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Abstract
Multiple diversification rate shifts explain uneven clade richness in muroid rodents. Previous muroid studies have shown that 
extrinsic factors, notwithstanding ecological opportunity, are poor predictors of clade diversity. Here, we use a 297-muroid 
species chronogram that is sampled proportional to total clade diversity, along with various trait-dependent diversification 
approaches to investigate the association between diversification rates with intrinsic attributes—diet, habitat, body mass, 
and relative tail length. We found some association between both dietary specialization and body mass, as well as between 
habitat specialization with relative tail lengths using phylogenetic analyses of variance. However, there was no significant 
association between diversification rates with the evolution of these traits in muroid rodents. We also show that several of the 
state-dependent diversification approaches are highly susceptible to Type I error—a result that is in accordance with recent 
criticisms of these methods. Finally, we discuss several potential causes for the lack of association between the examined trait 
data with diversification rates, ranging from methodological biases (e.g. method conservativism) to biology (e.g. behavioral 
plasticity and ecological opportunism of muroid rodents).

Keywords Body size · Generalization · Hidden-state speciation and extinction · Multistate characters · Quantitative traits · 
Trait-dependent diversification

Introduction

Muroid rodents (rats, mice, gerbils, hamsters, and close 
relatives) constitute > 25% of mammal species, making this 
superfamily (Muroidea) the most diverse in its class (Musser 
and Carleton 2005). Muroid clades are vastly uneven in 
diversity (Steppan et al. 2004; Fabre et al. 2012; Schenk 
et al. 2013). After accounting for clade age, uneven diver-
sity is mostly a consequence of differential speciation and/or 
extinction rates, which in turn could be influenced by such 
traits as geography, ecology, morphology, climate, habitat, 

demography, reproduction, and development (Maddison 
et al. 2007; FitzJohn et al. 2009; FitzJohn 2010; Rabosky 
and McCune 2010; Goldberg et al. 2011; Ng and Smith 
2014; Rabosky and Goldberg 2015; Beaulieu and O’Meara 
2016; Rabosky and Huang 2016).

The influence of geography on lineage diversification, 
particularly the role of ecological opportunity mediated by 
biogeographic transitions, have been investigated in vari-
ous taxa [e.g. plants (Hagen and Kadereit 2003; Moore and 
Donoghue 2007); lizards (Harmon et al. 2008; Pinto et al. 
2008); snails (Parent and Crespi 2009); fish (Langerhans 
2010); rodents (Schenk et  al. 2013; Parada et  al. 2015; 
Alhajeri et al. 2016); ants (Price et al. 2014a); mammals 
(Rolland et al. 2014); primates (Tran 2014)]. In muroids, 
with the exception of the primary colonization of South 
America, biogeographic transitions between continents do 
not seem to greatly influence diversification rates (Schenk 
et al. 2013; Alhajeri et al. 2016).

The association between lineage diversification rates with 
ecological and morphological traits have also been examined 
in various taxa [e.g. insects (Mitter et al. 1988; Rabosky 
and Matute 2013); plants (Farrell et al. 1991; Moore and 
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Donoghue 2007; Goldberg et al. 2010; Igea et al. 2016); 
birds (Ricklefs 2006; Rabosky and Matute 2013; Price et al. 
2014b); fishes (Collar et al. 2009); bats (Rojas et al. 2012); 
reptiles (Pyron and Burbrink 2014)]. As a consequence of 
adapting to widely different habitats worldwide, from tropi-
cal rainforest canopies to arctic tundra, muroids have highly 
variable ecological and morphological attributes (Nowak 
1999; Musser and Carleton 2005), each with the potential 
to influence rates of speciation and/or extinction—this pos-
sibility has yet to be fully examined.

A common explanation for elevated diversification rates 
is the exploitation of relatively vacant ecological niches—
this could occur via adaptive specialization (e.g. Sacks et al. 
2008; Price et al. 2012; Rojas et al. 2012; Vamosi et al. 2014; 
Walker et al. 2014; Ebel et al. 2015; Tran 2016). Adaptive 
specialization could spur diversification rates by allowing 
specialists to outcompete generalists in certain niche axes, 
such as in resource acquisition (Wilson and Yoshimura 
1994; Hunter 1998; Schluter 2000, 2001; Büchi and Vuil-
leumier 2014). However, under the “survival of the unspe-
cialized” hypothesis, generalists are expected to have greater 
survival (lower extinction rates) than specialist species, pre-
sumably due to specialists being generally poor at adapting 
to changing conditions across time (Simpson 1944; Liow 
2004). Thus, while specialized species may be more efficient 
in exploiting certain ecological niches (leading them to be 
more competitive), they can be more prone to extinction than 
the less competitive, but more flexible generalists (Simpson 
1944). This trend could translate into higher diversification 
rates in generalists, if speciation rates are similar in general-
ists versus specialists.

Dietary specialization has been shown to be associated 
with higher diversification rates in various taxa [mam-
mals (Price et al. 2012); bats (Rojas et al. 2012); reef fishes 
(Lobato et al. 2014); birds (Burin et al. 2016)], presumably 
through trophic niche subdivision. Price et al. (2012) found 
that in mammals, diversification rates were highest in her-
bivores (specialist), followed by carnivores (specialist), and 
lowest, omnivores (generalist). However, Cantalapiedra et al. 
(2014), found a different pattern in ruminants—where graz-
ing and mixed-feeding (i.e. generalization) had higher diver-
sification rates than browsing. When comparing the patterns 
of expected duration of mammalian dietary categories, Smits 
(2015) found evidence consistent with the “survival of the 
unspecialized” hypothesis, where generalist omnivores had 
an extinction risk lower than the specialist carnivores and 
herbivores. Because muroids have widely varied dietary 
habits (Stuart and Landry 1970; Nowak 1999; Martin et al. 
2016), with omnivory considered to be the ancestral dietary 
condition of rodents (Stuart and Landry 1970), transitions 
to more specialized feeding modes could in theory impact 
their diversification rates, and partly explain diversification 
patterns in this superfamily.

By also reducing competition in poorly utilized niches, 
habitat use specializations such as arboreality or fosso-
riality, may increase diversification rates relative to the 
more generalized terrestrial (i.e. surface-dwelling) condi-
tion. For example, fossorial mammals exhibited elevated 
speciation rates that involve chromosomal rearrangements, 
presumably instigated by both population structure and 
isolation by distance (Corti and Loy 1987). In the case of 
the blind mole rats Spalax, their diversification has been 
argued to be partly a consequence to adaptively specializ-
ing to their subterranean niche (Nevo 1985). An alternative 
hypothesis is that animals do not disperse much after they 
colonize a subterranean habitat, and thus speciation occurs 
by multiple colonizations of subterranean habitats and 
subsequent isolation (i.e. vicariance) (Culver and Pipan 
2014). On the other hand, in response to the Cenozoic cli-
mate change, arboreality may have led to increased extinc-
tion risk (relative to terrestriality) due to the replacement 
of closed habitats with open ones (Janis 1993; Blois and 
Hadly 2009)—Smits (2015) found evidence for this in the 
form of lower expected duration in arboreality relative to 
terrestriality. Moreover, arboreal mammals may exhibit 
lower speciation rates than terrestrial mammals through 
the association of this habitat preference with K-selected 
traits (Lowman and Rinker 2004). Because muroids vary 
greatly in habitat preferences, including species that live 
predominantly underground, on the surface, as well as 
above the surface (i.e. on trees) (Carleton and Musser 
1984; Nowak 1999), this variation could in theory explain 
some of the diversification rate patterns in this group.

