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Climatic niche conservatism shapes patterns of diversity in many taxonomic groups, while ecological opportunity (EO) can trigger

rapid speciation that is less constrained by the amount of time a lineage has occupied a given habitat. These two processes are well

studied, but limited research has considered their joint and relative roles in shaping diversity patterns. We characterized climatic

and biogeographic variables for 102 species of arvicoline rodents (Arvicolinae, Cricetidae), testing the effects of climatic niche

conservatism and EO on arvicoline diversification as lineages transitioned between biogeographic regions. We found that the

amount of time a lineage has occupied a precipitation niche is positively correlated with diversity along a precipitation gradient,

suggesting climatic niche conservatism. In contrast, shift in diversification rate explained diversity patterns along a temperature

gradient. Our results suggest that an indirect relationship exists between temperature and diversification that is associated with

EO as arvicoline rodents colonized warm Palearctic environments. Climatic niche conservatism alone did not fully explain diversity

patterns under density-dependence, highlighting the additional importance of EO-related processes in promoting the explosive

radiation in arvicoline rodents and shaping diversity pattern among biogeographic regions and along climatic gradients.
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Explosive radiation represents a conspicuous process by which

lineages diversify. Explosive radiations are characterized by bursts

in diversification rates and have been documented in a wide

variety of organisms (Anker et al. 2006; Elmer et al. 2009;

Morlon et al. 2012; Kapralov et al. 2013; Pires et al. 2015), but

the frequency of this process is poorly understood. Recent studies

suggest that the tendency for climatic niches to remain similar

over time (climatic niche conservatism, Bonetti and Wiens 2014)

generally determine diversity patterns (e.g., Stephens and Wiens

2003; Li et al. 2009). Wiens et al. (2013) found that the num-

ber of species in a given habitat is positively correlated with

the amount of time the lineage has occupied the habitat, which

is known as the time-for-speciation effect (TSE). This density-

independent model is controversial. Other studies have shown

that clade age alone cannot fully explain patterns of species rich-

ness (Rabosky 2012). Diversity patterns may thus be more de-

pendent on diversification rates (Pyron and Wiens 2013; Title

and Burns 2015). Identifying the contributions of TSE and di-

versification rate shifts (in association with explosive radiations)

to shaping extant diversity patterns remains an important en-

deavor for understanding how biological diversity is produced and

maintained.

Ecological opportunity (EO) is a proposed mechanism that

can alter diversification within a lineage, accelerating specia-

tion rates, and decreasing extinction rate. EO promotes increased

species richness that is decoupled from clade age. For example,
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a region may be phylogenetically enriched by colonization from

a lineage that originated in a different region (Jara-Arancio et al.

2014). Upon colonization, this lineage may undergo an initial

burst in diversification and morphological evolution (Schweizer

et al. 2014), filling previously unexploited adaptive zone. A sub-

sequent density-dependent slowdown in speciation is expected as

ecological niches are filled (Schenk et al. 2013). Schenk et al.

(2013), however, showed that the exceptional diversity in muriod

rodents did not generally evolved through EO processes despite

the clade’s high frequency of colonization of new regions. This

finding implies that other key innovations are necessary for diver-

sification.

Arvicoline rodents (Arvicolinae, Cricetidae) represent one of

the most conspicuous and intriguing rapid radiations among pla-

cental mammals in temperate and cold environments of the North-

ern Hemisphere (Robovsky et al. 2008). The first fossil arvicoline

rodents appeared in the Late Miocene (Chaline et al. 1999), and the

number of genera peaked at the Pleistocene–Holocene boundary

(n = 58, Ghiselin 2002). The extant arvicoline rodents encompass

151 species in 28 genera (Wilson and Reeder 2005). The number

of extant arvicoline rodents is eight times greater than its sister

group, the cricetid rodents, which are present in the fossil record

as early as the Early Miocene (Rodrigues et al. 2012). Previous

research suggested that long-distance dispersals and transition

between the Old and New Worlds promoted rapid diversification

in arvicoline rodents (Chaline et al. 1999; Buzan et al. 2008;

