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Abstract

Quantification of mammalian skull development has received much attention in the recent literature. Previous results in different
lineages have shown an effect of historical legacy on patterns of skull growth. In marsupials, the skull of adults exhibits high
variation across species, principally along a size axis. The development keys of the marsupial skull are fundamental to under-
standing the evolution of skull function in this clade. Its generally well-resolved phylogeny makes the group ideal for studying
macroevolution of skull ontogeny. Here, we tested the hypothesis that ontogenetic similarity is correlated with phylogeny in New
World marsupials, so that developmental patterns are expected to be conserved from ancestral opossums. We concatenated our
previously published ontogenetic cranial data from several opossum species with new ontogenetic sequences and constructed an
allometric space on the basis of a set of comparable cranial linear measurements. In this ontogenetic space, we determined the
degree of correspondence of developmental patterns and the phylogeny of the group. In addition, we mapped ontogenetic
trajectories onto the opossum phylogeny, treating the trajectories as composite, continuously varying characters. Didelphids
differed widely in the magnitude of skull allometry across species. Splanchnocranial components exhibited all possible patterns
of inter-specific variation, whereas mandibular variables were predominantly allometrically “positive” and neurocranial com-
ponents were predominantly allometrically “negative.” The distribution of species in allometric space reflected the compounded
effect of phylogeny and size variation characteristic of didelphids. The terminal morphology of related species differed in shape,
so their ontogenetic trajectories deviated with respect to that of reconstructed common ancestors in varying degree. Phylogeny
was the main factor structuring the allometric space of New World marsupials. Didelphids inherited an ancestral constellation of
allometry coefficients without change and retained much of it throughout their lineage history. Conserved allometric values on
the nodes splitting placental outgroups and marsupials suggest a developmental basis common to all therians.
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Introduction

The ontogeny of the mammalian skull has been a rich subject
of comparative work relevant to understand the relationship
between form and function in a developmental and evolution-
ary context (Segura and Prevosti 2012). Quantitative studies
include advances in comparative allometry (e.g., Weston
2003; Giannini et al. 2004, 2010; Flores et al. 2015), allome-
tric disparity (Wilson and Sanchez-Villagra 2010; Wilson
2013), direct ontogenetic mapping onto phylogenies (Flores
et al. 2013, 2015; Giannini 2014; Wilson and Sanchez-
Villagra 2010; Wilson 2018), and phylomorphospace con-
struction from ontogenetic trajectories (e.g., Tavares et al.
2016; Esquerré et al. 2017). The quantification of postnatal
ontogenetic patterns of the mammalian skull has identified
adaptive changes associated with the acquisition of full adult
performance (e.g., Abdala et al. 2001; Tanner et al. 2010;
Segura et al. 2013, 2016; Tarnawski et al. 2014), from both
phenetic (e.g., Klingenberg and Froese 1991; Gerber et al.
2007; Wilson 2013) and phylogenetic (e.g., Giannini 2014;
Flores et al. 2015; Tavares et al. 2016) perspectives. The phy-
logenetic approach demonstrated a considerable level of his-
torical variation in cranial growth via the detection of specific
allometric changes associated with clades of marsupials, ro-
dents, and carnivores (e.g., Flores et al. 2013, 2015; Giannini
2014; Segura 2014) or through the discovery of patterns in
clades or functional groups of rodents in ontogenetic morpho-
spaces (e.g., Wilson and Sanchez-Villagra 2010; Wilson 2013;
Tavares et al. 2016). Because simultaneous allometry estima-
tion of skull components is a multivariate concept, and as such
it is quantified considering the major axis of covariance
(Jolicoeur 1963), allometric space studies are directly compa-
rable to covariance matrix evolution (Wilson 2013). Thus,
quantification of ontogeny in multivariate terms implies the
comparative analysis of covariance matrices (e.g., Marroig
and Cheverud 2005, 2010). According to Wilson (2013), most
of previous studies on covariance matrix evolution have fo-
cused on variation in the adult stage (static allometry), there-
fore considering only the endpoints of individual ontogenetic
trajectories. However, understanding the evolution of pheno-
types in a given group also requires a quantification of the
evolution of development (Hall 2000; Raff 2000), as the ter-
minal size and shape of an organism depend on its ontogenetic
trajectory understood as an orderly developmental sequence,
i.e., changing across intermediate morphologies of the devel-
oping organism. Recent empirical approaches dealing with
continuous developmental characters in phylogenies (e.g.,
Giannini 2014; Segura 2014; Flores et al. 2015) allowed de-
tection of changes in the rate of growth in internal nodes of a
given phylogeny, and thus to infer ancestral allometries and
their evolutionary context.

When compared with any clade of placental mammals,
marsupials as a group exhibit low morphological disparity
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and high integration of skull components (Shirai and
Marroig 2010; Goswami et al. 2012; Porto et al. 2013).
These patterns have been attributed to intrinsic factors such
as reproduction and development (e.g., Goswami et al. 2012;
Porto et al. 2013) and/or extrinsic factors such as the history of
diversification and biogeography in marsupials (Sanchez-
Villagra 2013). Nonetheless, the variation of skull shape in
marsupials is compelling, even among the apparently homo-
geneous carnivorous marsupials (e.g., Horovitz and Sanchez-
Villagra 2003; Wroe and Milne 2007). As a consequence, the
study of skull ontogeny in carnivorous marsupials is highly
relevant not only from a purely descriptive perspective but
also in terms of the peculiar evolution of the group.

The New World opossum Didelphidae comprises the most
diverse living radiation of marsupials outside Australia (Voss
and Jansa 2009). Didelphimorphia, the order containing opos-
sums, split from the remaining marsupials in the Upper
Cretaceous (Astia 2015). However, the living opossums are
morphologically derived from most Cretaceous and
Paleogene metatherians. The well-resolved phylogeny of
Didelphidae (Amador and Giannini 2016) and the consider-
able size variation across species of the didelphid crown group
(e.g., Astia 2015; Voss and Jansa 2009; Amador and Giannini
2016) make this diverse Neotropical group ideal for an inte-
gral study of evolution of skull ontogeny. Here, we review
previous works on post-weaning skull ontogeny in didelphids,
and concatenate data from these studies with new ontogenetic
sequences that consistently cover extant didelphid diversity.
We specifically test the hypothesis that evolutionary history
(phylogeny) is correlated with ontogenetic similarity, and so
the clade-level diversity of New World opossums is
established in ancestrally shared developmental patterns. To
this end, we report the skull ontogenetic patterns of represen-
tative didelphids and relevant marsupial outgroups
(caenolestids, microbiotheriids, and dasyurids), as well as
more distant placental outgroups in which we root the recon-
structed ontogenetic changes. We map elements of ontoge-
netic trajectories onto the recent phylogeny of didelphid
marsupials from Amador and Giannini (2016), treating
these elements as continuously varying characters
(Giannini 2014). This method was successfully applied re-
cently in other mammals (Flores et al. 2015; Segura 2014).
In addition, following Gerber et al. (2008), we constructed
the ontogenetic space of didelphid marsupials on the basis
of species-specific ontogenetic trajectories, and described
the correspondence of patterns in this space with the phy-
logeny of didelphids. This contribution represents the more
speciose taxonomic sample of carnivorous marsupials ana-
lyzed in the context of ontogeny optimization and allome-
tric disparity. We reveal the strong phylogenetic component
in patterns of skull development in didelphid marsupials
and discuss the historical context of ontogenetic evolution
in New World marsupials.
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Material and methods
The group

