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Abstract

Density-dependence is a term used in ecology to describe processes such as birth and
death rates that are regulated by the number of individuals in a population. Evolutionary biol-
ogists have borrowed the term to describe decreasing rates of species accumulation, sug-
gesting that speciation and extinction rates depend on the total number of species in a
clade. If this analogy with ecological density-dependence holds, diversification of clades is
restricted because species compete for limited resources. We hypothesize that such com-
petition should not only affect numbers of species, but also prevent species from being phe-
notypically similar. Here, we present a method to detect whether competitive interactions
between species have ordered phenotypic traits on a phylogeny, assuming that competition
prevents related species from having identical trait values. We use the method to analyze
clades of birds and mammals, with body size as the phenotypic trait. We find no sign that
competition has prevented species from having the same body size. Thus, since body size
is a key ecological trait and competition does not seem to be responsible for differences in
body size between species, we conclude that the diversification slowdown that is prevalent
in these clades is unlikely due to the ecological interference implied by the term density
dependence.

Introduction

A number of studies have recently investigated whether the branching times of reconstructed
molecular phylogenies provide evidence of density-dependent speciation and/or extinction
[1-5]. The term density-dependence stems from population ecology, where it has been used to
describe the commonly observed phenomenon that per capita population growth decreases as
the number of individuals in the population approaches the carrying capacity of its environ-
ment [6]. The species-level analogy is that the net rate of diversification of a clade decreases as
the number of species increases [7-11].

Slowdown of diversification as species richness increases can have several causes (reviewed
in [5]). One possibility is that the number of species is limited by resource availability in a
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fashion analogous to ecological density-dependence. However, there is an important distinc-
tion between density dependence in population ecology and diversification of species in clades.
In ecological studies, individuals (i) occur at the same locality (ii) are phenotypically similar
and therefore (iii) compete for a finite amount of resources. Resources cannot support a
greater number of individuals because individuals cannot subdivide themselves into smaller
units, and (generally) do not diverge enough phenotypically to be able to subsist on different
resources. For evolutionary lineages, however, each of these three aspects may differ: (i) species
may have spatially disjunct distributions, and (ii) they may diverge phenotypically so that (iii)
they do not compete for the same resources. Moreover, the number of individuals per species
can decrease, allowing available resources to support a greater total number of species. Thus, it
is not clear that the dynamics of speciation and extinction would show density-dependence in
such a way as to be analogous to density-dependent population growth.

It is difficult to detect evolutionary density-dependent diversification in nature because
clades of species typically lack good fossil records (but see e.g. [12,13]). This is in opposition to
ecological experiments where population size can be monitored continuously through time.
Therefore, recent interest has focused on the detection of density-dependent diversification
from molecular phylogenies of extant species [2-4]. Such methods, however, are analytically
quite complex even for simple models of density-dependent diversification. Therefore, even
the most sophisticated analyses of the branching times of molecular phylogenies assume that
speciation and extinction rates depend on the (continental or even global) total number of spe-
cies, and disregard factors like phenotypic divergence and geographic distribution that may
ameliorate competition effects.

Given the difficulty of detecting density-dependent diversification from branching times of
molecular phylogenies, it may be worthwhile to develop alternative methods testing whether
competition for resources restricts the diversification of clades. Decades of ecological studies
of phenotypically similar (but not necessarily closely related) species competing for resources
indicate that competition is relaxed either by competitive exclusion or by character displace-
ment i.e. the phenomenon where phenotypic differences between species become accentuated
by competition for resources [14-17]. Current methods to detect density-dependent diversifi-
cation from phylogenies focus on the evolutionary analogy of competitive exclusion, i.e.
decreased net diversification (but see [18]). Here, our focus is instead on character
displacement.

