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Convergent evolution is central to the study of life’s evolutionary history.
Researchers have documented the ubiquity of convergence and have used
this ubiquity to make inferences about the nature of limits on evolution. How-
ever, these inferences are compromised by unrecognized inconsistencies in the
definitions, measures, significance tests and inferred causes of convergent
evolution. I review these inconsistencies and provide recommendations
for standardizing studies of convergence. A fundamental dichotomy exists
between definitions that describe convergence as a pattern and those that
describe it as a pattern caused by a particular process. When this distinction
is not acknowledged it becomes easy to assume that a pattern of convergence
indicates that a particular process has been active, leading researchers away
from alternative explanations. Convergence is not necessarily caused by
limits to evolution, either adaptation or constraint; even substantial amounts
of convergent evolution can be generated by a purely stochastic process.
In the absence of null models, long lists of examples of convergent events
do not necessarily indicate that convergence or any evolutionary process is
ubiquitous throughout the history of life. Pattern-based definitions of conver-
gence, coupled with quantitative measures and null models, must be applied
before drawing inferences regarding large-scale limits to evolution.

1. Introduction

Convergent evolution is a central concept in evolutionary biology, and it is central
in two different ways. First, convergent evolution is recognized as a ubiquitous
and important feature in the history of life on the Earth. In a book that dealt
deeply with convergent evolution, Simon Conway Morris wrote ‘A textbook of
evolution that fails to mention convergence would be guilty of serious dereliction’
[1, p. 13], emphasizing both the omnipresence and the explanatory importance of
this phenomenon. Moreover, convergent evolution (or at least homoplasy) is
often seen as an inevitable outcome of evolution by natural selection: Colin Pat-
terson suggested that one possible answer to his famous question ‘Can you tell
me anything you know about evolution, any one thing that is true?’ could be ‘I
know that evolution generates [or explains] homoplasy’ [2, pp. 188-189].

But convergence (synonymous with ‘convergent evolution” throughout this
paper) is also important in the study of evolution for a more utilitarian reason: con-
vergent evolution provides comparative biologists with the replicated events
necessary for powerful statistical tests. Although it is possible to provide evidence
for adaptation by demonstrating a single functionally relevant ‘fit’ between organ-
ism and environment, the evidence is greatly strengthened if one can show that the
fit has evolved independently multiple times [3]. Some researchers have even
advised against doing comparative studies if replication is not available [4].
Researchers have taken advantage of such ‘convergent adaptation’ in many
studies [5-11]; as just one example, conclusions regarding the adaptive nature
of many traits associated with Caribbean Anolis lizard ecomorphs are greatly
strengthened by the fact that all ecomorphs have evolved multiple times. Without
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the independent evolution of these correlated suites of traits,
the Caribbean Anolis system would be just one example
among many lizard ecomorphological patterns, rather than
the model system in adaptive radiation that it is [6,7,9,12].
Similar arguments apply to studies of phenomena besides
adaptation, such as developmental constraint [13,14]. So even
if there were no conceptual importance to convergent evolution,
it would still ensure that studies can have n > 1.

Despite the importance of convergence, there is a surpris-
ing and largely unrecognized lack of agreement among
researchers concerning its study. This conceptual uncertainty
manifests in various ways: by the lack of consistency among
definitions of convergence between and sometimes even
within textbooks, monographs and papers; by the lack of a
single standard set of methods used to quantify or assess the
significance of convergence within a dataset; and by the lack
of agreement concerning what implications convergence has
for an understanding of the history of life. Some defini-
tions frame ‘convergence’ as a simple evolutionary pattern
[15-19], while others add adaptive or developmental factors
[17,20-24]. Similarly, some studies quantify convergence
using a geometric approach [25-27], while others quantify
it relative to adaptive peaks [28]. Finally, some researchers
see convergence as evidence for large-scale determinism
in the universe [13,29-32], while others see it as being compa-
tible with a great deal of stochasticity or contingency in
evolution [32-36].