Living didelphids comprise 103 currently recognized species
distributed from Canada to Patagonia (Astua 2015). This di-
versity is classified into well-supported monophyletic groups
(see Amador and Giannini 2016 and citations therein). In the
last decades, the knowledge of didelphid taxonomy, phyloge-
netic relationships, and distribution patterns has grown enor-
mously with the aid of new molecular data (e.g., Voss and
Jansa 2009), morphology (e.g., Reig et al. 1987; Voss and
Jansa 2003; Flores 2009), and new distributional and ecolog-
ical data (Vieira and Astia 2003; Birney and Monjeau 2003).
Three living subfamilies—Caluromyinae (Kirsch 1977), the
highly diverse Didelphinae (Gray 1821), and the monotypic
Hyladelphinae (Voss and Jansa 2009)—compose this speciose
family (Gardner 2007; Voss and Jansa 2009; Astua 2015). The
systematics of living didelphines were widely discussed in
past decades; most topologies recently recovered from mor-
phological and molecular data split this group into three
monophyletic tribes: Didelphini, including the large opossums
(Didelphis, Philander, Lutreolina, Chironectes, and
Metachirus); Thylamyini, including the mouse opossums
Cryptonanus, Gracilinanus, Marmosops, Thylamys, and
Lestodelphys; and Marmosini, including the mouse opossums
Marmosa, the monotypic Tlacuatzin, and the short-tailed
opossums Monodelphis (Voss and Jansa 2009). Most of the
genera were recovered as natural groups in the taxonomic
arrangement considered at present (e.g., Gardner 2007,
Asttia 2015; Amador and Giannini 2016). The didelphid radi-
ation occupied a diversity of ecological niches (Astiia 2015);
the observed morphological variation reveals a mosaic of
some highly conserved features (both within the family and
shared with earlier metatherian lineages), such as the dental
formula and postcranial general morphology (Horovitz and
Sanchez-Villagra 2003; Flores 2009; Voss and Jansa 2009),
whereas other characters vary considerably within the family,
such as molar morphology (Chemisquy et al. 2015) or body
size (Amador and Giannini 2016). For instance, adult individ-
uals of North American opossum Didelphis virginiana weigh
up to 5 kg, whereas the pygmy opossum Monodelphis kunsi is
only 10 g (Astiia 2015). Although didelphids were considered
as models of “living fossils” when compared with mesozoic
and paleogene metatherians (e.g., Crompton 1989), also called
“basal ameridelphians” (Goin et al. 2016), some characters in
living forms exhibit derived conditions with respect to early
metatherians (e.g., Reig et al. 1987; Rougier et al. 1998;
Horovitz and Sanchez-Villagra 2003; Luo et al. 2003;
Horovitz et al. 2009). Recent estimations of time-calibrated
phylogenies inferred an Early Oligocene (26.3 Ma) origin of
crown-clade Didelphidae (Meredith et al. 2008; Jansa et al.
2014; Goin et al. 2016), with a radiation of living forms and
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extinction processes occurring from the middle-late Miocene
in consonance with orogenic pulses and the rising of the
Andes (e.g., Patton and da Silva 1997; Jansa et al. 2014;
Palma et al. 2014; Diaz-Nieto et al. 2016).

Sample

We included in our study previously published ontogenetic
samples from four placental outgroups, seven marsupial
outgroups including the New World caenolestids and
microbiotheriids and Australian dasyurids and peramelids,
and three didelphids (Caluromys, Didelphis, and Lutreolina).
To this set, we added eight newly generated ontogenetic series
of didelphid species measured from museum collections
(Appendix SIL.1): Chironectes minimus, Philander opossum,
Metachirus nudicaudatus, Thylamys sponsorius, Marmosops
incanus, Marmosa murina, M. demerarae, and Monodelphis
brevicaudata. This dataset comprised 383 new specimens ex-
amined (Appendix SI.1) and composed a total set of 1155
specimens representing 22 species (Table 1). The dataset rep-
resented ontogenetic sequences of 11 didelphids, thus includ-
ing 10 living genera out of the 17 represented in the family and
certainly members from all suprageneric natural groups. All
series included young specimens with only the first molar
erupted (except for Caenolestidae, see Flores et al. 2015). In
general, the condylobasal length of the youngest specimen
was approximately 50% or less than that of the largest adult
specimen of the conspecific series (Table 1).

Cranial measurements

We took 15 cranial measurements that represent splachnochranial
and neurochranial components described in detail in previous
work (e.g., Abdala et al. 2001; Giannini et al. 2004; Flores et
al. 2015) and illustrated in Fig. 1. For statistical comparisons,
we considered exactly the same set of measurements in our 22
ontogenetic series.

Multivariate analysis of allometry

Multivariate coefficients of allometry were obtained from the
unit-scaled, first eigenvector of a principal component analy-
sis (PCA) based on a variance—covariance matrix of log10-
transformed data (see founding paper by Jolicoeur 1963). For
all multivariate coefficients of allometry, the expected value of
isometry depends on the number of variables (p), being cal-
culated as 1/p°> (0.258 for our set of 15 variables). We tested
the significance of the coefficients of allometry (i.e., statistical
departures from isometry) with a resampling strategy based on
the jackknife, in which each specimen was removed from the
sample at a time, generating n pseudovalues in the process that
were used to calculate confidence intervals (Cls) for the orig-
inal coefficients (see Giannini et al. 2004 and Flores et al.
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Table 1 Sample size (N) of
ontogenetic series of marsupials
and placentals included in this
work, indicating range of skull
size (geometric mean)

Species N Geometric mean range Family
Caenolestes fuliginosus 58 72-9.3 Caenolestidae
Lestoros inca 62 7.5-94 Caenolestidae
Rhyncholestes raphanurus 23 7.4-9.2 Caenolestidae
Dasyurus albopunctatus 31 11.3-23.2 Dasyuridae
Caluromys philander 45 11.3-19.9 Didelphidae
Chironectes minimus 71 8.3-27.5 Didelphidae
Didelphis albiventris 44 12.7-34.4 Didelphidae
Lutreolina crassicaudata 43 12.8-24.9 Didelphidae
Marmosa murina 44 8.2-13.8 Didelphidae
Marmosops incanus 21 8.6-13.8 Didelphidae
Metachirus nudicaudatus 41 10.3-21.9 Didelphidae
Marmosa demerarae 62 8.2-15.3 Didelphidae
Monodelphis brevicaudata 69 7.8-14 Didelphidae
Philander andersoni 46 12.4-243 Didelphidae
Thylamys sponsorius 29 7.6-9.2 Didelphidae
Dromiciops gliroides 47 6.3-14.1 Microbiotheriidae
Echymipera kalubu 51 10.9-23 Peramelidae
Isoodon macrourus 57 10.4-25.6 Peramelidae
Lycalopex culpaeus 83 30.3-56.2 Canidae
Puma concolor 90 34.4-70.2 Felidae
Cabus apella 86 21.5-34.2 Cebidae
Alouatta caraya 52 20.07-47.65 Atelidae

