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Abstract:

This paper reports on newly developed ecomorphological models for the cervid intermediate
phalanx. Using a geometric morphometric approach we quantitatively assess the overall
gracility of the bone, the depth and concavity of the proximal articulation and the roundness
and symmetry of the distal articulation in the intermediate phalanx, to establish relationships
between morphology, locomotor behavior and environment. The morphology of the phalanx
was found to vary along a gradient from gracile phalanges with shallow proximal articulations in
forms adapted to yielding substrate, to robust phalanges with deeper proximal articulations in
taxa adapted to firm substrate. Phylogeny and allometry are accounted for using regressions
and phylogenetic comparative methods. Although the results indicate phylogeny explains part
of the morphological variation, overall the shape of the intermediate phalanx appears mainly



driven by differences in function. Consequently, this element promises to be a useful
palaeoenvironmental proxy that can be applied on fossil assemblages with cervid remains.
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1. Introduction

Artiodactyls are a common group in Plio-Pleistocene fossil assemblages (Kurten 1968). Because
of their high species diversity, which includes many habitat specialists (Putman & Fluek 2011,
Barr 2014), they have played an important role in palaeoenvironmental reconstructions of
hominin sites (e.g. Vrba 1975, Gentry & Gentry 1978, Plummer & Bishop 1994, Kovarovic &
Andrews 2007, Forrest et al. 2018). Traditionally, such studies have examined the presence or
absence of certain taxa in the fossil record as an indicator of specific environmental conditions
(e.g. Vrba 1975, Gentry & Gentry 1978, Shipman & Harris 1988, White et al. 2009). Although
this taxonomically focussed approach has undeniably contributed to our understanding of the
ecological context of early human evolution (Andrews & Hixon 2014), it has the potential
weakness that it relies on the assumption that the habitat preferences of extinct species were
similar to those of their closest living relatives (Andrews 1995).

To circumvent this problem, some researchers have instead focused on the functional
morphology of skeletal elements and their relation to ecological variables (e.g. Bishop 1994,
Bishop et al. 2006, Degusta & Vrba 2003, Scott 2004, Kovarovic & Andrews 2007). In this
ecomorphological approach, morphological patterns in extant species are compared with those
observed in extinct taxa, which allows for inferences to be made about probable adaptations in

fossils (Degusta & Vrba 2003, Andrews & Hixon 2014, Gruwier & Kovarovic 2021). This approach



has the advantage that it directly considers how animals functioned in their ecosystem (Curran
2012), independent of their taxonomic affinity (although see Klein et al. 2010).

Although palaeoecologically focussed ecomorphological analyses have been conducted on
multiple artiodactyl families, including bovids (e.g. Kappelman 1988, Kappelman et al. 1997,
Scott 2004, Plummer et al. 2008, Schellhorn 2009, Barr 2018) and suids (e.g. Bishop 1994,
Bishop et al. 2006), the Cervidae have, so far, received comparatively little attention (e.g.
Curran 2012, 2015). Deer fossils are, nevertheless, common in Pleistocene sites throughout
Eurasia (Kurten 1968) and their morphology is thought to be constrained by similar selective
pressures as the bovids (Geist 1998).

Acknowledging the potential of cervid postcranial elements as a proxy for palaeoenvironmental
reconstruction, we present here newly developed ecomorphological models for the
intermediate phalanx. Although the focus of our study is on extant cervids, the models we
present are intended as a foundation for future palaeontological applications. The selection of
this element, with an often fully intact preservation in the fossil record (Aniceti 2020), was also
made with an eye on the later inclusion of extinct taxa. In addition, this element of the
locomotor apparatus had potential because a correlation between phalangeal morphology and
environmental variables was already demonstrated for other mammalian families (Leinders
1979, Kohler 1993, Degusta & Vrba 2005a, Polly 2007). If such a correlation can also be
demonstrated for the cervid family, our models can ultimately be applied on fossil specimens
and allow for inferences to be made about the characteristics of the palaeoenvironments
inhabited by these extinct taxa. As such, cervid fossils can in the future act as a proxy to

improve our understanding of past ecological conditions.



