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Niche breadth:

the variety of
resources, habitats, or
environments used by
a given species

Niche dimensions:
variables (e.g.,
precipitation) by which
the niche is quantified
or measured; often
interchangeable with
the term niche axis

Fundamental niche:
the range of
environmental
conditions and
resources in which a
species can survive and
reproduce, lacking
influence of predation
or competition

Realized niche:

the range of
environmental
conditions and
resources in which a
species can survive and
reproduce, once
biological interactions
are taken into account
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1. INTRODUCTION

Ecological niche breadth is essentially the range or variety of conditions defining a species’ niche.
The set of temperatures a plant can grow in, the variety of foods an animal can eat, or the diversity
of habitats a species can inhabit are all captured by this term. Niche breadth is an important concept
for understanding biological adaptation and is relevant to many eco-evolutionary topics, including
ecological specialization, niche evolution, and speciation. It also has important applications given
pressures on species to shift ranges or adapt in response to climate change. The study of niche
breadth has underpinnings in classical ecological and evolutionary literature (e.g., Elton 1927,
Grinnell 1917, Hutchinson 1957) and has seen a recent resurgence (e.g., Chan et al. 2016, Tkeda
etal. 2017, Qiao etal. 2016). Central to this study, it is still largely unknown how ecological niche
breadth evolves, particularly how and how quickly niche breadth expands.

The study of niche breadth evolution is complex and applies to many contexts (Futuyma &
Moreno 1988), but it is a thread summarized compellingly by Charles Darwin (1859, p. 6) in Oz
the Origin of Species:

Who can explain why one species ranges widely and is very numerous, and why another allied species
has a narrow range and is rare? Yet these relations are of the highest importance, for they determine
the present welfare, and, as I believe, the future success and modification of every inhabitant of this

world.

Niche theory stems from the Darwinian view that two species in coexistence must oc-
cupy distinct ecological spaces. Grinnell (1917) first introduced the terms “niche” and “niche-
relationships” as a correlation between species performance and resource availability. Elton (1927)
defined a species’ niche by its role, function, or impact in the environment. The Grinnellian con-
cept was further developed by Hutchinson (1957), who proposed a mechanism for understanding
how species develop and evolve their range. Hutchinson introduced niche dimensions as vari-
ables affecting ecological niche development and defined the multidimensional spectrum of an
ecological niche—a less specialized niche would be distributed among a larger portion of the en-
vironment. Further, Hutchinson provided a framework for niche quantification in the context of
species interactions through a fundamental niche—the set of environmental conditions a species
can live and reproduce in—and a realized niche—the set of conditions a species occupies that
includes biological interactions (e.g., competition, predation) (Futuyma & Moreno 1988).

From these early studies, niche breadth research has expanded into a diverse set of appli-
cations and contexts and proceeds from many scales and definitions. No one factor explains
ecological specialization or niche breadth evolution (Futuyma & Moreno 1988). Dimensional-
ity, or the number of niche dimensions in which niche breadth varies, may influence species
divergence, convergence, and coexistence. The question of how and whether niche breadth
dimensions interact and are correlated has garnered considerable interest (Brown 1984, Cody
1974). Habitat breadth studies may examine how local abundance and geographic distribution
affect resource use and vice versa. Species occurrence data are used to model distributional or
functional breadth, especially for assessing potential impacts of climate change (Thuiller et al.
2004). Finally, although a species’ niche breadth is composed of individuals and populations, we
know little about the proportion of niche breadth these hierarchies contribute to (Bolnick et al.
2003), and this issue may be of considerable importance under conditions of rapid environmental
change.

Here, we review research on the evolution of ecological niche breadth and the potential inter-
actions among niche breadth evolution, adaptation, and diversification. We begin by discussing
how niche breadth is defined and quantified and then review mechanisms, theory, and contexts
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PHENOTYPIC PLASTICITY VERSUS NICHE BREADTH

Phenotypic plasticity describes environmentally induced variation in the phenotype of an individual and can thus
be defined as the production of two or more phenotypes from one genotype, as environmental conditions change.
Phenotypic plasticity is intrinsically related to niche breadth, with both broadly describing phenotypic breadth.
However, whereas niche breadth refers to the shape and width of the fitness curve, plasticity refers to the effects of
environment on a particular trait. Further, whereas niche breadth can be defined for individuals as well as for higher
taxonomic groupings, plasticity is defined solely at the level of the individual. When plasticity improves fitness in a
given environment (i.e., adaptive plasticity), it enhances within-individual niche breadth. Adaptive plasticity might
therefore be considered to be a specific subset of niche breadth.

for how niche breadth may evolve. Next, we discuss key topic areas and empirical studies of the
evolution of niche breadth. We end by discussing how niche breadth may influence species’ re-
sponses to global change and suggest research avenues that will improve understanding of the
processes of niche breadth evolution.

2. DEFINING NICHE BREADTH

Niche breadth goes by many names and appears in many guises. In the literature, niche breadth
evolution is addressed by studies on specialization and generalization, phenotypic plasticity (see
sidebar titled Phenotypic Plasticity Versus Niche Breadth), and performance breadth. To a large
extent, the prevalent terminology is system specific. For example, the thermal physiology litera-
ture primarily discusses thermal tolerance breadth, whereas plant—pollinator interactions predom-
inantly refer to host specializations. All of these terms, however, encompass the same concept:
Some individuals, populations, species, or lineages utilize a greater breadth of environments than
others (Figure 1). Lynch & Gabriel (1987) described niche breadth in terms of a tolerance curve
defined by an environmental optimum and a change in fitness over an environmental gradient. At
the two ends of the niche breadth continuum are generalists—whose fitness is distributed evenly
across multiple environments (in a broad sense)—and specialists—whose fitness is maximized in
one environment. This conceptual model of niche breadth is readily applied to aspects of the niche
measured as continuous variables (e.g., physiological tolerances) but is less intuitive for categor-
ical niche definitions (e.g., diet). In general, niche breadth has most ecological relevance when
considered against a reference. This reference might be other individuals, populations, or species,
or it might simply be the available niche space.

2.1. Measuring Niche Breadth

Recent reviews have detailed different niche breadth metrics (Devictor et al. 2010, Poisot et al.

