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Abstract

Background: Caenolestids are a group of poorly known South American marsupials with a restricted distribution in
Pdramo and Subpdramo environments of the Andes from Colombia and western Venezuela to Bolivia (represented
by the genera Caenolestes and Lestoros), and Valdivian rainforest in southern Chile (including a separate population
in Chiloé Island) and Argentina, where a single species lives: the Long-nosed shrew opossum (Rhyncholestes
raphanurus). The objectives of this work were to analyze the intraspecific variability of R. raphanurus, which includes
an anatomical description of the skull and dentition, describe its geographic variation, test for sexual dimorphism,
and assess potential differences between continental and Island populations.

Methods: Linear Mossimann-transformed variables were used to assess sexual differences within a large population
(La Picada), compare sexes within other continental populations, and in a separate analysis, compare continental
from Island samples. A full model Principal Components Analysis was performed to assess differences between
males and females of the continental and Island populations. A thorough description of the skull and teeth of the
species and comparisons with other living Caenolestidae is presented.

Results: Rhyncholestes raphanurus presents little geographic variation, even between Island and continental
populations. Similarly, we found no significant difference between sexes of this species in cranial and dental
measurements. We provide a detailed description of cranial morphology and its variation, and also, the first
description of the occipital bones, which haven't been previously described for any Paucituberculata.

Conclusions: Comparative studies of continental and Chiloé Island specimens support the treatment of R.
raphanurus as a single valid species, especially since morphologic and morphometric differences fall within the
extremes of continental populations. The morphology of R. raphanurus clearly separates this genus from other
extant Caenolestidae, and in a much greater degree than the differences found between Lestoros and Caenolestes.
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Background

Caenolestids are usually considered some of the least
known Neotropical mammals [1], and due to the lack of
comprehensive morphological studies the extent of
variability and variation within its species is little known.
Extant species of the family Caenolestidae (order
Paucituberculata) are small terrestrial marsupials with a
distribution along the Andean region of South America,
from Colombia and Venezuela to Chile [2]. Three genera
are currently recognized within Caenolestidae: Caeno-
lestes, with five described species living in the high
Andean ecosystems of the northern Andes of northern
Perd, Ecuador, Colombia, and southwestern Venezuela;
Lestoros, with a single species (L. inca) living in the high
Andean ecosystems of southern Pert and northern
Bolivia; and Rhyncholestes, with a single species (R
raphanurus) living in the Valdivian rainforest of Chile
and Argentina [2, 3]. Although some of its species have
a relatively wide distribution (e.g., R. raphanurus, C. fuli-
ginosus, and L. inca), studies that incorporate the intra-
specific variation and variability sensu [4] of extant
Caenolestidae are scarce but see [5-8].

Rhyncholestes raphanurus was described by Osgood
[9] in a review of living Caenolestids, based on
specimens trapped in Chiloé Island, Chile. In this work,
Osgood [9] compared the new species with Caenolestes
and Lestoros, and noted the unique characters of R. rapha-
nurus which includes a longer rostrum, bicuspid incisors,
sexually dimorphic canines (caniniform in males, premo-
lariform or double-rooted in females), 22 caudal vertebrae
instead of 27 as in Caenolestes, and other external differ-
ences (e.g., short and seasonally incrassated tail, small
eyes). Additionally, Osgood [9] anticipated the presence of
this species in continental Chile, which was later con-
firmed by individuals trapped by Sanborn in 1939 (a single
adult male), and Gallardo [10].

Rhyncholestes raphanurus is a small marsupial (males:
<45g and females: <38g) with a mean body length
(including the tail) of 189 and 185 mm for males and
females, respectively [6, 11]. Ecological studies suggest
nightly habits [6, 12, 13], and a diet with a high propor-
tion of insects which also includes fungi and seeds [6].
Reproductively active females have been captured only
during summer, while males seem to be active through-
out the year [12]. As other austral marsupial species
(e.g., Lestodelphys halli, Dromiciops gliroides), R. rapha-
nurus seasonally stores fat in its tail, a trait that has been
related to extended torpor [6, 14]. Although sometimes
considered as a rare species [6, 9], it has been readily
captured locally and is seasonally abundant at some
places as La Picada (41° 06" S, 72° 30" W) [12, 13, 15].
Its known distribution ranges from 40°S to 42°S in the
continent, but extends to 43°20'S in Chiloé Island [3, 11,
15], with ecological niche models suggesting a wider
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distribution [3]. Few molecular studies about this species
exist and are mainly focused on inter ordinal marsupial
evolution e.g, [16] or intra-family phylogenetics [17].
Despite its importance as the southernmost extant
Caenolestidae, little is known of the species’ intraspecific
morphologic and morphometric variability and variation.

In this context, questions about the geographical vari-
ation along the species’ distribution remain unsolved. For
example, Bublitz [18] accounted for this geographic vari-
ation separating Rhyncholestes in two species (a continental
form, R. continentalis, and an insular form, R. raphanurus),
using differences in the shape of female upper canines.
However, Martin [11] and Patterson [19] considered this
trait to be insufficient to separate the species, since only a
single female from Chiloé was studied. Accordingly, poster-
ior studies have treated this species as monotypic with two
subspecies: the continental form, R. raphanurus continenta-
lis, and the insular form, R. r. raphanurus [1, 2, 7, 11, 20],
but comprehensive analyses of this are still lacking. A simi-
lar distinction between continental and Island forms was
proposed for the marsupial Dromiciops gliroides [see 11 for
a detailed account], but discarded based on morphology [7]
and molecular analyses [21].

Other sources of variation for the species have not been
assessed yet. For example, data from C. fuliginosus suggest
that there is sexual variation among cranial, dental, and
external traits [8, 22, 23], while for L. inca dimorphism is
restricted only to external characters [7]. In contrast, in-
formation about sexual dimorphism in R. raphanurus re-
mains restricted to qualitative [9, 18] or few external
measurements (i.e., weight and body length [6, 11, 18]).

In this study, we focus on the variability and variation
of craniodental characteristics following the approach re-
cently used by Martin [24], in which variability was used
to describe continuous, mostly intrapopulation character
differences, while variation was used to describe different
states of a certain character (i.e., polymorphic) between
individuals in a sample (e.g., population, species in a
clade) [4, 25-28]. By describing, analyzing, and compar-
ing intraspecific or intrapopulation variability, we pro-
vide a framework to interpret interspecific variation
between characters, which might be useful when com-
paring other Caenolestid species.

The aims of our study were to describe the variability
and variation of R raphanurus, testing for sexual di-
morphism, the distinction between continental and insular
forms, and the existence of latitudinal (clinal) variability.
Due to the paucity of information for this species, we also
present a detailed description of the skull and dentition.

Methods

Sample and variables

In this study, we analyzed the variability and variation of
cranial, mandibular, and dental characters based on 77
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specimens (including the holotype) of R. raphanurus
(see Appendix I) deposited in the following collections:
AMNH, American Museum of Natural History, New
York; BMNH, British Museum of Natural History,
London; FMNH, Field Museum of Natural History,
Chicago, MACN, Museo Argentino de Ciencias
Naturales “Bernardino Rivadavia,” Buenos Aires; MMP,
Museo de Mar del Plata “Lorenzo Scagglia”, Mar del
Plata; UACH, Universidad Austral de Chile, Valdivia;
and USNM, National Museum of Natural History,
Smithsonian Institution, Washington, D.C.

External measurements for each specimen were regis-
tered from skin tags or field catalogs, and include total
length (TTL), head-body length (HBL), tail length (TL),
ear length (E), and hind foot length (F). When head-
body length was not provided, it was calculated by
subtracting TL to TTL. When TTL was not provided, it
was calculated by adding HBL to TL.

We followed Wible [29] for skull anatomy except for
the palate for which we follow Voss and Jansa [30]. Den-
tal nomenclature was described according to Abello [31,
32], and dental homologies followed Luckett and Hong
[33]. Upper and lower teeth are indicated by uppercase
and lowercase letters, respectively. Therefore, teeth
found in adult dentition of caenolestids are designated
as follows: upper and lower incisors, 11-4 and il1-3
(from anterior to posterior); canines, C1 and cl; premo-
lars, dP1-2 and dpl-2, and P3 and p3; molars, M1-4
and ml-4. The single functional deciduous tooth in
each jaw quadrant is designated as dP3 or dp3, while the
first two upper and lower premolars are considered
unreplaced deciduous teeth as described by Luckett and
Hong [33]. Lower teeth between the procumbent incisor
(i.e,, numerical il) and the first identifiable lower
premolar (dp2) are referred as “incisor-like teeth” (see
Luckett and Hong [33] for a discussion on first lower
incisor homologies). Special attention was focused on
the morphology of the upper canine, since this tooth has
been described as expressing sexual dimorphism [6, 9].

