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abstract: The complex interplay of the multiple genetic processes
of evolution and the ecological contexts in which they proceed frus-
trates detailed identification of many of the states of populations, both
past and future, that may be of interest. Prediction of rates of adapta-
tion, in the sense of change in mean fitness, into the future would,
however, valuably inform expectations for persistence of populations,
especially in our era of rapid environmental change. Heavy invest-
ment in genomics and other molecular tools has fueled belief that
those approaches can effectively predict adaptation into the future. I
contest this view. Genome scans display the genomic footprints of
the effects of natural selection and the other evolutionary processes
over past generations, but it remains problematic to predict future
change in mean fitness via genomic approaches. Here, I advocate for a
direct approach to prediction of rates of ongoing adaptation. Following
an overview of relevant quantitative genetic approaches, I outline the
promise of the fundamental theorem of natural selection for the study
of the adaptive process. Empirical implementation of this concept can
productively guide efforts both to deepen scientific insight into the pro-
cess of adaptation and to informmeasures for conserving the biota in the
face of rapid environmental change.

Keywords: adaptation, experimental evolution, fundamental theorem
of natural selection, quantitative genetics.

Introduction

Evolutionary biologists recognize immense impediments to
specific, quantitative evolutionary prediction about popula-
tions in nature. The challenge stems from the size and com-
plexity of genomes, along with the multiple processes that
can change the genetic composition of populations: natural
selection, gene flow, mutation, and genetic drift. In most
specific cases, each of these processes is profoundly difficult
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to characterize in detail. In addition, environment, which
mediates much selection, varies over time and space, often
idiosyncratically. The dependence of a population’s evolu-
tionary change on its history (e.g., Travisano et al. 1995)
compounds the challenge. Together, these characteristics
of evolutionobviate accuratepredictionof apopulation’sde-
gree of adaptation—that is, its mean absolute fitness many
generations into the future (Gerrish and Sniegowski 2012)—
and, even over the short term, frustrate prediction of many
attributes of interest.
All of these reasons for doubting the possibility of de-

tailed evolutionary prediction raise two key questions: What
evolutionary changes, if any, are currently feasible to pre-
dict? And even more pertinent: Would it be worthwhile to
have these predictions? It is important to be clear about
the meaning of the word “prediction.” In this essay, I am us-
ing “predict” in the common language sense of foretelling at-
tributes of a population sometime in the future, an objective
that must draw not only on theory but also on data from the
population(s) of interest. I am not considering retrodiction
or hindcasting, that is, inference of past states. Nor am I re-
ferring to qualitative prediction, the province of evolutionary
theory developed as proof-of-concept models (Servedio et al.
2014), nor yet to prediction in the statistical sense of values
fitted from data in accordance with a statistical model. Each
of these kinds of effort is valuable in its own right, but they
are distinct from predicting states of populations in the fu-
ture. One kind of evolutionary prediction for which all of
the necessary approaches are well established is prediction
of change inmean fitness, that is, the rate of adaptation. I here
propose that this research program merits extensive imple-
mentation. Beyond its intellectual interest, evaluating the rate
of adaptation now looms in practical importance as environ-
mental change at extreme rates threatens the persistence of
populations and species globally.
Can Genomics Predict Change in Mean Fitness?

