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Global correlations of range size and niche breadth, and their relationship to
latitude, have long intrigued ecologists and biogeographers. Study of these
patterns has given rise to a number of hypothesized ecological and evol-
utionary processes purported to shape biogeographic outcomes, including
the climate variability hypothesis, oscillation hypothesis, ecological opportu-
nity, competitive release and taxon cycles. Here, I introduce the alternative
range shift–niche breadth hypothesis, which posits that broader niches and
larger range sizes are jointly determined under eco-evolutionary processes
unique to expanding ranges, which may or may not be adaptive, but
which co-shape observed latitudinal gradients in niche breadth and range
size during periods of widespread range expansion. I formulate this hypoth-
esis in comparison against previous hypotheses, exploring how each relies
on equilibrium versus non-equilibrium evolutionary processes, faces differ-
ing issues of definition and scale, and results in alternative predictions for
comparative risk and resilience of global ecosystems. Such differences high-
light that accurate understanding of process is critical when applying
macroecological insight to biodiversity forecasting. Furthermore, past con-
ceptual emphasis on a central role of local adaptation under equilibrium
conditions may have obscured a ubiquitous role of non-equilibrium evol-
utionary processes for generating many important, regional and global
macroecological patterns.

This article is part of the theme issue ‘Species’ ranges in the face of chan-
ging environments (part I)’.
1. Introduction
Over the past several decades, evidence for contemporary range shifts has
rapidly accumulated, with a majority of species rapidly spreading their geo-
graphical ranges upslope and to higher latitudes in response to warming
climates [1,2]. The ecological and evolutionary consequences of such rapid,
directional movement of species’ ranges, particularly at their leading edges, is
a source of intense scientific scrutiny, as colonization of novel habitats by
expanding populations can impact native communities, via disrupted patterns
of competition and coexistence, and can in some cases lead to native extinctions
within higher-latitude biotas [3–5]. Widespread range expansions are, therefore,
expected to be a major source of ecosystem disruption, compounding direct
effects of warming and fragmentation on biodiversity loss.

Rapid evolutionary change is often observed during range expansion,
affecting traits relevant for colonization and local adaptation to novel niche
space [6,7]. However, it can be difficult to reconcile such rapid niche shifts
observed during range expansions with observations from stable-ranged
species, which rarely expand niche or range limits under equilibrium conditions
[8]. This observational discrepancy raises the question of whether the non-equi-
librium demographic conditions experienced during range expansion increase
the likelihood of or rate at which niche evolution can proceed. This knowledge
gap is clearly important to address, because if, by virtue of rapid niche
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evolution, range-expanding species are better able to capita-
lize on novel conditions than species at equilibrium, this
may compound the ecological impacts of expanding species
[9,10]. Therefore, to understand and mitigate biodiversity
turnover due to range-expanding species, it is critical to
understand their associated non-equilibrium niche evolution
processes, which can impact both the ongoing rate of the
range expansion and its ecological consequences.

Interlinked with past and contemporary range expan-
sions, several large-scale patterns of macroecological
variation have classically been observed on regional and
global scales: on average, geographical range sizes (resulting
directly from range expansion) tend to increase with latitude
(Rapoport’s rule [11,12]), and to covary positively with niche
breadth [13]. Owing to periods of glaciation and higher mag-
nitudes of climate change at high latitudes, higher-latitude
species are also often highly likely to have undergone more
recent, post-glacial or contemporary, range expansions to
achieve their contemporary range sizes [14], and high-lati-
tude species further tend to exhibit broader ecological
niches than their tropical counterparts [11,15–18].

Macroecological patterns, such as observed correlations
among range size, niche breadth and latitude, are intriguing
because they suggest that biodiversity responses are shaped
by similar underlying processes in different times or places,
and across disparate regions and taxa, and imply a certain
predictability in the organization of global biotas. However,
and unfortunately, recognition of pattern does not necessarily
reveal the underlying process, and the reasons why niche
breadth and range size tend to covary with each other and
with latitude are not always well understood [19].

