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Parallel evolution in molar outline of murine rodents:
the case of the extinct Malpaisomys insularis
(Eastern Canary Islands)
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The lava mouse Malpaisomys was part of Pleistocene and Holocene faunas of the eastern Canary Islands; it became
extinct during historical times. In order to evaluate the evolutionary processes of this endemic species, we set out to
identify its relationships with possible mainland relatives. Its dental morphology was compared to a set of fossil and
modern murine rodents from various phylogenetic groups, characterized by different diets and dental patterns, using
a quantitative method based on a Fourier analysis of the outline of the first upper and lower molars. This morpho-
metric analysis identified different evolutionary grades that are independent of the phylogenetic group. The first
cluster is associated with primitive, asymmetric dental outlines, the second with intermediate forms linked to a more
herbivorous diet. Highly differentiated forms diverge not only from the second cluster but also from each other. Our
investigations reveal Malpaisomys to have had an intermediate dental pattern, a result which confirms previous
palaeoecological interpretations of this taxon. However, conclusions about its closest mainland relative remain ten-
tative. Based on a comparison of dental size and shape, as well as geographical considerations, a possible mainland
ancestor could be either Paraethomys (North-African Pliocene) or Occitanomys (South-western European Pliocene).
Such results support the hypothesis of a Pliocene colonization event, in which case Malpaisomys would display a nor-
mal evolutionary rate in dental size and shape, in spite of the insular context. In contrast, a late colonization by a
modern representative of the African fauna would imply exceptionally high evolutionary rates compared to the back-
ground morphological evolution and a decrease in size that is unlikely under insular conditions. © 2004 The Lin-
nean Society of London, Zoological Journal of the Linnean Society, 2004, 142, 555-572.

ADDITIONAL KEYWORDS: Fourier analysis — evolutionary trends — island biogeography — morphometrics —
Murinae — Rodentia.

INTRODUCTION viduals founding a new colony. This effect may be sub-
sequently enhanced by genetic drift. Alternatively,
directional evolutionary trends have been recognized
on islands, especially regarding size. Compared to
their mainland relatives, small mammals tend to
become larger (Lomolino, 1985): as many as 85% of
island rodents could be characterized by this insular
gigantism (Foster, 1964). Selective forces typical of
insular environments have also been argued to cause
parallel skeletal changes in island rodents (Pergams &
Ashley, 2001). Selective forces might also be similar to
those on the mainland (e.g. related to climatic regime),
but the absence of gene flow between island and main-
land populations might favour local adaptations com-
#*Corresponding author. pared to those on the mainland (Renaud & Millien,
E-mail: sabrina.renaud@univ-lyon1.fr 2001). All the above arguments see islands as peculiar

Two alternative hypotheses have been suggested to
drive the evolution of endemic insular species. These
hypotheses favour either chance effects generating
divergence between mainland and island lineages, or
directional evolutionary trends within each island
(Whittaker, 1998). Chance effects are related to the
process of colonization. The more remote the island,
the most likely it is to be colonized by a population of
only a few individuals. The founder effect (Mayr, 1954)
corresponds to a bias in the genetic variability
between the mainland source population and the indi-
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evolutionary environments in which divergences
between island and mainland stock occur. However, it
has also been suggested that island endemics repre-
sent relicts of extinct mainland populations (Cronk,
1992). Evolution on islands therefore provides an
opportunity to investigate the complex relationship
between chance effects, response to selection, and con-
straints to evolution such as phylogenetic inheritance.

The lava mouse Malpaisomys insularis is an extinct
endemic rodent from the eastern Canary Islands. It
exhibits peculiar morphological characteristics differ-
entiating it from mainland taxa (Hutterer, Lopez-
Martinez & Michaux, 1988; Boye et al., 1992). It thus
provides a valuable case-study to investigate the evo-
lutionary processes that led to its differentiation. The
extinction of the taxon means that comparisons with
its closest mainland relatives have to be based on mor-
phological characters. Molar morphology is influenced
by both phylogeny and ecology in rodents (Misonne,
1969) and is the only information available for fossil
lineages. Hence, in our study, the size and shape of the
first upper and lower molars were quantified on mod-
ern and fossil murine rodents including Malpaisomys.
Molar shape was approximated by its outline and
analysed using Fourier transform. The pattern of size
and shape differentiation was investigated in order to
assess the relative influence of phylogeny and ecology.
In order to compare this large-scale signal to small-
scale patterns of insular evolution, different popula-
tions of Malpaisomys which varied in age and location
(main island or nearby islet) were also compared.
These analyses allowed us to assess evolutionary pat-
terns among mainland taxa and among Malpaisomys
populations, and to evaluate the evolutionary signifi-
cance of different hypotheses of colonization by a
mainland ancestor.

BACKGROUND ON MALPAISOMYS AND ITS MAINLAND
RELATIVES

Malpaisomys insularis is known from Holocene and
Pleistocene deposits (Hutterer et al., 1988; Michaux,
Hutterer & Loépez-Martinez, 1991; Castillo, Martin-
Gonzalez & Coello, 2001) in the eastern Canary
Islands, including Fuerteventura, Lanzarote and
nearby islets (Fig. 1). It became extinct during histor-
ical times, probably because of the arrival of man
(Boye et al., 1992). Malpaisomys owes its name to the
Spanish word, malpais, meaning lava fields where its
fossil remains are sometimes found in cavities. A
study of its skeletal characteristics suggested that
Malpaisomys lived in fissures opened in the lava fields
(Boye et al., 1992).