Abramson et al. 2009; Fejfar et al. 2011). These studies, how-

ever, focused solely on phylogenetic relationships and taxo-

nomic issues, ignoring biogeographical, and ecological char-

acteristics of this clade. Without considering these additional

factors, researchers can only speculate about the mechanisms

that have driven rapid radiation in arvicoline rodents. It is

worth noting that Schenk et al. (2013) did not find evi-

dence of EO in arvicoline rodents, but their taxonomic cov-

erage for the subfamily Arvicolinae was 12%. Identifying

the ecological mechanisms that have facilitated the explosive

radiation in arvicoline rodents will require increased taxo-

nomic sampling and comprehensive ecological and geographical

data.

In this study, we characterized climatic and biogeographic

traits for arvicoline rodents. We investigate the relationships

among climatic conditions, biogeographic transitions, and diver-

sification rates to address two questions: (1) Does climatic niche

conservatism explain patterns of richness in the arvicoline rodents,

or did specific climatic conditions impact diversification? If the

latter, was the effect direct or indirect (via other mechanisms)?

(2) Did the arrival of the clade to a new continent accelerate di-

versification rates through EO processes? If so, did species retain

climatic niche traits in response to density-dependent diversifica-

tion? We address these complementary questions by integrating

phylogenetics data with climatic and biogeographic data.

Materials and Methods
DATA COLLECTION

We obtained sequence for 102 arvicoline species from GenBank,

comprising 26 of the 28 total arvicoline genera and represented

two-thirds of the total number of arvicoline species. The com-

bined data totalled 6578 base pairs (bp) from four mitochondrial

genetic markers and four nuclear markers (GenBank accession

numbers are provided in Appendix S1): 925 bp of the mitochon-

drial cytochrome b (CYTB) gene, 975 bp of the 12S ribosomal

RNA (12S) gene, 655 bp of the cytochrome oxidase I (COI)

gene, 468 bp of the NADH dehydrogenase subunit 4 (ND4) gene,

798 bp of the nuclear growth hormone receptor (GHR) gene,

1035 bp of exon 1 of the interphotoreceptor retinoid-binding pro-

tein (IRBP) gene, 933 bp of the exon of the recombination ac-

tivation gene 1 (RAG1), and 789 bp of the exon 28 of the von

Willebrand factor (vWF) gene. The taxonomy used in this study

generally follows Musser and Carleton (2005); exceptions are

described in Appendix S2.

Species distribution data were obtained from museum

records from the National Zoological Museum of China (NZMC)

and from the Global Biodiversity Information Facility (GBIF,

available at http://www.gbif.org/). We referenced zoological

records from 1864 to 2014, provided by Thomson Reuters Web

of Knowledge (available at http://apps.webofknowledge.com/) to

confirm the completeness of these data. A total of 94,587 local-

ities (species-specific localities ranging from 1 to 9237, mean

= 909) were included, and apparent outliers were removed. The

number of localities generally appeared to be correlated with the

size of the species range (according to a Spearman rank corre-

lation of sample size vs. latitudinal extent for species with > 1

localities, ρ = 0.725, P < 0.001). We confirmed that locality

data spanned known distributions for each species based on In-

ternational Union for Conservation of Nature (IUCN, available at

http://www.iucnredlist.org/) distribution data.

We obtained climate data from the WorldClim database

(Hijmans et al. 2005, available at http://www.worldclim.org/): we

used mean annual temperature (MAT, BIO1) and annual precipita-

tion (AP, BIO12) in the analyses. We extracted MAT or AP values

for each occurrence locality in ArcGIS 10.0 (ESRI, Redlands, CA,

USA). For MAT, we divided the localities with arvicoline rodents

(ranging from –23.7 to 28.2°C) into 11 temperature zones based

on intervals of 5°C (e.g., –25 to –20.1°C, –20 to –15.1°C, etc.).

