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Climate change is leading to shifts in species geographical distributions, but
populations are also probably adapting to environmental change at different
rates across their range. Owing to a lack of natural and empirical data on the
influence of phenotypic adaptation on range shifts of marine species, we
provide a general conceptual model for understanding population responses
to climate change that incorporates plasticity and adaptation to environ-
mental change in marine ecosystems. We use this conceptual model to
help inform where within the geographical range each mechanism will prob-
ably operate most strongly and explore the supporting evidence in species.
We then expand the discussion from a single-species perspective to commu-
nity-level responses and use the conceptual model to visualize and guide
research into the important yet poorly understood processes of plasticity
and adaptation.

This article is part of the theme issue “The role of plasticity in phenotypic
adaptation to rapid environmental change’.

1. Introduction

Global anthropogenic climate change is a significant threat to the persistence
of species and the biodiversity of ecosystems [1]. Consequently, predicting
the response of organisms to projected environmental change is critical to
conservation and management planning [2]. Environmental warming—one
manifestation of climate change—is inducing a variety of pervasive and observa-
ble changes to species distributions, abundance and phenology [3—-6]. Species
can respond to climate warming in several ways; they can move to new areas
that become available within their thermal niche, they can acclimate and/or
adapt their physiology or behaviour to extend their in situ thermal niche,
and they can experience range contractions where a modified climate exceeds
their thermal niche and thus prevents persistence. Although these responses
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range-shift dynamics.

understanding of range-shift processes more generally.

adapted to less variability.

change).

Box 1. Key differences between marine and terrestrial species that influence the process of plasticity, adaptation, changes in distribution and ultimately

— Marine species typically fill the geographical range of their fundamental thermal niche more fully than terrestrial species [30].
— Marine species tend to have larger geographical ranges than terrestrial species because of relatively fewer geographical barriers [31].

— The majority of marine ectotherms have a bipartite life history, with a pelagic larval stage that leads to high levels of gene flow and high dispersal
potential. Pelagic early life-history stages also tend to have ecological requirements, including thermal niches, that differ vastly from adults.

— (limate-driven changes in the distribution of marine species are occurring much faster than for terrestrial species, 72 km per decade on average compared
to 17 km per decade in terrestrial species [4]. Thus, the greater rate of change in marine systems may ultimately facilitate our description and

— Species in the ocean are adapted to less thermal variability at a given latitude, so small change in the ocean makes a big difference, i.e. marine life is

— Time lags are reduced on average in the ocean compared to on land owing to few dispersal barriers (i.e. range edges better keep pace with temperature

are regularly characterized as ‘move, acclimate/adapt or die’
[7], they are rarely studied together to understand climate
change-driven biological responses. This compartmentaliza-
tion of responses is an oversimplification and unlikely to
reflect reality. The influences of plasticity, adaptation and
distributional changes are not mutually exclusive, and will
exhibit different levels of importance within and across
the species range. Moreover, the interplay between proces-
ses is likely to vary across a species range in complex but
conceptually predictable ways.

Here, our aim is to synthesize understanding of the eco-
logical and evolutionary processes that determine the pace
and magnitude of range shifts in the sea. For this, we
define three main areas of a species’ range in the context of
climate change, where mature individuals are present:
(i) the trailing edge—the warmest area of a species range,
(ii) the core—the middle of a species’ range that may also
have the greatest abundance, and (iii) the leading edge—the
coolest area of a species’ range [8]. Previous reviews and
meta-analyses have discussed global trends of range shifts
[4,6], life-history traits that influence range-shift success
[9-11], and proposed research directions to address taxo-
nomic deficiencies and improvements in the classification of
geographical patterns [12]: these predominantly involve
data from terrestrial species. In addition, range-shift research
has largely focused on observing their occurrence, primarily
at the leading edge of the species distribution [13,14],
although some studies have also observed changes in abun-
dance within the core of a species range [12,15]. This is
probably an artefact of the ease in observing the appearance
of a species, and difficulty in observing changes in perform-
ance and abundance within a population that are additional
to natural demographic fluctuations through time [16,17].
Documented species movements are often compared against
the known rate of warming for the region. Conclusions are
then drawn about the rate of movement compared to the
expected rate given environmental change (i.e. environmental
tracking [4,18,19]); or comparisons are made to describe the
relationship between the environmental warming and species
distribution (‘crash’, ‘lean’, ‘expand’, ‘extinct’, ‘retract’ and
‘march’; [12]). However, to explain and ultimately predict
the speed and extent of movement, as well as the ecological
consequences, a concerted effort is needed to advance our
understanding of the ecological and evolutionary processes

occurring in the core, leading and trailing areas of a species
range. For example, similar observed responses in species’
range shifts—such as a lag between warming and range con-
tractions—may result from very different underlying
mechanisms—e.g. phenotypic plasticity, selection, compe-
tition, predation and facilitation. Predicting future outcomes
and managing conservation actions (including interventions)
within this system, and predicting similar responses in
regions that lack observational range-shift data, require
understanding the ecological and evolutionary mechanisms
that underlie range-shift responses.