2011). In this review, we focus instead on outlining different forms of niche breadth measure and ~ Niche axis: _

their utility for addressing questions about niche breadth evolution (Table 1). Different methods ?nzlslzr?n(ilsﬁgsguirs
and metrics represent different conceptual approaches to the measurement of niche breadth. for a particular variable
First, one can measure niche breadth directly by examining the resources used along a particular (¢ precipitation);
niche axis (resource-based approaches). These types of measures are particularly common for  often interchangeable
quantifying dietary breadth (e.g., number of different food types used), habitat breadth (e.g., ~With the term niche
number of different habitat types used), and specialization in plant—pollinator networks (e.g., dimension
number of different pollinators visiting a plant).
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Fitness

Niche axis

Figure 1

Fitness curves across a niche axis (e.g., temperature, precipitation). The three curve heights represent three
levels of biological or phylogenetic hierarchy (primary, secondary, tertiary). The primary level (solid lines)
could represent individuals or populations. Curves A and B (dashed lines) represent equivalent levels (e.g.,
populations) within the highest level (curve C, dotted line) in the phylogenetic hierarchy. Niche breadth is
illustrated as horizontal bars in curves A and B. A is a generalist, or broad resource user relative to B, and is
made up of a mix of narrow and broad resources users. B is made up of resource users with similar, relatively
broad niche breadths, each mostly spanning B’s breadth and slightly shifted from the next. Figure adapted
from Bolnick et al. (2003) with permission.

Second, niche breadth can be inferred by association (association-based approaches). Com-
monly, this approach correlates abiotic conditions across a landscape with species occurrences
(e.g., Heino 2005). It can thus define either a univariate or multivariate niche breadth measure.
Both resource-based and association-based approaches require a priori definition of the niche axes
to be investigated.
Third, interaction-based approaches use species co-occurrence data to define ecological niche
breadth (e.g., Fridley etal. 2007) (Table 1). Unlike the previous two methods, this approach does
not have a defined a priori niche axis and is useful for providing an overarching view of relative
specialization and generalization within an ecological community. Interaction-based approaches
are, however, limited by a lack of comparability among data sets and difficulties incorporating rare
species.
Fourth, niche breadth can be defined by directly measuring performance in a range of envi-
ronments (e.g., transplant experiments) (response-based approaches). Here, species whose fitness
varies less across environments (i.e., have a flatter and/or broader response curve) have a broader
Local adaptation: niche. Although local adaptation studies have compared fitness trade-offs across environments
a process of natural (e.g., Etterson 2004), surprisingly few examples of such studies in the context of niche breadth
selection whereby . . .

have been found (but see Griffith & Sultan 2012). This approach does not necessarily rely on

resident populations ) ) = ) o )
evolve higher relative defining niche axes a priori, but in practice it often does. Transplant experiments, for example,

fitness in their local often incorporate specific axes of interest into the experimental design (e.g., transplants across a
hablti“t Fhan temperature gradient). Performance (or fitness) curves, constructed with respect to a single en-
populations

vironmental gradient, can represent both resource-based and performance-based measures. End
points (i.e., maximum and minimum tolerances) are usually identified and represent a resource-
based approach (e.g., Angert et al. 2011), but the shape of the curve—regardless of whether end
points are measured—also provides a response-based measure of niche breadth.

originating elsewhere
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2.2. Dimensions of Niche Breadth

For any particular study, defining and estimating niche breadth requires consideration of both
Budding speciation: dimension and scale (Colwell & Futuyma 1971). Just as the niche can be described for dimen-
a form of speciation, sions such as habitat, diet, and physiology, niche breadth is usually defined with respect to the

whereby a new species  Lahjitats occupied, the resources used, and the environmental conditions tolerated. It is important
forms from a small

. . to distinguish among niche dimensions. For example, dimensions that describe resource use are
colonizing population

fundamentally different from those that describe tolerances (e.g., to temperature) because com-
petition for the one is more likely than for the other. Within these broad niche dimensions, niche
breadth can be defined along any number of additional axes (Colwell & Futuyma 1971, Hutchinson
1957). A challenge is thus to define niche breadth along the relevant axes, which may or may not be
correlated with each other (Bonetti & Wiens 2014, Cody 1974, Emery et al. 2012, Lin & Wiens
2016). Indeed, trade-offs in niche breadth between axes might exist (e.g., Litsios et al. 2014) and
could influence whether generalists or specialists evolve (discussed in Section 3.2).

Brown (1984) envisaged species arising in localized regions that differ in several ecological
respects from those occupied by parent species, thus promoting multidimensional specialization
through speciation, but to date, few direct tests of this idea have been made (but see Bonetti &
Wiens 2014 for one example). Budding speciation (Mayr 1954) patterns are consistent with this
hypothesis. This mode of speciation appears to be a potentially common mechanism in plants
(Anacker & Strauss 2014, Grossenbacher et al. 2014) but requires further study.

2.3. Components of Niche Breadth

Another conceptual issue for measuring and studying niche breadth evolution is the underly-
ing architecture of a species’ niche. Roughgarden (1972) outlined a framework for partitioning
a population’s niche breadth into between- and within-individual components. Individuals are
not identical, and the variation among individuals is one component of a species’ niche breadth
(Van Valen 1965). Recent work has focused on the incidence, degree, and evolutionary impor-
tance of individual niche breadth. Bolnick et al. (2003) distinguished individual specialization (or
variation) from differences in resource use attributable to age (ontogenetic niche shifts; reviewed
in Nakazawa 2015), sex (intersexual niche partitioning; reviewed in Barrett & Hough 2013), or
discrete morphological polymorphism (resource polymorphism; reviewed in Smith & Skilason
1996) and demonstrated that such variation is widespread in nature. Individual niche breadth
can manifest either as a broadly/narrowly tolerant phenotype or as phenotypic plasticity (e.g.,
see sidebar titled Phenotypic Plasticity Versus Niche Breadth), which might be reversible (e.g.,
physiological acclimation) or irreversible (e.g., developmental plasticity) (West-Eberhard 2003).
Individual niche breadth and between-individual variation are encompassed by population niche
breadth (Figure 1). Roughgarden’s (1972) framework can be extended to encompass between-
population variation (e.g., local adaptation) and, thus, species niche breadth (e.g., Olsson et al.
2009) (Figure 1). Recent research has explored the conditions under which local adaptation is
likely to occur (e.g., Atkins & Travis 2010, Richardson et al. 2014). In this vein, niche breadth
could be maintained, or expanded, through an aggregate process of adaptation to multiple envi-
ronments (e.g., Anderson et al. 2015). Alternatively, niche equivalency among populations may
occur such that population- and species-level niche breadths are similar (e.g., Wasof et al. 2015).