Ecological specialization is often associated with mor-
phological specialization, which in turn could show a pattern 
of association with diversification rates. One measure of eco-
morphological specialization—as defined by Liow (2004)—
is the divergence of a focal character from the mean value of 
a given taxonomic group (i.e. the more divergent, the more 
specialized). Using this definition, Liow (2004) found that 
low extinction rates in crinoid taxa tend to be associated with 
decreased specialization in a suite of examined characters. 
As such, directional evolution in ecomorphology (towards 
or away from the mean of a given taxonomic group), could 
be associated with speciation and/or extinction rates in a 
continuous fashion. For example, dietary specialization is 
associated with overall dental morphology in murine rodents 
(Martin et al. 2016), as well as with both skull size and 
body mass in bats (Santana and Cheung 2016). In theory, the 
association between body size and diet is relatively straight-
forward—the larger the animal, the larger the prey size it can 
consume. Empirically, in terrestrial mammals, omnivorous 
mammals (generalists) tend to have low body mass, while 
both carnivorous and herbivorous mammals (both special-
ists) are associated with higher body masses (Pineda-Munoz 
et al. 2016).
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In addition to being associated with diet, body size is 
related to many other life history traits—including produc-
tivity, clutch size, maturation time, gestation time, and many 
others (Blueweiss et al. 1978; Peters 1983; Swihart 1984; 
Read and Harvey 1989; Promislow and Harvey 1990; LaBar-
bera 1989; Gardezi and da Silva 1999; Isaac et al. 2005; 
Sibly and Brown 2007). Therefore, body size could poten-
tially influence diversification rates of certain taxa. The asso-
ciation between speciation and/or extinction rates with body 
size has been demonstrated at various taxonomic scales—
ranging from primates (Paradis 2005; Freckleton et al. 2008; 
FitzJohn 2010; Matthews et al. 2011), snakes (Feldman et al. 
2016), and ray-finned fishes (Rabosky et al. 2013), to mam-
mals (Monroe and Bokma 2009) and metazoans in general 
(Etienne et al. 2012). Body size could influence diversifica-
tion rates several ways; for example, increased body size 
is associated with both increased speciation and extinction 
rates in mammals (Liow et al. 2008). In general, a positive 
association between body size and extinction rates is often 
attributed to decreased reproductive rates in large species 
(Liow et al. 2008, 2009), whereas a negative association 
could be explained by the former’s correlation with geo-
graphic range (Tomiya 2013).

Even before the advent of phylogenetic methods to test 
the association between body mass and diversification rates, 
many studies found an association between body mass and 
overall extant clade richness in many taxonomic groups (e.g. 
Hutchinson and MacArthur 1959; May 1986; Dial and Mar-
zluff 1988; Kochmer and Wagner 1988; Martin 1992; Git-
tleman and Purvis 1998; Cardillo et al. 2005; Paradis 2005; 
Clauset and Erwin 2008; Freckleton et al. 2008; Wollen-
berg et al. 2011). Although the direction of the association 
between body size and diversity varies in different groups, 
an inverse correlation between body size and diversity is 
often attributed to the ability of small species to subdivide 
the environment more finely, permitting them to speciate 
and/or avoid extinction more readily (Dial and Marzluff 
1988). Because muroid rodents vary nearly 1000-fold in 
body mass (Nowak 1999), some of their diversity patterns 
could be explained by size variation.

Habitat specialization is also associated with morphologi-
cal variation. For example, different habitats are associated 
with different relative tail lengths, with arboreal mammals 
having relatively elongated tails that aid in balance (Lemen 
1980; Fooden and Albrecht 1999; Hayssen 2008), while 
burrowers tend to have relatively short tails, because they 
are of little utility underground (Shimer 1903; Khanna and 
Yadav 2005; Withers et al. 2016). Tail length variation is 
also associated with various other characteristics, such as 
with locomotory mode (e.g. cursorial species use long tails 
for as a counter balance while hopping; Alexander and Ver-
non 1975; Mares 2009), and with thermoregulation (Little 
and Stoner 1968; Dawson and Keber 1979; Whittow 2013). 

The highly variable tail lengths in muroid rodents, because it 
illustrates ecomorphological specialization (0–150% of body 
length; Nowak 1999; Steppan unpubl. data) may influence 
some of the diversification rates in this group.

The main objective of this study is to test the association 
between muroid rodent diversification rates with ecomor-
phological specialization, specifically: (1) diet, (2) habitat, 
(3) body mass, and (4) relative tail length. These associa-
tions were tested using trait-dependent-diversification meth-
ods to determine the relationship between rates of speciation 
and extinction (along with transitions) with trait evolution 
(FitzJohn 2010, 2012). Another objective was testing the 
association between ecological specialization and morpho-
logical variation (i.e. diet vs. body mass, habitat vs. rela-
tive tail length). We further tested the propensity of several 
commonly-used trait-dependent diversification methods to 
yield Type I errors using our dataset.

Materials and Methods

Data Collection

Ecological and morphological data were collected for each 
muroid species in the Schenk et al. (2013) species-level 
chronogram (Fig. 1, see the Electronic Supplementary Mate-
rial Fig. S1). Schenk et al. (2013) chronogram, which was 
used in all the analyses below, included 297 of the over 1600 
muroid species, where they sampled species proportional to 
total clade diversity.

Data on dietary habits and habitat use were assembled 
from Nowak (1999), field guides, as well as monographic 
sources from the literature (see the Electronic Supplemen-
tary Material Table S1). Based on each species predominant 
dietary preference, species were assigned to one of three 
dietary categories (carnivore, omnivore, or herbivore). These 
categories were similar to those that appear in Williams and 
Kay (2001), Samuels (2009), Pineda-Munoz and Alroy 
(2014), and Martin et al. (2016). Carnivores are species 
whose diet is composed mostly of animal material, includ-
ing vertebrates, aquatic or terrestrial arthropods, worms, 
and other invertebrates. Omnivores are defined as species 
who consume plant and animal material at roughly equal 
amounts, whereas herbivores are defined as those whose 
diet is composed mostly plant or fungal material, including 
seeds, leaves, fruit, grass, mushrooms, and/or roots.

Species were also assigned to one of three habitat-use 
guilds (arboreal, terrestrial, or fossorial), using the same 
sources as indicated above (e.g. Nowak 1999) (see the Elec-
tronic Supplementary Material Table S1). Habitat catego-
ries refer to each species’ dominant (not exclusive) micro-
habitat use, refuge area, or general ‘habits’, defined as the 
tendency of each species to live in trees, on the ground, or 
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underground, each of which is associated with a suite of 
behavioral, physiological, and ecomorphological adapta-
tions, which allows each species to specialize to each life-
style (see “Introduction”). Our habitat categories roughly 
correspond to Shimer’s (1903) “habit” categories, as well 
as to the “locomotor” categories in Smits (2015). We define 
arboreal species as those that spend much of their time 
above the surface, mostly in trees—these species are not 
necessarily exclusive to canopies, and may include those 
that move on the surface, but shelter in trees (i.e. includes 

‘semi-arboreal’ species, see Withers et al. 2016). Terrestrial 
species are ‘ground-dwellers’ and are defined here as those 
that perform most of their activities on the ground’s surface, 
and those with little, to no climbing or burrowing ability 
(Withers et al. 2016). Fossorial species are those that are 
specialized for living underground, but are not necessarily 
fully subterranean, nor must they dig their own burrows, and 
may include those that perform some of their activities, such 
as foraging, on the surface (i.e. includes ‘semi-fossorial’ 
species, see Withers et al. 2016). Habitat use is a complex 
character, and the use of only three categories could obscure 
subtle variation or lump together distinctly different ecologi-
cal conditions—reducing the power to find a correlation (see 
“Discussion”). However, subdividing habitat into additional 
categories necessarily reduces power by having too few spe-
cies per category for accurate rate estimates.

The proportion of species sampled from each diet and 
habitat category appear in Table 1, and a detailed account 
of the diet, as well as the habitat of each species appears in 
the Electronic Supplementary Material Table S1.

In addition to diet and habitat, size (log-transformed 
adult body mass in grams) and relative tail length (ratio of 
head-body length to tail length, both in millimeters) were 
extracted from Alhajeri et al. (2016; see the Electronic Sup-
plementary Material Table S2). For details on the collection 
of these ecomorphological data, see Alhajeri et al. (2016).

Association Between Ecological 
and Ecomorphological Specialization

The significance of size variation among dietary categories, 
and relative tail length variation among habitat categories, 
were both assessed using a standard analysis of variance 
(ANOVA) and phylogenetic ANOVA and visualized using 
boxplots. For the standard ANOVA, the significance of the 
pairwise differences in the means were determined via a 
post-hoc Tukey honest significant difference (HSD) test. In 
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Fig. 1  Summarized version of Schenk et  al. (2013) muroid rodent 
chronogram, indicating some of the major taxonomic groups. A full 
version of the chronogram, including all the tip labels appears in Fig. 
S1

Table 1  The number of muroid species sampled from each dietary 
and habitat category

Number sampled Proportion

Diet
 Carnivore 29 0.10
 Omnivore 126 0.42
 Herbivore 111 0.37
 No data 31 0.10

Habitat
 Arboreal 57 0.19
 Fossorial 96 0.32
 Terrestrial 100 0.34
 No data 44 0.15
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the phylogenetic ANOVA, the significance of the differences 
between the groups, as well as the post hoc pairwise com-
parisons of group means (with a Holm [1979] adjustment 
for multiple comparisons), were determined using 100,000 
simulations (Garland et al. 1993). The standard ANOVA 
(including Tukey’s HSD test) was conducted with the base 
package in R (R Development Core Team 2016). The phy-
logenetic ANOVA and the associated post hoc tests and 
simulations were all conducted in the PHYTOOLS library 
(Revell 2012) in R.

