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Two species of field mice, Apodemus argenteus and A. speciosus, occur in sympatry across the Japanese archipelago.
The inter- and intraspecific patterns of morphological differentiation have been evaluated, using a Fourier analysis
of the mandible outline. The relative importance of the effect of insular isolation and latitudinal climatic gradient
on the size and shape of the two species was assessed by a comparison of the populations from the large island of
Honshu and the surrounding small-island populations. The size variation in A. argenteus is correlated with the
climatic gradient whilst the shape variation corresponds mainly to a random differentiation of the small-island
populations from a Honshu-like basic morphological pattern. A. speciosus displays increased size on small islands,
and its shape variation is related to both the climatic gradient and insularity. Finally, the two species are
differentiated by both the size and shape of the mandible across the Japanese archipelago, suggesting that
interspecific competition between both species is reduced via niche partitioning. Our results emphasize the
importance of insular isolation on shape differentiation, but a part of the morphological differentiation is also
related to the latitudinal climatic gradient. Isolation on small islands could have favoured such a response to
environmental factors by lowering the gene flow that prevents almost any significant differentiation within Honshu
populations.  2001 The Linnean Society of London
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(Case, 1978). However, within this general trend ofINTRODUCTION
insular gigantism, a few cases of insular dwarfism

Island vertebrate species, when compared to equi- in rodents have been described and linked to local
valent mainland species, are often characterized by environmental factors that have favoured small body
peculiar morphological traits. A classical example is size (Ganem et al., 1995).
the evolution of body size of island mammals (Case, Although changes in body size induced by insular
1978). Large mammals tend to become smaller on isolation are relatively well known, similar trends in
islands, while small mammals tend to display the shape of morphological traits have been less in-
reverse trend (Foster, 1964; Van Valen, 1973; Lomolino, vestigated. Again, examples of morphological dif-
1985). Insular gigantism, for example, has been well ferentiation have been reported for insular rodent
described in rodents (e.g. Angerbjörn, 1986) and is more populations, e.g. the mandible of the house mouse,
generally thought to be part of an ‘insular syndrome’ Mus musculus, on British islands (Scriven & Bauchau,
involving changes in demography, reproduction, and 1992), skeletal characters of the black rat, Rattus
behaviour (Adler & Levins, 1994). The extent of this norvegicus, on Mediterranean islands (Granjon &
body size increase seems to be related to the size of Cheylan, 1990), and cranial traits in the Mediter-
the island, and to be more pronounced on small islands ranean field mouse, Apodemus sylvaticus (Libois, Fons

& Bordenave, 1993; Michaux et al., 1996). Mor-
phological differences observed between mainland and
island populations have often been interpreted as being∗Corresponding author. E-mail: Sabrina.Renaud@univ-lyon1.fr
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Figure 1. Location of the Apodemus samples across the Japanese archipelago, and of the climatological stations used
for the comparisons. Labels as in Tables 1 and 2.

due to stochastic differences following the founder They also display differences in ecology. A. speciosus
occupies open fields and secondary lowland forests,effect and subsequent divergence due to genetic drift.

Alternatively, changes in shape, much like changes whilst A. argenteus tends to occupy natural mountain
forests, although they frequently co-occur in manyin body size, may be associated with environmental

gradients, e.g. rodent molar shape by a gradient of forests (Kaneko, 1982; Oka, 1992). In areas of sym-
patry, a vertical habitat segregation occurs. A. ar-temperature and humidity (Renaud, 1999). Currently,

the relative importance of environmentally induced genteus is a skilful tree-climber, whilst A. speciosus
occupies only terrestrial habitats (Abe, 1986; Sekijimaadaptive responses and stochastic processes due to

isolation itself for observed changes in morphology of & Soné, 1994). The sampling localities used in the
present study are located both on the main Japaneseisolated populations, is as yet unknown.