Its phylogeny, based on dental or skeletal charac-
ters, can at present only be hypothesized; these
characters can be of poor value for phylogenetic
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Figure 1. Geographical context and location of the
samples examined in the present study. A, schematic
locations of modern and fossil samples used for compari-
son with Malpaisomys. Modern taxa include Oenomys
ornatus (OENO), Mastomys peregrinus (MASTOP) and
M. erythroleucus (MASTOE), Arvicanthis sp. (ARVIC),
Malacomys sp. (MALAC), Aethomys hindei (AETH), Thal-
lomys sp. (THAL) and Praomys tullbergi (PRAOT). The
south-west European lineage leading from Progonomys his-
panicus to Occitanomys and Stephanomys was sampled in
the Teruel Basin and in Southern France (box with dotted
outline). North African localities of Paraethomys are shown
by black dots. Main oceanographic and atmospheric circu-
lation patterns around Canary Islands are indicated. B,
location of the Malpaisomys deposits. Bathymetric data are
shown (source GEBCO). The thick grey line close to the
coast of the mainland (100 m below current sea level) may
correspond to the shoreline during the glacial periods.

reconstruction, especially because of cases of conver-
gent evolution. Malpaisomys was first interpreted as
related to Acomyinae (Hutterer et al., 1988). Acomyi-
nae now constitutes a genetically well-identified group
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showing morphological convergence in dental pattern
with the Murinae, in particular in the first two upper
cheek teeth (Chevret, Michaux & Catzeflis, 1993).
Immunogenetic comparisons, however, cast some
doubt on the relationships of Malpaisomys and
Acomys, suggesting that Malpaisomys was more
closely related to Murinae than to Acomyinae
(Montgelard, 1992). This interpretation has been rein-
forced by the reconsideration of some dental features
typical of murine rodents, such as the structure of the
third upper molar (Denys & Michaux, 1992). Conse-
quently, Malpaisomys is now considered to be a true
murine. In addition, Malpaisomys displays a dental
specialization termed stephanodonty (Schaub, 1938;
Misonne, 1969), which is characterized by the swelling
of the cusps and the development of longitudinal
crests that extend the cusps and join them in a gar-
land-like pattern on the upper molars. Such a trend
has been interpreted as an adaptation to a diet rich in
green vegetation or grass by analogy with the extant
African stephanodont murines Oenomys (Dieterlen,
1967) and Aethomys (Denys, 1994), and functional
morphological arguments (Michaux, 1978; van Dam,
1997). The similarity of the dental patterns is stressed
by the grouping of Malpaisomys together with the
stephanodont murines Oenomys and Stephanomys
(Lépez-Martinez, Michaux & Hutterer, 1998).
Stephanodonty in Malpaisomys could be the result
either of evolution from a stephanodont ancestor or of
convergent evolution. In order to investigate both
hypotheses, we compared Malpaisomys with murine
rodents showing a stephanodont trend and with taxa
exhibiting a basic murine dental pattern (Fig.2).
Stephanodont rodents include several fossil taxa and
some tropical extant species. An evolutionary lineage
leading to the evolution of stephanodonty starts in
south-western Europe with Progonomys hispanicus
evolving into Occitanomys. A cladogenesis around
7 Mya leads to Occitanomys alcalai on the one hand
and to Stephanomys on the other (Michaux, 1971; van
de Weerd, 1976; van Dam, 1997). The evolution along
this lineage leads from small and primitive molars in
P. hispanicus to large and specialized, highly stepha-
nodont molars in Stephanomys, with Occitanomys
having intermediate features (van de Weerd, 1976;
Cordy, 1978; van Dam, 1997). Stephanodonty evolved
independently along the lineage of Paraethomys (Jae-
ger, 1977; Coiffait, 1991; Benammi et al., 1995, 1996),
a genus characteristic of North African rodent fauna
from the Late Miocene until its extinction late in the
Pleistocene (Jaeger, 1977; Jaeger, Michaux & Thaler,
1975). Progonomys cathalai was present earlier than
Paraethomys in North Africa, and compared to the lat-
ter it is characterized by a more primitive evolution-
ary stage in dental morphology. Consequently, it is
considered in the present study as the morphological

reference for an ancestor of the Paraethomys lineage.
Within extant species, Oenomys displays complete
stephanodonty (Misonne, 1969) while Aethomys
shows some stephanodont characteristics (Denys,
1994).

Malacomys, Praomys and Mastomys were chosen as
examples of rodents characterized by a basic dental
pattern associated with an omnivorous diet. Mastomys
peregrinus was considered because its geographical
range, including western North Africa, makes a colo-
nization of the Canary Islands by this species more
likely than by a tropical taxon (Fig. 1). The arvican-
thine group (Ducroz, Volobouev & Granjon, 2001)
includes murine rodents with a herbivorous diet.
Thallomys and Arvicanthis are part of this group but
do not display stephanodont trends, unlike Aethomys
and Oenomys. However Thallomys and Arvicanthis
were included in order to evaluate the role of diet on
the shape of molars.

MATERIAL AND METHODS
MATERIAL

The material related to Malpaisomys consists of 71
first upper molars (M1/) and 80 first lower molars
(M/1) from four localities in Fuerteventura and Lobos,
the smaller island next to it (Fig. 1B). All deposits
except Costa Calma correspond to lava tubes in the
middle of ancient lava fields. Using radiocarbon dating
and interpolations using the observed faunas, we were
able to estimate an age for three of the localities. The
fourth locality, in Lobos, is probably of Holocene age
due to the presence of Mus in the deposit (Table 1)
(Hutterer et al., 1988; Michaux et al., 1991, 1996; Boye
et al., 1992; Castillo et al., 2001).

The proposed North African lineage of Paraethomys
has been analysed, using nine deposits (58 M1/, 76
M/1) with Progonomys cathalai (3 M1/,3 M/1) as a ref-
erence for a primitive stage of the lineage. Age esti-
mates are based on biostratigraphy, radiometric
dating and magnetostratigraphy (Benammi et al.,
1996; Renaud et al., 1999a). The evolutionary lineage
from Progonomys hispanicus to Occitanomys and Ste-
phanomys was considered using a set of Spanish and
French deposits (238 M1/, 219 M/1). Ages were esti-
mated by linear interpolations based on magneto-,
litho- and biostratigraphy of deposits in the Teruel
basin in Spain (Fig. 1A) (van Dam, 1997; van Dam
et al., 2001; Renaud & van Dam, 2002) and southern
France (Aguilar et al., 2002). The ages were calibrated
according to a new model established from deposits in
southern France (Aguilar et al., 2004). Sixty-eight
modern specimens (Museum National dHistoire
Naturelle, Paris) belonging to eight taxa are included
for comparison (Table 1).
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Figure 2. Schematic representation of the modern and fossil murine rodents compared to Malpaisomys. Top, molecular
phylogeny after Chevret (1994) and Chevret et al. (2001). A calibration of the time of divergence between taxa is given by
reference to the divergence of the Rattus rattus lineage, estimated as having occurred 12 Mya (Chevret et al., 2001). The
grey box includes the arvicanthine rodents, characterized by a herbivorous diet. Bottom, fossil lineages with investigated
localities. Thick grey lines indicate taxa with stephanodont characteristics, thick black lines, complete stephanodonty.

