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Preface

Andrew Dobson, Robert D. Holt, and David Tilman

The centenary of the Ecological Society of America inspired us to ask ecol-
ogists their thoughts about the next century, specifically on the broad
question of “What are the Unsolved Problems in Ecology?” We imagined
that they might identify two classes of problems: (1) Those people have
wrestled with, but where solutions have remained elusive and (2) prob-
lems that someone may have just recognized as being potentially huge
yet unexamined. The motivation for the book stems from a deep convic-
tion that ecology will be a central defining science of the twenty-first
century, just as physics defined the twentieth, and chemistry the nine-
teeth. Consequently, we put our authors in the position of defining what
they think the key agenda for ecology will be within their area of re-
search for the next decades to a full century. Sutherland et al. (2013)
honored the centenary of the British Ecological Society by compiling a
list of key unanswered questions—in effect, a series of bullet points aim-
ing at future progress in the discipline. We, instead, asked authors to pro-
vide a more discursive reflection on open, important questions in the form
of essays, providing a more expansive vista across possible future intel-
lectual landscapes.

A strong motivation for the book was a previous volume of essays pub-
lished in the 1970s that simply asked “What are the unsolved problems
for the 20th Century” (Duncan and Weston-Smith 1977); there were only
two biological chapters, including one by John Maynard Smith, who as-
tutely pointed out that we did not know why sex had evolved. Curious as
it seems, no one had explicitly realized that this was a problem prior to
Maynard Smith’s explication of the inherent “cost of sex” (1971, 1977; see
Bell 1982); although Darwin as early as 1862 presciently remarked “we
do not even in the least know why new beings should be produced by the
union of two sexual elements, instead of by . .. parthenogenesis” (cited
in Kirk 2006), and Bonner (1958) and others do adumbrate some aspects
of the issue. This book chapter helped spark the genesis of a whole sub-
discipline of studies within evolution, behavioral ecology, and epidemiol-
ogy. We are ambitious enough to hope that at least one of our chapters in
this volume can likewise unearth an intellectual goldmine that transforms
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thinking within ecology and the broader disciplines of evolution and en-
vironmental science. The other biological essay in the 1977 compilation
was by Peter Grubb, who pointed out that our knowledge of leaf structure
and function at the time was woefully inadequate. This chapter also led
to multiple developments in plant physiology and ecology. We were de-
lighted when Peter accepted our invitation to write a chapter for the
current book, and doubly so, when he decided to write a chapter that
describes how much we still need to know about leaf structure and func-
tion, some four decades after his initial distillation of this question.

Some unsolved questions that the authors in this volume bring up are
radically new, but others are longstanding. Robert MacArthur towards the
end of his life sketched an array of outstanding problems in ecology (Mac-
Arthur 1972), focused around the theme of species coexistence, many of
which are still with us and touched on in the current volume, including
for instance the need for network perspectives, and the importance of un-
derstanding “why are some species able to adjust niche widths rapidly
when put in a new situation while others are rigid?”; the latter question
foreshadowed current concerns with themes such as niche conservatism
and evolutionary rescue. MacArthur argued for intellectual pluralism and
suggested that ecologists needed to get beyond the biological sciences (in-
cluding in particular, he notes, the earth sciences) to really come to grips
with the issue of species coexistence. These insights resonate today.

We initially planned to obtain three temporal perspectives on the un-
solved problems identified by the authors, corresponding roughly to dif-
ferent stages in the trajectories of careers. To this end, we split the set of
authors we invited into three broad and overlapping categories: (1) We
asked younger researchers whose careers are expanding rapidly as to what
they see as the major conceptual challenges facing their research, (2) we
asked midcareer scientists to describe what they plan to focus on as the
major targets of opportunity in their own careers, and (3) we asked indi-
viduals who have helped to define the study of ecology over the last 30 to
50 years to describe the problems they have found intractable or continu-
ally challenging, given available techniques and methodology. The skel-
eton of this structure is faintly discernible within the chapters we received
for the final volume, although we perceive two distortions, one of which
can fairly readily be dealt with, the other of which presents a significant
“unsolved problem in ecology.” The first distortion is that we tended to
ask people whom we knew personally to write chapters. Although we have
all been active in the Ecological Society of America, the British Ecologi-
cal Society, the American Society of Naturalists, and the Society for Con-
servation Biology (among others) for more than 30 years, we surely (if
unconsciously) are biased in asking friends and colleagues, rather than a
broader array of people we may have admired from a distance in these
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one involved for their patience, and hope that the final product matches
our and your expectations. We have learned a lot and thoroughly enjoyed
reading these contributions, and hope that you, and the broader reader-
ship of our community, may likewise profit from careful perusal of these
essays.
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fluxes. A key topic raised by both Wiens and Levin also was addressed
in a book published at nearly the same time (Ehleringer and Field 1993)
in which many authors tackled the issue of scaling and cross-scale feed-
backs from organismal physiology to global climate and back again.

In the decades since these papers were written, ecologists have con-
tinued to develop an understanding of long-term feedbacks, heteroge-
neity, and links across spatial scales. For example, the effects of forest
warming over the short term have been demonstrated to stimulate soil
respiration, whereas turnover in microbial composition can increase the
carbon use efficiency of the community, leading to attenuation of soil
respiration under continuous long-term warming (Melillo et al. 2002,
Frey et al. 2013). The effects of diversity on productivity also function
via long-term feedbacks. For example, long-term, chronic nutrient addi-
tion causes productivity to increase initially, but these effects attenuate
over multiple decades because of ongoing loss of species diversity (Isbell
et al. 2013). In a different subfield of ecology, research using metage-
nomic tools is highlighting the links and feedbacks among spatial scales
that determine the resident microbial composition, or microbiome, of a
host. For example, the identity and relative abundance of microbial spe-
cies inhabiting an individual is determined at the regional scale by the
composition and relative transmission ability of microbial species and at
the local scale by the relative abundance of hosts and microbial competi-
tive ability and fitness within individual host species (reviewed in Borer
et al. 2013). Many factors, including the abiotic environment (Fenchel
and Finlay 2004), host quality (Smith et al. 2005), and host behavior (Lom-
bardo 2008), can play a role in these interactions and feedbacks across
spatial scales.

