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ABSTRACT

Aim Seed traits related to recruitment have direct relevance for plant fitness and
persistence. Trait variation in time and among populations may increase species
resilience and ultimately reduce the risk of extinction. However, patterns of among-
population variation in critical recruitment traits remain poorly known and are
often disregarded when considering extinction risk under future climates.

Location Global.

Methods In this paper we review and synthesize current knowledge about
among-population variation in physiological and morphological traits related to
plant recruitment. We outline the consequences of that variation for species per-
sistence under climate change, and discuss the implications for conservation, man-
agement and restoration.

Results The evaluated studies provide compelling evidence that among-
population variation in traits underpinning seedling emergence, growth and estab-
lishment is widespread. Contrary to expectations, environmental gradients do not
appear to be reliable predictors of variation among populations and responses are
often individualistic. Likewise, well-established cross-species patterns are not con-
sistently reflected among populations within a species. As the pattern of this vari-
ation is unpredictable, we cannot make simple generalizations about how this
variation is allocated across geographic ranges or the extent of environmental
versus fixed genetic differences. Nor do these patterns clearly elucidate the potential
for this variation to mitigate negative effects of climate change.

Main conclusions If we ignore among-population variation in seed traits, or
assume it will follow simple environmental clines, we do so at our own peril. The
consequences of such an approach are likely to include biased forecasts of future
range dynamics, hindering identification of the genetic material most appropriate
for conservation, restoration and management. Further research that integrates
ecology and emerging evolutionary genetic techniques to identify the distribution
of seed traits within foundation species and the mechanisms driving them is
urgently required to guide the management and maintenance of systems in the face
of rapidly changing climates.
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INTRODUCTION

Climate is a fundamental determinant of where plant species

establish, grow and reproduce. A large body of evidence sup-

ports the existence of rapid human-induced climatic change

(IPPC, 2013) and this is predicted to be a major threat to bio-

diversity (Parmesan & Yohe, 2003; Thomas et al., 2004). The

impacts of this forecast disruption to absolute fitness of organ-

isms (i.e. a population’s capacity to replace itself) are a growing

concern for conservation, and correlative niche models suggest

potentially severe geographic displacements and extinction for

countless species (Parmesan & Yohe, 2003; Thomas et al., 2004).

Many such models focus on realized niches as indicated by the

distribution of adult plants, but they say little about the demo-

graphics of species or the importance of the transitional stages

of the life cycle in determining species ranges, and generally

assume common among-population environmental similarities

and tolerances across a species (Bolnick et al., 2011). Although

less common, process-based models aim to explicitly integrate

the physiological responses of species to environmental change

and provide an opportunity to incorporate the effects of local

adaptation (Morin & Thuiller, 2009; Dormann et al., 2012).

These new models pave the way for reducing prediction uncer-

tainty in species range shifts under climate change, although to

date most work has focused on phenology-related traits (Chuine

& Beaubien, 2001; Chuine, 2010).

Changing climatic conditions are expected to affect a range of

plant life-history phases, including phenology; however, this

impact will potentially be most severe on the early developmen-

tal stages in a plant’s life cycle (Hedhly et al., 2009; Walck et al.,

2011). Seed mass, seed dispersal, dormancy mechanisms and

seed germination requirements are some of the physiological

and morphological traits that underpin the ability of a seedling

to emerge, grow and establish. Seed mass influences seedling

survival (Moles & Westoby, 2004a; Metz et al., 2010), seed dis-

persal is a mechanism for dealing with environmental variability

and uncertainty (Venable & Brown, 1988), seed dormancy

spreads the risk of temporal variance in germination success

over multiple seasons (Venable & Brown, 1988) and germina-

tion timing influences the number of seeds that become seed-

lings and their subsequent survival (Simons, 2009). These key

traits will play important roles in determining the ability of

species to shift ranges or recover from disturbance and can be

linked to local or global extinction probabilities (Fenner &

Thompson, 2005; Walck et al., 2011).

Selection pressures along environmental gradients can give

rise to predictable variation in life-history traits and physiologi-

cal tolerances (Vergeer & Kunin, 2011), with a major part of this

overall variation captured at the species level (Westoby et al.,

2002; Kattge et al., 2011). However, selection (including drift)

often results in a suite of genetically variable individuals spaced

in multiple populations located along a gradient, with popula-

tions operating as relatively disjunct entities. We refer to this

variation within a species as ‘among-population variation’. It is

well established that flowering phenology can show clear geo-

graphic differentiation across a wide range of species, generally

correlated with climate at latitude or elevation (Rathcke &

Lacey, 1985). Similarly, among-population variation in leaf

traits is important in describing plant performance under dif-

ferent environmental conditions (Messier et al., 2010). Such

spatial variation may include differences in trait means as well as

in sensitivity to environmental variables. As the climate changes,

populations along environmental gradients will be

disproportionally affected, with threats to different habitats and

species expressed in different ways. Understanding the pattern of

variation in vulnerability among populations and between

developmental stages is critical for accurately predicting the

impacts of climate change on species (Dawson et al., 2011).