In this paper, I explore these different views of convergence
and discuss their implications, with special attention given to
implications for understanding limits on the evolutionary pro-
cess. I do so through two different lenses, which are reflected in
the title of this paper. First, I investigate what the term conver-
gence means, exploring how a lack of consistency among
definitions can lead researchers to make an unwarranted leap
from the observation of a pattern to the inference of a mechanism
or process. I also discuss how these definitions have informed
the way that researchers recognize convergent evolution in a
review of measures that have been proposed for quantifying
convergence. Second, I discuss what the phenomenon of conver-
gence means, or does not mean, for our understanding of
evolution and its limits. I focus primarily on convergence in
organismal phenotypes, though my arguments will also
apply to any biological property for which a measure of differ-
ence can be derived, such as nucleotide sequences. Some
authors have also discussed convergence at higher levels of
biological organization, such as communities or ecosystems.
Again, so long as the entities discussed are sufficiently
independent and a measure of difference among entities is
available, my arguments should apply here as well. I conclude
by suggesting definitions, measures, and research approaches
that might be most fruitful for investigating the relationships
between convergence and evolutionary limits.

2. What does the term convergence mean?

Most students of biology could give a fairly precise definition
of convergent evolution or convergence, along with multiple
examples of this phenomenon. Conway Morris [1] was right
about the importance of the term in biology textbooks—none
of the books that I have surveyed, contemporary [15-17,19]
or classic [37,38], were derelict regarding convergence. It is
also, of course, alluded to in The Origin of Species [39].

Convergence is not an obscure concept in biology. However,
there is also a pervasive lack of consistency in the definitions
given for this phenomenon.

In general, two different types of definition of convergent
evolution are used by biologists. Both usually require that
two or more lineages evolve to be more similar to one another
(though see [40] for an exception). A phrase specifying that
the lineages are “evolutionarily independent’ is often included,
either implicitly or explicitly [24,37,41]. However, the two
types differ depending on whether a specific evolutionary
process or mechanism is required for a pattern of increased
similarity to be recognized as convergence. Some definitions do
not require any particular mechanism or process; convergence
canbe defined, for example, as: ‘independent evolution of simi-
lar features from different ancestral traits” [16, p. G7] or ‘the
evolution of similar features in independent evolutionary
lineages’ [15, p. G8]. These definitions may be called ‘pattern-
based’ or ‘process-neutral’, in contrast with “process-based” or
(names suggested by
Arbuckle et al. [25]). Process-based definitions do require a
specific mechanism, such as differences in the developmental
processes that produce the similar structures [14,18,24,42] or
adaptation in response to the same selective pressures. An
example of this type is: ‘the independent evolution of similar

‘causally committed” definitions

traits in distantly related organisms due to adaptation to simi-
lar environments or a similar way of life’ [17, p. G8] (see also
[20-23]). Both types are common in the biological literature,
whether in textbooks [15-17,19,21,23,24,42], biological diction-
aries and encyclopedia [18,20,22], papers [14,26-28,40,43] or
monographs [13,30,31].

Ideas of increased similarity also figure into a type of defi-
nition often used in discussions involving discrete character
states [44]. Here, convergence refers to situations where two
or more lineages with different initial character states transition
to the same character state. In this context, convergence is
distinguished from parallelism, in which two or more lineages
with the same initial character states both transition to a dif-
ferent shared character state. These situations are usually
considered as subcategories of ‘homoplasy’, with the emphasis
on ways that taxa could share the same character state without
having inherited that state from a common ancestor (thus
‘reversal’ is also often included in these discussions). However,
there is a clear analogue with the preceding definitions: conver-
gence occurs when similarity has increased in two lineages,
with no necessary assumption of any particular process.

Somewhat confusingly, another definition of convergence
also distinguishes it from parallelism, but based on a completely
different set of criteria. In this framing, convergence produces
similar features ‘by different developmental pathways’ [42,
p- G2] or “‘without associated genetic convergence’ [18, p. 174]
while ‘parallelism’ produces similar structures by similar devel-
opmental or genetic pathways. Clearly, the evolutionary
implications of convergence versus parallelism according to
such definitions are substantial, even given the difficulties
inherent in differentiating between the two [14,45] (though
see [36] for an objective distinction). This definition is clearly
tied to a given process—increased similarity by itself is not suf-
ficient for convergence. Generally, differences between
convergence and parallelism, whatever the framing used, can
also be reflected in pattern-based or process-based concepts.

