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Abstract

The role of developmental bias and plasticity in evolution is a central research
interest in evolutionary biology. Studies of these concepts and related
processes are usually conducted on extant systems and have seen limited
investigation in the fossil record. Here, I identify plasticity-led evolution (PLE)
as a form of developmental bias accessible through scrutiny of paleontological
material. I summarize the process of PLE and describe it in terms of the
environmentally mediated accumulation and release of cryptic genetic
variation. Given this structure, I then predict its manifestation in the fossil
record, discuss its similarity to quantum evolution and punctuated equili-
brium, and argue that these describe macroevolutionary patterns concordant
with PLE. Finally, I suggest methods and directions towards providing
evidence of PLE in the fossil record and conclude that such endeavors are
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1 | INTRODUCTION
Developmental bias describes the manner in which
certain changes to development are more accessible to
evolution than others (Arthur, 2004). A key generator of
developmental bias, and integral to understanding its
role in evolution, is developmental plasticity, which
refers to an organism’s ability to adjust its phenotype in
response to environmental conditions (Laland et al.,
2015; Schwab, Casasa, & Moczek, 2019). Developmental
bias, framed as a form of constraint, is an important
topic studied through the fossil record, but the bias
imposed by plasticity has not received similar attention.
Investigating plasticity-induced developmental bias
(“plasticity-led evolution”; PLE; Levis & Pfennig, 2016)
in paleontological data sets necessitates identifying its
traces in the fossil record.

In this paper, I outline the process of PLE and core
related concepts and discuss how it relates to develop-
mental bias. Thereafter, I predict what kind of patterns

likely to be highly rewarding.

cryptic genetic variation, developmental bias, plasticity-led evolution

we might expect to result from PLE in the fossil record,
anchor these patterns in historical work and suggest
methods and future directions for examining PLE using
fossil data.

2 | CONSTRUCTIVE
DEVELOPMENT

Central to understanding the process of PLE is the
conceptualization of development as constructive, rather
than programmed (Laland et al., 2015). Development has
been traditionally viewed as a programmed process,
captured in the “genes as blueprint” metaphor (Laland
et al., 2015; Moczek, 2012; Noble, 2015; Pigliucci, 2010),
perhaps best exemplified by Dawkins (1976) in The
Selfish Gene where genes are described as “safe inside
gigantic lumbering robots, sealed off from the outside
world, communicating with it by tortuous indirect routes,
and manipulating it by remote control.” This view is
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starkly at odds with the framing of development as
constructive; capable of “[shaping] its own developmen-
tal trajectory by constantly responding to, and altering,
internal, and external states” (Laland et al.,, 2015).
Informed by the growing field of evo-devo and con-
temporary understanding of concepts such as develop-
mental plasticity, the relationship between environment
and development is increasingly understood as more
complex than a unidirectional programmed process,
which naturally has ramifications for how we understand
evolution (Brakefield, 2011; Moczek, 2015, 2015; Miiller,
2007; West-Eberhard, 2003).

For example, the gene regulatory network structure of
development (Carroll, 2005; Davidson, 2006; Miiller,
2007; Carroll, 2008; Erwin & Davidson, 2009; Uller,
Moczek, Watson, Brakefield, & Laland, 2018) facilitates
the generation of phenotypic variation by reducing the
number of regulatory changes required to achieve
evolutionary change (Gerhart & Kirschner, 2007;
Wagner, 2011). Given that these regulatory systems can
transition between genetic and environmental control
(Iwasaki, Tsuda, & Kawata, 2013; Schneider & Meyer,
2017; Schwander & Leimar, 2011; West-Eberhard, 2003),
it follows that environmental triggers, through their
presence or absence, can act to suppress developmental
pathways, shielding them from natural selection and
liberating them to accumulate change without malus to
the organism (Kiittner et al., 2014; Moczek, 2008;
Rutherford, 2000; Schlichting & Smith, 2002; Zheng,
Payne, & Wagner, 2019). Such unexpressed variation is
known as cryptic genetic variation (CGV) and can be
understood as a form of evolutionary capacitance that
may play an important role in evolution (Gibson &
Dworkin, 2004; Levis & Pfennig, 2016; McGuigan & Sgro,
2009; Moczek, 2008; Paaby & Rockman, 2014; Schlicht-
ing, 2008; Schwab et al., 2019).

3 | THE ROLE OF CRYPTIC
GENETIC VARIATION IN
PLASTICITY-LED EVOLUTION

CGV may, but need not necessarily, constitute an
adaptive trait. Rather, it can be understood as randomly
accumulated variation on a developmental system
allowed to persist due to its nonexpression (Kiittner
et al., 2014; Moczek, 2008; Rutherford, 2000; Schlichting
& Smith, 2002; Zheng et al., 2019).
Given that this cryptic variation may be sensitive to
environmental triggers, it acts as a source of innovation
that can be episodically induced and presented to
selection (Gibson & Dworkin, 2004; Levis & Pfennig,
2016; McGuigan & Sgro, 2009; Moczek, 2008; Paaby &

Rockman, 2014; Schlichting, 2008; Schwab et al., 2019;
Zheng et al., 2019). It is this form of plasticity, not
adaptive plasticity, that plays the central role of driving
the process of PLE as described below and discussed
throughout this paper. In other words, the plasticity
leading evolution in this model of PLE is not an evolved
response but rather the periodical accumulation and
plastic release of CGV sensu Lande’s (2009) “transient
evolution of increased plasticity”.

