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Synopsis Urb anizat ion is one of the fas tes t and most extreme processes creating n ove l con ditions an d a ffe ct ing per sist ence 
of anim al s in the Anthrop o cene. Do cumenting b ehavio ral and mo rp ho log ica l chan g es in urban wildlife is difficult because few 

studies account for non-urban sources of variation. As a resu lt, mu lt iple hypotheses have emer g ed. Thes e hypothes es im plica te 
th e influen ce of cog nit ive dem and s (cog nit ive b uffer hypo thesi s), hum an–wi ld life interact io ns (self-do mest icat ion hypothesis), 
and diet (diet co mposi tio n hypothesis) on morp ho logy under urban co ndi tio n s. We inv estiga ted cranioden tal m orph ologi- 
cal chan g e in raccoon s ( Pro cy on l o tor ) wi th 98 spe cimens col le cte d across the cont inenta l USA b ase d on t hese hypot heses. 
Racco ons o ccur in rura l and urb an hab i tats, facili tating the explo ratio n o f t hese hypot heses in a single species under mu lt iple 
co ndi tio n s. Usin g modelin g of linear mea sures, a s well a s 3-dimension al m es h es an d geom etric an alysi s, and stable i so to pe diet 
est imat ion, we found t hat t he occlus al are a of t h e first m ola rs a nd ma n di bula r f ourth premola r, in addi tio n to the crania l vau lt 
s hape, were m os t res pon siv e to urb anizat ion. Rost ra l s hape s h owe d limite d variat ion across the urb a n a nd e colog ica l g radients. 
Some structures, while variable, did not respond to any of the p redicto rs teste d. O ur resu l ts p rovide th e high es t s u ppo rt to the 
se lf-dom est icat ion hypothesis, a lthough mu lt iple other pres s ures co-occur, including effects of sex, age, indiv idu al size, and 

ge og raphy. O ur resu lts a lso s ugges t that some craniodental structures may be evol u tio narily fixed and p ro mote the raccoon’s 
genera list e cology. 
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ntroduction 

early a l l urb anizat io n in the Uni t ed Stat es (USA) h a s
ccur red over t he last 200 ye a rs a nd is glob a l ly expe cte d
o double by 2050 ( Simkin et al. 2022 ). Under such n ove l
o ndi tio ns, species p redisposed to urban s ucces s often
espo nd wi th behavio ral ada pta tions, such a s increa sed
olerance of humans ( Samia et al. 2015 ), use of anthro-
 ogenic fo o ds ( Ne ws om e et al. 2010 ), an d avoidan ce of
 ove l danger s suc h as tra ffic a nd pets ( Thur f j el l et a l.
015 ). W hile behavio ral chan g es in respon se to urban-
zat ion are wel l documente d ( Ritzel and Ga l lo 2020 ),
ewer s tudies addres s chan g es in m orph olog ica l t raits,
 ften wi th co nflict ing resu lts. 
 dvance A ccess pu blication Jun e 19, 2025 
C Th e Auth or(s) 2025. Pu blis h ed by O xford Uni versi ty Press o n behalf o f the 
ommer cial r e-u se, plea se co ntact rep rints@ou p.co m fo r rep rints a nd tra nsla t
ur RightsLink service via the Permissions link on the article page on our site
F or exam ple , Par sons et al. (2020) found that ur-
a n f ox es ( Vulpe s vulpe s ) in Lo ndo n, England, have
 h orter an d wider muzzles and sma l ler brain cases re la-
 ive to rura l indiv idu a ls. In cont rast, St epkovit c h et al .
2019) found that urban foxes in Sydney, Aust ra lia,
ad lar g er sku l ls t han t heir r ural counter par ts. Simi-
 arly, DePasqu ale et al. (2020) found lar g er relativ e en-
ocranial volumes in urban whit e-foot ed mice ( Per-
myscus l eu copus ) in Pennsy lvania, w hile Per gam s and
acy (2008) found sha l lower b raincases (p resumab l y of

ow er v olum e) in urban in div idu als of t he s ame species
n Illin ois. Th ese differen ces may hig hlig ht t he limit a-
io ns o f drawing co ncl usio ns fro m a few, unique geo-
Society fo r In tegra tive and Com para tiv e B iology. All rights reserv ed. For 
ion righ ts fo r rep r ints. All ot her per mis sions can be o bt ained t hrough 
-for f urt her infor mation ple ase cont act jour n al s.permi ssio ns@ou p.co m 

https://orcid.org/0000-0003-4336-6515
mailto:csluka@uwyo.edu
mailto:reprints@oup.com
mailto:journals.permissions@oup.com


2 C. M. Sluka et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf094/8169245 by SIC

B M
em

ber Access user on 07 August 2025
g raphic reg ions. Inde e d, som e of th ese o p posing results
can be att ribute d t o inconsist ent defini tio ns o f urban-
iza tion, varia tions in age of the urban gradient, influ-
ence of climatic zon es, differen ces in basic ecology and
ph ylogen y across the taxa studied, or differences in the
focal m orph olog ica l st ructures of th e study. Th ese vari-
atio ns limi t our ab ili ty t o under st and t he glob a l effe cts
of urb anizat ion, re quir ing t he use o f o ne s pecies acros s
a gradient of conditions to reso l ve these is s ues. Here
we present a compre h en siv e an alysi s of m orph olog ica l
responses to urb anizat ion across a lar g e g e og raphica l
area while co ntrolling fo r s e veral confounding e colog i-
cal co ndi tio ns that vary regionally. 

Three main hypotheses have been f orwa rded to ex-
plain patterns in m amm a lian sku l l m orph ology seen
across urb an g radients. The cog nit ive b uffer hypo thesis
(CBH) proposes that lar g er brain s provide the cogni-
t ive ski l ls ne e de d for navigat ing complex urb an hab i tats
( Sol et al. 2008 ; Benson-Amram et al. 2016 ). For exam-
ple, when int roduce d to n ove l environm ents, birds an d
m amm al s w ith l ar g er brain s exhib i te d higher surviva l
comp are d with sma l ler braine d spe cies ( Sol et al. 2008 ).
While the CBH only predicts chan g es to the brain itself,
a l lomet ric effe cts of increase d b rain size o n sku l l shape
could co-occur, as seen in white crested polish chick-
ens ( G allu s gallu s ) an d dom estic cat ( Feli s catu s ) bre e ds
wi th ab no rmal b rain develop ment (i .e ., brac hycephalic;
Frahm and Rehkämper 1998 ; Schmidt et al. 2017 ). 