2006 for details on this method). If CIs excluded the expected
value of isometry, the variable was considered positively or
negatively allometric. However, our comparisons were based
on the coefficients as continuous values. Trimming the m
largest and smallest 7 pseudovalues (with m =1) for each
variable may decrease the standard errors calculated under
jackknife and allow more accurate allometric estimations

A

~— BB |ZB

Fig. 1 Skull and mandible
measurements considered in this
study. Abbreviations: CIL,
condyloincisive length; BB,
breadth of the braincase; BP,
breadth of the palate; HC, height
of the coronoid process; HD,
height of the dentary; HO, height

/\’ 7
of the occipital plate; LC, length L-/

\at

(Manly 1997; Giannini et al. 2004). Here, we report un-
trimmed and trimmed calculations, but opting for the results
with lower average bias (i.e., the difference between the
observed and resampled allometry coefficients; Giannini et
al. 2004). For the multivariate statistical analyses (PCA +
jackknife resampling), we used the R script of Giannini et
al. (2010; Appendix SI. 2).

LN

of the coronoid process; LD, <
length of the dentary; LN, length CIL

of the nasals; LP, lower
postcanine toothrow; MH,

PAL

muzzle height; ORB, orbit length; UP

PAL, palate length; UP, upper
postcanine toothrow; ZB,
Zygomatic breadth

O
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Allometric disparity

We followed Wilson and Sanchez-Villagra (2010) and Wilson
(2013) in applying the concept of allometric disparity
(formalized by Gerber et al. 2007, 2008, 2011) to our sample,
so an allometric morpho-space was expanded on the basis of
the intraspecific ontogenetic trajectories included in this study.
Following the multivariate generalization of allometry de-
scribed above (Jolicoeur 1963), the first principal component
of the ontogenetic series represents the vector of multivariate
allometric coefficients, in which size is taken as a latent vari-
able that affects all the original variables simultaneously.
Hence, 22 intraspecific PCAs (one for each species studied)
were calculated as above, and the first normalized eigenvector
of each analysis was included in a matrix that was submitted to
another PCA. The result is interpreted as the allometric space
of the sample, in which each species is represented by a coor-
dinate. The principal components for the first and second axes
were plotted to examine species position in this space. Given
that each point in allometric space reflects a normalized vector
(PC1, i.e., species’ trajectories), it is possible to quantify the
allometric distance between any two species as inter-trajectory
angles in the allometric space (e.g., Solignac et al. 1990;
Wilson and Sanchez-Villagra 2010). Total variance can be
quantified using an average angle between trajectories, which
provides an indication of spacing in state space (see Wilson
2013). When two PC1 vectors x and y are normalized (x', '),
then the angle o between the two trajectories is computed as
a=arcos (x"y") or the arccosine of the dot product of two
normalized vectors (Klingenberg 1996; Wilson and
Sanchez-Villagra 2010; Wilson 2013). A vector with all coef-
ficients equal to 1/p° (i.e., 0.258) defines the isometric vec-
tor, which was used to assess allometric trends for given tra-
jectories. Angles between species or trajectories of monophy-
letic groups (e.g., Didelphini, Marmosini, Thylamini) and the
isometric vector were also calculated. The Kruskal-Wallis test
was used in order to evaluate the statistical significance of
comparisons and detect significant intertrajectory angle values
between species and for each species with the isometric vec-
tor. Kruskal-Wallis tests were coupled with Mann—Whitney
pairwise tests, resulting in P values which were corrected
using the Bonferroni method (Zar 1974). Our analysis of the
allometric space was computed using a marsupial subsample
with a more complete ontogenetic coverage. For instance,
caenolestids were excluded because they lack the earliest
age stages represented in the remaining marsupials (Flores et
al. 2015). The exclusion of the earliest ontogenetic stages
could impact the multivariate slope, and thus, the angular
comparisons in allometric space (and the relative position of
those taxa) would be prone to error (see below). Therefore, our
analysis of the multivariate allometric space included species
of Didelphidae, Dromiciops, Dasyurus, and two peramelids
(i.e., 15 species). To estimate the standard error of the PCI
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coefficients for each species, a bootstrap with replacement
was performed for 1000 iterations.

Evolution of ontogeny

Macroevolutionary patterns, such as interspecific variation in
body mass or growth rate, can only be discerned in an explicit
phylogenetic framework (e.g., Gould and MacFadden 2004;
Butler and Goswami 2008; Flores et al. 2015; Giannini 2014,
Amador and Giannini 2016). The quantification of ontogeny in
aphylogenetic framework (e.g., Weisbecker et al. 2008; Wilson
and Sanchez-Villagra 2010; Bennett and Goswami 2013;
Koyabu et al. 2011; Goswami et al. 2012; Segura 2014;
Giannini 2014; Flores et al. 2015) has added quantitative rigor
to the studies of developmental bases in mammalian evolution.
Here, we applied the methods of character optimization and
phylogenetic signal as in Flores et al. (2015). Optimization,
or character mapping, is a fundamental tool used to determine
the cost of a character state on a given tree topology and the
representation of ancestral character states in internal nodes and
the root. Giannini (2014) demonstrated that allometric coeffi-
cients should be mapped onto phylogenies as continuous char-
acters (see also Segura 2014 and Flores et al. 2015 for empirical
applications). Optimization of continuous characters (using ei-
ther point estimates or intervals for terminal values) is imple-
mented in the computer program TNT (Goloboff et al. 2008) as
an extension of Farris’ (1970) multistate character optimization
(Goloboft et al. 2006). Allometric similarities can be explained
by common ancestry, and ancestral allometry vectors can be
determined (Giannini 2014 and citations therein). We recon-
structed the allometric vector at all internal nodes, calculated
the optimal cost of reconstruction (steps on the tree), and ex-
amined the evolutionary changes (increases and decreases in
individual allometric coefficients) as implied by the tree topol-
ogy, to uncover the general phylogenetic pattern of cranial on-
togeny evolution and its functional implications.

For this analysis, we included our sample of marsupials and
placentals (see above) arranged in the more accepted current
topology, considering Ameridelphia as paraphyletic and
Australidelphia as monophyletic (i.e., successively
Caenolestidae, Didelphidae, Microbiotheriidae, and the re-
mainder of Australidelphia; see Horovitz and Sanchez-
Villagra 2003; Asher et al. 2004; Nilsson et al. 2004; Beck
2008; Meredith et al. 2008). In the didelphid clade, Marmosini
(Monodelphis—Marmosa) is sister of the Thylamyini
(Thylamys—Marmosops)—-Didelphini (Metachirus—
Chironectes—Lutreonina—Philander—Didelphis) clade, a rela-
tionship supported by both genetic and molecular evidence
(see Voss and Jansa 2009; Amador and Giannini 2016).