Diet‑ and Habitat‑Dependent Diversification: 
Multistate Approach

We first tested the association between diet and habitat data 
(with three states each) with diversification rates using the 
multistate speciation and extinction model (MuSSE; Fitz-
John 2012), a generalization of the binary state specia-
tion and extinction model (BiSSE; Maddison et al. 2007). 
Because trait-dependent diversification models tend to be 
poorly behaved when character states are missing (FitzJohn 
et al. 2010), we pruned species with missing data from the 
tree prior to analyses (Table 1; see the Electronic Supple-
mentary Material Table S1). We then corrected for unsam-
pled species in the phylogeny (‘skeleton tree’ correction, 
FitzJohn 2012) by using a sampling proportion equal to the 
total number of species in the phylogeny divided by the total 
number of muroid species (e.g. 266 sampled species out 
of ~ 1600 total muroid species for diet) following FitzJohn 
et al. (2009).

We compared the fit of eight nested models that test the 
relationship between traits and diversification rates—in all 
these models, transitions were only allowed between the 
generalist and the specialist conditions (i.e. carnivory ↔ 
omnivory ↔ herbivory; fossoriality ↔ terrestriality ↔ 
arboreality; see “Introduction”). (1) A fully constrained, 
character-independent (null) model, where speciation (λ), 
extinction (µ), and transition (q) rates for and between all 
character states are constrained to be the same (three param-
eters: one each for λ, µ, and q). (2) A five-parameter model, 
where only λ can vary (three parameters for λ, and one each 
for µ and q). (3) A five-parameter model, where only µ can 
vary (three parameters for µ, and one each for λ and q). (4) 
A six-parameter model, where only q can vary (four param-
eters for q, and one each for λ and µ). (5) A seven-parameter 
model, where both λ and µ can vary (three parameters each 
for λ and µ, and one for q). (6) An eight-parameter model, 
where both λ and q can vary (three parameters for λ, four 
for q, and one for µ). (7) An eight-parameter model, where 
both µ and q can vary (three parameters for µ, four for q, and 
one for λ). (8) A ten-parameter model, where all parameters 
can vary (three parameters each for λ and µ, and four for q). 

The MuSSE analyses were conducted in the DIVERSITREE 
library (FitzJohn 2012) in R.

For each of these models, we used the character-inde-
pendent birth–death model to make a heuristic estimate 
of starting points for each parameter, a method that is rea-
sonably successful in estimating the maximum likelihood 
(ML) point value (FitzJohn 2012). Model fit was assessed 
by comparing their corrected Akaike information criterion 
(AICc) scores using Akaike weights (wi), with the model 
receiving the highest wi considered to be the best fit (Akaike 
1973, 1974; Bozdogan 1987; Burnham and Anderson 2002; 
Wagenmakers and Farrell 2004). AICc, ∆AICc, and wi were 
all computed in the QPCR package (Pabinger et al. 2014) 
in R.

State-dependent diversification models, including BiSSE, 
MuSSE, and the quantitative state speciation and extinc-
tion model (QuaSSE; FitzJohn 2010), have recently been 
criticized for having high Type I error rates (FitzJohn 2012; 
Machac 2014; Rabosky and Goldberg 2015; Rabosky and 
Huang 2016; but see Gamisch 2016). Therefore, the robust-
ness of the MuSSE results were tested via ten randomized 
runs, where the same analyses were performed after the 
taxon labels (tips) were shuffled on the phylogeny, as imple-
mented in the PICANTE library (Kembel et al. 2010) in R. 
The randomized analyses indicated that MuSSE might not 
be well suited for our dataset (see “Results”), therefore, the 
diet and habitat datasets were re-analyzed using alternative, 
less problematic approaches (see below).

Diet‑ and Habitat‑Dependent Diversification: Binary 
Approaches

One such alternative to MuSSE to test the association of 
diet and habitat to diversification rates is the newly devel-
oped hidden state speciation and extinction model (HiSSE; 
Beaulieu and O’Meara 2016). HiSSE is a modified version 
of MuSSE that allows for the possibility that diversification 
rates may be influenced by an unobserved (i.e. hidden) trait, 
which addresses the major criticism of MuSSE (and BiSSE) 
by relaxing its assumption that all diversification rate varia-
tion is associated with the observed trait (e.g. diet or habitat) 
(Rabosky and Goldberg 2015; Beaulieu and O’Meara 2016; 
Gamisch 2016; Rabosky and Huang 2016). However, unlike 
MuSSE, the current implementation of HiSSE can only be 
conducted on binary traits. As such, we conducted pairwise 
comparisons between the generalist and the specialist con-
ditions for each of diet (carnivory ↔ omnivory; omnivory 
↔ herbivory) and habitat (fossoriality ↔ terrestriality; ter-
restriality ↔ arboreality). This means that for each analysis, 
species belonging to the unexamined specialist condition 
must be pruned from the tree prior to the analysis. As in 
the MuSSE analysis above, species with missing data were 
also pruned from the tree prior to the analyses–unsampled 
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species were accounted for using the same method describe 
above.

The fit of the same eight nested models of trait-dependent 
diversification (described above for MuSSE) were com-
pared. However, instead of λ and µ rates, HiSSE optimizes 
orthogonal transformations of these variables—net turnover 
(τ) and extinction fraction (ε) respectively. τ is defined as 
the sum of birth and death rates, whereas ε is defined as 
the death rate divided by the birth rate; both these changes 
reduce the problem of overfitting, which is encountered 
when birth and death rates are highly correlated (Beaulieu 
and O’Meara 2016). Moreover, in all the compared models, 
the default 12 parameter transition matrix have been modi-
fied to disallow (remove) dual transitions between both the 
observed trait and the hidden trait (q0A ↔ q1B), leading to 
an eight-parameter model, as recommended by the authors 
(Beaulieu and O’Meara 2016).

In addition to the eight variations of the HiSSE model 
described above, we also tested the fit of three associated 
models nested within HiSSE (each of which were tested for 
the same eight variations of HiSSE described above). (1) 
The BiSSE model, which is the same as HiSSE when the 
hidden state is absent (i.e. HiSSE is an expansion of BiSSE 
that adds a hidden state). In addition, variations of two char-
acter-independent diversification (CID) models were tested 
that assign diversification rates in such a way as to maximize 
the likelihood of the model, regardless of character states 
(i.e. unlinked to observed traits). These were (2) CID-2, a 
two-state trait independent HiSSE (“null-two”) model that 
has the same number of free parameters as BiSSE, and (3) 
CID-4, a four-state trait-independent HiSSE (‘null-four’) 
model with the same number of parameters as HiSSE. CID-4 
assumes that τ and ε are linked between the two observed 
states. CID models provide more reasonable nulls for which 
to test the fit of the BiSSE and HiSSE models, over more 
traditional equal-rates models (which are also included), that 
force diversification rates to be constant across the entire 
tree. In this way, including CID models in the list of alter-
native models for comparison makes it much less likely to 
accept either trait-dependent model (i.e. BiSSE or HiSSE), 
and thus reduce the Type I error rate (Beaulieu and O’Meara 
2016).

The same eight variations of the BiSSE, CID-2, and 
CID-4 models were used as the ones in HiSSE, for a total 
of 32 nested models compared (with the eight variations of 
the HiSSE model)—AICc scores were used to select the 
best of the 32 models. The HiSSE, BiSSE, CID-2, and the 
CID-4 model comparisons were conducted in the HISSE 
library (Beaulieu and O’Meara 2016) in R—for both diet 
and habitat.

An adaptive search procedure was used to sample the 
likelihood surface to generate a measure of the confidence 
for the parameters estimated in the best-fit model. We 

obtained confidence intervals by adaptively sampling 1000 
points that are within two ln L units away from the ML esti-
mate for each parameter.

Diet‑ and Habitat‑Dependent Diversification: 
Structured Rate Permutations Approach

Finally, the association between diet and habitat with diver-
sification rates was tested using Structured Rate Permuta-
tions on Phylogenies (STRAPP, Rabosky and Huang 2016). 
This semiparametric method can be applied to both binary 
and multistate discrete data, as well as to continuous traits. 
STRAPP differs from traditional state-dependent diversifica-
tion methods in that diversification rates are first estimated 
across a phylogenetic tree independent of character states. 
The association between diversification rates and trait data 
is then tested by comparing the value of the empirically cal-
culated test statistic of the association to a null distribution 
generated by permuting the evolutionary rates at the tips of 
the tree in structured fashion that maintains the location of 
the rate shift events in the phylogeny. We tested the associa-
tion between both diet and habitat evolution with each of λ, 
µ, and r (net diversification = λ − µ) rates, both by treating 
them as multistate and as binary traits (see above).