As will be shown below, these differences are not merely
superficial: differing definitions of convergent evolution
suggest different ways to recognize and quantify convergence,

6£00SL0Z :S sno4 awpapuy  biobuiysigndfianosjeossyss H



test its significance and study its implications. These different
measures, tests and interpretations in turn have profound
implications for what the perceived ubiquity of convergence
implies regarding limits to evolution.

It is thus very unfortunate that the differences among
these types of definition are not often made explicit, and
that the definitions themselves are quite often conflated.
Authors only rarely present multiple possible definitions for
convergent evolution before describing the operational defi-
nition used in their study (but see [27,43,46]); perhaps
researchers tend to believe that ‘their’ definition of conver-
gence is shared among all other researchers. Multiple
different types of definition can even appear within a single
work [16,42], without comment on these differences. This
may occur because researchers may believe that convergence
can only occur in the presence of some kind of limitation on
evolution; if it is thought that convergence can only be
caused by adaptation in response to a shared set of selective
pressures, for example, then it becomes easy for researchers to
assume that ‘convergence is the independent acquisition of
similar characteristics by lineages living in similar environ-
ments’, and ‘convergence is the independent acquisition of
similar characteristics’ mean essentially the same thing, with
different levels of detail.

When pattern-based and process-based definitions
become conflated in this way, the differences between defini-
tional criteria for convergence and biological implications of
convergence can become blurred. Convergence documented
using a pattern-based definition can serve as evidence for
adaptation in response to a shared set of selective pressures,
or to the possession of shared developmental processes or to
other shared factors—a use to which many biologists would
like to put convergent patterns [3,30,31,43,47]. With process-
based definitions, by contrast, shared selective pressures,
developmental features or other factors must be demonstrated
before a pattern can be described as convergence.

This illustrates the problems inherent in building
‘ultimate’-level explanations into these definitions. With pro-
cess-based definitions, convergence is no longer a powerful
source of evidence that can be used along with other data
to document the existence of shared ‘limits’ among taxa.
Instead, it is simply a label used when such limits have
already been documented; the important and interesting
evidence for the limits is deemphasized. Lack of clarity
regarding definitions can produce additional difficulties.
Process-based definitions define convergence as a pattern
produced by a given shared process, but the complementary
phenomenon—the same pattern, not produced by any shared
process—is left unnamed. Thus, such definitions do not pro-
vide any conceptual space for a potentially important and
informative biological phenomenon: a pattern of increased
similarity that is not produced by any shared process or by
any directional process at all. This may in turn bias research-
ers away from seeking alternative explanations for patterns of
increased similarity beyond the preferred or assumed process
[40,43], such as evolution in response to different selective
pressures [43], different developmental constraints [14] or
stochastic evolution [26,48]. Pattern-based definitions leave
room for all such explanations, and can accommodate
additional modifiers (‘adaptive convergence’, for example)
or subsets (‘developmental parallelism” as a subset of conver-
gence) if desired. For these reasons, pattern-based definitions
will be preferable in convergence studies.

3. How is the phenomenon of convergence
recognized?

Historically, convergent evolution was probably most com-
monly recognized intuitively, as a self-evident phenomenon
in need of no particularly precise definition. Often conver-
gence has been recognized without any strong phylogenetic
hypotheses or quantification of similarity (see [13,31] for col-
lections of hundreds if not thousands of examples). This
method can clearly lead to false conclusions, but many classic
examples of convergence recognized in this manner still
stand: it is difficult to see how the forelimbs of moles and
mole crickets could not be more similar to one another now
than were the forelimbs of the ancestors of these two
groups. Lack of quantification by itself does not invalidate
a putative example of convergence, though as will be seen
below it may severely limit its utility.

It should also be noted that more definitive evidence for
convergence can be derived from very rudimentary phylo-
genetic and phenotypic data, along with logical principles, if
multiple convergent events have occurred between clades.
Take for example the classic instances of convergence between
marsupials and placentals. Multiple ecological analogues have
been identified between the two groups: marsupial and placen-
tal ‘moles’, ‘cats’, “‘wolves’, ‘anteaters” and ‘mice’, for example.
And it is known that placentals and marsupials constitute
mutually exclusive monophyletic groups. Thus, while it is
possible that one of the ecological analogue pairs (the ‘mice’,
perhaps) owe their similarity to having retained characteristics
from the ancestral therian, it is not possible that all of them
should have done so. If members of each pair of analogues
are indeed more similar to each other (for certain traits) than
to closer relatives, then convergence must have occurred in at
least all but one of the pairs.

