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Abstract

Background: Morphological convergence is a fundamental aspect of evolution, allowing for inference of the biology
and ecology of extinct species by comparison with the form and function of living species as analogues. The thylacine
(Thylacinus cynocephalus), the iconic recently extinct marsupial, is considered a classic example of convergent evolu-
tion with the distantly related placental wolf or dog, though almost nothing is actually known regarding its ecology.
This lack of data leads to questions regarding the degree of convergence with, and the similarity of, the functional
ecology of the thylacine and the wolf/dog. Here, we examined the cranium of the thylacine using 3D geometric
morphometrics and two quantitative tests of convergence to more precisely determine convergent analogues, within
a phylogenetically informed dataset of 56 comparative species across 12 families of marsupial and placental faunivo-
rous mammals. Using this dataset, we investigated patterns of correlation between cranial shape and diet, phylogeny,
and relative prey size across these terrestrial faunivores.

Results: We find a correlation between cranial, facial, and neurocranial shape and the ratio of prey-to-predator body
mass, though neurocranial shape may not correlate with prey size within marsupials. The thylacine was found to
group with predators that routinely take prey smaller than 45% of their own body mass, not with predators that take
subequal-sized or larger prey. Both convergence tests find significant levels of convergence between the thylacine
and the African jackals and South American ‘foxes, with lesser support for the coyote and red fox. We find little sup-
port for convergence between the thylacine and the wolf or dog.

Conclusions: Our study finds little support for a wolf/dog-like functional ecology in the thylacine, with it instead
being most similar to mid-sized canids such as African jackals and South American foxes'that mainly take prey less
than half their size. This work suggests that concepts of convergence should extend beyond superficial similarity, and
broader comparisons can lead to false interpretations of functional ecology. The thylacine was a predator of small to
mid-sized prey, not a big-game specialist like the placental wolf.

Keywords: Thylacine, Tasmanian tiger, Convergent evolution, Prey size, Geometric morphometrics, Feeding ecology,
Functional ecology

Background
Convergent evolution—the independent acquisition of
similar phenotypes by separate lineages—is a fundamen-
tal and often striking aspect of biology. This repeated
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reflect comparable functionalities. An effect of this pat-
tern is the ability to infer function from morphology in
extinct species, and by extension, selective pressures the
extinct species were subject to [4, 5]. Inferring the func-
tion and ecology of an extinct species, however, can be
less straightforward than a one-to-one mapping of analo-
gous form to function. Detailed investigation reveals that
functional convergence does not always produce mor-
phological similarity [‘many-to-one’ mapping; 6,7], and
conversely that morphological similarity does not always
produce functional convergence [‘one-to-many’ mapping;
8-10]. Attempting to infer the functional ecology of an
extinct species by analogy with living examples, even if
morphologically similar, requires a careful understanding
of the living analogues, as morphologically similar and
even closely related animals can be highly ecologically
disparate.

The thylacine (Thylacinus cynocephalus; Fig. 1a) was
the largest marsupial predator to persist into modern
times [11, 12]. Once widespread throughout Australia
and New Guinea [13], by around 3200 years ago it was
restricted to a single population on the island of Tas-
mania [14], where it was first encountered by European
colonists in the early 19th Century [15]. By 1840, a
bounty was placed on the thylacine due to fears that it
was preying on livestock [16], and within 100 years the
last known thylacine died in a zoo in Hobart, Tasma-
nia, in 1936. Though the extinction of the thylacine was
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recent enough for a filmed record of the animal (but
only in captivity), virtually no observational data exists,
and as a result, we know very little regarding its func-
tional ecology outside of anecdotal reports. This leaves
us reliant on comparison with its convergent analogues
to understand its functional ecology.

The external similarity between the thylacine and
the gray wolf/dog complex (Canis lupus sensu amplo;
Fig. 1b, c) has led to the thylacine to be considered a
striking example of convergent evolution between dis-
tantly related clades [17-25]. The superficial similarity
between this marsupial carnivore and the gray wolf/
dog species complex is echoed in the modern day
common names for the thylacine: ‘Tasmanian wolf” or
‘marsupial wolf’ [e.g., 26,27]. Detailed morphological
analyses, however, produce contradictory results, with
many studies finding little morphological or functional
overlap with these traditional convergent analogues
[28-33]. For example, bite force estimations suggest a
large-prey, hypercarnivorous diet [34], but other bio-
mechanical analyses suggest that the skull was poorly
suited to the stress of handling large prey items [35, 36].
Relatively small prey size is also suggested by the energy
budget requirement related to the thylacine’s body mass
[37]. These contradictory results suggest that the analo-
gous nature of the thylacine and gray wolf/dog complex
is not particularly useful from an ecological point of

Fig. 1 The thylacine and canid comparatives. Photographs and crania in dorsal and lateral view of a, e thylacine (Thylacinus cynocephalus), b, f
gray wolf (Canis lupus), ¢, g dingo, and d, h side-striped jackal (Lupulella adustus). Images not to scale. Image credits: a by E.J.K. Baker, Report of the
Smithsonian Institution 1904, public domain, colourised by the authors; b by Neil Herbert, Yellowstone National Park, public domain; ¢ by Jarrod
Amoore CC BY 2.0; d by TA. Hermann, NBII WikiCommons, public domain. Images have been adjusted to enhance contrast between subject and
background by the authors. Crania e~h are mean shape mesh warps derived from this study’s dataset
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view, and that other analogues should be considered to
reconstruct the functional ecology of the thylacine [28].

Here, we address the functional predatory ecology of
the thylacine using phenotypically convergent analogues.
To place the thylacine into an ecological framework, we
recorded the dietary category and preferred prey size of
56 species of faunivorous (animal-consuming) terres-
trial mammals, and quantified their cranial shape using
Three-Dimensional Geometric Morphometrics (3D GM).
Precise convergent analogues were identified using two
complementary tests of convergent evolution, the C1-C4
distance-based [38] and the search.conv phenotypic vec-
tor angle-based [39] methods. We then used phylogenetic
comparative methods to investigate patterns of correla-
tion within cranial shape, dietary category, and prey-to-
predator body mass across faunivorous mammals. Using
these data, we propose a refined determination of the
functional predatory ecology of the thylacine. Our results
show that the thylacine is most strongly phenotypically
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convergent with mid-sized, small prey-focused canids,
not the wolf or dog, and most likely preferred prey less
than half of their body mass.

Results

Shape analysis of the faunivorous cranium

A projection of the phylogeny into the cranial mor-
phospace (phylomorphospace) generated by the first
two Principal Components (PC; 65.4% var.) is shown
in (Fig. 2; Additional file 1: Figures S1-2). The general
trend is a separation of species with a ‘cat-like, short,
wide rostrum and those with a ‘dog-like; elongate and
narrow rostrum across PC1. The second principal com-
ponent roughly describes variation in shape related to
the degree of dorsoventral compression/inflation of the
cranial vault and protraction/retraction of the glenoid of
the zygomatic arch, shifting the origin and angle of inser-
tion of the m. temporalis. Variance in the morphospace
of the facial patch dataset is largely explained by the first
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Fig. 2 Phylomorphospace of species mean cranial shape for 57 faunivorous mammals. Shape extremes of PC1 and PC2 generated by thin-plate
spline warping of the mean skull mesh configuration. Tree root is indicated by open grey node, branches leading to species found to be
significantly convergent with the thylacine in the total cranial dataset indicated in magenta and tips circled in black. The convergent species closest

PC1(43.0%)

Qe U |




Rovinsky et al. BMC Ecol Evo (2021) 21:58

principal component (66.5% var.), which again gener-
ally describes variation related to a tall, wide ‘cat-like’
rostrum contrasting with an elongate, narrow ‘dog-like’
rostrum (Fig. 3a; Additional file 1: Figures S3-4). The
shape extremes of the second component (15.8% var.)
describe a relatively low and wide midface with relatively
constricted frontals, contrasting with a relatively tall and
narrow midface with expanded frontals. Within the neu-
rocranial patch dataset, most of the shape variation is
described by the first four principal components (84.5%),
with the first two axes accounting for 68.2% of that vari-
ation (Fig. 3b; Additional file 1: Figures S5-6). The first
component describes a neurocranium with a wide pos-
torbital constriction, short and globular braincase,
and diverging temporal lines at the negative extreme.
Positively, the extreme represents a narrow postorbi-
tal constriction, a subconical and narrow braincase, and
temporal lines converging into a sagittal crest. The sec-
ond component describes a rounded, ellipsoid braincase
with a tall and relatively ‘U’-shaped nuchal crest, con-
trasting with a short and anteriorly-constricted braincase
with a low, broad triangular nuchal crest.

