectotherm. Divers. and Distrib. 27, 415 

267–281 416 

36. Kvist, L. et al. (2015) A climatic relict or a long distance disperser: conservation genetics of 417 
an Arctic disjunct polyploid plant. Conserv. Genet. 16, 1489–1499 418 

37. Lepais, O. et al. (2022) Joint analysis of microsatellites and flanking sequences enlightens 419 
complex demographic history of interspecific gene flow and vicariance in rear-edge oak 420 
populations. Heredity 129, 169–182 421 

38. Griffin, P.C. and Willi, Y. (2014) Evolutionary shifts to self-fertilisation restricted to 422 
geographic range margins in North American Arabidopsis lyrata. Ecol. Lett. 17, 484–490 423 

39. Willi, Y. et al. (2018) Accumulation of mutational load at the edges of a species range. Mol. 424 

Biol. Evol. 35, 781–791 425 

40. Perrier, A. et al. (2020) Expressed mutational load increases toward the edge of a species’ 426 

geographic range. Evolution 74, 1711–1723 427 

41. Perrier, A. et al. (2025) Shifts in vernalization and phenology at the rear edge hold insight into 428 
the adaptation of temperate plants to future milder winters. New Phytol. 246, 1377–1389 429 

42. Ghouil, H. et al. (2020) Southeastern rear edge populations of Quercus suber L. showed two 430 

alternative strategies to cope with water stress. Forests 11, 1344 431 

43. Mathiasen, P. and Premoli, A.C. (2016) Living on the edge: adaptive and plastic responses of 432 
the tree Nothofagus pumilio to a long-term transplant experiment predict rear-edge upward 433 

expansion. Oecologia 181, 607–619 434 

44. Saada, G. et al. (2016) Taking the heat: distinct vulnerability to thermal stress of central and 435 
threatened peripheral lineages of a marine macroalga. Divers. and Distrib. 22, 1060–1068 436 

45. Parisod, C. and Joost, S. (2010) Divergent selection in trailing- versus leading-edge 437 

populations of Biscutella laevigata. Ann. Bot. 105, 655–660 438 

46. Keller, S.R. et al. (2018) Influence of range position on locally adaptive gene–environment 439 
associations in Populus flowering time genes. Heredity 109, 47–58 440 

47. Provan, J. and Maggs, C.A. (2011) Unique genetic variation at a species’ rear edge is under 441 
threat from global climate change. Proc. R. Soc. B 279, 39–47 442 

48. Neiva, J. et al. (2014) Species distribution models and mitochondrial DNA phylogeography 443 

suggest an extensive biogeographical shift in the high-intertidal seaweed Pelvetia 444 
canaliculata. J. Biogeogr. 41, 1137–1148 445 

49. Havrdová, A. et al. (2015) Higher genetic diversity in recolonized areas than in refugia of 446 
Alnus glutinosa triggered by continent-wide lineage admixture. Mol. Ecol. 24, 4759–4777 447 

50. Jiménez-Alfaro, B. et al. (2016) Anticipating extinctions of glacial relict populations in 448 
mountain refugia. Biol. Conserv. 201, 243–251 449 



20 
 

51. Barnard-Kubow, K.B. et al. (2015) Multiple glacial refugia lead to genetic structuring and the 450 
potential for reproductive isolation in a herbaceous plant. Am. J. Bot. 102, 1842–1853 451 

52. Lister, A.M. (2004) The impact of Quaternary Ice Ages on mammalian evolution. Phil. Trans. 452 
R. Soc. B 359, 221–241 453 

53. Médail, F. and Diadema, K. (2009) Glacial refugia influence plant diversity patterns in the 454 
Mediterranean Basin. J. Biogeogr. 36, 1333–1345 455 

54. Morales-Barbero, J. et al. (2018) Quaternary refugia are associated with higher speciation rates 456 

in mammalian faunas of the Western Palaearctic. Ecography 41, 607–621 457 

55. Thomas, C.D. et al. (2006) Range retractions and extinction in the face of climate warming. 458 
Trends Ecol. Evol. 21, 415–416 459 

56. Román-Palacios, C. and Wiens, J.J. (2020) Recent responses to climate change reveal the 460 
drivers of species extinction and survival. Proc. R. Soc. B 117, 4211–4217 461 

57. Willi, Y. and Van Buskirk, J. (2019) A practical guide to the study of distribution limits. Am. 462 
Nat. 193, 773–785 463 

58. Sánchez-Castro, D. et al. (2022) Reduced climate adaptation at range edges in North American 464 
Arabidopsis lyrata. Glob. Ecol. Biogeog. 31, 1066–1077 465 

59. Polechová, J. and Barton, N.H. (2015) Limits to adaptation along environmental gradients. 466 
Proc. Natl. Acad. Sci. USA 112, 6401–6406 467 

60. Lamb, K. and Galloway, L.F. Fitness consequences of genetic load are modified by 468 

environments during range expansion. In preparation 469 

61. Fiscus, C.J. et al. Mutational load and adaptive variation are shaped by climate and species 470 

range dynamics in Vitis arizonica. New Phytol. DOI: 10.1111/nph.70238 471 

62. Willi, Y. and Van Buskirk, J. (2022) A review on trade-offs at the warm and cold ends of 472 
geographical distributions. Phil. Trans. R. Soc. B: Biological Sciences 377, 20210022 473 

63. Peischl, S. et al. (2015) Expansion load and the evolutionary dynamics of a species range. Am. 474 
Nat. 185, E81–E93 475 

