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Abstract

The case described here analyses morphological change at the
boundary between ecological and evolutionary scales. The size
and shape of 8 populations of two sibling species of tenebrionid
beetles (4sida planipennis and A. moraguesi) are analysed us-
ing landmark-based methods. The two species differ in size,
shape and in allometric trajectory. Thin-Plate Spline Analysis
(TPSA) combined with Canonical Variate Analysis (CVA) re-
veal the specific shape changes that allow the best inter-spe-
cies discrimination. These changes involve the outline of the
posterior margin of the pronotum. Moreover, the landmark-
based method provides useful tools for interpreting the intra-
species variability of some continuously varying morphological
characters. In the case of 4. planipennis, size and shape are
correlated at the inter-population level, but are independent at
the intra-population level. Moreover, size and shape do not
reflect any spatial (i.e., geographical) structure or phylogenetic
inertia at the inter-population level. These facts favour site-
specific environmental conditions as the main cause of shape
and size variability in this species. One environmental vari-
able is suggested to be the cause of the inter-population mor-
phological differences detected.
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Introduction

Faunas from oceanic and oceanic-like islands show
a high rate of endemicity. Oceanic-like islands are
those that have been previously connected to con-
tinents but are faunistically similar to oceanic islands
because the island-continent connection occurred
in the deep past or did not promote significant faunal
transfer (Alcover et al., 1998). The fauna from the
Balearic islands, as an archetypal example of oce-
anic-like islands, is characterised by a relevant
percentage of endemic species that are typically
flightless and with reduced dispersal potential (Pons
& Palmer, 1996; Palmer et al., 1999).

Sea-level of the Mediterranean has experienced
notable changes during the glacial-interglacial
pulses (Cuerda, 1975; Tuccimei et al., 2000). Some
inter-island faunal transfers within the Balearic
Archipelago were possible during marine regres-
sions, and subsequent marine transgressions im-
plied isolation events. The outcome is a puzzling
pattern of inter-population differentiation. A well-
known example is that of the lizard Podarcis lilfordi
Giinther 1874, with more than 20 subspecies de-
scribed. Most of islets around Mallorca and Menorca
Islands harbour a population of this species dis-
playing some specific morphological differentia-
tion (Mayol, 1985; Salvador, 1979).

Here I analyse the body size and shape of 8
Balearic insular populations of flightless endemic
beetles of two sibling species of the genus Asida
Schaufuss Latreille 1802 (Coleoptera, Tenebrioni-
dae). They display some morphological differen-
tiation at both intra- and inter-population level. The
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above-depicted biogeographical scenario seems
suitable for analysing two relevant aspects of mor-
phological patterns. First, I examine the inter-spe-
cies discrimination considering both shape and
allometric trajectories. Second, I check the signifi-
cance of the effects of common history and geo-
graphical location on the pattern of inter-population
shape differences. Inter-population shape similarity
can arise because two populations are (phylogeneti-
cally) closely related or (geographically) closely
located. Or it can result of the fact that populations
share a similar set of site-specific environmental
variables, The effects of spatial structure between
sampling sites and inter-population phylogenetic
inertia are here explicitly tested whereas the effects
on body size of one site-specific variable (island
size) are elucidated elsewhere (Palmer, submitted).

Material and methods
Collecting samples and measuring size and shape

I studied 105 males of two sibling endemic spe-
cies of the genus Asida (4. planipennis Schaufuss
1869 and A. moraguesi Schaufuss 1879) from 7
islands of the Balearic Archipelago (W Mediterra-
nean; see Fig. 1). Sample sizes and island sizes
are detailed in Table 1. The specimens analysed
are deposited in the Museu de la Naturalesa de les
Iiles Balears (Palma de Mallorca, Spain). I studied
males only in order to simplify the problem and to
focus only on inter-population differences (males
and females show morphological differences). In
addition, females are apparently scarce, and '(he
few available individuals precluded performing a
separate analysis. The taxonomy follows Espafiol,
1954.

Body size and shape were recorded using the
methods of Geometric Morphometrics (Rohlf &
Marcus, 1993; http://life.bio.sunysb.edu/morph/).
Conventional analyses of shape are characterised
by the application of multivariate statistical meth-
ods to a set of variables (usually lengths). On the
contrary, Geometric Morphometrics records shape
as two- (or three-) dimensional coordinates. The
relationships between landmarks (i.e., the shape)
are preserved by fitting them into an appropriate
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Fig. 1. Location of the sampled islands.

