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Abstract

Phenotypic plasticity enables rapid responses to environmental change, and could facilitate
range shifts in response to climate change. What drives the evolution of plasticity at range
edges, and the capacity of range-edge individuals to be plastic, remains unclear. Here, we
propose that accurately predicting when plasticity itself evolves or mediates adaptive
evolution at expanding range edges requires integrating knowledge on the demography and
evolution of edge populations. Our synthesis shows that: (1) the demography of edge
populations can amplify or attenuate responses to selection for plasticity through diverse
pathways; and (2) demographic effects on plasticity are modified by the stability of range
edges. Our spatially-explicit synthesis for plasticity has the potential to improve predictions

for range shifts with climate change.

On the importance of plasticity at geographic range edges

Species range edges (see Glossary) are shifting rapidly in response to changing climate [1,2].
Leading-edge populations (i.e., at high-latitude and high-elevation range edges) are
expanding into habitat that is now climatically suitable, whilst encountering novel non-
climate conditions (e.g. in photoperiods [3] or biotic communities [4]). Range-edge
populations can cope with these new conditions by adaptive evolution [5]. The ability and
need for edge populations to adapt to environmental change, however, is affected by
phenotypic plasticity— rapid responses that enable individuals to adjust their phenotype

within a single or few generations [6-9].

Decades of research have allowed for comprehensive syntheses of factors influencing

adaptation to new conditions in edge populations (reviewed in [5]). However, the relative
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paucity of studies focusing on plasticity at range edges has hampered the formulation of
unifying theories (but see [ 10—12]), despite the fact that plasticity itself can evolve and can
respond to selection over multiple generations (Box 1) [13]. Lack of synthesis predicting
when edge populations will evolve higher or lower plasticity is a major gap in our ability to
anticipate responses to climate change. Importantly, variation in plasticity may not solely
reflect patterns of environmental selection [12,14,15] (but see [11,16,17]). Rather, it may also
be shaped by demographic and evolutionary processes that can operate with different

strengths toward species range edges [18-20] (Box 1).

Plasticity evolution at range edges should be affected by the same processes that govern the
formation of range edges. Thus, much of the theory on evolution at range edges can be used
to predict the evolution of plasticity. However, plasticity is more complex than most traits.
First, rather than being a single quantifiable trait, like body size or photosynthetic capacity,
plasticity pervades all traits, and the degree of plasticity can vary among traits within an
individual [21]. Second, by altering the phenotype, plasticity mediates the interaction
between the genotype and environment, and therefore feeds back to affect selection in
complex ways [22]. Plasticity can either hinder adaptation by reducing the genetic response
to selection or, by contrast, facilitate adaptation if initial plastic changes promote subsequent
selection for genetic adaptation (i.e., the plasticity-first hypothesis) [23][24]. Additionally,
while plasticity can dampen or facilitate evolutionary responses, existing plasticity at range
edges could facilitate range shifts without the need for any genetic adaptation. In turn, range
edges may affect the expression and evolution of plasticity in unique ways. Range edges
often involve gradients in environmental heterogeneity, demography, and gene flow, all of

which influence the evolution of plasticity. Developing a clearer framework for
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understanding plasticity at range edges is a challenging but critical step toward predicting

species’ responses to climate change.

Here, we unify theoretical and empirical work to address the expression and evolution of
plasticity at species’ leading range edges. We describe how plasticity might vary at range
edges given the ecological and evolutionary processes that: (i) can limit species’ geographic
ranges; and (i1) occur during range expansion. We enumerate key hypotheses for patterns of
plasticity evolution toward range edges (Box 2), highlighting gaps in empirical work and

paths forward for testing them.

Plasticity evolution at species’ range limits

Limits and costs to plasticity evolution at range edges

Empirical evidence suggests that habitat quality declines across ~75% of species’ range edges
[25]. Plasticity is advantageous in low-quality habitats if it helps organisms adaptively
regulate their environmental tolerances or phenology to improve fitness [26]. However,
predicting whether plasticity will evolve adaptively requires a consideration of its limits and
costs [27]. At stable range edges where edge populations are unable to expand their range
due to reduced fitness (Box 1), our synthesis below predicts plasticity to be both limited and

costly (Hypothesis 1; Box 2).

If adaptive evolution at range edges is constrained by low effective population size (Box 1),
then edge populations might lack adaptive variation in all traits, including genetic variation
for plasticity (GxE; [11,28]). Even where genetic variation for plasticity is present and there
is selection for increased plasticity, the evolution of plasticity can be costly at range edges.

While environmental stress towards range edges (Box 1) could impose costs to any trait
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regardless of plasticity, it should be particularly demanding to the often complex
physiological and metabolic mechanisms involved in the production, expression,
maintenance, and cue perception required to evolve and express plasticity [29-31].
Furthermore, the adaptive response in stressful environments may involve phenotypic
buffering, where traits involved in fitness maintenance and physiological homeostasis are
favoured to be constant across environments to reduce costs of plasticity [32]. Phenotypic
buffering will thus manifest as flat reaction norms and may be common at range edges [32].
There is evidence for reduced plasticity in response to stressful conditions at range edges
[33-36]; but see [37,38]. For example, climatic stress can correlate negatively with the
magnitude of plasticity across space [15,39—41], such as with cold stress limiting plasticity in

physiological traits for terrestrial plant species towards the poles [15].

Lastly, empirical evidence suggests an association between range edges and increased
environmental variation for certain species [42,43]; but see [44,45]. If the relative influence
of environmental fluctuations on demography and fitness is stronger at the range edge than at
the range core [46,47], the cost of environmental mismatch (i.e., of expressing the wrong
phenotype at the wrong time) may also increase towards range edges [12,22]. Overall, genetic
variation for plasticity may be limited and plasticity costly to evolve in edge populations,

particularly where populations and habitats are of low quality (Figure 1).