Here, we conceptualize the interplay between ecological
and evolutionary processes as species respond to climate
change, and explore how these processes might play out dif-
ferently throughout a species’ range, particularly in the
context of marine ecosystems. Our intent is to advance the
understanding of the role that evolutionary and ecological
processes play in range shifts and their consequences, and
to identify key gaps in our understanding and highlight
future research priorities. The importance of understanding
ecological and evolutionary processes in response to climate
change and range shifts has been highlighted before (e.g.
[20]). Some previous studies have also attempted to include
aspects of local adaptation [21-24], plasticity [25] and species
interactions [26—28] into species distribution modelling; how-
ever, the majority of these studies are based on terrestrial
ecosystems (see for exceptions [24,26,29]). One of the likely
reasons for the limited investigation of plasticity, adaptation
and range shifts in unison is owing to the disparate time-
scales over which they each occur. Moreover, it is likely
that the processes and the relative influence of processes at
play may differ significantly between terrestrial species and
marine ectotherms owing to a number of key differences
(see box 1). For example, because most marine species pos-
sess a pelagic larval dispersal phase, it means that dispersal
is occurring at the most environmentally sensitive period,
and also potentially a highly plastic window owing to devel-
opmental plasticity [32]. Finding a way to connect plasticity,
adaptation and changes in distribution will improve predic-
tions about the spatial distribution of climate-sensitive traits
and therefore the dynamics of climate-driven range shifts.
Especially the predictability of how climate change will
affect population demography and genetic structure across
the species’ range, both within the contemporary range and



in newly colonized regions. Although it represents an enor-
mous challenge, understanding multiple species’ responses
and informing community-level predictions are also key to
projecting future biological outcomes (e.g. [33,34]).

Here, we describe a conceptual model of the interrelation-
ship between plasticity, adaptive processes and movement
for a population (box 2). We expect that this model could
be applied more broadly, but focus here on relationships
between plasticity, adaptation and migration throughout
the species’ range for marine ectotherms in which water
temperature is the focal environmental factor. The focus on
marine systems is because the relative importance of pro-
cesses will probably be different in marine systems,
compared to terrestrial, because of unique characteristics,
such as the predominance of highly dispersive larval stages.
We then use this model, and its components, to explore
the likely importance of various processes in each area of the
range (trailing edge, core and leading edge) on expected
demographic outcomes. We outline the general expecta-
tions for these processes across species ranges, as well as the
empirical evidence available in marine systems. Subsequently,
we discuss the current understanding of community-level
responses to environmental change, species in light of both
known and novel interactions from range shifts. We show
how the conceptual model is useful in visualizing multiple
species’ responses and their interactions (box 3). Finally, we
summarize and suggest key research directions critical to
understanding the interplay between plastic and adaptive
processes in determining range shifts.

2. Plasticity, adaptation, movement and
range shifts

In relation to global warming, essential components of an
organism’s performance are the fundamental and realized
(observed in light of other processes) thermal niches (survival
limits sensu [35]). The shape of a thermal performance curve
is expected to relate to the variety and variability of environ-
mental conditions experienced [36]. The climatic variability
hypothesis proposes that as seasonal climatic fluctuations
increase, individuals which experience higher fluctuations
should possess broader thermal tolerance ranges and/or
greater physiological flexibility [37]. For a broad range of
taxa, thermal niches consistent with the climatic variability
hypothesis are observed. Specifically, species from temperate
regions, which experience higher seasonal thermal variation,
generally possess wider thermal performance niches and are
living further below warm critical thermal limits, than tropi-
cal species [38-41]. Differences in thermal performance can
also be observed across the range of a species, when
locations within the range experience differing thermal
variation (e.g. [39,40]).