2. Theory and functional framework

Artiodactyls have a number of behavioural strategies to cope with predation pressure, but
when detected, flight is usually the main predator evasion strategy (Geist 1998). As a
consequence, these animals have evolved different modes of locomotion, employed when
fleeing from a pursuer. Little concrete data is currently available about the precise relationship
between cervid evasion tactics and locomotion. Although other escape behaviours, such as
galloping and trotting, exist (Blank 2018), there are generally five main locomotor strategies
used by artiodactyls to escape predators: leaping (vertical jump), bounding (long horizontal
jump), tacking or zig-zag running (sharp turn that suddenly changes course), stotting (a
bouncing gait) and prancing (type of pronounced and exaggerated high step) (Caro, 1986, 1994,
Caro et al., 2004). The latter two behaviours are presumably intended to wrongfoot the
predator (Caro, 1994, Caro et al. 2004), but tacking is more common when evading predators in
dry, open habitat (Caro et al. 2004), while leaping is preferred when animals flee in
environments with a dense vegetation and complex terrain (Caro, 1994, Gruwier & Kovarovic
2021).

Researchers have demonstrated that the association between predator evasion strategy,
locomotion and the structure of the habitats in which artiodactyls are found, impacts on the
morphology of the limb bones (e.g. Kappelman 1988, Degusta and Vrba 2003, 2005a, 2005b,
Kovarovic and Andrews 2007, Schellhorn 2009; Barr 2014a, 2018). Animals with a preference
for dry, open environments, are thought to have limb bones that accommodate for the forces
associated with high speed and quick tacking movements (Leinders 1979, Kappelman 1988,

Kohler 1993). Animals of wet or densely vegetated environments, tend to have limb bones that



allow for flexibility and the ability to jump over obstacles, thereby distancing themselves from
the pursuing predator (Leinders 1979, Kappelman 1988, Kéhler 1993, Curran 2009).

There are a number of ways in which these adaptations are thought to be expressed in the
functional morphology of the intermediate phalanx. Although an early model by Leinders
(1979) suggested that its shape is primarily driven by differences in the capacity for flexion in
the interphalangeal joint, more recent ecomorphological studies (e.g. Curran 2012, Kovarovic et
al. 2021) have generally endorsed an alternative functional model by Kdéhler (1993), which
proposes that differences in the capacity for medio-lateral movement explains the main
functional difference in the phalanges (Fig. 1). In this model, species found on yielding or wet
substrates, allow for more medio-lateral movement along the articulations, for more grip
(Kohler 1993, Curran 2012). This is especially seen in the metapodial-phalangeal joint that
allows the digits to splay when coping with humid substrate, while species found on high relief
terrain tend to splay the terminal phalanx at the interphalangeal joint with the intermediate
phalanx (Kéhler 1993). On the other hand, animals adapted to locomotion on firm substrate
have railed articulations between the interphalangeal joints, preventing disarticulation when
running at high speed (Kohler 1993, 2001). In the intermediate phalanx this would be
morphologically expressed in deeper, more concave proximal articulations -that reduce medio-
lateral movement- in species of dry, open environment (Kéhler 1993, 2001). The distal articular
surface is predicted to be more rounded in wet environment species, to allow for more medio-
lateral movement (Kohler 1993). It is thought to be moreunequally shaped, with a posterior
apex, in dry environment forms, (Kohler 1993). A third trait presumed to be functionally

correlated, is the general robustness of the phalanx. Kéhler (1993) noted that species adapted



to dry, open terrain have more gracile phalanges, but did not discuss the underlying
biomechanics. Degusta and Vrba (2005a, 2005b), however, stated that gracile phalanges are
actually characteristic of (bovid) species adapted to wet environments.

Using these observations, we have formulated three functional hypotheses related to the
intermediate phalanx: phalanges of species adapted to wet or yielding substrate are thought to
have a different gracility than those of species adapted to dry, more firm substrate (h1),
phalanges of species associated with dry, firm substrate are predicted to have railed, more
concave proximal articulations (h2), and phalanges of species associated with dry, firm
substrate are predicted to have a more asymmetric distal articular surface with a posterior apex
on the medial and lateral side (h3) (Table 1). The validity of these hypotheses and, by extension,
whether specific morphological traits can be correlated with locomotor behaviours and

environmental conditions, is further explored in this paper.
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Figure 1: Anatomy of the cervid hindfoot with (A) different elements (MT=metatarsus,
PH1=proximal phalanx, PH2=intermediate phalanx, PH3=terminal phalanx) and joints that show
variation in medio-lateral movement and (B) parts of the intermediate phalanx ( a=proximal
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articular surface, b=plateau postarticulaire, c=anterior extensor process, d=palmar extensions,
e=distal articular surface).

