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Oecomys tapajinus (Tapajós Oecomys) is currently a junior synonym of Oecomys roberti (Robert’s Oecomys), a 
widely distributed Amazonian mouse, which probably represents a complex of cryptic species. We investigated 
the taxonomic status of O. tapajinus by integrating phylogenetic analyses of DNA sequences and morphological 
analyses of museum specimens. We were able to confirm that O.  tapajinus is a valid species from eastern 
Amazonia and the transition to the Brazilian Cerrado, where it is sympatric with O. roberti. Oecomys tapajinus 
is characterized by a unique combination of morphological traits, high morphological variation, and genetic 
differentiation and structure related to the complex system of the Amazon River. Potential additional entities 
within the O. roberti complex emerged from our analyses, and further investigation with larger series may shed 
light on the taxonomic status of this species complex.

Oecomys tapajinus (rato-da-árvore do Tapajós) é atualmente considerado um sinónimo júnior de Oecomys roberti 
(rato-da-árvore de Robert), um roedor amplamente distribuído na Amazônia, e que provavelmente representa um 
complexo de espécies crípticas. Neste trabalho investigamos o status taxonômico de O.  tapajinus, integrando 
análises filogenéticas de sequências de ADN e análises morfológicas de espécimes de museus. Confirmamos o 
status de O. tapajinus como uma espécie válida que ocorre no este da Amazônia e na transição com o Cerrado 
Brasileiro, onde é simpátrico com O.  roberti. Oecomys tapajinus é caracterizado por uma combinação única 
de caracteres morfológicos, uma alta variação morfológica, e uma diferenciação e estrutura genética associada 
ao sistema complexo do Rio Amazonas. Este trabalho também revelou outras potenciais unidades dentro do 
complexo O.  roberti que merecem investigação adicional com maiores séries amostrais e que irão ajudar a 
clarificar o status taxonômico deste complexo de espécies.

Key words:   Amazonia, Oecomys, Oryzomyini, Sigmodontinae, species limits, systematics, taxonomy

Originally described as a subgenus of Oryzomys (rice rats) 
by Thomas (1906), the taxonomic breadth and definition of 
Oecomys has been contentious. Hershkovitz (1960) revised 
Oryzomys (Oecomys) and merged 25 species into only 2, thus 
severely underestimating its diversity (e.g., Patton et al. 2000; 

Voss et al. 2001). Recent studies treated Oecomys as generic 
level and confirmed its monophyletic status within Oryzomyini 
genera (Smith and Patton 1999; Weksler 2003, 2006). Currently, 
Oecomys is one of the most diverse genera of Oryzomyini, 
comprising 17 species (Carleton and Musser 2015; Pardiñas 
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et  al. 2016). In addition, there are 29 attributed synonyms, 
some of which may represent valid taxa, and several species 
with questionable taxonomic status (Rosa et al. 2012; Carleton 
and Musser 2015). New species continue to be described (e.g., 
Carleton et al. 2009; Pardiñas et al. 2016), and only continued 
faunal surveys and further taxonomic research will enhance our 
understanding of the diversity in the genus Oecomys (Carleton 
and Musser 2015).
As currently understood, Robert’s Oecomys (Oecomys roberti 
Thomas 1904) is broadly distributed in Amazonia (Brazil, 
Bolivia, Colombia, Guyana, Peru, Surinam, and Venezuela), 
and was provisionally treated as monotypic (Carleton and 
Musser 2015). However, it may well represent a complex of 
cryptic species (Rocha et al. 2015). Two synonyms were rec-
ognized: Oecomys tapajinus (Thomas 1909), known from the 
east bank of the Tapajós River, Pará, Brazil; and Oecomys gui-
anae (Thomas 1910), the Guianan Oecomys, known from the 
Supinaam River, Demerara-Mahaica, Guyana (Carleton and 
Musser 2015). Sampling gaps, mainly in eastern and northern 
Amazonia, add an additional challenge to our understanding of 
these taxonomic entities.

During an 18-month inventory of small mammals in the 
Amazonia-Cerrado ecotone in the mid-Araguaia River, cen-
tral Brazil, we collected several unidentified specimens of 
Oecomys. Phylogenetic analyses of mitochondrial DNA 
sequences revealed that they comprised a monophyletic cluster 
of specimens exhibiting high levels of intrapopulational mor-
phological variation. Although these specimens had been pre-
viously allied to Cleber’s Oecomys (Oecomys cleberi Locks 
1981—Rocha et  al. 2011a), further analyses revealed they 
represented different species (Rocha et al. 2012). The speci-
mens from the Araguaia River were then associated to either 
O. roberti proper, or treated as Oecomys gr. roberti in Rocha 
et al. (2015), due to their reciprocally monophyletic relation-
ship and relatively high genetic distance separating these 2 
forms (Rocha et al. 2011a, 2015).

Short of a full taxonomic revision of the genus Oecomys, we 
feel that the best approach is to compare our voucher speci-
mens with type material for proper identification (e.g., Voss 
et al. 2001; Carleton et al. 2009). Moreover, molecular phylog-
enies and morphological data have been combined to solve tax-
onomic problems (e.g., Rosa et al. 2012; Pardiñas et al. 2016). 
Specifically, DNA sequences from type specimens, or genet-
ypes (Chakrabarty 2010), are helpful when dealing with poorly 
known genera like Oecomys (Rocha et al. 2012), where species 
limits and geographic variation are still unclear.

Considering that cryptic species are those that “are, or have 
been, classified as a single nominal species because they are 
at least superficially morphologically indistinguishable” 
(Bickford et al. 2006:149), we aimed to elucidate the cryptic 
diversity in the O. roberti complex by integrating molecular 
and morphological analyses of specimens collected through-
out the Amazon basin (Brazil and Guyana). We compared 
DNA sequences from topotypes of O. roberti and O. tapajinus, 
and external and cranial morphology of museum specimens, 
including all type specimens of the O. roberti complex, in order 

to investigate differences among putative taxonomic entities. 
We were able to revalidate O. tapajinus and refine its morpho-
logical diagnosis and geographic distribution. We also explored 
the spatial distribution of the genetic diversity within this spe-
cies to understand current and historical factors responsible for 
such diversity.

