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Comparative skull morphology of two pika species
(Ochotona princeps and O. hyperborea):
implications for differences in feeding habits

Shohei Matsunami, Tatsuo Oshida* & Hideo Ichikawa

ABSTRACT. To examine the hypothesis that cranium and mandible morphology influence different
feeding habitsin pikas, we compared two samples: Ochotona princeps from Californiaand Nevada, USA
and O. hyperborea from Hokkaido, Japan. These pika species show similar ecological traits, are allopatri-
cally distributed in Northern Hemisphere, and inhabit rocky hillsides on mountain. Of all measurements,
55% showed no significant differences, indicating the two samples had similarly sized and shaped skulls.
M easurements with significant differences were related to origins and terminations of chewing muscles.
Morphological differences between these two samples may result from differencesin feeding habits.
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CpaBHuTenbHas mopconorus Yyepena AByX BUAOB MULLYX
(Ochotona princeps and O. hyperborea):
pas3nuyusa B NULLEeBOM cneunanu3saumm

L. MatrcyHamu, T. Owmpaa, X. NunkaBa

PE3IOME: [l mpoBepKH BIMSHUS MTUIIEBOH CIETIHATN3aNH Ha MOP(OJIOTHIO Yepena 1 HIbKHEH Jertoc-
TH OBLJIO MPOBEICHO CPaBHEHHUE ABYX BBIOOpOK muinyXx: Ochotona princeps w3 Kanudopuuu u HeBapl,
CIIA u O. hyperborea c o-Ba Xokkaiij0, SImoHus. DTH BUABI MHUIYX CXOJIHBI [10 SKOJOTHHU U aJJIONATPH-
yecku pacnpoctpaHensl B CeBepHoM [onymapuu, Hacemnss kKaMeHHUCThIe CKIoHBI rop. ITo 55% nmpomepos
He 00HApYKEHO Pa3InYuii MEXy BHIAMH, YTO CBUAETEIBCTBYET O CXOJHBIX pa3Mepax u Mopdosornu
yeperna 000ux BUI0B. [IpoMepsl, moka3bIBatomye HanOOIbIINE pa3indasi, CBI3aHbI C MECTAMH KPEIUICHUS
KEBATEIBHBIX MBIIII. DTH MOP(OIOTUIECKHUE PA3INIH MOTYT CBUETEIHCTBOBATh O PA3HOM NMHUIIEBOI
CIIEIAIN3AINY UCCIICIOBAHHBIX BUOB.

KJIFOUEBBIE CJIOBA: amepukaHcKkasl TUIyXa, CEBEPHAsl MUIIYXa, *KeBaTEJIbHbIE MBI, YepeT, HAXK-
HSISl 9EITIOCTb.
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I ntroduction

Thereisadirect correlation between feeding char-
acteristics and skull morphology in mammals (e.g.,
Feldnamer et al., 2004). This correlation is among
genera, families, and orders, as well as within species
and among closely related species. For instance, the
differencesin skull morphology among populations of
raccoon dog Nycter eutes procyonoides may result from
the differences in their carnivorous diets (Kauhala et
al., 1998). Thereisacorrelation between feeding type
and mandibular corpus height in populations of sika
deer Cervus nippon (Ozaki et al., 2006). Examination
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of skull morphology helps to explain environmental
adaptation of feeding habitsin mammals.

To examine how skull shape changed with feeding
habits, we compared with skull measurements of two
pika species. the American pika Ochotona princeps
and the northern pika O. hyperborea. In the Northern
Hemisphere, 31 Ochotona species are identified (Wil-
son & Reeder, 2005). Of them, we sel ected two allopat-
ric species (O. princeps and O. hyperborea) based on
distribution, external characteristics, and habitat.

