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External length is one of the most conspicuous aspects of mammalian tail
morphological diversity. Factors that influence the evolution of tail length
diversity have been proposed for particular taxa, including habitat, diet,
locomotion and climate. However, no study to date has investigated such
factors at a large phylogenetic scale to elucidate what drives tail length evol-
ution in and across mammalian lineages. We use phylogenetic comparative
methods to test a priori hypotheses regarding proposed factors influencing
tail length, explore possible interactions between factors using evolutionary
best-fit models, and map evolutionary patterns of tail length for specific
mammalian lineages. Across mammals, substrate use is a significant factor
influencing tail length, with arboreal species maintaining selection for
longer tails. Non-arboreal species instead exhibit a wider range of tail
lengths, secondarily influenced by differences in locomotion, diet and cli-
mate. Tail loss events are revealed to occur in the context of both long and
short tails and influential factors are clade dependent. Some mammalian
groups (e.g. Macaca; primates) exhibit elevated rates of tail length evolution,
indicating that morphological evolution may be accelerated in groups
characterized by diverse substrate use, locomotor modes and climate.
1. Introduction
Tails are a conspicuously diverse appendage among mammals, and tail length
is one of the most noticeable and well-studied aspects of its morphological vari-
ation [1–8]. The presence of a tail is the vertebrate ancestral condition [1,9], and
variation in tail length relative to head and body length (as well as tail presence
versus absence) varies widely among mammals and is both functionally and
phylogenetically informative [10–12]. Individual taxa (e.g. cavies [Rodentia],
wombats [Diprotodontia]) as well as some entire clades (e.g. hominoids [apes
and humans] [Primates]) lack externally visible tails, while other taxa may
have tails that are as long or longer than the combined length of the head
and body (e.g. jerboas [Rodentia], sugar gliders [Diprotodontia], galagos
[Primates]) [13,14].

Various ecological and behavioural factors have been proposed to influence
mammalian tail phenotypic diversity, including substrate use (e.g. inherent
need for balance and stability in arboreal settings) [15–20], locomotion (e.g.
for dynamic stability, propulsion, manoeuvrability, prehensility) [21–27], diet
(e.g. in predatory behaviours) [28–30] and climate (e.g. for thermoregulation)
[31–35]. Because long tails are observed in arboreal or semi-arboreal quadrupe-
dal mammals, such as rodents [4,16,17,19], primates [3,18,20,36,37] and tree
shrews [38], whereas their close phyletic terrestrial relatives have shorter tails,
tail length is presumably related to the tail’s use (or not) as a static counter-
weight or in creating angular momentum for maintaining balance during
arboreal postures and locomotion [16–20,36–38]. In this scenario, long tails
are maintained because arboreal substrates are inherently more dangerous
than the ground as supports are smaller/narrower relative to body size, discon-
tinuous and less stable (i.e. compliant); therefore, falling from the height of a
tree may lead to injury and/or death, impacting an animal’s fitness [39].
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Mammals with specialized forms of arboreal locomotion may
also require long tails: a longer tail in gliding species may aid
in manoeuvrability during takeoff [23], and a long tail with
well-developed distal muscle mass and prehensile ability
can support the weight of a suspended body [40].

Mammals that rely on other forms of locomotion or
substrates (i.e. aerial, aquatic, semi-aquatic, subterranean,
terrestrial) presumably do not experience these same selec-
tive pressures for balancing mechanisms during positional
behaviours, and the tail may be ‘freed’ to serve alternate func-
tions, potentially driving evolutionary changes in tail
morphology including length. Long tails are used as a pro-
pellers or rudders during swimming in otters and beavers
[41,42], provide propulsive force during bipedal hopping in
kangaroos and wallabies [21,22,27], and can be used as
rudders for fast changes in direction during predatory beha-
viours in carnivorous species such as bats or cheetahs
[15,24,29,43]. However, long tails could be disadvantageous
for herbivorous species such as rabbits, terrestrial squirrels
and mice [4,44] as it may be easily grasped by predators
during evasive behaviours. Subterranean species (e.g. tuco-
tuco, moles) do not have a need for speed, and in fact long
tails could hinder movements during burrowing [45,46].
Furthermore, tail length has been hypothesized to differ
depending on climate, as it serves as a site for heat dissipation
or conservation by increasing (longer tails) or restricting
(shorter tails) surface area, respectively [3,32,34,47]. Behav-
iourally, tails have been observed to serve as ‘blankets’ to
trap heat [33] or as a ‘parasol’ to provide shade [31].