The general shape of the intermediate phalanx is predicted to be more

Hypothesis 1:
ypothesis gracile/robust in species adapted to either wet or dry substrates.

The proximal articulation of the intermediate phalanx is predicted to be
Hypothesis 2: deeper or more concave in species adapted to drier substrate, and shallower
in species of wet, yielding substrate.

The shape of the distal articular surface of the phalanx is predicted to be
round and symmetric on the medial and lateral side in species adapted to
wet substrate and asymmetric with a more posterior apex on the medial and
lateral side in forms adapted to dry substrate.

Hypothesis 3:

Table 1: Functional hypotheses for the intermediate phalanx.

3. Materials

The validity of our hypotheses was primarily explored using data collected on cervid skeletons
at several American and European institutions (see supplementary data). In addition, 3D scans
of a limited number of specimens were shared by the Virtual Zooarchaeology of the Arctic
project (n=4) (Maschner et al.,, 2011; Betts et al., 2011) and the Max Planck Institute of
Evolutionary Anthropology (n=4) (Niven et al., 2009). In total, our dataset was made up of 131
intermediate phalanges, belonging to 25 species and 6 tribes (Table 2). This sample size was in
the same range as many similar studies (e.g. Weinand 2005, Curran 2009, Schellhorn 2009).
Data was collected on a maximum of 16 specimens per species in order to prevent the sample
from becoming skewed towards more common taxa.

When possible, the medial phalanx of the left hindleg was selected for data collection. In cases

where this was impossible, the medial phalanx of the opposite leg was taken instead.



Pathological specimens and non-adults were excluded. We considered an animal as adult if all
the epiphyses were fused and the third molar was erupted. Even though it is known that
captivity can affect the morphology of the skeleton in certain mammals (O’Regan and
Kitchener, 2005), earlier studies on cervids have demonstrated that in the elements of the
locomotor apparatus morphology is probably more genetically determined, and that captivity
does not substantially confound functional and taxonomic patterns in morphometric studies
(Gruwier & Kovarovic 2021). Hence, a number (n=20) of captive specimens were included in this

study to maximize taxonomic diversity and sample size (see supplementary data).

Tribe Species N s. x kg References
Axis axis 10 D 86 (Eisenberg and Seidensticker, 1976; Geist, 1998)
Axis (Hyelaphus) kuhlii 3 | 43 (Blouch and Atmosoedirdjo, 1987; Kurt, 1990; Geist, 1998)
Axis (Hyelaphus) porcinus 5 68 (Blandford, 1888; Geist, 1998; Bhowmik et al., 1999)

w

Cervus (Elaphurus) davidianus 3 W 214.5 (Geist, 1998; Hu and Jiang, 2002)
w
D

Cervus (Panolia) eldii 4 105 (Geist, 1998; Tordoff et al., 2005)
Cervus (Rusa) timorensis 5 155 (Geist, 1998; Nur Alizati, 2020)
Cervini Cervus (Rusa) alfredi 2 | - (Rabor, 1977)
Cervus (Rusa) marianna 1 | 50 (Taylor, 1934; Geist, 1998; Nur Alizati, 2020)
Cervus (Rusa) unicolor 6 | 276 (Blandford, 1888; Schaller, 1967)
Cervus canadensis 5 D 230 (Geist, 1998)
Cervus elaphus 9 | 230 (Geist, 1998; Koubek and Zima, 1999)
Cervus nippon 2 | 128.5 (Geist, 1998; Smith and Xie, 2008)
Dama dama 10 D 75.1 (Janis and Wilhelm, 1993; Apollonio et al., 1998; Geist, 1998)
... Muntiacus reevesi 3 W 14 (Geist, 1998; Chiang, 2007)
Muntiacini
Muntiacus muntjak 6 Y 16 (Geist, 1998; Ekwal et al., 2012)
o Capreolus capreolus 16 | 23 (Geist, 1998; Stubbe, 1999)
Capreolini
Hydropotes inermis 8 W 12.5 (Geist, 1998; Zhang et al., 2006)
Rangiferini  Rangifer tarandus 13 T 153.5 (Baskin, 1986; Geist, 1998)
Mazama Americana 5 w 20 (Bodmer, 1997; Geist, 1998)
... Mazama gouazoubira 1 w (Cartes, 1998; Geist 1998)
Odocoileini
Odocoileus virginianus 3 | 85 (Geist, 1998; Potapov et al., 2014)