In spite of the forward progress of this field, the fundamental issue
of effectively using information about processes at one scale in predic-
tions about outcomes at another scale remains unsolved. In 2011, the
Macrosystems Biology program at the National Science Foundation (NSF)
was launched to stimulate research and advance greater mechanistic
understanding of processes spanning spatial scales (Dybas 2011). Al-
though the availability of funding is certainly a key constraint on in-
tellectual progress, identifying and collecting the types of data that
will be useful for making predictions that span scales also represents a
major challenge (Levin 1992, Ehleringer and Field 1993, Leibold et al.
2004, Elser et al. 2010, Nash et al. 2014). Perhaps most importantly, ecol-
ogists studying feedbacks and linkages across spatial scales are faced
with tradeoffs in our capacity to gather data about the biosphere at any
scale: the spatial extent versus the temporal extent of a study, the local
replication versus the spatial extent of a study, or site-based experimen-
tal work versus large-scale observation (Soranno and Schimel 2014).
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A New Tool Hiding in Plain Sight

Over the past several decades, a fairly continuous stream of publications
has identified conceptual areas of spatial scaling where our ignorance re-
mains vast (e.g., Wiens 1989, Levin 1992, Ehleringer and Field 1993, Pe-
ters et al. 2007, Borer et al. 2013). However, ecological science has changed
a great deal during this time, giving us a range of new tools and more
highly resolved data to study ecological scaling relationships. Meta-
analysis has become an accepted tool for quantitative synthesis of the
ecological literature and has been used, for example, to examine support
for a range of hypotheses about the key determinants of species diversity
across spatial scales (Field et al. 2009). Sequencing technology and metage-
nomics is rapidly extending the conceptual realm and spatial scales being
actively considered by ecologists (Borer et al. 2013). Electronic technol-
ogy also has changed our ability to tackle questions about scaling in myr-
iad ways, including computerization of data acquisition and access, satel-
lite imagery, remote sensing, drone technology, and interpolation of a wide
array of environmental data (Campbell et al. 2013). One example of the
exciting cutting-edge of technology to examine scaling in ecology is re-
search that is advancing our ability to use remotely sensed spectral vari-
ation as a tool for estimating local and regional biodiversity, and concur-
rently documenting leaf-level traits and functional differences among taxa
(Cavender-Bares et al. 2016).

However, the change in the past 30 years that is perhaps most under-
appreciated for its potential to advance this field is neither statistical nor
technological; it is the shift in the culture of ecological science from a field
dominated by single investigator projects to one of collaboration (Hamp-
ton and Parker 2011, Goring et al. 2014).

Distributed Experimental Networks

Most ecological research is conducted by one or a few scientists over
relatively short time scales and small spatial scales (Heidorn 2008), and
whereas large-scale, multi-investigator collaborations have become in-
creasingly common in ecology over the past several decades (Nabout
et al. 2015), the vast majority of these collaborations generate, share, and
analyze observational data (e.g. Baldocchi et al. 2001, Weathers et al. 2013).
Although observations of ecological systems represent an exceptionally
important tool for characterizing and comparing among systems, manipu-
lative experiments are a far more powerful tool for forecasting a system’s
behavior under novel environmental conditions. Given the pressing need to
effectively forecast ecological responses in a changing global environment,
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multifactorial experiments measuring responses and feedbacks spanning
spatial and temporal scales will be a key tool to complement meta-analyses,
large-scale observations, and models.

Although most experiments in ecology are conceived of and performed
by single investigators, large-scale, grassroots distributed experimental
collaborations are rethinking ecological experimentation and are over-
coming the historical tradeoffs in our capacity to gather long-term ex-
perimental data across multiple spatial scales (Borer et al. 2014a). By
replicating the same experimental treatments and sampling protocols
and openly sharing data with each other, ecologists collaborating in dis-
tributed experimental networks are able to replicate experiments and
directly compare biological and abiotic responses across spatial scales
ranging from centimeters to continents. Depending on the question, sam-
pling can occur at multiple scales within sites (e.g., within individual,
within plot, plot, block, site) to quantify a plethora of responses to ex-
perimental treatments that map onto future scenarios (e.g., multiple
nutrients, herbivory, high-latitude warming, drought, and loss of biodi-
versity; see Arft et al. 1999, Borer et al. 2014b, Duffy et al. 2015, Fay
et al. 2015).

This emerging approach to network science is requiring a rethinking
of collaboration and a change in scientific culture (Guimera et al. 2005,
Hampton and Parker 2011, Borer et al. 2014a). By using common experi-
mental treatment and sampling protocols and sharing data openly among
collaborators, every site improves the dataset through contribution and
each investigator benefits from the opportunity to contribute data and
ideas as a result of their efforts (Borer et al. 2014a). As with any effective
collaboration, careful fostering of a culture of trust and sharing means
that contributors have confidence that their efforts will be included and
rewarded (Hampton and Parker 2011). In this model, participation is vol-
untary, and for most distributed experiments organized as grassroots ef-
forts, investigators at each site shoulder the cost of implementing the
treatments and collecting the data rather than funding such efforts
through a single centralized grant. This pay-to-play funding model means
that participation, particularly by international collaborators in under-
studied regions of the world, is increased when costs are low. And, for a
field that seems to perpetually struggle with physics envy, this model of
egalitarian collaboration was once called “the dream” by the Director
General of the European Center for Particle Research (CERN), Dr. Robert
Aymar (Ford 2008).

To forecast future scenarios for ecological responses and feedbacks in
nonanalog environmental conditions (Williams and Jackson 2007, Rock-
strom et al. 2009), we need experiments that manipulate multiple global
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change factors over long periods of time, and we need to understand how
novel conditions influence the resulting spatial patterns and processes
across multiple scales. Without multifactorial experiments replicated across
many sites, it remains difficult to effectively estimate interactions among
factors and contingencies in responses associated with, for instance, cli-
mate, evolutionary, or geological history. Distributed experimental net-
works provide such an opportunity.

The benefits of a distributed experiment for tackling questions about
processes spanning and feeding back across spatial scales are enormous.
This widespread collaboration among scientists dramatically expands the
spatial extent of observation while retaining resolution (grain) at the scale
of individuals, but also generating data that can be aggregated to capture
patterns at larger grain such as block or site. The spatial replication gen-
erated by a network with many collaborators allows clear quantification
of responses that are shared among sites as well as responses that are con-
tingent on site characteristics (e.g., climate, soils, or evolutionary history).
The replication of experimental treatments across many sites and condi-
tions also allows investigation into the patterns and feedbacks resulting
from multiple interacting factors by breaking up the colinear and con-
founded variables that plague single-site studies. By working as a wide-
spread collaborative team to establish multiple treatments and sample at
locations spanning regions and continents, distributed experiments over-
come the tradeoff between the spatial and temporal scales of sampling
that has caused ecologists to rely so heavily on models and meta-analysis
for which interactions among treatments and site variables are difficult
(and usually impossible) to disentangle.

We provide a few case studies to develop how we envision that this type
of approach, harnessing the intellectual and data collection power of sci-
entists spanning regions and continents, could interlink with existing ap-
proaches (e.g., modeling, streaming data) to generate a predictive under-
standing of how biological processes will change and feed back across
scales in response to changing environments on Earth.

Case Study 1: Plant Productivity

As we move across spatial and temporal scales of observation, the key con-
trols on the processes and resulting patterns in primary productivity shift
(Wiens 1989, Ehleringer and Field 1993, Polis 1999, Peters et al. 2007). For
example, roots foraging for soil resources may occur at the scale of mil-
limeters, inducing organismal constraints on productivity (Tian and
Doerner 2013). At the scale of meters, intraspecific and interspecific in-
teractions among organisms seeking the same resources may generate
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webs of direct and indirect interactions that may determine the net car-
bon fixation and annual productivity of a plant community. For example,
concurrent changes and feedbacks in plant quality and composition in
response to grazing (Zheng et al. 2012) or chronic nutrient addition (Is-
bell et al. 2013) can lead to long-term declines in productivity within
fields. At regional scales, solar radiation, precipitation, nutrients, or
other physical factors may impose the most important constraints on
productivity (Polis 1999, Del Grosso et al. 2008). Although local, long-
term patterns of evapotranspiration can predict the dominant flora, and
thus biome, of a region, direct measurements of leaf-scale transpiration
or small-scale measurements of local plant communities may fail to pre-
dict the larger-scale pattern (Wang and Dickinson 2012). Thus, we re-
main limited in our ability to use observed responses at the scale of roots
and stomata to interpret satellite information or predict regional climate,
although we believe that these changes are important pieces of the
puzzle.