Multiple avenues are available for more rigorous and
quantitative assessments of convergence. In some fortunate
cases where direct evidence is available of the phenotypes
of individuals in multiple evolving lineages, convergence
can be observed more or less directly. Whether in microbial
lineages evolving in a laboratory [49-51] or well-preserved
fossil sequences [52], it can occasionally be possible to trace
the true history of phenotypic similarity between lineages.
All that is required in such cases is trait data of individuals
and some measure of similarity—if the similarity between
the lineages increases over time, then convergence has hap-
pened. It should be noted that these are the only situations
in which convergence among sister taxa can be documen-
ted—other sources of data will always mask patterns of
increasing similarity among sister lineages, even if such
patterns were present.

Such well-documented patterns of change within lineages
are rare, however. It is much more common for convergence
to be documented with comparative datasets. Researchers
have developed many measures and indices for quantifying
convergence in comparative data, often on an ad hoc basis
for particular studies [53]. Often these methods are not even
named, nor propagated beyond their original use. As a side
note, this has led to the ‘redevelopment’ of convergence
measures by multiple authors [27,53], a conceptually harmonic
but indisputably inefficient phenomenon in convergence
studies. At times, separate methods have been developed for
discrete [44] and continuous data, but in many cases the
same methods can be applied to either type. For example,
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measures of homoplasy [54] can be modified to quantify
the amount of convergence in discrete or continuous data.
However, these measures will also track other potentially
distinctive phenomena, such as parallelism or reversal.

Most recent methods have focused on measuring conver-
gent evolution only, to the exclusion of other kinds of
homoplasy. Some researchers emphasize the increase in simi-
larity that occurs between converging lineages [55,56].
Stayton [26] computed his MCI by comparing the variation
in a set of putatively convergent taxa to the variation present
in the larger clades to which those taxa belonged. The more
similar the putatively convergent taxa, and the more different
the close relatives of those taxa, the higher the index. Arbuckle
et al. [25] further elaborated on this concept in developing the
Wheatsheaf index, used to measure the strength of a conver-
gent pattern after convergence itself had been established
through other means. The index is calculated as the ratio of
the average pairwise distance between all species in a dataset,
to the average pairwise distance among all species that are con-
vergent with one another. Larger values of this index indicate
that the convergent taxa are much more tightly clustered with
each other than are taxa in the dataset in general. This index
also increases as the putatively convergent taxa become more
distinctive—that is, less similar to all other taxa—which may
or may not be desired in a given convergence study.

Stayton [57] provides a more direct measure of increased
similarity. For his C; measure, ancestral states are recon-
structed for two or more putatively convergent lineages, back
to their most recent common ancestor. The maximum pheno-
typic distance between any pair of ancestors (Dpax) is
calculated, and compared with the phenotypic distance
between the current putatively convergent taxa (Dyp). The
greater the difference between Dp,ay and Dy, the higher the
index. All of these methods are evolutionarily grounded and
do not conflate convergence with other concepts; however,
they can require inferences regarding ancestral character
states, which can be problematic to obtain [58], and they are
not appropriate for studies that use a definition of convergence
that does not require an evolutionary increase in similarity
among convergent lineages [40].

Other quantify the discrepancy between
phylogenetic and phenotypic distance that accompanies con-

measures

vergent evolution. Stayton [27], expanding an idea from [59],
suggested that the ratio of patristic distance to phenotypic
distance between taxa could be used as a measure of con-
vergence, perhaps with both distances appropriately scaled so
that comparisons would be possible between datasets.
Muschick et al. [10] similarly used a ratio of phylogenetic dis-
tance to morphological distance to define different modes of
evolution, including a type called ‘convergence/stasis’. These
methods are intuitive and conceptually simple, but they do
not differentiate between convergent evolution and long-term
stasis among the putatively convergent groups (and neither
does the Wheatsheaf index, which is why convergence must
be established before using this metric)—in both cases, low phe-
notypic dissimilarity accompanies large phylogenetic distances.