For AP, we divided the localities (ranging from 19 to 4038 mm

per year) were divided into nine precipitation zones based on 500

mm intervals (e.g., 0–500 mm, 500–1000 mm, etc.). We then
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determined the distribution of each species along these environ-

mental gradients, obtaining their minimum, maximum, and mean

values across localities (see Appendix S3 for details).

PHYLOGENY AND DIVERGENCE TIME CALIBRATION

Phylogenetic analysis was conducted using both maximum like-

lihood (ML) and Bayesian inference (BI). We determined the

best-fit nucleotide substitution model for each locus based on the

Akaike information criterion (AIC) in JModeltest (Darriba et al.

2012). We used GTR + I + � model because it was the best fit for

nearly all loci. The exceptions were COI, for which TIM3 + I +
G exhibited the best fit, and IRBP, for which TVM + I + G exhib-

ited the best fit. TIM3 and TVM, however, were not available in

RAxML (Stamatakis et al. 2005) and BEAST (Drummond et al.

2012). We constructed a ML tree using RAxML with 1000 ran-

dom starting trees. We conducted a fossil-based cross-validation

in r8s (Sanderson 2003) to determine the best calibration points

for the ML tree. The fossil records were obtained from the Pale-

obiology Database (PBD, Behrensmeyer and Turner 2013). We

chose three of the five fossil calibration points for this study based

on the cross-validation results (see Appendix S4 for details).

Divergence time was estimated using BEAST v 1.8.0 (Drum-

mond et al. 2012). We tested strict versus relaxed molecular clock

model with the Bayes factor (Baele and Lemey 2013) in BEAST,

in which a relaxed model was favored. We implemented an un-

correlated lognormal relaxed clock with a GTR + I + � sub-

stitution model for 50,000,000 generations, sampling every 1000

generations. Bayesian analysis was run twice. Preliminary runs

were conducted to determine whether the posterior distributions

were similar to the prior distribution. The results were assessed in

Tracer v 1.6 (Rambaut and Drummond 2007) to ensure MCMC

convergence and that effective sample size (ESS) of each param-

eter exceeded 200. Replicate results were combined in LogCom-

biner after resampling every 5000 generations and discarding the

first 5,000,000 generations of each run. The tree was then anno-

tated using TreeAnnotator.

CLIMATIC FACTOR-BASED ANALYSES

We examined the TSE, following the protocol of Wiens et al.

(2013). Based on mean MAT and AP values for each species,

we reconstructed ancestral values at each node of the tree using

REML in the ape package (Paradis et al. 2004) in R (R Core

Team 2014). We visualized the ancestral reconstruction using

the phytools package (Revell 2012) in R. The oldest node of

each zone was inferred using reconstructed values and the age of

each node. We tested the relationship between species richness

and occupancy time in a MAT or AP zone by calculating the

correlation between species richness and the oldest colonization

age for each zone. We visualized climatic niche evolution using

phyloclimatespace (Miller et al. 2013) in phytools.

We used BAMM software (Rabosky et al. 2014a) and picante

package (Kembel et al. 2010) in R to analyze the relationships

between diversification rates and climatic traits. BAMM uses a

Bayesian framework to quantify complex patterns of variation in

diversification rates in phylogenetic trees (Rabosky et al. 2013).

For BAMM analysis, we set exponential priors with a mean value

of 1.0 on all rate parameters, including that for the Poisson dis-

tribution. We discarded the first 10% of the generations from

each run. Convergence was tested by computing the ESS. The

BEAST tree was used, with three runs of 10,000,000 generations

of reversible-jump Markov chain Monte Carlo (RJMCMC) sam-

pling. Missing species were not considered in this analysis. We

then tested the correlation between the estimated diversification

rate and climatic traits with STRAPP (Rabosky and Huang 2015),

implemented in BAMM tools (Rabosky et al. 2014b) in R. The

observed statistic was compared to a null distribution that was

generated from 10,000 structured permutations.

