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TheAdaptive Continuum
andHow Species Succeed and Fail

Jason P. Sexton∗

Why do species fail to adapt? Implicit in this question is what happens to a single species
that limits its adaptive potential and relegates it to a smaller niche than could otherwise be
gained. One problem with this question is it views species or populations in isolation, as
separate units, instead of as branches of a great tree of life. There are innumerable forms of
life and speciation through natural selection is one important “origin of species.” Because
selection is a strong driver of diversification, although just one of several drivers, speciation
may often be adaptive. As species adapt and expand their niche they produce new branches,
not unlike the life cycle of an organism. In this vein, the tree of life is partly an adaptive
tree and has a niche formed from the accumulation of species. Adaptation is a niche ex-
panding process, occurring at many evolutionary scales—an adaptive continuum—from
genes to populations, species, and clades. Genetic variation is the fuel for adaptation, and
at least three broad limits on genetic variation exist. First, time limits the building of ge-
netic variation. Second, chance eliminates and constrains genetic variation through events
such as catastrophes. Third, and underappreciated, speciation is both a limit and a solution
to adaptation. Species lose genetic variation to the birth of new species, but the niche of
the tree of life expands. Viewing species and all life in this way (an adaptive continuum)
allows us to 1) reconcile the conundrum between the diverse tree of life and adaptive limits
of individual species, 2) understand adaptation as a holistic process that includes processes
below microevolution and above speciation and to frame research to understand the tip-
ping point between adaptive micro- and macroevolution, and 3) develop approaches to
biological conservation that look beyond single species and across the adaptive continuum.
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Over all these causes of Change I am convinced that the accumulative action of Selection,
whether applied methodically and more quickly, or unconsciously and more slowly, but
more efficiently, is by far the predominant Power.

–Charles Darwin (1859)
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1 Introduction

Why do species fail to adapt? This has been a long-standing question since Darwin posed it
(1859), and is still often asked (e.g., Wiens 2004; Bridle and Vines 2007; Polechová and Barton
2015; Takahashi et al. 2016). How should we evaluate the adaptive success of an organism, and
what is the relevant timescale to evaluate adaptation? Over a generation? Across the time span
of a species? Here, I frame a perspective on the adaptive process and discuss how adaptation
occurs and what factors affect adaptive potential. To provide a broad context for adaptation, I
describe generalized species cycles that address how species originate, change over time, and
give rise to new species, and I reason that there is an adaptive continuum with three main limits
to adaptation: time, chance, and speciation. As a final goal, I identify a set of research problems
that this view of adaptation brings to the fore in order to better understand adaptation and its
limits.

What is adaptation? Adaptation can refer to modifications that benefit or advantage their
owners, where “owners” refers to units under the influence of natural selection (Lloyd 2017).
By this “engineering” definition (Lloyd 2017), adaptations provide better fit or performance in
their environments and, importantly, can extend phenotypes beyond the prior range of vari-
ation. (When new phenotypes allow their owners to occupy new environments this is niche
expansion—see section 3, Adaptive Continuum, below). Alternatively, adaptation may refer to
modifications that are the result of a selection process; by this “selection-product” definition,
adaptation reduces phenotypic range, and is thus not niche expanding and sometimes incom-
patible with the engineering definition (Lloyd 2017). In this article, I mainly use adaptation in
the engineering sense.

