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1. Introduction

The fascmation for the fit between form and function is.as old as biology itself. Before
Darwin (1859), the fact that organismal shape so often gracefully meets ecological
requirement was considered evidence for the existence of a divine Creator. Somewhat
ironically, Darwin turned the same observation into a strong argument for the power
ol adapuive evolution (in Chapter 13 of the Origin, he calls it the ‘soul’ of natural
fustory). In subsequent years, che relationship between morphology and ecology
became one of the central topics of comparative biology, and many examples of the
idea were published (reviews in Alexander, 1988; Koehl, 1996; Ricklefs and Miles,
1994). However, by the end of the 1970s, ecomorphology received two serious blows.
The first was a fierce eriticism on the ‘adaptationist’ nature of ecomorphological
methodology (Gould and Lewontin, 1979). The reproach was that many studies typi-
cally reported a stansnical correlation between aspects of morphology and ecology, but
reframed from critically examining the adaptive mechanisms that, putatively, had
produced the correlation. The second challenge came from a number of studies that
tatled to find evidence tor the ecomorphological hypothesis within groups of closely
relaved species, suggesting that the degree of congruence between form and function
may depend both on the taxon considered and on the taxonomical level under investi-
gation (e, Jaksic and Nanez, 1979; Wiens and Rotenberry, 1980; more recent
examples are Labropouluy and Markakis, 1998; MacNally and Doolan, 1986; Zaaf and
Van Damme, 2001). These challenges have rejuvenated ecomorphology, and today’s
students are performing more decailed analyses of the processes assumed to cause the
correlanion between morphological and ecological variation, or the lack of such a
correlation (Domenici and Blake, 2000; Wainwright and Reilly, 1994).
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Most significant to this endeavour was Arnold’s (1983) suggestion to split up the
long road between morphology and ecology into a ‘performance gradient’ (genes —
morphology — performance) and a “fitness gradient’ (performance — fitness). Ever
since, performance tests have become a pivotal element of ecomorphological studies
(e.g. Garland and Janis, 1993; Hyndes et al., 1997; Irschick and Losos, 1999; Law and
Blake, 1996; Moreno and Carrascal, 1993; Sinervo and Losos 1991; van Buskirk
and McCollum, 2000). Typically, students identify an ecologically relevant function and
assess interindividual variation in the capacity to perform that function. Studies of the
performance gradient would then proceed in disentangling the mechanistic origins of
this performance variation, by examining covariation with physiological, biochemical
or morphological elements (Garland, 1984, 1985; Garland and Else, 1987). This is
seldom an easy task. Many different factors may influence performance variation, and,
as several studies have shown, in very subtle ways (e.g. Moreno and Carrascal, 1993;
Van Damme et al., 1998; Zaaf et al., 1999). This is where fields like biomechanics have a
key role to play: they hold the tools necessary to reveal the biological mechanisms
causing covariation between aspects of morphology and performance. Assessing the
genetic basis of the variation in these relevant characteristics constitutes a last,
necessary step in the study of the performance gradient (Arnold, 1983; Garland,
1994a; Garland and Carter, 1994; Sorci et al., 1995).

Using performance as a proxy for fitness is common practice, but may be dangerous
(see also Garland and Carter, 1994; Garland and Losos, 1994). First, in most
organisms, fitness is probably influenced by many, rather than one, performance trait,
and the relative importance of different performance traits may be context-dependent
(e.g. Irschick and Losos, 1998; moreover, different performance capacities may
conflict). Secondly, animals may actively change their behaviour to compensate for
relative incapacity in a specific performance trait (e.g. Crowley and Pietruszka, 1983;
Passek and Gillingham, 1997). Thus, to make sure that one is looking at the relevant
performance measure(s), examination of the fitness gradient is compulsory.

Although Arnold’s scheme was originally conceived for examining within-species
adaptation, it has also been used in interspecific analyses of the ecomorphological
hypothesis (Garland and Losos, 1994). In these studies, the aim is usually not to
explain a fitness distribution (which would require measures of species fitness, see
Emerson and Arnold, 1989), but to test whether morphology and performance abil-
ities of different species match their ecology. For instance, interspecific variation in
limb morphology and climbing abilities have been shown to explain variation in the
degree of arboreality among species of lizards (Losos and Sinervo, 1989; Losos et .,
1993; Sinervo and Losos, 1991; other examples in Garland, 1999 and Irschick, 2000).
An asset of working with interspecific data, is that one can test whether a particular
characteristic, shared by a number of species in a particular environment, can be
labelled an adaptation to that environment, or is simply inherited from a common
ancestor (Felsenstein, 1985).