With current heavy investment in genomics and other mo-
lecular tools, some have opined that those approaches can
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2 The American Naturalist
effectively yield predictions of evolutionary adaptation in
the sense of change in mean fitness. I challenge this claim.
Genome scans yield the genomic historical record of the ef-
fects of natural selection, along with all of the other evolu-
tionary processes, accumulated over many generations.
Distinguishing from this record the loci that contributed
to past adaptation remains problematic because of history
that generates population structure and linkage disequilib-
rium (see, e.g., Tiffin and Ross-Ibarra 2014; Schrider et al.
2015; Hoban et al. 2016). Moreover, loci whose effects are
individually small but that can collectively account for much
of the adaptive change are unlikely to be detected (e.g., Lau-
rie et al. 2004). Thus, loci or genomic regions that can be
discerned as possibly subject to selection generally repre-
sent a small fraction of those that actually contribute to se-
lection response, and even these may often be mistakenly
identified (Schrider et al. 2015). More importantly, genomic
approaches do not generally elucidate rates of change inmean
fitness except, at best, extremely indirectly (see Bay et al.
2017, especially the numerous caveats therein). The tempo-
ral scale of the genomic signal of adaptation is that of many
generations, and the spatial scale of most genomic studies
far exceeds that occupied by an interbreeding population.
In contrast, adaptation of a population in nature proceeds
on the timescale of generations and can continue over the
vast sweeps of time into the future only in populations that
adapt to the vagaries of environment that confront them
generation by generation and thus maintain an absolute fit-
ness sufficient to persist. Adaptation over this timescale war-
rants direct study prospectively. I propose that quantitative
genetic approaches offer evolutionary predictions that would
be of great value, both in deepening scientific understand-
ing of evolutionary process and in informing measures to
address issues of pressing societal concern. This line of
study is challenging, but I urge that the payoffs warrant
the effort.
Prediction via Quantitative Genetics

Whereas anticipation of evolutionary change is largely lim-
ited to qualitative prediction, quantitative genetic study
stands as a key exception. Its approaches have long enabled
quantitative prediction of change in one or more trait mean
phenotypes in response to selection via the breeder’s equa-
tion, R p h2S (Falconer and Mackay 1996), and its multi-
variate form, D�Z p GP21S p Gb (Lande 1979; Lande
and Arnold 1983). Here, for a set of traits of interest, D�Z
is the vector of the change in their means from one gener-
ation to the next (R for a single trait); G is the matrix of
additive genetic variances of and covariances between the
traits; P is the matrix of their phenotypic variances and
covariances; S, the selection differential, is the phenotypic
This content downloaded from 128.1
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covariance between fitness and each of the traits; and b,
the selection gradient, as a measure of selection directly on
each trait, is the partial regression of fitness on the traits. In
the single-trait case, h2 is the trait heritability, the ratio of
the additive genetic variance of a trait to its phenotypic vari-
ance. Reliable prediction is here favored by considering in
aggregate the many polymorphic loci that collectively con-
tribute to the standing genetic variation in traits and to the
genetic covariance between fitness and traits. These equa-
tions, built on the regularities of Mendelian transmission,
yield predictions for the change in trait mean from one
generation to the next, a modest timescale.
Artificial selection experiments in controlled conditions

have demonstrated the utility of the quantitative predic-
tions, even though realized responses to selection vary among
replicate populations and generations, reflecting random-
ness of population sampling and genetic transmission. Sher-
idan (1988), in his review of selection in livestock and lab-
oratory populations of Drosophila and Tribolium, deemed
selection responses to differ substantially from predictions.
However, Hill and Caballero (1992) offer a critique of how the
comparisons were made (see also Walsh and Lynch 2018,
p. 607) and a more encouraging view of agreement between
predicted and realized responses to selection. Realized re-
sponses often show high repeatability and accord well with
predictions (e.g., Enfield et al. 1966; Carey 1983; Conner et al.
2011). Moreover, even though h2 is expected to change with
the changes in allele frequencies implied by the observed
response to selection, in practice the rate of change in a trait
or traits under artificial selection sometimes holds far beyond
the initial generation—for 10–30 generations (Yoo 1980) or
many more for large populations (Weber 1990; Weber and
Diggins 1990).Within highly inbred lines, in which the stand-
ing genetic variation is nil (or very nearly so), the response to
selection is, as expected, not detectable initially (López and
López-Fanjul 1993; Mackay et al. 1994; Keightley 1998).
Thus, in accord with the theory for predicting selection

response, empirical studies in the laboratory and the green-
house have demonstrated the general reliability of predic-
tions of trait change under artificial selection. But is it rea-
sonable to expect such reliability under natural selection?
One reason to believe so is that the equations for predicting
response to selection apply equally for natural selection
when all of the traits under selection are known and taken
into account (Lande 1979). However, artificial selection
contrasts with natural selection in a crucial way. In the for-
mer the experimenter chooses the trait or traits as the basis
for selection, whereas in the wild many traits may be sub-
ject to natural selection, and we do not know which ones
a priori. To address this problem, Lande and Arnold (1983)
presented theory and methods for inferring the direction
and magnitude of natural selection on each of a specified
set of correlated quantitative traits.
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Predicting Adaptation 3
Challenges in Predicting Trait Change
due to Natural Selection

