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ABSTRACT

Aim: To investigate the ecological and evolutionary drivers of morphological variation in grey wolves (Canis lupus) across their
global range:

Location: The entire Holarctic distribution of grey wolves, from Greenland to New Mexico in North America, from Norway to
Israel in Eurasia, including several samples from Russia and India.

Methods: We analysed 227 wolf skulls using high-resolution 3D geometric morphometrics (585 cranial and 96 mandibular
landmarks) to assess the influence of continental separation, latitude, prey mass and population history on skull (cranium and
mandible) size and shape.

Results: Skull size was primarily influenced by population identity, increasing with average prey mass and latitude up to roughly
65° with minimal differences between continents. Skull shape was mainly determined by population identity, with minor contri-
butions from skull size, continent, and latitude; prey mass had no detectable effect. Average crania differed in the length-to-width
ratio, shape and relative position of the frontal bones and zygomatic arches. Populations with the most distinct skull shapes in-
cluded Modern Scandinavian wolves, Arctic wolves (East Greenland and Ellesmere Island), Italy and Coastal Alaska. These dis-
parities are consistent with expected changes associated with long-term isolation, demographic events (e.g., bottlenecks, founder
effects), human-driven fragmentation and extirpation of wolves, shifts in prey availability, and possible hybridization.

Main Conclusions: Morphological variation in wolves is shaped by a combination of ecological pressures, geography and
human impacts. Past isolation and human-induced declines have increased divergence, emphasizing the importance of consider-
ing ecomorphological patterns when assessing evolutionary resilience and informing conservation planning for large carnivores.

Laura Kvist and Christy Anna Hipsley are joint senior authors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

The grey wolf (Canis lupus) historically occupied nearly the en-
tire Holarctic region, spanning Arctic tundra and boreal forests,
temperate ecosystems and deserts (Mech and Boitani 2003).
However, intense persecution during the 19th and 20th cen-
turies caused severe population declines and widespread local
extirpations (Chapron et al. 2014; Mech and Boitani 2003). By
the mid-20th century, wolves were eradicated from most of
the contiguous United States, Western and Central Europe,
eastern China, the Korean Peninsula and Japan (Mech and
Boitani 2003). Despite mounting anthropogenic stress, some
populations in Mexico, Iberia, Italy, the Carpathians and later
Scandinavia persisted in isolation from larger populations.
Recently, wolf numbers have rebounded in parts of Europe and
North America through protection, recolonization and rein-
troductions (Di Bernardi et al. 2025; Phillips and Smith 1997;
Publications Office of the European Union 2023).

Parallel to this, the main prey of wolves, that is, ungulates,
also declined across Europe and North America during the
19th and early 20th centuries (Deinet et al. 2013; Hanberry
and Hanberry 2020), yet wolves continue to display ecolog-
ical and dietary flexibility. Their diet spans from small mam-
mals (rodents and lagomorphs) to large ungulates such as deer
(Cervus, Odocoileus), moose (Alces), muskox (Ovibos) and bison
(Bison) (Table 1) (Mech and Boitani 2003; Newsome et al. 2016).
They also consume plant material and anthropogenic food
sources (Evavold et al. 2024; Fritts and Mech 1981; Mech and
Boitani 2003). This dietary breadth contrasts with their carniv-
orous skull morphology, marked by enlarged carnassials, re-
duced molars and robust jaws (Van Valkenburgh 1991, 2007).

Such flexibility likely enabled wolves to survive centuries of
persecution and suggests that they can adapt to diverse eco-
logical and anthropogenic pressures, potentially driving mor-
phological divergence among populations. North American
and Eurasian wolf populations were last connected via the
Bering Land Bridge approximately 24-34.4kyears ago, before
the Bering Strait opened 11kyears ago (Jakobsson et al. 2017;
Koblmiiller et al. 2016; Pacheco et al. 2022). Since then, conti-
nental populations have likely followed independent evolution-
ary trajectories, causing genetic (Pacheco et al. 2022; Sinding
et al. 2018) and potentially phenotypic diversification. However,
similar niches and prey may drive convergent evolution across
continents (Meloro et al. 2015), while phenotypic plasticity can
further limit divergence at smaller scales (Crispo 2008). Wolf
populations vary in coat coloration, coat density (Castellé 2018)
and skull morphology (Ketchen 2020; Milenkovi¢ et al. 2010;
Mulders 1997; Wiwchar and Mallory 2012). For example, Arctic
wolves are white for snow camouflage, while Arabian wolves
have a thin coat adapted to desert heat. Such population dif-
ferences are likely maintained by wolves' preferential disper-
sal within similar habitats (Geffen et al. 2004; Pilot et al. 2006;
Sanz-Pérez et al. 2018), which also shapes genetic structure
(Pilot et al. 2006).

These observations raise key questions about the drivers of
wolf morphology, particularly for the skull, which not only re-
flects overall phenotype and can serve as a proxy for body size,
but also represents a highly specialized integrated structure

for prey acquisition and feeding (Ito et al. 2024; Meloro and
Tamagnini 2022; Van Valkenburgh 1991, 2007), as well as the
housing of the sensory systems, respiration, protection of the
brain and more. As such, we aimed to explore the drivers of
variation in grey wolf skull morphology by addressing the fol-
lowing questions: (1) To what extent have human persecution,
ecological pressures, continental separation and geography
shaped wolf skull morphology (cranium and mandible)? (2)
Are intercontinental differences more pronounced than those
observed along latitudinal gradients, distinct biomes or across
populations? (3) How strongly is skull morphology influenced
by local prey composition and ecological specialization? To in-
vestigate these questions, we have analysed cranial and mandib-
ular morphological variation in more than 200 wolf specimens
using high-resolution 3D geometric morphometrics combined
with both ecological and population-level data.

2 | Methods
2.1 | Sampling and Data Collection

For the global analysis, we examined 227 three-dimensionally
digitized adult grey wolf specimens to compare skull (cranial
and mandibular) morphology across continents and along latitu-
dinal gradients (Figure 1). The dataset comprised 125 crania and
117 mandibles from North America, and 100 crania and 98 man-
dibles from Eurasia (213 individuals with both elements, 12 with
only crania, 2 with only mandibles). Missing elements reflected
damage or loss in museum specimens, meaning those speci-
mens could not be fully analysed. For population-level analy-
ses, we restricted the dataset to populations with >4 specimens,
yielding 201 crania and 192 mandibles (Table 1; Appendix S1).
Populations were defined by continent and country of origin or
major geographic landmarks (e.g., mountain ranges, national
parks), with detailed sampling locations listed in Appendix S2.

Only adults, identified by fully erupted permanent dentition,
including canines with a distinct neck, were included. The
dataset included males, females and individuals of unknown
sex (Appendix S1). Although wolves exhibit sexual dimorphism
in skull size and shape (Bujnakova et al. 2025; Ketchen 2020;
Milenkovi¢ et al. 2010), this appears to account for significantly
less variation than differences among populations (Bujnakova
et al. 2025). Sex ratios may influence average centroid size (CS)
within small datasets, but such effects are diluted in global-scale
analyses. Given our focus on population-level variation, sexual
dimorphism was not analysed further.

2.2 | PreyData

For each of the 16 wolf populations, we compiled diet data from
the literature, focusing on the most frequently reported wild
prey species (Table 1; Appendix S2). Mean body mass per spe-
cies was calculated by averaging male and female weights, and
population-level prey mass was estimated as the mean across
all prey species contributing >1% of the diet. Both wild prey
and domestic livestock were included in the primary models,
which may have biased results toward larger prey weights in
populations that scavenged livestock rather than hunted it. We

20f 16

Diversity and Distributions, 2026

85UB017 SUOWIWIOD 3A 81D 8|qedljdde ay) Aq peueAoh a2 So[oke VO ‘35N JO S3|NJ 1oy A%eiq 1 8UlIUO AB|IM UO (SUOIPUOD-PUR-SLUBY WD A8 | I ARRIq U1 |UO//:SONY) SUORIPUOD PURe SWLB L 8U388S *[9202/90/62] U0 ARIq1T8UIUO /8|1 IR} BURIY00D AQ 8220/ IPP/TTTT OT/I0P/W0D A8 | ARRIq | BUI|UO//STNY WOI) papeojumoq ‘9 ‘9202 ‘ZvavelyT



(senunuo))

(€207 "8 19 YIS 9007 ‘T8 19
Pa9Y) 91318 ‘SJUSPOI ‘I9P
PaTe1-9TYM ‘T33P S[NJA

S[ENPIATPUI UORONPOIIUTRI-21d A[ONI]
‘SIB9K UMOUYUN € 6T 03 668T WOIJ 9T

UOoIoNPOIIUISI 910J9q “BUOZIIY pue

0JIX9Nl MON w01y uonendod [eo1103STH LT 61 OJIXIINl MAN
«(60T) «(STT)
LIT 14 10707 DO1IUY YILON
(STOT "Te 32 UINY,L, S00T AT
‘€T0T Wons[yed pue [[opiey)
YOO03SIAI] ‘SPIIq ‘9IBY UIBJUNOW ‘dIeY
umoiq ueadoing ‘9S00W ‘I93p 30y 7S6T-TEST eIARUIPULDS UT Uonie[ndod [ed1103STH $T ST BIABUIPUEIS [BOLI0ISTH
(£20T yoequnyz) J93p pal ‘9[11ed ‘199p
MOTTBJ ‘TROq P[IM ‘ISP 901 ‘9S00 ST0Z-166T BIARBUIPULOS Ul Uonie[ndod UISPON ST ST RIABUIPULIS UISPOIA
(800 BPWWR], {F00T ‘T8 12 B[o[03]
‘0007 pIeedadels pue ussuadior
-9peD) 199p po[Iel-NIYM ‘DIey UMOIq
ueadoiny ‘I99puIal JS9I0J PIIM ‘“OSOOIN 8T0T-9L61 puefurg ur uonendod UISpPON ST 91 pue[ul] UISPOIA
(6TOT "T® 39 UIS S00T ‘T8 19
NeMON ‘#20¢ ‘Te 39 [eIn])
YO03SAAI] ‘918 umoiq ueadoinyg UMOUUN UO PUE ‘996 WOIJ dUO
‘Ie0q PIM ‘TP 01 ‘193p poy ‘606T WOIJ dUO ‘6TOT 03 STOZ WOIJ €T surejunoly ueryiedie) ST ST sueryjedie)
(0702 T8 12 91A3[0q1 T, (6707 BAMOUNZ)
pUE ASYOAOY {6T0T J1ZOUdJ pue
91A011D) 1By UMOIq ueadoIny ‘199p
PAI I93p 901 “1B0Q P[IM “I0ISIAI] 8T61-8061 ueyreq-oLreuIq % 14 uey[ed
(€661 118AOT PUB OUB[BIR]
1102 'Te 39 133LI9JA]) SIUSpOI
‘arey umoiq ueadoing ‘I93p 901
‘199p Pal ‘1e0q PIM ‘YO0ISIAI'T €T6T WOIJ 9UO ‘0T0T 03 TL6T WIOIJ ST ARl Tenue) ST 91 AR
(S00T Zi[eS pue UUBWYIIY)
so[rezes ‘Annod ‘Ieoq prim 9[Ied ST0Z-+00T [o®IsT S S [o®IST
2(€8) 2(98)
86 001 101071 DISDANH
Kaad urey QUIBIJOWILY, uoredo] so[qIpuBwW  BIURID
“ON “ON

'soz1s o[dures pue syrejop uonendod | T ATIV.L

14724642, 2026, 6, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1111/ddi. 70228 by Cochraneltalia, Wiley Online Library on [23/06/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

30of 16

Diversity and Distributions, 2026



“(d1qrpuew A[UO 7 ‘WnIueId AJU0 7T 9[qIPUBW PUB WNIURID Y10q PIPN[OUT £17) L77 =SI]dUIes [[nYs JJoM [e10Lq