Ochotona princeps occurs in the western part of
North America. Ochotona hyperborea is widely dis-
tributed in northern part of Eurasia, Sakhalin Island of
Russia, and Hokkaido I sland of Japan (Abeet al., 2005;
Wilson & Reeder, 2005). The external characteristics
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of Ochotona princeps are very similar to those of O.
hyperborea (Smith & Weston, 1990). In fact, thesetwo
species, and other two species (O. alpina and O. co-
laris), have been treated as asingle species (O. alpina)
(Argiropulo, 1948; Gureev, 1964; Corbet, 1978). In
addition, both speciesinhabit rocky banksin mountain
areas, showing similar ecological traits (e.g., Smith et
al., 1990).

These two species, however, are not closely related
to each other (Niuet al., 2004; Lissovsky et al., 2007).
The similar morphological and ecological characteris-
tics between them may indicate adaptive convergence
for aspecific habitat. Although both speciescommonly
inhabit rocky banks, the vegetation spectrum in O.
hyperboreahabitat isso huge and variousthat iscovers
not only O. princeps' s spectrum, but some additional
species also. The spectrum of O. hyperborea in Hok-
kaido Island, however, is different from that of O.
princeps. Any significant differencesin skull measure-
ments, such asmandibleheight, arelikely to result from
differences in feeding behavior, as a resulted from
differencesin vegetation.

Of al Ochotona species, the food habits of these
two species are well studied: O. princeps mainly uses
grasses, forbs, and cushion plants (Huntly et al., 1986)
and lichens (Conner, 1983), and O. hyperborea also
feeds grasses and forbs (Inukai, 1931; Sakagami et al.,
1956; Haga, 1960). The food resources of two pika
species, however, evidently differ in species of plants.
Thesedifferencesinfood may affect the shape of crani-
um and mandibl e associated with chewing muscles. For
instance, jaw muscles of pika speciesthat successfully
eat moreindigestible resources may be more powerful -
ly devel oped, and this may affect the shape of mandible
because jaw muscles attach directly the mandible. Al-
thoughitisdifficult to morphologically comparediffer-
ent speci es because each species may have geographic
variations (Lissovsky, 2003), we preliminary discuss
how differences in skull and mandible morphology
influenced food habits in these two pika species by
using the respective local sample.

M aterialsand methods

We examined 31 skulls of Ochotona princeps and
18 skulls of O. hyperborea (Appendices 1 and 2). To
avoid the influences of geographic variation on mor-
phological characteristics, we used eachlocal samplein
this study: sample of O. princeps was from California
and Nevada, USA and that of O. hyperborea was from
Hokkaido, Japan. These specimens are deposited in the
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University of CaliforniaMuseum of Vertebrate Zool o-
gy, Berkeley; the Museum of Botanic Garden of Hok-
kaido University, Sapporo; the National Science Muse-
um, Tokyo; the Mt. Apoidake Visitor Center, Samani;
the Higashi Taisetsu Museum of Natural History, Nuk-
abira; and the Laboratory of Wildlife Ecology, Obihiro
University of Agriculture and Veterinary Medicine,
Obihiro. We considered all specimens adults because
of the degree of closure of cranial structures and the
presence of a sagittal crest. Measurements of skulls of
American pikas older than one year indicate no size
differences between sexes (Weston, 1981; Smith &
Weston, 1990). Therefore, we combined the sexes for
thisexamination.