If development indeed operates in this constructive
manner then what kind of consequent patterns would we
anticipate? A growing body of work is exploring the
implications of constructive development and develop-
mental plasticity in extant systems (Levis & Pfennig,
2019; van Bergen et al., 2017) but research from a
paleontological perspective has so far been limited. If
cryptic genetic variation drives the process of plasticity-
led evolution then what kind of traces would we expect to
detect in the fossil record?

4 | PATTERNS AND PROCESSES
IN THE FOSSIL RECORD

The fossil record is the history book of life, preserving
patterns of evolutionary change through time. These
recorded patterns are regarded as macroevolutionary,
that is, broad-scale at the level of species and above
(Gould, 2002; Myers & Saupe, 2013). This is the classical
understanding of macroevolution as a counterpart to
microevolution, which describes processes governing
evolutionary change below a species level (Dobzhansky,
1937; Simpson, 1944). Although macroevolutionary
patterns are generally assumed to be generated by
microevolutionary processes over time (see discussion
in Erwin, 2017), the fossil record is more commonly
used to map out evolutionary patterns at the level of
species and above than to infer microevolutionary
processes. But see for example Organ, Copper, and
Hieronymus (2015) and Jablonski and Shubin (2015) for
an overview of work in such a context. This is due in
part to the historical conceptual dichotomy between
micro- and macroevolution, but also to the kinds of data
and methods available for paleontological studies, to
which I will return further on.

Obviously, in order for microevolutionary processes to
be detectable in the fossil record, they must necessarily be
theoretically capable of generating a morphological
signature that is relevant in a macroevolutionary time-
frame. To determine what such a signature of PLE might
look like, I first outline the process before going on to
draw up strategies for identifying it.
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5 | PLASTICITY-LED
EVOLUTION

PLE, also known as the plasticity-first hypothesis,
describes a mode of evolution in which the environment
plays a pivotal role in both inducing and, subsequently,
selecting for phenotypic variation (Levis & Pfennig, 2016;
West-Eberhard, 2003, 2005). It has been investigated in
extant organisms such as sticklebacks (Wund, Valena,
Wood, & Baker, 2012), house finches (Badyaev, 2009),
and spadefoot toads (Levis & Pfennig, 2019), yet how we
might approach this process in a paleontological context
remains unknown. Here follows a summary of PLE, also
illustrated in Figure 1.

A population of organisms well-adapted to its
environment is subject to the process of stabilizing

selection, which selects not only for a specific pheno-
typic optimum but also selects against variation around
this optimum (Figure la; Schmalhausen, 1949). Apart
from the removal of unfit variants this is achieved by
reducing developmental sensitivity to any perturbation,
including environmental conditions (Gibson & Wagner,
2000; Pertoldi, Bundgaard, Loeschcke, & Barker, 2014;
Waddington, 1942; Wagner, Booth, & Bagheri-Chai-
chian, 1997). When development is canalized in this
manner CGV may accumulate in shielded parts of the
genome (Kiittner et al., 2014; Moczek, 2008; Rutherford,
2000; Schlichting & Smith, 2002; Zheng et al., 2019)
generating evolutionary capacitance (Figure 1b; Gibson
& Dworkin, 2004; Levis & Pfennig, 2016; McGuigan &
Sgro, 2009; Paaby & Rockman, 2014; Schlichting, 2008;
Schwab et al., 2019).
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FIGURE 1

Ilustration of the process of plasticity-led evolution in terms of phenotype, stress, and cryptic genetic variation (CGV).

Ellipses represent populations in morphospace. The shading intensity of the ellipses gives their relative level of CGV. (a) Stabilizing selection
acting on a population selects both for a phenotypic optimum as well as reduced variation around that optimum. (b) Phenotypic variation is
reduced through both the removal of unfit variants as well as decreasing sensitivity to environmental conditions, that is, canalization of
development. This shields previously expressed but now hidden developmental pathways from natural selection such that CGV, that is,
evolutionary capacitance, can accumulate. (c) An environmental stress is encountered that both induces as well as selects for variation. CGV
is revealed by this environmental trigger and phenotypic accommodation occurs generating increasing phenotypic variability. This can be
understood as the expenditure of the previously accumulated evolutionary capacitance. (d) Selection acts on the uncovered variation by
selecting for the new environmental optimum and genetically accommodating such change that was beneficial, thus restarting this process

by undergoing stabilizing selection again and recanalizing development once more
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Novel or extreme environmental conditions may
reveal this capacitance (Badyaev, 2005; Flatt, 2005) by
expressing novel developmental pathways or by down-
stream effects of mutual adjustment of different parts of
the phenotype; a process known as phenotypic accom-
modation (Figure 1c; Badyaev, 2009; Laland et al., 2015;
Schwab et al., 2019; West-Eberhard, 2005). Environ-
mental stress can thus be understood to simultaneously
induce and select for novel phenotypes; a process that
would facilitate rapid evolutionary change (Gibson &
Dworkin, 2004; Levis & Pfennig, 2016; McGuigan &
Sgro, 2009; Paaby & Rockman, 2014; Schlichting, 2008;
Schwab et al., 2019).