Lande and Arnold’s (1983) influential paper inspired many
field studies to assess the relationship between a measure of
individuals’ fitness and measures of phenotypic values of
multiple traits (the approach is outlined in fig. 1A; studies
reviewed by Kingsolver et al. 2001). Such studies yield
estimates of the strength and direction of selection directly
on individual traits, b, the vector of selection gradients.
They may also indicate curvature, estimated as the matrix
g, in the relationship between fitness and traits, providing
an estimate of the adaptive landscape in which the popula-
tion is evolving. As in the examples Lande and Arnold gave,
many such studies have based inference of selection on a
single component of fitness (e.g., survival over a particular
interval). Moreover, phenotypic selection studies have gen-
erally considered a small number of traits because studying
selection on many traits poses at least two important chal-
lenges. First, there are practical problems with obtaining
measures of many traits, along with fitness records, on each
of many individuals. Automation has made trait measure-
ment feasible on very large study populations for single
(Weber 1990; Weber and Diggins 1990) and numerous (e.g.,
Houle et al. 2003) traits, enabling artificial selection on large
scales. However, not all traits that may be targets of selection
will be amenable to automated measurement, which is likely
to be largely restricted to laboratory studies. Second, the de-
mand for data to ensure statistical power and precision in-
creases dramatically with the number of correlated traits
considered (Mitchell-Olds and Shaw 1987). Thus, for a given
number of individuals the precision of estimates of selection
on each trait declines markedly as the number of traits in-
creases. Moreover, a crucial limitation of the approach is the
missing character problem. The particular traits chosen for
study need not (and are unlikely to) account for all, or even
most, of the variation in fitness. Omission of traits that are,
in fact, under selection and are correlated with traits under
consideration biases the estimates of selection on those traits.
Furthermore, environmentally induced covariation between
fitness and traits leads to spurious inference of selection
(Mitchell-Olds and Shaw 1987; Rausher 1992).

In contrast to the body of phenotypic selection studies,
few studies of selection in nature have been designed to
yield estimates of the genetic parameters, G, needed for
quantitative evolutionary prediction. Ideally, such estima-
tion employs experimental designs that place progeny of
formal genetic crosses in the wild as the individuals whose
fitness and traits are recorded (fig. 1C; e.g., Rausher and
Simms 1989; Campbell 1996; Tiffin and Rausher 1999; Et-
terson and Shaw 2001). Thus, studying expression of fit-
ness and traits in the context of a quantitative genetic ex-
periment conducted in nature yields all of the components
This content downloaded from 128.1
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required to predict evolutionary genetic change from the
multivariate breeder’s equation (or directly, as the additive
genetic covariance between fitness and traits, covA(w, z);
e.g., Etterson and Shaw 2001). Observational studies of ped-
igreed populations of vertebrates have also yielded estimates
of the parameters required for prediction of response to nat-
ural selection on traits (fig. 1B; e.g., Grant and Grant 1995;
Kruuk et al. 2002; Sheldon et al. 2003). In some of these
cases, the realized change in the traits aligned well with the
predictions (e.g., Grant and Grant 1995). In their review of
the vertebrate studies, however, Gienapp et al. (2008) found
that this is often not the case, noting the vexing issue of
distinguishing genetic response to selection from pheno-
typic plasticity in response to changing environment (see
also Pujol et al. 2018). Pemberton (2010) emphasizes other
impediments to accurate prediction from observational stud-
ies. Paramount among them is the general problem of con-
founding of environmental influences on organisms with
genetic influences, which stymies the effort to ascertain
the genetic contribution to fitness and traits. This is the clas-
sic problem of discerning the effects of nature versus nurture
(Lewontin 2000). Ironically, comparison of predicted to re-
alized responses to selection are far scarcer for the experi-
mental studies of annual plants, which are less subject to
these impediments. As one instance, however, Franks et al.
(2007) contemporaneously grew generations collected be-
fore and after drought and thus conclusively demonstrated a
genetically based response to natural selection on flowering
time that accorded with prediction.
Whereas the challenges for evolutionary prediction from