We followed the definitions of Abe (1991) and
Otsuka et al. (1980) for the 19 cranial and mandible
measurements included in this study (Fig. 1): greatest
length (GL), nasal length (NL), condylobasal length
(CBL), basilar length (BL), palatal length (PL), upper
diastemalength (UD), length of upper tooth row (LUT),
mastoid breadth (MB), zygomatic breadth (ZB), inter-
orbital breadth constriction (IBC), rostrum breadth (RB),
distance betweenfirst upper premolars (PMD1), breadth
across upper tooth rows (BTM), distance between first
upper molars (MD1), minimum length of auditory bulla
(LAB1), maximum length of auditory bulla (LAB2),
mandible height (MH), length of mandible (LM), and
length of lower tooth row (LLT). For more detailed
morphological information, we added 17 measurements:
length from postnarial anterior margin to basilar bone
(PABB), length of basilar bone (BB), distance between
temporal foveae (TF), length between temporal fossa
and zygomaticotemporal process (TFZP), distance be-
tween processes of upper part of zygomatic arch (PZA),
breadth of frontal bone (FB), distance between unique
processes (UP) of anterior part of zygomatic bone
(PAZB), minimum length between lateral margins of
maxillae (LMM), breadth across occipital condyles
(BOC), maximum length of aditusorbitae (LAO), max-
imum length across auditory bullae (LAAB), height of
cranium (HC), distance between UP and lateral margin
of zygomatic bone (UPZB), breadth of condyloid pro-
cess (BCP), breadth of angle of the mandible (BAM),
length from angular processtoincisiveaveolus(APIA),
and lower diastema (LD). All of measurements were
taken to the nearest 0.01 using mm by digital calipers.

To estimate differences in skull size between two
local samples, we compared each variable with a Stu-
dent’ st-test. Principal component analysis (PCA) and
stepwise discriminate analysis clarified variation be-
tween two samples for cranial and mandible measure-

(BB), distance between temporal fossae (TF), length between temporal fossa and zygomaticotemporal process (TFZP),
distance between processes of upper part of zygomatic arch (PZA), breadth of frontal bone (FB), distance between unique
processes (UP) of anterior part of zygomatic bone (PAZB), minimum length between lateral margins of maxillae (LMM),
breadth across the occipital condyles (BOC), maximum length of aditus orbitae (LAO), maximum length across auditory
bullae (LAAB), height of cranium (HC), distance between UP and lateral margin of zygomatic bone (UPZB), breadth of
condyloid process (BCP), breadth of angle of the mandible (BAM), length from angular processto incisive alveolus (APIA),
and lower diastema (L D). Figure was adapted from Abe (2000).



Skull morphology of two pika species 101

_ BTM
A
LT upz chL
L fre2 BB
A :
> N Y vy
BOC
< 7B > [AAB

Figure 1. Skull measurementsinOchotona princeps and O. hyperborea. Greatest length (GL), nasal length (NL), condylobas-
al length (CBL), basilar length (BL), palatal length (PL), upper diastema (UD), length of upper tooth row (LUT), mastoid
breadth (MB), zygomatic breadth (ZB), interorbital breadth constriction (IBC), rostrum breadth (RB), distance between first
upper premolars (PMD1), breadth across upper tooth rows (BTM), distance between first upper molars (MD1), minimum
length of auditory bulla(LAB1), maximum length of auditory bulla(LABZ2), mandible height (MH), length of mandible (LM)),
and length of lower tooth row (LLT). In addition to these measurements, to resolve more highly the morphological
information, we used 17 measurements:. length from postnarial anterior margin to basilar bone (PABB), length of basilar bone
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Table 1. The skull measurements (mm) of Ochotona princeps and O. hyperborea
(n: number of specimens, mean, and SD: standard deviation) and results of t-test
(P). Abbreviations corresponded to thosein Fig. 1. *P < 0.05, **P < 0.01, ***P <
0.001, and ns: P > 0.05.