What is an appropriate unit of selection, and at what biological level(s) should adaptation
apply (Lloyd 2017)? It has long been argued that selection may act at many levels besides or-
ganisms within populations (Stegenga 2016). For example the principle of natural selection
has been applied to species lineages (e.g., Hull 1980), to genes (e.g., Dawkins 2016), and even
below genes to the molecular or atomic levels (Rosenberg 2006; Lloyd 2017). Hull (1980) dis-
tinguished between two kinds of units of selection: “replicators” and “interactors.” Replicators
are entities whose structure is passed on directly through replication (Dawkins 1976), whereas
interactors interact more directly with their environment (Lloyd 2017; Hull 1980; Gould and
Lloyd 1999). The differential success of interactors determines the differential perpetuation of
replicators housed within them or from where they originated. Interactors thus better consti-
tute causal units of natural selection (i.e., Darwinian individuals). I take the viewpoint that
units of selection can exist across multiple levels of organization (Sober and Wilson 1994), at
sub- or supraorganismal levels (e.g., genes, demes, species, etc.)—i.e., a “hierarchical theory of
selection” (Gould and Lloyd 1999). Such various units of selection can also be the units of adap-
tation. That is to say, if natural selection can happen at multiple levels, then so can adaptation,
with caveats (see Gould and Lloyd 1999). While also addressing multiple scales of adaptation, I
will focus my discussion primarily at the species level. I acknowledge that the term “species” may
cause difficulty in light of discussions of their existence and definition (Ghiselin 1974; Mishler
and Wilkins 2018) and discussions of phylogenetic discordance (Degnan and Rosenberg 2009).
Nevertheless, species represent an important and distinctive biological scale or level for consid-
ering adaptation. Speciation, on many prominent views, is the process of evolving reproductive
isolation (e.g., the biological species concept (BSC), Mayr 1942)—a viewpoint that I also es-
pouse. For this reason, this project will focus on sexual reproducers. An adaptive continuum
may certainly apply to asexual species, and to other species concepts, but these applications
remain outside the current scope.
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Life has been viewed as an ever-expanding tree going back to Darwin (1859), and while
this continues to be a useful analogy, the history of life resembles a network more than a tree
(Bapteste and Huneman 2018). If life adapts often at its branch tips, then the entire tree might
be viewed as an adaptive tree (Doolittle 2017); that is to say, the same principles can apply to the
tree as applies to the tips (species). Indeed, speciation, or lineage splitting is often thought of in
adaptive light (Nosil 2012; Schluter 2000). This is not to say that all speciation or phenotypic
variation is adaptive or shaped by natural selection (Gould and Lewontin 1979; Bapteste and
Huneman 2018; Zhang 2018; Orzack and Forber 2017; Laland et al. 2015). Nevertheless,
adaptation is common and perhaps inevitable in some manifestation if a species persists long
enough to be influenced by selection (Darwin 1859; Hereford 2009; Sanford and Kelly 2011;
Nosil 2012). Over billions of years, species of the tree of life have established an expansive reach
across myriad ecological conditions (i.e., niche breadth). Viewed cumulatively, this expansive
evolution of the niche breadth of life is in many ways an expression of adaptation.

To better understand how life adapts, and fails to adapt, requires a view of adaptation from a
variety of biological scales at which genes, populations, species, and all of life operate. Viewing
life and evolutionary or ecological processes at various scales along a continuum may be more
profitable than across discrete levels of hierarchical organization (Potochnik and McGill 2012).
Acknowledging this variety of scales invokes an adaptive continuum, described below, but first,
I will discuss the sequence of development of a species (likening this process to the familiar
notion of life cycles), which is important for understanding the context of adaptation.

2 Species Cycles

Once a species comes into being, and if successful, it will expand its range until it splits or pro-
duces new species or goes extinct, and this expansion and cladogenesis can be viewed as a cycle:
the rise, reproduction, and decline of a species. Species cycles are analogous to an individual or
organism life cycle (Hull 1976; de Queiroz 1999; Gould and Lloyd 1999), and there are long-
standing traditions of viewing them in this manner (Rieppel 2011). Here I propose the stages
birth, growth, and maturity (reproduction) (fig. 1). The life cycle analogy is convenient, but not
strict, since species do not have a set ontogenesis. However, insights to viewing species in this
manner are gained since both organisms and species cycle completely, from genesis to termina-
tion, and can transform in various ways (de Queiroz 1999). Just as life cycles differ greatly by
type of organism, species cycles also differ. Species have a discrete birth or inception point when
they come into being (Gould and Lloyd 1999). Applying the BSC, this birth point would occur
when reproductive isolation has occurred sufficiently to separate or highly diminish gene flow
from a progenitor (parent) species. In reality, the process of speciation is more of a continuum
than a discrete process (Shaw and Mullen 2014). Although I adopt the BSC, I acknowledge
arguments that reproductive isolation may not be necessary nor sufficient for speciation (de
Queiroz 1999), and there are a variety of ways in which species may form. At this incipient
stage of the species, low genetic variation within and among individuals may be present; there
are of course exceptions as some species begin with large geographic ranges, having been sep-
arated from a progenitor species by a geographic barrier through allopatric speciation (Coyne
and Orr 2004).

