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Some species have held fast for millions of years as constants in a changing world.
Often called “living fossils,” these species capture scientific and public interest by
showing us the vestiges of an earlier world. If living fossils are defined by a holistic
pattern of low evolutionary rates or stasis, however, then classifying a species as a
living fossil involves the application of sophisticated norms of scientific evidence.
Using examples from Crocodilia and the tuatara (Sphenodon punctatus), | show
how scientists’ evidential criteria for classifying living fossils are contentious and
underspecified in many cases, threatening the concept's explanatory interest
and its adequacy for sustaining a collective problem agenda as proposed by
Scott Lidgard and Alan Love. While debates over the definition of the living fossil
concept may appear fruitless, | suggest they can be productive insofar as the
debate leads to clarified and improved evidential standards for classification. To
this end, | formulate a view of the living fossil concept as an investigative kind,
and compare two theoretical frameworks as a basis for shared evidential norms:
the Zero Force Evolutionary Law framework, introduced by Daniel McShea and
Robert Brandon, and the statistical model selection framework first developed by
Gene Hunt in the 2000s.

stasis, natural kinds, tempo and mode of evolution, random walk, trait evolution,
evolutionary rate

1. Introduction

Some taxonomic groups seem to have persisted, unchanged, for millions of years against a
world in flux. Often called “living fossils,” these taxa capture the interest of scientists and the
public alike by showing us the vestiges of an earlier world. Horseshoe crabs, for instance, have
changed so little in their visual appearance that one can immediately recognize fossils from
millions of years ago (Avise et al., 1994; Lamsdell, 2019). Superficial appearances, though, may
obscure nuanced patterns of evolution. The outwardly ancient appearance of crocodiles, for
example, hides rapid evolution within a limited set of options (Felice et al., 2021). Exactly what
makes something a living fossil has been an ongoing subject of debate among biologists and
philosophers (Werth and Shear, 2014; Carnall, 2016; Bennett et al., 2018; Lidgard and Love,
2018; Turner, 2019; Lidgard and Love, 2021; Watkins, 2021). One can view living fossils, for
example, as an extreme class of exceptions to the more commonly observed pattern of mosaic
evolution, in which the traits of lineages evolve at different rates over time (DeSilva, 2018;
Parravicini and Pievani, 2019). This locates living fossils in a wide-ranging research program
that aims to analyze the relationship of population-level processes to taxonomic diversification
and divergence (Lidgard and Love, 2018; Lidgard and Kitchen, 2023).

To sustain an interdisciplinary research agenda against this backdrop of conceptual
disagreement, though, researchers need a shared set of evaluative criteria to at least agree on
what counts as a productive contribution. I focus in particular on the idea that living fossils in
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some sense represent extreme cases of slow evolutionary change,
which connects them to broader debates in evolutionary biology
about the nature and frequency of different evolutionary rates. Any
rate or pattern of change that biologists attribute to a lineage or
taxonomic group as a whole, though, is a theoretical construct that is
not observable directly through measuring the properties of individual
organisms. As a result, difficult conceptual and practical questions
arise about whether and how one can summarize the history of an
evolutionary lineage in a single rate. In fact, this problem applies more
generally to any attempt to relate the evolutionary rates of parts and
wholes, e.g., to comparing the evolutionary rates of genetic loci, whole
genomes, features of a morphological module, and body size. As
Lidgard and Love point out, “when focused on either molecular or
morphological characters that serve as proxies for species or lineages,
there are rampant part-whole ambiguities in evaluating evolutionary
stasis and change, many of which bear directly on controversies about
categorizing living fossils” (Lidgard and Love, 2018, p. 762).

I take the purpose of having a shared evidential framework, then,
to be guiding productive, intersubjectively reliable research on living
fossils when so little about their defining features and proper methods
of study are settled as common knowledge. While debates over the
definition of the living fossil concept may appear fruitless, I suggest
they can be productive insofar as the debate leads to clarified and
improved evidential standards for classification. To this end,
I formulate a view of the living fossil concept as an investigative kind,
and I analyze the suitability of two theoretical frameworks for setting
shared evidential norms: the first is based on the Zero Force Evolution
Law (ZFEL; McShea and Brandon, 2010; McShea et al., 2019; Brandon
and McShea, 2020); the second is based on Statistical Model Selection
(SMS) methods for linear Gaussian time series (Hunt, 2006, 2008b;
Hopkins and Lidgard, 2012; Reitan et al., 2012; Hunt et al., 2015; Voje,
2020). I argue that the ZFEL framework’s reliance on null hypotheses
is ill-suited to contemporary research practices and that the ZFEL is
not metaphysically more fundamental when we consider statistical
expectations for whole lineages. I also argue that the SMS framework
provides a better approach to data analysis, but that major gaps remain
in our ability to formulate multi-variate, multi-level models relevant
to defining living fossils and distinguishing them from other types of
evolutionary patterns.

To begin, I survey different stances about the living fossil concept
in section 2 in order to raise several conceptual and methodological
concerns about the concepts adequacy as the basis for a shared
problem agenda. Section 3 illustrates these points using recent
controversies over classifying lineages as living fossils, and section 4
identifies some key methodological questions that follow as a result.
Sections 5 and 6 then analyze how the frameworks based on the ZFEL
and SMS address these questions.

2. Shared evidential criteria for living
fossils are missing

Academic debates about the definitions of concepts range from
being a waste of time to catalysts for major breakthroughs. Telling the
difference is a fruitful area of overlap between philosophy and science,
and both fields have contributed to analyzing the conditions under
which conceptual debates lead to meaningful collective progress (e.g.,
Chang, 2004; Brigandt and Love, 2012; Brigandt, 2020; Pradeu et al,,
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2021; Sterner, 2022) and references therein. Understanding how
conceptual change happens in science, more generally, and assessing
its rationality are also central goals for philosophy of science
(Nersessian, 2017; Nickles, 2017, 2021). In early work, philosophers
often characterized progress as a process of replacement, such as when
scientists discard an established definition for a term because its
meaning is different in a better-supported theory. Extensive case
studies in many scientific fields show that simple abandonment of old
meanings is historically unusual or rare, however (Kellert et al., 2006;
Brigandt, 2020; Ludwig and Ruphy, 2021), including for living fossils
(Lidgard and Kitchen, 2023). Instead, research communities often
sustain varying forms and degrees of pluralism by ensuring
participants have adequate context and training to disambiguate
between meanings as needed. This may apply at varying social scales,
such as for the dominant meanings of terms such as function or gene
across disciplines or species names among taxonomists. Nonetheless,
ambiguous concepts are often controversial among scientists because,
for example, they see ambiguity as likely to cause confusion or
misinterpretation, have a preference for simplicity or context-
independence, or view ambiguity as an opportunity to champion a
particular viewpoint (Sterner, 2022).