Materials and Methods

Data sampling and specimen identification.—Specimens 
and tissue samples belonging to the O. roberti complex, includ-
ing its 2 putative synonyms O. tapajinus and O. guianae, were 
obtained from localities in eastern and northern Amazonia 
(Fig. 1; Supplementary Data SD1 and SD2). All parts of the 
study involving live animals followed the guidelines of the 
American Society of Mammalogists (Sikes et  al. 2016). To 
associate each specimen with a taxon name, we used a com-
bination of molecular and geographic criteria from previous 
studies (Patton et  al. 2000; Rocha et  al. 2011a, 2012, 2015). 
Oecomys roberti is a well-defined cluster of specimens, includ-
ing its topotype. Previously unidentified specimens collected 
in the Araguaia, Xingu, and Tapajós rivers (Rocha et al. 2011a, 
2015) also form a monophyletic clade, and we tentatively 
named them O. tapajinus, to test if they comprise a valid spe-
cies. For the 2 sets of specimens to which we were unable to 
assign a specific epithet due to the lack of previous phyloge-
netic analysis, we added geographical designations, namely 
O.  roberti Guyana and O.  roberti Juruá. Specimen vouch-
ers and tissues used in this study are housed in the following 
institutions: BMNH, The Natural History Museum (London, 
United Kingdom); MBML, Museu de Biologia Professor 
Mello Leitão (Santa Teresa, Brazil); MPEG, Museu Paraense 
Emílio Goeldi (Belém, Brazil); MVZ, Museum of Vertebrate 
Zoology (Berkeley, California, United States); MZUSP, Museu 
de Zoologia da Universidade de São Paulo (São Paulo, Brazil); 
UFES-MAM, Coleção de Mamíferos da Universidade Federal 
do Espírito Santo (Vitória, Espírito Santo, Brazil); UFES-
CTA, Coleção de Tecidos Animais da Universidade Federal 
do Espírito Santo (Vitória, Espírito Santo, Brazil); UFMG, 
Coleção de Mamíferos da Universidade Federal de Minas 
Gerais (Belo Horizonte, Minas Gerais, Brazil); UFPAM, 
Coleção de Mamíferos da Universidade Federal do Pará 
(Belém, Pará, Brazil).

Morphological data and morphometric analyses.—We 
examined 83 specimens (skins and skulls) of the O.  roberti 
complex (O. roberti Guyana n = 10, O. roberti n = 15, O. tapa-
jinus n = 58; see Supplementary Data SD1 for a list of speci-
mens examined). Morphological characters were described 
and compared following Weksler (2006) and Carleton et  al. 
(2009). All specimens were classified into the 5 toothwear 
age classes (TWC1–TWC5) defined by Voss (1991; see also 
Supplementary Data SD3). Four external measurements were 
recorded: head-body length (HB), tail length (T), hind foot 
length (HF), and internal length of the ear (E). The 16 cranio-
dental measurements were taken following Musser et al. (1998): 
occipitonasal length (ONL), greatest zygomatic breadth (ZB), 
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interorbital breadth (IB), rostrum length (LR), rostrum breadth 
(BR), lambdoidal breadth (LB), braincase height (HBC), zygo-
matic plate breadth (BZP), diastema length (LD), bony palate 
length (LBP), breadth of bony palate across first upper molars 
(BBP), postpalatal length (PPL), incisive foramina length 
(LIF), incisive foramina breadth (BIF), crown length of maxil-
lary toothrow (CLM1–3), and first upper molar breadth (BM1).

Morphometric analyses were performed using the soft-
ware PAST 2.14 (Hammer et al. 2001), based on the log-
transformed, craniodental measurements of adult specimens 
(TWC3–TWC5). External measurements were excluded from 
these analyses because they were either missing from several 
specimens or they were recorded by different collectors that 
may have used different measurement conventions. A total of 
59 specimens were included in these analyses: 12 O. roberti, 
40 O. tapajinus, and 7 O. roberti from Guyana. For each group, 
we performed descriptive statistical analyses of the cranioden-
tal measurements. Data normality was assessed using Shapiro–
Wilk’s test (Shapiro and Wilk 1965), and only variables with 
normal distributions were used in subsequent parametric tests. 
Principal component analysis (PCA) and multivariate analysis 
of variance (MANOVA) were used to evaluate clusters in mor-
phometric space to verify if they reflected the species identifi-
cation based on qualitative characters.

Molecular data.—DNA was extracted from liver, muscle, or 
ear tissue samples preserved in ethanol, using the salt (Bruford 

et al. 1992) or phenol-chloroform (Sambrook et al. 1989) extrac-
tion. We amplified the mitochondrial cytochrome b (Cytb) and 
cytochrome c oxidase subunit I (Co1), and the nuclear intron 
7 of the beta fibrinogen (Fgb) by polymerase chain reaction 
(PCR). We used the pair of primers MVZ05 and MVZ16 for 
Cytb (Smith and Patton 1993); a cocktail of primers LepF1_
t1, VF1d_t1, LepR1_t1, and VR1d_t1 for Co1 (Ivanova et al. 
2007; modified by E. Eizirik, Pontifícia Universidade Católica 
do Rio Grande do Sul, pers. comm.); and the pair of primers 
B17 and βfib (Wickliffe et al. 2003) for Fgb. Amplifications 
were performed using the following PCR profiles: 1) Cytb: 
initial denaturation at 94°C for 5 min, followed by 39 cycles 
with denaturation at 94°C for 30 s, annealing at 48°C for 45 
s, polymerization at 72°C for 45 s, and final extension at 72°C 
for 5 min; 2) Co1: initial denaturation at 94°C for 5 min, fol-
lowed by 39 cycles with denaturation at 94°C for 30 s, anneal-
ing at 60°C for 45 s, polymerization at 72°C for 1 min, and final 
extension at 72°C for 5 min; 3) Fgb: initial denaturation at 94°C 
for 5 min, followed by 30 cycles with denaturation at 94°C for 
30 s, annealing at 56°C for 1 min, polymerization at 72°C for 
1 min, and a final extension at 72°C for 7 min. PCR products 
were purified using ExoSap-IT enzymes (USB Corporation). 
Mitochondrial fragments were sequenced using an automatic 
sequencer ABI 3500 (Applied Biosystems, Life Technologies, 
Thermo Fisher Scientific, Waltham, Massachusetts), using 
the pairs of primers referenced above for Cytb and Fgb, and 