This study aimed to identify the patterns of mor- island, Honshu, and on various smaller islands (Fig.
1). An evaluation of the importance of insular isolationphological differentiation associated with both insular

conditions and climatic gradients on rodents. We for these rodents was thus conducted by employing a
comparison between the populations from the largefocused on two species of field mice, Apodemus ar-

genteus and A. speciosus, widely distributed across the island of Honshu and the surrounding small islands.
In addition, these samples cover the entire range ofJapanese archipelago. These two species resemble each

other morphologically, although A. argenteus is one climatic variation encountered in the Japanese archi-
pelago, ranging from cool–temperate conditions in thethird of the body weight of A. speciosus (Oka, 1992).
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Table 1. The sample size of the different groups considered in this study and their corresponding latitude (°E) and
longitude (°N)

Locality Code Lat. Long. A. argenteus A. speciosus

Honshu Mt. Fuji HF 35.2 128.9 11 11
Mt. Goyo HG 39.8 141.6 5 —
Mt. Hayachine HH 39.4 141.7 4 7
Kisuki-Cho HK 35.3 133.1 — 6
Mt. Odaigahara HO 34.2 136.0 10 —

Islands Mt. Poroshiri KK 42.2 142.9 10 5
Oki isl. OK 36.2 133.3 — 10
Sado isl. SD 37.8 138.6 9 15
Tane isl. TA 31.0 130.7 2 16
Tsushima isl. TS 34.5 128.9 10 19

Figure 2. Mandible of Apodemus argenteus (A) and A. speciosus (B) in lateral view. Scale bar is 1 cm.

north, to warm–tropical in the south. Comparing the the morphometric method used only complete un-
altered lower jaws could be considered, which con-intraspecific patterns of morphological differentiation

of the two field mouse species provides an opportunity sequently substantially reduced our sample sizes.
for the assessment of the response of each to a similar
environmental pressure. Furthermore, an interspecific FOURIER ANALYSIS OF THE OUTLINE
comparison permits the identification of the unique

Morphometric analyses of mandibles have been provenmorphological response of each species to the same
to efficiently describe taxonomic and geographic vari-environment.
ation in rodents (Corti et al., 1996; Demeter, Rácz &
Csorba, 1996). In particular, among these methods,
outline analysis permits the description of the generalMATERIAL AND METHODS
shape of the mandible in a very simple way and with

MATERIAL a few variables using a Fourier analysis. This method
also limits the influence of measurement error byMandibles of 61 specimens of A. argenteus and of

89 specimens of A. speciosus from 10 localities were filtering the noise occurring on details of the outline.
The outline corresponds to the two-dimensional pro-measured (Fig. 1; Table 1). These sites are located on

Honshu, and on various smaller islands around it. In jection of the mandible, put on its side with the lingual
side down (Fig. 2). Since the incisor was often freemost localities (nine out of the ten sampled), both

species are found in sympatry. However, both species moving, and the molars sometimes missing, these fea-
tures were not included in the study and only thewere available for measurements in only six localities.

All the material is stored at the National Science outline of mandibular bone was considered. The start-
ing point of the outline was defined at the meetingMuseum, Tokyo. Only mature specimens with the com-

plete eruption of the third molar were considered. Right point of the incisor and the bone on the upper edge
of the mandible. For each mandible, the x- and y-and left mandibles were mixed, and mirror images of

the left mandibles have been considered, in order to coordinates of 64 points equally spaced along the out-
line were extracted semi-automatically using an opticalcompare their shape with right mandibles. Because of
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Figure 3. (A) Measurement error (Η) and cumulative power (Χ) as a function of the harmonic order. The measurement
error is expressed as the coefficient of variation of the harmonic amplitude of one specimen measured ten times.
Cumulative power corresponds to the deviation of reconstructed outlines based on an increasing number of harmonics
from the reconstruction based on the maximum number of harmonics (=31). (B) Some examples of the reconstructed
outlines for an increasing number of harmonics.

image analyser. From these coordinates, 64 radii, cor- case, we found a significant linear correlation between
responding to the distance of each point to the centre both variables: r2=0.990; P<0.001; a0=0.59+0.888 Pm

of gravity of the outline, were calculated. A Fourier [mm].
transform was then applied to this set of 64 radii. The A reconstruction of the outline corresponding to any
outline is thus expressed as a finite sum of tri- set of Fourier coefficients can be obtained using the
gonometric functions of decreasing wavelength (har- inverse Fourier transform, following the inverse pro-
monics) according to the formula: cess to that used to calculate the Fourier coefficients

(Rohlf & Archie, 1984). A characteristic of the Fourier
harmonics is that the higher the rank of the harmonic,

r(s)=a0+�
K

n=1
[ancos(s/L2�n)+bnsin(s/L2�n)]

the more details of the outline are described. This
property can be used to filter measurement noise,
which increases with harmonic rank (Renaud, 1999).where r is the radius at the abscissa s along the outline,
Measurement error was estimated by ten repeatedL the perimeter, K the number of points along the
measurements of one randomly chosen specimen, andoutline, and n the rank of the harmonic (Renaud,
expressed as the coefficient of variation of the harmonic1999). The outline is therefore described by the set of
amplitude (=�a2

n+b2
n ). Results indicated an im-Fourier coefficients an and bn.