In the growth phase of a species, population expansion and correlated expansions of ge-
netic variation through mutation and recombination occur. A range of possibilities exists for
how much a species may expand and evolve or achieve “sufficient stability” (Gould and Lloyd
1999); some may grow very little or go extinct before expanding, whereas others may expand
to cover continents. This increasing genetic variation leads to increasing adaptive differentia-
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Figure 1: A species cycle illustrating three phases analogous to a life cycle. A species comes into being
(birth), expands its geographic range and ecological niche through adaptation (growth), and may reach
a reproductive phase (maturity) in which it gives rise to new species through cladogenesis.

tion and adaptive plasticity (Ghalambor et al. 2007), the products of drift and local adaptation
through natural selection. During this phase, as populations expand and differentiate, the niche
of the species—the set of all conditions in which a species can live and reproduce (Hutchinson
1957)—also expands. This niche expanding process is adaptive since changes in the species are
conferring advantages that allow it to colonize and expand into new habitats and environmental
conditions (e.g., Gomulkiewicz, Holt, and Barfield 1999). Adaptive expansions are referred to
as secular migration (Lomolino, Riddle, and Brown 2005), implying gradual range expansions
through iterations of dispersal and adaptation. Observing biological invasions, we witness how
rapidly species distributions may expand in response to new ecological conditions given suffi-
cient genetic variation (Lavergne and Molofsky 2007; e.g., Phillips et al. 2006). However, evo-
lutionary novelties important in niche expansion and niche construction can also arise through
environmentally induced variants (West-Eberhard 2005), and new research frameworks such
as the “extended evolutionary synthesis” (Laland et al. 2015) are improving understanding of
the importance of non-genetic inheritance in adaptation (Moczek et al. 2015). Species range
limits arise when the necessary genotypes have not evolved to allow further expansion; if they
do arise, the limits can expand. Furthermore, rare, advantageous alleles may promote expansion
at the range boundary if they migrate there. As a species’ range expands, a genetic tension may
arise from the challenge of occupying very different environments and maintaining gene flow.
In this vein, prezygotic reproductive isolation can occur, creating population structure, and in
some cases eventually resulting in speciation (e.g., peripatric speciation, Mayr 1982). For a
progenitor species, isolated populations represent lost genetic variation and the potential birth
of new species with future adaptive potential. Even if their origin is non-adaptive, new species
are likely to adapt to future selection given sufficient genetic variation.