Two major and well-established hypotheses have been
proposed to explain the mechanisms underpinning this gen-
eral pattern (figure 1). First, the niche breadth–range size
hypothesis (§3a; [11,16]) suggests that increased niche breadth
initially adaptively evolves within a high-latitude population,
and preadapts the associated lineage to tolerate a more
diverse range of habitats across the landscape. Range expan-
sion subsequently follows, under a niche-filling process. By
contrast, the range size–niche breadth hypothesis (§3b; [20–22])
posits that niche breadth is instead likely to increase as a con-
sequence, rather than as a cause, of range expansion, because
populations of large-ranged (i.e. range-expanded) species
have more opportunities to become divergently locally
adapted. Thus, under the niche breadth–range size hypothesis,
an adaptive evolutionary transition (achieving greater niche
breadth within a population) facilitates an ecological conse-
quence (range expansion). Under the range size–niche breadth
hypothesis, however, an ecological transition (range expan-
sion) facilitates an evolutionary consequence (divergent
local adaptation and niche differentiation across the range,
increasing the species-level niche). The order in which these
transitions occur matters for our ability to predict whether
ecological or evolutionary processes are more important for
predisposing species to thrive or decline in the Anthropo-
cene. However, both the niche breadth–range size and the
range size–niche breadth hypotheses may ultimately oversim-
plify true underlying mechanisms, by treating ecological
and evolutionary transitions as distinct steps in the overall
biogeographic process. To address this over-simplification,
I here propose the range shift–niche breadth hypothesis (§3c),
which posits that niche breadth evolves under eco-evolution-
ary processes during range expansion, leading to broader
niches in expanding populations. However, this process may
or may not be adaptive or applicable to non-expanding
species. I argue that better discrimination of these various bio-
geographic scenarios in real-world studies is needed in order
to effectively apply macroecological insight to biodiversity pre-
dictions. I first review general mechanisms of niche evolution
under equilibrium and non-equilibrium conditions, then out-
line major differences in how these processes underpin the
various hypotheses, with implications for our ability to under-
stand and predict future biodiversity responses.
2. Niche evolution under equilibrium and
non-equilibrium conditions

(a) Considerations of definition and scale
Understanding the mechanisms underpinning macroecologi-
cal patterns in niche breadth can be hindered by lack of
precision in what is being studied [23–25]. Therefore, it is
important to define the terms of study when making broad-
scale comparisons, here starting with the niche, a notoriously
difficult to define topic with a long history of debate [26,27].
In this paper, I consider niche breadth as the full range of con-
ditions, along biotic or abiotic axes of environmental
variation, that can be tolerated by a biological entity in either
the short or long term. The niche breadth is in turn determined
by a set of underlying traits that confer such tolerance. Here, I
explore how this set of traits, and the emerging niche, evolve in
equilibrium and non-equilibrium contexts, and contribute to
macroecological patterns. For in-depth review of different
niche definitions and associated traits, and further treatment
of the niche in an evolutionary context, see [26,28].

Niche breadth can be evaluated as a property of any level
of biological organization, but typically is estimated at the
species, population or individual level [28]. For instance, a
broad species-level niche may comprise multiple, various,
locally and narrowly tolerant ecotypes, or may comprise a
set of generalist populations, each of which exhibits broad
and highly overlapping niches across the range. The popu-
lation-level niche breadth, in turn, can be partitioned into
among- versus within-individual variation, with further
implications for evolvability and ecological response [29].