Crosses indicate extinct taxa.

FOURIER ANALYSIS OF THE MOLAR OUTLINE

A description of the murine molars based on outline
analysis appears to provide a valuable description of
the overall morphology of the teeth, especially the
position of the main cusps, which is not affected by
heavy modification due to the varying stages of wear.
This method has been applied successfully to
analysis of geographical and evolutionary differenti-
ation in rodents (Renaud et al., 1999a,b; Renaud,
1999; Renaud & van Dam, 2002).

The outline corresponds to a two-dimensional pro-
jection of the tooth viewed from the occlusal surface.
All molars were measured as outlines of left teeth.

Hence, mirror images of right molars were considered,
in order to compare their shape with that of the left
molars. Then, for each tooth, the x and y coordinates of
64 points equally spaced along the outline were
extracted semiautomatically using an optical image
analyser (Optimas 6.5), and thereafter analysed by a
radial Fourier transform (RFT). The starting point of
the outline was defined as the maximum point of cur-
vature of the anterior part of the tooth. From the x, y
coordinates of the points, 64 radii corresponding to the
distance of each point from the centre of gravity of the
outline were calculated. A Fourier transform was then
applied to this set of 64 radii. The outline is thus
expressed as a finite sum of trigonometric functions of
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Table 1. The murine rodent samples included Malpaisomys (MALP), modern groups used for comparisons (MODERN),
and fossil representatives belonging to the Paraethomys lineage (PARAET) and to the Occitanomys-Stephanomys lineage
(STEPH). Codes are given, country of trapping for modern samples and deposit for fossil samples, generic and specific deter-
mination, approximate age (in Myr), and number of upper (M1/) and lower (M/1) molars measured. Period: MOD, modern;
HOL, Holocene; PLEI, Pleistocene; PLIO, Pliocene; MIO, Miocene

Group Code Site Genus Species Period Age M1/ M/1
MALP CDA Cueva de Arena Malpaisomys insularis HOL 600 BP 25 20
CVA4 Cueva Villaverde A4 IV Malpaisomys insularis HOL 1800 BP 30 30
CCALM Costa Calma Malpaisomys insularis PLEI 25000 BP 2 10
LOB4 Lobos 4 Malpaisomys  insularis HOL - 14 20
MODERN AETH RCA Aethomys hindei MOD 0 5 5
ARVIC Ivory Coast, Senegal Arvicanthis sp. MOD 0 2 2
MALAC Ivory Coast Malacomys sp. MOD 0 10 10
MASTOE Senegal Mastomys erythroleucus MOD 0 3 3
MASTOP Morocco Mastomys peregrinus MOD 0 8 8
OENO-CIV  Ivory Coast Oenomys ornatus MOD 0 5 5
OENO-GHA Ghana Oenomys ornatus MOD 0 4 4
OENO-GUI  Guinea Oenomys ornatus MOD 0 23 23
PRAOT Equatorial Guinea Praomys tullbergi MOD 0 6 6
THAL Angola, Somalia Thallomys sp. MOD 0 2 2
PARAET IRHN Irhoud Neanderthal Paraethomys  filfilae PLEI 0.6 13 27
IDV Irhoud DV Paraethomys  darelbeidae PLEI 1 30 30
SABH Sidi Abdallah 1 Paraethomys  rbiae PLEI 1.5 0 7
AMA3 Amama 3 Paraethomys  anomalus PLIO 2.9 7 5
AZB Azib Paraethomys  pusillus PLIO 5.3 4 1
KEO Khendek el Ouaich Paraethomys  miocaenicus PLIO 7.7 2 4
WAN Wanou Paraethomys  cf. miocaenicus  PLIO 7.8 2 2
AF6 Afoud 6 Progonomys cathalai PLIO 8.5 0 3
PC-OTAB Ouet Tabia Progonomys cathalai PLIO 9.5 3 0
STEPH S-LF4 Lo Fournas 4 Stephanomys  thaleri PLIO 2 30 30
S-SEY Seynes Stephanomys  thaleri PLIO 2.5 30 30
S-LAY Layna Stephanomys donnezani PLIO 2.9 30 30
O-MTH Mont-Hélene Occitanomys  montheleni PLIO 3.3 30 24
S-MTH Mont-Hélene Stephanomys donnezani PLIO 3.3 30 30
S-ALC Alcoy Stephanomys medius PLIO 5 2 6
S-KS Las Casiones Stephanomys ramblensis MIO 7.3 20 15
0-KS Las Casiones Occitanomys  alcalai MIO 7.3 18 15
OA-MDV2 Masada del Valle 2 Occitanomys  adroveri MIO 9 20 15
0S-PM Puente Minero Occitanomys  sondaari MIO 9.2 20 15
PH-R4C La Roma 4C Progonomys hispanicus MIO 11.3 8 9

decreasing wavelength (harmonics), each weighted by
two Fourier coefficients A, and B,. Any outline is
therefore described by the corresponding set of Fourier
coefficients. The Oth harmonic, A,, is proportional to
the size of each specimen and is used to standardize
all the Fourier coefficients, in order to retain shape
information only. A reconstruction of the outline cor-
responding to any set of Fourier coefficients can be
obtained using an inverse Fourier transform.

A characteristic of Fourier harmonics is that the
higher the rank of the harmonic, the more details of
the outline are described. This property can be used
to filter measurement noise, which increases with

harmonic rank. A study of specimens from the
Progonomys—Occitanomys [ Stephanomys lineage indi-
cated that the effect of the measurement error could
be limited by considering only Fourier coefficients up
to the ninth harmonic for the upper molars, and up to
the sixth for the lower (Renaud et al., 1999b). A homol-
ogous definition of the starting point can be problem-
atic for the first lower molars because of the
development in some taxa of additional cusplets.
Hence, only the harmonic amplitudes (i.e. square root
of the sum of the squared Fourier coefficients) were
considered in the subsequent analyses for the lower
molars, because they are independent of the starting
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point. Unfortunately, considering only the amplitudes
hinders the reconstruction of outlines by an inverse
Fourier transform.