Cranial shape across placental and marsupial fauni-
vores correlates with prey size, with the prey/preda-
tor body mass accounting for 13.0% of the variance in
the total cranial dataset [phylogenetic generalised least
squares (PGLS) R*=0.130, F=8.041, p=0.005; Fig. 4;
Table 1]. The multivariate phylogenetic signal (K, is
significant but low (K,,;;=0.133, p=0.001), and there
is significant size-related shape variation (evolutionary
allometry; PGLS R?=0.353, F=29.977, p=0.001). Diet,
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dietary categories, see “Methods” below), shows no sig-
nificant correlation with shape (PGLS coarse: R? =0.028,
F=0.763, p=0.498; fine: R>=0.136, F=0.805, p=0.591).
The facial and neurocranial patch datasets both show,
without exception, strongly similar trends in significance
across the variables (Table 1).

Discrimination of prey size category and the thylacine
Canonical Variate Analyses (CVA) were performed with
all PCs accounting for > 1% of variance in each dataset—
ten PCs for the whole cranium, seven for the facial sub-
set, and nine for the neurocranium subset. These PCs
were tested for the discrimination of relative prey size,
using the small- and large-prey categories (<45% of pred-
ator body mass or>45% of predator body mass) found
by the best-fit model of Carbone et al. [40]. Correct total
discrimination rates of 80.1-87.4% attained from the
datasets, placing predators into small-prey (<45% preda-
tor body mass) and large-prey (>45% of predator body
mass) groups relatively well (Table 2; Additional file 1:
Table S1).

Both the whole cranium and facial patch analy-
ses strongly place the thylacine within the small-prey
group (prey<45% of predator body mass; Fig. 5a, b).
The neurocranial patch analysis, however, places the
thylacine into the large-prey group (prey>45% of
predator body mass; Fig. 5c). We found that within
the total species sampled, PC3 and PC4 are signifi-
cantly correlated with the prey/predator body mass
ratio (PC3 Wilcoxon ranked sum: p <0.001, Spearman’s
correlation: ry=0.476, p <0.001; PC4 Wilcoxon ranked
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Prey body mass > 45%
predator body mass

congruent to the mean shape

C2M Signed Distances

Fig. 4 Mean cranial shape of large- and small-prey predators. a Large-prey (>45% of predator body mass) mean shape and b small-prey (<45% of
predator mass) mean shape cranial meshes were generated by thin-plate spline warping of the mean cranial shape. Euclidean distances between
the meshes of the c large-prey and d small-prey mean shapes and the total mean cranium shape are shown as deviation from the mean shape
expressed by colour (blue-white-red). Blues show constriction relative to the mean shape, reds show expansion, with white as approximately

Table 1 Canonical Variates Analysis (CVA) prey/predator body
mass ratio group discrimination

Module Prey Size Group Discrimination
Total group Placentalia Marsupialia
(n=206) (n=170) (n=36)
Total (cranium) 87.4% 87.1% 88.9%
Facial 80.1% 78.2% 88.9%
Neurocranial 87.4% 87.1% 88.9%

Percentage of correct relative prey size group attribution within each dataset.
Cross-validation is by leave-one-out jack-knife method

p<0.001; Additional file 1: Table S2). A Spearman’s
correlation test just within the placental carnivorans
between the PCs and the prey-to-predator mass ratio
likewise shows a relatively strong correlation (PC3:
r,=0.500, p<0.001; PC4: r,=0.454, p<0.001). The
Spearman’s test within the marsupial species, however,
fails to find a correlation between the PCs and the
prey-to-predator mass ratio (PC3: r,=0.070, p = 0.683;
PC4: r,=0.196, p=0.253), though this result may be
an artefact of the small marsupial sample size and
should be viewed with caution.

Convergence with the thylacine

Species grouping with the thylacine in an Unweighted
Pair Group Method with Arithmetic mean (UPGMA)
hierarchical cluster analysis using mean PC scores
accounting for>1% of shape variance were selected as
candidates for phenotypic convergence (Fig. 6). These
candidate species were then pairwise tested for conver-
gence with the thylacine using both distance-based C1-
C4 [38] and multivariate phenotypic angle-based [39]
methods (see “Methods” section below for details). Can-
didates that were found to be significantly convergent by
both methods (i.e., both significant C1 and significant
phenotypic angle) across the total cranial and either the
facial or neurocranial datasets were considered to be
maximally phenotypically convergent species with the
thylacine.

The group of maximally convergent species, i.e.,
those that were found to be significantly convergent
with the thylacine in two of the three datasets under
both methodologies, is comprised of four canids:
Chrysocyon brachyurus (maned wolf), Lupulella adus-
tus (side-striped jackal), Lupulella mesomelas (black-
backed jackal), and Lycalopex gymmnocercus (Pampas
fox; Table 3). Three species of note that missed the ad
hoc significance cut-off by one analysis were Canis
latrans (coyote), Vulpes vulpes (red fox), and Lycalopex
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Table 2 Species found to be maximally convergent with the thylacine
Species Cranium Face Neurocranium

1 p 0 p c1 p (5] p c1 p 0 p
Ch. brachyurus 0.507 0.001 44.4° 0.006 0.567 0.008 36.2° 0.004 0.271 0.062 80.7° 0.073
Lu. adustus 0.537 0.002 354° 0.001 0.639 0.004 37.6° 0.009 0.196 0.143 1164° 0.201
Lu. mesomelas 0.524 0.001 46.0° 0.006 0.625 0.005 39.6° 0.015 0.076 0420 114.6° 0.192
Ly. gymnocercus 0417 0.006 51.7° 0.005 0.561 0.013 37.1° 0.012 0.014 0.694 128.1° 0.282
Ca. latrans 0452 0.003 414° 0.001 0.305 0.127 426° 0.020 0.384 0.015 107.8° 0171
Ly. culpaeus 0.489 0.004 38.1° 0.003 0.376 0.057 384° 0.008 0515 0.004 96.4° 0.141
Vu. vulpes 0333 0.023 49.3° 0.006 0356 0.076 335° 0.004 0.189 0.166 125.5° 0.237
Ca. lupus 0.201 0.139 43.7° 0.004 0.236 0.220 51.3° 0.032 0318 0.043 72.° 0.051
Dingo 0.182 0.144 50.0° 0.009 0.305 0.114 47.2° 0.020 0.271 0.082 84.8° 0.091

Species found to be significantly convergent with the thylacine across both phenotypic convergence tests (C1 and search.conv) across the total cranial dataset and
the facial or neurocranial patch dataset. Three species (Ca. latrans, Ly. culpaeus, and Vu. vulpes) fail to meet the ad hoc analysis requirements by a single test, but
are included here for comparison, along with the commonly-cited ‘convergent’ wolf/dog species complex (represented by Ca. lupus and the dingo). C1 values are
the scaled phenotypic distances closed between the lineages, 0 are the angles between the multivariate phenotypic vectors of the lineages. Bold values indicates
significance, adjusted for multiple tests by Benjamini-Hochberg FDR correction, a=0.10

culpaeus (culpeo). Other species that have classically
been noted as convergent analogues with the thylacine,
i.e., Canis lupus/dingo, are found to have less support
(Table 3; see Additional file 1: Tables S3-5).

Distance-based (C1; see “Methods”) pairwise compari-
sons indicate that Lu. adustus, Lu. mesomelas, and Ch.
brachyurus all show greater than 50% convergence with
the thylacine in both the whole cranium and facial analy-
sis (Table 3; Additional file 1: Tables S3-5). Within the
neurocranial patch subset, only Ly. culpaeus shows a sig-
nificant result, closing just over 50% of phenotypic space
with the thylacine, though this result is not found by the
phenotypic angle method (Additional file 1: Table S5).
Considering the commonly posited convergent species in
the total cranium analysis (Ca. lupus, V. vulpes, and the
dingo), only V. vulpes shows a significant (~33%) con-
vergence with the thylacine. None of those three species
show significant levels of convergence in the analyses of
the facial patch or neurocranial patch subsets.

A roughly similar pattern of convergence is indicated
by the search.conv phenotypic angle method (Table 3;
Additional file 1: Tables S3—-5). The majority of the larger-
bodied (>5 kg) canids all show significantly small angles
within the total cranium analysis, ranging from 76.1° in
Cuon alpinus (dhole) to 35.4° in Lu. adustus. The hyper-
carnivorous Cu. alpinus and Lycaon pictus (painted wolf)
are the only canids tested not to show a significantly
small phenotypic angle in the facial subset, with the
remaining canids ranging from 51.3° in Ca. lupus to 33.5°
in V. vulpes. The search.conv analysis fails to locate any
significantly small angles within the neurocranial dataset.