The distinction between a homogeneous generalist species and one comprised of locally adapted
populations is important both conceptually and practically. From a conceptual standpoint, it
determines the scale at which comparisons of niche breadth are relevant. Theoretical models
(discussed below) also predict an interaction among different levels of niche breadth within a
phylogenetic hierarchy. Practically, the hierarchical architecture of niche breadth is important

188  Sexton et al.
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because a broadly tolerant species and one comprising locally adapted populations might differ in
their potential evolutionary and demographic trajectories (Atkins & Travis 2010).

Antagonistic

3. MECHANISMS OF NICHE BREADTH EVOLUTION pleiotropy: a negative

correlation between
3.1. Classes of Models for Niche Breadth Evolution trait fitness that results

Lo . . .. when alleles at a single
Many topics in evolutionary ecology have their own set of models, theory, and empirical locus change rank

tests for niche breadth evolution. Here, we briefly outline four broad classes of evolutionary .~ =
models defined by the context in which niche breadth evolution is considered, with subsequent  environments or
sections focusing on emerging questions related to each model class. Classical evolutionary theory — contexts

has approached the problem of niche breadth evolution through population genetic and quanti-

tative genetic models that consider fundamental constraints on generalization and specialization

and the costs—both direct and indirect—of maintaining a given niche breadth. We refer to such

treatments as genetic models (Table 2). For example, Whitlock (1996) described a model for niche

breadth evolution that did not rely on direct fitness trade-offs (see Section 3.2), whereby special-

ization was generally favored because specialists could evolve more quickly than generalists. This

is because, as specialists should spend a greater proportion of their time in a given environment,

fixation of beneficial alleles is both more likely and more quick to occur (Holt 1996, Whitlock

1996). A key question to emerge from these theories is the importance of direct fitness costs (e.g.,

antagonistic pleiotropy) in maintaining niche breadth. These evolutionary models are also closely

related to models of range limits that incorporate evolution (reviewed in Sexton et al. 2009).

A second group of models considers niche breadth evolution within the context of the resource
environment, for which “environment” could describe, for example, abiotic variables, food, or
habitat (Table 2). Beginning with the classic models of Levins (1968), these studies have primarily
explored how spatial and environmental heterogeneity drives niche breadth evolution and are
supported by experimental evolution studies (Kassen 2002). In general, broader niches are favored
in more heterogeneous environments, but the spatial and temporal scales of variation—relative to
the movements and life span of individuals—are important for model predictions (see Section 3.3).
These models have a focus on environmental tolerances.

Third, niche breadth evolution is also likely to depend on behavior (e.g., habitat preferences,
philopatry) and biological interactions, including density and inter- and intraspecific competition
(biotic models; see Table 2). Ravigné et al. (2009), for example, modeled the effects of habitat
choice evolution on niche breadth evolution, showing that habitat choice can promote selection for
specialists where otherwise (i.e., no habitat choice) generalists would be favored (see also Rueffler
et al. 2007). Biotic conditions such as community diversity can also alter the outcome of niche
breadth evolution by modifying the fitness landscape (Kleynhans et al. 2016). These biotic models
have a focus primarily on resource use (see Section 3.4 and Table 2).

Finally, niche breadth evolution may be dependent upon all of the above mechanisms. These
combined effects produce patterns of niche breadth change through evolutionary time—patterns
that have been described through conceptual or verbal models in a fourth, macroevolution-
ary context. These models are particularly relevant in the context of adaptation and speciation
(Section 3.5), and recent empirical studies are shedding new light on the classic question of whether
specialization is an evolutionary dead end (see Section 4.2).

3.2. Trade-Offs and Constraints on Niche Breadth Evolution

The overarching paradigm when considering the evolution of niche breadth is that there must
be costs or constraints to being a generalist; otherwise why would all species not use all resources

www.annualyeviews.org o Ecological Niche Breadth 189
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Table 2

Examples of niche breadth (NB) evolution models, grouped by the context in which they were developed

Description and predictions

Example reference(s)

Genetic context”

Specialization is favored because specialists evolve more quickly than generalists and when genotypes
have different fitness rankings in different environments. Niche expansion is prevented because
selection is stronger in environments to which a population is already adapted.

Fry 1996, Holt 1996,
Holt & Gaines 1992,
Whitlock 1996

Generalists are more prone to accumulate mutations that are deleterious in part of their range, which
results in inferior performance of generalists in a given habitat, compared with specialists.

Kawecki 1994, 2000;
Kawecki et al. 1997

Environmental context”

Specialization is favored in temporally stable, spatially variable environments; temporally variable
environments can favor either a monomorphic population of generalists or a population of individual
specialists.

Levins 1962, 1965, 1968

Specialization is favored when individuals experience only a subset of the environments experienced by a
population and when populations experience only a subset of environments encountered by a species.

Levins 1968

Temporal variation favors generalization; spatial variation selects for higher NB only when
within-generation temporal variation is also high.

Lynch & Gabriel 1987

In a shifting environment, intermediate NB is favored because it balances phenotypic lag and
performance sensitivity.

Huey & Kingsolver
1993

Without temporal variation, habitat choice and negative density dependence favor extreme
specialization; within-generation temporal variation reduces the frequency of extreme specialization.

Wilson & Yoshimura
1994

Specialization is favored in constant environments and environments with high within-generation
variation; generalization is favored when among-generation variation is high but within-generation
variation is small.

Gilchrist 1995

Biotic context”

Joint evolution of habitat preference and local adaptation promotes specialization.

Ravigné et al. 2009

Competition modulates the match between individual niche width and the diversity of resources; as the
number of species in a community increases, individual niche width decreases regardless of resource

diversity.

Case 1981

NB contracts through frequency-dependent selection for finding mates at low population densities.

Colwell 1986

NB expands in populations with a locally adapted male mating advantage under certain conditions of
ancestral fitness.

Proulx 1999

In the presence of interspecific competition, specialization is favored when species are locally rare, and
generalization is favored when species are locally abundant.

Sargent & Otto 2006

Competition via interspecific pollen transfer selects for specialization on different pollinators when visit
rates are high and selects for generalization on multiple pollinators when visit rates are low.

Muchhala et al. 2010

Macroevolutionary context®

Specialist clades transition between hosts but remain specialized.

Schluter 2000

Niche expansion without adaptive diversification occurs if there are no costs to niche expansion;
otherwise, niche width remains narrow and adaptive diversification occurs.

Ackermann & Doebeli
2004

Lineages undergo alternating phases of niche expansion and contraction, with speciation driven by the
evolution of specialists from a generalist, followed by niche expansion.