portant increase of the measurement error above theTo obtain coefficients dependent only on shape, the
seventh harmonic (Fig. 3). Above this harmonic rank,size is standardized by dividing all the Fourier co-
the measurement error reached values greater thanefficients by the zeroth harmonic, a0, which is pro-
20% of the signal, which may render the Fourierportional to the diameter of the best-fit circle to the
coefficients unreliable. The content of informationdigitized outline and can thus be considered as a
added by each harmonic has also been estimated usingreliable size estimator (Ehrlich & Weinberg, 1970). A
the cumulative power (Crampton, 1995). More thancorrespondence with a more usual size-estimator can
95% of the total power is reached at the seventhbe established by comparing the values of a0 with the

perimeter Pm of the mandible outline. In the present harmonic, and the subsequent increase is only very
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Table 2. Climatological stations from the online NOAA NCDC GCPS library (Baker et al., 1994) corresponding to the
nearest rodent localities. Lat: latitude (°E); Long: longitude (°N); Alt: altitude (m); Pm: mean monthly precipitation
(mm); Pmax (Pmin): mean monthly maximal (minimal) precipitation (mm); DM: seasonal precipitation difference; Tm:
mean monthly temperature (°C); Tmax (Tmin): mean monthly maximal (minimal) temperature (°C); DT: seasonal
temperature difference; Tdd: mean daily temperature difference (°C)

Station Code Rodent Lat Long Alt Pm Pmax Pmin DM Tm Tmax Tmin DT Tdd

Ishinomaki ISH HH 38.4 141.3 43 92 194 16 177 11.4 23.4 −0.2 23.6 7.5
Izuhara IZU TS 34.2 129.3 21 183 515 30 485 15.2 26.3 4.5 21.8 6.8
Kofu KOFU HF 35.7 138.6 272 129 315 22 292 15.0 27.4 2.6 24.7 10.9
Matsue MAT HK 35.5 133.1 17 160 331 64 267 14.9 26.9 3.9 23.0 8.5
Miyako MIY HG,HH 39.7 142.0 43 106 272 14 258 10.4 22.2 −0.4 22.6 9.2
Morioka MOR HG,HH 39.7 141.2 155 147 282 62 221 10.6 24.6 −2.5 27.1 9.4
Obihiro OBI KK 42.9 143.2 38 94 216 31 185 7.0 21.3 −8.7 30.0 10.8
Osaka OSA 34.7 135.5 23 114 293 22 271 16.1 28.2 4.8 23.4 7.8
Owase OWA HO 34.1 136.2 15 120 295 21 274 16.2 26.7 5.9 20.9 8.9
Saigo SAI OK 36.2 133.3 27 152 296 52 244 14.3 26.4 3.2 23.1 8.1
Takada TAKA SD 37.1 138.3 13 213 412 83 330 13.8 26.9 1.7 25.2 9.2
Tanegashima TANE TA 30.7 131.0 17 335 819 92 727 19.8 28.1 11.3 16.8 5.6
Tokyo TOK 35.7 139.8 5 120 295 21 274 15.6 27.0 5.0 22.1 7.3
Urakawa URA KK 42.2 142.8 33 96 224 27 197 7.7 19.9 −3.6 23.5 6.8
Wakayama WAK 34.2 135.2 14 114 294 22 272 16.7 28.3 5.7 22.6 8.3
Yakushima YAKU TA 30.9 130.7 36 339 851 95 756 19.4 27.6 11.1 16.6 6.3
Yokohama YOKO 35.4 139.7 39 120 295 21 274 15.6 27.2 5.1 22.1 7.3
Yonago YON HK 35.4 133.4 6 155 344 59 285 14.4 26.4 3.5 22.9 8.7

limited (Fig. 3). Both approaches give congruent ANALYSIS OF CLIMATOLOGICAL DATA
results, and Fourier coefficients have been considered Climatological data were obtained from the online
up to the seventh harmonic for the subsequent ana- library of NOAA NCDC Global Climate Perspective
lyses. System (Baker et al., 1994; http://ingrid.ldeo.