64. Gilbert, K.J. et al. (2017) Local adaptation interacts with expansion load during range 476 
expansion: maladaptation reduces expansion load. Am. Nat. 189, 368–380 477 

65. Gilbert, K.J. et al. (2018) Mutation load dynamics during environmentally-driven range shifts. 478 

PLoS Genet. 14, e1007450 479 

66. Polechová, J. (2018) Is the sky the limit? On the expansion threshold of a species’ range. PLoS 480 
Biol. 16, e2005372 481 

67. Peischl, S. and Gilbert, K.J. (2020) Evolution of dispersal can rescue populations from 482 
expansion load. Am. Nat. 195, 349–360 483 

68. Excoffier, L. et al. (2009) Genetic consequences of range expansions. Annu. Rev. Ecol. Evol. 484 
Syst. 40, 481–501 485 

https://doi.org/10.1111/nph.70238


21 
 

69. Gómez, A. and Lunt, D.H. (2007) Refugia within refugia: patterns of phylogeographic 486 
concordance in the Iberian peninsula. In Phylogeography of southern European refugia (S. 487 

Weiss and N. Ferrand, eds.), pp. 155–188, Springer 488 

70. Zeng, Y.-F. et al. (2015) Multiple glacial refugia for cool-temperate deciduous trees in northern 489 
East Asia: the Mongolian oak as a case study. Mol. Ecol. 24, 5676–5691 490 

71. Bidegaray-Batista, L. et al. (2016) Imprints of multiple glacial refugia in the Pyrenees revealed 491 
by phylogeography and palaeodistribution modelling of an endemic spider. Mol. Ecol. 25, 492 
2046–2064 493 

72. Aradhya, M. et al. (2017) Genetic and ecological insights into glacial refugia of walnut 494 
(Juglans regia L.). PLoS ONE 12, e0185974 495 

73. Fernandez, M.C. et al. (2021) A tale of two conifers: Migration across a dispersal barrier 496 

outpaced regional expansion from refugia. J. Biogeogr. 48, 2133–2143 497 

74. Tzedakis, P.C. (1993) Long-term tree populations in northwest Greece through multiple 498 

Quaternary climatic cycles. Nature 364, 437–440 499 

75. Frankham, R. (1996) Relationship of genetic variation to population size in wildlife. Conserv. 500 
Biol. 10, 1500–1508 501 

76. Young, A. et al. (1996) The population genetic consequences of habitat fragmentation for 502 

plants. Trends Ecol. Evol. 11, 413–418 503 

77. Leonardi, S. et al. (2012) Effect of habitat fragmentation on the genetic diversity and structure 504 
of peripheral populations of beech in central Italy. Heredity 103, 408–417 505 

78. Lesica, P. and Allendorf, F.W. (1995) When are peripheral populations valuable for 506 
conservation? Conserv. Biol. 9, 753–760 507 

79. Masuda, K. et al. (2023) Rear-edge daylily populations show legacies of habitat fragmentation 508 
due to the Holocene climate warming. J. Biogeogr. 50, 551–563 509 

80. Leimu, R. and Fischer, M. (2008) A meta-analysis of local adaptation in plants. PLoS ONE 3, 510 
e4010 511 

81. Willi, Y. et al. (2006) Limits to the adaptive potential of small populations. Annu. Rev. Ecol. 512 
Evol. Syst. 37, 433–458 513 

82. Kimura, M. et al. (1963) The mutation load in small populations. Genetics 48, 1303–1312 514 

83. Nei, M. et al. (1975) The bottleneck effect and genetic variability in populations. Evolution 515 

29, 1–10 516 

84. Kirkpatrick, M. and Jarne, P. (2000) The effects of a bottleneck on inbreeding depression and 517 
the genetic load. Am. Nat. 155, 154–167 518 

85. Perrier, A. et al. (2022) Environment dependence of the expression of mutational load and 519 
species’ range limits. J. Evol. Biol. 35, 731–741 520 

86. Lynch, M. et al. (1995) Mutational meltdowns in sexual populations. Evolution 49, 1067–1080 521 



22 
 

87. Lynch, M. et al. (1995) Mutation accumulation and the extinction of small populations. Am. 522 
Nat. 146, 489–518 523 

88. Prober, S. et al. (2015) Climate-adjusted provenancing: a strategy for climate-resilient 524 
ecological restoration. Front. Ecol. Evol. 3, 65 525 

89. Vranken, S. et al. (2021) Genotype–Environment mismatch of kelp forests under climate 526 
change. Mol. Ecol. 30, 3730–3746 527 

90. Gomes Marques, I. et al. (2022) Germination and seed traits in common alder (Alnus spp.): the 528 

potential contribution of rear-edge populations to ecological restoration success. Restor. Ecol. 529 
30, e13517 530 

91. Frank, A. et al. (2017) Risk of genetic maladaptation due to climate change in three major 531 
European tree species. Glob. Chang. Biol. 23, 5358–5371 532 

92. Anderson, J.T. and Wadgymar, S.M. (2020) Climate change disrupts local adaptation and 533 

favours upslope migration. Ecol. Lett. 23, 181–192 534 

93. De La Torre, A.R. et al. (2021) Selective sweeps and polygenic adaptation drive local 535 

adaptation along moisture and temperature gradients in natural populations of coast redwood 536 
and giant sequoia. Genes 12, 1826 537 