We took 36 linear measurements of crania, mandibles,
and teeth of adult specimens (as indicated by completed
tooth eruption) following Martin [7]: greatest skull
length (GSL); zygomatic breadth (ZB); palatine length
(PL); palate width at canines (CW); palate width at P3
(PWP3); palate width at M1 (PWM1); palate width at
M3 (PWM3); interorbital constriction (LINOR); nasal
length (NSL); braincase width (BW); condylobasal length
(CBL); distance between bullae (BB), mandibular width
(MW); mandibular height at p3 (MHp3); mandibular
height at ml (MHml); mandibular height at m3
(MHm3), length from the anteriormost point of the first
upper premolar to the posteriormost point of the last
upper molar (dP1-M4); length from the anteriormost
point of the first upper premolar to the posteriormost
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point of the third upper molar (dP1-M3); length from
the anteriormost point of the third upper premolar to
the posteriormost point of the last upper molar (P3-
M4); length from the anteriormost point of the third
upper premolar to the posteriormost point of the third
upper molar (P3-M3); length from the anteriormost
point of the first lower premolar to the posteriormost
point of the last lower molar (dpl-m4); length from the
anteriormost point of the first lower premolar to the
posteriormost point of the third lower molar (dpl-m3);
length from the anteriormost point of the second lower
premolar to the posteriormost point of the last lower
molar (dp2-m4); length from the anteriormost point of
the second lower premolar to the posteriormost point of
the third lower molar (dp2-m3); length from the ante-
riormost point of the third lower premolar to the poster-
iormost point of the last lower molar (p3-m4); length
from the anteriormost point of the third lower premolar
to the posteriormost point of the third lower molar (p3-
m3); length from the anteriormost point of the first
lower molar to the posteriormost point of the third
lower molar (ml1-m3); length from the anteriormost
point of the first lower molar to the posteriormost point
of the last lower molar (ml1-m4); length and width of
first upper (LM1, WM1) and lower molars (Lm1, Wml);
length and width of third upper molar (LM3, WM3)
(Fig. 1).

Data analysis

Since specimens were sample from several scattered lo-
calities, we pooled some of them according to their
proximity and to increase the number of measured spec-
imens. For continental samples (n = 59), pooled localities
were: (1) Entre Lagos-Puyehue National Park (n =6), (2)
La Picada-V. Perez Rosales National Park (z =48), and
(3) Contao (1 =5); while for Chiloé samples (1 =12) we
used (4) Fundo El Venado (#=9), and (5) Puerto
Céarmen-Rio Inio (7 = 3) (see Appendix I, Tables 1 and 2,
and Martin [3] for localities). Six specimens could not be
included in the analyses because they were damaged
(i.e., not complete), or because they come from a locality
which was not close enough to be pooled with others
(e.g., Maicolpué).

Measurements of adult specimens were used to assess
intraspecific variability, including possible sexual di-
morphism and geographic variation, such as isolated
populations (i.e., continental vs. insular forms) and geo-
graphic “clinal” variation. Linear measurements were
converted to Mosimann variables by dividing individual
measurements by the geometric mean of the measure-
ments of all studied specimens [35]. In this way, shape
variables (independent of size) were calculated and used
in the different sexual dimorphism, geographic variation,
and Principal Component Analysis (PCA; see below).
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Fig. 1 Line drawings of the crania and mandible of Rhyncholestes raphanurus Osgood based on specimen UACH 22444, indicating the
measurements taken: greatest skull length (GSL); zygomatic breadth (ZB); palatine length (PL); palate width at canines (CW); palate width at P3
(PWP3); palate width at M1 (PWM1); palate width at M3 (PWM3); interorbital constriction (LINOR); nasal length (NSL); braincase width (BW);
condylobasal length (CBL); distance between bullae (BB); mandibular width (MW); mandibular height at p3 (MHp3); mandibular height at m1
(MHmM1); mandibular height at m3 (MHm3); length from the anteriormost point of the first upper premolar to the posteriormost point of the last
upper molar (dP1-M4); length from the anteriormost point of the first upper premolar to the posteriormost point of the third upper molar (dP1-
M3); length from the anteriormost point of the third upper premolar to the posteriormost point of the last upper molar (P3-M4); length from the
anteriormost point of the third upper premolar to the posteriormost point of the third upper molar (P3-M3); length from the anteriormost point
of the first lower premolar to the posteriormost point of the last lower molar (dp1-m4); length from the anteriormost point of the first lower
premolar to the posteriormost point of the third lower molar (dp1-m3); length from the anteriormost point of the second lower premolar to the
posteriormost point of the last lower molar (dp2-m4); length from the anteriormost point of the second lower premolar to the posteriormost
point of the third lower molar (dp2-m3); length from the anteriormost point of the third lower premolar to the posteriormost point of the last
lower molar (p3-m4); length from the anteriormost point of the third lower premolar to the posteriormost point of the third lower molar (p3-m3);
length from the anteriormost point of the first lower molar to the posteriormost point of the third lower molar (m1-m3); length from the
anteriormost point of the first lower molar to the posteriormost point of the last lower molar (m1-m4)
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This methodology was previously used by Meachen-
Samuels and Van Valkenburgh ([36], Morales and
Giannini [37], Schiaffini et al. [38], and Martin [24], be-
cause it provides a mean to test for differences in shape
regardless of whether small and large adult individuals
are included in the sample [35].

We proceeded from a local (ie., a single locality, La
Picada) to an inclusive approach (i.e., including all
continental and Island specimens) to test for sexual di-
morphism. A non-parametric Kruskal-Wallis analysis of
variance (ANOVA) was performed to test for sexual di-
morphism at La Picada, the single locality with the lar-
gest sample (n=45), followed by the same analysis
including all continental samples. The same type of
ANOVA was performed to test for differences between
insular and continental forms (i.e., the distinction be-
tween R. raphanurus raphanurus and R. raphanurus
continentalis).

To assess the significance of the non-parametric
ANOVAs, we used a sequential Bonferroni correction
following Rice [39], where p-values for external and cra-
niodental variables (treated separately) were ranked from
lowest to highest, and corrected p-values were calculated
for each variable with the formula o5 = a/k, ay = a/k-1 ...
a; = a, where q; is the corrected p-value for each com-
parison, a is the alpha level to reject the null hypothesis,
and k is the number of tests made. Sequential
Bonferroni-corrected values at p =0.05 are shown in a
separate column of Tables 3, 4 and 5. All statistical ana-
lyses were performed using InfoStat [40].

To explore the overall variability within the sample,
we performed a full model PCA with the unconverted
measurements and all the studied variables. Then, we
used Mosimann converted measurements to explore the
shape differences between all individuals, by performing
three PCA: (1) including all external measurements; (2)
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only using cranial measurements, and (3) only with den-
tal measurements. These PCA were performed to test
for intraspecific dispersion in three different modules of
variation (i.e., external measurements, crania, teeth), and
to include specimens from localities scattered through-
out the species range which could not be analyzed using
the non-parametric ANOVAs (see below). The number
of Principal Components used were selected following
Cattell [41]. The existence of clinal variability was tested
by regressing latitude with the first two axes from each
PCA [7].

Finally, to assess the variability and variation we
present a detailed description of the skull and dentition
of Rhyncholestes raphanurus, by accounting for geo-
graphic and sexual differences (see section “General
structure of the cranium and mandibles”).

Results

We studied a total of 77 specimens of R. raphanurus
which came from several scattered localities throughout
the species range, with a single locality (La Picada) pro-
ducing 58.4% of the specimens (Appendix I). Individuals
were collected in continental Chile (n = 62), a single con-
tinental locality in Argentina (n =2), and Chiloé Island
(n =14) where the type specimen comes from [3, 9]. Of
these, 48 (61.5%) were males, 29 (37.2%) were females
and 1 specimen (1.3%) had indeterminate sex. The total
number of specimens measured for each locality (or
pooled locality), mean, SD, minimum and maximum of
each variable, and coefficient of variation (CV) are pre-
sented in Tables 1 and 2.

Intraspecific morphometric variability and variation

We found no significant differences between sexes in
any external, craniomandibular and dental measure-
ments analyzed for the locality with the largest number
of specimens (La Picada) (Table 3). Also, no significant
differences between sexes were found when all continen-
tal specimens were pooled together (Table 4). When
comparing continental with Chiloé specimens, no
significant differences were found in external, cranio-
mandibular and most dental measurements, with the
exception of palate width at M3 and length of M1-M3,
different at p=0.05 sequential Bonferroni corrected
values (p =0.0012 and p = 0.0014, respectively; Table 5).
Craniodental measurements provided the least within-
group variation, with the lowest coefficient of variation
(CV) values.