Janz & Nylin 2008

*Genetic context models examine fundamental limits to niche expansion, primarily at the population level.

bEnvironmental and biotic context models primarily describe abiotic and biotic conditions, respectively, in which specialization or generalization are

favored or which affect the action of selection on NB by altering the fitness landscape. These include models of individual, population, and species NB.

¢Macroevolutionary context models describe patterns of NB evolution across lineages, with NB considered at the species or lineage level.
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(Levins 1968)? MacArthur (1972) used the term “jack-of-all-trades, master-of-none” to describe
the costs of generalization, implying a trade-off between peak performance and performance
breadth. Hereafter, we refer to this as a performance breadth trade-off. Performance breadth

. . K Conditional
trade-offs can be conceptualized as performance or tolerance curves, in which the area under

. L. : o neutrality: a state in
the curve remains constant and is either flattened (generalist) or laterally compressed (specialist)  which alleles are

(Lynch & Gabriel 1987). favored in one

Many models for niche breadth evolution have such trade-offs as an underlying assumption ~ environment but
(Table 2). However, little evidence shows that direct trade-offs are ubiquitous or even very com- neutral in others
mon (Bennett & Lenski 2007, Forister et al. 2012, Whitlock 1996). Detecting trade-offs between
performance breadth and peak performance involves experiments that test whether organisms
(e.g., genotypes) that perform well across a wider range of environments do not perform best in
any one environment (i.e., a negative correlation between local performance and broad perfor-
mance). Many studies have now demonstrated positive correlations between performance breadth
and peak performance (e.g., Ketola et al. 2013), no correlation (e.g., Latta et al. 2012), or the
predicted negative correlations (e.g., Willett 2010).

Several interpretations have been made for a general lack of evidence for niche breadth—
performance trade-offs (see Huey & Hertz 1984). First, trade-offs may be difficult to detect.
Second, trade-offs may involve different performance dimensions (e.g., speed versus endurance),
rather than occurring within a single dimension. Third, trade-offs might be masked by adaptations
at higher levels of physiological organization, so they are not important constraints. For example,
trade-offs in enzymatic performance may be masked or compensated for by adaptations in muscle
tissue or limb enhancements (Huey & Hertz 1984). Finally, trade-offs may not exist or may not
be common enough to detect.

One question that remains relatively unexplored is where we expect fitness trade-offs to occur.
The thermal biology literature has focused (at least theoretically) on within-locus constraints
on enzyme function. For example, thermodynamic constraints might mean that enzymes that
function well at one temperature perform poorly at a different temperature (reviewed in Angilletta
et al. 2002; see also Huey & Hertz 1984). Other genetic trade-offs are described by antagonistic
pleiotropy or mutation accumulation (Cooper & Lenski 2000). Alternatively, adaptation is possible
without trade-offs (i.e., conditional neutrality) (Anderson et al. 2013). Bono et al. (2017) reviewed
experimental evolution studies and concluded that antagonistic pleiotropy, and hence trade-offs,
was more likely to occur in homogeneous environments in which selection is blind to costs that
would (hypothetically) occur in another environment. Interlocus trade-offs might also occur if
there are negative genetic correlations among genes.

Importantly, although trade-offs are often considered in only one dimension, this need not be
the case. In Daphnia for example, greater salt tolerance does not incur a fitness cost in low-salinity
environments but could incur a cost in terms of predator response (Latta et al. 2012). Similarly,
although Ketola et al. (2013) found a positive correlation between niche breadth and performance
in bacterial pathogens, generalists had reduced virulence (measured as the death rate in infected
flies, the bacterial hosts in this case), suggesting a fitness cost that might become apparent in
different ecological contexts.

As noted above, the existence of trade-offs is not a prerequisite for the evolution of special-
ization, and several models have been developed that describe the evolution of specialists in the
absence of fitness costs of generalization (see Remold 2012). For example, Whitlock (1996) and
Fry (1996) described models in which specialization evolves because, as a more specialized sub-
population arises, it increases in fitness more rapidly than a generalist subpopulation. Kawecki
(1994) described a similar model under which specialization evolves because of the accumulation
of mutations that are deleterious in environments to which a population has not yet been (or is
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not frequently) exposed. These conditionally deleterious mutations become fixed by drift, thus
precluding niche expansion or facilitating niche contraction.

3.3. Environmental Effects on Niche Breadth Evolution: Spatial Variation,
Temporal Variation, and Environmental Extremes

Environmental heterogeneity—in space, time, or both—is ubiquitous yet uneven in nature, and
unsurprisingly a large theoretical literature has examined its effects on the evolution of niche
breadth. Levins (1968) distinguished between fine- and coarse-grained scales of environmental
heterogeneity, which generally refer to variation experienced within and between individual life-
times, respectively. Two key questions emerge from theoretical models: how the scale of hetero-
geneity influences niche breadth evolution and how spatial and temporal heterogeneity interact.
Recently, studies have shown that temporal variation is a stronger predictor of niche breadth
than spatial variation (e.g., Lin & Wiens 2016). This finding is in general agreement with the
predictions of Lynch & Gabriel’s (1987) model, which suggested that spatial variation should
select for higher niche breadth only when within-generation temporal variation is also high.
This is because, in the absence of temporal variation, each individual experiences just a subset
of the available environments. Because this model considered niche breadth of a given genotype,
it focused explicitly on individual niche breadth and did not, therefore, consider the effects on
population niche breadth. In contrast to Lynch & Gabriel’s (1987) model, which emphasized the
importance of within-generation temporal variation for promoting higher niche breadth, Gilchrist
(1995) predicted that selection would favor a wider performance breadth only in environments with
high among-generation variation and low within-generation variation (although this model did
not consider spatial environmental heterogeneity). This scenario is supported by recent empirical
tests (Chan et al. 2016). Gilchrist distinguished performance breadth from tolerance breadth,
with the former describing the response of growth and reproduction to environmental conditions
(e.g., temperature) and the latter describing the probability of survival. It is thus possible for an
organism to be a performance specialist (performing well over a narrow range of conditions) while
maintaining a broad tolerance (surviving over a large range of conditions) (Gilchrist 1995).
Despite their differences, models incorporating temporal heterogeneity generally agree that
the scale of this heterogeneity, in relation to the life span of the organism, has a strong effect on how
abiotic conditions affect niche breadth evolution. An analogous situation for models incorporating
spatial heterogeneity is the effect of movement and dispersal ability on niche breadth, with greater
movement generally favoring a broader niche. Sultan & Spencer (2002), for example, modeled
a metapopulation in a heterogeneous environment and showed that a generalist genotype was
favored over local specialists as long as there was a moderate rate of movement between sites, even
under conditions in which local specialists had higher fitness within their home site.
Environmental extremes can also play an important role in the evolution of niche breadth.
"This topic has been examined particularly with respect to thermal niche breadth (e.g., Denny &
Dowd 2012, Hoffmann 2010, Sunday et al. 2011). Wiens et al. (2013) presented a conceptual
model for different ways in which niche breadth might vary among species distributed along
an environmental gradient, which included selection for specialization in extreme environments,
niche expansion with adaptation to extreme environments (e.g., Hoffmann & Parsons 1993), or
niche shift without concurrent change in niche breadth (e.g., Hoffmann et al. 2002). Although
few specific tests of these alternatives are available (but see Bonetti & Wiens 2014, Wiens et al.
2013), the thermal tolerance literature provides strong support for unidirectional niche breadth
change along an environmental gradient. A large body of work (particularly for ectotherms) shows
that heat tolerance is conserved across lineages, whereas cold tolerance varies (e.g., Aratjo et al.
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2013, Hoffmann etal. 2013). These studies demonstrate that species in cold climates typically have
broader thermal niches than those from warm climates. A recent theoretical model by Buckley &