94. Wei, K. et al. (2023) Selective sweeps linked to the colonization of novel habitats and climatic 538 

changes in a wild tomato species. New Phytol. 237, 1908–1921  539 



23 
 

Text Boxes 540 

Box 1: Evolutionary outcomes in response to past warming  541 

1. Rear edges are reservoirs of genetic variation within and among populations 542 

Range expansion is often accompanied by bottlenecks and founder effects that reduce genetic 543 

diversity [68]. Rear edges may therefore have elevated within-population genetic diversity relative 544 

to expanded portions of the range (Fig. 1C Diversity, [12]). This may be especially true for stable 545 

edges, that have persisted in place since the LGM, compared to trailing edges, where populations 546 

experienced contractions [50]  547 

Range-edge populations are generally sparse [16,19], resulting in isolation from gene 548 

exchange. Long-term isolation may lead to stronger genetic differentiation at the rear edge than in 549 

the younger expanded range [11]. This differentiation will be greater in species that persisted in 550 

multiple refugia (e.g. [51,69–73]), as separate refugia likely have different histories, including 551 

LGM refugia that also functioned as refugia during earlier glaciations [74].  552 

 553 

2. Rear edges are fragile populations exposed to drift 554 

Gradual habitat decline and fragmentation under postglacial warming is expected at the rear edge 555 

[11]. This will lead to smaller populations and greater isolation [16,19]. Population decline and 556 

long-term isolation is likely to result in strong genetic drift (Fig. 1C Drift; [75–77]. Strong drift 557 

will erode genetic diversity within populations and exacerbate genetic differentiation between 558 

populations [16,78]. High drift has been hypothesized for stable rear edges [11,79], yet trailing 559 

edges may show stronger signatures of drift as they are comprised of populations that undergo 560 

gradual decline prior to disappearing.  561 

  562 
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3. Unique local adaptation following selection under past warming 563 

Rear-edge populations often exhibit remarkable and unique phenotypes (e.g. [23,41,42]), and 564 

occur in distinct and warmer habitats than those in the expanded range [15]. This suggests that rear 565 

edges have experienced substantial local adaptation as result of strong selection under continuous 566 

post-glacial warming ([26,80], Fig. 1C Selection). Indeed, local adaptation may be greater in rear 567 

edges than in the expanded range [26,58,60,61] where populations tracked the availability of 568 

suitable habitats. Stable rear edges, where populations have persisted in place despite warming 569 

climates, are expected to experience stronger selection and hence local adaptation than trailing 570 

edges where populations have tracked suitable habitats [10,81].   571 
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Box 2: Implications of evolutionary outcomes under future climates 572 

1. Unique diversity is at risk at rear edges, and may be crucial for persistence under future 573 

climates 574 

Rear-edges, as descendants from refugial populations, may retain ancestral diversity that has been 575 

lost elsewhere in the range. This may be especially true for stable rear edges that have persisted in 576 

place since LGM. The loss of these populations due to future warming may therefore 577 

disproportionately reduce a species’ overall genetic diversity. At the same time, high genetic 578 

diversity may contribute to the resilience of these populations, and be crucial for allowing them to 579 

persist under future warming. Rear edges are of high value for biodiversity conservation, both for 580 

their potential as source of (adaptive) diversity, and because of the potential loss of that diversity 581 

under future warming.   582 

 583 

2. Strong genetic drift may precipitate population extinction at warmer range limits 584 

Strong drift may negatively impact persistence of rear-edge populations under future climates. 585 

Strong drift in long-term small populations reduces adaptive capacity by eroding genetic diversity 586 

and reducing the efficacy of positive selection [58,59,66,81]. Drift may further reduce fitness as 587 

selection is inefficient at purging deleterious mutations from small populations [82–84]. 588 

Expression of this drift load has been shown to be exacerbated by environmental stress [60,85], 589 

such as found in warming rear-edge populations, and may reduce population fitness below critical 590 

thresholds [86,87].  591 

  592 
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3. Local adaptation may be a double-edged sword under future warming  593 

Distinct local adaptation at the rear edge makes these populations valuable for improving outcomes 594 

of species’ responses to future climates. Past warming could have selected for alleles that confer 595 

an advantage under future warming, rendering these populations less sensitive to future change 596 

than other parts of the range [5,34,41]. These populations could also serve as a source of genetic 597 

material for conservation or restoration projects aimed at improving climate resilience of 598 

populations in expanded portions of the range [34,88–90]. However, strong local adaptation may 599 

also have limitations. Populations that are strongly adapted to current climates may be maladapted 600 

under future climates [91,92]. In addition, strong selective sweeps under past warming may have 601 

reduced genetic diversity [93,94] and exhausted adaptive potential to respond to future changes.   602 
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Box 3: Histories of persistence and decline: stable, receding and trailing edges  603 

Stable rear edges, where populations persist in glacial refugia until current times despite 604 

postglacial warming, are expected to have elevated genetic diversity, while trailing rear-edges, 605 

those outside of refugial areas, are expected to show signatures of drift (Box 1). Yet, our literature 606 

review found about a third of stable rear edges (18/49, Table S1) have lower within population 607 

diversity than central portions of the range. Therefore, occurrence in former refugia is not 608 

necessarily synonymous with the maintenance of diversity, or perhaps even demographic stability.  609 

We propose rear edges of species distributions would be better understood by conceiving 610 

of them as dynamic, occurring along a “stable to trailing” continuum (Fig. I). This framework 611 

allows for more flexible expectations of past and future evolution than a strict dichotomy between 612 

the two. Here, stable rear-edge populations that have persisted under past warming, maintained 613 

high diversity, and are likely locally adapted, represent one extreme of the continuum. Trailing 614 

edges, where refugial populations went extinct under past warming, represent the other extreme. 615 

