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Springtails (Collembola) are a group of arthropods that are found in terrestrial ecosystems
throughout the world. Two species complexes, Tomocerus ocreatus and T. nigrus complexes,
are widely distributed in the southern and northern parts of eastern China, respectively.
There is a poor understanding of the species diversity within these complexes and of the
factors affecting their diversification and dispersal. Species delimitation using a general
mixed Yule coalescent model and a Bayesian multilocus approach recognized 22 DNA-based
species. This supports the presence of extensive cryptic diversity in species that are geo-
graphically widespread. In addition to genetic differences, we discovered corresponding
morphological differences in jumping organs among the major clades. Analyses of diver-
gence times and historical biogeographical processes revealed that ocreatus and nigrus
complexes originated in southern and northern China, respectively. We estimated their
divergence at 27.8–44.9 Mya during the Eocene–Oligocene, at the time when the transme-
ridional Qinling–Dabie Mountains uplifted and formed the north–south geographical
boundary of eastern China. Diversification analyses suggest that the subsequent orogenesis
of the Qinghai–Tibetan Plateau in western China had little impact on divergences within
the two species complexes so that they maintained their geographical patterns from the
Paleogene to the present day. Our findings also point to a potentially important influence
of the Qinling–Dabie Mountains on patterns of animal speciation and distribution in China.
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Introduction
Springtails (Collembola) are small to tiny soil arthropods
that occur in almost all terrestrial ecosystems. They are

characterized by a jumping organ (furcula) on the ventral
side of the fourth abdominal segment (Deharveng & Bedos
2004). Collembolans are considered to be good candidates
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for the study of large-scale phylogeography on land. Most
of them are expected to have low long-range dispersal
capability because of the impacts of food requirement,
requirements, vegetation and wind (Coulson et al. 2002;
Dunger et al. 2002; Hawes et al. 2007). As a consequence
of their winglessness and sedentary habit, there is typically
limited gene flow between springtails at adjacent sites, even
across distances of only tens of kilometres (Timmermans
et al. 2005; Cicconardi et al. 2010).
Tomocerus (Entomobryomorpha, Tomoceridae) is a wide-

spread and common collembolan genus. The genus has
low species diversity and low abundance compared with
springtails in other widely distributed groups (Yin 1992;
Xu et al. 2012), such as Isotomidae (Potapov 2001) and
Entomobryidae (Hopkin 1997). Seventy-eight species of
Tomocerus have been reported globally, 48 of them from
China (Bellinger et al. 1996–2013). In our recent field
expeditions, we found two widespread species of Tomocerus
in eastern China: southern T. ocreatus Denis, 1948 and
northern T. nigrus Sun et al., 2006. These species are sepa-
rated by the Qinling Mountains–Huai River line (QH line),
which is usually regarded as the north–south geographical,
climatic and demographic boundary of eastern China. The
QH line is also regarded as the boundary between Palae-
arctic and Oriental zoogeographical regions (Zhang 1979).
The distributions of T. ocreatus and T. nigrus differ mark-
edly from those of other widespread springtails in China,
which have distributions that span both the north and
south of the QH line. These include Sinella curviseta (Chen
& Christiansen 1993), Ceratophysella duplicispinosa (Jiang
et al. 2011), Homidia sinensis, Folsomia candida and Folsomides
parvulus (Zhao et al. 1997).
The formation of the major component of the QH line,

the transmeridional Qinling–Dabie Mountains, occurred
during the North Sinian Tectonic Period (Eocene–
Oligocene, 52–23.5 Mya), the second tectonic epoch of the
Paleogene (Wan 2011). The subsequent Himalayan Tec-
tonic Period (Miocene–Early Pleistocene, 23.5–0.78 Mya)
had a major impact on the landform of China, particularly
the orogenesis of the Himalayan Mountains and Qinghai–
Tibetan Plateau, which are the most important drivers of
diversification in western China (Liu et al. 2006; Peng et al.
2006; Li et al. 2012; Yan et al. 2013). After the Himalayan
Tectonic Period, the modern landform of China was
ultimately formed (Wan 2011). Compared with the
Qinghai–Tibetan Plateau, a biodiversity hot spot, there has
been less attention towards the Qinling–Dabie Mountains
and their zoogeography in eastern China. One of the main
reasons for this is that many vertebrates have broad distri-
butions, spanning both southern and northern areas of
eastern China (Zhang 2011). In these cases, the Qinling-
Dabie Mountains seem to have played a limited role in