Whilst limited genetic variation and increased costs should hold for any trait at a stable range
edge, this is particularly crucial to plasticity for at least two reasons. First, based solely on
assumptions that environmental variation increases towards range edges [43], one might
predict increased adaptive plasticity at range edges without consideration of demographic and

evolutionary constraints. However, populations at stable range edges may lack capacity to
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respond to selection for adaptive plasticity even if its fitness benefits are predicted to increase
at the range edge [18,19,36]. Second, demographic and genetic constraints on the evolution
of plasticity at range edges may further promote the formation of range limits by decreasing
overall environmental tolerances at the range edge [19]. Considering how these constraints on
the evolution of plasticity are overcome will therefore be key to understanding the
importance of plasticity during climatic range shifts. An interesting exception is species
where populations at range edges become increasingly clonal [48,49]. For clonal individuals,
plasticity may be important at the range edge [50] to compensate for the loss of genetic

variation [51,52].

Dispersal, gene flow and plasticity evolution at range edges

The prevalence of plasticity at range edges can also be influenced by the magnitude and
direction of dispersal and gene flow. Selection for plasticity during dispersal is analogous to
selection from temporal environmental variability in that plasticity can confer a fitness
benefit for organisms experiencing spatially variable environments [53—-56]. Here, plasticity
is advantageous over specialisation when dispersal across varying environments selects
against individuals specialized to one environment, due to mismatches with their new
environments [54]. Plasticity would therefore become more common in populations that

experience regular or repeated immigration of individuals across divergent environments.

Lower dispersal rates between isolated edge populations could reduce the likelihood of
adaptive plasticity (Figure 1) if there is less opportunity for selection from spatial variability
to act when dispersal across environments is rare [54]. Theoretical models also suggest that,
under specific circumstances (Table 1), selection can favour adaptive plasticity in populations

experiencing gene swamping if the plastic response is in a direction that mitigates fitness
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loss that arises due to the introduction of maladaptive alleles [18]. For example, if edge
populations reproduce sexually and experience gene swamping from central populations [57],
adaptive plasticity could evolve at range edges in specific cases where plasticity mitigates
genetic load [18]. While empirical work has found evidence that edge populations can be
fragmented and dispersal-limited [58—60], empirical evidence for gene swamping at range
edges is generally weak [5,61]. Overall, in isolated edge populations, limited dispersal could
therefore provide weak selection for plasticity from spatial environmental variation,

contributing further to reduced plasticity at stable range edges (Hypothesis 1; Box 2).

There are few empirical tests of whether plasticity increases with higher rates of gene flow
(Table 1; but see [62—64]). In the frog Rana temporaria, plasticity in metamorphosis rates is
adaptive and highest in populations from ponds that experience higher fluctuations in water
availability and in populations that experienced greater dispersal from islands that were
environmentally dissimilar [63]. However, whilst studies have tested how gene flow affects
the degree of local adaptation at species’ range edges [61], we are not aware of empirical
tests of how gene flow might affect the evolution of plasticity at range edges (see

Outstanding Questions).

Plasticity evolution during range expansion
Range boundaries are dynamic, with periods of both stasis and expansion [65—67]. We next
focus on how demographic and evolutionary processes occurring during range expansion

could shape spatial variation in plasticity (Table 1).

Demography and evolution of plasticity during range expansion:
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During range expansion, the evolution of adaptive plasticity at the leading edge should
depend on the balance between demography and selection from the environmental gradient
across space (Figure 1; Hypothesis 2, Box 2). First, during the initial stages of colonisation,
selection is weak relative to genetic drift due to small population sizes [68]. However,
dispersal during range expansion could subsequently alleviate evolutionary constraints on
adaptive plasticity due to the accumulation of colonising individuals at the leading edge,
increasing genetic variation [69] (although see “Genetic load and the evolution of plasticity”

for dispersal during range expansion leading to the fixation of deleterious variants).

Second, models of plasticity evolution and colonisation suggest that environmental gradients
impose strong selection for adaptive plasticity if that plasticity promotes tolerance to, and
establishment in, new environments [68,70]. However, whether plasticity or specialisation is
favoured at the leading edge depends on dispersal rates (see Dispersal, gene flow and
plasticity evolution at range edges) and whether range expansion involves dispersal into new
environments. For the latter, recent modelling work shows that when dispersal occurs into
environments that are within the species niche (i.e., non-novel environments), higher
dispersal can introduce genotypes already suited to the environment at the leading edge [20].
When the environment is novel, higher dispersal can favour plasticity (adaptive or non-
adaptive) over specialisation, as none of the genotypes introduced by dispersal are specialised

to the new environment at the leading edge [20].

While theory suggests that range expansion can select for increased adaptive plasticity, some
empirical results suggest that maladaptive plasticity can also arise during range expansion
[71-74]. This occurs when populations encounter increasingly stressful or novel

environments that limit expression of adaptively plastic phenotypes. Evidence from spatial
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variation in transcriptional plasticity [72,74,75] and lab-based experimental range shifts
[73] suggests that maladaptive plasticity during range expansion can, counterintuitively,
enhance adaptation to environments being colonised. Maladaptive plasticity could promote
adaptive evolution by increasing: 1) the strength of directional selection as a result of lower
relative fitness; and 2) the response to selection by increasing fitness variance [72,74-76].
Therefore, both adaptive and maladaptive plasticity are predicted to have key roles in

promoting colonisation during range expansion (Hypothesis 3, Box 2).

Empirical data on plasticity evolution during native range expansions is limited (but see [77—
79]. Instead, most evidence for plasticity evolution during range expansion comes from
invasive species, which have found that many traits evolve differences between leading-edge
populations compared to populations further behind the expansion front, though both
plasticity and fixed genetic differences can contribute to such differences [80]. Invasive
populations experience different demographic and environmental conditions than would be
typical of climate-driven range shifts, as the former tends to involve a few founding
individuals colonising new communities and environments [68]. Understanding plasticity
evolution in the context of native ranges will be critical for predicting how plasticity evolves
to facilitate or inhibit range expansion in response to climate change (see Outstanding

Questions).

