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abstract: Evolutionary biologists have long trained their sights on
adaptation, focusing on the power of natural selection to produce relative ﬁtness advantages while often ignoring changes in absolute ﬁtness.
Ecologists generally have taken a different tack, focusing on changes in
abundance and ranges that reﬂect absolute ﬁtness while often ignoring
relative ﬁtness. Uniting these perspectives, we articulate various causes
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of relative and absolute maladaptation and review numerous examples
of their occurrence. This review indicates that maladaptation is reasonably common from both perspectives, yet often in contrasting ways.
That is, maladaptation can appear strong from a relative ﬁtness perspective, yet populations can be growing in abundance. Conversely,
resident individuals can appear locally adapted (relative to nonresident
individuals) yet be declining in abundance. Understanding and interpreting these disconnects between relative and absolute maladaptation,
as well as the cases of agreement, is increasingly critical in the face of
accelerating human-mediated environmental change. We therefore present a framework for studying maladaptation, focusing in particular on
the relationship between absolute and relative ﬁtness, thereby drawing
together evolutionary and ecological perspectives. The uniﬁcation of
these ecological and evolutionary perspectives has the potential to bring
together previously disjunct research areas while addressing key conceptual issues and speciﬁc practical problems.
Keywords: adaptation, ﬁtness, global change, maladaptation.

A Special Feature on Maladaptation
As the introductory article for this Special Feature on Maladaptation, we present a framework for understanding processes and patterns of maladaptation. We synthesize current
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knowledge and unify ecological and evolutionary perspectives
on maladaptation, focusing on a joint consideration of absolute
and relative ﬁtness. We hope that our synthesis and the articles
that follow in this special feature catalyze productive study
at a time when it is perhaps most crucial—in the face of rapid
global change.

Why Do We Need a Focused Treatment
of Maladaptation?
Evolutionary biologists tend to emphasize the power of natural selection in generating adaptation to local environments
(Darwin 1859; Williams 1966; Endler 1986; Schluter 2000b;
Bell 2008; Hendry 2016). Justiﬁcation for this emphasis comes
from multiple lines of empirical evidence. First, reciprocal
transplant studies show that local adaptation is more common than not (Leimu and Fischer 2008; Hereford 2009). Second, estimates of selection in nature show that this force is
typically weak, implying that most phenotypes in most populations are reasonably close to local adaptive peaks (Estes
and Arnold 2007; Haller and Hendry 2014; Hendry 2017).
Third, natural populations possess reasonable levels of additive genetic variance in traits (Mousseau and Roff 1987; Houle
1998; Hansen 2006) and ﬁtness (Burt 1995; Hendry et al. 2018),
implying the potential for adaptation to be rapid and effective. Fourth, many populations show rapid—and apparently
adaptive—phenotypic responses to many forms of environmental change (Hendry and Kinnison 1999; Reznick and Ghalambor 2001; Hendry et al. 2008).
By contrast, ecologists and conservation biologists often
emphasize the imperfection of adaptation (i.e., maladaptation) by focusing on the apparent unsuitability of organisms
for local environments, especially in the modern world (Soule
1985; Primack 2006; Sodhi and Ehrlich 2010). This emphasis
stems from innumerable cases of declining populations, contracting ranges, and local or global extinctions or extirpations
(Carpenter et al. 2008; Urban et al. 2012; Dirzo et al. 2014;
Ceballos et al. 2017; Ripple et al. 2017; Wolf and Ripple 2017),
all occurring at a pace far greater than the background rate
(Pimm et al. 2014; Ceballos et al. 2015).
How are we to reconcile these starkly contrasting evolutionary versus ecological perceptions of the prevalence and
strength of adaptation versus maladaptation across the scope
of life on Earth? We suggest that the disagreement mainly
arises from the two groups using different ﬁtness metrics when
considering (mal)adaptation. Evolutionary biologists tend to
focus on relative ﬁtness: that is, an individual or population
is maladapted when it has lower ﬁtness than some other relevant reference individual or population (Fisher 1930; Wright
1931; Haldane 1932; table 1). This classic evolutionary view
focuses on changing genotype frequencies or trait values but
typically assumes constant population sizes (Wallace 1975;

Whitlock 2002; Bell 2008; Reznick 2015). Ecologists, by contrast, focus more on absolute ﬁtness: that is, a growing or stable population is perceived to be well adapted to present conditions, whereas a population in decline suggests maladaptation.
This classic ecological view focuses on changing population
size but typically ignores changes in genotype frequencies or
trait values (Elton and Nicholson 1942; Birch 1948; Hutchinson 1959; Levins 1969; MacArthur 1972; Anderson and May
1978).
Recognition of these contrasting emphases on absolute
versus relative ﬁtness is not new. For instance, Dobzhansky
(1968a, 1968b) wrestled with applying these distinctions, as
did Endler (1986), and attempts at reconciliation have been
made (e.g., Holt and Gomulkiewicz 1997; Hendry and Gonzalez 2008). Moreover, explicit attempts to conceptually and
quantitatively integrate the two perspectives are emerging.
For instance, the Price equation (Price 1970) has been modiﬁed and expanded to link evolutionary and ecological effects
on absolute and relative ﬁtness (e.g., Coulson and Tuljapukar
2008; Ozgul et al. 2009; Lion 2018; Ellner et al. 2019; Govaert
et al. 2019). A related body of work integrates evolutionary
and population dynamics through the lens of “evolutionary
rescue” (Gonzalez and Bell 2013; Gonzalez et al. 2013; Carlson et al. 2014). Despite such progress, many evolutionary
biologists and ecologists remain unfamiliar with the contrast
between these views of adaptation and maladaptation and
how they are interrelated.
Our goal in the present article is to bridge the ecological
and evolutionary perspectives on maladaptation. We start by
contrasting disparate deﬁnitions. We do not advocate a single uniﬁed deﬁnition or metric because, as noted above, different ﬁelds of biology already have well-established divergent traditions and perspectives. These differences have value,
reﬂecting different research priorities. For instance, the ﬁrst
concern of conservation practitioners is often whether population absolute mean ﬁtness is sufﬁcient to prevent population declines regardless of trait optimization that might preoccupy an evolutionary biologist.
We then summarize existing evidence concerning the prevalence and strength of maladaptation in nature. We emphasize how inference depends on one’s choice of metrics concerning ﬁtness (absolute vs. relative), phenomenon (process
vs. state), and assessment (qualitative vs. quantitative). As a
result, populations can appear maladapted from an evolutionary perspective (e.g., local types do not have higher ﬁtness
than immigrant types) yet nevertheless appear well adapted
from a demographic perspective (e.g., they are widespread,
abundant, and not declining; table 2). On the other hand, populations can appear locally adapted from an evolutionary perspective yet be declining in abundance (e.g., app. A, sec. A1;
apps. A, B are available online). We conclude by outlining
the key processes that can give rise to—and maintain—maladaptation from these different perspectives.
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Mee and Yeaman 2019

Genetic recombination resulting in the disassociation
of favorable combinations of loci. Loss of linkage
disequilibrium (across loci) favored by selection.
Biased segregation of alleles during, or shortly after,
meiosis that results in a distribution of alleles in
gametes that does not correspond to frequencies
expected by random segregation. Maladaptation
can evolve because selection favors “driven” alleles
that produce phenotypes with lower ﬁtness.
Neutral mutations are deleterious in nonlocal environments, causing “nonlocal maladaptation.”

Due to ongoing inputs of deleterious mutations.

Inﬂow of maladapted alleles from populations not
adapted to the local environment.

Nonlocal maladaptation (i.e., of imported genotypes)
can falsely indicate local adaptation via selection
rather than via conditionally maladaptive drift of the
imported reference population.

A likely cause of maladaptation in many classic and
contemporary (table 3) instances of relative
maladaptation.
Background mutation or mutagenic exposure
resulting in deleterious alleles. Invoked as a potential source of maladaptation in several studies of
adaptation to pollution (table 3).
Presumably a common source of relative and absolute
maladaptation, but also (like mutation or migration) a likely contributor to future adaptation.
Not well described in wild populations but theoretically capable of causing both relative and absolute
maladaptation.

Likely a common source of relative and absolute
maladaptation in wild populations, especially in the
case of heterozygote advantages.
A potential source of relative and absolute maladaptation in small populations.

Note: Generically, genetic load is a relative measure of ﬁtness disadvantage in a population (Crow 1970), with the point of reference and source of load varying among different versions of load. Our framework
deviates from the literature on load, which are all evolutionary, whereas we see the state of maladaptation as a broader phenomenon that can result from evolutionary environmental change.

Nonlocal load

Meiotic drive load (or
selﬁsh chromosomal
transmission)

Recombination load

Mutation load

Migration load

Drift load

Kimura and Crow 1964;
Crow 1970; Haag and
Roze 2007
Lynch et al. 1995; Whitlock
et al. 2000; Willi et al.
2013
García-Ramos and
Kirkpatrick 1997; Bolnick
and Nosil 2007
Muller 1950; Kimura et al.
1963; Lynch and Gabriel
1990; Agrawal and
Whitlock 2012
Charlesworth and Barton
1996; Haag and Roze
2007
Sandler and Novitski 1957;
Hiraizumi 1964;
Zimmering et al. 1970;
Lindholm et al. 2016

Segregation load
(or balanced load)

^ 2 W )=W
^ . Similar to genetic load, but
Typically (W
^ refers to most ﬁt genotype based on potential
W
mutations not yet present. It is often used to infer
potential rates of evolution in a population waiting
for optimal mutations. Also refers to population
decline following selection, with trait values lagging
behind shifting optimum.
Segregation of deleterious recessive alleles into
homozygotes, occurring in some but not all individuals in the population.
Segregating load that has become ﬁxed in the population due to drift.

All forms of genetic load indicate relative maladaptation and are ambiguous with regard to absolute
maladaptation. In ﬁgure 1, genetic load would be
proportional to the distance on the Y-axis between
the local optimum and mean population ﬁtness,
scaled by the former.
In ﬁgure 1, lag load would be proportional to the
distance on the Y-axis between the global optimum
and mean population ﬁtness, scaled by the former.
A likely cause of relative and absolute maladaptation in many contemporary studies of climate
change (table 3).

Typically formulated as (Wmax 2 W)=Wmax and often
thought of as “substitutional” load, which indicates
that Wmax occurs due to segregating genotypes
already present in population. Contrasts with lag
load below.

Haldane 1937; Muller 1950;
Crow 1970; Wallace 1970

Smith 1976; Burger and
Lynch 1995; Chevin et al.
2017

Relationship to maladaptation framework

Description

Key reference(s)

Lag load

Genetic load (encompasses
all types of load speciﬁed
below)

Type of genetic load

Table 1: Various forms of genetic load interpreted in the context of a framework for considering maladaptation
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Population size increased
dramatically during
this period.

Local populations are not
in decline.

Wood frogs exposed to high-salt environments beside roads perform poorly in
all environments, whether salty or not.

Resurrection experiments show that
Daphnia evolved decreasing metal
tolerance during the period of
increasing metal pollution.

Despite strong selection for increased
body size, average body size
actually decreased.

Local populations had lower ﬁtness
than transplants.

Roadside frogs

Daphnia in metalpolluted lakes

New populations of
barnacle geese

Local maladaptation
in a monkeyﬂower

Note: These examples highlight instances of an apparent disconnect between the relative and absolute perspectives of ﬁtness.

Daphnia persisted in the lakes
through the period of
heavy metal pollution.

Wood frogs are very abundant in roadside ponds,
perhaps more so than in
many woodland ponds
away from roads.

The introduced guppies
showed rapid increases
in population size following the experimental
introduction.

When guppies from highly parasitized
populations are introduced into
parasite-free environments, they rapidly
evolve increased parasite resistance.

Even though guppies cannot adapt
(at least not strongly) to oil pollution,
their competitors/predators/parasites
have an even harder time persisting in
oil-polluted environments. Hence, biotic
“enemy release” compensates for lack
of abiotic adaptation.
Rapid adaptation by the introduced guppies
to other environmental changes (e.g.,
predators and productivity) had the
pleiotropic effect of causing maladaptation with respect to parasite resistance.
Adaptation to those other environmental
changes was presumably more important
than the resulting correlated maladaptation to changes in parasites.
Populations fail to evolve higher ﬁtness in
roadside ponds due to persistent mutation, negative transgenerational plasticity,
or assortative migration (with roadside ponds attracting less ﬁt individuals).
Alternatively, incomplete ﬁtness
measures obscure local adaptation.
Heavy metal exposure might have caused
overall genetic damage that hampered
adaptation. Alternatively, trade-offs exist
between the evolution of contaminant tolerance and other traits mediating ﬁtness.
The environmental (plastic) effects of increasing competition for food, which
reduces individual growth rates, more
than offset any evolutionary tendency
for increasing body size.
Rapid climate change experienced by the
local population is similar to transplant
climate, and the local population is in
lag behind a new optimum.
Guppies are extremely abundant in oil-polluted environments, perhaps more
so than in many pristine
environments.