Ozotoceros bezoarticus 1 D 40 (Geist, 1998; Merino and Semeniuk, 2011)




Hippocamelus antisensis 1 | 68.5 (Geist, 1998; Gazzolo and Barrio 2016)

Pudu puda 3 w 10 (Hershkovitz, 1982 ; Geist, 1998)

Alceini Alces alces 6 D 557 (Geist, 1998 ; Bauer and Nygrén, 1999 )

Table 2: Species used in this study, with total sample of included phalanges (N), assigned
substrate type (s., see section 4), average species body mass (x kg) and references.

4. Methods and statistical analysis

Based on sources from the literature, we assigned the intermediate phalanges to four different
habitat groups (see Table 2). Although the use of a limited number of categories inevitably
oversimplifies actual habitat variation, this was a necessary trade off to allow for robust
statistical analyses (Curran 2009). Substrate properties are connected to vegetation structure
(Boregard 1990), but as earlier studies have correlated the functional morphology of the
phalanges directly to substrate type (Kohler 1993, Curran 2009), our habitat groups were
primarily based on the latter parameter.

A first group (type W) consisted of species with a preference for environments with wet,
yielding substrate. This included closed habitats, such as tropical rainforest, as well as open
wetlands or marshland. The animals in this group are thought to be characterized by less railed
phalanges that are not specifically adapted to restrict medio-lateral movement at the
interphalangeal joints. A second group (type D) included animals found in environments with
dry, firm substrate. This group lumped together species of arid savannah-like environments
with dry woodland species and is thought to be characterized by railed phalanges with a more
limited capacity for medio-lateral movement. The type | group was composed of intermediate
species that were neither true specialists of wet environment, nor strongly associated with dry

substrate. They are generalists, not expected to have strongly railed phalanges, but are also




lacking in capacity for medio-lateral movement. A final group (type T) was solely composed of
Rangifer tarandus, a species of (sub)arctic tundra environments (Geist 1998) that merited its
own habitat designation. Its phalanges are thought to be adapted to the particular conditions of
the tundra: alternating episodes of frozen soil and melting snow that require additional grip
(Hildebrand 1985, Nieminen 1990).

Many earlier ecomorphological studies have made use of linear measurements to
quantitatively analyse skeletal morphology (e.g. Kappelman, 1988; Bishop et al., 2006;
Kovarovic and Andrews, 2007), but more recent studies have embraced the advantages of
geometric morphometrics (GMM) as an effective set of methods to quantify artiodactyl
morphology (e.g. Cucchi et al., 2009, 2011; Curran 2009, Brophy et al., 2014; Forrest et al.,
2018, Gruwier & Kovarovic 2021). Consequently, our study made use of a landmark based
three-dimensional GMM approach to quantify shape. This had the advantage that object
geometry was optimally preserved in the measurements (Rohlf and Marcus, 1993; Slice, 2005;
Baab et al., 2012) and that size and shape could be separately analysed (Zelditch et al 2004,
Viscosi & Cardini 2011). Furthermore, the use of thin plate spline deformation grids allowed us
to optimally visualize morphological variation as distortions in a grid (Bookstein 1991, Zelditch
et al. 2004).

Data were collected in the form of 3D-surface scans generated with a NextEngine 2020i laser
scanner. After cleaning and fusing individual scan divisions in the associated Scanstudio HD
package (1.2.3), landmarks were placed on the 3D-objects in Landmark editor 3.0 (Wiley et al.
2005). Eight landmarks were placed at discrete anatomical loci on the phalanges (Fig. 2 and

Table 3), capturing variation in standard measures of the phalanx and consistent with previous



ecomorphological models developed for bovid intermediate phalanges (Degusta & Vrba 20054,
2005b, Kovarovic and Andrews 2007). All landmarks were of type | or type Il and are
homologous at the level of intersections between different anatomical structures or at the
extreme ends of certain structures (Zelditch et al. 2004). After exporting the coordinate data,
we used Morphologika 2.5 (O’Higgins and Jones 2006) to conduct a generalized Procrustes
analysis (GPA) on the data matrix to remove all information irrelevant to differences in shape
(Walker 2000, Zelditch et al. 2004). Procrustes residuals and In centroid size were then
exported from Morphologika for further statistical analysis in PAST 2.17 (Hammer et al., 2001).