Discussion

Morphological convergence and the thylacine

Previous studies have viewed the thylacine from a start-
ing point of convergence with the gray wolf/dog species
complex [19-25]. We find little support for morphologi-
cal convergence of the thylacine cranium within these
species. Rather, we find repeated and substantial support
for convergence with a specific group of canids, the Afri-
can jackals and South American ‘foxes, that share a dis-
tinct feeding ecology separate from that of the gray wolf/
dog species complex (Canis lupus sensu amplo) (Fig. 7).
These convergent species are, broadly speaking, mid-
sized (5-25 kg) carnivores with an average prey size <45%
of their own body mass. Our results show little to suggest
that the thylacine was morphologically convergent with
the gray wolf/dog species complex, and by extension little
to suggest ecological similarity.

Outside of the wolf/dox complex, the thylacine has
previously been suggested to be morphologically simi-
lar to V. vulpes [24, 28], and phenotypic convergence
between the two species has previously been assessed
and interpreted as highly significant [41]. While we
do find some support for convergence with V. vulpes,
echoing these previous findings, we find much stronger
repeated support outside of the true fox group. The
previous phenotypic convergence study [41] funda-
mentally differed in purpose and design from the cur-
rent study, and was tailored to assessing a concept of
general convergence with canids within a broad group-
ing of mammals, not with the intent to identify ecologi-
cal analogues. All aspects of that study design reflect
this, from the taxa selection (inclusive of non-ecolog-
ically-meaningful species, e.g., koalas and wallabies)
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predator body mass) within the a total cranial, b facial, and ¢ neurocranial datasets. Group assignment of the thylacine listed to the right of each

respective plot, along with the posterior probability (post. prob.) of the assignment

why they were, or what that similarity may mean func-

to the source of the landmark protocol/dataset [42],

which avoided functionally-relevant areas of the cra-

tionally or ecologically.

nium, such as the rostrum. Although that study was

not designed to find informative convergent analogues

Prey size, morphology, and the thylacine

with nor to infer the ecology of the thylacine, it did find  Cranial and facial shape place the thylacine with other

that the thylacine was closer in phenotype to canids
than expected from phylogeny [41]. That being said, the

predators that routinely take prey<45% their own body
mass, based on both morphospace occupation and
canonical variate discrimination. This supports research
showing that the cranium and mandible of the thylacine

would perform poorly under the stresses encountered

study was not attempting to, and did not, show with any

precision which canids were most like the thylacine,
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Fig. 6 Candidate convergent species cluster phenogram. Unweighted Pair Group Method with Arithmetic mean (UPGMA) phenetic cluster analysis
on the PC scores accounting for > 1% variance within the total cranial dataset. This group of species forms the candidate species input for all
convergence analyses. The thylacine and the phenetic candidate group are called out in colour

Table 3 PGLS and phylogenetic signal results

Total cranium dataset
Kyt =0.1328, p=0.001

Facial patch dataset
Kypuie=0.1724, p=0.001

Neurocranial patch dataset
Kpnuie=0.1181, p=0.001

Function Df R? F Z p R? F Z p R? F z p

Pcoords~In(Csize) 155 0353 29977 4839 0.001 0.262 19521 3905 0.001 0443 43.701 4.887 0.001
Pcoords~ clade 254 0003 0069 —4680 1000 0003 0072 —4187 1.000 0003 0077 —3.893 1.000
Pcoords~ prey/predator massratio 154 0.130  8.041 3214 0.005 0094 5577 2434 0.007 0088 5205 2432 0.014
Pcoords ~dietary category (coarse) 253 0.028 0763 —0084 0498 0016 0441 —0874 0800 0077 2214 1514 0.087
Pcoords ~ dietary category (fine) 946 0.136 0805 —0287 0591 0124 0721 —=0592 0721 0208 1339 0.781 0.217
In(Csize) ~clade 254 0.001 0023 —2409 0973 0.001 0023 —2307 0969 0.001 0031 —2189 0.968
In(Csize) ~ prey/predator mass ratio  1.54 0.111 6.749 1467 0.019 0089 5294 1373 0.029 0.116 7077 1515 0.019
In(Csize) ~dietary category (coarse) 2.53 0.084 2432 1.163 0.106  0.091 2.655 1.182 0080 0087 2528 1.167 0.105
In(Csize) ~ dietary category (fine) 946 0.175 1.086 0366 0354 0198 1.263 0.567 0288 0.183 1.146 0437 0329

Multivariate phylogenetic signal test (K, results indicate low but significant signal in each dataset. All significant results after Benjamini-Hochberg adjustment

(a=0.10) in bold

in taking large-bodied prey [35, 36, 43]. This is also con-
sistent with interpretations following recent estimates
of thylacine average body mass at~16.7 kg [37]. Most
mammalian predators take prey substantially smaller
than themselves, in part due to the energy expenditure
vs. intake costs brought about by locating, capturing, and
killing generally uncooperative prey [40, 44—46]. This is
especially true for carnivores under 21 kg in body mass,
where foraging costs do not outweigh the metabolic
demands of the predator, and are less than the costs and
associated dangers of capturing and killing large-bodied
prey. Within large-bodied predators over 21 kg (e.g.,
Canis lupus), there is a tendency to switch to prey larger
than 45% of their own mass, due to the need to increase
the net gain per hunting effort as their absolute metabolic

rate scales with body mass—it becomes too costly to find,
catch, and consume enough small meals, so they tend to
switch to larger, and more difficult, prey.

Despite the thylacine being commonly considered as a
‘marsupial wolf’ [e.g., 27,47,48], some authors have been
sceptical regarding such predatory capabilities in the
thylacine [19, 29]. Two general strategies for procuring
large and potentially dangerous prey are seen in extant
mammalian carnivores. Felids tend to be ambush hunt-
ers, with powerful forelimbs capable of supination for the
capture and restraint of prey, and robust, shortened ros-
tra to deliver crushing or locking bites to the head, muz-
zle, and neck. Large hypercarnivorous canids (e.g., Ca.
lupus, Cu. alpinus, and Lycaon pictus) tend to be highly
social group-living pursuit hunters. These canids possess
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Fig. 7 Comparison of cranial shape between the thylacine, wolf, and maximally convergent species group. a Gray wolf (Canis lupus) mean cranial
shape and b maximally convergent group (Chrysocyon brachyurus, Lupulella adustus, Lu. mesomelas, Lycalopex gymnocercus) mean cranial shape, with
the Euclidean distances from the ¢ mean thylacine shape shown by colour (blue-white-red), as in Fig. 4 above
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elongate and reduced distal limbs enabling efficient loco-
motion and use their pack size to overcome large prey
with numerous shallow or tearing bites. The cranium of
the thylacine is not cat-like, and the elongate and narrow
rostrum precludes the muzzle, throat, or nape/back of
skull bite used by large felids. Additionally, there is little
indication of locomotor specialisation in the postcranial
skeleton, and studies have shown that neither the limb
proportions nor the forelimb morphology support a spe-
cialised, cursorial habit, nor do they support the ambush
of large-prey [31-33]. While the thylacine may share sim-
ilar cranial morphology to the African jackals and South
American ‘foxes, it shows none of the specialised limb
morphology that these canids possess, which all show
varying degrees of the cursorial specialisations (e.g., limb
elongation, distal element reduction and compression)
shared by Ca. lupus. Rather, the forelimb of the thylacine
seems to be that of a relatively generalised ambush or
pounce predator lacking the anatomical specialisations
required to handle large prey.