‘suonyeindod 0) pauSisse S[eNPIAIPUT JO JOQUINN],
*SNOTUUIS SMPUDAD] A2f1ISUDY—IFIPUII }SAI0J PIIA ‘Df04IS SNS—1I1B0Q PIIA ‘SNUDIUISAIA SNI]I020PO —IdP PI[TRI-ATYM 19U0JS 17]0P S140—dIJYS $,2U0IS ‘SNUDILIOUD ShdoT—a1ey

Q0USMOUS ‘SISUIYIIS SNUONUIY SN2]1020PQ—IdIP PI[T.I-JIB[Q YIS ‘S1]02.4dDI SN]02.1dD)—I99P A0Y ‘BIIUIPOY —SIUIPOY ‘SNydp)a sNa.10)—1Idp PAY ‘SNa1ISauiop snjpsd snjpo—~Annod siSuapound DAIUOT—I))0 ISALI UBILIDWY YIION
SNIDYISOUL SOGIAOQ—XONSNIA ‘SHUOIULIY SNI]1000P)—IdIP J[NIA ‘Snp1udl) sndaT—aI1ey UTRIUNOIA ‘NOGLIDI SNPUDAD] 12fiSUDY—NOQLIED UTRIUNOIN ‘SII]D S20]y/— SOOI ‘SNIUSIULOP SNJIDS SN)IDD ‘SNIISaULOP Df0.49S SNS ‘Snad1y vido)
‘S21UD S10Q ‘SNAND) SOF—I0ISIAIT XAU0IS0I1(T ‘SNUIUd T—SSUTW W T ‘YUDAS SNPUDAD] 49f1SUDY—NOQLIED S,JURID TULISSUY—0s900) ““dds 0]1a20H—S3[[9ZD) ‘DUIDP DUIDJ—IIIP MO][E, ‘Snando.ana sndaT—arey umoiq ueddorng
SISUPDUDI SN —[H ‘1)]PP 1]0P S1a0—dd3Ys [[e( ‘SNIND] SOF—IIBD) ‘SaAy—SPIIg ‘SNUDILIUID SNS.A[)—IBAq JYOB[ ‘U0SIq UOSIT—UOSI ‘SN1324D SNdoT—aIBY JNOIY ‘SISUIPDUDI L0]JSD)—IdALIQ UBILISUIY :SIUIBU OJIJUSIOS :2JON

(120T ‘8661 UasId}9J-prenbrey
‘9861 ‘[ 19 Same() SSurwwa|
Q1B OOV 95993 ‘XONSNA

(SZ0T T 12 Yo9IN)
Q1B O1DIY ‘XOYSNIAL

(S661 [ 12 d1eQ) doays
[1ed ‘9soou ‘noqrIed sjuern

(LS6T 'Te 12 pre[eq) IoAeaq
URJLIOWY ‘NOQLILD S,JURI) “9SOOJA

(120 "Te 39 I19[3J0Y :T20T ‘T8 3
K3SSEBIAT) 19130 JOALI UBDILISW Y
UJJION ‘Teaq oe[q ‘IoABdq
URJLIDWY ‘IS9P pafIe) Jor[q YIS

(1T0T 1o3{1Bd pUe JIAOYE[IA
9861 101[[H pue pniddiag) noqrred
urejunows ‘doays s,9U0)S ‘Osoou ‘Y[H

(LT0T 'Te 30 UBITEL ‘TT0T ZIPN
‘120€ ' 12 W[OH-319gpoTT)
UOSIQ ‘9S00 “IOdP d[NUW “Y[J

(6861 1[N ‘I86T YOIIN pue
S1IL1) J9ABIQ URDLIOWY ‘DIBY
Q0YSMOUS ‘SOOI ‘TP PI[ILI-ANNY M

8661-668T
910T pue 10T Woiy
om} ‘6¥61 03 0061 WOIJ €T

1661-1961

6661-€C61

LT0C-T961

IBdA UmoOUUN WOJJ
T‘0S6T 01 06T WOIJ G

9102-000T

TedA UMOUUN YIIM 391U}
PUE ‘9961 01 096T WO} AIYL

pueuaaly ISey [eiseo)

PUB[S] SIOWSI[H

BYSB[V JO 1Se0D) YIION
oY) 03 dn a3uey sjooig

BYSBIY WIayInos pue afuey syjooig
U23M}2q ‘BYSB[Y UISY)ION pue[u]

BIYSB]V [BISe0d UId(yInos

eIqUIN(OD YSHLIF

(epeUE) “BIqUIN(0) YSNIIg pue
B1I0Q[V WOIJ SOA[OM PIONPOIJULT
9} JO SJUBPUIISIP) SUOISMO[[OX

epRUER) ‘ST 181D PUNOIY

] 4

91

€l

0T

LT

[41

€l

9

144

91

€1

01

LT

48

ST

9

LNUQOQ priom

pueuaaly UId)seyq

PUB[ST 2IWSI[H

aduey syoo1ig

BYSB[V IOLIIU]

BYSBIV [BISBOD

eIqUIN[OD YSHLIg

QUOISMOT[OX

SayeT 181D

Kaad urey

QWIBIJOWIL],

uoreds0]

so[qrpueur
“ON

vruerd
“ON

(ponunuo)) | THATAVL

14724642, 2026, 6, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1111/ddi. 70228 by Cochraneltalia, Wiley Online Library on [23/06/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Diversity and Distributions, 2026

40f 16



\\\S\:‘L l;;x o S

e
\ Mandible

O Europe

O Scandinavia historical
. Scandinavia modern
. Finland modern

@© carpathians

. North America
. East Greenland
N [C] Ellesmere Island
“#| [ Brooks range

/I M Inland Alaska

[ coastal Alaska . Italy
British Columbia () Balkan L
[ Yellowstone QO Israel -

[ Great Lakes
[ New Mexico

FIGURE1 | Map of wolf skull samples used in this study. Sample points are displaced around their geographic locations for better visibility and

are colour-coded according to populations reflecting their genetic or biogeographic relationships. Square symbols represent North American and

circles Eurasian samples.

also incorporated frequency of occurrence of prey or estimated
biomass percentage to calculate the mean prey weight for each
population and ran the analyses using the same models. Note
that these measures can be biased if they represent only a nar-
row time frame in the wolf's diet, which changes rapidly with
the seasons (Mech et al. 2025; Mech and Boitani 2003). Full prey
datasets, including species, weights and proportions per popula-
tion, are provided in Appendix S2.

Prey data was available only at the population level and not
for individual specimens. Consequently, analyses including
average prey weight as a predictor were conducted at the pop-
ulation level (n=16). Morphometric variables (shape and CS)
were therefore summarized as population means to match the
resolution of the ecological predictor. This approach ensures
consistency in sampling units between response and predictor
variables and prevents pseudo-replication that would arise from
assigning identical prey values to multiple individuals within a
population, which would otherwise inflate degrees of freedom
and violate independence assumptions (Hurlbert 1984).

2.3 | Geometric Morphometric Analyses
We developed dense landmarking schemes to capture cranial

(585 landmarks) and mandibular (96 landmarks) morphology,
enabling visualization of fine-scale, within-species variation in

skull shape (Appendix S4, Figure S4.1). Landmarks were placed
to ensure homology among specimens, particularly for type 1
landmarks representing discrete anatomical features. Semi-
landmarks positioned along curves and surfaces were distrib-
uted equidistantly, with surface configurations anchored to type
1 landmarks, thereby maintaining correspondence among spec-
imens. All specimens were landmarked by a single researcher
(D.B.) using STRATOVAN CHECKPOINT v.2024.03.07.4:35
(Stratovan Corporation, Sacramento, USA) to minimize ob-
server bias. Figure 2 illustrates landmark placement. Left man-
dibles were prioritized, as mandibles were often separated at the
symphysis, and ~30% of right mandibles were damaged; intact
right mandibles were digitally mirrored to create the left man-
dible when necessary. Missing landmarks on damaged bones,
which comprised 0.6% of the cranium and 0.1% of the jaw
datasets, were estimated using thin-plate spline interpolation
(Gunz et al. 2009) in the R package ‘geomorph’ v 4.0.10 (Adams
et al. 2024; Baken et al. 2021), R v 4.4.3 (R Core Team 2024).

We extracted shape and size variables using a generalized
Procrustes analysis with the gpagen function in ‘geomorph’.
Procrustes analysis standardizes specimens by translation,
rotation and scaling to unit centroid size (CS); CS was log-
transformed in subsequent analyses. As asymmetric shape
variation is not considered adaptive in wolves and is instead an
indicator of developmental stress (Van Valen 1962), we used only
the symmetric shape component for further cranial analyses

Diversity and Distributions, 2026
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FIGURE 2 | Cranial and mandibular shape variation visualized as colour-coded landmarks, based on log-transformed Procrustes variance, a
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landmark-specific measure of shape variability across specimens. For the cranium, log-variance values range from —6.06 to —5.19, and for the man-

dible from —5.05 to —4.37. Note that the variance is dimensionless and meaningful only for relative comparisons between landmarks or regions.

In the colour scheme, red indicates the most variable regions of the skull across global wolf populations, while violet denotes the most structurally

conserved regions.

using bilat.symmetry. Shape and size variation were analysed
with Procrustes ANOVA implemented in procD.lm, with infer-
ential tests and significance assessed by residual randomization
in permutation tests (n=1000 permutations) in the R package
‘RRPP’ v 2.1.2 (Collyer and Adams 2018, 2024). Unlike classi-
cal MANOVA, RRPP does not rely on inversion of a pooled co-
variance matrix for hypothesis testing, instead, it uses residual
randomization to generate an empirical null distribution of test
statistics. This framework helps mitigate limitations associated
with high-dimensional covariance estimation and matrix in-
version in likelihood-based multivariate inference, particularly
when trait dimensionality is high relative to sample size (Adams
and Collyer 2018; Collyer and Adams 2018). Although procD.Im
is designed for multivariate data, it can also accommodate uni-
variate CS, providing a consistent analytical framework across
shape and size. In such cases, the analysis is equivalent to a
standard univariate linear model. This is because it implements
the RRPP framework, which reduces to a linear model with re-
sidual randomization when applied to univariate data (Collyer
and Adams 2018). We also used linear models, ANOVA and the
Wilcoxon test for univariate factors. For analyses including CS
with latitude as a predictor, we fitted quadratic regression mod-
els, which are not supported by procD.lm.

We tested multivariate models including CS, continent, lati-
tude and population, entering predictors in a fixed order (Type
I sums of squares). Prey mass, available only at the population
level, was modelled separately with population shape and size
averages (16 populations). To complement these, we ran models
for each predictor separately; in shape models, we also included
CS as a first predictor to account for allometry. These models
assessed the independent contribution of each ecological or geo-
graphic variable to shape and size without the influence of other

correlated predictors. For example, latitude, population and prey
are partially associated with one another, and shape variation
related to one factor could otherwise be partially attributed to
another in multi-predictor models. Using both multi- and single-
predictor models allowed us to evaluate shared versus indepen-
dent contributions of predictors to morphological variation in
shape and size.

Linear measurements were included to complement and contex-
tualize geometric morphometric analyses by providing directly
interpretable anatomical dimensions (i.e., lengths and widths)
that can be readily compared with previous studies using tra-
ditional metrics. This approach also allows to associate shape
differences to directly interpretable cranial dimensions and to
complement rather than replace 3D geometric morphometrics.
For this, we calculated inter-landmark distances using the in-
terlmkdist function, including skull and jaw length and width
(Appendix S2). These included the total cranial length (the
greatest length of the cranium), condylobasal length (CBL, i.e.,
distance between the prosthion and condyles), cranial width
(measured between the lateralmost points of the zygomatic
bones, comparable but not identical to exact zygomatic breadth),
mandibular length (from the mandibular symphysis to the
posterior-most point of the angular process) and jaw width at
the level of the condylar process. Normality of all variables was
confirmed with the Shapiro-Wilk test (p>0.05). All measure-
ments are presented in centimetres (Appendix S2).