Trinidadian guppies

Hypothesized explanation

Absolute observation

Guppies from oil polluted environments
show no evidence of adaptation to oil
pollution in laboratory experiments.
They are maladapted in a home-versusaway comparison.

Relative perspective

Trinidadian guppies

System

Table 2: Examples of relative maladaptation without apparent negative population dynamic consequences

Kooyers
et al. 2019

Larsson et al.
1988

Rogalski
2017

Brady 2013,
2017

Dargent et al.
2013, 2016

Rolshausen
et al. 2015

Key
reference(s)
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a single deﬁnition of maladaptation, we embrace the idea
that the most appropriate deﬁnition in a given instance is
context dependent and depends on the goals of the researcher (for additional discussion, see app. A, sec. A2).
For this reason, researchers must clearly state their operational deﬁnition, what is being measured, what processes
are in play, and the relevant temporal and spatial scales
(ﬁg. 1; box 1).

Deﬁnitions and Frames of Reference
“I Do Not Think It Means What You Think It Means”
(Inigo Montoya, The Princess Bride)
Evolutionary biologists use the terms “adaptation” and “maladaptation” in diverse ways (Crespi 2000). For instance,
adaptation can refer to the existence of a trait necessary
for survival in a particular habitat (e.g., gills are an adaptation to water), the process of adaptive evolutionary change
(e.g., adaptation in response to natural selection), or the
state of having relatively high ﬁtness (e.g., residents have
higher ﬁtness than immigrants). Maladaptation then reﬂects
the ﬂip side: the absence of a necessary trait, the process of
declining ﬁtness, or a state of having relatively low ﬁtness.
Importantly, the state of maladaptation can arise from several maladaptation processes (e.g., evolution, environmental change), and the process of adaptation does not necessarily imply a state of adaptation. So rather than promote

Frame of Reference: Absolute or Relative Fitness?
The following discussion is based closely on Endler (1986),
who himself drew on writing by Dobzhansky (1968a, 1968b).
Evolution and ecology are fundamentally linked through
the concept of population mean absolute ﬁtness (W; Dobzhansky 1968a, 1968b; Endler 1986). With discrete nonoverlapping generations, this quantity can be the pergeneration per-adult mean number of zygotes that survive

Global
optimum

2.5

2.0

Fitness, W(x)

Local
optimum
Absolute
adaptation

1.5

Immigrant
mean fitness

4
Resident
population
3
mean

2
1

1.0

0.5

Most fit individuals

5

Absolute
maladaptation

0.0
−3

−2

−1

6

x_bar

0

1

Trait
distribution

2

3

Individual trait value, x
Figure 1: Fitness landscape (black curve) relating individual absolute ﬁtness (W) to individual phenotypic trait value, x. The landscape has
two optima: a local optimum (ﬁlled triangle) and a global optimum (open triangle). A focal resident population is shown, with its approximate mean ﬁtness indicated as a ﬁlled blue circle and its trait distribution indicated by a blue curve below that circle. When judging the
resident population’s extent of (mal)adaptation, four ﬁtness comparisons (vertical red arrows) and two trait comparisons (horizontal red
arrows) are possible (see also Hendry and Gonzalez 2008). For absolute ﬁtness (mal)adaptation, mean resident ﬁtness is compared with a
threshold mean ﬁtness value of 1.0 that corresponds to replacement rate (W ≥ 1: absolute adaptation; W ! 1: absolute maladaptation).
For relative ﬁtness (mal)adaptation, mean resident ﬁtness can be compared along the Y-axis to the mean ﬁtness of (1) another population
(open green circle), (2) the local optimum (ﬁlled black triangle), (3) the most ﬁt resident phenotype in the resident population (vertical blue
dotted line), or (4) the global optimum (open black triangle). For trait-based measures of (mal)adaptation, the same comparisons can be
made but for mean trait values along the X-axis. This landscape is conceived as a single environment; different environments would yield
different landscapes.
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Box 1: Terms associated with maladaptation
Term

Deﬁnition

Maladaptation

Absolute maladaptation
Relative maladaptation
Maladaptive
Maladapting
Apparent maladaptation

Putative maladaptation

1. State. Can refer to an individual or population with ﬁtness less than replacement (W ! 1; see absolute
maladaptation) or less than some comparative ﬁtness value (w ! 1; see relative maladaptation).
2. State. Can refer to a particular trait known to cause maladaptation as deﬁned above.
3. Process. The process of declining ﬁtness of a population through time. Can be measured in absolute or
relative terms.
Absolute ﬁtness (W) of a population or individual with ﬁtness less than replacement; thus, W ! 1.
Relative ﬁtness (w) disadvantage of a population or individual. Relative ﬁtness is measured as the
absolute ﬁtness of some focal entity divided by the absolute ﬁtness of a comparative entity (e.g.,
wResident p WResident/WImmigrant). Thus, w ! 1.
A term that can be used to describe a particular genotype or trait causing absolute or relative maladaptation (e.g., maladaptive performance, maladaptive genes, maladaptive traits).
A population in the process of declining ﬁtness. For example, a population encountering environmental
change and experiencing both relative and absolute ﬁtness declines can be said to be “maladapting.”
Evidence for maladaptation when a population is in reality adapted (thus, a population appears to be
maladapted when in fact it is adapted). This can occur through misdiagnosis (e.g., if inaccurate ﬁtness
proxies are used) or if temporal scale is insufﬁcient. In the latter, transient dynamics of true maladaptation could be considered apparent if on average the population is, over time, adapted (see
ﬁg. B1).
Can be used to describe plausible but inconclusive evidence for maladaptation (Crespi 2000), for instance, in nonmodel systems where ﬁtness is measured incompletely. Thus, a reciprocal transplant
showing revealing low resident compared with immigrant reproductive success but lacking data on
survival to adulthood could be described as putative relative maladaptation.

to reproduce (Arnold and Wade 1984; Hendry et al. 2018).
With continuous time dynamics, a closed population growing steadily at per capita rate r p dN=N dt will have a mean
ﬁtness that is approximated by equation (1).
W p eðN dt Þ
1 dN

ð1Þ

In this simple scenario, population mean absolute ﬁtness
is approximated as the population’s per capita growth rate
(Crow and Kimura 1970; Saccheri and Hanski 2006; Kinnison and Hairston 2007; Orr 2009; Wagner 2010), which
has been equated with the level of adaptation (Sober 1984;
Endler 1986). For a population at equilibrium (r p 0), each
individual on average replaces itself with one zygote that
survives to reproduce and, hence, W p 1. This threshold
thus serves as a qualitative absolute standard for (mal)adaptation: that is, a stable or growing population is adapted
to present conditions (r ≥ 0; W ≥ 1), whereas a declining
population is maladapted to present conditions (r ! 0;
W ! 1). How far W is above or below 1.0 then serves as a
quantitative measure of (mal)adaptation. This sense of absolute maladaptation is the one typically invoked by ecologists (whether explicitly or implicitly) when they report
negative rates of population growth (Ceballos et al. 2017;

Nowakowski et al. 2018). Of course, in empirical practice,
population growth can have a more complex relationship
with mean ﬁtness than what we have just presented.
As one example of the complexity, empiricists rarely
measure the above-described quantities but instead collect
data on reproductive rates or changing population sizes
over some period of time that can be shorter than a generation or can span multiple generations, which necessitates
approaches tailored to the relevant timescale. For instance,
when population growth is compounded over continuous
time with variation in population mean ﬁtness, the geometric mean (of the discrete time population means) rather
than the arithmetic mean is the better measure of mean ﬁtness (Charlesworth 1994), as often applied in analyses of
bet hedging (e.g., Simons 2009). Timescale also can have a
large effect on inferences for populations with cyclic changes
in density (Sinervo et al. 2000). When studied over short
timescales, maladaptation might be inferred when growth
rates are negative, and subsequent adaptation then might
be inferred when growth rates are positive. When cyclic
changes are studied over longer timescales, however, adaptation might be inferred because the population persists in a
stable limit cycle (Hassell et al. 1976; Kendall et al. 1999).
Each inference is correct within the scope of the timescale
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examined, or—more to the point—they mainly reﬂect different perspectives on population dynamics.
Evolutionary biologists frequently aspire to measure absolute individual ﬁtness, ideally the number of zygotes an
individual produces that themselves survive to reproduce
(Arnold and Wade 1984; Endler 1986; Hendry et al. 2018).
Such data are then typically used to calculate the relative ﬁtness of a focal phenotype or genotype (Orr 2009) to thereby
predict evolutionary change in allele frequency or mean
trait values. Additionally, data on absolute individual ﬁtness can be used to calculate the population’s mean and variance of absolute ﬁtness (Orr 2009; Gillespie 2010; Hendry
et al. 2018). Fisher’s fundamental theorem of natural selection (Fisher 1930; Price 1972; Burt 1995) states that the
mean ﬁtness should increase through time at a rate proportional to the variance in ﬁtness, which sets an upper boundary on the opportunity for selection. Thus, absolute ﬁtness
can be estimated for individuals or for groups of individuals
(e.g., genotypes), and each metric has a role to play in evolutionary or ecological theory and inference.
Typically, evolutionary biology quickly moves away from
absolute ﬁtness toward relative ﬁtness (Endler 1986)—that
is, absolute ﬁtness divided by some standard reference (details below). Conceptually, relative ﬁtness is more closely
tied with changes in phenotype or allele frequency because
the spread of an allele in a population depends on the absolute ﬁtness of that allele in relation to the absolute ﬁtness of
alternative alleles in the population.
Practically, empirical ﬁtness measures, whether absolute
or relative, often are incomplete proxies of lifetime ﬁtness
that do not necessarily equate with population growth rate.
A further complication is that absolute and relative ﬁtness
of a population can respond independently to selection, for
instance, when the mean phenotype moves toward the local
optimum but population size is stable (Wallace 1975; Wade
1985; Lenormand 2002; Whitlock 2002; for further discussion, see app. A, sec. A3).
Frame of Reference: Relative to What?
When calculating relative ﬁtness (wi) for a genotype or phenotype i, many possible references could be chosen for the
denominator (ﬁg. 1). A common reference in population
genetics is to compare individual ﬁtness to population mean
ﬁtness (e.g., wi p Wi =W; Lande and Arnold 1983). Hundreds of studies use this standardization to measure selection on traits in natural populations (Kingsolver et al. 2001;
Siepielski et al. 2017). This reference point is also particularly useful for calculating expected changes in allele frequencies over time when i denotes an allele. Alternatively,
the reference point is sometimes the most ﬁt observed phenotype or genotype in the population: wi p Wi = max(Wi ),
which ranges from 0 to 1. For instance, this standardization
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was used by Thurman and Barrett (2016) to compare 3,000
estimates of genotypic selection from 79 studies.
In studies of local adaptation (e.g., reciprocal transplant
experiments), two references are commonly used. First, native (resident) ﬁtness can be compared with nonnative (immigrant) ﬁtness in the same environment (w R p WResident =
max(WResident , WImmigrant )). Second, a focal population’s ﬁtness
in its native (home) environment can be compared with its
ﬁtness in a foreign (away) environment (w H pWHome =
max(WHome , WAway )); Blanquart et al. 2013; Kawecki and
Ebert 2004). Another standardization uses mean rather than
maximum ﬁtness in the denominator (e.g., w R pWResident =
mean(WResident , WImmigrant ); Hereford 2009).
Various frames of reference are also applied when inferring the ﬁtness and adaptation of traits—as opposed to
ﬁtness itself. We discuss these trait-based approaches in appendix A, section A4, noting that caution is needed whenever ﬁtness is inferred from trait values rather than measured
directly. In principle, ﬁtness also can be speciﬁed relative to
some plausible but hypothetical traits or scenarios, which
can be evaluated through modeling and/or breeding experiments (see app. A, sec. A5).
Tying It Together
Inferences about relative and absolute maladaptation will
sometimes correspond to each other, such as when climate
warming causes a phenotype-environment mismatch (relative maladaptation) that generates population declines (absolute maladaptation; e.g., Both et al. 2006; Pörtner and
Knust 2007; Willis et al. 2008) or when a resident population both is inferior to immigrants (relative maladaptation)
and has a mean ﬁtness below 1 (absolute maladaptation;
Saltonstall 2002; Pergams and Lacy 2007; Howells et al.
2012; Yampolsky et al. 2014). At other times, however, relative and absolute inferences will not correspond to each
other (table 2), such as when residents in polluted environments have lower ﬁtness than immigrants (relative maladaptation) yet the residents remain very abundant and
successful (absolute adaptation; Brady 2013, 2017; Rolshausen et al. 2015; Rogalski 2017). Conversely, a declining local
population (absolute maladaptation) might nevertheless
maintain a relative ﬁtness advantage in its home environment over individuals from other populations in the same
environment (relative adaptation; Brady 2012; Lane et al.
2019).
Because of the complementary information gained from
studying both relative and absolute ﬁtness, we advocate
reporting and interpreting results in the light of both perspectives, as contemporary studies are increasingly doing
(table 3). Combining these perspectives can yield important
insights, such as whether relative adaptation that lags environmental change impacts population size or community
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An invasive parasitoid is
attracted to the mating
signals of an (also invasive) cricket.
Increased snowfall delays
snowmelt and the timing of emergence from
hibernation.
Phenological trait (i.e., emergence)
is delayed.

