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Although most studies on integration and modularity have focused on vari-
ation among individuals within populations or species, this is not the only
level of variation for which integration and modularity exist. Multiple levels
of biological variation originate from distinct sources: genetic variation,
phenotypic plasticity resulting from environmental heterogeneity, fluctuating
asymmetry from random developmental variation and, at the interpopula-
tion or interspecific levels, evolutionary change. The processes that produce
variation at all these levels can impart integration or modularity on the covari-
ance structure among morphological traits. In turn, studies of the patterns of
integration and modularity can inform about the underlying processes. In par-
ticular, the methods of geometric morphometrics offer many advantages for
such studies because they can characterize the patterns of morphological vari-
ation in great detail and maintain the anatomical context of the structures
under study. This paper reviews biological concepts and analytical methods
for characterizing patterns of variation and for comparing across levels.
Because research comparing patterns across level has only just begun, there
are relatively few results, generalizations are difficult and many biological
and statistical questions remain unanswered. Nevertheless, it is clear that
research using this approach can take advantage of an abundance of new
possibilities that are so far largely unexplored.

1. Introduction

Although the underlying ideas were already present in the thinking of nine-
teenth-century pioneers such as Georges Cuvier and Charles Darwin [1] and
the modern concept was formulated in the 1950s [2], it is mainly in the past
two decades that morphological integration and modularity have become promi-
nent subjects in evolutionary biology [3—-7]. Most empirical studies have focused
on integration within populations, investigating how the variation among indi-
viduals is structured. This is only one aspect of the problem, however, because
the concept of integration also applies at different levels [4], including genetic
and environmental integration [8,9], integration of fluctuating asymmetry
within individuals [9-15] and evolutionary integration across taxa in a clade
[16-21]. Most plants, because of their modular body plans, offer additional
opportunities to study integration among structures such as leaves or flowers
within and among individuals in a population [22,23]. The distinction of different
levels makes it possible to compare patterns of integration between them, in
order to gain insight into evolutionary and developmental processes from the
resemblance of patterns across the levels of integration [8-12,16,24-27].

In a similar way, different levels have long been distinguished for allometry,
according to the origin of variation in size that is the basis for the allometric
relationship [28—-31]. Ontogenetic allometry is associated with size increase due
to growth in individuals of a single species, evolutionary allometry is associated
with size differences among species and static allometry is due to variation of size
within a population and in a single growth stage. A variety of comparisons have
been made across levels of allometry [30-32], increasingly with the new methods
of geometric morphometrics [25,33—35]. These comparisons across levels of
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allometry can serve as models for analyses of morphological
integration and modularity.

This review aims to summarize the levels of integration and
modularity that have been considered in most detail, to outline
the conceptual background for these levels and to provide
information on the methods and experimental or comparative
context. Such analyses incorporating multiple levels of vari-
ation are increasingly widespread and are a promising
approach for studies of integration and modularity [25,36].

2. The concepts of integration and modularity

The concepts of morphological integration and modularity
are inherently connected [4]. Integration is the tendency of
different traits to vary jointly, in a coordinated manner,
throughout a morphological structure or even a whole organ-
ism. Modularity exists if integration is concentrated within
certain parts or regions of a structure, the modules, but is
relatively weak between these modules. Morphological mod-
ularity therefore means that integration in a structure is
compartmentalized, with strong within-module and weak
between-module integration [37]. This conceptual link
between integration and modularity goes back to the original
formulation of integration, as the ‘p-groups’ and ‘F-groups’
discussed by Olson & Miller [2] closely correspond to what
are now called static and functional modules. Whether a
structure is integrated or modular at a particular level of inte-
gration depends on the processes that produce the integration
at that level. As a consequence, the levels of integration and
modularity are the same and can be discussed jointly.