Fig. 1.—Map depicting major river drainages and sampling localities of Oecomys roberti (white triangles), Oecomys tapajinus (black circles), 
Oecomys roberti from Guyana (white squares), and Oecomys roberti from the Juruá River (white circles). Type localities are indicated as a black 
pentagon for O. roberti, black star for O. tapajinus, and black diamond for O. guianae.
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the primer M13 for Co1 (Ivanova et al. 2007; modified by E. 
Eizirik, Pontifícia Universidade Católica do Rio Grande do Sul, 
pers. comm.).

Electropherograms were inspected and sequences were 
aligned using the CLUSTAL W method implemented in MEGA 
7 (Kumar et al. 2016). All alignments were inspected and cor-
rected manually. For Fgb, heterozygous nucleotide positions 
were identified by double peaks in the electropherograms, 
and were coded with International Union of Pure and Applied 
Chemistry (IUPAC) ambiguity codes. Sequences generated for 
this study were deposited in GenBank (Supplementary Data 
SD1). In addition, 5 sequences from species of the O. roberti 
complex and 18 sequences from other species of Oecomys were 
downloaded from the Barcode of Life Data Systems (BOLD) 
and GenBank (Patton et al. 2000; Borisenko et al. 2008; Rocha 
et al. 2011a, 2012).

Phylogenetic analyses.—We created a concatenated matrix 
of Cytb, Co1, and Fgb sequences representing 13 specimens 
of the O.  roberti complex (Supplementary Data SD1) using 
SequenceMatrix (Vaidya et al. 2011). For analyses evaluating 
Cytb and Co1 separately, we used a total of 32 and 14 sequences, 
respectively. Additional sequences of other species of Oecomys 
(n  =  18) were also included, and Hylaeamys megacephalus 
(Azara’s Broad-headed Hylaeamys) and Euryoryzomys macco-
nnelli (Macconnell’s Euryoryzomys) were used as outgroups.

Phylogenetic relationships among species of Oecomys were 
estimated using Bayesian inference (BI—Lemey et  al. 2009) 
using MrBayes 3.2.5 (Ronquist et al. 2012). BI was performed 
for the concatenated data and for mitochondrial genes sepa-
rately. The best model of nucleotide substitution was selected in 
MrModeltest (Nylander 2004) based on the Akaike Information 
Criterion (AIC) for each molecular marker (GTR+I+G for Cytb 
and Co1, and HKY+I for Fgb). Trees were sampled every 500 
generations until Markov chain Monte Carlo (MCMC) became 
stationary, i.e., when SD of split frequencies was below 0.01, 
which is an indicator of good convergence (Lemey et al. 2009). 
MCMC convergence was also checked in Tracer v.1.6 (Rambaut 
and Drummond 2013), where we confirmed if effective sample 
sizes (ESS) were above 200. A 50% majority rule consensus tree 
was obtained after “burn-in” of 25% of the sample points to gen-
erate Bayesian posterior probabilities (BPPs). Consensus trees 
were visualized in FigTree 1.4 (http://tree.bio.ed.ac.uk/soft-
ware/figtree/). Genetic distances among clades were estimated 
using uncorrected (p) distances in MEGA 7 (Kumar et al. 2016). 
Uncorrected p-distances are preferable for closely related spe-
cies, and yield higher or comparable identification success than 
Kimura 2-parameter model (Srivathsan and Meier 2011).

Phylogeography, population structure, and demography.—
Phylogeographic relationships, demographic history, and pop-
ulation genetic structure within O.  tapajinus were explored 
using only Cytb data, which covered a broader geographic 
range and provided a basic knowledge of putative barriers 
and geomorphological events (e.g., Leite et al. 2016). Number 
of haplotypes, polymorphic sites, haplotype and nucleotide 
diversity values were estimated with DnaSP 5 (Librado and 
Rozas 2009).

Median-joining (MJ) networks were constructed in 
NETWORK (Bandelt et al. 1999) using only variable nucleotide 
sites. Analyses of molecular variance (AMOVAs) among hier-
archical groupings of populations were used to depict regional 
structure using ARLEQUIN 3.5.1.3 (Excoffier and Lischer 
2010). We performed AMOVA considering 3 populations from 
the north bank, south bank, and the mouth of the Amazon River. 
AMOVAs were performed twice, using haplotype frequencies 
and accounting for p-distances among haplotypes.

Isolation by distance was assessed using a Mantel test 
(Mantel 1967). A  pairwise geographic distance matrix was 
obtained in the Geographic Distance Matrix Generator (Ersts 
2016). The pairwise genetic distance matrix was obtained 
by estimating genetic differentiation (FST) between sampling 
points, using ARLEQUIN 3.5.1.3 (Excoffier and Lischer 2010). 
The correlation between genetic and geographic distances was 
estimated using Isolation by Distance web service 3.23 (Jensen 
et al. 2005). As geographic distances between sampling locali-
ties were heterogeneous, we used a logarithmic transformation 
(log10) of this matrix to compensate for the disparity among 
values.

Neutrality and demographic history were evaluated through 
mismatch distribution and neutrality tests, using DnaSP 5 
(Librado and Rozas 2009). Populations under expansion are 
expected to exhibit smooth and unimodal mismatch distri-
butions, while populations at demographic equilibrium are 
characterized by ragged and erratic mismatch distributions 
(Harpending 1994). Deviations from the sudden population 
expansion model were further tested using the Harpending’s 
raggedness index, which quantify the smoothness of the 
observed distribution (Harpending 1994). Deviation from neu-
trality was tested through Tajima’s (1989) D, Fu’s (1997) Fs, 
and Ramos-Onsins and Rozas’ (2002) R2 statistics. Coalescence 
simulations with 1,000 replicates were applied to determine 
the P-value of each statistics, and significant P-values (< 0.05) 
were taken as evidence of demographic expansion.