Th e se lf-dom est icat ion hypot hesis (SDH) sug gests
t hat decre ased ag gressio n co nfers higher fitn ess un der
natura l sele ct ion when living c lose t o human po p ula-
t ions (HPs; Driscol l et a l. 2009 ). Un der th e SDH, se lec-
tio n fo r lower a ggres sion w ould fav o r individ ual s th at
ca n tak e adva ntage of a nthropogenic subsidies, akin to
th e “tras h-h eap hypoth esis” of early dog domest icat ion
( Co p pin g er and Co p pin g er 2001 ). Ov er tim e, in direct
sele ct io n fo r red uced a ggres sion would lead to mor-
p ho log ica l t rai ts in line wi t h t h e “dom est icat ion syn-
drom e.” This syn drom e arises in domest icate d mam-
m al s, possib l y thro ugh develo pmental chan g es at the
emb ryo nic neural crest ( Wilkins et al . 2014 ; Pendlet on
et al. 2018 ). This syn drom e in cl udes co nsistent mo r-
p ho log ica l t rai ts, incl uding sho r ter rostr ums, smaller
te eth, sma l ler brains, as well as variable pelage col-
o ratio n an d s h orten ed in ter-birth in terva ls ( C l u tto n-
Brock 1999 ; O’Regan and Kit c hener 2005 ). 

Last ly, t he diet co mposi tio n hypothesis (DCH) sug-
gests t hat sof t ant hropogenic diets can alter cranioden-
t al shape dur ing growt h ( Curt is et a l. 2018 ). Ca rnivora n
sku l l sh ape i s espe cia l l y flexib le dur ing postnat al devel-
opm ent, an d mu lt iple s tudies demons t rate bro ader zy-
go matic wid ths, wider p a lates, s h orter an d wider ros-
trum s, con strictio n o f the b raincase alo ng the fro ntal–
par iet al sutur e, and gr e ater var iat ion in ge omet ric shape
( Hollis ter 1917 ; Harts tone-Rose et a l. 2014 ; Curt is et a l.
2018 ) in c aptive c a rnivora ns f e d non-natura l diets.
Thus, ca rnivora ns consuming a nthropogenic subsidies
th at h av e low textural div er sity could experience c han g e
in craniodental shape due to diet alone. 

To investigate these hypothes es, we us ed cranioden-
tal m orph ology o f raccoo ns ( Pro cy on l otor ) across space
an d tim e to as ses s the effe cts of e coreg ion, urb aniza-
tion, age, sex, and diet on these structures. Raccoons
a re mid-size ca rni vores nati ve to North Am erica an d
are ub iqui tous acros s mos t o f the co n tinen t, encom pass-
ing mu lt iple habitats and the fu l l extent of rural to ur-
b an g radients ( Ge hrt 2003 ). Th eir b road o mnivo rous
diet includes both natural and anthropogenic resources
an d provides th e o p po rtuni ty to identify the influence o f
a nthropogenic f oods on cra nial m orph ology ( Zeve loff
2002 ; Ru lison et a l. 2012 ). Their crania l sh ape i s re-
spon siv e to life experiences due t o lat e-fusing sutures,
providing th e flexi bility n e e de d to express variations in
sku l l morp ho logy ( Grau et al. 1970 ; Law et al. 2018 ).
Their versat i le behavior and bro ad e colog ica l niche pro-
vide the variab ili ty respo nsible fo r s ucces s in urban en-
vironm ents ( Danie ls et al. 2019 ; Lazure an d We ladji
2024 ; Stant on et al . 2024 ) a nd ca n be link ed to m orph o-
log ica l chan g e. 

We expe cte d t hat under t h e CB H, an in cr ease in r el-
ative brain size would occur wit h incre asing urbaniza-
tio n, bu t not with metrics related to diet or ge og raphy
( Table 1 ). In contrast, a decrease in relative brain size
wit h incre asing urb anizat ion wou ld su ppo rt the S DH.
Simi larly, re duce d tooth size an d s h orten e d rost rums
(i .e ., domest icat ion syn drom e) with increasing urban-
izat ion are expe cte d un der th e SDH. Th e DCH would be
su ppo rted by any shape chan g e as sociated mos t with an-
thro pogenic diets, b ut espe cia l ly st ructura l chan g es to
ch ee k teeth. This in cludes a decrease in carn a ssial blade
size a nd a n in crease in m olar size as hyp o carnivory in-
cre ases wit h ant hr opogenic r esour ce use. 

Methods 

To as ses s racco on cranio dent al fe atur es acr oss urban-
izat ion, we col le cte d ca liper m easures an d deve loped 3-
dim ensional (3D) m es h es fro m 98 raccoo n sku l l spe c-
imens ( listed in t he supplement al mater ials [S M], S M
Tables 1 –3 ). We also col le cte d ha ir sa mples from as-
so ciated p el ts fo r carbo n and ni trog en sta ble iso to pe
an alysi s of diet ( Ne ws ome et al. 2010 ; Ben-David and
Fl ahert y 2012 ). We collected data from 295 raccoon
specimens, bu t limi ted our an alysi s to ad ul t speci-
mens with a complete sku l l a nd ma ndible, a pelt, and
p recise info rmatio n o n collectio n date and location
to avoid the effects of missing data. We removed ju-
veni les b ase d o n tooth eru ptio n ( Stuewer 1943 ) and

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
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Urban raccoon morphology 3 

Table 1. List of derived caliper measures of raccoon skulls and their characteristic grouping under the three main hypotheses for effects 
of urbanization. For acronyms of measures see Fig. 2 . 

Region Measure Definition CBH SDH DCH 

Cranial relBCV Relative Braincase Volume; 
BCV/(ZW ∗ CBL). 

Complex or novel 
habitats select for 

larger brains ( Sol et 
al. 2008 ) and brain 

growth can influence 
cranial shape ( Frahm 

and Rehkämper 1998 ; 
Schmidt et al. 2017 ). 

Domestic animals have 
smaller brains than their 

wild counterparts 
( Garamszegi et al. 2023 ; 

Hare et al. 2002 ). 

Cranial shape is altered 
by diet texture and 

quality ( Hollister 1917 ; 
Curtis et al. 2018 ). 