STATISTICAL ANALYSES

A set of 18 Fourier coefficients (i.e. nine harmonics) for
each first upper molar and of six amplitudes (i.e. six
harmonics) for each first lower molar was obtained.
These coefficients were standardized in terms of size
and therefore correspond to shape information only. A
multivariate analysis of variance (MANOVA) was per-
formed on these variables in order to evaluate the
importance of the among-group differentiation rela-
tive to the within-group variation. In the analyses, the
grouping variable corresponds to species/deposit or
locality. A test of significance for among-group differ-
ences (Wilks’ lambda) is included. Associated with the
MANOVA, canonical functions were estimated, the
first of which was sufficient to account for the most
important group differences (Manly, 1994). The scores
of the group means can be plotted on these canonical
axes to visualize the pattern of morphological differ-
entiation. In order to investigate whether the canoni-
cal analysis provided a valuable summary of the
morphological differentiation, a clustering analysis
was performed on the set of Fourier coefficients up to
the ninth harmonic for the first upper molars: Euclid-
ean distances were also calculated among group
means and a UPGMA (unweighted pair-group
method, arithmetic average) cluster analysis was then
applied to this distance matrix and visualized as a
phenetic tree.

Size, estimated by A,, corresponds to an univariate
parameter. Its differentiation was therefore tested
using an analysis of variance (ANOVA) and ¢-tests.
Statistical analyses were performed using Systat 10
and NTsys-pc v. 2.1 (Rohlf, 1998).

ESTIMATION OF EVOLUTIONARY RATES

Size and shape evolution were estimated indepen-
dently of the multivariate analyses, directly onto the
Fourier coefficients. Size distances were calculated as
differences along A, between group means. Shape dis-
tances were calculated among group means on the 18
Fourier coefficients of the first upper molar outlines.
One way to calculate evolutionary rates is to plot mor-
phological distance against time interval; rates are the
slope of the linear regressions, if significant. A second
way is to divide morphological distance by time inter-
val; this can produce high values for short time-
intervals, an effect which can be reduced by logarith-
mic transformation. Negative values hinder this
transformation. Hence, the formula used is log
(Imorphological distance | /time interval).

The whole distance matrix among groups was not
taken into account because of the difficulty involved in
assessing the time interval since divergence for some
pairs of samples. For both fossil lineages, evolutionary
rates were calculated between a given stage and
all previous stages, assuming a direct ancestor—
descendent relationship.

Evolutionary rates cannot be estimated in a similar
way for modern taxa. Time of divergence was esti-
mated from molecular studies proposing dating based
on a molecular clock hypothesis (Chevret, 1994; Chev-
ret et al., 2001). The basal divergence between the
Praomys group, Malacomys and the arvicanthine
group was estimated at 11 Mya. Assuming random
evolution since divergence (Schluter, 2000), the rate of
morphological evolution can be estimated as half the
morphological difference between both modern taxa
divided by the time interval since divergence.

Several hypotheses were considered for Malpai-
somys. Rates of divergence were estimated between it
and the different fossil samples. For the modern sam-
ples, a hypothesis was formulated with colonization of
the eastern Canary Islands estimated at 140 kya,
when the sea level was more than 100 m below its
present level due to glacial conditions. This should
have decreased the distance from the mainland to the
eastern Canary Islands to 70-100 km (Fig. 1B). Addi-
tionally, a rate of divergence was evaluated within
Malpaisomys between the Pleistocene population of
Costa Calma and the Holocene one of CVA4.

RESULTS

COMPARISON OF MALPAISOMYS AND POSSIBLE
RELATIVES

Malpaisomys has been compared to different stages
of the Progonomys—Occitanomys/Stephanomys and
Paraethomys lineages, to Progonomys cathalai and to
several modern taxa (Table 1). An important morpho-
logical differentiation exists for the first upper and
lower molars (P < 0.001).

For the upper molars, the first two canonical axes
display most of the among-group differentiation
(Fig. 3A). In the plane defined by the first (CA1, 46.3%
of the among-group variance) and the second axes
(CA2, 18.2%), the first cluster includes Progonomys
associated with Mastomys, Praomys and Malacomys.
All of these murine teeth are characterized by an
asymmetrical outline. They also share a basic omniv-
orous murine diet. From this ‘omnivorous’ cluster the
second cluster diverges along both CA1 and 2, includ-
ing murines with broader and more symmetrical
molar outlines. Among these taxa, those with a known
ecology share a trend towards a herbivorous diet.
This cluster of ‘intermediate’ outlines includes
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Figure 3. Morphological differentiation of the dental outline among murine rodents. A, upper molars. Group means on
CA1 and 2. Dotted lines show the fossil lineages leading from Progonomys hispanicus to Occitanomys and to Stephanomys,
and from Pr. cathalai to Paraethomys. Outlines correspond to some group means. B, upper molars, CAl and 3. C, lower
molars, CA1l and 2. For locality and sample abbreviations see Table 1.

Mio-Pliocene Paraethomys, Occitanomys, the arvican-
thines (except Oenomys), and Malpaisomys. From this
cluster, Stephanomys (along CA1l), the Pleistocene
Paraethomys (mostly along CA2 with a component
along CA1), and Oenomys (along CA2) show a further
divergence. All these taxa are characterized by a typ-
ical stephanodont dental pattern associated with
broader and more symmetrical outlines.

The modern taxa Praomys, Malacomys and to a
lesser extent Mastomys (Fig. 3B) are especially iso-
lated on the third axis (10.3% of among-group vari-
ance). It appears to correspond to a phylogenetic
signal of the Praomys—-Malacomys group.