Demographic history was further investigated using Bayesian 
skyline plots (BSPs) implemented in BEAST 2.1.3 (Bouckaert 
et al. 2014). We used a strict molecular clock, substitution rates 
per nucleotide per million year (mean = 0.024, 95% highest 
posterior density = 0.015–0.035—Leite et al. 2016), and prior 
best model of nucleotide substitution selected in MrModeltest. 
We performed two independent runs of 100,000,000 genera-
tions each, which were sampled every 10,000 generations. 
Convergence of the MCMC chains was verified in Tracer v.1.6 
by checking the ESS values, and skyline plots were constructed 
also using Tracer v.1.6 (Rambaut and Drummond 2013).

Results

Morphological and morphometric analyses.—Bivariate plots 
of the first and the second principal components (PC1 and PC2) 
showed complete overlap of the 3 groups identified a priori, 
i.e., O. roberti proper, O. roberti from Guyana, and O. tapaji-
nus. PC1 explained 59.33% of the variation and PC2 explained 
12.57% (Fig. 2). For both PC1 and PC2, the measurements that 
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contributed most to the variation were zygomatic plate breadth 
and rostrum breadth. Moreover, all variables contributed posi-
tively to PC1, which represents the component related to cra-
nial size. On the other hand, PC2, which is related to cranial 
shape variation, had both positive and negative variable contri-
butions. In general, O. roberti and O. roberti from Guyana have 
intermediate sizes when compared with O.  tapajinus (Fig. 2; 
Table 1).

The canonical analyses showed that O. roberti and O. roberti 
from Guyana, including their holotypes, are almost completely 
nonoverlapping (Fig.  2), indicating that they are 2 distinct, 
well-defined groups in morphometric space, although both 
overlap with O. tapajinus. Indeed, the holotype of O. tapajinus 

is closer to the centroid of O. roberti Guyana than to the cen-
troid of O. tapajinus. Lambdoidal breadth was the most impor-
tant measurement on canonical axes 1 and 2 (CA1 and CA2). 
In addition to substantial morphometric overlap among species 
of the O. roberti complex, qualitative morphological distinction 
based on cranial and dental characters is also difficult (Fig. 3). 
This is mainly due to the high level of morphological variation 
observed in O. tapajinus, as documented below under the sec-
tions “Morphological description and intraspecific variation,” 
and “Comparisons.”

Phylogenetic analyses.—Our phylogenetic analyses recov-
ered 2 distinct and well-supported clades within the O. roberti 
complex (BPP = 1.0), and 2 unsupported clades (Fig. 4). The 

Fig. 2.—Multivariate morphometric analyses of cranial variables of species representing the Oecomys roberti complex (n = 59). A) Covariance 
vectors between the original characters and the first 2 principal component (PC) functions, including projection of individual scores on PC1 × 
PC2. B) Scores of the 2 principal canonical axes (CA) for each individual. Black star is the holotype of O. tapajinus, black diamond is the holotype 
of O. guianae, and black pentagon is the holotype of O. roberti. ONL: occipitonasal length; BZP: zygomatic plate breadth; BR: rostrum breadth; 
IB: interorbital breadth; PPL: postpalatal length; BBP: breadth of bony palate across first upper molars; LIF: incisive foramina length; BIF: inci-
sive foramina breadth; CLM1–3: crown length of maxillary toothrow; BM1: first upper molar breadth.

Table 1.—External, cranial, and dental measurements of holotypes and series of Oecomys roberti, Oecomys tapajinus, and Oecomys roberti 
Guyana. Mean, SD, and range are given in mm. n is the sample size. Measurements are defined in “Materials and Methods” section.