Due to the internal architecture of developmental
systems, which generates integrated modules (Goswami,
Binder, Meachen, & O’Keefe, 2015; Schlichting, 1989;
Wagner & Zhang, 2011), random genetic mutations may
still lead to coordinated phenotypic responses (Jablonski,
2017; Moczek et al.,, 2011; Uller et al.,, 2018; West-
Eberhard, 2003). For this reason, the effects of the
previously cryptic genetic variation may, in fact, cause
directed phenotypic change, biased towards functionally
integrated phenotypes (Gerhart & Kirschner, 2007;
Masel, 2006; Wagner, 2011; Watson & Szathmary, 2016;
Watson, Wagner, Pavlicev, Weinreich, & Mills, 2014).
Taken together and in the context of PLE, this implies
that accumulated CGV revealed by environmental stress
may be biased towards experimental functionality.

Initially, this constitutes a pulse of phenotypic change
without genotypic change (Noble, 2015; West-Eberhard,
2003). However, when CGV is thus revealed its pheno-
typic manifestation nevertheless becomes visible to
natural selection, which can select for or against it. More
importantly, selection indirectly acts on the develop-
mental system itself, rendering its regulation either more
or less sensitive to environmental conditions (Moczek,
2008; Schlichting & Wund, 2014; West-Eberhard, 2005;
Wund, 2012). This subsequent process is known as
genetic accommodation (Lande, 2009; West-Eberhard,
2003). If nature selects strongly for a novel phenotype,
that is, a newly induced variant that is preadapted to its
environment, then the process of stabilizing selection
starts over and development can begin to canalize once
more (Figure 1d). If one such novel phenotype is
subjected to very powerful selection it may lose its
plasticity entirely and is then said to have been
genetically assimilated (Pigliucci, Murren, & Schlichting,
2006; Waddington, 1961; West-Eberhard, 2003).

Given that the modular structure of gene regulatory
networks generates patterns in which parts of develop-
ment interact with the environment whereas others
do not (Iwasaki et al., 2013; Schneider & Meyer, 2017),
those parts that do interact with, and are intermittently

mediated by, environmental factors become the centers
of evolutionary change, and evolution can proceed
predominantly by modification of environmentally regu-
lated parts of the developmental system, with consequent
phenotypic diversification (Schneider & Meyer, 2017;
Uller et al,, 2018; Wund, 2012). Thus, this process
repeated in isolated populations is likely to direct
evolution along particular trajectories.

6 | PLASTICITY-LED
EVOLUTION AS A MODE

The cyclical accumulation and release of CGV, during
periods of stabilizing selection and environmental stress
respectively, thus describes the operation of PLE. This is
similar to Badyaev’s (2009) conceptualization of “evolu-
tionary diversifications and maintenance of adaptations
probably operating in alternation between the emer-
gence of novel developmental variation and stabilization
of locally appropriate organism-environment associa-
tions by natural selection” and represents an exciting
hypothetical mode of evolution. Indeed, the role of
genetic assimilation in evolution, that is, the adoption of
genetic management of initially environmentally in-
duced phenotypes, continues to demand attention
(Ehrenreich & Pfennig, 2016; Schneider & Meyer;
2017; Schwab et al., 2019).

7 | QUANTUM EVOLUTION
As a mode of evolution, this model of PLE constitutes a
pattern of periods of stasis, during which capacitance is
accrued, followed by rapid bursts of change as this
capacitance is expended. In a macroevolutionary context,
this is not without historical analogues. Indeed, the
distinction between stasis and burst is captured in the
contrast between Simpson’s (1944) phyletic and quantum
evolution (Figure 2), two of his three modes of evolution,
the third being speciation. He defines quantum evolution
as the “relatively rapid shift of a biotic population in
disequilibrium to an equilibrium distinctly unlike an
ancestral condition” while phyletic evolution is the
“sustained, directional (but not necessarily rectilinear)
shift” more commonly observed in the fossil record.
Simpson (1944) considered these two modes of
evolution as qualitatively different; to his mind, they
fulfill different functions and presumably operate by
different mechanisms. Phyletic evolution manages the
adaptation of species to their adaptive zone, whereas
quantum evolution is a much more radical process
capable of generating rapid changes and accommodating
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FIGURE 2 Simpson’s (1944) comparison of phyletic and quantum evolution. Phyletic evolution is the selective tracking of a shifting
adaptive zone through time with subsequent directional phenotypic gradualism as a result. Quantum evolution, on the other hand, is a rapid
evolutionary transition between adaptive zones. Note the preadaptive variation manifest in the ancestral population immediately before