Finally, individual niche breadths may be conferred directly
by traits that promote overall levels of plasticity or general
tolerance (i.e. via changes in epigenetic machinery or general-
ized stress-resistance mechanisms [30]), or may be conferred
indirectly by the accumulation of multiple, potentially physio-
logically unrelated traits that each affect fitness in a different
aspect of the environment [13]. In the former case, we may
expect that evolutionary forces including selection can act
directly on individual niche breadth; however, in the latter
case, niche breadth evolves indirectly as an emergent
consequence of different episodes of evolution [31], although
trade-offs may limit overall niche proliferation. These distinc-
tions of scale and mechanism matter when exploring whether
and howdifferent evolutionary forces can impact niche breadth.

It is particularly salient to acknowledge issues of scale and
mechanism when unravelling causal relationships between
niche breadth, range size and latitude. Ecological and evol-
utionary processes associated with changes of range size or
latitude are typically relevant at the population level and
below, because range shifts are ultimately caused by local
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colonization, adaptation and extirpation processes. By contrast,
niche breadth estimated at the species level may cumulatively
result from influences of multiple factors across the species
range, not all of which are relevant at the scale of the range-
expanding or -contracting populations. Thus for determining
the evolutionary and ecological drivers of range size, or to
understand the processes by which niche breadth evolves, the
niche must be defined appropriately to the scale of the process
under consideration. However, limited data sometimes require
researchers to generalize across taxonomic scales. While this
may sometimes be acceptable, for example, if niches do not
vary much among individuals within a population, or among
populations across a species’ range, if such assumptions are
not met, which they often are not, then conclusions about
underpinning processes may be flawed and true mechanisms
obscured [23,25,32,33]. Below I highlight that niche equivalency
across individuals, populations and species is a hallmark of the
niche breadth–range size hypothesis, but this assumption is not
met under the alternative explanations. This raises important
implications about how data availability or interpolation may
constrain mechanistic inference in macroecology.
20210013
(b) Mechanisms of niche evolution
The niche breadth is traditionally considered to reflect pat-
terns of selection imposed by local conditions, under an
adaptation paradigm. For instance, theory and data suggest
that when environments become more variable, the niche is
selected to become broader [11,34]. Niche breadth can be
further adaptively shaped by levels of intra- and interspecific
competition, which mediate the strength and direction of
selection on niche breadth, determine the manifestation of
ecological trade-offs among niche axes or between generalists
and specialists, and influence how the population-level niche
breadth is partitioned within and among individuals [29,35].
Thus, under natural selection and within equilibrium popu-
lations or meta-populations, niche breadths are predicted to
adaptively evolve depending on underlying local environ-
mental variability and biotic context; the ability of
populations to respond under such selection in turn depends
on underlying genetic architecture and the processes shaping
genetic variability for traits underpinning the niche.

Under such equilibrium conditions, however, range shifts
rarely occur, and niche breadths rarely evolve enough to
allow species to establish beyond their ancestral, equilibrium
range [8,36]. This may be because the coevolution of niche
breadth and range size requires the joint evolution of both
dispersal and niche traits, which can be difficult to achieve
under equilibrium conditions at the range edge [36,37].
Instead, under equilibrium conditions, and where not set
by physical boundaries or strong evolutionary constraints,
the range edge represents a threshold determined by an
interaction between evolved dispersal rates and evolved
population-level niche breadths, which is in turn determined
by the steepness of the environmental gradient and effects of
drift [36,37]: along a steep effective environmental gradient,
individuals are generally selected to exhibit lower dispersal,
in order to remain within their adapted conditions within
the range. Reduced dispersal in turn reduces the number of
colonists beyond the range, thus further reducing the input
of genetic variation and associated opportunity for niche
evolution, via strengthened effects of drift. Reduced opportu-
nity to adapt beyond the range edge then reinforces selection
against dispersal phenotypes. Eventually, feedback between
low dispersal and lack of evolutionary niche expansion can
cause increasing population fragmentation, erosion of genetic
diversity and increased extinction risk [38].