The quality of the resulting graphs was enhanced using Photoshop 6.0.

Figure 2: lllustration of landmarks recorded on the lateral (L.), medial (M.), posterior (P.) and
anterior (A.) sides of the intermediate phalanx.

Number Type Description

1] Most anterior point of the proximal articular surface.

1] Most proximal point of the anterior extensor process.

| Apex of the proximal articular surface at the junction between the left and the right facet.

Most posterior point of the lateral extension on the posterior side of the plateau postarticulaire.
1l Most posterior point of the medial extension on the posterior side of the plateau postarticulaire.

| Proximal apex of the lateral palmar extension on the posterior shaft.

N oo o bW e

| Proximal apex of the medial palmar extension on the posterior shaft.



8 Il Apex and most distal point of the medial ridge of the distal articular surface. |

Table 3: Description of the location and type of landmarks (following Bookstein, 1991) recorded
on the intermediate phalanx. See Figure 2 for placement of the landmarks on the phalanx.

Principal Component Analysis was used as a dimensionality reduction method and as the
primary method to explore morphological variation in the dataset (Dryden and Mardia, 1998;
Zelditch et al., 2004). We opted for between groups PCA (bgPCA), as this method is more robust
to over-fitting the model than e.g. Linear Discriminant Analysis, when applied on small datasets
or those with unequally balanced samples (Kovarovic et al., 2011, Seetah et al. 2012). On the
other hand, with eigenvectors derived from the variance-covariance matrix of the group means,
bgPCA maintains an emphasis on between group differences (Seetah et al. 2012).

To assess the repeatability of the digitization and landmarking procedures we used an adjusted
version of Adriaens (2007) protocol, that involved the scanning of five randomly selected
specimens and repeating the landmarking procedure on each specimen five separate times
(Gruwier & Kovarovic 2021). If the replicates clustered closely together on the first two axes of
a PCA, the digitization error was low (Adriaens 2007).

Statistical significance of group separations in the PCA’s was tested using a non-parametric
MANOVA (npMANOVA) on the relevant principal components (Schutz et al., 2009; Polly et al.,
2013; Marrama and Kriwet, 2017; Hou et al., 2021). We used a permutational test because the
assumptions required for parametric testing —including normal distribution and across-group
homogeneity of variance-covariance matrices- are not necessarily met by the data resulting
from GMM analysis (Cardini et al., 2015; Lopez-Lazaro et al., 2018, Gruwier & Kovarovic 2021).

The results of the overall npMANOVA were followed by post-hoc tests in the form of pairwise



NPMANOVAs between all pairs of groups, were used to assess which groups differed
significantly (Gruwier & Kovarovic 2021). Bonferroni corrections were used as a multiple
comparison correction procedure (Dunn 1961) and the adjusted p-values reported in our
results. Those principal components with eigenvalues cumulatively explaining at least 70% of
the total variance were retained for further analysis, a commonly used cutoff point in PCA
(Jolliffe & Cadima 2016).

A number of tests were conducted to account for factors that could potentially confound the
ecomorphological signal. To test for allometric effects in our dataset we first regressed natural
log centroid size per species against the natural log of average body mass for each species, to
establish the relationship between phalanx size and total body size (Gruwier & Kovarovic 2021).
Average body masses were taken from the literature (see Table 2). Consequently, we
conducted a regression of the relevant PC-scores against In centroid size for each specimen
(e.g. Cucchi et al.,, 2011; Owen, 2013, Gruwier & Kovarovic 2021). In cases where the correlation
between size and shape was significant, this was considered indicative of an allometric effect
(zelditch et al., 2004).