Furthermore, the presence of among-population variation

means that treating species phenology or leaf traits as homo-

geneous (i.e. a mean trait value) may be inadequate when pre-

dicting the effects of a changing climate (Visser, 2008; Bolnick

et al., 2011; Albert et al., 2012).

A substantial literature now exists addressing among-

population variation in trait-based ecology (Albert et al., 2012),

including its importance in the eco-evolutionary dynamics of

populations and communities and their persistence under

global climate change (Lavergne et al., 2010). However, despite

advances in our general understanding of trait-based ecology,

the role of intraspecific variation in seed traits in determining

the response of plants to climate change and the potential for

this variation to act as a mechanism for coping with stress and

adapting to new climates is still poorly understood and not yet

synthesized.

Aims of the review

The aim of this paper is to review and synthesize current knowl-

edge of among-population variation in seed traits in order to

highlight the role that seed traits might play in buffering species

against climate change, in addition to identifying gaps in our

knowledge. We begin by exploring the relationship between seed

traits and climate, discussing existing data on sensitivity, plas-

ticity and genetic variation of seed traits in the context of vul-

nerability of a species to climate change. We then review studies

that have considered among-population variation in seed traits

along environmental gradients and quantify the frequency and

direction of trait variation. We hypothesized that patterns of

among-population variation in traits that underpin seedling

emergence, growth and establishment would reflect those

observed across species. For instance, on a global scale, seed

mass commonly increases as temperature rises and rainfall and

latitude decrease (Moles & Westoby, 2003; Kattge et al., 2011;

Liu et al., 2013), with smaller seeds germinating faster than

larger seeds (Norden et al., 2009), seed longevity increasing with

rising temperature and aridity (Probert et al., 2009) and seed

dormancy status being greater at higher elevations where tem-

perature and rainfall are lower (Fernández-Pascual et al., 2013).

We expected to see similar among-population patterns in

species with distributions along environmental gradients (i.e.

latitude, elevation or aridity). If species with highly variable

responses across their geographic range are more tolerant of
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change and diversify more readily, identifying among-

population variation in seed traits may assist with conservation

and management actions that buffer against loss of diversity. We

conclude this review by identifying key questions for future

research.

CLIMATE HAS DRIVEN THE EVOLUTION OF
SEED TRAITS

Seed traits related to recruitment have direct relevance to plant

fitness under current and future environments. Seeds link plant

generations and are the means by which many plants endure in

the landscape (i.e. as seeds in the soil seed bank) or migrate

across it during dispersal events. The interaction between plant

and environment begins with seed germination, the first major

life-history transition, often a serious population bottleneck and

one of the most dramatic events in a plant’s life cycle (Donohue

et al., 2010). Germination timing is especially important: in fire-

prone Mediterranean-climate ecosystems timing germination to

coincide with winter enables adequate seedling growth prior to

the onset of summer drought (Moles & Westoby, 2004b), as later

season drought stress is a common cause of seedling mortality.

In contrast, seedling mortality in cold-climate ecosystems can

occur as a result of low temperatures and a short growing

season. Germination timing shows a degree of phenotypic plas-

ticity (Simons, 2011), but is also under strong natural selection

(Donohue et al., 2010) with environmental cues that influence

where and when seeds germinate being evolved to optimize

seedling establishment (Donohue, 2005).

The strong correlation between climate and recruitment has

resulted in the development of specific germination strategies

for many species (Baskin & Baskin, 2001; Fenner & Thompson,

2005). Non-dormant, imbibed seeds of most species germinate

over a range of temperature conditions with an optimum above

and below which germination can be depressed, delayed or, in

some cases, prevented (Baskin & Baskin, 2001). The breadth of

the optimal range can change as the seed matures and ages, and

as dormancy is imposed or alleviated (Alvarado & Bradford,

2002; Steadman et al., 2004; Simons, 2011).