Climate change is increasing the
mismatch between dates of egg
laying and dates of peak food
abundance.
Loud mating calls by male crickets
attract the invasive ﬂies.

Relative ﬁtness was indistinguishable between local and
transplants squirrels. Emergence appears to be plastic.

In fewer than 20 generations, 90%
of population shifted to a silent
“ﬂatwing” mutation.

Nestling survival decreases as the
mismatch increases.

Selection typically favors earlier
spring ﬂowering.

Selection typically favors earlier
spring breeding.

Reciprocal transplants show
strong selection against maladaptive morphs.

Transplant experiments in the
outlet show weak (if any) local
adaptation.

Inference regarding
relative ﬁtness

Delayed timing of emergence
causes population declines.

Populations are not declining
because reduced nestling survival decreases competition
among ﬂedglings.
A massive decline in cricket
abundance following invasion
of the ﬂy.

Where the migration versus laying date mismatch is greatest,
populations are declining at
the highest rate.
Species least able to advance
their spring ﬂowering dates
have become extirpated.

Higher frequencies of maladaptive morphs lead to lower
population sizes.

Population densities in the outlet
are very low.

Inference regarding
absolute ﬁtness

Lane et al. 2019

Zuk et al. 2006

Reed et al. 2013

Willis et al. 2008

Moore and
Hendry 2009;
Moore et al.
2007
Bolnick and
Nosil 2007;
Nosil 2009;
Farkas et al.
2016
Both et al. 2006

Key reference(s)

Note: The goal of this table is to highlight cases where studies from nature have considered both perspectives, regardless of the speciﬁc cause of maladaptation (e.g., gene ﬂow vs. environmental change),
regardless of whether the two perspectives yield similar interpretations, and even if the precise inferences are not yet entirely certain.

Columbian
ground
squirrels

Hawaiian
crickets

Climate change that is
advancing the dates of
spring warming.

Climate change that is
advancing the dates of
spring warming.

Flowering
plants in
“Thoreau’s
woods”
Dutch great
tits

Departure dates from
overwintering sites are too late
to enable early egg-laying date
on arrival at breeding sites.
Some species do not advance their
spring ﬂowering dates despite
advancing spring temperatures.

High frequency of maladaptive
(i.e., noncryptic) morphs on
each host plant.

High gene ﬂow between
adjacent populations
on different host plants.

Climate change that is
advancing the dates of
spring warming.

Substantial deviation of observed
from expected phenotypes in
the outlet.

Inference regarding trait
maladaptation

High gene ﬂow from
an adjacent lake
population.

Primary cause
of maladaptation

Dutch ﬂycatchers

Misty outlet
stream
stickleback
Timema
walkingsticks

System

Table 3: Recent studies of maladaptation that incorporate both relative and absolute perspectives

Understanding Maladaptation

Migratory
Rescue

relatively well adapted, whereas declining populations are
relatively maladapted. However, the two perspectives do
not correspond in some areas of the ﬁgure—and we now
focus on those interesting situations.
The bluish triangle in the top right quadrant corresponds
to a population that is simultaneously in a state of relative
maladaptation (residents have lower ﬁtness than immigrants) and absolute adaptation (the resident population
is stable or growing). As a putative real example of this situation, Japanese knotweed (an invasive plant in northeastern North America) exhibits high population growth, but
within the species’ invasive range resident genotypes tend
to perform more poorly relative to immigrant genotypes
transplanted from elsewhere in the invasive range (VanWallendael et al. 2018). Other examples are suggested in
table 2.
Conversely, the white triangle in the lower left quadrant
of ﬁgure 2 corresponds to a state of simultaneous relative
adaptation and absolute maladaptation. This situation can
arise when, for example, severe environmental change threatens an entire array of populations without changing their
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dynamics (Lane et al. 2019; McAdam et al. 2019) or whether
maladaptation is persistent or context dependent (Simons
2009; T. E. Farkas, G. Montejo-Kovacevich, A. P. Beckerman, and P. Nosil, unpublished data). To generalize further, ﬁgure 2 represents the relationship between relative
and absolute ﬁtness for a resident population subject to immigration from a different environment. We plot the mean
absolute ﬁtness (W) of residents in their native environment (WR ) against the mean absolute ﬁtness of immigrants
from some other environment (WI ). The diagonal blue line
represents identical ﬁtness for immigrants and residents
(WI p WR ). Below this line, residents have higher ﬁtness
than immigrants (WR =W I 1 1:0), indicating relative adaptation of residents. Above this line, immigrants have higher
ﬁtness than residents (W R =W I ! 1:0), indicating relative
maladaptation of residents (e.g., Kooyers et al. 2019). On
the same graph, absolute adaptation versus maladaptation
of the focal population is indicated by the vertical black line
at W p 1, with maladaptation to the left (W ! 1). In much
of the ﬁgure space, the absolute and relative perspectives
correspond. That is, stable or increasing populations are
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1.5

2.0

Resident mean absolute fitness in habitat A
Figure 2: Depiction of the relationship between relative and absolute measures of ﬁtness, where the reference point for relative ﬁtness
involves a comparison of native versus immigrant genotypes. Focusing on a single resident population, we can measure the mean ﬁtness
of both the residents (X-axis) and immigrants (Y-axis) and contrast the ﬁtness of residents versus immigrants. See the text for a description.
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relative degree of local adaptation. As an example, the butterﬂy Boloria aquilonaris is declining and predicted to become extinct in the Netherlands due to decreasing host
plant quality. Yet this seemingly moribund population remains better adapted to its local environment than immigrants from the stable Belgian population (Turlure et al.
2013). As another example, Lane et al. (2019) report on environmental change causing declines in populations of a
ground squirrel, yet the authors ﬁnd equivalent responses
for imported populations. Other putative examples are provided in table 3.
Figure 2 also makes clear the relationship between
(mal)adaptation as a state versus a process. In the discussion
above, we have focused on state (a point on the ﬁgure). The
process of maladaptation entails a resident population’s ﬁtness moving horizontally from right to left, with the process
of adaptation being the opposite. Thus, the process of (mal)adaptation can occur whether the population is presently
adapted or maladapted in either a relative or an absolute
sense. As one example, evolutionary rescue is a process of
adaptation moving a population from a state of absolute
maladaptation to a state of absolute adaptation (Marshall
et al. 2016)—that is, from left to right across the black line
in ﬁgure 2. Conversely, evolutionary suicide (Gyllenberg et al.
2002) or evolutionary traps (Schlaepfer et al. 2002) entail
change in the opposite direction. Finally, as described in appendix A, section A6, the lines in ﬁgure 2 can be modiﬁed
(red dashed line) to account for the negative or positive effects
of immigrants on the mean ﬁtness of a resident population
(Tallmon et al. 2004; Bolnick and Nosil 2007). Populations
can, of course, move across the space depicted in the ﬁgure
due to environment change, evolutionary and demographic
responses, and eco-evolutionary feedbacks. For instance,
Urban et al. (2019) demonstrate how maladaptation can facilitate eco-evolutionary interactions in a community framework and thereby mediate range and invasion dynamics.

How (Mal)adapted Is Life?
Throughout the history of evolutionary biology, scientists
have tended to emphasize the prevalence and power of natural selection (Darwin 1859; Endler 1986; Cain 1989). Indeed, natural selection is the sine qua non of adaptation,
causing traits to differ adaptively between environments
(Schluter 2000a), local individuals to have higher ﬁtness
than foreign individuals (Nosil et al. 2005; Leimu and Fischer 2008; Hereford 2009), populations to persist through
environmental change (Burger and Lynch 1995; Gomulkiewicz and Holt 1995; Carlson et al. 2014), and introduced
species to successfully colonize and spread in new environments (Phillips et al. 2006). This adaptation by natural selection can occur rapidly (Hendry and Kinnison 1999; Reznick

and Ghalambor 2001; Hendry et al. 2008) and over small
spatial scales (Richardson et al. 2014). Moreover, adaptation
generates strong convergence of traits in independent lineages colonizing similar environments (Wake et al. 2011;
Dobler et al. 2012), strongly shapes ecological dynamics (Hendry 2017; Des Roches et al. 2018), and can make critical contributions to speciation (Nosil 2012). Adaptation by natural
selection is clearly an effective process and a widespread state.
Or is it?
Closer examination suggests that adaptation might not be
as ubiquitous and strong as the foregoing testimonials are
often taken to imply. For instance, meta-analyses of reciprocal transplant experiments ﬁnd that the classic residentadvantage signature of local adaptation in fact occurred in
only about 70% of tests (the null being 50%; Leimu and
Fischer 2008; Hereford 2009; Palacio-López et al. 2015).
Even this 70% value is likely to be an overestimate if research
emphasis is placed on cases where local adaptation was anticipated a priori (Schluter 2000a). Furthermore, recent reciprocal transplant studies are increasingly revealing clear
evidence of relative maladaptation in nature (Brady 2013,
2017; Rolshausen et al. 2015; Samis et al. 2016; Rogalski
2017; Kooyers et al. 2019).
As another line of argument, well-adapted populations
should experience negligible selection (Haller and Hendry
2014; Hendry 2017). Therefore, every instance of directional selection could be considered evidence of relative maladaptation (Haldane 1957; Barton and Partridge 2000;
Austen et al. 2017). Taken a step further, estimates of selection for natural populations can be used to estimate the
distance between a population’s mean trait value and the
optimum trait value (Estes and Arnold 2007). Applying
this approach to meta-analyses of selection coefﬁcients suggests that in 64% of studied cases, the population trait mean
could be more than 1 standard deviation away from the optimum (35% of cases exceed 2 standard deviations; Estes
and Arnold 2007). (Beyond the adaptive ﬁt of trait means,
analogous logic can be used to assess the extent to which
trait variances are adaptive or not—as explained in app. A,
sec. A7.) As a caveat, many selection studies do not account
for important components of ﬁtness (Austen et al. 2017), in
which case evidence of directional selection could be erroneous (see Cotto et al. 2019).
The arguments described above for prevalent maladaptation draw on evidence from an evolutionary emphasis on
relative ﬁtness (table 4). Yet maladaptation also appears
pervasive from an ecological emphasis on absolute ﬁtness—
with key signatures coming from persistent population declines, range contractions, and local and global extinctions
(Harrison 1991; Channell and Lomolino 2000; Stuart et al.
2004; Muscente et al. 2018). As one historical indicator,
most of the populations and species that have existed
through Earth’s history have become extinct, revealing the
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Table 4: Classic studies emphasizing maladaptation, the important inferences they generated about traits and relative maladaptation,
and the missing inferences about absolute maladaptation
System

Hypothesis

Lake Erie water
snakes

High gene ﬂow from
mainland populations prevents precise adaptation in
island populations.

Texas mosquitoﬁsh

Fish in a freshwater
pond were maladapted to freshwater, due either to
high gene ﬂow from
brackish populations or to recent
colonization.

Riparian spiders

High gene ﬂow from
aridland spider
populations causes
maladaptation in a
riparian spider
population.

Inference regarding
trait maladaptation

Inference regarding
relative ﬁtness

Missing inference
about absolute ﬁtness

Key
reference(s)

Island populations
contain numerous noncryptic
color morphs that
are more typical
of mainland
populations.
Low reproductive
effort in the pond
ﬁsh relative to
brackish ﬁsh.

Selection was found
to disfavor the
noncryptic
morph on the
islands.

Do island water snake
populations suffer
reduced densities
as a result of maladaptive gene ﬂow?