Genetic load and the evolution of plasticity

During range expansion, sequential founder events can lead to strong genetic drift and
therefore increased genetic load [81]. Plasticity in particular can accumulate genetic load
during range expansion when plasticity is controlled by conditional, environmentally-induced

gene expression. This occurs because selection for plasticity can be relaxed during range



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

expansion when there is spatial heterogeneity in the environment that induces plasticity such
that plasticity is not expressed consistently across space [82]. This can subsequently lead to
mutation accumulation in conditionally expressed genes that regulate plasticity [82,83].
Although there is no empirical evidence testing whether plastic traits accumulate genetic load
during range expansion, there is theoretical evidence that environmentally induced genes are
especially susceptible to load as a result of relaxed selection [83]. This is especially relevant
for many plastic traits that have specific, environmental cues such as for phenological

plasticity in response to temperature or day length [12]

Looking forward: testable hypotheses for plasticity at species’ range edges

Our synthesis suggests that to predict levels of plasticity in range-edge populations, one must
look beyond measures of environmental variability and incorporate the interactive effects of
demography and evolution (Table 1; Figure 1). Importantly, synthesising the effects of
demography and evolution alters predictions of spatial variation in plasticity based solely on
environmental variability, and provides alternative mechanisms for currently unexplained
patterns. We highlight these key, testable hypotheses on range-edge plasticity that emerge

from our synthesis in Box 2.

Empirical approaches for testing hypotheses on plasticity at range edges

We highlight that empirical tests comparing the different ecological and evolutionary drivers
of plasticity in range-edge populations are limited (but see [11]). Our synthesis of drivers of
plasticity shows major gaps in testing the demographic drivers of plasticity (Table 1). This
sort of test is inherently difficult because plasticity is challenging to measure and responds to

a variety of co-occurring environmental gradients. Nevertheless, such studies will be
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paramount to understand how plasticity will influence species responses to global change.

Plasticity is typically estimated by sampling individuals from populations and measuring trait
change at the individual level across environments (e.g., in common gardens with two or
more environmental treatments; Figure 2A; [10]). More recently, modern genomic tools have
allowed quantification of plasticity at the transcript level [75,84]. To identify predictors of
plasticity at the range edge, one must then link differences in the magnitude of plasticity to
variation in environmental, demographic, and evolutionary processes occurring at the
population level (Figure 2B). Specifically, we propose that sampling designs should focus on

measuring and contrasting plasticity at both range core and edge populations (Figure 2B).

To test whether plasticity is limited and costly in smaller and isolated range-edges
(Hypothesis 1) studies could compare levels of genetic variation for plasticity (e.g. in
climate-related traits) between range core and range edge populations, or across range-edge
populations that differ in connectivity and population size. This can be done, for example, by
directly identifying loci associated with plasticity [85], or by quantifying whether selection is
acting to maintain plasticity in edge populations (summarised in [28]), although we note that
these quantitative genetics studies require larger experiments. New studies may be designed
based on prior knowledge of a system, for example, by focusing on environmental predictors
and traits important for persistence at the range edge. Existing studies that quantify local
adaptation at stable range limits [5] are also ripe for testing hypotheses on plasticity at range
edges. These studies have also quantified the effect of gene flow on the degree of local
adaptation at the range edge (e.g., [86]), the effect of which on plasticity is unclear (Table 1;

Outstanding Questions).
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To test whether adaptive and maladaptive plasticity can both facilitate range expansion at the
leading edge (Hypothesis 2 and Hypothesis 3) studies on plasticity evolution during the
expansion of native ranges (as opposed to invasive ranges) are much needed. Over-the-edge
transplant experiments, employed to test whether persistence is possible just beyond the
range edges of native populations, could be used to test whether selection favours adaptive
plasticity, or if environments at sites beyond the edge trigger the expression of non-adaptive
plasticity [72]. Laboratory-based experimental range expansions [73,87] are another tractable
approach to explore the evolution of plasticity in real-time. We note that combining genomics
and transcriptomics (e.g., DNA and RNA mapping) with demography (e.g., common gardens
and experimental transplants) is a promising avenue for exploring the genetics of plasticity

and its complex drivers in nature [75,84].

Concluding remarks

We stress the importance of bridging two well-established bodies of work: the evolution of
plasticity and the evolutionary ecology of species’ ranges. By uniting these two fields, we
provide a synthesis for the importance of plasticity at range edges. Crucially, this synthesis
offers a richer array of mechanisms beyond temporal environmental variability, and provides
improved predictions for when and how plasticity should vary at stable and expanding range
edges. We highlight that these drivers have been previously overlooked in studies of

plasticity in nature.

Our synthesis shows that plasticity at the range edge can be shaped by diverse eco-
evolutionary pathways, and that plasticity can be enhanced or attenuated by the demography
of expanding and stable range-edge populations. While much work has focused on climate-

driven selection for plasticity, a fuller consideration of mechanisms (Table 1) suggest that
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these predictions may be oversimplified. Predictions arising from our unified perspective lay
the foundation for much needed empirical tests and quantitative syntheses (see Outstanding
Questions). A synthetic approach to plasticity evolution is necessary to better assess when
edge populations are able to respond plastically to rapid environmental change or face local

extinction.

Acknowledgements

This article is the product of a working group funded by a grant from the Quebec Centre for
Biodiversity Sciences to JPL and KEM. JPL is funded by a Concordia University Research
Chair and an NSERC Discovery Grant (RGPIN-2015-06081). DL is supported by the
Sustainability and Energy Research Initiative PhD grant. KEM is supported by an NSERC
Discovery Grant (RGPIN-2019-04239), CJG, ALA, and CS are funded by NSERC Discovery

Grants. TU is supported by the UBC International Doctoral Fellowship.