Dental relBL Relative Blade Length; BL/M1LL NA Domestic animals have 
smaller teeth than their 

wild counterparts 
( Morey 1992 ; 

Clutton-Brock 1999 ). 

Carnassial blade size and 
grinding surfaces are 
constrained by diet 
across Carnivora, 

limiting variation ( Raia 
2004 ; Curtis et al. 2018 ; 
V an V alkenburgh 1991 ). 

relUP4 Relative upper PM4; PUL ∗
PUW/CBL 

relLP4 Relativ e low er PM4, PLL ∗ PLW/CBL 

relUM1 Relative upper M1; M1UL ∗
M1UW/CBL 

relLM1 Relativ e low er M1, M1LL ∗
M1LW/CBL 

relUM2 Relative upper M2; M2UL ∗
M2UW/CBL 

relLM2 Relativ e low er M2; M2LL ∗
M2LW/CBL 

Rostral relRL Relative Rostral Length; PL/CBL NA Domestic animals have 
shorter rostrums than 
their wild counterparts 
( Clutton-Brock 1999 ; 

Trut et al. 2009 ). 

Rostral shape and length 
is related to bite speed 
and force r equir ements 
of the diet constraining 
these structures within 
species ( Law et al. 2018 ; 

Randau et al. 2019 ). 

relDAO Relative distance from orbit to 
anterior edge of the upper 4th 

premolar; DAO/CBL. 
RWL Rostral Width to Length Ratio; 

PL/MZB 
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 oun g y earlin gs b ase d o n a visible fro nta l–p arieta l
uture (not yet oblit erat ed; Jun g e an d Hoffm eister
980 ). The fin al data set included 51 m ales a nd 47 f e-
a les col le cte d betwe en 1885 and 2005 acros s 26 s tates.

o account for craniodental variations due to evolution-
r y histor y and e colog ica l co ndi tio n s, w e separated our
am ples in to fo ur gro ups b ase d on th e leve l I ecore-
io ns fo r No rt h Amer ic a ( Fig . 1 , Env ir onmental Pr o-
e ct ion Agency—EPA, Commission for Environmental
o op era tion 1997 ). F or each coun ty, we define d urb an-

zation as the proportion of the HP considered urban
t the time of the census for the decade the animal was
ol le cte d (% Urb an Po p u lat io n, Manso n et al. 2020 ).
he US census defined “urban” persons as those liv-

ng in inco rpo rated ci ties/towns o f at least 4,000 people
n the 1880, 1890, and 1900 censuses and lowered this
hres h old to 2,500 persons in any area (including unin-
o rpo rated suburbs) in the 1910 census ( Rat c liffe 2015 ).
e chose an urb anizat ion met ric b ase d on HP, as this

s the only variable co mmo n to a l l cit ies. O ther charac-
erist ics li ke city desig n, bui lding type, t raffic volume,
eg re e of indust ria lizat ion, and g re ensp ace dist ribut ion
 nd ma nagement va ry acros s s ta tes and coun tries and
re inconsistently re corde d, if at a l l. The history of ur-
 anizat ion in each col le ct ion area was also described by
a lcu lat in g the av erag e ag e of each county’s urba n la nd-
 capes (Urban Age). Thes e data were ext racte d from
 raster describing the decade in which each cell sur-
 asse d a deve lopm ent thres h old of 35 structures per
m 

2 w ith 1 indic atin g the dev e lopm ent thres h old was
 asse d in 2010, 2 indicating the threshold was met in
000, and so on up to 8 co rrespo n ding to th e census
aken in 1940 ( Falcone 2017 ). This value describes the
v erag e decade in which each county s urpas sed the de-
e lopm ent thres h old an d offer s per spe ct ive on the his-
o ry o f urb anizat ion in each reg ion, in depen dent of th e
ol le ct ion date and HPs. 

We col le cte d 19 me asures wit h digit al cali pers fro m
accoon sku l l spe cimen s ( Fig. 2 , SM Ta ble 4 ) and con-
erted these into 11 derived variables corre cte d for size
 Ta ble 1 ). B raincase v olum e (BCV, mm 

3 ) was m easured
y fil ling the cranium with 4 mm diameter be ads, wit h

ight shaking to settle beads into sma l ler int er stices, and
h en m easuring th e beads’ volum e with a g raduate d
ylinder ( Logan and Pa lmst rom 2015 ). 

To evaluate the effect of diet on sku l l morp ho logy,
e pu l le d 1–3 mi l lig ram s (m g) o f hair fro m the do rsal
elvic region of each racco on p elt for carbon ( δ13 C) and

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
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Fig. 1 Collection locations and ecoregion groupings for the 98 raccoon specimens. Level I ecoregions indicated with shading (EPA, 
Commission for Environmental Cooperation 1997 ). 
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nitrog en ( δ15 N) sta ble iso to pe an alysi s ( Ben-David and
Fl ahert y 2012 ). Hairs were washed and dried before
w eighin g a subsample into tin boats. Stable iso to pe
an alysi s wa s co nd ucted by the Universi ty o f Wyo ming
Stable Iso to pe Facili ty using a co n tin uous flow D elt a
Plu s m a ss spe ct rom eter, an d δ13 C was corre cte d for
the Suess Effect based on Long et al. (2005 ). For each
spe cimen, we ca lcu late d the difference between the
observed δ13 C ‰ and the est imate d l andsc ape δ13 C ‰
from plant communities ( �δ13 C) with the R package
gras s map r and its included data ( Powell et al. 2019 ).
This value r ecor ds the dev i ation in raccoon diet from
that available on the surrounding natural l andsc ape
and was used as a ma rk er of a nthr opogenic r esour ce
use ( SM Fig. 2 , Newsome et al. 2010 ). 

To as ses s the effect of urb anizat io n o n sku l l shape,
we created 3D m es h es using the smartphone pho-
tog rammet ry app Abound (formerly Met ascan , ht t ps:
//a boundla bs.co m ) o n an Apple iPho ne XR. All meshes
wer e pr oduced by the same device . Eac h sku l l was
placed on a turn table and imaged from 4 angles ( ∼
0 

◦, 30 

◦, 60 

◦, and 90 

◦) a t a ra t e of 1 phot o per second
for a minimum of 25 photos per angle and 100 pho-
tos per sku l l ( SM Fig. 1 ). Photos were uplo ade d to the
cloud service of the Abound app for a utoma tic m es h
creatio n p roced ures. The app then provided a mesh for
eac h phot o set. We created a separat e dor sal and ven-
t ra l m ode l of each sku l l to fu l ly cap ture bo th sides in
detail. Mes h es wer e pr o cessed b ef ore la ndma rking to
mer g e and remov e ext rane ous sur faces. Furt her det ails
on imaging and mo del pro cessing metho ds are available
in the supplemental m aterial s. 