Table 1. Source, current taxonomic status, and sample size (n)
of the populations studied.

n
Menorca Island A. planipennis 8
Arta (NE Mallorca Island) A. moraguesi 11
Sa Dragonera Island A. planipennis 8
Serra de Tramuntana

(NW Mallorca Island) A. planipennis 27
Cabrera Island A. planipennis 30
Illa dels Conills Island A. planipennis 7
Na Moltona Island A. planipennis 11
Na Plana Island A. planipennis 3

function after rotation, translation and scaling. The
parameters of the fitted function are then suscep-
tible to be used as variables in standard multivariate
statistical analysis (Rohlf & Marcus, 1993). The
geometry (shape and size) of the pronotum was
captured by recording two-dimensional coordinates
of 8 (Fig. 2) landmark points (Rohlf & Marcus,
1993).

Two-dimensional coordinates of these landmarks
were collected from every specimen using an im-
age-analyser composed of a Wild dissecting mi-
croscope, a video camera, and VIDAS21 software
{(Kontron Elektronic, Munich). Specimens’ size was
estimated by its centroid size of the pronotum (i.e.,
the squared root of the sum of the squared distances
from each landmark to the centre of gravity, Rohlf
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Fig. 2. Pronotum of Asida planipennis. Arrows point to the
recorded landmarks.

& Marcus, 1993). Centroid size was determined
using the TPSReg program (Rohlf, 1998a). Every
specimen was measured three times and the three
values of the centroid size obtained were then aver-
aged. The centroid size of a population is determined
by averaging the centroid size of every specimen
measured.

Pronotum shape was captured with the same
landmarks mentioned above (Fig. 2). Landmark
configuration derived from the three replicate mea-
sures of the same specimen were translated, ro-
tated and scaled (to a centroid size =1) in order to
super-impose them (i.e., to overlay configurations
so that homologous landmarks match as closely as
possible). The super-imposition procedure implies
the determination of a consensus landmark con-
figuration by an iterative procedure based in the
Procrustes metric (Bookstein, 1991). Procrustes

distance is approximately the squared root of the_

sum of the squared differences between the posi-
tions of all landmarks of one object to the refer-
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ence (Slice et al., 1996). Such a procedure mini-
mizes shape differences between the consensus con-
figuration and the configuration of all objects being
superimposed. Symmetry axis was then used to
reflect the left side of the three-replicate consen-
sus on its right side. The consensus configuration
for these two hemipronotums was then determined
(Klingenberg & Mclntyre, 1998).

Shape analysis

The resulting 105 hemipronotum consensus con-
figurations were the input to undertake a Thin-Plate
Spline Relative Warps Analysis (Bookstein, 1991;
Rohlf & Marcus, 1993; Rohlf, 1998b). This analysis
fits between-landmark differences to a mathematical
function and provides useful information at two
levels: 1) displaying shape changes as grid defor-
mations (i.e., splines), and 2) providing a para-
meter matrix (W matrix, i.e., the warp scores) ready
to be analysed by standard multivariate statistical
methods. Shape decomposition performed by
TPSRW allows making comparisons of shape, size
and shape taken together and with different types
of shape, i.e., the non-uniform component or lo-
cal-scale change, and the uniform component or
general change. Here I focus in local-scale changes.

The obtained parameter matrix (W matrix) for
102 specimens from 7 populations (Na Plana popu-
lation, with only three specimens, was excluded)
was used to test the significance of inter-popula-
tion shape differences. In that case, the W matrix
was used as input for a Canonical Variate Analy-
sis (NTSYS; Rohlf, 1993) to obtain a matrix of
Generalized Mahalanobis Distances (i.e., distances
measuring the inter-population shape differences).
Testing for the significance these inter-population
shape differences was made using unbiased Maha-
lanobis distances (an adjustment for sample sizes;
Marcus, 1993).