Diversification rates across the tree were first estimated 
using Bayesian analysis of macroevolutionary mixtures 
(BAMM; Rabosky 2014), that uses reversible jump Markov 
chain Monte Carlo (rjMCMC) to find the locations for shifts 
in evolutionary dynamics that are maximally supported by 
the data, following the settings used in Alhajeri et al. (2016). 
In order to account for incomplete taxon sampling within 
muroid clades, we specified clade-specific sampling prob-
abilities, as implemented in BAMM (Rabosky 2014) [see 
Alhajeri et al. (2016) for more information]. The starting 
parameters for the priors were estimated using the BAM-
MTOOLS library (Rabosky et al. 2014) in R. We ran the 
rjMCMC chain for  107 generations while sampling every 
2000 steps, which yielded 5000 posterior samples, and the 
convergence of the chain was assessed using the CODA 
(Plummer et al. 2010) in R.

The STRAPP analysis was then applied to the BAMM 
diversification output after the first 10% of the rjMCMC 
chain posterior samples were discarded as burn-in, and the 
tips with missing data were removed. The Mann–Whitney 
U-test statistic was used to compare the diversification rates 
(each of λ, µ, and r) among the pairwise comparisons of diet 
and habitat (i.e. the binary analysis). The differences in the 
diversification rates in each pairwise comparison was tested 
by comparing the empirical value of the U-test statistic to 
a null distribution generated by a structured permutation of 
100,000 randomly drawn posterior samples (with replace-
ment). The significance of the differences in the diversifi-
cation rates of the two different states of the binary trait 



Evolutionary Biology 

1 3

is measured as the proportion of posterior samples with a 
U-test statistic value more extreme than those of its per-
muted sample (= the P value of the two-tailed test). The 
same process was repeated using a Kruskal–Wallis rank sum 
statistic, when diet and habitat were treated as multistate 
categorical traits.

Body Mass‑ and Relative Tail Length‑Dependent 
Diversification

The association between body mass and relative tail length 
with diversification rates was first tested using the QuaSSE 
model (FitzJohn 2010). A flat null (character-independent) 
speciation rates likelihood function was contrasted against 
linear, step, sigmoidal, and modal functions, for each of log 
body mass and relative tail length. These list of alternative 
models, while not comprehensive, provided a reasonable set 
of hypotheses to test against the null. The linear, step, and 
sigmoidal functions could be an indication of higher specia-
tion rates for certain specialists (i.e. most divergent from 
the mean log body mass or relative tail length), whereas the 
modal function could indicate that the highest speciation 
rates occurs for the generalists (i.e. closer to the phyloge-
netic mean). For each model, fit was tested both with the 
drift parameter (µd; an estimate of the directional tendency 
of Brownian motion evolution) allowed to vary, and with a 
constrained µd. In all models, the extinction rate was set as 
constant (constrained), and only the speciation rate can vary. 
QuaSSE requires the user to specify a universal or a tip-spe-
cific standard error around the mean of the traits (an estimate 
of measurement error)—because our data were average val-
ues obtained from the literature, we set a universal standard 
error to the lowest possible value (= 0.0001). As in MuSSE 
(see above): (1) a character-independent birth–death model 
was used to make a heuristic estimate of starting points for 
each parameter for each model, (2) the models were com-
pared using the AICc scores and wi, and (3) a ‘skeleton tree’ 
correction was applied to account for unsampled species in 
the phylogeny, using the sane sampling proportion discussed 
above. QuaSSE analyses were conducted in the DIVERSI-
TREE library (FitzJohn 2012) in R.

Like MuSSE, QuaSSE has been shown to be subject 
to high Type I error rates (FitzJohn 2012; Machac 2014; 
Rabosky and Goldberg 2015; Rabosky and Huang 2016; but 
see Gamisch 2016), and thus the robustness of the QuaSSE 
results were tested via ten randomized runs, using the same 
scheme as discussed above for MuSSE. The randomized 
analyses indicated that QuaSSE too might not be well suited 
for our data (see “Results”), for this reason, the body mass 
and the relative tail length data were re-analyzed using an 
alternative approach (see below).

The association between body mass and relative tail 
length with diversification rates was also tested using 

STRAPP (Rabosky and Huang 2016), using the same 
BAMM diversification output discussed above for diet and 
habitat. We used the Spearman correlation coefficient as a 
test statistic for the relationship between diversification rates 
(each of λ, µ, and r) and each of body mass and relative 
tail length values. The null distribution of the test statis-
tic was constructed using structured block permutations of 
evolutionary rates across 100,000 samples from the BAMM 
posterior on a phylogenetic tree. The significance of the rela-
tionship was assessed by tabulating the percentage of the 
100,000 permutations where the null correlation was more 
extreme than the observed correlation (i.e. a two-tailed test).

Results

Association Between Ecology and Morphological 
Specialization

The standard ANOVA indicated a significant difference 
in the body size between dietary categories (F = 6.39, 
P = 0.0019), however the significance was marginal after 
phylogenetic correction (F = 6.38, P = 0.0578). Tukey’s HSD 
test indicated that herbivores were significantly larger than 
omnivores (P = 0.0013), whereas there was no significant 
difference between carnivores and herbivores (P = 0.2203) 
or between carnivores and omnivores (P = 0.8473). Phy-
logenetically corrected post-hoc analyses further indi-
cated that all pairwise comparisons were not significant 
(P = 0.0926–0.6648).

The standard ANOVA indicated a significant difference in 
relative tail length between habitats (F = 37.84, P < 0.0001), 
a result that was retained after phylogenetic correction 
(F = 37.83, P < 0.0001; data not shown). Tukey’s HSD test 
indicates that arboreal species had relative tail lengths that 
were significantly greater than both terrestrial (P < 0.0001) 
and fossorial (P < 0.0001) species, and that terrestrial spe-
cies had relative tail lengths that were significantly greater 
than fossorial species (P < 0.0001). Phylogenetically cor-
rected post-hoc analyses indicated that all pairwise com-
parisons were significant (all P < 0.0019), and in the same 
direction discussed above for Tukey’s HSD.

Diet‑ and Habitat‑Dependent Diversification

Among the eight nested MuSSE models of the association 
between the three dietary specializations with diversification 
rates, two models received 90.9% of the total weight (see 
Electronic Supplementary Material Table S3a). The eight-
parameter model (λ and q can vary) seem to fit the data best 
(ΔAICc = 0.00, wi = 0.670) followed by the eight-parameter 
model (µ and q can vary) (ΔAICc = 2.06, wi = 0.239, see 
the Electronic Supplementary Material Table S3a). When 
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tip data were randomized, the same eight-parameter model, 
where both λ (speciation rates) and q (transition rates) 
can vary, fit the data best (wi = 0.609–0.881, see the Elec-
tronic Supplementary Material Table S3b–k), followed by 
either the eight-parameter model, where both µ (extinction 
rates) and q can vary (ΔAICc = 1.56, wi = 0.279, see the 
Electronic Supplementary Material Table S3b), or the ten 
parameter model (all parameters can vary) (ΔAICc = 4.00, 
wi = 0.116–0.119, see the Electronic Supplementary Mate-
rial Table S3c–k).

Among the eight nested MuSSE models of the associa-
tion between the three habitat categories with diversifica-
tion rates, two models received 99.8% of the total weight 
(see the Electronic Supplementary Material Table S4a). 
The eight-parameter model (λ and q can vary) fit the data 
best (wi = 0.721) followed by the ten-parameter model (all 
parameters can vary) (ΔAICc = 1.92, wi = 0.277, see the 
Electronic Supplementary Material Table S4a). When the 
tip data were randomized, for nine out of the ten randomi-
zations, the same eight-parameter model fit the data best 
(wi = 0.570–0.990), followed by the same ten-parameter 
model (ΔAICc = 0.57–9.33, wi = 0.009–0.429, see the Elec-
tronic Supplementary Material Table S4b–c, e–k). In the 
tenth tip-randomized data, the eight-parameter model (µ and 
q can vary) fit the data best (wi = 0.725) followed by the 
eight-parameter model (λ and q can vary) (ΔAICc = 3.18, 
wi = 0.148, see the Electronic Supplementary Material 
Table S4d).

The fact that both the observed data and the tip-rand-
omized data for both diet and habitat favored the same or 
equally complex models indicated that MuSSE may not be 
well suited for our data. As such, although λ, µ, and q rates 
varied across both diet and habitat groups in their respective 
best-fit model (of the empirical data), we do not report nor 
describe the parameter estimates of the best models (but see 
Alhajeri 2014 for those results).