Phylogenetic signal was estimated using random swapping
of characters (allometric coefficients) in terminal branches
(Laurin 2004). The distribution of character states (i.c.,
resampled allometric coefficients) on the observed
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phylogenies was compared with the distribution of states on
20,000 randomly generated trees. The number of steps of each
character on the randomly generated datasets was also com-
pared with the number of steps of that character in the ob-
served phylogenies. We considered a character to have signif-
icant phylogenetic signal if the observed number of steps was
smaller than the steps calculated for at least 95% of the ran-
domly generated trees. For phylogenetic signal calculation, we
used the R script of Prevosti et al. (2010, Appendix SI. 3),
computed with the program TNT v. 1.1 (Goloboff et al. 2008).

Results and discussion
Multivariate allometric trends

We report in Table SI.1(Supplementary Information) the de-
tailed multivariate results of the seven additional didelphid
species considered in this study; we choose to interpret the
confidence intervals provided by untrimmed analyses given
their generally lower average bias, except for Lestoros inca, in
which trimmed analysis showed lower bias (Table SI.2,
Supplementary Information). We summarized the allometric
trends of all species considered in this study, i.e., the observed
allometric trends in Table 2. The variance summarized by each
intraspecific PCA (used a posteriori to construct the allometric
space) ranged from 85 to 97% (variance of PC2 between 1.7
and 16.4% across species; Table SI.3, Supplementary
Information).

As a first step in interpreting our results, here we highlight
trends in the data on a per-variable basis. Condyloincisive
length (CIL) was predominantly isometric in our marsupial
sample; however, there were cases of both positive and nega-
tive allometry, and these cases were disconnected (i.e., not
clearly associated to either taxonomic or functional group-
ings). Rostral, or splanchnocranial, components exhibited a
highly complex pattern of growth across our sample. The
length and width of the palate (PAL and BP) showed either
isometry or negative allometry across the majority of the sam-
ple, including placental outgroups; PAL was positive only in
Echymipera, whereas BP was negative in the whole sample.
The growth of nasal length (LN) reflected the characteristical-
ly long rostrum in most opossums, so it was a “positive”
variable in most cases; exceptions were Lutreolina and the
australidelphian Dromiciops that feature a typical short ros-
trum. The height of the rostrum (MH) experienced isometric
growth in all groups, with both positive and negative excep-
tions in particular species. As reported in previous analyses
(e.g., Abdala et al. 2001), the growth of both upper (UP) and
lower (LP) tooth rows is coordinated, but with the lower tooth
row outstripping the upper tooth row by one element in their
respective eruption sequences. In most cases (Table 2), the
upper and lower tooth rows shared the same allometric trend
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(isometry or negative allometry), with Chironectes minimus
being the only species showing positive allometry in both
variables. The zygomatic breadth (ZB) showed positive al-
lometry in relatively large or more carnivorous marsupials,
such as Dasyurus, Lutreolina, Didelphis, Marmosa
demerarae, and Monodelphis. This growth pattern expands
the zygoma laterally and generates the inner space for a larger
temporal muscle that is accommodated between the braincase
(negative allometry) and the zygoma (positive allometry). All
neurocranial variables exhibited negative allometry, with
some isometric exceptions and a considerable variation in
the actual value of allometry coefficients (see below). The
allometry of the braincase was negative in all placentals and
marsupials included in our sample, except Metachirus, in
which it was isometric.

The mandible, a complex structure part of the
splanchnocranium and mostly affected to trophic functions,
grew with positive allometry, or isometry, in most of its com-
ponent variables across the sample. These variables include
length of the mandible, height of the mandibular body, and
height of the coronoid process, indicating general increasing
size and strength of mandibular components. The only excep-
tion was L. inca, which showed the length of the coronoid
process (LC) with (marginal) negative allometry.

Allometric disparity

The multivariate generalization of allometry (Jolicoeur 1963)
provides an accurate reflection of growth, with PC1 axes
representing the direction of growth in the multivariate space
of the log-transformed dataset. Allometric space was con-
structed from 15 allometric trajectories. All the unbiased mul-
tivariate coefficients obtained for 15 variables ranged between
0.011 and 0.807 across marsupial species (Table 3).

In the allometric space, PC1 and 2 summarized 32.6 and
19.7% of total variation, respectively, and the variance of
measurements along PC1 and PC2 is shown in Table 4 and
Fig. 2. The normalized vectors on the plane of the allometric
space (Fig. 2) exhibited phylogenetic structuring. First, gener-
alized, substantial allometric growth was indicated in the fact
that all taxa are removed from the position of the hypothetical
isometric taxon (coded Hyp in Fig. 2). This is in clear agree-
ment with the large inter-trajectory angles observed in the
comparison with the isometric vector (SI 4, Supplementary
Information; Fig. 3). Second, there was overlap in allometric
space of some australidelphians (Dasyurus and peramelids)
with large didelphids (Didelphini), which is also evidenced
in the non-significant differences in the average angle among
these groups (SI 4, Supplementary Information). Third,
Dromiciops appeared isolated on the negative side of PCl,
largely due to the influence of the variable LC, although a
close inter-trajectory angle was detected with Thylamys (see
below). Fourth, all didelphid marsupials grouped in close
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Table 2  Ontogenetic trends in the skulls of marsupials and placentals studied with multivariate analysis
Species Source CIL ZB BB HO ORB LN PAL BP UP LD HD HC LC LP MH
Placentals

Allouatta caraya Flores and Casinos 2011

Cebus apella Flores and Casinos 2011  — + -
Lycalopex culpaeus Segura and Prevosti 2012 = + -
Puma concolor Giannini et al. 2010 + + -

Marsupials
Caenolestes fuliginosus
Lestoros inca
Rhyncholestes raphanurus
Echymipera kalubu
Isoodon macrourus
Dasyurus albopunctatus

Dromiciops gloroides

Caluromys philander Flores et al. 2010 + = -
Didelphis albiventris Abdala et al. 2001 + +
Lutreolina crassicaudata  Flores et al. 2003 = +
Chironectes minimus This report - - =
Marmosa murina This report + - -
Marmosops incanus This report + = -
Metachirus nudicaudatus ~ This report = =
Marmosa demerarae This report = +
Monodelphis brevicaudata This report - +
Philander oposum This report = = -
Thylamys sponsorius This report = = -

Flores et al. 2015 = = _
Flores et al. 2015 = -
Flores et al. 2015 = = -
Flores et al. 2013 = -
Flores et al. 2013 = = -
Flores et al. 2006 - + -
Giannini et al. 2004 — - =

- - + = - -+ + o+ - =
- - + - - - 4 I
- + - - - 4 + o+ = -
- = = - - + - 4+ + - =
-+ + = - - = 4+ = + - +
-+ = = - = = = - = =
_ = = = = _ = = = + — =
- = + o+ - - 4+ + =+ - =
- - = = - = 4+ 4+ 4+ + = =
- - = - - - = 4+ 4+ + - =
- = - = = + = + - -
- = = = - = = 4+ + + = =
- - + = - -+ + o+ + - -
- - - - - + + + + - =
- - = - -+ = + + + 4+ -
- = + = - = + + + - =
- = + = - = + = = + = =
= - + = = = + = + = - =
- = + = - - = 4+ 4+ + - =
- - + - - - + + =+ - +
- - + = - = 4+ 4+ 4+ + = =
= = = = = — = + = = _ =