Camin and
Ehrlich
1958; King
and Lawson
1995

Survival in freshwater tanks was
lower for the
pond ﬁsh than for
other freshwater
populations and
was not higher
than ﬁsh from
nearby brackish
populations.
Experimental
enclosures
showed that
selection acts
against the
aridland phenotype in riparian
habitats.

Does maladaptation
in the pond ﬁsh
cause low population density?

Stearns and
Sage 1980

Does maladaptation
in the riparian
population cause
low population
density?

Riechert 1993

The riparian spider
population
showed phenotypes more typical of adjacent
aridland spiders,
but not after gene
ﬂow was experimentally reduced.

ultimate predominance of maladaptation over macroevolutionary time (Novacek and Wheeler 1992). On much shorter
time spans, human activities have dramatically and rapidly
accelerated population extirpations and species extinctions
(Dirzo et al. 2014; Ceballos et al. 2017). For instance, in a detailed assessment of 177 mammal species, Ceballos et al.
(2017) found that each species lost at least 30% of its range,
while 40% of these species lost more than 80%. As other
examples, habitat change has driven on average a 60% decline in abundances of sampled wildlife populations (WWF
2018), while an estimated 40% of the globe’s bird species
are in decline (BirdLife International 2018), as are 81% of
sampled amphibian species (Nowakowski et al. 2018; WWF
2018).
To conclude, many populations appear to be maladapted
to their current environment, from a relative perspective,
an absolute perspective, or both.
Detecting Relative and Absolute Maladaptation
Our core message is that biologists of all stripes will beneﬁt
from estimating both relative and absolute measures of

(mal)adaptation over multiple generations because these
complementary perspectives contribute complementary insights—as others also have argued (Whitlock 2002; Kinnison and Hairston 2007; Débarre and Gandon 2011; Hendry 2016; Gallet et al. 2018; ﬁg. 2). Unfortunately, studies
measuring, reporting, and interpreting reliable estimates
of both relative and absolute ﬁtness are rare, partly owing
to incomplete or imperfect ﬁtness metrics resulting from
unobservable mortality (the “invisible fraction”: Weis 2018)
or reproductive success (e.g., pollen), unrealistic starting
conditions (e.g., equal spacing of seedlings or unrealistic
densities), or limited study durations (less than a generation). Keeping these practical limitations in mind, we
now consider some compromise approaches to assessing
(mal)adaptation.
A gold standard for assessing (mal)adaptation remains
the reciprocal transplant experiment, measuring the ﬁtness
of resident and immigrant types in a given environment
(Schluter 2000b; Kawecki and Ebert 2004; Leimu and Fischer 2008; Hereford 2009). These transplant experiments
typically focus on relative ﬁtness differences, which make
them sensitive to one’s choice of which populations to
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compare (e.g., Hargreaves and Eckert 2018), and they neglect to consider absolute maladaptation. However, some
transplant studies can be extended to track changes in absolute abundance across generations (Angert and Schemske
2005; Hargreaves and Eckert 2018), thus yielding insight
into absolute maladaptation as well. These data can be used
to answer important questions. For example, do immigrant genotypes increase in relative and absolute abundance? And
does their range expand, or do they become extinct? Such experiments are difﬁcult, yet they represent an important improvement for future work.
Lacking data on ﬁtness itself, estimates of trait maladaptation can yield provisional insights, as discussed in appendix A, section A4. Similarly, genomic data can be very useful in detecting the molecular ﬁngerprints of past natural
selection (the process of adaptation). Yet such inferences
remain one-sided, as we have no assays at present for the
ﬁngerprints of past maladaptation (as a process). That is,
while metrics such as dN/dS or Tajima’s D are used to infer
adaptation in genomic data, no equivalent metrics exist to
detect maladaptation, except insofar as past natural selection suggests that the population was not initially well
adapted enough. And, of course, genomic data are not very
informative about maladaptation as a present-day state because genomes provide a historical record rather than a
measure of present-day performance (Shaw 2019). However,
genomic data can yield inferences of recently changing population sizes (absolute ﬁtness), such as through coalescent
model estimates of changing population size through time
(Drummond et al. 2005).
We must also remember that current approaches can
yield spurious results, which we might call only “apparent
maladaptation.” First, the familiar effects of sampling error
(Hersch and Phillips 2004) can lead to inaccurate parameter estimates. Second, estimating only one component or
correlate of ﬁtness can be misleading with respect to lifetime ﬁtness, such as through trade-offs between ﬁtness
components (Reznick 1985; Roff 1993; Rollinson and Rowe
2018; Cotto et al. 2019). Third, short-term studies, both
within and across generations, can miss key episodes in
temporally varying selection (ﬁg. B1, available online; Simons 2002, 2009; Carlson and Quinn 2007; Siepielski et al.
2017). Fourth, context dependence can be critical, such as
when a camouﬂage-environment mismatch is maladaptive
in some contexts but not in others (results mediated by, for
instance, behavioral change or the temporary absence of a
predator; T. E. Farkas, G. Montejo-Kovacevich, A. P. Beckerman, and P. Nosil,, unpublished data). Fifth, inappropriate categorization of habitats can give the appearance of
maladaptation (Stuart et al. 2017). Sixth, neutral alleles in
a local environment can act deleteriously in another environment (i.e. “conditionally deleterious”). The result looks
like local adaptation (transplanted genotypes perform poorly

away from home) but is due to relaxed rather than positive
selection (Mee and Yeaman 2019). The key point here is simply that robust inferences of (mal)adaptation require not only
an expansion of perspective (the point of our article) but also
increasing attentiveness to optimal methodologies.
A particularly important complication arises owing to
density-dependent ﬁtness (Saccheri and Hanski 2006; Kinnison and Hairston 2007; Hendry 2017; box 2). All populations at a stable demographic equilibrium will have a population mean ﬁtness near 1, at least in the long term, despite
potentially very different population sizes owing to different carrying capacities. One might reasonably argue that
in many cases a more abundant (e.g., more dense) population has higher ﬁtness than a less abundant population, despite their identical mean population ﬁtnesses at carrying
capacity. In such cases, population size or density could be
a better proxy for (mal)adaptation than would be population
growth rate (box 2). However, population sizes can change
for reasons unrelated to adaptation, such as loss of habitat
or increased trait-independent mortality due to harvesting,
predation, or parasitism (Rothschild et al. 1994; Stenseth
et al. 1997; Bender et al. 1998; Hochachka and Dhondt
2000; Keane and Crawley 2002). Hence, the ideal inferential
approach is likely a joint consideration of population size
and population growth rate or population mean ﬁtness
(box 2). It is also important to remember that plenty of
adaptive evolution can take place while population size remains stable as long as the degree of (mal)adaptation is sufﬁcient to ﬁll the carry capacity—including situations of selection without changes in population size (see app. A, sec. A3).
Finally, it is possible that carrying capacity itself could change
through evolution, such as when selection leads to the use of
new resources or evolution of resource-related traits (Kinnison
and Hairston 2007; Hendry 2017; Abrams 2019).
Finally, environmental and evolutionary change can generate strong feedback loops, with sometimes complex effects (Kinnison et al. 2015; Hendry 2017; Govaert et al.
2019; Urban et al. 2019). For instance, some models suggest
that adaptation in a herbivore’s resource conversion rate
can lead to resource overexploitation and increased predator abundance, both of which suppress herbivore abundance (so-called adaptive decline; Abrams 2019). In such
cases, the evolutionary process of adaptation changes the
environment in ways that lead to absolute maladaptation.
How Does Maladaptation Persist?
Given that maladaptation (relative and absolute) is apparently common, a major research goal should be to determine how it persists and where we should expect it to be
stronger or weaker. Here, we summarize some of the leading hypotheses, and the articles in this special feature elaborate on some of these ideas.
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Box 2: Maladaptation and population size
A major complicating factor in detecting absolute (mal)adaptation is density dependence. The reason is that all
populations persisting in perpetuity will have a long-term average population mean ﬁtness of unity (i.e., W p 1).
In such cases, the joint examination of the dynamics of mean absolute ﬁtness and mean population size can help to
evaluate (mal)adaptation. Imagine a population (E0) well adapted to a particular environment and having a population size (red horizontal line in box 2 ﬁgure) at the local carrying capacity, thus having a mean absolute ﬁtness of
unity (blue vertical line in box 2 ﬁgure).
Now imagine an environmental change (E1) that causes maladaptation and thus depresses population mean ﬁtness below unity and causes a population decline. The potential eco-evolutionary outcomes are several. First, subsequent adaptation might not be sufﬁcient to achieve a mean ﬁtness greater than unity before extinction occurs
(dashed lines leading downward to X-axis). Second, population size might increase without mean ﬁtness ever
reaching unity (dashed lines leading upward), which can only occur through demographic rescue from immigration. Third, the population might follow a trajectory of increasing mean ﬁtness and still decreasing (but at a slower
rate) population size until a mean absolute ﬁtness of unity is achieved (dashed arrows leading from E1 to the blue
line). The populations might equilibrate here at these lower than initial population sizes (Abrams 2019). In such
cases, the population has the same absolute mean ﬁtness as before the disturbance (E0) but is now at a lower population size, which can be considered a form of maladaptation that is not reﬂected in mean ﬁtness. Once having
reached a mean absolute ﬁtness of unity, absolute ﬁtness and therefore mean population size might continue to
increase (dashed curves in the lower right portion of the ﬁgure) before equilibrating back to a mean ﬁtness of unity
but at a larger population size—true “evolutionary rescue.”
Of course, it is also possible for environmental change to increase mean ﬁtness above unity and therefore increase population size (E2). In such cases, population size should continue to increase while mean ﬁtness declines
(unless additional favorable environmental change occurs) until the population equilibrates at a higher population
size. Or mean ﬁtness will drop below replacement rates transiently until the population returns to its original carrying capacity.

Box 2 Figure: Joint examination of the dynamics of mean absolute ﬁtness and mean population size. See box text for deﬁnitions
of symbols.
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Relative maladaptation is unsurprising because many
factors are known to prevent populations from precise adaptation to their immediate local conditions (Crespi 2000;
Lenormand 2002; Hendry and Gonzalez 2008; Brady et al.
2019). These factors have been enumerated before in reviews
of concepts such as “genetic load” (table 1). We brieﬂy reiterate some key examples. First, genetic drift can increase the
prevalence of mildly deleterious alleles or decrease the prevalence of weakly beneﬁcial alleles (i.e., nearly neutral theory; Ohta 1992), thus causing maladaptation relative to optimality—and more so in populations experiencing greater
drift. In the extreme, drift and inbreeding can cause absolute
maladaptation leading to extinction of small populations
(Charlesworth and Charlesworth 1987; Lynch 1991; Lande
1998). Ironically, strong selection can reduce effective population sizes enough to drive drift that reduces ﬁtness (Falk
et al. 2012). Second, high mutation rates (e.g., from pollution) can introduce considerable deleterious genetic variation (Yauk et al. 2008). Third, gene ﬂow from surrounding
populations can introduce maladapted alleles—although,
of course, gene ﬂow can also have positive consequences
for local adaptation (Garant et al. 2007). Fourth, frequencydependent selection within populations can lead to persistent maladaptation (Ayala and Campbell 1974; Lande 1976;
Gigord et al. 2001): that is, alleles that are initially favored
by selection when rare can become maladapted once common (Fisher 1930). Frequency-dependent selection can also
constrain populations’ ability to adapt to environmental
change (Svensson and Connallon 2018).
Perhaps most important of all, especially in the modern
context, environmental ﬂuctuations can generate substantial maladaptation—because evolution, even rapid, cannot
keep pace (e.g., Kooyers et al. 2019; McAdam et al. 2019).
Such environmental changes can be abiotic (temperature,
precipitation, etc.) or biotic, such as invasive species (Vilà
et al. 2011), emerging pathogens (Daszak et al. 2000), or
antagonistic coevolution (Nuismer 2017). Indeed, hostparasite reciprocal transplants often reveal a complex mix
of adaptation and maladaptation by one player or another
(Hoeksema and Forde 2008). As an important aside, these
environmental changes cause maladaptation without any
evolution; that is, the process of maladaptation does not
have to be a genetic process. Yet if so, we must grapple with
the ﬂip side: Does improved ﬁtness that results from environmental change (e.g., loss of a predator) reﬂect the process of adaptation—despite the lack of genetic change?
Sexual selection is a particularly intriguing source of maladaptation because it can entail a conﬂict between relative
and absolute ﬁtness: traits that increase breeding success
can reduce viability, potentially conferring both higher relative ﬁtness and lower absolute ﬁtness (Williams 1975; Smith
and Maynard-Smith 1978; Parker 1979; Pischedda and Chippindale 2006; Bonduriansky and Chenoweth 2009; Rankin