The results based on the first lower molars (Fig. 3C)
are less clear but suggest similar features than those
based on the upper molars (Fig. 3A, B). The differen-
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Figure 4. Cluster analysis of the shape of the upper molar. Euclidean distances between group means were calculated
based on Fourier coefficients up to the ninth harmonic (CF9). Clustering method was UPGMA (unweighted pair-group
method, arithmetic average). Symbols as per Fig. 3. For locality and sample abbreviations see Table 1.

tiation along CA1l (60.6% of the among-group vari-
ance) corresponds to a considerable divergence of
Stephanomys, the most recent (LF4) being the most
extreme. Along CA2 (20.5% of variance) Progonomys,
associated with Malacomys, is opposed to Pleistocene
Paraethomys. In between are found two clusters; the
first includes the oldest Occitanomys and the Mio-
Pliocene Paraethomys, Mastomys, Arvicanthis and
Thallomys, the second includes more recent Occitano-
mys, Oenomys and Malpaisomys. CA2 therefore dis-
plays a trend from primitive towards more derived
outlines, and Malpaisomys is associated with rather
derived ones.

The distribution of the taxa on these canonical axes
might appear to be a simplification of the morpholog-
ical signal and thus undermine the interpretation of
the morphological differentiation as an ecological sig-
nal showing evolutionary grades. We therefore com-
plemented the multivariate analysis by a cluster
analysis of the raw data, focusing on the first upper
molar shape. Distances were calculated from the Fou-
rier coefficients and a phenetic tree was constructed
using a UPGMA algorithm (Fig. 4). In agreement with
the patterns observed on the canonical axes, outlines
interpreted as ‘omnivorous’ are grouped together,
including Progonomys, Malacomys, Praomys and Mas-
tomys. Stephanomys appears as highly divergent.
Derived, stephanodont Oenomys and Pleistocene
Paraethomys are clustered and clearly separate from a
cluster of outlines characterized by an intermediate

stage of evolution: Occitanomys, Mio-Pliocene Para-
ethomys, the arvicanthines Aethomys and Arvicanthis,
and Malpaisomys.

FINE-SCALE DIFFERENTIATION WITHIN MALPAISOMYS

Size differences are significant among the samples of
Malpaisomys, for both the first upper (P < 0.001) and
lower molars (P = 0.002). The data show that no gigan-
tism characterizes the population from Lobos (Fig. 5A,
B), which is rather smaller than the populations of
Fuerteventura. The oldest (Pleistocene) population
from Fuerteventura (Costa Calma) is larger than the
Holocene samples.

Shape differentiation is also significant for both
upper and lower molars (P < 0.001). Patterns are
similar for the two sets of data. The most important
difference characterizes the population from Lobos
(Fig. 5C, D). The Costa Calma population seems
slightly divergent for the lower molars, the reduced
sample size of the upper molars hindering any robust
analysis. Testing two-by-two differences between sam-
ples (Table 2) corroborates these results.

SIZE AND SHAPE EVOLUTION OVER TIME

As we included extinct species in our study, it seemed
necessary to examine evolutionary patterns over time
in order both to interpret morphological differentia-
tion on a long time-scale and to better evaluate the
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Figure 5. Morphological differentiation within Malpaisomys. Size of the first upper (A) and lower (B) molars. Shape of the
first upper (C) and lower (D) molars, estimated by the scores on the first and second canonical axes of the analysis of Mal-
paisomys. The dotted ellipses indicate the 95% confidence interval for each sample.

processes which might have led to the insular differ-
entiation of Malpaisomys.

Size and shape of the first upper molars were plot-
ted as a function of their estimated age. The amplitude
of the temporal variations was compared to the
amount of morphological differentiation among mod-
ern taxa and Malpaisomys (Fig. 6). A trend of increas-
ing size is displayed in both fossil lineages, with a
similar pattern of large size increase in most recent
samples (from MTH to LAY in the Stephanomys lin-

eage, and from AMAS to IDV in the Paraethomys lin-
eage). Compared to these patterns, Malpaisomys is of
intermediate size, closest to the latest samples before
the step up in size. When compared to the modern
taxa, Malpaisomys appears consistently smaller
(P <0.001), as much as 27% smaller than Aethomys;
the taxon to which it is closest in size (only 3%
smaller) is Oenomys.

Shape variations were examined using CAl as a
synthetic shape axis (Fig. 6B). A parallel morphologi-
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Table 2. Size and shape differentiation among Malpaisomys populations. Probabilities produced by a ¢-test on size of first
upper molar estimated by A, and by MANOVA of the shape of the first upper and lower molars (Wilks’ lambda). Significant

probabilities in bold

M1/ Size M1/ Shape M/1 Shape
CCAL CVA4 CDA LOB4 CCAL CVA4 CDA LOB4 CCAL CVA4 CDA LOB4
CCAL - - _
CVA4 0.007 - 0.314 - 0.001 -
CDA 0.036 0.461 - 0.180 0.074 - 0.073 0.203 -
LOB4 0.001 0.000 0.001 - 0.326 0.000 0.002 - 0.005 0.000 0.005 —
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Figure 6. Morphological evolution of the fossil lineages, and comparison with Malpaisomys and modern murines. A, size of
the first upper molars. B, shape of the first upper molars, estimated by scores on the first canonical axis, representing 46%
of the among-group variance. Error bars are +1 SD. Symbols per Fig. 3; locality or sample abbreviations per Table 1.

cal trend is displayed in both fossil lineages, but the
branch leading to Stephanomys shows a more pro-
nounced divergence over time. Malpaisomys appears
less differentiated than the extreme morphotypes at
the end of both lineages (Pleistocene Paraethomys and
Late Pliocene Stephanomys) and is rather close to
intermediate morphologies. Considering the modern
taxa, Malacomys and Praomys are the most different
from Malpaisomys.