Variable O. princeps O. hyperborea

n mean SD n mean SD p
GL 27 | 40.83 0.91 17 41.45 1.26 ns
NL 31 | 12.28 0.52 17 12.42 0.59 ns
CBL 25 | 3459 1.10 14 35.75 0.83 *
BL 25 | 3187 0.99 14 32.92 0.79 *
PL 29 | 1319 0.54 17 13.10 0.45 ns
PABB 27 | 10.15 0.45 14 11.02 0.26 *kk
BB 25 7.90 0.40 14 8.04 0.35 ns
uD 31 7.70 0.39 18 7.71 0.26 ns
LUT 31 8.05 0.34 18 7.98 0.31 ns
MB 26 | 17.86 0.79 17 17.60 0.60 ns
TF 26 | 1357 0.32 17 12.93 0.42 *kk
TFZP 30 342 0.22 17 3.56 0.16 *
ZB 25 | 20.53 0.52 17 20.80 0.44 ns
PZA 26 | 15.90 0.43 18 15.05 0.36 *k
FB 28 9.11 0.37 18 7.79 0.58 *kk
IBC 30 5.15 0.38 18 457 0.34 *kk
RB 31 5.48 0.27 18 5.52 0.31 ns
PMD1 29 5.73 0.26 17 6.06 0.24 *k
PAZB 25 | 18.84 0.60 16 19.16 0.55 ns
BTM 28 7.16 0.37 17 7.33 0.25 ns
MD1 28 | 12.02 0.41 18 12.15 0.29 ns
LMM 27 4.86 0.18 17 471 0.23 **
LAAB 22 | 19.82 0.50 14 19.75 0.54 ns
BOC 27 757 0.31 15 7.58 0.25 ns
LAO 31 9.27 0.30 18 9.31 0.24 ns
LAB1 27 7.78 0.45 15 7.62 0.32 ns
LAB2 27 | 12.48 0.53 15 12.70 0.35 ns
HC 30 | 12.35 041 17 12.01 0.73 *
UPZB 30 6.23 0.57 18 7.54 1.04 *kk
BCP 27 6.42 0.35 16 7.01 0.32 *okk
BAM 28 7.74 0.59 16 7.74 0.55 ns
LM 27 | 26.28 0.88 15 26.87 0.62 *
APIA 27 | 25.98 0.92 17 27.31 1.28 **
MH 28 | 15.85 0.53 15 16.87 0.50 *kk
LLT 31 7.80 0.26 17 7.76 0.26 ns
LD 31 5.74 0.27 17 5.79 041 ns
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ments. All statistical analyseswere performed with the
JMPIN (SAS Institute Inc., 2004).

Results

Six skull measurements(TF, FB, PZA,LMM, IBC,
and HC) were significantly larger for O. princeps than
for O. hyperborea (Student’ st-test, P < 0.05: Tab. 1).
In contrast, ten skull measurements (CBL, BL, PABB,
TFZP, MD1, UPZB, BCP, LM, APIA, and MH) were
significantly smaller for O. princepsthan for O. hyper-
borea (Student’ st-test, P < 0.05: Tab. 1).

In aPCA using all cranial and mandible measure-
ments, the 1st and 2nd principal component axes ex-
plained 40.3% and 16.7% of thetotal variation, respec-
tively (Tab. 2). These two principle components ade-
quately separated thetwo local species(Fig. 2). Onthe
1st principle component, variables GL, CBL, BL, ZB,
LAAB,LAB2,BAM, LM, APIA, and MH were some-
how heavily loaded. On the 2nd principle component,
variables TF, PZA, FB, and IBC were heavily positive
and variables PABB and UPZB were heavily negative
(Tab. 2).

A stepwisediscriminant analysis selected eight vari-
ables in this order: FB, PMD1, LAB1, BCD, BAM,
LAAB,LLT,BTM, APIA, and PZA. These variables
correctly classified 100% of the skulls by species

(Fig. 3).
Discussion

The 20 measurements (55% of all measurements)
showed no significant differences between thetwo sam-
ples (P > 0.05) for measurements comparison. Espe-
cialy, astherewere no significant differencesin some
major values to represent essential external trait of
skulls such as greatest length (GL), zygomatic breadth
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Figure 2. First (PC1) and second (PC2) principle compo-
nents of principle component analysis of skull measurements
o Ochotona princeps (solid circles) and O. hyperborea
(open circles).
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Table 2. First principal component (PC1) and second prin-
cipal component (PC2) of skull comparing skull measure-
ments of Ochotona princeps and O. hyperborean. Abbrevi-

ations corresponded to those in Fig. 1.