quantum evolution

jumps across inadaptive zones to new adaptive zones. In
other words, quantum evolution was a suggested solution
to the contemporary problem of how a population might
cross the valleys of Wright’s adaptive landscapes (Wright,
1932), given that evolution proceeds through the gradual
accumulation of small changes (cf. Zheng et al., 2019). To
this end, Simpson (1944) writes that “preadaptation [is] a
necessary element [of quantum evolution, and is] another
marked distinction between quantum evolution and
phyletic evolution, which is mostly adaptive (and
postadaptive)”. Furthermore, quantum evolution pro-
vided a biological explanation for the long-observed
discontinuities in the fossil record; they were not merely
artifacts of incompleteness but may, in fact, be indicative
of extremely rapid phenotypic transitions.

According to Simpson (1944) quantum evolution
progressed through three phases:

“(1) An inadaptive phase, in which the group
in question loses the -equilibrium of its
ancestors or collaterals.

(2) A preadaptive phase, in which there is
great selection pressure and the group moves
toward a new equilibrium.

(3) An adaptive phase, in which the new
equilibrium is reached.”

There is a striking concordance between these phases
and (a) environmental induction of CGV release, that is,
phenotypic accommodation; (b) corresponding environ-
mental selection for novel variants, that is, genetic
accommodation and potential assimilation; and (c)
stabilizing selection, that is, canalization of development.

Yet at the time, the best candidate for a mechanism
by which quantum evolution might proceed was genetic

drift. During the “hardening” of the modern synthesis,
as evolutionary explanations became increasingly re-
stricted to selection acting on gradual allelic change
(Gould, 1982), the role of genetic drift seemed less
significant, leading to Simpson changing his views on
quantum evolution and ceasing to see it is a different
kind of evolution to phyletic evolution (Gould, 1986). He
later wrote that quantum evolution was “not a different
sort of evolution from phyletic evolution, or even a
distinctly different element of the total phylogenetic
pattern. It is a special, more or less extreme and limiting
case of phyletic evolution” (Simpson, 1953). In other
words, quantum evolution became simply phyletic
evolution sped up, and the norm mode of evolution
consequently became phyletic gradualism (Eldredge &
Gould, 1972; Gould, 1980).

8 | PUNCTUATED EQUILIBRIUM
It was against this backdrop that Eldredge and Gould
formulated their theory of punctuated equilibrium
(Eldredge & Gould, 1972; Gould & Eldredge, 1977,
1993). Similar to Simpson’s (1944) quantum evolution,
it posits that discontinuities in the fossil record need not
necessarily be indicative of incompleteness. Rather,
phenotypic evolution may be as intermittently rapid,
that is, punctuated, as fossil data suggest. They argue that
“the remarkable stasis exhibited by most species during
millions of years is ignored (as no data)” (Gould &
Eldredge, 1993). In other words, stasis is taken as a lack
of evolution and contrasted with directional phenotypic
change through time. The assumption that discontinu-
ities are artifacts of incompleteness implies that phyletic
gradualism is synonymous with evolution.

Gould and Eldredge (1993) write that we instead
ought to “regard stasis and discontinuity as an
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expression of how evolution works when translated
into geological time” and argue that phenotypic
evolution is more closely tied to speciation than
previously imagined. Indeed, studies on patterns of
change in the fossil record have confirmed that stasis is
a far more common observation than phyletic gradu-
alism (Hunt, 2004, 2007; Hunt & Rabosky, 2014), with
stasis, in this sense, more accurately regarded as
directionless or nonaccumulating morphological fluc-
tuations rather than true stagnance (Gould, 1982;
Gould, 2002; Voje, 2016). Furthermore, adaptive
phenotypic change may occur so rapidly that it may
pass by the record (Hunt, 2010). Yet while the pattern
described by punctuated equilibrium is therefore
broadly supported by observation, the mechanism by
which this pattern arises, particularly the rapid
transitions of form, remains unclear (Futuyma, 2015).
Around the time of its inception and early reception,
the theory of punctuated equilibrium was met with
strong critique (e.g., Charlesworth, Lande, & Slatkin,
1982; Gingerich, 1984; Kirkpatrick, 1982) generating a
debate that continues to this day (e.g., Lieberman &
Eldredge, 2014; Pennell, Harmon, & Uyeda, 2014).

9 | FUNDAMENTAL DEBATE

It seems that the same point of contention that led
Simpson to dilute his concept of quantum evolution also
frames the debate on the theory of punctuated equili-
brium as well as the controversy surrounding phenotypic
and genetic accommodation; namely, the tension be-
tween the understanding of development as programmed
or constructive (Laland et al., 2015), itself a manifestation
of the differing perspectives of the gene-centered and
organism-centered views of evolution (Baedke, 2018;
Nicholson, 2014). Clearly, the same currents of thought
are manifest in each of these instances, yet the contention
remains unresolved.