However, a change in equilibrium conditions may lead to
a reduction in the steepness of the environmental gradient (or
otherwise remove dispersal barriers), reducing selection
against dispersal and therefore promoting directional gene
flow. Directional gene flow facilitates the input of genetic
variation to locations at or beyond the former range edge,
providing raw material for novel adaptation while counter-
acting effects of drift [39]. In addition, owing to associated
demographic expansion, deleterious effects of gene flow on
local maladaptation in expanding populations are unlikely
to be as important as under equilibrium conditions, and
adaptation can proceed despite swamping of maladapted
alleles, provided that genetic variants that confer net positive
absolute fitness are present in the colonized region [36].
Highly polygenic characteristics with genetic redundancy,
which are, therefore, relatively immune to allelic turnover at
individual loci, are furthermore likely to be most resistant
to swamping [40]; dispersal and niche traits often exhibit
these genetic characteristics, and are, therefore, particularly
likely to rapidly evolve during range expansion.

Range expansion involves further non-equilibrium spatial
genetic processes that can lead to adaptation to the range
shift itself (see also §3c). First, during range expansion, coloniz-
ing individuals are already likely to self-select from among the
highest genetic values for dispersal from the source popu-
lations. These dispersal-promoting genotypes assortatively
mate at the range edge, further accelerating evolution of
increased dispersal and colonization rates there under a ‘spatial
sorting’ process that is well established both theoretically and
empirically [6,41]. Second, low density in the (formerly unoccu-
pied) new portion of the range will inherently favour genotypes
that have high fitness at low density [42]. Thus, the spatial
nature of the expansion will automatically select for high dis-
persing, drift-resistant genotypes at the vanguard. These
combined processes act to both accelerate the rate of range
expansion and slow the loss of beneficial alleles [42], providing
the momentum needed for niche evolution to occur.

Thus, while range expansion may initially involve niche
filling rather than niche expansion across space, the evolution-
ary dynamics of the range expansion itself create a situation in
which genetic variation is enhanced through gene flow, and
deleterious effects of drift and swamping are diminished; in
this case, further adaptive evolution can occur beyond former
niche limits as the expansion progresses. Range shifts and
their concomitant processes of rapid demographic expansion
and dispersal may, therefore, be required to overcome the typi-
cal selection for niche stasis at range edges under stable
conditions. The potential role of spatial evolution during
range expansions to generate macroecological gradients link-
ing range size to niche breadth, however, may have
previously gone underappreciated.

3. Ecological, evolutionary and eco-evolutionary
processes behind macroecological patterns

(a) The niche breadth–range size hypothesis
The niche breadth–range size hypothesis, as originally formu-
lated, specifically invokes climatic niche breadth evolution
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Figure 1. Schematic of mechanisms and direction of causation underpinning the three major hypotheses for macroecological correlations among range size, niche
breadth and latitude. Bell curves represent locally evolved niches (i.e. individual or population level), and triangles represent range expansions. Ecological gradients
are indicated via shading. The relevant scale of niche breadth expansion varies among hypotheses: in I, this must occur at the individual level (it must be heritable
to spread); in II, niche breadth accrues at the species level; and in III, the population level is most relevant. The role of latitude also varies depending on the
hypothesis: in I, latitude reflects environmental gradients that select locally for generalism versus specialism; in II, latitudinal patterns may emerge only indirectly,
insofar as the grain of spatial environmental variation or species age varies with latitude; in III, latitude reflects net poleward range expansion of many species
throughout the Holocene and Anthropocene. (Online version in colour.)
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as the key predictor of range size (figure 1). This hypothesis
suggests that because mid- to higher-latitude locations are
more temporally variable in climate than those in the tropics
[43], high-latitude locations, therefore, select for individuals
that tolerate the broad range of climatic conditions experi-
enced throughout life [11,16,44]. The evolution of broadly
tolerant genotypes in a particular location is hypothesized
to subsequently facilitate the geographical spread of these
generalist-adapted lineages across divergent climate regions
in an ecological niche-filling process (figure 1). The niche
breath–range size hypothesis, therefore, predicts strong, posi-
tive correlations between individual-, population- and
species-level niche breadth, and thus that the niche breadth
estimated at any of these biological scales is predictive of
the species’ range size.