The impacts of various ecological and behavioural factors
on tail length diversity have been demonstrated by research-
ers studying individual taxa or clades (e.g. Carnivora [48],
Primates [2,3,5,18,20,36,49,50], Rodentia [4,16,17,19,33] and
Scandentia [38]). However, the shared selective pressures
and constraints governing observed differences in tail
length have not been explored in a broader phylogenetic con-
text to elucidate how this observed phenotypic diversity
evolved among and within mammalian clades. The goal of
this study is to systematically evaluate the macroevolution
of mammalian tail length diversity at a large phylogenetic
scale using formal phylogenetic comparative methods to (1)
test a priori hypotheses about the ecological and behavioural
variables that influence tail morphology, both within and
across all mammalian orders, (2) create models of best fit
for tail length evolution to explore possible interactions
between these proposed variables and (3) document patterns
of tail length diversity along specific mammalian lineages.
2. Material and methods
(a) Mammalian sample and phylogeny
The study sample consists of 1244 mammalian species with
available morphometric data (see below). All analyses were per-
formed using the most recently available mammalian phylogeny
constructed by Smaers et al. [51]. The data are considered phylo-
genetically representative as the number of species collected for
each order matches the per cent of species it represents out of
the total known mammalian species.

(b) Tail morphological data
Quantitative and qualitative data on tail morphology were taken
from the literature [13,14]. We obtained measures of tail length
(mm) (herein ‘TL’), and two body size variables including
head + trunk length (mm) (i.e. body length herein ‘BL’) and
body mass (gm) (herein ‘BM’). All analyses were performed on
sex-pooled average measurements for each species. Although
analysing each species use sex-specific measurements might
improve the resolution of this study, these measurements were
not distinguished in the literature used for data collection [13,14].

Previous studies have looked at differences in tail length
using relative tail length (RTL = tail length/head + trunk length ×
100) [2,5,7]. Here, RTL was employed in our examination of the
effects of climate on TL because it allowed us to account for body
size when looking at the relationship between TL and latitude.
While RTL is an established appropriate measure for quantifying
tail length [2,5,7], it does not allow us to explicitly look at how TL
scales to BL or BM [52]. Previous work suggests that TL scales
negatively with body size for particular mammalian groups
[49,53,54] and this relationship has not been examined at a
larger phylogenetic scale. To determine how TL may scale allo-
metrically with metrics of body size across phylogeny, we used
pANCOVA to analyse TL against body size measures (rather
than RTL), which allows us to directly test if functional groups
deviate from allometric predictions [4,49,52–55].

(c) Behavioural and ecological variables of investigation
We generated a list of behavioural and ecological variables and
categorical states hypothesized to influence mammalian tail
length evolution based on the literature (electronic supplemen-
tary material). Categorical factors include substrate use,
locomotor type, diet and tail prehensility.

(d) Data analysis
One limitation of using phylogenetic comparative methods that
is of considerable importance to the present study is that they
assume normally distributed data. To satisfy this assumption,
all species without an externally visible tail (i.e. tailless) had to
be removed from the initial analysis because they are considered
‘outliers’ and would violate this assumption if included. There-
fore, all described statistical analyses and modelling procedures
were conducted without tailless species. However, because tail-
less taxa are of obvious importance to this investigation of tail
length reduction, they were subsequently included on the phylo-
genetic tree to allow us to visualize the phylogenetic context of
tail loss events.

(i) A priori hypothesis testing: phylogenetic generalized
least squares

We first examined the relationships between TL, BL and BM
using phylogenetic generalized least-squares (pGLS) regressions
[56,57] (electronic supplementary material). This method
allowed us to test for allometric differences in tail length and
see how larger bodies (either mass or length) might affect tail
length depending on the categorical groups tested. pGLS is a
modified generalized least-squares regression that incorporates
phylogenetic data to estimate and account for covariation
expected by the relatedness between species [55,58] (see
electronic supplementary material for more details).