To estimate the effect of phylogeny in the dataset, we conducted a phylogenetic generalized
least squares (PGLS) regression (Martins & Hansen, 1997) in Caper 1.0 in R (Orme et al., 2018).
This approach consisted of regressing the mean shape coordinates for each species on the
habitat groups transformed into dummy variables (Meloro, 2007, 2008; Walmsley et al., 2012;
Barr, 2014a, 2014b; Curran, 2015, Gruwier & Kovarovic 2021). In this weighed regression,
phylogeny was included as an error term as part of the regression of shape on the habitat

variables (Martins & Hansen, 1997; Walmsley et al., 2012, Gruwier & Kovarovic 2021). Using



phylogenetic tree branch lengths to estimate phylogenetic covariance, the covariance for two
species was proportional to the sum of the branch lengths from the root to the last common
ancestor (Monteiro, 2013, Gruwier & Kovarovic 2021). Tree branch lengths for the cervid family
were taken from the 10KTrees website (Arnold et al., 2010) and their accuracy checked against
a recently published cervid phylogenetic framework by Heckeberg (2020). In this context, we
assumed that cervid traits evolved according to a Brownian motion model (see Felsenstein,
1985; Monteiro, 2013; Barr and Scott, 2014). As Cervus mariannus and Cervus alfredi were not
part of the phylogenetic tree, we excluded those species from the PGLS regressions.

We used Pagel’s A as a measure of phylogenetic dependence (Pagel, 1999), an approach that
uses a maximum likelihood estimate to find the value that best summarizes the variation
between taxa at the tips of the phylogenetic tree (Edwards and Cavalli-Sforza, 1964; Kamilar
and Cooper, 2013, Gruwier & Kovarovic 2021). This measure is calculated by multiplying the off-
diagonal elements (the covariances between species pairs in the phylogenetic variance-
covariance matrix) by A (Pagel, 1999; Harmon, 2019). If Pagel’s A is close to 0, this indicates a
weak phylogenetic signal. If the value is close to 1, a strong phylogenetic signal can be inferred
(Molina-Venegas and Rodriguez 2017, Gruwier & Kovarovic 2021).

5. Results

Our repeatability test showed that the replicates clustered closely together in a PCA scatterplot
of the tested subsample (Fig. 3). The error due to variation in the digitization and acquisition
protocol could therefore be considered limited. The results of a PCA on all phalanges provided

visual between-group separation along the axes of the first two components (Fig. 4). Because



visual separations were only clear for the first two axes and due to their cumulative variance

totaling 96.7 %, only PC1 and PC2 were retained for further analysis.
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Figure 3: Results of repeatability test (scatterplot of a PCA conducted on five re-scanned and
landmarked replicates of five phalanges, with eigenvalues given in parenthesis.
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Figure 4: PCA scatterplot of a bgPCA of all phalanges (eigenvalues in parenthesis), with thin
plate spline deformation grids and interpretation of the observed shape changes in the proximal
articulation in the form of two warped, hypothetical phalanges at both ends of the y-axis.

The results of an npMANOVA on the scores of the first two principal components gave
significant overall between-group differences (F=15.47, p<0.001). Pairwise comparisons showed
significant differences between all individual groups (Table 4). This indicated that all habitat
groups had an idiosyncratic average shape, as far as the morphological differences described by
the first two axes were concerned. Visual assessment of the thin plate spline transformations

associated with PC1 revealed that the primary shape difference summarized by this axis was a

difference in general robustness of the phalanx (Fig. 4). Specimens with a lower score on PC1



had a more gracile shape than specimens with a high score on this axis. Along the second axis,
several shape differences were observed: a difference in the relative proportion of the distal
articulation, a variation in the height of the extensor process on the anterior side of the distal
articulation, and a difference in depth of the proximal articular surface (Fig. 4). As specimens
gave a higher score on PC2, they had a relatively larger distal articulation, an extensor process

positioned higher on the anterior side, and a flatter, shallower proximal articular surface.

TypeD  Typel Type T
Type | 0.0144 - -
TypeT 0.0006 0.0036 -
Type W 0.0006 0.0378 0.0006

Table 4: Bonferroni corrected p-values (a=0.05) of pairwise comparisons of an noMANOVA on
the first two principal components of a between groups PCA on the phalanx dataset.

An evaluation of specimen distribution in the scatterplots associated with the first two principal
components confirmed the trends seen in the results of the npMANOVA (Fig. 4). When PC1 was
plotted against PC2, type D specimens generally gave a higher score on both axes. Type W
species gave a more negative scores, while type | species were intermediate, overlapping with
types W and D. This pattern indicated a gradient from dry adapted, robust type D species with a
larger distal articulation, an extensor process positioned higher on the anterior side, and a
deeper proximal articular surface, over intermediate type | forms, to the wet adapted type W
species with a more gracile morphology, smaller distal articulation, shallower proximal articular
surface and lower extensor process. The type T specimens (tundra substrate) formed a group
that was well separated from the three other groups. Its position implied that the phalanx in
reindeer had a gracile shape similar to the wet adapted species, but articulations that were

more like those of the dry adapted type D forms.