Abbreviations of variables as in Fig. 1

= isometry, — negative allometry, + positive allometry

correspondence with clade membership: Caluromys appeared
separate as the only Caluromyinae included; the five genera of
large didelphids (Didelphis, Chironectes, Metachirus,
Lutreolina, and Philander, tribe Didelphini) were relatively
disparate although always on the positive side of PC2, main-
taining a phylogenetic arrangement; so were Marmosops and
Thylamys (Thylamini), and Marmosa (Micoureus), Marmosa
(Marmosa), and Monodelphis (Marmosini), on the negative
side of PC2. Finally, australidelphian outgroups also showed
recognizable patterns, particularly the distant position of
Isoodon with respect to Echymipera, which in principle
reflected the divergent growth pattern in peramelids suggested
by Flores et al. (2013). However, both peramelids show a non-
significant difference in the inter-trajectory average angle
(x*=0.119, p=0.747). Species with positive scores on PC1
had a lower positive allometric coefficient for the length of the
coronoid process (LC; being Dromiciops the taxon with the
higher allometric coefficient for this sample, Table 3), two
neurocranial variables (BB and OH), breadth of palate (BP),
and lower postcanine (LP, Table 4). Change along PC2
reflected deviations in growth trends for orbit length (ORB)
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principally, upper postcanine (UP), height and length of the
coronoid process (HC and LC), and height of the dentary (HD,
Table 4).

The occupation of allometric space for the didelphid spe-
cies studied appeared concentrated, as indicated by a low av-
erage angle of 10.65° between PC1 components. The closest
pair of trajectories was Thylamys and Dromiciops (1.39°)
whereas the widest inter-trajectory angle was 28.99° between
Didelphis and Chironectes (SI1 4, Supplementary
Information). The large inter-trajectory angle observed for
Didelphis—Chironectes could be an artifact caused by the sam-
ple completeness of taxa, where the size of the largest speci-
men is almost three times the size of the smallest, which is a
size variation comparatively larger than the other ontogenetic
series (see Table 1). The average angle among PC1 compo-
nents for tribe Didelphini was 16.7°, while the average angles
for Marmosini and Thyamini clades were 6.49 and 3.56° re-
spectively. The average angle of the species in tribe Didelphini
was significantly different from that observed for Marmosini
(x> =6.42, p=0.014) and Thylamini species (x*>=4.61, p=
0.041; Fig. 4), whereas differences in the average angle
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Table 4 Loading of each

variable on PCl and PC2 ~ Variable  PCI PC2

in the allometric space
CIL 0.016 —0.1123
ZB —0.01729 0.04473
BB 0.3431 0.2064
HO 0.4038 0.2769
ORB 0.1657 —0.4951
LN -0.1715 -0.24
PAL —0.05722 —0.04328
BP 0.4225 0.05951
UP 0.05893 0.3173
LD —0.003103 —0.07995
HD —-0.16 —-0.3151
HC —0.07265 0.3017
LC —0.5866 0.4064
LP 0.3184 0.0881
HM 0.01327 —0.296

Abbreviations as in Fig. 1

between the species of Marmosini and Thylamini were non-
significant (y*=3, p=0.149; Fig. 3). The angles between
species and the isometric vector were high (average 20.1°),
being only minor in didelphids (average 19.9°), in which it
ranges between 15.3° in Thylamys and 32.7° in Didelphis
(Fig. 3; SI 4, Supplementary Information). When examining
all inter-trajectory angles in Didelphidae, comparisons

PC1

between tribes were lower than the greatest difference be-
tween Didelphini trajectories (Fig. 3). The average inter-
trajectory angles between Didelphini-Marmosini and
Didelphini-Thylamyini were statistically similar (y*=1.23,
p=0.279), whereas the average angles between
Thylamyini-Marmosini and Didelphini-Marmosini were sta-
tistically different (X2 =12.27, p=0.0004); so were the aver-
age angles between Thylamyini-Marmosini and Didelphini—
Thylamyini (x*=5.19, p = 0.026; Fig. 3).

Ontogenetic character optimization and phylogenetic
signal

We detected changes in the rate of growth of several variables
at nodes which support monophyletic groups. Seven out 20
internal nodes were assigned changes in the rate of growth of
at least one skull variable. Caenolestidae was diagnosed by a
decreasing rate of growth of the zygomatic width. The clade
containing australidelphians and Didelphidae was diagnosed
by two changes: increasing rate of growth of the length of the
upper postcanine tooth row and height of the dentary at the
horizontal ramus (=mandibular body; Fig. 4). Changes in the
height of the occipital plate support two clades: increased rate
in Isoodon + Echymipera (i.e., Peramelidae) and decreasing
rate support the didelphid clade Marmosini (Monodelphis +
Marmosa). Finally, within Didelphini, the clade Didelphis—

PC2

Hyp

b T T
-0,30 -0,24 -0,18

-0,12

0,16

-0,20-1

Fig. 2 Allometric space for 15 marsupial species, comprising
representatives from the major lineages of carnivorous marsupials
(didelphids, microbiotheriids, dasyurids, and peramelids). Each species
is represented by a single point in allometric space, describing its
allometric trajectory. Squares: Didelphinae; vertical ellipse:
Caluromyinae; cross: Microbiotheriidae; circle: Peramelidae; pentagon:
Dasyuridae; horizontal ellipse: hypothetic isometric taxon. Lines
contacting didelphids indicate monophyletic groups defined by Voss
and Jansa (2009). Abbreviations: Dg, Dromiciops gliroides; Da,

l GfBS

Didelphis albiventris; Po, Philander opossum; Cm, Chironectes minimus;,
Lc, Lutreolina crassicaudata; Mn, Metachirus nudicaudatus; Mb,
Monodelphis brevicaudata; Md, Marmosa demerarae; Mm, Marmosa
murina; Mi, Marmosops incanus; Ts, Thylamys sponsorius; Cp,
Caluromys philander; Im, Isoodon macrourus; Ec, Echymipera kalubu,
Dm, Dasyurus albopunctatus; Hyp, hypothetic isometric taxa. PC1 =
32.6%; PC2=19.7% of sample variance. Red: Didelphini; blue:
Marmosini; green: Thylamyni. Abbreviations of variables as in Fig. 1
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Fig. 3 Boxplots showing the

intra-clade

isometric vector inter-clade

distribution of inter-trajectory an-
gle comparisons (whiskers, mini-
ma and maxima; horizontal bar, 36
median value; boxes, middle two
quartiles). Comparisons, from left
to right, are within members of a 39
clade (colors as in Fig. 2), be-
tween members of a clade and the
isometric vector (coefficient value —~ 284
0f 0.258), and between members §
of different clades (tribes) 5
3 24
2
)
5 20
5 -
)
3
= 16
=
2
RS
12—
8-
4]
0

N

Didelphini  Marmosini

Philander was supported by a decreasing rate of growth of the
breadth of the palate (Fig. 4).

