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Abstract

Kimura’s neutral theory of molecular evolution has been essential to virtually every advance in evolutionary genetics, and
by extension, is foundational to the field of conservation genetics. Conservation genetics utilizes the key concepts of
neutral theory to identify species and populations at risk of losing evolutionary potential by detecting patterns
of inbreeding depression and low effective population size. In turn, this information can inform the management of
organisms and their habitat providing hope for the long-term preservation of both. We expand upon Avise’s “inventorial”
and “functional” categories of conservation genetics by proposing a third category that is linked to the coalescent and
that we refer to as “process-driven.” It is here that connections between Kimura’s theory and conservation genetics are
strongest. Process-driven conservation genetics can be especially applied to large genomic data sets to identify patterns of
historical risk, such as population bottlenecks, and accordingly, yield informed intuitions for future outcomes. By
examining inventorial, functional, and process-driven conservation genetics in sequence, we assess the progression
from theory, to data collection and analysis, and ultimately, to the production of hypotheses that can inform conser-
vation policies.
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Introduction
Kimura (1968) could not possibly have foreseen the profound
impacts that his neutral theory of molecular evolution would
have on virtually every field of evolutionary genetics.
Certainly, he could not have imagined that, as we will argue
here, the field of conservation genetics would be powerless
without the theoretical underpinnings of neutral theory. In
fact, Kimura’s two principle arguments—1) that the majority
of change at the genetic level is essentially invisible to natural
selection and 2) that rates of genetic drift through time largely
reflect the interaction of effective population size (Ne) and
generation time—have been absolutely foundational to every
aspect of the conservation genetic enterprise. More specifi-
cally, one of the profound implications of these ideas was that
for “mutant genes,” the probability of fixation is proportional
to its initial frequency, and thus, new alleles may be produced
at the same rate per individual as they are substituted in the
population (Kimura 1968). This insight in particular yields the
conditions under which coalescent theory applies, conse-
quently making the study of historical demography feasible.
We will argue that this logical thread—from neutral theory, to
the coalescent, to historical demography—has been a con-
ceptual breakthrough that yields tremendous power for con-
servation genetics.

To draw this connection between neutral theory and con-
servation genetics is not novel (Lynch and O’Hely 2001),
though we believe that the time is ripe to explicitly touch
on the essentials of Kimura’s theory and the myriad ways in
which it informs every aspect of both operational and aspi-
rational conservation genetics. Further, we draw attention to

the new power conferred by the genomics revolution of the
past decade. Though a number of authors have examined the
promises and pitfalls of genomic data applied to conservation
practice (Primmer 2009; Ouborg et al. 2010; Steiner et al. 2013;
Russello et al. 2015; Shafer et al. 2015; Benestan et al. 2016), we
find Avise (2010) to be especially useful in the partitioning of
conservation genetics into two categories: “inventorial” and
“functional.” Inventorial conservation genetics seeks to char-
acterize and measure levels of species diversity, whereas func-
tional conservation genetics seeks to measure the relative
fitness of individuals and populations. We believe that
the time has come to consider a third category, one that
we regard as especially linked to neutral theory and the co-
alescent, which we refer to as “process-driven” (fig. 1). By
examining the three categories in sequence, there is a frame-
work for assessing the progression from theory to data col-
lection and analysis, and ultimately, to the production of
hypotheses that can inform conservation policies.

The Goals of Conservation Genetics
We have now had 50 years to integrate the theoretical advan-
ces of Kimura’s ideas into our conservation practices. Genetic
variation is the raw material of evolutionary potential, and
thus, the most obvious goal for conservation genetics is to
characterize and propose measures for preserving this varia-
tion within populations and species. Therefore, maximizing
evolutionary potential may be considered the unifying prin-
ciple for all aspects of conservation genetic theory and prac-
tice. Conservation genetics applies molecular evolution to
detect symptoms of inbreeding depression as measured by

P
ersp

ective

� The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

Mol. Biol. Evol. doi:10.1093/molbev/msy076 Advance Access publication April 16, 2018 1Downloaded from https://academic.oup.com/mbe/advance-article-abstract/doi/10.1093/molbev/msy076/4972486
by guest
on 07 May 2018

Deleted Text: INTRODUCTION
Deleted Text: (<xref ref-type=
Deleted Text: Kimura's 
Deleted Text: Kimura's 
Deleted Text: THE GOALS OF CONSERVATION GENETICS
Deleted Text: Kimura's 


low levels of heterozygosity, high levels of identity by de-
scent, and small Ne, as well as by estimating the rates and
directionality of gene flow among populations. Earth now
faces an extinction crisis unparalleled for 65 My (Ceballos
et al. 2015). Increasingly known as the Sixth Extinction,
the causes are entirely human-mediated, and thus, the
solutions must also be. Conservation geneticists cannot
directly enforce action to rescue populations, species, and
ecosystems at risk, but we can provide the evidence
needed to direct legislation for political leaders and
organizations who are in the position to develop and
implement policy.