A single person (for consistency) placed 13 fixed
la ndma rks (fixed LMs, Fig. 2 , SM Table 5 ), 25 points
even ly sp ace d a long t he s agitt al midlin e, an d 50 points
even ly sp ace d a long t he r igh t zygoma tic (curve LMs)
on each sku l l m es h using th e softwar e 3D Sl icer ver-
sion 5.6.2 ( w w w.slicer.org , Ki kinis et a l. 2013 ). We then
placed 399 surface la ndma rks (surface LMs) using a
semi-au to mated m eth od based on ( Bardua et al. 2019 ).
We u se “landm ar ks” wh en descri bing a l l points and re-
fer t o eac h t ype indiv idu a l ly (fixe d LMs, curve LMs, and
surface LMs) when necessary. 

After a lig ning la ndma rks with Genera lize d Pro-
cru stes A n alysi s (GPA; with s liding semi-lan dmar ks
[semis] on curves; Bookstein 1989 ), we kept only those
fa l ling on the right side to remove d u plicated info rma-
tio n d ue to b i latera l symmet ry ( C ardini 2017 ; B ardua
et al. 2019 ). Af ter dividing t h e lan dmar ks at th e mid-
lin e, th e set consisted of 13 fixed LMs, both curves (25
semis on the sag itta l crest and 50 semis on the zygomatic
a rch), a nd 152 surface LMs across th e s ku l l surface for a
total of 240 points. We used the GPA-tra nsf o rmed coo r-
din ates a s th e depen dent var iable descr i bing s ku l l shape
an d th e log-tra nsf o rmed centro id size to account for
sku l l size variation ( Bookstein 1989 ). Detai le d descrip-
tio ns o f all m es h processing m eth ods ar e pr ovided in the
supplemen tal ma terials. 

To determine if cranial modules vary independently
under urb anizat io n p res s ures, we also divided the land-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://aboundlabs.com
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
http://www.slicer.org
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Fig. 2 Illustration of three views of a raccoon skull with fixed landmarks (numbered points), caliper measures (text labels) indicated as well 
as an illustration of the four module groups used. 
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arks into four modu les: rost ra l, crania l, zygomat ic,
n d midlin e based on previous studies ( Fig. 2 , Goswami
 nd Fina relli 2016 ; Ra ndau et al. 2019 ). Modules were
erified by a mod ulari ty test wi t h 1000 per mut ations
or the covariance rat io betwe en name d and random-
ze d modu les (CR = 0.651; effect size = -9.3579; P -
alue = 0.001, pairwise co mpariso ns in S M Table 6 ).
u bsetting th ese m odules was done after sup erimp o-
i tio n in acco rd ance w ith a “w i thin co nfiguratio n” de-
ig n use d in previous studies ( Klin g enber g 2011 ; Bardua
t al. 2019 ; Goswami et al. 2019 ; Randau et al. 2019 ).
his m eth od was used to avoid warping caused by

up erimp osition after splitting a bi latera l ly symmet ric
bj e ct at the biolog ica l mid line ( Cardini 2016 , 2017 ;
ardua et al. 2019 ) and to maint ain t h e size an d orien-

atio n o f mod ules in th e s hape space (but see Cardini
t al. 2019 and Zeldit c h and Swiderski 2023 ). 
To as ses s the validi ty o f t he t hree hypot heses, we com-
 are d the comp are d t he per for mance of two test mod-
ls to a nu l l ( Table 2 ). We used linear models for the
er ived me asures while t h e 3D geom etr ic dat a wa s a s-
 ess ed with Procrustes an alysi s of variance (ANOVA)
i th resid ual rando mizatio n in permu tatio n p roced ures

RRPP m ode ls) an d t ype III sum of squ ares ( Co ll yer
 nd Ada ms 2018 ). Significa nt p redicto rs an d th e best
t m ode ls were determin ed by s ummaries, dia gnos tic
lots, va ria nce inflatio n facto rs, and F -tests between
 he t hree m ode ls. For each m ode l, th e response vari-
ble include d a l l la ndma rks, on ly fixe d and curve LMs,
n ly fixe d and surface LMs, on ly surface LMs, o r o nly
urve LMs. This m eth od a l lowe d us to parse which
et of la ndma rks b est describ ed t he dat a and t he influ-
n ce of oth er lan dmar k types on the results ( Goswami
et al. 2019 ). 

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data


6 C. M. Sluka et al .

Table 2 Equations for the null and two test models applied to raccoon cranial measures. 

Model Name Type Data Model 

Null Linear Caliper measures measure ∼ Sex + Sutures + δ15 N + Ecoregion + UrbanAge 

Human Population (HP) Linear Caliper measures measure ∼ Sex + Sutures + δ15 N + % UrbanPopulation + Ecoregion 
+ UrbanAge 

Urban Diet (UD) Linear Caliper measures measure ∼ Sex + Sutures + δ15 N + �δ13 C + Ecoregion + UrbanAge 
Null RRPP 3D Shape 3 D Shape ∼ log( Centroid Size ) + Sex + Sutures + δ15 N + Ecoregion 

+ UrbanAg e 
Human Population (HP) RRPP 3D Shape 3 D Shape ∼ log( Centroid Size ) + Sex + Sutures + δ15 N + % UrbanPopulation 

+ Ecoregion + UrbanAge 
Urban Diet (UD) RRPP 3D Shape 3 D Shape ∼ log( Centroid Size ) + Sex + Sutures + δ15 N + �δ13 C

+ Ecoregion + UrbanAge 
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In a l l m ode ls, we in c luded sex t o account for di-
morphism in cranial morp ho logy ( Ritk e a nd Kennedy
1993 ), status of the fronta l–p arieta l suture (fused or par-
t ia l) as a measure of age a t dea th ( Geiger and Hau ssm an
2016 ), δ15 N t o indicat e diet an d trophic leve l associated
with difference in pre cipitat ion and tem pera ture ( Ben-
David and Flaherty 2012 ), e coreg ion to account for
sha pe varia t ion across ge og raphy ( Ritk e a n d Kenn edy
1988 ), a nd Urba n Age as a metric of urban expansion
across the US ( Table 2 ). Since δ15 N and Urban Age were
close ly re late d to e coreg ion, we g roupe d these in the
nu l l m ode l as descri ptio ns o f e colog ica l variat ion un-
der lying tren ds in urb anizat io n. Co rrelatio n s betw een
a l l m ode l coefficients are reported in supplemental ma-
terials ( SM Table 7 ). 