The first 2 PCs explained 49% of the total variance of
the full model PCA, and only included 43 (55%) of the
77 available specimens (Additional file 1). In the PCA
for external, only cranial and only dental analyses, the
first 2 PCs explained 74%, 85%, and 54% of the total
variance, respectively. No significant trend was found
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when the first 2 PCs were regressed with latitude for any
set of variables, indicating no evidence for clinal vari-
ation (external measurements: n = 73; PC1, r* =0.04, F =
0.47, P=0.8280; PC2, r*=0.17, F=2.27, P=0.047; cra-
nial measurements: # = 45; PC1, r* = 0.14, F=1.06, P =
0.4006; PC2, r* =0.24, F=1.98, P =0.0932), with the ex-
ception of PC1 for dental measurements (n=52; PCl,
> =047, F=6.76, P=0.0001; PC2, r* =0.1, F=0.85, P=
0.5383). These results show there is no significant
morphometric differentiation between continental and
insular specimens of R. raphanurus, with a clinal size
variation in dental measurements, adding support to
consider the species as the only living representative of
the genus Rhyncholestes.

General structure of the cranium and mandibles

The skull of R raphanurus is similar to that of other
Caenolestidae, but with a longer and more elongated
rostrum, moderately expanded zygomatic arches, reduced
orbits, a broad interorbital region, long, low and straight
(ie., not ventrally inflexed) mandibles, laterally com-
pressed and “bilobed” upper incisors 2, 3 and 4; thin, very
long and notoriously procumbent first lower incisors [9].

Cranium

In dorsal view, nasals are parallel and present a lateral
expansion posterior to the premaxillary-maxillary suture,
with very large anteorbital vacuities. Anteorbital vacui-
ties (AOV) are formed by the maxillary, nasal and
frontal bones. These AOV are greatly varied in their de-
velopment (size) and ossification, this variability being
independent of sex and geographic locality. The most
common state of the AOV is an open fenestra with the
nasal forming dendritic patterns in its interior; however,
sometimes AOV can present a thin ossified bone cover-
ing all of it or in others it can be completely ossified
(Fig. 2). The latter pattern was only found unilaterally,
i.e, one of the AOV was open and the other completely
closed (Fig. 2). Nasals join the frontals forming an an-
teriorly open, well formed “U”. The posterior end of the
nasals varies from anterior to the lacrimal foramen to
posterior to this foramen, reaching a point in line with
StC + D of M3. Frontals are the largest bones in the skull
roof, with inflated frontal sinuses as wide as the interla-
crimal width, a moderately developed postorbital con-
striction, anterior to the expansion that forms most of
the brain cavity, mostly formed by the parietals dorsally,
squamosal and alisphenoid laterally, and occipitals pos-
teriorly. Normally, supraorbital processes and/or crests
are not well developed in either frontals or parietals.
However, very large specimens with highly worn teeth
present small, though well-marked sagittal crests (e.g.,
UACH 40008, FMNH 224233). The contact between
frontals and parietals is straight (i.e., transversal to the
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Table 1 External and craniodental measurements of Rhyncholestes raphanurus Osgood, for pooled samples from continental Chile.
Total number of specimens (n), mean (X), SD, minimum and maximum of each variable, and coefficient of variation are presented
for each locality. Asterisks mark Coefficient of Variation (CV) values higher than seven, following Bedeian and Mossholder [34]

Entre Lagos — Puyehue National Park

La Picada — V. Perez Rosales National Park

Contao (continental Chiloé)

Variables n X+ SD (min - max) CV n X+ SD (min - max) CV n X+ SD (min - max) CV

TTL 6 191.08 £ 14.22 (176-215) 7.44* 48 187.53 £ 13.14 (159-215) 7.01* 5 1874 +9.13 (180-203) 4.87
HBL 6 107.58 £9.55 (99-124) 8.88* 48 105.78 £10.81 (79-130.5) 10.22* 5 105.8 +8.87 (99-120) 8.38*
TL 6 835+561 (77-91) 6.72 48 81.75£7.55 (52.5-98) 9.24* 5 81.6+3.97 (76-87) 4.87

E 6 12424086 (11.5-14) 6.94 48 12.31£093 (10-15) 7.57* 5 10+ 1 (9-11) 10*

F 6 22.25+ 144 (20-23.5) 647 47 2148 £1.65 (17-25) 7.67* 5 213097 (20.5-23) 4.58
GSL 6 3239+1.78 (302-352) 5.5 32 3239+ 1.1 (30-35) 341 5 32.01+£0.83 (31.52-33.45) 2.58
/B 6 1342 +0381 (12.5-14.7) 6.01 32 13.14£06 (1222-15.21) 4.55 5 1291 £0.35 (1255-1349) 2.71
PL 6 1947 £1.21 (18-20.9) 6.22 33 19.17 £0.75 (17.7-21.06) 3.89 5 19.24 +0.55 (18.8-20.14) 2.85
cwW 6 3.07+£0.18 (2.9-34) 595 33 3.06+0.13 (2.79-34) 437 5 299+0.12 (2.82-3.12) 406
PWP3 3 532+0.04 (5.28-536) 0.73 13 512+0.15 (4.93-549) 3.01 5 494 +0.19 (465-5.18) 3.94
PWM1 6 6.2+0.23 (58-64) 3.68 32 6.06+0.17 (5.79-6.4) 2.79 5 5.84+0.12 (569-5.99) 2.06
PWM3 6 6.99+0.22 (6.6-7.21) 3.18 33 6.86+0.15 (6.6-7.21) 2.24 5 6.89+0.16 (6.65-7.01) 2.35
LINOR 6 6.85+0.18 (6.5-7) 2.66 34 697 £0.18 (6.6-7.3) 2.57 5 707 +£0.11 (6.93-7.24) 1.62
NL 6 172+14(152-185) 8.16* 33 1694+ 081 (15.3-18.7) 4.77 5 17.15+047 (16.59-17.88) 2.73
BW 6 11.77 £046 (11-12.14) 3.95 33 11.6+0.32 (10.8-12.55) 2.74 5 11.52+03 (11.18-11.89) 2.62
CBL 6 29.95+197 (27.6-32.8) 6.59 30 29.59+1.13 (27.97-3244) 3.81 5 29.55+0.88 (29.01-31.12) 2.99
BB 6 543 £0.16 (5.2-5.6) 291 32 538+0.22 (49-5.89) 4.11 5 55+0.16 (5.33-5.77) 2.97
MW 6 111+£0.11 (1-1.3) 9.91% 34 1.08+£0.09 (0.9-1.27) 857* 5 1.07 £0.09 (0.99-1.22) 8.44*
MHp3 3 2.34+0.07 (2.26-2.39) 2.88 14 2.15+0.18 (1.93-2.59) 8.53% 5 205+0.12 (1.91-2.18) 5.77
MHm 3 1.97 +0.29 (1.8-2.3) 14.68* 20 205+0.12 (1.9-2.3) 6.03 -

MHmM3 3 221£009 (2.13-231) 4.14 14 207 £0.14 (1.85-2.46) 6.99 5 1.98 +0.06 (1.93-2.08) 3.14
dP1 - M3 6 9.76 £041 (9.2-10.21) 4.24 34 9.71£0.28 (8.8-10.21) 2.92 5 9.51+0.19 (9.35-9.8) 1.95
dP1 - M4 6 10.14 £ 037 (9.6-10.6) 3.67 34 10.1+£0.29 (9.1-10.6) 2.87 5 9.9+0.13 (9.78-10.08) 1.29
P3-M3 6 641+0.21 (6-6.6) 3.35 34 646 +0.17 (6.1-6.71) 2.59 5 6.33+0.15 (6.17-6.55) 2.29
P3-M4 6 6.83+0.28 (6.3-7.1) 403 34 6.86+0.17 (64-7.2) 249 5 6.71+0.07 (663-6.81) 1.05
M1 - M3 6 522+0.08 (5.1-5.33) 148 34 519+0.16 (4.8-54) 2.99 5 5.15+0.06 (5.08-5.23) 1.1