To test if the size of the intermediate phalanx was a good proxy for total body size, we first
regressed average In centroid size per species against average total body masses from the
literature. The results gave a significant correlation (R?=0.315, p=0.0035) between phalanx size
and total body mass, suggesting that individual element size was an acceptable approximation
for total body mass. The results of the regressions of the shape variables against In centroid size
suggested a limited allometric effect (Fig. 5). A regression of PC1 against In centroid size
indicated a significant, but weak correlation (R?=0.062, p=0.002), implying that only a small
portion of the shape variance summarised by PC1 could be attributed to allometry. A larger
effect was suggested by the regression of PC2 against In centroid size (R?=0.257, p<0.001), but

this was still relatively limited and only partially explained the measured variation in shape.
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Figure 5: Results of regressions of PC1 (R*=0.062, p=0.002), and PC2 (R?*=0.257, p<0.001) against
In centroid size for all extant phalanges.

Our PGLS regression of the relevant principal components (PC1 and PC2, R?=0.127, p=0.309)

against the habitat variable resulted in a relatively high Pagel’s A (0.711) that was significantly



different from 1 (p(Ho:A=1)=0.011), but not significantly different from 0 (p(Ho:A=0)=0.097). This
indicated that the phylogenetic signal was relatively limited in the overall dataset. When
considering the effects for the first component separately (R?=0.228, p=0.38), Pagel’s A was high
(0.86) and significantly different from the lower bound (p(Ho:A=0)=0.021), but not from the
upper bound (p(Ho:A=1)=0.106). For the second component the PGLS regression (R?=0.43,
p=0.038) resulted in a low Pagel’s A (0.333), significantly different from the upper bound
(p(Ho:A=1)<0.01), but not from the lower bound (bound (p(Ho:A=0)=0.347). The results
therefore indicated that a phylogenetic signal was primarily present in PC1, while the effects in

PC2 were limited.

6. Discussion

The variation summarized by the first axis of the PCA (see Fig. 4) confirmed the premise of our
first functional hypothesis: specimens were distributed along a gradient from species of dry,
firm substrate (type D) with robust phalanges, over intermediate species (type 1), to species of
wet, yielding substrate (type D) with gracile phalanges. This was in line with Degusta and Vrba’s
(2005b) observation that species of wet environments have more gracile phalanges, but at odds
with Kéhler’s (1993) hypothesis, which proposed that gracile phalanges were typically found in
animals of dry, open environment. Nevertheless, Degusta and Vrba (2005b) did not provide
specific functional explanations for the gracility in the phalanx. Interpreting variation in this
trait was therefore not straight forward. Considering the fact that longer, more gracile
phalanges are connected with wet substrate, it is not unlikely that this trait is also an

accommodation to allow for better grip or stability on yielding substrate types. The position of



the type T group (only reindeer) did not contradict this interpretation: specimens within this
group were similar in gracility to the wet adapted species (see Fig. 4). The characteristic nature
of tundra substrate, with alternating episodes of frozen soil and melting snow (Hildebrand
1985, Nieminen 1990), probably also requires a phalangeal morphology adapted to negotiating

complex, difficult terrain.

It should, however, be kept in mind that PC1 displayed a relatively strong phylogenetic signal. In
other words, species with phalanges of similar gracility were often also more closely related.
Although not explicitly tested in other studies of the intermediate phalanx (e.g. Kovarovic &
Andrews 2007, Degusta &Vrba 2005b), Kovarovic (2004) acknowledged that phylogeny could
also partially explain the shape variation in this element in bovids. The presence of a
phylogenetic signal need not necessarily obscure all functional patterns. Morphological traits
are often not driven by either functional aspects or phylogenetic relatedness, but rather by a
combination both (Elton et al. 2016). This is not surprising, as taxonomically related groups can
share a preference for similar habitats (Scott & Barr 2014). While caution is warranted when
interpreting specific traits (such as the gracility of the phalanx) in isolation, the best way to
assess the ecological significance of morphological similarities between species, is to look at

how they behave in a model, despite their taxonomic affinities (Gruwier & Kovarovic 2021).