observational evidence are clear, the examples of experi-
mental studies tantalizingly intimate the predictive promise
of quantitative genetics that is more widely achievable. Im-
plementation ofD�Z p GP21Swill, however, always entail a
fraught choice of the characters to consider, of which there
are many more possible candidates as targets of selection
than it would be feasible tomeasure. Moreover, the strength
of selection on them and even which characters matter for
fitness seem likely to vary as environment changes over
time, although limits on statistical precision may often make
that difficult to prove (Morrissey and Hadfield 2012).
Predicting Adaptation: Fisher’s Fundamental Theorem

An alternative and potentially more robust way forward is
direct prediction of the rate of adaptation via the funda-
mental theorem of natural selection (FTNS; Fisher 1930):
D �W p VA(W)= �W . Here, the evolutionary (i.e., genetically
based) change in mean fitness from the current generation
to the next is predicted by the ratio of the population’s cur-
rent additive genetic variance for fitness to its mean fitness.
Fitness, W, can be defined operationally as the number of
offspring an individual contributes to the population, that
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Predicting Adaptation 5
is, the per capita population growth rate. Thus, �W p 1 yields
the expectation that the population will remain the same
size, and a magnitude of �W greater or less than 1 indicates
the rate at which the population is expected to grow or de-
cline. The ratio VA(W)= �W predicts the change in the pop-
ulation’s growth rate resulting from genetically based dif-
ferential contribution of offspring to the next generation.
Importantly, in cases with an estimate of �W ! 1, the magni-
tude of VA(W)= �W offers a prediction of the rate of adap-
tation toward �W p 1 and, in particular, whether a single
generation of natural selection can be expected to result in
evolutionary rescue, stabilizing the population’s persistence.
Although the interpretation and even the validity of the
FTNS were unclear at first, the derivation has now been ver-
ified as quite general, and the interpretation has been eluci-
dated (e.g., Ewens 1989, 2004; Frank 2012). A crucial point
is that the FTNS predicts the change in mean fitness re-
sulting strictly from genetic changes due to selection. This
is the rate of evolutionary adaptation. The total change in
mean fitness may deviate from this substantially because
the environment in which the offspring develop may differ
in ways that directly cause their mean fitness to differ from
that of their parents (i.e., even in the absence of any genetic
change; phenotypic plasticity with respect to fitness).

The utility of FTNS in empirical contexts has not yet
been demonstrated; no published empirical research, to
my knowledge, has applied it, although we have such stud-
ies under way (Eule-Nashoba 2016; Sheth et al. 2018; R. G.
Shaw and S. Wagenius, unpublished data [see the overview
in “Experimentally Applying FTNS” below as well as Shaw
and Etterson (2012) and Gomulkiewicz and Shaw (2013)]).
Fisher (1930) himself likely dampened enthusiasm for empir-
ical application of FTNS by suggesting that concomitant en-
vironmental deterioration (e.g., from competitive pressure
due to an increase in population density as adaptation pro-
ceeds) would generally cancel out any increase in the mean
absolute fitness of individuals. This has a logical appeal. It
is clear that population growth cannot exceed 1 indefinitely,
but how tight is such a governor? Others have suggested that
VA(W) would be readily exhausted by incessant selection on
fitness itself (e.g., Charlesworth 1987). However, recent theo-
retical work by Zhang (2012; see also Ellner and Hairston
1994; Shaw and Shaw 2014) has made clear that various re-
gimes of environmental change can maintain VA(W), such
that it would be available as a basis for response to selec-
tion. Moreover, evidence now emerging from genomic stud-
ies indicates that past adaptation has generally proceeded
through subtle changes in allele frequency at many simulta-
neously segregating loci (Pritchard and Di Rienzo 2010; see
also Boyle et al. 2017), in accordance with classical quantita-
tive genetic thought. Even when adaptation has resulted in
extremeallele frequencies, this may have occurred primarily
via “soft sweeps” from standing genetic variation as op-
This content downloaded from 128.1
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posed to “hard sweeps” from de novo mutation (Messer
and Petrov 2013).
Thus, a strong reason for optimism that FTNS can yield