et al. 2011). A particularly notable example is sexual selection for exceptionally elaborate traits (Fisher 1930; Lande
1980). In extreme cases, “runaway evolution” due to sexual
selection might cause population extinction via reduced
carrying capacities that make populations more vulnerable
to extinction via demographic stochasticity (Matsuda and
Abrams 1994). Self-fertilization in plants has been suggested as another instance of an adaptation with only shortterm beneﬁt, eventually leading to absolute maladaptation
(e.g., the dead-end hypothesis; Stebbins 1957; Wright et al.
2013). Cases where natural selection leads to population
declines and extinctions have been variously dubbed “Darwinian extinction” (Webb 2003), “evolutionary suicide”
(Gyllenberg et al. 2002), or “self-extinction” (Matsuda and
Abrams 1994). Theoretical and empirical ﬁndings suggest
that such extinction might be common and can exhibit various temporal dynamics, ranging from gradual to sudden
and from monotonic to oscillatory (Webb 2003).
Relative maladaptation has many likely causes, as described above, whereas the persistence of absolute maladaptation requires additional explanations. First, episodic maladaptation can simply reﬂect inherent delays in the process
of adaptation to changing conditions—sometimes called
lag load (Cotto et al. 2019; Kooyers et al. 2019; McAdam
et al. 2019; table 1). A clear example is seen in evolutionary
rescue, where a population declining in abundance as a result of environmental change begins to evolve toward the
new optimum (Gonzalez et al. 2013; Carlson et al. 2014;
Uecker et al. 2014). Such delays can also arise from cyclical
dynamics driven by intraspeciﬁc competition (e.g., Sinervo
et al. 2000), predator-prey cycles (e.g., Stenseth et al. 1997),
or host-pathogen interactions (e.g., Hochachka and Dhondt
2000).
Second, cases of absolute maladaptation might not be
truly persistent but instead simply a delay of the inevitable.
A poignant example is the Pinta Island tortoise in the Galápagos, which is clearly maladapted to human predation
and invasive animals. From a population size originally in
the thousands, abundance declined over more than 100 years
until only “Lonesome George” was left (J. Gibbs, personal
commnication). In such cases of “extinction debt” (Tilman
et al. 1994; Kuussaari et al. 2009), population declines to
extinction might be slow because absolute maladaptation
is weak, because mortality occurs mainly at juvenile stages,
because initial population sizes are large, or because of compensatory mechanisms such as relaxation from density
dependence.
Third, populations suffering absolute maladaptation can
be sustained by immigration. Such populations are considered demographic “sinks” (Holt 1985; Pulliam 1988), kept
from extinction by “demographic rescue.” This rescue also
imports new genotypes that may increase the recipient populations’ relative ﬁtness as well (Holt 1997; Holt et al. 2004).
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As a result, demographic rescue can sometimes help a population evolve its way out of the sink (Holt and Gomulkiewicz 1997; Whiteley et al. 2015). Conversely, populations at species’ geographic range edges may be sinks
because of immigration that prevents their local adaptation
to extreme range-edge environments (Kirkpatrick and Barton 1997). Relatedly, if sink habitats disproportionately attract individuals with relatively low ﬁtness, sink dynamics
could explain both absolute and relative maladaptation
(Brady 2013).
Where Now?
The remainder of this special feature presents a series of
articles that touch on important aspects of maladaptation.
Lane et al. (2019) provide an example of the apparent disconnect between absolute and relative ﬁtness perspectives,
reporting on a case of absolute maladaptation occurring despite adaptive trait change. Mee and Yeaman (2019) highlight the importance of context for understanding maladaptation, with theory showing that neutral mutations can be
deleterious in nonlocal environments. Kooyers et al. (2019)
provide an example of local maladaptation, invoking lag
load as the source of relative ﬁtness disadvantage. Cotto
et al. (2019) use theory to show that individual ﬁtness components can increase despite maladaptation, underscoring
the caution necessary when inferring incomplete ﬁtness
measures. McAdam et al. (2019) ﬁnd that lag load in a seed
predator enhances predation evasion in its prey: failure to
evolve the optimal trait in one species facilitates success
in another. Urban et al. (2019) also provide a community
perspective on maladaptation, developing theory to show
that maladaptation can shape range and invasion dynamics
and their responses to environmental change.
Maladaptation in the various forms described here appears to be quite common in nature, and it will likely become more common in our rapidly changing world (for
practical applications, see app. A, sec. A8). Yet on the
whole, evolutionary biologists have tended to evaluate ﬁtness and trait variation through a lens of adaptation, not
(mal)adaptation. This lens likely skews our understanding
of the distribution of maladaptation and the processes that
cause it in the natural world. Whether because we tend to
look for adaptation in places we expect to ﬁnd it or because
we have lacked a clear framework to describe maladaptation, our use of language focused on adaptation may bias
us toward a glass-half-full perspective. We hope the framework presented here encourages others to study and discuss
maladaptation on perhaps equal footing with adaptation.
We see a need for more inquiry into the frequency, distribution, and causes of maladaptation, developing our understanding of why so many populations appear maladapted.
What conditions promote adaptation versus maladapta-
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tion? What are the relative effects (and speeds) of environmental and genetic changes in (mal)adaptation? And, critically for conservation, when is adaptive evolution fast
enough to prevent extinction in the face of the many forces
generating maladaptation?
Acknowledgments
This article and the idea for this special feature are the product of a working group on maladaptation funded by the Canadian Institute of Ecology and Evolution and the Quebec
Centre for Biodiversity Science. We thank the Gault Nature
Reserve for providing an ideal setting for productive working group meetings.
Literature Cited
Abrams, P. A. 2019. How does the evolution of universal ecological
traits affect population size? lessons from simple models. American Naturalist 193:814–829.
Agrawal, A. F., and M. C. Whitlock. 2012. Mutation load: the ﬁtness of
individuals in populations where deleterious alleles are abundant.
Annual Review of Ecology, Evolution, and Systematics 43:115–135.
Anderson, R. M., and R. M. May. 1978. Regulation and stability of
host-parasite population interactions. I. Regulatory processes. Journal of Animal Ecology 47:219–247.
Angert, A., and D. Schemske. 2005. The evolution of species’ distributions: reciprocal transplants across the elevation ranges of Mimulus cardinalis and M. lewisii. Evolution 59:1671–1684.
Arnold, M. L., E. S. Ballerini, and A. N. Brothers. 2012. Hybrid ﬁtness, adaptation and evolutionary diversiﬁcation: lessons learned
from Louisiana irises. Heredity 108:159–166.
Arnold, S. J., and M. J. Wade. 1984. On the measurement of natural
and sexual selection: theory. Evolution 38:709–719.
Austen, E. J., L. Rowe, J. R. Stinchcombe, and J. R. Forrest. 2017.
Explaining the apparent paradox of persistent selection for early
ﬂowering. New Phytologist 215:929–934.
Ayala, F. J., and C. A. Campbell. 1974. Frequency-dependent selection. Annual Review of Ecology and Systematics 5:115–138.
Bale, R., I. D. Neveln, A. P. S. Bhalla, M. A. MacIver, and N. A.
Patankar. 2015. Convergent evolution of mechanically optimal locomotion in aquatic invertebrates and vertebrates. PLoS Biology
13:e1002123.
Barton, N. 1992. On the spread of new gene combinations in the
third phase of Wright’s shifting-balance. Evolution 46:551–557.
Barton, N., and L. Partridge. 2000. Limits to natural selection.
BioEssays 22:1075–1084.
Bell, G. 2008. Selection: the mechanism of evolution. Oxford University Press on Demand.
Bender, D. J., T. A. Contreras, and L. Fahrig. 1998. Habitat loss and
population decline: a meta-analysis of the patch size effect. Ecology 79:517–533.
Birch, L. C. 1948. The intrinsic rate of natural increase of an insect
population. Journal of Animal Ecology 17:15–26.
BirdLife International. 2018. State of the world’s birds: Taking the
pulse of the planet. Birdlife International, Cambridge.
Blanquart, F., O. Kaltz, S. L. Nuismer, and S. Gandon. 2013. A practical
guide to measuring local adaptation. Ecology Letters 16:1195–1205.

This content downloaded from 132.216.002.228 on February 27, 2020 12:12:45 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

510

The American Naturalist

Bolnick, D. I., and O. L. Lau. 2008. Predictable patterns of disruptive
selection in stickleback in postglacial lakes. American Naturalist
172:1–11.
Bolnick, D. I., and P. Nosil. 2007. Natural selection in populations
subject to a migration load. Evolution 61:2229–2243.
Bonduriansky, R., and S. F. Chenoweth. 2009. Intralocus sexual conﬂict. Trends in Ecology and Evolution 24:280–288.
Both, C., S. Bouwhuis, C. Lessells, and M. E. Visser. 2006. Climate
change and population declines in a long-distance migratory bird.
Nature 441:81.
Bradford, M. A., C. A. Davies, S. D. Frey, T. R. Maddox, J. M.
Melillo, J. E. Mohan, J. F. Reynolds, et al. 2008. Thermal adaptation of soil microbial respiration to elevated temperature. Ecology
Letters 11:1316–1327.
Brady, S. P. 2012. Road to evolution? local adaptation to road adjacency in an amphibian (Ambystoma maculatum). Scientiﬁc Reports 2:235.
———. 2013. Microgeographic maladaptive performance and deme
depression in a fragmented landscape. PeerJ 1:e163.
———. 2017. Environmental exposure does not explain putative maladaptation in road-adjacent populations. Oecologia 184:931–942.
Brady, S. P., D. I. Bolnick, A. L. Angert, A. Gonzalez, R. D. H.
Barrett, E. Crispo, A. M. Derry, et al. 2019. Causes of maladaptation. Evolutionary Applications 12:1229–1242.
Burger, R., and M. Lynch. 1995. Evolution and extinction in a changing environment: a quantitative-genetic analysis. Evolution 49:151–163.
Burt, A. 1995. The evolution of ﬁtness. Evolution 49:1–8.
Cain, A. J. 1989. The perfection of animals. Biological Journal of the
Linnean Society 36:3–29.
Camin, J. H., and P. R. Ehrlich. 1958. Natural selection in water
snakes (Natrix sipedon L.) on islands in Lake Erie. Evolution
12:504–511.
Carlson, S. M., C. J. Cunningham, and P. A. H. Westley. 2014. Evolutionary rescue in a changing world. Trends in Ecology and Evolution 29:521–530.
Carlson, S. M., and T. P. Quinn. 2007. Ten years of varying lake level
and selection on size-at-maturity in sockeye salmon. Ecology
88:2620–2629.
Carpenter, K. E., M. Abrar, G. Aeby, R. B. Aronson, S. Banks, A.
Bruckner, A. Chiriboga, et al. 2008. One-third of reef-building
corals face elevated extinction risk from climate change and local
impacts. Science 321:560–563.
Carroll, S. P., P. S. Jørgensen, M. T. Kinnison, C. T. Bergstrom, R. F.
Denison, P. Gluckman, T. B. Smith, S. Y. Strauss, and B. E. Tabashnik. 2014. Applying evolutionary biology to address global
challenges. Science 346:1245993.
Ceballos, G., P. R. Ehrlich, A. D. Barnosky, A. García, R. M. Pringle,
and T. M. Palmer. 2015. Accelerated modern human–induced
species losses: entering the sixth mass extinction. Science Advances 1:e1400253.
Ceballos, G., P. R. Ehrlich, and R. Dirzo. 2017. Biological annihilation via the ongoing sixth mass extinction signaled by vertebrate
population losses and declines. Proceedings of the National Academy of Sciences of the USA 114:E6089–E6096.
Chan, B. K., M. Sistrom, J. E. Wertz, K. E. Kortright, D. Narayan, and
P. E. Turner. 2016. Phage selection restores antibiotic sensitivity in
MDR Pseudomonas aeruginosa. Scientiﬁc Reports 6:26717.
Channell, R., and M. V. Lomolino. 2000. Trajectories to extinction:
spatial dynamics of the contraction of geographical ranges. Journal of Biogeography 27:169–179.