For many species, an individual’s thermal niche can shift
depending on the history of thermal conditions experienced
[42-44]. Phenotypic plasticity is traditionally defined as the
capacity of a given genotype to render alternative phenotypes
under different environmental conditions [32], but in relation
to climate change is often more broadly considered as envir-
onmentally induced phenotypic variation [45]. Phenotypic
plasticity can include changes to individual morphology,
physiology and behaviour [42], which may enhance perform-
ance under altered environmental conditions (often called

acclimation). In relation to climate change, plasticity is [ 3 |

usually considered in terms of improving or optimizing per-
formance to altered conditions, although plasticity is not
always beneficial [42,46]. Behavioural plasticity, such as
changes in microhabitat use or depth movements, could
also allow individuals to avoid unfavourable environmental
conditions at their geographical location, but maintain the
same thermal performance niche. Theoretically, adaptive
phenotypic plasticity should be greater when populations
or species experience greater temporal environmental
heterogeneity [47,48]. This has been observed in latitudinal
trends for some species [49,50], but is far from ubiquitous
[43,51-53], and in some cases plasticity may relate to loca-
lized environmental variation [54,55]. Plasticity is often
thought of as the first response to environmental change
because it can occur over relatively rapid timescales [56,57].
However, the costs of and limits to phenotypic change can
mean that there is a time lag in the response to environmental
change or that full phenotypic compensation does not
occur [42].

Adaptation in a population occurs through the selection
of favourable phenotypes that are heritable from one gener-
ation to another, leading to a shift in the frequency of
alleles that confer greater fitness under the altered conditions.
Selection can occur on pre-existing genetic variation as well
as selection on new mutations (reviewed in [48]). Adaptation
requires time for natural selection to take place, so it is often
considered to have limitations as a rapid response to climate
change, especially in longer-lived organisms [3,58,59]. Limit-
ations can be owing to low levels of heritable variation, a lack
of genetic variation owing to small population size or slow
rates of beneficial mutation, as well as mismatches between
the direction of selection and the standing genetic (co)vari-
ance within the population [60,61]. Nevertheless, examples
are emerging where adaptation can occur over timescales rel-
evant to the rate of human-induced climate change [62-64].
There is also speculation that phenotypic plasticity may facili-
tate adaptation if plastic traits are selected for and become
fixed in the population (i.e. genetic assimilation; [65,66]).
In the case of genetic assimilation, the originally environmen-
tally plastic trait becomes robust to environmental change.
Plasticity could also maintain effective population sizes,
thereby reducing the costs of selection and risk of extirpation
[67]. Alternatively, phenotypic plasticity (e.g. behavioural
thermoregulation) may retard the pace of adaptation by shift-
ing the mean phenotype of the population, and thus reducing
selection pressure, without any change in allele frequencies
[68]. The relationship between plasticity and adaptation has
been discussed previously in the context of climate change
responses (see reviews [55,57,67,69]); however, there is yet
to be a conceptual model proposed that can be used to help
understand the role of plasticity and adaptation specifically
in relation to geographical range shifts (box 2).

In addition to plasticity and adaptation, geographical
movement represents a further process by which distri-
butions of phenotypes can be altered by environmental
change, ultimately leading to species” range shifts. Range
shifts involve the extension, contraction and/or movement
of individuals within and outside of the species’ historical
geographical boundaries [13], including colonization of new
populations as well as immigration and emigration between
populations (i.e. gene flow). Within the literature, we are
making the implicit assumption that our contemporary
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Box 2. Interplay between plasticity, adaptation and movement for a single spedies.

While it may be intuitive that plasticity, adaptation and geographical movement will all interact to produce the net changes in
phenotypes that dictate a population’s demographic response to climate change, there is yet to be a conceptualization of
exactly how this might occur (figure 1). Environmental factors, including warming owing to climate change, act on popu-
lations over time to select suitable phenotypes. A change in the environment, whether biotic or abiotic, can lead to a
change in the distribution of phenotypes (phenotypic variation) through either natural selection or plasticity in phenotypes.
Selection on heritable phenotypic variation produces a change in genetic variation, which can promote adaptation to environ-
mental change (figure 1: top-line example, figure 2: star example). Alternatively, phenotypic plasticity may enable
individuals to buffer the effects of environmental change without genetic selection (figure 1: bottom-line example,
figure 2: hexagon). When phenotypic plasticity is high, the population may be buffered against the effects of environmental
change without any change in genetic variation. Ultimately, however, the tolerant phenotypes produced by plasticity could
become fixed in the population through genetic assimilation. Intermediate levels of plasticity may provide some buffering
against the effects of environmental change, and also reduce the intensity of selection by shifting the mean phenotype of
the population, consequently limiting the pace of adaptation. Immigration and emigration of individuals through the
system also lead to changes in phenotypic variation in the population, which again may promote or limit adaptation. Heri-
table or not, phenotypic changes can lead to demographic changes that affect population size in the next time-step. Changes
in population size and the distribution of phenotypes in the population will then interact with the changing populations of
other species in the community. This model also could describe stochastic changes to demography and populations that
occur naturally without human-induced shifts to the environmental conditions.

immigration and
plasticity emigration

NT—:»A ENV | low AP —>A G_)'ADem_)NTH

biotic and
abiotic

environment | high — AP — AG — ADem —> Ny,
immigration and
emigration

Figure 1. Model of evolution, plasticity and migration as response to changes in the environment. Ny, population size at time T; P, phenotype; G, genotype;
Dem, demography; Ny 4, population size at time T + 1. Arrows represent state changes within a time-step.

response scale
[ aaaaaaaa——  aaaaa——

negative neutral positive

(@) AP (b) AG

+ +

A |
0.