(ii) A priori hypothesis testing: phylogenetic ANCOVA
We then examined a priori hypotheses by testing for differences
in allometry between groups defined by behavioural and
ecological variables (electronic supplementary material) to deter-
mine if these factors are significantly influencing mammalian tail
length. We accomplished this by using phylogenetic analysis of
covariance (pANCOVA). A pANCOVA differs from a standard
least-squares ANCOVA because it includes the phylogenetic
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variance–covariance in the error term, which is required to
account for phylogeny to evaluate if the slopes and/or intercepts
are homogeneous among the groups defined by categorical vari-
ables [55]. The pANCOVA tests whether a model with multiple
slopes and/or intercepts (i.e. a multi-grade model) provides a
significantly better fit than a model using only a single slope
and intercept (i.e. a single-grade model). Together, the phylo-
genetic regression and subsequent pANCOVA can test if
species deviate from allometric predictions based on the different
behavioural and ecological variables of interest [55] (see
electronic supplementary material for more details).

(iii) Evolutionary modelling
We created a best-fit model of evolution to fit adaptive models of
tail length evolution. Unlike pANCOVA, the modelling pro-
cedure only employs quantitative measures of TL and BL,
which allowed us to test for shifts in TL∼BL independent of
the categorial variables defined in our a priori hypotheses. We
obtained a best-fit evolutionary model using multi-optima
Ornstein Uhlenbeck (OU) [59], which identifies shifts in slope
and/or intercept in the evolutionary allometry using an
MCMC reversible-jump algorithm. Shifts in slope and intercept
proposed by this model estimation approach were translated to
a least-squares framework and tested for significance. The
output of the procedure is a detailed evolutionary model of the
bivariate relationship between tail length and body length evol-
ution (see electronic supplementary material for more details).
All shifts in slope and intercept highlighted in the evolutionary
model were subsequently assessed using pANCOVA to test
whether including each additional regime provides a statistically
better fit to the data than a model with fewer groups.

The groups designated by the best-fit model can then be com-
pared to the results of our a priori hypothesis testing to see how
ecological and behavioural variables may interact differently in
select clades and/or species. For example, if the regimes high-
lighted in the model align with the groups for a particular
variable of interest (substrate, locomotion, diet etc.), this finding
can provide support for the relatively greater influence of that par-
ticular factor on tail length evolution. On the contrary, if the
regimes highlighted in the best-fit evolutionary model do not
align well with the groups from one of our tested variables, we
can instead assess how ecological and behavioural variables may
have different levels of influence in different parts of the tree,
and how the variables interact to influence tail length evolution.

(iv) Patterns of tail length evolution
To infer patterns of mammalian tail length macroevolution, we
used the results from the best-fit model to visualize where
shifts in tail length have occurred in the phylogeny, and how
tail length evolution may differ among or within clades.
Although not a statistical test, mapping evolutionary patterns
of tail length diversity is especially important for understanding
the phylogenetic context of tail loss events. As mentioned above,
tailless species could not be included in the modelling pro-
cedures without violating assumptions of normality, so they
were subsequently added onto the resulting best-fit model in
order to visualize the tail length condition of species closely
related to tailless species (figure 2). Visualizing the phylogenetic
context of tail loss events can lend answers to questions about
whether there was a gradual decrease in tail length or if it was
a sudden loss event, and how tail loss evolution may be
influenced by different factors.

Finally, to explore differences in the process of tail length
evolution, we completed rate analyses to compare the amount
of phenotypic change between the groups proposed by the
best-fit model [60]. This method calculates the net rates of trait
evolution to look for differences in the pace of phenotypic
evolution in particular groups [61–63] (see electronic supplemen-
tary material for more details). Quantifying the rates of tail
length evolution in different groups may highlight how tail phe-
notypic diversity is produced and differences may reflect
processes such as selection, drift and adaptive radiations that
may all be influenced by several behavioural or ecological
variables [62,64,65].
3. Results and discussion
(a) Tail length in relation to total body length and