There are a variety of philosophical stances one can take toward
conceptual debates, many of which researchers have already adopted
for living fossils. An eliminativist stance would have the research
community abandon the use of the living fossil concept as too
ambiguous or arbitrary to be productive. Some argue the name “living
fossil” is just a catchy metaphor that scientists have used to bundle
together a heterogeneous bunch of stuff that lacks any generalizable
properties or explanations (Carnall, 2016). A different deflationary
option proposes that there is no special explanation to be found for
living fossils either individually or as a category; the striking
similarities we observe between past and present-day organisms, for
example, may simply be unusual, chance outcomes of otherwise
typical evolutionary processes (Werth and Shear, 2014). Alternatively,
a unificationist stance would seek to find one definition that could
command consensus in the field and either subsume or separate off
other views and purposes. Some authors have argued for keeping the
living fossil category by refining its key defining properties (Herrera-
Flores et al., 2017; Bennett et al., 2018), for example, or restricting its
scope to a particular application, e.g., conservation (Turner, 2019). All
of these stances seek to eliminate the “mess” of existing confusions in
one way or another.

Alternatively, there are options that embrace the mess as a positive
state of affairs. Lidgard and Love (2018, 2021) argue we should avoid
definitional debates and focus instead on the interdisciplinary agenda
of research questions raised by living fossils. “The role of the living
fossil concept can be understood as setting an integrated agenda for
research—interrelated suites of questions about patterns in need of
explanation and processes relevant to specific character constellations
and wholes—that advances our understanding of evolutionary stasis
across hierarchical levels of organization” (Lidgard and Love, 2018,
p. 766). On their view, the living fossils literature has the coherence of
a cluster of interlinked problems: a shared topic connected by multiple
concepts and practices that coordinate research interests and activities
without presupposing an underlying unity.

An important concern for this approach is that controversies over
the classification of taxa as living fossils may threaten to overwhelm
the perception of a shared problem cluster. Historically, people have

frontiersin.org


https://doi.org/10.3389/fevo.2023.1198224
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Sterner

often categorized taxa as living fossils on the basis of qualitative
impressions, sometimes using on only one or a few actual specimens.
This can make for lively and popular debate, but without a shared
framework of investigation, such debates often generate more heat
than light. Attempts to formulate more exact criteria have identified a
number of types of evolutionary patterns and relations—such as stasis,
low rates of change, and deep phylogenetic divergence close to the
common ancestor of a group—that are promising candidates for
quantitative analysis (Lidgard and Love, 2018).

Operationalizing these ideas has proven to be an enduring and
productive challenge for evolutionary biology, however. Pragmatically,
a scientist interested in roughly the sort of phenomenon people label
as living fossils has to be able to trust there is something worthwhile
to learn from a new or updated example. If researchers apply the term
too imprecisely, the purpose of the concept deflates to being a public-
facing rhetorical device for getting attention. Moreover, even if
scientists have a precise meaning in mind, when they apply the
concept with insufficient evidence or rigor, it undercuts the value of a
shared problem agenda. Living fossils seem to be at risk of this
happening: scientists disagree not only about which criteria to use but
also about how these criteria apply to particular cases, as we'll see in
several examples below.

Responding to this concern, Lidgard and Love point to advances
in quantitative models of trait evolution. “Empirical advances in
quantitatively evaluating evolutionary modes among different
morphological characters in fossil lineages open a path for
investigating those membership criteria by generating rigorous
measurements of stability, which then can be used to explore stasis in
bundles of molecular and morphological characters” (Lidgard and
Love, 2018, p. 768). However, they also note the related challenge of
clarifying the relationships scientists assume, often tacitly, between the
specific histories of individual traits and the holistic pattern of
evolution shown by a lineage. For example, one can use existing single
trait models to operationalize the “stability” of a bundle of characters
in several ways that may lead to different empirical outcomes:
(1) we might require each trait to individually show stability as a
necessary and sufficient condition for the bundle to be stable;
(2) we might define the stability of a bundle as a statistical function of

10.3389/fevo.2023.1198224

the traits composing it, e.g., by taking an average of the rates shown
by each trait; (3) we might define a holistic model of stability for the
bundle, e.g., invariance of morphological shape or ecological function,
that makes statistical predictions about how individual traits should
evolve. The modeling framework they cite (Hopkins and Lidgard, 2012;
Hunt et al., 2015) applies primarily to univariate time series of fossil
lineages, and on its own does not provide a sufficient basis for addressing
multi-trait patterns of evolution, especially across part-whole levels.

3. Some examples of part—whole
ambiguities in classifying living fossils

Identifying the correct whole-part relationships to use for
studying living fossils is neither a purely empirical nor theoretical
problem, as its answer depends on how one defines evolutionary rates
and operationalizes their measurement, among other issues. Table 1
lists a series of examples at different compositional levels and shows
how they are connected to commonly used diagnostic criteria for
living fossils. For example, which set of lower-level parts are sufficient
to establish a low rate for the lineage overall, and what should scientists
conclude when a lineage exhibits traits changing at different rates? In
this section, I highlight some examples drawn from quantitative
research on fossil lineages in general as well as on two disputed living
fossil groups in particular: Crocodilia and the reptile species tuatara
(Sphenodon punctatus).

In a general study of 635 traits measured across 153 fossil species
lineages, Hopkins and Lidgard (2012) found the majority of species
showed conflicting patterns of evolutionary change in their traits. In
particular, they examined the frequency and distribution of three
types of patterns individuals traits may show: stasis, modeled as
Gaussian fluctuations around a fixed mean; Brownian motion
(random walk), represented as a stochastic diffusion process; and a
directional trend, modeled as Brownian motion with a linear tendency
to increase or decrease with time. Looking at the set of traits
individually, they found Brownian motion was most common (53.5%
of traits), then stasis (41.9%), and directional trend (5.7%). They also
found that the proportion of traits in each lineage was roughly similar,

TABLE 1 Example properties of cellular organisms that are relevant to classifying lineages as living fossils according to the compositional level on

which they occur.