_ 0 + - 0 +

AENV YT e oam

AENV + AP

Figure 2. Visualization of conceptual model (from figure 1) showing how environmental change (AENV), phenotypic change (AP: plasticity, immigration
and emigration) and genotypic change (AG: selection) shift demography within a time-step. The first part of the equation including AENV and AP is
displayed in (a). This result (black shape) becomes the x-axis of (b) which displays the subsequent relationship with AG. The result is the expected demo-
graphic outcome in the next time-step (i.e. white shapes). Example 1 (star) shows a neutral demographic response (blue) with low plasticity (a) and high
response to selection (b). Example 2 (hexagon) shows a neutral demographic response with high plasticity (a) and low response to selection (b).

documentation of a species range represents a range that is at connectivity depend on the frequency and nature of dispersal
equilibrium; however, this may not be the case for many events (i.e. from rare events to continuous flow [71]), as well
species [70]. The ecological implications of dispersal and as the relative phenotypic and genetic differences between
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locations. When dispersal or movement is limited to the pela-
gic larval stages (i.e. adult life stages are sedentary), this early
life stage is expected to have narrower thermal tolerance [72],
which will significantly influence the impact of dispersal
upon range shifts. Indeed, species that brood their young
on average have range extensions that are equally fast as
species with long-lived pelagic larval stages [9]. Predictions
of future migration will also need to take into account
changes to ocean currents, for example, the general expec-
tation of strengthening boundary currents globally [73-75].
It is also important to consider how warming may influence
larval development directly, with elevated (non-lethal) temp-
eratures predicted to limit mean dispersal distance owing to
reduced pelagic larval duration [76].

Gene flow has the potential to enhance local adaptation
by importing beneficial genotypes [77]. However, gene flow
can also hinder the potential for adaptation by providing
maladaptive phenotypes/genotypes that decrease the mean
fitness, and when large amounts of migration occur, this
can lead to gene swamping [77-79]. Populations that experi-
ence warmer conditions on average, or which have a wider
thermal range, can possess warmer-suited phenotypes/
genotypes [62,80,81]. However, there is also evidence in
some species, for homogeneous thermal performance
among populations that experience different maximum and
average temperatures [40,82], possibly owing to high levels
of gene flow between populations. In these cases, there
would be limited phenotypic and genetic implications of emi-
gration, because it would not be providing thermally adapted
phenotypes. Alternatively, while strong genetic isolation
could favour local adaptation, it will probably restrict the
spread of favourable alleles under warming when dispersal
connections remain the same [83,84]. For most marine
species, the phenotypic and genetic differences that exist
among populations, as well as the connectivity between
them, are poorly understood, so our ability to predict the
influence of movement or dispersal on outcomes of selection
is limited (exception see [85]). Some marine species have a
high capacity for both self-recruitment and long-distance dis-
persal, which can allow for both local adaptation and high
levels of population connectivity [71,74,86—90]. Active trans-
plantation of warmer performance phenotypes/genotypes
has been proposed as a conservation technique to enhance
demographic outcomes at particular locations within the
range [91]. Although this practice could potentially allow
for the short-term persistence of species in locations where
they would otherwise not survive, its efficacy in establishing
viable heat-tolerant populations is contested and may be
limited to situations where selective advantage is high. In
particular, the small number of heat-tolerant individuals
that could be introduced compared to the massive effective
population size of most marine species means that favourable
alleles will be swamped by existing genetic diversity, which
would impede their ability to spread rapidly through the
population.

3. Expected processes operating in the trailing
edge, core and leading edge of the range

Across a species’ range, the importance of particular ecologi-
cal and evolutionary processes in response to environmental
warming is expected to vary. Although we can predict the

processes (e.g. plasticity, selection, movement) likely to
shape the thermal performance of populations across a
species range, we have limited empirical data to test these
predictions for the majority of marine species. Below we
outline, the general expectations for processes operating in
three areas of a warming range, as well as the supporting
or opposing evidence from marine systems.