body mass
Studies of body size in primates have demonstrated that tail
length generally scales against bodymasswith negative allome-
try, such that larger-bodied primates have relatively shorter tails
[49,53,54]. The results of both a priori hypothesis testing and
evolutionary modelling support negative allometry between
tail length (TL) and body size (i.e. BL, BM) among all mammals
(slopes less than 1 for TL∼BL, less than 0.33 for TL∼BM) (elec-
tronic supplementary material, tables S1 and S2). As body
mass and body length increase, tail length increases at a
slower rate than expected, indicating that tail length ismore lim-
ited at larger body sizes. A larger body with a proportionally
larger or heavier tailmaybedifficult tomanoeuvre and/orener-
getically maintain [49,53]. Mechanical constraints of large body
size (e.g. on leaping) may also lead to adaptive differences, such
as increased terrestriality, which may have relaxed selection on
the tail for maintaining balance leading to reduced tail lengths
[66].

Exceptions to this trend include quadrupedal hoppers (i.e.
rabbits and hares), as well as the evolutionary regimes that
comprise bovines (Artiodactyla) and Lynx (Carnivora) (elec-
tronic supplementary material, tables S1–S3). While species
in these groups have relatively shorter tails than other mam-
mals, they exhibit positive allometric relationships between
tail length and body size. Tail length in some of these
groups may be influenced by factors that were not included
in this study. For example, artiodactyls have been documen-
ted to use their tails as fly swatters which may select for a
longer tail than expected to provide further reach in larger
species [1,67].

(b) Ecological and behavioural variables correlated with
tail length

Substrate use, locomotor mode, diet and climate all signifi-
cantly impact mammalian tail length (figure 1; electronic
supplementary material, table S1). Results of a priori hypoth-
esis testing were similar when accounting for either BL or BM
as our measure of body size for most ecological and behav-
ioural groups. The results for BL are discussed in detail
below (see electronic supplementary material for all results).
Groups with different results for BL and BM are described
within the context of the ecological or behavioural variable.

Consistent with trends of substrate use observed for select
taxonomic groups documented in the literature, we found
that arboreal and semi-arboreal species have significantly
longer tails than non-arboreal species (pANCOVA: p <
0.001) (figure 1a; electronic supplementary material, table
S1). Long tails are likely more effective than short tails in
functioning as a counterweight to aid in balance and
manoeuvrability during arboreal postures or movements
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[15–20,35]. Thus, natural selection likely maintains selection
for longer tails in arboreal species in order to safely navigate
and maintain balance on small branches and discontinuous
supports [17,18,20,36].

Among arboreal and semi-arboreal mammals, prehensile
tails exhibit a significantly higher slope than non-prehensile
tails (pANCOVA: p < 0.001; figure 1b; electronic supplemen-
tary material, table S1), suggesting that as body size
increases in prehensile-tailed species, tail length increases at
a faster rate than in other arboreal species. Prehensile-tail sus-
pension is a specialized form of locomotion that has
independently evolved in lineages from multiple mammalian
clades, such as in rodents, marsupials, primates and carnivor-
ans, and has unique osteological and myological correlates
associated with increased musculature and mass needed to
support the weight of the body during tail-assisted suspen-
sion [13,25,26,40,68,69]. Although a longer, heavier tail may
be more difficult to manoeuvre and energetically maintain
[49,53], the increased musculature of a long, prehensile tail
may be especially useful to large-bodied animals living in
environments with more structurally fragile forests, where
the tail can aid in distributing body weight across multiple
supports during locomotion beneath branches [70]. A tail
with prehensile ability can also allow an animal, particularly
a large-bodied animal, to grab vegetation or to stop and/or
slow a fall [70]. Thus, selection for longer tails may be main-
tained in large-bodied primates and carnivorans that can use
their tail as a ‘fifth limb’.

Gliding species were expected to have longer tails than
other arboreal species to aid in manoeuvrability, speed and
descent [4]. The tail is used to balance and stabilize the
body during launch [23], and gliding squirrels typically
have a lower body mass and longer tails to help lower their
wing-loading (body mass/wing area) and improve gliding
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aerodynamics [4]. The results of this study indicate that
the tail lengths of gliding species have a statistically higher
slope when accounting for body length (pANCOVA: p <
0.05) (figure 1b; electronic supplementary material, table S1).
Tail length in gliding mammals increases at a faster rate
than in other arboreal species. A shorter tail may be satisfac-
tory for generating the necessary forces for takeoff in small,
gliding species, but a longer tail may be more beneficial as
body size increases [23].