Huey (2016) also supported an asymmetrical effect of environmental extremes on niche breadth. . .
Allopatric speciation:

a form of speciation,
niche shifts—rather than expansions—are expected in tropical environments in which temperature  whereby a new species

ranges are narrower. This, in part, is due to reduced genetic variation from heat-related mortality ~ forms outside of the

Although thermal extremes are expected to promote niche expansion in temperate environments,

(selection) as well as the physical challenge heat stress imposes on biological structures (e.g., ~geographic
proteins) distribution of an

ancestral species

3.4. Competition and the Niche Breadth of Individuals and Populations

The niche breadth of a population (or species) can evolve via changes to individual niche breadth
or through variation among individuals (i.e., variation among genotypes) (Bolnick et al. 2003,
Roughgarden 1972, Van Valen 1965). Taper & Chase (1985) examined niche breadth evolution
under intraspecific competition and showed that it reaches a stable value: If either individual niche
breadth or among-individual variation is constrained, the other expands to compensate (though
this is likely to apply only to the use of resources for which individuals compete). Thus, clues as to
where constraints on niche breadth evolution exist might come by examining the distribution of
niche breadth across the biological/phylogenetic hierarchy. Taper & Chase’s (1985) model points
to decoupled changes in the two components of population niche breadth, which has also been
shown experimentally (Bolnick et al. 2010).

One area in which decoupled changes in niche breadth evolution have frequently been tested
is in the context of density dependence. Intraspecific competition is considered to be one of the
primary drivers of among-individual variation (individual specialization; see Bolnick et al. 2003),
with theory predicting an increase in phenotypic variation—and thus population niche expansion—
as competition increases (niche variation hypothesis; see Van Valen 1965) (see also Bolnick 2001,
Svanbiick & Bolnick 2005). Experimental studies have supported theoretical predictions, with
increases in competition associated with diversification in resource use among individuals (e.g.,
Martin & Pfennig 2009, Svanbick & Bolnick 2007, Svanbiick & Persson 2004). Similarly, Bolnick
et al. (2007), examining several animal taxa, and Costa et al. (2008), examining lizards, showed
that expansion of the population niche breadth is frequently accompanied by greater among-
individual variation. Notably, this diversification can arise without a change in individual niche
breadth (Svanbiick & Bolnick 2007, Svanbick & Persson 2004).

3.5. Adaptation or Speciation? Niche Breadth and the Tension
Between Micro- and Macroevolution

Niche breadth might play a significant role in shaping patterns of adaptation and diversification.
For example, specialization has long been argued to promote population subdivision and, thus,
increase rates of allopatric speciation (Futuyma & Moreno 1988). However, specialization permits
the coexistence of more species via finer partitioning of the available niche space (Dyer etal. 2007).
Niche expansion could also promote speciation if niche breadth is maintained by the development
of stable polymorphisms in sympatry, a debated topic (Coyne & Orr 2004).

Adaptive diversification and niche expansion represent contrasting outcomes of frequency-
dependent competition for resources (Ackermann & Doebeli 2004). When variation in the avail-
able resources is large relative to niche breadth, adaptive diversification is favored, which might,
in turn, lead to speciation (Dieckmann & Doebeli 1999). However, an alternative scenario is that
niche breadth expands, which hinders, rather than promotes, phenotypic divergence. Notably,
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Sympatric speciation:

a form of speciation,
whereby a new species
forms within the
geographic
distribution of an
ancestral species

Niche filling:
expansion of the
realized niche to fill a
greater proportion of
the fundamental niche

Niche unfilling:
contraction of the
realized niche to fill a
smaller proportion of
the fundamental niche
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these are alternative scenarios from only an individual perspective. The effect on the population
niche breadth is the same (i.e., niche expansion), regardless of the mechanism, until divergence
proceeds far enough for sympatric speciation.

In a model of niche breadth change and diversification under different scenarios of costs and
benefits to niche expansion, Ackermann & Doebeli (2004) found that, when niche expansion
was costly in terms of resource uptake, adaptive diversification leading to speciation was favored.
Without costs to niche expansion, however, a generalist phenotype evolved that precluded the
development of divergent specialist lineages. Although these models focused on individual niche
breadth, the same ideas can be scaled up to the population level. When, for example, is local
adaptation favored? If speciation is driven by divergent natural selection in different environments,
it is implied that niche breadth first expands—at least at the species level—and is followed by
lineage splitting (Dieckmann & Doebeli 1999, Schluter 2000). Janz & Nylin (2008) proposed a
mechanism to explain the high diversity of phytophagous insects; in this mechanism, a specialist
adapts to new hosts (i.e., increases its niche breadth), followed by a process of parapatric/sympatric
speciation and/or geographic range expansion and local adaptation and finally speciation driven by
divergent natural selection in different environments across the newly expanded range (Schluter
2009). This process is envisaged to repeat, so that a lineage oscillates between having a broad
niche breadth and being comprised of several taxa with narrower niche breadths. An alternative
model of niche evolution is that niche breadth is relatively fixed at the species level, and species
shift, rather than expand, their niche (musical chairs hypothesis) (Hardy & Otto 2014). There are
few explicit tests for either hypothesis, though Hardy & Otto (2014) found support for the latter
among papilionid butterflies. Reflecting on these major mechanisms of niche breadth evolution
allows us to identify key tensions and recent insights gained in the practice of niche breadth
research.