(a) Trailing edge

Close to the trailing edge, the existing habitat is generally
becoming warmer than the species’ present realized niche.
Here, populations will need to exhibit the maximum
amount of plasticity and/or adaptation to warming in
order to persist. There is potential for behavioural buffering
of environmental change [92], especially in mobile species
or habitats with heterogeneous microclimates [93,94]. Selec-
tion will favour the tolerance of hotter climates [95] and/or
the tolerance of new biotic interactions as other species
encroach as a result of their own range shifts. Population
declines are expected at the trailing edge of a species range
when the maximum plastic and/or adaptation potential is
reached [80], and environmental conditions surpass the fun-
damental thermal niche [13,36]. Although trailing-edge
populations are expected to be thermally adapted, in some
species there is evidence that these populations show similar
or even less resilience than core populations [96-99].
Additionally, trailing-edge populations are believed to have
relatively low capacity for plasticity; or have reached the
limit of their plasticity. However, there is evidence that plas-
ticity may be higher compared to core populations or it can
increase in peripheral populations (i.e. moving away from
the core) [43,80,100,101]. In the trailing-edge region, there is
likely to be limited opportunity for genetic rescue as low to
no immigration from thermally tolerant populations would
occur. In the case of environmental variability, rather than
directional climate change, there could be instances where
trailing-edge locations are rescued by migration from the
core (e.g. sources and sinks [102,103]). However, large
amounts of migration to small peripheral populations risk
negative effects of gene swamping [104]. Strong selection
for warm-tolerant phenotypes in the trailing edge could
reduce genetic diversity and constrain the potential for adap-
tation to other stressors, unless there are positive genetic
correlations between traits [56,105]. Evidence for warming-
induced effects to trailing-edge populations has been
observed in a marine macroalga (Fucus vesiculosus) in the
northeastern Atlantic with extinction and loss of genetic
diversity in the trailing edge [105].

As population size and genetic diversity decline, popu-
lations in the trailing edge will become susceptible to
inbreeding and allele effects that can further compromise
population performance [60]. It is generally expected that
population size and genetic diversity are positively corre-
lated, thus as population sizes decline so does genetic
diversity. However in nature, the relationship between popu-
lation decline and genetic diversity can be complex, because
genetic diversity can still be substantial at low population
densities or when spatial fragmentation and demographic
bottlenecks occur [106]. Numerical population declines may
involve a time lag, especially for longer-lived species, as
the adult population can persist for some time even when
reproductive and recruitment failure is occurring [107].
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This suggests that monitoring genetic diversity, in addition to
abundance, could be a useful tool for detecting population
changes. The presence of other species that possess warmer
thermal distributions (e.g. leading edge) or enhanced thermal
performance (i.e. more thermally tolerant) will also change
the dynamics of ecological processes, such as competition
and predation, which further impinge on the ability of the
population to persist in the trailing edge. If we simplistically
assume all other factors are equal, species that possess
superior warm tolerance and/or plasticity are likely to be
favoured, at the expense of species with poorer thermal
tolerance and/or limited plasticity [108,109].

(b) Core

In the core of a species range, phenotypic plasticity, move-
ment and selection will all be influential in determining
demographic effects. Genetic variation is likely to be greatest
in the core of the range where population size is assumed to
be greater [83], reducing the demographic costs of selection
compared with the leading and trailing edge, and owing to
immigration of climate-related alleles from warmer parts of
the range. Migration of climate-related alleles will be
especially important in species that exhibit local climate
adaptation [99]. As individuals move or disperse from
warmer-adapted populations, they can transfer alleles that
will be favoured in response to warming in the core of the
species range, although whether this occurs will depend on
the interplay between local adaptation and gene flow
[79,84,85,110]. In large populations, the potential for positive
effects of warm-adapted migration is likely to be controlled
by the relative influx of individuals with warm-adapted gen-
otypes compared to the retention of local genotypes, and the
extent of selection for those warm-adapted individuals.
Limitations could occur if thermally unsuitable phenotypes
are retained locally [62] and thermally superior individuals
fail to immigrate. To the best of our knowledge, no empirical
studies in marine systems have established migration rates
and local thermal adaptation in unison. Nevertheless, theor-
etical models suggest that the reef-building coral, Acropora
millepora, on the Great Barrier Reef has sufficient genetic vari-
ation and connectivity to allow adaptation of populations to
future projected ocean warming [110].

The influence of phenotypic plasticity in the core of the
range will be determined by the rate at which it can occur
relative to environmental change. As environmental con-
ditions within the core region are likely to be well within
the bounds of the species” fundamental thermal niche, there
is expected to be high capacity for plasticity within the core
(figure 2 hexagon example). However, there are potential cir-
cumstances where physiological plasticity could be limited
(figure 2 star example), such as when behavioural thermore-
gulation occurs [51,111]. While expected to be less common
in marine than terrestrial species, populations using spatial
thermal heterogeneity to maintain body temperature will
decline if warming shifts the thermal environment beyond
the capacity for behaviour to effectively buffer body tempera-
ture [112]. Generally, core populations are expected to be at
lower risk than populations at the trailing edge as there is
more time for adaptive processes to occur before thermal
limits are exceeded. However, the median phenotype will
still lag behind the fitness optimum in a rapidly changing
environment [42,67]. Tolerance to new biotic interactions

may also be important in this region if new species are
expanding into the core area of the current species; however,
this is likely to be less influential than in the trailing edge
because core populations are large and have not yet
exhausted all their plastic and adaptive potential to maintain
performance at higher temperatures.