Physiological dormancy is the ability of seeds to postpone

germination despite optimal environmental conditions, a trait

that is particularly important in unpredictable and unreliable

environments. By producing seeds with varying dormancy

status, a plant can spread the risk of temporal variance in success

over multiple seasons (i.e. hedge its bets), thereby increasing

mean fitness through increasing the likelihood that some seed-

lings will survive regardless of environmental conditions

(Venable & Brown, 1988; Starrfelt & Kokko, 2012). Like germi-

nation, the alleviation of dormancy is strongly influenced by

patterns of temperature and moisture. The ability of seeds of

many species to persist in the soil until dormancy is alleviated or

germination requirements met is an adaptive strategy that can

buffer against the negative effects of environmental heterogene-

ity (Cohen, 1966; Ooi, 2012). Maintenance of dormant seeds in

the seed banks stored in the soil plays an important role in

community dynamics and regeneration (Venable, 2007), and is

strongly influenced by climate (Fenner & Thompson, 2005).

Seed mass has recently been identified as a key fitness-related

trait (Adler et al., 2014) which links germination with seedling

growth and survival, and is related to life-history strategies,

dispersal distances and regeneration (Leishman et al., 2000).

Larger seeds confer advantages to the plant during early seedling

establishment (Rodríguez-Pérez & Traveset, 2007; Metz et al.,

2010), producing larger seedlings that appear to be more

drought resistant (McWilliams et al., 1968; Keeley, 1991;

Milberg et al., 1998; Leishman et al., 2000). Large seeds,

however, may reflect a trade-off between short-term reductions

in reproductive success (e.g. reducing seed production) in

favour of longer-term risk reduction (Venable, 2007). In some

cases, production of dimorphic or heteromorphic seeds by a

single plant allows plants to decrease temporal variance in off-

spring success, e.g. bet-hedging (Venable et al., 1987).

Finally, seed dispersal strategy may also be an effective bet-

hedging mechanism for dealing with spatial variation in envi-

ronmental conditions, with the rate, timing and distance of

dispersal critical for colonization success and population persis-

tence (Venable & Brown, 1988; Nathan & Muller-Landau, 2000;

although see Siewert & Tielborger (2010). Dispersal mode (e.g.

wind, water, gravity and/or animal assisted) determines seed

placement in the environment, and the differential placement of

seeds in ‘safe’ microsites influences germination and establish-

ment success. When long-distance dispersal mechanisms are

absent, other traits become increasingly important means

for coping with environmental variation and facilitating

persistence.

The potential impacts of climate change on
germination strategies

Rapid environmental change is expected to affect seed strategies

and lead to significant changes in seed responses. For example,

soil warming resulted in reduced seedling emergence from the

Australian alpine soil seed bank (Hoyle et al., 2013) (Fig. 1a) and

reduced seedling emergence of species from the mediterranean-

climate ecosystem of south-western Australia (Cochrane et al.,

2014) (Fig. 1b). Likewise, long exposure to high soil tempera-

tures approximating those predicted for the Australian arid zone

under future climates caused changes in dormancy and viability

of seed from native annual and short-lived perennial species,

resulting in the depletion of the soil seed bank (Ooi et al., 2009).

While the individual effects of temperature and moisture on

seed germination and seedling establishment are reasonably well

understood, the interactive effects of novel changes in either or

both climate parameters will be difficult to predict a priori. We

know that soil water potential can modify the temperatures over

which germination occurs, and vice versa, affecting both rate

and percentage of germination (Alvarado & Bradford, 2002).

However, interactions between climate parameters have often

led to contrasting responses. Soil warming in a temperate grass-

land altered recruitment of perennial species as a result of

changes in soil water potential (Hovenden et al., 2008).

A. Cochrane et al.
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Drought, but not warming, was responsible for reduced seedling

emergence in a Mediterranean shrubland (Lloret et al., 2005).

Warmer first rains are predicted to lower the germination of

three rare annual species in California (Levine et al., 2008), and

warming and drying in the Sonoran Desert over a 25-year

period has led to an increase in cool temperature germination,

attributed to the timing of germination-triggered rainfall events

rather than temperature per se (Kimball et al., 2010).

The disruption of current germination strategies as a conse-

quence of changes in frequency and seasonality of precipitation

and temperature associated with predicted climate change are

likely to result in alteration of demographic rates and potentially

a mismatch in the timing and placement of germination for many

species (Walck et al., 2011; Fordham et al., 2012; Ooi et al., 2012),

similar to that which is apparent for other biotic interactions

(Parmesan & Yohe, 2003; Walther, 2010). These consequences

include implications for the survival of individual species

(Donohue, 2002; Quintana et al., 2004; Hovenden et al., 2007),

for competitive interactions (Levine & Hillerislambers, 2009)

and for community composition (Suttle et al., 2007; Kimball

et al., 2010; Suggitt et al., 2011). Indeed, models of recruitment

under future climates predict reductions in population viability

and declines in population size as a response to specific climate

events (e.g. drought) (Maschinski et al., 2006; Yates et al., 2007).