The morphospace occupation and canonical variate
discrimination results are echoed in the feeding habits of

the canids found to be strongly convergent with the thy-
lacine. This group of canids (Ch. brachyurus, Lu. adustus,
Lu. mesomelas, and Ly. gymnocercus) as a whole focuses
on prey far below their own body mass, mostly small ver-
tebrates such as rodents and lagomorphs. Two species
recovered as significantly convergent in both total cra-
nial analyses but not recovered as such across both facial
patch analyses are the~6 kg V. vulpes and the~15 kg
Ca. latrans. Like the above canids, the diet of the red
fox is also comprised largely of rodents, though it is a
flexible and opportunistic predator that will occasion-
ally take small mammals up to~3.5 kg, roughly 50% of
their body mass [49-51]. The coyote primarily consumes
roughly similar-sized prey to the above canids, with lago-
morphs making up the majority of its diet across much
of its range. However, Ca. latrans has a highly flexible
social structure, and in packs are capable of predation
on relatively large-bodied prey, such as juvenile cervids
[51-53]. The ~9 kg Ly. culpaeus, found to be significantly
convergent with the thylacine in the neurocranial data-
set only by the distance-based analysis, also has a dietary
regime roughly similar to that of the red fox and coyote.
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Considered the most carnivorous of the South Ameri-
can ‘foxes, the diet of Ly. culpaeus comprised mostly of
rodent and lagomorph prey, though it is noted to often
prey on the largest of the small mammals available, e.g.,
hares and occasionally newborn—juvenile domestic sheep
[51, 54]. None of these three small prey-focused canids
that are able to take larger-bodied prey (the culpeo, red
fox, and coyote) are found to be significantly convergent
with the thylacine across both facial patch analyses, with
the culpeo not found to be significantly convergent in
either facial patch analyses.

The neurocranial patch CVA grouping of the thylacine
with large-prey specialists echoes a similar result found
in marsupials by using muscle cross-sectional area to
estimate bite force [34]. Within that study, the estimated
bite forces for marsupials, and the thylacine in particular,
were found to be exceptionally high, both relatively and
absolutely. These results are not supported by biome-
chanical analyses of the thylacine cranium, which find it
particularly unsuited to handle the stress of either pro-
ducing such high bite forces or of handling large prey
items, nor by the feeding ecology of some of the mar-
supials examined [34-36, 43]. The cross-sectional area
available for muscle tissue is negatively affected by brain
expansion, which limits the area available for muscu-
lature between the neurocranium and zygomatic arch.
Marsupial carnivores have endocranial volumes that are
approximately 40% of the volume in a placental carni-
vore of similar body mass, creating a much larger cross-
sectional muscle area available for a given body size, and
seemingly regardless of average prey size [34, 55]. We
find that while 3D neurocranial shape does correlate
with prey size in placental carnivores, it does not seem to
be strongly correlated with prey size within marsupials,
though the small sample size prevents any firm conclu-
sion. Cross-sectional muscle area, and by extension neu-
rocranial shape, may not be a good predictor of in vivo
bite force in marsupials, as previously noted [35], and
may not correlate with prey size in marsupials.

Morphology and diet

Surprisingly, we find no correlation between diet and
cranial shape, a result in contrast to that of previous
studies [e.g., 21,42]. This is possibly due to our focus on
carnivorous species; we avoided including herbivorous
carnivorans and those trending towards frugivory or
omnivory, restricting the phenotypic range. Furthermore,
relative size of the food object consumed may be a larger
constraint on the cranium of faunivores than the material
properties of the food [e.g., see 56]. A diet-based pattern
might emerge if we included more disparate, herbivorous
species, or sampled data from the dentition, as it actively
engages with the food [57].
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Concepts of convergence

The concept of phenotypic convergence is necessarily
broad, and itself has many different possible interpreta-
tions. As a classic example of convergence, the ichthyo-
saurs are noted to have strongly converged on the same
general body plan as fish [58], and the degree of conver-
gence between thunnosaurian ichthyosaurs and lamnid
sharks is striking [59]. However, ichthyosaurs displayed
a range of body plans [60], from eel-like to tuna-like,
and fish themselves display an incredibly vast array of
body plans and ecologies. The issue then becomes, like
so many others in science, one of scale or resolution:
at what level are you invoking the concept of conver-
gence? It is true that ichthyosaurs were convergent
with fish, and that some were convergent with lamnid
sharks. However, it is equally true that those ichthyo-
saurs were not convergent with all fish, and that some
were not convergent with lamnid sharks. If meaningful
inferences about the functional ecology of an extinct
animal is the intent of the convergence study, then the
data (comparative taxa, phenotype, etc.) should also
meaningfully reflect the question.

When trying to understand the functional ecology
of an extinct animal by comparison with modern ana-
logues, broad scale concepts of convergence can be
helpful and evocative. Such examples of broad scale
convergence as the ichthyosaurs above, or as between
ceratopsians and bovids [61], crocodilians and odon-
tocetes [62], borophagine canids and hyaenids [63], or
toxodontids and hippopotamids [64] can offer support
for broad ecological similarities. However, this broad
scale interpretation of convergence can fail to recover
a higher fidelity view of the functional ecology of an
extinct animal, since bovids, odontocetes, hyaenids,
canids etc., each encompass animals with widely dis-
parate ecologies. By framing both the concept of con-
vergence and interpreting the resulting data within a
high-resolution functional ecology study design, we
can start to form much more precise hypotheses of the
ecologies of extinct animals.

This is not to say, however, that a precise one-to-one
matching between extinct and extant comparatives is
necessarily the goal of such a study, or even possible.
The thylacine here does not actually fall within the mor-
phospace of any living canid comparatives, strongly sug-
gesting that it is not directly comparable with any of these
canids, whether jackal or wolf (Fig. 4a—c). A lack of direct
correspondence here is unsurprising, as many previous
studies have noted that the phenotypic similarities are
largely superficial [31-33], and a concept of the thylacine
as strongly ecologically convergent with African jackals is
probably rather wrong. But, when trying to reconstruct
the functional ecology of an extinct animal it is better to
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be less wrong, and identifying more precise analogues
supports better and more informative reconstructions.

Conclusion

We find little support for morphological convergence of
the thylacine with the gray wolf/dog species complex.
Our data instead show strong support for a morphology
similar to the African jackals and South American ‘foxes,
and slightly lesser support for similarly to the coyote and
red fox. Similarly, we find no support for the thylacine
cranium to be suited for the handling of large-bodied
prey, and instead find that it comfortably groups with
other predators that routinely take prey<45% of their
own body mass. Taken together with the recent revision
of the average thylacine body mass [37], these findings
reconcile previous contradictory morphological studies
of thylacine predatory ecology. This work highlights that
extending concepts of convergence beyond superficial
similarity can provide much more precise interpretations
of the functional ecology of extinct animals, and that
broader comparisons can lead to poor or uninformative
interpretations. We suggest that the thylacine is likely to
have been ecologically most similar to African jackals or
South American ‘foxes’ in terms of feeding habit (though
probably not hunting strategy), likely specialising on the
peramelemorphians and smaller macropodids present
throughout its prehistoric and historic range.

Methods

Specimens and phylogeny

We sourced specimens from 13 institutions: American
Museum of Natural History (New York, USA), Australian
Museum (Sydney, Australia), Ditsong National Museum
of Natural History (Pretoria, South Africa), Michi-
gan State University (Lansing, USA), National Muse-
ums Victoria (Melbourne, Australia), Natural History
Museum, Berlin (Germany), Natural History Museum,
London (UK), Smithsonian National Museum of Natu-
ral History (Washington, D.C., USA), South Australian
Museum (Adelaide, Australia), State Museum of Natu-
ral History, Stuttgart (Germany), Tasmanian Museum
and Art Gallery (Hobart, Australia), University Museum
of Zoology (Cambridge, UK), and Western Australian
Museum (Perth, Australia). A total of 223 specimens
across 57 faunivorous species were sampled from Car-
nivora and Marsupialia, representing nine carnivoran
and three marsupial families (Fig. 8, Additional file 1:
Table S6). Comparative selection was based on previ-
ous hypotheses of convergence, as well as recorded diet
and body mass to minimize allometric and ecological
biases. Preference was given to more carnivorous mem-
bers of lineages, due to the derived shearing carnassial
complex of the thylacine indicating a hypercarnivorous
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diet [consisting of>70% vertebrate flesh; 11, 30, 65].
Additionally, extreme body sizes were avoided, sampling
between ~ 1-80 kg. However, since the thylacine’s closest
extant relatives are the relatively small dasyurids (0.07—
10 kg) some smaller carnivoran and didelphid species
were included to reflect the body sizes of the dasyurids
included in the study. As the thylacine is often consid-
ered convergent with canids, we included 20 species of
canid representing the three extant clades (Canina, Cer-
docyonina, and Vulpini) and the sister taxon Urocyon
cinereoargenteus (gray fox). All specimens were adult,
classified by full dental eruption and occlusion, and in
carnivorans the fusion of the basisphenoid/basioccipi-
tal suture. Where possible, four specimens (two female,
two male) of each species were sampled with the excep-
tion of the thylacine (n=16; 7 female, 7 male, 2 unknown
sex). An informal, time-scaled, composite phylogeny was
assembled in Mesquite v3.6 [66] using topologies and
divergence dates from recent studies (Additional file 1:
Table S7). This tree was used in all subsequent phyloge-
netically-informed analyses.