2.4 | Visualization of Morphological Differences

We visualized cranial and mandibular shape variation using
Principal Component Analysis (PCA, gm.prcomp in ‘geomorph’),
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projecting Procrustes-aligned coordinates onto principal com-
ponents to summarize major axes of variation.

To visualize group-level patterns, we used between-group PCA
(groupPCA in ‘Morpho’ v 2.12) (Schlager 2017) and Linear
Discriminant Analysis (LDA, prep.lda in ‘RRPP’). Group PCA
is an ordination method that rotates the data space to empha-
size differences among group means rather than overall varia-
tion, while LDA provides ordination that maximizes separation
among the 16 populations, providing clearer visualization of
fine-scale population differences. Because LDA is sensitive to
high dimensionality, the analysis was conducted on a PCA-
reduced shape space retaining 99% of total variance, following
the RRPP-based Procrustes ANOVA. We acknowledge that LDA
can be sensitive in high-dimensional settings where the number
of variables exceeds the sample size; however, in this study, LDA
was used solely for visualization of group structure and not for
statistical inference or hypothesis testing already assessed using
RRPP models, which are appropriate for high-dimensional data.

Variance partitioning within cranium and mandible datasets
was quantified using the per_Im_variance function in the R
package ‘hot. dots’ (Felice 2024) and visualized with spheres3d
from the ‘rgl’ package (Murdoch and Adler 2025). Graphs were
created using the ggplot function in the R package ‘ggplot2’
(Wickham 2016). Shape extremes along the LD1 and LD2 axes
and population means were reconstructed using the plotRefTo-
Target function in ‘geomorph’, and visualized as wireframes and
point-displacement plots, with differences magnified three- to
fivefold for interpretability. Population means were colour-
coded based on Euclidean distance from the grand mean (grey).

GitHub Copilot and ChatGPT were used to assist with code writ-
ing and debugging, and ChatGPT was used for minor language
refinement. Neither tool was used to generate text content or de-
sign the analyses.

3 | Results

Our high-density landmark scheme enabled a fine-scale re-
construction of wolf skull morphology based on 227 specimens
(Figure 1; Appendix S1), identifying regions of greatest variabil-
ity (Figure 2). In the cranium, variation was concentrated in the
anterior prosthion, frontal bones, sagittal crest and zygomatic
arches. In the mandible, these areas included the coronoid, con-
dylar and angular processes, as well as the mandibular symphy-
sis region and the mandibular corpus breadth below the molars.
These regions correspond to major muscle attachment sites and
structures critical for prey processing.

Both single- and multiple-predictor models (Appendix S3)
identified population identity as the strongest driver of cranial
and mandibular morphology. Averaged across the single and
multiple-predictor models, populations explained 23% of shape
and 44% of size. Prey mass had little (5%) and non-significant
effect on shape but exerted a strong influence on size (31%) and
thus overall morphology (18%). Latitude showed moderate ef-
fects (5% of shape, 21% of size, 13% of overall), while centroid
size (CS, describing the dispersion of landmarks around their
centroid and summarising overall skull size) explained 7% of

shape. Continental affiliation contributed minimally (5% of
shape, 3% of size, 4% of overall). Below, we present results from
single-predictor models.

3.1 | Centroid Size

Based on individual models and total sample sizes (cra-
nium =225, mandible=215), CS explained a small but signifi-
cant proportion of shape variation in wolf skulls, averaging 5%
(cranium: R?=6%, Z=6.9, p=0.001; mandible: R>=3%, Z=5.4,
p=0.001). However, in population-level models based on popu-
lation averages (16 data points), CS accounted for a larger pro-
portion of variation, averaging 12% (cranium: R*>=10%, Z=1.8,
p=0.038; mandible: R?=13%, Z=2.1, p=0.014) (Appendix S3).

3.2 | Continents

The first two principal components together explained ~30% of
the total cranial and mandibular variation. Eurasian and North
American specimens overlapped broadly in morphospace, par-
ticularly for crania. Cranium size did not differ between con-
tinents (R>=0.6%, Z=0.8, p=0.229), but cranium shape, after
accounting for size, differed between North American and
Eurasian wolves (R?=3%, Z=4.5, p=0.001). Mandible size
also differed modestly (R?=4%, Z=2.3, p=0.005), with North
American wolves averaging 3% larger (CS=56.4 vs. 54.9).
Mandible shape was also significantly different (R*=3%, Z=5.7,
p=0.001) (Appendix S4, Figure S4.2, Appendix S3).

3.3 | Latitude

Multivariate linear models of the full shape data revealed small,
yet significant latitudinal effects (cranium: R?>=4%, Z=4.8,
p=0.001; mandible: R?=2%, Z=3.8, p=0.001). CS increased
with latitude up to ~65°, then declined again toward the highest
latitudes. A quadratic model captured this non-linear trend, ex-
plaining substantial variation in CS (cranium: R?>=35%, Cohen's
f*=0.53, p<0.001; mandible: R?>=30%, Cohen's f?=0.43,
p<0.001) (Figure 3A,B). This quadratic model provided a bet-
ter fit to the data, outperforming the linear model without the
quadratic term (cranium: R?>=20%, Z=4.9, p=0.001; mandible:
R>*=16%, Z=4.4, p=0.001).

3.4 | Prey

Average prey mass (Appendix S2) did not significantly explain
skull shape variation after accounting for CS (cranium: R?>=8%,
Z=0.6, p=0.286; mandible: R?’=4%, Z=-1.0, p=0.834).
However, it was a strong predictor of centroid size (cranium:
R?=30%,Z=1.9,p=0.021; mandible: R>=32%,Z=2.0,p=0.020;
Figure 3C,D). At the extremes, average prey weight was highest
in Yellowstone (~329kg) and lowest in coastal Alaska (~37kg),
while the largest overall skulls (total cranial length ~26.4cm,
cranium width ~13.9cm, total jaw length ~19.7cm) were in
Interior Alaska. The smallest skulls (with above measurements
of ~22.8cm, ~11.7cm and ~16.3 cm, respectively) were observed
in Israel (Appendix S2). Models using weighted averages based
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and (D) 32% in mandibular CS.

on frequency of occurrence or biomass consumed were not sig-
nificant (cranium: p=0.082; mandible: p =0.148). Importantly,
average prey mass remained a consistent predictor of CS even
in extended models that included continent and latitude as pre-
ceding predictors.

3.5 | Populations

After controlling for CS, population identity explained sub-
stantial cranial (R*=27%, Z=10.9, p=0.001) and mandibular
(R?=23%, Z=9.8, p=0.001) shape variation. Most pairwise
population comparisons were significant, although effect sizes
varied (Appendix S3A). The most distinct populations, based on
mean permutation test statistics (Z values) calculated by averag-
ing results from pairwise comparisons of cranial and mandibu-
lar shapes (Appendix S3C), were Modern Scandinavia (Z=4.2),
East Greenland (Z=3.7), Italy (Z=3.4), Coastal Alaska (Z=3.2),
Ellesmere (Z=3.2), and the Carpathians (Z=3.1). Although
morphospaces of the first principal component axes did not indi-
cate population-level differences (Appendix S4, Figure S4.3A,B),
linear discriminant analysis (LDA) revealed clearer separations,
highlighting the distinctiveness of Arctic populations' cranial
shape (East Greenland and Ellesmere, Figure 4A,C). Other

distinctive populations based on LDA of the cranium included
Modern and Historical Scandinavia, the Carpathians, and
Interior Alaska, and for mandibular shape, Arctic populations,
modern Scandinavia, Italy and Yellowstone. Population identity
accounted for more than half of CS variation (cranium: R?>=51%,
Z=10.3, p<0.001; mandible: R>=53%, Z=9.4, p<0.001). Based
on Wilcoxon tests, size differences were absent between pop-
ulations inhabiting similar types of biomes across continents
(Interior Alaska and Scandinavia—Taiga; British Columbia and
Carpathians—Temperate coniferous forests, New Mexico and
Israel—Deserts and xeric shrublands and the Mediterranean,
Figure 4B,D). We used biome categories as defined in a previous
global assessment (Olson et al. 2001).

Shape visualizations (Figure 5, Appendix S4, Figure S4.4A,B)
further illustrate population-specific deviations from the
mean. For example, Israel, Brooks Range, Coastal Alaska and
the Carpathians exhibit narrow crania, whereas others like
Ellesmere, East Greenland and Interior Alaska display broader
cranial shapes than average wolves. Additional variation is ob-
served in the width of the frontal bones relative to the rest of
the cranium and in the shape of the sagittal crest, further high-
lighting population-specific differences (Figure 5, Appendix S4,
Figure S4.4A). In the mandible, differences between populations
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involve the height and width of the coronoid process, with over-
all smaller ones in Israel, Coastal Alaska, the Balkans and Italy,
and more pronounced ones in Modern Scandinavia, Interior
Alaska and Ellesmere. Further deviations from the mean
shape include the width at mid-mandible length beneath the
molars and the position of the angular and condylar processes
(Appendix S4, Figure S4.4B).

Linear distance measurements (cranial length, cranial width,
Appendix S2) showed similar patterns across populations inhab-
iting broadly similar biomes (Appendix S4, Figure S4.5-9) as CS
(Figure 4B,D). However, significant differences were observed
for cranial width/length ratio for Israel and New Mexico popu-
lations (New Mexico wolves displayed broader crania for their
observed length), and for mandibular length between Modern
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Scandinavia and Interior Alaska (Interior Alaskan wolves dis-
played, on average, longer jaws).

4 | Discussion

In this study, we demonstrate that morphological variation
in wolves is concentrated at key functional regions, that is,
muscle attachment sites and prey-processing areas (Figure 2).
These sites provide a useful proxy for estimating relative
muscle size and potential force generation, where larger or
more pronounced attachment areas generally correspond to
greater muscle development (Ito et al. 2024; Ketchen 2020).
Centroid size explained a small proportion of skull shape vari-
ation, similar to previous findings (Bujndkova et al. 2025),
indicating that other ecological and biogeographical factors
tend to exert a stronger influence on morphology. We further

found that skull morphology is mostly shaped by geography
(latitude, geographic distance), prey and population history
(founder effects, bottlenecks and isolation).

4.1 | Geography

Eurasian and North American wolves broadly overlapped in
morphospace along the first two principal component axes,
which together represented approximately 30% of total shape
variation (Appendix S4; Figure S4.2). Significant differences
were observed in cranial and mandibular shape and size be-
tween the continents, although the proportion of variation
explained by continent was low (R?=3%-4%), indicating that
continental affiliation accounts for only a modest component
of overall morphological variation. Therefore, these differ-
ences should be interpreted cautiously, particularly given
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the uneven geographic sampling and the absence of Arctic
Eurasian populations in the dataset. Nonetheless, the overall
low morphological divergence is striking given 24-34.4k years
of evolutionary separation (Koblmiiller et al. 2016; Pacheco
et al. 2022). Latitude explained only modest proportions of
shape variance, yet it exerted a strong influence on centroid
size. Skull size increased with latitude up to ~65°, with peaks
in Yellowstone, Scandinavia and Interior Alaska—consistent
with Bergmann's rule (Bergmann 1847), assuming that skull
size reflects body size. However, wolf skull size declined at
the highest latitudes (Brooks Range, Ellesmere Island, East
Greenland), in contrast to Bergmann's rule. A quadratic model
captured this non-linear pattern, explaining 35% of cranial
and 30% of mandibular size variation. In the study by O'Keefe
et al. (2013), latitude explained 26% of morphological variance,
likely underestimating the full trend due to limited represen-
tation of Arctic wolves (n = 2). Populations inhabiting extreme
northern environments may experience resource-mediated
stress, such as limited prey availability, which results in ener-
getic challenges. Such stress can lead to overall smaller bodies
despite colder climates. It has been suggested that Bergmann's
rule does not apply universally (Meiri and Dayan 2003), and
here we show that other ecological pressures, such as diet or
local resource availability, can override climate effects. Mixed
patterns in other Arctic mammals underscore this complex-
ity, for example Arctic hares (Lepus arcticus) and polar bears
(Ursus maritimus) are larger than their temperate relatives,
whereas Arctic foxes (Vulpes lagopus) are smaller than red
foxes (Vulpes vulpes).