It is tempting to argue that Badyaev’s (2009)
alternating “emergence of novel developmental varia-
tion” and “stabilization of locally appropriate organis-
m-environment associations by natural selection” are
qualitatively different processes, the former approxi-
mated by quantum evolution, punctuated equilibria,
and plasticity-led evolution, and the latter by phyletic
evolution, stasis, and gradualism. Indeed, this would be
an approach informed by the distinction between
origins and distributional explanations (Erwin, 2017).
Yet this does not make sense in terms of our under-
standing of development.

From a developmental perspective, gradualism and
PLE are not qualitatively different processes. Both are

governed by a regulatory network that facilitates varia-
tion and buffers genetic and environmental fluctuations
towards functionality (Uller et al., 2018). The key
difference is simply the phenotypic accommodation of
PLE, which may be exaggerated by the release of
capacitance in the form of CGV. This facilitates the
distinctive rapidity described by quantum evolution
(Simpson, 1944) and punctuated equilibrium (Eldredge
& Gould, 1972). Thus the difference is quantitative, not
qualitative; a matter of thresholds and amounts rather
than kinds.

10 | MACROEVOLUTIONARY
PATTERNS OF PLASTICITY-LED
EVOLUTION

PLE as the evolutionary process described above
predicts, in my view, in short, two major features in
the fossil record: (a) stabilizing selection during
periods of environmental stability leading to decreas-
ing phenotypic variation but increasing evolutionary
capacitance in the form of cryptic genetic variation,
and (b) episodes of environmentally induced pheno-
typic plasticity facilitating rapid bursts of evolution as
this capacitance is expended.

To be clear, in this framework, plasticity-led evolu-
tion (PLE), that is, the accumulation and release of
cryptic genetic variation (CGV), is a putative generator
of those patterns in the fossil record previously
described as quantum evolution (Simpson, 1944) and
punctuated equilibrium (Eldredge & Gould, 1972).
Periods of phyletic evolution or stasis are understood
as stabilizing selection acting on an organism. Quantum
evolution and the rapid shifts of punctuated equilibria
are hypothesized to be facilitated by phenotypic and
genetic accommodation. This is not to say that evolution
cannot occur through phyletic gradualism, that is,
stepwise accumulation of genetic change, nor to say
that the fossil record is not incomplete in parts. I only
mean to say that PLE provides an alternative explana-
tion for the phenomena mentioned above. While the
theory of punctuated equilibrium is associated with
speciation and quantum evolution is traditionally
discussed in terms of anagenetic evolution, despite
Simpson (1944) himself writing that it “may be involved
in either speciation or phyletic evolution” and that
“certain patterns within those modes intergrade with
quantum evolution”, this distinction holds little sig-
nificance for this model of PLE; the environmentally
mediated accumulation and release of CGV can occur in
either instance and whether or not speciation occurs is
inconsequential.
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11 | EVIDENCE OF PLASTICITY-LED
EVOLUTION IN THE FOSSIL RECORD

When searching for evidence of PLE in the fossil record,
it is insufficient to simply point to patterns of stasis or
discontinuity. As Gould and Eldredge (1993) point out:
“Examples of stasis alone [..] and simple abrupt
replacement, although conforming to expectations of
punctuated equilibrium, are not direct evidence for our
mechanism: for stasis might just be a lull in anagenetic
gradualism [...], and replacement might represent rapid
transformation without branching, or migration of a
distant (phyletic or geographic) relative rather than
evolution in situ.” Likewise, discontinuities may indeed
have geological rather than biological explanations,
caused by erosion of fossil-bearing strata or a hiatus in
a sedimentary deposition, for example. Furthermore, the
processes of phenotypic and genetic accommodation are
challenging to study in the fossil record. As Pigliucci
and Murren (2003) caution us: “given the hypothesis
that [genetic] assimilation can occur within a few
generations, it ironically may be too fast for us to
catch.” Indeed, the rapidity of phenotypic transitions
reported by Hunt (2010) points to a similar problem.
These challenges present a problem to the study of PLE
in the fossil record.

Beyond these challenges, a further difficulty is that
the central macroevolutionary prediction of PLE is
superficially identical to that of phyletic gradualism.
PLE predicts that novel environments lead to evolu-
tionary change mediated by phenotypic and genetic
accommodation. Phyletic gradualism predicts that novel
environments lead to evolutionary change mediated by
natural selection on gradually accumulating mutations.
Thus, the observation of phenotypic change accompa-
nying environmental change is insufficient to support
PLE over phyletic gradualism; without access to genetic
material, and consequently the underlying processes, we
are left unable to determine which explanation is more
likely. In general, this is a difficulty faced when
investigating the fossil record in search for support for
PLE; macroevolutionary patterns have historically pro-
ven an inadequate source of discrimination between
genetic variation and plasticity (Hopkins, 2014; Schoch,
2014; Webster, 2019).

While the fact that the process of PLE is coherent with
the structure of the fossil record should not be ignored as
insignificant, it remains the case that to provide definitive
support for PLE as a mode of evolution, we need to direct
our attention towards identifying evidence that distin-
guishes it from phyletic gradualism. Approaches towards
differentiating these processes rely on the study of
processes instead of patterns. In other words, they focus

WILEY—L 7

on providing support for the underlying mechanisms of
PLE rather than the broad-scale outcome.