In the diet co mposi tio n (Urban Diet [UD]) m ode l we
included �d 

13 C as a metric of anthropogenic resource
use ( Table 2 ). If variation in craniodent al me asur es r e-
sponds to anthropogenic food s, thi s m ode l wi l l ran k
higher than the nu l l, and �δ13 C wou ld emer g e as a sig-
nifica nt va ria ble. A g o o d fit to the data of the HP model,
whic h inc lude d % Urb an Po p u lat ion at the time of spec-
imen col le ct ion, wou ld su ppo rt bot h t h e CB H an d th e
SDH (see Table 1 ). The distinction between the two hy-
poth eses re lat es t o the dire ct io n o f chan g e in the cra-
nium and dental morp ho logy ( Tab le 2 ). 

Al l stat ist ica l and mo rpho met ric ana lyses were per-
formed in R Studio (v2024.04.2, Build 764) with lan-
guage R (v4.2.2; R Core Team 2013 ; R Studio Team
2020 ) unless otherwise not ed . G eometric analys es re-
lied on the R packages geo mo rp h (v4.0.6; Adams et al.
2016 ; Baken et al. 2021 ), Mo rp ho (v2.12; Schlager 2017 ),
SlicerMo rp hR (v0.0.2; Zha ng a nd Maga 2024 ), and
RRPP (v2.0.0; Ada ms a nd Co ll yer 2018 ; Co ll yer and
Adams 2018 ). 

Results 

We found a nega tive rela tio nshi p between % Urban
Po p u lat ion an d re lBCV in raccoo ns (Pearso n’s r = -0.30;
P < 0.01) that was not explained by a relatio nshi p wi th
�δ13 C (Pearson’s r = 0.03; P = 0.800). How ev er, the best
fit linear model for relBCV was the nu l l rather than the
HP, s ugges ting t hat var iation in relBCV may be inde-
penden t of urbaniza tion ( Table 3 , SM Table 8 ). Three
dent al me asur es wer e best pr e dicte d by th e HP m ode l
rat her t han t he ot her tw o ( Ta ble 3 ). Th e first man di bular
and maxi l l ary mol ars and the f ourth ma ndibula r pre-
molar de crease d in size with % Urb an Po p u lat ion ( Fig.
3 , SM Table 8 ). Based on the model estimates for these
thre e te eth, one percent increase in % Urban Po p ulation
co rrespo nded to an av erag e decrease in occlusal surface
area of 3.6–6.3 mm 

2 ( SM Table 10 ). This constitutes a
noticeable 4.9%–11.5% change in occlusal area where
t hese teet h ran g e in w idth bet ween 3–10 mm and 4–
12 mm in length. In contrast, both second molars and
t he fourt h maxi l l ary premol ar wer e best pr e dicte d by
the nu l l m ode l ( Table 3 ). Th e secon d m olars did n ot
have any significant p redicto rs, while the fourth maxil-
l ary premol ars s h owed an in creased UP4 size in anim al s
from the Plains regio n ( S M Table 8 ). We also found that
th e re lati ve b lade length of the first ma ndibula r mola r
(t he “car n a ssial blade”) was only pre dicate d by age (i.e.,
t he front a l–p ar iet al s uture s tatus), an d did n ot vary with
diet or urb anizat ion as expe cte d un der th e DCH an d
SDH. 

We found no evidence of a re duce d rost rum in rac-
coon s relativ e to urb anizat io n, wi th mos t s u ppo rt fo r
the nu l l rost ra l m ode ls ( Tables 3 an d 4 ). Th e re lRL was
pre dicte d so lel y by δ15 N in the best fit m ode l while RWL
varied acros s sex, s u tures, and eco regio n, wi th similar
effect sizes. The relDAO varied with sutures and ecore-
gio n, again wi th co nsistent effect sizes ( S M Table 8 ).
Simi larly, e coreg ion was the best predictor of rost ra l 3D
shape (effect size = 4.63) in the RRPP models, com-
parable to cranial sutures (3.19) and size (3.71), but
four times lar g er than sex (1.03) and more than 10
times lar g er tha n Urba n Age (0.35) a nd δ15 N (0.44;
SM Table 9 ). The combined results of the linear mea-
sure and 3D analyses s ugges t that ge og raphy h a s a lar g er

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
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Table 3 Results of the F -test comparisons between the null model and each of the two test models for each caliper measure. 

Human Population Model Urban Diet Model 

Group Measure Residual DF F P -value Residual DF F P -value 

Cranial relBCV 70 3.46 0.067 70 0.9 0.347 

Rostral reRL 89 1.69 0.197 89 0.38 0.542 

Rostral relDAO 87 0.77 0.382 87 2.87 0.094 

Rostral RWL 89 0 0.986 89 0.09 0.77 

Dental relLP4 80 7.74 0.007 80 0.38 0.542 

Dental relLM1 80 4.3 0.041 80 1.74 0.191 

Dental relLM2 78 0.16 0.693 78 1.53 0.22 

Dental relUP4 81 1.72 0.193 81 0.56 0.455 

Dental relUM1 80 7.73 0.007 80 0.13 0.722 

Dental relUM2 83 0.87 0.354 83 0 0.981 

Dental relBL 80 0.01 0.913 80 1.36 0.247 

Note : Significant P -values are indicated in bold text. 

Fig. 3 Relation (r epr esented as a dashed linear r egr ession line) between % Urban Population and three normalized dental measures 
(scaled to the means and divided by the standard deviations). Dashed outlines in illustrations above indicate missing structures in the 
r efer ence specimens. 

Table 4 Results of the comparisons of the two test models to the null for each point combination for each module. 