In Stevens’ [11] original formulation of this hypothesis,
latitudinal variation in climatic variability was considered
the main driver of latitudinal gradients in niche breadth,
and, therefore, colonization potential and range size (i.e. driv-
ing Rapoport’s rule), as climate was then considered the
factor most likely to limit species’ ranges. This version of
the hypothesis is often termed the climate variability hypoth-
esis. However, a number of other environmental factors also
exhibit latitudinal gradients, and may also select for increased
generalism with latitude. For instance, latitudinal biodiver-
sity gradients imply that dense, tropical communities may
house more extreme resource specialists than can simpler,
high-latitude communities, whereas potentially lower inter-
specific competition due to fewer species at higher latitudes
may favour increased generalism [17,19]. In addition, shorter
growing seasons might select for more relaxed discrimination
rules, and thus broader resource or habitat niches at high lati-
tudes, as longer search times become increasingly costly [45].
Increasingly broad diets or habitat requirements selected at
high latitudes may, like broad climate niches, also facilitate
range expansion [46,47], as biotic niche limits on species’
ranges are certainly well described [48]. Thus a more general
formulation of the niche breadth–range size hypothesis
suggests that any source of environmental variability could
locally select for generalists predisposed to subsequent
niche-filling across space. Brown [13] further argued that as
niche breadth increases within a population across multiple
ecological dimensions or axes, the overall local abundance
and range size can each further increase; species that
can tolerate the largest number of both biotic and abiotic con-
ditions may achieve the highest local abundance in
their optimal environments, as well as the greatest overall
range sizes.

While the niche breadth–range size hypothesis is highly
intuitive, some of the mechanisms remain obscure. For
instance, increased ecological generalism within a lineage
does not always, or perhaps even generally, correlate to its
capacity for spatial spread [49,50], and there have been at
least a few prominent counter-examples in which specializ-
ation predisposes lineages to range expansion [51,52].
Moreover, latitudinal variation in niche breadth does not
always correspond to underlying environmental gradients
[53,54]. Furthermore, niche breadth in one location often
fails to predict niche breadth of other populations across
the species’ range, casting doubt on the role of this trait to
determine a species’ range size via its spatial spread [32].
Finally, Ruggiero & Werenkraut [12] reviewed the evidence
for links between latitude and range size; they concluded
that while the overall relationship is robust, high variability
in the strength of this pattern across taxa and regions implies
that historical biogeographic processes may be important
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drivers of latitude–range size correlations, in contrast or in
addition to impacts of latitudinal variation in selection on
niche breadth.
 lsocietypublishing.org/journal/rstb
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(b) The range size–niche breadth hypothesis
The range size–niche breadth hypothesis rests on the observation
that range expansions, which may be triggered by either
environmental change or removal of former dispersal limit-
ations, lead to colonization of more geographically distant
regions; and, owing to spatial autocorrelation of environ-
ments, larger ranges are increasingly likely to diverge in the
local conditions to which populations must subsequently
adapt (figure 1) [20,55]. Notably, the range size–niche breadth
hypothesis often depends on multiple niche axes, with
environmental change along one (previously limiting) niche
axis providing opportunities to disperse beyond the ancestral
range and subsequently adapt along other (non-limiting,
adaptable) niche axes [20,35]. In other cases, a source of dis-
persal limitation is overcome to facilitate range expansion
and, subsequently, a species-level niche expansion along a
number of (non-limiting) dimensions [56]. In either case,
recent range shifts to new regions provide opportunities for
divergent niche adaptation across the range, contributing to
enhanced species-level (but not necessarily individual or
population) niche breadths.

