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ABSTRACT

Taxonomic uncertainties in the Rattus genus persist due to among-species morphological conservatism
coupled with within-species environmental variation in morphology. As a result, this genus contains
a number of possible cryptic species. One important example can be found in R. praetor, where mor-
phological studies indicate it is a possible species complex. Genetic studies of R. praetor (limited to
analysis of mitochondrial DNA) have been inconclusive, but do indicate such subdivision. Here we use
geometric morphometrics to explore this possible species complex by analysing the dental traits of
48 specimens from New Guinea and neighbouring regions. We find separate molar morphologies for
Bougainsville Island, central New Guinea and west New Guinea which cannot be easily explained by
different environmental factors (climate, precipitation and altitude), strongly suggesting the existence of
a number of evolutionarily distinct taxa within what is currently called R. praetor thus supporting previ-
ous suggestions that R. praetor is a species complex. Our findings demonstrate the potential of advanced
morphological analyses in identifying separate species, contrary to the claims of morphological conser-
vatism. Future analyses should combine geometric morphometrics with genetic analyses over the species
range and include sub-fossil specimens from the Bismarck archipelago and Solomon Islands to resolve

the evolutionary history of R. praetor.
© 2018 The Authors. Published by Elsevier GmbH on behalf of Deutsche Gesellschaft fiir
Sdugetierkunde. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

morphologically identical (e.g. Villemant et al., 2007). Geometric
morphometrics represent a suite of powerful tools for examin-

Small mammal genera are often speciose (Michaux et al., 2001),
despite a high degree of morphological uniformity. Increasing
numbers of cryptic species (i.e. two or more species erroneously
classified as a single species) are now being identified with newly
developed molecular techniques (Bickford et al., 2007; Paupério
et al., 2012). However, although cryptic species by definition lack
obvious differences in morphology, this does not mean that they are
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ing morphological differences among groups (Adams et al., 2004),
which have proven useful in the dectection of subtle morphological
variation (Cucchi et al., 2006). Here we apply geometric morpho-
metrics to a species of the genus Rattus which has previously been
noted as likely including a number of cryptic species: R. praetor
(Robins et al., 2014).

How to define species remains a hotly debated issue (FiSer
et al., 2018) and the rapid increase in numbers of species defined
solely by genetics is often regarded with scepticism (Carstens et al.,
2013). The scepticism has become more apparent with increas-
ing conflicts in species delimitations between mitochondrial and
autosomal DNA datasets (e.g. R. tanezumi in Mainland Southeast
Asia, Pages et al.,, 2013). As a result, delimiting species should be
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based on multiple and diverse datasets including non-genetic char-
acters (e.g. phenotypic, behavioural, ecological, etc.) (FiSer et al.,
2018; Carstens et al., 2013). Here we take an approach to docu-
ment the possible cryptic diversity of the previously proposed R.
praetor species complex using exploratory geometric morphomet-
ric methods.

The genus Rattus has one of the most complex taxonomies
among mammals, which is regularly revised (Musser and Carleton,
2005; Pagés et al., 2010; Robins et al., 2014; Timm et al., 2016).
Members of this genus are morphologically homogenous despite
numerous radiations (Schenk et al., 2013) and, therefore, is an
excellent test system for methods to detect cryptic diversity. One
third of Rattus species are found in New Guinea, Australia and
neighbouringislands (Fig. 1) (Rowe etal.,2011). The lack of external
morphological diversity of some species groups in this geographic
region has demonstrably created difficulties in defining, delimiting
and identifying species (Rowe et al., 2011; Taylor et al., 1982). In
particular, R. praetor is an excellent candidate for investigating the
presence of cryptic species because of its wide distribution across
multiple habitats, and the earlier description of a range of proposed
ecomorphs associated with different environments (Taylor et al.,
1982). Distributed across New Guinea, the Bismarck Archipelago
and the Solomon Islands, this species is a member of the Sahu-
lian Rattus group and is divided into two subspecies: a New Guinea
mainland form, R. praetor coenorum and an insular form R. praetor
praetor spanning from the islands northeast of New Guinea to the
Solomon islands (Rowe et al., 2011; Taylor et al., 1982). R. prae-
tor appears to have had a wider distribution in antiquity, which
included now extinct populations in Remote Oceania likely intro-
duced by humans (White et al., 2000), but it is unclear which (if
either) subspecies these extinct Remote Oceanic populations repre-
sent. Furthermore, the current subspecific division is also regarded
as largely arbitrary, due to problems with full sampling across the
distribution of R. praetor and lack of consistent/agreed morpholog-
ical criteria (Taylor et al., 1982: p. 217). Morphological reanalyses
of R. praetor is, therefore, required to better understand and re-
appraise its ambiguous taxonomic status.