References

1. Dauvis, M.B. and Shaw, R.G. (2001) Range shifts and adaptive responses to quaternary
climate change. Science 292, 673-679

2. Nadeau (2019) Eco-evolution on the edge during climate change. Ecography 42, 1280—
1297

3. Spence, A.R. and Tingley, M.W. (2020) The challenge of novel abiotic conditions for
species undergoing climate-induced range shifts. Ecography 43, 1571-1590

4. Davis, A.J. et al. (1998) Making mistakes when predicting shifts in species range in
response to global warming. Nature 391, 783-786

5. Angert, ALL. et al. (2020) What do we really know about adaptation at range edges?
Annu. Rev. Ecol. Evol. Syst. 51, 341-361

6. Chevin, L.-M. et al. (2010) Adaptation, plasticity, and extinction in a changing
environment: Towards a predictive theory. PLoS Biol. 8, 1000357

7.  Merila, J. and Hendry, A.P. (2014) Climate change, adaptation, and phenotypic
plasticity: The problem and the evidence. Evol. Appl. 7, 1-14

8. Pfennig, D.W. (2021) Key questions about phenotypic plasticity. In Phenotypic Plasticity
& Evolution (Pfennig, D.W. ed), pp. 55-88, CRC Press

9. Schlichting, C.D. and Pigliucci, M., eds (1998) Phenotypic Evolution: A Reaction Norm
Perspective, Sinauer Associates Inc

10. Matesanz, S. and Ramirez-Valiente, J.A. (2019) A review and meta-analysis of
intraspecific differences in phenotypic plasticity: Implications to forecast plant
responses to climate change. Glob. Ecol. Biogeogr. 28, 1682—1694



331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Valladares, F. et al. (2014) The effects of phenotypic plasticity and local adaptation on
forecasts of species range shifts under climate change. Ecol. Lett. 17, 1351-1364
Zettlemoyer, M.A. and Peterson, M.L. (2021) Does phenological plasticity help or
hinder range shifts under climate change? Front. Ecol. Evol. 9, 689192

Levins, R. ed (1968) Evolution in Changing Environments: Some Theoretical
Explanations, Princeton University Press

Lazaro-Nogal, A. et al. (2015) Environmental heterogeneity leads to higher plasticity in
dry-edge populations of a semi-arid Chilean shrub: Insights into climate change
responses. J. Ecol. 103, 338-350

Stotz, G.C. et al. (2021) Global trends in phenotypic plasticity of plants. Ecol. Lett. 24,
2267-2281

Baythavong, B.S. (2011) Linking the spatial scale of environmental variation and the
evolution of phenotypic plasticity: Selection favors adaptive plasticity in fine-grained
environments. Am. Nat. 178, 75-87

Mclntyre, P. and Strauss, S. (2014) Phenotypic and transgenerational plasticity
promote local adaptation to sun and shade environments. Evol. Ecol. 28, 229-246
Chevin, L.-M. and Lande, R. (2011) Adaptation to marginal habitats by evolution of
increased phenotypic plasticity. J. Evol. Biol. 24, 1462—1476

Eriksson, M. and Rafajlovi¢, M. (2022) The role of phenotypic plasticity in the
establishment of range margins. Phil. Trans. R. Soc. Lond. B Biol. Sci. 377, 20210012
Schmid, M. et al. (2019) Species’ range dynamics affect the evolution of spatial
variation in plasticity under environmental change. Am. Nat. 193, 798-813
Schlichting, C.D. and Levin, D.A. (1988) Phenotypic plasticity in Phlox. I. Wild and
cultivated populations of P. drummondii. Am. J. Bot. 75, 161-169

Vinton, A.C. et al. (2022) Plasticity’s role in adaptive evolution depends on
environmental change components. Trends Ecol. Evol. 3712, P1067-1078

Baldwin, J.M. (1896) A new factor in evolution. Am. Nat. 30, 441-451

West-Eberhard, M.J. ed (2003) Developmental Plasticity and Evolution, Oxford
University Press

Hargreaves, A.L. et al. (2014) Are species’ range limits simply niche limits writ large? A
review of transplant experiments beyond the range. Am. Nat. 183, 157-173

Fitt, R.N.L. et al. (2019) Towards an interactive, process-based approach to
understanding range shifts: Developmental and environmental dependencies matter.
Ecography 42, 201-210

Ghalambor, C.K. et al. (2007) Adaptive versus non-adaptive phenotypic plasticity and
the potential for contemporary adaptation in new environments. Funct. Ecol. 21, 394—
407

Josephs, E.B. (2018) Determining the evolutionary forces shaping G x E. New Phytol.
219, 31-36

Dewitt, T.J. et al. (1998) Costs and limits of phenotypic plasticity. Trends Ecol. Evol. 13,
77-81

Valladares, F. et al. (2007) Ecological limits to plant phenotypic plasticity. New Phytol.
176, 749-763

Van Kleunen, M. and Fischer, M. (2005) Constraints on the evolution of adaptive
phenotypic plasticity in plants. New Phytol. 166, 49-60

Reusch, T.B.H. (2014) Climate change in the oceans: Evolutionary versus
phenotypically plastic responses of marine animals and plants. Evol. Appl. 7, 104—-122
Bansal, S. et al. (2015) Impact of climate change on cold hardiness of Douglas-fir
(Pseudotsuga menziesii): Environmental and genetic considerations. Glob. Chang. Biol.
21, 3814-3826

Estarague, A. et al. (2022) Into the range: A latitudinal gradient or a center-margins
differentiation of ecological strategies in Arabidopsis thaliana? Ann. Bot. 129, 343-356
Garcia-Nogales, A. et al. (2016) Range-wide variation in life-history phenotypes:
Spatiotemporal plasticity across the latitudinal gradient of the evergreen oak Quercus
ilex. J. Biogeogr. 43, 2366—-2379



386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Solé-Medina, A. et al. (2022) Multi-trait genetic variation in resource-use strategies and
phenotypic plasticity correlates with local climate across the range of a Mediterranean
oak (Quercus faginea). New Phytol. 234, 462478

Schreiber, S.G. et al. (2015) Variation of xylem vessel diameters across a climate
gradient: Insight from a reciprocal transplant experiment with a widespread boreal tree.
Funct. Ecol. 29, 1392-1401

Volis, S. et al. (1998) Phenotypic variation and stress resistance in core and peripheral
populations of Hordeum spontaneum. Biodivers. Conserv. 7, 799-813

Valladares, F. et al. (2000) Low leaf-level response to light and nutrients in
Mediterranean evergreen oaks: A conservative resource-use strategy? New Phytol.
148, 79-91