In cold-adapted floras the predicted reduction in snow cover,

earlier snow melt, increased summer temperatures and length of

the growing season, in conjunction with higher evapotranspira-

tion, are expected to disrupt recruitment strategies (Mondoni

et al., 2012) and are likely to affect the location and timing of

germination (Milbau et al., 2009; Shevtsova et al., 2009). This

potential uncoupling of environmental cues and germination

response may lead to lower fitness via higher seed or seedling

mortality, if the diversified strategies that currently spread risk

across seasons are disrupted (Childs et al., 2010).

ECOLOGICALLY SIGNIFICANT SEED TRAITS
VARY ACROSS SPECIES RANGES

Many ecological studies have taken a species approach to assess-

ing seed traits (Moles et al., 2007; Kimball et al., 2010; Saatkamp

et al., 2011), and indeed it is generally assumed that the species

level captures a major part of trait variation (Kazakou et al.,

2014). However, species occur on gradients of temperature,

moisture and soil nutrients (as discussed in McGill et al., 2006),

and the extreme sensitivity of traits to environmental variation

can act to diversify the responses of plants to environmental cues

(Simons & Johnston, 2006), with different individuals and

populations potentially expressing different phenotypes and tol-

erances. The relative fitness of populations may vary due to

spatially variable environments, particularly when such vari-

ation satisfies the requirement for differing responses (Chesson,

2000; Donohue et al., 2010; Simons, 2011).

Among-population variation does not consistently
reflect patterns at the cross-species level

We performed a search on ISI Web of Science for published

studies based on criteria related to seed (i.e. seed germination,

seed dormancy, seed longevity, seed mass, seed shape or

seedling), including parameters associated with among-

population variation (population*, within species, within-

species, intraspecific or intra-specific) and environmental

gradients (latitude, elevation, altitude, rainfall gradient or

aridity). We restricted the output to ecology and environmental

science, as we were interested in wild species rather than horti-

cultural, forestry or agronomic studies. From the resulting 212

papers, we excluded articles that were only peripherally related

to seed traits, or for which multiple populations were not con-

sidered. We also included additional articles known to the

authors or uncovered in the process of reading the above collec-

tion. The resulting compilation of 54 papers represents our

current understanding of among-population variation in seed

traits and implications for species responses to environmental

change. These papers illustrate a mix of observational studies

in situ and empirical studies under controlled conditions, often

reporting on multiple traits (Appendix S1 in Supporting Infor-

mation). Study sites were generally limited to a narrow range of

habitats and the majority of studies that examined among-

population variation focused on annual, short-lived herbaceous

perennials, including invasive species. Few detailed studies dealt

with woody species (although see Meyer & Monsen, 1991;

Cochrane et al., 2014).
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Figure 1 (a) The total number of
seedlings from the alpine soil seed bank
(predicted mean ± standard error) was
lower at warm day/night soil
temperatures (c. 23/16 °C), compared
with cool (c. 19/12 °C) temperatures.
Taken from Hoyle et al. (2013) with
permission. (b) The final percentage
emergence for four Banksia species from
south-western Australia was greater in
unwarmed plots than warmed plots: ■,
B. baxteri; Δ, B. coccinea; ●, B. media; ◊,
B. quercifolia. Taken from Cochrane et al.
(2014) with permission.
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In many cases (61 examples within 49 studies), clinal trends

were evident where among-population differences in seed traits

correlated with latitude, elevation or soil moisture. However,

contrary to our working hypothesis, patterns of among-

population variation did not consistently follow the patterns

expected from cross-species analyses. Rather, trait responses

often diverged with a somewhat even spread of studies reporting

an increase, decrease or no change (19 cases in 11 studies) in a

given seed trait along a climatic gradient (Fig. 2). The search

demonstrates that differentiation of seed mass in response to

environmental gradients is well documented among popula-

tions within species (e.g. Völler et al., 2012), albeit not universal

(e.g. Zhao et al., 2013). We also note the possibility that studies

without clear geographic correlates may be more common than

this analysis shows, but also more difficult to publish.

For some important seed traits it is not possible to assess

general trends simply because there are not enough published

studies. For example, geographic patterning was reported for

soil seed bank persistence in one study – seeds from cooler

environments had a greater response to dormancy-breaking

treatment than did seeds from warmer environments (Ooi et al.,

2012) – but such studies are rare. Likewise, in one of very few

studies of among-population variation in seedling emergence

patterns, emergence of four congeneric species from south-

western Australia did not vary predictably along the longitudi-

nal rainfall gradient from which the seed was sourced (Cochrane

et al., 2014). Comparing germination, dormancy and seed mass

along clinal gradients is relatively simple, and many examples

exist. However, there are fewer examples that document soil-

stored seed bank size and longevity and actual emergence or

survival for a single species, let alone whole communities. This is

a challenging task, and consequently this issue warrants further

research.

