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Abstract Closely related species may have similar traits not because these traits are adaptive but because they are strongly
intercorrel ated and inherited from acommon ancestor. We examined how intraspecific morphological integration (first principal
component within each species) relatesto the direction of interspecific divergence in species of two passerine genera (Oenanthe,
Ploceus). We used thirteen traits to describe external morphology, more than have been analyzed in any previous study.
Ecological data on migration distances, food type, habitat type and type of locomotion were used to interpret interspecific
variation. For pairwise comparisons we used closely related species within the set of species studied. In all cases examined,
interspecific differences affected several correlated characters at the same time. The direction of interspecific change did not
coincide with the main direction of intraspecific variation described by common principal components. In another finding, the
main axis of intraspecific variation was not determined solely by variation in size. We used data on six Ploceus species with
resolved molecular phylogeny to examine the rel ationship between morphological integration, morphological differentiation,
ecological differentiation and phylogeny. The main direction of morphological integration changed slowly over phylogenetic
time and not as a response to immediate adaptive needs. Our main conclusion is that the three different domains of correlated

variation (intraspecific, interspecific, ecological) are only loosely interdependent.
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1 Introduction

The concept of morphological integration emphasizes
the fact that characters co-vary. From such covariance, re-
sistanceto changein certain directionsmay ensue. Basicaly,
two kinds of model of microevolutionary divergence have
been put forward. One, the constraint model, stresses that
selective forces can produce correlated responses only in
the directions set by morphological integration. The other
model type holds that inherited patterns of covariation are
overridden easily in the course of adaptive divergence
(Bjorklund and Merilg, 1993).

In our previous studies of integrated ecomorphology,
we concentrated on the fit between morphology, environ-
ment and behavior among closely related species, involv-
ing interspecific comparisons (e.g., Leisler et al., 1989;
Gamauf et a., 1998; Winkler and Preleuthner, 1999). In our
comparisons, we used (1) species means, which were ana-
lyzed with respect to allometric shape rather than size, and
(2) traits of known function and suspected ecological
relevance. From this approach we found that subtle mor-
phological differences among species in shape had pro-
found ecological effects (Leider and Winkler, 1985).

Here we examine how phenotypic patterns of
covariation within and between species correspond to ecol-
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ogy in two song bird genera, Oenanthe and Ploceus.

2 Materia and methods

2.1 Thetaxa

Wheatears (Oenanthe) are morphologically very uni-
form, and live year-round under extreme ecological condi-
tionsin which food (terrestrial insects) is scarce or not per-
manently available (Potapovaand Panov, 1977). Molecular
data indicate that the wheatear lineage, as currently
understood, is monophyletic (A. Helbig, pers. comm.). The
study species comprise three migrants (O. oenanthe, sample
size = 30; O. pleschanka, 63; O. isabellina, 56) and two
residents (O. (lugens) lugubris, 31; O. pileata, 18) that all
coexist during the northern winter in Africa, where their
ecology has been studied in detail (see below).

In contrast, the species of the genus Ploceus studied
aremembers of agroup that has undergone remarkabl e adap-
tive radiation, its members separately occupying a wide
spectrum of habitats, feeding on a variety of food types
and developing different modes of locomotion (Moreau,
1960). Although the species of Ploceus have acquired di-
verse life-styles, morphological differentiation is rather
moderate.

Thefollowing species were used in our comparisons:
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P. baglafecht, 52; P. bertrandi, 15; P. pelzelni, 44; P.
ocularis, 38; P. nigricollis, 40; P. alienus, 42; P. subaureus,
28; P. xanthops, 45; P. aurantius, 25; P. castanops, 15; P.
nigerrimus, 63; P. weynd, 32; P. jacksoni, 37; P. rubiginosus,
42; P. tricolor, 31; P. philippinus, 24; P. hypoxanthus, 17;
P. bicolor, 40; P. insignis, 33.

2.2 Ecological data

To describe the ecological requirements of the five
Oenanthe species, we used fifteen characteristics of diet,
foraging and migratory behavior (Leisler, 1990; Flinks and
Leisler, unpubl.): prey size (four categories), food type
(percentage of ants, beetles, |soptera, others), foraging
speed, percentage of time spent on perches vs. ground,
number of ground-stays per minute, distance covered by
running vs. flying, number of runs per minute, number of
sallies per minute and distance of migration. Information for
the species of Ploceus was drawn from Leisler et al. (1997)
and unpublished data, and uses four categories of food
type on agradient from granivory to insectivory, four habi-
tat type categories from open savannah to forest, and four
types of locomotion on agradient from ground-hopping to
climbing with frequent upside-down hanging.