columbia.edu/). Daily and monthly data from several
stations were available and permitted the calculationMANOVA ON THE FOURIER COEFFICIENTS
of mean, maximum, and minimum monthly pre-A set of 14 Fourier coefficients (i.e. seven harmonics)
cipitation and temperature, seasonal precipitation andfor each mandible was obtained. Multivariate analyses
temperature difference, and mean daily difference inof variance (MANOVA) were performed on these vari-
temperature. Eighteen stations (Fig. 1, Table 2) wereables to evaluate the pattern of morphological dif-
selected, covering the climatic range of the Japaneseferentiation and the importance of the among-group
archipelago, and close to the rodent-sampling loc-differentiation relative to within-group variation. Sep-
alities. A PCA (principal components analysis) wasarate analyses were performed for A. argenteus and
performed on these data in order to obtain a fewA. speciosus. Additionally, a combined analysis was
synthetic principal axes expressing most of the climaticperformed to compare the patterns of variation of
variability. Comparison with morphological data wasboth species. Therefore, the groups correspond to the
finally performed by linking rodent-sampling localitiessampling localities of each species, or to the different
to the closest climatological stations (Table 2).species within each locality. Associated with the

MANOVA, canonical discriminant functions were es-
timated, that are usually sufficient to account for al-
most all important group differences (Manly, 1994). RESULTS
The scores of the group means can be plotted on these

INTRASPECIFIC SIZE DIFFERENTIATIONcanonical axes to visualize the patterns of mor-
Size patterns are different for both species (Fig. 4). A.phological differentiation. A test of significance for
argenteus shows only a small differentiation in size,among-group differences (Wilks’ lambda) is also given

(Marcus, 1993). possibly due to the reduced amount of material in
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coefficients as a function of the different localities have
been chosen to visualize the patterns of differentiation.
A. argenteus is characterized along the first and the
second canonical axes by a central position of the
Honshu populations, surrounded by strongly dif-
ferentiated small-island populations. The central po-
sition of the Honshu populations compared to the small
islands illustrates the absence of significant differences
between Honshu and small-island samples, and within
Honshu (Table 3). Reconstructed outlines permit the
visualization of the weak shape changes involved in
this intraspecific variability. Variation along CA1, from
the negative to the positive side, corresponds to a
backward shift of the angular process (cf. Fig. 2) and a
straighter lower edge of the symphysis, while variation
along CA2 corresponds to a more pronounced coronoid
process, a downward shift of the condylar process, and
a forward movement of the angular process, together
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with a more curved lower edge of the symphysis, with
Figure 4. The size distribution of A. argenteus (Β) and a more prominent, forward-shifted molar row.
A. speciosus (Χ) for the different localities. The size of The pattern of shape differentiation of A. speciosus
the mandibles is estimated by a0, the zeroth harmonic of is roughly similar but even more pronounced. Here
the Fourier analysis, proportional to the diameter of the again, most Honshu populations (HH and HF) are
best-fit circle to the mandible outline. Each dot cor- characterized by a central position compared to small-
responds to an individual. island populations differentiated around HH and HF

along CA1 and CA2. However, one population of Hon-
shu (HK) strongly departs from this general patternsome samples. No differences exist between popu-
and is separated from all other populations, whichlations from Honshu vs. small islands, or among Hon-
leads to a significant morphological differentiationshu populations (Fig 4; Table 3), whereas differences
within Honshu. However, the strongest pattern is theare significant among small island populations.
differentiation among small-island populations (TableSize variation is greater within A. speciosus (Fig. 4,
3). Reconstructed outlines show that variation alongTable 3). Size in small islands populations is sig-
CA1 corresponds to a forward shift of the angularnificantly larger than in Honshu populations. Further
process and a more curved lower edge of the symphysis,differentiation exists among small island populations,
while CA2 expresses a forward movement of the molarbut not within Honshu.
row and a downward shift of the condylar process.

INTRASPECIFIC SHAPE DIFFERENTIATION INTERSPECIFIC SIZE AND SHAPE DIFFERENTIATION

Both A. argenteus and A. speciosus show significant The mandibles of the two Apodemus species greatly
geographic differentiation in shape (Fig. 5; Table 3). differ in size (Fig. 4, Table 3). When present in sym-

patry, the mandible size ratio between the two speciesCanonical axes based on the analysis of the Fourier

Table 3. Size and shape differentiation of the mandible among the Japanese field mice within A. argenteus,
A. speciosus, and between the two species. Size: probabilities of ANOVA on a0. Shape: probabilities of
MANOVA on Fourier coefficients (a1 to b7). The factors considered in the different analyses are defined as
follows: (1) Total: all localities, with locality as the group factor; (2) H–I: all localities, with type (Honshu
vs. small-island) as the group factor; (3) H: Honshu localities, with locality as the group factor; (4) I: small-
islands localities, with locality as the group factor; (5) A–S: all localities, with species (A. argenteus vs. A.
speciosus) as the group factor