The SURFACE method of Ingram & Mahler [28] is unique
among methods of measuring convergence, as it used a
model-fitting approach to quantify the similarity in evol-
utionary patterns among lineages. The method fits a series
of increasingly complex Ornstein—Uhlenbeck (OU) models
to a set of data, eventually selecting the best one using
Akaike information criteria. OU models include both a

stochastic component and evolutionary ‘attraction” of certain
lineages towards specific points in phenotypic space [60,61].
The SURFACE method will identify the attractive ‘peaks’
associated with certain clades (that is, it identifies clades for
which there is evidence that their members are evolving
towards a certain point in phenotypic space), but more
crucially, it identifies peaks that are shared among indepen-
dent lineages. Two or more independent lineages evolving
in response to the same peak is considered an instance of con-
vergence, and the total number of shared peaks quantifies the
prevalence of convergence in the dataset.

The closest analogues to SURFACE are a series of methods
that count the number of convergence events in a dataset,
whatever the similarity or phylogenetic distance that accompa-
nies them. These include an unnamed measure developed by
Winemiller [53], the ‘Count” measure of Stayton [27] and Cs
of Stayton [57]. Along with SURFACE, these methods provide
an integer value as a measure of convergence. Winemiller’s
measure counts ‘the number of closely related species that
[are] actually less similar morphologically to the target species
that its morphological nearest neighbor’, scaled by the number
of possible comparisons; Stayton’s ‘Count” sums the number of
taxa that are phenotypically more similar to a taxon than to
their closest relatives (again, potentially scaled by the number
of possible comparisons); and Cs sums the number of times
through the evolution of a clade that lineages evolve into a
given region of phenotypic space.

All of the methods described above lend themselves well to
null models and hypothesis testing. It is simple to simulate data
multiple times according to some null model—Brownian
motion, perhaps, or stochastic evolution constrained by certain
developmental parameters but otherwise undirected—calculate
the measure of convergence for each iteration, and then use the
distribution of measures for hypothesis testing (this is even
recommended with SURFACE).

Such statistical tests are underlain by an important prin-
ciple that is often overlooked: some amount of convergence
is possible even in datasets where there are no shared selec-
tive regimes or shared developmental constraints among
lineages, or even no directional influences at all on the evol-
utionary process. In fact, it has been shown that under
some conditions, the frequency and magnitude of conver-
gence can be quite high in evolutionary data generated by a
purely stochastic process unconstrained by developmental
factors or limits on phenotypes [27]. Far from being evidence
against undirected evolution, convergence can be a product
of undirected evolution [33]. It may indeed be the case that
most instances of convergence in nature are extremely unli-
kely to have occurred without any non-random influences
on the evolutionary process, but this can only be established
with null models and empirical data.

All of the methods described here implicitly assume a pat-
tern-based definition. Even SURFACE, which uses an
evolutionary model that is often associated with adaptation,
leaves open the possibility that a process besides shared selec-
tive regimes, even chance, has resulted in lineages showing a
substantial tendency to evolve towards the shame regions of
phenotypic space [28]. Thus, if a researcher were to prefer a
process-based definition of convergence, then presumably a
significant value of any of these metrics would be necessary
but not sufficient for an assessment of convergence.

Unfortunately, researchers who develop these methods
(the present author included) infrequently note that this is
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the case. As with the discussion of definitions, this makes it
easy for researchers to quantify and test for convergence
using pattern-based concepts, and then interpret those pat-
terns using a process-based concept. Rather than being a
pattern that may represent convergence if additional facts
are demonstrated, or a pattern that can be used as one
among many pieces of evidence for shared adaptive regimes
[3,9,47,62,63], a pattern of increased similarity becomes suffi-
cient evidence for adaptation in response to shared selective
pressures even though such patterns can demonstrably
occur in the absence of such shared pressures, or even any
selective pressures at all [27,48]. While both pattern-based
and process-based definitions can be legitimately applied to
biological phenomena, it is important to recognize that
most convergence measures quantify patterns and do not
demonstrate the action of any given process.