We suggest that rear-edge populations in refugial areas with a history of drift represent 616 

intermediates, and term them “receding” rear edges. They occur in former refugia, hence appear 617 

to be “stable,” but the signatures of genetic drift suggest that population sizes are likely small. As 618 

such, receding rear-edge populations are expected to be in decline, potentially over long periods 619 

of time, due to a combination of maladaptation to warming environments compounded by the 620 

genetic load associated with drift. Therefore, receding edge populations are likely to face 621 

extirpation in the future.  622 

Distinguishing receding edges from stable rear edges will be crucial to accurately assess 623 

conservation needs and evolutionary potential of these populations. Populations that have 624 

successfully maintained population sizes under past warming (i.e. stable edges) may be less at risk 625 
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of population decline and extinction under future warming than populations that have already 626 

experienced decline. Furthermore, stable rear edges may be valuable sources of diversity, while 627 

receding and trailing edges may be of high conservation concern. Moving forward, we suggest 628 

systematically evaluating whether rear edges under study are stable, receding or trailing.   629 



29 
 

Figure legends 630 

 631 

Figure 1: Evolution at the rear edge. (A) Schematic depiction of postglacial range expansion 632 
and resulting types of range edges. (B) Review of research on range edges based on a literature 633 
search over the period of 2005 - 2024 (Method S1). The total number of studies focusing broadly 634 

on range edges is represented in full lines, dashed lines represent the subset of studies focusing on 635 
evolution. Literature focusing on leading edges is depicted in blue, rear edges in red, and both 636 

edges added to the count of each type. (C) Three main evolutionary outcomes expected at 637 
contemporary rear edges with populations representing reservoirs of diversity within and between 638 
populations due to a history of persistence in glacial refugia, reflecting strong drift following a 639 
history of decline under past climate change, or high local adaptation in response to strong 640 
selection imposed by past climate warming.   641 
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 642 

Figure I: The stable – trailing rear-edge continuum. Schematic description of the link between 643 
a history of decline or persistence under past warming and genetic patterns. Stable rear edges 644 
consist of populations that persist in former glacial refugia and typically have high diversity within 645 
populations relative to the rest of the range. Receding edges consist of refugial populations on 646 

their way to extinction, with drift associated declines in genetic diversity and population size from 647 
past warming. Trailing edges are rear edges in species’ distributions that have shifted under past 648 

climate change due to the loss of refugial populations, and may still be experiencing recession due 649 
to climate stress and drift. 650 
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Table S1A. List of species in testing for signatures of higher diversity or drift at the rear edge. 6 

Kingdom Species Location Gradient 

Rear edge  

diversity 

Rear edge  

differentiation 

Other  

signatures Edge type Study 

Animal Chorthippus parallelus Europe Latitude Higher † - - Stable # [S1] 

Animal Erebia aethiops Europe Latitude Higher Higher - - [S2] 

Animal Lottia gigantea N America Latitude Higher Higher - Stable [S3] 

Animal Parnassius apollo Europe Elevation Lower Higher Stronger decline Stable [S4] 

Animal Phengaris arion Europe Latitude Lower Higher - Stable # [S5] 

Animal Plecotus austriacus Europe Latitude Higher Higher - Stable [S6] 

Animal Podarcis muralis Europe Latitude Higher Lower - Stable [S7] 

Animal Tetrao urogallus Europe Latitude Lower Higher Bottleneck Stable # [S8, S9] 

Animal Zootoca vivipara  

louislantzi 

Europe Elevation Similar Higher Higher FIS Stable # [S10] 

Plant Abies alba Europe Latitude Higher - - Stable $ [S11] 

Plant Alnus glutinosa Europe Latitude Higher & lower - - Stable # [S12] 

Plant Arabidopsis lyrata N America Latitude Lower Higher Higher drift load Stable # [S13–S15] 

Plant Argentina anserina N America Elevation Higher Lower Higher Ne, lower FIS - [S16] 

Plant Bupleurum euphorbioides Asia Latitude Lower Lower Bottleneck Stable [S17] 

Plant Carex nigra Europe Latitude Higher Lower - Stable # [S18] 

Plant Chimaphila umbellata Asia Latitude Lower Higher - Stable # [S19] 

Plant Chondrus crispus Europe Latitude Higher & lower - - Stable & trailing [S20] 

Plant Cymodocea nodosa Europe Latitude Higher - - Stable # [S21] 

Plant Dryas octopetala Circumboreal Latitude Lower Higher - Stable # [S22, S23] 

Plant Edraianthus tenuifolius Europe Latitude Higher - - Stable # [S24] 

Plant Euphorbia hyberna Europe Latitude Higher - - Stable [S25] 

Plant Fagus sylvatica Europe Latitude  

& elevation 

Higher Higher No bottleneck Stable $ [S26] 

Plant Fraxinus angustifolia Europe Latitude Lower - - Stable # [S27] 

Plant Fraxinus excelsior W Asia Latitude Higher Similar - Stable # [S28] 

Plant Fucus ceranoides Europe Latitude Higher Higher - Stable # [S29] 

Plant Fucus serratus Europe Latitude Lower - - Stable # [S30] 

Plant Fucus vesiculosus N Atlantic Latitude Lower Higher - Stable [S31] 



Plant Gracilaria 

vermiculophylla 

China sea Latitude Higher Lower - Stable # [S32] 

Plant Hemerocallis middendor Asia Latitude Lower Higher Past decline Stable [S33] 