driving vicariant speciation. The collembolan taxa T. ocrea-
tus and T. nigrus provide opportunities to evaluate the sig-
nificance of these mountains with regard to speciation and
zoogeography.
A few widely distributed springtail taxa have been

reported in the past (Bellinger et al. 1996–2013). However,
recent studies in Lepidocyrtus (Soto-Adames 2002; Cicconar-
di et al. 2010), Pogonognathellus (Felderhoff et al. 2010),
Megalothorax (Schneider et al. 2011) and Parisotoma (Porco
et al. 2012) have suggested that ‘widespread species’ recog-
nized by traditional morphological taxonomy need further
assessment via multiple approaches. Speciation mechanisms
and biogeographical patterns are still unknown in most
cases.
The aims of the present study are to: (i) investigate the

diversity in widespread T. ocreatus and T. nigrus, using
recently developed methods of species delimitation; and (ii)
infer their historical biogeographical processes and evaluate
the impacts of the Qinling–Dabie Mountains and the
Qinghai-Tibetan Plateau on the present-day distributions
of these taxa.

Materials and methods
Sampling and DNA sequencing

Samples were collected from 42 localities, including most of
the provinces in eastern China (Table S1, Fig. 1). Cerato-
physella sp. (Hypogastruridae), Folsomia candida (Isotomidae)
and two Pogonognathellus species (Tomoceridae) were cho-
sen as outgroups because the phylogenetic position of
Tomoceridae remains uncertain (Xiong et al. 2008). Nine
Tomocerus species were also sampled to test the monophyly
of the two species/complexes. Species were identified under
a Nikon E600 microscope (Nikon Instruments Inc., Mel-
ville, NY, USA) and Hitachi scanning electron microscope
(Hitachi High–Technologies Corporation, Minato–ku,
Tokyo, Japan). Tomocerus ocreatus and T. nigrus were identi-
fied using traditional morphological characters: the former
has a pale body, compound dental spines with many denti-
cles and two large distal dental spines; the latter has a dark
body, simple dental spines and one large distal dental spine.
DNA was extracted using an Ezup Column Animal Geno-

mic DNA Purification Kit (Sangon Biotech, Shanghai,
China) following the manufacturer’s standard protocols.
Primers, fragment lengths and references are given in Table
S2. Amplifications of mitochondrial COI, mitochondrial 16S
rRNA (16S) and nuclear 28S rRNA D1–2 (28S) were carried
out using a TC-5000 Thermal Cycler (TECHNE, Bibby
Scientific Limited, Stone, Staffordshire, UK). The 25 lL
volumes of 16S and 28S contained 1.5 units of Easy Taq
polymerase, 3 lL of 2.5 mM dNTPs, 4 lL 109 buffer
(containing Mg2+) (TransGen Biotech, Beijing, China), 1 lL
of each primer (5 mM), 14.5 lL ddH2O and 1 lL of
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template DNA, following the PCR programs of Xiong et al.
(2008) and D’Haese (2002). The amplification reaction of
COI was performed following Greenslade et al. (2011) in
25 lL volumes containing the following: 2.5 lL 109 buffer,
2.5 lL 2.5 mM MgCl2, 2 lL 2.5 mM dNTP, 0.5 lL of each
primer (10 mM), 2.5 lL of template DNA, 0.625 lL 5 U/
lL of DNA Taq polymerase and 13.875 lL ddH2O. All
PCR products were checked on a 1% agarose gel. Products
were purified and sequenced by Majorbio (Shanghai, China)
on an ABI 3730XL DNA Analyser (Applied Biosystems, Life
Technologies Corporation, Carlsbad, CA, USA). Sequences
were read and assembled in Sequencher 4.5 (Gene Codes
Corporation, Ann Arbor, MI, USA) and deposited in Gen-
Bank (Table S1). Sequences were BLASTed in GenBank
and checked for possible errors. Preliminarily alignment was
done using ClustalW with default settings in MEGA 5.1 (Tam-
ura et al. 2011). Alignments were then checked and corrected
manually.