There are a number of factors that could alter the expec-
tations outlined above for the processes occurring in the core
of the species range in response to warming. For example,
while it is often assumed that populations which experience
warmer conditions on average will have warm-adapted pheno-
types, this is not always the case [40,53,62,82]. In these
instances, immigration of climate-related alleles from warmer
parts of the range is unlikely to result in a shift in thermal tol-
erance of the receiving population. High gene flow among
populations, as occurs in many marine species, may restrict
local adaptation and thus the potential for genetic rescue
from warm-adapted populations. Shifts in oceanographic cur-
rents owing to climate change [73,75,113] could provide
instances where migration can deliver warm-adapted geno-
types to previously isolated populations [114]. Restriction in
the migration of warm-adapted phenotypes from the trailing
edge could also occur when warming negatively impacts on
reproduction or larval survival in trailing-edge individuals
[115]. The prediction that the core region contains the largest
populations may not hold true in all instances [16,116—118].
For example, intertidal invertebrates were found to have
diverse abundance patterns across their range [119], highlight-
ing a need to understand what sets present range boundaries
and distribution patterns for species so that projections into
the future are possible. Furthermore, even when there are
differences in genetic diversity between core and edge popu-
lations, and this is not always the case [120], the amount of
diversity may not be large [121], thus reducing the impact of
immigration and emigration.

() Leading edge

At the leading edge, where new regions are becoming
climatically similar to the species’ core range, selection is
expected to be relaxed on thermal physiology, but may be
intensified on a species’ ability to cope with novel combi-
nations of physical habitat, climate variables and biotic
community. For example, vagrant tropical fish in temperate
southeast Australia were found to have better growth and sur-
vival if they formed social groups with local temperate species
rather than their tropical conspecifics [122]. A number of other
abiotic factors in the novel environment are likely to influence
the population, including temperature variability (interann-
ual, seasonal or daily [123]), photoperiod, and physical
abiotic habitat; while biotic interactions, such as competition,
diminished biotic habitat or food source, may further limit
population distribution and/or abundance. This means that
species with the broadest fundamental niche are often
favoured in range expansion, as it allows success in diverse
ecological conditions [9,124]. It is intuitive that a generalist
genotype (thermal or otherwise) would be beneficial in range
expansion (e.g. invasive species generally; [125]), because the
species is better able to make use of novel resources as it
moves into new areas compared with an ecological specialist.
However, when a required resource is readily available,
ecological specialization could confer superior performance
and competitive ability for the given resource [126,127].
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Predicting range expansion success may not be a simple
case of whether a species possesses a broad ecological
niche, as success may be determined by the strength of com-
petition within the receiving community [128,129]. The cooler
limits of current-day realized thermal niches (i.e. contempor-
ary geographical ranges) can correlate to the magnitude of
seasonal thermal variation experienced across a species
range [36], and as such may also influence future range-
shift potential. New populations are generally composed of
a relatively small number of individuals, so there is potential
for genetic bottlenecks and reduced allele diversity, runaway
selection, as well as Allee effects [130] to all contribute to the
challenges in establishing a population at the leading edge.
However, if species’ geographical distributions are able to per-
fectly track their thermal niche, it is possible that populations in
the leading edge of the range could be maintained without
major effects on genetic structure [74,120]. For example, genetic
bottlenecks and changes in population size were detected
throughout the range expansion axis in the range-shifting
gloomy octopus [131]. However, persistent gene flow from
throughout the historical zone and moderate genetic diversity
may buffer the genetic bottlenecks and favour the range expan-
sion. A number of biological attributes and conditions could
also exist that limit the ability of species to expand their
range, one of which is poor migration capacity or larval ‘lot-
tery’, which limits the ability to track thermal conditions and
extend the leading edge past contemporary boundaries
[132,133].