Unlike arboreal mammals, non-arboreal taxa (i.e. aerial,
aquatic, semi-aquatic, subterranean, terrestrial) likely do not
experience the same strong selection for long tails, and
other behavioural and ecological selective pressures may
instead generate changes that lead to tail length diversity
[35]. Non-arboreal species exhibit a range of both short and
long tails depending on substrate, locomotor and dietary
preferences. Aquatic and semi-aquatic species (e.g. otters,
beavers, aquatic shrews, water mice) have longer tails than
species in other non-arboreal substrate groups (pANCOVA:
p < 0.001) (figure 1c; electronic supplementary material,
table S1). Although some aquatic mammals have additional
adaptations that improve their swimming abilities, the tail
often aids in swimming via propulsion and lift through
water, and increased tail length may improve its ability to
act as a strong rudder [41]. Subterranean species have the
shortest tails out of all the non-arboreal mammals examined
(pANCOVA: p < 0.001) (figure 1d; electronic supplementary
material, table S1) [46,71], consistent with the premise that
while the tail does have some tactile use underground, a
shorter tail is less likely to interfere when an animal is dig-
ging and kicking dirt behind them [45]. In addition,
underground tunnels are often narrow and burrowing ani-
mals must be adept at ‘backing up’ rather than ‘turning
around’, making a short tail unlikely to drag across the
ground or interfere with limbs [46].

Within non-arboreal mammals grouped by locomotor
mode, bipedal hoppers (e.g. kangaroos, wallabies) have
the longest tails (pANCOVA: p < 0.001), and quadrupedal
hoppers (e.g. rabbits, hares) the shortest tails (pANCOVA:
p < 0.001) (figure 1e; electronic supplementary material,
table S1). Bipedal hoppers use the tail as a counterbalance
and propulsive organ during locomotion, and as a prop
during resting tripod stance [27]. These behaviours likely
require a longer, larger tail that can support and/or provide
propulsive force to move the large body of these taxa
[21,22,27]. By contrast, a long tail may be a liability during
predator escape for smaller-bodied quadrupedal hoppers
because it can be more easily be grabbed by predators, and
could also increase drag and slow the animal down during
escape [4].

The impact of predation was also apparent when differ-
ences in tail length dependent on diet were considered. We
found statistically significant separation in tail length
among carnivorans, insectivores, herbivores and omnivores



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20192885

6
( p < 0.001; electronic supplementary material, table S1;
figure 1f ). However, we also found that diet is largely influ-
enced by substrate use, and that there is a large spread of
tail length values for each dietary group that results in
considerable overlap among these dietary groups.

The relationship between RTL and absolute latitude values
(our proxy for climate [3,72]) is negative (albeit weak; R2 =
0.19, slope =−1.32, p < 0.001) (electronic supplementary
material, figure S4). Mammals living near the equator exhibit
greater tail length diversity compared to mammals living
further from the equator,which are instead restricted to shorter
tail lengths. Numerous hypotheses have sought to explain the
role of the tail in thermoregulation, such as serving as a site for
heat loss [34,47,73–75], as a parasol to shade the body from the
intense sun [31], or as a blanket to create an extra layer of insu-
lation around the body [33]. While dissipation of heat is
favourable in warm environments, conservation of heat is
necessary in colder climates, and animals may decrease heat
loss from the body by reducing appendages, including the
length of the tail [2,3,35,76]. Our results suggest that there is
selection for shorter tails in mammals living in colder climates.
Furthermore, while the tail may still be used to dissipate heat
or shade the body in some species, temperature is not necess-
arily selecting for longer tails in warmer regions. One major
caveat is that these results may be influenced by other factors,
such as differences in the distribution and diversification of
mammals across the globe. Mammals are more likely to inha-
bit and diversify in warmer regions near the equator [77],
which statistically provides more opportunity for differences
in tail length and morphology.