Shape analysis (geometric morphometrics)

Specimens were either surfaced scanned with an Artec
Spider/Space Spider structured light scanner or Com-
puted Tomography (CT) scanned, with 3D polygon
mesh models produced in Artec Studio 12 (Artec Group,
Luxembourg) or Avizo 7 (Thermo Fisher Scientific),
respectively. Specimens with small amounts of unilateral
damage were imported into Geomagic Studio 2014 (3D
Systems, USA) and restored using the mesh editing tools
to allow for bilateral landmark placement; additional ver-
tex cleaning was performed in MeshLab v2016.12 [67]
prior to 3D landmarking.

To capture functionally relevant shape data, a set of 381
landmarks (46 fixed landmarks, and 191 curve and 144
patch semilandmarks) was established on the scanned
cranial specimens (Fig. 9; see Additional file 1: Table S8
for definitions and detailed protocol). Landmarking
of all specimens was performed by DSR in Viewbox 4
(dHAL software, Greece). Coverage was emphasised on
the ecologically relevant areas of the rostrum and neu-
rocranium/origin of the muscles of mastication. These
point coordinates were then exported in three different
sets: the total data set (n=2381), the facial patch (n=72),
and the neurocranial patch (n=72). Dividing the face
and neurocranium allows for the separate interrogation
of these functional modules [68, 69] in addition to the
analysis of the total dataset, which is especially relevant
considering the markedly smaller endocranial volume
(and thus different neurocranial shape) seen in some
marsupials [55, 70, 71]. These landmark coordinates were
each subjected to Procrustes superimposition to remove
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Fig. 8 Time-scaled phylogeny of faunivorous mammals used in this study. Assembled using topologies and divergence dates from recent studies

translation, rotation, and scaling in the R package geo-
morph v3.1.3 [72]. The resulting sets of Procrustes coor-
dinates (Pcoords) were used as shape variables for all
subsequent analyses below.

Ecology

Ecological information including diet, average body
mass, and average prey body mass was sourced from
the literature (Additional file 1: Data S9). Diet was cat-
egorised based on the categorisation scheme of Pineda-
Munoz & Alroy [73], and recorded as percentage

biomass in order to obtain the most important food
source, with stomach content analyses preferred,
though with a small number of species only scat data
were available. The base dietary dataset [73] is heavily
biased toward Rodentia, so we formed several new die-
tary categories for faunivorous species following their
categorisation method of main (>50%) and secondary
(20-50%) food sources. This resulted in 10 dietary cat-
egories present across our sampled species (carnivore/
frugivore, carnivore/insectivore, carnivore, durophage,
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€ Fixed landmarks (n = 46)

@ Surface (facial patch) semilandmarks (n = 72)

@ Surface (neurocranial patch) semilandmarks (n = 72)

Fig.9 Landmark and semilandmark template. Template created on the approximately mean shape cranium of Cuon alpinus (dhole), shown in a
lateral, b dorsal, and ¢ ventral views. For definitions and detailed protocol, see Additional file 1: Table S8

Curve semilandmarks (n = 191)

frugivore, generalist, insectivore/carnivore, insecti-
vore, insectivore/frugivore, and insectivore/herbivore).
We also created a reduced set of three diet categories
to avoid the potential of overfitting: carnivorous (diet
consists of >50% vertebrates), insectivorous (diet con-
sists of >50% invertebrates), and generalist (no diet
category >50%). These two methods provided a fine-
grained (10-category) and coarse-grained (3-category)
set of dietary categories for analyses. Where possible
the body mass of species with large latitudinal ranges
were sampled and averaged over the geographic range
to avoid locale biases. Average prey size was calculated
from the dietary sources, again averaged across studies
and ranges for species with extensive ranges extend-
ing over disparate environments. These average masses
were transformed into a prey/predator mass ratio. The
values for the pack-hunting predators Crocuta crocuta
(spotted hyena), Cu. alpinus, Lycaon pictus, and Ca.
lupus were divided by average pack size as recorded
in the literature in order to remove the potential effect
of social behaviour obscuring morphological trends.
These prey/predator mass ratios were natural log trans-
formed for all subsequent analyses.

Statistical analyses

Statistical analyses were performed separately on three
data subsets: the total cranial landmark and semiland-
mark subset, the facial patch semilandmark subset, and
the neurocranial patch semilandmark subset. Exploration
of shape variation was performed by warping a reference
skull mesh to the mean shape of the total cranial data-
set using warpRefMesh in geomorph. This was followed
by warping the mean mesh shape to each of the princi-
pal component axis extremes using the plotRefToTarget
function in geomorph. Mean cranial shapes of the large
(>45% of predator body mass) and small (<45% of preda-
tor body mass) prey groups were similarly generated. The
species mean PC scores were individually mapped to the
phylogeny using the contMap function in the R package
phytools v0.6-99 [74]. Phylomorphospaces were also gen-
erated by projecting the phylogeny into scatterplots of
the species mean PC scores via the geomorph function
phylomorphospace.

The level and significance of a phylogenetic signal
was tested on the species mean Pcoords using the mul-
tivariate K, statistic via physignal in geomorph. To
characterise the relationship of size on cranial shape,
we performed a PGLS analysis of species mean natural
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log-transformed centroid size (InCS) on shape using the
function procD.pgls in geomorph. A further set of PGLS
analyses were performed, with the thylacine removed as
an unknown case, investigating the influence of dietary
category, both fine- and coarse-grained, and prey/preda-
tor mass ratios on cranial shape. Ecological variables
found to be significantly correlated with shape were then
tested against the PC scores accounting for>5% of vari-
ation via Wilcoxon ranked sum tests. Phylogenetically-
informed analyses (e.g., phylogenetic ANOVAs) were not
used on the PC scores, as PC scores have been noted to
potentially be misleading when used in a phylogenetically
comparative method [75]. While the Wilcoxon ranked
sum test assumes independence of data that cannot be
met under a phylogenetic context, it is a relatively robust
and forgiving non-parametric test. Nevertheless, the
results should be interpreted with this caveat in mind.

Determination of the probable prey size of the thyla-
cine was performed by canonical variate analyses on the
PC scores. To minimise the potential for spurious group
allocation by using PC axes in a CVA [76], only those
PC axes describing>1% of shape variance of each of
the three datasets were used, resulting in 10, seven, and
nine PCs used for the total cranial, facial, and neurocra-
nial datasets respectively. We grouped the prey/preda-
tor mass ratios into small (prey<45% of predator mass)
and large (prey >45% of predator mass) categories for the
CVA, following the relative prey to predator mass value
found to maximise the energetic constraint model fit of
Carbone et al. [40, 44]. The analyses were first run on the
datasets with the thylacine removed as an unknown vari-
able to generate discriminant functions to best separate
the groupings. The resultant discriminant functions were
then used to assign group membership to the thylacine,
based on the thylacine specimens’ PC scores. As no sig-
nificant correlation between shape and diet was found
after adjusting for phylogenetic relatedness, the dietary
categories were not subjected to a CVA.

An Unweighted Pair Group Method with Arithmetic
mean (UPGMA) hierarchical cluster analysis was per-
formed using hclust in R on the species mean PC scores
accounting for>1% of shape variance to generate a set of
candidate species to test for convergence with the thy-
lacine. This cluster analysis was performed on the total
skull dataset to create a generalised grouping of shape to
approximate the idea of superficial phenotypic likeness
and/or convergence. The resultant group of 20 pheno-
typically similar species was then tested for convergence
with the thylacine in the total skull, facial patch, and neu-
rocranial patch subsets of data.