Plant Himantoglossum hircinum Europe Latitude Higher - - Stable # [S34] 

Plant Juncus balticus Europe Latitude** High & low - - Stable [S35] 

Plant Laminaria digitata N Atlantic Latitude Higher Lower - Stable $ [S36] 

Plant Laminaria ochroleuca N Atlantic Latitude Higher Higher - Stable $ [S37] 

Plant Monotropa hypopitys Europe Latitude Higher - - Stable [S38] 

Plant Orthilia secunda Europe Latitude Higher - - Stable [S38] 

Plant Pelvetia canaliculata N Atlantic Latitude Higher & lower - - Stable [S39] 

Plant Phyllospadix torreyi N America Latitude Lower Higher - Stable [S40] 

Plant Phyllospora comosa Australia Latitude Lower Higher - - [S41] 

Plant Picea abies Europe Latitude* Higher Lower No bottleneck Stable # [S42] 

Plant Pinus sylvestris Europe Latitude Lower Higher - Stable $ [S43] 

Plant Populus tremuloides N America Latitude Lower Higher - Stable # [S44] 

Plant Pterocarya rhoifolia Asia Latitude Higher - - Stable [S45] 

Plant Puccinellia phryganodes Europe Latitude Lower Similar Lower Ne Trailing # [S46] 

Plant Quercus canariensis N Africa Latitude** - - Low Ne Stable # [S47] 

Plant Quercus faginea N Africa Latitude** - - Low Ne Stable # [S47] 

Plant Saccorhiza polyschides N Atlantic & 

Mediterranean 

Latitude Higher † Higher † - Stable [S48] 

Plant Salix hastata Europe Latitude** High & low - - Stable [S35] 

Plant Salix herbacea Europe Latitude Lower Higher - Stable # [S49] 

Plant Sargassum thunbergii Asia Latitude Lower Lower - Stable [S50] 

Plant Sibiraea angustata Asia Latitude Higher similar Stable Ne Stable # [S51] 

Plant Thuja standishii Asia Latitude Lower Higher Lower Ne Stable [S52] 

Plant Zostera maritima Europe Latitude Lower Higher - Stable # [S53] 

 7 
For each species, gradient indicates the axis of comparison between the rear edge and rest of the range. For some species, only rear-edge 8 
populations were assessed and compared with core populations in prior studies (*) or not at all (**). Patterns of genetic diversity and 9 
differentiation are reported for the rear edge compared to the rest of the range. Some species showed divergent patterns between distinct rear 10 
edges (higher & lower) or showed the same pattern to varying degrees (†). Each species was assigned an edge type, with stable edges 11 
representing cases where the contemporary rear edge overlaps with former glacial refugia, and trailing edges representing cases where the 12 



species occurs entirely outside of former refugia. In most cases, overlap was assessed in each study through SDM hindcasting, or from 13 
comparison with fossil pollens or macrofossils. Some studies report locations of refugia from prior studies ($). If the location of refugia were 14 
not tested or reported by the authors, rear-edge type was inferred based on whether rear-edge populations occur in known refugial (stable) or 15 
glaciated (trailing) areas (#). Cases where rear edge type could not be inferred are left blank.  16 
 17 
Table S1B. List of species testing for signatures of strong selection and/or local adaptation at the rear edge 18 

Kingdom Species Location Gradient Signature Edge type Study 

Plant Biscutella laevigata Europe Elevation Divergent selection  - [S54] 

Plant Fucus vesiculosus Europe Latitude Higher local adaptation Stable [S55] 

Plant Nothofagus pumilio S America Elevation Higher local adaptation - [S56] 

Plant Populus balsamifera N America Latitude Higher turnover of climate-adaptive alleles Stable [S57] 

- 135 species - Elevation Higher local adaptation - [S58] 

 19 
For each species, gradient indicates the axis of comparison between the rear edge and rest of the range. Signatures of selection and/or local 20 
adaptation are reported for the rear edge compared to the rest of the range. Each species was assigned an edge type, with stable edges representing 21 
cases where the contemporary rear edge overlaps with former glacial refugia. Cases where rear edge type could not be inferred are left blank.  22 
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Method S1:  23 

Rear-edge literature search 24 

We conducted a literature search to identify studies on the rear edge of species distributions using 25 

the Web of Science platform (https://www.webofscience.com, accessed 21/01/2025). The search 26 

was restricted to studies published between April 2005 and December 2024, representing 20 years 27 

of literature since the foundational review by Hampe and Petit in 2005 [S59]. The query for studies 28 

on the rear edge included either “rear edge” or “trailing edge” in the title, abstract or keywords 29 

(“topic” field), and was found in at least one of the following Web of Science categories: Ecology, 30 

Forestry, Biodiversity Conservation, Plant Sciences or Evolutionary Biology. These categories 31 

were used to restrict studies to those associated with range limits (omitting spurious results, e.g. 32 

from engineering). This initial search resulted in 352 studies with the keyword “rear edge”, 341 33 

with the keyword “trailing edge” (32 overlapping). We performed a similar search to find studies 34 

focusing on the leading edge, using as topics “leading edge” (2005 studies) or “expanding edge” 35 