informative predictions of adaptive rate is that the magni-
tude of the change in mean fitness depends on a popula-
tion’s current overall standing genetic variance for fitness
in its current environmental context. Genetic contributions
to variation in fitness are likely to be at least as highly poly-
genic as manymore readilymeasurable traits, such as oil con-
tent of corn kernels (Laurie et al. 2004) and human height
(Yang et al. 2010). Moreover, at any given time it is not nec-
essary to consider mutations that have newly arisen. Those
that could eventually contribute to selection response are not
likely to contribute importantly just after they originate, when
they are rare.
To return to the key questions above: What evolutionary

changes, if any, are currently feasible to predict? FTNS of-
fers a strong conceptual basis for direct, quantitative pre-
diction of the rate of adaptation, in the sense of change in
mean absolute fitness. The methodologies of quantitative
genetics enable its implementation, and experimental ap-
proaches of population biology can guide assessment of the
extent to which the predictions are realized. Would it be
worthwhile to have these predictions? Quantitative predic-
tions of the rate of genetic adaptation warrant the effort to
obtain them for both fundamental and practical reasons.
Direct study of this kind would strengthen our under-
standing of the process of adaptation, including feedbacks
between evolutionary change and population dynamics
(community genetics; Antonovics 1992; also known as eco-
evolutionary feedbacks). It would also inform efforts to pro-
mote population persistence and guide those efforts to where
they are most needed.
Among the specific empirical questions that follow are

these: What is the magnitude of VA(W), in particular natu-
ral populations? What is the rate of adaptation that it
predicts? How closely do realized rates of adaptation accord
with predictions? If they align closely, over how many gen-
erations? If they differ substantially, why? These questions
have not been answered, not even for populations in the lab-
oratory—nor have they been answered for wild populations
in relatively undisturbed conditions, nor especially for popu-
lations whose fitnesses (hence, whose likelihood of persis-
tence or increase) are compromised by rapid changes in en-
vironment.
Experimentally Applying FTNS

Implementation of FTNS requires estimation of the pop-
ulation parameters VA(W) and �W. Experiments to do so
(fig. 1D) can draw on the general approaches of quantita-
tive genetics for estimating the additive genetic variance,
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6 The American Naturalist
as laid out in textbooks (Falconer andMackay 1996, chap. 10;
Lynch and Walsh 1998, chaps. 18, 20). In brief, estimation
of additive genetic variance of any trait, including absolute
fitness, entails measures of the trait on a pedigreed set of in-
dividuals that is representative, both in the genetic sampling
and in the environment in which it is grown, of the popula-
tion of interest. For the purpose at hand, it is appropriate to
consider a population in the sense of a deme (or, more spe-
cifically, a gamodeme; Gilmour and Gregor 1939), a local
group likely to be exchanging genes. Because of a deme’s typ-
ically restricted spatial extent, most of its members may be
subject to many (if not all) of the same ongoing selective pro-
cesses.