M1 - M4 6 565+0.13 (54-5.74) 2.24 34 562+0.16 (5.1-5.9) 2.92 5 558+0.03 (5.54-5.61) 0.52
LM1 6 1.85+0.1 (1.7-2.01) 568 34 1.9+0.1 (1.7-2.1) 525 5 1.87+0.01 (1.85-1.88) 0.74
WM 6 145+0.07 (1.32-1.5) 4.88 34 144 +007 (1.2-16) 5.17 5 141+0.05 (1.37-1.47) 3.27
LM3 3 1.57+0.06 (1.5-1.6) 3.74 14 1.58+0.06 (1.47-1.7) 3.54 5 1.53+0.04 (1.5-1.6) 2.73
WM3 3 143 £0.04 (1.4-1.47) 2.71 14 1.38£0.04 (1.3-142) 3.18 5 1.39+£0.02 (1.37-142) 153
dpl-m3 3 82+03 (7.9-85) 3.66 20 8.34+0.26 (76-88) 3.14 -

dpl - m4 3 893+031 (86-9.2) 342 20 9.13+0.27 (84-9.6) 2.99 - -

dp2-m3 3 747 +£02 (7.24-7.62) 2.7 14 749+0.15 (7.16-7.72) 2.02 5 7.14+0.14 (6.93-7.29) 1.92
dp2 - m4 3 8.16+0.04 (8.13-8.2) 048 14 8.34+032(7.9-932) 3.84 5 794 +0.16 (7.7-8.15) 2.06
p3-m3 6 6.79+043 (6.32-74) 6.37 34 6.86 +0.43 (5.54-7.6) 6.23 5 6.22+0.18 (6.07-6.53) 2.89
p3 - m4 6 6.74+0.5 (6-7.24) 747* 34 6.69+05 (6-744) 7.5% 5 703+0.13 (6.93-7.24) 1.78
m1-m3 6 563 +0.26 (5.36-6.1) 4.56 34 543+0.16 (5.1-5.66) 2.99 5 534+007 (526-541) 1.23
m1-m4 6 6.37+£0.24 (6.1-6.8) 3.72 34 6.23+0.18 (5.8-6.5) 2.86 5 6.14+0.05 (6.07-6.2) 0.86
Lm1 6 1.97 £0.07 (1.88-2.06) 342 34 1.87£0.09 (1.7-2.01) 4.82 5 1.82+0.04 (1.78-1.85) 2.12
Wm1 6 0.92+0.02 (0.9-0.94) 2.13 34 0.89+0.07 (0.66-1) 8.18* 5 0.87 +0.04 (0.81-0.91) 441
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Table 2 External and craniodental measurements of Rhyncholestes raphanurus Osgood for pooled samples from Chiloé Island, Chile.
Total number of specimens (n), mean (X), SD, minimum and maximum of each variable, and coefficient of variation are presented
for each locality. Asterisks indicate Coefficient of Variability (CV) values higher than seven, following Bedeian and Mossholder [34]

Fundo El Venado

Puerto Carmen - Rio Inio

Variables n X+ SD (min - max) CV n X+ SD (min - max) CV

TTL 9 18833 £19.99 (174-230) 10.62* 3 17967 £ 896 (174-190) 4.99
HBL 9 100.11 £12.36 (90-125) 12.35% 3 10067 + 833 (94-110) 8.27*
TL 9 8822 +951 (78-105) 10.78* 3 79+ 1353 (65-92) 17.12%

E 9 1222 +067 (11-13) 545 2 11.5£2.12 (10-13) 1845*

F 9 2144 +0.73 (20-22) 339 3 20.17£0.76 (19.5-21) 3.79
GSL 1 311 3 31.7+1.97 (30.35-33.96) 6.2
Z8B 1 131 3 13.06 +1.25 (12.3-14.5) 9.59*
PL 1 18 3 19.02 +1.43 (18-20.65) 7.49*
cwW 1 29 3 3.02+0.22 (29-3.28) 7.23%
PWP3 - - 2 556+065 (5.11-6.02) 11.62*
PWM1 1 6 3 6.11+041 (5.84-6.58) 6.71
PWM3 1 64 3 6.52+0.09 (643-6.6) 1.34
LINOR 1 6.8 3 6.97 +0.1 (6.86-7.06) 1.49
NL 1 156 3 16.09 +1.28 (15-17.5) 7.96*
BW 1 1.2 3 1136 +043 (11-11.84) 3.78
CBL 1 282 3 2879+2.2 (27.36-3132) 7.62*
BB 1 52 3 516+ 041 (49-5.64) 7.98*
MW 1 1 3 1+0.19 (0.89-1.22) 187%
MHp3 - - 2 217 £045 (1.85-2.49) 20.68*
MHmM?1 1 2 1 18

MHmM3 - - 2 2.12+0.34 (1.88-2.36) 16.09*
dP1 - M3 1 89 3 9.04+0.72 (8.3-9.73) 7.92%
dP1 - M4 1 93 3 9.34+0.77 (8.6-10.13) 8.22%
P3-M3 1 6 3 594052 (53-6.22) 8.8*

P3 - M4 1 6.4 3 6.24 +0.53 (5.65-6.68) 8.53*
M1 - M3 1 46 3 48+0.19 (4.6-4.98) 3.97

M1 - M4 1 5.1 3 521+025 (5-549) 484

LM1 1 1.6 3 18+£0.12(1.7-193) 65

WM 1 14 3 1.38+0.1 (1.3-1.5) 7.52%
LM3 - - 2 146+0.02 (1.45-1.47) 1.23
WM3 - - 2 1.32£0.04 (1.3-1.35) 2.72
dpl -m3 1 85 1 82

dpl-m4 1 9.2 1 89

dp2 - m3 - - 2 7.14+0.18 (7.01-7.26) 2.52
dp2 - m4 - - 2 78+0.28 (7.6-8) 3.64
p3-m3 1 6.8 3 64+ 0.53 (6.02-7) 8.24*

p3 - m4 1 59 3 6.63£0.3 (6.3-6.88) 4.51
m1-m3 1 5.1 3 523+0.11 (5.11-5.3) 2.06
m1-m4 1 58 3 594+0.1 (582-6) 1.76

Lm1 1 18 3 1.81+0.03 (1.78-1.84) 1.74
Wm1 1 08 3 0.9+0.09 (0.84-1) 9.66*
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Table 3 Results of a non-parametric Kruskal-Wallis analysis of variance (ANOVA), calculated from Mosimann's variables, for
differences between males and females of Rhyncholestes raphaunurus Osgood, for La Picada (Chile), the locality with the largest
number of specimens. Total number of specimens (n), and specimens by sex (between brackets) are indicated for each
measurement. Asterisks mark significant differences (if existent) for sequential Bonferroni-corrected values, following Rice [39]. See
text for variable abbreviations

Variable n H P-value Sequential Bonferroni values for P=0.05
TTL 44 (3248, 129) 0.71 0.3987 0.0167
HBL 44 (328, 129) 0.01 09159 0.0500
TL 44 (328, 129) 417 0.0407 0.0100
F 44 (314, 129) 2.55 0.102 00125
E 44 (324, 129) 0.04 0.8205 0.0250
GSL 30 (2048, 109Q) 0.56 04544 0.0028
7B 30 (203, 109) 0.09 0.7579 0.0056
PL 31 (218, 109) 0.03 0.8657 0.0071
cw 31 (218, 109) 411 0.0395 0.0014
PWP3 12 (78, 59) 0.01 0.9545 00167
PWM1 30 (208, 109) 0.63 04268 0.0025
PWM3 31 (218, 109) 1.35 0.2405 0.0019
LINOR 32 (228, 109) 0.03 0.8704 00125
NL 31 (214, 109) 0.55 04594 0.0029
BW 31 (218, 109) 0.1 0.7505 0.0050
CBL 28 (184, 109) 048 04867 0.0033
BB 30 214, 99) 0 >0.999 0.0500
MW 32 (228, 109) 0.57 04468 0.0026
MHp3 13 (84, 59) 214 0.1608 0.0016
MHmM1 19 (143, 59) 0.0021 09794 0.0250
MHmM3 13 (83, 59) 1.74 0.2028 0.0017
dP1 - M3 32 (228, 109) 149 0.2199 0.0018
dP1 - M4 32 (224, 109) 1.2 0.2708 0.0020
P3 - M3 32 (228, 109) 1.69 0.1903 0.0017
P3 - M4 32 (228, 109) 1.85 0.1716 0.0016
M1 -M3 32 (228, 109) 0.87 0.3468 0.0023
M1 - M4 32 (228, 109) 0.26 0.6097 0.0038
LM1 32 (228, 109) 0.84 0.3559 0.0024
WM1 32 (224, 109) 397 0.0421 0.0014
LM3 13 (84, 5%9) 0.09 0.7902 0.0063
WM3 13 (84, 59) 1.05 0.3349 0.0022
dp1 - m3 19 (143, 59) 048 05179 00036
dpl - m4 19 (144, 59) 0.26 06158 0.0042
dp2 - m3 13 (84, 59) 1.21 0.2968 0.0021
dp2 - m4 13 (83, 59) 335 00715 0.0015
p3-m3 32 (228, 109) 2.58 0.1076 0.0015
p3 - m4 32 (228, 109) 0.18 0.6684 0.0045
m1-m3 32 (224, 109) 0.03 0.87 0.0100
m1 - m4 32 (228, 109) 1.35 0.2533 0.0019
Lm1 32 (228, 109) 0.03 0.8677 0.0083
wm1 32 (224, 109) 048 0477 0.0031
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Table 4 Results of a non-parametric Kruskal-Wallis analysis of variance (ANOVA), calculated from Mosimann's variables for
differences between males and females of Rhyncholestes raphanurus Osgood, with specimens from all continental localities (i.e.,
excluding Chiloé Island). The number of analyzed specimens (n) and specimens by sex (between brackets) are indicated for each
measurement. Asterisks mark significant differences (if existent) for sequential Bonferroni-corrected values, following Rice [39]. See
text for variable abbreviations