If diversification slowdown is due to processes analogous to ecological density-dependence,
we expect not only signs of competitive exclusion (such as diversification slowdown), but also
signs of character displacement on phylogenetic trees. Therefore, we develop a method to test
whether character displacement has affected the order of trait values of extant species on a
molecular phylogeny. First, we construct a conceptual model of how character displacement
would affect trait evolution in a clade, and show the implications hereof for the patterning of
trait values of the extant species on their phylogeny. We then use these findings to construct an
algorithm to detect signs of character displacement in the traits of extant species. We illustrate
the algorithm using body masses of North American continental Dendroica wood warblers,
because this clade shows signs of density-dependent diversification [3,4]. Subsequently, we
apply the algorithm to body sizes of extant bird and mammal species. We analyze body size
because, as a correlate of many physiological and life history traits [19,20], body size is likely
subject to character displacement [18,21]. Indeed, much of the evidence for character displace-
ment has come from body size or strongly correlated traits [16,17,22,23] and frequently from
mammals [24]. In addition, relatively well-resolved molecular phylogenies are available for
several avian [25] and mammalian clades [26], most of which show signs of significant diversi-
fication slowdown (see below). Therefore, if this slowdown were due to processes equivalent to
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ecological density-dependence, we would expect to find ample evidence of character displace-
ment on body size evolution in these groups of species.

Methods

As a general model of character evolution, we will assume that the average trait values of evolv-
ing lineages change randomly over time. This would, for example, be the case under Brownian
motion, Ornstein-Uhlenbeck, or punctuated equilibrium models of character evolution. In the
absence of character displacement or limiting similarity, this null model would allow any two
evolving lineages to have precisely the same trait value at any point in time. In our alternative
model of character evolution, the trait of interest is subject to character displacement. Under
this model, whenever two coexisting species develop similar average trait values, character dis-
placement pushes them apart. Hence, two species will never have exactly the same average trait
value.

In clades with exceptionally complete fossil records it may be possible to evaluate the effect
of character displacement on trait evolution by counting in the fossil record how frequently
species have had exactly the same trait value. Unfortunately, such complete fossil records are
unavailable for most clades. From the phylogeny and trait values of existing species it is not
possible to estimate the precise number of times that two species had the same trait value in
history. However, it is possible to infer whether the extant species’ trait values could be
achieved without any two species ever having exactly the same trait value.

This is illustrated in Fig 1, which shows a molecular phylogeny of present-day Dendroica
warblers [3] and their body masses [27]. The branching times of this phylogeny suggest a
pattern of diversification slowdown, i.e. density dependence [3,4]. Ancestral body masses
were inferred using maximum likelihood assuming a Brownian motion model of evolution.
The right panel of Fig 1 shows the reconstructed body mass evolution of the species D.
virens, D. townsendii, D. chrysoparia, and D. occidentalis and involves two line intersections,
but it would be possible to draw the figure with only one intersection. For example, if the
ancestor of D. townsendii and D. occidentalis is assigned a larger body mass, only the lines
leading to D. chrysoparia and D. townsendii would intersect. However, it is not possible to
connect the body masses of D. virens, D. townsendii, D. chrysoparia, and D. occidentalis on
the molecular phylogeny so that there are no intersections. This means that some of their
ancestors must have had exactly the same average body mass at least once over the course of
their evolution. In other words, the present-day body mass configuration of D. virens, D.
townsendii, D. chrysoparia, and D. occidentalis presents evidence against a model of charac-
ter evolution in which character displacement prevents species from having the same trait
value.

If the trait values of extant species could have evolved without any two species ever having
the same trait value, then the trait values are perfectly ordered on the tree. For example in Fig
1, if we disregard D. chrysoparia, then the trait values of the species D. virens, D. townsendii,
and D. occidentalis are ordered 1 2 3, and the tree topology can be written (D. virens,(D. town-
sendii, D. occidentalis)) in Newick format, which puts the species in the exact order of their
trait values. If we add D. chrysoparia, the tree topology can no longer be written with the spe-
cies in the order of body mass: we either get:

((D. virens, D. chrysoparia), (D. townsendii, D. occidentalis)) or ((D. townsendii, D. occidenta-
lis), (D. virens, D. chrysoparia)) but neither tree results in body mass order (i.e. 1 2 3 4). This
simple example shows that the rank order of the extant species’ average trait values provides
information about how frequently species have had identical trait values in the evolutionary
history of the clade.
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Fig 1. Phylogeny of continental North American Dendroicawood warblers, and a projection of body mass evolution on that phylogeny

(middle), where body masses of present-day species are observed, and ancestral body masses inferred. The right panel zooms in on four

closely related species: if the phylogeny is correct then the observed present-day body masses of D. virens, D. townsendii, D. chrysoparia, and D.
occidentalis could not have evolved without some species having identical body masses at some point in time.

https://doi.org/10.1371/journal.pone.0184814.9001

Inference of the frequency of different species having identical trait values from the rank
order of trait values does (generally) not require a precise model of evolution under character
displacement: it merely assumes that character displacement makes it unlikely that related spe-
cies have had exactly the same average trait value at any point in time. We will use, as a statistic,
7: Kendall’s rank correlation between the species’ trait values and the position of the species in
the Newick tree.

For the tree ((D. virens, D. chrysoparia), (D. townsendii, D. occidentalis)), the rank correla-
tion between the trait values and the position of the species in the tree is 7= 0.66. If we instead
write ((D. chrysoparia, D. virens), (D. occidentalis, D. townsendii)) the correlation is 7 = 0. This
shows that the rotation of a node affects the rank correlation between trait values and order of
species in Newick notation. For larger trees with less ordered trait values (e.g. the 25 warblers
in Fig 1), it will not be immediately apparent which Newick notation maximizes the rank cor-
relation between trait values and species order. However, because of the definition of Kendall’s
7, the Newick notation that maximizes this correlation can be found using an iterative node
rotation algorithm: starting from the most recent node in the tree, each node is rotated once
(so that sister species change places) and the correlation of the trait values of the species
descending from this node is re-calculated. If the rank correlation for this node rotation pro-
duces a higher correlation than the previous calculation, then the rotation is accepted and the
algorithm continues to the next most recent node. Using this algorithm, if the maximized rank
correlation is high (i.e. close to one) then the trait order on the tree has likely been affected by
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https://doi.org/10.1371/journal.pone.0184814.9002

character displacement, and if there has been no such bias then the rank correlation is expected
to be closer to zero.

In order to evaluate whether trait values of species are more ordered than expected under
random phenotypic evolution, we must determine the sampling distribution of 7. This distri-
bution does not depend on the rate of evolution: a high rate of evolution simply scales trait
space; hence it leads to greater interspecific variance, but not to more crossing branches (Fig
2). Instead, the sampling distribution of 7 is determined by the topology, branching times, and
(obviously) the number of branches of the phylogeny (Fig 2). Thus, to estimate the probability
p that the observed order of species’ trait values on the phylogeny is the result of unbiased evo-
lution we compare 7, calculated from the observed trait values to 7, calculated from trait
values simulated s times on the observed phylogeny. If 7, > Tobs, in s* out of s simulations,

p = (s*+1)/(s+1). (This test is one-sided, because it is based on correlations that were maxi-
mized by node rotation.) For the example of Dendroica, p = 0.63 (Fig 2), suggesting the pattern
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of diversification slowdown in this clade [3,4] is due to something other than ecological com-
petition leading to character displacement potentially resulting in density-dependence.

To demonstrate our approach, we apply it to extant avian and mammalian body masses
(data from [27] and [28] respectively) using relatively well-resolved global phylogenetic trees
[25,26] to investigate whether there are any signs of character displacement that suggest that
diversification slowdown could be driven by ecological density dependence. Clades were
extracted using the following criteria: the number of species must be greater than 10 (for statis-
tical power); the crown age of a clade must not exceed 15my in order to compare relatively
closely related species; trait data, in our case body size, should be available for at least 80% of
species. For each clade, we simulated unbiased body size evolution 1000 times on each phylog-
eny assuming Brownian motion, to determine the sampling distribution of 7 under the null
model, in order to calculate p-values as explained above. In addition, we calculated the y-statis-
tic [29] to infer whether the phylogeny analyzed likely experienced diversification slowdown
over time.