Does the breadth of climate gradient or species
range correlate with the extent of
among-population variation?

Given that patterns of differentiation in seed traits among popu-

lations do not appear to reflect those across populations one

must consider other potential drivers of differentiation within

species. For example, the breadth of the climate gradient across

which a species is distributed or range size could explain among-

population differences. Theory predicts that species which can

exist under a wide variety of environmental conditions, and

make use of a wide range of resources (i.e. a larger fundamental

niche), must be generalists and so are likely to cope better with

climate variation because their populations already encounter

broad climatic conditions across their range (Thuiller et al.,

2005; Luna et al., 2012; Sides et al., 2014). Among-population

variation in seed traits is thus predicted to increase with increas-

ing range size and heterogeneity. The species studied thus far

differ dramatically in range size and in the steepness of the

climatic gradients and environmental heterogeneity experi-

enced across their ranges; however, there are insufficient studies

to attempt to analyse the importance of these factors in explain-

ing among-population variation in seed traits.

We suggest that among-population variation in seed traits

corresponds to a combination of environmentally induced and

genetically fixed differences among populations of a species and

may be a sign of local adaptation or genetic drift leading to

differentiation in trait means and plasticities across populations.

Below we consider the relative contribution of fixed genetic

and environmentally induced plastic or maternal effects to this

variation.

Does among-population variation reflect
environmentally induced phenotypic plasticity, fixed
genetic differentiation in trait means or both?

The spatial variation we see in morphological and physiological

traits in situ may reflect genetic differentiation (Linhart & Grant,

1996), including adaptation to local climate (Davis et al., 2005),

but may also reflect environmentally induced phenotypic plas-

ticity (Nicotra et al., 2010). Genetic differentiation across a

species’ range reflects a combination of random processes (e.g.

drift) and selective processes (e.g. evolution), leading to ecotypic

differentiation which may confer local adaptation. Early

life stages are likely to be the first to be exposed to new
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environments, and as such are anticipated to exhibit local adap-

tation (Donohue et al., 2010). Plasticity may improve perfor-

mance, and has been theorized to be an important mechanism

for generating phenotypic variation under novel conditions

upon which selection can act, thus directly facilitating adaptive

evolution (Ghalambor et al., 2007; Chevin et al., 2010).

Although it is often difficult to separate trait variation from

environmental variation, much of the variation among plant

populations appears to reflect direct effects of the environment

(i.e. phenotypic plasticity; Ackerly et al., 2000).

For more than a quarter of the studies in Fig. 2 we cannot

evaluate whether the variation was due to plastic or genetic

effects. Sixteen studies directly assessed genetic variation in plas-

ticity across populations by using reciprocal transplant or

common garden experiments (e.g. Etterson, 2004). Kalisz &

Wardle (1994) used a transplant experiment to assess differen-

tiation in seed mass and days to emergence among five popula-

tions of Campanula americana (Campanulaceae) distributed

along a latitudinal gradient. They documented both plasticity

and differences reflecting broad-sense genetic variation for the

traits measured. Likewise, Meyer & Kitchen (1994) assessed dif-

ferences among populations of Linum perenne (Linaceae) in

seed germination patterns in a common garden experiment and

found evidence of genetic differentiation as well as changes in

phenotypic expression not related to genetic shift. Studies of

species introductions beyond their natural distribution have

provided some convincing evidence that local adaption to novel

conditions can occur in seed traits (Kudoh et al., 2007), but can

also be facilitated by phenotypic plasticity (Zhao et al., 2013).

These examples make it clear that the extent of local differen-

tiation or patterns of plasticity can complicate interpretation

of many experiments, as genetic and plastic effects are not

alternatives.

What is not possible, based on currently available data, is

quantification of the patterns of among-population differentia-

tion in plasticity of seed traits along climatic gradients. In addi-

tion to changes in trait means, there may be ecologically

important differences in the plasticity of those traits. Another

concern is that plasticity may lead to a mismatch between envi-

ronmental cue and germination response. Instead of responses

increasing resilience (e.g. diversified strategies that aim to avoid

risk), seeds may become ‘less discerning’ about when and where

they germinate (Hoyle et al., 2008b), and plastic responses to the

novel environment may reduce fitness. Reduced viability in the

soil seed bank (Ooi et al., 2009) and reduced and delayed seed-

ling emergence (Cochrane et al., 2014) with exposure to warmer

soils are clear examples of non-adaptive responses.

To what extent do trans-generational maternal
effects complicate interpretation of the results
to date?