The existence of allometric patterns was ana-
lysed by regressing shape on In-transformed size
(using TPSreg; Rohlf, 1998a). This procedure was
completed including and excluding 4. moraguesi
in the analysis. In addition, separate analyses were
made 1) considering the full set of specimens and
2) the consensus for every population only. -
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Spatial structure and phylogenetic inertia

Inter-population shape similarity can arise because
populations are (geographically) closely located or
(phylogenetically) closely related, or because they
live under the same set of environmental features.
The usual pattern of spatial autocorrelation arises
when the values for a single variable (e.g., size)
are similar for populations located within a nar-
row range, whereas tend to be dissimilar for dis-
tant populations. The existence of this pattern can
be evidenced, for example, by clustering the in-
terpopulation (geographical) distances into a few
classes. The Moran’s I statistic (e.g., Legendre &
Legendre, 1998) measures similarity (i.e., corre-
lation) between each observation (e.g., the size of
one population) and all the other observations within
the same distance class. Here, the observed in-
terpopulation distances were clustered into three
classes, and three Moran’s I values were obtained.
Significance of the observed Moran’s I values was
assessed by random permutation of the observed
distance matrix (1000 iterations). Tests were one-
tailed because low morphological similarity at short
distance has no biological sense in the current
scenario. Statistical testing of the whole set of
Moran’s I values (known as correlogram; Legendre
& Legendre, 1998) implies multiple comparisons.
Therefore, progressive (Legendre & Legendre,
1998) Bonferroni correction was adopted.
Multivariate Mantel correlogram (Legendre &
Legendre, 1998) was developed as a way to com-
pute a correlogram for multivariate data. This is
the case for shape that is here defined by the Maha-
lanobis distance matrix (derived from a canoniéal
variate analysis of four shape variables correspond-
ing to the two first partial warps; see above). Multi-
variate Mantel correlogram uses normalized Mantel
Z statistic. Similarly to the case of size, geographic
distance matrix was recoded in to three categories
and three separate Mantel’s Z values were deter-
mined. As an example, the computational proce-
dure for the first distance class implies to code as
1 all neighbouring populations and the remainder
values are set to zero. Mantel’s Z statistic should
be considered comparable to the Moran’s I statis-
tic excepting for the fact that positive indices of
the last statistic indicates positive autocorrelation.
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This is not the case for Mantel’s Z because a dis-
tance matrix generates a negative coefficient in the
case of positive autocorrelation (i.e., inverting the
signal).

Similarly to the case of geographic distance,
the null hypothesis of phylogenetic independence
among samples was tested by a correlogram of the
estimated pair-wise inter-population distances (Git-
tleman & Kot, 1990; Diniz-Filho et al., 1998). I
lack an explicit (e.g., DNA-based) phylogeny for
the populations considered. However, the history
of the inter-island isolation process can be deducted
from paleogeographic scenarios. Thus, the sea level
dropped below 100 m in the Western Mediterra-
nean basin during the last Ice Age (»18.000 yr BP),
At this time all the populations considered became
connected (Cuerda, 1975). The northern mega-is-
land of the Balearics (i.e., Mallorca, Menorca, Ca-
brera and the inshore islets; Fig. 1) was probably
inhabited by a common biota (Palmer et al., 1999).
The sea-level rise at the end of the last Ice Age
determined a hierarchical pattern of isolation. There-
fore, the last faunal transfer between two islands
in the case of lack of dispersal since the isolation
event (i.e., the inter-population phylogenetic dis-
tances) can be estimated from the bathymetry and
the sea-level eustatic curve. Lack of dispersal could
be a realistic assumption for Asida beetles because
1) they are flightless, 2) their large body size pre-
cludes passive dispersal as aerial plankton, 3) eco-
logical constraints preclude ornithochory and other
passive dispersal mechanisms, and 4) all Western
Mediterranean islands (or island groups) that re-
mained isolated during the sea-level drop at the
last Ice Age are populated by specific endemic Asida
species (Palmer et al., 1999). Under the above
assumption, the existence of phylogenetic inertia
in the variables of interest (centroid size and shape
of the pronotum) have been tested using the bathy-
metric pair-wise matrix as an estimate of pair-wise
phylogenetic distances.
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Results