(c) Evolutionary best-fit model
To explore tail length evolution independent of our a priori
hypotheses, evolutionary best-fit models allow us to visualize
where significant shifts in tail length have occurred across
mammalian phylogeny [59]. The evolutionary model may
also highlight which factors have a stronger influence on
tail length within certain mammalian clades, and the possible
interplay between factors. The evolutionary model proposed
a multi-grade model of best fit with 11 supported regimes,
with each regime signalling a statistically significant shift in
relative tail length from the ancestral condition (electronic
supplementary material, table S3; figure 2). The model did
not separate groups based solely on any one of our proposed
factors that are presumed to influence mammalian tail length,
and instead indicates that the factors influencing tail length
evolution affect groups differently. While some factors
affect tail length at the order level (e.g. Primates), others
further act at the level of family, subfamily or even genus
(e.g. Macaca within Primates).

Almost every regime indicated by the evolutionary model
comprises non-arboreal mammals, while most arboreal and
semi-arboreal species were grouped together into the ances-
tral regime (figure 2). This result provides compelling
evidence that substrate use drives the macroevolution of
mammalian tail length diversity. While arboreal locomotion
maintains strong selection for long tails, non-arboreal taxa
exhibit diverse tail lengths depending on other behavioural
and ecological factors. Among mammals, non-arboreal
species were often separated from closely related arboreal
species and allocated to their own group. For example, the
terrestrial (and partially burrowing) subfamilies Arvicolinae
(e.g. lemmings, voles) and Cricetinae (e.g. hamsters) have sig-
nificantly shorter tails than other rodents and were given
their own group designations within the order Rodentia.

The notable exception to this trend is in Primates, in
which the entire extant order (apart from Macaca, described
below) has overall longer tails than the estimated mammalian
ancestral condition. Although larger-bodied catarrhines often
spend more time on the ground, primates are largely arboreal
or semi-arboreal [78,79]. Placed into their own evolutionary
regime (as well as one additional regime that will be further
discussed), this result for Primates highlights their unique
evolutionary history and locomotor adaptations compared
to other mammals. Tail length variation among primates
was recently examined using evolutionary modelling [80];
however, this study did not examine the evolution of primate
tail length within the context of all mammals and not all
regime shifts identified were supported by pANCOVA.
Furthermore, the authors of this study [80] employed a differ-
ent procedure for obtaining a best-fit evolutionary model,
which included tailless primates in their analysis and there-
fore violated the assumption of normally distributed data
(see methods for more information). These methodological
differences explain why fewer evolutionary shifts in primate
tail length were identified in our more comprehensive study.

Although the best-fit evolutionary model from this study
identified an evolutionary shift toward longer tails at the base
of Primates, it also identified a subsequent shift in macaques.
Macaques represent one of the most diverse genus of Old
World monkeys, comprising at least 22 species [13]. Tail
length varies widely within the genus Macaca (e.g. M. fascicu-
laris: tail longer than head + body; M. sylvanus: very short
tail), and this variation has been related to climate [2,3,81]
and terrestriality [37]. Macaques are distributed over the lar-
gest geographical range of all non-human primates, and are
adapted to a variety of environmental conditions [2,3,82,83].
Tail length variation in the genus is generated by differences
in both the number and length of caudal vertebrae which are
likely influenced by distinct mechanisms among macaque
groups and should be further described [81,84].

(d) Patterns of tail length evolution and tail loss
Some mammalian clades, including our own (Hominoidea)
are diagnostically characterized by the lack of an external
tail. To better understand the phylogenetic context of tail
loss, we grafted tailless species onto the phylogenetic tree
of the best-fit model to visualize the tail length condition
occurring at hypothesized periods of tail loss events
(figure 2). Tail loss occurs in almost every mammalian
order and can evolve in the context of short or long tails.
Like tail length reduction, tail loss appears to be influenced
by a variety of ecological and behavioural factors but is
most common in non-arboreal species.