Furthermore, functional hypothesis 2 (Table 1) appeared to be confirmed by the shape
variation summarized by the second axis. Although our set of landmarks only partially captured
this trait, the variation along this axis apparently reflected a gradient from species of dry, firm

substrate (type D), with deeper proximal articulations, to saltatorial species of wet,



environments (type W), with shallow proximal articulations. Although no clear confirmation
was found of hypothesis 3 (the distal articulation was predicted to have a more posterior apex
in dry adapted species), variation in some aspects of the distal articulation was clearly
summarized by PC2. The relative size of the distal articulation (larger in type D) and the
placement of the extensor process on the anterior side (placed higher in type D) may also be
functionally driven aspects, related to differences in splaying capacity. Although no significant
phylogenetic signal was measured for the second axis, PC2 showed a limited allometric effect.
Nevertheless, only a small portion of the morphological variation (25.7%) was explained by size
differences, indicating its effects were not substantial. This was in line with the results of other
studies. Even though the effects of allometry in the cervid intermediate phalanx have not been
explicitly studied before, a number of workers have considered the problem in bovids. Most of
these studies (Kovarovic & Andrews 2007, Degusta and Vrba 2005b) have made use of linear
size corrections to eliminate the effects of body size differences from morphometric variables.
While such an approach is probably less efficient in excluding size differences than the GMM
methods used in our study, no significant confounding effects were reported after size
corrections (Kovarovic 2004, Kovarovic & Andrews 2007, Degusta and Vrba 2005b). Similar
studies on the terminal phalanx in cervids found a similarly limited allometric effect for this

element (Curran 2009, 2012, 2015).

The separately treated type T group (reindeer) gave relatively high scores on the second axis in
our study. This meant that the morphology of the type T phalanges was similarly gracile as that
of wet adapted species, but as far as the landmarks could capture this part of the bone,

seemingly with deeper proximal articulations and with large, anteriorly extended distal



articulations as in dry adapted species. These observations did not necessarily contradict
functional hypothesis 1 (variation in gracility). Reindeer may well require gracile phalanges that
are accommodated for the variable structure of tundra substrate, but at the same time retain
some characteristics (deeper proximal articulations) that are optimized for cursorial locomotion
in dry, open environment. The results certainly showed that reindeer have phalanges with a

unique morphology.

Overall, the PCA and the regressions suggested that the morphological variation of the phalanx
was driven by a combination of function and, to an extent, phylogeny. Allometry played a more
limited role. This showed that, despite the presence of confounding factors, the intermediate
phalanx is a useful predictor of substrate type. The meaningful separations in the scatterplot,
and the confirmation of two of our three functional hypotheses, suggest that specimens giving
correspondingly high or low scores on both axes, probably do so because of functional reasons.
This was in line with the results of earlier ecomorphological work on the intermediate phalanx
in artiodactyls. Previous studies on bovids (Kovarovic & Andrews 2007, Degusta & Vrba 20053,
2005b) overall gave high reclassification rates for this element as well as for the proximal
phalanx, and agreed that both are fairly good predictors of habitat. Although no other studies
exist that focus explicitly on the cervid intermediate phalanx, Curran’s (2012, 2015) analysis of
the third phalanx in cervids also found clear correlations between morphology and substrate

type for the latter element.

7. Conclusions



The results presented in this paper have shown that the morphology of the intermediate
phalanx correlates with habitat type. This suggests that the element has potential as a proxy for
palaeoenvironmental reconstruction. More specifically, the shape of the proximal articular
surface and the overall gracility of the phalanx were found to be a good predictor of substrate
type. As such, our study expanded ecomorphological methods for this element in cervids. It also
improved the way such studies have usually been conducted on ruminant bones, by making use
of geometric morphometrics and by relying more strongly on the underlying functional aspects

of the element.

When ultimately applied on fossil specimens of unknown taxonomic and ecological affinity, our
models will probably be informative about the environments to which extinct cervids were
adapted. They promise to be of particular use to palaeontologists and archaeozoologists
working on Pleistocene faunal assemblages from Europe and Asia, where cervid fossils are
commonly found. Its application on hominin sites from the region would be especially
interesting, as this will potentially contribute to a better understanding of the ecological

context of human evolution.
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