Of the 32 nested HiSSE models (including BiSSE, CID-2, 
and CID-4), for the binary association between diversifica-
tion rates and omnivorous versus carnivorous diet, the four-
parameter CID-2 model, where τ (net turnover) can vary, 
fit the data best (wi = 0.331, Table 2a). This model received 
much more support that all character-dependent BiSSE and 
HiSSE models, none of which had a wi greater than 0.04 
(they all sum up to 0.053). Of the remaining character-inde-
pendent models, the second-best fit was the nine-parameter 
CID-4 model (τ and q can vary) (ΔAICc = 0.96, wi = 0.193, 
Table 2a). This result suggests that trait-independent diver-
sification may explain diversification patterns better than the 
pairwise difference in omnivorous versus carnivorous diet 
rates.

For the binary association between diversification rates 
and omnivorous versus herbivorous diet, the 13-parameter 
HiSSE model, where ε (extinction fraction) and q can vary, 

fit the data best (wi = 0.671, Table 2b). This model was a 
marked improvement over all the other variations of the 
HiSSE model, as well as all the included BiSSE and CID-4 
models, none of which had a wi greater than 0.001. The 
second-best model was the 11-parameter CID-2 model (τ 
and q can vary; ε constrained) (ΔAICc = 1.94, wi = 0.254, 
Table  2b). The best-fit HiSSE model suggested that a 
hidden state nested within some of the omnivorous line-
ages was associated with reduced net diversification rates 
(romnivores+ = 0.136, support region: [0.075,0.187]). The 
model indicates that omnivorous lineages not associated 
with the reduced-diversification hidden state had a net 
diversification rate similar to that of herbivorous lineages 
(romnivores− = rherbivores− = 0.771, support region: [0.694, 
0.905]). On the other hand, herbivorous lineages associ-
ated with the reduced-diversification hidden state also had 
reduced diversification rates (rherbivores+ = 0.024, support 
region: [− 0.024, 0.057]), when compared to the herbivorous 
lineages showing the alternative hidden state, suggesting 
strong rate heterogeneity. Overall, based on the compari-
sons of the net-diversification rates of dietary categories, we 
can conclude that dietary transitions alone are not strongly 
correlated with diversification patterns in muroid rodents.

Of the 32 compared nested variations of the HiSSE model 
(including BiSSE, CID-2, and CID-4), for the binary asso-
ciation between diversification rates and terrestriality ver-
sus arboreality, the 11-parameter CID-2 model (ε and q can 
vary) fit the data best (wi = 0.800, Table 3a). This model 
indicated that trait-independent diversification explained 
diversification patterns better than the pairwise difference 
in terrestriality versus arboreality.

For the binary association between diversification rates 
and terrestriality versus fossoriality, the 13-parameter 
HiSSE model (τ and q can vary; ε constrained) was by far 
the best fitting model (wi = 0.934, Table 3b). The parameters 
estimated under this model indicated a generally low net 
diversification rates in both terrestrial (rterrestrial− < 0.001, 
support region: [< 0.001, 0.002]) and fossorial lineages 
(rfossorial− = 0.163, support region: [0.139, 0.190]). How-
ever, a hidden state nested within some of the lineages 
led to a marked increase in the diversification rates of 
both habitat categories, but more so in fossorial lineages 
(rfossorial+ = 0.920, support region: [0.788, 1.122]) when 
compared with the terrestrial lineages (rterrestrial+ = 0.479, 
support region: [0.416, 0.557]), also suggesting strong rate 
heterogeneity. Based on the comparisons of the net-diver-
sification rates of habitat categories, we can conclude that 
habitat transitions, without the consideration of associated 
hidden states, do not clearly explain variation in diversifica-
tion rate patterns in muroid rodents.

The STRAPP permutation test indicated that when treat-
ing both diet and habitat as binary traits, in both pairwise 
comparisons, no significant differences between rates 
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Table 2  Summary of alternative 
hidden state-dependent 
speciation and extinction 
(HiSSE) model fits (along 
with the nested BiSSE, CID-2, 
and CID-4 models) for the 
association between diet and 
diversification rates in muroid 
rodents

Model n ln L AIC AICc ∆AICc wi

(a) Omnivory vs. carnivory
 BiSSE: all constrained 3 − 486.0 978.1 978.3 32.76 < 0.001
 BiSSE: τ free 4 − 486.0 980.0 980.3 34.69 < 0.001
 BiSSE: ε free 4 − 485.6 979.1 979.4 33.81 < 0.001
 BiSSE: q free 4 − 484.0 975.9 976.2 30.59 < 0.001
 BiSSE: τ, ε free 5 − 484.8 979.5 979.9 34.20 < 0.001
 BiSSE: τ, q free 5 − 482.3 974.7 975.1 29.32 < 0.001
 BiSSE: ε, q free 5 − 479.7 969.3 969.7 23.99 < 0.001
 BiSSE: all free 6 − 479.5 971.0 971.6 25.66 < 0.001
 CID-2: all  constraineda – – – – – –
 CID-2: τ free 4 − 468.7 945.3 945.6 0.00 0.311
 CID-2: ε free 4 − 471.8 951.7 951.9 6.33 0.013
 CID-2: q  freea – – – – – –
 CID-2: τ, ε free 5 − 468.4 946.9 947.3 1.54 0.144
 CID-2: τ, q free 11 − 465.6 953.2 955.1 7.92 0.006
 CID-2: ε, q free 11 − 464.1 950.3 952.1 4.96 0.026
 CID-2: all free 12 − 462.5 949.1 951.3 3.75 0.048
 CID-4: all constrained 3 − 486.0 978.1 978.3 32.76 < 0.001
 CID-4: τ free 6 − 467.4 946.8 947.3 1.43 0.153
 CID-4: ε free 6 − 471.2 954.4 955.0 9.08 0.003
 CID-4: q free 6 − 484.0 977.9 978.3 32.59 < 0.001
 CID-4: τ, ε free 9 − 467.0 952.0 953.2 6.62 0.011
 CID-4: τ, q free 9 − 465.1 946.3 947.3 0.96 0.193
 CID-4: ε, q free 9 − 467.2 950.3 951.3 5.00 0.026
 CID-4: all free 12 − 464.9 951.7 953.6 6.39 0.013
 HiSSE: all constrained 3 − 486.0 978.1 978.3 32.76 < 0.001
 HiSSE: τ free 6 − 479.3 970.6 971.2 25.26 < 0.001
 HiSSE: ε free 6 − 470.2 952.4 953.0 7.11 0.009
 HiSSE: q free 10 − 482.6 985.3 986.8 39.96 < 0.001
 HiSSE: τ, ε free 9 − 465.7 949.5 950.7 4.12 0.040
 HiSSE: τ, q free 13 − 465.7 957.5 960.1 12.17 0.001
 HiSSE: ε, q free 13 − 464.6 955.1 957.7 9.81 0.002
 HiSSE: all free 16 − 462.0 956.0 960.0 10.68 0.001

(b) Omnivory vs. herbivory
 BiSSE: all constrained 3 − 796.2 1598.5 1598.6 72.58 < 0.001
 BiSSE: τ free 4 − 792.2 1592.4 1592.6 66.52 < 0.001
 BiSSE: ε free 4 − 795.9 1599.7 1599.9 73.83 < 0.001
 BiSSE: q free 4 − 795.8 1599.6 1599.8 73.74 < 0.001
 BiSSE: τ, ε free 5 − 788.5 1587.0 1587.2 61.10 < 0.001
 BiSSE: τ, q free 5 − 784.4 1578.8 1579.1 52.94 < 0.001
 BiSSE: ε, q free 5 − 782.4 1574.8 1575.1 48.95 < 0.001
 BiSSE: all free 6 − 782.4 1576.8 1577.2 50.95 < 0.001
 CID-2: all  constraineda – – – – – –
 CID-2: τ free 4 − 775.8 1559.6 1559.8 33.75 < 0.001
 CID-2: ε free 4 − 784.9 1577.8 1577.9 51.88 < 0.001
 CID-2: q  freea – – – – – –
 CID-2: τ, ε free 5 − 777.2 1564.4 1564.7 38.50 < 0.001
 CID-2: τ, q free 11 − 752.9 1527.8 1529.0 1.94 0.254
 CID-2: ε, q free 11 − 763.3 1548.6 1549.7 22.68 < 0.001
 CID-2: all free 12 − 753.2 1530.3 1531.7 4.41 0.074
 CID-4: all constrained 3 − 796.2 1598.5 1598.6 72.58 < 0.001
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with respect to each character state was found for any of λ 
rates (all P > 0.233), µ rates (all P > 0.402), and r rates (all 
P > 0.724, Table 4a). Similarly, when both diet and habitat 
categories were treated as multistate categorical traits, the 
STRAPP permutation test recovered no significant differ-
ences between rates with respect to each character state for 
each of λ rates (both P > 0.365), µ rates (both P > 0.542), and 
r rates (both P > 0.355, Table 4b).