Hulshof, C.M. et al. (2013) Intra-specific and inter-specific variation in specific leaf area
reveal the importance of abiotic and biotic drivers of species diversity across elevation
and latitude. J. Veg. Sci. 24, 921-931

Voltas, J. et al. (2018) Ecotypic variation and stability in growth performance of the
thermophilic conifer Pinus halepensis across the Mediterranean basin. For. Ecol.
Manag. 424, 205-215

Abeli, T. et al. (2018) The importance of marginal population hotspots of cold-adapted
species for research on climate change and conservation. J. Biogeogr. 45, 977-985
Lerner, D. et al. (2023) A biome-dependent distribution gradient of tree species ranges
is strongly dictated by climate spatial heterogeneity. Nat. Plants DOI:
https://doi.org/10.1038/s41477-023-01369-1

Oldfather, M.F. et al. (2021) Range dynamics mediated by compensatory life stage
responses to experimental climate manipulations. Ecol. Lett. 24, 772—-780

Santini, L. et al. (2018) Global drivers of population density in terrestrial vertebrates.
Glob. Ecol. Biogeogr. 27, 968—979

Angert, A.L. et al. (2009) Functional tradeoffs determine species coexistence via the
storage effect. Proc. Natl. Acad. Sci. U.S.A. 106, 11641-11645

Gerst, K.L. et al. (2017) Phenological responsiveness to climate differs among four
species of Quercus in North America. J. Ecol. 105, 1610-1622

Rafajlovi¢, M. et al. (2017) Neutral processes forming large clones during colonization
of new areas. J. Evol. Biol. 30, 1544—-1560

Vrijenhoek, R.C. and Parker, E.D. (2009) Geographical parthenogenesis: General
purpose genotypes and frozen niche variation. In Lost Sex: The Evolutionary Biology of
Parthenogenesis (Schon, |. et al., eds), pp. 99-131, Springer Netherlands

Stewart, C.N. and Nilsen, E.T. (1995) Phenotypic plasticity and genetic variation of
Vaccinium macrocarpon, the American Cranberry. |. Reaction norms of clones from
central and marginal populations in a common garden. Int. J. Plant. Sci. 156, 687—697
Alpert, P. (1999) Effects of clonal integration on plant plasticity in Fragaria chiloensis.
Plant Ecol. 141, 99-106

Guo, J. et al. (2020) Phenotypic plasticity in sexual reproduction based on nutrients
supplied from vegetative ramets in a Leymus chinensis population. Front. Plant Sci. 10
Scheiner, S.M. (1998) The genetics of phenotypic plasticity. VII. Evolution in a spatially-
structured environment. J. Evol. Biol. 11, 303-320

Sultan, S.E. and Spencer, H.G. (2002) Metapopulation structure favors plasticity over
local adaptation. Am. Nat. 160, 271-283

de Jong, G. (2005) Evolution of phenotypic plasticity: Patterns of plasticity and the
emergence of ecotypes. New Phytol. 166, 101-117

Scheiner, S.M. and Holt, R.D. (2012) The genetics of phenotypic plasticity. X. Variation
versus uncertainty. Ecol. Evol. 2, 751-767

Kirkpatrick, M. and Barton, N.H. (1997) Evolution of a species’ range. Am. Nat. 150, 1-
23

Baer, K.C. and Maron, J.L. (2019) Declining demographic performance and dispersal
limitation influence the geographic distribution of the perennial forb Astragalus
utahensis (Fabaceae). J. Ecol. 107, 1250-1262



441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

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

Sjélund, M.J. et al. (2019) Gene flow at the leading range edge: The long-term
consequences of isolation in European Beech (Fagus sylvatica L. Kuhn). J. Biogeogr.
46, 2787-2799

Kottler, E.J. et al. (2021) Draining the swamping hypothesis: Little evidence that gene
flow reduces fitness at range edges. Trends Ecol. Evol. 36, 533-544

Hollander, J. (2008) Testing the grain-size model for the evolution of phenotypic
plasticity. Evol. 62, 1381-1389

Lind, M.1. et al. (2011) Gene flow and selection on phenotypic plasticity in an island
system of Rana temporaria. Evol. 65, 684—697

Eierman, L.E. and Hare, M.P. (2016) Reef-specific patterns of gene expression
plasticity in Eastern Oysters (Crassostrea virginica). J. Hered. 107, 90-100

Chen, |.-C. et al. (2010) Asymmetric boundary shifts and biodiversity risks of tropical
montane Lepidoptera over four decades of climate warming. Glob. Ecol. Biogeogr. 20,
34-45

Donelson, J.M. et al. (2019) Understanding interactions between plasticity, adaptation
and range shifts in response to marine environmental change. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 374, 20180186

Lenoir, J. et al. (2020) Species better track climate warming in the oceans than on land.
Nat. Ecol. Evol. 4, 1044-1059

Lande, R. (2016) Evolution of phenotypic plasticity in colonizing species. In Invasion
Genetics (Barrett, S.C.H. et al., eds), pp. 165-174, John Wiley & Sons Ltd

Gilbert, K.J. et al. (2017) Local adaptation interacts with expansion load during range
expansion: Maladaptation reduces expansion load. Am. Nat. 189, 368-380
Schlichting, C.D. (2008) Hidden reaction norms, cryptic genetic variation, and
evolvability. Ann. N.Y. Acad. Sci. 1133, 187-203

Davidson, A.M. et al. (2011) Do invasive species show higher phenotypic plasticity than
native species and, if so, is it adaptive? A meta-analysis. Ecol. Lett. 14, 419-431
Ghalambor, C.K. et al. (2015) Non-adaptive plasticity potentiates rapid adaptive
evolution of gene expression in nature. Nature 525, 372-375

Leonard, A.M. and Lancaster, L.T. (2020) Maladaptive plasticity facilitates evolution of
thermal tolerance during an experimental range shift. BMC Evol. Biol. 20, 47
Campbell-Staton, S.C. et al. (2021) Selection on adaptive and maladaptive gene
expression plasticity during thermal adaptation to urban heat islands. Nat. Commun.
12,6195