With the picante package, we examined phylogenetic clus-

tering in MAT and AP zones using mean pairwise distance (MPD)

and mean nearest taxon distance (MNTD). The MPD is more sen-

sitive to tree-wide patterns of phylogenetic clustering and even-

ness, whereas the MNTD is more sensitive to clustering of the tips

of the phylogeny. A positive standardized effect size (z-value > 0)

suggests phylogenetic evenness or a greater phylogenetic distance

among co-occurring species than expected (Webb et al. 2002). A

negative effective size (z-value < 0) suggests phylogenetic clus-

tering, which is the co-occurrence of taxa that are more closely

related than expected, given the null distribution. Phylogenetic

clustering within a region may imply explosive radiation (Mazel

et al. 2015) or phylogenetic niche conservatism (Losos 2008).

We generated a null distribution through 1000 phylogenies with

randomly shuffled tips. We calculated statistical significance by

comparing the null distribution with the observed pattern.

ECOLOGICAL OPPORTUNITY-BASED ANALYSES

We implemented three methods to test if transition between bio-

geographic regions were associated with diversification rate shifts

and EO processes. First, we tested whether the shift in diversifica-

tion rates corresponded to nodes with transitions into unoccupied

regions. If EO in new regions triggers rapid radiation, then spe-

ciation1 should accelerate upon, or shortly after, colonization of

a new region (Schenk et al. 2013). Diversification rate shift that

are not associated with colonization of a new region would not

support the EO effect. We reconstructed historical biogeogra-

phy patterns from a Bayesian binary MCMC (BBM) in RASP v

2.0 (Yu et al. 2015). We set five biogeographic areas based on

Kreft and Jetz (2010): Palearctic, Oriental, African, Nearctic, and

Neotropical regions. The geographical distribution range of each

species was determined based on Musser and Carleton (2005).

We ran 10 chains of a F81 + gamma model for 50,000 cycles in
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Figure 1. Patterns of species diversity along climatic zones for arvicoline rodents (A, B), and the relationship between the log-transformed

number of species in each zone (500 mm of AP/5°C of MAT) and the log-transformed amount of time that a (C) AP/(D) MAT zone has

been colonized based on the oldest colonization age in each climatic zone.

RASP, sampling the posterior distribution every 100 generations.

We then used BAMM to detect the best shift configuration and

observed the concordance between rate shift and intercontinental

transitions.

Second, we implemented a gamma statistic (γ) with pruned

phylogenies to examine region-specific patterns in the diversifi-

cation rates. We applied a Markov chain constant rate (MCCR,

Pybus and Harvey 2000) test, which corrects for incomplete sam-

pling, to estimate the γ statistic. Given that few species (seven of

151 total species) living exclusively outside of the Palearctic and

Nearctic regions, we only examined species that occur in these

two regions. We conducted two separate MCCR tests for each.

Lineage-through-time (LTT) plots were visualized with the ape

package in R.

Lastly, we examined the phylogenetic signal of geographic

distributions to identify possible rapid diversification events. We

calculated the standardized effective sizes of MPD and MNTD in

picante package for each of the five biogeographic regions listed

above. We performed this analysis using the settings previously

indicated.

Results
CLIMATIC FACTOR-BASED ANALYSES

The arvicoline rodents exhibited greater diversity in drier

(< 1000 mm AP; Fig. 1A, Table 1) and warmer environments

(5–15°C; Fig. 1B, Table 1). The oldest colonization ages were

strongly correlated with species richness along the precipitation

gradient (oldest age: r2 = 0.765, P = 0.002; Fig. 1C). The precip-

itation zone that contained the most arvicoline species was also

the zone colonized by the most recent common ancestor (MRCA)

of arvicoline rodents (Fig. 2A). In contrast, the MAT zone that

spanned 5.1–10°C contained the most species, while the 0.1–5°C

zone encompassed the inferred state of the MRCA (Fig. 2B). The

oldest colonization age (r2 = 0.453, P = 0.023; Fig. 1D) was

less correlated with richness for MAT than AP. The STRAPP re-

sults indicated no relationship between either climatic factor and

diversification (MAT, P = 0.905; AP, P = 0.886).