Body Mass‑ and Relative Tail Length‑Dependent 
Diversification

Of the ten nested QuaSSE models of the association between 
body mass and λ rates, the seven-parameter modal model 
that includes a drift parameter fit the data best (wi = 0.881) 
followed by the six-parameter modal model that does not 
include drift (ΔAICc = 4.04, wi = 0.117, see the Electronic 
Supplementary Material Table S5a). When the tip data were 
randomized, the same two models received the highest wi 
(see the Electronic Supplementary Material Table S5b–k). 
Similarly, of the ten nested QuaSSE models of the asso-
ciation between relative tail length with λ rates, the seven-
parameter modal model that included drift fit the data best 
(wi = 0.901) followed by the six-parameter modal model that 
did not (ΔAICc = 4.70, wi = 0.086, see the Electronic Sup-
plementary Material Table S6a). When the tip data were 
randomized, the same two models received the highest wis 
(see the Electronic Supplementary Material Table S6b–k).

Thus, the QuaSSE outcome was similar to that of 
MuSSE—nearly identical results for empirical and tip-ran-
domized data, both of which prefer complex trait-dependent 
λ models over the null, trait-independent λ model. Conse-
quently, the QuaSSE results also indicated that this method 
may not be well suited for our data. Therefore, we do not 
report nor describe the parameter estimates of the best mod-
els (but see Alhajeri 2014).

In contrast, the STRAPP permutation test recovered no 
significant correlations between the estimated log body 
mass and relative tail length evolution with each of λ rates 
(both P > 0.676), µ rates (both P > 0.568), and r rates (both 
P > 0.679, Table 4c).

Discussion

Specialization is not Associated with Diversification 
Rates in Muroid Rodents

After correcting for phylogenetic relationships, we found no 
significant differences in log body mass between dietary cat-
egories, a result that was in contrast to both bats (examined 
at the order level, Santana and Cheung 2016) and mammals 
(examined at the class level, Pineda-Munoz et al. 2016). 
This discrepancy may be explained by the application of the 
phylogenetic correction, because without this correction, we 
did find significant differences among the dietary categories. 

Because this method requires binary traits, pairwise comparisons were conducted between (a) omnivory 
and carnivory, as well as between (b) omnivory and herbivory, as described in the methods. The best-fit 
model based on ∆AICc and Akaike weights (wi) are denoted in bold
n number of estimated parameters, ln L log-likelihood score, ∆AICc fit relative to the model with the lowest 
AICc score (italicized)
a The set-up for the fully constrained as well as the τ and ε constrained CID-2 models are the same as the 
equivalent HiSSE models, and thus their output were not reported twice

Table 2  (continued) Model n ln L AIC AICc ∆AICc wi

 CID-4: τ free 6 − 766.8 1545.5 1545.9 19.65 < 0.001
 CID-4: ε free 6 − 779.1 1570.3 1570.7 44.40 < 0.001
 CID-4: q free 6 − 795.8 1601.6 1601.9 75.74 < 0.001
 CID-4: τ, ε free 9 − 764.7 1547.4 1548.1 21.46 < 0.001
 CID-4: τ, q free 9 − 761.4 1538.7 1539.3 12.82 < 0.001
 CID-4: ε, q free 9 − 765.9 1547.8 1548.4 21.86 < 0.001
 CID-4: all free 12 − 761.1 1544.2 1545.4 18.31 < 0.001
 HiSSE: all constrained 3 − 796.2 1598.5 1598.6 72.58 < 0.001
 HiSSE: τ free 6 − 775.2 1562.3 1562.7 36.42 < 0.001
 HiSSE: ε free 6 − 783.1 1578.2 1578.6 52.34 < 0.001
 HiSSE: q free 10 − 792.7 1605.4 1606.4 79.56 < 0.001
 HiSSE: τ, ε free 9 − 773.2 1564.5 1565.3 38.59 < 0.001
 HiSSE: τ, q free 13 − 762.7 1551.4 1553.0 25.48 < 0.001
 HiSSE: ε, q free 13 − 749.9 1525.9 1527.5 0.00 0.671
 HiSSE: all free 16 − 762.1 1556.1 1558.6 30.21 < 0.001



Evolutionary Biology 

1 3

Table 3  Summary of alternative 
hidden state-dependent 
speciation and extinction 
(HiSSE) model fits (along 
with the nested BiSSE, CID-2, 
and CID-4 models) for the 
association between habitat and 
diversification rates in muroid 
rodents

model n ln L AIC AICc ∆AICc wi

(a) Terrestriality vs. arboreality
 BiSSE: all constrained 3 − 538.7 1083.3 1083.5 46.14 < 0.001
 BiSSE: τ free 4 − 531.7 1071.4 1071.6 34.19 < 0.001
 BiSSE: ε free 4 − 534.4 1076.8 1077.0 39.58 < 0.001
 BiSSE: q free 4 − 537.1 1082.1 1082.4 44.94 < 0.001
 BiSSE: τ, ε free 5 − 531.0 1072.0 1072.4 34.84 < 0.001
 BiSSE: τ, q free 5 − 529.4 1068.8 1069.2 31.64 < 0.001
 BiSSE: ε, q free 5 − 528.9 1067.9 1068.3 30.70 < 0.001
 BiSSE: all free 6 − 528.9 1069.9 1070.4 32.67 < 0.001
 CID-2: all  constraineda – – – – – –
 CID-2: τ free 4 − 525.1 1058.1 1058.4 20.92 < 0.001
 CID-2: ε free 4 − 531.2 1070.3 1070.6 33.13 < 0.001
 CID-2: q  freea – – – – – –
 CID-2: τ, ε free 5 − 522.7 1055.5 1055.9 18.27 < 0.001
 CID-2: τ, q free 11 − 514.5 1051.1 1052.9 13.88 0.001
 CID-2: ε, q free 11 − 507.6 1037.2 1039.0 0.00 0.800
 CID-2: all free 12 − 508.9 1041.9 1044.0 4.69 0.077
 CID-4: all constrained 3 − 538.7 1083.3 1083.5 46.14 < 0.001
 CID-4: τ free 6 − 519.4 1050.9 1051.4 13.67 0.001
 CID-4: ε free 6 − 527.3 1066.6 1067.2 29.43 < 0.001
 CID-4: q free 6 − 537.1 1084.1 1084.5 46.94 < 0.001
 CID-4: τ, ε free 9 − 518.2 1054.4 1055.6 17.20 < 0.001
 CID-4: τ, q free 9 − 518.7 1053.4 1054.4 16.22 < 0.001
 CID-4: ε, q free 9 − 519.9 1055.7 1056.7 18.52 < 0.001
 CID-4: all free 12 − 516.3 1054.6 1056.4 17.41 < 0.001
 HiSSE: all constrained 3 − 538.7 1083.3 1083.5 46.14 < 0.001
 HiSSE: τ free 6 − 521.7 1055.5 1056.1 18.30 < 0.001
 HiSSE: ε free 6 − 528.9 1069.8 1070.4 32.63 < 0.001
 HiSSE: q free 10 − 537.1 1094.1 1095.6 56.94 < 0.001
 HiSSE: τ, ε free 9 − 520.5 1058.9 1060.1 21.72 < 0.001
 HiSSE: τ, q free 13 − 514.4 1054.7 1057.3 17.51 < 0.001
 HiSSE: ε, q free 13 − 507.5 1041.0 1043.6 3.82 0.119
 HiSSE: all free 16 − 508.7 1049.4 1053.2 12.16 0.002

(b) Terrestriality vs. fossoriality
 BiSSE: all constrained 3 − 686.2 1378.5 1378.6 67.55 < 0.001
 BiSSE: τ free 4 − 682.8 1373.5 1373.7 62.59 < 0.001
 BiSSE: ε free 4 − 686.2 1380.5 1380.7 69.54 < 0.001
 BiSSE: q free 4 − 686.2 1380.4 1380.7 69.51 < 0.001
 BiSSE: τ, ε free 5 − 679.8 1369.7 1370.0 58.71 < 0.001
 BiSSE: τ, q free 5 − 672.7 1355.4 1355.7 44.48 < 0.001
 BiSSE: ε, q free 5 − 672.8 1355.7 1356.0 44.75 < 0.001
 BiSSE: all free 6 − 672.4 1356.7 1357.2 45.81 < 0.001
 CID-2: all  constraineda – – – – – –
 CID-2: τ free 4 − 667.1 1342.2 1342.4 31.24 < 0.001
 CID-2: ε free 4 − 680.5 1369.1 1369.3 58.14 < 0.001
 CID-2: q  freea – – – – – –
 CID-2: τ, ε free 5 − 664.6 1339.2 1339.6 28.30 < 0.001
 CID-2: τ, q free 11 − 656.3 1334.7 1336.1 23.76 < 0.001
 CID-2: ε, q free 11 − 658.9 1339.9 1341.3 28.96 < 0.001
 CID-2: all free 12 − 648.5 1321.1 1322.8 10.12 0.006
 CID-4: all constrained 3 − 686.2 1378.5 1378.6 67.55 < 0.001
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However, for habitat preference categories, significant dif-
ferences in relative tail length were detected both without 
and with phylogenetic correction. This result is concordant 
with the general observation that arboreal mammals have 
elongated tails that aid in balance in the canopy (Lemen 
1980; Fooden and Albrecht 1999; Hayssen 2008) while fos-
sorial mammals have reduced tails, that are of little utility 
underground (Shimer 1903; Khanna and Yadav 2005; With-
ers et al. 2016).