Our analysis exhibited a degree of phylogenetic signal,
although statistically significant in just four skull variables
(Table 5). A significant phylogenetic signal was present in
two braincase variables (breadth of the braincase, BB, and
height of the occipital plate, HO) and two variables related
with the trophic apparatus (height of the dentary, HD, and
length of the upper postcanine tooth row, UP).

How the didelphid skulls grow

Species of didelphids grew each in a particular fashion, but an
analysis of allometry across variables reveals inter-specific
ontogenetic patterns that we discuss in the following.
Condyloincisive length (CIL) is one measure of overall skull
size widely used even as proxy of the entire body size (see
Emerson and Bramble 1993). However, multivariate analyses,
which do not assume a single size proxy in regression analy-
sis, but allow perceiving size as a latent factor affecting all
variables at once, revealed that the allometry of CIL varied
across species and was characterized by no common ontoge-
netic pattern. Both the placental outgroup and the marsupial
sample offered examples of isometry, “negative” allometry,
and “positive” allometry. In fact, CIL was one skull

@ Springer

Didelphini Marmosini Thylamyini Didelphini- Didelphini- Thylamyini-
Marmosini Thylamyini Marmosini

dimension that varied much inter-specifically. Similarly to
CIL, the zygomatic breadth (ZB) also presented a mixed pat-
tern of variation. Remarkably, CIL and ZB varied in opposi-
tion to a great extent among marsupials, with some interme-
diate cases. Allometries resulting in short, wide skulls
(“negative” or “isometric” CIL and “positive” ZB)
corresponded to more animalivorous species (Dasyurus,
Lutreolina, Chironectes, Monodelphis; Flannery 1990;
Vieira and Astua 2003), whereas long and narrow skulls
corresponded with more insectivorous species (Marmosa;
Marmosops; e.g., Vieira and Astia 2003). The skull of
Didelphis albiventris, a large species that is considered a die-
tary generalist (e.g., Vieira and Astia 2003), grew with
“positive” allometry in both CIL and ZB, showing also a
strongly divergent trajectory regarding other species (see
Table SI 4, Supplementary Information). The evolutionary
flexibility of the mammalian face allows it to be remodeled
simply by modifying postnatal growth. A general pattern in
mammals consists of an apparent rule in which face develop-
ment is in close positive relation with cranial size (Cardini and
Polly 2013). Although we analyzed the rate of growth of cra-
nial measurements (including indirectly rostrum through nasal
and/or palate lengths), but not the final size of those, our
observations on the proportional size of the face and skull in
adult didelphids, rate seemed to be more related with food
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ZB -0.002

Puma concolor
_: Lycalopex culpaeus

Cebus apella
_: Alouatta caraya

Caenolestes fuliginosus HO -0.02; ORB +0.11; MH+0.04; LP -0.028

Rhyncholestes raphanurus 1.C +0.108
_: Lestoros inca HO +0,013; ORB -0.015; PAL +0.074; LC -0.12; LP +0.024

Dromiciops gliroides LP -0.038

Dasyurus albopunctatus 7B +0.005; PAL -0.024; BP +0.009;

Echymipera kalubu 7B -0.014; BB -0.006; ORB +0.007; BP -0.008; HC -0.002

HO +0.034
Isoodon macrourus

UP +0.029
HD +0.027
LP -0.008
. HO-0.001
BB 0.09-0.103 (-) f
BP 0.176-0.181 (-)

7B 0.254-0.259 (=)

HC 0.288-0.303 (+)
HD 0.344-0.367 (+)
HM 0.247-0.250 (-)

Caluromys philander LC -0.047

Monodelphis brevicaudata CIL -0.002; ZB +0.007; MH +0.01

Marmosa demerarae 7B -0.01; LN +0.018
_: Marmosa murina
—— Marmosops incanus
| S Thylamys sponsorius

Metachirus nudicaudatus

HO 0.166-0.176 (-)
LC 0.350-0.351 (+)

HC +0.002

CIL 0.251-0.255 (-)
LD 0.276-0.279 (+)
LN 0.291-0.294 (+)
LP 0.189-0.211 (-)
ORB 0.204-0.206 (-)
PAL 0.250-0.255 (-)
UP 0.211-0.213 (=)

Fig. 4 Optimization of confidence intervals obtained from multivariate
analysis of allometry on the hypothesis supported by Voss and Jansa
(2009) and Amador and Giannini (2016). Numbers indicate the difference
between confidence interval of allometry between ancestor and descen-
dent node (or terminal). Sign + or — indicate increase or decrease of the

habits than with size. For instance, the small insectivore
Marmosops showed a proportionally longer rostrum than the
larger carnivore Lutreolina.

The three neurocranial variables (braincase breadth BB,
occipital height OH, and orbital length ORB) tended to grow
with negative allometry in all species studied. These variables
remained strictly “negative” in the placental outgroup; by
contrast, we detected some variability in the marsupial sam-
ple. Cases of isometry were common in ORB, including two
cases of marginally “positive” allometry in caenolestids (see
also Flores et al. 2015). The isometry of the braincase (BB) in
the highly terrestrial Metachirus is a trend not observed in any
other member of our sample. The value of the BB multivariate
coefficient is negative but represented by high in Didelphini
and Thylamyni (except Didelphis, Table 3; Supplementary
Information SI.1). Splanchnocranial components (ZB being
one of them) exhibited all patterns of inter-specific variation,
from predominantly “positive” allometry in the nasal length
(LN) to almost uniformly “negative” in the breadth of the
palate (BP). The length of the upper tooth row (UP) was also
predominantly “negative” whereas the length of the palate
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Chironectes minimus CIL -0.01; UP +0.03; LD -0.005; LP +0.033

pr— | ylreolina crassicaudata

BP-_0.00S: Philander opossum
Didelphis albiventris MH -0.013

confidence interval. Arrow indicates the node defining Didelphidae,
showing the confidence intervals of the multivariate coefficient of allom-
etry of didelphid ancestor. The allometric trend is indicated in parenthe-
ses. Colors in monophyletic groups as indicated in Fig. 2. Abbreviations
on internal nodes and terminals indicate variables as in Fig. 1