An important factor that can further complicate assessment of

fixed genetic and plastic sources of variation among populations

is trans-generational maternal effects (Donohue, 2009). Many of

the studies to date have used seed collected in the wild, and thus

cannot exclude the role of such maternal effects on trait means

and plasticities. It is well known that resource availability during

seed maturation affects seed provisioning (Baskin & Baskin,

2001), with the plant’s ability to anticipate the environment that

the seed will experience determining the level of variation in

provisioning. We see this in the significant differences detected

in seed mass between maternal plants of Rhamnus alpinus

(Rhamnaceae), both before and after pollination manipulation

(Bañuelos & Obeso, 2003). More subtle temperature and mois-

ture conditions during seed development can also leave a lasting

impression on seed dormancy status and germination require-

ments (Fenner & Thompson, 2005; Hoyle et al., 2008a;

Donohue, 2009; Barua et al., 2012): as the maternal environ-

ment changes, seed characteristics and seeds’ ability to decipher

environmental cues can also change. This was clearly demon-

strated by Steadman et al. (2004) in the invasive weed Lolium

rigidum (Poaceae), with high maternal day/night temperatures

during seed production reducing dormancy of the progeny.

Environmental maternal effects may evolve as a source of adap-

tive plasticity between generations, enhancing offspring fitness

in the environment that they are likely to experience (Galloway,

2005). Again, there are insufficient studies to allow assessment of

how such maternal effects may vary among populations, or for

that matter of how important such effects will be for determin-

ing recruitment patterns under novel climates.

What generalizations can we reach about
among-population variation?

The available studies provide evidence that among-population

variation exists, and that variation is often associated with cli-

matic gradients. In the case of seed mass we can see that patterns

across species are reflected in among-population differentiation,

but otherwise the direction of shifts among populations along

climate gradients are highly variable. There are simply too few

studies that explain within-species variability in seed traits or

show what leads to these differences. In addition to the factors

mentioned above, life-form, phylogenetic association and/or

habitat might also be important explanatory factors. We cannot

as yet generalize as to whether, or which, maternal or plastic

and/or fixed genetic differences in seed traits will buffer against

environmental variation and thus be sufficient to guarantee that

seeds will respond appropriately to the environment to enable

persistence under novel climatic conditions.

AMONG-POPULATION VARIABILITY IN SEED
TRAITS IN THE CONTEXT OF PREDICTING
SPECIES RESPONSE AND MANAGEMENT FOR
CONSERVATION UNDER CLIMATE CHANGE

Understanding mechanisms and adaptations that will permit

species to persist and coexist in temporally variable environ-

ments is essential for predicting responses to future climate

change (Childs et al., 2010). In spatially varying environments,

and under rapid climate change, the strength of buffering will

be affected by life-history attributes and among-population

Among-population variation in seed traits
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variation. For seeds, theory predicts that there will be high vari-

ation in germination strategies within populations and among

individuals, with plants having very complicated strategies for

provisioning offspring for uncertain futures (Clauss & Venable,

2000). For some species, gains will be made through changes to

mechanisms such as dormancy, for others it might be seed dis-

persal, occurring via temporal and spatial storage effects sensu

Chesson (2000). Bet-hedging as a mechanism for seed persis-

tence under variable environments is reasonably well docu-

mented (Cohen, 1966; Clauss & Venable, 2000; Simons &

Johnston, 2006; Gremer et al., 2012; Tielbörger et al., 2012).

Seed heteromorphism is a good illustration of bet-hedging.

Some plants are able to provision seeds in a variety of different

ways to maximize success in the environment. In Heterosperma

pinnatum (Asteraceae), three seed morphs are produced, but the

proportion of each morph varies within the progeny of a single

individual, with individuals and populations varying in the pro-

portion of progeny that exhibit each type of morph (Venable

et al., 1987). Bet-hedging may also be fine-tuned by plasticity,

evidenced by the production of aerial and subterranean achenes

in Emex spinosa (Polygonaceae), each with variable dormancy

and dispersal mechanisms (Sadeh et al., 2009). The allocation to

each type of achene changes according to nutrient availability,

and each phenotype is successful only when the particular situa-

tion to which it is adapted occurs. These kinds of mechanisms

provide species with potential pathways for effecting appropri-

ate population responses to changing environments, minimiz-

ing the risk of recruitment failure, with the success of the

strategy being averaged over multiple seed types.

Rapid adaptation in some traits may be possible across several

generations, particularly in genetically diverse species with short

life cycles (Hoffmann & Sgro, 2011; Sgrò et al., 2011). The

capacity to undergo rapid evolutionary change may increase the

invasive potential of newly introduced populations (Daws et al.,

2007; Konarzewski et al., 2012), but for many species it is

unlikely that natural selection of tolerant genotypes will keep

pace with the rate of predicted climate change (Jump &

Peñuelas, 2005).