Compositional level Example properties

Clade Taxonomic richness, ancestral vs. derived traits,

ancient divergent lineages

Relevance to living fossil criteria

Comparing past and present taxonomic richness

Identifying plesiomorphic characters

Inferring a lineage’s (relative) time of divergence

Species or population lineage | Ecological niche, allometry, developmental
modularity, geographic range, means and variances of

(sub)organismal properties

Comparing similarity of living individual to ancestral fossil

Comparing past and present geographic ranges

Prolonged geological duration relative to similar entities

Slow evolutionary change relative to similar entities

Individual unit Body size, shape, mass, age, sex, genotype, behaviors,

metabolic rate, skeletal structure

Slow evolutionary change relative to similar entities

regulation and expression

Morphological/ Size, shape, color, arrangement, and number of Slow evolutionary change relative to similar entities
macromolecular structural parts, biomechanical properties
Molecular Genetic sequence, chemical composition, gene Slow evolutionary change relative to similar entities
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so that the median proportions of traits in lineages showing each
pattern were about 50%, 40%, and 0%, respectively. While some
lineages did show stasis or Brownian motion across all their traits, at
those that scientists measured, most species present a more
complicated holistic picture.

To press this point, consider whether one could just appeal to
collecting a “representative sample” of traits from a lineage. In
practical terms, this is generally infeasible as an ideal for data
collection. In paleontology, for example, complete specimens are
rarely available, so that studies of morphological variation typically
focus on whatever parts are most frequently preserved, e.g., jaw bones
or leaf imprints. On a conceptual level, furthermore, it is not clear
what a “representative sample” of traits would even be, given the
variety of compositional levels and types of properties one could study
(see Table 1). Different traits are also known to reflect evolutionary
dynamics at different scales. Neutral DNA sites evolve faster than sites
under negative selection, for example, and so erase their phylogenetic
legacy more quickly. Similarly, some morphological traits evolve as
transient local adaptations to environmental circumstances while
others cause irreversible genetic isolation between populations.
Similar questions have proven to be major obstacles for species
delimitation, classification, and phylogenetics (Sterner and Lidgard,
2014; Haber and Velasco, 2021).

The first example uses recent studies of crocodilian snouts to
highlight the ambiguity of whether more traits are better or simply
different. Or to put it another way, why assume a lineage exhibits a
single, comprehensive rate? Crocodilia (also called Crocodylia) is a
taxonomic order of predatory, semi-aquatic reptiles that contains 26
living species, including crocodile and alligator species, and a rich
fossil history (Stubbs et al., 2021). Crocodilians in combination with
a large number of extinct fossil taxa comprise the clade Pseudosuchia
that forms the closest sibling branch to all birds.

Biologists have historically used 2-dimensional lateral (side) or
dorsal (top-down) profiles of crocodilian skulls to measure
morphological evolution, partly to increase taxonomic sampling
because more complete fossils are rare. Based on these profile views,
biologists have found that crocodilian morphology is highly
conserved, reflecting their shared semi-aquatic, predatory lifestyle,
with most variation occurring in the length of the snout. A recent
paper, however, applies new 3D imaging techniques to incorporate
other potential sources of variation, such as in the shapes of the front
and back of the skulls and internal chambers and bone structures
(Felice et al., 2021). In addition to the known elongation of the snout,
they find that “the cross-sectional shape of the snout is also a key
feature separating aquatic and piscivorous taxa from terrestrial and
omnivorous/herbivorous taxa” (Felice et al., 2021, p. 6). Crucially,
incorporating a new dimension of morphological variation brought
into focus a new ecological source for divergence among lineages that
contrasts with the convergent pattern of elongation that responds to
the clade-wide shift to a semi-aquatic lifestyle. This illustrates how
adding more traits may change estimates of evolutionary rates simply
because the additional traits may reflect new historical events or
relationships. The meaning of an “overall average” rate across all traits
remains ambiguous.

Crocodilians also provide a second example of part-whole
ambiguity: one can quantify rates in terms of the dynamics of both
population means and variances (Hunt, 2012). In the same study by
Felice et al., they conclude that crocodilians are not aptly called living
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fossils, because “despite having low overall disparity, modern
crocodyloids are not experiencing evolutionary stasis. Instead, they
are rapidly and repeatedly exploring a limited range of phenotypes”
(Felice et al., 2021, p. 6). This distinction is fuzzier than it appears,
though, when we shift from qualitative theorizing to statistical
modeling. The standard model for a trait exhibiting stasis in fossil
lineages describes the population average as fluctuating according to
a Gaussian distribution around a fixed mean. While the model is
stationary with respect to time, evolution does occur as the population
average moves up and down. If the variance of the Gaussian
distribution is large (relative to other traits, let us assume), then the
lineage actually evolves quite rapidly as it travels above and below the
mean, but the trait fails to accumulate any net divergence.
Alternatively, the qualitative idea of rapidly exploring a limited range
of phenotypes is also consistent with a constrained random walk
model, where the population average can accumulate net displacement
from its original starting position but cannot go above or below
certain boundaries. Both models can show rapid change in population
averages within a fixed phenotypic space, but only the latter model can
be interpreted as having a rate of cumulative divergence over time.

An ongoing debate over the relation between genomic and
morphological rates in the tuatara provides a third example. While
scientists have historically diagnosed lineages as living fossils using
morphological evidence, genome sequencing provides an interesting
way to compare genetic to phenotypic rates (Janecka et al., 2012). Hay
etal. (2008) presented the first evidence addressing mutation rates in
the tuatara, analyzing a sequence of ancient DNA samples from the
species covering about 600 to 8,800years ago. They found the
surprising result that tuatara showed a 50% higher mutation rate than
other vertebrates known at the time, even though the tuatara had the
slowest rates of morphological evolution as well as slow organismal
growth and metabolism, which together would predict a slow
mutation rate. They concluded that “rates of neutral molecular and
phenotypic evolution are decoupled” in the species (Hay et al., 2008,
p. 106).