Allen's rule, on the other hand, predicts shorter appendages
in cold environments (Allen 1877). Extending this principle to
cranial proportions, which can be shaped by similar thermo-
regulatory pressures, we observed that Arctic wolf populations
(East Greenland and Ellesmere) exhibited generally shorter and
broader crania (Appendix S2). Similar patterns have been re-
ported in Himalayan wolves, which exhibit shorter snouts rel-
ative to Holarctic and Indian wolf lineages (Viranta et al. 2025).

Island effect may also partly explain the observed centroid size
patterns in East Greenland and Ellesmere wolves inhabiting
islands, as these wolves displayed a decreased centroid size in
the north. In general, large-bodied mammals often undergo
dwarfism in insular settings, whereas small-bodied species
tend to increase in size (Benitez-Lopez et al. 2021; Whittaker
and Fernandez-Palacios 2007). Carnivores, however, appear
to deviate from the island rule and are thought to be more
constrained by prey (Meiri et al. 2006), which is scarce in the
Arctic.

Rather than fitting wolves into a universal ecogeographic
rule, our findings emphasize the interplay of several latitude-
linked factors. Multiple factors that can affect morphology
change with latitude, including temperature and precipita-
tion, which influence prey biomass and ecosystem provision-
ing (Berzaghi et al. 2024), and prey size, which also scales
latitudinally (Ashton et al. 2000; He et al. 2023). Furthermore,
human presence often overrides ecosystem provisioning lo-
cally, either through habitat destruction and prey elimination
or through direct hunting and persecution (as discussed in the
Populations section).

4.2 | Prey

Our results indicate that average prey mass is a strong pre-
dictor of wolf skull size, explaining roughly one-third of the
size variation in the cranium and mandibles. This suggests
that population-level differences in the average size of con-
sumed prey are directly reflected in overall skull dimensions.
A previous study reported an even higher variance (> 65%) ex-
plained by average prey size, reinforcing its influence on wolf
cranial size (Ketchen 2020). Prey density may also contribute
to size variation: for example, moose, the main prey of wolves
in the taiga zone, are more abundant in Scandinavia and parts
of Interior Alaska (0.6->1 moose/km?) (Boertje et al. 2009;
Hornberg 2001; Kalén et al. 2022; Keller et al. 2009) than
in Finland (0.3-0.7 moose/km?) (Luonnonvarakeskus 2025;
Nygrén 1984; Nygrén and Pesonen 1994), which could explain
why wolves from Finland exhibit smaller skulls than popula-
tions in Scandinavia and Alaska, despite occupying broadly
similar taiga biomes. Comparisons of modern and historical
Scandinavian populations revealed differences in frontal
bone width, rostrum slope and slightly smaller centroid size
historically, likely reflecting both genetic factors and limited
prey availability during periods when moose and roe deer
(Capreolus capreolus) were scarce (Bujnakova et al. 2025).
Yellowstone wolves, which prey on highly abundant elk
(Cervus canadensis), exhibit cranial sizes comparable to north-
ern populations, despite being ~20° south of Interior Alaska
and elk being smaller than moose, a main wolf prey in Alaska.
This pattern holds even when considering the source popula-
tion of Yellowstone wolves in Alberta and British Columbia
(Phillips and Smith 1997). In contrast, Coastal Alaska wolves,
which feed predominantly on small prey, show smaller cen-
troid sizes, even though they are north of the Yellowstone pop-
ulation. These patterns indicate that while latitude provides a
coarse predictor of skull size, prey mass and, potentially, prey
density exert a stronger influence at smaller regional scales.

In contrast, prey mass does not significantly explain cranial or
mandibular shape after accounting for centroid size. This is con-
sistent with the expectation that shape variation within a species
is less sensitive to prey differences than interspecific compari-
sons, where diet strongly influences skull morphology (Meloro
and Tamagnini 2022). Nevertheless, visual comparisons of pop-
ulation means reveal subtle trends, i.e., populations feeding on
smaller prey (Israel, Coastal Alaska) tend to have narrower cra-
nia and mandibles, while populations reliant on large ungulates
(Modern Scandinavia, Modern Finland, Interior Alaska) exhibit
broader crania and mandibles (Figure 5; Appendix S2).

4.3 | Populations

While latitude and prey strongly influence skull size, and con-
tinent has only minor effects on shape, population identity ex-
plains 25% of shape and 52% of size variation in single-predictor
models. Populations, which are shaped by latitude, climate, prey
communities, human interference and genetics, therefore repre-
sent a key axis of divergence.

Not all populations follow broad latitudinal trends, highlight-
ing population- or biome-specific influences, as seen in Coastal
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Alaska or Historical Scandinavia. However, some populations
converge on similar sizes across similar biomes on differ-
ent continents (e.g., Modern Scandinavia-Interior Alaska,
Carpathians-British Columbia, Israel-New Mexico; Figure 3),
suggesting ecological convergence or prey limitations. Linear
measurements largely mirrored patterns observed in centroid
size, with a few exceptions in specific cranial proportions, sug-
gesting localized deviations in skull shape that were not fully
captured by overall size trends, but may be represented as shape
differences between populations and continents. Shape varia-
tion is most pronounced in muscle attachment sites (Figures 2
and 5, Appendix S4, Figure S4.4), but population differences ex-
tend to the slope of the rostrum, especially evident in the Balkan
versus Carpathians, Modern versus Historical Scandinavian
populations, and the Arctic populations (Ellesmere and East
Greenland) versus Brooks Range. Other populations, such as
those from New Mexico, the Great Lakes and Coastal Alaska,
vary in the shape of the brain vault compared to the mean. Such
heterogeneity may indicate population-specific adaptations
rather than uniform scaling effects.

Genetics and isolation may reinforce these differences, that is,
related individuals resemble one another, and geographically or
demographically isolated populations often display distinctive
morphologies (e.g., Modern Scandinavia, East Greenland and
Ellesmere, Italy, Coastal Alaska). Modern Scandinavia, with ex-
treme founder effects and restricted gene flow, has diverged from
Historical Scandinavia in both genetics (Steneien et al. 2021)
and morphology (Bujnakovd et al. 2025), which has possibly also
been influenced by prey availability (Bujndkova et al. 2025).
Arctic populations (Ellesmere, East Greenland) remain small,
isolated and shaped by harsh climates. Italian wolves, long iso-
lated and bottlenecked (Battilani et al. 2025), retain low genetic
diversity and distinct cranial morphologies despite their demo-
graphic recovery (Fabbri et al. 2025). Coastal Alaska wolves
also diverge morphologically from nearby Interior Alaska and
British Columbia populations (Pacheco et al. 2022), reflecting
both genetic distinctiveness and prey specialization. Carpathian
wolves, though geographically central in Europe, remain ge-
netically (Hulva et al. 2018) and morphologically (Milenkovi¢
et al. 2010) differentiated from neighbouring populations. New
Mexico wolves, which represent the historical Mexican wolf
population, show a small size likely linked to both prey size and
prey depletion at that time, underscoring the value of compari-
sons with reintroduced Mexican wolf populations. Reintroduced
Mexican wolves now prey more on the Rocky Mountain Elk, a
relatively large animal, than the historical Mexican wolves did
(Reed et al. 2006; Smith et al. 2023).

Hybridization brings additional nuance to this picture. Dogs
tend to display broader frontal bones and generally exhibit a
higher cranial width-to-length ratio than wolves (McGreevy
et al. 2013). Both traits were observed in Italian and Balkan
wolves, where wolf-dog introgression is well-documented
(Kusak et al. 2018; Moura et al. 2014; Randi et al. 2014; Santostasi
et al. 2021). In contrast, only the elevated cranial width-to-
length ratio was observed in Ellesmere and East Greenland
wolves. If dog introgression occurred in these regions, it may
trace back to the Thule people, ancestors of today's Inuit, who
arrived in Ellesmere Island and Greenland around 1200 AD and
kept dogs, or to later sporadic Inuit expeditions with sled dogs

to Ellesmere Island (Lund Jensen and Sinding 2024). For East
Greenland, no genetic records of dog-wolf introgression exist.
Although Greenlandic sled dogs were at times intentionally bred
with Arctic wolves to improve sled dog qualities, there is no ge-
netic evidence of such hybridization in present-day Greenlandic
sled dogs (Lund Jensen and Sinding 2024). An alternative expla-
nation is that the higher cranial width-to-length ratio in Arctic
wolves reflects adaptation to extreme cold, as discussed above,
rather than hybridization.

4.4 | Conservation Implications

Our findings carry several important conservation implica-
tions. First, populations shaped by founder effects or long-
term isolation (e.g., Scandinavia, Italy, East Greenland,
Ellesmere, Coastal Alaska) show distinct morphologies par-
alleling to their genetic uniqueness, underscoring the need to
protect such reservoirs of evolutionary diversity. Second, wolf
morphology is also strongly coupled with prey, that is, popula-
tions track both prey size and availability, linking their form
and function to ecosystem productivity. Securing robust prey
communities is thus fundamental for sustaining wolf pop-
ulations and their ecological roles. Third, latitudinal trends
further reveal that climate interacts with prey and geography
in shaping morphology. As anthropogenic climate change and
habitat alteration reshape prey distributions and ecosystem
dynamics, wolves may face novel selective pressures, partic-
ularly in small, isolated Arctic populations. Taken together,
these results caution against treating wolves as morphologi-
cally uniform in conservation planning, including reintro-
ductions. Effective management must be population-specific,
integrating local ecology, prey dynamics, genetics and anthro-
pogenic pressures to preserve both the functional and evolu-
tionary potential of wolves across their entire range.

5 | Conclusion

This research demonstrates that wolf skull morphology varies
widely across populations, reflecting ecological, geographical
and demographic histories. The most pronounced morphologi-
cal divergences among populations reflect long-term isolation,
demographic events (e.g., bottlenecks or founder effects), human
impacts, including extirpations and limited connectivity, geo-
graphic constraints, prey specialization and potential hybrid-
ization. Collectively, these findings highlight that wolf skull
morphology emerges from the interplay of evolutionary history,
ecological context and anthropogenic influence. Our results also
demonstrate the power of dense landmark analyses in detecting
fine-scale morphological variation across a species’ global range.

Author Contributions

Dominika Bujndkovd, Jouni Aspi, Laura Kvist and Christy Anna
Hipsley contributed to conceptualization and analyses. Dominika
Bujnakova led the analyses and writing of the manuscript. Data acquisi-
tion and/or processing were contributed by Dominika Bujnakova, Sarah
J. du Plessis, Daniele Falcinelli, Carsten Gundlach, Katja Holmala,
Jonathan S. Keller, Mohammed Khumri, John Korbin, Robert W.
Mystajek, Sabina Nowak, Ladislav Paule, Katrine Raundrup, Madeline

12 of 16

Diversity and Distributions, 2026

85UB017 SUOWIWIOD 3A 81D 8|qedljdde ay) Aq peueAoh a2 So[oke VO ‘35N JO S3|NJ 1oy A%eiq 1 8UlIUO AB|IM UO (SUOIPUOD-PUR-SLUBY WD A8 | I ARRIq U1 |UO//:SONY) SUORIPUOD PURe SWLB L 8U388S *[9202/90/62] U0 ARIq1T8UIUO /8|1 IR} BURIY00D AQ 8220/ IPP/TTTT OT/I0P/W0D A8 | ARRIq | BUI|UO//STNY WOI) papeojumoq ‘9 ‘9202 ‘ZvavelyT



K. Rowland, Mikkel-Holger S. Sinding, Davide Tamagnini and Mia
Valtonen. All authors contributed to interpretation of the data, critically
revised the manuscript, approved the final version, and agreed to be
accountable for all aspects of the work.