4. KEY TOPICS AND EMPIRICAL RESEARCH ON THE STUDY
OF NICHE BREADTH EVOLUTION

4.1. Detecting Niche Breadth Evolution Versus Fundamental Niche Filling

The study of niche breadth evolution is essentially concerned with changes in the fundamental
niche. Nevertheless, although niche and range limits often coincide (Hargreaves et al. 2014), for
many and perhaps most species, the realized niche is considerably smaller than the potential niche.
As a species niche expands or contracts, we must therefore be able to distinguish between changes
to the realized niche breadth by niche filling or niche unfilling—niche space occupied in a native
range yet unoccupied in an invaded range (see Guisan et al. 2014)—and those brought about by
evolution.

4.1.1. Insights from transplant experiments. One of the only direct ways to test the extent
to which a species currently occupies its entire fundamental niche is via transplant experiments,
whereby individuals are moved beyond their natural range and population persistence is recorded.
In such studies, range limits are considered to represent the borders of the realized niche, and
so the question is whether the realized niche is equivalent to the fundamental niche. Reviewing
evidence from transplant experiments in plants, Hargreaves et al. (2014) found, in roughly half of
the studies examined, that range limits coincided with fundamental niche limits, with individuals
performing poorly when transplanted beyond their range boundaries. In a quarter of the studies,
however, they found that range limits failed to represent fundamental niche limits. This is strong
evidence that, for a considerable proportion of species, the realized and fundamental niches are
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quite different. Other studies also suggest that current range limits frequently lag behind potential
range limits (e.g., Svenning & Skov 2004).

The concordance between range and niche limits is particularly important for the study of .
Introgression:

incorporation of alleles
(Table 1). If species differ only in realized niche breadth, then estimates of rates and directions of  from a species (or a

niche breadth evolution will necessarily be compromised. Comparing the results of transplant ex-  population) into the
periments and ecological niche models, which use association-based approaches to predict suitable ~ gene pool of a second
habitats across a landscape, Lee-Yaw et al. (2016) found that, in many cases, niche models appeared species (usually refers

t flow vi
to provide a reasonable estimate of the fundamental niche. As detected by Hargreaves etal. (2014), hc;greiré?z az‘gn‘;la

niche breadth evolution when niche breadth is estimated using association-based approaches

however, nearly a quarter of studies suggested a failure of range limits, and the bounds of habitat
suitability predicted by niche models, to meet niche limits (Lee-Yaw et al. 2016). Thus, although
measuring the fundamental niche can be both conceptually and logistically challenging, estimates
of niche breadth that are as close to the fundamental niche breadth as possible, using transplant,
response-based, or ecologically informed niche modeling approaches (Guisan & Thuiller 2005),
remain critical for studying and understanding how niche breadth evolves.

4.1.2. Insights from species introductions. Species introductions present an excellent opportu-
nity to study niche evolution (e.g., Petitpierre etal. 2012). In particular, they can help us distinguish
between (#) niche shifts without niche expansion, which might indicate evolutionary constraints
on niche breadth itself, and (b) niche expansion, which could indicate ecological constraints on
niche breadth or evolutionary release.

Although rapid niche evolution has been demonstrated in invasive species (e.g., Urbanski et al.
2012), remarkably few studies have tested changes in niche breadth. Guisan et al. (2014) recently
presented a detailed review of studies examining niche change in the context of biological invasions.
Their review focused on changes in the realized niche, and they provided a practical framework
for assessing niche change, which can be easily applied to changes in fundamental niche breadth. A
niche shift is considered to have occurred if there is a change in the centroid or limits of the niche.
Niche shift can occur without changing the niche breadth if expansion at one end of the niche
spectrum is accompanied by contraction at the other end. Under this framework, niche expansion
can occur by (#) a niche shift in the invading population, outside the niche of its source population
(species-level niche expansion only) with or without (b) an expansion of the niche in the invading
population (population- and species-level niche expansion). As an example of the first scenario,
Hill etal. (2013) found thatinvasive populations of the red-legged earth mite (Halotydeus destructor)
had greater heat tolerance (measured experimentally) than populations in the native South African
range. This increased the overall species niche breadth (in this case defined by thermal tolerance
limits) by 2.5°C, compared with the native populations alone, but population-level niche breadth
was similar between native and invasive populations.

Niche shifts without expansion might indicate evolutionary constraints on niche breadth it-
self, whereas niche expansion in the introduced range might indicate other ecological limits on
niche breadth evolution. Interspecific competition might actively constrain niche breadth in the
native range, for example. Alternatively, evolutionary release might occur when novel genetic
combinations become available, for example, through genetic introgression with a native species,
producing new phenotypes upon which selection can act (Pfennig et al. 2016). Novel allelic com-
binations could increase adaptive potential through increasing genetic variation, the formation
of beneficial gene combinations, and/or increased phenotypic plasticity (see Pfennig et al. 2016).
For example, evidence from sunflowers shows that hybridization might facilitate colonization of
novel habitats (Rieseberg et al. 2003). Lastly, lack of opportunity for evolutionary change in the
native range may be a limiting factor for niche breadth evolution, with colonization providing the
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opportunity for selection to increase niche breadth. For example, niche breadth might expand
through adaptation to a host that was not present in the native range (see examples in Moran &
Alexander 2014). This is different from niche filling (see Guisan et al. 2014), which involves an ex-
pansion of the realized niche, without adaptive evolution. It is also possible, at least theoretically,
for an invading population to specialize within a subset of the native population’s fundamen-
tal niche (the equivalent of Guisan’s niche unfilling). In this instance, the species-level niche
breadth would be unchanged but the population niche breadth of the invading population would
decrease. The conceptual framework used for these realized niche shifts is useful in promoting
testable hypotheses for niche breadth evolution. More studies of niche breadth change that use
such frameworks and experimental evidence are needed to understand how niche breadth evolves
in introduced species (e.g., to determine whether expansion involves changes to the realized or
fundamental niche), and answers to these questions may have important implications for species
management.