Since then, however, research has illustrated the multiplicity of
ways to understand and measure molecular and phenotypic rates, and
conclusions about the tuatara have seesawed back and forth based in
part on the traits and taxa that scientists have sampled. On the
molecular side, Miller et al. (2009) [see also response by Subramanian
etal. (2009)] disputed Hay et al’s conclusion based on several issues
including effects from sampling mitochondrial vs. microsatellite DNA
and different geographic populations. On the morphological side,
Meloro and Jones (2012) tried to undercut the tuatara’s living fossil
status by using increased sampling of extinct lineages to argue
Sphenodon has undergone substantial morphological evolution in the
last 220 million years and is not the product of stasis. Herrera-Flores
etal. (2017) for the first time posed two quantitative criteria for the
living fossil status of tuatara. They found that the tuatara lineage has
significantly lower phenotypic rates than other lineages and is
positioned in a morphologically conservative position relative to its
clade near the average trait values. However, they had to analyze data
from a smaller subset of skull morphology, the lower jaw, to acquire a
larger taxonomic sample of fossil and extant relatives. Most recently,
Gemmell et al. (2020) report a full draft genome sequence and
compare it to other reptiles, mammals, and birds. Parallel to Herrera-
Flores et al’s finding about faster rates in basal taxa, Gemmell et al.
find evidence for punctuated rates in amniotes more broadly and a
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slow rate for the tuatara: 7% lower than any rate observed in the
sample of other reptile species. Nonetheless, they document a wide
range of genomic innovations and compositional differences since the
tuatara’s common ancestor with other vertebrate lineages. As a result,
substantial ambiguity remains about how summary genetic and
phenotypic rates for the tuatara should be operationalized. It remains
unclear, for instance, whether higher mutation rates are supposed to
be correlated with phenotypic rates in the sense of increased stationary
fluctuations or accumulated change.

While Lidgard and Love have suggested that adequate evidential
practices and criteria are already available for classifying lineages as
living fossils, the examples I presented in this section indicate the
situation is not so straightforward. There is clear potential for the
living fossil problem agenda to get stuck in the swamp of endless
classificatory disputes as different groups operationalize criteria for
living fossils in incompatible ways for the same lineages. These
difficulties are not necessarily fatal, though.

4. Evidential norms for investigating
living fossils

From a positive viewpoint, definitional debates can be productive
insofar as they clarify and raise evidential standards for attributing
living fossil status to a lineage. To develop this point further, I will add
one more stance about the living fossils concept to our list: that living
fossils are investigative kinds. Philosopher of biology Ingo Brigandt
originally introduced the idea of investigative kinds to capture how
the concept of biological species has developed over time through a
combination of empirical research and conceptual debate and
refinement (Brigandt, 2003). As he writes,

“An investigative kind is a group of things that are presumed to
belong together due to some underlying mechanism or a
structural property... An investigative-kind concept thus
originates when a certain pattern among a class of objects is
observed and it is assumed to be founded on some theoretically
important, but yet unknown relevant mechanism that generates
this pattern. An investigative-kind concept is associated with a
search for the basis of this kind... An investigative-kind concept
may change its reference throughout scientific investigation...
Objects originally assumed to belong to the extension may prove
not to be members of the kind. If it becomes clear that there are
several relevant mechanisms that account to some extent for the
observed pattern that was important for the introduction of the

term, the concept may split” (Brigandt, 2003, p. 1,309).

As I understand it, treating living fossils as an investigative kind
involves taking a dialectical stance about our understanding of the
concepts meaning. As it stands now, the living fossil concept is
inadequate for the purposes of classifying and explaining the
evolutionary behaviors of lineages, but the best path forward is an
iterative process of theoretical and empirical investigation to align the
contents and boundaries of the concept with the epistemic roles it
plays in associated research problems. Similarly, even though
biologists continue to differ widely in their preferred meaning of the
species concept across research fields (Stankowski and Ravinet, 2021),
they have developed shared practices for generating and evaluating
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empirical evidence that can decisively show whether a particular
group of organisms should be classified as a species in a given sense.

In the rest of this section, I characterize two types of norms
relevant to scientists’ practices of data collection and analysis and
illustrate how these norms may influence the classification of living
fossils. The first type of norm concerns what trait and taxon sampling
scientists should use to provide a necessary or sufficient evidential
basis for classifying living fossils (or evolutionary patterns more
broadly). A study’s trait sampling is the set of phenotypic or genetic
characters the authors measured and included in their dataset. Taxon
sampling is the set of taxonomic groups, e.g., species or lineages, for
which the authors have trait data. The second type of norm concerns
which analytical methods scientists take to be most appropriate for
determining the evidence supporting a lineage’s classification. I take
analytical methods here to include methods for statistical estimation
or prediction, e.g., of rates of change, and for classifying lineages as
fitting a particular type of evolutionary pattern, e.g., using null
hypothesis testing or other statistical model selection techniques.

The multi-variate and multi-level nature of living fossils has
important methodological implications for data collection and
analysis. Statistically speaking, it is possible that a lineage as a whole
may exhibit a dominant mode of evolution, such as stability or a linear
trend in size, even as a majority of trait measurements individually
best fit to other patterns. A similar phenomenon is familiar to
phylogeneticists who must take into account incomplete lineage
sorting when using gene trees to infer species trees (Haber and
Velasco, 2021).

In a study, Hopkins and Lidgard (2012) used simulations to
explore the prevalence of mosaic evolution in the morphology of a
trilobite lineage for which a previous empirical study had found an
increasing trend in body size. Figure 1 shows their main simulation
results. Even though almost half of the observed morphological
variation over time is explained by a linear directional trend (Principal
Component 1 in Figure 1B), they find that more traits fit strongly to
stasis or random walk models (Figure 1C, bottom right subpanel).
Moreover, the chance of finding a pair of traits that show the same
pattern of evolution is less than half across the simulation runs they
conducted, and it decreases rapidly to zero as one considers more
traits (Figure 1D). Although these simulated data represent a bundle
of characters evolving according to a linear trend, rather than the
stability characteristic of living fossils, the basic point holds that a clear
evolutionary pattern at one level may not be reflected in the majority
or average pattern shown by traits measured at a lower level. Since
most studies of living fossils either rely on a qualitative analysis of
morphology or quantitative analyses of a single trait or averaged rate
across traits, these results could be seriously misleading if such
mismatches between patterns at different levels are common.