2.3 Morphometricanalysis

We used thirteen morphometric charactersto describe
external morphology: wing length, tail length, tarsuslength,
bill length, bill width, bill height, hind toe, middle toe, hind
claw, middle claw, tarsus diameter in Ploceus, plus primary
projection, notch length, rictal bristle length in Oenanthe.

2.4 Dataanalysis

From these data, which were not corrected for size
but log-transformed, we computed covariances. To deter-
mine major axes of morphological variation within the
lineages, we used principal component analysis (PCA). We
determined the ecological relevance of the trait combina-
tions from interspecific comparison, and assumed that they
held for species at intraspecific level. To describe relation-
ships of within- and between- species covariation, we used
canonical discriminant analysis (DA), and combined those
analyses with common principal component analysis
(CPCA; Flury, 1988). The discriminant analysiswas used to
represent morphological divergence between speciesin
correspondence with the model of multivariate evolution of
adaptive change (Lande, 1979; Schluter, 2000). The com-
mon principal components reflect best the ideas put for-
ward in models of constraint evolution by morphological
integration. This statistical model assumes that two popu-
lations share common components of variation
(eigenvectors) which, however, may differ in their relative
contribution (eigenvalues) to total variation (Steppan et al.,
2002).

3 Results

3.1 Interactionin wheatears, Oenanthe
Our first example dealswith the species of Oenanthe.

PCA of the external morphological variablesresulted in two
axes that together explained 97% of the total interspecific
variance. Thefirst factor (54%) was not a pure size factor,
since characters of the flight apparatus were not correl ated
with this factor. The second component (43%) represented
acontrast between wing length, primary projection and tar-
suslength (positively correlated), and tail length and rictal
bristlelength (negatively correlated). Both componentswere
correlated with ecological factors. Migration distance and
the second component explained 98% of the variation in
thefirst component (F-value =52.106, P < 0.02, df = 2.2).

This may seem surprising because principal compo-
nents are, by definition, not correlated with one another. In
a multivariate context that includes other predictors,
however, such aresult does make sense. The second com-
ponent acts as a suppressor variable and suppresses irrel-
evant variation in the other predictor (Tabachnick and Fidell,
2001). Almost 100% of the second component was explained
by the proportion of 5-8 mm food sizeitemsin the diet, and
percent distance covered by running vs. flying during
foraging. These results show that one can relate morpho-
logical integration at the interspecific level to ecological
factors.

In the next step, pairwise comparisons were made
between species according to the following procedure. First
a DA of the morphological variableswas run. Then we as-
certained that the differences found corresponded to eco-
logical differences. The same morphological datawere also
used for a CPCA. The subsequent analyses were based on
species pairs presumed to be recently diverged. According
to the predictions of the constraint model, morphological
differences associated with ecological divergence should
be highly correlated with the main component of intraspe-
cific variation. This component is furthermore thought to
represent mainly variation in allometric size (Bjorklund,
1994). Interms of our analyses, scores aong the mgjor com-
mon principal component would be highly correlated with
the individual scores along the discriminant axis under the
constraint model. These correlations could be either nega-
tive or positive as the vector of “least resistance” repre-
sentsalinerather than adirected ray (Bjorklund and Meril§,
1993). Under apure adaptive mode such correlation should
occur only accidentally and hence be rare.

For the pairwise comparisons, we begin with O.
isabellina vs. O. oenanthe. Both are closely related but
represent an old divergence (A. Helbig, pers. comm.). Both
are long-distance migrants and highly terrestrial, but
isabellina feeds on larger insects, flies more and hunts more
by sitting-and-waiting. These differences correspond to a
longer tarsus, larger bill and greater overall sizeinisabellina
(Fig. 1a). The samemorphological datafor individualswere
used in a CPCA. There was no correlation between the first
principal component and scores of the DA in either species
(Fig. 1a). Both species, however, showed significant corre-
lation between CPC5 (explaining 6.2% variancein Oenanthe
and 4.4% variance in isabellina, and comprising mainly
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variation in bill length and height) and the discriminant axis
(Fig. 1b). Thus these two species did not diverge along the
line of least resistance.

Other tested species pairs showing no correlation
between DA and CPC scoreswere O. isabellinavs.O. pileata
and O. pileata vs. O. pleschanka. A different pattern was
found in the resident O. lugubris and long-distance mi-
grant O. cenanthe. They differ littlein diet but substantially
in foraging behavior, the latter running more and perching
less. Accordingly, the discriminant axis represents differ-
encesinwing length, primary projection, rictal bristlelength
and tail length, with O. oenanthe being the species with the
longer and more pointed wings, short tail and short rictal
bristles. First ingpection of the CPCs showed that two axes
had high loadingsin these variables. The DA and two most
important CPCs were correlated in O. oenanthe but not in
lugubris.