Phyloclimatespace revealed a distinct pattern for arvicoline

rodents: temperature niches broadly varied along branches, but

the precipitation niche of most species remained similar to that of

the MRCA (Fig. 3). There were a few notable exceptions, such

as lineages living in the cold and arid Arctic (and adjacent areas;

Fig. 3A) and lineages living in North East Asia and on the Tibetan

Plateau, which are also extremely arid (generally exhibiting AP

< 500 mm; Fig. 3B).

Species that inhabit the 5–10°C temperature zone exhibited

significant phylogenetic clustering when MPD was examined,

but no significant patterns of phylogenetic community structure

were detected with MNTD (Table 1). MPD and MNTD did not

detect phylogenetic clustering within any of the precipitation

zones (Table 1).
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Table 1. Number of species and time of colonization for each zone of annual precipitation (AP) and mean annual temperature (MAT) in

millions of years (Ma), and the standardized effective size of mean pairwise distance (MPD.z) and mean nearest taxon distance (MNTD.z).

AP (mm) n Oldest age (Ma) MPD.z P MNTD.z P

0–500 74 3.8642 –0.39 0.336 −0.53 0.302
501–1000 92 3.561 1.16 0.893 1.34 0.910
1001–1500 69 4.7399 –0.58 0.283 0.70 0.762
1501–2000 42 3.45875 0.65 0.741 0.04 0.521
2001–2500 29 3.45875 0.33 0.615 –0.29 0.385
2501–3000 24 3.45875 0.26 0.588 0.31 0.620
3001–3500 14 3.45875 –0.26 0.398 –0.52 0.298
3501–4000 8 3.45875 0.69 0.749 0.35 0.653
4001–4500 1 1.48605 N.A. N.A. N.A. N.A.

MAT (°C) N Oldest age (Ma) MPD.z P MNTD.z P

−23.7–20 7 3.45875 –0.25 0.399 0.88 0.795
−20–15.1 10 3.45875 0.07 0.500 1.04 0.848
−15–10.1 15 3.45875 –0.37 0.350 0.88 0.799
−10–5.1 38 3.45875 0.21 0.583 1.16 0.873
−5–0 59 3.8642 0.29 0.603 –1.07 0.152
0.1–5 71 9.0369 –0.21 0.411 0.63 0.735
5.1–10 88 4.7399 –1.87 0.046 0.30 0.626
10.1–15 82 6.6209 0.26 0.590 0.69 0.735
15.1–20 62 3.45875 –0.96 0.174 –0.77 0.227
20.1–25 27 3.31045 –0.21 0.409 –0.86 0.199
25.1–28.2 9 1.90585 0.49 0.683 –0.59 0.276

Significant values are presented in bold.

ECOLOGICAL OPPORTUNITY-BASED ANALYSES

The biogeographic data are consistent with the hypothesis that

colonization of the Palearctic triggered EO and an explosive radi-

ation. Bayesian binary MCMC analysis suggests that arvicoline

rodents originated in the Nearctic (Fig. 4), which agrees with the

fossil record (Montuire et al. 1997). Most extant species, how-

ever, are distributed in the Palearctic (Fig. 4). BAMM detected

a significant increase in diversification rate (9.2 Ma, 95% HPD

= 7.88–11.01 Ma) that was associated with the first coloniza-

tion of the Palearctic (10.93 Ma, 95% HPD = 9.16–13.16 Ma).

After a rapid increase in diversification in the Palearctic, a sub-

sequent slowdown was detected (γ = –2.56, P < 0.001; Fig. 4),

but this change was not detected in the Nearctic (γ = –2.24, P =
0.09). MPD for all biogeographic regions were not significantly

different from zero, but MNTD values for the Palearctic and Ori-

ental regions were significantly negative, suggesting phylogenetic

clustering (Table 2).