4. What are the implications of convergent
evolution?

Superficially, it might seem that some of the definitions
described above, or methods predicated on those definitions,
would also imply certain evolutionary interpretations of
convergence. A process-based definition such as ‘The inde-
pendent evolution of similar traits in distantly related
organisms due to adaptation to similar environments or a
similar way of life” [17], for example, indicates that conver-
gence must always be due to adaptation. However, as the
preceding discussions have demonstrated, this implication
simply follows from the definition and does not actually
say anything about the biological world. Using a definition
of convergence that requires adaptation to shared selective
regimes does not imply that such adaptation is responsible
for all instances where lineages have evolved to be more simi-
lar to one another. It simply means that two sources of
information are required for an assessment of convergence:
first, a significant pattern of increased similarity among
lineages, and second, a demonstration of similar selective fac-
tors in those lineages. Process-based definitions implicitly
leave open the possibility that patterns of increased similarity
are not due to shared selective regimes or shared developmen-
tal constraints. But this possibility is not often mentioned,
potentially biasing researchers away from performing signifi-
cance tests or seeking alternative explanations for the
patterns they observe.

These potential biases become particularly acute when it
comes to relating convergent evolution to large-scaled con-
clusions about the history of life on the Earth (or beyond);
for example, when attempting to use studies of convergence
to draw conclusions regarding the existence and extent of
limits to evolution. Clearly, isolated instances of convergence
by themselves do not indicate very much about grand pat-
terns of evolution. Thus, multiple authors have attempted
to draw larger conclusions by compiling long, impressive
lists of examples of convergence [13,30]. The general argu-
ment is that the long lists indicate that convergence is
surprisingly, unexpectedly ubiquitous, and that this ubiquity
indicates the surprising prevalence of some factor—some
combination of shared adaptive regimes or shared develop-
mental constraints, perhaps, or an unexpected limit to the
number of possible adaptive regimes or developmental

programmes—that limits evolution to a greater degree than [ 5 |

is currently acknowledged by evolutionary researchers.

The discussion of convergence in this paper suggests three
potential problems with these interpretations, all of which can
be addressed by greater precision in definitions of convergence
and by the greater use of significance tests and null models.
First, of course, is the fact that convergence can occur in the
absence of shared adaptive regimes, shared developmental
constraints, or any other limits or directional influences on
evolution [14,27,43,46,64,65]. Thus, long lists of examples of
convergent evolution do not by themselves establish the
ubiquity of any particular process. However, many of the
examples cited in those large studies are accompanied by
environmental information (broadly construed), which pro-
vides additional evidence for adaptation, and even though
repeated correlations between phenotype and environment
can be explained by factors other than adaptation [4348],
such cases may be rare, and the data to test for these additional
factors can often be readily obtained. Overall, it would be
irrational to think that the vast majority of these examples
would not stand up to quantitative scrutiny, but certainly
there are some that would not, and neither shared adaptation
nor constraint should be assumed whenever a convergent pat-
tern is observed. Instead, additional tests for these phenomena
need to be conducted. It bears repeating that even without any
limits on evolution, any selection at all, or any developmental
constraints, fortuitous convergence could still be ubiquitous
throughout the tree of life [27].

This fact raises a more salient second issue with the use of
long lists of examples to infer the presence of large-scale
limits on evolution: it has not yet been established for most
of these examples that the patterns of increased similarity
are strong enough to require explanation from any particular
process. As just one example: it has been established that a
number of morphotypes have evolved multiple times in
fishes. The narrow, elongate ‘eel’ morphotype is among the
most familiar, but there are others; some, such as the ‘pike’,
have even been quantitatively described [53]. However, it
has not yet been established that these morphs are unlikely
to have evolved multiple times in fishes in the absence of
any limits to evolution. Quantitative methods employing
null models are required to test the hypothesis that: ‘An
elongate body form is unlikely to have evolved an observed
number of times, in the absence of any directional influences
on evolution, given an ancestral teleost body form and
known rates of morphological evolution in fishes’. The null
models could take many forms, from purely stochastic
models that only use one rate of evolution for all measured
variables, to those which allow multiple rates of change in
different body regions or which incorporate developmental
information to reflect correlated evolution among parts;
authors may also wish to investigate the influence of different
ancestral ‘starting points” for simulations. But until such tests
are performed, it is premature to claim that the observed
phenomena require any explanation at all, much less one
that points towards a deep role for any kind of limit on evol-
ution. This issue is more acute for some examples than others:
all “pike’ feed in more or less the same way, making chance a
less likely explanation for their convergence, but ‘eels’ come
from a variety of clades, occupy a variety of different environ-
ments and use a variety of feeding strategies [40], raising the
possibility that their convergence may be due at least partly
to chance.
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Finally, it is not yet clear that very long lists of examples
of convergent evolution (again, encompassing hundreds if
not thousands of taxa) actually demonstrate that convergence
is ubiquitous throughout the history of life. This is true even
if every one of the listed examples has been subjected to rig-
orous statistical testing and demonstrated to have occurred
due to some particular evolutionary process. Convergence
is widespread, certainly, but some kind of null model is
still required whether it is more common than would be
expected by chance. This is not just a technical quibble—it
has been shown that under certain conditions, the majority
of evolving taxa end up more similar to some distant relative
to their own sister taxa for at least some traits [27]. Because
the number of possible comparisons among taxa is astronom-
ical and inevitably much larger than the number of known
instances of convergent evolution, and equivalent lists of
non-convergent taxa are unlikely to become available (due
to lack of attention or publication bias, though see [66,67]
for excellent examples of such studies), evolutionary null
models for large-scale questions are required to establish
that convergence is surprisingly ubiquitous.