Adapting to novel conditions is expected to be a common

response (Bellard et al., 2012); however, environmentally

induced shifts in phenotype will also be critical for plant per-

formance, persistence and range expansion under global change

(Anderson et al., 2012). If population responses relate directly to

the reproductive and functional success of plants then responses

have both ecological and evolutionary significance that can

provide some resistance to climate change (Hoffmann & Sgro,

2011; Barua et al., 2012). Strategies may be risky for individuals,

but if populations are large, then risk behaviour can be spread

widely and trade-offs can still provide benefits for species sur-

vival and persistence.

Incorporating among-population variability –
a challenge for predicting species responses?

High levels of plastic and/or genetic variation among popula-

tions present complications for forecasting species response to

climate change. So too does the likely difference in predicted

climate across species distributions, particularly if the climate

gradient is large. In turn, population response will differ

depending on local climate and the level of seed trait variation

present within a population. Furthermore, trait interactions

may result in potential trade-offs between mean fitness and

variance (Rees, 1996; Metz et al., 2010). Further confounding

our ability to forecast response to environmental change is the

fact that, in some cases, plants may have larger climatic optima

than previously recognized. This disparity between the realized

and fundamental niche was demonstrated by Rehfeldt et al.

(2002) for Pinus sylvestris (Pinaceae): populations tended to

inhabit climates colder than their optima, with the difference

between the optimal and inhabited climates becoming greater as

the climate became more severe.

However, to effectively assess the demographic responses of a

species to climate change an understanding of both current

levels of adaptation within a species and future adaptive poten-

tial is required (Davis et al., 2005). Given the considerable

among-population variation in seed traits discussed above,

moving from models that assume that a species has a single

static environmental tolerance function (Pearson & Dawson,

2003), to models that incorporate variance in species response

will increase the predictive power of existing climate models to

forecast the vulnerability of species to decline or extinction

(Keith et al., 2008; Ooi et al., 2009; Chevin et al., 2010; Yates

et al., 2010). Understanding the degree to which populations are

sensitive to their prevailing environment, and to the climatic

variables that are likely to change in the future, will increase our

ability to predict vulnerability (Dawson et al., 2011).

How is among-population variation in seed traits
important for conservation and management for
assisted migration?

The regeneration niche is important for the maintenance of

plant communities (Grubb, 1977), and a major concern for

conservation is the impact that climate change will have on

species persistence and its potential for dispersal and range

shifts. Natural resource managers need to anticipate, mitigate or

adapt to the challenges of climate change, with the identification

of among-population differences in responses critical for devel-

oping adaptive management strategies that can facilitate resto-

ration, help build ecosystem resilience and, most importantly,

identify the most appropriate populations for restoration.

However, many restoration programmes currently aim to mini-

mize asynchrony and seed trait variability in order to optimize

restoration success (Turner et al., 2013). We would argue that

increased synchrony in traits may result in a reduction in vari-

ation, in turn leading to a decline in resistance to the negative

impacts of environmental heterogeneity. Where populations

show little ability to adapt to climate change in situ, gene

flow from populations more tolerant of novel conditions will be

critical. However, habitat fragmentation poses a major problem

for gene flow and assisting migration of propagules in frag-

mented habitats will be crucial for persistence. Failure to

A. Cochrane et al.
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consider population responses in important early life-history

traits may over- or under-estimate species plasticity and their

capacity for adaptation. Restoring entire species ranges may be

untenable, but shifting genotypes from populations more ame-

nable to novel climates might be feasible and less controversial

(Vitt et al., 2010; Weeks et al., 2011). Knowing which popula-

tions to concentrate on for seed collection and use in restoration

may prove crucial for species persistence.

FUTURE DIRECTIONS AND
CONCLUDING REMARKS

The ability of seeds to germinate and to weather time has fasci-

nated scientists for many hundreds of years, but the spatial

distribution of seed traits within species and their likely

response to changing environments remain poorly understood.

The available evidence indicates that plants are flexible in their

early life-history stages, and that certain seed traits allow plants

to cope with unreliable environmental conditions, thereby

increasing fitness. However, the evidence is limited and does not

permit us to generalize easily on how this variation is allocated

across geographic ranges, the extent of environmental and fixed

genetic differences, or the potential for this variation to mitigate

the negative effects of climate change. Under a rapidly changing

climate, the reliability of environmental cues for development,

dispersal and colonization will alter, the magnitude of disrup-

tions will be species and habitat specific, and the impact will be

uneven across a species’ distribution. Among-population vari-

ation is likely to be important for mitigating the negative

impacts of climate change, especially in the context of natural

and assisted range shifts. Comparing variation in seed traits, and

plasticity therein, among populations provides a means to

understand the roles played by those traits in enhancing the

adaptability of species.