One version of this hypothesis, the ecological opportunity
hypothesis, suggests that any episode of environmental
change that releases individuals from competition provides
an opportunity for local adaptation to occur through com-
petitive release [57]—such conditions are likely to be met
following colonization of a new region, where individuals
face both novel environments and release from former com-
petitors. This process is further relevant for Wilson’s
concept of taxon cycles [22], which suggests that initial coloni-
zation (particularly of islands) may be followed by range
expansion if the invading species can outcompete residents,
resulting in increased range size and subsequent opportunity
for spatial niche differentiation. Ultimately, the species’ range
will again become more fragmented and limited to a nar-
rower overall range of conditions, under the influence of
novel competition from new invaders. This process may con-
tribute to incipient speciation within the older, competitively
disadvantaged, and, therefore, fragmented, species ranges.
Species with intermediate residence times in turn are pre-
dicted to exhibit the largest ranges and broadest set of
geographically divergent niche adaptations, by virtue of the
opportunity afforded by their time-limited competitive
advantage.

A related idea is the oscillation hypothesis for
diversification and specialization of terrestrial herbivores.
This hypothesis suggests that as insects undergo (climate
change-mediated) range expansion, they encounter and
adapt to increasingly divergent hosts. Such resulting wide-
ranged, divergently adapted species are then increasingly
likely to undergo ecological speciation to produce daughter
species that are each more specialized than the parent species,
by virtue of their smaller ranges [21]. Under this model, the
distribution of generalist and specialist species is driven by
macroevolutionary dynamics of colonization and expansion
followed by divergent local adaptation and finally speciation;
evidence for this process has been found both empirically
and in modelling [58].
The range size–niche breadth hypothesis does not directly
make predictions about effects of latitude, and thus any lati-
tudinal patterns in species-level niche breadth emerging from
this process may reflect: more recent range expansion at high
latitudes [14], relationships between latitude and species age
[59], or effects of latitude on the spatial autocorrelation of
limiting environments [60].
(c) The range shift–niche breadth hypothesis
The range shift–niche breadth hypothesis is presented here as a
new hypothesis for why range size, niche breadth and lati-
tude may covary, and one that uniquely does not depend
on an assumption that local adaptation shapes niche breadth,
at either local or species scales. This hypothesis instead
suggests that spatial evolutionary processes during range
expansion drive the evolution of broader niches, while
range expansion also directly contributes to larger range
sizes and colonization of higher latitudes (figure 1) [25,33].
Under this hypothesis, populations at the leading edge
experience some release from previous restrictions on disper-
sal, population growth or colonization. Evolutionary
increases in rates of effective dispersal and demographic
expansion at the vanguard of the range expansion then
prime individuals to rapidly adapt to novel environmental
conditions (see further explanation of this in §2b). Impor-
tantly, this process can increase the population- as well as
species-level niche breadth of range-expanding lineages,
according to the following mechanisms.

First, at the range expansion front, individuals and popu-
lations may express an adaptive evolutionary gain in niche
breadth under similar spatial sorting processes as previously
described for dispersal and drift resistance (§2b): individuals
from the source populations happening to possess traits that
confer broader niches (in terms of overall plasticity or toler-
ance, see §2a) will be more likely to successfully colonize
new conditions beyond the former range, and, therefore,
the expansion itself can select for broader niches at the van-
guard. Broad niches increase in frequency both because
they allow individuals to adaptively ‘anticipate’ novel con-
ditions serially encountered along the expansion gradient
and because of assortative mating of these individuals
as they congregate at the range front [61]. Morevoer, macroe-
volutionary modelling suggests increased individual-level
niche breadth is selected during colonization even when
niche expansion is not important for fitness along the
colonization gradient, as long as it increases dispersal rates
via acceptance of novel habitats and thus promotes the
rate of spread [62]. Thus, niche breadth may evolve under
purely spatial, dispersal-promoting processes at range
expansion fronts irrespective of whether it also improves
adaptation to novel conditions. Subsequent empirical
work has provided additional supportive evidence that
‘fast deciding’ individuals dominate recently colonized
populations [45].