EVOLUTIONARY RATES

For size and shape evolutionary rates (Fig. 7A, B), sim-
ilar log-log linear relationships were observed between
time interval and evolutionary rate for both fossil lin-
eages, although no relationship was found for modern
taxa (Table 3). Evolutionary rates of size are more dis-
persed around the general trend, due to the relatively
frequent cases of ‘stasis’ observed for size (observed
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R o d evolutionary rates largely below the regression line in
s = S o O O
¢S B 222 Fig. 7TA). The WAN/KEO pair within the Paraethomys
2 @w 5 +H H lineage appeared as an outlier. This is due to a large
§ :; o § § § morphological change during a short time interval.
E‘f 38 3 | S S Differentiation rates derived from the modern taxa
5 % g and the current molecular phylogenies are in broad
£ = .2 €88 agreement with evolutionary rates observed in the fos-
- ; T; A g g g sil record, although they are generally lower.
f 3 j.; Rates of evolution calculated for pairs including
° E 8 o © 0 o Malpaisomys are highly variable. All the rates calcu-
23 g e | 8 323 lated between Malpaisomys and fossil deposits were
“gﬂ 2 i" cle s |oes close to the regression lines of fossil lineages. In con-
w & £ o © trast, a hypothesized late colonization by extant taxa
= 2 (b% X8 during the low sea level of the Late Pleistocene (e.g. at
il % " 3 fl S 140 kyr) corresponds to a higher evolutionary rate.
9—/; > E ® R ® The highest rates correspond to a size evolution of
h= % E o g g g Malpaisomys from an Aethomys or Arvicanthis-like
lg 3; ’?g ancestor and to a shape evolution from Malacomys or
*é‘ % g oo Praomys. The rate calculated for the Pleistocene and
R = S S Holocene populations of Malpaisomys falls close to the
@ cR= R oo regression lines of the fossil lineages, despite the very
g E é’ short time interval. Still, the uncertainty about possi-
= = 3 § § § ble colonization periods by extant taxa undermines
EES § g § K| ssSs the calculation of evolutionary rates.
§ -3 Evaluation of evolutionary rates as the slope
b= % 3 23y between time interval and morphological distance
‘é‘_a g = g g should provide a more robust estimate regarding
E > e H o+ H uncertainties concerning the time interval. Significant
“g E pﬁ c% g § relationships are found for the shape of modern taxa
(&) E § s ol' = ol' as well as the fossil lineages (Fig. 7C, D) with similar
g % ° slopes and thus estimates of evolutionary rates
g = 2 R, (Table 3). An offset between regression lines involving
E = % g S S modern and fossil samples is likely due to a difference
2 5 2 % N | oo in estimating morphological distance and time inter-
.gﬂ 3 g E val between successive fossil samples and extant coex-
S5k & | O %3 & isting taxa.
o 9 =} = =) —— O © . . .
<£3e E|E|lxl|?T S The size evolution of Malpaisomys from Aethomys,
g E E Arvicanthis, Thallomys, Pleistocene Paraethomys and
Eeq o e Late Pliocene Stephanomys (LF4, SEY, LAY) would
g g Ug & 833 correspond with major decreases in size never
= é" < % i’l 3 i recorded in the fossil lineages. Shape evolution from
% Y =S Malacomys or Praomys would provide an example of
g = 'E = a2 rapid morphological evolution. Our conclusions are in
wn . .
g % 2 5 s b agreement with those based on evolutionary rates
! g* % -~ (Fig. 7A, B) but seem more robust regarding uncer-
goog oM tainties in dati
g§3853 _ =28 ainties in dating.
B8 g E |l |Se3
L « =] o= >
aifs|_ |3 - o DISCUSSION
= =1 | < 0 I D . . L
2! E g 8 % = aza Our study of the morphological differentiation of the
== % § = =18/ b first upper and lower molars of murine rodents of
% 35 o B! varying diets and phylogenetic backgrounds, and
m. o § = Z E the relationship with the insular Malpaisomys pro-
°; — k7 5 Qmﬁ <) E duced complex results that necessitate discussion.
% § 2 < 8 % E Other teeth than the first upper and lower molars
SRR =) would have provided valuable complementary infor-
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mation. The second upper molar displays some
peculiar and informative features, for example
regarding the lineage Paraethomys. However, the
first upper molar frequently overlaps with the sec-
ond on a molar row, hindering recognition of the
outline of the latter and making comparison of sec-
ond upper molar outlines more problematic for mod-
ern and fossil taxa, as the molars of the latter are
usually found in isolation. Skeletal features are sel-
dom found intact in the fossil record, hindering a
robust morphometric analysis. Published data can
nevertheless be discussed in relation to the morpho-
metric results we have obtained based on the first
upper and lower molars.

PARALLEL EVOLUTION AND DIVERSIFICATION

The first signal emerging from the morphometric
analysis of both the first and upper molars is a clus-
tering of the taxa independent of their phylogenetic
origin. This pattern could be related to diet, based on
the known or inferred ecology of the taxa. Ecology of
modern taxa can be investigated by direct observation,
for example, the content of the digestive tract provides
evidence of a herbivorous diet for Oenomys and an
omnivorous diet, with overall low cellulose content, for
Mastomys and Praomys (Dieterlen, 1967). Such direct
observations are of course not available for fossil taxa.
By comparing them with extant animals, fossil species
displaying the highly specialized dental pattern corre-
sponding to stephanodonty have been interpreted as
herbivorous.

The clusters observed in the morphological space
(Fig. 3) can therefore be interpreted as grades of evo-
lution. One group comprises omnivorous taxa, with a
mixture of modern phylogenetic groups (Mastomys,
Malacomys) and primitive fossil forms (Progonomys),
the second herbivorous taxa, displaying either inter-
mediate stephanodont features or none at all
(Arvicanthis). The basic dental pattern associated
with an omnivorous diet corresponds to a slender,
asymmetric outline of the first upper molar. The her-
bivorous grade is characterized by a broadening of the
first upper molar compared to the basic dental pat-
tern. This should be functionally related to an increase
in surface of contact between cheek teeth, whether or
not stephanodont crests are developed.

The taxa in which stephanodonty reaches its maxi-
mum development diverge morphologically from this
second cluster. In all three cases (Oenomys, Pleis-
tocene Paraethomys and Pliocene Stephanomys), the
morphology corresponds to even broader molars and to
a symmetrical outline. The three taxa achieve this
morphology in their own, peculiar way, with, for
instance, a more developed posterior part in Oenomys
than in Stephanomys.

In both fossil lineages where complete stephan-
odonty evolved, temporal patterns of evolution are par-
allel (Fig. 6) and occur at the same rate (Fig. 7). This
suggests that evolution might have occurred under
similar forces and/or constraints. The similarity of the
evolutionary rates also provides a robust estimate of
patterns and rates of evolution on the mainland.

RELATIONSHIPS OF MALPAISOMYS WITH MAINLAND
TAXA

Within this morphological pattern among modern and
fossil taxa, Malpaisomys clearly falls within the inter-
mediate cluster of herbivorous diet. This supports a
palaeoecological interpretation of the taxon as herbiv-
orous, but poses the problem of identifying its main-
land ancestor. In particular, herbivory could either be
inherited from this ancestor or the result of a parallel
evolution on the islands.