12 | ENVIRONMENTAL STRESS
AND PHENOTYPIC VARIABILITY

Specifically, the key feature distinguishing PLE from
phyletic gradualism is the environmentally mediated
developmental plasticity that facilitates rapid phenotypic
change. While such change can be measured in the
difference between mean morphologies, this does little to
help separate hypotheses of PLE and phyletic gradualism,
seeing as both predict shifting phenotypic means as a
result of environmental change. A stronger indicator of
reduced canalization and subsequent increased develop-
mental plasticity is a measure of the morphological
variability induced by environmental stress (Hoffmann &
Hercus, 2000).

The relationship between environmental stress and
morphology is the subject of the Plus ca Change model
(Sheldon, 1997). In short, it seeks to explain the
observation that morphological stasis appears the most
common response to fluctuations in environmental
conditions in the fossil record. Drawing on a deep-time
perspective it argues that long-term generalists are the
species most likely to survive such fluctuations and
consequently predicts gradualistic phenotypic change
under stable or near-stable environmental conditions
and phenotypic stasis during periods of strong environ-
mental fluctuations.

In its general sense, this model seemingly suggests the
opposite of PLE to manifest in the fossil record. Yet it
contains the caveat that upon reaching a critical thresh-
old of stress rapid phyletic evolution may be the result
(Figure 3). The parallels between this prediction and the
process of PLE outlined above are readily apparent; this
model suggests that in a strongly fluctuating environment
natural selection favors those organisms that sufficiently
canalize their development to best track an underlying
phenotypic optimum, yet when an extreme environment
is encountered, developmental canalization is overcome
and previously cryptic variation is released.

The prediction that environmental stressors can
decrease developmental stability by overcoming cana-
lization and releasing CGV implies that phenotypic
variability can be regarded as a proxy for develop-
mental instability (Klingenberg, 2019; Webster, 2019;
Willmore, Young, & Richtsmeier, 2007). Thus the
phenotype-environment association of interest for the
study of PLE in the fossil record is that between
environmental conditions and phenotypic variability,
rather than phenotypic variation.
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FIGURE 3 Sheldon’s (1997) Plus ca Change model. Strongly
fluctuating environments are predicted to increase selection for
stasis, until a threshold is reached and a punctuation, sensu
Eldredge and Gould (1972), is generated. This model can be
interpreted as predicting selection for increased canalization in
fluctuating environments until a threshold is reached, at which
point cryptic genetic variation is expressed and phenotypic
accommodation occurs

This distinction is key for separating the predictions of
PLE and phyletic gradualism. Variation, that is, morpho-
logical differences between assemblages, associated with
environmental change is insufficient to support PLE for
the reasons discussed above. However, an association
between environmental change and variability, that is,
the variance in form within assemblages, informs us
about their developmental stability and thus permits
investigation into the unique prediction of PLE that
environmental stress may overcome canalization and
induce the release of CGV with consequent expression of
novel variants upon which selection can act. The
consequence of this process is an increase in phenotypic
variability coupled with a shift in phenotypic mean
associated with environmental stress; a pattern not
predicted by phyletic gradualism.

Below I provide two examples of approaches towards
providing evidence of PLE in the fossil record that use
this association. Before discussing them, however, I first
present their necessary methodological framework.

13 | FRAMEWORK OF ANALYSIS
The focal point for these investigations is the relation-
ship between environmental factors and morphology of
fossil assemblages. Morphology is essentially the only
biological information available in the fossil record and
it is therefore in general of paramount importance to
capture and study morphology in as high resolution as
possible and with careful consideration of potential
taphonomic biases such as disarticulation of hard
parts or later structural deformation (Webster, 2019).
This is particularly true, however, when studying
intraspecific patterns of wvariation, such as those
I will present below. Many modern phylogenetic
cladistic analyses rely on discretizing variation into
characters, which strongly limits their ability to study
intraspecific variation. An alternative approach to
analyzing morphological variation is through the use
of morphometric methods, which quantify shapes into
sets of measurements that can be mathematically
analyzed (MacLeod, 2017). Such methods include
landmark analyses (Bookstein, 1997), eigenshape ana-
lysis (MacLeod, 2002), and elliptical Fourier analysis
(Kuhl & Giardina, 1982). These numerical approaches
to describing variation in form translate morphology
into continuous data and are consequently more suited
to the study of the subtle variation exhibited intraspe-
cifically than the use of discrete characters, and indeed
are a prerequisite to examining fine-scale patterns of
morphological variability.

While straightforward use of statistical variance is
often employed in studies on developmental instability
(e.g., Imasheva, Loeschcke, Zhivotovsky, & Lazebny,
1997), novel methods for quantifying variance specifically
stemming from developmental plasticity have seen recent
development (Pertoldi & Kristensen, 2015; Pertoldi et al.,
2014). Coupling shifts in variability to shifts in pheno-
typic mean is the key to identifying developmental
plasticity in the fossil record, as I will discuss below.
The putative confounding effect of time-averaging on
morphological variance in fossil specimens has not been
supported by empirical studies. Rather, it seems that
paleontological and neontological samples have compar-
able levels of variability (Kidwell & Flessa, 1995; Bush,
Powell, Arnold, Bert, & Daley, 2002; Hunt, 2004; Hunt,
2004; Hunt, Bell, & Travis, 2008; Webster, 2019).