Species delimitation

Species boundaries were estimated using both single-locus
and multilocus sequence data. In our single-locus analyses,
we inferred species under both single- and multiple-thresh-
old models using the general mixed Yule coalescent
(GMYC) model using SPLITS (Monaghan et al. 2009) in
the R statistical environment (R Core Team 2013). This
likelihood method estimates the transition points from the
species level (Yule model) to the population level (coales-
cent model) on an ultrametric tree (Pons et al. 2006). The

best-fitting substitution model was selected using the
Akaike information criterion and Bayesian information
criterion in jModelTest 2.1.1 (Darriba et al. 2012), with the
HKY+I+Γ model selected for all three alignments. Ultra-
metric trees were obtained in BEAST v1.7.5 (Drummond &
Rambaut 2007) with a Yule speciation prior and an uncor-
related lognormal relaxed clock (Drummond et al. 2006).
Posterior distributions of parameters were estimated using
Markov chain Monte Carlo (MCMC) sampling. In each
analysis, samples from the posterior distribution were
drawn every 104 steps over a total of 2 9 108 MCMC
steps. Acceptable sampling and convergence to the station-
ary distribution were checked by inspecting traces and cal-
culating the effective sample sizes of parameters. For each
analysis, two independent runs were conducted and the
results were combined.
Incomplete lineage sorting can lead to incongruence

between gene trees and species trees (Knowles & Carstens
2007; O’Meara 2010). We used a Bayesian multilocus
method, BP&P, that takes account of uncertainties in the
gene trees and the ancestral coalescent process (Yang &
Rannala 2010). It calculates the posterior probabilities of
proposed species, given a user-specified species tree. The
species tree was estimated using *BEAST (Heled & Drum-
mond 2010), which uses multilocus data to co-estimate the
individual gene trees along with the shared species tree.
Each specimen was a priori assigned to species based on
the GMYC analysis of the COI data. We assumed that
COI and 16S shared the same gene tree, owing to their

Fig. 1 Sampling sites and species distributions. Different colour spots represent sites from different areas of China, with a transverse line as
approximate north-south geographical boundary.
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linkage in the mitochondrial genome. The data were analy-
sed using the HKY+I+Γ substitution model, an uncorrelat-
ed lognormal relaxed clock, and a Yule speciation prior.
Samples from the posterior were drawn every 104 steps
over a total of 3 9 108 MCMC steps, with the first 10%
of samples discarded as burn-in. Two independent runs
were performed for each analysis in BP&P v2.2 using algo-
rithm 0 and fine-tune e = 2, with samples drawn over 0.4
million MCMC steps. We used three different combina-
tions of prior distributions for the ancestral population size
(h) and root age (s0), as proposed by Leach�e & Fujita
(2010). These combinations assumed (i) large population
sizes h~G(1, 10) and deep divergences s0~G(1, 10); (ii)
small population sizes h~G(2, 2000) and shallow diver-
gences s0~G(2, 2000); and (iii) large population sizes h~G
(1, 10) and relatively shallow divergences s0~G(2, 2000).
Genetic distances within and between species were calcu-

lated with MEGA 5.1. The Kimura-2 parameter model
(Kimura 1980) with pairwise deletion was used for estimat-
ing distances.

Divergence time estimation

We estimated divergence times on the species tree using
*BEAST. In the absence of reliable fossil calibrations, we
employed previous estimates of substitution rates by Papado-
poulou et al. (2010): 3.36%, 1.08% and 0.12% pairwise
divergence per Myr for COI, 16S and 28S, respectively.
These were estimated from Aegean tenebrionid beetles using
a geological calibration and represent some of the more rig-
orous estimates of evolutionary rates in hexapods (Ho & Lo
2013). Specimens were assigned to species a priori by inte-
grating the results of the GMYC and BP&P analyses. Other
settings in the analysis were the same as those described
above, except we sampled from 3 9 108 MCMC steps.