Contrary to expectations, within-species patterns of variation

are not consistently comparable with those at the cross-species

level, and responses to changing climatic conditions are often

inconsistent. Clearly, understanding the mechanisms that drive

this variation is critical for predicting and managing for climate

change (see Box 1). The underlying reasons why people collect

data on the traits we have examined in this review are quite

distinct, with few studies actually designed around collecting

data to help understand species responses in the context of

climate change. We advocate the integration of ecology and

emerging evolutionary genetic techniques to identify the distri-

bution of seed traits within foundation species as the best

approach to managing systems in the face of rapidly changing

climates. We emphasize the need to understand the link between

vulnerability and among-population variation in traits across a

climate gradient, considering climate sensitivity and adaptive

capacity at the population level (Dawson et al., 2011). In all

cases, studies should focus on regions where traits may be most

Box 1
Future directions

Finding answers to the following outstanding questions would advance our understanding of how variation in seed traits will drive

responses to climate change.

Are some traits more sensitive to environmental change? Implementation of large global-scale screening of within-species variation

in simple traits like seed mass, germination characteristics and dormancy status could provide a solution to this question.

Established seed banks around the world hold high-quality, often multi-provenance, collections of a large range of native species

(Smith et al., 2011). Enlisting the expertise of these seed banks for a global study makes sense: manipulating environmental variables

beyond historical/present ranges, and relating environmental changes to phenotypic responses, will give us a better understanding

of how fitness consequences are determined, particularly in the critical stages of recruitment. Furthermore, determining a seed’s

ability to survive, germinate and establish under challenging conditions can provide us with critical threshold values. Such

investigations may be field or laboratory based.

Are these traits associated with particular lineages, range size, habitat, growth form, longevity or regeneration strategies? If we correlate

the above data with evolutionary and ecological strategies then we can answer this latter question and potentially reach generali-

zations across species.

Are some traits more important for persistence in some ecosystems than others? Answering this question may prove more difficult

than the preceding ones. We know that the ability to postpone germination (via dormancy) and the presence of soil-stored seed

banks are critical for species persistence, particularly in times of environmental perturbation. However, traits studied in isolation

often provide an incomplete view of the relevance of variation for adaptation. Studying patterns of trait covariation (and trade-offs)

along environmental gradients may allow us to understand which traits are most important for persistence, and help us to

understand the adaptive evolution of trait pairs.

Are some effects (fixed genetic and/or environmental plastic effects) more important for persistence? Finally, we must use common

garden and reciprocal transplant studies to answer this last question. Studying populations distributed along clear environmental

gradients can elucidate phenotypic effects of natural selection and reveal adaptive plant strategies. However, understanding how

parent plants can alter specific developmental traits in their progeny to enhance the success of their offspring under stressful

conditions necessitates large empirical studies with replicate plants grown in contrasting conditions and offspring subsequently

raised under similar conditions to evaluate adaptive adjustments in seed traits.

Among-population variation in seed traits

Global Ecology and Biogeography, 24, 12–24, © 2014 John Wiley & Sons Ltd 19



vulnerable, for example in disturbance-prone or more climati-

cally variable regions such as Mediterranean-climate regions,

high-elevation ecosystems and coastal areas. Although data are

beginning to accumulate, in particular for seed size, many ques-

tions remain unanswered, and the degree to which these traits

vary among populations is mostly unknown. The difficulty in

measuring some traits and the different approaches used often

make comparisons problematic. Standardized methods for col-

lecting and describing data related to seed studies will go a long

way towards rectifying these problems.

A multifaceted and cross-disciplinary approach to research

would recognize that species may be able to adjust to changes in

climate by adapting via innate phenotypic plasticity (Parmesan,

2006) or evolutionary processes (Hoffmann & Sgro, 2011). As

our data on within-species trait variation along environmental

gradients grow we may be better able to apply quantitative

methods to their analysis and identify general patterns with

predictive power for assessing the role of among-population

variation in seed traits in determining species response to

climate change. Finally, we need to consider the consequences

for community ecology of potentially large among-population

variation in seed traits. Traditionally, between-species variation

has been the broad concern of ecological theory; however, more

recently emphasis has been placed on the importance of

intraspecific trait variation for species coexistence and the

dynamics of communities (Bolnick et al., 2011; Violle et al.,

2012). As species rarely exist in isolation, the responses of indi-

vidual populations to climate can be overshadowed by the lag

effects of altered community-level interactions (Suttle et al.,

2007). Hence, future research will not only need to consider the

direct impacts of climate change on among-population trait

variation, but also the indirect effects arising from species inter-

actions and their impact on community dynamics.
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