Measurement O. roberti O. tapajinus O. roberti Guyana

Holotype Mean ± SD Range n Holotype Mean ± SD Range n Holotype Mean ± SD Range n

HB 110 112.0 ± 12.98 82.0–130.0 11 126 114.54 ± 13.22 89.0–139.0 35 114 0
T 145 135.73 ± 14.83 101.0–152.0 11 158 134.94 ± 17.29 102.0–171.0 35 149 0
HF 25 25.45 ± 1.57 23.0–28.0 11 25 24.81 ± 1.86 21.0–29.0 35 26 24.8 ± 0.29 24.5–25.0 3
E 16 17.23 ± 0.98 11.0–19.0 11 17 16.66 ± 2.20 10.0–19.0 35 16 14.8 ± 1.04 14.0–16.0 3
ONL 31.91 30.80 ± 1.82 26.41–33.18 10 30.56 ± 2.22 26.69–34.40 37 32.37 31.32 ± 0.71 30.27–32.07 6
ZB 15.99 16.30 ± 1.09 13.58–17.67 11 16.24 ± 1.09 13.85–18.41 38 17.06 16.80 ± 0.65 16.01–17.67 5
IB 5.52 5.50 ± 0.34 4.67–6.03 11 5.8 5.43 ± 0.37 4.49–6.17 39 5.89 5.80 ± 0.29 5.41–6.27 6
LR 8.85 8.45 ± 0.46 7.38–9.23 11 9.79 9.23 ± 1.39 6.77–12.78 38 8.72 8.59 ± 0.24 8.35–8.91 6
BR 5.71 5.38 ± 0.32 4.49–5.64 11 6.6 5.61 ± 0.77 3.70–6.89 39 6.31 6.13 ± 0.27 5.62–6.38 6
LB 12.37 11.98 ± 0.52 10.98–12.48 10 11.73 ± 0.57 10.77–12.96 38 12.11 11.76 ± 0.15 11.55–11.98 6
HBC 9.92 8.80 ± 0.30 8.38–9.22 10 8.97 ± 0.50 7.74–10.64 38 9.55 8.81 ± 0.28 8.37–9.15 6
BZP 3.32 2.99 ± 0.40 2.08–3.48 11 2.93 3.00 ± 0.34 2.38–3.79 39 3.21 3.02 ± 0.11 2.89–3.22 6
LD 8.04 7.93 ± 0.55 6.59–8.53 11 8.99 7.82 ± 0.68 6.49–9.26 39 8.48 8.26 ± 0.29 7.67–8.42 6
LBP 6.4 6.37 ± 0.40 5.55–6.91 11 6.34 ± 0.74 5.24–9.33 39 6.12 6.28 ± 0.22 5.96–6.60 6
PPL 10.92 10.71 ± 0.75 8.96–11.56 10 10.72 ± 0.99 8.43–13.46 34 11.15 10.99 ± 0.52 10.16–11.52 6
BBP 5.71 5.66 ± 0.31 5.11–6.08 11 5.78 5.65 ± 0.30 5.18–6.33 35 5.91 5.82 ± 0.32 5.24–6.12 6
LIF 4.91 4.92 ± 0.27 4.55–5.40 11 5.41 4.87 ± 0.43 4.03–5.81 39 5.53 5.10 ± 0.18 4.88–5.39 6
BIF 2.8 2.56 ± 0.15 2.33–2.87 11 2.97 2.52 ± 0.25 2.06–3.10 39 2.78 2.72 ± 0.21 2.38–2.95 6
CLM1–3 4.99 4.70 ± 0.14 4.47–4.87 11 4.66 4.66 ± 0.23 4.31–5.19 37 4.57 4.67 ± 0.07 4.60–4.74 6
BM1 1.32 1.30 ± 0.08 1.22–1.47 11 1.32 1.29 ± 0.09 1.07–1.56 39 1.35 1.33 ± 0.05 1.28–1.40 6
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name O. roberti was given to the least-inclusive clade includ-
ing the specimen MVZ 197616 (Fig. 4), which is a topotype of 
O. roberti, collected at Chapada dos Guimarães, state of Mato 
Grosso, Brazil. Similarly, the name O.  tapajinus was given 
to the least-inclusive clade including the specimen CAC333 
(Fig.  4), which was collected at Moraes Almeida, Itaituba, 
state of Pará, Brazil, about 40 km south of the type locality 
of O. tapajinus (Santa Rosa, Rio Jamanxim, right bank of the 
Upper Tapajós, Pará, Brazil—Carleton and Musser 2015). This 
clade encompasses samples from Tapajós, Xingu, and Araguaia 
rivers (Figs. 1 and 4). The remaining samples of the O. roberti 
complex formed 2 clades, 1 including specimens from the Juruá 
River (JLP15241 and JUR542) and the other from Guyana 
(ROM 98125, 106779, and 111539), but their affinities were 
uncertain based on concatenated data (Fig. 4). Oecomys roberti 
from Guyana grouped with O. roberti proper with high support 

when only the mitochondrial Co1 was used (see Supplementary 
Data SD4 and SD5).

We found high average pairwise genetic distances between 
O.  roberti and O.  tapajinus (Cytb: 6.2  ±  0.8%, and Co1: 
6.9  ±  0.9%; Supplementary Data SD4 and SD5), and low 
intraspecific genetic distances within them (Cytb: 0.4  ±  0.2 
and 1.8  ±  0.2, respectively). It should be noted that these 2 
species occur in sympatry in the Araguaia River (Fig.  1). 
Average genetic distances between O. tapajinus and O. roberti 
complex specimens from the Juruá River and Guyana are 
also high (Cytb: 6.2  ±  0.7% and Co1: 7.2  ±  1.0%, respec-
tively; Supplementary Data SD4 and SD5), but genetic dis-
tances between specimens of O. roberti proper and O. roberti 
complex from the Juruá and Guiana are slightly lower (Cytb: 
5.8 ± 0.7% and Co1: 4.0 ± 0.7%, respectively; Supplementary 
Data SD4 and SD5).

Fig.  3.—Dorsal (top) and ventral (bottom) views of the skulls of adult (TWC3) specimens of: A) Oecomys roberti (UFMG 2845, female), 
B) Oecomys tapajinus (UFES 1362, male), and C) Oecomys guianae (BMNH 10.5.4.27, female), from the collections of the Natural History 
Museum, London. Scale bar = 5 mm.
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Species delimitation.—Molecular and morphological data 
are not congruent in delimiting species of the O. roberti com-
plex. We choose to follow the phylogenetic results based on 
molecular data to delimit species of this complex, supporting 
our hypothesis that O. tapajinus is a valid species, distinct from 
O. roberti. Two other groups closely related to O. tapajinus and 
O. roberti emerged from our phylogenetic analyses. They are 
monophyletic based on mitochondrial DNA, but their status as 
sister clades has low statistical support. Due to the lack of addi-
tional data (both molecular and morphological), these groups 
will continue to be provisionally associated with O.  roberti. 
Thus, samples of O. roberti from Guyana will be referred to as 
O. roberti Guyana, and samples from the Juruá River will be 
referred to as O. roberti Juruá throughout this paper.

Phylogeography, population structure, and demography.—
Our evaluation of partial Cytb sequences of 72 individuals 
of O.  tapajinus resulted in 28 haplotypes (Supplementary 
Data SD6), 57 polymorphic sites, high haplotype diversity 
(0.861 ± 0.035), and low nucleotide diversity (0.009 ± 0.002). 
MJ networks revealed a star-like configuration, with 2 long 
branches comprising haplotypes from the north bank of the 
Amazon River (Amapá) and the mouth of the Amazon River 
(Belém; Figs. 5 and 6). This structure was corroborated in the 
Cytb BI tree (Supplementary Data SD4).

Analyses of molecular variance revealed differences in the par-
titioning of genetic variation, depending on the test used (Table 2). 
When using haplotype frequencies, the majority of variation 

(59.8%) was found within populations. When using p-distances, 
most variation was found among groups (87.96%). We found no 
correlation between genetic and geographic distances (r = 0.0027, 
P = 0.512), refuting a scenario of isolation by distance. Although 
mismatch distribution did not show a smooth and unimodal 
curve (r = 0.05, P = 0.6; Fig. 6), all neutrality tests (D = −1.928, 
Fs = −9.666, and R2 = 0.0441; P < 0.05 in each of them) and BSP 
(Fig. 6) supported scenarios of population expansion.