Biogeographical analysis

Reconstruction of ancestral ranges on the species tree was
performed in RASP 2.1 (Yu et al. 2013) using dispersal-extinc-
tion-cladogenesis (DEC) likelihood analysis (Ree et al. 2005;
Ree & Smith 2008) and the Bayesian binary method (Y. Yu,
A. J. Harris & X. J. He, unpublished data). Species were dis-
tributed in six areas, modified from those described by Zhang
(2011): North-east China, North China, southern China,
Tibet, the QH zone and Europe (Fig. 1). The QH zone was
treated as a distinct area because it was difficult to determine
the absolute northern or southern distributions of several
species in the Qinling–Dabie Mountains. DEC likelihood
analysis was conducted using the default settings. In the
Bayesian binary method, we used the F81+Γ substitution
model and rooted the tree using an outgroup. Samples from
the posterior were drawn over 5 9 105 MCMC steps, and
the analysis was conducted with 10 Markov chains.

Lineage diversification

We use the likelihood-based R package LASER v2.3 (Rabo-
sky 2006a) to test whether the diversification rates of the two
species complexes have changed over time. The test statistic
(DAICrc) is the difference between the AIC scores of the
best-fit rate-constant and rate-variable models. A positive
DAICrc value suggests that the data favour the rate-constant
model (pure birth, birth-death) over the rate-variable model
(two-rate Yule model, exponential and linear density-depen-
dent models). The significance of DAICrc was evaluated
using the simulation function fitdAICrc (Rabosky 2006b).
Likelihood ratio tests were performed to compare the two
rate-constant models. We used the plotLtt function in
LASER to generate a lineages-through-time plot from the
ultrametric tree. To test for a change in diversification rates
during the Himalayan Tectonic Period, we used the function
yuleWindow to estimate model parameters for two temporal
windows at four time points (20, 15, 10 and 5 Mya).
To test whether diversification rates have been decreas-

ing through time, we calculated the c statistic (Pybus &
Harvey 2000). Given that there is likely to be incomplete
sampling in our data, we employed a Monte Carlo con-
stant-rates test to avoid potential bias. Owing to the diffi-
culty in assessing the true clade diversity, a series of
supposed total species numbers were tested for the null
hypothesis (constant-rate, pure-birth diversification pro-
cess). All analyses were performed in R.

Results
Species delimitation

Sequence data from the nuclear ribosomal gene 28S failed to
delimit species, with even the four outgroup taxa failing to be
recognized (Fig. S3). For the two mitochondrial fragments,
both single- and multiple-threshold GMYC models had sig-
nificantly better fits to the data than the null hypothesis of
uniform coalescent branching rates (Table 1, P < 0.001, Figs
S1 and S2). We did not find a difference between the two
threshold models (P > 0.05), which suggests support for the
simpler single-threshold GMYC model. Our results sug-
gested the presence of extensive cryptic species vs. 15 mor-
phospecies. More than 40 species with a narrow confidence
interval were recognized in both COI and 16S trees. Forty-
four species were estimated under the single-threshold
GMYC model from both sequence fragments.
The Bayesian multilocus method implemented in BP&P

did not fully support the 44 putative species identified by
the GMYC models (Fig. 2). Six nodes had low speciation
probabilities (<0.95) for all three prior distributions of
effective population size (h) and root age (s0). Several clus-
ters were supported by one or two of the prior distribu-
tions that were investigated. In the subsequent analyses of
biogeography and diversification rate, 17 and five species
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were recognized in the ocreatus and nigrus complexes,
respectively.
In the ocreatus complex, the mean intraspecific distances

(Table S3) were 1.19% (0–5.17%) for COI, 0.37% (0–
1.80%) for 16S and 1.23% (0–2.14%) for 28S. The mean
interspecific distances were 17.91% (1.89–22.08%) for COI,
9.06% (0.41–15.93%) for 16S and 2.27% (0.59–4.89%) for
28S. In the nigrus complex, the mean intraspecific distances
(Table S3) were 1.03% (0–4.06%) for COI, 3.50% (0.07–
12.19%) for 16S and 0.81% (0.13–2.46%) for 28S. The
mean interspecific distances were 11.44% (4.08–15.75%)
for COI, 7.03% (2.08–12.21%) for 16S and 0.87% (0.07–
1.65%) for 28S.
All of the approaches to species delimitation showed that