Eventual interpretation of the experiment depends criti-
cally on avoidance of confounding between genetic and en-
vironmental effects. To ensure this independence, sets of
experimental individuals can be generated from random
choice of a large number of parental individuals by inter-
crossing the parents in a formal, randomized mating scheme.
In a common approach, individual paternal parents are each
mated to a distinct set of multiple maternal parents, as de-
scribed by Falconer and Mackay (1996, chap. 10), to obtain
progeny in paternal half-sib groups that include subgroups
of full sibs. Any mating scheme that results in groups of pa-
ternal half-sibs will allow estimation of additive genetic vari-
ance unbiased by variance due to dominance or maternal ef-
fects. The progeny are set out, randomly arrayed over the (one
or possibly more) focal environment(s), to develop and ma-
ture in conditions as similar as possible to the conditions un-
der which rate of adaptation is the focus. Raising the progeny
at the site fromwhich the parents were sampled offers the op-
portunity to predict the ongoing rate of adaptation of the
population under the conditions prevailing in situ.

The progeny are then followed, ideally throughout the life
span, and measures of components of fitness are obtained
for each (see, e.g., Campbell 1997; Stanton-Geddes et al. 2012),
to accumulate records of lifetime fitness. With these data
in hand, it remains to estimateVA(W) and �W. The frequency
distribution of lifetime fitness does not lend itself to stan-
dard statistical analysis; as a compound distribution arising
from the serially expressed components of fitness, lifetime
fitness conforms to no standard probability distribution (Shaw
et al. 2008). To alleviate this problematic aspect of fitness
data, Geyer et al. (2007) developed aster modeling, which
takes into account the dependence structure of arbitrarily
many components of fitness to obtain, via maximum like-
lihood, usefully precise inferences about fitness (see also
Shaw et al. 2008). Its extension to accommodate random ef-
fects, including random genetic effects (Geyer et al. 2013),
enables estimation ofVA(W) and ofVA(W)/ �W, the prediction
from the FTNS of the increase inmean fitness of the next gen-
eration over the current one due to the change in allele fre-
quencies resulting from selection in the current generation.
This content downloaded from 128.1
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It is important to acknowledge challenges. For example,
whereas individual fitness is, in principle, simple to define
as the number of offspring an individual contributes to the
population, the biology of fitness expression, whichmay span
a single year or many, often complicates the measurement of
fitness in practice. Apart from the issue of life span, it is of-
ten most convenient to assess fitness through maternity,
ignoring paternal fitness variation because of the difficulty
of attributing offspring to particular sires. It is now, however,
feasible to assign paternity with considerable confidence (e.g.,
Kulbaba andWorley 2012; Briscoe Runquist et al. 2017).With
such information, FTNS could be applied using estimates
based on either maternal fitness or paternal fitness.
Comparing Realized Adaptation to Prediction

Predictions of the evolutionary change in mean fitness are
warranted in their own right because they would directly
characterize a population’s expected capacity for ongoing
adaptation to its current environment. They would be of
even greater value in comparison to the realized change in
mean fitness. To estimate the realized change in mean fit-
ness, a representative sample of the next generation must
be grown and its mean fitness evaluated. As noted above,
the environments in which the parental and offspring co-
horts develop are likely to differ, and this could directly con-
tribute to the difference in mean fitness between parental
and offspring cohorts, in addition to the genetically based
change in mean fitness. To isolate the latter, the parental
and offspring cohorts must be grown in a common envi-
ronment—that is, a genetically representative sample of the
original pedigreed cohort must also be grown and its fit-
ness evaluated, along with the offspring cohort. This ap-
proach parallels that of mutation accumulation experiments,
with similar rationale (e.g., Schultz et al. 1999; Shaw et al.
2000).
At the outset, it is important to recognize that the realized

change in mean fitness may often poorly match the predic-
tion, even when the direct effect of change in environment
is addressed as described above. The overall change inmean
fitness also depends on genetic variation in sensitivity to
such environmental change (i.e., the interaction between
genotype and temporally varying environment), which sig-
nifies temporal change in genetic selection, whether this
change is erratic or due to more regularly fluctuating selec-
tion. Moreover, even in experimentally controlled labora-
tory environments, rates of change in mean fitness can vary
substantially among replicate microbial populations subject
to the same selection regime (e.g., Travisano et al. 1995; Ra-
miro et al. 2016), although it is important to note that these
studies typically span 1,000 generations or many more. The
match between realized and predicted change in mean fit-
ness for wild populations—and explanations for deviations
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between them—are empirical questions whose answers can
come only from direct experimental study.
Potential Breadth of Application and Variants on It