Acknowledgements

We would like to thank all the museums, institutions, and curators
who kindly provided samples: Natural History Museum Berlin—
Kristin Mahlow, The Biological Museum/Lund University—Maria
Mostadius, Oulu Zoological Museum—Tuula Pudas, Natural History
Museum Oslo—Lars Erik Johannessen, Natural History Museum
Helsinki—Hanna Laakkonen and the whole team, Natural History
Museum Copenhagen—Daniel Klingberg Johansson & Kristian
Murphy Gregersen, The Danish Museum of Hunting and Forestry—
Line Forsberg, Natural History Museum in Bergen—Hanneke
Johanna Maria Meijer, Tromse University Museum—Karl Frafjord,
NTNU University Museum—XKarstein Harsaker & Hans Steneien,
The Swedish Museum of Natural History—Daniela Kalthoff, The
University of Alaska Museum—Aren Gunderson, Steinhardt Museum
of Natural History—Shai Meiri & Kesem Kazes & Karin Tamar, Natural
Resources Institute Finland/Luonnonvarakeskus Taivalkoski field sta-
tion and collections—Sonja Viinaméki & Satu Tolvanen, Zoological
Museum of Sapienza University of Rome, Museum of Southwestern
Biology—Joseph A. Cook & Jonathan Dunnum, Yellowstone Heritage
and Research Center—Miriam Watson & Lena Muldoon, we also
thank hunters who lent wolf crania from Slovakia for this research,
Michat Figura for technical assistance with Polish wolf samples, and
Yellowstone Wolf Project and Conservation Nation for financial support
to digitize the Yellowstone specimens. We are grateful to all museums
and contributors who made the digitized specimens available online
on Morphosource and Sketchfab: Idaho Museum of Natural History—
Amy Commendador, Brandon Peecook & Joseph Tyler, Natural History
Museum Berlin—Douglass Rovinsky & Justin Adams, Smithsonian
National Museum of Natural History Division of Mammals & Texas
Memorial Museum—1Jessie Maisano & Barbara Sulbaran, Natural
History Museum of Los Angeles County—Nicholas Hebdon & Jack
Tseng, Natural Science Museum in Cigzkowice & Wirtualne Muzea
Matopolski—Pawet Szelest, Tyler C. Wilson, Oregon State University
Museum—Luke Painter & Robert Mason, Binghamton Anthropology—
Rolf Quam & Laura Potter, Wildlife specimen collection at Vancouver
Island University—Michael Lester & Liz Gillis, University of Victoria
Libraries—Page C. DeWolfe & the whole team, Mammal Research
Institute Polish Academy of Sciences. Our appreciation extends to the
CT scanning institutions and people who scanned samples used in this
research: 3D Imaging Center at the DTU (partly funded by the Danish
Agency for Science and Higher Education) for providing CT scanning
facilities; University Clinic of Jena (Thuringia, Germany)—Stefan
Curth, Antje Kubin, & Eric Lopatta; The Shmunis Family Anthropology
Institute, the Dan David Center for Human Evolution and Biohistory
Research, Steinhardt Museum of Natural History, Faculty of Medical
and Health Sciences, Tel Aviv University; Natural History Museum
Oslo—@yvind Hammer; Slovak National Gallery—Jan Sperka.
Finally, this project would not have been possible without the support
of our funders, to whom we are very grateful: the University of Oulu
Scholarship Foundation, Vilho, Yrj6 and Kalle Viisdld Fund, Finnish
Cultural Foundation, Research Council of Finland, Independent
Research Fund Denmark, Danish Agency for Higher Education and
Science, and the National Science Centre, Poland. Open access pub-
lishing facilitated by Oulun yliopisto, as part of the Wiley - FinELib
agreement.

Funding

DB was supported by University of Oulu Scholarship Foundation
(grant number 20230032), Vilho, Yrjo ja Kalle Viisdldn rahasto
(Suomalainen Tiedeakatemia) and Suomen Kulttuurirahasto (grant
number 60251322); D.B., J.A. & L.K. by the University of Oulu; J.A by
the Research Council of Finland; CAH was supported by Danmarks
Frie Forskningsfond, grant ID 10.46540/3103-00296B. C.G. and 3D

Imaging center is partly funded by the Danish Agency for Science and
Higher Education (grant number 5072-00030B). S.N. was supported by
the National Science Centre, Poland (Grant No. 2024/55/B/NZ9/02690).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Appendices S1 and S2 provide all covariate and prey data used in the
analyses. The full dataset, including raw landmark files, a complete R
script and the cranium and mandible landmarking templates used in
Stratovan Checkpoint, is archived on Figshare: https://doi.org/10.6084/
m9.figshare.30746732.

Peer Review

For transparency, the peer review documents associated with this arti-
cle are available at https://doi.org/10.1111/ddi.70228.

References

Adams, D., and M. Collyer. 2018. “Phylogenetic ANOVA: Group-
Clade Aggregation, Biological Challenges, and a Refined Permutation
Procedure.” Evolution 72, no. 6: 1204-1215. https://doi.org/10.1111/evo.
13492.

Adams, D., M. Collyer, A. Kaliontzopoulou, and E. Baken. 2024.
Geomorph: Software for Geometric Morphometric Analyses. R Package
Version 4.0.7. https://cran.r-project.org/package=geomorph.

Allen, J. A. 1877. “The Influence of Physical Conditions in the Genesis
of Species.” Radical Review 1: 108-140.

Ashton, K. G., M. C. Tracy, and A. De Queiroz. 2000. “Is Bergmann's
Rule Valid for Mammals?” American Naturalist 156, no. 4: 390-415.
https://doi.org/10.1086/303400.

Baken, E. K., M. L. Collyer, A. Kaliontzopoulou, and D. C. Adams.
2021. “Geomorph v4.0 and gmShiny: Enhanced Analytics and a New
Graphical Interface for a Comprehensive Morphometric Experience.”
Methods in Ecology and Evolution 12, no. 12: 2355-2363. https://doi.org/
10.1111/2041-210X.13723.

Ballard, W. B., J. S. Whitman, and C. L. Gardner. 1987. “Ecology of
an Exploited Wolf Population in South-Central Alaska.” Wildlife
Monographs 98: 3-54. http://www.jstor.org/stable/3830566.

Battilani, D., R. Gargiulo, R. Caniglia, et al. 2025. “Beyond Population
Size: Whole-Genome Data Reveal Bottleneck Legacies in the Peninsular
Italian Wolf.” Journal of Heredity 116, no. 1: 10-23. https://doi.org/10.
1093/jhered/esae041.

Benitez-Lopez, A., L. Santini, J. Gallego-Zamorano, et al. 2021. “The
Island Rule Explains Consistent Patterns of Body Size Evolution in
Terrestrial Vertebrates.” Nature Ecology & Evolution 5, no. 6: 768-786.
https://doi.org/10.1038/s41559-021-01426-y.

Bergerud, A. T., and J. P. Elliot. 1986. “Dynamics of Caribou and Wolves
in Northern British Columbia.” Canadian Journal of Zoology 64: 1515-
1529. https://doi.org/10.1139/286-226.

Bergmann, K. 1847. “Uber Die Verhiltnisse der Wirmedkonomie
der Thiere Zu Threr Grosse. [on the Relationship Between the Heat
Economy of Animals and Their Size.].” Géttinger Studien 3, no. 1:
595-708.

Berzaghi, F., D. Zhu, J. Alroy, and P. Ciais. 2024. “Trait-Based
Mechanistic Approach Highlights Global Patterns and Losses of
Herbivore Biomass Functional Diversity.” Functional Ecology 38, no. 4:
808-819. https://doi.org/10.1111/1365-2435.14512.

Boertje, R. D., M. A. Keech, D. D. Young, K. A. Kellie, and C. T. Seaton.
2009. “Managing for Elevated Yield of Moose in Interior Alaska.”

Diversity and Distributions, 2026

13 of 16

85UB017 SUOWIWIOD 3A 81D 8|qedljdde ay) Aq peueAoh a2 So[oke VO ‘35N JO S3|NJ 1oy A%eiq 1 8UlIUO AB|IM UO (SUOIPUOD-PUR-SLUBY WD A8 | I ARRIq U1 |UO//:SONY) SUORIPUOD PURe SWLB L 8U388S *[9202/90/62] U0 ARIq1T8UIUO /8|1 IR} BURIY00D AQ 8220/ IPP/TTTT OT/I0P/W0D A8 | ARRIq | BUI|UO//STNY WOI) papeojumoq ‘9 ‘9202 ‘ZvavelyT


https://doi.org/10.46540/3103-00296B
https://doi.org/10.6084/m9.figshare.30746732
https://doi.org/10.6084/m9.figshare.30746732
https://doi.org/10.1111/ddi.70228
https://doi.org/10.1111/evo.13492
https://doi.org/10.1111/evo.13492
https://cran.r-project.org/package=geomorph
https://doi.org/10.1086/303400
https://doi.org/10.1111/2041-210X.13723
https://doi.org/10.1111/2041-210X.13723
http://www.jstor.org/stable/3830566
https://doi.org/10.1093/jhered/esae041
https://doi.org/10.1093/jhered/esae041
https://doi.org/10.1038/s41559-021-01426-y
https://doi.org/10.1139/z86-226
https://doi.org/10.1111/1365-2435.14512

Journal of Wildlife Management 73, no. 3: 314-327. https://doi.org/10.
2193/2007-591.

Bujnékova, D., J. Aspi, C. Gundlach, L. Kvist, and C. A. Hipsley.
2025. “Wolf Cranial Morphology Tracks Population Replacement in
Fennoscandia. Royal Society Open.” Science 12, no. 6: 250358. https://
doi.org/10.1098/rs0s.250358.

Castelld, J. R. 2018. Canids of the World: Wolves, Wild Dogs, Foxes,
Jackals, Coyotes, and Their Relatives, 1-336. Princeton University Press.
http://www.jstor.org/stable/j.ctv39x6vm.

Chapron, G., P. Kaczensky, J. D. C. Linnell, et al. 2014. “Recovery of
Large Carnivores in Europe's Modern Human-Dominated Landscapes.”
Science 346, no. 6216: 1517-1519. https://doi.org/10.1126/science.
1257553.

Cirovi¢, D., and A. Penezi¢. 2019. “Importance of Slaughter Waste in
Winter Diet of Wolves (Canis lupus) in Serbia.” Journal of Zoology 15, no.
2:175-178. http://biozoojournals.ro/nwjz/index.html.

Collyer, M., and D. Adams. 2018. RRPP: An R Package for Fitting Linear
Models to High-Dimensional Data Using Residual Randomization.
https://doi.org/10.1111/2041-210X.13029.

Collyer, M., and D. Adams. 2024. RRPP: Linear Model Evaluation with
Randomized Residuals in a Permutation Procedure, R Package Version
2.0.0. https://cran.r-project.org/package=RRPP.

Crispo, E. 2008. “Modifying Effects of Phenotypic Plasticity on
Interactions Among Natural Selection, Adaptation and Gene Flow.”
Journal of Evolutionary Biology 21, no. 6: 1460-1469. https://doi.org/10.
1111/j.1420-9101.2008.01592.x.

Dale, B. W,, L. G. Adams, and T. Bowyer. 1995. “Winter Wolf Predation
in a Multiple Ungulate Prey System, Gates of the Arctic National Park,
Alaska.” In Ecology and Conservation of Wolves in a Changing World,
edited by L. N. Carbyn and S. H. Fritts, 223-230. University of Alberta
Press.