Allometric trajectories and the taxonomic status of
Asida moraguesi. 1 - ¢

Canonical Variate Analysis of the W matrix of the
whole data set shows that all populations of 4.
planipennis cluster well apart from the single po-
pulation of A. moraguesi (Fig. 3). The two first
canonical axes explain 91% of the cumulative be-
tween-groups variance. However, the first one ex-
plains alone up to 85% of this variance. Therefore,
the first canonical axis defines the main trend of
shape change. Note that each axis can be inter-
preted as a shape gradient between two extremely
deformed splines. These splines are obtained by
deformation of a regular grid that corresponds to
the general consensus configuration (i.e., the “av-
erage” shape). The regions of the splines showing
large deformations (between the extreme splines)
indicate the shape changes that allow the best dis-
crimination. These changes concern the outline of
the posterior margin of the pronotum. This margin
is extremely necklined in 4. moraguesi. In the case
A. planipennis, it ranges from moderately necklined
to rounded (na Moltona population). In order to
facilitate the interpretation of the shape gradient,
the splines corresponding to the extreme populations
are superimposed (by eye) on the image of a speci-
men from each of the two extreme populations (Fig.
3). The splines were obtained by regressing the
shape on the first canonical axis using TPSReg
(Rohlf, 1998a). Consistently with the pattern re-
flected in Fig. 3, unbiased pair-wise Mahalanobis
distances within the canonical space indicates sig-
nificant shape differences between 4. moraguesi
and all populations of A. planipennis (Table 2).
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Fig. 3. Minimum spanning tree of population centroids super-
imposed over the plot of the first two canonical axes. Splines
illustrating the extreme morphological change along the first
canonical axis were obtained regressing shape on the canonical
scores (fisrt axis). They were superimposed on the image of
one specimen from the na Moltona population (right), and 4.
moraguesi (left). Shape differences between A. moraguesi and
A. planipennis are statistically significant (Table 2).

In addition, 4. moraguesi and A. planipennis seem
to display different allometric trajectories. This
pattern is evidenced both when considering con-
sensus configurations only and when considering
all measured specimens together. In the two cases,
shape appeared to be size-dependent, but 4. mora-

Table 2. Pairwise unbiased squared Mahalanobis distances (D?). Distances implying significant shape differences are indicated in
bold. Overall significance level is 0.05/21= 0.002 (i.e., Bonferroni adjustment has been applied). The main diagonal has been

omitted.
MENOR A. morag DRAGO SERRA CABRE CONIL
A. moraguesi 42.90
Sa Dragonera 1.34 28.92
Serra de Tramuntana 3.43 25.86 0.78 .
Cabrera 2.56 29.42 « LI 1 2.09
Illa dels Conills 2.38 26.84 0.23 - 0.70 0.00
Na Moltona 5.17 63.10 6.23 11.67 12.04 10.95
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Fig. 4. Scatter plot of shape (first partial warp only) against
centroid size. Two related regression analyses are shown. A,
consensus configurations from the 8 populations regressed
against size (splines showing the shape changes explained by
size are added). B, all specimen configurations are included in
the regression analysis. In both cases, 4. moraguesi falls below
the trend outlined by A. planipennis.

guesi falls clearly below the trend outlined for 4.
planipennis (Fig. 4). In the case of the size-shape
relationship, the splines on the shape axis were
obtained by regressing shape on size (using TPSReg;
Rohlf, 1998a).

\

Shape-size relationship within A. planipennis

The foregoing results justify removing the single
population of 4. moraguesi from the analysis in
order to get the allometric pattern free of possible
distortions due to species-specific effects. After
removing A. moraguesi, size showed a significant
effect on shape at inter-population level (i.e., when
the shape of the consensus specimen from each
population was regressed on centroid size). Size
explains 54% of shape variability measured as
procrustes distance between the general consen-
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sus configuration and the consensus configuration
of every population. Generalized Goodall F-test
(Rohlf, 1998a) based on such distances suggests a
significant effect of size on shape (F = 5.8941, df
=6, 30, Prob. = 0.0004). In contrast, size and shape
seem to be uncorrelated at intra-population level.
Extensive results are not reported here, but the
percentage of Goodall F values that are larger or
equal to the observed ones (after 1000 permuta-
tions) falls around 10% for all populations.

Spatial structure and phylogenetic inertia

Evidence for spatial (i.e., geographical) patterns
was not found in either pronotum centroid size or
pronotum shape. Tests applied looking for phylo-
genetic inertia were based on the assumption of
no-dispersal since the last inter-island connection
that allowed faunal transfer. Under such an assump-
tion, evidence for phylogenetic inertia was not found
for either pronotum centroid size or pronotum shape
(see Fig. 5).

This general assessment of the lack of evidences
for either spatial patterns or phylogenetic inertia
should be commented in detail. Firstly, sample size
(both, number of populations and number of speci-
mens of certain populations) is small. This fact could
reduce the statistical power of the correlograms.
However, it should be noted that there are some
pairs of geographically close populations show-
ing clear differences in shape and size (e.g., Illa
dels Conills Island and Na Moltona Island). Simi-
larly, some pairs of phylogenetically distant popu-
lations show similar size and shape (e.g., Dragonera
Island and Menorca Island). All these cases sug-
gest that it is probable that the correlograms re-
main qualitatively unchanged by a mere increase
of the number of sampled populations. The case
of size and phylogenetic inertia is especially clear
because the existence of autocorrelation would
imply to invert the signal currently observed for
the phylogenetically closer populations.