Hallgrimsson ef al. [38] suggested that integration is best
viewed as a dispositional concept, the propensity of a system
to produce covariation, rather than covariation of traits as
it is directly observable. Such dispositional concepts were
proposed, for instance, by Wagner & Altenberg [3] who
distinguished ‘variability’, the propensity of a system, from
‘variation’, the actual variation in a population. Wagner and
Altenberg introduced this distinction in direct analogy to the
difference between the concepts of solubility of a substance
versus a particular solution. The concept of solubility has
great predictive power because a set of experiments with one
batch of the substance and solvent, say sodium chloride and
water, can make precise predictions on the behaviour of the
same substance and solvent in other instances. This powerful
generalization from one set of experiments to a wide range of
other instances is possible because different batches of the
same substance and solvent are identical in the relevant prop-
erties and thus behave in essentially the same way from one
instance to another when mixed in the same ratio and under
the same conditions (temperature, pressure, etc.). This is not
necessarily the case for biological individuals and populations,
as has been pointed out repeatedly (e.g. Mayr’s [1] vehement
criticism of ‘typological” thinking). Biological individuals and
populations are unique and historically contingent, and extra-
polation from one instance to another is always fraught with
substantial uncertainty and imprecision. The dispositional
properties of any one individual or population can therefore
only be ascertained by observation of the actual properties in
specific instances.

Instead of treating integration as a dispositional concept,
it might be more helpful to think about this problem from
a multilevel perspective. The propensity for traits to covary

at a particular level is often due to the association of pro-
cesses at a lower level, and thus depends on the standing
stock of variation and covariation at that level. For instance,
the propensity of a set of traits in a population to evolve in
a correlated manner stems from genetic covariation in the
population, because of pleiotropy or linkage disequilibrium
between loci affecting different traits. In turn, pleiotropy
can originate because loci segregating in the population
have allelic effects on multiple traits simultaneously, for
instance, because gene products of these loci are involved
in multiple developmental pathways, or because there are
developmental interactions between the pathways that give
rise to different traits [4]. This hierarchical nature of inte-
gration underscores the importance of multilevel studies of
integration and modularity [24,25].

3. Levels of integration

Depending on the processes responsible for integration and
modularity, several levels of integration can be distinguished
(figure 1). Analyses across levels have been central to analyses
of morphological integration and modularity since Olson &
Miller [2] introduced the concept of integration and compared
‘p-groups’ and ‘F-groups’, which they defined as sets of highly
correlated or functionally related measurements. These com-
parisons were later expanded by adding further levels,
including genetic, environmental and evolutionary integration
[8,22,24,26].

The following overview of levels is not meant to be a
complete enumeration of all possible levels, but focuses
on those that have been used in empirical studies, particularly
those using geometric morphometrics. The first five levels
in this compilation concern variation within homogeneous
samples of individuals and the components of integration
that reflect the processes producing integration and modular-
ity: static integration and the developmental, functional,
genetic and environmental components that contribute to it.
These components are usually studied in a static context
(figure 1), that is, in a single population and at a particular
ontogenetic stage (most often adults). The remaining levels
concern analyses across multiple growth stages or species:
ontogenetic and evolutionary integration.

(a) Static integration
Of the levels named in figure 1, the most frequently used in
empirical studies of integration and modularity is the static
level; this is simply the level variation of variation among
individuals in a homogeneous sample, where all specimens
are from the same species and ontogenetic stage. This level
of variation is so widely used in studies of integration that
it usually is not named at all. For consistency, I adopted the
name from the corresponding level of allometry [28-31].
Even in comparisons of integration or modularity
among species or other groups, the patterns that are being
compared are most often computed at the static level
[15,39-44]. This level of variation is therefore the basis for
many evolutionary studies.