The use of meta-analysis has advanced our understanding of the role
and interactions among climate, plant chemistry, and vegetation type on
regional-scale patterns of plant productivity (Del Grosso et al. 2008). How-
ever, in spite of the important insights arising from synthesis across stud-
ies, such studies have relied on interpolation and derived metrics of pro-
duction that may underestimate the role of local-scale processes and
overestimate the role of regional climatic drivers (Shoo and Ramirez 2010).
They also fail to provide a strong estimation of trajectories of productiv-
ity under future scenarios of climate and nutrient deposition. Thus, our
ability to predict productivity responses to multiple interacting factors
(e.g., concurrent changes in the supply rates of multiple nutrients or cli-
mate factors) and feedbacks from plant productivity to climate and nutri-
ent cycles remains limited by the lack of simultaneous, direct manipula-
tions of the environment and measurements of the rates of primary
productivity within and among sites.

A coordinated, long-term experiment spanning a wide range of climate
and nutrient supply could produce data to test the multiscale hypotheses
generated with meta-analysis. By concurrently manipulating factors most
likely to determine productivity within sites, regions, and across conti-
nents (e.g., climate, local nutrient supply, herbivory; Milchunas and Lauen-
roth 1993, Del Grosso et al. 2008, Fay et al. 2015), such a study could
generate data to clarify the likely trajectories of change in productivity
in future, nonanalog environments. These direct estimates of primary pro-
ductivity, under a wide variety of natural and manipulated environments,
produced through large-scale collaboration among scientists, would gener-
ate data to clarify the interactions among factors, spatial and temporal
feedbacks, and spatial scales at which each factor most strongly constrains



ECOLOGICAL SCALING IN SPACE AND TIME « 11

of host-associated microbes to multiple concurrent global change factors
across a globally relevant range of conditions, a distributed experimental
network could generate critical empirical data about the interactions and
feedbacks among factors controlling the microbiome. By harnessing the
capacity of the research community deeply invested in these questions,
these data could effectively complement insights from metagenomic ob-
servations, single-site (or lab) studies, and models, providing insights about
generality and contingencies determining a host’s microbiome at an unpre-
cedented range of spatial scales.

Conclusions

Perhaps this will simply be another essay pointing out our need for pro-
gress in understanding the mechanisms underlying ecological relation-
ships spanning spatial and temporal scales. If so, it will be an essay in
venerable company. However, as a discipline, we have an ever richer and
more diverse set of young scientists spanning the globe. This growth and
diversity of ecologists can become a direct asset that can position our field
to rethink how we work as a society of scientists. We can harness the col-
lective skills and knowledge of our amazing colleagues to create the new-
est tool in our own toolbox for generating previously unattainable experi-
mental data documenting processes and feedbacks across scales. More
generally, innovation and progress can come in many forms, including re-
thinking our approach to science. By rethinking how we study the world,
redefining how we collect data, and pursuing avenues outside the range
of conventional approaches, ecologists may be able to push this field fur-
ther in the coming decades than we have in the preceding ones.
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been exposed (Szybalski and Bryson 1952). Cross-resistance is also dis-
cussed in the insecticide resistance literature, where arthropods that have
coevolved with certain plant defensive chemicals are usually the first to
evolve resistance to novel pesticides (Dawkar et al. 2013). For instance,
in a common crop pest, the spider mite Tetranychus urticae, similar suites
of genes are important for coping with natural chemical defenses in to-
mato plants and for resistance to pesticides (Dermauw et al. 2013). In the
ecological and ecotoxicology literature, the concept of multipurpose traits
has been termed cotolerance, first used when it was observed that grass
species adapted to one heavy-metal pollutant were often also tolerant of
elevated levels of other metallic elements (Cox and Hutchinson 1979). Most
intriguing for multidimensional anthropogenic change, cotolerance may
also occur between seemingly disparate types of stressors, but those that
share similar mechanisms of damage to organisms. For example, frogs
locally adapted to the genotoxic effects of increased ultraviolet type B
radiation at higher elevations exhibit increased resistance to polycyclic
aromatic hydrocarbons, pollutants that also have genotoxic effects (Mar-
quis et al. 2009). We argue that considering the natural stressors to which
organisms are currently adapted may help us predict which species may
tolerate novel, anthropogenic stressors in a way that current models
may not.

Ramping up existing plastic responses and multipurpose traits repre-
sent two areas where extending reaction norms into novel space may re-
sult in an adaptive response. However, it is unclear to what extent these
responses would result in adaptive plastic responses when considering
complex, multidimensional environmental change. Ramping up heat-shock
protein response may be adaptive given a simple linear change in tem-
perature. But even for climate change, there are changes in extreme
weather events, temperature variability, precipitation, and humidity. At
the same time, there are changes on many axes that can be challenging
to align in a linear fashion. Organisms are presented with novel toxins,
predators, resources, habitat structure, and levels of available nutrients.
For such complex landscapes of environmental change, we argue that “de-
velopmental selection” forms of plasticity are the most likely to produce
adaptive, novel phenotypes.

Developmental Selection and Adaptive Plastic
Responses to Novel Environments

A reaction norm approach can be useful for some applications, but it alone
fails to capture the underlying developmental mechanism of plasticity,
which can have major implications for the likelihood that an adaptive trait
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develops in a novel environment. Developmental selection is a mechanism
of plasticity that involves both variability and refinement within an indi-
vidual over developmental time (Snell-Rood 2012). In the case of learn-
ing and neural development, variability stems from different motor pat-
terns produced in response to various environmental stimuli or on the
basis of broad neural projections early in development; reinforcement
stems from strengthening or weakening of neural connections that lead
to positive or negative consequences, respectively. Similar processes occur
in the development of adaptive immunity, from initial variability of B-cell
antibodies to reinforcement based on interaction with antigens (Frank
1996). Although developmental selection is best characterized with re-
spect to behavior and immunity, the basic components of the process are
present throughout other levels of development (Snell-Rood et al. 2019,
Snell-Rood 2012). The development of muscle and bone structure is re-
sponsive to mechanical load—in this case, there is spatial selection on
cells that tend to experience more force, which may vary depending on
the foraging or locomotor behavior of an individual (Adams et al. 2003,
Menegaz 2010). Stochasticity in gene expression, coupled with epigenetic
mechanisms that are responsive to environmental inputs suggests such
mechanisms may even play out at the level of gene expression (Feinberg
and Irizarry 2010). Finally, diversity in the microbiome may be selectable
within an individual depending on their diet or environmental conditions
(Gilbert 2010). It is possible that organisms that rely more on developmen-
tal selection at some levels (e.g., morphology), also rely on it at other
levels (e.g., behavior, physiology), either because plasticity in one devel-
opmental system requires complementary plasticity in other systems, or
due to common selective pressures (West-Eberhard 2003).