Both when ecological specialization was examined 
directly (diet and habitat) or indirectly through morphologi-
cal specialization (body mass and relative tail length), we 
find that specialization is not associated with diversification 
rates in muroid rodents. This contrasts with previous results 
in other taxa, where most of these traits have been associated 
with diversification rates and general extant diversity.

The general pattern that emerged was that when ecological 
trait categories (diet and habitat) were coded as multi-state 

Because this method requires binary traits, pairwise comparisons were conducted between (a) omnivory 
and carnivory, as well as between (b) omnivory and herbivory, as described in the methods. The best-fit 
model based on ∆AICc and Akaike weights (wi) are denoted in bold
n number of estimated parameters, ln L log-likelihood score, ∆AICc fit relative to the model with the lowest 
AICc score (italicized)
a The set-up for the fully constrained as well as the τ and ε constrained CID-2 models are the same as the 
equivalent HiSSE models, and thus their output were not reported twice

Table 3  (continued) model n ln L AIC AICc ∆AICc wi

 CID-4: τ free 6 − 661.4 1334.7 1335.2 23.79 < 0.001
 CID-4: ε free 6 − 673.1 1358.1 1358.6 47.21 < 0.001
 CID-4: q free 6 − 686.2 1382.4 1382.8 71.51 < 0.001
 CID-4: τ, ε free 9 − 659.5 1336.9 1337.9 26.00 < 0.001
 CID-4: τ, q free 9 − 657.1 1330.3 1331.1 19.35 < 0.001
 CID-4: ε, q free 9 − 660.0 1336.1 1336.9 25.16 < 0.001
 CID-4: all free 12 − 656.8 1335.6 1337.0 24.67 < 0.001
 HiSSE: all constrained 3 − 686.2 1378.5 1378.6 67.55 < 0.001
 HiSSE: τ free 6 − 667.1 1346.1 1346.6 35.20 < 0.001
 HiSSE: ε free 6 − 680.3 1372.6 1373.1 61.70 < 0.001
 HiSSE: q free 10 − 680.0 1379.9 1381.1 69.00 < 0.001
 HiSSE: τ, ε free 9 − 659.7 1337.4 1338.3 26.41 < 0.001
 HiSSE: τ, q free 13 − 642.5 1310.9 1312.9 0.00 0.934
 HiSSE: ε, q free 13 − 649.1 1324.3 1326.3 13.36 0.001
 HiSSE: all free 16 − 642.2 1316.4 1319.5 5.51 0.059

Table 4  Summary of the 
structured rate permutations 
on phylogenies (STRAPP) 
analysis, testing the association 
between trait evolution and 
diversification rates in muroid 
rodents

The STRAPP analysis was conducted on the (a) binary, (b) multistate, and the (c) quantitative datasets. 
Three separate STRAPP analyses were conducted to output speciation (λ), extinction (µ), and net diversifi-
cation (r) rates
The values in all panels denote the P values for the indicated analysis (none are significant at the 0.05 level)

λ µ r

(a) Binary analysis
 Diet: omnivory vs. carnivory 0.607 0.597 0.764
 Diet: omnivory vs. herbivory 0.335 0.505 0.731
 Habitat: terrestriality vs. arboreality 0.233 0.402 0.724
 Habitat: terrestriality vs. fossoriality 0.640 0.589 0.804

(b) Multistate analysis
 Diet: omnivory vs. carnivory vs. herbivory 0.365 0.542 0.355
 Habitat: terrestriality vs. arboreality vs. fossoriality 0.596 0.543 0.542

(c) Quantitative analysis
 Morphology: body mass 0.722 0.588 0.719
 Morphology: relative tail length 0.676 0.568 0.679
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characters and analyzed using MuSSE, an association with 
diversification rates was found—an association that was main-
tained even when tip data were randomized. Likewise, when 
continuous ecomorphological data (log body mass and relative 
tail length) were analyzed using QuaSSE, an association was 
found with speciation rates, both in empirical and in tip-ran-
domized data. These results corroborate the criticisms raised 
about this class of state-dependent speciation and extinction 
models (i.e. BiSSE, MuSSE, QuaSSE), regarding their inflated 
Type I error rates (FitzJohn 2012; Machac 2014; Rabosky and 
Goldberg 2015; Rabosky and Huang 2016; but see Gamisch 
2016). More specifically, Rabosky and Goldberg (2015) 
found that for neutral traits simulated on real phylogenetic 
trees, diversification rate shifts that are independent of the 
focal trait frequently led to elevated false positive associations 
between the focal trait and diversification rates. Beaulieu and 
O’Meara (2016) argued that this shortcoming is mostly attrib-
utable to the commonly used unrealistically trivial null models 
that assume that all character states have equal diversification 
rates—not taking into account the possibility of complex CID. 
In response, Beaulieu and O’Meara (2016) recently developed 
more complex character-independent null models (CID-2 and 
CID-4), adding the possibility that a “hidden” unmeasured 
factor may impact diversification dynamics of the observed 
character states (the HiSSE model), which relaxes BiSSE’s 
assumption that all diversification rate heterogeneity is associ-
ated with the focal trait.

Accordingly, when the same two traits (diet and habi-
tat) were reanalyzed more conservatively using pairwise 
comparisons of diversification rates using more conserva-
tive models confirmed that the MuSSE results were false-
positives. None of the pairwise analyses preferred a strictly 
character-dependent model of diversification (i.e. BiSSE)—
CID-2 and HiSSE models fit the data best for the two pair-
wise dietary comparisons, as well as the two pairwise habi-
tat comparisons, suggesting either purely trait-independent 
diversification, or diversification that is influenced by an 
unmeasured hidden state.

The more conservative STRAPP permutation test, that 
unlike HiSSE, also addresses the issue of phylogenetic pseu-
doreplication (Rabosky and Huang 2016) and can be used 
to analyze multistate and continuous data, likewise found 
no significant associations with diversification rates in ecol-
ogy or morphology. Therefore, taken together, the tests indi-
cate no significant association between diversification rates 
and ecological/ecomorphological specialization in muroid 
rodents.

Methodology Could Explain the Lack of Associations 
with Diversification Rates

One possible explanation for the lack of association 
between the examined traits with diversification rates is 

methodological limits. For example, the failure to detect 
significant trait-dependent diversification using STRAPP 
could reflect low statistical power, because the power to 
detect diversification rate shifts using BAMM depends 
on the size of the phylogeny (Rabosky and Huang 2016). 
Thus, while MuSSE may be prone to type I error infla-
tion (see above), the more conservative method, STRAPP, 
could be susceptible to type II error, which is some-
thing that we do not directly test in this study. However, 
STRAPP was not the only method used in this study, and 
its results agreed with those from other methods.