Swaegers, J. et al. (2020) Genetic compensation rather than genetic assimilation drives
the evolution of plasticity in response to mild warming across latitudes in a damselfly.
Mol. Ecol. 29, 4823-4834

Gilbert, A.L. and Miles, D.B. (2019) Antagonistic responses of exposure to sublethal
temperatures: Adaptive phenotypic plasticity coincides with a reduction in organismal
performance. Am. Nat. 194, 344-355

Lancaster, L.T. et al. (2015) Latitudinal shift in thermal niche breadth results from
thermal release during a climate-mediated range expansion. J. Biogeogr. 42, 1953—
1963

Brancalion, P.H.S. et al. (2018) Phenotypic plasticity and local adaptation favor range
expansion of a Neotropical palm. Ecol. Evol. 8, 7462—7475

Carbonell, J.A. et al. (2021) Evolution of cold tolerance and thermal plasticity in life
history, behaviour and physiology during a poleward range expansion. J. Anim. Ecol.
90, 1666-1677

Chuang, A. and Peterson, C.R. (2016) Expanding population edges: Theories, traits,
and trade-offs. Glob. Chang. Biol. 22, 494-512

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



495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

546

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Van Dyken, J.D. and Wade, M.J. (2010) The genetic signature of conditional
expression. Genetics 184, 557-570

Snell-Rood, E.C. et al. (2010) Toward a population genetic framework of developmental
evolution: The costs, limits, and consequences of phenotypic plasticity. BioEssays 32,
71-81

Oomen, R.A. and Hutchings, J.A. (2022) Genomic reaction norms inform predictions of
plastic and adaptive responses to climate change. J. Anim. Ecol. 91, 1073-1087
El-Soda, M. et al. (2014) Genotype x environment interaction QTL mapping in plants:
Lessons from Arabidopsis. Trends Plant Sci. 19, 390-398

Bachmann, J.C. and Van Buskirk, J. (2021) Adaptation to elevation but limited local
adaptation in an amphibian. Evol. 75, 956—-969

Larsen, C.D. and Hargreaves, A.L. (2020) Miniaturizing landscapes to understand
species distributions. Ecography 43, 1625-1638

Addo-Bediako, A. et al. (2000) Thermal tolerance, climatic variability and latitude. Proc.
R. Soc. London. B Biol. Sci. 267, 739-745

Black-Samuelsson, S. and Andersson, S. (1997) Relationship between Reaction Norm
Variation and RAPD Diversity in Vicia dumetorum (Fabaceae). Int. J. Plant Sci. 158,
593-601

Magi, M. et al. (2011) Limited phenotypic plasticity in range-edge populations: A
comparison of co-occurring populations of two Agrimonia species with different
geographical distributions. Plant Biol. 13, 177—-184

Godoy, O. et al. (2011) Multispecies comparison reveals that invasive and native plants
differ in their traits but not in their plasticity. Funct. Ecol. 25, 1248-1259
Palacio-Lopez, K. and Gianoli, E. (2011) Invasive plants do not display greater
phenotypic plasticity than their native or non-invasive counterparts: A meta-analysis.
Oikos 120, 1393—-1401

Wang, S.P. and Althoff, D.M. (2019) Phenotypic plasticity facilitates initial colonization
of a novel environment. Evol. 73, 303—-316

Grether, G.F. (2005) Environmental change, phenotypic plasticity, and genetic
compensation. Am. Nat. 166, E115-123

Michalski, S.G. et al. (2017) Trait variation in response to varying winter temperatures,
diversity patterns and signatures of selection along the latitudinal distribution of the
widespread grassland plant Arrhenatherum elatius. Ecol. Evol. 7, 3268-3280
Gomulkiewicz, R. and Kirkpatrick, M. (1992) Quantitative genetics and the evolution of
reaction norms. Evol. 46, 390—411

Lande, R. (2009) Adaptation to an extraordinary environment by evolution of
phenotypic plasticity and genetic assimilation. J. Evol. Biol. 22, 1435-1446

Tufto, J. (2015) Genetic evolution, plasticity, and bet-hedging as adaptive responses to
temporally autocorrelated fluctuating selection: A quantitative genetic model. Evol. 69,
2034-2049

Lancaster, L.T. and Humphreys, A.M. (2020) Global variation in the thermal tolerances
of plants. Proc. Natl. Acad. Sci. U.S.A. 117, 13580-13587

Liu, Y. and El-Kassaby, Y.A. (2019) Phenotypic plasticity of natural Populus trichocarpa
populations in response to temporally environmental change in a common garden.
BMC Evol. Biol. 19, 231

Molina-Montenegro, M.A. and Naya, D.E. (2012) Latitudinal patterns in phenotypic
plasticity and fitness-related traits: Assessing the climatic variability hypothesis (CVH)
with an invasive plant species. PLoS One 7, e47620

Vazquez, D.P. et al. (2017) Ecological and evolutionary impacts of changing climatic
variability: Impacts of changing climatic variability. Biol. Rev. 92, 22—42



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

Figure Legends

Figure 1. Underlying mechanisms that drive variation in the evolution and expression of
plasticity at stable and expanding range edges. In Panels A and B, we illustrate how reaction
norms (the difference in a trait expressed by a single genotype or individual across
environments) can be compared across edge (yellow or orange in map) and core (grey in
map) populations, and the different ways in which the demography of edge populations can
affect the mean and variance (histograms) of reaction norms. Panel C shows specific
predictions for reaction norms and their drivers at (i) stable and (i) expanding range edges
based on hypotheses in Box 2. (A) From individuals across range-core populations (grey
dots), we can measure plasticity as the slope of reaction norms across testing environments
(A and B) and derive a hypothetical variance distribution of reaction norms (grey histogram).
The width (o) of this histogram represents the amount of genetic variation for plasticity in the
core population. (B) By using the distribution of reaction norms obtained from the core
population as a reference, we can compare how changes in demography and evolution impact
the mean and variance of reaction norms in edge populations (orange histogram). A change in
the magnitude of plasticity is represented by a shift in the population mean plasticity (x),
whilst a change in the genetic variation for plasticity is represented by changes in variance
(0). Additionally, a change in the population size is represented by changes in the integral (J)
of the histogram. (C;-Cii) We show our hypothesised distribution of reaction norms and their
drivers for stable and expanding range edges, respectively. We highlight that plasticity should
be limited by demography at stable range edges, while both adaptive and non-adaptive
plasticity may increase at expanding range edges (Box 2). For illustration purposes, we