Forms of plasticity that rely on developmental selection are likely to
result in an adaptive response to a novel environment because they in-
volve sampling and selection within an individual. One can think of an
individual exploring phenotypic space over developmental time, adopting
traits that work particularly well in the local environment. However, the
benefits of developmental selection scale directly with the costs, which
stem from the sampling process (Frank 1996). Gathering information takes
time, energy, and investment in structures to process such information,
such as large, energetically expensive brains in the case of learning, or
the production of many B cells in the case of acquired immunity. This “cost
of being naive” means that reliance on developmental selection should
lead to lengthened developmental time, delays in reproduction, and de-
pendence on greater parental investment to survive this sampling period,
thus resulting in lower fecundity. In other words, developmental selection
forms of plasticity should shift life histories from fast to slow life histories
(Snell-Rood 2012). It is possible that quantifying aspects of an organism’s
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life history might hint at their developmental selection potential, but this
is an area in need of more research.

Developmental selection forms of plasticity should be particularly impor-
tant in considering responses of organisms to novel environments that dif-
fer from ancestral environments in a range of different ways. Many of the
classic examples of plasticity, such as social insect castes or seasonal poly-
phenisms, fall into a different category—that of evolved developmental pro-
grams, or plastic developmental switches (West-Eberhard 2003). However,
these forms of plasticity tend to be specific to the environmental range in
which they have evolved. Furthermore, switch mechanisms of plasticity are
not conducive to complex landscapes of environmental variation because
developmental programs specific to a wide range of environments are vul-
nerable to relaxed selection (Snell-Rood et al. 2010).

These ideas suggest that different mechanisms of plasticity should have
different population-level consequences in the face of environmental
change. Developmental selection forms of plasticity should be more likely
to result in adaptive responses to novel environments for a significant por-
tion of a population. Other forms of plasticity may be more likely to re-
sult in nonadaptive plastic responses in variable directions across a popu-
lation (Ghalambor et al. 2007). These population-level consequences may
generate interactions between different types of plasticity and evolution-
ary responses to new environments. Developmental selection forms of
plasticity should be likely to shift an entire population to a novel selec-
tive peak. Models suggest such a shift will reduce selection intensity
(Lande 2015), referred to as behavioral inertia with respect to plasticity
in behavior (Huey et al. 2003). However, these forms of plasticity are ex-
tremely costly, which should select for loss of plasticity and the genetic
assimilation of the novel phenotype if the novel environment is somewhat
stable or can be stabilized through behavioral choices such as habitat pref-
erences (Snell-Rood 2013, Stamps 1995). Because the entire population
persists, underlying genetic variation may be maintained, facilitating evo-
lutionary responses. At the same time, because developmental selection
forms of plasticity are associated with life-history tradeoffs associated with
a slower life history, it is possible that population growth rate may be
slower, dampening the evolutionary response to rapid environmental
change (Reznick and Ghalambor 2001). For nonadaptive forms of plastic-
ity, where population-level responses are uncorrelated, it is more likely
the population will go through a bottleneck, and the exact direction of
phenotypic change may be less likely to predict. Regardless, it is clear
there are multiple interesting and open questions about how plastic re-
sponses will interact with evolutionary responses to novel environments,
paving the way for both theoretical and empirical work in the decades to
come. Recent models of evolutionary rescue in novel environments have
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begun to incorporate plasticity, but we suggest that considering the mech-
anism of plasticity will substantially change the outcome (Ashander et al.
2016, Chevin et al. 2013).

Open Questions

We have suggested that certain forms of plasticity may be more likely to
produce adaptive responses to novel environments. However, this is a
wide-open area of inquiry. In considering reactions to environmental
change along multiple axes, it is clear that adaptive responses will include
plasticity in a range of traits (e.g., behavior, physiology), often coupled
with traits that work well in a range of environments (multipurpose traits
or generalized responses to stress). Can we predict which species are ca-
pable of enhanced developmental selection or generalized responses to
stress? The costs associated with developmental selection forms of plas-
ticity suggest that species with slower, K-selected life-history traits may
be more likely to invest in such plasticity. Interestingly, it has also been
suggested that long-lived species would be more likely to have multipur-
pose traits to cope with changing conditions over their lifetime, such as
higher levels of enzymes to cope with oxidative stress (Beckman and Ames
1998). Future work is needed to clarify whether life-history traits would
be enough to predict adaptive responses to novel conditions, or whether
other traits, such as degree of specialization, might be more accurate.

In considering the costs and tradeoffs associated with plasticity, it’s
important to note that humans are drastically altering nutrient and re-
source availability. To what extent does anthropogenic change in nutri-
ent availability interact with plasticity in responses to novel conditions?
It is possible that increases in resource availability ameliorate tradeoffs
between costly forms of plasticity and life history traits (Snell-Rood et al.
2015), which could explain patterns of plasticity in invasive species rela-
tive to non-invaders (Davidson et al. 2001). In this case, regions or spe-
cies that see greater increases in resource availability may have not only
adaptive plastic responses to novel environments, but also population-level
evolutionary responses as tradeoffs with fecundity are minimized.

If plasticity plays an important role in survival in novel environments,
to what extent will diversification in such environments be biased by ex-
isting developmental programs? Will the mechanisms of plasticity pro-
vide the axes upon which genetic divergence proceeds? Although some
evidence suggests that diversification may be biased along axes of adap-
tive plasticity (Pfennig 2010, Parsons et al. 2016), other recent research
calls into question the directionality of this change (Ghalambor et al.
2015). This underscores the importance of considering both adaptive and
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nonadaptive plasticity when evaluating the potential drivers of genetic
change in novel environments.

There has been increasing interest over the last decade in understanding
the role of plasticity in responses to rapid environmental change. However,
the complexity of such environmental change demands a consideration of
the types of plasticity that are likely to produce adaptive responses to novel
environments. In the coming decades, advances in techniques that can be
used to quantify and manipulate developmental mechanisms will no doubt
help clarify the extent to which developmental selection, and associated
life-history tradeoffs, are indeed important players in this equation.
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Variance-Explicit Ecology

A Call for Holistic Study of the Consequences
of Variability at Multiple Scales

Marcel Holyoak and William C. Wetzel

Variability or heterogeneity is everywhere in ecology and evolution. For
instance, Levins (1968) introduces his classic work “Evolution in Chang-
ing Environments: Some Theoretical Explorations” as “a series of explo-
rations . . . around the common theme of the consequences of environmen-
tal heterogeneity.” We have many reasons for studying variability at
different levels, including within-individual variation through time or in
modular organisms (e.g., tree branches); among or across individual vari-
ation in genetics or traits (including behaviors) within a population, guild,
community, or ecosystem; or as environmental (e.g., meteorological, hy-
drological, limnological, oceanographic) drivers of processes of interest.
Yet, ecologists most frequently manipulate the mean value of a driving
variable of interest and look at its ecological effects and ignore variation
in that driving variable or process of interest. For instance, we might rear
an insect or plant at three average temperatures and then use analysis of
variance to compare individual growth rates at these temperatures but
overlook variation in temperature over time and its effects on growth rate.
Most frequently, patterns of spatial or temporal variation in either biotic
or abiotic factors are used to make inferences about underlying mecha-
nisms (e.g., using geostatistical techniques, Rossi et al. 1992 or using power
law plots, Taylor 1961). Variation may even be treated as an annoyance,
requiring larger sample sizes to achieve statistical power or as unexplained
variation for things that are stochastic or where mechanisms are not un-
derstood. As we aim to illustrate, although we have frameworks and some-
times good knowledge about direct effects of single forms of variation,
we frequently miss important questions and opportunities about the mech-
anisms involved, how multiple forms and scales of variation combine,
and effects across organizational levels.