Unquestionably, experiments of this kind require consider-
able effort, and, even more obviously, some kinds of organ-
isms are better suited to such experiments than others. In
particular, plants and other sessile organisms “stand still
and wait to be counted” (Harper 1977, p. 515). Even studies
of these organisms alone would be highly informative, but
othersmay also be good candidates. Via’s (1991) confinement
of aphids on host plants in the field to obtain full fitness eval-
uations demonstrates that there is much greater potential for
such studies. More vagile organisms would have to be tagged
and reliably recoverable for fitness assessment, as has been
done with several experimentally manipulated vertebrate pop-
ulations (e.g., De Lisle and Rowe 2015; Bolnick and Stutz 2017).

Organisms whose lives span decades pose obvious chal-
lenges. Nevertheless, for a few perennial plants with life
spans up to a decade, investigators have conducted formal
quantitative genetic experiments in the field, obtaining
complete lifetime fitness measures (Campbell 1997; Camp-
bell et al. 2008; Shefferson and Roach 2012), and others
are in progress with plants of still greater life span (R. G.
Shaw and S. Wagenius, unpublished data). A priori, for re-
liable prediction from FTNS it seems necessary to obtain
fitness records over the full lifetime, particularly in cases
with strong genetically based trade-offs between early- and
late-life components of fitness. However, it is an empirical
question whether useful predictions of the rate of adaptation
can be obtained from incomplete fitness records. An en-
abling condition would be that, after reproductive maturity,
the genetic variance in fitness and mean fitness change to-
gether through the life span such that the ratio remains
roughly constant. This condition would promote the feasi-
bility of quantitative genetic studies to predict adaptation of
much longer lived organisms (e.g., trees; Yeh and Heaman
1987; Aitken and Adams 1996; Warwell and Shaw 2017).

The foregoing outline represents a general approach on
which many variants can be envisioned to address ques-
tions related to the central ones. To evaluate how consistent
selection is over time, it would be worthwhile to grow
subsets of individuals from the same pedigrees at successive
times. The predicted rate of adaptation may differ, but even
if it hardly differs, comparison of genetic effects on fitness
between cohorts could reveal interaction between genotype
and temporally varying environment such that the genetic
composition favored by selection differs between them. The
specifics underlying predicted and observed changes in mean
fitness (which traits, which alleles, and what aspects of envi-
ronment played key roles?) will often be elusive, simply be-
cause of the enormously high dimensionality of each of these
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aspects. Even so, measurement of traits of individuals, in con-
junction with their fitness components, would illuminate se-
lection on those traits and suggest their roles in the adaptive
response. Inclusion of trait values could also bear on the role
of trait plasticity in adaptation (see, e.g., Chevin et al. 2010).
Similarly, measurements of environmental attributes near in-
dividuals could suggest roles those features play in selection
and adaptation. Because environmental attributes are gener-
ally highly intercorrelated, conclusive evidence about their
roles as agents of selection would entail experimental manip-
ulation (e.g., increasing CO2 concentration; Lau et al. 2007).
As noted at the outset, it is not selection alone that