T. ocreatus and T. nigrus contain multiple cryptic species.
Sixteen ‘ocreatus’ species, together with three other species
(folsomi, TB and TBsp1), formed the monophyletic OC
clade (Fig. 3). Five ‘nigrus’ species and two other species
(FP1, FP3) formed the N clade. Further morphological
examination revealed that the species sampled in the pres-
ent study could be classified into four groups according to
the types of dental spines. These represent the most com-
mon types among Chinese Tomocerus species (Fig. 3): type
I, compound with a couple of strong denticles, appearing
to be multifurcated, surface with longitudinal ribs; type II,
simple, surface with fine ciliation, socket with one small
spine; type III, compound with many denticles of moderate
size, surface with longitudinal ribs; and type IV, simple,
surface with longitudinal ribs, socket with two small spines.
Species of type I were polyphyletic. The species (HBsp1)
of type II was placed as the sister lineage of a type I species
(TBsp3). Species of types III (OC clade) and IV (N clade)
were monophyletic.

Historical biogeography and diversification

Reconstruction of ancestral geographical range showed that
the OC and N clades originated in South and North

China, respectively (Fig. 3). The two clades split 27.8–
44.9 Mya during the North Sinian Tectonic Period
(Eocene–Oligocene, Fig. S4), during the uplift of Qinling–
Dabie Mountains. Three Tibetan species were also found
to be of two different origins.
Maximum-likelihood comparison of diversification-rate

models supported the Yule 2 rate model (Table 2),
although we were unable to reject the null hypothesis of
rate-constant (pure-birth) model (DAICrc = 3.194,
P = 0.072). Three rate-variable models had a better fit with
low AIC scores. ‘YuleWindow’ tests at four time points did
not reveal a difference between rate-constant and rate-
variable models (P > 0.05, Table 3). The lineages-through-
time plot for the OC+N clade indicated a near-constant
rate of diversification, with a weak trend of a slowdown
(Fig. 4). The c statistic is slightly negative and marginally
significant (c = �1.751, P = 0.04), supporting the rapid ini-
tial diversification. To mitigate the impact of incomplete
taxon sampling, we simulated 10 000 trees of 32–277 taxa
using a Monte Carlo constant-rates test. Although the criti-
cal values are negative, P-values are greater than 0.05 when
the number of taxa exceeds 35 (Fig. 5). The total number
of described and putative cryptic species is much greater
than this. Monte Carlo constant-rates tests again supported
the null hypothesis of a constant-rate pure-birth model.

Discussion
Delimitation of cryptic species

Both GMYC and Bayesian multilocus approaches estimated
the presence of extensive cryptic species in the collembolan
genus Tomocerus. Our results support previous suggestions
that the species diversity in Collembola has been severely
underestimated (Cicconardi et al. 2010). Current identifica-
tion of springtails largely relies on morphological taxonomy
(Deharveng 2004), but the efficacy of this approach is lim-
ited in morphologically conservative groups. In contrast,
DNA barcoding has been successful in revealing cryptic

Table 1 Species delimited by the general mixed Yule coalescent (GMYC) model for three sequence regions

Sequence Methoda Entitiesb Clustersc LogLnull
d LogLGMYC

e Comparisonf

COI Single 44 (38–49) 22 (21–23) 59.428 131.909*** 0.552
Multiple 43 (37–48) 24 (22–24) 59.428 135.820***

16S Single 44 (36–47) 22 (20–23) 35.187 46.518*** 0.613
Multiple 47 (41–48) 21 (20–25) 35.187 48.755***

28S Single 3 (1–10) 3 (1–10) �35.083 �33.505 1.000
Multiple 4 (1–52) 4 (1–17) �35.083 �33.503

aSingle- or multiple-threshold model used for analysis.
bNumber of entities/species identified by the GMYC model, including singletons.
cNumber of entities with more than one individual.
dThe log-likelihood of the null model.
eThe log-likelihood of the GMYC model and the result of the likelihood ratio test (***P < 0.001, **P < 0.01, *P < 0.05).
fP-value of the likelihood ratio test between multiple-threshold and single-threshold solutions.
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species in several collembolan genera, such as Megalothorax
(Schneider et al. 2011) and Parisotoma (Porco et al. 2012).
Nevertheless, reliable species boundaries are still difficult
to delimit by genetic distance alone. Single-locus methods
are confounded by the problem of incomplete lineage sort-
ing, which reduces the accuracy of species delimitation
(Knowles & Carstens 2007; O’Meara 2010).
We found that the Bayesian multilocus approach per-