A major unsolved problem in ecology is resolving the relative importance
between different types and scales of variability to ecological processes.
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Organisms experience and respond to variation at many different biological
and ecological levels, ranging from physiological to behavioral to popula-
tions and communities, and eventually to metapopulations, metacommu-
nities, and geographic ranges. We will argue that certain forms of varia-
tion have been quite well studied, but that we lack research programs that
might provide information about the relative importance of different
mechanisms and interactions among them. Investigating these gaps might
provide a mechanistic framework for how to understand how different
forms of variation combine to affect ecological problems. A variety of gen-
eral questions follow from our line of reasoning. What is the relative im-
portance of different mechanisms by which variability influences ecology
and what is the relative importance of variability at different scales? At
what scales is variability averaged over so that it does not matter? At what
scales does variability most influence ecology and how does it do so?
There have been several calls for more explicit consideration of the con-
sequences of variability in ecology, either limited to particular mechanisms
by which variation acts (e.g., through nonlinear averaging, Ruel and Ayres
1999), or effects on particular levels of ecological organization (e.g., Bol-
nick et al. 2011). There are a growing number of studies that do just that,
but most are restricted to one scale and type of variability. Moreover, most
studies either focus solely on one mechanism or ignore mechanisms alto-
gether and instead just measure the net effect of variation. An example of
a kind of problem that ecologists have worked extensively on and for which
we have a relatively good understanding of the role of variation is the lit-
erature linking plant diversity with plant yield (biomass production). Most
of this literature indicates that increasing functional trait diversity (vari-
ability) in plant communities leads to increased plant biomass and greater
overall resource utilization (e.g., Cardinale et al. 2006). This positive effect
on biomass comes partly from a sampling effect and more substantially
through niche complementarity and/or positive interspecific interactions
(van Ruijven and Berendse 2005). Moving beyond plants, there is less un-
derstanding of the effects of plant trait diversity on higher trophic levels
(e.g., Ruel and Ayres 1999, Benedetti-Cecchi 2000). A recent meta-analysis
that we took part in suggests there could be relatively consistent negative
effects of (within-species) variation in plant nutritional quality traits on
average herbivore performance through Jensen’s Inequality (Wetzel et al.
2016). Considering predators and herbivores, Mason et al. (2014) suggested
that some generalist herbivores perform better feeding on a diversity of
resources and that this may affect higher trophic levels; Arctiid cater-
pillars (Grammia incorrupta) were well defended against predators when
they sequestered secondary metabolites from several different plant spe-
cies but poorly defended when they sequestered compounds from only one
plant species. Overall, such studies show that for certain problems we
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understand some mechanisms by which a particular form of variation acts
on processes of interest. Equally well, the effects of certain forms of indi-
vidual variation in altering population dynamics have been widely studied
(e.g., Grimm 1999), as have several other problems relating variation to
processes within a single species or trophic level in ecology and evolution.
There has been less work exploring how variation among multiple trophic
levels combines to affect herbivore performance. For instance, how does
variation in herbivore traits relate to variation in plant traits to affect her-
bivore performance (Moreira et al. 2016)?

To describe the background and elements required to proceed towards
an integration of scales and types of variation and mechanisms by which
variation acts, we present the following: (1) An overview of scales and types
of biotic and abiotic variation by describing three frameworks for classify-
ing them. (2) A summary of common mechanisms by which variation influ-
ences ecological dynamics. (3) A description of what might be gained by
integrating different types and scales of variation. (4) We conclude by high-
lighting some next steps that could move us towards a conceptual frame-
work for how organisms integrate multiple types and scales of variation.

Ways of Classifying Scales and Types of Variation

The literature describes a range of ways of classifying variation or that
can be borrowed from classifications of other ecological patterns. We pre-
sent three such classifications, one based on the structure of environmen-
tal variation, a second recognizing the hierarchical nature of biological
or ecological organization, and a general scheme that might be applied to
any type of variation.

Environmental Variation

Environmental variation is most commonly viewed as the physical, chemi-
cal, and geological factors that are largely independent of biotic factors at
least over the time scales of most concern to ecologists; such factors were
termed scenopoetic in an ecological niche context by Soberén and Arroyo-
Pefia (2017). Such environmental variation merits separate consideration
from biotic variation because it has its own scaling and structure, occur-
ring continuously from microscopic to global scales. For example, tempera-
ture varies temporally at a scale of minutes as clouds pass in front of the sun,
at a scale of hours as the sun rises, peaks, and sets; at a scale of months as
the seasons progress; at scales of years to decades (sunspot cycles, el Nino
cycles etc.); and at geologic timescales through glacial cycles. Environmen-
tal variation may have stochastic and predictable components. Some work
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also separates recurrent stochastic components from extreme events, in-
cluding hurricanes, floods, and fires (e.g., Shaffer 1981, Yang et al. 2008,
Yang et al. 2010). Temporal environmental variation is often somewhat
cyclical and predictable, as exemplified by daily temperature cycles, sea-
sonal variation, and sunspot cycles. Spatial variation often increases with
distance. For instance, Bell et al. (1993) studied variation in physical vari-
ables in lakes or soil nutrients from a variety of geographic areas and found
that, in general, environmental variation continued to increase with spa-
tial scale of study (distance). The scaling of different environmental factors
with distance or with time has been used to identify relevant processes in
studies of scaling (Levin 1992, Storch et al. 2007). Denny (2015) describes
how to use principles from engineering and physics to understand both
physical environment interactions and subsequent species interactions
through what he terms “ecological mechanics.”

The extent to which environmental (and biotic) variation is encountered
by an organism depends on its scale of movement, longevity, and life cycle.
Within life cycles, periods of dormancy versus intense resource use are
particularly relevant. Spatial and temporal variation are both potentially
relevant in several ways. McPeek and Kalisz (1998) modeled the effect of
spatial, temporal, and spatiotemporal variation on the evolution of dor-
mancy versus dispersal, finding that pure temporal variation promotes
dormancy and that spatial and spatiotemporal variation promote disper-
sal. Cyclical seasonal migration of North American and European passer-
ine birds is known to be a response to extreme temperatures (Newton
and Dale 1996a, 1996b), whereas Australian butterflies respond to extreme
dry conditions (Dingle et al. 2001).