Variable n H P-value Sequential Bonferroni values for P=0.05
TTL 62 (394, 239) 0.57 04484 0.0125
HBL 62 (393, 239) 0.06 0.8041 0.0250
TL 62 (394, 239) 296 0.0849 0.0100
F 61 (384, 239) 047 0486 00167
E 62 (394, 239) 0.03 0.8617 0.0500
GSL 46 (254, 219) 0.84 0.36 0.0026
7B 46 (258, 219) 0.02 0.8947 0.0250
PL 47 (264, 219) 0.09 0.7644 0.0063
cw 47 (268, 219) 585 0.0148 0.0016
PWM1 23 (94, 149) 0.18 0.6746 0.0036
PWM3 46 (254, 219) 0.93 0.3334 0.0025
LINOR 47 264, 219) 0.17 06771 0.0038
NL 48 (278, 219) 0.02 0.8767 00167
BW 46 253, 219) 0.11 0.7398 0.0045
CBL 47 (264, 219) 0.16 0.6895 0.0042
BB 44 (234, 219) 0.08 0.7725 0.0071
MW 24 (108, 149) 1.12 0.2861 0.0023
MHp3 48 278, 219) 1.58 0.207 0.0021
MHmM1 24 (108, 149) 049 04773 0.0029
MHmM3 24 (108, 149) 2.5 0.1117 0.0017
dP1 - M3 46 (254, 219) 1.8 0.1789 0.0019
dP1 - M4 48 (278, 219) 1.53 0.2157 0.0022
P3-M3 48 274, 219) 1.94 0.1626 0.0019
P3 - M4 48 (278, 219) 1.66 0.1967 0.0020
M1 - M3 48 (278, 219) 0.05 0.8267 0.0100
M1 - M4 48 274, 219) 0.03 0.8676 00125
LM1 48 (278, 219) 0.34 0.5581 0.0031
WM1 48 (278, 219) 9.78 0.0015 0.0014
LM3 48 274, 219) 0.93 0.3262 0.0024
WM3 24 (108, 149) 298 0.0739 0.0017
dpl-m3 24 (173,79) 0.1 0.7481 0.0050
dpl - m4 24 (173,79) 0.08 0.7725 0.0083
dp2 - m3 24 (173, 79) 1.97 0.159 0.0018
dp2 - m4 24 (108, 149) 7.25 0.007 0.0015
p3-m3 48 278, 219) 741 0.0064 0.0015
p3 - m4 48 274, 219) 0.34 0.5599 0.0033
m1-m3 24 (108, 149) 0.58 04471 0.0028
m1 - m4 48 278, 219) 358 0.0582 0.0016
Lm1 48 278, 219) 0.01 0.9332 0.0500
Wm1 48 (278, 219) 0.1 0.7511 0.0056
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Table 5 Results of a non— parametric Kruskal-Wallis analysis of variance (ANOVA), calculated from Mosimann'’s variables for
differences between continental and Chiloé Island samples of Rhyncholestes raphaunurus Osgood. Total number of specimens (n),
and number of specimens for continental Chile and Chiloé Island are indicated for each measurement. Asterisks mark significant
differences (if existent) for sequential Bonferroni-corrected values, following Rice [39]. See text for variable abbreviations

Variable n n Continental Chile n Chiloé H P-value Sequential Bonferroni values at P=0.05
TTL 75 62 13 1.27 0259 0.0167
HBL 75 62 13 344 0.0634 0.0100
TL 75 62 13 1.3 0.2531 0.0125
F 74 61 13 044 05012 0.0250
E 74 62 12 0.02 0.8782 0.0500
GSL 50 46 4 1.8 0.1799 0.0036
ZB 50 46 4 0.65 04208 0.0071
PL 51 47 4 1.64 0.2008 0.0042
cw 51 47 4 1.87 0.169 0.0033
PWP3 25 23 2 17 0.1914 0.0038
PWM1 50 46 4 0.12 0.7336 0.0125
PWM3 51 47 4 10.39 0.0012* 0.0014
LINOR 52 48 4 0.18 06671 0.0100
NL 8 4 4 387 0.0492 0.0021
BW 50 46 4 2.54 0.1105 0.0025
CBL 51 47 4 19 0.1674 0.0031
BB 48 44 4 2.1 0.1461 0.0029
MW 26 24 2 2.18 0.1374 0.0028
MHp3 26 24 2 230E-03 09615 0.0500
MHM1 26 24 2 1.56 0203 0.0045
MHmM3 26 24 2 0.01 0.923 0.0250
dP1 - M3 50 46 4 4.98 0.0253 0.0019
dP1 - M4 52 48 4 5.78 0.0161 0.0018
P3 - M3 52 48 4 8.72 0.0031 0.0016
P3 - M4 52 48 4 862 0.0033 0.0016
M1 - M3 52 48 4 10.2 0.0014* 0.00142
M1 - M4 52 48 4 9.24 0.0023 0.0015
LM1 52 48 4 4.7 0.0399 0.0020
WM1 52 48 4 2.23 0.1306 0.0026
LM3 52 48 4 49 0.0249 0.0019
WM3 26 24 2 352 0.0538 0.0022
dp1 - m3 26 24 2 001 0.9225 0.0167
dpl - m4 26 24 2 0.19 0.6616 0.0083
dp2 - m3 26 24 2 268 0.1013 0.0024
dp2 - m4 26 24 2 334 0.0672 0.0023
p3 - m3 52 48 4 149 0.2224 0.0050
p3 - m4 52 48 4 144 02285 0.0056
m1-m3 52 48 4 6.99 0.0081 0.0017
m1 - m4 52 48 4 8.93 0.0028 0.0015
Lm1 52 48 4 594 0.0138 0.0017
Wwm1 52 48 4 0.96 0.321 0.0063
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1298349, FMNH 1298289). Scale bar: 1 cm

Fig. 2 Differences in ossification patterns in the anteorbital vacuity in Rhyncholestes raphanurus Osgood, from a thin bony cover (top left, FMNH
1298234), a left closed vacuity in specimen FMNH 1274753 (top right, white arrow), to partially and fully open in the bottom specimens (FMNH

anteroposterior axis of the crania), frontals show a slight
ventrolateral expansion in the orbit, where they contact
the alisphenoids. The parietals appear as purely squared,
anteriorly delimited by the frontals, ventrolaterally by
the alisphenoid, laterally in contact with the squamosal,
and posteriorly with the supraoccipital. A well developed
and broad nuchal crest was present in adult individuals
(e.g, UACH 951¢; UACH 40003), less marked in
younger individuals with lesser dental wear (e.g., UACH
39994, FMNH 129828%).

In lateral view, nasals extend anteriorly almost to the tip
of the premaxillary, forming with the latter the anterior
nasal opening. The premaxillary is long and contacts the
nasal dorsally until the anteorbital vacuity, and posteriorly
with the maxillary. The premaxillary has a thin dorsal spine
that extends from a point posterior to dP2 (or to a point
between dP2 and P3), contains the four upper incisors, and
forms the anterior and half of the lingual wall of the canine
alveolus. The maxillary contacts anteriorly with the pre-
maxillary slightly anterior to the anteorbital vacuity,