Island populations of rodents are known to fre-
quently display an increase in size compared to main-
land relatives (Foster, 1964). A decrease in size
associated with insular conditions therefore seems
unlikely, and is in any event rare in evolutionary lin-
eages (Fig. 7C). Such an interpretation excludes large
taxa as being potential ancestors of Malpaisomys,
especially Aethomys, Arvicanthis, Thallomys, Pleis-
tocene Paraethomys, and Late Pliocene Stephanomys.
Shape, by contrast, reveals a different pattern. Among
modern taxa, Aethomys (and to a lesser extent,
Arvicanthis) are the most similar regarding first
upper molar shape (Figs 3, 4B) while Malacomys and
Praomys are the most different (Fig. 7D). Some dis-
crepancies exist between the shape of the first upper
or lower molars. Based on the upper molars, the
extreme stephanodonts Oenomys, Pleistocene Para-
ethomys and Pliocene Stephanomys appear to be more
differentiated than Malpaisomys, which would be clos-
est to Occitanomys (e.g. O-MTH) or Late Pliocene
Paraethomys (Fig. 3B). Based on the first lower molar
shape, however, Malpaisomys appears to be closer to
the more derived, Pleistocene Paraethomys, while
remaining associated with Late Pliocene Occitanomys
(Fig. 3C). In agreement with our results, the morpho-
logical relatedness of the stephanodont genera Mal-
paisomys, Oenomys and Stephanomys had previously
been shown by phenetic distances of dental characters
(Lépez-Martinez et al., 1998). Skull characters provide
a different picture, suggesting a similarity between
Stephanomys and Malpaisomys, Oenomys having
been found to be more similar to non-stephanodont
genera like Rattus (Lépez-Martinez et al., 1998).
Mosaic evolution likely occurred due to diverse selec-
tive pressures acting on different characters. The skull
is more influenced by habitat whereas dental patterns
reflect diet. The similarity of the skulls of Malpai-
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somys and Stephanomys may be a consequence of a
similar mode of life within a rocky landscape (Lépez-
Martinez et al., 1998).

Combining these various results shows that mor-
phologically the taxa closest to Malpaisomys are to be
found among Pliocene fossil lineages related to either
Paraethomys or Occitanomys. A hypothesized coloni-
zation of the eastern Canary Islands by members of
these genera minimizes the evolution in both size and
shape. A third alternative is colonization by an ances-
tor of the arvicanthine group, smaller in size than the
modern representatives and already displaying a mor-
phology characteristic of the intermediate, herbivo-
rous group. Gene flow between mainland and canarian
populations has been promoted by low sea level during
glacial periods in some birds (Idaghdour et al., 2004).
However, any hypothesis considering such a recent
colonization event for Malpaisomys would imply
extremely high evolutionary rates and reversion in
size and/or shape. Morphometric methods favour
hypotheses which minimize morphological distance
and evolutionary rates. Nonetheless, observations of
the fossil lineages (Fig.7) consistently reveal that
such high rates and reversion seldom occur. We there-
fore favour the hypothesis of an ancient colonization
event by a mainland taxon already exhibiting a trend
toward herbivory.

Biogeographical considerations should also be con-
sidered when evaluating the different hypotheses of
colonization. The sea-surface current system around
the Canary Islands (Stramma & Siedler, 1988), as well
as the dominant trade winds, favour a colonization
event from North Africa or the Iberian Peninsula
(Fig. 1), providing additional support for a relatively
ancient colonization event involving Paraethomys or
Occitanomys. A Late Miocene or Pliocene colonization
leading to Malpaisomys has been previously sug-
gested (Hutterer et al., 1988; Michaux et al., 1991) and
is supported by our results. This hypothesis is not con-
tradicted by dating of the insular volcanic complex,
indicating that subaerial areas in the eastern Canary
Islands are as old as 15 Myr (Carracedo & Soler, 1995;
Ancochea et al., 1996).

DIFFERENTIATION AMONG MALPAISOMYS
POPULATIONS

After the colonization event, the ancestor of Malpai-
somys may have evolved into the endemic form within
an isolated gene pool. This evolution cannot be tracked
in the fossil record because the oldest Pleistocene
deposits in the eastern Canary Islands are of Malpai-
somys rather than an intermediate form. Still, its late
evolution during the Pleistocene until its extinction
during historical times can be assessed. Preliminary
results emerge from the four deposits examined. A

morphological difference is observed between the
Pleistocene and the Holocene populations from
Fuerteventura (Table 2). During this time interval,
Mus colonized the islands and began to feature greatly
in the deposits (Michaux et al., 1996; Castillo et al.,
2001). The invasion of an island by a generalist com-
petitor has been observed to cause a size decrease of
the resident species in several small mammals (Yom-
Tov, Yom-Tov & Moller, 1999). The size decrease and
shape difference among Malpaisomys populations
may thus document a response to the arrival of the
generalist house mouse. Still, the evolutionary rate
estimated for this evolution (Fig.7) does not differ
from observations of fossil lineages, suggesting that
the new ecological interaction did not trigger an excep-
tionally rapid morphological evolution.

The population of the islet Lobos (4.6 km?) also differ-
entiated from the Holocene populations in Fuerteven-
tura (1633 km?; Fig. 5), although the presence of Mus
suggests a similar age. This may document a small-
scale insularity effect due to partial genetic isolation.

INSULAR EVOLUTION AND ENVIRONMENTAL FACTORS

It has been suggested that once an island endemic
species has evolved to occupy its particular niche, it
remains unchanged regardless of changes in climate
and vegetation, unless new competitors migrated
(Sondaar, 2000). Malpaisomys experienced the arrival
of Mus between the Pleistocene and the Holocene, but
the ecological interaction did not trigger an important
morphological variation (Figs 5, 7).