assume that the variance distribution is normal.
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Figure 2. Empirical framework to identify the environmental, demographic and evolutionary
drivers of plasticity at range edges. (A) To encompass differences in demographic rates and
evolution and their influence on plasticity, we suggest sampling replicate populations at both
the range core (grey dots) and the stable (yellow) or expanding (orange) range edge. We may
also utilise existing demographic and evolutionary studies of populations across the species
range (hatched), to incorporate estimates of plasticity at core and edge sites. (B) For
individuals from each population, plasticity can be quantified in a variety of ways, for
example, by measuring trait change across two or more environments (e.g. Environment A
and B) and parameterizing reaction norms for sampled individuals. From here, we can derive
population-level estimates of the mean and variation in reaction norms at the range edge
(stable or expanding, represented by yellow or orange histograms) and the range core (grey).
(C) Ideally, studies would quantify parameters of interest in environmental, demographic,
and/or evolutionary genetic predictors at the range core and edge populations. (D) Spatial
patterns in plasticity at the range edge and core can then be linked to population-level
patterns and processes to test hypotheses on plasticity evolution (Box 2). Studies could focus
on one driver, or use a variety of multivariate approaches (e.g., variance partitioning,
generalised linear models, generalised dissimilarity modelling, and non-parametric
multidimensional scaling) to test the relative importance of different factors at the core and
edge. Experimental tests (e.g. reciprocal and over-the-edge transplants) can further confirm

the role of each driver and whether they promote adaptive or non-adaptive plasticity.

Box 1. Linking plasticity evolution to species range dynamics

Plasticity is the ability of a genotype to produce different phenotypes in varying
environments. Adaptive plasticity refers to phenotypic variations in response to alternative

environments that increase fitness [22]. Whether increased plasticity can evolve in response
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to environmental selection depends on the temporal or spatial scale over which populations
experience alternative environments (reviewed in [ 14,23]). However, the evolution of
increased plasticity may not solely reflect patterns of environmental selection [6,14]. Its
evolution can also be shaped by genetic drift and gene flow, which depend on demographic
processes related to population size and connectivity (see Table 1 for a synthesis of processes

shaping plasticity).

Theory on the evolution of range limits often posits that habitat quality and quantity decrease
toward range edges, resulting in declining population size and connectivity [24]. Empirical
studies show that, while not universal, most range edges overlie gradients in habitat quality
[25], genetic quality of populations [26], and declines in demography [27] (sometimes
referred to as the abundant centre hypothesis [28]). Declines in effective population size and
connectivity should increase the magnitude of genetic drift relative to selection at a stable
range edge [29]. The relative importance of drift, selection and gene flow can further depend
on whether range edges are stable or expanding [29,30]. While eco-evolutionary dynamics at
range edges shape the role of plasticity at expanding range edges, studies of plasticity
evolution and species ranges have often advanced disparately, despite decades of prominent

work on species ranges and their response to changing environments.

Box 2. Hypotheses on plasticity that incorporate demography and evolution at range

edges.

Here, we outline three hypotheses for the evolution and expression of plasticity that explicitly
incorporate the demography and evolution of stable and expanding geographical range-edges.
Our hypotheses show that demography interacts with environmental heterogeneity to

augment or attenuate spatial patterns in plasticity, and how it does so depends on the stability

of range limits.
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Hypothesis 1: Demography at stable range limits can constrain plasticity

At stable range edges, there will be greater limits and costs on the evolution of plasticity due
to demography (Fig 1Ci). First, although there may be increased selection for plasticity if
environments at range edges are suboptimal or more variable (but see [49]), response to
selection should be limited by demographic constraints and reduced genetic variation for
plasticity (GxE). This is especially pertinent for smaller, isolated edge populations that
experience strong genetic drift. Second, even with sufficient genetic variation for plasticity,
lower habitat quality and increasing environmental stress at the range edge could result in
higher costs for expressing and evolving plasticity. Third, dispersal could be limited among
more isolated edge populations, resulting in reduced selection for plasticity from spatial

environmental variation.

Hypothesis 2: Demography during range expansion can enhance plasticity

At expanding range edges, there will be increased expression and evolution of plasticity due
to demography’s interaction with evolutionary processes (Fig 1Cii). First, demographic limits
to plasticity evolution should be overcome when increased dispersal and gene flow during
range expansion introduces genetic variation for plasticity and increases population sizes at
the range edge. Second, selection for plasticity is predicted to be strong due to individuals

experiencing spatiotemporal variation in the environment during dispersal (Table 1).

Hypothesis 3: Both adaptive and non-adaptive plasticity are critical for colonisation at the

expanding range edge

At expanding range edges, both adaptive and maladaptive plasticity is important for

colonisation (Fig 1Cii). Adaptive plasticity could facilitate colonisation when plasticity
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confers increased tolerance to these environments. Maladaptive plasticity could facilitate
adaptive evolution by increasing the strength of selection or fitness variance [22, 78-80], thus
allowing colonisation of new environments where plasticity is unsuited. As the environment
experienced by a colonising individual will be a function of the rate and directionality of
dispersal, whether adaptive or non-adaptive plasticity is expressed at the leading edge
depends on dispersal and the degree of environmental heterogeneity across the landscape. For
example, when range expansion occurs across divergent landscapes with long-distance
dispersal, increased exposure to novel environments may trigger the expression of non-

adaptive plasticity during range expansion.

Glossary

Climate variability hypothesis: Populations and species exposed to greater climate variation
will evolve greater tolerance (conferred through plasticity or niche evolution) to climatic
change

Effective population size: The size of an idealised population (i.e., a population that meets
Hardy-Weinberg assumptions) at which populations experience genetic drift, which is
inversely proportional to the efficiency of natural selection. Also described as corresponding
to the number of breeding individuals in a population).