posterodorsally with the frontal and posteriorly with the
lachrymal and yugal bones. A small portion at the ventral
part of the orbit region contacts with the orbital process of
the palatine bone. It is laterally perforated by the infraorbi-
tal foramen, which opens anteriorly above the medial line
of M1. The zygomatic arch is weak and curved upwards in
its anterior portion. The lateral wall of the yugal has a mod-
erately developed area for the attachment of the zygomati-
cus muscle sensu [5]. The yugal slightly contacts the
lacrimal in the anterior region of the orbit, and with the
squamosal half way thru the zygomatic arch; it forms a long
spine on the base of the squamosal that extends to the
glenoid fossa. The lacrimal is perforated by a single, laterally
visible foramen, that opens posterolaterally above the yugal.
In the orbital region and as in Caenolestes spp., the frontal
and alisphenoid are the largest bones at the posterior end
(ie., posterior to the orbital constrictions), while the lacri-
mal and orbital process of the palatine occupy the antero-
dorsal and ventral portion of the orbit, respectively. The
lacrimal forms the dorsal and upper medial wall for the
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orbital canal, the palatine forms the lower medial wall, and
the maxillary forms the lateral wall, where this bone de-
velops the zygomatic process. The orbital process of the
palatine is wide and goes from anterior to the orbital canal,
to posterior of the ethmoidal foramen, but does not con-
tribute to it. Dorsally limited by the frontal and posteriorly
by the orbitosphenoid, the parietal has a quadrangular
shape and its ventral extension forms part of the floor of
the sphenorbital fissure and foramen rotundum. The
orbitosphenoid is developed and conspicuous, and is the
largest among the extant Caenolestidae. It has a semi-
quadrangular to circular exposure in the orbital region. The
ethmoidal foramen is developed and ventrally orientated, it
is formed by the orbitosphenoid ventrally and medially, by
the frontal dorsally and laterally, and by the alisphenoid
posteriorly. The sphenorbital fissure and foramen rotun-
dum are divided by a bonny structure apparently originated
at the alisphenoid. The squamosal occupies an important
lateral part of the crania, with certain variation in its poster-
ior extension, normally not reaching the nuchal crest and
forming the anterior wall of the mastoid foramina (mastoid
foramen in Osgood [5]); in some specimens the squamosal
reaches the nuchal crest (e.g, UACH 224773). As noted by
Osgood [5], occipitals bones (i.e., supraoccipital, exoccipital,
and basioccipital) in adult Caenolestidae are seamlessly su-
tured. However, a very immature specimen of this species
(FMNH 129828%) exhibited the sutures in this complex of
bones, which we used to describe this complex of bones
not described before for this group (Fig. 3). In occipital
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view, the supraoccipital bone is dome-shaped, with its dor-
sal side limiting with the parietal and sometimes forming a
nuchal crest, as described above. This bone forms the dor-
sal limit of the foramen magnum. The limit between
supraoccipital and exoccipital occurs at the level of the
mastoid foramen, and runs slightly ventrally towards the
foramen magnum, just below its dorsal wall (Fig. 3a). The
exoccipitals form the lateral sides of the foramen magnum,
and curve ventrally at the base forming the occipital con-
dyles. The limit of the exoccipital bones with the basioccipi-
tal runs from posteromedial to anterolateral, contiguous to
the most anterior hypoglossal foramen which is completely
contained by the exoccipitals (Fig. 3b). The suture between
exoccipital and basioccipital runs at the middle of the ven-
tral process of the occipital condyles, from the foramen
magnum towards the anterior wall of the jugular foramen.
There is no sign of interparietals occurring in this species.
In ventral view, R. raphanurus has very large incisive
foramina and very large maxillopalatine fenestrae. The
palate progressively broadens from dP2 reaching its
maximum at M3, and is markedly reduced posteriorly.
Incisive foramina generally extend from a point slightly
anterior to I3 to an intermediate between dP1 and dP2,
or posterior to dP1 (e.g., UACH 224343). Maxillopalatine
fenestrae extend from a point at half of P3 to a point be-
tween M3-M4, or closer to the palatine torus. The sep-
aration between maxillopalatine fenestrae is very slender
and commonly lost during specimen preparation, which
probably led Osgood [9] to describe it as an “open

Fig. 3 Occipital complex and basicranium of Rhyncholestes raphanurus Osgood, used to show the sutures between supraoccipital and exoccipital
bones (black arrow in A), and exoccipital and basioccipital bones (black arrow in B), based on specimen FMNH 129828%9. Abbreviations: al,
alisphenoid; astp, alisphenoid tympanic process; bo, basioccipital; cf,, carotid foramen; ec, ectotympanic bone; ef, ethmoidal foramen; eo,
exoccipital; fgpn, foramen for the greater petrosal nerve; fm, foramen magnum; fo, foramen ovale; fro, frontal; ft, foramen transversum; gf, glenoid
fossa; hf, hypoglossal foramina; ips, inferior petrosal sinus; jf, jugal foramen; M3, third upper molar; maf, mastoid fenestra; me, mastoid exposure of
the petrosal bone; mx, maxillary; pa, parietal; pal, palatine; pr, promontorium of the petrosal bone; pt,, pterogoid; rttp, rostral tympanic process of
the petrosal; so, supraoccipital; sq., squamosal; oc, occipital condyle; pto, palatine torus; yug, yugal. Scale bar: 1.cm




Gonzalez et al. Revista Chilena de Historia Natural (2020) 93:1

palate”. Despite this, several subadult and adult speci-
mens clearly show the bony separation at the middle line
(e.g., UACH 22473, FMNH 129828%). They also appear
not separated in the drawing made by Patterson y Gal-
lardo [6] and their description: “posterior palatal vacui-
ties without median bony partition”. Maxillopalatine
fenestrae appear commonly separated in other analyzed
Caenolestidae as well (see Appendix I). The maxillopala-
tine fenestrae are mostly limited by the maxillary bones,
but by the palatine posteriorly and posterolaterally. The
posterior end of the hard palate is formed by the palat-
ine bone, where a well-developed, posteriorly curved pal-
atine torus is formed. The posterior edge of the palate is
narrower than the protocones of M3, and the palatine
torus is ventrally hypertrophied and is higher at the lat-
eral borders than medially. At the interpalatine suture,
the torus has a posteriorly directed pointy process. Two
posterolateral palatal foramina are well developed at the
most lateral edges of the torus, visible only in oblique
ventral views. Medial to these foramina, there are two
posterior small foramina, only visible in occipital oblique
view, that is the largest among living Caenolestidae and
is anterolaterally connected with the posterolateral pal-
atal foramina. The presphenoid is small and located pos-
terior to the choanae opening. This bone is wide at its
posterior end but thin and pointy at its anterior end. An-
teriorly, it contacts the paired vomer bones, anterolater-
ally the palatines, laterally the pterygoids, and the
basisphenoid posteriorly, in a broad suture. The basi-
sphenoid contacts the basioccipital at the anteriormost
point of the promontorium of the petrosal, in a broad
mediolaterally directed suture. The tympanic bullae are
relatively small, with little vertical (ventral) development
of the alisphenoid. At the alisphenoid-petrosal suture, a
foramen for the greater petrosal nerve and the foramen
ovale are combined in a large foramen (the largest at the
posterior region of the cranium), and open widely at the
ventral side. The anterior carotid foramen is well devel-
oped and opens posteriorly. A well-developed transverse
foramen with a bonny canal directed laterally, occurs an-
terior to the carotid foramen at the basisphenoid. At the
anterior face of the alisphenoid tympanic process (astp),
there is a well-developed canal, with its origin medial to
the ventral lux of the foramen ovale, oriented ventrolat-
erally. In this area, the astp commonly presents a pointy
bone process, marking the dorsal-most point of this
canal (Fig. 4). This trait is similar to that found in some
Marmosa spp. [30], page [29], and can be found in old
specimens of Caenolestes spp. but not in L. inca.

Mandible

The mandibles are stylized, with a wide (broad) ascending
process and a maximum height below ml. The ventral
border is straight, not ventrally inflected, and the anterior
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Fig. 4 Lateral view of the posterior portion of the crania of
Rhyncholestes raphanurus Osgood, showing variable development in
the alisphenoid tympanic process (astp). White arrows indicate the
pointy anterior process of the astp (FMNH 1298279, FMNH
135036(), which is not developed in FMNH 1298339 Scale

bar: 1.cm

region becomes dorsoventrally narrow anterior to p3, reach-
ing its minimum in the opening of the alveolus for the pro-
cumbent incisor. The mandible has two or three mental
foramina, the first one under p3 and the other/s between
ml-2 (e.g, two foramina in UACH 40007; three in the left
side of UACH 948(3). The coronoid process and the man-
dibular body (i.e., the portion that contains the teeth) form
an almost 90° angle. The coronoid crest is well-developed at
the anteroventral portion, gradually fading towards its dorsal
edge. Some specimens present a totally faded coronoid crest
at approximately the middle height of the coronoid process
(e.g, FMNH 1274673), whereas others present a continu-
ously conspicuous crest until the apex of the coronoid
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process (e.g, FMNH 127471%). The ventral crest of the
masseteric fossa is evenly developed throughout its length.

Dentition

Several dental traits are unique to R. raphanurus: 1) the
bilobed upper incisors (12—4), with a large notch separat-
ing the anterior blade-like from the posterior peg-like
cusps; 2) the broad diastemas between 14-C1, C1-dP1,
dP1-dP2, and dP2-P3-M4; 3) the well-marked reduction
of M4 (compared to Caenolestes and Lestoros); 4) the
greater size of the procumbent first lower incisors, rela-
tive to the other teeth; and 5) the greater reduction of
the four lower incisor-like teeth after the procumbent
lower incisor. Also, the spatial arrangement of the upper
teeth of R raphanurus and its diastemas are unique,
with upper incisors from I1 to I3 in contact, I3 separated
from 14 by a diastema half the length of 14 (approxi-
mately), 4 separated from C1 by a large diastema, which
is slightly shorter than the one separating C1 from dP1
(the largest diastema); dP1 and dP2 are separated by a
diastema similar in size to that separating I4 from CI,
dP2 is either very close or in contact with P3, and there
is no other diastema in the upper tooth-row.

Incisors. All three first upper incisors have a wide crown
and are in contact with the preceding and posterior tooth.
As with the rest of other living caenolestids, the first two in-
cisors are not separated from the posterior ones by a dia-
stema, as it occurs in all? living didelphids. The first upper
incisors are lingually concave, somewhat “closing” the buccal
cavity with the inferior procumbent incisors. The following
incisors (I2—4) are large, bucco-lingually flattened and ori-
ented in a mesiodistal axis. These teeth in R raphanurus
have a unique shape: “..upper incisors with a broad anterior
blade and a blunt, slightly curved, posterior cusp, the two
parts separated by a deep cleft...” Osgood [9] p. [169]. The
third and fourth incisors are separated by a diastema, which
is also present in L. inca, but in R raphanurus the distance
between 13-4 is shorter than that between 14-C1.