Discussion
CLIMATIC NICHE CONSERVATISM IN ARVICOLINE

RODENT

Consistent with mounting evidence that niche conservatism is im-

portant in determining patterns of diversity (e.g., Li et al. 2009;

Wiens et al. 2013), our results suggest that TSE was important in

shaping arvicoline diversity along both climatic gradients. We did,

however, detect differences in the evolution of precipitation and

temperature niches. The precipitation niche of arvicoline species

remained similar over time across the phylogeny, and species

richness along the precipitation gradient was strongly correlated

with the time since colonization. Studies of lizards (Wiens et al.

2013) and cacti (Hernandez-Hernandez et al. 2014) have shown

that arid and semi-arid biomes around the globe are older and

more diverse than previously recognized (e.g., Lomolino et al.

2006). In our study, arid and semi-arid environments harboured

more species of arvicoline rodents for a longer time period than

any other environment. Diversification rate shift (estimated from

BAMM) were insufficient to explain the arvicoline radiation in

arid and semi-arid environments, which is similar to the results

found in North American lizards (Phrynosomatidae, Wiens et al.

2013). Our results suggest that niche conservatism likely ex-

plains the pattern of arvicoline richness along the precipitation

gradient.

We observed a different pattern of species richness along

the temperature gradient. Species richness was strongly corre-

lated with time, but TSE did not adequately explain the pattern

of diversity. The fossil records suggest that arvicoline rodents

evolved in cold regions of the Northern Hemisphere (Montuire
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Figure 2. Time-calibrated Bayesian phylogeny of 102 arvicoline species with reconstructed ancestral state of annual precipitation (AP,

a) value and mean annual temperature (MAT, b) value. Branch colors represent ancestral reconstructions of mean AP/MAT values within

species. The red dots represent diversification rate shift detected by BAMM analysis.

et al. 1997). Our reconstructed biogeography results are con-

sistent with the fossil records, recovering the low-temperature

zone as the environment occupied by the MRCA. More extant

species, however, are found in warmer environments, while few

have remained in the coldest environments. The amount of time

a lineage has occupied a temperature zone did not fully explain

the richness patterns along the temperature gradient. Phylocli-

matespace further validated the observed differences along the

temperature and precipitation gradients, showing conservation of

the precipitation niche and broader evolution of the temperature

niche in arvicoline rodents. The shift of arvicoline rodents into

arid environments was coupled with an invasion of cold areas, and

the shift into humid environments was coupled with an invasion

of warmer areas. However, reverse was not true: the coloniza-

tion of warm or cold areas was not tightly coupled with a shift

into humid or arid environments, respectively. This asymmetric

habitat selection between climatic factors reflects a density-

dependent process of explosive radiation within arvicoline ro-

dents and possibly represents a more common and widespread

phenomenon, as observed in temperate tree frogs (Chejanovski

and Wiens 2014) and Australian honeyeater (Miller et al.

2013).

EFFECT OF ECOLOGICAL OPPORTUNITY ON THE

EARLY RADIATION OF ARVICOLINE RODENTS

We observed phylogenetic clustering across the deep branches

in arvicoline rodents that occupy the 5–10°C zone, highlight the
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Figure 3. Phyloclimatespace of arvicoline rodents. Blue dots represent extant species in mean annual temperature (MAT, x-axis) and

annual precipitation (AP, y-axis) space. The dots are connected by lines that indicating phylogeny. Line colors represent branch ages from

root (red) to extant tip (blue). The “a” frame includes species distributed in the Arctic region and adjacent areas, and the “b” frame

includes species distributed in North East Asia and on the Tibetan Plateau.

role of diversification rate in shaping the diversity patterns along

the temperature gradient within the group. The greatest species

richness observed in this zone, as opposed to the zone from which

the arvicoline rodents originated, further suggesting a burst in di-

versification rate upon entering a new environment (similar to the

pattern described by Kennedy et al. 2014). Our STRAPP results

indicated that other mechanisms determined richness pattern of

arvicoline rodents along the temperature gradient. Taken together,

STRAPP and phylogenetic clustering analysis suggest that tem-

perature gradients have likely played an indirect role in shaping

patterns of diversity in arvicoline rodents.