Identification of R. praetor is largely based on size, as it is the
largest Rattus species of the Sahulian group (Robins et al., 2014;
Rowe et al.,, 2011; Taylor et al., 1982). R. praetor is noted as being
phenotypically highly variable, which has led to difficulties in its
taxonomic assessment in previous studies (Robins et al., 2007;
Taylor et al., 1982, p. 215). The high variability may have led to con-
fusion with other Sahulian rats: R. steini, R. mordax, R. jobiensis and

R. novaeguineae, and is a likely indicator of multiple cryptic species
within R. praetor (Taylor et al., 1982). However, specific cryptic
species divisions have so far not been suggested and morphologi-
cal research has simply indicated ecomorphs generally associated
with altitude (Taylor et al., 1982). More recent research has focused
on genetic analyses for these species and the wider Rattus genus
(Aplin et al., 2011; Pages et al., 2010; Robins et al., 2008, 2014;
Rowe et al.,, 2011). Some of these wider Sahulian Rattus genetic
studies tentatively support earlier suggestions of the subdivision of
R. praetor into a geographically distributed species complex (Robins
et al,, 2014), though without defining component species. Further,
R. praetor’s position within the rapid Sahulian radiation is unclear
and it appears to be closely related to (and possibly hybridising
with) various other species such as R. steini (Robins et al., 2014). In
light of the wide geographic distribution of R. praetor and reports
of both geographic structure and ecomorphs (Robins et al., 2014;
Taylor et al., 1982), it is highly likely there are discrete cryptic
species that have yet to be identified.

Here we use geometric morphometrics as an exploratory tool to
examine the dental morphology of R. praetor from across its range to
determine subdivisions potentially attributable to separate species
(in a similar fashion as studies in the Cypriot mouse [Mus cypria-
cus] Cucchi et al., 2006; and parasitic wasps [Eubazus] Villemant
et al., 2007). Teeth are regularly recovered from archaeological
and paleontological contexts and they provide a particularly use-
ful element for identification of species and tracking past species’
distributions and evolution (Cucchi et al., 2014). Previous exam-
ination of R. praetor tooth shape have compared multiple linear
measurements (e.g. White et al., 2000), but geometric morphomet-
rics provides a much more powerful tool for quantifying shape,
which cannot be adequately quantified using linear measurements
(Adams et al., 2004). Applications of geometric morphometrics to
the teeth of murids, especially Mus, have proven a powerful tool
for inter- and intra-specific discrimination (Claude, 2013; Cucchi
et al., 2006, 2011, 2013; Macholan, 2006; Valenzuela et al., 2009).
In assessing the dental morphology of R. praetor populations from
across New Guinea and neighbouring islands, we demonstrate the
power of this morphometric approach and highlight how it should
be used in conjunction with genetic studies in the future.

Material and methods

The forty-eight specimens used in this study— and representing
the species range (Fig. 1A)—were from the Bishop Museum, Hawaii
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Fig. 1. (A) Map of New Guinea and neighbouring islands indicating approximated distribution of Rattus praetor (cross hatching) (Taylor et al., 1982). All insular populations
east and north of New Guinea belong to the subspecies R. p. praetor and all mainland New Guinea populations belong to R. p. coenorum. Approximate sea levels of 50 m (dark
grey) and 100 m (light grey) below modern mean sea level are indicated and represent the likely sea levels at 12 and 21 Ka BP respectively (Sathiamurthy and Voris, 2006;
Voris, 2000). Points reflect location of specimens used in this study and colours indicate group classification identified using clustering analyses. (B) PCA of island (solid line)
versus mainland (dashed line) tooth shape for R. praetor, with colours matching the results found from the morphological cluster analyses. The mean tooth shape of each
group with additional landmarks to capture the curves of the cusps is plotted on the PCA in its group’s corresponding colour (see SI 1 and SI Fig. 1 for mean tooth shapes of

analysed landmark configurations).
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Table 1

Sample information table. This table includes the unique locations from museum labelling, the approximate area that location represents and the number of specimens from

that location in this study.