“Inventorial” Conservation Genetics
Up to the present, many conservation genetic studies have
been inventorial in nature, and for good reason. The first goal
of conservation biology is to assemble the data and conduct
the analyses necessary to characterize the composition, com-
plexity, and general evolutionary “health” of a given popula-
tion or habitat. Inventorial conservation genetics
encompasses quantitative insight into sequence variation at
the individual, population, and species level. This is particu-
larly important given that “current extinction risk is not ran-
dom” with phylogenetic identity often being a strong
predictor of threats to survival (Purvis et al. 2000, p. 328).
Phylogenetic analysis can estimate extinction risks for clades

(Purvis et al. 2000) as well as for biogeographic areas of en-
demism (Gudde et al. 2013) by assessing if extinction rates are
higher than a random expectation based on predicted losses
of phylogenetic diversity (Faith 1992; Faller et al. 2008).

Fundamentally, however, inventorial methods are just
that: an inventory of the biodiversity present in a given hab-
itat or locality. Thus, species delimitation and biodiversity
discovery is an essential component of conservation genetics,
especially given the increasingly recognized presence of mor-
phologically cryptic organismal variation (Jorger and Schrodl
2013; Fiser et al. 2018; Struck et al. 2018). Here, in particular,
Kimura’s theory applies in an unexpected sense. To identify
cryptic biodiversity, investigators are increasingly deploying
DNA “barcodes,” which are typically short stretches of mito-
chondrial DNA. Neutral theory predicts that the evolution of
monophyly will be four times slower in nuclear than mito-
chondrial genes due to their differing Ne, and accordingly,
mitochondrial loci will coalesce more rapidly than nuclear
loci (Moore 1995; Palumbi et al. 2007). Although coalescence
rates can differ between sexually and asexually reproducing
organisms, the use of mitochondrial barcodes for detecting
recent historical events and for surveying large numbers of
taxa with limited sequence data still represents a gold stan-
dard for rapid biodiversity inventories. Indeed, it is this direct
connection between neutral theory and coalescence that
bestows the power of coalescent methods to simultaneously

FIG. 1. Select case studies that illustrate the relationship between Kimura’s neutral theory of molecular evolution and conservation goals for
inventorial, functional, and process-driven conservation genetics.
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interpret past events and predict future outcomes—a power
that is further enhanced by the increasing flood of unlinked
single nucleotide polymorphisms (SNPs) facilitated by the
genomics revolution.

“Functional” Conservation Genetics
Functional (or mechanistic) approaches to conservation ge-
netics largely consist of characterizing functionally important
variation related to organismal development and evolution-
ary potential. Adaptive divergence depends upon genome-
wide variation, both within and among populations, created
by the interaction of gene flow and local adaptation (Funk
et al. 2012). We are able to predict changes in genetic diversity
over time (Pauls et al. 2013), and failure to accommodate this
in populations of conservation concern can lead to elevated
extinction risks. Global extinction rates can now be predicted
using quantitative estimates of the future trajectories of bio-
diversity. These trajectories inform models from which we can
predict changes in drivers of extinction risk such as range
shifts, habitat loss, and community collapse (Moss et al.
2010). In turn, these inferences can inform policy, protecting
not only a population or species but whole ecosystems and
their socioeconomic roles. And though in the long term, loss
of heterozygosity may be slightly overestimated by standard
measures of Ne, neutral theory will be a powerful predictor
according to the “precautionary principle” (Montgomery
et al. 2000, p. 42).

Taking adaptive loci into consideration in the manage-
ment of a population or species protects significant genetic
variation that may have substantial ecological and societal
benefits (Prince et al. 2017). Many of these features directly
relate to Kimura’s (1955) observation that loss of heterozy-
gosity is expected to be inversely related to Ne. Thus, given
that population size is a major determinant of genetic varia-
tion, estimates of Ne are fundamental to determining the
present and future health of that population. Avise (2010)
further defines the functional role of conservation genomics
as differentiating between genetic variation that is neutral
versus variation that is adaptive, such as MHC loci in mam-
mals or self-incompatibility loci in plants. Needless to say,
such distinctions would be meaningless in the absence of
Kimura’s theory given that the observations of exceptionally
high or low FST values or high ratios of nonsynonymous to
synonymous substitutions can only be comprehended
against the background of neutral or nearly neutral loci.

“Process-Driven” Conservation Genetics
The genomics era has enabled conservation geneticists to
produce SNP data sets of a magnitude that was unimaginable
a decade ago. These data, combined with insights from neu-
tral theory, have accelerated the development of coalescent-
based historical demographic analysis in much the same way
that the first amino acid sequence data led Kimura (1968) to
his neutral theory of molecular evolution. Here, we focus on
the development and application of coalescent-based
approaches, drawing special attention to the direct links
among neutral theory, the coalescent, and conservation

genetics. Among approaches for inferring demographic his-
tory, those based on coalescent theory have arguably seen the
most progress as a consequence of the explosion of genome-
scale data. Not only do they allow for characterization of
population histories, they contribute to the development of
informed hypotheses regarding potential outcomes. One of
the many useful features of genomic coalescent-based meth-
ods for conservation geneticists is that small sample sizes
often suffice, and powerful analyses can even be applied to
single individuals (e.g., PSMC; Li and Durbin 2011).
Coalescent-based methods open windows into the past,
and thus, the population processes that have yielded the de-
mographic parameters that can be detected in the present
(Montano 2016).