Ironically, what makes ecomorphology attractive ~ namely its interdisciplinary
nature — also makes it troublesome. Integrating fields like functional morphology,
physiology, biochemistry, biomechanics, quantitative genetics, ecology, behavioural
ecology, population ecology and phylogeny is not a picnic, and very few studies have
gone all the way (Garland and Losos, 1994; Garland and Carter, 1994). We here present
a review of the work that our lab has performed on the evolution of locomotion in
lacertid lizards. Biomechanists may find our biomechanical analyses primitive, and

ecologists may feel the same about our ecological work, but we hope that the reac.:ler
will appreciate the broadness of our approach, and consider our findings as a starting
point for more in-depth research.

2. A case study: locomotion of lacertid lizards

The 215 or so lacertid species are all small to moderate-sized.lizards with well-
developed limbs. They have diversified into many kinds of hab;tats of Africa and
Eurasia, ranging from tundra over heaths, Alpine meadows, Mediterranean s.crub to
wind-blown sandy deserts and tropical forests (Arnold, 1989, 1998). Within these
habitats, lacertids occupy a diversity of microhabitats (open areas, dens.ely vggetated
areas, rocks, walls, trunks, etc.). In spite of this extensive diversification in habitat use,
the lacertids are highly similar in many aspests of their biology. Most of them are he119-
thermic, diurnal, oviparous lizards that forage actively for invertebrate prey. Rapid
bursts of locomotion are an important component of their antipredatory, foraging and
social behaviour. In contrast to other lizard families, radical changes of the locomotor
apparatus (e.g. extreme limb reduction, development of afihesive pads) have not
occurred in the Lacertidae. Although some uncertainties remain, our knowledge of the
relationships of lacertid lizards has recently increased considerably (Arnold3 1998; Fu,
2000; Harris and Arnold, 1999; Harris et al., 1998a,b), making phylogenetic analy§es
(Felsenstein, 1985; Garland et al., 1993) more reliable. These points ma.ke lacertids
good study animals to examine whether, and how, relati\_rely subtle shifts in the loco-
motory apparatus can accommodate for the drastically different demands imposed by
the various microhabitats.

2.1 Microbabitat use

Obviously, before any of the presumed associations can be tested, knowledge of t_he
microhabitat use of the study species is required. Many ecomox:phologlcal stuc.hes
assign their study species to a particular microh%tbitat on the. basis of personal fleld
experience or natural history information in the literature. ThlS. may hold some rls.ks.
First, occasional observations of animals may not reflect their act.ual microhabitat
use. For instance, lizards basking on rocks or other sun-exposed sites are genera!ly
more visible to human observers than lizards foraging in dense vegetation. A species
that spends most of its time clambering through dense vegetation })ut now and then
climbs on a rock to bask could easily be misjudged as ‘rock-dwelling’. Ideally, wha}t
one needs is a quantitative assessment of habitat use in patural or semi-natural condi-
tions. A second problem may occur when study species have recently been forced
out of their natural habitat. For instance, several authors have suggested t'h-at some
lacertid species were forced out of their ‘preferred’ habitat through competition with
other species (Arnold, 1987; Delaugerre and Cheylan, 1992; Van Damme et al.,
1990). If this happened in the recent past, there may not .have been enough time to
adapt to the new microhabitat. To avoid these potential pitfalls, we ob§erved lizards
in a 4 m x 4 m terrarium, in which they could choose freely between different types
of microhabitats. -
Considerable interspecific variation in microhabitat choice and fast1d19usness was
evident (Figure 1; for details, see Vanhooydonck anf:{ Van Damme, submitted). In .all
11 species examined, microhabitat use in the terrarium agreed remarkably well with
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Fzgure 1. Microhabitat use in 11 species of lacertid lizards, as determined in a 4 x 4 m terrarium.
Microhabitat use is expressed as the time spent in open areas (patches of sand, mosses or low grass;
open bars), on vertical features (a stony wall, tree trunks; hatched bars) and in vegetated patches
(bushes, tall grass; crosshatched bars). Antipredatory behaviour is expressed as the proportion of the
time that lizards fled when a wooden model of a bird predator was pulled across the terrarium. In
both grapbs, the total number of observations and (between brackets) the number of individual
lizards used in the experiments are shown above the bars. The species are Takydromus sexlineatus
(T5), Lacerta bedriagae (Lbe), Lacerta oxycephala (Lo), Gallotia galloti (Gg), Podarcis sicula
(Ps), Podarcis tiliguenta (Pt), Lacerta bilineata (Lbi), Podarcis muralis (Pm), Acanthodactylus
pardalis (Ap), Latastia longicaudata (Ll) and Acanthodactylus scutellatus (As).