One’s conception of living fossils is relevant to data collection in
other ways by influencing which traits or other lineages are relevant.
If one conceives of living fossils as showing morphological and genetic
stability because they occupy stable ecological niches, then there is no
reason to expect slow rates in ecologically irrelevant traits (except if
they are linked or dependent on traits that are ecologically important,
of course). As we saw with the crocodilian example above, sampling
skull morphology from dorsal vs. lateral perspectives can change
which ecologically or phylogenetically important traits appear in the
dataset. Such an ecological view of living fossils would therefore treat
some traits as having high evidential relevance for classifying lineages
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landmarks in A. (C) Classification of length:length ratios using time series models representing a directional trend (GRW), Brownian motion (URW), and
stasis. (D) The frequency that pairs of traits showed the same (dark gray) or different (light gray) mode of evolution based on their classification.
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and others as low relevance. On the taxon sampling side, one could
classify lineages as living fossils by comparing their evolutionary rates
to other lineages (e.g., in the tuatara genome example) or by
evolutionary mode, regardless of rate. Early studies of the tuatara
exaggerated its morphological stability by not incorporating extinct
fossil lineages that would have provided phylogenetic context for the
evolution of ancestral states (Meloro and Jones, 2012). Alternatively,
one could treat a lineage as a living fossil if the relevant set of selected
traits fit best to the stasis model, regardless of whether the traits
fluctuate around their stable means more or less than other lineages.
An additional concern for norms of data analysis comes from the
possibility that stochastic processes may give rise to distinctive
patterns purely by chance. An atom, for instance, may decay very
slowly compared to its expected half live while still obeying the same
underlying physical process as those that decayed earlier. Similarly, a
random walk in one or two dimensions will always return to its initial
state by chance given enough time, even though an ensemble of
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random walks will on average grow further from their initial state.
We can therefore make a distinction between lineages that accidentally
vs. non-accidentally meet the identifying characteristics of living
fossils. A non-accidental living fossil lineage evolves according to a
process whose expected statistical behaviors match the classificatory
criteria, while an accidental living fossil lineage meets the criteria
because chance events caused it deviate from the expected behavior.
If traits evolve according to processes, such as random walks, that
purely by chance show little net change later in time, then lineages
fitting commonly used criteria for living fossils can occur by accident.

This distinction matters for the explanatory interest of living
fossils because no special explanation is required for lineages that meet
the criteria for being living fossils purely by chance. By analogy,
getting 20 heads in a row when flipping a truly fair coin demands no
special explanation beyond chance. While extreme or atypical
outcomes are in theory possible no matter how much data we collect,
their practical relevance generally becomes increasingly rare as sample
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size increases. This indicates the need for an operational, statistical
way to determine when there is strong evidence. Evolutionary
biologists disagree, however, on the relative suitability of different
statistical techniques such as null hypothesis tests vs. AIC-type model
selection approaches. The two theoretical frameworks I consider in
the following sections will exemplify this debate and the other
evidential norms.

5. Comparing the ZFEL and statistical
model selection frameworks

A shared evidential framework can help researchers meet several
prerequisites for dialectical investigation of the living fossil concept.
One prerequisite is enabling comparative analysis: there has to be a
basis for making like-to-like comparisons of data, analyses, and
conclusions across cases and researchers. Even if it proves impossible
for researchers to eliminate sources of empirical disagreement due to
divergent background assumptions (Sterner and Lidgard, 2021),
progress is still possible if researchers can readily translate results
between alternative viewpoints (Rescher, 2000; Sterner et al., 2022).
Closely related is the need to clarify theoretical assumptions or
principles. Methodology rests on theory in order to justify the
correctness of a particular way of collecting and analyzing information
to answer a question. Comparative analysis can be positively
misleading in this respect if the cases we are comparing are based on
faulty analyses. A third requirement is to clarify the shared or
divergent aims that researchers bring to evaluating definitions of the
living fossil category. This is critical for seeing which categories need
to be kept because they are epistemically (or otherwise) valuable, even
if terminology needs to expand or be revised.

The basic point of a shared evidential framework, then, is to guide
methodology across different labs and research projects. While it
would also be illuminating to survey further examples of statistical
methods used in living fossils research studies, these are likely to prove
fragmented and partial. Instead, I now turn to compare two potential
evidential frameworks that are especially relevant for living
fossils research.

5.1. ZFEL framework

Several features make the ZFEL framework potentially highly
suitable for conceptualizing evidential criteria for living fossils as well
as their explanatory importance. In its general formulation, the ZFEL
states: “In any evolutionary system in which there is variation and
heredity, there is a tendency for diversity and complexity to increase,
one that is always present but may be opposed or augmented by
natural selection, other forces, or constraints acting on diversity or
complexity” (McShea and Brandon, 2010, p. 4). Because all units
capable of evolving must possess heritable variation, McShea and
Brandon argue that the ZFEL is best understood as a fundamental law
of biology that describes an always acting, if not always dominant,
tendency toward increased variation in properties of the parts within
systems (complexity) and properties of systems in a population
(diversity). The ZFEL is therefore not straightforwardly an empirical
generalization like Cope’s law but rather operates similarly to Newton’s
first law in classical mechanics: it provides the baseline or null pattern

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1198224

that should result if no other processes of interest, such as selection or
constraints, are acting. The status of the ZFEL as a law and its epistemic
role in evolutionary biology have been hotly debated by other
philosophers (Barrett et al., 2012; Brandon and McShea, 2012; Gouvéa,
2015), but some biologists have adopted it in their empirical analyses
of macro-evolutionary trends (Smith and Donoghue, 2022), and
McShea and Brandon have continued to develop it into a more
quantitative, statistical formulation (McShea et al., 2019; Brandon and
McShea, 2020; but see Gingerich, 2020).