(b) Developmental integration
Developmental integration is due to interactions between
developmental processes that give rise to different traits, and
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Figure 1. Different levels of integration and modularity. The diagram contains four related species, each with three ontogenetic stages. Ontogenetic integration and
modularity concern the variation across stages within each species, whereas the evolutionary level focuses on the variation among species at any given stage. The
static level is within one species and stage. Functional, developmental, genetic and environmental integration and modularity are usually studied in a static context,
that is, at one particular ontogenetic stage for a given species. Pooled within-group analyses can be used to summarize patterns.

therefore produce covariation between them. A variety of
different developmental mechanisms can produce such inter-
actions, but all of them share the key property that variation
can be passed directly from a single origin to multiple traits
[4,38,45—-47]. Integration by such direct interactions among
developmental processes has implications for evolution that
differ from other mechanisms producing covariation [47].
Developmental integration is usually studied as a component
of static integration.

To quantify and characterize developmental integration in
morphometric data, it is useful to analyse covariation in signed
fluctuating asymmetry [48,49]. Because fluctuating asymmetry
originates from random variation in developmental processes,
the asymmetries of different traits are correlated only if there
are direct interactions between developmental pathways that
produce the traits [46,47]. This approach has been applied in
a broad range of animal systems [10,12-15,27,36,37,48—55].
Whereas this reasoning applies widely to motile organisms,
including most animals, caution is necessary in applying it to
sessile organisms like most plants, where a part of fluctuating
asymmetry may be due to plastic responses to heterogeneity in
microenvironmental factors [25,56].

Because the data used for this type of analysis are a snapshot
at a particular stage, the patterns of integration are the cumulat-
ive effect of all developmental processes up to that stage.
Because processes acting at various stages of development can
have different patterns of integration and modularity, involving
differing sets of traits, that overlie each other in various man-
ners, the cumulative effects of all these processes may not
have a clear modular structure even if all individual processes
are strictly modular. Hallgrimsson et al. [38] used the metaphor
of a “palimpsest’ for this situation, where processes at later stages
partly overwrite the patterns of integration laid down by earlier

processes, without completely extinguishing the earlier pat-
terns. The total effect of these partly incongruent modular
covariance structures, overlaid on each other, may produce
the impression of a mainly integrated system where no individ-
ual hypothesis of modularity holds, even though all
contributing processes may act in a clearly modular manner.
For instance, the patterns of integration due to postnatal bone
remodelling under mechanical loading of functional parts
may not be the same as the patterns due to the embryonic origins
of the same structures. Such apparently integrated patterns are
found in many empirical studies, and there is evidence that
patterns of integration change during ontogeny [38,57-61].
Disentangling these effects of sequential processes that are over-
laid on top of each other remains a serious challenge for
morphometric studies of integration and modularity that has
not yet been solved adequately.

The qualifier ‘developmental” can lead to misunderstand-
ings, and it is important to keep in mind that developmental
integration, as it is defined here, does not subsume any type
of integration that is linked to development in any way, but
exclusively the integration that is due to interactions among
developmental processes that form the different traits. This
restriction rules out several possible sources of information.
Although developmental processes are intimately connected
to various genes, genetic approaches such as quantitative
trait locus mapping provide estimates of pleiotropy [62],
but cannot be used to infer developmental interactions
because pleiotropic effects may arise because products of a
locus are involved in separate developmental processes that
take place in different locations and at different times in
development, and does not necessarily involve any direct
interactions between them [47]. Likewise, studies of ontogen-
etic integration, with data concerning changes in traits during
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ontogeny, do not provide reliable information on developmen-
tal integration because ontogenetic changes can occur in many
traits simultaneously during ontogeny even though there may
be no interactions between the corresponding developmental
processes. To infer developmental interactions from these
approaches, they would have to be combined with manipula-
tive experiments. To my knowledge, the only observational
approach to infer developmental interactions is the analysis
of correlations in fluctuating asymmetry [46,47].

(c) Functional integration

Functional integration is based on associations between parts
interacting in some functional context. For instance, the upper
and lower jaws interact in biting, chewing or gnawing, and
need to be coordinated to achieve proper occlusion in order
to perform those functions effectively [17,63]. Information
about functional implications of morphological changes can
be obtained from studies combining biomechanical and mor-
phometric approaches [64]. It is intuitive that changes in such
systems, and the coordination among parts within them, are
likely to have significant fitness consequences. Functional con-
siderations have played a key role in studies of morphological
integration since their inception, as the ‘F-groups’ of Olson &
Miller [2] were sets of traits related to a common function.