Landmass Location Approximate location area (km?) Sample size
New Guinea Bokondini 1000 4
New Guinea Bulung River, Huongulf 1000 2
New Guinea Prauwenbivak 10 1
New Guinea Sibil Valley 2000 2
New Guinea Teluk Etna 1400 11
New Guinea West Sepik, Brugnowi 20 4
New Guinea West Sepik, May River 40 2
Bougainville Island Cape Torokina 30 9
Bougainville Island Pokapa, SW of Tinputz 100 3
Bougainville Island Tinputz 10 3
Bougainville Island Mt. Karaea, Wakonvasike unknown 1
Bougainville Island Mutahi, SW of Tinputz 20 3
Bougainville Island Mt. Balbi 20 3

(19); Naturalis, Leiden (20); and the Smithsonian Museum of Nat-

ural History, Washington D.C. (9). The museum labelling of the

specimens noted thirteen unique locations (Table 1), but of varying

degrees of precision (i.e. some locations represent a potential sam-

pling area of only a few square kilometres, while others referred

to whole regions of around a thousand square kilometres, see SI

2). Mandibular first molars of the specimens were photographed

in the occlusal view using a Nikon E995 camera. All were from

adults matched as far as possible to equivalent degrees of tooth

wear. Environmental variab.l.es relating to rainfall and temperature Protoconid Metaconid

derive from WorldClim (Hijmans et al., 2005). BioClim data was

loaded to QGIS (2016) and geographic coordinates were used to

extract the data.

Landmarks and semi-landmarks were recorded from the

photographs using tpsDig 2.12 (Rohlf, 2004) for geometric mor-

phometric analyses. Five fixed Type 2 landmarks (according to the

Bookstein, 1991 categorisation) were recorded and 19 sliding semi-

landmarks were used to describe the outline of the teeth (adapted

from Hulme-Beaman et al., 2018, see SI 1). The outline landmarks

were recorded in five curves consisting of: 3, 5, 3, 3 and 5 sliding

semilandmarks respectively (Fig. 2). An artificial straight line was

taken on the posterior part of the tooth from the maximum poste- Entoconid

rior point of the hypoconid to the maximum posterior point of the
entoconid to remove variation introduced from the second molar
because in fossil and sub-fossil material the second molar may not
be present (following Hulme-Beaman et al., 2018).

The landmark data were aligned using a generalised Procrustes
analyses in R using the Geomorph package (Adams et al., 2017).
Semi-landmarks were slid during this stage using the minimum
Procrustes distance method (Sampson et al., 1996). Shape variables
were extracted by carrying out a principal components analysis
(PCA) on aligned configurations of landmarks. These shape vari-
ables were then used for further statistical analyses. The resulting
principal components (PCs) were plotted, the distribution of shapes
examined and the PCs used for further statistical analyses. Due
to the high dimensionality of the data, it is generally considered
appropriate to reduce the dimensionality to a lower number of
principal components (Sheets et al., 2006). Dimensionality reduc-
tion was approached in different ways depending on the statistical
procedure carried out (see below).

Differences in tooth morphology between island and mainland
New Guinea were tested using a Procrustes ANOVA applied directly
to the aligned landmark configurations (Klingenberg and McIntyre,
1998). The variance of mainland and island populations was cal-
culated as the mean squared distance of each individual to the
group mean and tested using an analysis of multivariate homo-
geneity of group dispersions—a multivariate analogue of Levene’s
test, using the vegan package in R (Oksanen et al., 2017). To assess
if geographic variation in shape correlated with climate, an RV test

Fig. 2. Schematic of a Rattus first left mandibular molar showing landmark protocol.

(10,000 iterations) was carried out on the superimposed configura-
tion of shape coordinates and climatic variables (Heo and Gabriel,
1998).