First lower incisors share the same pseudodiprotodont
pattern characteristic of Paucituberculata, with the two
hypertrophied and strongly procumbent. Each procum-
bent incisor is followed in each mandible by 3 small
peg-like teeth which are undistinguishable between
themselves, and are supposed to represent i2—-3 and cl.
Additionally, the hypertrophied procumbent incisors
show a clear pattern of wear related to the specimen size
and, allegedly, age; small individuals with little tooth
wear have a dorsal cutting edge that goes from base to the
tip of the tooth. Contrary to this, large individuals with
highly worn teeth show this same cutting edge restricted
to the last quarter of the procumbent tooth, while the base
is cylindrical in transverse section. The two latter cases are
the extreme points of a continuum, related to the appar-
ent continuous growth of these teeth.
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Canines. The upper canine in R. raphanurus has been de-
scribed as sexually dimorphic, “premolariform” in females
and “caniniform” in males [9], somewhat implying single
rooted canines in males, and double rooted in females. Al-
though consistent in the majority of the specimens analyzed
for this character (i.e,, 239 and 30), we observed variation
in the upper canine shape: seven males (23%) presented a
premolar-like shape, while some females (17%) presented
the typical, male-like canine shape (Fig. 5).

Lower canines (if present) are small and incisor-like
and without marked cingula, in specimen IEEUACH
3578 appears to be double-rooted.

Premolars. Upper premolars increase in size from dP1
to P3, with a diastema between C1-dP1, dP1-dP2, and
dP2-dP3; dP3 forms a continuum with M1-4. In occlusal
view, the highest cusp in each premolar is shifted/moved
posteriorly: in dP1, the major cusp is anteriorly located; in
dP2 it is medially located; and in P3 the major cusp is dis-
placed posteriorly. This “progression” is not as marked as
in other living caenolestids (e.g., Lestoros inca AMNH
426859; Caenolestes fuliginosus MACN 31.1439, MACN
31.1443), where the first two premolars have the central
cusp in the anterior or medial region of the tooth. A simi-
lar pattern to the one present in R. raphanurus (but not as
well marked) was observed in C. caniventer (e.g., AMNH
471753). Rhyncholestes raphanurus shows a unique
pattern of occlusal shape in upper premolars, with a well-
marked talon in dP1 and a posterior cusp; an even occlu-
sal surface in dP2 with an anterior and posterior cingula
and talon, respectively; and a well-marked cingulum in P3
with a large anterior cusp and a very large posterior cusp.
The largest cusp in P3 has a well-developed posterior cut-
ting blade, which forms a continuous cutting blade with
the highly developed StB of M1. In lateral view, dP1 is as
tall as I4 and with a similar shape but a sharper central
cusp. The next upper premolar (dP2) is larger than dP1
and has a symmetric shape, both in occlusal and lateral
views (i.e., the main cusp is roughly located at half the
tooth). Finally, P3 is the tallest tooth in the upper tooth-
row, with a robust anterior cingula and no talon, the
posterior crest is in direct contact with M1’s parastylar
corner. Also, P3 is obliquely implanted with respect to the
antero-posterior axis of the crania, which coincides with
the point where the palate broadens.

Lower premolars greatly increase in size from dp2
to p3, they are similar in general shape but p3 is
twice the size of dp2 and has a well-developed, wider
talon than in dp2.

Molars. The general shape of upper molars in R. rapha-
nurus is quadrangular, with a progressive (from M1 to
M3) narrowing of the posterior area of each tooth. Molars
have a quadrangular general shape, with a progressive nar-
rowing (from M1 to M3) of the posterior portion of each
molar in which StD + metacone become closer to the
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Fig. 5 Canine type variation in specimens of Rhyncholestes raphanurus Osgood showing the typical male-like canine (FMNH 500714, top left;
FMNH 1240039, top right), an intermediate, almost premolariform canine (FMNH 1298319, bottom left), and a typical female-like, premolariform
canine (FMNH 1298342, bottom right). Scale bar: 1T cm

metaconule, and a reduced basin of the area between
metaconule and metacone. The first two upper molars are
subequal in size, rectangular in occlusal shape, while M3
is reduced and M4 is a very small single-rooted tooth,
smaller than any other tooth including the incisors and
circular in occlusal view. The first two upper molars have
a well-marked metaconule, which is reduced in M3. In the
first two upper molars StD is the highest cusp, almost as
tall as the main cusp of P3. The first upper molars have a
well-marked labial cingulum, M1-2 have a lingual cingu-
lum between protocone and metaconule, reduced or ab-
sent in M3. In general, the last upper molar has two
poorly developed cusps, but sometimes this tooth can
have a single, central cusp.

Lower molars are subequal in size from ml to m3, m4
being notoriously reduced in both occlusal and lateral
views. The trigonid is short (i.e., mesiodistally com-
pressed) in the first three molars, with a well-marked an-
terior cingulum that is narrower in m1, wider in m2 and
slightly narrow in m3. The talonid is wider than the tri-
gonid in m1-2, equally wide in m3. The trigonid is open
in its lingual side in the first three molars, with a lingual
cingulum that reaches the base of the metaconid in m2-
3 but is continuous and joins the lingual crest running
mesially from the metaconid in m1. In occlusal view, the
metaconid becomes progressively closer to the paraconid
from m1 to m3 reducing the trigonid area, with a change

in the orientation of the postprotocristid from oblique to
mostly transversal in relation to the tooth row. This pat-
tern is less marked than in C. fuliginosus (e.g, MACN
31.1439, MACN 31.1447). The cristida obliqua is well
developed and reaches the protoconid, closing the talo-
nid in its labial side. The lingual side of the molars in
the talonid are open, just like in the trigonid. The ento-
conid is slightly projected lingually, especially in m2-3.
Two crests form a well-developed basin between entoco-
nid and metaconid, labially limited by a crest that
originates in the entoconid and reaches the posterior
wall of the trigonid. This basin reduces its size from m1l
to m3, along with the mesiodistal reduction in molar
size. The posterior “wall” of m1-m3 is closed by the
post-hypoconid crest, that is well marked in m1 and less
so in m3. A clearly developed hypoconulid is present in
m3 but not so in m1-2, in a progression from poorly
developed to well-developed hypoconulid (e.g.,
FMNH1298289). The last molar is a very small tooth
with well-marked trigonid and talonid, separated by a
well-developed metaconid, the only cusp that can be
clearly identified in this molar. Although m4 can have
the appearance of being single rooted in some specimens
(e.g, IEEUACH 45229; IEEUACH 22509) or double
rooted in others (e.g, IEEUACH 2244J; IEEUACH
22473; MACN 2062573), all the toothless specimens we
observed showed two alveoli.
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Discussion

In this work, we presented an extensive revision of the
morphologic and morphometric variability and variation
of the great majority of R raphanurus specimens
deposited in mammal collections. Our sample comes
from a few scattered localities throughout what has been
inferred to be the species range [3], showcasing how
poorly represented this marsupial is in mammal collec-
tions throughout the world, and how little we know even
after almost 100 years of its original description.

Despite some limited samples, most external measure-
ments presented the highest variability within sampled lo-
calities (Tables 1 and 2), a similar trend to what was
described for Lestoros inca and other New World marsu-
pials [7, 11, 24]. On the other hand, craniodental measure-
ments showed the lowest within-locality variability,
especially in samples with #>5, with the exception of
mandibular width and height (Tables 1 and 2), which are
variables directly related to individual growth and, for the
latter, a positive allometric change was described [4, 22].
Our data shows that a small number of individuals in this
species, depending on the trait, might not be enough to
“capture” the local or regional variability (e.g., dP1-M3,
dP1-M4, in the samples from Rio Inio, Chiloé). Others
show an intraspecific variability related to sexual dimorph-
ism (e.g., M1 in continental samples; Table 4), or a small
sample that was constrained towards an extreme within
the variability (e.g., M1-3 and width of M3 in the sample
from Chiloé; Table 5, and Additional file 1). As discussed
in Martin [24] for D. gliroides, a marsupial living in a very
similar area (albeit more extended in its distribution) than
R. raphanurus, variability can be underrated when small
samples of specimens are analyzed, not showing the
amount of change within a population, see also [4, 42, 43].