To approach the environmental aspect of PLE, it is
necessary to identify indications of environmental con-
ditions in fossil assemblages. Patterns of intraspecific
variation in fossil species across a geographic and
putative environmental range are by no means uncom-
mon (e.g. Hopkins & Webster, 2009; Jackson & Budd,
2017). Such patterns have been studied through the
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assessment of associations between morphology and
various environmental gradients (e.g. Cisne, Chandlee,
Rabe, & Cohen, 1982; Scarponi & Kowalewski, 2004;
Webber & Hunda, 2007). Indeed a variety of geochemical
proxies are available for the investigation and approx-
imation of depositional environments (Webster, 2019),
such as using trace metals as a proxy for paleoredox and
paleoproductivity (Tribovillard, Algeo, Lyons, & Riboul-
leau, 2006), for example. However, care must be taken
when interpreting such proxies to minimize environ-
mental variation generated by taphonomic processes
such as diagenetic alterations of the rock (Webster, 2019).

The relationship between environmental stress and
developmental plasticity by proxy of morphological
variability is used in the following two approaches
towards providing evidence of PLE as a mode of
evolution in the fossil record.

14 | EVIDENCE OF PHENOTYPIC
AND GENETIC ACCOMMODATION

As mentioned above, both phyletic gradualism and PLE
predict a shift in morphology following exposure to
novel environments, albeit resulting from different
processes, making it difficult to uncover traces defini-
tively of PLE. Gradual adaptive evolution would
manifest as an assemblage shifting towards a new
phenotypic optimum in response to environmental
perturbation. Likewise, PLE would present a similar
pattern yet with the environment both inducing as well
as selecting for novel variants.

However, PLE predicts a pattern of increasing
variability as the expression of CGV is induced by
environmental stress, which distinguishes it from
phyletic gradualism. In this mode of evolution, pheno-
typic accommodation increases variability such that the
phenotype subsequently genetically accommodated or
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FIGURE 4

canalized lies outside its ancestral normal range (Figure
4; cf. Figure 1). While developmental instability is
known to occur during stress, including on the range
margins of populations (Bridle & Vines, 2007; Rieseberg,
Archer, & Wayne, 1999), such dynamics do not predict
the induction of novel variation outside the ancestral
range. Consequently, shifts in mean morphology
coupled with strongly increasing variability beyond an
ancestrally normal range can be used as an indicator of
PLE (Figure 4).

This means that the study of morphological varia-
bility across environmental gradients offers an oppor-
tunity to test specifically for evidence of the phenotypic
and genetic accommodation inherent to PLE as de-
scribed above.

Naturally, demonstrating this kind of intraspecific
pattern requires a fossil organism or lineage with a highly
resolved stratigraphy, sufficient abundance, and known
presence across temporal and/or environmental gradients
(Schoch, 2014). Such research is not uncommon (e.g.,
Hopkins & Webster, 2009; Schoch, 2014; Webber &
Hunda, 2007), yet morphological variability is rarely the
focal point, and phenotypic accommodation rarer still.

However, the Cambrian trilobite-like arthropod Ag-
nostus pisiformis has been demonstrated to exhibit
differentiated patterns of variation and variability across
a gradient of dysoxic stress (Jackson & Budd, 2017)
implying that environmental conditions may indeed be
inducing, as well as selecting for, phenotypic variants.

Further investigation in this framework is needed to
properly test the fossil record for evidence of PLE.
Patterns of phenotypic variation, and chiefly variability,
uncovered by fine-scale studies of fossil morphology (e.g.,
Dai, Zhang, Peng, & Yao, 2017; Esteve, 2012; Neubauer,
Harzhauser, & Kroh, 2013) ought to be considered within
the framework of PLE. Likewise, research exploring
putative canalization of fossil organisms (e.g., Pimiento,
Tang, Zamora, Klug, & Sanchez-Villagra, 2018; Webster,

Environmental

Optimum
+ Population

Time

Illustration of two hypothetical responses of an evolutionary lineage to an environmental perturbation. (a) Natural selection

causes an adaptive shift of morphology towards a new environmental optimum in line with the predictions of phyletic gradualism. (b) The

environmentally mediated release of cryptic genetic variation increases phenotypic variability, facilitating rapid adaptive evolution towards a

new optimum, as per the process of plasticity-led evolution. Stabilizing selection subsequently leads to canalization around this new

optimum



10 of 15 Wl LEY

JACKSON

2015) could explicitly test for indications of PLE having
occurred.