Secondly, including or excluding the population
of A. moraguesi implies the same qualitative re-
sults. In addition and for the case of phylogenetic
inertia, comparable results were obtained consid-
ering this species within the same three classes or
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Fig. 5. Correlograms of inter-population variations of 4. planipennis. Fig. 5a refers to the case of pronotum size. Moran’s I statistic
is used for testing both the relationship between size and phylogenetic inertia, and between size and geographical distance. Fig. 5b
refers to the case of pronotum shape. Mantel’s Z statistic is used for testing both the relationship between shape and phylogenetic
inertia, and between shape and geographical distance). Three distance classes were defined. Class marks from the pair-wise bathymetric
matrix (used as estimate of phylogenetic distance) wee 0 to 30 m, 30 to 60 m and more than 60 m. Class marks from the pair-wise
geographic distances were 0 to 20 km, 25 to 80 km and more than 80 km. Evidences for spatial structure or phylogenetic inertia were
not found because none of the Moran’s [ values were significantly larger (i.e., close to 1.0) than those expected to occur by chance.
Evidences for spatial structure or phylogenetic inertia were not found because none of the Mantel’s Z values were significantly

smaller (i.e., close to -1.0) than those expected to occur by chance.

including it within an ad hoc fourth class. The
exclusion of A. moraguesi from the calculations
relative to the phylogenetic inertia is justified be-
cause the alternative hypothesis of an ancient (i.e.,
anterior to the last Ice Age) speciation between
this specie and A. planipennis should be also con-
sidered. In that case bathymetry could not be con-
sidered a reliable estimate of phylogenetic distance
between A. planipennis and A. moraguesi.

Discussion

The population quartered at Artd (north-eastern
Mallorca; Fig. 1) is considered to be a separate
species (4. moraguesi; Espaiiol, 1954; Pons &
Palmer, 1996). This taxonomic status is supported
by the results presented here. 4. moraguesi shows
both specific shape differences and a size-shape
relationship far from the allometric trajectory dis-
played by A. planipennis. 1 would like to empha-
sise the usefulness of Thin-Plate Spline Analysis
combined with Canonical Variates Analysis for
intuitive locating, understanding and describing the
key shape differences that discriminate 4. plani-
pennis and A. moraguesi (Fig. 3).

Focusing now on A. planipennis, there are no-

significant effects of either spatial structure or phylo-

genetic inertia. Therefore, the alternative hypoth-
esis (i.e., shape and size have evolved by selec-
tion related to site-specific environmental factors)
should be considered (see also the next paragraph).
In addition, size and shape seem to be significantly
correlated at inter-population scale, but appear to
be independent at intra-population level. Size and
shape remain uncorrelated at intra-population level
probably due to the small morphological variabil-
ity occurring at such level (site-specific selective
forces could constraint size and shape). However,
size and shape are correlated at inter-population
level. This correlation became observable only at
this scale probably because of the large environ-
mental changes linked to shifting from islands rang-
ing from 0.06 to more than 1000 km?.

The relationship between body size and some
environmental variables has been recently analysed
for the same populations of 4. planipennis consid-
ered here (Palmer, submitted). The relationship
between island size (as a global variable that sum-
marises some environmental features) and body size
delineates an interesting bell-shaped pattern (Palmer,
submitted). Populations from island with an spe-
cific area would display the largest body size, and
departures in both directions from such an island
size (i.e., larger or smaller islands) would imply
body size reduction. This is an implicit prediction
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for isolated populations of the same species into a
more general theoretical framework known as the
island rule. The island rule (Foster, 1964) initially
claimed that different groups of flightless non-
marine mammals experience different trends in body
size changes (i.e., carnivores tend to dwarfism and
rodents to gigantism) but has been generally re-
formulated as a graded trend from gigantism in
small-bodied species and to dwarfism in large-
bodied species (Brown & Lomolino, 1998). Lomo-
lino (1985) proposed that ecological release (e.g.,
decreased competition or predation) would promote
increasing body size and, conversely, resource limi-
tation would decrease it. In the case of 4. plani-
pennis, body size increases from tiny islands to
medium-sized islands, reaching a theoretical maxi-
mum at 38 km?, and additional increases of island
area are linked to body size decreases (Palmer,
submitted).
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