4.2. Directionality of Niche Breadth Evolution

For many years, the prevailing view has been that specialization is an evolutionary dead end
(Schluter 2000), with niche breadth proceeding as a directional process of specialization. With
the increasing availability of phylogenetic data, testing for directional trends in niche breadth
evolution is feasible (Day et al. 2016, Schluter 2000). Perhaps surprisingly, the dead end paradigm
of specialization is not well supported, and many studies have shown niche shifts or expansions from
specialist lineages. For example, biome shifts (e.g., Donoghue & Edwards 2014) represent lineage-
level niche expansion and are a regular feature of plant evolution. Niche breadth can expand and
contract in different lineages over evolutionary time. In fact, among taxa for which directional
shifts have been tested, most show one or more transitions from specialist to generalist, almost
half show a specialist-to-generalist bias, and few studies find support for a model of directional
evolution over a nondirectional model (see further discussion in Section 4.3). The phylogenetic
depth under consideration is an important factor influencing the interpretation of directional
trends. Over macroevolutionary time scales, some features may evolve that are complex, are not
easily reversible, and/or commit an organism to a specific way of life (e.g., genome duplication
and subsequent pseudogenization). Nevertheless, such changes do not appear to be biased toward
specialists (see Gardiner et al. 2008), and irreversible specialization should not be assumed.

4.3. Niche Breadth and Diversification Rate

An important question is whether niche breadth acts as an evolutionary driver, in terms of both
diversification and adaptation (see Section 4.4). Although the question of whether niche breadth
influences diversification rates is fairly straightforward and might ensue through several different
mechanisms, it has been remarkably neglected. In part, this stems from the need for robust phy-
logenies, and accordingly, several studies have recently tested this relationship using advances in
molecular tools. Nevertheless, the authors are unaware of formal models that test the effects of
niche breadth on diversification rates or conceptual models that provide contrasting predictions
(Nyman 2010).

Diversification rate encompasses the rates of both speciation and extinction, and specialization
is thought to increase both, thus increasing rate of species turnover (Dall & Cuthill 1997). The
most accepted scenario is one of higher diversification rates with narrower niche breadth, yielding
a negative correlation between niche breadth and diversification rate (e.g., Hardy & Otto 2014).
For example, one argument for specialist lineages having greater diversification rates is that
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they are more likely to suffer from resource limitations and are therefore more susceptible to
environmental changes, range fragmentation, and local extinctions than are generalist lineages,
such that allopatric speciation occurs more frequently (Vrba 1987). Using simulation, Qiao et al.
(2016) predicted that diversification rates should be highest when rates of climatic change are
high, niche breadth is low, and dispersal ability is low. Of these parameters, niche breadth had
the strongest independent effect on speciation rates, whereas dispersal ability had the strongest
independent effect on extinction rates.

An alternative view is that generalists should have higher rates of diversification because they
typically have larger range sizes (Slatyer et al. 2013) and are therefore more likely to have these
ranges fragmented by ecological or geographical barriers over evolutionary time, promoting al-
lopatric speciation (see Rolland & Salamin 2016). Thus, specialists and generalists can each be
predicted to have higher diversification rates under different conceptual frameworks.

Among the few studies that have tested for a niche breadth—diversification relationship, a clear
consensus has not been found. Gémez-Rodriguez et al. (2015), for example, found a positive
relationship between family-level niche breadth and diversification rate among amphibians but
only a weak relationship between the average species-level niche breadth and diversification. By
contrast, other researchers (Hardy & Otto 2014, Rolland & Salamin 2016) have found higher
speciation and net diversification rates for specialist lineages. Of course, niche breadth may not
be a primary contributor to diversification rates. For example, niche position, which describes the
distribution of resources across a landscape, might have a stronger influence on range size (and
processes related to range size, as described above) than niche breadth does (Hanski et al. 1993).
In some cases, niche breadth and diversification rates might simply covary. For example, among
amphibians, diversification rates tend to be higher in the tropics, and niche breadth can be either
narrower (precipitation niche breadth) or wider (temperature niche breadth) in the tropics (see
Kozak & Wiens 2010). Studies that can further address how niche evolution, and its many facets,
interacts with diversification rates are needed.

4.4. Niche Breadth and Rates of Niche Evolution

Niche breadth might also influence the rate of adaptation (i.e., niche evolution) independently of
its relation to speciation processes (Section 3.5). If all species in a region have broad niches, the
potential for divergence between those niches—and thus the potential for niche evolution—is small
(Fisher-Reid et al. 2012). Additionally, Huey & Kingsolver (1993) showed, through modeling,
that populations with a broad thermal niche were slower to match their mean phenotype to
the environmental conditions, and Whitlock (1996) suggested that species with a narrow niche
might be able to evolve more quickly than those with a broad niche. Thus, at both broad (i.e.,
regional, species-level) and fine (i.e., individual-level) scales, niche evolution might be expected
to proceed more slowly in generalists (Kassen 2002). However, the few studies that have tested
this hypothesis illustrate inconsistent outcomes (Fisher-Reid et al. 2012, Lavergne et al. 2013,
Satterwhite & Cooper 2015).

4.5. Genetic Variation and Constraints on Niche Breadth Evolution

The capacity for niche breadth evolution clearly depends on the ability of organismal genomes to
produce the phenotypes upon which natural selection may act. Understanding the genetic basis
for phenotypic variation is necessary to accurately assign costs and constraints to niche breadth
evolution (Rockman 2012). Because most genes underlying ecologically relevant characters are
still unknown in most species, quantitative genetic methods to assess genetic variances and
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covariances (evolvability) that affect response to selection (reviewed in Houle 1992) can provide
useful insight. A number of studies provide evidence for genetic constraints to trait evolution
(reviewed in Futuyma 2010). However, it has been questioned whether quantitative genetic

Epigenetic: . . . .
falcluiative heritable parameters such as genetic correlations cause meaningful constraints (Conner 2012), and others
changes in gene argue that selection may actually deplete genetic variance faster than the rate at which favorable

expression that donot  mutation can generate it for complex, multitrait adaptations (Blows & Hoffmann 2005).

involve changes to Genomic investigations, particularly genome scans, are beginning to elucidate genes and suites
underlying nucleotide
sequence (e.g., DNA
methylation, histone
modification) genes evolving in multiple lineages. The genetic architecture of genomes that underlie phenotypes
includes several potential features, such as gene/genomic duplications, mobile (transposable) el-

ements, regulatory changes, accelerated coding evolution, novel microRNAs, structural changes

of adaptive genes related to recurrent adaptive evolution. For example, Yassin et al. (2016) ex-
amined evolution on toxic resources in Drosophila sechellia and identified multiple detoxification

(inversions), and hybridization/introgression. Investigations of the genomes of adaptively radiat-
ing clades (reviewed in Berner & Salzburger 2015) have recently attempted to identify common
features that may underlie this genetic capacity for adapting or responding to novel environments.
Although some common elements have been identified, general trends have yet to emerge, given
the relative infancy of multigenome sequence generation. For example, a recent investigation of
cichlid phenotypic diversity and adaptive radiations found support for multiple molecular mecha-
nisms at work (Brawand et al. 2014). Comparative genomics studies could provide clues as to why
certain adaptations have not arisen among closely related species (but see limitations discussed
in Berner & Salzburger 2015). Wedding comparative genomic methods that identify candidate
adaptation genes with empirical tests of candidate loci may provide a way forward: for example,
empirical tests of resource utilization (carbon utilization, secondary metabolism, and stress re-
sponse; see de Vries et al. 2017), physiological tolerances (temperature and drought tolerance; see
Ojeda Alayon et al. 2017), and application of reverse mutagenesis technologies (see Curtin et al.
2017).