Dawes, P. R., M. Elander, and M. Ericson. 1986. “The Wolf (Canis lupus)
in Greenland: A Historical Review and Present Status.” Arctic 39, no.
2:119-132.

Deinet, S., C. Ieronymidou, L. McRae, et al. 2013. “Final Report to
Rewilding Europe by ZSL, BirdLife International and the European
Bird Census Council.” In Wildlife Comeback in Europe: The Recovery of
Selected Mammal and Bird Species, 1-310. Zoological Society of London.
https://rewildingeurope.com/wp-content/uploads/2013/11/Wildl
ife-Comeback-in-Europe-the-recovery-of-selected-mammal-and-bird-
species.pdf.

Di Bernardi, C., G. Chapron, P. Kaczensky, et al. 2025. “Continuing
Recovery of Wolves in Europe.” PLOS Sustainability and
Transformation 4, no. 2: e0000158. https://doi.org/10.1371/journal.
pstr.0000158.

Evavold, I. C., T. D. Gable, A. T. Homkes, and J. K. Bump. 2024. “Wolves
Foraging on Berries Is Likely a Widespread Behavior in Southern Boreal
Ecosystems.” Ecosphere 15, no. 10: €70035. https://doi.org/10.1002/ecs2.
70035.

Fabbri, E., A. Vecchiotti, F. Mattucci, et al. 2025. “Museomics and
Morphological Analyses of Historical and Contemporary Peninsular
Italian Wolf (Canis lupus Italicus) Samples.” Scientific Reports 15, no. 1:
4232. https://doi.org/10.1038/s41598-024-84319-x.

Felice, R. 2024. hot.dots: Calculate Per-Landmark Rates and Plot Them
(R Package Version 0.0.0.9000). https://github.com/rnfelice/hot.dots.

Fritts, S. H., and D. L. Mech. 1981. “Dynamics, Movements, and
Feeding Ecology of a Newly Protected Wolf Population in Northwestern
Minnesota.” Wildlife Monographs 80: 379. https://digitalcommons.unl.
edu/usgsnpwrc/379.

Fuller, T. 1989. “Population Dynamics of Wolves in Northcentral
Minnesota.” Wildlife Monographs 105: 1-41. https://www.researchgate.
net/publication/285363058.

Gade-Jorgensen, I., and R. Stagegaard. 2000. “Diet Composition of
Wolves Canis lupus in East-Central Finland.” Acta Theriologica 45, no.
4: 537-547. https://rcin.org.pl/Content/13057/PDF/BI002_2613_Cz-40-
2_Acta-T44-nr50-537-547_o.pdf.

Geffen, E., M. J. Anderson, and R. K. Wayne. 2004. “Climate and
Habitat Barriers to Dispersal in the Highly Mobile Grey Wolf.”
Molecular Ecology 13: 2481-2490. https://doi.org/10.1111/j.1365-
294X.2004.02244.x.

Gungz, P, P. Mitteroecker, S. Neubauer, G. W. Weber, and F. L. Bookstein.
2009. “Principles for the Virtual Reconstruction of Hominin Crania.”
Journal of Human Evolution 57, no. 1: 48-62. https://doi.org/10.1016/j.
jhevol.2009.04.004.

Hanberry, B. B., and P. Hanberry. 2020. “Regaining the History of Deer
Populations and Densities in the Southeastern United States.” Wildlife
Society Bulletin 44, no. 3: 512-518. https://doi.org/10.1002/wsb.1118.

He, J., J. Tu, J. Yu, and H. Jiang. 2023. “A Global Assessment of
Bergmann's Rule in Mammals and Birds.” Global Change Biology 29,
no. 18: 5199-5210. https://doi.org/10.1111/gcb.16860.

Hornberg, S.2001. “Changes in Population Density of Moose (Alces alces)
and Damage to Forests in Sweden.” Forest Ecology and Management
149: 141-151. https://doi.org/10.1016/S0378-1127(00)00551-X.

Hulva, P., B. Cerna Bolfikov4, V. Woznicov4, et al. 2018. “Wolves at
the Crossroad: Fission-Fusion Range Biogeography in the Western
Carpathians and Central Europe.” Diversity and Distributions 24, no. 2:
179-192. https://doi.org/10.1111/ddi.12676.

Hurlbert, S. H. 1984. “Pseudoreplication and the Design of Ecological
Field Experiments.” Source: Ecological Monographs 54, no. 2: 187-211.
https://www.sfu.ca/biology/faculty/M'Gonigle/materials-qm/papers/
hurlbert-1984-187.pdf.

Ito, K., M. O. Kubo, R. Kodera, S. Takeda, and H. Endo. 2024.
“Quantitative Assessment of Masticatory Muscles Based on Skull
Muscle Attachment Areas in Carnivora.” Anatomical Record: 1-27.
https://doi.org/10.1002/ar.25599.

Jakobsson, M., C. Pearce, T. M. Cronin, et al. 2017. “Post-Glacial
Flooding of the Bering Land Bridge Dated to 11 Cal Ka BP Based on
New Geophysical and Sediment Records.” Climate of the Past 13, no. 8:
991-1005. https://doi.org/10.5194/cp-13-991-2017.

Kalén, C., H. Andrén, J. Mansson, and H. Sand. 2022. “Using Citizen
Data in a Population Model to Estimate Population Size of Moose (Alces
alces).” Ecological Modelling 471: 110066. https://doi.org/10.1016/].
ecolmodel.2022.110066.

Kardell, O., and A. Dahlstrém. 2013. “Wolves in the Early Nineteenth-
Century County of Jonkoping, Sweden.” Environmental History 19, no.
3:339-370. https://doi.org/10.3197/096734013X13690716950145.

Keller, P., H. K. Timm, and W. N. Johnson. 2009. Moose Population
Survey in the Upper Tanana Valley, Game Management Unit 12, Alaska,
2008. https://iris.fws.gov/APPS/ServCat/DownloadFile/126899.

Ketchen, J. D. 2020. Geographic Variation in Skull Morphology of
the Wolf (Canis lupus) in Relation to Prey Size Across North America,
Master's Thesis. Laurentian University. https://laurentian.scholaris.ca/
items/eabf9d7d-4f24-49b1-bb78-c4cea69111d3/full.

Koblmiiller, S., C. Vila, B. Lorente-Galdos, et al. 2016. “Whole
Mitochondrial Genomes Illuminate Ancient Intercontinental Dispersals
of Grey Wolves (Canis lupus).” Journal of Biogeography 43, no. 9: 1728-
1738. https://doi.org/10.1111/jbi.12765.

Kojola, I., O. Huitu, K. Toppinen, K. Heikura, S. Heikkinen, and S.
Ronkainen. 2004. “Predation on European Wild Forest Reindeer
(Rangifer tarandus) by Wolves (Canis lupus) in Finland.” Journal
of Zoology 263, no. 3: 229-235. https://doi.org/10.1017/S095283690
4005084.

Koychev, B., and K. Uzunowa. 2023. “A Brief Study on the Grey Wolf
(Canis lupus) Diet on the Northern Slopes of Central Stara Planina Mts,

14 of 16

Diversity and Distributions, 2026

85UB017 SUOWIWIOD 3A 81D 8|qedljdde ay) Aq peueAoh a2 So[oke VO ‘35N JO S3|NJ 1oy A%eiq 1 8UlIUO AB|IM UO (SUOIPUOD-PUR-SLUBY WD A8 | I ARRIq U1 |UO//:SONY) SUORIPUOD PURe SWLB L 8U388S *[9202/90/62] U0 ARIq1T8UIUO /8|1 IR} BURIY00D AQ 8220/ IPP/TTTT OT/I0P/W0D A8 | ARRIq | BUI|UO//STNY WOI) papeojumoq ‘9 ‘9202 ‘ZvavelyT


https://doi.org/10.2193/2007-591
https://doi.org/10.2193/2007-591
https://doi.org/10.1098/rsos.250358
https://doi.org/10.1098/rsos.250358
http://www.jstor.org/stable/j.ctv39x6vm
https://doi.org/10.1126/science.1257553
https://doi.org/10.1126/science.1257553
http://biozoojournals.ro/nwjz/index.html
https://doi.org/10.1111/2041-210X.13029
https://cran.r-project.org/package=RRPP
https://doi.org/10.1111/j.1420-9101.2008.01592.x
https://doi.org/10.1111/j.1420-9101.2008.01592.x
https://rewildingeurope.com/wp-content/uploads/2013/11/Wildlife-Comeback-in-Europe-the-recovery-of-selected-mammal-and-bird-species.pdf
https://rewildingeurope.com/wp-content/uploads/2013/11/Wildlife-Comeback-in-Europe-the-recovery-of-selected-mammal-and-bird-species.pdf
https://rewildingeurope.com/wp-content/uploads/2013/11/Wildlife-Comeback-in-Europe-the-recovery-of-selected-mammal-and-bird-species.pdf
https://doi.org/10.1371/journal.pstr.0000158
https://doi.org/10.1371/journal.pstr.0000158
https://doi.org/10.1002/ecs2.70035
https://doi.org/10.1002/ecs2.70035
https://doi.org/10.1038/s41598-024-84319-x
https://github.com/rnfelice/hot.dots
https://digitalcommons.unl.edu/usgsnpwrc/379
https://digitalcommons.unl.edu/usgsnpwrc/379
https://www.researchgate.net/publication/285363058
https://www.researchgate.net/publication/285363058
https://rcin.org.pl/Content/13057/PDF/BI002_2613_Cz-40-2_Acta-T44-nr50-537-547_o.pdf
https://rcin.org.pl/Content/13057/PDF/BI002_2613_Cz-40-2_Acta-T44-nr50-537-547_o.pdf
https://doi.org/10.1111/j.1365-294X.2004.02244.x
https://doi.org/10.1111/j.1365-294X.2004.02244.x
https://doi.org/10.1016/j.jhevol.2009.04.004
https://doi.org/10.1016/j.jhevol.2009.04.004
https://doi.org/10.1002/wsb.1118
https://doi.org/10.1111/gcb.16860
https://doi.org/10.1016/S0378-1127(00)00551-X
https://doi.org/10.1111/ddi.12676
https://www.sfu.ca/biology/faculty/M%27Gonigle/materials-qm/papers/hurlbert-1984-187.pdf
https://www.sfu.ca/biology/faculty/M%27Gonigle/materials-qm/papers/hurlbert-1984-187.pdf
https://doi.org/10.1002/ar.25599
https://doi.org/10.5194/cp-13-991-2017
https://doi.org/10.1016/j.ecolmodel.2022.110066
https://doi.org/10.1016/j.ecolmodel.2022.110066
https://doi.org/10.3197/096734013X13690716950145
https://iris.fws.gov/APPS/ServCat/DownloadFile/126899
https://laurentian.scholaris.ca/items/eabf9d7d-4f24-49b1-bb78-c4cea69111d3/full
https://laurentian.scholaris.ca/items/eabf9d7d-4f24-49b1-bb78-c4cea69111d3/full
https://doi.org/10.1111/jbi.12765
https://doi.org/10.1017/S0952836904005084
https://doi.org/10.1017/S0952836904005084

Bulgaria.” Forestry Ideas 29, no. 1: 146-157. https://forestry-ideas.info/
issues/issues_Download.php?download=482.

Kusak, J., E. Fabbri, A. Galov, et al. 2018. “Wolf-Dog Hybridization in
Croatia.” Veterinarski Arhiv 88, no. 3: 375-395. https://doi.org/10.24099/
vet.arhiv.170314.

Kutal, M., M. Dula, A. R. Selivanova, and J. V. Lopez-Bao. 2024.
“Testing a Conservation Compromise: No Evidence That Public Wolf
Hunting in Slovakia Reduced Livestock Losses.” Conservation Letters
17, no. 1: €12994. https://doi.org/10.1111/conl.12994.