Reproduction in a species cycle occurs when species give rise to new species; i.e., cladoge-
nesis (fig. 1). Although the topic of the geography of speciation has been rigorously debated
(Coyne and Orr 2004), it is now generally appreciated that speciation can happen at an im-
pressive variety of scales across a species’ geographic range, internally (sympatric) or externally
(allopatric). Moreover, there are many modes and mechanisms of speciation, and it can occur
at short time scales. When speciation results in phenotypes that can colonize new environ-
ments (i.e., niche expansion) the speciation process is arguably adaptive (e.g., as in ecological
speciation). Taking the monkeyflowers as an example, the speciation process has been highly
diverse (Wu et al. 2007), and has often resulted in niche evolution or expansion. Within one
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subclade of monkeyflowers alone, the yellow monkeyflowers (Section Simiolus), evidence for
a great diversity of speciation and divergence modes and mechanisms has been observed (e.g.,
Cooley et al. 2011; Fishman et al. 2014; Garner et al. 2016; Martin and Willis 2007; Oneal,
Willis, and Franks 2016). Case studies in the yellow monkeyflowers have included rapid, lo-
cal adaptation and speciation on toxic soils (copper mine tailings) (Macnair 1989), allopatric
and sympatric speciation through “budding” from small populations occupying different envi-
ronments (Grossenbacher, Veloz, and Sexton 2014), and specialized, convergent evolution to
unique habits (Ferris, Sexton, and Willis 2014). As with plants in general, speciation through
auto and allo-polyploidy is common in this clade (Beardsley et al. 2004; Benedict et al. 2012;
Sweigart, Martin, and Willis 2008). In the past few decades, rapid autopolyploidization in
naturalized monkeyflower populations in the UK has been observed (Simón-Porcar et al. 2017)
and even a new species has formed in the invaded range through hybridization and subsequent
allopolyploidy (Vallejo-Marín et al. 2015). Monkeyflowers are not special in these regards—
such contemporary observations of speciation through hybridization are becoming common in
plants via human-caused biological invasions (Vellend et al. 2017). Rather, when a clade is ex-
amined closely we see that speciation occurs in many ways. The results of speciation are often
adaptive; the clearest cases are “adaptive radiations” (e.g., Gillespie 2004; Jorgensen and Olesen
2001; McDonald and Kreitman 1991; Seehausen 2006). Thus, speciation can be considered a
normal part of the adaptive process even in contemporary timescales as species respond to global
change. Of course, how speciation and adaptation are related varies by lineage and its modes of
generating genetic variation (e.g., gene transfer in bacteria, Thomas and Nielsen 2005). It is in
this reproductive phase of a species cycle that a species may achieve its greatest adaptations, but
perhaps by losing genetic variation to its offspring (discussed below).

Extinction represents an end point for a species and has naturally been viewed as a failure to
adapt. Nevertheless, whether extinction represents a failure to adapt should be viewed in light
of the species’ history and whether or not it has given rise to other species. When evaluating
adaptive limits, we should first evaluate a species’ history and whether it may have generated
offspring species. Did it arise as some type of specialist? Was it a vicariant offshoot from some
other species, and how old is it? Perhaps it is expanding adaptively, but how would we know?
Species are sometimes assumed to have a static niche when viewed across fossil records, but this
may not be the case (DiMichele et al. 2004). When one considers all individuals and populations
of a species, true niche stasis over long spans of time becomes doubtful. Anagenetic change
may be adaptive (e.g., through stabilizing or directional selection), so even species maintaining
a similar range or limit over long expanses of time may be considered adaptive. In this vein,
we may generate alternative viewpoints on what constitutes an adaptive species and this can
depend on scale. For example: a species that produces genetic variation contributing to adaptive
differentiation (microevolution) or to the birth of new species (macroevolution).

Adaptive species expand the niche of the tree of life. Thus, adaptive species may give rise
to new species, even if at the cost of their own extinction. Indeed, extinction rates appear to
be positively correlated with speciation rates (Nixon and Wheeler 1992); lineages respond to
rapid environmental change such as those seen during mass extinction events by splitting and
diverging into new radiations. Janz and Nylin (2008) envisaged cyclic niche expansions and
contractions (“oscillation hypothesis”) of phytophagous insects and their plant hosts, resulting
in cladogenesis and radiations into new habitats. These are similar to species cycles. Organis-
mal individuals transform during their life cycle (e.g., sexual transitions, life history changes),
and species also transform such as in expansions, contractions, and subdivisions (de Queiroz
1999; Rieppel 2013). In considering species cycles, one is reminded of the fractal nature of the
hierarchies of biological organization. Taxa at many levels (e.g., families, genera, species) are

 OPEN ACCESS - PTPBIO.ORG

http://ptpbio.org


SEXTON: THE ADAPTIVE CONTINUUM 6

posited or interpreted as individuals when observed arriving and going from geological records,
referred to as phylogenetic cycles. (Oskolski 2011). Similar to individuals and populations,
entire clades may be under selection (Doolittle 2017), and if so, then it is logical that clades
might also adapt. Theory on adaptation at large scales (e.g., clade selection) is controversial,
as it is with smaller scales below populations (Lloyd 2017). Godfrey-Smith (2009, 6) offers
one general solution: that adaptation through natural section should be applied to Darwinian
populations, each defined as “a collection of particular things—that has the capacity to undergo
evolution by natural selection.” How and whether to apply such definitions across all biological
scales are open questions.