More recently, some authors have argued that develop-
mental systems may evolve adaptively so that patterns of
developmental and functional integration should match
[3,65]. This ‘matching hypothesis’ can be tested particularly
well in systems where functional and developmental units
are incongruent, either because a single developmental unit
is subdivided into sections that perform different functions or
because several parts with distinct developmental origins
contribute jointly to a function [66]. Under these circumstances,
the matching hypothesis predicts that developmental pro-
cesses would evolve to match the functional structure of the
system. Empirical tests of the matching hypothesis have been
relatively rare so far. A morphometric study of integration in
the forewings of male crickets found no developmental or
genetic modularity corresponding to the functional subdivi-
sion of the wing into regions with distinct roles in sound
production [67]. More often, however, functional and develop-
mental units in a structure are at least broadly congruent, so
that functional and developmental considerations provide
similar predictions for morphological integration and modu-
larity and explicit tests of the matching hypothesis are
difficult or impossible.

An excellent example of a study that links functional con-
siderations to developmental and evolutionary integration is
the analysis of variation in the predatory appendages of
mantis shrimp [26,55]. An intraspecific analysis found that
the functional subdivision into engine, amplifier and tool
also corresponds to the pattern of developmental integration,
where those three elements form separate modules [55].
A comparative analysis across the clade showed that the tool
behaves as an evolutionary module separate from engine and
amplifier [26]. Also, the manner in which the predatory appen-
dage functions has an influence on integration: the subclade of
‘smashers’ has more strongly integrated part and a lower rate
of evolution than other functional groups [26].

The function of a structure can have direct effects on
its integration and modularity through processes such as
bone remodelling, in which mechanical forces applied

during use have consequences for the morphology of a struc- [ 4 |

ture [68-70]. In turn, such plastic responses can have
evolutionary consequences.

(d) Genetic integration

The genetic component of integration and modularity is
important because it is a crucial determinant of the potential
for evolutionary change in a structure. Genetic integration
between parts means that selection on one part will produce
a correlated response in other parts, whereas genetic modu-
larity can facilitate independent evolutionary changes in
different parts [3,7,8]. Studies combining geometric morpho-
metrics and quantitative genetics have investigated correlated
responses by simulating selection for a highly localized shape
change and observing whether the evolutionary response
affects other parts as well [67,71-73].

One of the consequences of morphological integration is
that variation is concentrated mostly in some directions in
shape space, whereas other directions have less variation, if
any. The direction associated with the most genetic variation,
the first principal component of the genetic covariance
matrix, has been discussed as a ‘line of least resistance’ [74]
(or a plane or subspace of least resistance, if two or more
dimensions are similarly dominant [73]). These directions
are important because the direction of the evolutionary
response to selection is deflected from the original direction
of selection towards the direction of the line of least resistance
[73,74]. Another question is whether there are directions in
shape space where there is no genetic variation at all,
which would constitute absolute genetic constraints because
selection or drift cannot produce evolutionary change in
those directions. A study that specifically addressed this
question with a large experimental design in Drosophila
found no evidence for such absolute constraints [75].

A different approach to genetic integration is to search
for patterns of integration and modularity in the estimated
effects of quantitative trait loci affecting the shape of a structure
[62,76] or in the effects of mutations that affect the develop-
ment of the structure under study [38,77-81]. To quantify the
effects of naturally occurring mutations, it is possible to use
mutation accumulation lines and to analyse the patterns of
covariation among lines [82]. Altogether, these different
approaches provide a multifaceted view of genetic integration
and modularity of morphological structures.