A Gaussian mixture model cluster analysis was carried out
on the principal components using the mclust package (Fraley
et al., 2012) without a priori grouping. This approach produces
varying results depending on the number of dimensions used.
Therefore, dimensionality reduction was carried out in a stepwise
manner, starting with principal component one and consecutively
adding a principal component and returning the number of clus-
ters found at each step. When > 2 principal components were used
for the clustering analyses, we incorporated a clustering analysis
with dimensional reduction following Scrucca (2010) to provide a
summary plot of the underlying structure between multiple dimen-
sions. This also indicates cluster boundaries and the position of
specimens relative to those boundaries indicates levels of uncer-
tainty.

The clusters found using the Gaussian mixture model were
tested by permutation to see if each had a geographic component. A
geographic distance matrix was also generated in R using the Imap
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package (Wallace, 2015). This calculated the geographic distance
in kilometres between the geographic location of each specimen in
the dataset. The geographic distance data were permuted 10,000
times for each cluster and the mean of each of those permuta-
tions was calculated. This was done by standard permutation, by
randomly sampling the total dataset of distances between indi-
vidual specimens to a sample size equal to the identified cluster
sample size iteratively. The mean geographic distance between the
individuals for each group was calculated at each iteration and a
distribution of permuted mean distances was created. The mean of
this permuted distribution of means was calculated. A one sample
Wilcoxon test was used to test if the permuted mean was signifi-
cantly greater than the distribution of real geographic distances,
considering the permuted mean as (. This considers that if the
real distribution of distances is significantly less than the permuted
mean, it can be considered that the geographic distribution of a
group is non-random relative to the overall dataset. A one sample
Wilcoxon test was used because the distances among specimens
was not normally distributed due to distance data being bounded
by zero (distance variables cannot be negative and in this case there
were multiple specimens from the same or nearby locations).

Tooth size was quantified using the centroid size method, which
was calculated for each individual as the square root of the sum of
the squared distances between each landmark and the centroid of
the specimen. Centroid size of island versus mainland R. praetor
and groups identified from the Gaussian mixture model clustering
analyses were tested using a Welch’s ANOVA in R. Levene’s test was
used to test differences in centroid size variance.

Results

PCA of tooth shape indicated the possible presence of multiple
geographical forms because the Bougainville Island population sep-
arated from the New Guinea mainland population (Fig. 1B), with the
differences statistically significant based on the Procrustes ANOVA
(Df=1, Sum Sq.=0.046, Mean Sq.=0.046, F=24.9, p<0.001). The
variance in tooth shape values for the New Guinea mainland pop-
ulation was significantly greater than the island population based
on the analysis of multivariate homogeneity of group dispersions
(p<0.001, mainland variance=0.0012, island variance =0.0007).
The mean centroid sizes of the island and mainland popula-
tions were not found to be significantly different when tested
using a Welsh’s ANOVA (Df=1, Sum Sq.=0.043, Mean Sq.=0.0431,
F=0.071,p=0.79). However, the island population exhibited signif-
icantly reduced variance compared with the mainland population
(Levene’s test, Df =1,F=22.727,p <0.001). None of the results of the
RV test on environmental variables versus shape were significant
(all p>0.05 for the total dataset, New Guinea only and Island only,
but see SI 3 for more details).

The stepwise approach to the Gaussian mixture model identi-
fied two groups using the first principal component (representing
55.53% of variance, see SI 4 for breakdown of principal component
variance) and using the first three principal components (rep-
resenting a cumulative variance of 79.41%). Three groups were
identified using the first two principal components (representing
a cumulative variance of 68.15%). A spherical equal volume model
(EII) was found to be the best fit and identified the three groups
using the first two principal components. The different dimen-
sionalities (1 v 1-3 principal components) produced identical
groupings. The two clusters identified comprised a predominantly
western group and a predominantly eastern group, with mixed
populations in the centre (See SI Fig. 2). For the analyses that
found three clusters, the specimens of each identified cluster were
highly geographically structured (Fig. 1) and Wilcoxon tests com-
paring the permuted mean distance versus the distribution of

distances among specimens were all highly significant (p <0.001 in
each case). Cluster 1 was 80.77% composed of Bougainville Island
specimens, cluster 2 was 76.92% composed of west New Guinea
specimens and cluster 3 was 88.89% composed of central New
Guinea specimens (Fig. 1). There were no differences between
the mean centroid sizes for the clusters from a Welsh’s ANOVA
(p>0.05), nor were there differences in variance of the centroid
sizes for the clusters (p > 0.05).