A. argenteus A. speciosus arg. vs. spe.

Total H–I H I Total H–I H I A–S Total

Size 0.093 0.853 0.427 0.019 0.000 0.00 0.207 0.001 0.000 0.000
Shape 0.001 0.110 0.375 0.001 0.000 0.021 0.003 0.000 0.000 0.000
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Figure 5. Shape differentiation within A. argenteus (left) and A. speciosus (right) mandibles, with the mean values of
the different populations plotted on the first two canonical axes. Reconstructed outlines correspond to the mean values
of the localities, and to variations along the canonical axes (magnification of the shape variations >10 times). The
intrapopulation variability is represented by the 95% confidence ellipse around the group mean.

ranges from 1.25 (HF, TS), 1.31 (HH, TA), 1.34 (SD) mainly expressed along PC1 (63.5% of the total vari-
ance). The gradient of stations along PC1 correspondsup to 1.44 (KK). From these results, no differences
to an increase in temperature and precipitation fromemerge between Honshu and the small-islands, and
the northernmost (OBI) to the southernmost stationsthe amplitude of the size difference between the two
(TANE, YAKU), together with a decreasing amplitudespecies appears to be random. However, considering
of daily and seasonal temperature variations. Theseother rodent species, present in sympatry with these
variations along PC1 correspond to a latitudinal cli-two Apodemus species, reveals such significant pattern
matic gradient (correlation: r2=0.811; P<0.001).(Millien-Parra & Loreau, 2000).

Some relationships exist between this climatic gra-Both species also greatly differ in shape (Fig. 6A),
dient and the size and shape of the mandible of bothand the interspecific difference corresponding to the
field mice species (Table 4, Fig. 8). A. argenteus sizevariation along CA1 represents up to 62.3% of the
variation correlates well with the climatic latitudinalamong-group variance. This difference involves a flat-
gradient, in particular among small islands. Althoughtening of the symphysis and a backward shift of both
the differences are not significant (P=0.427), the samethe coronoid and angular processes from A. argenteus
trend seems to exist within Honshu. Shape variationsto A. speciosus. Intraspecific variation of each species
appear to be less related to the latitudinal gradient,is then expressed on CA2 (only 11% of the variance),
since such a relation is only expressed along CA2, whileand corresponds to a more pronounced and forward-
CA1 mostly characterizes the random differentiation ofshifted molar row together with a downward shift of the
the small islands around Honshu populations.condylar process. Displayed on orthogonal canonical

The pattern emerging from A. speciosus is quiteaxes, pattern of intraspecific variation (concerning
different. Size differences are not significantly relatedmainly the molar row and condylar process) are there-
to the climatic gradient, but to an increased size of thefore independent of interspecific patterns of dif-
small-island populations. Shape variation, however,ferentiation (involving the coronoid and angular
correlates well with the latitudinal gradient expressedprocesses). Furthermore, intraspecific variation of both
along CA1. An influence on CA2 also exists, if thespecies seems to involve similar mandibular features
sample of TA, strongly departing from the generalsince they are displayed in a parallel way along the
pattern, is removed from the analysis (correlation ofsame canonical axis (CA2).
CA2 with latitude with TA: P=0.873; without TA:
P=0.024). However, differentiation on CA2 mainly

COMPARISON WITH CLIMATOLOGICAL DATA corresponds to a random differentiation of the small
The localities considered in this study experience a islands and Honshu populations.
wide range of climatic conditions (Table 2). A PCA on The climatic gradient present across the Japanese
temperature, precipitation, and altitude data (Fig. 7) archipelago therefore appears to have an influence on

the morphological differentiation of both field mouseprovides a synthetic view of these climatic variations,
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species. This is confirmed by an analysis of the global species display an intraspecific pattern of variation
corresponding to a central position of the Honshuset of samples, including both species (Fig. 6). If CA1,

which clearly corresponds to the interspecific mor- populations, from which the small islands populations
have morphologically diverged in various directionsphological differentiation, is not related to the lat-

itudinal climatic gradient, CA2, related to intraspecific (Fig. 5). This pattern is especially clear for A. argenteus,
but also exists for A. speciosus. Such random dif-variability, is significantly correlated with climatic

variations (Table 4). This relation is particularly well ferentiation of island populations when compared to
the mainland has been observed for the Western Euro-illustrated by the strong morphological divergence of

the Tane island (TA) populations in both species, a pean wood mouse Apodemus sylvaticus on British
(Berry, 1969, 1973) and North Frisian islandslocation also corresponding to very different climatic

conditions (see TANE and YAKU stations on Fig. 7). (Murbach, 1979). This differentiation of island popu-
lations may have a genetic basis and be interpreted
as the combined result of: (1) a founder effect, the