Results

The majority of avian and mammalian clades that we analyzed showed signs of diversification
slowdown: 114 out of 140 avian and 14 out of 19 mammalian clades had negative y. (y<0 indi-
cates a decrease in the rate of lineage accumulation over time as compared to the expectation
under a constant-rates speciation-extinction process.) However, none of the clades showed sig-
nificant (2<0.05) trait order (high 7) after correction for multiple testing using both the con-
servative Bonferroni correction and less conservative, False Discovery Rate (FDR) [30,31] (S1
Table). There was no tendency for clades with strong signs of density-dependent diversifica-
tion (low values of y) to show body mass order on the phylogeny (high 7). In birds, the correla-
tion between y and 7 was positive, in mammals, the correlation was negative but not
statistically significant.

Discussion

We present a new, general method that can be used to infer whether character displacement,
or similar processes, affected phylogenetic trait order, using only trait values and a phylogeny
of present-day species. The method uses the ranks of trait values, and is therefore relatively
insensitive to the particular model of evolution under character displacement: it merely
assumes that character displacement makes it unlikely that related species have had identical
trait values. However, because branch lengths affect the sampling distribution of 7 (Fig 2), so
does the model of character evolution (e.g. Brownian motion or Ornstein-Uhlenbeck). There-
fore, in case of borderline significant results, a realistic model of evolution should be used, and
phylogenetic uncertainty accounted for.

Application of this method to clades of birds and mammals did not reveal any sign of char-
acter displacement affecting long-term body size evolution. These results are not due to a lack
of statistical power: In the absence of character displacement, 7 = 1 is observed in only 2% of
cases for a phylogeny of as few as 10 species, and almost never for a phylogeny of 25 or more
species (Fig 2). That is because the number of branch crossings increases faster than linearly
with the number of tip species: a phylogeny with 10 tip species has on average about 10 branch
crossings, but a phylogeny of 100 species has, on average, more than 700 branch crossings!
Hence, statistical power of the present method in combination with the data analyzed here is
sufficiently high if character displacement is strong.

Ultimately the statistical power of our test depends not on the number of species, but on the
strength of character displacement (or more generally, phenotypic order on the tree). In the
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framework of the method we present here, we can model the strength of character displace-
ment as the probability p. that two species have exactly the same character state. We assume

P =0, but the weaker the effect character displacement has on trait evolution, the larger p,
becomes. If p. = 1, character displacement is absent and does not affect trait evolution. Hence,
it could be argued that the lack of evidence for character displacement influencing long-term
evolution of body size reflects only weak character displacement. However, even with weak
character displacement (e.g. p. = 0.5), we still expect trait values to show substantial order espe-
cially on larger phylogenies. That is because the order of traits (1) is negatively related to the
number of crossing branches. For a phylogeny with 25 tip species (Fig 1), the number of cross-
ing branches is, on average, 44. Even if branch crossings occur with probability p. = 0.5, the
probability to observe a tree with 44 crossings is 0.5**~0. Obviously, plausible trees have only
a tiny fraction of the number of branch crossings that would be expected under unbiased evo-
lution (p. = 1). In other words, even under weak character displacement, expected numbers of
crossing branches are far smaller than under unbiased evolution and hence, order of trait val-
ues (1) is far greater than under unbiased evolution, especially in larger phylogenies. Moreover,
body size is a crucial ecological trait and the prime example of a trait subject to limiting simi-
larity and character displacement on ecological time scales [24]. Therefore, it seems unlikely
that the negative results of our analyses are due to low statistical power, or weak character
displacement.