(PAL) was predominantly isometric across species. The re-
markable “positive” exception in the latter is in the bandicoot
Echymipera kalabu (Peramelidae), discussed in Flores et al.
(2013), which stands out as a singularity in the context of a
wider sample of marsupials presented here. Echymipera ex-
hibits a particularly long rostrum originated in the develop-
ment of clear diastemata on the premolar series, which is not
present in Isoodon (see Figs. 2 and 3 in Flores et al. 2013).
The pattern of growth in mandibular variables was predom-
inantly “positive” (four variables of the body and coronoid
process) whereas the length of the lower postcanine row was
“negative” in most cases (Table 2). As expected, the latter was
coordinated with the growth pattern of the upper tooth row
although it may show a slight out-of-phase pattern in the ac-
tual level of “negative” allometry of upper versus lower tooth
row (first noted in marsupials in Abdala et al. 2001). Teeth are
discrete units, but their emergence is gradual, so the length of
the tooth row increases in a discontinuous manner (Abdala et
al. 2001). The last element is added belatedly (depending on
the species), but in general, the entire skull continues to grow
well beyond this event. This particular condition of a
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Table 5  Phylogenetic signal of allometric trends based on 20,000 jn acute contrast with the predominantly “positive” variables
permutations on the hypothesis of relationships of the mandibular body and coronoid. Opposing trends shape
Variable Steps Permutation Steps P the trophic function of the skull in the already mentioned CIL—

ZB opposition, but also in the abundantly documented oppo-
CIL 0.151 0.151 1 sition of ZB and BB in marsupials, as well as in palate length
7B 0.165 0.146 0.872 versus width (see Abdala et al. 2001; Giannini et al. 2004;
BB 0.187 0.258 0.0109  Flores et al. 2015). Braincase breadth (BB) was always
HO 0.366 0.427 0.0106  “negative” although to varying extent, whereas ZB ranged
ORB 0.368 0.368 1 from highly “positive” to slightly “negative™ across species.
LN 0.139 0.162 0.2443  The space for the temporal muscle is shaped between the
PAL 0.56 0.56 1 zygoma and the braincase, so the more “positive” the ZB,
BP 0.15 0.16 05921  the more space is generated to develop a large temporal mus-
UP 0.105 0.155 0.0014  cle and the potential for a stronger bite increases. In turn, the
LD 0.123 0.12 0.6773  palate length was more frequently isometric whereas the pal-
HD 0.291 0.352 0.0198  ate width was typically “negative,” meaning that the palate
HC 0.326 0.374 0.1776  started as a short, posteriorly wide platform that supported the
LC 0.387 0.361 0.6721 tongue during permanent, pump suckling, an essential func-
LP 0.243 0.242 0.6191 tion during the early life of marsupials (Clark and Smith 1993;
HM 0.215 0.2 0.5177  Maier 1993), and eventually developed the more elongated

P indicates the probability of the found random trees being shorter than
the proposed topology (i.e., p >0.05 means absence of pylogenetic sig-
nal). In italic variables with significant phylogenetic signal

measurement composed of the addition of discrete units likely
causes the generalized negative allometry (or isometry) of the
postcanine series, also suggesting that growth rate may not be
strictly constant (see Abdala et al. 2001). In adult didelphids,
lengths of both postcanine series are nearly the same, but
during ontogeny, the emergence of the lower postcanines is
usually advanced in one element with respect to the upper
postcanines (Astiia and Leiner 2008). This sequence of emer-
gence can explain the allometric differences between upper
and lower rows in species such as Metachirus nudicaudatus
and Marmosa murina (Table 2), with the coefficient of the
lower postcanine row being smaller than that of the upper
row. However, the upper and lower rows exhibit similar mul-
tivariate allometric coefficients in most species, in both cases
“negative,” where the lower and upper tooth rows are equally
involved in the mutual adjustment during growth. According
to Radinsky (1983, 1984), “negative” allometry of tooth se-
ries is not an unusual condition in mammals. The one
“positive” exception in the didelphid Chironectes is replicated
in the upper tooth row only in this taxon; the biological basis
of these contrasting “positive” allometries remains elusive.
Taking into consideration this inter-specific variation, the
didelphid skull grows, across species, with a variable and
generally opposing pattern in overall length (CIL) and zygo-
matic width (ZB), with a negative neurocranium and a more
variable orbit, variable muzzle height, positive nasals (rostral
length), a combination of isometry in palate length and
“negative” palate breadth, and also “negative” upper tooth
row length, which was coordinated with the lower tooth row
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palate of marsupials (see Abdala et al. 2001; Flores et al.
2003, 2010, 2015). The early development and integration
of the palate were also related with the breathing capacity of
young during the fixation period (e.g., Shirai and Marroig
2010; Goswami et al. 2012). Finally, orbit allometry might
be positively associated with habits (nocturnality, arboreality);
Pilatti and Astta (2017) described for Didelphidae that elon-
gated rostra implied orbits more convergent and more dorsally
positioned, whereas the widening of the rostrum implied a
more vertical position and a little divergent orbit orientation.
According to Rasmussen (1990), the rostrum and the conver-
gence of the orbits of Caluromys are suited to capture arthro-
pod prey. This marsupial also makes extensive use of the
terminal branch feeding, as observed in prosimians.
Although we do not include variables related to the position
of the orbit, the short face of Caluromys (expressed in an
isometric length of nasals, LN) is coincident with that in
Lutreolina that shows a negative trend for this variable
(Table 2). Both taxa show similar orbital orientation (see
Pilatti and Astia 2017). However, it is clear that the use of
the substrate in Caluromys (arboreal) and Lutreolina (mostly
terrestrial) is not similar (Nowak 2005).

From the perspective of the didelphid species themselves,
they widely differed in the level of allometry expressed in the
developing skull. Species ranged from having just one isomet-
ric variable, as in Monodelphis, to species such as Thylamys
(of comparable size) with as many as 11 isometric variables
(Table 2). Inter-specific differences and similarities were
reflected with greater precision in allometric space (see
above), where disparity was associated to major didelphid
clades (Figs. 2 and 3; Table S4 Supplementary Information).
As a general principle, adults of related species may differ in
morphology because their ontogenetic trajectories changed
with respect to that of a common ancestor (Arthur 2011).
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Disparity as measured in allometric space expresses these dif-
ferences and allows the recognition of shared versus conver-
gent patterns of ontogenetic evolution (Wilson and Sanchez-
Villagra 2010). In rodents, major clades differed in the level of
disparity and convergence (e.g., sciurids being more con-
served), and trophic ecology (diet) played an important role
in the evolution of allometric trajectories (Wilson and
Sanchez-Villagra 2010; Wilson 2013). Such result is not rep-
licated in our species, perhaps because didelphids (and
Neotropical marsupials in general) are taxonomically diverse
but quite homogeneous ecologically; most didelphids can be
seen as rather generalist mammals with similar trophic, loco-
motive, and reproductive functions across species (see Vieira
and Astta 2003). Living Neotropical marsupials possess sim-
ilar body form and do not exhibit great niche diversity; for
instance, Chemisquy et al. (2015) showed that a highly con-
served molar morphology exists in all didelphids, with few
exceptions (e.g., Caluromys, a mostly frugivore; Charles-
Dominique et al. 1981, Leite et al. 1996).