changes the genetic composition of populations. Genetic
drift, gene flow, and mutation also play important roles.
The stochasticity of drift implies that it undermines the pre-
dictability of change in mean fitness. The extent to which
it generates discrepancies between predicted and realized
change in mean fitness could be directly studied by exper-
imentally varying effective population size of study cohorts
(e.g., Newman and Pilson 1997). Likewise, gene flow could
also be varied experimentally to assess its interplay with se-
lection. It would be of interest to vary the amount of gene
flow via both haploids (e.g., pollen) and diploids, for which
the genetic and demographic consequences differ, impor-
tantly affecting the evolutionary dynamics and outcomes
(Aguilée et al. 2013). It would also be of value to vary the pop-
ulation sources (e.g., their distances or the disparity of the
habitats). Such studies can inform the pressing debate about
the merits and risks of human-mediated gene flow (managed
relocation, assisted migration) for enhancing the persis-
tence of populations threatened by environmental change
(Richardson et al. 2009; Aitken and Whitlock 2013). Newly
arising mutations are unlikely to substantially influence the
change in the mean fitness of the immediately subsequent
generation due to their initial rarity. It would be of great in-
terest, however, to conduct a study as outlined here on sets
of mutation-accumulation lines as a basis for augmenting
understanding of the contribution of newly arisingmutations
to ongoing changes in mean fitness in the wild.
To predict a population’s rate of adaptation to different

conditions, the same reference population can be grown
at different sites (e.g., a chronosequence representing climate
change; Etterson and Shaw 2001). Even within a site, the se-
lective environment (sensu Antonovics et al. 1988) may vary.
The approach outlined here could be further extended to clar-
ify the spatial scale of selective heterogeneity (although at no
finer scale than could be addressed in an informatively repli-
cated experiment). Fitness expressionmay depend on genetic
composition of neighboring conspecifics or their density (e.g.,
Shaw 1986; Campbell et al. 2017). The nature of such “soft se-
lection” and how it bears on adaptation could be investigated
through experimental manipulation of neighbor density and
relatedness. To evaluate the role of a partner species in medi-
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ating ongoing adaptation, exposure to the partner could be
varied (e.g., microbial inoculation; Alexander et al. 2017;
Ossler and Heath 2018). Yet further, it is of interest to learn
about how capacity for adaptation changes over time. The
Project Baseline archive of seeds representing numerous spe-
cies in substantial seed collections from populations occupy-
ing diverse habitats over the period 2012–2017 (Etterson et al.
2016) is an unparalleled resource for such studies. As experi-
ence with this approach advances, it will eventually be possi-
ble to address the extent to which generalization about rates
of adaptation beyond individual populations or over longer
periods is warranted.
Conclusion

Among the profound aspects of evolution is its playing out
over enormous sweeps of time, from more than 4 billion
years in the past onward into the indefinite future. Evolu-
tionary biologists, through a multiplicity of approaches,
have woven countless insights into a fabric of understand-
ing about organisms in the remote past and their changes
up to the present. These considerations of evolution over
unimaginable spans of time have tended to dwarf interest
in evolutionary change on the timescale of organismal gen-
erations. Darwin’s (1859) view that adaptation would pro-
ceed via imperceptible changes accumulating exceedingly
slowly surely influenced this emphasis in the early period
of evolutionary study(Antonovics1987).Now,however,nu-
merous retrospective studies have detected adaptation in
the wild over tens of generations or fewer (see above). Even
so, it is also clear, from field observations (Bradshaw 1991)
and from experiments in the field (e.g., Newman and Pilson
1997) and laboratory (e.g., Bell and Gonzalez 2011; Lindsey
et al. 2013), that adaptation under natural selection may not
suffice to maintain a population in a habitat where its fitness
has been severely compromised. Can we predict evolutionary
rescue and adaptive persistence versus failure to adapt, result-
ing in ultimate extirpation for particular populations in the
wild (Gomulkiewicz and Shaw 2013)? This is an empirical
question that has importance both for advancing basic evolu-
tionary understanding and for informing measures intended
to conserve the biota as the environment changes so rapidly.

Efforts using this direct approach to predicting and eval-
uating evolutionary adaptation require humility and mod-
est expectations. From the outset, it is important to ac-
knowledge that predictions may often be imprecise even
when they are accurate. Characterizing the magnitude of
uncertainty is itself worthwhile. Predictions of the geneti-
cally based change in mean fitness will not likely be met
in all cases. Even when they are not, well-designed experi-
ments that enable both these predictions and evaluation
of the extent to which they are met will directly illuminate
the adaptive process.
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