qualitative observations on natural microhabitat use in nature. This suggests that, at
least for the species in our sample, microhabitat occupation in the field mirrors micro-
habitat ‘preference’, and is not the result of interactions with predators or competitors.
Alternatively, since the experimental animals were adult individuals, microhabitat use
in the terrarium may reflect past experience, rather than preference.

2.2 Locomotor performance

In many animals, locomotor capacity’ is an umbrella term for a number of different
skills. This is especially the case for relatively small, agile animals such as lacertids,
that must be able to run fast, cover relatively large distances, climb or clamber over
qbstacles, or manoeuvre between them. The bulk of literature on locomotion in
lizards is on sprint capacity and endurance (reviews in Garland, 1994b; Garland and

Losos, 1994; Van Damme and Vanhooydonck, 2001); far less is known on the other
aspects of locomotion. Measures of several facets of locomotion performance are
pertinent to ecomorphological studies, since different microhabitats may require
excellence in different components of locomotion. Moreover, it has been hypothe-
sized that some aspects of locomotor capacity may be hard to optimize simultane-
ously (see below). Thus, evolutionary trade-offs among locomotor skills may actually
drive the morphological and physiological divergence of species with different micro-
habitat use (e.g. Irschick and Jayne, 1998; Losos, 1990a,b; Losos et al., 1993; Sinervo
and Losos, 1991). The hypothesis here is that animals will evolve performance capac-
ities and design characteristics appropriate for the microhabitats that they occupy
most frequently, if necessary at the expense of performance aspects relevant in micro-
habitats that are less used.

We obtained measures of the following aspects of locomotor performance in indi-
viduals of the 11 species in our sample. Sprint speed, climbing speed and clambering
speed were measured by chasing lizards through a racetrack equipped with photocells
(for details, see Van Damme et 4l., 1997, Vanhooydonck and Van Damme, 2001). For
the sprint speed measurements, the track was placed horizontally and the bottom was
covered with cork to assure good traction. For the assessment of climbing and clam-
bering speed, the track was tilted to a degree of 70° and lizards were forced to move on
ragstone (mimicking a rocky substrate) or on a wire mesh (mimicking dense vege-
tation). Manoeuvrability was assessed by chasing the lizards through a pinboard of
wooden sticks. The distance between the rods was adjusted to the size of the lizards,
such that all animals had to zigzag their way through the set-up. We regressed speed on
the pinboard against speed on the horizontal track and used the residuals of this rela-
tionship as an estimate of manoeuvrability. Endurance was estimated by forcing the
lizards to walk on a slowly moving running belt. The time needed to exhaust the
animals (loss of righting response) was taken as a measure of stamina. Mean perfor-
mance in all aspects of locomotion varied considerably among species, even after
correcting for body size (Figure 2; Vanhooydonck and Van Damme, submitted).

2.3 Microbabitat use, locomotor performance and the need for bebavioural
observations

Predicting which aspects of locomotor capacity will be most relevant seems straight-
forward for some microhabitats, but not for others. Of all lacertids, species living in
open, sparsely vegetated areas seem most susceptible to predation. More than species
from other habitats, they may find themselves at a considerable distance from the
nearest hiding place when confronted with a potential predator. Whether selection will
favour speed, endurance or a combination of both in these animals may well depend on
their antipredatory behaviour (cf. Bulova, 1994). In lizards that flee upon first sight of
the predator (long ‘approach distance’), stamina may be selected for; lizards that
remain motionless until the predator is close at hand, may benefit more from high
acceleration and speed performance.