While not associated in muroid rodents, diet and diversi-
fication rates seem to be associated in almost all the recently 
published studies—including in birds (Burin et al. 2016), 
reef fishes (Lobato et al. 2014), bats (Rojas et al. 2012), 
ruminants (Cantalapiedra et al. 2014), and in the class Mam-
malia (Price et al. 2012). One possible explanation for the 
lack of association in muroid rodents, is the different meth-
ods used—for example, most of the aforementioned stud-
ies that report an association were conducted using MuSSE 
(i.e. Price et al. 2012; Rojas et al. 2012; Cantalapiedra et al. 
2014; Burin et al. 2016), and most without testing for Type I 
errors as we did (but see Burin et al. 2016 for an exception). 
For example, Rojas et al. (2012) used a 60-tip genus level 
phylogeny of phyllostomid bats, that they grouped into four 
dietary categories, and found that the group with the lowest 
diversity (the most specialized form, the strictly frugivorous 
genera; representing 15% of the total diversity) had the high-
est diversification rates. We found a similar result to Rojas 
et al. (2012) when we used MuSSE, with the least common 
diet (carnivory, 10% of species) and habitat (arboreal, 18%) 
categories having the highest diversification rates (3–4 times 
greater than the most common state; Fig. 2). Our appar-
ently incongruous result was partially explained by very high 
transition rates out of carnivory and habitat, wherein the 
model essentially concluded that carnivores, for example, 
diversified most rapidly, but even more rapidly evolved to 
other diets, leaving isolated terminal clades of low diver-
sity. When we used more conservative methods (HiSSE and 
STRAPP), the diet-dependent diversification signal that was 
detected by MuSSE disappeared. While we could not find 
studies that compare diversification rates among species that 
occupy different habitats (arboreal, terrestrial, or fossorial) 
using MuSSE, we expect that our analysis of this trait would 
follow the same pattern as that for diet. We suggest that 
researchers consider the transition rates in more detail rather 
than focusing exclusively on the diversification rates, and 
while some Type I errors may result from overestimated 
transition rates, it is also possible that those results reflect 
biologically important asymmetries in those rates. We also 
suggest reexamining some published studies based on state-
dependent speciation models.
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Far fewer studies have used QuaSSE on morphological 
data. The two studies that that we could find that test for 
the association between body size and diversification rates 
using QuaSSE both find a significant association (primates, 
FitzJohn 2010; snakes, Feldman et al. 2016). Both studies 
found that a modal function fit the data best for the associa-
tion between speciation and log body mass—the same as our 
results in muroid rodents. QuaSSE has been criticized for the 
same high propensity for Type I error rates (e.g. FitzJohn 
2012; Machac 2014; Rabosky and Goldberg 2015; Rabosky 
and Huang 2016) as MuSSE. We confirmed this with the 
tip-randomizations, that yielded similar significant results as 
the empirical data. However, the association between body 
size and diversification has also been shown to be significant 
using various other methods [e.g. primates (Paradis 2005; 
Freckleton et al. 2008; Matthews et al. 2011); ray-finned 
fishes (Rabosky et al. 2013); mammals (Monroe and Bokma 
2009; metazoans; Etienne et al. 2012)]. We could not find 
studies that analyzed relative tail lengths using QuaSSE for 
comparisons.

The lack of trait-dependent diversification signal detected 
in this study could also be a consequence of trait-category 
classifications (i.e. carnivore, omnivore, or herbivore; and 
arboreal, terrestrial, or fossorial). In other words, when 
examining the same trait (e.g. diet) different studies use dif-
ferent categories in which to divide taxa. For example, Rojas 
et al. (2012) used four categories to divide bats (animali-
vore, sanguinivore, nectarivore, and frugivore), while Can-
talapiedra et al. (2014) used three categories for ungulates 
(browser, mixed feeder, and grazer). Alternatively, diet can 
be divided into finer categories than used in this study—for 
example, within herbivores, granivores can be separated into 
those that consume soft and/or abrasive vegetable matter; 
and within carnivores, insectivores can be separated from 
those that specialize on worms. Similarly, omnivory can be 
subdivided by the proportion of animal versus plant mate-
rial (e.g. Martin et al. 2016). Some categorizations may not 
isolate the critical factor. The same reasoning can be applied 

to how habitat is coded—e.g. fully subterranean can be sepa-
rated from fossorial.

Finally, an alternative mode of relationship between 
ecomorphology and diversification rate may be beyond 
the state-dependent effect experienced by each species, but 
instead be that the evolvability of traits may affect diversi-
fication rates. For example, clades that contain species who 
can adapt more quickly might have be more prone to speciate 
or less susceptible to extinction. Trait evolvability, however, 
is beyond the scope of this study.

Biological Explanations for Lack of Associations 
with Diversification Rates

Assuming that methodology alone does not explain the lack 
of association between the examined traits with diversifica-
tion rates, we can explain some of the results in biological 
terms—real differences in the ecology of muroid rodents 
(and rodents in general) when compared with clades exam-
ined in previous studies. While we divided muroids into gen-
eral diet and habitat categories, the lack of signal for diet-
dependent and habitat-dependent diversification in muroids 
could be explained by the overall opportunism of this group. 
Thus, while it was necessary to divide species into discrete 
categories (in order to test their association with diversifi-
cation rates), based on their primary diet and habitat use, 
the general opportunistic behavior of this group means that 
many of the examined species can freely switch categories, 
depending on the situation.

For example, despite most rodents being herbivores and 
omnivores, nearly all will consume animal matter opportun-
istically (Stuart and Landry 1970), and many rodents show 
seasonal variation in diet, with herbivores consuming insects 
at certain times of the year, and insectivores supplement-
ing their diet with vegetation and other material (Nowak 
1999; Samuels 2009). Similarly, many rodents show gen-
eralized habitat use (Nowak 1999)—thus, even species that 
we assigned to the terrestrial and arboreal habitat categories 

Fig. 2  Posterior probability 
distributions of speciation 
rates estimated by MuSSE for 
a diet and b habitat. Distribu-
tions based on a 10,000 step 
MCMC simulation. Bars below 
the distributions indicate the 
95% credibility intervals. 
Similar results are obtained with 
randomized-tips data and are 
likely spurious
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(they primarily use these habitats), do show some burrow-
ing behavior (Nowak 1999; Deacon 2006), though not as 
extensive as those that we categorize as fossorial (nor those 
that others classify as subterranean). The generality of flex-
ibility of rodents’ diet and habitat use (behavioral plasticity) 
is exemplified by their generalized and conserved body plan 
and feeding apparatus (Stuart and Landry 1970; Samuels 
2009; Verde Arregoitia et al. 2017). The opportunism and 
flexibility of muroid rodents could dilute the signal for diet- 
and habitat-dependent diversification, as there is no discrete 
transition to a novel ecological category, but rather, small 
shifts in preference or behavior.

The independence between body mass and relative tail 
length with diversification rates is supported by fewer anal-
yses than diet- and habitat-dependent diversification, and 
thus no strong inference can be made concerning the lack 
of association in muroid rodents. This is especially the case 
for body mass, considering that the association between size 
and diversification rates is an ubiquitous phenomenon, and 
supported by a wide range of analyses that differ from the 
present study. Moreover, there is a robust theoretical founda-
tion to explain an association between diversification rates 
and body size—since this trait is associated with generation 
time and population size (Peters 1983; Gardezi and Silva 
1999; Isaac et al. 2005) as well as the ability to subdivide 
the environment (Dial and Marzluff 1988). Therefore, it 
is particularly surprising that we do not find an effect of 
size given the nearly 1000-fold range in mass, but perhaps 
the relationship is less pronounced at the small extreme of 
mammalian variation, which is occupied by muroids. Still, it 
remains true that despite the lack of strong evidence for the 
influence of size, diet, habitat (this study) or even geographic 
opportunity (Schenk et al. 2013) to explain diversification 
rate shifts in muroid rodents, muroids remain exceptionally 
diverse among mammals and contain significant diversifica-
tion rates within them (Schenk et al. 2013).

Conclusion

Overall, muroid rodent lineage diversification rates were not 
associated with the evolution of diet, habitat preference, log 
body mass, nor relative tail length—traits that theoretically 
could enhance diversification rates by reducing crowding 
in niche space in specialized lineages. Therefore, it seems 
that the diversification dynamics that have led to the uneven 
clade diversity in muroid rodents may have been directed by 
other mechanisms. Moreover, the diversification of muroid 
rodents, as in other clades, is a complex process, that is 
likely influenced by various processes working simultane-
ously, that could not be clearly detected when examining 
each trait in isolation (as hinted at by the HiSSE results).

Despite the negative result recovered by this study, it 
still serves a valuable function as to eliminate some com-
mon traits from consideration in the long quest to explain 
the unique diversification dynamics of the most specious 
superfamily of mammals. Moreover, this study could serve 
as a case study in the importance of testing trait-dependent 
diversification using more than one method, as method con-
servativism clearly has the potential to drastically influence 
the resulting outcome—where less conservative methods 
could have arguable led to spurious associations of traits 
with diversification rates in previous studies. This is espe-
cially exemplified in our analysis of diet-dependent diversi-
fication, where to our knowledge, no previously published 
study found a lack of association between diet and diversifi-
cation rates; this outcome was largely dependent on the use 
of newer, more conservative trait-dependent diversification 
approaches, as the use of a less conservative method led to a 
(arguably spurious) association, matching previous studies.
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