Variable PC1 PC2

GL 0.2392 0.0325
NL 0.1218 0.1340
CBL 0.2484 -0.0551
BL 0.2469 -0.0526
PL 0.1688 0.1637
PABB 0.1567 -0.2575
BB 0.1592 0.0069
ub 0.1467 0.1613
LUT 0.1684 0.1036
MB 0.1613 0.1824
TF -0.0304 0.3397
TFZP 0.1534 -0.0791
ZB 0.2265 0.0725
PZA -0.0191 0.3509
FB -0.1101 0.3432
IBC -0.0086 0.3349
RB 0.1684 0.0435
PMD1 0.1652 -0.0892
PAZB 0.1978 0.0375
BTM 0.1762 0.0740
MD1 0.1839 0.0442
LMM 0.0841 0.2483
LAAB 0.2110 0.1323
BOC 0.0581 -0.1032
LAO 0.1360 -0.0387
LAB1 0.2113 0.0520
LAB2 0.0765 0.1954
HC 0.0098 0.2345
UPZB 0.1485 -0.2599
BCP 0.1968 -0.1502
BAM 0.2007 0.0616
LM 0.2290 -0.0052
APIA 0.2146 -0.0720
MH 0.2333 -0.1358
LLT 0.1202 0.0520
LD 0.1031 0.0771
Eigenvalue 14.5129 6.0279
Proportion 40.3136 16.7440
Cumulative 40.3136 57.0577
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Figure 3. Stepwise discriminant analysis of 36 cranial and
mandible measurements of Ochotona princeps(solid circles)
and O. hyperborea (open circles).

(ZB), and mastoid breadth (MB), two samples could
have similar skull in both size and shape.

Principle component analysis and discriminant anal -
ysisof skulls, however, showed clear separation in the
two samples (Figs 2 and 3). Ochotona princeps has
larger TF, FB, PZA,IBC, LMM, and HC. Of them, TF,
FB, PZA, and IBC were also loaded heavily positively
in principle component analysis as a second principle
component. The FB was first selected in discriminant
analysis. Larger TF, FB, PZA, and IBC mean that the
upper part of cranium of O. princeps could be wider
than that of O. hyperborea.

In contrast, O. hyperborea has larger CBL, BL,
PABB, TFZP, MD1, UPZB, BCP, LM, APIA, and
MH. The APIA and BAM were selected in discriminant
analysis. The PABB was heavily negatively loaded in
principle component analysis as a second principle
component. The larger CBL, BL, and PABB explain
that under part of cranium of O. hyperborea could be
longer than those of O. princeps, in spite of no signifi-
cant differencesin GL. Moreover, thelarger BCP, LM,
APIA, and MH mean that O. hyperborea could have
larger mandible.

The TF of O. hyperborea was significantly shorter
than that of O. princeps. This measurement may reflect
differencesin chewing behavior between the two sam-
ples. Thetemporal muscle originatesfrom thetemporal
fovea and terminates at the condyloid process of man-
dible (e.g., Kato, 1979; Popeskoet al., 1992). If the TF
is narrower, the temporal muscle may have more in-
creased beside temporal bone. Narrowing of PZA and
FB may be helpful in increasing temporal muscle. The
IBC is also closely associated to the origin of the
temporal muscle. This muscle may have increased on
the narrower postorbital constriction of O. hyperborea.
Thelonger CBL, BL, and PABB inO. hyperborea may
indicate that some bonesin the cranium, especially the
sphenoid bone, arelonger. The external pterygoid mus-
cle (necessary for mastication) originates from ptery-
goid process of sphenoid bone, and terminatesat condy-
loid process of mandible (Kato, 1979). Moreover, the
internal pterygoid muscle originates from pterygoid
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process of sphenoid bone, palatine bone, and pterygoid
bone, and terminates at pterygoid of mandible (Kato,
1979). As sphenoid bone lengthens, these pterygoid
musclescanincreasein size. Moreover, thelarger man-
dible of O. hyperborea could be result of devel opment
of the masseter muscle. This muscle widely attaches
with the mandible (Kato, 1979).