formed better than the single-locus GMYC model. The
latter overestimated the species number in this study
because there were insufficient samples per population
(incomplete sampling) (Lohse 2009; Papadopoulou et al.
2009; Chesters et al. 2013). However, GMYC has been
shown to perform favourably when compared with other
single-locus approaches particularly distance-based methods
(Fujisawa & Barraclough 2013; Zhang et al. 2013). Accord-
ingly, we used it as a preliminary delimitation for the fur-
ther multilocus approach. The multiple-threshold model
tended to overestimate the number of species compared
with the single-threshold model, with recommendations
that the former be used cautiously (Fujisawa & Barraclough
2013).
We found that the 28S fragment D1‒D2 failed to delimit

species, although the selected marker was more variable
than other regions of the 28S gene and is often used for
species identification (Sonnenberg et al. 2007). Owing to
the lower levels of variation relative to mitochondrial
DNA, nuclear ribosomal markers can underestimate the
true species richness. Instead, they are perhaps more useful
for estimating diversity at higher taxonomic levels
(Monaghan et al. 2009; Tang et al. 2012). The multilocus
approach allowed us to overcome the limits of the single
nuclear marker in our study; this underscores the utility of
multilocus methods of species delimitation in Collembola,
as well as other animals, as a promising complement to
morphological taxonomy.

Taxonomical prospects

There has not been compelling evidence for the idea that
molecular technology can replace traditional taxonomy in
general (Ebach & Holdrege 2005; Will et al. 2005; Hajiba-
baei et al. 2007; Stevens et al. 2011). In the case of Tomoce-
rus, however, we found that traditional taxonomic methods
failed to recognize many cryptic species. One of the rea-
sons for this might be an insufficient number of reliable
morphological characters distinguishing the species. Since

the contribution of Yosii (1967), a few characters have been
identified and used to refine the taxonomy of Tomoceridae.
The most frequently used character, dental spines, has been
shown to be phylogenetically informative in separating spe-
cies groups rather than species. Certain patterns of the
dental spines are probably associated with the species com-
plexes. Examining these new characters is now one of the
most urgent tasks for collembolan taxonomists. Some char-
acters overlooked in the past, such as mouthparts, details of
tergal and tibiotarsal chaetotaxy and fine structure of dental
spines, might help to resolve current phylogenetic and tax-
onomic problems.
We note that some structures of the jumping organ dif-

fer among a number of tomocerid genera. In the mono-
phyletic genus Pogonognathellus (Felderhoff et al. 2010), the
dental spines are uniformly simple with somewhat irregular
surface ribs, whereas in all of the species of Monodontocerus,
the spines are multifurcated. These observations suggest a
link between speciation in tomocerids and differentiation of
the jumping organ, especially in the types of dental spines.
Compared with the genera mentioned above, species of
Tomocerus exhibit wider variation in dental spines (from
smooth to multifurcated).
We have defined four types of dental spines here, but

the diversity might be much more complex than this. For
instance, type I is also found in Monodontocerus and some
Tomocerina species, whereas type IV is very similar to those
of Plutomurus and some Tomocerina species. Although we
do not exclude the possibility of convergence among
Tomoceridae, we believe that the differentiation of the
sampled species is closely related to the morphology of
their jumping organs, which has probably led to different
levels of jumping ability. Our findings offer a tool for the
subgeneric division of Tomocerus, but global sampling is still
needed.

Historical biogeography

The north-south division of China by the QH line is some-
what arbitrary, because many of the mountains in the Qin-
ling range are meridional. There is no obvious line that
separates the north and south with respect to climate, geog-
raphy, soil, vegetation and related variables. Quantitative
methods using GIS suggest that the Qinling Mountains and
Huai River can be described as a demarcation zone rather
than a line (Zhang et al. 2012), also supporting the idea of
the zoogeographical transition zone of Palaearctic and