3.2 Interaction in weaver finches, Ploceus

PC analysis of the external morphological variables
of the 19 species of Ploceus produced two axes. The first
factor was a size factor and all characters correlated posi-
tively with it. However, it also contained shape information,
as correlations varied from 0.56 (claw 1) to 0.88 (thickness
of tarsus, wing length), and from 0.49 to 0.77 for respective
traitswhen the very small P. pelzelni was omitted. The sec-
ond component was correlated with measurements of the
hind limb (long claws and middle toe, thin tarsus). Principal
component 1 was only weakly related to ecology, hamely
type of habitat (one-way ANOVA, P < 0.05), whereas com-
ponent 2 was significantly associated with habitat (P <
0.001) and locomotion (P < 0.05).

In pair-wise comparisons, we begin with apair of very
closely related species, P. nigricollis vs. P. ocularis
(Moreau, 1960). P. nigricollis forages in higher stratain
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forests, and ocularis more on the edge and lower in bushes.
The DA axis represents differences in bill width, primary
projection and wing length, more arboreal nigricollis hav-
ing awider bill, longer, more pointed wingsand smaller feet.
Multiple regressions with the CPCs show that the DA axis
is not related to them, as expected. The relationship is
significant, but the contribution of the CPCs becomes more
important as their contribution to the within-species varia-
tion falls. As in the case of Oenanthe lugubris vs. O.
oenanthe, such significant relationships were found only
in one species, namely Ploceus ocularis.

In the pair P. aurantius vs. P. castanops (subgenus
Textor, Moreau, 1960), the latter occurs in reed-like
vegetation, is insectivorous to a substantial extent, and
clings frequently on vertical structures; P. aurantiusisless
specialized. In this pair, castanops has larger and rounder
wings, and haslonger legsand larger feet. The DA and CPC
scores were not correlated.

3.3 Interaction among mor phology, ecology and
phylogeny

We also used data on six Ploceus species with re-
solved phylogeny (pelzelni, ocularis, castanops, jacksoni,
rubiginosus, bicolor) to examine the relationship between
morphological integration, morphological differentiation,
ecological differentiation, and phylogeny. Morphological
integration was represented by the first PC within each
species. The corresponding differences between species
were calculated as 1-cosf, with 6 representing the angle
between the PCs. Morphological differentiation was based
on the Mahal anobis-distance, which bears close relation-
shipto discriminant analysis. Ecological differentiation was
recorded by Euclidean distances between species with the
scores of the habitat, food and locomotion discriminant axes
as variables. Phylogenetic distances were based on Kimura
distances of cytochrom-b data.
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Fig. 1 Correlation between scoresof a discriminant and a common principal component analysis of morphological traitsin two

species of wheatears, Oenanthe

O. oenanthe = circles, O. isabellina = triangles. The discriminant axis represents differencesin tarsuslength, bill dimension and overall size
that pertain to ecological differences. A = correlation with CPC1, B = correlation with CPC5.
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We then tried to unravel the interactions between
these four domains of differentiation in the fifteen possible
combinations. Unexpectedly, morphological distances and
ecological distances were not correlated (0.17), which may
be dueto the rather unspecific ecological information. Mor-
phological distances and genetic distances were correlated
(0.62). Morphological distancesand divergence of PCswere
only weakly correlated (0.48). Thiscorrel ation may be medi-
ated by the common relationship to phylogeny. Genetic
distances and divergence of PCs were highly correlated
(0.75) asshowninFig. 2.

4 Discussion

The main objective of this study wasto examine how
intraspecific morphological integration relates to interspe-
cific adaptive radiation. The prediction of the constraint
hypothesisis that both should be closely correlated. In our
examples, wefound very little evidencefor thisnotion. Even
in closely related species, adaptive changes affected sev-
eral characters at the same time. These correlated changes,
however, did not take place along the so-called line of |east
resistance. Rather, the main direction of morphological in-
tegration changes slowly with phylogenetic time. Thus
morphological integration appears to be subject to phylo-
genetic inertia. Such inertiawas not found in our analysis
of interspecific variation.

Another finding of the study is that the main axis of
intraspecific variation is not solely attributable to variation
in size. Likewise, adaptive changes are mainly changesin
shape (Schluter, 2000). Thus we conclude that the three
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Fig. 2 Correlation between genetic distances (Kimura
distances) and divergence of PCs (13 morphological
characters) in 5 Ploceus species (15 possible combinations).

different domains of correlated variation (intraspecific,
interspecific, ecological) are only loosely interdependent.
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