In some cases, biotic factors may interact with abiotic factors, and even
then, it may be a valid simplification to separately consider abiotic envi-
ronmental factors if we are studying processes that operate at very differ-
ent timescales relative to the rate of change of environmental factors
through biotic—abiotic coupling (e.g., many ecosystem processes). How-
ever, if we were studying long-term tree growth, then a feedback between
habitat fragmentation and microclimate might be relevant (e.g., Laur-
ance and Williamson 2001); for long-lived perennial grasses mineral nu-
trients in soils may depend on grazing history (e.g., McNaughton et al.
1997). For such processes it would make sense to instead think about how
to combine different forms of biotic and abiotic variation into analyses.

Biotic Variation

Biotic variation in traits relevant to ecological interactions occurs from
subindividual to between individuals within a species or across species.
Raw genetic and somatic variation within individuals (or part of them),
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expressed as traits including behaviors that vary in timing and sequence,
may relate to subspecific (e.g., races, morphs) variation, other taxonomic
levels, and to higher organizational levels within ecology, paleobiology,
biogeography, and other biological sciences. A brief tour of relevant lev-
els of biotic organization helps to identify some of the things that each
level contributes or emphasizes. Of course, lower-level variation is included
in higher organizational levels but may or may not have effects on higher-
level processes. For instance, there is a growing literature on community
and ecosystem genetics that investigates the effects of genotype on pro-
cesses from communities to ecosystems (Whitham et al. 2003).

At the level of within-individual variation, individual organisms fre-
quently respond in plastic ways to ambient environmental and biotic
conditions, including behaviors, physiological acclimation, developmental
flexibility, life-historical changes in timing, and as ecological engineers
(Jones et al. 1997). Critically, such plasticity changes both variability en-
countered and the relationship between this variability and emergent or
higher-level processes performed by the organism. Although there is a
great deal of literature on behavioral plasticity, developmental plasticity,
life histories, and related subjects, it is unusual for studies to make links
to emergent higher-level processes of interest. Beyond plasticity, individ-
ual history may produce changes in organisms. A plant phenotype might
vary through time depending on the history of herbivory and plant re-
sponses to herbivory through inducible defenses (Adler and Karban 1994,
Karban and Baldwin 1997). Individual history of infection may alter the
susceptibility to the same or new diseases in the future in ways that are
either positive or negative. Carryover effects from one habitat to another
may produce a relevance of spatial history (e.g., Talley et al. 2006), and
there are several named temporal carryover effects (e.g., maternal effects)
that produce time-lagged responses (e.g., Ratikainen et al. 2008). Organ-
isms with repeating structures, such as plants with multiple leaves and
reproductive organs, may produce especially high variation among organs
within individuals (Herrera 2009).

Variability among individuals within a population is recognized as in-
traspecific trait variation (e.g., Bolnick et al. 2011), arising through phe-
notypic plasticity, genetic diversity (Hughes et al. 2008), and ontogeny,
including life histories and history more generally. Just as species may
have different population dynamics, or serve different roles in communi-
ties or ecosystems, the same is true of individuals with different traits
within a species. Intraspecific variation has been a recent focus of study
in ecology (e.g., reviews by Hughes et al. 2008, Bolnick et al. 2011), yet
as far back as the 1970s Lomnicki (1978) pointed out that population reg-
ulation could not occur if all individuals within a population were identi-
cal. Recent synthetic analyses indicate that approximately 30% to 50% of
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additively, synergistically, or antagonistically. Ideas about resonance em-
phasize that processes acting at different temporal or spatial frequencies
may amplify or cancel out variation (e.g., Blarer and Doebeli 1999). Such
ideas are interesting and poorly explored given that both individual growth
and population growth have associated timescales, and that density-
dependent functions produce characteristic return times for populations
returning to an equilibrium (e.g., Luckinbill and Fenton 1978). Nonlinear
equations have the ability to amplify variation, as is emphasized in the
literature on chaotic dynamics (e.g., Hastings et al. 1993); viz., small
amounts of variation in initial conditions can lead to large differences in
the emergent (population) dynamics. The approach led Hastings et al.
(1993) to ask questions about nonlinear dynamics, such as what are the
respective roles of endogenous and exogenous factors, and do they inter-
act? More generally, determining the role of variation in an input vari-
able on a process of interest requires us to determine if the dynamics are
nonlinear or not.

Another important effect of nonlinearity of functions is how variation
in an input variable affects the average value of the output variable, our
process of interest. Jensen’s Inequality describes the role of nonlinearity
in altering the output from a mathematical function (reviewed by Ruel
and Ayres 1999). Variation in an input variable to a function that is con-
cave down will reduce the average value that is given by the function
relative to a linear function, and a convex function does the opposite.
Sibly et al. (2005) found that most population time series produced non-
linear and concave curves for per-capita growth as a function of popula-
tion size (or density); consequently, variation in population density re-
duces average population size below the equilibrium abundance (carrying
capacity). (The statistics of Sibly et al. were criticized in several pub-
lished comments but the general point about the shape of functions and
effect of variation is well illustrated by the example.) Nonlinear or non-
monotonic functions are common in ecology and arise through a variety
of mechanisms, as reviewed by Zhang et al. (2015). Mechanisms leading
to nonlinearity include the law of tolerance, whereby species underper-
form with either too little or too much of a required ecological factor
(Shelford 1931), through the action of adaptive behaviors or physiologi-
cal adaptation altering relationships between environmental factors and
organismal responses, or by sequentially combining multiple synergistic
(or antagonistic) factors so as to produce nonlinear outcomes (Zhang
et al. 2015). The strong role of nonlinearity leads us to question whether
we should be using general mechanistic functional forms for particular
problems (e.g., functional responses of predators to prey, or allometric
equations), or whether we should use more flexible functional forms to
represent arbitrary forms of nonlinearity (e.g., cubic splines (Schluter 1988),
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or response surface methodologies (Inouye 2005)). Nonmechanistic sta-
tistical equations can still be used to infer things like the size of a Jensen
effect or whether environmental variation as an input is amplified or
damped down in the output from the mathematical function of interest.
In some cases, nonlinear averaging may serve as a null model to predict
the expected effect (Koussoroplis et al. 2017). For instance, Pearse et al.
(2018) looked at how experimental variance in the concentration of a
plant toxin in artificial diet altered herbivore performance and found
that nonlinear averaging predicted toxin variance would enhance perfor-
mance, whereas the observed effect was negative. The authors hypothe-
sized that the costs of physiological acclimation in the face of trait vari-
ance (Wetzel and Thaler 2016) explained the difference between the
predicted and observed results.

Mechanisms Involving Biology and Ecology

Physiological Responses and Consequences

When individuals directly encounter biotic or abiotic variability within
their lifetime and are unable to use behavioral mechanisms to avoid it, it
is likely to have important physiological consequences. Variability is es-
pecially important for organismal physiology because when it is high it
encompasses extreme values, which is when physiological stress is ex-
pected to be greatest and the consequences of not dealing with conditions
may be most harmful. This occurs because relationships between envi-
ronmental variables and organismal performance tend to be concave-
down over large environmental ranges as expressed by Shelford’s law of
tolerance (1932); the general mechanism behind this is Jensen’s Inequality
(or nonlinear averaging), discussed previously.