McShea and Brandon’s perspective on trait evolution is multi-
level by conception: they define complexity as within-system
variation in the properties of its parts, and diversity as variation in
the properties among a population of systems. The ZFEL is also
not restricted to a particular level of evolutionary units in the
biological hierarchy, making it suitable for addressing the
spectrum of units currently recognized as living fossils, including
genes and species.

The primary message McShea and Brandon draw from the ZFEL
is that change is the default or null expectation for all heritable traits,
so biologists should treat stasis as a core phenomenon in need of
explanation (McShea and Brandon, 2010, p. 113). They argue this is a
radical change in how biologists view biologically significant patterns
and therefore what demands special explanation. “Our goal is to create
a framework that better enables us to empirically investigate when and
where and how natural selection acts and interacts with other
evolutionary forces... What the zero-force condition does is give us a
neutral background against which to see selection in action” (McShea
and Brandon, 2010, p. 104). More specifically, they argue that the
ZFEL for diversity should be “the standard explanation for rising
diversity in macroevolution” and that “from the ZFEL point of view,
it is the long periods of stasis that are remarkable” in the fossil record
(McShea and Brandon, 2010, p. 113).

While McShea and Brandon discuss statistical trends in the
diversity or complexity of single traits, they have not yet applied the
ZFEL to multivariate trends. The standard way that McShea and
Brandon understand complexity, for example, is that it applies to
multiple instances of a part within a system, e.g., multiple cells in a
body or fenceposts in a fence. For example, we can apply ZFEL to
predict that the complexity of the 32 types of teeth in humans, i.e., the
variation we observe in the set of 32 types, should increase in time if
unopposed by other forces. However, not all sets of traits can be readily
interpreted this way—the length ratios in the trilobite example are a
good example, since these represent different measurements of the
properties of a single homologous structure. The ZFEL therefore does
not provide a baseline expectation for how the complexity of all traits
will evolve within a lineage, since Brandon and McShea’s definition of
complexity does not apply universally. However, the ZFEL does
predict increasing diversity for all traits among lineages in the absence
of other forces.

A simple extension of the ZFEL framework could therefore be to
say that a bundle of traits is consistent with ZFEL if a majority of the
traits individually shows the predicted growth of complexity or
diversity, depending on the particular comparison we want to make.
In contrast, we can say the bundle exhibits stability if a majority of
traits show less growth in complexity or diversity than predicted by
ZFEL. Methodologically we determine this fact by testing whether
ZFEL is rejected as a null hypothesis independently for each trait.
In-between cases, i.e., where the traits show mosaic evolution from
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ZFELs perspective, would have indeterminate status without a more
sophisticated approach.

5.2. SMS framework

A second evidential framework developed within evolutionary
biology uses information-theoretic model selection methods to
analyze trait evolution in fossil lineages (Hunt, 2006, 2008b; Hopkins
and Lidgard, 2012; Reitan et al., 2012; Hunt et al., 2015; Voje, 2018,
2020). While this framework does not have a single, shared name,
I will refer to it as the statistical model selection framework for
convenience. The immediate origins of the framework is Hunt’s work
in the 2000s that showed how information-theoretic methods of
model selection, such as the Akaike Information Criterion (AIC),
provide a general and powerful approach to detecting patterns of
phenotypic change in fossil lineages such as stasis, Brownian motion,
and a directional trend. Hunt (2006) originally called it the likelihood
framework, and Voje (2020) refers to it as Hunt’s framework, but
neither is fully apt to the range of contributors and techniques used.
The roots of the framework, though, extend further back to the
landmark of Simpson (1944) book on evolutionary tempo and mode
and early applications of time series models to fossil lineage data by
Raup (1977).

For our purposes here, we can treat the SMS framework as having
two main components: a set of candidate models for analyzing data
collected from fossil trait series, and a set of statistical methods and
criteria for identifying the best-supported model among the candidate
set. The core three models are stasis, a random walk, and a linear
directional trend, as described above. Other models in the literature
include the Ornstein-Uhlenbeck (Hunt, 2008a) and decelerated
evolution models (Voje, 2020), but I omit these for space reasons. One
can also combine these models in a piecewise fashion to fit different
dynamics in multiple periods using changepoint analysis (Hunt et al.,
2015), and Voje (2023) has recently published a software package for
estimating multivariate models.

Crucially, the set of candidate models is motivated by the goals
of distinguishing general classes (modes) of evolutionary dynamics
and estimating biological meaningful parameters, which can
be interpreted as evolutionary rates (Hunt, 2012; Voje, 2016). The
SMS framework therefore exemplifies model-based science rather
than the Newtonian laws of nature approach that inspired the
ZFEL. The SMS framework, moreover, treats the candidate models
equally when applying them to data rather than identifying one or
more models as more fundamental or epistemically prior. This was
a key innovation introduced by Hunt (2006) through adopting
information-theoretic model selection methods, e.g., using the AIC
and related criteria. Instead of comparing one or more alternative
models to a single null model, AIC-type methods use penalized
likelihoods to estimate the distance of each fitted model to the true,
data-generating distribution. The model with the lowest AIC score
is the best-supported, and one can calculate the degree of support by
comparing the difference or normalized ratio of model scores. This
shift in reference point for calculating statistical evidence allows the
AIC-type approach to compare any number of models
simultaneously without requiring them to follow a nested structure
or sequence. A Bayesian approach is also possible but has not been
widely adopted in the literature (see Hannisdal, 2006).
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5.3. Evidential criteria in the ostracod
example

McShea’s recent work developing a quantitative formulation of the
ZFEL (McShea et al., 2019) allows us to compare it to the SMS
framework on a shared dataset of body size evolution in 11 ostracod
lineages. Ostracods are a group of about 13,000 species of small
crustaceans in the taxonomic class Ostracoda that are abundant in
fresh water and marine environments. Biologists do not generally treat
copepods as living fossils, though, and the dataset consists of
univariate body size measurements for each lineage, so this example
serves mainly to illustrate how the ZFEL and SMS frameworks differ
in their use of model selection methods, with the ZFEL relying on null
hypothesis testing and SMS on AIC-type methods.