(1266 studies, with 600 overlapping), in the same categories as above. 36 

The results of these initial searches were pruned to keep only research publications in 37 

journals (Publication type: “J” & Document type: “Article”, i.e. excluding reviews, book chapters, 38 

editorial material, etc.). Some research articles were categorized as reviews and were manually 39 

reassigned to the correct category. We then removed duplicates within rear and leading-edge 40 

searches and manually excluded studies that were not relevant to leading- or rear edges broadly 41 

defined. Pruning was performed by assessing the relevance of studies based on study title, or for 42 

studies with ambiguous titles, by reading the abstract. Excluded studies typically included the 43 

search keyword in a different context (e.g. edge effects, habitat edges or ecotones, urban 44 

expansion). We also excluded studies focusing on post-glacial colonization dynamic (e.g. “leading-45 

https://www.webofscience.com/
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edge” model of colonization) but not the actual range limit, studies focusing on a range limit 46 

without clear information about it being leading- or rear edge, and studies focusing on range 47 

expansion in a different context than addressed in this review (e.g., biological invasions, re-48 

introductions, pest outbreaks, or range dynamics in theoretical, simulation or experimental 49 

evolution frameworks). Finally, some studies were manually re-assigned to the correct edge. For 50 

example, some rear-edge studies showed up by searching for “leading edge” and vice-versa, and 51 

some studies assessed both edges but were identified only for one type of edge. Finally, one 52 

relevant study was added from personal knowledge [S4]. This resulted in a final list of 678 studies, 53 

with 225 studies focusing on the rear edge, 260 on the leading edge, and 193 dealing with both. 54 

Of these, 151 studies belonged to the Web Of Science category “Evolutionary Biology,” with 33 55 

on the rear-edge, 79 leading-edge, and 39 on both edges. 56 

 57 

Empirical support of evolutionary outcomes 58 

We then evaluated all 418 studies on the rear edge (including the 193 dealing with both 59 

edges) to identify those that report patterns of genetic diversity, drift, selection and local 60 

adaptation. Some studies supported multiple outcomes. We limited inclusion to those where rear 61 

edge populations were compared to the rest of the range (in the study itself, or using data from 62 

prior studies), omitting those that focused on the rear edge only. One exception was Jimenez-Alfaro 63 

et al. (2016), as it compared among rear edges with different postglacial histories. We further 64 

excluded studies with unclear results, where the designation of rear-edge populations was unclear, 65 

and studies conducted on species that were heavily influenced by recent human activity (e.g. re-66 

introduction, admixture between natural and domestic populations, etc.). In total, 18 studies were 67 

excluded. Three additional studies were included that supported a history of drift at the rear edge 68 
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by assessing demographic patterns [S47] or signatures of drift load [S14, S15]. This resulted in a 69 

total list of 57 rear-edge studies (Table S1) across 55 species [S1–S57], and one meta-analysis 70 

assessing latitudinal patterns over 135 species [S58].  71 

Of the studies that assessed diversity or drift, we scored patterns of within-population 72 

genetic diversity as well as differentiation among populations (rear edge vs the rest of the range: 73 

higher, lower, similar, or mixed patterns). We also recorded any additional supporting results such 74 

as demographic patterns or inbreeding. In addition, for each species we determined whether the 75 

rear edge is stable, i.e. present day populations overlap glacial refugia, or trailing, with the whole 76 

range occurring at a higher latitude or altitude than former refugia. For species where past 77 

distributions, i.e. glacial refugia, were not explicitly addressed (about half of the studies), the 78 

present-day distribution was compared to known glacial refugia associated with similar present-79 

day distributions in other studies (e.g. Iberian, Italian and Balkan peninsulas in Europe, Hyrcanian 80 

forests in Western Asia, the gulf coast in the eastern U.S.).   81 



8 
 

Supplementary references 82 

S1. Korkmaz, E.M. et al. (2014) The contribution of Anatolia to European phylogeography: the 83 
centre of origin of the meadow grasshopper, Chorthippus parallelus. J. Biogeogr. 41, 1793–84 
1805 85 

S2. Gunson, L.R. et al. (2023) Genetic diversity and differentiation of isolated rear-edge 86 
populations of a cold adapted butterfly, Erebia aethiops, in Britain. Insect Conserv. Divers. 87 
16, 403–415 88 

S3. Nielsen, E.S. et al. (2024) Pushed waves, trailing edges, and extreme events: Eco-89 
evolutionary dynamics of a geographic range shift in the owl limpet, Lottia gigantea. Glob. 90 
Chang. Biol. 30, e17414 91 

S4. Kebaïli, C. et al. (2022) Demographic inferences and climatic niche modelling shed light on 92 
the evolutionary history of the emblematic cold-adapted Apollo butterfly at regional scale. 93 
Mol. Ecol. 31, 448–466 94 

S5. Sielezniew, M. et al. (2015) Population genetics of the endangered obligatorily 95 
myrmecophilous butterfly Phengaris (=Maculinea) arion in two areas of its European range. 96 
Insect Conserv. Divers. 8, 505–516 97 

S6. Razgour, O. et al. (2013) The shaping of genetic variation in edge-of-range populations under 98 
past and future climate change. Ecol. Lett. 16, 1258–1266 99 

S7. Gassert, F. et al. (2013) From southern refugia to the northern range margin: genetic 100 
population structure of the common wall lizard, Podarcis muralis. J. Biogeogr.40, 1475–101 
1489 102 

S8. Rodríguez-Muñoz, R. et al. (2007) Genetic differentiation of an endangered capercaillie 103 
(Tetrao urogallus) population at the southern edge of the species range. Conserv. Genet. 8, 104 
659–670 105 

S9. Alda, F. et al. (2013) Genetic diversity, structure and conservation of the endangered 106 
Cantabrian Capercaillie in a unique peripheral habitat. Eur. J. Wildl. Res. 59, 719–728 107 