Convergence was tested by two different methods: the
C1-C4 distance-based method [38] in the R package con-
vevol [77] and the conv.search [39] angle of phenotypic
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vectors method in the R package RRphylo [78]. The C1-
C4 method quantifies the Euclidean distance between
two tips relative to the maximal distance between nodes
within their lineages, producing values representing the
phenotypic “distance closed” by convergence between
phylogenetic tips. The C1 [1 — (Dy;,/Dyy,,)] metric calcu-
lates the scaled distance between tips and the maximal
distance between the two lineages, ranging from 0 at as
different as the lineages ever were, to 1 at complete lin-
eage convergence. The overall unscaled magnitude of
convergence is given by C2 as the difference between the
maximal lineage distance and the distance between the
tips (Dppax — Dyp)- €3 and C4 again offer scaled values,
with C3 the percentage of evolution accounted by the
focal tips relative to that of the total lineage (C2/Lyy jincage)
whereas C4 provides the proportion of evolution relative
to the total clade containing the focal tips (C2/L,; djade)-
Significance is tested by multiple simulations of evolu-
tion under a Brownian motion model along the phylog-
eny using a variance—covariance matrix derived from the
input data, creating an expected distribution of distance
measures. This expected distribution is used to assess
significance in the measured distributions. It is important
to note that the C1-C4 method does not include diver-
gence time within the analyses. Rather, the method only
takes into account the magnitude of phenotypic distance
between the tree tips relative to that of internal nodes in
the phylomorphospace generated by the data.

To include the potential effect of evolutionary time
on phenotypic convergence, we used the search.conv
method, which calculates the angle (0) between the mul-
tivariate phenotypic vectors of a pair of species. Adjust-
ing for phylogenetic distance is performed by dividing
this angle 0 by the sum of the branch lengths between
the species and their most recent common ancestor.
An angle 0 of~90° indicates phenotypic dissimilarity.
Angles trending towards 180° indicate increasingly oppo-
site phenotypic vectors, with angles trending towards 0°
indicating increasing phenotypic similarity. Phenotypic
similarity of species under a Brownian motion model of
evolution is expected to decrease proportionally with
increasing time since divergence. Species evolving under
a convergent regime should show a more similar pheno-
type, and thus a smaller angle 0, than expected given their
temporal distance. This can be calculated as the mean
angle 0 for entire clades, to test for convergence between
clades, or for disparate groups of species evolving under
a putative convergent ‘state’ This latter method can also
be used to test for convergence between a focal pair of
candidate species by calculating the angle 6 between
them, e.g., between individual members of the UPGMA-
clustered group and the thylacine. To assess significance,
the measured angle 6 was tested against 1000 angles 0
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generated by shuffling the convergent ‘state’ randomly
across the tips of the given tree.

Candidate species found by UPGMA clustering were
pairwise tested with the thylacine using species mean PC
scores accounting for>1% of variance. Distance-based
(C1-C4) tests were performed using the function con-
vratsig in the package convevol with 1000 simulations
of evolution via Brownian motion, and phenotypic angle
0 tests performed using the function search.conv in the
package RRphylo, using the ‘state-based’ search. Both
of these convergence tests were run on the total skull,
facial patch, and neurocranial patch subsets of data. To
ease integration of the two methods, only the scaled C1
metric is focused on here, but all results are given in
(Additional file 1: Tables S15-17). Species found to be
significantly convergent with the thylacine in the total
cranium dataset and at least one of the two patch sub-
sets (i.e., facial patch, and/or neurocranial patch) in both
the C1 distance-based and search.conv phenotypic angle
methods were considered as showing strong support for
convergence with the thylacine.

Shape differences between selected warped meshes
generated as above were visualised using CloudCompare
v2.11.3 [79]. Meshes were registered and scale-adjusted
against a reference mesh (either the mean cranial shape,
or the mean thylacine cranial shape). These registered
meshes were then nearest-neighbour distance compared
via the “Compute cloud/mesh distance’, with the signed
Euclidean distances between meshes displayed as a col-
our scalar field. This was performed for the large (>45%
predator mass) and small (<45% predator mass) prey
group mean shapes and the total group mean shape, and
between the mean Canis lupus, mean Cl/search.conv
identified convergent group, and the mean thylacine cra-
nial shapes.

All analyses were performed in R v.3.6.1 [80]. Signifi-
cance results for all analyses using multiple tests were
adjusted to a Type I error false discovery rate of 0.10
using the Benjamini—Hochberg procedure [81].

Abbreviations

3D GM: Three-dimensional geometric morphometrics; CT: Computed tomog-
raphy; CVA: Canonical variate analysis; K. ;: Multivariate phylogenetic signal;
InCS: Natural log-transformed centroid size; PC: Principal component; Pcoords:
Procrustes coordinates; PGLS: Phylogenetic generalised least squares; UPGMA:
Unweighted pair group method with arithmetic mean.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512862-021-01788-8.

Additional file 1: Consists of all supplementary figures and tables cited
in the manuscript, and supplementary references for the diet, body mass,
prey size data, and phylogenetic tree (found at: https://figshare.com/proje

Page 150f 17

cts/Convergence_between_the_thylacine_and_small_prey-focused_
canids/84905).Figs S1-6. PC scores 1-4 mapped onto phylogeny for the
total cranial, facial patch, and neurocranial patch datasets.Table S1. CVA
discrimination coefficients. Table $2. Spearman correlation and Wilcoxon
ranked sum results. TablesS3-5. Results of the C1-C4 and phenotypic
angle 6 convergence tests for the total cranial, facial patch, and neurocra-
nial patch datasets. Table S6. List of specimens, and Morphosource DOI
for each surface mesh file. Table S7. References for composite phyloge-
netic tree. Table S8. 3D GM landmark definitions and protocol. Table S9.
References for body mass and diet.

Acknowledgements

The following individuals and institutions graciously provided specimen
access: Eleanor Hoeger, Sara Ketelsen, and Eileen Westwig (American Museum
of Natural History), Sandy Ingleby (Australian Museum), Steffen Bock (Berlin
Natural History Museum), Matt Lowe (Cambridge University Museum of
Zoology), Shaw Badenhorst and Wynand van Zyl (Ditsong Museum of Natural
History), Melissa Tallman (Grand Valley State University), Darrin Lunde (National
Museum of Natural History), Katie Date, Ricky-Lee Erickson, Karen Roberts, &
Kevin Rowe (National Museums Victoria), Roberto Portela-Miguez (Natural
History Museum UK), David Stemmer (South Australian Museum), Stefan
Merker (Stuttgart State Museum of Natural History), Kathryn Medlock (Tas-
manian Museum and Art Gallery), and Kenny Travouillon (Western Australian
Museum). CT scanning of specimens was facilitated by the staff at Fourways
Life Hospital, South Africa. Special thanks to Silke GC Cleuren, Demetrios
Halazonetis, Tahlia | Pollock, Pasquale Raia, and Leanne Sultana for analytical
assistance and data wrangling. We thank Alexander D McDonald, James P
Rule, Hazel L Richards, and Rhiannon C Stammers for providing evaluation,
discussion, and support along the way, and Emma Sherratt and Z Jack Tseng
for providing insight and evaluation on a more embryonic version of the
manuscript. And, last but not least, we thank the two anonymous reviewers
for their effort, time, comments, and commitment to making the manuscript
better. Without these people, this manuscript would not have been possible.

Authors’ contributions

DSR designed the study, which was conceived by DSR and JWA. DSR collected,
processed, and analysed the data, and wrote the manuscript. ARE provided
analytical assistance. All authors contributed to interpretation of the analyses
and revision of the manuscript, and have read and approved the manuscript.

Funding

This work was supported by Monash University (Faculty of Science/Subfaculty
of Biomedical and Psychological Sciences Strategic Research Seed Funding
Scheme) (ARE/JWA), the Robert Blackwood Partnership Monash-Museums
Victoria scholarship (DSR), and the Department of Anatomy and Developmen-
tal Biology at Monash University (JWA/DSR). The funding bodies had no role in
the design of the study or collection, analysis, and interpretation of data, or in
writing the manuscript.

Availability of data and materials

The datasets and code supporting this study are available at figshare: https://
figshare.com/projects/Convergence_between_the_thylacine_and_small_
prey-focused_canids/84905. Surface meshes are available for download at
Morphosource, subject to copyright restrictions of the respective repositories:
https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/1004.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


https://doi.org/10.1186/s12862-021-01788-8
https://doi.org/10.1186/s12862-021-01788-8
https://figshare.com/projects/Convergence_between_the_thylacine_and_small_prey-focused_canids/84905
https://figshare.com/projects/Convergence_between_the_thylacine_and_small_prey-focused_canids/84905
https://figshare.com/projects/Convergence_between_the_thylacine_and_small_prey-focused_canids/84905
https://figshare.com/projects/Convergence_between_the_thylacine_and_small_prey-focused_canids/84905
https://figshare.com/projects/Convergence_between_the_thylacine_and_small_prey-focused_canids/84905
https://figshare.com/projects/Convergence_between_the_thylacine_and_small_prey-focused_canids/84905
https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/1004

Rovinsky et al. BMC Ecol Evo (2021) 21:58

Author details

'Department of Anatomy and Developmental Biology, Biomedicine Discovery
Institute, Monash University, Clayton, VIC, Australia. °School of Biological
Sciences, Monash University, Clayton, VIC, Australia. 3Geosciences, Museums
Victoria, Melbourne, VIC, Australia.