In fact, the dataset was first collected and analyzed by Hunt et al.
(2010) using the SMS framework to study climate-driven trends in body-
size: in particular, Bergmann’s Rule that species tend to have larger bodies
in cooler climates and smaller bodies in warmer climates. According to
Huntetal. (2010, p. 1,256), “we are in the unusual position of having good
reason to believe that the pattern is adaptive... but lacking a clear
understanding of what, exactly, selection is acting upon”” Their study
aimed to explore whether Bergmann’s Rule could be observed operating
as evolution within fossil lineages at a particular site over time during
periods of environmental warming and cooling. On this evolutionary
interpretation, Bergmann's Rule would be an example of natural selection
acting in a correlated way on body size. This would also entail statistical
deviations from the pattern of trait diversification predicted by ZFEL,
which expects each lineage’s body size to evolve independently as a
random walk uncorrelated with environmental temperature.

Hunt et al. collected trait measurements from 19 ostracod lineages
they found in a deep sea drilling core sampled from a site in the Indian
Ocean. They determined that the core sampling spans a time period
of roughly 40 to 0.2 million years ago (Ma), and they used isotope and
other environmental data sources to partition the core into three
segments: an early period of cooling (40-30 Ma), a middle period of
little net climate change (30-14 Ma), and a late period of cooling
(14-0Ma; Hunt et al, 2010, p. 1,259). Bergmanns Rule would
therefore predict a trend of increasing body size in the early and late
periods but not the middle. Figure 2 shows their main results, with the
19 lineages split across four panels to make for easier reading.

Their main finding is evidence for body size increasing as a function
of temperature during the early and late periods of cooling, supporting
an evolutionary mechanism for Bergmann’s Rule in this case. They also
find no evidence of a positive directional trend in body size during the
middle period. As they summarize, “We suggest that our results support
a view in which all of the directionality in body-size evolution stems
from trends in environmental conditions (temperature or correlated
variables in this case)” (Hunt et al., 2010, p. 1,265).

Using this example, we can compare the SMS and ZFEL
frameworks along three main dimensions: (1) which data are analyzed,
(2) what models are considered, and (3) how statistical evidence is
calculated. In terms of data, Hunt et al. (2010) split the observations
into three periods as we noted, but in their analysis McShea et al.
(2019) only consider the middle period with low net climate change.
McShea et al. (2019) do not state why, but given Hunt et al’s (2010)
findings that other evolutionary forces are acting during the early and
late periods, the ZFEL is perhaps more interesting to test in the middle
period where body size has weak correlation with environmental
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FIGURE 2
Evolution of body size, measured on a log scale of valve area, in 19 fossil ostracod lineages. Four panels are shown to make for easier comparison—
note that the y-axes have the same log scale but cover different intervals. Solid and dashed lines indicate lineages in the same genus within each panel.
The gray shaded interval is the middle period with little net change in temperature (Hunt et al., 2010).

change. For the models considered, Hunt et al. (2010) applied three
basic types of model: a random walk model; a model with a linear
trend, independent of the environment; and a model with a linear
dependence on temperature change. McShea et al. (2019), in contrast,
use a single model that describes the behavior of pairs of uncorrelated
random walks. To calculate statistical evidence, Hunt et al. (2010) used
the corrected Akaike Information Criterion and associated Akaike
weights to compare the relative support for each of the models. This
does not require a null model and compares the difference of the best
and second-best model scores. In contrast, the ZFEL framework uses
a value of p test to see if the uncorrelated random walk model can
be rejected as statistically unlikely given the data. Agreeing with Hunt
etal’s (2010) results, McShea et al. (2019) find that the p-values for the
null hypothesis test are larger than 0.05. The uncorrelated random walk
model therefore is not rejected by the test, indicating the data are
consistent with ZFELs predictions.

5.4. Critical comparison of frameworks

The ZFEL framework has some key limitations relative to the SMS
framework that make it ill-suited as a foundation for theorizing about
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multi-variate trait evolution in lineages. In particular, the SMS
framework can incorporate the ZFEL without assigning it a privileged
epistemic status in data analysis, avoiding some key problems. In
short, there is no need for a Newtonian first law in the time series
modeling of fossil lineages. The basic point of the ZFEL is that anytime
a population of evolving systems experiences stochastic, heritable
fluctuations in their properties, the population will tend to diverge
unless other factors intervene. In practice, the ZFEL framework treats
this view as entailing a special epistemic status for a particular model,
the uncorrelated random walk, such that we must first reject this
model as unlikely before considering alternatives. Within the SMS
framework, however, one can interpret the ZFEL as a warrant for
always including a random walk model in the set of candidate models.
Using the AIC-type approach, the random walk model is then
evaluated symmetrically with respect to other candidate models.
There is no requirement in the SMS framework, then, for the
model representing the ZFEL to be distinguished as more fundamental
or epistemically prior to other models in the candidate set. Instead,
the ZFEL serves to justify a methodological norm that scientists
should always include a model representing stochastic diffusion as a
pattern of trait evolution when analyzing their datasets. Moreover, if
ZFEL is presented as a null to be rejected, this will generally

frontiersin.org


https://doi.org/10.3389/fevo.2023.1198224
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Sterner

be statistically underpowered when it comes to determining the
evidence for slow rates or stasis against multiple other,
non-nested models.

The ZFEL is also less suited to setting statistical expectations for
mosaic evolution at the level of a whole lineage. The ZFEL is not
more fundamental than negative selection when we consider
expected patterns of change among all traits of a lineage: lineages
that actually experienced simultaneous, unconstrained diffusion
across all their traits would rapidly become unviable and go extinct.
Moreover, some traits must stay constant in order for us to even
observe variation between the states of homologous characters.
We must therefore assume some constancy to observe increasing
diversity and complexity.

6. Addressing validity challenges to
the living fossil concept

Adopting a statistical frame of mind (Hagen, 2003) for classifying
living fossils poses a risk as well as an opportunity for the concept’s
future. The model of “umbrella constructs” developed by sociologists
Hirsch and Levin (1999) provides a useful way of contextualizing the
importance of an evidential framework for living fossils. While Hirsch
and Levin’s original work analyzed the concept of organizational
effectiveness in management research, they proposed a general
“lifecycle” for interdisciplinary research organized around a broad,
ambiguous concept that can apply to living fossils as well (Sterner,
2022; Lidgard and Kitchen, 2023). In particular, Hirsch and Levin
identify four life-cycle stages: emerging excitement, the validity
challenge, “tidying up with typologies,” and construct collapse (Hirsch
and Levin, 1999, p. 199). As Lidgard and Kitchen (2023) show in their
systematic historical review of studies proposing living fossil taxa, the
topic continues to attract growing interest that is also diversifying
across biological fields and types of entities, e.g., genes as well as
species or higher taxa. However, there is now an established literature
challenging the scientific validity and utility of the living fossil
concept, reflecting a potential crisis around the concept’s future
legitimacy. Hirsch and Levin distinguish three basic types of outcomes
for efforts to “tidy up” a messy concept in response to validity
challenges: overcoming the challenges to preserve the umbrella
construct as a whole, restricting future research to only part of the
original construct, or a general collapse of interest.