3 The Adaptive Continuum

Only the humanmind invents categories and tries to force facts into separated pigeon-holes.
The living world is a continuum in each and every one of its aspects.

–Kinsey et al. (1948)

Adaptation is a continuum (fig. 2). The process of improvement in the face of ecological chal-
lenges happens at many scales and stages. All life likely began as one population (Theobald
2010), perhaps one gene, and, viewing life as a single tree with many branches extending its eco-
logical niche space, niche expansion seems to be mainly the result of myriad speciation events.
Viewed broadly in this way, speciation may be the main adaptive process. Thus, when we con-
sider limits to adaptation, we should mainly consider, what are the limits to speciation? That
question addresses a large part of the adaptive capacity of life.

The adaptive continuum mirrors the process of differentiation and reproductive isolation
among populations that leads to speciation, or equivalently the speciation continuum (Nosil
2012; Shaw and Mullen 2014). However, the adaptive continuum can include variation below
populations and above species (fig. 2), and may include engineering and selection-product con-
texts described earlier (Lloyd 2017). Genes can mutate, altering their success. Whether clades
are under the influence of natural selection is debatable (Doolittle 2017; Haber and Hamilton
2005; Hamilton and Haber 2006). Nevertheless, a clade’s attributes certainly determine its
success (e.g., the great diversity of beetles compared to other insects; the extinction of non-bird
dinosaurs at the end of the Cretaceous Period), and clades adapt in the sense that their attributes
can change over time, which can make them better suited to their environment.

There are several considerations that should be made regarding the adaptive continuum
and ecological niches. First, the adaptive continuum includes both microevolutionary and
macroevolutionary adaptive processes. Microadaptation has traditionally been applied to adap-
tive changes among populations within a species (i.e., local adaptation), whereas macroadapta-
tion refers to adaptive change associated with speciation. The former implies small changes
among breeding individuals or populations, whereas the latter implies larger adaptive leaps.
Both are cases of niche evolution. As niches evolve, so may niche breadth, the range of en-
vironmental conditions set by the niche, and which can be quantified at any phylogenetic scale
in a biological hierarchy (Sexton et al. 2017). Second, niche evolution or pioneering may occur
at practically any spatial or geographic scale depending on the organism. There are significant
ecological gradients across small and large spatial scales and organisms may adapt to these gradi-
ents given sufficient genetic variation. Third, a population may be able to adapt, and to change
phenotypically during the process, only so much before becoming reproductively isolated from
other populations. This tension between niche evolution and reproductive isolation may be a
major driver of ecological speciation (discussed in the next section).
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Figure 2: Life is an adaptive continuum of biological hierarchy: genes, populations, species, and clades.
Adaptation can occur at any level of the hierarchy, and by different means (given in parentheses). Life
inhabits a vast range of environments, and thus has a cumulative niche breadth that results from biological
adaptation across the continuum.