Charlesworth, B. 1994. Evolution in age-structured populations.
Cambridge University Press, Cambridge.
Charlesworth, B., and N. Barton. 1996. Recombination load associated with selection for increased recombination. Genetics Research 67:27–41.
Charlesworth, D., and B. Charlesworth. 1987. Inbreeding depression
and its evolutionary consequences. Annual Review of Ecology and
Systematics 18:237–268.
Chevin, L.-M., O. Cotto, and J. Ashander. 2017. Stochastic evolutionary demography under a ﬂuctuating optimum phenotype.
American Naturalist 190:786–802.
Cotto, O., L. Sandell, L.-M. Chevin, and O. Ronce. 2019. Maladaptive
shifts in life history in a changing environment. American Naturalist 194:558–573.
Coulson, T., and S. Tuljapurkar. 2008. The dynamics of a quantitative trait in an age-structured population living in a variable environment. American Naturalist 172:599–612.
Crespi, B. J. 2000. The evolution of maladaptation. Heredity 84:623–
629.
Crow, J. F. 1948. Alternative hypotheses of hybrid vigor. Genetics
33:477.
———. 1970. Genetic loads and the cost of natural selection. Pages 128–
177 in Mathematical topics in population genetics. Springer, Berlin.
Crow, J. F., and M. Kimura. 1970. An introduction to population genetics theory. Harper & Row, New York.
Dargent, F., G. Rolshausen, A. Hendry, M. Scott, and G. Fussmann.
2016. Parting ways: parasite release in nature leads to sex-speciﬁc
evolution of defence. Journal of Evolutionary Biology 29:23–34.
Dargent, F., M. E. Scott, A. P. Hendry, and G. F. Fussmann. 2013.
Experimental elimination of parasites in nature leads to the evolution of increased resistance in hosts. Proceedings of the Royal
Society B 280:20132371.
Darwin, C. 1859. On the origin of species. J. Murray, London.
Daszak, P., A. A. Cunningham, and A. D. Hyatt. 2000. Emerging infectious diseases of wildlife—threats to biodiversity and human
health. Science 287:443–449.
Débarre, F., and S. Gandon. 2011. Evolution in heterogeneous environments: between soft and hard selection. American Naturalist
177:E84–E97.
Des Roches, S., D. M. Post, N. E. Turley, J. K. Bailey, A. P. Hendry,
M. T. Kinnison, J. A. Schweitzer, et al. 2018. The ecological importance of intraspeciﬁc variation. Nature Ecology and Evolution
2:57.
Dias, P. C. 1996. Sources and sinks in population biology. Trends in
Ecology and Evolution 11:326–330.
Dirzo, R., H. S. Young, M. Galetti, G. Ceballos, N. J. B. Isaac, and B.
Collen. 2014. Defaunation in the Anthropocene. Science 345:401–
406.
Dobler, S., S. Dalla, V. Wagschal, and A. A. Agrawal. 2012. Communitywide convergent evolution in insect adaptation to toxic cardenolides
by substitutions in the Na,K-ATPase. Proceedings of the National
Academy of Sciences of the USA 109:13040–13045.
Dobzhansky, T. 1968a. Adaptedness and ﬁtness. Pages 109–121 in
Population biology and evolution. Syracuse University Press, Syracuse, NY.
———. 1968b. On some fundamental concepts of Darwinian biology.
Pages 1–34 in Evolutionary biology. Springer, Boston.
Drummond, A. J., A. Rambaut, B. Shapiro, and O. G. Pybus. 2005. Bayesian coalescent inference of past population dynamics from molecular
sequences. Molecular Biology and Evolution 22:1185–1192.

This content downloaded from 132.216.002.228 on February 27, 2020 12:12:45 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

Understanding Maladaptation
Ellner, S. P., R. E. Snyder, P. B. Adler, and G. Hooker. 2019. An expanded
modern coexistence theory for empirical applications. Ecology Letters
22:3–18.
Elton, C., and M. Nicholson. 1942. The ten-year cycle in numbers of
the lynx in Canada. Journal of Animal Ecology 11:215–244.
Endler, J. A. 1986. Natural selection in the wild. Princeton University
Press, Princeton, NJ.
Estes, S., and S. J. Arnold. 2007. Resolving the paradox of stasis:
models with stabilizing selection explain evolutionary divergence
on all timescales. American Naturalist 169:227–244.
Falk, J. J., C. E. Parent, D. Agashe, and D. I. Bolnick. 2012. Drift and
selection entwined: asymmetric reproductive isolation in an experimental niche shift. Evolutionary Ecology Research 14:403–423.
Farkas, T. E., T. Mononen, A. A. Comeault, and P. Nosil. 2016. Observational evidence that maladaptive gene ﬂow reduces patch occupancy in a wild insect metapopulation. Evolution 70:2879–2888.
Fisher, R. A. 1930. The genetical theory of natural selection. Oxford
University Press, Oxford.
Franks, S. J., E. Hamann, and A. E. Weis. 2018. Using the resurrection approach to understand contemporary evolution in changing
environments. Evolutionary Applications 11:17–28.
Gallet, R., R. Froissart, and V. Ravigné. 2018. Experimental demonstration of the impact of hard and soft selection regimes on polymorphism maintenance in spatially heterogeneous environments.
Evolution 72:1677–1688.
Garant, D., S. E. Forde, and A. P. Hendry. 2007. The multifarious effects of dispersal and gene ﬂow on contemporary adaptation.
Functional Ecology 21:434–443.
García-Ramos, G., and M. Kirkpatrick. 1997. Genetic models of adaptation and gene ﬂow in peripheral populations. Evolution 51:21–28.
Gigord, L. D., M. R. Macnair, and A. Smithson. 2001. Negative frequencydependent selection maintains a dramatic ﬂower color polymorphism in the rewardless orchid Dactylorhiza sambucina (L.) Soò.
Proceedings of the National Academy of Sciences of the USA
98:6253–6255.
Gillespie, J. H. 2010. Population genetics: a concise guide. Johns
Hopkins University Press, Baltimore.
Gomulkiewicz, R., and R. D. Holt. 1995. When does evolution by
natural selection prevent extinction? Evolution 49:201–207.
Gonzalez, A., and G. Bell. 2013. Evolutionary rescue and adaptation
to abrupt environmental change depends upon the history of stress.
Philosophical Transactions of the Royal Society B 368:20120079.
Gonzalez, A., O. Ronce, R. Ferriere, and M. E. Hochberg. 2013. Evolutionary rescue: an emerging focus at the intersection between
ecology and evolution. Philosophical Transactions of the Royal
Society B 368:20120404.
Govaert, L., E. A. Fronhofer, S. Lion, C. Eizaguirre, D. Bonte, M.
Egas, A. P. Hendry, et al. 2019. Eco-evolutionary feedbacks—theoretical models and perspectives. Functional Ecology 33:13–30.
Grifﬁth, T. M., and M. A. Watson. 2005. Is evolution necessary for
range expansion? manipulating reproductive timing of a weedy annual transplanted beyond its range. American Naturalist 167:153–164.
Gyllenberg, M., K. Parvinen, and U. Dieckmann. 2002. Evolutionary
suicide and evolution of dispersal in structured metapopulations.
Journal of Mathematical Biology 45:79–105.
Haag, C. R., and D. Roze. 2007. Genetic load in sexual and asexual diploids: segregation, dominance and genetic drift. Genetics
176:1663–1678.
Hajela, P., and C.-Y. Lin. 1992. Genetic search strategies in multicriterion optimal design. Structural Optimization 4:99–107.

511

Hajela, P., and C.-Y. Lin. 1992. Genetic search strategies in multicriterion optimal design. Structural Optimization 4:99–107.
Haldane, J. B. S. 1932. The causes of evolution. Harper, New York.
———. 1937. The effect of variation of ﬁtness. American Naturalist
71:337–349.
———. 1957. The cost of natural selection. Journal of Genetics
55:511.
Hale, R., J. R. Morrongiello, and S. E. Swearer. 2016. Evolutionary
traps and range shifts in a rapidly changing world. Biology Letters
12:20160003.
Haller, B. C., and A. P. Hendry. 2014. Solving the paradox of stasis:
squashed stabilizing selection and the limits of detection. Evolution 68:483–500.
Hansen, T. F. 2006. The evolution of genetic architecture. Annual
Review of Ecology, Evolution, and Systematics 37:123–157.
Hansen, T. F., and D. Houle. 2008. Measuring and comparing evolvability and constraint in multivariate characters. Journal of Evolutionary Biology 21:1201–1219.
Hargreaves, A. L., and C. G. Eckert. 2018. Local adaptation primes
cold-edge populations for range expansion but not warming-induced
range shifts. Ecology Letters 22:78–88.
Harrison, S. 1991. Local extinction in a metapopulation context—an
empirical evaluation. Biological Journal of the Linnean Society
42:73–88.
Hart, T., M. Chandrashekhar, M. Aregger, Z. Steinhart, K. R. Brown,
G. MacLeod, M. Mis, et al. 2015. High-resolution CRISPR screens
reveal ﬁtness genes and genotype-speciﬁc cancer liabilities. Cell
163:1515–1526.
Hassell, M. P., J. H. Lawton, and R. May. 1976. Patterns of dynamical
behaviour in single-species populations. Journal of Animal Ecology
45:471–486.
Heino, M., B. Díaz Pauli, and U. Dieckmann. 2015. Fisheries-induced
evolution. Annual Review of Ecology, Evolution, and Systematics
46:461–480.
Hendry, A. P. 2016. Eco-evolutionary dynamics. Princeton University Press, Princeton, NJ.
———. 2017. Eco-evolutionary dynamics. Princeton University Press,
Princeton, NJ.
Hendry, A. P., T. Day, and E. B. Taylor. 2001. Population mixing and
the adaptive divergence of quantitative traits in discrete populations: a theoretical framework for empirical tests. Evolution 55:459–
466.
Hendry, A. P., T. J. Farrugia, and M. T. Kinnison. 2008. Human inﬂuences on rates of phenotypic change in wild animal populations. Molecular Ecology 17:20–29.
Hendry, A. P., and A. Gonzalez. 2008. Whither adaptation? Biology
and Philosophy 23:673–699.
Hendry, A. P., and M. T. Kinnison. 1999. The pace of modern life:
measuring rates of contemporary microevolution. Evolution
53:1637–1653.
Hendry, A. P., M. T. Kinnison, M. Heino, T. Day, T. B. Smith, G. Fitt,
C. T. Bergstrom, et al. 2011. Evolutionary principles and their practical application. Evolutionary Applications 4:159–183.
Hendry, A. P., D. J. Schoen, M. E. Wolak, and J. M. Reid. 2018. The
contemporary evolution of ﬁtness. Annual Review of Ecology,
Evolution, and Systematics 49:457–476.
Hereford, J. 2009. A quantitative survey of local adaptation and ﬁtness trade-offs. American Naturalist 173:579–588.
Hersch, E. I., and P. C. Phillips. 2004. Power and potential bias in
ﬁeld studies of natural selection. Evolution 58:479–485.

This content downloaded from 132.216.002.228 on February 27, 2020 12:12:45 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

512

The American Naturalist

Hiraizumi, Y. 1964. Prezygotic selection as a factor in the maintenance of variability. Cold Spring Harbor Symposia on Quantitative Biology 29:51–60.
Hochachka, W. M., and A. A. Dhondt. 2000. Density-dependent decline of host abundance resulting from a new infectious disease.
Proceedings of the National Academy of Sciences of the USA
97:5303–5306.
Hoeksema, J. D., and S. E. Forde. 2008. A meta-analysis of factors
affecting local adaptation between interacting species. American
Naturalist 171:275–290.
Holt, R. D. 1985. Population dynamics in two-patch environments:
some anomalous consequences of an optimal habitat distribution.
Theoretical Population Biology 28:181–208.
———. 1997. On the evolutionary stability of sink populations. Evolutionary Ecology 11:723–731.
Holt, R. D., M. Barﬁeld, and R. Gomulkiewicz. 2004. Temporal variation can facilitate niche evolution in harsh sink environments.
American Naturalist 164:187–200.
Holt, R. D., and R. Gomulkiewicz. 1997. How does immigration inﬂuence local adaptation? a reexamination of a familiar paradigm.
American Naturalist 149:563–572.
Houle, D. 1998. How should we explain variation in the genetic variance of traits? Genetica 102:241.
Howells, E., V. Beltran, N. Larsen, L. Bay, B. Willis, and M. Van
Oppen. 2012. Coral thermal tolerance shaped by local adaptation
of photosymbionts. Nature Climate Change 2:116.
Hutchings, J. A. 2009. Avoidance of ﬁsheries-induced evolution:
management implications for catch selectivity and limit reference
points. Evolutionary Applications 2:324–334.
Hutchinson, G. E. 1959. Homage to Santa Rosalia or why are there
so many kinds of animals? American Naturalist 93:145–159.
Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local adaptation. Ecology Letters 7:1225–1241.
Keane, R. M., and M. J. Crawley. 2002. Exotic plant invasions and the enemy release hypothesis. Trends in Ecology and Evolution 17:164–170.
Kendall, B. E., C. J. Briggs, W. W. Murdoch, P. Turchin, S. P. Ellner,
E. McCauley, R. M. Nisbet, et al. 1999. Why do populations cycle?
a synthesis of statistical and mechanistic modeling approaches.
Ecology 80:1789–1805.
Kimura, M., and J. F. Crow. 1964. The number of alleles that can be
maintained in a ﬁnite population. Genetics 49:725.
Kimura, M., T. Maruyama, and J. F. Crow. 1963. The mutation load
in small populations. Genetics 48:1303.
King, R. B., and R. Lawson. 1995. Color-pattern variation in Lake
Erie water snakes: the role of gene ﬂow. Evolution 49:885–896.
Kingsolver, J. G., H. E. Hoekstra, J. M. Hoekstra, D. Berrigan, S. N.
Vignieri, C. Hill, A. Hoang, et al. 2001. The strength of phenotypic
selection in natural populations. American Naturalist 157:245–261.
Kinnison, M. T., and N. G. Hairston. 2007. Eco-evolutionary conservation biology: contemporary evolution and the dynamics of persistence. Functional Ecology 21:444–454.
Kinnison, M. T., N. G. Hairston, and A. P. Hendry. 2015. Cryptic
eco-evolutionary dynamics. Annals of the New York Academy
of Sciences 1360:120–144.
Kirkpatrick, M., and N. H. Barton. 1997. Evolution of a species’
range. American Naturalist 150:1–23.
Kooyers, N. J., J. M. Colicchio, A. B. Greenlee, E. Patterson, N. T.
Handloser, and B. K. Blackman. 2019. Lagging adaptation to climate
supersedes local adaptation to herbivory in an annual monkeyﬂower.
American Naturalist 194:541–557.