Fig. 2 Bayesian multilocus species delimitation given a species tree inferred in *BEAST. Numbers above branches denote posterior
probabilities. Specimen assignation to 44 species was based on analysis of COI sequences using a GMYC model. Speciation probabilities are
provided for each node under three prior settings: (i) large population sizes h~G(1, 10) and deep divergences s0~G(1, 10); (ii) small
population sizes h~G(2, 2000) and shallow divergences s0~G(2, 2000); and (iii) large population sizes h~G(1, 10) and relatively shallow
divergences s0~G(2, 2000). Numbers in red indicate nodes at which all three speciation probabilities were lower than 0.95.
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Oriental regions (Chen 2004). This is the reason for our
designation of the Qinling–Dabie Mountains as a separate
area in our analyses. Species FP1 and OC14, which have
respective distributions on the southern and northern slopes
of Taibai Mountain of the Qinling–Dabie Mountains
(Table S1) and which belong to northern N and southern
OC clades, also support the view that these mountains rep-
resent the transitional area between the north and south of
China.
In Tomocerus, the ocreatus complex is more widespread

than the north-confined nigrus complex. However, these
two groups are well separated in the inland of China by
the Qinling–Dabie Mountains. We suggest that the
Qinling–Dabie Mountains prevented the dispersal of the
ocreatus and nigrus complexes and that they maintained

Fig. 3 Bayesian species tree estimated using *BEAST. Asterisks denote posterior probabilities greater than 0.95. The estimated divergence
time is given for each node. Scanning electron micrographs of four types of dental spines are shown on the right. Pie charts indicate
reconstruction of ancestral ranges using a dispersal-extinction-cladogenesis model: North-east China (A), North China (B), southern China
(C), Tibet (D), Qinling Mountains–Huai River zone (E) and Europe (F).

Table 2 Tests of diversification-rate variation for OC and N clades
of Tomocerus using DAIC

Model r1 r2 Parameters st lnL AIC DAIC

Pure
birth

0.0648 – – – �32.160 66.320 3.19

Birth-
death

0.0648 – 0a – �32.160 68.320 5.19

Yule 2
rate

0.1205 0.0408 – 13.1083 �28.563 63.125 0

DDX 0.1962 – 0.4309x – �30.850 65.701 2.58
DDL 0.1314 – 33.5724k – �29.916 63.832 0.71

aThe extinction fraction giving the maximum log - likelihood; xA parameter control-
ling the magnitude of the rate change; k

‘Carrying capacity’ parameter of population
ecology; r1, the earliest speciation rate giving the maximum log-likelihood; r2, the
ML estimate of the second speciation rate; st, shift times; lnL, the log-likelihood
under model; DDX and DDL as the density-dependent speciation rate model using
exponential and logistic variants, respectively.

Table 3 Tests of diversification-rate change during the Himalayan
Tectonic Period at four time points (20, 15, 10 and 5 Mya)

Shift
time
(Mya) s1 s2 lnL1 lnL2 AIC DAICrc P-value

20 0.0796 0.0626 �9.337 �22.731 68.136 1.816 0.135
15 0.0996 0.0541 �14.657 �16.504 66.322 0.003 0.294
10 0.0901 0.0456 �20.429 �10.298 65.454 �0.866 0.471
5 0.0750 0.0419 �26.414 �4.985 66.799 0.479 0.246

lnL, maximum log-likelihood; s, the speciation rate given the maximum log-likeli-
hood; DAIC, differences between AIC scores of shift models and best rate-constant
model (pure-birth model, AIC = 66.320)
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Fig. 4 Lineages-through-time plot for Tomocerus ocreatus and nigrus
species complexes based on the species tree estimated using
*BEAST. The horizontal axis measures time in millions of years,
whereas the vertical axis indicates the natural logarithm of number
of lineages. The straight dashed line illustrates diversification
under a constant rate with no extinction.
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significantly altered the constant rate in null hypothesis model.
The horizontal dashed line is the critical P-value of 0.05. P-values
are greater than 0.05 when the number of taxa exceeds 35, which
is far fewer than the total number of described and putative cryptic
species.
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their geographical patterns from the Paleogene to today.
The distribution of the ocreatus complex also extends to the
north-eastern coastal area of Asia, including Japan, Korea
and part of far-eastern Russia. The immigratory route of
this species complex was probably via the eastern plain of
China, where there is no effective land barrier. Another
possible route was from south-eastern China, through
the island chain of Taiwan–Ryukyu–Japan–Korea, to
far-eastern Russia. The latter route could explain why this
species complex is common in Japan, as in southern China,
but is not found in northern China.
The different distributions of the ocreatus and nigrus com-