(e) Environmental integration

Environmental integration can have somewhat different
meanings, depending on analytical contexts, which may
have different biological implications. On the one hand, it
can denote the integration of the residual component in a
quantitative genetic analysis [8,9] and, on the other hand, it
also can mean the integration in the phenotypic variation
induced by environmental differences, following a reaction
norm perspective [83]. These two perspectives are not necess-
arily opposed, but differ in the study designs required to
implement them and in how they treat variation that
cannot be attributed to known environmental factors. The
reaction norm perspective, where integration results from
coordinated plastic responses in several traits to variation in
environmental factors, is conceptually clearer in that it is
better focused on a causative agent and better delineated
from other levels of integration.
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There are few explicit studies of environmental integration
or modularity so far, but there is clearly great potential in this
area, as well as substantial challenges [83,84]. Patterns of
environmental integration depend on the types of the reaction
norms for different traits (e.g. linear or nonlinear) and on
whether different traits respond in a similar manner to the
same environmental factor, and a further question is whether
the reaction norms for different environmental factors and
any given trait are similar or different in the resulting morpho-
logical changes. Overall, the approach must consider reaction
norms as mapping from a multidimensional space of environ-
mental factors to a multidimensional space of morphological
traits. The structure of the reaction norms, in terms of covaria-
tion across environmental factors and across traits, will
determine the resulting patterns of integration and modularity.

Because plasticity is a response of the developmental
system to variation in environmental factors, environmental
integration is linked to developmental integration. Moreover,
if plasticity is adaptive and morphological changes serve
to optimize the performance of some function under vary-
ing environmental conditions, there is also a clear link to
functional integration.

(f) Ontogenetic integration

Ontogenetic integration, the integration of traits across ontogen-
etic stages in a single population (figure 1), can be expected to
be quite strong because most parts of organisms change in a
coordinated manner during ontogeny. Therefore, integration
in a mixed-age, intraspecific sample can be expected to be
mainly of ontogenetic origin [85]. Furthermore, because
growth brings about large size increases, ontogenetic inte-
gration is also closely related to ontogenetic allometry, which
is an important integrating factor in many organisms [37,86].
Accordingly, many studies that concern ontogenetic integration
have been conducted under the heading of allometry or even
heterochrony, and studies that address ontogenetic integration
often put the main emphasis on those topics [85,87,88].

A number of studies have analysed ontogenetic trajec-
tories of morphological structures and compared them
among related taxa [88—90]. These studies can shed light on
the developmental processes by which morphological differ-
ences between taxa arise, and thus provide links between
ontogenetic and evolutionary integration.

(g) Evolutionary integration
Integration and modularity at the evolutionary level, concern-
ing the covariation among evolutionary changes in different
traits, originate from a range of processes including drift,
mutation, selection and gene flow [91]. To study evolutionary
integration and modularity, comparative approaches are
required to take into account the phylogenetic structure of the
data at this level. Comparative methods such as independent
contrasts or, equivalently, phylogenetic generalized least
squares, can be combined with the usual morphometric
methods for analysing morphological integration and modular-
ity [18]. This combination of methods has been used in a range
of studies, using analyses such as multivariate regressions to
estimate evolutionary allometry [18,25,35,92,93], partial least-
squares analysis for examining patterns of integration among
parts [16—21,26] and tests of modularity [18,21,52].

Several studies have found correspondences between
static and evolutionary integration or modularity in diverse

organisms [16,25,52]. Such correspondences are sometimes
interpreted as favouring a scenario of neutral evolution by
drift, but these results should be viewed with some caution
because of the various assumptions that are used in the
analyses [94,95]. Also, recent studies have supported the
hypothesis that modularity is associated with increased
evolutionary rates or greater disparity [26,96].

4. Integration in organisms with modular
body plans

A variety of additional levels of integration is conceivable
for organisms that have modular body plans, consisting of rela-
tively simple elements that are multiply repeated in different
positions and possibly in several variants. Note that, in this
context, the terms ‘module’ and ‘modular’ are used in a differ-
ent sense from the rest of this article, denoting repeated parts
rather than complexes of parts that are internally integrated
but relatively independent of other such complexes (yet the
repeated parts of an organism with modular body plan usually
are also internally integrated and relatively independent of
each other, and thus are modules in both senses). The majority
of plants and colonial animals fall into this category.