DISCUSSION island populations being founded by a reduced number
of individuals representing only a random part of theINSULAR SYNDROME ON SMALL ISLANDS
genetic variability of the mainland population, and (2)The expected expression of the insular syndrome in
a subsequent genetic drift, due to the reduction of generodents is a tendency towards gigantism, an effect
flow through isolation. The relative importance of theseparticularly enhanced on small islands. Such a pattern
two effects is linked to the historical background ofhas been observed in European species of Apodemus
the island populations: the founder effect is important(Angerbjörn, 1986; Delany, 1970; Libois et al., 1993;
when the island population has been founded by fewMichaux et al., 1996). The size of the lower incisor is

related to body size in rodents (Millien-Parra, 2000),
and it is likely that the whole mandible, considered

Table 4. Probabilities of linear correlations between sizehere as an indicator of body size, is also similarly
and shape variations of the mandible in the field micerelated. Our results show contrasting effects with re-
and geographical and climatological datagards to the importance of the insular syndrome on

Apodemus on the small islands of the Japanese archi-
A. argenteus A. speciosus Totalpelago. A trend towards larger size exists among the

small-island populations, but only for the largest spe-
Lat PC1 Lat PC1 Lat PC1cies A. speciosus, whilst the size of the smallest species

A. argenteus seems to be affected by the environmental Size a0 0.002 0.005 0.367 0.995 — —
gradient. Shape CA1 0.717 0.627 0.009 0.045 0.817 0.684

The results for the shape differentiation of small- CA2 0.029 0.039 0.873 0.528 0.006 0.001
islands populations appear more consistent. Both
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Figure 7. Climatic variations across the Japanese archipelago. (A) First principal plane of a PCA on climatic variables
from NOAA NCDC monthly and daily stations, with contribution of each of the climatic variables to the first two
principal axes. See Table 2 for abbreviations. (B) The relation between PC1 and latitude.

immigrants, while the genetic drift is a more important conditions peculiar to small islands (i.e. reduced food
availability, decreased competition and predation).mechanism of differentiation when the isolation of an

island population is the consequence of the fragmenta- In comparison to the intraspecific variation in the
small-islands populations, Honshu populations aretion of a previously homogeneous habitat. This latter

situation corresponds to the Japanese archipelago, characterized by little or no differentiation in either
size or shape. This suggests that within this island,which is the result of the fragmentation during the

Late Quaternary of a large territory into several is- gene flow could be important enough to homogenise
the size and shape characteristics of the differentlands (review in Millien-Parra & Jaeger, 1999). Since

an island relict population is expected to show similar populations. However, one population of A. speciosus
(HK) diverges strongly from the other Honshu popu-initial levels of genetic variability to that of a mainland

equivalent (Berry, 1986), the influence of an initial lations. Such strong local morphological differentiation
has also been reported in house mice (Auffray et al.,founder effect on the evolutionary trends in Apodemus

is not likely compared to the subsequent genetic drift. 1996) and these results underline the conclusion that
interpretations regarding patterns of morphologicalAdditionally, the morphological divergence of the

small-island populations could have been favoured by differentiation should be based on as many populations
as possible.strong selective pressure due to the environmental
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Figure 8. The relation between morphological and climatic variations, for A. argenteus (upper row) and A. speciosus
(lower row). From left to right: relations of size, defined by a0, and shape, defined by CA1 and CA2, with latitude.

the whole Japanese archipelago. The expression of the
INFLUENCE OF THE CLIMATIC GRADIENT response to environmental gradients could therefore