S10. Dupoué, A. et al. (2021) Genetic and demographic trends from rear to leading edge are 108 
explained by climate and forest cover in a cold-adapted ectotherm. Divers. Distrib. 27, 267–109 
281 110 

S11. Piotti, A. et al. (2017) Unexpected scenarios from Mediterranean refugial areas: 111 
disentangling complex demographic dynamics along the Apennine distribution of silver fir. 112 
J. Biogeogr. 44, 1547–1558 113 

S12. Havrdová, A. et al. (2015) Higher genetic diversity in recolonized areas than in refugia of 114 
Alnus glutinosa triggered by continent-wide lineage admixture. Mol. Ecol. 24, 4759–4777 115 

S13. Griffin, P.C. and Willi, Y. (2014) Evolutionary shifts to self-fertilisation restricted to 116 
geographic range margins in North American Arabidopsis lyrata. Ecol. Lett. 17, 484–490 117 

S14. Willi, Y. et al. (2018) Accumulation of mutational load at the edges of a species range. Mol. 118 
Biol. Evol. 35, 781–791 119 



9 
 

S15. Perrier, A. et al. (2020) Expressed mutational load increases toward the edge of a species’ 120 
geographic range. Evolution 74, 1711–1723 121 

S16. Cisternas-Fuentes, A. and Koski, M.H. (2023) Drivers of strong isolation and small effective 122 
population size at a leading range edge of a widespread plant. Heredity 130, 347–357 123 

S17. Cho, W.-B. et al. (2020) Rear-edge, low-diversity, and haplotypic uniformity in cold-adapted 124 
Bupleurum euphorbioides interglacial refugia populations. Ecol. Evol. 10, 10449–10462 125 

S18. Jiménez-Mejías, P. et al. (2012) Genetically diverse but with surprisingly little geographical 126 
structure: the complex history of the widespread herb Carex nigra (Cyperaceae). J. Biogeogr. 127 
39, 2279–2291 128 

S19. Kikuchi, A. et al. (2021) Population genetic diversity and conservation priority of prince’s 129 
pine Chimaphila umbellata populations around the south margin of their distribution. 130 
Conserv. Genet. 22, 839–853 131 

S20. Provan, J. and Maggs, C.A. (2011) Unique genetic variation at a species’ rear edge is under 132 
threat from global climate change. Proc. R. Soc. B 279, 39–47 133 

S21. Alberto, F. et al. (2008) Genetic differentiation and secondary contact zone in the seagrass 134 
Cymodocea nodosa across the Mediterranean–Atlantic transition region. J. Biogeogr. 35, 135 
1279–1294 136 

S22. Hirao, A.S. et al. (2015) low genetic diversity and high genetic divergence in southern rear 137 
edge populations of Dryas octopetala in the high mountains of Far East Asia. Acta Phytotax. 138 
Geobot. 66, 11–22 139 

S23. Hirao, A.S. et al. (2017) Genetic diversity within populations of an arctic–alpine species 140 
declines with decreasing latitude across the Northern Hemisphere. J. Biogeogr. 44, 2740–141 
2751 142 

S24. Surina, B. et al. (2011) Quaternary range dynamics of ecologically divergent species 143 
(Edraianthus serpyllifolius and E. tenuifolius, Campanulaceae) within the Balkan refugium. 144 
J. Biogeogr. 38, 1381–1393 145 

S25. Beatty, G.E. et al. (2015) The not-so-Irish spurge: Euphorbia hyberna (Euphorbiaceae) and 146 
the Littletonian plant ‘steeplechase.’ Biol. J. Linn. Soc. 114, 249–259 147 

S26. de Lafontaine, G. et al. (2013) Stronger spatial genetic structure in recolonized areas than in 148 
refugia in the European beech. Mol. Ecol. 22, 4397–4412 149 

S27. Temunović, M. et al. (2013) Identifying refugia from climate change using coupled 150 
ecological and genetic data in a transitional Mediterranean-temperate tree species. Mol. Ecol. 151 
22, 2128–2142 152 

S28. Erichsen, E.O. et al. (2018) Hyrcanian forests—Stable rear-edge populations harbouring 153 
high genetic diversity of Fraxinus excelsior, a common European tree species. Divers. 154 
Distrib. 24, 1521–1533 155 



10 
 

S29. Neiva, J. et al. (2012) Drifting fronds and drifting alleles: range dynamics, local dispersal 156 
and habitat isolation shape the population structure of the estuarine seaweed Fucus 157 
ceranoides. J. Biogeogr. 39, 1167–1178 158 

S30. Jueterbock, A. et al. (2018) Decadal stability in genetic variation and structure in the 159 
intertidal seaweed Fucus serratus (Heterokontophyta: Fucaceae). BMC Evol. Biol. 18, 94 160 

S31. Assis, J. et al. (2014) Climate-driven range shifts explain the distribution of extant gene pools 161 
and predict future loss of unique lineages in a marine brown alga. Mol. Ecol. 23, 2797–2810 162 

S32. Hu, Z.-M. et al. (2018) A unique genetic lineage at the southern coast of China in the agar-163 
producing Gracilaria vermiculophylla (Gracilariales, Florideophyceae). Algae 33, 269–278 164 

S33. Masuda, K. et al. (2023) Rear-edge daylily populations show legacies of habitat 165 
fragmentation due to the Holocene climate warming. J. Biogeogr. 50, 551–563 166 

S34. Pfeifer, M. et al. (2010) Conservation priorities differ at opposing species borders of a 167 
European orchid. Biol. Conserv. 143, 2207–2220 168 