Tailless species that are primarily arboreal are found
within Primates, Pilosa and Diprotodontia (Marsupiala). Tail-
less arboreal species are often large-bodied, which might
impose difficulties for finding arboreal supports large and
sturdy enough to support their body weight, thereby leading
to increased reliance on the fore- or hindlimbs, or adapting to
underbranch locomotor behaviours such as forelimb suspen-
sion (i.e. hominoids) or inverted quadrupedalism (i.e. sloths)
[53,66,85]. As these forms of locomotion have probably
decreased reliance on balance and stability, selection for a
long tail is no longer maintained.
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Available anatomical evidence suggests early hominoids
lacked tails, were large-bodied, and relied predominantly on
arboreal quadrupedalism (e.g. Ekembo and Proconsul:
23–16 Ma) rather than more orthograde positional behaviours
observed or inferred for crown clade members [10,86,87].
Thus, a tail would have presumably conferred an advantage
for navigating relatively small (compared to body size) arboreal
supports in early hominoids [7]. Perhaps not surprisingly then,
tail loss evolution in hominoidsdoes not appear to be influenced
by the previously proposed ecological and behavioural factors
examined here. Future studies should continue to explore tail
loss in arboreal species (including from genetic or developmen-
tal standpoints) given the tail’s role in balance and stability, as
well as further detail how arboreal mammals behaviourally or
anatomically compensate for the loss of the tail [16–20,36].

Tail length evolution was further examined by analysing
evolutionary rates in the regimes identified by the best-fit
evolutionary model (electronic supplementary material,
table S3). A higher evolutionary rate indicates increased
levels of phenotypic diversity within the group, which can
help drive evolutionary change. Almost all regimes identified
by the model had faster evolutionary rates than the ancestral
regime, indicating increased levels of phenotypic diversity.
Phenotypic diversity in tail length may reflect decreased
selection on tail length, allowing for short tails or tail loss
to persist in particular lineages. Contrary to expectations, pri-
mates (with the exception of macaques) do not have a
significantly faster evolutionary rate than the ancestral con-
dition. However, the genus Macaca has the fastest rate out
of all regimes tested (electronic supplementary material,
table S3). The evolutionary rate in macaques is also signifi-
cantly higher than all other primates which underscores
their complex evolution of phenotypic diversity in the context
of a relatively short evolutionary history [88].

(e) Conclusion and future directions
This study tested a priori hypotheses and generated evol-
utionary best-fit models to generate a holistic view of the
factors influencing mammalian tail length evolution. Sub-
strate use influences tail length across all mammals, and the
use of arboreal substrates maintains selection for longer
tails. By contrast, use of non-arboreal substrates is linked
with diversification of environments and behaviours, which
can select for either long or short tails. However, although
tail loss is more commonly found in non-arboreal species,
some arboreal species are characterized by the loss of the
tail. Tail loss in these groups may be partially explained by
increased body size, or by locomotor modes such as suspen-
sion or slow-climbing that have less reliance on balance and
stability. However, these factors probably do not explain
tail loss within hominoids. Questions about how and why
tail loss occurred in our own lineage remain.

Rates of phenotypic evolution differ considerably within
and among mammalian clades, providing further insight into
how morphological diversity is generated and maintained.
This finding suggests that the factors driving tail length evol-
ution can act within lineages to influence the rate of evolution
and amount of observed biological diversity. Future studies
might compare evolutionary rates for multiple phenotypic
traits to see if certain traits evolve faster than others within
clades (e.g. tail length versus limb length), which can allow us
to see how particular factors may have greater influence on
certain regions of the body compared to others.

One limitation to this project is the paucity of information
regarding tail use behaviour in different mammalian species.
While previous work has recognized the various functions
of the tail, more detailed quantitative studies of tail use or
‘behaviour’ during various activities will improve the resol-
ution of data available to test the correspondence between
mammalian behaviour and tail morphology, including
length. In addition, there may be other specializations in
tail function not addressed here which might lend answers
to questions regarding tail morphological diversity across
mammals. Finally, the evolution of any trait results from
interactions between both external (i.e. behaviour and
environment) and intrinsic (i.e. genetic and developmental)
selective pressures. While previous work has largely focused
on the environmental and behavioural factors influencing tail
morphology, future work should focus on the genetic and
developmental mechanisms underpinning tail length vari-
ation to provide new insight into tail morphological
diversity among mammals.
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