15 | EVIDENCE OF
DEVELOPMENTALLY BIASED
EVOLUTIONARY TRAJECTORIES

Adaptive radiations represent periods of rapid evolu-
tion in which ancestral forms of a lineage diversify in
environment, morphology, functionality, and so forth.
When such patterns feature repeated evolutionary
sequences, such as in the case of the Anolis lizards of
the Caribbean (Losos, Jackman, Larson, de Queiroz &
Rodriguez-Schettino, 1998), they afford us the oppor-
tunity to examine the fossil record for evidence of
another component of PLE, namely: whether or not
repeated patterns of phenotypic evolution are some-
times better explained by developmental bias than
convergent selection. At the heart of this issue lies the
role of the environment in adaptive radiations.
Traditionally, the environment is seen as facilitating
such episodes by providing ecological opportunity to
diversifying clades (Stroud & Losos, 2016). However, as
outlined above, the environment may also act as an
inducer of novel variants by interacting with develop-
mental processes. Erwin (2017) describes these per-
spectives as emphasizing “environmental pull” and
“developmental push,” respectively.

West-Eberhard’s (2003) flexible-stem model sug-
gests that plasticity mediated by the regulatory
structure of an ancestral population’s development
will bias repeated independent diversifications
along similar evolutionary trajectories via the pro-
cesses of phenotypic and genetic accommodation.
This represents an alternative or complementary
explanation as to why independently derived lineages

1
1

E e
1
1
1
1
1

Morphology

of an ancestral population repeatedly evolve similar
phenotypes, such as the “ecomorphs” of the Anolis
lizards mentioned above (Losos et al., 1998; Williams,
1972). While this model has been explored in a
neontological context (Gibert, 2017; Parsons et al.,
2016; Schneider & Meyer, 2017; Wund, Baker, Clancy,
Golub, & Foster, 2008), it has not yet seen attention in
a paleontological setting.

Although the identification of adaptive radiations in
the fossil record is not a straightforward endeavor
(Lieberman, 2012), essentially any sequence of repeated
divergence from an ancestral stock population is suitable
for investigating the flexible-stem informed model of
parallelism. Similarly to the discussion on phenotypic
and genetic accommodation above, the focal point of
research in such systems should be on the variability of
morphology, rather than variation, relative environmen-
tal gradients. If it is indeed phenotypic accommodation,
that is, the environmentally mediated release of CGV,
that directs these repeated evolutionary trajectories, we
should predict an increasing degree of phenotypic
variability to coincide with these divergences (Figure 5).
This coupling of increasing variability and shifting
variation is not conventionally anticipated in a pattern
of repeated parallel divergences, that is, convergent
selection, as explained above.

The positive identification of such patterns in the
fossil record would thus provide distinctive support for
the underlying processes of PLE both in terms of the
suggested environmentally mediated release of CGV, as
well as the hypothesized bias exercised by the regulatory
nature of development. Research towards uncovering
such support should be directed towards reassessing the
phenotype-environment associations of studied fossil
adaptive radiations (e.g., Abe & Lieberman, 2012; Neige,
Dera, & Dommergues, 2013; Neubauer et al., 2013) in the
context of PLE.

- Env_ironmental
' Optimum

Ancestral
Population

Diverging
Population

Time

FIGURE 5 Repeated divergences from an ancestral or stock population. The bias native to the ancestral developmental network directs

morphological change along similar evolutionary trajectories as the successive independently diverging populations encounter the new

environment. An increase in morphological variability coupled with such parallelism of phenotypic mean change is predicted by the release

of cryptic genetic variation in plasticity-led evolution but not by the conventional process of convergent evolution resulting from similar and

repeated selective pressures
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16 | CONCLUDING REMARKS
Viewing development as constructive is a promising
conceptual framework for enriching our understanding
of the processes and patterns of evolution. It provides the
scaffolding for properly addressing issues of central
importance such as the role of developmental biases in
directing evolutionary change. However, the majority of
efforts towards this end are conducted on extant
organisms with minimal reference to paleontological
data. This is unfortunate as the fossil record is a
fantastically rich source of information that is yet to be
fully explored in this intriguing and stimulating context.
While microevolutionary concepts such as developmental
bias are challenging to approach in the fossil record, I
argue that it is manifest in paleontological materials in
the form of macroevolutionary patterns concordant with
the predictions of plasticity-led evolution. Indeed such
predictions recapitulate earlier theories of quantum
evolution and punctuated equilibrium.

These predictions are specifically an evolutionary
model consisting of two major parts: (a) stabilizing
selection during periods of environmental stability
leading to a reduction in phenotypic variation but an
increase in canalization, CGV and hence evolutionary
capacitance; and (b) episodes of environmentally induced
plasticity facilitating rapid evolution via the expression of
previously cryptic variation.

Research aiming to uncover support for PLE in the
fossil record should be directed towards the environ-
ment-phenotype association of fossil assemblages. Spe-
cifically, towards patterns of correlation between envir-
onmental stress and phenotypic variability as a proxy for
developmental instability. These may be manifest along
single lineages or throughout adaptive radiations. The
fossil record offers enormous potential to provide data
that, when viewed through the lens of PLE, provides
biologically meaningful information about evolution in
terms of both patterns and processes.
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