S35. Jiménez-Alfaro, B. et al. (2016) Anticipating extinctions of glacial relict populations in 169 
mountain refugia. Biol. Conserv. 201, 243–251 170 

S36. Neiva, J. et al. (2020) Genetic structure of amphi-Atlantic Laminaria digitata (Laminariales, 171 
Phaeophyceae) reveals a unique range-edge gene pool and suggests post-glacial colonization 172 
of the NW Atlantic. Eur. J. Phycol. 55, 517–528 173 

S37. Assis, J. et al. (2018) Projected climate changes threaten ancient refugia of kelp forests in 174 
the North Atlantic. Glob. Chang. Biol. 24, e55–e66 175 

S38. Beatty, G.E. and Provan, J. (2011) Comparative phylogeography of two related plant species 176 
with overlapping ranges in Europe, and the potential effects of climate change on their 177 
intraspecific genetic diversity. BMC Evol. Biol. 11, 29 178 

S39. Neiva, J. et al. (2014) Species distribution models and mitochondrial DNA phylogeography 179 
suggest an extensive biogeographical shift in the high-intertidal seaweed Pelvetia 180 
canaliculata. J. Biogeogr. 41, 1137–1148 181 

S40. Tavares, A.I. et al. (2024) Past and future climate effects on population structure and 182 
diversity of North Pacific surfgrasses. J. Biogeogr. 51, 1999–2010 183 

S41. Wood, G. et al. (2021) Genomic vulnerability of a dominant seaweed points to future-184 
proofing pathways for Australia’s underwater forests. Glob. Chang. Biol. 27, 2200–2212 185 

S42. Stojnić, S. et al. (2019) Assessment of genetic diversity and population genetic structure of 186 
Norway spruce (Picea abies (l.) karsten) at its southern lineage in Europe. Implications for 187 
conservation of forest genetic resources. Forests 10, 258 188 

S43. Scalfi, M. et al. (2009) Genetic variability of Italian southern Scots pine (Pinus sylvestris L.) 189 
populations: the rear edge of the range. Eur. J. Forest Res. 128, 377–386 190 

S44. Callahan, C.M. et al. (2013) Continental-scale assessment of genetic diversity and 191 
population structure in quaking aspen (Populus tremuloides). J. Biogeogr. 40, 1780–1791 192 



11 
 

S45. Sugahara, K. et al. (2017) Quaternary range-shift history of Japanese wingnut (Pterocarya 193 
rhoifolia) in the Japanese Archipelago evidenced from chloroplast DNA and ecological niche 194 
modeling. J. Forest Res. 22, 282–293 195 

S46. Kvist, L. et al. (2015) A climatic relict or a long distance disperser: conservation genetics of 196 
an Arctic disjunct polyploid plant. Conserv. Genet. 16, 1489–1499 197 

S47. Lepais, O. et al. (2022) Joint analysis of microsatellites and flanking sequences enlightens 198 
complex demographic history of interspecific gene flow and vicariance in rear-edge oak 199 
populations. Heredity 129, 169–182 200 

S48. Assis, J. et al. (2016) Deep reefs are climatic refugia for genetic diversity of marine forests. 201 
J. Biogeogr. 43, 833–844 202 

S49. Carbognani, M. et al. (2019) Reproductive and genetic consequences of extreme isolation in 203 
Salix herbacea L. at the rear edge of its distribution. Ann. Bot. 124, 849–860 204 

S50. Song, X.-H. et al. (2021) Climate-induced range shifts shaped the present and threaten the 205 
future genetic variability of a marine brown alga in the Northwest Pacific. Evol. App. 14, 206 
1867–1879 207 

S51. Duan, Y. et al. (2011) Phylogeographic analysis of the endemic species Sibiraea angustata 208 
reveals a marginal refugium in the Qinghai–Tibet Plateau. Nord. J. Bot. 29, 615–624 209 

S52. Worth, J.R.P. et al. (2021) genetic distinctiveness but low diversity characterizes rear-edge 210 
Thuja standishii (Gordon) Carr. (Cupressaceae) populations in Southwest Japan. Diversity 211 
13, 185 212 

S53. Diekmann, O.E. and Serrão, E.A. (2012) Range-edge genetic diversity: locally poor extant 213 
southern patches maintain a regionally diverse hotspot in the seagrass Zostera marina. Mol. 214 
Ecol. 21, 1647–1657 215 

S54. Parisod, C. and Joost, S. (2010) Divergent selection in trailing- versus leading-edge 216 
populations of Biscutella laevigata. Ann, Bot. 105, 655–660 217 

S55. Saada, G. et al. (2016) Taking the heat: distinct vulnerability to thermal stress of central and 218 
threatened peripheral lineages of a marine macroalga. Divers. Distrib. 22, 1060–1068 219 

S56. Mathiasen, P. and Premoli, A.C. (2016) Living on the edge: adaptive and plastic responses 220 
of the tree Nothofagus pumilio to a long-term transplant experiment predict rear-edge upward 221 
expansion. Oecologia 181, 607–619 222 

S57. Keller, S.R. et al. (2018) Influence of range position on locally adaptive gene–environment 223 
associations in Populus flowering time genes. Heredity 109, 47–58 224 

S58. Bontrager, M. et al. (2021) Adaptation across geographic ranges is consistent with strong 225 
selection in marginal climates and legacies of range expansion. Evolution 75, 1316–1333 226 

S59. Hampe, A. and Petit, R.J. (2005) Conserving biodiversity under climate change: the rear 227 
edge matters. Ecol. Lett. 8, 461–467 228 