4. Importance of a biological community
perspective

Single-species predictions are the starting point, but a multi-
species perspective, while challenging, is required to fully
comprehend and predict the effects of climate change to com-
munities, as well as the occurrence and consequences of
range shifts [134]. Environmental change can alter ecological
processes such as predation dynamics, competition and
mutualisms [3,70,135], thus also influencing the realized
niche of multiple species. The presence of one species can
influence another through effects on growth rates, displace-
ment rates and carrying capacity [136]. In regards to
environmental change and range shifts, understanding how
species differences in thermal sensitivity, plasticity and
adaptive capacity will interact to result in demographic
changes in the community is of interest. For example, loss
of a dominant competitor, owing to difference in thermal
sensitivity, could lead to competitive release favouring subor-
dinate competitors [135]. Effects on cellular and organismal
physiology induced by temperature change are expected to
influence energetic requirements, foraging rates and assimila-
tion rates, and consumptive and non-consumptive effects
on lower tropic levels [137,138]. Owing to physiological and
ecological differences between trophic levels, changes in
environmental temperature can disproportionally affect
levels causing resource limitation [139,140] or shifts in preda-
tor—prey relationships [141,142]. Species in the community
may indirectly affect each other through mechanisms such
as behaviourally mediated indirect interactions or when the
presence of a species changes the environmental conditions
experienced [143,144]. In addition to the effect of tempera-
ture, plasticity and adaptation have the potential to affect

ecological processes, both directly and indirectly [145]. For
example, differences in plasticity could shift the balance of
interspecific competition (box 3 scenario 1) or allow mainten-
ance of the usual competitive balance that would not occur
by species” thermal sensitivity [146]. Predicting species’ inter-
actions within areas of known range overlap could be more
easily completed with historic compared to novel interactions,
because there is potential for some prior knowledge of the
species relationships [33]. However, multi-species investi-
gations have highlighted that the effects of environmental
change can shift substantially compared to single-species
responses [147-149].

As the environment warms, species’ movement is allow-
ing colonization of new locations that is leading to novel
species’ interactions. As previously discussed, having a
broad ecological niche [9,124] or a unique ecological niche
[128] can be of benefit to incoming (i.e. leading-edge) species
because it probably reduces resource limitation and compe-
tition. Arriving species can have negative impacts on
species within the local community with whom they compete
directly for resources [150] or whom they consume [73,151].
The addition of novel species can induce habitat modification
with critical indirect flow-on effects to the resident commu-
nity [125,152]. By contrast, the addition of a new species
can reduce predation on an existing species, by attracting pre-
dation from a shared consumer [151]. Human activities can
also influence the effect of species’ range shifts, such as fish-
ing which can reduce competition or lead to predatory
release of the invading species (this could also be true
within a species range but would be difficult to detect).
For example in the historically kelp-dominant regions of east-
ern Tasmania, the fishing of spiny lobster (predator) has
facilitated range expansion of the long-spined sea urchin
(prey) [153]. Adding to the complexity of predicting species
range shifts is the impact of historical relationships between
range-shifting species. Specifically, whether species that have
a history arrive together or mismatched in time, this can
affect range-shift dynamics by slowing or facilitating expan-
sion [154]. Facilitation may be critical in many cases, for
example in coral reef fishes with dependence on coral habitat
or specific coral species [155,156] (box 3 scenario 2). Facilitation
can also occur through the presence of a key species (e.g. biotic
modifier, ecosystem engineer, niche constructor) that modifies
the abiotic environment, allowing habitable conditions for
another range-shifting species [157].

When predicting community-level responses to environ-
mental change it is naive to consider each species and its
range independently given the diversity of species interaction
types occurring in a community. Within a given community,
species may be at different locations within their range, at
different mean temperatures along their thermal performance
niche, and have different plastic and adaptive potentials; thus
different processes will be predicted to influence demogra-
phy of each species if considered in isolation. A framework
to conceptualize the comparison of species responses on the
basis of the impact of environmental change, as well as
plasticity and adaptive capacity is outlined in box 3. This
framework is useful in consideration of the complexity of
comparisons among species because different interplay
between environmental change and adaptation can pro-
duce divergent results, or divergent processes can produce
similar demographic outcomes. For example, it would be
useful to understand the relative importance of plasticity to
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Table 1. Outstanding questions for future research and approaches to address the knowledge gaps in marine systems.

questions approaches

how does plasticity differ between populations
across a species range?

what is the connectivity and gene flow between
populations?

what is the genetic variation within and between
populations across a species range?

what is the heritability and GxE interactions of key
traits for persistence?

how do plasticity and selection outcomes differ in
multi-stressor situations?

how do species interactions shift along a
species range?

how do plasticity and selection interact in various
areas of a species range?

experimental approaches for testing plasticity across life stages (e.g. developmental, reversible,
transgenerational plasticity)

field sampling through time in combination with genetic approaches such as microsatellite
and/or parentage analysis

quantitative genetic approaches

experimental quantitative genetic approaches, including structured breeding designs

experimental approaches inducing potential multi-stressor scenarios.