Received: 31 August 2020 Accepted: 8 April 2021
Published online: 21 April 2021

References

1. Freeman S, Herron JC. Evolutionary analysis. 4th ed. Upper Saddle River:
Pearsoon Prentice Hall; 2007.

2. Freeman S, Allison L, Black M, Podgorski G, Quillin K, Monroe J, Taylor E.
Biological science. 5th ed. Glenview: Pearson Edication, Inc,; 2014.

3. Campbell NA. Biology. 2nd ed. Redwood City: Benjamin/Cummings
Publishing Company, Inc,; 1990.

4. Rudwick MJS. The inference of function from structure in fossils. Br J
Philos Sci. 1964;15(57):27-40.

5. Gould SJ. Evolutionary paleontology and the science of form. Earth-Sci
Rev. 1970,6(2):77-119.

6. Wainwright PC, Alfaro ME, Bolnick DI, Hulsey CD. Many-to-one mapping
of form to function: a general principle in organismal design? Integr
Comp Biol. 2005;45(2):256-62.

7. Wainwright PC. Functional versus morphological diversity in macroevolu-
tion. Annu Rev Ecol Evol Syst. 2007,38(1):381-401.

8. Maidment SCR, Barrett PM. Does morphological convergence imply func-
tional similarity? A test using the evolution of quadrupedalism in ornithis-
chian dinosaurs. Proc Royal Soc B: Biol Sci. 2012;279(1743):3765-71.

9. Martin-Serra A, Figueirido B, Palmqyvist P. A three-dimensional analysis of
morphological evolution and locomotor performance of the carnivoran
forelimb. PLoS ONE. 2014;9(1):e85574.

10. Martin-Serra A, Figueirido B, Palmqvist P. A three-dimensional analysis of
the morphological evolution and locomotor behaviour of the carnivoran
hind limb. BMC Evol Biol. 2014;14(129):1-13.

11. Rovinsky DS, Evans AR, Adams JW. The pre-Pleistocene fossil thylacinids
(Dasyuromorphia: Thylacinidae) and the evolutionary context of the
modern thylacine. Peer). 2019;7:e7457.

12. Wroe S. Australian marsupial carnivores: recent advances in palaeontol-
ogy. In: Jones M, Dickman C, Archer M, editors. Predators with pouches:
the biology of carnivorous marsupials. Collingwood: CSIRO Publishing;
2003. p. 102-23.

13. Knights T, Langley MC. Invisible or ignored: investigating the lack of
thylacine-based material culture in the Australian archaeological record.
Archaeol Oceania 2021, n/a(n/a).

14. White LC, Saltré F, Bradshaw CJ, Austin JJ. High-quality fossil dates sup-
port a synchronous, Late Holocene extinction of devils and thylacines in
mainland Australia. Biol Lett. 2018;14(20170642):1-4.

15. Harris GP. Description of two new species of Didelphis from Van Diemen's
Land. Trans Linnean Soc London. 1808;9:174-8.

16. Guiler ER. The former distribution and decline of the thylacine. Aust J Sci.
1961,23(7):207-10.

17. Dixon J. Thylacinidae. In: Walton D, Richardson B, editors. Fauna of Aus-
tralia, vol. 1B. Canberra: Australian Government Publishing Service; 1989.
p. 1-20.

18. Prothero DR, Williams MP. The Princeton field guide to prehistoric mam-
mals. Princeton: Princeton University Press; 2016.

19. Keast A. The thylacine (Thylacinidae, Marsupialia): how good a pursuit
carnivore. In: Archer M, editor. Carnivorous Marsupials, vol. 2. Mosman:
Royal Zoological Society of New South Wales; 1982. p. 397-804.

20. Smith M. Review of the thylacine (Marsupialia, Thylacinidae). In: Archer M,
editor. Carnivorous Marsupials, vol. 1. Mosman: Royal Zoological Society
of New South Wales; 1982. p. 237-53.

21. Wroe S, Milne N. Convergence and remarkably consistent constraint in
the evolution of carnivore skull shape. Evolution. 2007;61(5):1251-60.

22. Miller W, Drautz DI, Janecka JE, Lesk AM, Ratan A, Tomsho LP, Packard
M, Zhang Y, McClellan LR, Qi J. The mitochondrial genome sequence
of the Tasmanian tiger (Thylacinus cynocephalus). Genome Res.
2009;19(2):213-20.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 16 of 17

Menzies BR, Renfree MB, Heider T, Mayer F, Hildebrandt TB, Pask AJ. Lim-
ited genetic diversity preceded extinction of the Tasmanian tiger. PLoS
ONE. 2012;7(4):.e35433.

Newton AH, Feigin CY, Pask AJ. RUNX2 repeat variation does not drive
craniofacial diversity in marsupials. BMC Evol Biol. 2017;17(110):1-9.
Newton AH, Spoutil F, Prochazka J, Black JR, Medlock K, Paddle RN, Knit-
lova M, Hipsley CA, Pask AJ. Letting the ‘cat’ out of the bag: pouch young
development of the extinct Tasmanian tiger revealed by X-ray computed
tomography. Royal Society Open Science 2018, 5(2).

Wang X, Tedford RH. Dogs: their fossil relatives and evolutionary history.
New York: Columbia University Press; 2008.

Rounsevell DE: Thylacine. In: The complete book of Australian mammals.
Edited by Strahan R. Melbourne: Angus and Robertson Publishers; 1983.
Werdelin L. Comparison of skull shape in marsupial and placental carni-
vores. Aust J Zool. 1986;34(2):109-17.

Jones ME, Stoddart DM. Reconstruction of the predatory behaviour

of the extinct marsupial thylacine (Thylacinus cynocephalus). J Zool.
1998;246(2):239-46.

Jones ME. Convergence in ecomorphology and guild structure among
marsupial and placental carnivores. In: Jones M, Dickman CR, Archer M,
editors. Predators with pouches: the biology of carnivorous marsupials.
Collingwood: CSIRO Publishing; 2003. p. 285-96.

Figueirido B, Janis CM. The predatory behaviour of the thylacine: Tasma-
nian tiger or marsupial wolf? Biol Lett. 2011,7:937-40.

Janis CM, Figueirido B. Forelimb anatomy and the discrimination of the
predatory behavior of carnivorous mammals: the thylacine as a case
study. J Morphol. 2014;275(12):1321-38.

Moeller HF. Zur frage der parallelerscheinungen bei metatheria und
eutheria: vergleichende untersuchungen an beutelwolf und wolf.
Zeitschrift fur Wissenschaftliche Zool. 1968;177:283-392.

Wroe S, McHenry C, Thomason J. Bite club: comparative bite force in big
biting mammals and the prediction of predatory behaviour in fossil taxa.
Proc Royal Soc B: Biol Sci. 2005;272(1563):619-25.

Wroe S, Clausen P, McHenry C, Moreno K, Cunningham E. Computer
simulation of feeding behaviour in the thylacine and dingo as a novel
test for convergence and niche overlap. Proc Royal Soc B: Biol Sci.
2007;274(1627):2819-28.

Attard MRG, Chamoli U, Ferrara TL, Rogers TL, Wroe S. Skull mechanics
and implications for feeding behaviour in a large marsupial carnivore
guild: the thylacine, Tasmanian devil and spotted-tailed quoll. J Zool.
2011;285(4):292-300.

Rovinsky DS, Evans AR, Martin DG, Adams JW. Did the thylacine violate
the costs of carnivory? Body mass and sexual dimorphism of an iconic
Australian marsupial. Proc Royal Soc B: Biol Sci. 1933;2020(287):20201537.
Stayton CT. The definition, recognition, and interpretation of convergent
evolution, and two new measures for quantifying and assessing the
significance of convergence. Evolution. 2015;69(8):2140-53.

Castiglione S, Serio C, Tamagnini D, Melchionna M, Mondanaro A, Di
Febbraro M, Profico A, Piras P, Barattolo F, Raia P. A new, fast method

to search for morphological convergence with shape data. PLoS ONE.
2019;14(12):e0226949-0226949.

Carbone C, Mace GM, Roberts SC, Macdonald DW. Energetic constraints
on the diet of terrestrial carnivores. Nature. 1999;402(6759):286-8.