Our results support an EO effect when arvicoline rodents

colonized the Palearctic, accelerating their speciation rate and

stimulated a rapid radiation during their early evolutionary his-

tory. The initial diversification rate acceleration and subsequent

slowdown within the Palearctic arvicoline rodents is consistent

with the density-dependent predictions of the EO model. Phylo-

genetic clustering of extant taxa in the Palearctic further supports

a rapid intracontinental radiation of arvicoline rodents (Bennett

and O’Grady 2013; Price et al. 2014). The Oriental region also

exhibited significant clustering of arvicoline rodents. This result

may represent rapid diversification as well, but there are currently

few species distributed in this area. Our other results did not sup-

port the hypothesis that diversification in the Oriental region was

EO related.

Arvicoline diversification can be described as a process of

invasion into warm Palearctic environments: a shift in the diversi-

fication rate occurred only in Palearctic under warmer conditions.

Neither the warmer environments of the Nearctic (where lineages

such as Ondatra and Neofiber were distributed) nor the cold en-

vironments of the Palearctic (where lineages such as Dicrostonyx

and Lemmus were distributed) triggered similar accelerations in

diversification rate. The environmental carrying capacity (with

resource diversity) varies along the latitudinal gradient, with the

highest carrying capacity occurring in the tropics and the lowest

occurring at the poles (Kennedy et al. 2014). Higher temperatures

do not necessarily correspond to tropical latitudes, but higher

temperature is often recognized as the single most important
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Figure 4. (A) Time-calibrated tree from BEAST analysis. Color indicates the historical biogeographical reconstruction. (B) Lineage-

through-time (LTT) plots for the Palearctic and Nearctic regions. The fossil calibration points are indicated with their initial characters.

Gray points are those that were not used in BEAST analysis (MR: Mus vs. Rattus; ON: Ondatra; AR: Arvicola; LA: Lagurus; MI: Microtus;

see Appendix S4 for details). Branch color indicates the highest occupation probability of the biogeographic regions, and different

possibilities are shown with pie charts near the event nodes. The red dot is the best rate shift determined in BAMM.

driver of the increased diversity in the tropics compare to

temperate systems (Brown 2014). Patterns of arvicoline diversity

are generally consistent with this trend; the latitudinal distribution

of arvicoline rodents was negatively correlated with temperature

(P < 0.001). Additionally, the EO effect in the Palearctic, but not

the Nearctic, appears reasonable when competition is accounted

for in the diversification process (Cardillo et al. 2008). Before

arvicoline rodents colonized the Nearctic, neotomine rodents

(Neotominae, Fabre et al. 2012; Parada et al. 2012) occupied this

region. Neotomine rodents are diverse, and competition between

arvicoline and neotomine rodents is well documented (e.g.,

Redfield et al. 1977; Rowley and Christian 1977). Nearctic sig-

modontine rodents (Sigmodontinae) are also known to compete

with arvicoline rodents (e.g., Glass and Slade 1980a, b; Heske
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Table 2. The standardized effective size of mean pairwise dis-

tance (MPD.z) and mean nearest taxon distance (MNTD.z) for ar-

vicoline communities in the five biogeographic regions.