The physiological responses of consumers to diet species diversity—trait
diversity at the guild or community level—are especially well studied. It
was long believed that diverse diets helped consumers achieve balanced
nutrient intake and diluted the effects of toxic defenses associated with
any one prey species (Bernays et al. 1994). A recent meta-analysis, how-
ever, indicates that mixed-species diets tend to be no better for consumers
than the best single-species diet, and they are typically worse than the best
single-species diet when diet species possess chemical defenses (Lefcheck
et al. 2013). This suggests that consumers facing greater diet variability
may experience reduced physiological performance (Wetzel and Thaler
2018). It is often not clear how to view heterogeneity within diets. For
instance, Marzetz et al. (2017) show that the chemical composition of algal
species as food are more important to growth rates of Daphnia than are
the algal species’ identities or diversity. One general way forward may be
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to use colimitation theory to integrate several physical and/or biotic
factors into a single unified conceptual framework that incorporates po-
tential nonlinearities that arise in a multivariate context, but which are
not apparent when factors are considered unidimensionally (Koussorop-
lis et al. 2017).

Organisms can have important physiological adaptations that help them
cope with variability. These take the form of physiological plasticity, which
allows organisms to change their physiology to maximize performance
under current conditions, or fixed phenotypes that are useful for coping
with variable environments. Examples of plastic responses to variability
include insect herbivores that reshape their digestive chemistry in re-
sponse to changing plant conditions (e.g., Bolter and Jongsma 1995), and
tadpoles, which change gut size in response to predation risk and food
availability (Relyea and Auld 2004). If phenotypic alterations of this na-
ture are costly, which they certainly are for insect herbivores acclimating
to plant conditions, then high variability could lead to costly repeated ac-
climation (Wetzel and Thaler 2016). Rather than changing physiology to
match current biotic and abiotic conditions, some organisms pay a per-
manent cost to be constantly ready for changing conditions. For example,
38 predatory fish species maintained gut sizes two- to three-fold larger
than necessary for the average amount of prey they encountered; this al-
lowed them to be ready to process rare pulses of high food abundance
(Armstrong and Schindler 2011).

Behavioral Responses and Consequences

Movement, activity patterns and resource selection are major ways that
organisms modulate the amount and type of abiotic and biotic variability
that they experience. We often think about resource selection as having
the goal of getting an organism to resources of a certain quality or quan-
tity, but resource selection is likely to be vital for coping with variability
in resource quality and quantity. Optimality theory suggests a wide range
of ways organisms reduce costs, such as decisions when to leave patches
in response to declining food quality (from the marginal value theorem)
(MacArthur and Pianka 1966; Charnov 1976), or when to consume less-
profitable food items (from optimal diet theory) (e.g. Emlen 1966). Game
theory shows how such decisions can be contingent on other individuals
if an organism is maximizing resource intake (or some other currency).
Similarly, habitat selection behavior modifies the environmental variation
that an organism experiences (e.g., Morris 2003). These central ideas in
behavioral ecology alter the relationship between variability encountered
and a fitness-related output. Of course, for real organisms the ability of
such behaviors to reduce variability between input and output has its lim-
its. For instance, Sih and Christensen (2003) identified conditions such as
prey mobility that prevented predators from foraging optimally, and which
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may therefore lead to a more direct relationship between prey variation
and variation in food intake.

Extreme variation may also be coupled with unusual and interesting
behaviors. Nomadism is thought to arise in response to extremes of spa-
tiotemporal variation in resource availability or environmental conditions.
For instance, desert locust outbreaks track spatiotemporally variable rain-
fall and subsequent periods of plant germination and growth (Jonzén
et al. 2011). Environmental variation that is novel to an organism may
also produce different ecological effects to that which is routinely encoun-
tered. Hence, Sih and colleagues coined the term human-induced rapid
environmental change (HIREC) to draw attention to anthropogenic
changes that place organisms under conditions (e.g., population) the spe-
cies has not experienced before and may produce either individual- or
population-level responses (Robertson et al. 2013).

Population and Community Responses and Consequences

Population and community responses to variation are numerous. Various
mechanisms for the consequences of and responses to trait variation
were reviewed by Bolnick et al. (2011) and serve as a starting point: (1)
diversification of species interactions, such as increased generalism,
through traits affecting the kinds of interactions and with which other
individuals or species focal individuals interact; (2) a portfolio effect pro-
duced by covariation among individuals with different traits; (3) pheno-
typic subsidy whereby genetic variation or plasticity decouple phenotype
and fitness; (4) trait variation as a source of adaptive variation in rapid
evolution; and (5) sampling effects whereby small populations contain
only a small number of traits. Population ecologists often relate variation
to extinction risk through population viability analyses and decompose
mechanisms into those involving demographic and environmental sto-
chasticity, or more extreme catastrophes (Shaffer 1981). At a multispe-
cies level there is a large body of research on indirect interactions that
are trait- or density-mediated (e.g. Bolker et al. 2003), indirect effects
(e.g., Menge 1995), and positive versus negative species interactions (e.g.,
Tylianakis et al. 2008). All the above serve as potential mechanisms for
how interspecific variation modifies processes of interest. Surprisingly
little empirical work has evaluated the mechanisms described by Bolker
et al. (2003) and their relative importance.

Metapopulation and Metacommunity Responses and Consequences

Source-sink dynamics (Pulliam 1988) and habitat-specific demography rec-
ognize that habitat areas have heterogeneous effects on population dynam-
ics. Similarly, species sorting and mass effects ideas from metacommunity
theory do the same for whole communities (Leibold et al. 2004). Rescue
and mass effects across space alter the ability of species to cope with low-
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quality habitats (Pulliam 1988; Leibold et al. 2004). Most frequently, such
ideas are applied to constant habitat heterogeneity, but we can also view
habitats as changing, as captured by ideas about source-sink inversions
(e.g., Boughton 1999) or temporally autocorrelated environmental condi-
tions (Gonzalez and Holt 2002). Local adaptation may drive whether popu-
lations are sources or sinks and modify source—sink dynamics (e.g. Dias
1999), or metacommunity dynamics (Urban et al. 2008).

The Motivation for Integrating Different Forms
of Variation and Processes of Interest

As outlined in the introduction, although the effects of variation in some
processes have been quite well studied, three related problems have been
poorly explored: (1) consideration of multiple forms of variation, (2) con-
sideration of variation at multiple scales, and (3) the relative importance
of different mechanisms by which variation influences ecology. Nor are
interactions among types of variability usually a subject of study. Consider
a focal herbivore species feeding on a single species of plant and which
is fed on by a specialist predator. This scenario includes variation in the
physical environment and that which arises from variation within, and
emergence of, variation across three interacting species or trophic levels.
Variation in the physical environment might (for example) include spatial
variation in mineral nutrients, water availability, and climatic variation at
multiple space and time scales that can act on any species. A natural
question is what forms of physical variation affect each species? To what
extent does plasticity of any kind reduce the relationship between varia-
tion in a physical variable and processes of interest in each species? Or
conversely do some forms of physical variation actually lead to increased
variation in the process of interest? Does individual variation produce
different outcomes of the process of interest, and is the net effect to dampen
or enhance variation in the process of interest? The answers to such ques-
tions mean that we should also be interested in what the biological and
ecological mechanisms are, and what kinds of mathematical functions can
be used to represent them. Species interactions could also dampen (filter)
or amplify variation in traits of one species in their population dynamics
or other processes in which the species participates. Again the ecological
and biological mechanisms and functional forms are of interest.
Individuals experience variance in abiotic and biotic conditions within
their lifetime, and simultaneously the population encompassing those in-
dividuals’ experiences interindividual variability, and again simultaneously
populations within a metapopulation experience landscape-level vari-
ability. It is well established that variability on one scale matters for
adjacent scales. An unresolved question is if variability matters for more
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Why Does Intragenotypic Variance Persist?