Discussion

Morphology of Rattus praetor in relation to geography and
environmental factors

We found clear indications that the morphological variation of
R. praetor across its distribution reflects a greater level of taxonomic
division than previously recognised. Despite the genus Rattus and
its component species often being described as morphologically
homogenous (Rowe et al,, 2011; Schenk et al., 2013), geomet-
ric morphometric analyses revealed quantifiable and interpretable
signals in dental morphology. Three groups of R. praetor were
observed from the dental shape data that have closely conforming
geographical distributions: one Bougainville Island group, one cen-
tral New Guinea group and one western New Guinea group. There
are overlaps between some of these groups in central New Guinea,
but it is not possible to identify the cause of these overlaps—i.e.
due to recent human-mediated translocation, or similarity of mor-
phology of intermediate forms or populations, or hybridisation.
Furthermore, the geographic signal found here is greater than the
difference in dental morphology between well established species
in previous studies (i.e. Hulme-Beaman et al., 2018). To under-
stand this further would require an in depth molecular analyses,
incorporating nuclear markers (see below). Nevertheless, the clear
grouping observed in these data indicate the current taxonomic
divisions (subspecific or specific) are inadequate.

The higher level of morphological variance in New Guinea R.
praetor relative to those from Bougainville Island conforms to the
assessment made by Taylor et al. (1982) that New Guinea R. praetor
are highly diverse. However, to fully understand this would require
comparisons with other Sahulian Rattus species. The geographic
structure in our data provides strong evidence for the presence
of cryptic groups that likely stem from geographical barriers and
local selective pressures across the highly biodiverse region of
New Guinea with its variable mountainous and lowland terrain
(Mittermeier et al., 1998), that should also be reflected in studies
of other species.

Human-mediated introductions (White et al., 2000), the result-
ing founder events and subsequent adaptation to new niches could
account for some of the observed shape variation. This would be
particularly the case for Bougainville Island (and more widely the
entire Bismarck Archipelago) as these regions have less faunal and
floral diversity than New Guinea, so local adaptation to a differ-
ent array of resources is possible. However, we found no evidence
for ecomorphs as no correlations between climatic and shape vari-
ables were significant. Therefore, if the morphological differences
between Bougainville Island and New Guinea populations are adap-
tive, there is no evidence they are influenced by climate; other
factors, such as the influence of differences in biodiversity, are
likely needed to explain regional shape diversity. We cannot specu-
late on functional differences between these dental morphologies,
because we do not have dietary data. However, the poor evidence
for ecomorphs from New Guinea R. praetor and recent evidence
for phylogenetic signals from Mainland Southeast Asian Rattus
dental morphology (Hulme-Beaman et al., 2018), would likely indi-
cate that these differences in morphology may largely be driven
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by genetic drift. Furthermore, rapid divergence between popula-
tions of murid species is common where rugged terrain has likely
reduced gene flow between populations (e.g. Madeiran Mus mus-
culus, Britton-Davidian et al., 2000), as might be the case for vast
regions of the mosaic of mountainous and lowland parts of New
Guinea.

The geographic structure of the morphological dataset, show-
ing no overall correlation with climatic factors, suggests that these
morphological signals indicate population-wide differences. This
does not discount the existence of ecomorphs, instead it indicates
wider population differences are driving the observations made in
this dataset. As aresult, any morphological changes associated with
ecological and climatic gradients would likely be masked by the
overriding difference between populations. It is, therefore, possi-
ble that once a better understanding of the subspecific or specific
divisions of R. praetor is established, ecomorphs will be identifiable
for the individual species or subspecies, such as those altitudinal
ecomorphs suggested by Taylor et al. (1982). Although the cov-
erage of our sampling has not greatly improved on Taylor et al.’s
(1982) work and future studies should expand sampling further,
these results demonstrate that geometric morphometric analyses
find sufficient and regular morphological differences between R.
praetor populations and, as such, provide further evidence that the
species should be taxonomically reconsidered.