Lodberg-Holm, H. K., B. S. Teglas, D. B. Tyers, M. D. Jimenez, and D. W.
Smith. 2021. “Spatial and Temporal Variability in Summer Diet of Gray
Wolves (Canis lupus) in the Greater Yellowstone Ecosystem.” Journal
of Mammalogy 102, no. 4: 1030-1041. https://doi.org/10.1093/jmamm
al/gyab060.

Lund Jensen, M., and M.-H. Sinding. 2024. “Wolf-Dogs in Greenland.
Interbreeding of Greenland Sled Dogs and Arctic Wolves (Research
Note).” Etudes/Inuit/Studies 47, no. 1-2: 359-380. https://doi.org/10.
7202/1113396ar.

Luonnonvarakeskus. 2025. Hirven kanta-arviot ja seuranta [Moose
stock estimates and monitoring]. https://www.luke.fi/fi/luonnonvar
atieto/tiedetta-ja-tietoa/hirvi/hirven-kantaarviot-ja-seuranta#kanta
arvio-2025.

Lykke, J. 2005. “Selective Harvest Management of a Norwegian Moose
Population.” Alces 41: 9-24. https://alcesjournal.org/index.php/alces/
article/view/401.

Marquard-Petersen, U. 1998. “Food Habits of Arctic Wolves in
Greenland.” Journal of Mammalogy 79, no. 1: 236-244. https://doi.org/
10.2307/1382859.

Marquard-Petersen, U. 2021. “Sudden Death of an Arctic Wolf
Population in Greenland.” Polar Research 40: 5493. https://doi.org/10.
33265/POLAR.V40.5493.

Massey, A. L., G. H. Roffler, T. Vermeul, J. M. Allen, and T. Levi. 2021.
“Comparison of Mechanical Sorting and DNA Metabarcoding for Diet
Analysis With Fresh and Degraded Wolf Scats.” Ecosphere 12, no. 6:
€03557. https://doi.org/10.1002/ecs2.3557.

McGreevy, P. D., D. Georgevsky, J. Carrasco, M. Valenzuela, D. L.
Duffy, and J. A. Serpell. 2013. “Dog Behavior Co-Varies With Height,
Bodyweight and Skull Shape.” PLoS One 8, no. 12: €80529. https://doi.
org/10.1371/journal.pone.0080529.

Mech, L. D., M. Anderson, and H. D. Cluff. 2025. The Ellesmere Wolves:
Behaviour and Ecology in the High Arctic, 1-266. University of Chicago
Press.

Mech, L. D., and L. Boitani. 2003. Wolves: Behavior, Ecology, and
Conservation, 317-340. University of Chicago Press.

Meiri, S., and T. Dayan. 2003. “On the Validity of Bergmann's Rule.”
Journal of Biogeography 30: 331-351. https://doi.org/10.1046/j.1365-
2699.2003.00837.x.

Meiri, S., T. Dayan, and D. Simberloff. 2006. “The Generality of the
Island Rule Reexamined.” Journal of Biogeography 33, no. 9: 1571-1577.
https://doi.org/10.1111/j.1365-2699.2006.01523.x.

Meloro, C., M. Clauss, and P. Raia. 2015. “Ecomorphology of Carnivora
Challenges Convergent Evolution.” Organisms, Diversity and Evolution
15, no. 4: 711-720. https://doi.org/10.1007/s13127-015-0227-5.

Meloro, C., and D. Tamagnini. 2022. “Macroevolutionary
Ecomorphology of the Carnivora Skull: Adaptations and Constraints in
the Extant Species.” Zoological Journal of the Linnean Society 196, no. 3:
1054-1068. https://doi.org/10.1093/zoolinnean/zlab075.

Meriggi, A., A. Brangi, L. Schenone, D. Signorelli, and P. Milanesi. 2011.
“Changes of Wolf (Canis lupus) Diet in Italy in Relation to the Increase
of Wild Ungulate Abundance.” Ethology Ecology and Evolution 23, no. 3:
195-210. https://doi.org/10.1080/03949370.2011.577814.

Metz, M. C. 2021. Estimating wolf predation metrics, patterns,
and dynamics, across time and space in the multi-prey system of
Yellowstone, Doctoral Thesis. https://www.proquest.com/openview/
dddccb749a06b3£710f1cf397d0ac59e/1?pq-origsite=gscholar&cbl=
18750&diss=y.

Milakovic, B., and K. L. Parker. 2011. “Using Stable Isotopes to Define
Diets of Wolves in Northern British Columbia, Canada.” Journal of
Mammalogy 92, no. 2: 295-304. https://doi.org/10.1644/10-MAMM-A-
038.1.

Milenkovi¢, M., V. Joji¢ Sipeti¢, J. Blagojevi¢, S. Tatovi¢, and M.
Vujosevi¢. 2010. “Skull Variation in Dinaric-Balkan and Carpathian
Gray Wolf Populations Revealed by Geometric Morphometric
Approaches.” Journal of Mammalogy 91, no. 2: 376-386. https://doi.org/
10.1644/09-MAMM-A-265.1.

Moura, A. E., E. Tsingarska, M. J. Dabrowski, S. D. Czarnomska, B.
Jedrzejewska, and M. Pilot. 2014. “Unregulated Hunting and Genetic
Recovery From a Severe Population Decline: The Cautionary Case of
Bulgarian Wolves.” Conservation Genetics 15, no. 2: 405-417. https://
doi.org/10.1007/s10592-013-0547-y.

Mulders, R. 1997. Geographic Variation in the Cranial Morphology of
the Wolf (Canis lupus) in Northern Canada, Master's Thesis. Laurentian
University. https://iportal.usask.ca/record/9643.

Murdoch, D., and D. Adler. 2025. _rgl: 3D Visualization Using OpenGL _
(R Package Version 1.3.18). https://CRAN.R-project.org/package=rgl.

Newsome, T. M., L. Boitani, G. Chapron, et al. 2016. “Food Habits of the
World's Grey Wolves.” Mammal Review 46, no. 4: 255-269. https://doi.
org/10.1111/mam.12067.

Nowak, S., R. W. Mystajek, and B. Jedrzejewska. 2005. “Patterns of Wolf
Canis lupus Predation on Wild and Domestic Ungulates in the Western
Carpathian Mountains (S Poland).” Acta Theriologica 50, no. 2: 263-
276. https://doi.org/10.1007/BF03194489.

Nygrén, T. 1984. “Moose Populations and Planning of Cropping in
Finland.” Suomen Riista 31: 74-82.

Nygrén, T., and M. Pesonen. 1994. “Hirvivuosi 1993-94" Eteld- Ja
Pohjos-Suomen viliset Erot Korostuivat, Talvikanta Pienin 17 Vuoteen
[“the Year of the Moose 1993-94” the Differences Between Southern
and Northern Finland Are Accentuated, the Winter Population Is the
Lowest in 17 Years|.” Riistantutkimuksen Tiedote 128: 1-12.

O'Keefe, F. R.,J. Meachen, E. V. Fet, and A. Brannick. 2013. “Ecological
Determinants of Clinal Morphological Variation in the Cranium of the
North American Gray Wolf.” Journal of Mammalogy 94, no. 6: 1223
1236. https://doi.org/10.1644/13-MAMM-A-069.

Olson, D. M., E. Dinerstein, E. D. Wikramanayake, et al. 2001.
“Terrestrial Ecoregions of the World: A New Map of Life on Earth: A
New Global Map of Terrestrial Ecoregions Provides an Innovative Tool
for Conserving Biodiversity.” Bioscience 51, no. 11: 933-938. https://doi.
0rg/10.1641/0006-3568(2001)051[0933: TEOTWA]2.0.CO;2.

Pacheco, C., A. V. Stronen, B. Jedrzejewska, et al. 2022. “Demography
and Evolutionary History of Grey Wolf Populations Around the Bering
Strait.” Molecular Ecology 31, no. 18: 4851-4865. https://doi.org/10.
1111/mec.16613.

Patalano, M., and S. Lovari. 1993. “Food Habits and Trophic Niche
Overlap of the Wolf and the Red Fox in a Mediterranean Mountain
Area.” Revue D'écologie 48: 279-294. https://www.persee.fr/doc/revec_
0249-7395_1993_num_48_3_2107.

Phillips, M. K., and D. W. Smith. 1997. Yellowstone Wolf Project:
Biennial Report 1995 and 1996. https://www.nps.gov/yell/learn/na-
ture/upload/wolfreport_95-96_508.pdf.

Pilot, M., W. Jedrzejewski, W. Branicki, et al. 2006. “Ecological Factors
Influence Population Genetic Structure of European Grey Wolves.”
Molecular Ecology 15, no. 14: 4533-4553. https://doi.org/10.1111/j.1365-
294X.2006.03110.x.

Diversity and Distributions, 2026

15of 16

85UB017 SUOWIWIOD 3A 81D 8|qedljdde ay) Aq peueAoh a2 So[oke VO ‘35N JO S3|NJ 1oy A%eiq 1 8UlIUO AB|IM UO (SUOIPUOD-PUR-SLUBY WD A8 | I ARRIq U1 |UO//:SONY) SUORIPUOD PURe SWLB L 8U388S *[9202/90/62] U0 ARIq1T8UIUO /8|1 IR} BURIY00D AQ 8220/ IPP/TTTT OT/I0P/W0D A8 | ARRIq | BUI|UO//STNY WOI) papeojumoq ‘9 ‘9202 ‘ZvavelyT


https://forestry-ideas.info/issues/issues_Download.php?download=482
https://forestry-ideas.info/issues/issues_Download.php?download=482
https://doi.org/10.24099/vet.arhiv.170314
https://doi.org/10.24099/vet.arhiv.170314
https://doi.org/10.1111/conl.12994
https://doi.org/10.1093/jmammal/gyab060
https://doi.org/10.1093/jmammal/gyab060
https://doi.org/10.7202/1113396ar
https://doi.org/10.7202/1113396ar
https://www.luke.fi/fi/luonnonvaratieto/tiedetta-ja-tietoa/hirvi/hirven-kantaarviot-ja-seuranta#kantaarvio-2025
https://www.luke.fi/fi/luonnonvaratieto/tiedetta-ja-tietoa/hirvi/hirven-kantaarviot-ja-seuranta#kantaarvio-2025
https://www.luke.fi/fi/luonnonvaratieto/tiedetta-ja-tietoa/hirvi/hirven-kantaarviot-ja-seuranta#kantaarvio-2025
https://alcesjournal.org/index.php/alces/article/view/401
https://alcesjournal.org/index.php/alces/article/view/401
https://doi.org/10.2307/1382859
https://doi.org/10.2307/1382859
https://doi.org/10.33265/POLAR.V40.5493
https://doi.org/10.33265/POLAR.V40.5493
https://doi.org/10.1002/ecs2.3557
https://doi.org/10.1371/journal.pone.0080529
https://doi.org/10.1371/journal.pone.0080529
https://doi.org/10.1046/j.1365-2699.2003.00837.x
https://doi.org/10.1046/j.1365-2699.2003.00837.x
https://doi.org/10.1111/j.1365-2699.2006.01523.x
https://doi.org/10.1007/s13127-015-0227-5
https://doi.org/10.1093/zoolinnean/zlab075
https://doi.org/10.1080/03949370.2011.577814
https://www.proquest.com/openview/dddccb749a06b3f710f1cf397d0ac59e/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/dddccb749a06b3f710f1cf397d0ac59e/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/dddccb749a06b3f710f1cf397d0ac59e/1?pq-origsite=gscholar&cbl=18750&diss=y
https://doi.org/10.1644/10-MAMM-A-038.1
https://doi.org/10.1644/10-MAMM-A-038.1
https://doi.org/10.1644/09-MAMM-A-265.1
https://doi.org/10.1644/09-MAMM-A-265.1
https://doi.org/10.1007/s10592-013-0547-y
https://doi.org/10.1007/s10592-013-0547-y
https://iportal.usask.ca/record/9643
https://cran.r-project.org/package=rgl
https://doi.org/10.1111/mam.12067
https://doi.org/10.1111/mam.12067
https://doi.org/10.1007/BF03194489
https://doi.org/10.1644/13-MAMM-A-069
https://doi.org/10.1641/0006-3568(2001)051%5B0933:TEOTWA%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051%5B0933:TEOTWA%5D2.0.CO;2
https://doi.org/10.1111/mec.16613
https://doi.org/10.1111/mec.16613
https://www.persee.fr/doc/revec_0249-7395_1993_num_48_3_2107
https://www.persee.fr/doc/revec_0249-7395_1993_num_48_3_2107
https://www.nps.gov/yell/learn/nature/upload/wolfreport_95-96_508.pdf
https://www.nps.gov/yell/learn/nature/upload/wolfreport_95-96_508.pdf
https://doi.org/10.1111/j.1365-294X.2006.03110.x
https://doi.org/10.1111/j.1365-294X.2006.03110.x

Publications Office of the European Union. 2023. The Situation of the
Wolf (Canis lupus) in the European Union—An In-Depth Analysis.
https://doi.org/10.2779/187513.