Second, individual or population-level niche breadth may
increase indirectly within range-expanding populations as a
consequence of the expansion. Expanding populations
include alleles or individuals recently adapted to the novel
conditions encountered, but, owing to directional gene flow
and demographic expansion, also contain many more indi-
viduals possessing niche traits more adaptive in various
parts of the core; for these potentially numerically dominant



royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

377:20210013

6
genotypes, the edge habitat may represent a sink or present
conditions neutral to the genotype’s impact on fitness [31].
Thus, while only the adapted genotypes contribute to long-
term positive population growth at the edge, both adapted
and mal- or non-adapted genotypes will be present and con-
tribute to overall individual or population niche breadth
observed there [63]. In the absence of strong selection against
such ancestral adaptations travelling along the expansion
front, it may take considerable time for these to break
down under the impacts of selection or drift, especially in
drift-resistant range edge populations and owing to wea-
kened selection during demographic expansion. This
mechanism is particularly relevant if overall niche breadth
itself results from accumulation of diverse niche traits (§2a)
that are not strongly affected by energetic or functional
trade-offs among them [31,64].

When a range shift allows populations to expand pole-
ward, such as during post-glacial and contemporary
warming episodes, such leading-edge populations will pri-
marily be in the poleward direction and this process will
thus lead to clinal patterns of increased niche breadth and
range size with latitude. Because niche breadths generated
under this process entirely result from non-equilibrium spatial
dynamics, rather than equilibrium processes of local adap-
tation, such mechanisms thus may often require new
interpretations of the resulting ecological patterns [23,25,33].
For instance, Forister & Jenkins’ neutral model of spatial
niche evolution [62] intriguingly produces a landscape distri-
bution of generalists coexisting with specialists in ratios that
closely resemble real communities, implying that the role
of fitness trade-offs in driving local distributions of generalists
and specialists may have previously been overstated [65].
Moreover, widespread poleward range expansions have
recently been shown to be very important in explaining and
generating observed latitudinal gradients in thermal and
resource niche breadth for insects [25,31,33,63], and biogeogra-
phy emerges as a major predictor of latitudinal gradients in
plant thermal niche breadth [66]; these empirical findings
cast further doubt on a central role of local adaptation in
niche macroecology. Non-equilibrium niche evolution during
range expansion may also contribute to the observation that
niche limits estimated in the range core tend to underpredict
the position of poleward or high-elevation range limits,
where recent climate-mediated range expansion is often most
salient [23,67].

(d) Importance of discriminating among hypotheses for
predictive inference

Large-scale correlations between niche breadth, range size
and latitude may be determined by anyone or more of the
mechanisms outlined in §3a–c. However, it is important to
discriminate these alternative processes, to improve the accu-
racy of predictive inferences based on presumed mechanisms
derived from macroecological findings. For instance, the niche
breadth–range size hypothesis suggests that high-latitude popu-
lations and species are nearly universally adapted to a
broader range of conditions, and are, therefore, in general
predicted to be more resilient to both environmental change
and habitat loss than their tropical counterparts [53,68]. By
contrast, the range size–niche breadth hypothesis suggests
instead that a capacity for colonization and local adaptation,
for instance via competitive ability, connectivity or genetic
diversity, is much more important than in situ measures of
ecological generalism in promoting range expansion and resi-
lience to environmental changes [22]. Finally, the range shift–
niche breadth hypothesis suggests that researchers need to dig
deeper into eco-evolutionary dynamics to discover the under-
pinning drivers of interspecific variation in resilience and
spread, and to provide accurate biodiversity forecasts. It fur-
thermore suggests that predicted environmental responses of
range-shifting species may be very different from those of
species with stable or contracting ranges, irrespective of absol-
ute latitude or underlying ecological conditions [25,33]. If
recent range expansions rather than adaptive function explain
broad tolerances at high latitudes or elevations, then it would
be invalid to assume that high-latitude communities are more
resilient; instead work should focus on discriminating the very
different niche processes and limitations within species or
lineages with different biogeographic histories and contempor-
ary range shift trajectories.