Expanding range edge: The edge of a species range where populations are expanding across
space

Gene flow: The transfer of alleles between populations through dispersal and subsequent
interbreeding

Gene swamping: The decrease in frequency of locally adaptive alleles in a population due to

introduction of alleles from differently adapted populations
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Genetic drift: The random loss of genetic variation due to repeated, random sampling of
alleles

Genetic load: reduction in mean fitness of a population relative to an idealized population
composed only of individuals with optimal genotypes

Genetic variation for plasticity (GxE): Genotypes in a population differ in their magnitude
or direction of plasticity when responding to the environment

Leading edge: Populations at the front of the expanding range

Phenotypic plasticity: The ability of one genotype to produce different phenotypes in
response to environmental variation within a single generation or across multiple generations
(i.e., transgenerational plasticity).

Range edge: A population at or near the spatial periphery of a species’ geographical
distribution

Range expansion: When a population expands into space previously unoccupied by that
species

Reaction norms: Range of traits a genotype can express under different environmental
conditions

Specialisation: Populations or species adapted to a restricted, local environment (i.e., the
evolution of a narrow ecological niche breadth)

Species’ range: The geographical area within which all individuals of a species occurs
Stable range edge: The point in space at the limit of a species range beyond which
population growth rates are negative.

Transcriptional plasticity: Changes in gene expression in response to environmental change



Table 1. Synthesising drivers of plasticity at range edges. Our synthesis shows a lack of both theoretical and empirical studies that test how

various demographic and evolutionary processes (other than selection from environmental variability) drive plasticity evolution, particularly in a

spatial context. These gaps highlight that we are missing critical processes that shape plasticity at range edges, limiting our ability to predict the

capacity of plasticity to facilitate responses to rapid environmental change. ¥ Temporal environmental variability increasing plasticity towards

poleward edges is commonly argued as part of the climate variability hypothesis [88] despite mixed evidence for a latitudinal cline in climatic

variables. We suggest that it is critical to go beyond broad-scale metrics of environmental variability, and explore other environmental predictors

relevant to theoretical models for plasticity evolution (e.g., scale of spatiotemporal fluctuations, extremes and autocorrelation, as recently

explored in [22]).

Drivers of Predicted Explanation Adaptive or non-  Predictions Theoretical Empirical

plasticity pattern in adaptive for stable or evidence evidence
plasticity at plasticity? expanding
range edges range edges?

Habitat quality = Lower towards When habitat quality Adaptive plasticity ~ Stable [9,29-31,53] [15,36,39—
edges declines at range edges (e.g., reduced 41]

if range limits reflect niche
limits), this can impose a
metabolic or physiological
cost on plasticity.




Population size

and genetic
variation

Lower towards
edges

When effective population
size and genetic variation
decrease towards range
edges, this will reduce
genetic variation for
plasticity (GxE) and the
potential for plasticity
evolution.

Adaptive plasticity
reduced

Stable

[11,18,19,28]

[11,28,35,89,
90]

Dispersal and
gene flow

1. Lower in more
isolated edge
populations

Dispersal is limited among
isolated edge populations.
Limited dispersal can lead
to specialisation over
plasticity evolution.

Adaptive plasticity
reduced

Stable

[11,18,54-56]

[11,62,64]

2. Greater for
edge populations
experiencing gene
swamping

Reduced fitness due to
constant gene swamping can
increase directional
selection in edge
populations. If there is
enough genetic variation for
plasticity, adaptive plasticity
can evolve to mitigate this
fitness loss

Adaptive plasticity
increased

Stable

[18]

Selection
during range
expansion

Greater towards
leading edge

Range-expanding
individuals likely encounter
new conditions. Plasticity
can promote tolerance and
establishment during
colonisation.

Adaptive plasticity
increased

Expanding

[20,68]

[66,71,77—
79,91-93]




Maladaptive plasticity
expressed at the leading
edge may aid colonisation
by increasing the strength of
directional selection and/or
increasing fitness variance.

Non-adaptive
plasticity increased

Expanding

[94]

[72-75]

Lower towards
the leading edge

Genetic load
during founder
events

Repeated founder effects
lead to strong genetic drift
and the accumulation of
genetic load. This could
increase the cost of
plasticity. Loci for plasticity
could further accumulate
deleterious mutations due to
relaxed selection on
conditionally expressed
genes.

Adaptive plasticity
reduced

Expanding

[19,82,83]

[95]

QGreater towards
poleward edges

Temporal
environmental
variability

Temporal variability
increases towards the poles.
Plasticity confers tolerance
to environmental variability.

Adaptive plasticity
increased

Stable and
expanding

[13,18,96-98]

[14,15,88,99
~102]







Highlights

Highlights
Populations at species geographical range edges are experiencing rapid environmental change,

driving consequent shifts in species spatial distributions.

Although phenotypic plasticity can facilitate range shifts and responses to environmental change,
little is known about how the demography and evolution of range-edge populations influence the

evolution and expression of plasticity.

We show diverse pathways by which population dynamics at range edges interact with
environmental variation to shape plasticity. Critically, demography of stable range edges may
constrain plasticity, whilst that of expanding range edges favor increases in both adaptive and

non-adaptive plasticity.

Demography therefore alters where and when we predict plasticity to be important, providing a
fuller perspective for the role of plasticity at range edges and its capacity to facilitate responses

to climate change.



Outstanding Questions

Outstanding Questions

When do spatial patterns in plasticity emerge as the by-product of demographic processes (e.g.,

constraints in population size and the stability of range edges) as opposed to direct responses to

spatially varying natural selection?

How does genetic variation for plasticity (GXE) vary across the range and is it limited at stable

range edges? Is lower GXE associated with lower habitat quality at the range edge?

How do patterns of gene flow drive the evolution of plasticity at range edges?

How important is maladaptive versus adaptive plasticity during range expansion?

Is selection for plasticity at the range edge stronger during range expansion than at stable range

edges?
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