The standard coalescent model provides an expectation of
the genealogical histories of a population under a constant
mutation rate and effective population size. There are addi-
tional mathematically simplifying assumptions about the ab-
sence of population structure, migration, recombination, and
selection. These simplifying assumptions therefore provide a
statistical framework under which deviations from the stan-
dard coalescent null model can be used to infer changes in
demographic processes such as effective population size.
Moreover, extensions to the standard coalescent model can
be used to infer gene flow between populations. Two
categories of coalescent-based methods for demographic in-
ference stand out for having seen much recent
development—methods based on the site frequency spec-
trum (Excoffier et al. 2013; Liu and Fu 2015; Boitard et al. 2016)
and methods that explicitly make use of linkage information,
for example, by modeling recombination along the genome
using Hidden Markov Models (Li and Durbin 2011; Schiffels
and Durbin 2014).

Thus, the behavior of neutral alleles is governed by fluctu-
ations in population size, and it is coalescent theory that
enables the analytical power to estimate these changes
through time (Griffiths and Tavare 1994; Moore 1995). This
window into the demographic past has uniquely enabled
conservation geneticists to distinguish between populations
that are connected via gene flow from those that are isolated
(Wakeley 1996). Testing for population structure using mo-
lecular methods is particularly relevant for taxa of conserva-
tion concern. These lineages are often comprised of
populations with highly fragmented distributions, and it
may not be clear to what extent gaps in distribution are
recent and anthropogenic rather than the consequence of
natural historical processes (Yoder et al. 2016). Coalescent
methods excel in detailed investigations of population struc-
ture that go beyond the mere inference of structure, extend-
ing to the use of isolation-with-migration models that
coestimate divergence times and migration rates along with
population sizes of ancestral and extant populations. In the
end, theoretical advances have empowered the field of con-
servation genetics to detect the critical and actionable dan-
gers of population subdivision and lost genetic connectivity,
as well as the risks of low genetic diversity and inbreeding
depression (Shafer et al. 2015).
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While many coalescent-based methods, such as PSMC (Li
and Durbin 2011) and MSMC (Schiffels and Durbin 2014),
examine relatively ancient demographic events, several are
illuminating for more recent timescales that are especially
relevant to conservation (Chan et al. 2006; Ho and Shapiro
2011; Liu and Fu 2015; Boitard et al. 2016; Nunziata and
Weisrock 2018). Particularly pertinent is a recent study that
used coalescent-based modeling to study the onset of recent
rapid population declines (Li et al. 2016). This work used
information across >2,700 species and inferred that popula-
tion sizes of many currently threatened species have started
to decline only in the last few hundred years. Although it
remains difficult to directly translate estimates of Ne to census
population sizes (Palstra and Fraser 2012; Ellegren and Galtier
2016), our ability to interpret broad trends in Ne over time,
and across multiple populations and taxa, can provide explicit
evidence that global biodiversity is at risk, and that this risk is
associated with human activity (Li et al. 2016). This, in turn, is
the ammunition required to guide and inspire conservation
action.

Neutral Theory Sets the “Conservation Prior”
Neutral theory serves as the null hypothesis for molecular-
evolutionary theory, and particularly, for the coalescent pro-
cess (Wakeley 2003; Duret 2008), yet “the value of neutral
theory in conservation has gone unrecognized” (Rosindell
et al. 2011, p. 346). Though Rosindell et al. (2011) are referenc-
ing Hubbell’s ecological theory in this case, the point also
applies to the neutral theory of molecular evolution. In mak-
ing the connection between Kimura’s theory with Hubbell’s
ecological neutral theory, Rosindell et al. (2011) draw special
attention to exchangeability as the common conceptual
theme. Whether it is genomic loci or individuals within a
community, neutrality implies that substituting one allele
or individual for another does not impact the evolutionary
fitness of either. Thus, when we observe departures from
exchangeability, we are alerted to active processes such as
human-mediated climate change, deforestation, the intro-
duction of chemical pollutants, and so on (the list is depress-
ingly long), which have disrupted the neutral expectations of
population connectivity and gene flow.

The time has arrived for conservation genetics to adopt an
explicit hypothesis-driven framework that draws from
Kimura’s neutral theory of molecular evolution. Shafer et al.
(2015) have described the need for setting “conservation
priors” (p. 84) to guide the design of research questions
that are actionable and achievable for improving population
and species viability. Our expectations for variation at the
molecular level as a function of Ne and migration can be
used in the planning of experimental designs of conservation
genetic research that use model-based hypothesis testing to
detect likely migration corridors (Aguillon et al. 2017), infer
population declines that may explain present-day reduced
genetic variation (Figueir�o et al. 2017), or evaluate the efficacy
of restoration programs (Li et al. 2014). These actionable hy-
potheses can be advanced through a synthesis of inventorial,
functional, and especially process-driven conservation

genomics; a synthesis that leverages the power of the many
molecular-evolutionary insights that Kimura bestowed on the
field 50 years ago.
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