Despite the significant differences found in the ANOVA
between continental and insular specimens (Table 5), all
measurements fall well within the range of continental sam-
ples (Tables 1 and 2). The smaller average sizes of some den-
tal measurements compared in the ANOVAs might be an
artifact of the small sample size, which is also shown in the
very large CV values (usually, CV values for dental measure-
ments in marsupials are <4, showing little variation/disper-
sion [7, 11, 44];). Similar results, in which no difference was
found between Island and continental populations, were de-
scribed for another marsupial (Dromiciops gliroides (7, 21];),
sigmodontine rodents (e.g, Geoxus spp., [45]; Abrothrix
manni [46]), and a carnivore (Lycalopex fulvipes, [47]). Des-
pite differences in the biogeographic history of the taxa men-
tioned above, these results appear to be a consequence of the
geological history of the area, where the northwestern por-
tion of Chiloé Island remained in contact with the rest of the
continent until recent times (while the rest of the Island was
covered by glacial ice) [48, 49], which does not appear to be
enough time to have produced isolation in these species.
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Our data shows that sexual dimorphism in this species
is only restricted to canine form, and not to size or shape
(externally and craniodentally, see also Additional file 1),
with similar results described by Martin [11] for a linear
morphometric analysis, and by Astda [23] for sexual size
and sexual shape dimorphism analyses. Oddly, Osgood [9]
described the shape difference between male and female
canines, but our examination of the type specimen (a fe-
male) showed a premolariform canine in the left side [9: p.
173; PL XXIII], but a male-like canine on the right side.
We found the premolariform condition in females and
typical canine form in males is present in 80% of the sam-
ples with no relation to locality, offering evidence that ca-
nine sexual dimorphism is a distinctive character of R.
raphanurus, and that this variation is not related to differ-
ences between mainland and insular forms. Canine sexual
dimorphism was also described for C. fuliginosus [8, 50],
but differences in crown shape, and especially accessory
cusps were less developed than in R. raphanurus.

We herein described (for the first time to our knowledge)
some morphologic characters including the occipital com-
plex (Fig. 3; previously considered as fused bones [5, 9]) or
the presence/absence of interparietal bones see [51]. The
absence of an interparietal bone can be considered an auta-
pomorphic characteristic of Caenolestidea, as it appears to
be absent only in this group of marsupials. Similarly, other
characters previously studied as the form of the subsqua-
mosal foramen or the position of sphenorbital foramen
relative to the palatine fenestra, see [17], were found to be
polymorphic in this species, and should be treated with
caution when studying small samples, which might not re-
flect the full extent of the species variability and variation.
Finally, as noted before by Martin [7], there is a marked
variation in some traits in the species of Caenolestidae
which can be used as a framework when studying and de-
scribing fossils forms of this group. Achieving clarity in the
way these traits vary is desirable when creating robust mor-
phological matrices for phylogenetic hypothesis, and com-
parisons between groups. In this sense, studies that use
large series of specimens and detailed descriptions of
morphology, e.g, [7, 24, 29, 32, 44], this work are important
in comparative morphology and hypothesis-driven studies
on the evolution of New World marsupials.

We found a series of cranial traits unique to R rapha-
nurus not present in extant Caenolestidae: 1) the maxillary
process of the incisive fenestra ridge is wide anteriorly and
narrows posteriorly; 2) the post torus palatal foramen is
large and laterally connected with the minor palatine for-
amen; 3) the orbitosphenoid exposure is wide and occupies
a big part of the orbital region; 4) the premaxillary is twice
wider than tall; 5) a broad anterior interorbital region, that
is as broad as the interlachrymal region; and 6) a straight
lateral aspect of the premaxillary at the anterior nasal aper-
ture. These characters might be an indication of a unique,
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separate evolutionary path taken by R raphanurus when
compared to the other two living genera (Caenolestes and
Lestoros) which, despite being clearly different [7], appear
closer morphologically. Unfortunately, we are unable to
compare most of our cranial descriptions with fossil
Caenolestidae, since most specimens are commonly repre-
sented by tooth remains (some with partial mandibles).

A recent review of Paucituberculata done by Abello [31]
considered the antemolar formula of caenolestids to have
eight teeth, assigned to four incisors, a canine and three
premolars, a number that is not supported by this study
and those of Martin [7, 52]. Despite some anomalies de-
scribed in Martin [7, 52], most of the specimens we studied
show seven antemolar teeth, with the presence of three in-
cisors (including the procumbent one), a canine and three
premolars. Even when homologies of the anterior, incisor-
like teeth cannot be confirmed, the most common number
is seven, with six and eight antemolar teeth registered in
some anomalous specimens. Assuming a common pattern
of eight antemolar teeth implies the loss of two dental units
in specimens with six teeth. The easiest and most parsimo-
nious “solution” would be to have seven teeth and lose or
gain one unit in specimens with six or eight antemolar
teeth, respectively. This process has no implications on the
supposed ancestral dental formula in caenolestids since a
reversion to eight molars from the common formula of
seven (as in some specimens), could be referred to as an at-
avism [52]. In sum, we here propose that the dental formula
for living and extinct caenolestids (i.e., family Caenolesti-
dae) would be 14/i3 C1/c1 dP1-2/dp1-2 P3/p3 M4/m4.

Future studies of R. raphanurus using different methods
as geometric morphometrics or micro computed tomog-
raphy could add new information on the variability and
variation of the species. We also expect new specimens
from other localities, especially from Argentina and Chiloé
Island, could provide an opportunity to complement and/
or test our results, adding information on several aspects of
the species morphology and ecology.

Conclusions

Comparative studies of continental and Chiloé Island speci-
mens support the treatment of R raphanurus as a single
valid species. Morphometric differences found between
Chiloé and continental forms differ mostly in a similar de-
gree/or within the extremes of different continental popula-
tions (Tables 1 and 2, and Additional file 1). Altogether, the
morphology of R raphanurus diverges from other extant
Caenolestiade in a greater degree than Lestoros and Caeno-
lestes differ. For example, the elongated premaxillary, the
deeply bilobed incisors, the reduced M4 and other traits, are
discrete differences of this genus. Nevertheless, the conver-
gence of some characters with the genus Caenolestes might
reflect similar feeding constraints, and are not in agreement
with some phylogenetic hypothesis proposed before [17, 31,
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32], where Lestoros and Rhyncholestes appear as sister taxa.
For example, the bilobed incisors are found also in C. cani-
venter, although to a lesser degree, and the pointy process at
the anterior face of the astp is only found in Caenolestes
spp., while it is absent in Lestoros. A wider comparison (be-
tween genera and species), and new genetic data or new
methods (e.g., geometric morphometrics) could provide new
insights into these phylogenetic questions.

The information presented herein can be used in ana-
tomical and paleontological studies dealing with caenoles-
tids in particular and marsupials in general, also providing
a sound basis for anatomical inferences made from fossils.
Further studies contributing with more information from
morphological traits (e.g., number of teats, postcranium,
embryos) could shed some light on the relationships of
these unique and understudied taxa.

Appendix
Appendix I. List of analyzed specimens.

Rhyncholestes raphanurus. Argentina. Rio Negro Province;
Parque Nacional Nahuel Huapi, Puerto Blest (MACN 20625,
MMP 4055). Chile. Osorno Province; Maicolpué, 65 km W
Osorno and 2 Km S Bahia Mansa (FMNH 129828); 32 Km SSE
Osorno, 15 Km NNW Pto Octay (FMNH 129833); Comuna
Entre Lagos, Puyehue (IEEUACH 3998-IEEUACH 4000); Puye-
hue National Park, 9.4 Km NW Antillanca and 7.4 km SE
Aguas Calientes (FMNH 124002-FMNH 124003); Los Mallines,
9.4 Km W of ski center at Antillanca (FMNH 129827); Llanqui-
hue Province; Comuna Puerto Octay, La Picada (BMNH
75.1723 [4 Km E], IEEUACH 947-IEEUACH 952, IEEUACH
2241-IEEUACH 2247, IEEUACH 2249-IEEUACH 2250, IEEUACH
2252, IEEUACH 3576, IEEUACH 3578, FMNH 124004, FMNH
127467-FMNH 127475, FMNH 129823-FMNH 129824, FMNH
129830); Refugio Volcan Osorno, La Picada (FMNH 50071);
Parque Nacional Vicente Perez Rosales, (IEEUACH 4522);
Palena Province; 19.7 km N Rio Negro and 26.7 km S Contao
(FMNH 129831); 11.1 Km WNW Rio Negro and 35.3 Km SSW
Contao (FMNH 129834, FMNH 129836); 12.4 km WNW Rio
Negro and 34 km S Contao, Carretera Austral, (FMNH
135035, FMNH 135036); Chiloé Province; Palomar, Fundo El
Venado (IEEUACH 1831, IEEUACH 1835); Puerto Carmen
(IEEUACH 1840); Rio Inio (FMNH 22422, FMNH 22423). For a
list of Caeonlestes spp. and Lestoros inca studied specimens
see Gonzalez Chavez et al. [8], and Martin [7], respectively.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/540693-020-00089-6.

Additional file 1. Results of the full model Principal Component
Analysis, and the Principal Component Analyses generated with
Mossimann variables for external, selected cranial and dental
measurements.
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