Human Population Model Urban Diet Model 

Module LM set F Z P -value F Z P -value 

All Fixed LMs + curves 1.14 0.6 0.267 0.8 −0.41 0.661 

All Fixed LMs + curves + surfaces 1.46 1.3 0.097 1.15 0.55 0.294 

All Surfaces only 2.12 1.93 0.033 1.76 1.45 0.076 

Cranial Fixed LMs + surfaces 1.99 1.74 0.047 2.06 1.64 0.055 

Cranial Surfaces only 2.5 1.89 0.035 2.14 1.56 0.064 

Rostral Fixed LMs + surfaces 1.31 0.95 0.167 0.74 −0.65 0.741 

Rostral Surfaces only 1.53 1.26 0.104 0.91 −0.01 0.507 

Midline Curves only 1.04 0.33 0.369 0.54 −0.98 0.832 

Zygomatic Curves only 1.24 0.74 0.225 0.79 −0.49 0.57 

Note : Significant P -values are indicated in bold text. 
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Fig. 4 Difference between the mean landmark orientations of 
raccoons from 0% to 33% Urban Population counties and 
raccoons from 66% to 100% counties r elativ e to the centroid. 
Darker points r epr esent landmarks from the 66% to 100% mean 
shape that fell closer to the centroid (shrinkage) than the 0% to 
33% raccoons and lighter points r epr esent landmarks from the 
66% to 100% mean shape that fell further from the centroid 
(expansion) than the mean 0% to 33% landmarks. 
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effe ct on rost ra l s hape an d size tha n a ny urba n or diet
met ric, cont rast ing wit h t he SDH. 

As di scu ssed a bov e, w e found mix ed su ppo rt fo r a de-
crease in overa l l brain size in urb an raccoo ns. No n eth e-
les s, the bes t fit m ode l to cranial s h ape wa s the HP
m ode l ( Table 4 ). The HP model for cranial module
s hape in clude d % Urb an Po p u lat ion as a sig nificant pre-
dicto r wi th a n effect size o f 1.92, co m parable to tha t
from sex and Urban Age but lower than that of sutures
(2.92), size (3.42), and e coreg ion (3.91). Raccoons col-
le cte d from count ies wi th mo re tha n 66% urba n po p u-
lation h ad sh allower cranial vaults at t he dors al sur face
a nd expa nded occi p i tal regio ns t han t hose col le cte d in
counties with less than 33% urban po p u lat ion ( Fig. 4 ),
s ugges ting that o p posing trends of the dorsal and occip-
it al sur faces could maint ain a static overall brain size. 

While we used t wo correl ated metrics of urbanization
(% Urban Po p ulation and �δ13 C; Pearson’s r = 0.23,
P = 0.0217), we did not find that both e qua l ly pre-
dicted raccoon cranial m orph ology. Spe cifica l ly, % Ur-
ban Po p ulatio n was p redictive o f size in som e ch ee k
teet h and t he shape of the crania l modu le, whi le �δ13 C
did not significantly predict any mea sure. Thi s suggests
t hat while t h e two m easur es wer e corr elat ed , they de-
scribe different aspects of the urban hab i tat. 

The Urban Age variable was a significant p redicto r in
only the relBCV model ( SM Table 8 ). With lower Ur-
ban Age values in dicating m or e r ecent deve lopm ent, a
1-dec ad al increase in the av erag e dev elopment ag e of
the county was relat ed t o a 0.91 mm 

3 decrease in relBCV
( SM Table 8 ). This s ugges ts that relBCV was sma l ler in
raccoo ns fro m counties wi th urba n a re as t hat s urpas sed
th e deve lopm ent thres h old ear lier in th e 20 

th century.
Thi s i s consi stent wit h t he cor rel ation bet ween relBCV
and % Urban Po p u lat ion di scu sse d earlier, a lthough st i l l
unsu ppo rted by the relBCV models. 

Discussion 

O ur resu lts sug gest t hat t h e rapid deve lopm ent of urban
spaces h a s a mea surable effect o n raccoo n sku l l mor-
p ho logy across t imesca les o f o n ly 120 years, a lthough
th e influen ce of urb anizat ion i s ea sily m a ske d by e co-
log ica l co ndi tio n s across g e og raphy. We demonst rate
th e n e e d to consider the effects o f mul ti p le dri vers, in-
cludin g sex, ag e, diet, and g e og raphy, on crania l shape
t o accurat ely par se the effe ct of urb anizat ion a lone. In
addi tio n, we s h ow that m orph olog ica l ada pta tions to
n ove l environm ents may n ot follow th e pre dict ions of
t hese simple hypot hes es becaus e pres s ures likely influ-
ence cranial structures simultan eous ly. 

While the chan g es w e observ ed in relBCV may con-
tradict th e CB H, we cau tio n a gains t dire ctly comp ar-
ing brain size to cog nit iv e a bi lity, espe cia l ly when a lso
as ses sing domes t icat ion-li k e effe cts. Whi le Sol et al.
(2008) found a positive relatio nshi p between b rain size
a nd urba n s ucces s in m amm al s, domes ticated s pecies,
including dogs ( Canis fa milia ris) a n d h orses ( Equus
e quus ), demonstrat e increa sed hum a n–a nimal social
cog nit ion r egar dless of their r e lative ly sma l ler brains
( Miklósi et al. 2007 ; Fureix et al. 2009 ). Wit h var iation
in cranial shape but not r elBCV acr oss urb anizat io n, i t
is not clear how the observed changes in cranial mod-
ule shape would influence brain shape or size. While we
used a fini te defini tio n o f th e CB H from th e lit erature ,
it is possible t hat t hese chan g es in braincase shape are
indicative of changes to brain structure or reg iona l size
that could not be as ses sed in this study. 