Climatic gradients are known to have an influence on be enhanced across the small islands scattered across
mammal body size, as in the case of the ‘Bergmann’s the whole Japanese archipelago, where insular isol-
rule’, which describes an increase in size with de- ation allows the development of local adaptation to fine
creasing temperature (Bergmann, 1847). As a con- scale environmental variations. The insular isolation,
sequence, the evolution of size during the Quaternary dating back to the Quaternary, is sufficiently old for
of several rodent species has been interpreted as a such evolutionary processes to have taken place.
response to the temperature change (Smith, Be- The climatic gradient appears to have influenced
tancourt & Brown, 1995; Tchernov, 1979). Shape vari- the shape differentiation as well. In contrast to the size
ations can also be related to geographic gradients pattern, both species seem to be influenced, although A.
(Renaud, 1999). We therefore examined whether the speciosus more strongly than A. argenteus (Fig. 8). The
large climatic gradient existing between the north- different ecological preferences of both species might
ernmost and southernmost populations could have in- explain these differences in response to the similar
fluenced the patterns of differentiation observed. environmental variation. Here again, the trend is bet-

Size differences seem to be related to climatic gra- ter expressed across the small-island populations. In
dient only in the case of A. argenteus, which displays both species, the patterns of morphological variation
a trend of increasing size with increasing temperature seem to show a combined effect of random dif-
and precipitation. When considered alone, the Honshu ferentiation due to insular isolation, and response to
populations, although not significantly different be- environmental gradients.
tween each other, seem to exhibit the same trend. The
gene flow within Honshu could prevent any strong

COMPARED INTER- AND INTRASPECIFIC VARIABILITYmorphological differentiation. In addition, the climatic
gradient experienced across Honshu island is some- Depending on the competitor present, interspecific

competition has been evoked to explain gigantism ofwhat reduced when compared to the one existing across
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Apodemus on some islands (Angerbjörn, 1986). We independent constraints. The different patterns of vari-
ation could be due to different selective pressurestherefore assessed the case for this effect for the Jap-
acting on fine morphological features. Although dif-anese archipelago. Among the murid community, the
ficult to identify, the shape differences involved couldtwo Apodemus species appear to be generalist and
have an adaptive significance, for example, avoidancetheir occurrence is influenced neither by the occurrence
of interspecific competition on the one hand and ad-of potential competitor species, or by particular en-
aptation to the local climatic conditions on the othervironmental conditions (Millien-Parra & Loreau,
hand. In addition, different morphological features of2000). A more direct effect of competition could exist
the mandible could be canalized during the de-between the two species of field mice. If size is playing
velopment differently. Independent patterns of mor-an important role in interspecific competitive inter-
phological variations could then be expressed inactions, the size ratio between both species is expected
response to different factors, i.e. interspecific ecologicalto match a theoretical value, comprised between 1.1
differences, random insular differentiation, and re-and 1.4 and close to the mean value of 1.28 (Hutch-
sponse to environmental gradients. The strength ofinson, 1959). The size ratios observed between A. spe-
the response to these various factors would be de-ciosus and A. argenteus fall within this interval. This
termined by ecological characteristics of the species.result suggests that interspecific competition between
Finally, the similar intraspecific patterns of mor-the two species could explain the large difference in
phological variation of each species suggest either asize between them. This result is in agreement with
common canalization pattern, most probably inheritedthe conclusions of Sekijima & Soné (1994), who dem-
from a common ancestor, or the effect of similar en-onstrated by removal experiments the impact of A.
vironmental pressures on both species, in spite of theirspeciosus on the ecological characteristics of A. ar-
differences in ecological preferences.genteus. In addition, a reduction of interspecific com-

petition between coexisting species may not only be
realized through size differentiation, but may also be CONCLUSION
related to differences in shape, e.g. of the incisor (Parra,
Loreau & Jaeger, 1999) or of the molars (Renaud et Our morphometric analyses showed that the two spe-
al., 1999). A strong difference in the shape of the cies of field mouse A. argenteus and A. speciosus display
mandible between the two Apodemus species is the both size and shape differentiation of the mandible
main feature that emerges from our morphometrical across the Japanese archipelago. Interspecific dif-
analysis (Fig. 6), and it appears to be independent of ferences are very apparent for both size and shape,
the environmental gradient. The shape of the mandible and suggest that interspecific competition between
could thus play a role in reducing interspecific com- both species is effectively reduced via niche par-
petition between the two Apodemus species. Un- titioning. Intraspecific patterns of differentiation are
fortunately, a functional interpretation of the shape more complex and depend on both insular isolation
differences is very difficult. The coronoid and angular and response to geographic gradients. In both species,