Null models for such large-scale questions may seem
unreasonably difficult to develop, but a few examples will
illustrate possible future directions for research. McGhee
[68] has written in support of the development of a ‘periodic
table of life” and Conway Morris [30] cites several studies that
might serve as prototypes of such an endeavour. One
example is the skeleton space of Thomas & Reif [69]—of the
174 possible pairwise combinations of skeletal element
types, all have evolved at least twice, and many evolved
early on in the evolution of metazoans [70]. Here, the appar-
ent fullness of this space seems to provide evidence of strong
determinism in the history of life.

A null model would give strength to this subjective
impression and provide the opportunity to truly understand
the significance of this pattern. For example, a researcher
might ask: ‘Given the limited number of possible combi-
nations, and known rates of transition among skeleton
types, just how unlikely is it that every one of the possible
pairwise combinations has evolved more than once?” or ‘If
animals are transitioning between skeletal element types suf-
ficiently rapidly, even at random, is it any surprise that they
would land on each region of a 174-square board more than
once?” Or it might be better to put the question as: "How
rapid would evolution have to be in order to account for the
observed pattern?’ It may indeed be the case that the observed
pattern is extraordinarily unlikely in the absence of some
strong, deeply deterministic influences on evolution, but this
needs to be demonstrated in order to assert that the indepen-
dent “discovery’ of one of a predetermined set of parameters
can count as evidence for preexisting limits to evolution.

For other datasets, it is the perceived ‘emptiness’ of some
phenotypic space, rather than its fullness, that suggests
strong limits on the evolutionary process. DNA or protein
‘hyperspaces’ provide an excellent example [71], or even a
‘hyperspace’ of possible human society parameters [72].
The immense size of such spaces (10* possibilities for pro-
teins built by arranging 20 possible amino acids in a chain
100 units long, or 10° possible types of human societies) com-
pared to the number of actually observed combinations (a
few thousand in both cases) points towards strong limits to
the process of evolution, the idea being that the size of the
occupied region of this space, relative to the total size of

the space, would be much larger, or the amount of conver-
gence observed would be much smaller, if evolution were
not limited in some currently poorly understood way. Null
models have been developed and used to answer questions
regarding proteins, but all systems may be amenable to
such modelling. Such a model would allow a researcher to
ask: ‘Given the number of human societies that have existed,
and some estimate of the rates of transitions between types of
societies, is it surprising that humans have only discovered
0.001% of the possible types?” At least one study has already
used null models to demonstrate that the presence of conver-
gence, even within a clade that occupies a very small region
of phenotypic space, is not necessarily evidence of limits to
evolution: a large amount of convergence will also be
observed in a clade in which evolution occurs in random
directions, whatever the rate of evolution [27].