Alternatively, major changes in size and shape can be
a response to environmental change. A climatic deg-
radation occurred during the late Pliocene, beginning
c. 3.5 Mya (Suc et al., 1995; An et al., 2001) and cul-
minating at the Plio—Pleistocene boundary (Thunell
et al., 1991). Aridification increased step-wise around
2.8,1.7 and 1.0 Mya (deMenocal, 2004). The transition
between Pliocene and Pleistocene Paraethomys can be
interpreted as a response to these abiotic variations
(Renaud et al.,1999a). The shift in size and shape of the
late Pliocene Stephanomys may document a similar
reaction, although the response to the climatic change
would have occurred earlier. The two lineages evolved
towards enhanced stephanodonty. Hence, the morpho-
logical trend can be interpreted as an adaptive
response to changing diet, climate and vegetation.

The morphological differentiation of Malpaisomys is
limited compared to the extremely divergent late
Paraethomys and Stephanomys. Pleistocene climatic
variations had an impact on the Canary Islands as
well as on the mainland. Alternate warm and cool
phases have been documented in molluscan faunas
(Meco et al., 1992, 2002). Local climate could also have
been influenced by intensified trade winds and
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upwelling of cold waters during glacial times (Hend-
ericks et al., 2002). However, insular climatic varia-
tions may also have been mitigated by these oceanic
conditions. Fuerteventura nowadays has a warmer
and drier climate than the North African mainland
(annual average temperature 19.8 vs. 17.5 °C; annual
precipitation 245 vs. 570 mm). Seasonal climatic vari-
ation is reduced compared to the mainland (monthly
temperature difference 8.0 vs. 15.7 °C and monthly
precipitation difference 71 vs. 155 mm; summarized
from data supplied by the NOAA NCDC GCPS
monthly stations). The reduction in environmental
variation and ecological interaction on the Canary
Islands may have favoured a relative morphological
stability of Malpaisomys. On the mainland, Paraeth-
omys and Stephanomys would have experienced an
important morphological evolution because of the
cumulative effect of climate forcing and species
interactions.

The relative morphological stability of Malpaisomys
compared to mainland fossil and modern extreme
forms does not support a hypothesis of higher rates of
morphological evolution on islands due to a change in
genetic background following the founder effect,
repeated bottlenecks and genetic drift (Berry, 1973). It
rather supports the view of insular endemics as relicts
of extinct, mainland populations (Cronk, 1992). Fur-
thermore, gigantism, which is supposed to be a feature
typical of insular rodent populations (Foster, 1964),
did not occur in Malpaisomys. This taxa is character-
ized by a small size compared to various modern, late
Pliocene and Pleistocene taxa (Fig. 6A). On the con-
trary, other murine endemics from the western
Canary Islands were giant rats: Canariomys bravoi on
Tenerife and C. tamarani on Gran Canaria, both now
extinct (Crusafont & Petter, 1964; Lépez-Martinez &
Lépez-Jurado, 1987; Michaux et al., 1996).

The discrepancy between these patterns of size evo-
lution, leading to either giant rats or a rodent not
larger than a big mouse, requires explanation. A high
proportion of endemic species is often associated with
ancient islands on the continental shelf, as well as with
large, elevated volcanic islands in tropical and warm-
temperate latitudes, due to the large variety of habi-
tats. Smaller, less elevated islands have a lower pro-
portion of endemics (Whittaker, 1998). The giant rats
Canariomys occurred on the elevated volcanic islands
of the Canary Archipelago (Tenerife 3718 m, Gran
Canaria 1949 m). On the other hand, Malpaisomys is
characteristic of the low-lying eastern Canary Islands
(Fuerteventura 807 m, Lanzarote 670 m), likely offer-
ing a reduced variety of habitats. The abiotic difference
between eastern and western Canary Islands could
also have caused variations in biotic interactions, caus-
ing in turn various size responses of the rodents. Pre-
dation may strongly constrain size evolution of small

mammals on islands. Size increase in insular wood
mice (Apodemus sylvaticus) is favoured by both a
reduced island area and a lower number of predator
species (Michaux et al., 2002). The predation pressure
of the barn owl on Malpaisomys (Castillo et al., 2001)
may have been enhanced by the lack of dense forest
cover on the eastern Canary Islands. Small size would
have been selected for, because it would have allowed
Malpaisomys to escape predation by hiding in fissures.
Its unusual habitat of cavities in recent lava flows is
further supported by skeletal characteristics (Boye
et al., 1992). On the other hand, the dense vegetation
cover in most parts of Tenerife and Gran Canaria
would have offered easy shelter to Canariomys, allow-
ing for larger size despite predation.

CONCLUSIONS

1. Morphometric comparison of the first upper and
lower molars in several modern and fossil taxa
allowed the investigation of the potential influence
of phylogeny and ecology on dental morphology.
In the morphometric space, clusters of taxa are
observed, corresponding to slender, asymmetrical
outlines, distinct from broader and more symmet-
rical shapes. These clusters can be related to differ-
ence in diet, with omnivorous taxa separated from
more herbivorous ones. The pattern emerging from
the morphometric analysis can be interpreted
as grades of evolution reached independently by
different phylogenetic groups. Some highly spe-
cialized taxa have further diverged from the
herbivorous cluster and from each other, combining
a phylogenetic and ecological signal. Evolution in
both fossil lineages occurred at similar rates and
was parallel over time.

2. The extinct lava mouse from the Eastern Canary
Islands, Malpaisomys insularis, is associated with
intermediate morphotypes characterized by a her-
bivorous diet.

3. Decrease in size seems unlikely in insular rodents,
which generally tend to increase in size. A recent
colonization event by modern representatives
appears unlikely, because they are larger than
Malpaisomys. Pleistocene Paraethomys and Late
Pliocene Stephanomys also became large and
morphologically very different from Malpaisomys.
Based on size and shape similarity, morphometrics
favours a Pliocene colonization event by a Paraeth-
omys or Occitanomys-like ancestor.

4. Shape differentiation of Malpaisomys is also of lim-
ited importance compared to the directional evolu-
tionary trends observed in the Paraethomys and
Stephanomys mainland lineages during the Late
Pliocene or Early Pleistocene. The morphological
stability of Malpaisomys might have been due to
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reduced interactions among competitor species,
compared to the situation pertaining on the main-
land, where continual interactions among rodent
species could have reinforced the effects of climatic
constraints. The absence of insular gigantism may
further be due to predation pressure, favouring ani-
mals of small size able to hide in fissures of recent
lava flows.
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