The re duce d tooth size in two of t he t hree man di bular
ch ee k teeth (LP4 and LM1) an d on e of t he t hree max-
i l lary che ek te eth (UM1) i s consi stent wit h t h e s h orter
molar tooth rows found in urban rats ( Puckett et al.
2020 ) an d th e s h o rter p remolars in dogs comp are d to
wo l ves ( Morey 1992 ). This is also consistent with Wayne
(1986) , wh o s h owe d variat ion betwe en many denta l
measures of domestic dogs and wild canid species, ex-
cept for that of the secon d m ol ar, simil ar to our find-
ings fo r raccoo ns. However, co rrelatio n b etween to oth
size an d dom est icat ion (i .e ., support for SDH) h a s been
quest ione d as sma l l te eth a ls o occur in s om e m od-
ern and ancient wo l ves (e.g., Dimi tri jevi ́c and Vukovi ́c
2015 ). Morey (1992) s ugges ts that re duce d tooth size in
m odern dom est ic dogs cou ld be the resu l t o f a develop-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
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ental lag relative to rapid dwarfing of b o dy and sku l l
ize in early domest icate d lineag es. Raccoon s could be
xperiencing an o p posite tren d wh ere b o d y size rapidl y
ncre ases wit h access to high-calor ie ant hropogenic
o o d s, leaving sm a l l te et h lag g ing (li k e la r g e modern
ogs, McKeow n 1975 ). This expl ana tion a ppears un-

ike ly, h ow ev er, as w e foun d n o eviden ce that raccoon
ize scales with urb anizat ion b ase d on the 45 spe ci-
ens with b o dy lengt h me a sures ( SM Figs. 3 –5 ). Thu s,

h e m ost plausi ble expla nation f or the variation we ob-
 erved in thes e dent al me a sures i s cur rent ly t he SDH.
he re duce d too th size fo un d h ere could a ffect f o o d ma-
ipu lat ion and survival in urban hab i tats. Sma l ler te eth
 re lik ely sufficient f o r p rocessing so ft textured fo o ds,
ut may be detr iment al if smaller teeth are more sus-
eptible to b reakage o n obj e cts li ke p ackag ing, as sug-
ested by the o p posite trend in bone-crushing carnivo-
ans ( Kupczik and St y nder 2012 ). 

In contrast to t he dent al me asures, no ne o f t he t hree
ost ra l measures (relRL, RWL, and relDAO) nor the
D shap e supp orts the SDH directly. These rost ra l re-
u lts p art ia l ly cont radict the dental results since ros-
rum length is expect ed t o decre ase wit h domest icat ion-
ike pres s ures ( Wi l kins et a l. 2014 ), a lt hough t he in-
uence o f diet m ay m a sk thi s t rend ( Law et a l. 2018 ).
he rost ra l modu le a lso s h owe d less variat io n fro m

h e m ean s h ape th an the crania l modu le s ugges ting
hat raccoon rost ra l shape is lar g ely con st raine d ( SM
ig. 6 ). The low variab ili ty in the rost ra l modu le cou ld
e related to diet as constraint on rost ra l shape pre-
erves th e m e chanica l propert ies of the ora l reg ion li ke
losing spe e d and b i te strength in co njunctio n wi t h t he
an di ble. Th e co nservatio n o f this regio n cou ld a lso in-

ica te the main tenan ce of th e olfac tory struc tures that
accoo ns use fo r navigatio n and social comm unica tion
ven in urban hab i tats ( Ough 1982 ; Kent and Tang-
artínez 2014 ). 
The ada pta tio n to a b road a nd va riable diet in rac-

oons may explain why we found no significant rela-
io nshi p between stable iso to pes and the shape of the
ku l l. The DCH s ugges ts high cranial variab ili ty in car-
iv oran s in respon se to diet composition and texture
 Curt is et a l. 2018 ; Law et a l. 2018 ) and Hol lister (1917)
ven provided evidence t hat diet ary texture influences
ranial shape within th e lifetim e of indiv idu al c arnivo-
ans. It is un li ke ly, th er efor e, that raccoon s w ould be
esistant to m orph olog ica l chan g es under masticatory
 tres s from different dietary t extures. Inst ead , �δ13 C
ay be an imperfect metric of anthropogenic diets or
 ay mi sr epr esent the diversity of texture of human-

erived fo o ds. W hile val ues o f δ13 C ar e r eliab l y used
s a ma rk er of anthropogenic diets in wi ld life studies,
spe cia l ly when comp are d to loca l plant co mmuni ties
 Ne ws ome et al. 2010 ), it is possible that other fact or s
 ay h ave m a s ked th e effects of diet. This in cludes th e
nreso l ved influence o f pel t p reservatio n t ec hniques on
a rbon a nd nitrogen iso to pe val ues. Several o f our spec-
men s w ere col le cte d a s early a s 1885, when preserva-
 ion te chniques were vastly different from modern pro-
ocols. Ha ir k erat in is considere d a non-react ive t is-
ue fo r ato m ex chan g e o f carbo n and ni trogen ( Ben-
avid and Flaherty 2012 ; Koehler and Hobson 2018 ),

lthough B ra bcová et al. (2024) found evidence that
u lt iple s ta ges of the tanning process influence both

13 C and δ15 N of ha ir k eratin. The effects o f p reserva-
io n, post-p reservatio n trea tmen ts (e.g., pesticides), and
 uratio n o f sto rage in museum col le ct io ns o n carbo n
nd nitrogen iso to pes merit further invest igat io n. Al ter-
ati vel y, ot her met hods to deter mine t he effects of diet
n sku l l morp ho logy, lik e microwea r a n alysi s, s h ould be
xplore d ( Schu lz et a l. 2013 ). 

Two explanatory variables, e coreg ion and Urban Age,
mer g ed as im portan t in s e veral m ode ls. While Ur-
an Age was dependent on e coreg ion ( SM Figs. 7 –
 ), th ese m easures descri b e b oth climatic and v eg eta-
ion differences ( Fig. 1 ) an d th e histo ry o f human set-
lement across ge og raphy in t he USA ( D obson 2013 ;
alco ne 2017 ). Fo r exa mple, a re as wit h a lon g er his-
o ry o f urb anizat ion cou ld influen ce th e gen etic com-
o nents o f mo rp ho logy and p rod uce gre ater var iation
etwe en urb a n a nd rural hab i tats. Eco regio ns also re-
ect the g enetic div ersi ty o f raccoo ns in No rt h Amer ica,
ut we were unable to account for s ubs pe cies desig na-
io ns o f t he s ampled racco ons b e cause genet ic informa-
io n o n thi s species i s un avai lable. Whi le studies have
s ses se d genet ic su ppo rt fo r s ubs pe cies ident ificat ions
n the eastern USA ( Cu l lingham et a l. 2008 ; Truji l lo and

offman 2017 ) and some have explored diversity along
 n urba n–rural gradient in Illinois ( Santon a sta so et al.
012 ), no study h a s provided information on the genetic
iversi ty o f raccoo ns across th e contin ent. Associating
 orph olog ica l variat io n wi th kn own gen et ic p atterns

s ther efor e curr en tly im possi ble, alth ough Goldman
1950) s ugges ts t here may be litt le m orph olog ica l vari-
t ion betwe en raccoon s ubs pecies even if genetic differ-
nces exist. 