To obtain insight into the antipredatory tactics of the species in our sample, we
confronted the lizards in the experimental 4 m x 4 m terrarium with a model of a corvid
bird. Corvids are important predators of many lacertid species (Cramp, 1985;
Strijbosch, 1981). The model was pulled from one side of the set-up to the other and
the response of the individual lizards in the terrarium was scored as “flight’ (lizard



ducks for cover upon the first sight of the predator) or ‘stay put’ (lizard remains
motionless). The percentage of animals that fled differed considerably among species
(3% to 62%, Vanhooydonck and Van Damme, submitted). The three species from
open habitats seemed to adopt a ‘wait and see’ strategy. Although clearly alerted by the
model, they typically did not flee until the model was very close, or they stayed put
altogether. With this kind of antipredatory behaviour, we would expect selection to be
on sprint capacity, rather than on endurance. Accordingly, we found a significant
positive correlation between sprint speed and the percentage of time spent in the open
microhabitats (Vanhooydonck and Van Damme, submitted). The correlation between
endurance and percentage of time spent in the open microhabitats was actually
negative. This may indicate that selection on endurance is more intense in the vertical
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:3’ 300 and/or densely vegetated microhabitats, or may result from the trade-off between
sprint speed and endurance (Vanhooydonck ez 4., 2001).

5 200 Species from densely vegetated areas must be able to move rapidly over uneven

2 terrain, and/or scramble their way through undergrowth and bushes. Clambering

w100 capacity and manoeuvrability therefore seem relevant measures for these lizards. In

cluttered microhabitats, lizards may also be forced to move more frequently and over
larger distances, because low visibility may hamper the localization of prey items,
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120 — potential mates or sexual rivals, and because basking spots may be sparser. If so,
100 4 ’_T_ endurance might be a virtue in such areas. However, our results do not support these
80 - ideas. Clambering speed, manoeuvrability and endurance showed no positive corre-
lation with percentage of time spent in densely vegetated habitats (Vanhooydonck et

60 1 al., 2001), suggesting that there is no differential selection on these aspects of loco-

motion. It could even be argued that lacertids living in densely vegetated areas are not
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20 lll rr_l rl '_Ll l—t‘l l“' selected for speed in general, because this microhabitat offers plenty of opportunities
0 I_.‘I I_T_I for hiding, at least from aerial predators. Alternatively, we may not have measured the

relevant locomotor component, or did not get reliable estimates of clambering speed,

manoeuvrability or endurance. Clearly, more detailed information on the locomotor

4 —L
200 behaviour in cluttered areas is required to solve this question.
150 T Species that frequently make use of near-vertical elements in their environment
T obviously can be expected to excel in climbing capacity. Our results corroborate this
100 1 idea: we found a significant positive correlation between climbing capacity and the
50 - percentage of time spent on vertical elements (Vanhooydonck and Van Damme,
I:—I submitted).
0
2.4 Design and locomotor performance
% Resolving the relationship between design and locomotor performance is a perilous

150 - fL

100 4
ol LA TL 1L T T
Ts Lbe Gg Ps Pt

undertaking, because numerous physiological, biochemical and morphological
elements may be at play concurrently (Garland, 1994b). In theory, one could use

multiple regression techniques to examine the (joint) effects of a large number of
ﬂ design characteristics on each performance trait separately, or canonical correlation
T T

analysis to establish the relationship between a set of design features and a set of
T T T performances (e.g. see Garland, 1984; Garland and Else, 1987). However, these
Lbi Pm Ap L As statistical methods typically require a large number of cases, and therefore are often

Figure 2. Performance in different locomotor tasks in 11 species of lacertid lizards. Values are impractical -for intersP ecific analyfses. {\s an alternative, sf:udent.s of ecomorp holc?gy
means ( standard error) for samples of adult animals. Sample sizes are indicated above the bars. have used biomechanical or physiological theory to predict which aspects of design

The abbreviations of the species names are the same as those used in Figure 1. are likely to be important for particular aspects of locomotor performance (e.g.
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