Taxonomy

Oecomys tapajinus Thomas 1909

Oryzomys [(Oecomys)] tapajinus: Ellerman 1941:359.

Oryzomys (Oecomys) concolor concolor: Hershkovitz 
1960:546 (part); not Oecomys concolor (Wagner 1845).

Oryzomys marmosurus tapajinus: Cabrera 1961:406.

Oecomys trinitatis tapajinus Patterson 1992:25.

Oecomys roberti: Musser and Carleton 1993:716 (part).

Oecomys sp.: Rocha et al. 2011a:19.

Oecomys sp.: Rocha et al. 2011b:711.

Oecomys roberti: Carleton and Musser 2015:408 (part).

Oecomys gr. roberti: Rocha et al. 2015:410.

Oecomys aff. roberti: Pardiñas et al. 2016:5.

Fig. 4.—Phylogenetic tree of Oecomys obtained by Bayesian inference of a concatenated-gene (Cytb + Co1 + Fgb) data set. Numbers at nodes are 
Bayesian posterior probabilities; numbers in bold indicate high support (≥ 0.95). Hylaeamys megacephalus and Euryoryzomys macconnelli were 
used as outgroups. Scale bar = 0.02 nucleotide substitutions.
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Emended diagnosis.—Oecomys tapajinus is characterized 
by the combination of relatively medium to large size (HB ≈ 
89–139 mm, ONL ≈ 26.69–34.40 mm), relatively long tail (TL 
≈ 102–171 mm), ventral pelage is gray-based and white-tipped 
(except chin, throat, inguinal region, and legs, which are pure 
white or cream, with a midline usually lighter with variable 
amount of gray), sturdily built skull with well-developed supra-
orbital ridges that may extend onto parietals, a primitive pattern 
of carotid circulation represented by a squamosal-alisphenoid 
groove leading to a sphenofrontal foramen, and anterocone of 
M1 usually divided by an anteromedian flexus (Supplementary 
Data SD3).

Geographic distribution.—As reported here, O. tapajinus is 
known from several Brazilian localities in eastern Amazonia 
and in the transition to the Brazilian Cerrado. It ranges from 
the mouth of the Amazon River, along the Tocantins, Araguaia, 
Xingu, Iriri, and Tajapós rivers on the south bank of the 
Amazon River, as well as the Jari River, on the north bank of 
the Amazon River (Fig. 1).

Morphological description and intraspecific variation.—
Adult HB 89–139  mm (Table  1); TL 104–133% longer than 
HB (102–171 mm). Dorsal fur soft, 6–11 mm long; adult dor-
sal pelage tawny, dorsal hairs gray-based and orange-tipped, 
finely intermixed with completely black guard hairs. Juvenile 
dorsal pelage dark brownish; older adults brighter than young 
adults. Head and flanks lighter than dorsum, abrupt lateral tran-
sition, well-defined orange line between lateral and ventral fur 
present in most specimens. Ventral pelage white to cream or 
gray-based, except chin, throat, inguinal region, and legs totally 

Fig.  5.—Map of sampling localities of the Oecomys tapajinus and 
depicting major river drainages. Colors of sampling localities corre-
spond to those in the median-joining network (Fig. 6A).

Fig.  6.—Phylogeographic relationships and demographic history of 
the Oecomys tapajinus inferred using Cytb sequence data. A) Median-
Joining network in which the length of connecting branches corre-
sponds to the nucleotide substitutions, size of the circles is proportional 
to the number of individuals sharing each haplotype and colors corre-
spond to those in the map (Fig. 5). B) Mismatch distribution in which 
dashed curves indicate the observed frequency distribution of pairwise 
differences, and solid curves indicate the distribution that would be 
expected under a population growth–decline model (θ  =  5.203 and 
τ = 0.198). C) Bayesian skyline plot in which the black solid curve 
indicates changes in effective population size and gray shadows indi-
cate upper and lower 95% CIs.
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white to cream. Some specimens white to cream ventrally with 
gray-based sides; others gray-based ventrally, except chin 
and throat, always white to cream. Eyelids black, no eye ring. 
Mystacial vibrissae black, turning paler toward the tip, and 
long (32–45 mm), surpassing the ears. Pinnae brown, covered 
with tiny ochraceous hairs. Hind feet relatively short and broad, 
dorsal surface partially covered with dark brown-based and 
white-tipped hairs, general appearance of hind feet dirty white. 
Ungual tufts bright white and developed on digits II–V. Plantar 
surface smooth with 6 well-developed pads. Tail completely 
dark brown, covered with rounded to squared scales, arranged 
in circles. No caudal pencil, but hairs surpass tail about 1 mm 
in length. Four pairs of mammae.

Skull sturdy, rostrum short, zygomatic notches shal-
low. Posterior margins of nasal bones rounded to squared or 
v-shaped; nasals short or extending a little beyond maxillary-
frontal-lacrimal suture. Premaxillary bones about the same 
level as nasals or a little shorter. Lacrimal contacts both maxil-
lary and frontal. Interorbital region relatively large, convergent 
anteriorly. Well-developed supraorbital ridges may extend 
onto parietals; parietals expanded onto lateral surface of the 
braincase, interparietals expanded laterally. Zygomatic arches 
wider posteriorly; jugal large, and maxillary and squamosal 
processes of the zygoma do not overlap. Posterior margin of 
zygomatic plate anterior to M1 alveolus. Anterior margin of 
incisive foramina moderately to strongly convergent, and pos-
terior margin almost parallel. Shallow lateral excavations on 
bony palate. Mesopterygoid fossa broad, U-shaped, reaching 
the maxillary bones. Posterior palatal pits highly variable, from 
simple small foramen at each side of the mesopterigoyd fossa, 
to large and divided foramina, or as divided foramina recessed 
in a fossa. Parapterygoid fossae dorsally excavated but not 
reaching the level of the mesopterygoid roof; mesopterygoid 
roof either totally ossified or with sphenopalatine vacuities 
anterior to the basisphenoid-presphenoid suture. A  primitive 
pattern of carotid circulation represented by stapedial foramen 
and posterior opening of alisphenoid canal large, and squa-
mosal-alisphenoid groove and sphenofrontal foramen present; 
alisphenoid strut usually absent (only 5 out of 34 specimens 
have this structure on both sides of the skull). Anterior open-
ing of the alisphenoid canal always present as either a small or 
large foramen. Hamular process of squamosal usually broad, 
and in most specimens occludes the subsquamosal fenestra, 

which is a small pit. Ectotympanic bulla small, mastoid either 
completely ossified or with a diminutive pit in the dorsal con-
tact with the exoccipital border or with a medium-sized fenes-
tra that does not reach the exoccipital border. Mental foramen 
opens laterally; capsular process of lower incisor present as 
a slight to medium rounded elevation. Masseteric ridges con-
verge anteriorly as an open bifurcation, below m1, or converge 
in a single crest.