the shape of the mandible of the small-islands popu-processes, reduced and shifted backward in A. spe-
lations seems to differentiate from the Honshu-likeciosus compared to A. argenteus, are two main zones
basic morphological pattern. A part of the mor-of attachment of the muscles involved in biting and
phological differentiation is also related to the lat-mastication (Kessner, 1980; Satoh, 1997). Such vari-
itudinal climatic gradient. Isolation on small islandsations between other families of rodents have been
could have favoured such a response to environmentalinterpreted as linked to an increased efficiency of food
factors by lowering the gene flow that appear importantgrinding by enhancing the antero-posterior component
for preventing almost any significant differentiationof mandible movement (Kessner, 1980). The mor-
within Honshu populations. The similar morphologicalphological differences between A. speciosus and A.
response of both species to these environmental vari-argenteus could therefore have an adaptive value and
ations suggests a common selective pressure or a con-be related to different diet and habitat preferences.
served pattern of canalization.The second main common morphological feature of

the two species is the geographic differentiation in the
shape of the mandible, according to the latitudinal ACKNOWLEDGEMENTS
gradient (Fig. 6B). The patterns of intraspecific shape
variability appear to be similar for both species, and We are grateful to H. Endo and Y. Tomida (National
independent of the pattern of interspecific different- Science Museum, Tokyo) for access to the material, to
iation, since these two patterns are expressed on two A. Gonzalez for his help in improving this manuscript,
orthogonal, and therefore independent, canonical axes. and to the anonymous reviewers for their useful com-
These results suggest that the inter- and intraspecific ments. V.M. was funded by a Lavoisier grant from the

French government.patterns of variability are under quite different and



568 S. RENAUD and V. MILLIEN

des rats noirs (Rattus rattus) des ı̂les ouest-méditer-REFERENCES
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Bergmann C. 1847. Über die Verhältnisse der Wärme- island rule reexamined. The American Naturalist 125:
ökonomie der Thiere zu ihrer Grösse. Göttinger Studien 3: 310–316.
595–708. Manly BFJ. 1994. Multivariate statistical methods, a primer,

Berry R. 1969. History in the evolution of Apodemus sylva- 2nd ed. London: Chapman & Hall/CRC.
ticus at one edge of its range. Journal of Zoology, London Marcus LF. 1993. Some aspects of multivariate statistics
159: 311–328. for morphometrics. In: Marcus LF et al., eds. Contributions

Berry R. 1973. Chance and change in British long-tailed to Morphometrics. Madrid: Museo Nacional de Ciencas
field mice (Apodemus sylvaticus). Journal of Zoology, Lon- Naturales, 95–130.
don 170: 351–366. Michaux JR, Filippucci M-G, Libois RM, Fons R, Ma-

Berry R. 1986. Genetics of insular populations of mammals, tagne RF. 1996. Biogeography and taxonomy of Apodemus
with particular reference to differentiation and founder sylvaticus (the woodmouse) in the Tyrrhenian region: en-
effects in British small mammals. Biological Journal of zymatic variations and mithochondrial DNA restriction
the Linnean Society 28: 205–230. pattern analysis. Heredity 76: 267–277.

Case TJ. 1978. A general explanation for insular body size Millien-Parra V. 2000. Species differentiation among mur-
trends in terrestrial vertebrates. Ecology 59: 1–18. oid rodents on the basis of their lower incisor size and

Corti M, Fadda C, Simson S, Nevo E. 1996. Size and shape: ecological and taxonomical implications. Mammalia
shape variation in the mandible of the fossorial rodent 64: 221–239.
Spalax ehrenbergi. In: Marcus LF et al., eds. Advances in Millien-Parra V, Jaeger J-J. 1999. Insular biogeography
Morphometrics. NATO ASI Series, Series A: Life Sciences, of the Japanese terrestrial mammal assemblages: an ex-
Vol. 284. New York: Plenum Press, 303–320. ample of a relict fauna. Journal of Biogeography 26: 959–

Crampton JS. 1995. Elliptic Fourier shape analysis of fossil 972.
bivalves: some practical considerations. Lethaia 28: 179– Millien-Parra V, Loreau M. 2000. Community composition
186. and size structure of murid rodents in relation to the

Delany MJ. 1970. Variation and ecology of island populations biogeography of the Japanese archipelago. Ecography 23:
of the long-tailed field mouse (Apodemus sylvaticus (L.)). 413–423.
Symposia of the Zoological Society of London 26: 283–295. Murbach H. 1979. Zur Kenntnis von Inselpopulationen der
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MORPHOLOGICAL VARIATION IN TWO JAPANESE APODEMUS 569

Rohlf FJ, Archie JW. 1984. A comparison of Fourier Sekijima T, Soné K. 1994. Role of interspecific competition
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