Regime ntaxa MPD.z P MNTD.z P

Palearctic 74 –1.10 0.127 –1.99 0.029
Nearctic 22 1.22 0.887 –1.58 0.062
Neotropical 5 –1.26 0.095 –0.80 0.218
Oriental 8 –0.87 0.183 –1.77 0.039
African 6 –0.91 0.170 –0.40 0.352

Significant values are presented in bold.

et al. 1984). In contrast, Letcher et al. (1994) found that inter-

specific competition might not restrict the distribution of closely

related mammals in the Palearctic, which would explain the

difference we observed between Palearctic and Nearctic arvi-

coline diversity. Pires et al. (2015) reported a similar result in

carnivores, showing that the arrival of carnivores in Eurasia from

North America triggered explosive radiation. Specifically, the

radiation of Eurasian canids may have been due to changes in the

climate and vegetation at the Miocene-Pliocene boundary, which

may also explain the arvicoline radiations in the Palearctic.

It is worth noting several methodological caveats regarding

our study. First, we used mean climatic values rather than the ex-

treme values (seasonal minimum and maximum values). Previous

studies have shown similar results between mean and extreme

values (Chejanovski and Wiens 2014), and that extreme values

have insufficient explanatory power (Guralnick 2006; Miller et al.

2013). Second, w the climatic values for each species are realized

values rather than physiological limits. This discrepancy, however,

should not affect our interpretation because we are interested in

the realized climatic niches in this study. Third, the results were

interpreted rely on the accuracy of the reconstruction of ancestral

states. Our results are consistent with historical environmental and

fossil evidence (see above), suggesting that the ancestral values

are dependable. Fourth, for model-based analyses, only molecu-

lar data were used; paleontological data were not considered. It

is possible that a massive extinction of arvicoline rodents during

the late Pleistocene in colder environments (Chaline et al. 1999;

Fejfar et al. 2011) could have contributed to fewer extant species

remaining in these colder regions (from which they originated).

This possibility, however, does not conflict with our findings of

niche conservatism along climatic gradients and rapid diversifi-

cation in warmer Palaearctic environments. Finally, taxonomic

breadth and depth are important to consider when interpreting re-

sults from studies of this type. Our study was conducted on a rela-

tively broad phylogenetic scale, the roles of the ecological mech-

anisms underlying adaptive radiation for specific lineages were

not addressed. In particular, Microtus and Myodini contributed

greatly to extant diversity of arvicoline rodents. Speciation events

among microtine rodents (Microtus) that occupy open habitats

may have been associated with fluctuations in grasslands distri-

butions (Jaarola et al. 2004), since grassland habitats substantially

increased with the aridification at the Miocene-Pliocene bound-

ary (Birney et al. 1976). At a higher taxonomic level, Schenk

et al. (2013) suggested that the EO model did not generally ex-

plain diversification in muriod rodents (Superfamily: Muroidea),

of which arvicoline rodents are a subfamily. We arrived at a very

different conclusion in this study. Contrasting to the high fre-

quency of biogeographic transition events within the evolution-

ary history of muriod rodents as a whole, arvicoline rodents have

migrated relatively fewer times within and among continents.

Schenk et al. (2013) did not find evidence of EO in Palearctic

arvicoline rodents, but their taxonomic coverage of the subfamily

Arvicolinae was sustainably lower than the present study. The

difference in the sampling coverage between these studies is an

important consideration when interpreting results.

Conclusions
Arvicoline rodents showed asymmetric habitat selection along

temperature and precipitation gradients. The TSE sufficiently ex-

plained the diversity pattern observed along the precipitation gra-

dient, but diversification rate shift was also important in shaping

diversity pattern along the temperature gradient. Diversity pat-

terns within arvicoline rodents revealed a density-dependent ex-

plosive radiation with niche conservatism along a precipitation

gradients and broader evolution along a temperature gradient. We

uncovered an EO effect in arvicoline rodents that was associated

with the transition from the Nearctic to the Palearctic (particularly

into warmer environments of the Palearctic). The EO effect was

important in shaping the pattern of species richness along the tem-

perature gradient. The results from this study further highlight the

importance of combining ecological data and phylogenetic data to

test hypotheses about macroevolutionary processes rather than in-

ferring ecological processes from phylogeny alone (Machac et al.

2013).
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