Upper incisors slightly opisthodont. Labial accessory roots 
of M1 and m1 present or absent; lingual accessory root of m1 
always absent. Maxillary toothrows parallel, 4.31–5.19  mm 
long. Anteromedian flexus usually present (but absent in the 
holotype and 9 other specimens) on the anterocone of M1, 
sometimes diminutive and easily worn with use (Supplementary 
Data SD3). Anteroloph present on M1 and mesoloph present on 
M1–2; protoflexus present on M2. Paracone of M1 connected 
to protocone by enamel bridge situated at posteriormost end of 
protocone. Accessory loph present on paracone of M2. M3 with 
mesoloph, posteroloph, and hypoflexus, and smaller than other 
molars. Anteromedian flexid absent on m1; ectolophid on m1 
variable in size, anterolabial cingulum and mesolophids present 
on m1 and m2, and posteroflexid present on m3.

Comparisons.—Distinction among species of the O. roberti 
complex is difficult due to their morphological similarities 
(Fig. 3), but the combination of external, cranial, and den-
tal characters allows their identification. All specimens of O. 
roberti examined by us, including the holotype and speci-
mens from the Juruá (Patton et al. 2000), have either a totally 
white ventral pelage or a white ventral midline from chin to 
anus, with lateral bands of white-tipped and gray-based fur. 
Specimens attributable to O. roberti Guyana have a spot on 
the throat without gray-based fur, but the rest of the ventral 
fur is completely gray-based with cream tips. In contrast, the 
ventral fur of O. tapajinus is white to cream with gray base 
from chin or neck to anus, although some specimens may 
exhibit a white ventral midline as described for O. roberti 
proper. Dorsal pelage of specimens attributable to O. roberti 
Guyana, varying from reddish to orangish brown and inter-
mixed with black hairs, is relatively darker than that of both 
O. roberti proper and O. tapajinus. Dorsal pelage of speci-
mens of O. roberti Juruá is bright reddish orange (Patton et 
al. 2000). Skulls of O. roberti (including those from Guyana) 
have smaller crests at the interorbital region when compared 
to O. tapajinus and O. roberti Juruá, with well-developed 
crests extending onto the parietals (Patton et al. 2000). The 
alisphenoid strut is either absent or present in O. roberti, O. 
roberti Juruá, and O. tapajinus, although always absent in 
specimens attributable to O. roberti Guyana. The anterome-
dian flexus is absent on M1 of O. roberti proper and O. roberti 
Guyana, with rare exceptions (3 out of 25 analyzed specimens 
have this flexus), but present in O. tapajinus. This character 
was not mentioned for specimens of O. roberti from the Juruá 
(see figure 85 from Patton et al. 2000).

Other congeneric species, such as the White-bellied Oecomys 
[Oecomys bicolor (Tomes 1860)], the Cleber’s Oecomys (O. 

Table 2.—Percent variation and fixation indices for the analysis of 
molecular variance (AMOVA) of Oecomys tapajinus considering 3 
groups. Numbers in bold correspond to significant values (P < 0.001).

Haplotype frequencies p-distances

% Variation
  Among groups 3.56 87.96
  Among pop. within groups 36.63 9.42
  Within populations 59.8 2.62
Fixation index
  ΦCS 0.38 0.78
  ΦST 0.40 0.97
  ΦCT 0.04 0.88
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cleberi), the Brazilian Oecomys [Oecomys paricola (Thomas 
1904)], and the Franciscos’s Oecomys Oecomys: (Oecomys 
franciscorum Pardiñas et al. 2016), have also been documented 
in eastern Amazonia and in the Amazonia-Cerrado ecotones 
(Bonvicino et al. 2008; Carleton and Musser 2015), and often 
occur in sympatry with O. tapajinus (e.g., Marinho-Filho et 
al. 2002; Alho 2005; Rocha et al. 2011a), but they all are eas-
ily differentiated from O. tapajinus by their size, and skin and 
skull characteristics (Carleton and Musser 2015; Pardiñas et al. 
2016).

Oecomys paricola is easily distinguished from O. tapajinus 
because of its reddish dorsal pelage, totally cream ventral mid-
line from chin to anus flanked by gray-based hairs, and hairy, 
pencillate tail. Zygomatic notches are shallower and sometimes 
almost indistinct, interorbital ridges rarely extend onto pari-
etals, and incisive foramina are oval-shaped in O. paricola. In 
addition, the alisphenoid strut is always absent in O. paricola 
(as observed by us and previously mentioned by Voss et  al. 
2001), and the anteromedian flexus on the anterocone of M1 is 
absent in O. paricola.

Both O. bicolor and O. cleberi are smaller than O. tapaji-
nus, and their dorsal pelage is more yellow. The ventral pel-
age is pure white in O. bicolor and O. cleberi has a white to 
cream midline flanked by gray-based hairs. The tail of both 
O. bicolor and O. cleberi ends in a small pencil. In contrast 
with O. tapajinus, these 2 smaller species possess an interor-
bital region with small crests, very shallow zygomatic notches, 
elongate incisive foramina, small posterior palatal pits, subs-
quamosal fenestra always present, and anteromedian flexus on 
M1 absent.