4 Limits to Adaptation

Regarding adaptation as it applies to the expansion of ecological niche breadth, lack of genetic
variation may be the ultimate limit to adaptation. This is clear for adaptive limits driven by a lack
of heritable genetic variation within an individual’s genome from which natural selection can act
(Conner and Hartl 2004). However, the genetic variation of interacting species is also impor-
tant, and heritable in the case of endosymbionts (Laland et al. 2015). In considering adaptive bi-
ological interactions (e.g., symbiotic gut microbes, Bennett and Moran 2015), genetic variation
in the form of genotype by genotype interactions is critical. Moreover, due to the fact that eu-
karyotes are in reality host to an extremely diverse microbiome, together making hologenomes,
it has been argued that animals or plants should really be considered “biomolecular networks”
(Bordenstein and Theis 2015). Even in cases of environmentally driven phenotypic plasticity,
intra- or intergenic variation, the genetic machinery that alters phenotypes through gene expres-
sion, and the microbiome likely interact for phenotypes to respond adaptively to environmental
cues. Thus, we should consider the limits to adaptation to really be limits on the generation and
interaction of genetic variation within and among genomes. I propose three broad categories of
adaptive limitation on genetic variation: time, chance, and speciation.
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Regarding time as a limit, it takes time to build genetic variation, and time contributes to
the buildup of genetic variation in many ways. It takes time to increase population sizes and for
individuals to distribute or disperse to different environmental arenas of natural selection where
adaptation occurs. Of course, it takes time for mutations to build and for recombination to pro-
duce new variants. Timescales of adaptation vary remarkably across different life histories, and
species with short generation times are less limited by time. A familiar contemporary example
is antibiotic resistance in microbes—something that can evolve in a matter of weeks (Palumbi
2001).

Second, adaptation can be limited by chance. Populations are often evolving; yet ecosystems
are also often changing, driving adaptation and splitting and diverging populations. There are
many ways in which chance can operate to limit or enhance adaptation, including catastrophes,
environmental shifts, and species interactions. Returning to the prior example, the Cretaceous-
Tertiary extinction ended the dinosaurs, excepting birds, but spurred the adaptive radiation of
mammals (and birds). All mass extinctions have involved some form of environmental shift
and differ in their pace of change. In this same vein, environmental shifts can be gradual, rapid,
global, or regional, and the likelihood that these shifts will limit adaptation is relative to the avail-
able genetic variation and rate of environmental change. Similarly, biological interactions can
be positive, negative, or neutral, but they certainly influence the adaptive trajectory of a species.
Biological interactions are dynamic across ecological and evolutionary time scales. A predator,
mutualist, or endosymbiont can appear, disappear, or reappear to interact with a given species
and these shifting interactive dynamics may destroy genetic variation by increasing selection
pressures, or stimulate new genetic variation by creating new adaptive opportunities (Laland et
al. 2015). Thus, which species are encountered and what their net effect will be on adaptation
is a matter of chance. Myriad species interactions among close and distant relatives influence
the adaptive direction and expansion of lineages, ultimately shaping niche evolution and niche
breadth across the tree of life.

Finally, speciation is both a limit (to ancestors or progenitors) and a major process of adapta-
tion. As a limit to adaptation, speciation represents losses in genetic variation from a progenitor
species to an offspring species. (I acknowledge that species often later form new adaptive combi-
nations through hybridization—e.g., allopolyploid speciation in plants.) For example, consider
a case of ecological speciation in which a new species has budded off—perhaps a new plant
species pioneers a stressful soil type and establishes reproductive isolation. In the process of
evolving adapted forms, new species bud off, removing that newly carved niche space, and the
associated genetic variation required to be successful in it, from the parent species. Viewing
the parent species only, this expansion into new environments (niche expansion) by cladogene-
sis appears as niche stasis in the fossil record. In understanding speciation as a limit, we must
consider the relationship between niche evolution and reproductive isolation. To expand across
very different environments often requires speciation. That is to say, niche divergence appears
to be greater between species (or lineages) than within species (or lineages), which is the gen-
eral principle of phylogenetic niche conservatism (Wiens and Graham 2005; Pyron et al. 2015).
In this vein, a general positive correlation between niche divergence and reproductive isolation
is likely to be a driver of adaptive biological diversification. Speciation is often viewed as a
continuum (Nosil 2012; Shaw and Mullen 2014), and reproductive isolation correspondingly
strengthens as populations diverge. It is apparent that through ecologically or geographically
caused isolation and selection, populations will genetically adapt to varying conditions. Nev-
ertheless, a species can only vary phenotypes so much and be able to maintain reproductive
connectivity. Great leaps in niche evolution require changes in form, function, or reproductive
timing, which give rise to reproductive isolation. At some point, gene flow between disparate
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ecologies or geographies will be too weak to maintain a biological species, although reproductive
compatibility differs greatly between species at the outset of speciation (Gourbière and Mallet
2010). Thus, a species fails to adapt across all ecological gradients because its populations can-
not evolve to occupy all environments and simultaneously maintain reproductive compatibility
with all other populations of the species. Considering the adaptive continuum, it is not surpris-
ing that speciation happens before a taxon can adapt to all environments. There are too many
potential reproductive barriers, prezygotic and postzygotic, that can accrue to see the evolution
of a species that is the master of all environments. Nevertheless, although the loss of significant
genetic variation from an original owner (progenitor species) to a descendant species may limit
that progenitor, speciation events represent adaptive expansions for the tree of life.