It may be argued, that our results are biased towards a lack of character displacement
because we use extant species data [32,33] thus, the effects of extinction are muted [12]. We
argue that by using a phylogeny of related species our analysis captures historical changes in
characters over time so long as these historical interactions have resulted in changes in pres-
ent-day character evolution. That being said, the analyses presented here, have limited power
to detect signs of historical processes such as competition involving species that are now
extinct [32,33] and therefore have been pruned from the phylogeny. This is a limitation of the
data, not of the method we propose. If historical trait data (for species that are now extinct) is
available, and it is possible to accurately place the data into the phylogeny, one could use our
method to more fully investigate the effects that historical traits and species interactions have
had on trait evolution over time.

A different, yet probable explanation for our negative results is that the species in the clades
we studied have (had) disjunct global or local distributions (e.g. different habitat use [34]) so
that body size evolution is not the result of competition. A recent study suggests that many
phenotypic differences between lineages of ovenbirds are due to the amount of time lineages
have been separated, not to species distributions or potential interactions [35]. We ran addi-
tional analyses where we added the criterion that a clade should not only have a minimum of
10 species and a crown age less than 15 my, but also include at least 10 species with mutually
overlapping geographic distributions. (Note: this does not imply that there is some location
where all 10 species co-occur, but that each species geographically overlaps with at least one
other species in the clade.) If competition would cause patterning of body mass on the phylog-
eny, such clades would show high values of 7. However, using geographic range data from the
International Union for Conservation of Nature and Natural Resources [36] we found no such
clades, even though there are many clades with crown ages less than 15my and many sets of 10
or more mutually geographically overlapping species. This implies that closely related species,
which are often ecologically similar, tend to have disjunct distributions.

Over millions of years phenotypic and ecological differences accumulate; thus, it becomes
more likely that similar species coexist. Identical body sizes may occur if species differ substan-
tially in other traits (e.g. beak shape [17] or tooth length [22]). Similarly, selective pressures
change over time, and more than one pressure may act on a specific trait [37,38]. Thus, unless
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competition produces constant, strong directional trait change, or after divergence there is no
other pressure acting upon body size, the evolutionary patters we expect to find may be muted
or disappear completely (this is suggested for traits where sexual selection is thought to drive dif-
ferentiation between species. This strong, directional selection is suggested to have a prominent
effect during the initial stages of speciation/trait evolution but subsequently is muted or erased
by other selective pressures [39]). On a time scale that spans migration, speciation, and extinc-
tion, as species shift distributions and diversify, it seems unlikely that one selective pressure
would remain so dominant as to leave a signal spanning longer than the initial event leading to
diversification between genetically similar species. Thus, although it is possible that competition
effects body size, competition may not maintain these differences or be responsible for further
changes in body size over time. Therefore, it seems unlikely that diversification slowdown in
these lineages is due to some evolutionary equivalent of ecological density-dependence.

Slowdown in the rate of lineage accumulation over time has been observed in fossil records
[4, 40-42] as well as molecular phylogenies of clades of animals [1,2,4] and plants [43]. Such
slowdown could be due to ecological density-dependence, but also to other causes such as
adaptive radiation [2,44], protracted speciation [45], incorrect or incomplete phylogenies
[41,46,47], niche filling, or other causes [5]. Indeed, there is very little direct evidence that
decelerating diversification rates are caused by increasing global numbers of species. There-
fore, the term density- or diversity- dependence should not be used indiscriminately when
diversification slows down, but only when there is evidence of causal density-dependence. Ide-
ally, to distinguish density-dependence from alternative explanations, future analyses of diver-
sification slowdown should take species geographic distribution [42], 2016) and phenotypic
differences [22,48] into account [5], and not rely solely on the global numbers of species in a
clade.

Supporting information

S1 Table. Individual clades analyzed. Clades are ordered by p-values. One-sided p-values
were determined from 1000 simulations of unbiased body size evolution on the phylogenetic
tree of each clade: p = (s*+1)/(1001). To be significant at the 5% level after Bonferroni correc-
tion, a bird clade would need an uncorrected p < 0.00036; and a mammal clade p < 0.0027.
Adjusted p-values for both the Bonferroni correction and the False Discovery Rate (FDR) are
presented for each clade.
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