plexes in eastern Asia might be due to differences in their
adaptations to climate. Our observations suggest that spe-
cies in the nigrus complex are relatively well adapted to cold
habitats, whereas species in the ocreatus complex are appar-
ently adapted to a wider range of temperatures but have
lower tolerance to cold. Similar distributions are also
observed in several other entomobryid species. For example,
Willowsia japonica Folsom has been recorded in eastern
coastal provinces of China, Korea, Japan and Hawaii
(Zhang et al. 2011); Homidia sinensis Denis and Homidia laha
Christiansen and Bellinger have been discovered in south-
ern China, Korea, Japan and Hawaii; and Entomobrya prox-
ima Folsom is also found in South-East Asia, eastern coastal
provinces of China and Japan (J. X. Chen & F. Zhang,
unpublished data). The distribution and dispersal of these
species might have a common mechanism or similar drivers.
Although the Tomocerus ocreatus and nigrus complexes

have wide distributions and distinct biogeographical pat-
terns, their species show a high degree of endemism, like
most springtails (Table S1). When we investigated other
collembolan species that have relatively developed moving
capability with long furcula, widely distributed species in
China were discovered by both morphological and molecu-
lar approaches (F. Zhang, unpublished data). Several
species (Sinella curviseta Brook, Homidia sinensis B€orner,
Homidia socia Denis, etc.) even have distributions that cross
the QH line, being found in both Palaearctic and Oriental
regions of eastern China. To our knowledge, however,
these springtails have been unable to expand into the
Qinghai-Tibetan Plateau in western China. Similar cases in
many other animals have been recorded in the Zoogeography
of China (Zhang 1999, 2011). The QH line as a geographi-
cal barrier has had a weaker influence than the Himalayan
Tectonic Period on Chinese fauna. Nevertheless, our
analyses of diversification rate indicate that the Himalayan
Tectonic Period (23.5–0.78 Mya) had little impact on the
diversification of the two Tomocerus species complexes. Our
results demonstrate the complexity of the zoogeographical
pattern of Collembola in eastern China, highlighting the
need for further research.

Another notable result of our study is that the three
Tomocerus species from Tibet do not form a monophyletic
clade (Fig. 3). Species TB and TBsp1 of the OC clade pos-
sibly originated in southern China (13.11 Mya), whereas
TBsp3 possibly came from North China (29.08 Mya). This
underscores the great colonizing capability of Tomocerus
from east to west and the complexity of the Tibetan fauna.
Wallace’s classic zoogeographical regions of the world have

been updated by Holt et al. (2013), showing that the partition
of realms can vary among three different groups of verte-
brates (amphibians, birds and mammals). Our observations
suggest that the distributions of many collembolan groups in
China do not entirely correspond to either Wallace’s Palae-
arctic/Oriental divisions or Holt’s Palaearctic/Sino-Japanese/
Oriental divisions. As most collembolans are specialized,
edaphic inhabitants, their zoogeographical regions are proba-
bly distinct from those of surface animals as well.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Table S1. Specimen number, species identity, collection

information and GenBank accession number.
Table S2. Sequencing primers and fragment length in

the study. Primers LR-J-12887M and LR-N-13398M were
modified from Simon et al. (1994).
Table S3. Genetic distances within and between species

for COI, 16S and 28S, based on the K2P substitution
model.
Fig. S1. Species delimitation under the single-threshold

GMYC model on the COI gene tree. Asterisks indicate
posterior probabilities greater than 0.95. Cluster branches
are shown in red.
Fig. S2. Species delimitation under the single-threshold

GMYC model on the 16S gene tree. Asterisks indicate pos-
terior probabilities greater than 0.95. Cluster branches are
shown in red.
Fig. S3. Species delimitation under the single-threshold

GMYC model on the 28S gene tree. Asterisks indicate pos-
terior probabilities greater than 0.95. Cluster branches are
shown in red.
Fig. S4. Bayesian species tree and divergence times

inferred using *BEAST. Nodes are labelled with posterior
probabilities.
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