Kuussaari, M., R. Bommarco, R. K. Heikkinen, A. Helm, J. Krauss, R.
Lindborg, E. Öckinger, et al. 2009. Extinction debt: a challenge for
biodiversity conservation. Trends in Ecology and Evolution 24:564–
571.
Lande, R. 1976. Natural selection and random genetic drift in phenotypic evolution. Evolution 30:314–334.
———. 1979. Quantitative genetic-analysis of multivariate evolution, applied to brain–body size allometry. Evolution 33:402–416.
———. 1980. Sexual dimorphism, sexual selection, and adaptation
in polygenic characters. Evolution 34:292–305.
———. 1998. Risk of population extinction from ﬁxation of deleterious and reverse mutations. Genetica 102:21–27.
Lande, R., and S. J. Arnold. 1983. The measurement of selection on
correlated characters. Evolution 37:1210–1226.
Lane, J. E., Z. J. Czenze, R. Findlay-Robinson, and E. Bayne. 2019.
Phenotypic plasticity and local adaptation in a wild hibernator
evaluated through reciprocal translocation. American Naturalist
194:516–528.
Larsson, K., P. Forslund, L. Gustafsson, and B. S. Ebbinge. 1988. From
the high Arctic to the Baltic: the successful establishment of a barnacle goose Branta leucopsis population on Gotland, Sweden. Ornis
Scandinavica 19:182–189.
Leimu, R., and M. Fischer. 2008. A meta-analysis of local adaptation
in plants. PLoS ONE 3:e4010.
Lenormand, T. 2002. Gene ﬂow and the limits to natural selection.
Trends in Ecology and Evolution 17:183–189.
Levins, R. 1969. Some demographic and genetic consequences of environmental heterogeneity for biological control. Bulletin of the
Entomological Society of America 15:237–240.
Lexer, C., R. A. Randell, and L. H. Rieseberg. 2003. Experimental hybridization as a tool for studying selection in the wild. Ecology
84:1688–1699.
Lindholm, A. K., K. A. Dyer, R. C. Firman, L. Fishman, W. Forstmeier,
L. Holman, H. Johannesson, et al. 2016. The ecology and evolutionary dynamics of meiotic drive. Trends in Ecology and Evolution
31:315–326.
Lion, S. 2018. Theoretical approaches in evolutionary ecology: environmental feedback as a unifying perspective. American Naturalist 191:21–44.
Lynch, M. 1991. The genetic interpretation of inbreeding depression
and outbreeding depression. Evolution 45:622–629.
Lynch, M., J. Conery, and R. Burger. 1995. Mutation accumulation
and the extinction of small populations. American Naturalist
146:489–518.
Lynch, M., and W. Gabriel. 1990. Mutation load and the survival of
small populations. Evolution 44:1725–1737.
MacArthur, R. 1972. Geographical ecology: patterns in the distribution of species. Harper & Row, New York.
Marshall, D. J., S. C. Burgess, and T. Connallon. 2016. Global change,
life-history complexity and the potential for evolutionary rescue.
Evolutionary Applications 9:1189–1201.
Matsuda, H., and P. A. Abrams. 1994. Runaway evolution to selfextinction under asymmetrical competition. Evolution 48:1764–
1772.
McAdam, A. G., S. Boutin, B. Dantzer, and J. E. Lane. 2019. Seed
masting causes ﬂuctuations in optimum litter size and lag load
in a seed predator. American Naturalist 194:574–589.
Mee, J. A., and S. Yeaman. 2019. Unpacking conditional neutrality: genomic signatures of selection on conditionally beneﬁcial and conditionally deleterious mutations. American Naturalist 194:529–540.

This content downloaded from 132.216.002.228 on February 27, 2020 12:12:45 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

Understanding Maladaptation
Mikkelsen, T. N., C. Beier, S. Jonasson, M. Holmstrup, I. K. Schmidt, P.
Ambus, K. Pilegaard, et al. 2008. Experimental design of multifactor
climate change experiments with elevated CO2, warming and drought:
the CLIMAITE project. Functional Ecology 22:185–195.
Moll, R. H., J. H. Lonnquist, J. V. Fortuno, and E. C. Johnson. 1965. The
relationship of heterosis and genetic divergence in maize. Genetics
52:139–144.
Moore, J.-S., and A. Hendry. 2009. Can gene ﬂow have negative demographic consequences? mixed evidence from stream threespine
stickleback. Philosophical Transactions of the Royal Society B
364:1533–1542.
Moore, J.-S., J. L. Gow, E. B. Taylor, and A. P. Hendry. 2007. Quantifying the constraining inﬂuence of gene ﬂow on adaptive divergence in the lake-stream threespine stickleback system. Evolution
61:2015–2026.
Mousseau, T. A., and D. A. Roff. 1987. Natural selection and the heritability of ﬁtness components. Heredity 59:181.
Muller, H. J. 1950. Our load of mutations. American Journal of Human Genetics 2:111.
Muscente, A. D., A. Prabhu, H. Zhong, A. Eleish, M. B. Meyer,
P. Fox, R. M. Hazen, et al. 2018. Quantifying ecological impacts
of mass extinctions with network analysis of fossil communities.
Proceedings of the National Academy of Sciences of the USA
115:5217.
Nosil, P. 2009. Adaptive population divergence in cryptic color-pattern
following a reduction in gene ﬂow. Evolution 63:1902–1912.
———. 2012. Ecological speciation. Oxford University Press, Oxford.
Nosil, P., T. H. Vines, and D. J. Funk. 2005. Reproductive isolation
caused by natural selection against immigrants from divergent
habitats. Evolution 59:705–719.
Novacek, M. J., and Q. D. Wheeler. 1992. Extinction and phylogeny.
Columbia University Press, New York.
Nowakowski, A. J., L. O. Frishkoff, M. E. Thompson, T. M. Smith,
and B. D. Todd. 2018. Phylogenetic homogenization of amphibian
assemblages in human-altered habitats across the globe. Proceedings of the National Academy of Sciences of the USA 115:E3454–
E3462.
Nuismer, S. L. 2017. Rethinking conventional wisdom: are locally
adapted parasites ahead in the coevolutionary race? American
Naturalist 190:584–593.
Oakley, C. G., L. Savage, S. Lotz, G. R. Larson, M. F. Thomashow,
D. M. Kramer, and D. W. Schemske. 2018. Genetic basis of photosynthetic responses to cold in two locally adapted populations of
Arabidopsis thaliana. Journal of Experimental Botany 69:699–709.
Ohta, T. 1992. The nearly neutral theory of molecular evolution. Annual Review of Ecology and Systematics 23:263–286.
Orr, H. A. 2009. Fitness and its role in evolutionary genetics. Nature
Reviews: Genetics 10:531–539.
Orsini, L., K. Schwenk, L. De Meester, J. K. Colbourne, M. E. Pfrender, and L. J. Weider. 2013. The evolutionary time machine: using
dormant propagules to forecast how populations can adapt to
changing environments. Trends in Ecology and Evolution 28:274–
282.
Ozgul, A., S. Tuljapurkar, T. G. Benton, J. M. Pemberton, T. H.
Clutton-Brock, and T. Coulson. 2009. The dynamics of phenotypic change and the shrinking sheep of St. Kilda. Science 325:464–
467.
Palacio-López, K., B. Beckage, S. Scheiner, and J. Molofsky. 2015.
The ubiquity of phenotypic plasticity in plants: a synthesis. Ecology and Evolution 5:3389–3400.

513

Parker, G. 1979. Sexual selection and sexual conﬂict. Pages 123–166
in Sexual selection and reproductive competition in insects. Academic Press, New York.
Pergams, O. R. W., and R. C. Lacy. 2007. Rapid morphological and
genetic change in Chicago-area Peromyscus. Molecular Ecology
17:450–463.
Phillips, B. L., G. P. Brown, J. K. Webb, and R. Shine. 2006. Invasion
and the evolution of speed in toads. Nature 439:803.
Pimm, S. L., C. N. Jenkins, R. Abell, T. M. Brooks, J. L. Gittleman, L. N.
Joppa, P. H. Raven, et al. 2014. The biodiversity of species and their
rates of extinction, distribution, and protection. Science 344:1246752.
Pischedda, A., and A. K. Chippindale. 2006. Intralocus sexual conﬂict diminishes the beneﬁts of sexual selection. PLoS Biology 4:
e356.
Pörtner, H. O., and R. Knust. 2007. Climate change affects marine
ﬁshes through the oxygen limitation of thermal tolerance. Science
315:95–97.
Preziosi, R. F., W. E. Snyder, C. P. Grill, and A. J. Moore. 1999. The ﬁtness of manipulating phenotypes: implications for studies of ﬂuctuating asymmetry and multivariate selection. Evolution 53:1312–1318.
Price, G. R. 1970. Selection and covariance. Nature 227:520–521.
———. 1972. Fisher’s “fundamental theorem” made clear. Annals of
Human Genetics 36:129–140.
Primack, R. B. 2006. Essentials of conservation biology, v. 23. Sinauer, Sunderland, MA.
Pulliam, H. R. 1988. Sources, sinks, and population regulation. American Naturalist 132:652–661.
Pyke, G. H., H. R. Pulliam, and E. L. Charnov. 1977. Optimal foraging:
a selective review of theory and tests. Quarterly Review of Biology
52:137–154.
Rankin, D. J., U. Dieckmann, and H. Kokko. 2011. Sexual conﬂict
and the tragedy of the commons. American Naturalist 177:780–
791.
Reed, T. E., V. Grøtan, S. Jenouvrier, B.-E. Sæther, and M. E. Visser.
2013. Population growth in a wild bird is buffered against phenological mismatch. Science 340:488–491.
Reznick, D. 1985. Costs of reproduction: an evaluation of the empirical evidence. Oikos 44:257–267.
———. 2015. Hard and soft selection revisited: how evolution by
natural selection works in the real world. Journal of Heredity
107:3–14.
Reznick, D. N., and C. K. Ghalambor. 2001. The population ecology
of contemporary adaptations: what empirical studies reveal about
the conditions that promote adaptive evolution. Genetica 112:183–
198.
Richardson, J. L., M. C. Urban, D. I. Bolnick, and D. K. Skelly. 2014.
Microgeographic adaptation and the spatial scale of evolution.
Trends in Ecology and Evolution 29:165–176.
Riechert, S. E. 1993. Investigation of potential gene ﬂow limitation of
behavioral adaptation in an aridlands spider. Behavioral Ecology
and Sociobiology 32:355–363.
Ripple, W. J., C. Wolf, T. M. Newsome, M. Hoffmann, A. J. Wirsing,
and D. J. McCauley. 2017. Extinction risk is most acute for the
world’s largest and smallest vertebrates. Proceedings of the National Academy of Sciences of the USA 114:10678–10683.
Robertson, B. A., J. S. Rehage, and A. Sih. 2013. Ecological novelty
and the emergence of evolutionary traps. Trends in Ecology and
Evolution 28:552–560.
Roff, D. 1993. Evolution of life histories: theory and analysis. Chapman
& Hall, New York.