Methods that rely on comparing the number of realized or
convergent phenotypes to the number of possible phenotypes
(often huge but still finite) are only applicable to discrete
data. For continuous data, the volume of occupied pheno-
typic space will often be infinitesimal compared to the
volume of unoccupied space, no matter how undirected
or unlimited are the evolutionary processes that govern
diversification. Instead, arguments that involve continuous
characters often cite the unexpected similarities in distantly
related organisms (the previously noted convergence
between marsupials and placentals is just one set of examples
among hundreds of others), or the number of times that cer-
tain broadly similar phenotypes have evolved (the multiple
independent origins of elongate fishes often called ‘eels’ is
again one familiar example among many [30]). As should
be obvious from the preceding discussion of measures of con-
vergence, many measures are available for describing such
enumerative patterns, and null models for assessing the sig-
nificance of such patterns should be easy to develop. These
null models would provide answers to questions such as:
‘Given known rates of evolution among placental and marsu-
pial mammals (along with known correlations of characters,
perhaps) along with an estimate of the ancestral state of each,
how likely is it for the observed number of ecomorph pairs to
have evolved in the absence of shared adaptive regimes or
shared developmental constraints?’ or to the eel questions dis-
cussed earlier. Those answers in turn would provide valuable
insight on whether these instances of convergence represent
evidence for unexpected limitations, constraints or influences
on the evolutionary process, or whether they are consistent
with evolutionary processes as commonly understood.

5. Summary

Convergent evolution is undoubtedly an important phenom-
enon, but its study has been hindered by inconsistencies
and unclarity in its definitions, by the lack of a standard set
of techniques for quantifying its magnitude and testing its
significance, and by infrequent application of null models for
assessing its implications in biology. Although multiple defi-
nitions of convergent evolution may be appropriate, given the
large number of questions that researchers ask regarding this
phenomenon, pattern-based or process-neutral definitions—
ones that merely describe convergence as an increase in simi-
larity—are preferred, as they avoid many potential problems
that process-based or causally committed definitions can
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produce. Fortunately, most measures of convergence are already
built within a pattern-based framework. Even given this, a var-
iety of different measures are available, each quantifying a
different aspect of convergent evolution. Researchers should
choose the definitions and methods that best fit their particular
questions, although in general measures that only quantify con-
vergence, and do not conflate it with some other process (such as
long-term evolutionary stasis) should be preferred.

Caution should be used when it comes to interpreting con-
vergent patterns. The presence of convergence by itself does
not indicate that any particular influence, such as adaptation in
response to shared selective pressures, or shared developmen-
tal constraint, has been acting on the evolutionary process. In
fact, it does not even mean that any influence has been acting
at all, although even when adaptation is driving the evolution
of individual lineages, convergence does not necessarily imply
that the lineages share a common selective regime. Additional
evidence, often readily available, is needed to support a non-
stochastic mechanism for convergent evolution [48]. The fact
that a large number of examples of convergence can be com-
piled does not demonstrate the ubiquity of convergence. For
this, studies are needed that compare the observed incidence
of convergence to that expected under null models. Given
that these are not yet widely available, conclusions about the
meaning of convergence for deep limits to evolution seem
premature at present.

More generally, the field of convergence studies is sorely in
need of greater application of null models. Although many
instances of convergence appear striking, it is known that
large amounts of convergence can be generated even through
a purely stochastic evolutionary process. Viewing convergence
as a self-evident phenomenon, documenting its ubiquity with
long lists of individual convergent events, and noting research-
ers’ intuitive reactions as evidence of convergence’s deep
implications—these methods have little persuasive power for
researchers who are sceptical of the profound conclusions
reached in certain works [1,29-31] (sceptics include [33—-36]).

Thus, it is important to subject ‘self-evident” instances of
convergence to significance testing, to determine whether
they are indeed unlikely under a null model of undirected,
unlimited evolution. Fortunately, many strong methods are
already available for quantifying convergent evolution
[10,25-28,53,57] and all lend themselves well to hypothesis
testing. All that is needed is greater effort towards quantify-
ing and assessing the significance of convergent patterns.
Quantification can be difficult, especially if comparisons are
desired between very distantly related taxa. However, given
that convergence among such taxa (in different phyla, for
example) constitutes some of the most compelling evidence
for deep limits on evolution [30,36] and represents some of
the most fruitful ground for future studies (why has the
‘mantis’ body form evolved multiple times among arthropods,
but never among amniotes?), efforts should be directed
towards such quantification.

Such quantification and significance testing need not be
exclusively destructive of researchers’ intuitions regarding
the ‘astounding’ nature of some convergent events—it may
be that such instances of convergence are even more surpris-
ing than our intuition implies! In any case, a more rigorous
approach would not only help to provide support for currently
subjective assessments of convergence, but it would allow
researchers to determine just how unlikely certain instances
of convergence actually are. Only then can convergent evol-
ution provide strong substantial evidence concerning the
nature, if any, of limits to evolution.
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