Critically, current discourse about living fossils lacks an expanded
terminology that allows scientists to designate more specific meanings
while still explicitly invoking the core phrase. Biologists, for example,
have developed an expanded vocabulary modifying the core term of
biological function, such as “molecular function,” “conserved
function,” “developmental function,” “gene function,” and so on. These
more precise terms are constructed by combining a modifier, e.g.,
“molecular;” with the core term, “function,” in a way that semantically
clarifies the intended meaning while also constructing a lexical
network among related terms. Without this terminological scaffolding,
debate about living fossil classifications risk devolving into defending
binary yes or no positions about a case, obscuring how participants
are referencing different meanings for the concept.

Thinking with evidential frameworks such as ZFEL and SMS
helps identify relevant factors for how the living fossil concept will
develop in response to recent validity challenges. Both frameworks
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rely on sets of candidate models to represent and discriminate
between types of evolutionary phenomena, e.g., stasis, random
walks, and directional trends. These models correspond to some of
the major criteria that figure in definitions of living fossils, but
biologists do not currently name or understand any of these models
as primarily representing a type of living fossil. A living fossil
lineage may be defined by showing morphological stasis throughout
its existence, for example, but biologists think of the stasis model
for fossil trait series in much more general terms. The concept of
punctuated equilibrium has faced similar criticism in response to
improved statistical methods in macro-evolutionary biology
(Pennell et al., 2014). As it stands, then, the quantitative tools that
biologists have developed to classify evolutionary modes are
sufficient to address validity challenges for only part of the living
fossil concept.

Treating living fossils as an investigative kind suggests a potential
way to fill this gap in candidate models that specifically represent types
of living fossils. As I've suggested, proposing new definitions can
be fruitful if it enhances evidential standards while accommodating
multiple understandings. As an illustration, let us return to the Stubbs
etal’s (2021) analysis of crocodilians, where they find no evidence of
a clade-wide slowdown of evolutionary rates yet observe that skull
morphology remains constrained compared to closely related extinct
taxa. “A so-called ‘living fossil’ clade such as the crocodylomorphs may
show slow rates in some sub-clades at certain times, but it had, and
has, the potential for fast rates and rapid morphological diversification”
(Stubbs et al., 2021, p. 8). This conclusion seems initially to be a
rejection of the living fossil label, but it can be recast in positive terms
as a novel type of living fossil. We could formulate the type as a
“competition-constrained living fossil” that is defined by the
following criteria:

1. The taxon shows no prolonged fast rate excursions or long
intervals with rapid rates.

2. However, the taxon also does not show a substantial slowdown
in evolutionary rates representing stasis or stabilizing selection.

3. The taxon accumulates morphological disparity steadily.

4. However, the taxon occupies a restricted morphological space
relative to other related groups.

5. This restricted range of variation is due to ecological
competition with other groups.

Rhetorically, this definition does not apply to the living fossil
concept as a whole, but rather fits within the aim of identifying
more precise types of living fossils that can be subjected to rigorous
statistical analysis. Proposing an explicit definition in this fashion
puts us in a better position to examine the adequacy of the data
collection and analysis norms that Stubbs et al. followed in their
study for application to other possible living fossils. For example,
their analysis relied on a principal component analysis of selected
traits from the skull and jaw that they expected to be highly
ecologically meaningful, but their analytical methods may not
generalize to cases featuring a more heterogenous set of traits under
varying degrees and types of selection. Their use of Brownian
motion models also conflates stasis with a low evolutionary rate,
even though evolutionary tempo does not correlate with mode in
other cases (Voje, 2016). Future work will need to determine
whether “tidied-up” definitions such as this one can be buttressed
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by general evidential norms and practices, or it may turn out that
the parts of the definition will have more persistence than the whole.

7. Conclusion

The case of living fossils suggests that shared evidential norms are
an important but overlooked complement to shared explanatory aims
and criteria in interdisciplinary research (Love, 2008). Shared
evidential norms for classifying cases of living fossils are critically
important for productive interdisciplinary research. If researchers
embrace the mess of sustaining multiple definitions for living fossils,
as seems necessary given the diversity of its uses (Lidgard and Kitchen,
2023), then the same examples will be classified differently depending
on definition. This is challenging enough, but it is manageable if
researchers can readily translate examples and conclusions among
definitions. If researchers cannot agree about how the same definition
applies to potential cases, however, the concepts overall utility
threatens to fall apart.

In response, I argued that definitional debates can be productive
if they drive improved evidential norms, and I proposed treating the
living fossil concept as an investigative kind as a useful way to address
this need. The evidential criteria for classifying living fossils based on
multi-trait and multi-level relationships are contentious and
underspecified in many cases. Two issues in particular stood out as
rooted in part-whole ambiguities. First, how do the properties of a
system’s parts “add up” to provide evidence for categorizing its
behavior as a whole? Second, how should biologists distinguish chance
vs. genuine patterns of stability or persistence in multi-trait datasets?
This poses a threat to the explanatory interest of the living fossil
concept, which depends on identifying biologically meaningful
bundles of characters that show unusual stability or persistence.
I analyzed how two different evidential frameworks draw on biological
and statistical theory to justify classificatory practices and how they
might apply to living fossils and described how. I found that the
frameworks disagree about the appropriate statistical methods
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researchers should use, and both frameworks have important gaps
remaining for the multi-trait, multi-level properties of living fossils.
Nonetheless, I argued that the SMS framework is better suited to guide
future research because it avoids the biologically contentious and
statistically inefficient privileging of random walks as a null or default
pattern to reject.
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