The search for genetic variants underlying important phenotypic traits is complicated by ob-
servations of phenotypic plasticity—the ability of one genotype to produce different phenotypes
depending on environmental conditions (Nonaka etal. 2015; see sidebar titled Phenotypic Plastic-
ity Versus Niche Breadth). Epigenetic variation is emerging as a molecular mechanism moderating
between environment and genotype and enabling rapid adaptive phenotypic responses to environ-
mental stimuli and stressors (Rey et al. 2016). Environmentally induced epigenetic changes have
been found to (#) facilitate plasticity and broaden resource use (extreme sugar environments) and
niche width in a nectar-living yeast (Herrera et al. 2012), (b) correlate with response to salinity
gradients in select species (Foust et al. 2016), and (c) mediate genetic variation for plasticity in
drought stress response of offspring relative to their parents (Herman & Sultan 2016). Epigenetic
variation has been hypothesized to be a precursor to, and even a facilitator of, more lasting genetic
change (Yona et al. 2015), an idea consistent with plasticity-first hypotheses of the evolution of
organisms (Levis & Pfennig 2016). In this vein, epigenetic variation may influence the capacity
for niche breadth evolution.

5. NICHE BREADTH AND CONSERVATION UNDER GLOBAL CHANGE

Understanding the determinants of niche breadth, and whether and how niche breadth can be
predicted from abundance and distributions, has no better application than anticipating population
and species responses to global climate change. With global change, ecological communities
may disassemble as individual species shift their ranges (Thuiller et al. 2004), resulting in new
interspecific relationships (e.g., competition, symbiosis) and changes to the realized niche.
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“How much can a species’ niche expand (i.e., through adaptation) or shift to accommodate con-
temporary climate change?” is a critical question. Climate acts as a major constraint on the niche,
yet there are many indirect risk factors with global change aside from climate effects (Alexander
et al. 2015). Thermal extremes, and how species respond to them at ecological and evolution-
ary timescales, are important aspects of species’ responses to climate change (Khaliq et al. 2014,
Sunday et al. 2011). When the limits of the fundamental niche are surpassed (the lowest or the
highest temperature tolerance), a shift or an expansion in the niche breadth may occur (Bakkenes
et al. 2002). Nevertheless, the vulnerability of cold-adapted taxa to increased warming may be
inflated (Aradjo et al. 2013).

How niche breadth is partitioned (Section 2.3) and whether common and rare taxa differ in their
niche breadth, and thus their endangerment under global change, are critical questions (Colles
et al. 2009). There are concerns and signals of global decline of specialist species (Clavel et al.
2011). However, there is a paucity of experiments comparing rare and common taxa for their
environmental and ecological tolerances. To our knowledge, no study has experimentally tested
rare and common species for comparative performance in field conditions, although a handful of
comparisons have been made in laboratory settings (e.g., Kellermann et al. 2009, Sheth & Angert
2014). Using experimental approaches, especially in the field, as well as genetically informed
(Tkeda et al. 2017) and ecologically informed (Preston et al. 2008) niche modeling, we can greatly
improve our assessments of species tolerances, responses, risk, and conservation under global
change.

SUMMARY POINTS

1. Niche breadth is a fundamental concept for understanding adaptation, speciation, range
shifts, and ecological and evolutionary response to climate change.

2. Niche breadth is multifaceted, and the study of its evolution is likewise diverse, covering
many different subfields of evolutionary ecology. Niche breadth encompasses myriad
scales, definitions, and applications.

3. Environmental and ecological contexts of niche evolution can affect both breadth and
how niche breadth is distributed across scales.

4. Trade-offs in the evolution of niche breadth are not ubiquitous in nature, and thus
they should not necessarily be assumed in models of niche breadth evolution. In this
vein, conditional neutrality may be a stronger driver of niche breadth evolution than
antagonistic pleiotropy.

5. Niche breadth does not appear to evolve in a unidirectional manner, and specialization is
not necessarily an evolutionary dead end. This research area has benefitted greatly from
the rapid accumulation of large phylogenies over the last decade.

6. Beyond experimental evolution experiments with microorganisms, transplant studies and
(intentional or unintentional) species introductions might provide the best opportunities
to study the process of niche breadth evolution. Such studies have already demonstrated
that niche breadth can expand rapidly via adaptive evolution.

7. Niche breadth evolution could affect how species respond to climate change, habitat
disturbance and other environmental stressors.
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FUTURE ISSUES

1. How is niche breadth partitioned across the biological hierarchy (populations, species,
genera, etc.)? Related to this, the development of models, and accompanying empiri-
cal tests, to understand how individual-, population-, and species-level niche breadths
respond to environmental extremes is needed. Environmental extremes are likely to in-
crease with climate change and might be more important than changes in means.

2. Isniche breadth actually important to rates of adaptive evolution and, along a similar vein,
do rare species actually have narrower niches than common species? These questions are
important for understanding extinction risk under global change and whether rare species
might face a double jeopardy of rarity and vulnerability. Alternatively, if specialists can
adapt more quickly than generalists, we might see alternative evolutionary strategies for
coping with environmental change (i.e., specialists adapt, generalists cope).

3. Many earlier models assumed performance breadth trade-offs, which may not be common
or could be masked by unmeasured multidimensional trade-offs. If conditional neutrality
is a more important driver of niche breadth evolution, new models need to be developed.

4. Are there cross-scale or cross-axis trade-offs in niche breadth evolution, and to what
extent is the fundamental niche breadth at different scales linked or decoupled? There
are tests of the latter using the realized niche but few examples for axes of the fundamental
niche.

5. More studies measuring evolution of the fundamental niche breadth in natural popula-
tions (i.e., to complement and corroborate microcosm studies), and at multiple ecological
scales simultaneously so that trade-offs or parallel changes across scales can be detected,
are needed.

6. Understanding the genetic architecture of niche breadth is of particular importance.
What are the genomic differences between closely related taxa having wide and narrow
niche breadths? To what extent is specialization or niche expansion driven by a lack of
genetic variation?
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