Although both pikas are herbivorous, O. hyper-
borea from Hokkaido may have more devel oped chew-
ing muscles than O. princeps from Californiaand Ne-
vada. By adapting its feeding behavior to utilize the
environment (vegetation), O. hyperborea from Hok-
kaido may have developed larger temporal muscle and
evolved narrower IBC and TF, longer CBL, BL, and
PABB, and larger mandible.

We suggest that differencesin skull characteristics
wererelated to feeding behavior. This should betested
for different Ochotona species with different feeding
behaviors. Sincewe compared local sampleof O. prin-
ceps to that of O. hyperborea (Appendices 1 and 2),
intra-specific differences should be examined using
different populationsliving in different environments.
Moreover, to clarify the relationship in Ochotona be-
tween muscle development and skull shape and size,
chewing muscles should be anatomically examined.
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Appendix 1. Thirty-one specimens of Ochotona princeps examined in the present study. All
specimens were used through the loan system of Museum of V ertebrate Zoology, University of

Cdlifornia.

Identitiy number Sex Collecting locality

MVZ Mamm105609 mae Mono Co., Cdifornia
MVZ Mamm105610 | mae Mono Co., California
MVZ Mamm105611 | mae Mono Co., California
MVZ Mamm105612 | femae | Mono Co., California
MVZ Mamm105613 male Mono Co., Cdlifornia
MVZ Mamm105614 | mae Mono Co., California
MVZ Mamm105615 | mae Mono Co., California
MVZ Mamm105616 | femae | Mono Co., California
MVZ Mamm105617 mae Mono Co., Cdifornia
MVZ Mamm105618 | mae Mono Co., California
MVZ Mamm105619 | female | Mono Co., California
MVZ Mamm105620 mae Mono Co., Cdifornia
MVZ Mamm105621 mae Mono Co., Cdifornia
MVZ Mamm105622 | femae | Mono Co., California
MVZ Mamm105626 | femae | Mono Co., California
MVZ Mamm105628 | femae | Mono Co., California

Identitiy number Sex Collecting locality

MVZ Mamm105629 male Mono Co., California
MVZ Mamm105630 male Mono Co., Cdifornia
MVZ Mamm105631 male Mono Co., Caifornia
MVZ Mamm105632 male Mono Co., California
MVZ Mamm105635 femae Mono Co., Cdifornia
MVZ Mamm105637 male Mono Co., California
MVZ Mamm105662 female Mono Co., Cdifornia
MVZ Mamm105663 male Mono Co., California
MVZ Mamm105664 male Mono Co., California
MVZ Mamm107330 female Mineral Co., Nevada
MVZ Mamm107332 female Mineral Co., Nevada
MVZ Mamm107334 female Mineral Co., Nevada
MVZ Mamm107335 female Mineral Co., Nevada
MVZ Mamm135058 female Mono Co., Cdifornia
MVZ Mamm135064 female Mono Co., Cdifornia
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Appendix 2. Eighteen specimens of Ochotona hyperborea examined in the present study.

Institute Identitiy number Sex Collecting locality
National Science Museum M8524 femae Hokkaido, Japan
M8738 unknown Hokkaido, Japan
Hokkaido University 24676 unknown Hokkaido, Japan
24677 unknown Hokkaido, Japan
24679 unknown Hokkaido, Japan
42944 unknown Hokkaido, Japan
43373 unknown Hokkaido, Japan
50298 unknown Hokkaido, Japan
54845 unknown Hokkaido, Japan
55173 unknown Hokkaido, Japan
Obihiro University of Agriculture and 1 female Hokkaido, Japan
Veterinary Medicine 2 male Hokkaido, Japan
3 female Hokkaido, Japan
4 femae Hokkaido, Japan
6 male Hokkaido, Japan
7 femae Hokkaido, Japan
Higashi Taisetsu Museum of Natura History Higashi 01 unknown Hokkaido, Japan
Apoi Mountain Visitor Center Apoi 01 unknown Hokkaido, Japan