Here, we show that phylogeny was the main factor struc-
turing allometric space in didelphid marsupials and hence
explaining much of their ontogenetic disparity: species includ-
ed in this study grouped in correspondence with major clade
membership in allometric space (Fig. 2), meaning that each of
them grow in a way similar to its closest relatives. This has the
potential implication that growth patterns were inherited from
founders of major groups (see below). These clades also re-
flect much of the body size variation in the group. For in-
stance, the inter- and intra-trajectory angles of ontogenetic
vectors showed lower differences in small opossums (i.c.,
Marmosini-Thylamyini) in comparison with large opossums
(Didelphini; Fig. 3; Table SI 4, Supplementary Information).
Body size is the only parameter of major ecological impor-
tance with high inter-specific variation in didelphids (Voss and
Jansa 2009; Amador and Giannini 2016). Morphometric stud-
ies on the skull have shown that didelphids are among the most
morphologically integrated (i.c., least modular) groups of mam-
mals (Porto et al. 2009; Shirai and Marroig 2010). Here, body
size is key because high integration arises chiefly when most
morphological variation is highly correlated (aligned) with size
variation (Astia 2009; Marroig et al. 2009; Porto et al. 2009;
Shirai and Marroig 2010). Thus, the distribution of species in
allometric space likely reflected the compound phylogenetic
and size variation characteristic of didelphids.

However, our results offer in Fig. 2 a glimpse into a larger
pattern of disparity at the level of marsupials, by which certain
didelphids resemble more the ontogenetic patterns of some
australidelphians rather than the patterns of other didelphids.
This is the case for large didelphids (the Didelphini) over-
lapped with dasyurids and one peramelid, showing that their
growth patterns are convergently similar to some significant
extent. Thus, convergence in allometric space appears at a
higher level in marsupials just as in major rodent groups
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(Wilson 2013), strongly suggesting that a study including a
denser taxonomic sample in the whole marsupial clade is like-
ly to uncover other patterns of this kind.

How the ontogenies of didelphid skulls evolved

Considering the strong phylogenetic imprint of the allometric
space (Fig. 2), we confidently traced the evolution of allome-
try in the didelphid (+ outgroup) phylogenetic tree (Fig. 4).
The rationale for using coefficients of allometry as phyloge-
netic characters has been clarified in Giannini (2014) who
noted that the allometric sampling is repeatable, the coeffi-
cients reliably express patterns of a heritable growth program
(new generations demonstrably will grow in the same fash-
ion), and that the genetic network that defines the growth
program evolves (see Pavlicev et al. 2008). Thus, coefficients
of allometry that are similar between closely related species
can be safely attributed to inherited variation (common ances-
try), and allometries that differ may thus be attributed to di-
verging evolution, thereby modifying the ontogenetic trajec-
tories in the descendants (see Arthur 2011). The conservative
nature of skull morphology in didelphids reveals few changes
in the rate of growth in internal nodes, but strong phylogenetic
signal. Size variation in the group is consistent with a strong
evolutionary component, from the ancestor’s developmental
program. As previously indicated (e.g., Abdala et al. 2001;
Flores et al. 2003), larger didelphids (i.e., Didelphini) grow
acquiring characters (e.g., sagittal crest, lambdoidea crest) ab-
sent in adults of the small Marmosini and Thylamyini, which
maintained a size similar to that of the didelphid ancestor. The
ancestor of Didelphidae would show a size similar to that of
Dromiciops or some mouse opossums (Amador and Giannini
2016), with a highly conservative ontogenetic pattern
(described below; see Fig. 4). In our case, with didelphids
and other marsupial and placental outgroups, a phylogenetic
signal was detected in four skull variables (Table 5), two
neurocranial (height of the occipital plate and breadth of the
braincase) and two splanchnocranial (height of the dentary
and upper postcanine tooth row), and nearly half of the nodes
were assigned evolutionary changes in allometric coefficients
(Fig. 4). Significantly, no changes were detected on the nodes
defining placental outgroups versus marsupials, strongly sug-
gesting the existence of a common therian basis that can be
reconstructed in this way with more samples (see Flores et al.
2013, 2015). This suggests that the divergent life history strat-
egies between these groups (in organogenesis, integration,
development, and reproduction; e.g., Clark and Smith 1993;
Shirai and Marroig 2010; Goswami et al. 2012) were not
directly reflected in ontogenetic changes in postnatal skull
development at the marsupial ancestor. Marsupials exhibited
many highly relevant evolutionary changes, which can be tak-
en as potential synapomorphies of corresponding clades, but
didelphids in particular inherited the ancestral constellation of
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coefficients without change. This pattern passed onto descen-
dants with little alteration, and here lies the phylogenetic basis
of the conservative structure of the didelphid skull, which
from a modularity perspective is among the most highly inte-
grated mammalian skulls, and, concomitantly, the less evolu-
tionarily flexible (Shirai and Marroig 2010). In this sense, the
low average of intertrajectory angle differences observed be-
tween the species of the Didelphidae (see above) is in agree-
ment with the conservative nature of the group. The didelphid
allometric pattern that produced the ancestral didelphid skull
(Fig. 4) can be reconstructed as follows. The variables that
define the overall shape of the skull, condyloincisive length,
and zygomatic width were slightly negative and isometric,
respectively; remarkably, this combination is present only in
Dromiciops among extant forms. The ancestral didelphid was
estimated to weigh 22-33 g (Amador and Giannini 2016),
which overlaps with the 22 g which is the average body
weight of Dromiciops. The three neurocranial variables, in-
cluding the orbit, were strongly negative. The rostrum
modeled via the combination of a strongly positive allometry
of nasals and the slightly negative allometry of muzzle height.
Palate and upper tooth row were all negative, more strongly so
in the latter, with a correspondingly negative trend for the
lower tooth row (coefficients overlap in the upper and lower
tooth rows). All other mandible variables were strongly posi-
tive. This ancestral pattern resembles much the way extant
didelphids in general grow (see previous section), thereby
reinforcing the conservative nature of the didelphid
skull—this time from a purely ontogenetic perspective.

Changes were reconstructed only in the nodes of origin of
major subclades (Caluromyinae, Marmosini, Didelphini),
which in turn were characterized by ontogenetic changes of
their own, as well as some parallelisms. For instance, the
height of the occipital plate, HO, shows a lower rate of growth
in Marmosini, and increasing it in Peramelidae (Fig. 4).

Conclusions

With a coverage of major opossum groups, and comparative
outgroups selected among ameridelphians (caenolestids),
australidelphians, and placentals, we reconstructed the evolu-
tionary patterns of skull growth in Didelphidae. We recognize a
common therian pattern of growth, and more into the details,
specific patterns of skull variables are shared with basal
australidelphians, but more forms, particularly herbivores,
should be added to the sample to test this hypothesis at the
marsupial subclass level. We note, however, that herbivorous
marsupials are largely derived forms in the Diprotodontia, so
the base of the phylogeny is not misrepresented in our sample
and we should expect changes toward the derived Australasian
groups and less so toward the root of the marsupial tree. The
growth of the ancestral didelphid skull resembles the growth of
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a generalized didelphid: trends correspond to most species
when exceptions in different terminals are set aside. In turn,
the skull patterns differ across species and groups within
didelphids because the sharing of the therian ontogenetic basis
is subtly altered in some variables in specific nodes, whose
combination appears to result in the bounded diversity of mor-
phologies that we recognize across didelphid clades. Analysis
of allometric disparity also reflected a phylogenetic structuring
around the major didelphid clades.
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