C. Jessica E. Metcalf and Julien F. Ayroles

Evidence for Intragenotypic Variability

Phenotypes vary across traits and species, and it has long been understood
that such differences emerge from genetic and environmental variation.
However, striking phenotypic differences are also observed among indi-
viduals with identical genotypes and that experience identical and con-
stant environments. Such variation is known as intragenotypic variabil-
ity (Bradshaw 1965) and refers to the nongenetic component of phenotypic
variance. Note that our focus is specifically on variation evident even in
organisms reared in nominally identical environments, and therefore we
are explicitly not considering phenotypic plasticity.

Evidence for intragenotypic variability is fairly ubiquitous. In plants,
variability in flowering time and germination provide well-studied exam-
ples (Bradford 2002). In insects, the fruit fly Drosophila spp. has been a
useful model system for titrating the magnitude of intragenotypic vari-
ance. For example, by inbred lines, a suite of phenotypic traits can be
measured for a large number of individuals within a single genotype in
rigorously controlled environmental conditions (Kain et al. 2015). With
these techniques, intragenotypic variability has been characterized in
bristle number (Mackay and Lyman 2005), sleep (Harbison et al. 2013),
thermal or phototactic preference (Kain et al. 2015), and locomotor be-
havior (Ayroles 2015), to list only a few. One of the key advances that has
allowed this progress in characterizing variability is the development of
automated instruments that can capture large numbers of phenotypes with
high precision and low statistical error (Kain et al. 2015, Ayroles 2015).
Using similar techniques, studies of wild isolates of the worm model or-
ganism Caenorhabditis elegans have, for example, uncovered high intrageno-
typic variability in lifetime fecundity (Diaz and Viney 2014). Interestingly,
this variance is negatively correlated with the mean lifetime fecundity,
suggesting a trade-off between these two levels of variation (mean and
variance). Beyond model organisms and academic investigations, a large
body of work on this topic has been driven by agricultural breeding
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Determining that diversifying bet-hedging is occurring may be non-
trivial (Simons 2011). Variance in fitness is highly likely to increase
within a generation as a result of intragenotypic variability—rather
than the reduction expected under bet-hedging. Consequently, multigen-
erational tests of the effects of phenotypic variation on fitness variance
will be necessary to establish that bet-hedging is the driving selective
force, as the key point is reduction in the variance across generations
(Simons 2011). Combining empirical data with mathematical models
and simulation has been a core feature of grappling with this challenge
(Kain et al. 2015, Gremer and Venable 2014, Metcalf et al. 2008, Rees
et al. 2006).

Facing Competitors: Game Theory, Adaptive Dynamics

A key feature of the environment of most individuals is the presence of
other individuals in the population, their phenotypes, and their absolute
or relative abundances. Where frequency or density dependence is oper-
ating, the success of a phenotype will be predicated on what other indi-
viduals are doing. If similarity of phenotypes results in increased compe-
tition, and thus reduced fitness, this can result in selection for intragenotypic
variability among offspring (Metcalf et al. 2015), an effect that might be
further amplified by variation in the environment. In this case, variable
phenotypes represent unexploited strategies (von Neumann and Morgen-
stern 1944). An example might be phenological traits, such as timing of
germination within the year. If all individuals germinate at once, this will
maximize competition, and selection is expected to favor individuals who
produce offspring with a distribution of germination times. Although some
of the offspring will be germinating in suboptimal conditions in terms of
the abiotic environment (e.g., too dry or too wet), these will also be con-
ditions that feature fewer competitors, and thus might be associated with
higher fitness. Under a simple model of phenology in an annual plant
under competition for recruitment microsites, the convergent stable strat-
egy (i.e., one that can invade all other strategies and cannot be invaded
by any strategy) can be shown to reflect a degree of variance under a range
of different contexts (Metcalf et al. 2015), indicative of selection for in-
tragenotypic variance.

Understanding the fitness consequences of phenotypic variability is
generally challenging. In a comprehensive set of simulations, Bruijning
et al. (2020) investigated such consequences under a range of commonly
encountered relationships between traits, fitness, and environmental
conditions and showed that, especially under fluctuating environments,
there can be clear fitness advantages of maintaining intragenotypic
variability.
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As for bet-hedging, theoretical approaches are key to characterizing the
conditions in which competition may lead to the expression of alternative
phenotypes, in this case building on evolutionary game theory. However,
unlike bet-hedging, generation of hypotheses about the role of competi-
tion in maintaining phenotypic variability linked to specific systems, and
formal tests with empirical data, remain rare.

Probing the Adaptive Basis of Intragenotypic Variance

Tests Using Experimental Evolution

A major barrier to investigation into the fitness consequences of intrageno-
typic variability has long been the necessity of characterizing the pheno-
types of many individuals across a population, to appropriately charac-
terize variance, often a nontrivial task. Further, for bet-hedging scenarios,
experiments must feature multiple generations under different scales of
environmental fluctuations. Given these challenges, experimental evolu-
tion (Fuller et al. 2005) can be a powerful approach to testing hypothe-
ses about the nature of the forces maintaining variable levels of pheno-
typic variability, offering both experimental flexibility and the opportunity
to pair experiments with modeling. Although measuring the ultimate phe-
notype of interest (i.e., fitness) remains challenging, as it requires char-
acterizing both survival and fertility of each individual, a number of life-
history traits known to be highly correlated with fitness can be measured
and manipulated. Examples of such experiments aimed at testing bet-
hedging strategies remain rare, but the emergence of novel technologies
(Ayroles 2015) allowing automation of phenotype characterization opens
the way to a series of experimental tests of the adaptive basis of intrageno-
typic variation. This has been particularly true for microbial systems
(Kawecki et al. 2012), where, for example, de novo evolution of bet-hedging
traits has been demonstrated in bacteria, and the nuances of the context
specificity of this evolution has been described (Beaumont et al. 2009).
An experimental evolutionary assay of the role of competition in se-
lecting for intragenotypic variance will necessarily feature some form of
resource limitation. For example, the outcome of competition between in-
dividuals and populations featuring differential levels of heritable vari-
ance could be characterized. If intragenotypic variability increases fitness
in competitive settings, we expect that genotypes encoding higher vari-
ability will spread within experimental populations. More complex out-
comes, including evolutionary branching, are also possible, and, as noted
previously, experiments paired with theoretical models are likely to be
an important driver of progress in understanding the underlying selec-