R Core Team. 2024. R: A Language and Environment for Statistical
Computing. https://www.R-project.org/.

Randi, E., P. Hulva, E. Fabbri, et al. 2014. “Multilocus Detection of Wolf
x Dog Hybridization in Italy, and Guidelines for Marker Selection.” PLoS
One 9, no. 1: e86409. https://doi.org/10.1371/journal.pone.0086409.

Reed, J. E., W. B. Ballard, P. S. Gipson, et al. 2006. “Diets of Free-Ranging
Mexican Gray Wolves in Arizona and New Mexico.” Wildlife Society
Bulletin 34, no. 4: 1127-1133. https://doi.org/10.2193/0091-7648(2006)
34[1127:dofmgw]2.0.co;2.

Reichmann, A., and D. Saltz. 2005. “The Golan Wolves: The Dynamics,
Behavioral Ecology, and Management of an Endangered Pest.”
Israel Journal of Zoology 51, no. 2: 87-133. https://doi.org/10.1560/
1BLK-B1RT-XB11-BWJH.

Roffler, G. H.,J. M. Allen, A. Massey, and T. Levi. 2021. “Metabarcoding
of Fecal DNA Shows Dietary Diversification in Wolves Substitutes
for Ungulates in an Island Archipelago.” Ecosphere 12, no. 1: €03297.
https://doi.org/10.1002/ecs2.3297.

Santostasi, N. L., O. Gimenez, R. Caniglia, et al. 2021. “Estimating
Admixture at the Population Scale: Taking Imperfect Detectability
and Uncertainty in Hybrid Classification Seriously.” Journal of Wildlife
Management 85, no. 5: 1031-1046. https://doi.org/10.1002/jwmg.22038.

Sanz-Pérez, A., A. Ordiz, H. Sand, et al. 2018. “No Place Like Home? A
Test of the Natal Habitat-Biased Dispersal Hypothesis in Scandinavian
Wolves.” Royal Society Open Science 5, no. 12: 181379. https://doi.org/10.
1098/rs0s.181379.

Schlager, S. 2017. “Morpho and Rvcg—Shape Analysis in R.” In
Statistical Shape and Deformation Analysis, edited by G. Zheng, S. Li,
and G. Szekely, 217-256. Academic Press. https://doi.org/10.1016/C2015
-0-06799-5.

Sin, T., A. Gazzola, S. Chiriac, and G. Risnoveanu. 2019. “Wolf Diet and
Prey Selection in the Southeastern Carpathian Mountains.” Romania.
PLoS ONE 14, no. 11: e0225424. https://doi.org/10.1371/journal.pone.
0225424.

Sinding, M. H. S., S. Gopalakrishan, F. G. Vieira, et al. 2018. “Population
Genomics of Grey Wolves and Wolf-Like Canids in North America.”
PLoS Genetics 14, no. 11: e1007745. https://doi.org/10.1371/journal.
pgen.1007745.

Smith, J. B., A. R. Greenleaf, and J. K. Oakleaf. 2023. “Kill Rates on
Native Ungulates by Mexican Gray Wolves in Arizona and New
Mexico.” Journal of Wildlife Management 87, no. 8: €22491. https://doi.
0rg/10.1002/jwmg.22491.

Stengien, H. K., X. Sun, M. D. Martin, et al. 2021. Genetisk Opphav Til
den Norske-Svenske Ulvestammen (Canis lupus lupus) [Genetic Origin
of the Norwegian-Swedish Wolf (Canis lupus lupus)]. NTNU University
Museum. https://ntnuopen.ntnu.no/ntnu-xmlui/handle/11250/
2987985.

Tallian, A., D. W. Smith, D. R. Stahler, et al. 2017. “Predator Foraging
Response to a Resurgent Dangerous Prey.” Functional Ecology 31, no. 7:
1418-1429. https://doi.org/10.1111/1365-2435.12866.

Tammela, H. 2008. Alueen, Vuodenajan Ja Laumakoon Vaikutus
Susien (Canis lupus, L.) ravinnonkdyttoon Ja susiyksilon sisdloisten
Esiintymiseen [the Effect of Region, Season and Pack Size on the Food
Consumption of Wolves (Canis lupus, L.) and the Occurrence of Internal
Parasites in Individual Wolves| [Master thesis]. University of Oulu.

Thulin, C. G., J. Malmsten, and G. Ericsson. 2015. “Opportunities and
Challenges With Growing Wildlife Populations and Zoonotic Diseases
in Sweden.” European Journal of Wildlife Research 61, no. 5: 649-656.
https://doi.org/10.1007/s10344-015-0945-1.

Trbojevi¢, 1., A. Penezi¢, J. Kusak, O. Stevanovi¢, and D. Cirovi¢.
2020. “Wolf Diet and Livestock Depredation in North Bosnia and
Herzegovina.” Mammalian Biology 100, no. 5: 499-504. https://doi.org/
10.1007/542991-020-00053-7.

Van Valen, L. 1962. “A Study of Fluctuating Asymmetry.” Evolution 16,
no. 2: 125-142. https://doi.org/10.1111/j.1558-5646.1962.tb03206.x.

Van Valkenburgh, B. 1991. “Iterative Evolution of Hypercarnivory in
Canids (Mammalia: Carnivora): Evolutionary Interactions Among
Sympatric Predators.” Paleobiology 17, no. 4: 340-362. https://doi.org/
10.1017/S0094837300010691.

Van Valkenburgh, B. 2007. “Déja Vu: The Evolution of Feeding
Morphologies in the Carnivora.” Integrative and Comparative Biology
47, no. 1: 147-163. https://doi.org/10.1093/icb/icm016.

Viranta, S., G. Werhahn, and F. A. Machado. 2025. “Morphometric
Evidence for the Differentiation of the Himalayan Wolf Canis lupus
chanco (Canidae; Carnivora).” Mammal Research 70, no. 2: 195-203.
https://doi.org/10.1007/s13364-025-00793-2.

Whittaker, R. J., and J. M. Fernandez-Palacios. 2007. Island
Biogeography: Ecology, Evolution, and Conservation. 2nd ed. Oxford
University Press.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag New York. https://ggplot2.tidyverse.org.

Wiwchar, D. M. A,, and F. F. Mallory. 2012. “Prey Specialization and
Morphological Conformation of Wolves Associated With Woodland
Caribou and Moose.” Rangifer 32, no. 2: 309-327. https://doi.org/10.
7557/2.32.2.2278.

Zumbach, L. S. 2023. Wolf Inter-Territorial Variation in Prey Use
and Selection in a Multi-Ungulate System, Master's Thesis. Swedish
University of Agricultural Sciences. https://stud.epsilon.slu.se/19854/.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Appendix S1: Sample information,
including museum source, specimen ID, collection locality, collection
year, CT/3D scanning institution, model covariates and, where appli-
cable, usage rights and licensing information for online data sources.
Appendix S2: Prey data for 16 wolf populations, including the most
common prey species, male and female prey weights, mean prey weight,
weighted mean prey weight by frequency of occurrence and population-
specific linear measurements of the cranium and mandible. Appendix
S3: Results of statistical models for cranial and mandibular shape and
size, including individual predictor models, multiple predictor models
and the overall results summarized as average contribution of predic-
tors to wolf skull shape and size. Appendix S4: Additional supporting
figures showing landmark configurations, principal component anal-
yses, additional cranial and mandibular comparisons among popula-
tions and continents, and linear measurement analyses, such as cranial
length, cranial width, cranial width/length ratio, mandibular length
and mandibular width.

16 of 16

Diversity and Distributions, 2026

85UB017 SUOWIWIOD 3A 81D 8|qedljdde ay) Aq peueAoh a2 So[oke VO ‘35N JO S3|NJ 1oy A%eiq 1 8UlIUO AB|IM UO (SUOIPUOD-PUR-SLUBY WD A8 | I ARRIq U1 |UO//:SONY) SUORIPUOD PURe SWLB L 8U388S *[9202/90/62] U0 ARIq1T8UIUO /8|1 IR} BURIY00D AQ 8220/ IPP/TTTT OT/I0P/W0D A8 | ARRIq | BUI|UO//STNY WOI) papeojumoq ‘9 ‘9202 ‘ZvavelyT


https://doi.org/10.2779/187513
https://www.r-project.org/
https://doi.org/10.1371/journal.pone.0086409
https://doi.org/10.2193/0091-7648(2006)34%5B1127:dofmgw%5D2.0.co;2
https://doi.org/10.2193/0091-7648(2006)34%5B1127:dofmgw%5D2.0.co;2
https://doi.org/10.1560/1BLK-B1RT-XB11-BWJH
https://doi.org/10.1560/1BLK-B1RT-XB11-BWJH
https://doi.org/10.1002/ecs2.3297
https://doi.org/10.1002/jwmg.22038
https://doi.org/10.1098/rsos.181379
https://doi.org/10.1098/rsos.181379
https://doi.org/10.1016/C2015-0-06799-5
https://doi.org/10.1016/C2015-0-06799-5
https://doi.org/10.1371/journal.pone.0225424
https://doi.org/10.1371/journal.pone.0225424
https://doi.org/10.1371/journal.pgen.1007745
https://doi.org/10.1371/journal.pgen.1007745
https://doi.org/10.1002/jwmg.22491
https://doi.org/10.1002/jwmg.22491
https://ntnuopen.ntnu.no/ntnu-xmlui/handle/11250/2987985
https://ntnuopen.ntnu.no/ntnu-xmlui/handle/11250/2987985
https://doi.org/10.1111/1365-2435.12866
https://doi.org/10.1007/s10344-015-0945-1
https://doi.org/10.1007/s42991-020-00053-7
https://doi.org/10.1007/s42991-020-00053-7
https://doi.org/10.1111/j.1558-5646.1962.tb03206.x
https://doi.org/10.1017/S0094837300010691
https://doi.org/10.1017/S0094837300010691
https://doi.org/10.1093/icb/icm016
https://doi.org/10.1007/s13364-025-00793-2
https://ggplot2.tidyverse.org
https://doi.org/10.7557/2.32.2.2278
https://doi.org/10.7557/2.32.2.2278
https://stud.epsilon.slu.se/19854/

	Global Drivers of Morphological Variation in Grey Wolves
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Sampling and Data Collection
	2.2   |   Prey Data
	2.3   |   Geometric Morphometric Analyses
	2.4   |   Visualization of Morphological Differences

	3   |   Results
	3.1   |   Centroid Size
	3.2   |   Continents
	3.3   |   Latitude
	3.4   |   Prey
	3.5   |   Populations

	4   |   Discussion
	4.1   |   Geography
	4.2   |   Prey
	4.3   |   Populations
	4.4   |   Conservation Implications

	5   |   Conclusion
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References