Make use of natural settings that vary in both temperature and other environmental
parameters

greater field-based investigation across species’ ranges (i.e. diverse environments). Ideally
investigating areas with and without species overlap including in the leading edge where
species are encountering novel communities

experimental evolution approaches with short-lived species.

Use areas and regions where vagrant or new species are yet to establish breeding
populations to measure phenotypic and genetic difference of arriving versus

persisting individuals

adaptation/selection in shifting the population phenotype, if
high levels of selection mean high mortality and population
size reduction. A large reduction in abundance of a given
species could have flow-on effects to predators, competitors
or those in mutualistic relationships. We propose that knowl-
edge of the effect of environmental change compared with
the relative effects of plastic and adaptive potential in
response could be used to estimate the likely demographic
outcomes. By combining this assessment with knowledge
of species’ interactions, and future climate scenarios, a
strong basis for predicting future outcomes is possible. How-
ever, in most natural systems, including marine, more
information on the long-term effect of environmental
change to the performance, plasticity, adaptation and inter-
actions between species holistically is required to make and
validate predictions.

5. Conclusion

Predicting range shifts in the ocean is clearly a substantial
challenge, especially with the range of environmental stres-
sors affecting populations (e.g. temperature, pH, oxygen,
salinity, sea-level change, nutrients). Our focus on the ubiqui-
tous stressor, ocean warming, illustrates the challenges that
exist for projecting species responses and persistence. As
marine species tend to more fully inhabit their fundamental
niche than terrestrial species [30], species distributions and
thermal conditions across the distribution could be used to
estimate thermal sensitivity. However, to project species
responses into the future, data regarding the capacity
for plastic and adaptive responses across the species’ range
are needed.

We have identified additional knowledge gaps that are
important to fill, including connectivity, gene flow, genetic

variation (both within and between populations), and local
thermal adaptation across the species range. We also need
to understand what aspects of the environment populations
are adapted to (e.g. the average, extremes or variation in con-
ditions) and phenotypic plasticity (table 1). Technological
advances provide new tools to understand populations in
terms of genetic connectivity (e.g. microsatellite and parent-
age analysis), population genetic variation (e.g. low-cost
genomes and environmental DNA), and phenotypic plas-
ticity (e.g. transcriptomics and metabolomics). Some global
regions offer useful natural experiments to understand the
interaction between plastic, adaptive and migration processes
occurring, such as in fast-warming areas [8] and regions
where vagrant species are yet to establish breeding popu-
lations (e.g. vagrant tropical fishes in southeastern Australia
[124]). The starting point to testing our conceptual model
would begin with a better understanding of the interplay
between plasticity, adaptation and migration in a number
of representative species. As more information becomes avail-
able, the generalized expectation of mechanisms that operate
in each area of the range outlined here can be more formally
tested and empirically modelled.

While beyond the scope of this paper, there is also a clear
need for multi-stressor investigations and discussion in
relation to range shifts [158]. Throughout a species’ range,
changes to the environment other than temperature could
lead to performance and survival differences that reflect
other biotic or abiotic factors rather than direct and indirect
effects of warming [159]. The direction of change in environ-
mental variables can also differ such that opposing selection
can occur, further complicating outcomes. Any environ-
mental change can be visualized in the model at the AENV
term (box 2). It is expected that populations which experience
changes in additional environmental conditions (e.g. pH, sal-
inity, resource availability) would either experience greater
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change in demographic rates (e.g. growth and survival) or
require greater phenotypic plasticity and/or adaptive
capacity to maintain performance, regardless of where in
the range these environmental changes occur. As discussed
above in relation to temperature change, trailing-edge popu-
lations are potentially at greater risk of population declines
because the capacity for plastic and evolutionary responses
is likely to be already pushed to the maximum. Populations
at the trailing edge will experience the strongest selection
for tolerance to higher temperatures, which may reduce gen-
etic variation and adaptive potential to other environmental
changes. Additionally, adaptation would be impeded if
there are negative genetic correlations between performance
in warmer conditions and changes in other environmental
parameters [56,160]. However, predicting multi-stressor
responses is difficult as a range of potential phenotypic and
genotypic responses may exist depending on the combination
of stressors involved (e.g. [161]).

Gaining this knowledge will take an approach that
combines broad-scale quantitative information on the
abundances of species across space and time with both
laboratory and field-based experimentation. Ultimately the
goal is to predict and validate species and community-level
range-shift responses, which allows for more effective conser-
vation and management in a changing climate. While there

are substantial challenges in gaining information on pro-
cesses for numerous species and areas of the range for
marine species, the knowledge acquired is essential for
robust biological predictions. Our conceptual model provides
framework for prioritizing research on species’ responses to
environmental change.
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