In addition, as covered in §2a, ignorance of underlying
ecological and evolutionary process can lead to niche assess-
ments being made at the wrong scale, or inappropriately
interpolated, which can then invalidate conclusions. Lack of
precision on this can further impede comparability or syn-
thesis among studies that purport to investigate the same
process, but estimate the niche at different scales. Instead, if
we are interested in ultimately understanding how biodiver-
sity will respond to future climate change, we need to
correctly identify the scale at which environmental change
affects populations across the range—are impacts felt every-
where, or only in isolated environments?; are populations
across the ranges simultaneously impacted or sequentially
altered as environmental change progresses? These critical
questions can only be answered by understanding how
niche breadths are shaped and maintained, adaptively or
non-adaptively, within and among populations increasingly
impacted by non-equilibrium conditions due to climate
change, habitat loss and novel interactions.

Additional data and synthesis work are needed to refine
predictions and outcomes under each of the major hypoth-
eses, and to determine the relative prevalence of each
mechanism overall. Such studies may, for instance, compare
macroecological patterns between range-expanding and
stable-ranged species [25,33], employ theoretical or exper-
imental approaches to distinguish alternative mechanisms
[6,61,62,69] or evaluate the (changing) role of different micro-
evolutionary forces on niche breadth, across species’ range
expansion gradients [31,45,51,56]. Many of the available
empirical studies of niche macroecology involve ectothermic
species, with a historically strong focus on terrestrial insects,
and typically only a single niche dimension is considered at a
time. More work is needed to understand the taxonomic gen-
erality of processes in shaping macroecological patterns, and
to determine how different dimensions of the niche might
interact with each other and co-evolve through space and
time. Moreover, better understanding of the genetic signa-
tures of range expansion, and how these signatures then
correspond to niche evolution and resilience [31], will
enable improved and targeted management of individual
species based on these general insights. Finally, while not a
topic of this paper, eco-evolutionary dynamics of range con-
traction may also be important for niche evolution, and the
importance of this for generating macroecological patterns
deserves further investigation [61,69].



royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

377:2021

7
4. Conclusion
Macroecological patterns of niche breadth, latitude and range
sizes present an ongoing puzzle of great interest for our
understanding of ecological and evolutionary processes,
and for our ability to confidently model and anticipate vari-
ation in species’ responses to environmental changes.
Classical explanations for why niche breadths and range
sizes vary with latitude often (over-)rely on underlying gradi-
ents in selection that vary between the equator and the poles,
and which are presumed to differentially select for general-
ism or specialism along them. However, such hypotheses
rest on assumptions that populations are in equilibrium
with their environments. The recent, dramatic and accelerat-
ing reorganization of biodiversity in the Anthropocene has
highlighted that many if not most populations and species
are in fact not in equilibrium states, opening the door to the
proposition of alternative eco-evolutionary mechanisms of
niche evolution that do not rely so heavily on adaptive expla-
nations for meaningful biological patterns.

Spatial evolutionary processes, such as spatial sorting of
dispersal and colonization syndromes, release from selection,
spatial demographic expansion, directional gene flow and
spatial asymmetries in drift, have increasingly been recog-
nized for their special contribution to evolution at range
edges. Even within static ranges, powerful non-equilibrium
evolutionary processes may be ongoing [70], and are poten-
tially not often enough invoked to explain major patterns of
niche evolution and limitation. The potentially important
role of these processes in determining geographical trait
and genetic gradients may, therefore, have previously been
overlooked. This review has particularly highlighted the
special role of spatial evolutionary processes at expanding
range margins to jointly impact niche and range limits,
which in turn have been shown to shape major, macroecolo-
gical gradients.
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