Compared to O.  tapajinus, O.  franciscorum is larger, has 
a grayish-brown dorsal pelage, and a yellowish midventral 
pelage flanked by gray-based hairs (Pardiñas et  al. 2016). 
Contrasting with O.  tapajinus, the interorbital region of 
O. franciscorum is narrow with small crests, the jugal is usu-
ally small with overlapping maxillary and squamosal pro-
cesses, incisive foramina are long and broad medially, and it 
has a derived carotid circulation pattern, in which the posterior 
opening of the alisphenoid canal is small, and the squamosal-
alisphenoid groove, the sphenofrontal foramen, and the stape-
dial foramen are all absent.

Discussion

Although provisionally listed as monotypic (Carleton and 
Musser 2015), cryptic diversity within O.  roberti has been 
previously recognized (Rocha et  al. 2011a, 2015; Pardiñas 
et  al. 2016). By combining molecular data, including DNA 
from topotypes of O.  roberti and O.  tapajinus, and morpho-
logical comparisons of museum specimens, including all type 
specimens, we were able to confirm Thomas’s (1909) view of 
O. tapajinus as a valid species. The recognition of O. tapaji-
nus as distinct from O. roberti partially reduces the taxonomic 
intricacies of the O. roberti complex, the former being distrib-
uted in eastern Amazonia, whereas the latter is known from 
southern Amazonia. Both species occur in sympatry in the 

Amazonia-Cerrado ecotone, where their identification in the 
field is particularly difficult (Rocha et al. 2011a, 2015).

Oecomys tapajinus and O. roberti are phenetically very simi-
lar, mainly due to the high morphological variation reported for 
O. tapajinus, but these 2 species represent 2 reciprocally mono-
phyletic and genetically distant entities (Cytb: 6.2 ± 0.8%, and 
Co1: 6.9 ± 0.9%) that occur in sympatry, indicating that they 
represent separate lineages that merit species-level status. 
However, a few qualitative morphological characters are use-
ful in distinguishing these 2 species, including predominately 
gray-based ventral fur (totally white ventral pelage or a white 
ventral midline from chin to anus, with lateral bands of white-
tipped and gray-based fur in O. roberti), a more heavily built 
skull with longer interorbital ridges (smaller interorbital crests 
in O. roberti), and anteromedian flexus present on M1 in O. tap-
ajinus (absent in O. roberti). This last character is uncommon 
in Oecomys (Weksler 2006), and was previously considered a 
discriminating feature between Oecomys and Rhipidomys (as 
observed by us and by M. D. Carleton, National Museum of 
Natural History, Smithsonian Institution, pers. comm.). Further 
morphological discrimination between O.  tapajinus and 
O. roberti will depend on the analyses of additional series of 
specimens, especially from the latter.

Two other groups closely related to O.  tapajinus and 
O. roberti emerged from our phylogenetic analyses, 1 includ-
ing specimens from the Juruá River (O. roberti Juruá) and the 
other from Guyana (O. roberti Guyana). Although both were 
recovered as monophyletic based on mitochondrial DNA, their 
status as sister clades had low statistical support. The genetic 
distances between them and O.  roberti are lower (5.8% and 
4.0%, respectively) than those reported as indicative of distinct 
species of Oecomys (7–10%—Pardiñas et  al. 2016), but not 
different from the distances between O.  roberti and O.  tapa-
jinus reported here. Patton et  al. (2000) identified specimens 
from the Juruá River as O. roberti because their morphology 
matches the description of this species and their close genetic 
distance to the topotype of O. roberti confirms this identifica-
tion (Fig. 4). Samples of O. roberti Guyana may be associated 
to the synonym O. guianae, due to the geographic provenance 
of the specimens. Oecomys guianae is still considered a junior 
synonym of O. roberti, but it should be noted that specimens 
separated into 2 different and well-defined clusters in morpho-
metric space (Fig. 2), and some morphologically distinct char-
acters were recorded in O.  roberti Guyana, including darker 
dorsal pelage, ventral pelage with a spot in the throat without 
gray-based fur, being the rest of the ventral fur completely 
gray-based with cream tips, a more delicate skull and alisphe-
noid strut always absent. Further study using morphological 
and molecular data from specimens collected throughout the 
wide range of O. roberti may shed light on the taxonomic status 
of its synonym O. guianae, which may also represent a valid 
species.

Our phylogeographic analyses revealed 3 main haplogroups 
within O. tapajinus located to the north, south, and at the mouth 
of the Amazon River. This result was corroborated by high 
genetic differentiation among these 3 groups, found in analyses 
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of molecular variance. Moreover, we found no correlation 
between genetic and geographic distances, refuting a scenario 
of isolation by distance. Therefore, genetic divergence and 
structure seem to be related with landscape features, specifically 
with the complex system of the Amazon River. No evidence of 
riverine barrier effects on this species was detected in a previ-
ous study (Rocha et al. 2014), which suggests that this species 
uses forested river islands as stepping stones facilitating gene 
flow between river banks. However, our results indicate that the 
Amazon River seems to constitute a stronger barrier to the gene 
flow of this small mammal species, probably due to its wider 
width when compared to the Araguaia River. Additional demo-
graphic analyses supported a scenario of population expansion, 
which may be related to forest expansions during glaciations. 
Oecomys tapajinus is an arboreal, forest specialist species and 
prefers flooded forests (Ramos Pereira et al. 2013; Rocha et al. 
2014). Thus, it is expected that population dynamics have fol-
lowed forest expansion or retraction in the past (e.g., Cabanne 
et al. 2016; Leite et al. 2016). Our explanation is corroborated 
by palynological and climatological studies indicating expan-
sions of humid forest into open biomes during glaciations 
(Ledru et al. 1998; Ledru 2002).

In summary, we show that analyses of morphological and 
molecular variation through space are essential in the identifi-
cation of cryptic species such as those belonging to the genus 
Oecomys. Here, we confirm the taxonomic status of O. tapaji-
nus as a valid species, and provide evidence that the junior syn-
onym O. guianae may also represent a separate taxonomic unit 
from O. roberti. When allied to ecological data, this knowledge 
enhances our understanding of the processes behind species 
diversification and coexistence in megadiverse regions such as 
the Neotropics.
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