Relevance of the results to the genus Rattus

Our results bolster previous indications of phylogeographic
structure from small scale sampling and genetic analysis (e.g.
Robins et al., 2014). Given that this phylogeographic signal was
tentatively interpreted as subdivision into cryptic species (Robins
et al., 2014), our finding of morphological groups is of consider-
able interest. Our morphological findings are particularly important
considering that Rattus are generally considered to be morpho-
logically conserved. This group, therefore, merits urgent further
investigation with increased sampling in the region of New Guinea
that has in the past (and continues to be) under threat from lack of
consistency in conservation (Whitfeld et al., 2014).

Genotypic data were not available from the same specimens as
those examined here, so it was not possible to assess if the phylo-
geographic signal emerging from recent molecular studies (Robins
etal.,2014)reflects our R. praetor morphological groups. However, a
comparison between genetic and morphological datasets should be
considered in the future. We did not examine the dental morphol-
ogy of any other Sahulian Rattus species, and future morphological
examination of other species is also needed. Mitochondrial DNA
data on Sahulian Rattus have not been very helpful as a taxonomic
tool for R. praetor, particularly due to problems in separating R.
praetor and R. steini, as a consequence of hybridisation or incom-
plete mitochondrial lineage sorting (Robins et al., 2014). The extent
of this hybridisation or incomplete lineage sorting in R. praetor is
currently unknown (Robins et al., 2014). For direct comparison of
morphological and genetic datasets in R. praetor and related species,
both nuclear and full mitochondrial genomic data are required.

Given the mitochondrial results, it is possible that one or more of
the groups we identified results from varying levels of admixture
between closely related species, such as R. steini with R. praetor.
It might be possible for future analyses to consider the extent of
genetic admixture and then examine if this has a similar signal in
dental morphology for that geographic region. To understand the
likelihood of R. praetor representing a species complex or a diverse
single species, these results need to be set in the wider context of
morphological variation of all Sahulian Rattus species and multi-
ple lines of evidence are required (Carstens et al., 2013). Geometric
morphometrics has proven to be an efficient tool in exploring mor-

phological variation where relatively little variation was previously
thought to exist (e.g. Rowe et al., 2011).

Future questions: conflicting archaeological evidence and
necessity for identification

The extent of R. praetor’s natural range is not entirely clear, with
archaeological reviews suggesting it may have been introduced to
the Solomon Islands due to its apparent absence in early cave sites
until 3-4000 BP (White et al., 2000). Our geometric morphometrics
results indicate the R. praetor of Bougainville Island are morpholog-
ically highly divergent from those of mainland New Guinea, raising
the question of how this morphological difference occurred. There
is good archaeological evidence for Rattus remains from late Pleis-
tocene and early Holocene deposits found at various sites across the
Bismarck Archipelago and the Solomon Islands (Marshall and Allen,
1991). However, these findings are based on using relative size to
identify the rodent remains, and measurements of the mandible
and tooth alveoli; all large Rattus specimens were attributed to one
of two species: either R. praetor or R. mordax (Marshall and Allen,
1991; White et al., 2000, 1991).

R. mordax have predominantly been found in the early con-
texts and those identified as R. praetor in the later ones (Marshall
and Allen, 1991; White et al., 1991). However, this distribution
of R. mordax is contrary to the range identified in earlier litera-
ture, which identifies it as exclusively having an eastern mainland
and southeastern insular New Guinea distribution (Taylor et al.,
1982). It is possible, with the changes in climate evident over the
last 20,000 years, R. mordax may have changed in size, leading to
misidentification when identification is primarily based on size.
A review of these materials using similar geometric morphomet-
rics approaches would provide greater insights into the taxonomic
status of the possible R. praetor species complex and the island dis-
tribution of this species. It could also provide insights into ancient
human activity and movement. In this region of the world, where
DNA preservation is poor, geometric morphometrics provides an
excellent additional methodology for re-examination in the likely
absence of biomolecular data from ancient specimens.
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