Feigin CY, Newton AH, Doronina L, Schmitz J, Hipsley CA, Mitchell KJ,
Gower G, Llamas B, Soubrier J, Heider TN, et al. Genome of the Tasmanian
tiger provides insights into the evolution and demography of an extinct
marsupial carnivore. Nature Ecol Evol. 2017,2:182-92.

Goswami A, Milne N, Wroe S. Biting through constraints: cranial morphol-
ogy, disparity and convergence across living and fossil carnivorous mam-
mals. Proc Royal Soc B: Biol Sci. 2011;278(1713):1831-9.

Attard MRG, Parr WCH, Wilson LAB, Archer M, Hand SJ, Rogers TL, Wroe
S.Virtual reconstruction and prey size preference in the mid Cenozoic
Thylacinid, Nimbacinus dicksoni (Thylacinidae, Marsupialia). PLoS ONE.
2014,9(4):293088.

Carbone C, Teacher A, Rowcliffe JM. The costs of carnivory. PLoS Biol.
2007;5(2):e22.

Brose U, Jonsson T, Berlow EL, Warren P, Banasek-Richter C, Bersier L-F,
Blanchard JL, Brey T, Carpenter SR, Blandenier M-FC, et al. Consumer-
resource body-size relationships in natural food webs. Ecology.
2006;87(10):2411-7.



Rovinsky et al. BMC Ecol Evo

46.

47.
48.

49.

50.

51

52.

53.

54.

55.

56.
57.
58.
59.
60.
61.

62.

63.

64.

(2021) 21:58

Brose U, Archambault P, Barnes AD, Bersier L-F, Boy T, Canning-Clode

J, Conti E, Dias M, Digel C, Dissanayake A, et al. Predator traits deter-
mine food-web architecture across ecosystems. Nature Ecol Evol.
2019;3(6):919-27.

Pocock RI. The external characters of Thylacinus, Sarcophilus and some
related marsupials. Proc Zool Soc London. 1926;96(4):1037-84.

Paddle R.The last Tasmanian tiger: the history and extinction of the
thylacine. New York: Cambridge University Press; 2000.

Sidorovich VE, Sidorovich AA, Izotova IV. Variations in the diet and popula-
tion density of the red fox Vulpes vulpes in the mixed woodlands of
northern Belarus. Mamm Biol. 2006;71(2):74-89.

Jedrzejewski W, Jedrzejewska B. Foraging and diet of the red fox Vulpes
vulpes in relation to variable food resources in Biatowieza National Park,
Poland. Ecography. 1992;15(2):212-20.

Sillero-Zubiri C, Hoffmann M, Macdonald DW: Canids: foxes, wolves, jack-
als, and dogs: status survey and conservation action plan: IUCN Gland,
Switzerland; 2004.

Andelt WF, Kie JG, Knowlton FF, Cardwell K. Variation in coyote diets
associated with season and successional changes in vegetation. J Wildl
Manage. 1987;51(2):273-7.

Kitchen AM, Gese EM, Schauster ER. Resource partitioning

between coyotes and swift foxes: space, time, and diet. Can J Zool.
1999;77(10):1645-56.

Zapata SC, Travaini A, Delibes M, Martinez-Peck R. Food habits and
resource partitioning between grey and culpeo foxes in southeastern
Argentine Patagonia. Stud Neotrop Fauna Environ. 2005;40(2):97-103.
Wroe S, Myers T, Seebacher F, Kear B, Gillespie A, Crowther M, Salisbury S.
An alternative method for predicting body mass: the case of the Pleisto-
cene marsupial lion. Paleobiology. 2003;29(3):403-11.

Savage RJ. Evolution in carnivorous mammals. Palaeontology.
1977,20(2):237-71.

Evans AR, Wilson GP, Fortelius M, Jernvall J. High-level similarity of denti-
tions in carnivorans and rodents. Nature. 2007;445(7123):78-81.

Gould SJ. Eight little piggies: reflections in natural history. New York: W.W.
Norton & Company; 1993.

Lingham-Soliar T. Convergence in thunniform anatomy in lamnid sharks
and Jurassic ichthyosaurs. Integr Comp Biol. 2016;56(6):1323-36.

Sander PM. Ichthyosauria: their diversity, distribution, and phylogeny.
Paldontol Z. 2000;74(1):1-35.

Farke AA. Evolution, homology, and function of the supracranial sinuses
in ceratopsian dinosaurs. J Vertebr Paleontol. 2010;30(5):1486-500.
McCurry MR, Evans AR, Fitzgerald EM, Adams JW, Clausen PD, McHenry
CR. The remarkable convergence of skull shape in crocodilians and
toothed whales. Proc Royal Soc B: Biol Sci. 1850;2017(284):20162348.
Tseng ZJ. Testing adaptive hypotheses of convergence with functional
landscapes: a case study of bone-cracking hypercarnivores. PLoS ONE.
2013;8(5):¢65305.

Meehan T, Martin L. Extinction and re-evolution of similar adaptive types
(ecomorphs) in Cenozoic North American ungulates and carnivores
reflect van der Hammen'’s cycles. Naturwissenschaften. 2003;90(3):131-5.

68.

69.

70.

Page 17 of 17

. Van Valkenburgh B. Déja vu: the evolution of feeding morphologies in the

Carnivora. Integr Comp Biol. 2007;47(1):147-63.

. Maddison W, Maddison D: Mesquite: a modular system for evolutionary

analysis. Version 3.51. http://www.mesquiteprojectorg 2018.

. Cignoni P, Callieri M, Corsini M, Dellepiane M, Ganovelli F, Ranzuglia G:

Meshlab: an open-source mesh processing tool. In: Proceedings of the
2008 Eurographics Italian Chapter Conference: 2008.

Goswami A, Polly PD. The influence of modularity on cranial morpho-
logical disparity in Carnivora and Primates (Mammalia). PLoS ONE.
2010;5(3):€9517.

Machado FA, Zahn TMG, Marroig G. Evolution of morphological
integration in the skull of Carnivora (Mammalia): changes in Canidae
lead to increased evolutionary potential of facial traits. Evolution.
2018;72(7):1399-419.

Boddy AM, McGowen MR, Sherwood CC, Grossman LI, Goodman M, Wild-
man DE. Comparative analysis of encephalization in mammals reveals
relaxed constraints on anthropoid primate and cetacean brain scaling. J
Evol Biol. 2012;25(5):981-94.

71. McNab BK, Eisenberg JF. Brain size and its relation to the rate of metabo-
lism in mammals. Am Nat. 1989;133(2):157-67.

72. Adams DC, Otérola-Castillo E. geomorph: an R package for the collection
and analysis of geometric morphometric shape data. Methods Ecol Evol.
2013;4(4):393-9.

73. Pineda-Munoz S, Alroy J. Dietary characterization of terrestrial mammals.
Proc Royal Soc B: Biol Sci. 2014,281(1789):20141173.

74. Revell L. phytools: an R package for phylogenetic comparative biology
(and other things). Methods Ecol Evol. 2012;3:217-23.

75. Uyeda JC, Caetano DS, Pennell MW. Comparative analysis of principal
components can be misleading. Syst Biol. 2015;64(4):677-89.

76. Mitteroecker P, Bookstein F. Linear discrimination, ordination, and the
visualization of selection gradients in modern morphometrics. Evol Biol.
2011,38(1):100-14.

77. Stayton CT: convevol: Analysis of convergent evolution. R package ver-
sion 1.3 edn; 2018.

78. Raia P, Castiglione S, Serio C, Mondanaro A, Melchionna M, Di Febbraro M,
Profico A, Carotenuto F: RRphylo: Phylogenetic ridge regression methods
for comparative studies. In., R package version 2.3.0 edn; 2019.

79. CloudCompare: (version 2.11.13). [GPL software]: http://www.cloud
compare.org/ 2021.

80. R CoreTeam: R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2019.

81. BenjaminiY, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J Roy Stat Soc: Ser B (Meth-
odol). 1995;57(1):289-300.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.mesquiteprojectorg
http://www.cloudcompare.org/
http://www.cloudcompare.org/

	Functional ecological convergence between the thylacine and small prey-focused canids
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Shape analysis of the faunivorous cranium
	Discrimination of prey size category and the thylacine
	Convergence with the thylacine

	Discussion
	Morphological convergence and the thylacine
	Prey size, morphology, and the thylacine
	Morphology and diet
	Concepts of convergence

	Conclusion
	Methods
	Specimens and phylogeny
	Shape analysis (geometric morphometrics)
	Ecology
	Statistical analyses

	Acknowledgements
	References