This content downloaded from 132.216.002.228 on February 27, 2020 12:12:45 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

514

The American Naturalist

Rogalski, M. A. 2017. Maladaptation to acute metal exposure in
resurrected Daphnia ambigua clones after decades of increasing
contamination. American Naturalist 189:443–452.
Rollinson, N., and L. Rowe. 2018. Temperature-dependent oxygen
limitation and the rise of Bergmann’s rule in species with aquatic
respiration. Evolution 72:977–988.
Rolshausen, G., D. A. T. Phillip, D. M. Beckles, A. Akbari, S. Ghoshal, P. B. Hamilton, C. R. Tyler, et al. 2015. Do stressful conditions make adaptation difﬁcult? guppies in the oil-polluted environments of southern Trinidad. Evolutionary Applications 8:854–870.
Rothschild, B. J., J. S. Ault, P. Goulletquer, and M. Heral. 1994. Decline of the Chesapeake Bay oyster population: a century of habitat destruction and overﬁshing. Marine Ecology Progress Series.
Oldendorf 111:29–39.
Saccheri, I., and I. Hanski. 2006. Natural selection and population
dynamics. Trends in Ecology and Evolution 21:341–347.
Saltonstall, K. 2002. Cryptic invasion by a non-native genotype of
the common reed, Phragmites australis, into North America. Proceedings of the National Academy of Sciences of the USA 99:2445–
2449.
Samis, K. E., A. López-Villalobos, and C. G. Eckert. 2016. Strong genetic differentiation but not local adaptation toward the range
limit of a coastal dune plant. Evolution 70:2520–2536.
Sandler, L., and E. Novitski. 1957. Meiotic drive as an evolutionary
force. American Naturalist 91:105–110.
Schlaepfer, M. A., M. C. Runge, and P. W. Sherman. 2002. Ecological
and evolutionary traps. Trends in Ecology and Evolution 17:474–
480.
Schluter, D. 2000a. Ecological character displacement in adaptive radiation. American Naturalist 156:S4–S16.
———. 2000b. The ecology of adaptive radiation. Oxford University
Press, Oxford.
Shaw, R. G. 2019. From the past to the future: considering the value
and limits of evolutionary prediction. American Naturalist 193:1–10.
Siepielski, A. M., M. B. Morrissey, M. Buoro, S. M. Carlson, C. M.
Caruso, S. M. Clegg, T. Coulson, et al. 2017. Precipitation drives
global variation in natural selection. Science 355:959.
Simons, A. M. 2002. The continuity of microevolution and macroevolution. Journal of Evolutionary Biology 15:688–701.
———. 2009. Fluctuating natural selection accounts for the evolution of diversiﬁcation bet hedging. Proceedings of the Royal Society B 276:1987–1992.
Sinervo, B., and A. L. Basolo. 1996. Testing adaptation using phenotypic manipulations. Pages 149–185 in Adaptation. Academic Press,
San Diego.
Sinervo, B., E. Svensson, and T. Comendant. 2000. Density cycles
and an offspring quantity and quality game driven by natural selection. Nature 406:985.
Singer, M. C., and C. Parmesan. 2018. Lethal trap created by adaptive evolutionary response to an exotic resource. Nature 557:238.
Smith, J. M. 1976. What determines the rate of evolution? American
Naturalist 110:331–338.
Smith, J. M., and J. Maynard-Smith. 1978. The evolution of sex.
Cambridge University Press, Cambridge.
Sober, E. 1984. The nature of selection: a philosophical inquiry.
Bradford/MIT Press, Cambridge, MA.
Sodhi, N. S., and P. R. Ehrlich. 2010. Conservation biology for all.
Oxford University Press, Oxford.
Soule, M. E. 1985. What is conservation biology. Bioscience 35:727–
734.

Stearns, S. C., and R. D. Sage. 1980. Maladaptation in a marginal population of the mosquito ﬁsh, Gambusia afﬁnis. Evolution 34:65–75.
Stebbins, G. L. 1957. Self fertilization and population variability in
the higher plants. American Naturalist 91:337–354.
Stenseth, N. C., W. Falck, O. N. Bjørnstad, and C. J. Krebs. 1997.
Population regulation in snowshoe hare and Canadian lynx: asymmetric food web conﬁgurations between hare and lynx. Proceedings
of the National Academy of Sciences of the USA 94:5147–5152.
Stuart, S. N., J. S. Chanson, N. A. Cox, B. E. Young, A. S. Rodrigues,
D. L. Fischman, and R. W. Waller. 2004. Status and trends of amphibian declines and extinctions worldwide. Science 306:1783–1786.
Stuart, Y. E., T. Veen, J. N. Weber, D. Hanson, M. Ravinet, B. K. Lohman, C. J. Thompson, et al. 2017. Contrasting effects of environment and genetics generate a continuum of parallel evolution. Nature Ecology and Evolution 1:0158.
Svensson, E. I., and T. Connallon. 2018. How frequency-dependent
selection affects population ﬁtness, maladaptation and evolutionary rescue. Evolutionary Applications, doi:10.1111/eva.12714.
Tallmon, D. A., G. Luikart, and R. S. Waples. 2004. The alluring simplicity and complex reality of genetic rescue. Trends in Ecology
and Evolution 19:489–496.
Thornhill, N. W. 1993. The natural history of inbreeding and outbreeding: theoretical and empirical perspectives. University of Chicago Press, Chicago.
Thurman, T. J., and R. D. H. Barrett. 2016. The genetic consequences
of selection in natural populations. Molecular Ecology 25:1429–1448.
Tilman, D., R. M. May, C. L. Lehman, and M. A. Nowak. 1994. Habitat destruction and the extinction debt. Nature 371:65.
Turlure, C., V. Radchuk, M. Baguette, M. Meijrink, A. van den Burg,
M. W. De Vries, and G. J. van Duinen. 2013. Plant quality and local adaptation undermine relocation in a bog specialist butterﬂy.
Ecology and Evolution 3:244–254.
Uecker, H., S. P. Otto, and J. Hermisson. 2014. Evolutionary rescue
in structured populations. American Naturalist 183:E17–E35.
Urban, M. C., A. Scarpa, J. M. J. Travis, and G. Bocedi. 2019. Maladapted prey subsidize predators and facilitate range expansion.
American Naturalist 194:590–612.
Urban, M. C., J. J. Tewksbury, and K. S. Sheldon. 2012. On a collision
course: competition and dispersal differences create no-analogue
communities and cause extinctions during climate change. Proceedings of the Royal Society B 279:2072–2080.
VanWallendael, A., E. Hamann, and S. J. Franks. 2018. Evidence for
plasticity, but not local adaptation, in invasive Japanese knotweed
(Reynoutria japonica) in North America. Evolutionary Ecology
32:395–410.
Vilà, M., J. L. Espinar, M. Hejda, P. E. Hulme, V. Jarošík, J. L. Maron,
J. Pergl, et al. 2011. Ecological impacts of invasive alien plants: a
meta-analysis of their effects on species, communities and ecosystems. Ecology Letters 14:702–708.
Wade, M. J. 1985. Soft selection, hard selection, kin selection, and
group selection. American Naturalist 125:61–73.
Wagner, G. P. 2010. The measurement theory of ﬁtness. Evolution
64:1358–1376.
Wake, D. B., M. H. Wake, and C. D. Specht. 2011. Homoplasy: from
detecting pattern to determining process and mechanism of evolution. Science 331:1032–1035.
Wallace, B. 1970. Genetic load: its biological and conceptual aspects.
Prentice Hall, Englewood Cliffs, NJ.
———. 1975. Hard and soft selection revisited. Evolution 29:465–
473.

This content downloaded from 132.216.002.228 on February 27, 2020 12:12:45 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

Understanding Maladaptation
Webb, C. 2003. A complete classiﬁcation of Darwinian extinction
in ecological interactions. American Naturalist 161:181–205.
Weis, A. E. 2018. Detecting the “invisible fraction” bias in resurrection experiments. Evolutionary Applications 11:88–95.
Whiteley, A. R., S. W. Fitzpatrick, W. C. Funk, and D. A. Tallmon.
2015. Genetic rescue to the rescue. Trends in Ecology and Evolution 30:42–49.
Whitlock, M. C. 2002. Selection, load and inbreeding depression in a
large metapopulation. Genetics 160:1191–1202.
Whitlock, M. C., P. K. Ingvarsson, and T. Hatﬁeld. 2000. Local drift load
and the heterosis of interconnected populations. Heredity 84:452.
Willi, Y., P. Grifﬁn, and J. Van Buskirk. 2013. Drift load in populations of small size and low density. Heredity 110:296.
Williams, G. C. 1966. Adaptation and natural selection: a critique of
some current evolutionary thought. Vol. 61. Princeton University
Press, Princeton, NJ.
———. 1975. Sex and evolution. Princeton University Press, Princeton, NJ.
Willis, C. G., B. Ruhfel, R. B. Primack, A. J. Miller-Rushing, and C. C.
Davis. 2008. Phylogenetic patterns of species loss in Thoreau’s woods
are driven by climate change. Proceedings of the National Academy
of Sciences of the USA 105:17029–17033.
Wolf, C., and W. J. Ripple. 2017. Range contractions of the world’s
large carnivores. Royal Society Open Science 4:170052.
Wright, S. 1931. Evolution in Mendelian populations. Genetics 16:97.
Wright, S. I., S. Kalisz, and T. Slotte. 2013. Evolutionary consequences of self-fertilization in plants. Proceedings of the Royal Society B 280:20130133.
WWF. 2018. Living Planet Report—2018: aiming higher. M. Grooten and R. E. A. Almond, eds. WWF, Gland.
Yampolsky, L. Y., T. M. Schaer, and D. Ebert. 2014. Adaptive phenotypic plasticity and local adaptation for temperature tolerance
in freshwater zooplankton. Proceedings of the Royal Society B
281:20132744.
Yauk, C., A. Polyzos, A. Rowan-Carroll, C. M. Somers, R. W. Godschalk, F. J. Van Schooten, M. L. Berndt, et al. 2008. Germ-line

515

mutations, DNA damage, and global hypermethylation in mice
exposed to particulate air pollution in an urban/industrial location. Proceedings of the National Academy of Sciences of the USA
105:605.
Zimmering, S., L. Sandler, and B. Nicoletti. 1970. Mechanisms of
meiotic drive. Annual Review of Genetics 4:409–436.
Zuk, M., J. T. Rotenberry, and R. M. Tinghitella. 2006. Silent night:
adaptive disappearance of a sexual signal in a parasitized population of ﬁeld crickets. Biology Letters 2:521–524.

References Cited Only in the Online Enhancements
Gerstein, A. C., L. A. Cleathero, M. A. Mandegar, and S. P. Otto.
2011. Haploids adapt faster than diploids across a range of environments. Journal of Evolutionary Biology 24:531–540.
Gould, S. J., and R. C. Lewontin. 1979. Spandrels of San-Marco and
the Panglossian paradigm—a critique of the adaptationist program. Proceedings of the Royal Society B 205:581–598.
Hughes, T. P., K. D. Anderson, S. R. Connolly, S. F. Heron, J. T. Kerry,
J. M. Lough, A. H. Baird, et al. 2018. Spatial and temporal patterns
of mass bleaching of corals in the Anthropocene. Science 359:80.
Hughes, T. P., A. H. Baird, D. R. Bellwood, M. Card, S. R. Connolly,
C. Folke, R. Grosberg, et al. 2003. Climate change, human impacts, and the resilience of coral reefs. Science 301:929–933.
Jablonski, N. G., and G. Chaplin. 2010. Human skin pigmentation as
an adaptation to UV radiation. Proceedings of the National Academy of Sciences 107:8962.
Palumbi, S. R., D. J. Barshis, N. Traylor-Knowles, and R. A. Bay. 2014.
Mechanisms of reef coral resistance to future climate change. Science 344:895–898.
van Oppen, M. J. H., and J. M. Lough, eds. 2018. Coral bleaching:
patterns, processes, causes and consequences. Springer, Cham.

Special Feature Editor: Joseph Travis

“The Gar (Lepidosteus osseus) . . . soon disappeared by sinking out of sight, but reappeared soon near the shore, giving us an opportunity of
watching it. It remained as motionless as an Esox for several minutes, and on the approach of a minnow would come as near the shore as
possible, moving steadily backwards. If the ﬁsh came to about where the gar previously had been, it was seized in an instant, and the
Lepidosteus would remain motionless until the approach of another Minnow would cause it to again draw back.” From “Notes on FreshWater Fishes of New Jersey” by Charles C. Abbott (The American Naturalist, 1870, 4:99–117).

This content downloaded from 132.216.002.228 on February 27, 2020 12:12:45 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