O ur sele ct io n o f spe cimens b ase d o n su ture obli t-
ration m ay h ave int roduce d so me b i as bec ause rac-
oo n su ture fusio n rates may differ across eco regio ns
 Fiero and Verts 1986 ). Since we lack understanding
f the relatio nshi p between obli teratio n rates and cra-
ial shape ( Geiger and Hau ssm an 2016 ; Bieraugle et al.
025 ), it is not clear how life experiences (like m a stica-
ory s tres s) cou ld influence crania l shap e b ef ore a nd a f-
 er oblit eration. The age of the animal could then influ-
n ce m easured m orph ology sin ce fronta l–p arieta l oblit-
ratio n occurs d uring raccoo n dispersal fro m the natal
an g e ( Gehrt and Fritzell 1998 ). This means that the col-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf094#supplementary-data
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le ct ion locat ion of raccoons with a p art ia l l y ob lit erat ed
fronta l–p arieta l suture (i .e ., y earlin gs) could p o orly de-
scr ibe t he co ndi tio ns that p rod uced the given cranio-
dental m orph ology. Thi s i s f urt her com plica te d be cause
s uture clos ure rate can vary with domest icat ion-li ke ef-
fects as sutures close earlier in domest icate d dogs than
in wo l ves ( Bieraugle et al. 2025 ). Indeed , c losure rat e h a s
be en conne cte d to some crania l m orph olog ies li ke that
in brachycephalic bre e ds ( Geiger and Haussman 2016 )
and so suture closure rate could influence morp ho logy
through mu lt iple avenues. 

It is im portan t t o not e t he cur ren t con trov ersy a bout
sup erimp osition prior to subsetting modules (i .e .,
“wi thin-co nfiguratio n” m eth od, Klin g enber g 2011 )
and its v iol ation of Procrustes m eth od as s umptions
( Cardini et al. 2019 ). While these is s ues are not yet
reso l ved, it is possib le t hat t he resul ts o f our mod ulari ty
as ses sm ent an d su bse quent ana lysis o f mod ule shape
a re sk ewe d b ase d o n this su p erimp osi tio n p roced ure,
exagg eratin g mod ulari ty and shape differences (but
see Zeldit c h and Swider ski 2023 ). Nonetheless, our
co ncl usio ns are b ase d on the results of both the linear
m easures an d th e s h ape an alysi s and thu s are un li kely
t o c han g e if g e omet ric ana lyses are am en de d. Whi le we
did not explore asymmetry across the raccoon sku l l,
such future assessment would be valuable. Wigley et al.
(2024) s ugges t that deve lopm enta l st ress can influence
fluctu ating asy mmetries in human dental structures.
It is possible that a similar deve lopm enta l p athway
cou ld a l ter mo rp ho logy in raccoons that experience
human–wi ld life conflict and associated stressors. 

G iv en the limi tatio n o f museum col le ct io ns o f rac-
co on sp ecim ens (in complete an d broken s ku l ls, pre-
do minance o f juveniles, lack o f relia ble g e og ra phic da ta,
and paucity of skins), our sample size was sma l ler than
ant icip ate d. How ev er, our denta l resu lts, li k e the cha n g e
in ch ee k to oth o cclus al are a, demonstrate a difference
th at wa s dete ct ib le by our samp le size. 

Un derstan ding th e evol u tio n ary hi sto ry o f raccoo ns
may be p art icu larly im portan t given their behavioral
flexib ili ty and some of their con serv e d ancest ra l mor-
p ho log ica l t raits. Simi lar to �δ13 C, δ15 N values, which
describe trophic level ( Post 2002 ), were unrelated to
me asures of t he car n a ssial blades (UP4 and LM1) as ex-
pe cte d b ase d on other studies ( V an V a l kenburgh 1988 ;
Raia 2004 ; 2009 ). This too s ugges ts that raccoons may
rely on the co nservatio n o f the o mnivo re dental plan
fo r behavio ral flexib ili ty. Thi s generali st trait is con-
sistent with the co nservatio n o f a n a ncest ra l t rai t o r
conv er g ent ev olution. The raccoon’s low er ch ee k teeth
are most similar to the lower molar form of b asa l car-
nivo ramo rph s in Viv errav id ae and Mi acid ae and c ar-
niv oran s in Herpestidae and Viver r idae ( Vankelst 2024 )
rat her t han to t h e lower m olars of th e phylogen et ica l ly
relat ed Ur sidae ( Zeveloff 2002 ). In contrast, the deriva-
tio n o f ch ee k teeth towards m orph otypes seen in the
F elidae a ppears evol u tio naril y inflexib le and is thought
to have co ntribu ted to ext inct io n o f mul ti ple hyper-
carnivor ous gr ou ps; so, avo idance o f denta l spe cia liza-
tion appear s t o p rovide raccoo ns wi t h t h e flexi b ili ty
ne e de d to adapt to n ove l environm ents ( Holliday 2010 ).

Conclusion 

We foun d eviden ce for s hifts in m orph olog ica l ph en o-
type in response to urb anizat ion, r egar dless of other fac-
t or s like sex, size , and ge og raphy. This demonst ra tes tha t
ei ther raccoo ns alo ne are pre dispose d to respond sim-
i larly to urb anizat ion even in disparate po p u lat io ns o r
t hat t hese patter n s are indicativ e of a deeper ev ol u tio n-
ary pattern. Of the three hypotheses we t est ed , our re-
sults are most co nsistent wi t h t h e dom est icat ion syn-
dro me p rod uced through incidental self-domest icat ion,
a m orph o type ap par ent acr oss m amm alian taxa and
s ugges tive of an evol u tio nary b ias ( Wi l kins et a l. 2014 ).
In contras t, our res ults s ugges t th at a s generali st omni-
vo res, so me aspects o f raccoo n mo rp ho logy are adapted
to resi st dra stic m orph olog ica l shifts even under dis-
parate co ndi tio ns; a co nst raine d genera lism. These p at-
terns in a wild ca rnivora n a re clea r indica tions tha t h u-
man influence on the l andsc ape is p ro found , occur s
rapid ly, and cou ld occur indirect ly t hrough incident al
domest icat ion. 
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