5 Future Research Areas

Viewing adaptive limitations as constraints of time, chance, and speciation across an adaptive
continuum raises several questions for future research:

1. What determines the tipping point between adaptive micro- and macroevolution? That
is to say, which conditions promote local adaptation (gradual niche expansion) versus
ecological speciation (niche pioneering), both ecologically and genetically?

2. Do the genomics of microevolution and macroevolution differ, and if so, how? What
are the genomics of increasing adaptive plasticity? Understanding the genetics of how
organisms expand their adaptive plasticity to increase niche breadth would shed light
on the conditions that result in local adaptation within species or ecological speciation
between species.

3. Is there greater adaptive novelty (niche divergence) in areas where reproductive isolation
and differences in natural selection are greatest (e.g., species range limits; islands)? That
is to say, is there a geography of novelty or adaptive innovation (genetic variation) (e.g.,
Lesica and Allendorf 1995), or geographic zones of tension between local adaptation and
speciation?

4. Does climate change create more frontiers or opportunities for species to pioneer? That is
to say, will speciation be required in many cases to adapt to contemporary climate change?
If so, how should humans as ecosystem managers maximize this adaptive potential?

5. Related to this last point, how much can a species’ niche expand or adapt to contempo-
rary climate change? Gene flow or hybridization may expand a niche (i.e., transgressive
segregation), but how much adaptive trait change is possible (see Rieseberg, Archer, and
Wayne 1999)?

6. Regarding the conservation of biodiversity and its adaptive capacity, how do we best con-
serve phylogenetic novelty and endemism (e.g., Thornhill et al. 2017)? In order to con-
serve diversity, we must conserve evolutionary capacity (including speciation), and under-
standing the tension between adaptation and speciation is important. For instance, al-
though assisted migration or prescriptive gene flow may be an option to increase adaptive
capacity (Smith et al. 2014), it should not swamp out populations that may be undergoing
speciation.
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6 Conclusion

“Why do species fail to adapt?” is an important question—and it should be framed within
shallow and deep evolutionary time. Species have often failed and often not failed to adapt.
Sometimes the successes have extended ecotypes of a species across continents. Sometimes the
successes have resulted in adaptive speciation, expanding the clade, or broadly speaking, the
tree of life. How far can populations expand their niches before they split into new populations,
or, when does adaptation lead to divergence? Such questions or research programs should con-
sider an adaptive continuum, from genes to species, and above. Viewing life as an adaptive
continuum incorporates the tree of life into our thinking on adaptation and may offer several
benefits: 1) It reconciles the conundrum of single species limits within a vast tree of life. That
is to say, it addresses the problem of why populations and species appear to be so limited by
genetic variation, yet there are millions of diverse genetic forms (species). 2) It offers a view of
adaptation as a holistic process, from genes to lineages, including what we think of as micro-
and macro-evolution. 3) It focuses investigations to understand the relationship between niche
evolution and reproductive isolation during speciation. And 4) It may improve conservation and
restoration of biodiversity and ecosystems by including holistic thinking below and above the
species level. With the sixth mass extinction, humans are altering the niche of the tree of life; it
is important that we consider the entire adaptive continuum in our goals to promote resilience
and reduce vulnerability of Earth’s ecosystems.
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