The key feature of modular body plans is that there can be
variation within individuals, and that this variation is often sub-
stantial [23]. For instance, leaves, flowers and fruits of plants can
be considered modules, and there tends to be notable variation
among the copies of each type of module in each plant. Also,
copies of the same modules in different locations can perform
different functions and be morphologically differentiated (e.g.
aquatic or aerial leaves, sun or shade leaves), and there can be
systematic differences among modules initiated at different
ages in the ontogeny of the whole organism [97,98]. Accord-
ingly, there also can be intra-individual integration, and
investigating this integration may involve developmental, func-
tional and other considerations. A long-standing hypothesis is
that flowers with specialized pollination are more highly inte-
grated than vegetative parts or flowers pollinated by wind or
non-specialized insects [99], a hypothesis that continues to
stimulate new research [44,83,84].

Many modules, such as flowers and compound leaves, are
themselves modular structures consisting of multiple parts
arranged in specific ways. Depending on the number and
arrangement of parts, these structures can show a range of
types of symmetry. Among flowering plants, for instance,
there is a wide range of floral symmetries [100,101]. Floral sym-
metry is subject to various selection regimes because different
pollinators prefer different floral shapes and symmetries
[102,103]. There are morphometric methods that can analyse
these complex types of symmetry and extract different com-
ponents of symmetric variation and asymmetry [56,104].
These different components of variation may have different
biological significance. For instance, in analyses of algae with
complex cellular symmetry, the symmetric component shows
the differentiation among taxa particularly well, whereas
different asymmetry components are associated with growth
or developmental instability [105,106]. This type of analysis is
particularly promising for investigating floral shape, but has
not been used yet in this context.

For composite structures such as flowers or compound
leaves, it is possible to consider integration in the whole struc-
ture or in individual parts. This adds further levels of
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integration that can be investigated, in addition to the levels
discussed in the preceding section. For instance, in com-
pound leaves of plants, geometric morphometric analyses
of integration focusing on the whole leaves or on individual
leaflets found that patterns of evolutionary and static inte-
gration were similar, but that the patterns for fluctuating
asymmetry were more distinct [25]. Similar analyses for flow-
ers, examining how shape variation in individual petals or
other parts combines to variation in the overall shape and
symmetry of the whole flower, have not yet been conducted
but are a promising area for future research.

5. Methods for multilevel studies of integration
and modularity

A wide range of morphometric methods have been used to
study morphological integration and modularity (for recent
reviews, see [5,86]). For instance, the amount of integration
can be quantified using the scaled variance of eigenvalues
[44,107], patterns of covariation between parts can be exam-
ined with partial least-squares analysis [10,13,18,85] and
hypotheses of modularity can be tested by comparing the
strength of covariation between hypothesized modules with
that in alternative partitions of landmarks [15,18,37,43,52,76].
In addition to these ‘standard tools’ for analysing morphologi-
cal integration and modularity, some morphometric methods
are specifically designed to compare patterns of integration
in different covariance matrices, a task that is especially rel-
evant for comparisons across multiple levels. The remainder
of this section focuses exclusively on these.

(a) Matrix correlation

Because patterns covariation are usually characterized as
covariance matrices of shape coordinates, a common task in
multilevel analyses of integration and modularity is the com-
parison of covariance matrices. A simple measure of the
resemblance between covariance matrices is matrix correlation,
the correlation between corresponding entries in two covari-
ance matrices. Matrix correlations have long been used in
analyses of morphological integration using traditional mor-
phometrics [8] and have been adapted for use in geometric
morphometrics [9,11,13,25,53]. For instance, a multilevel analy-
sis of integration in the leaves of cinquefoil plants found that
the patterns of static integration within species and of evol-
utionary integration were remarkably similar, whereas the
pattern of fluctuating asymmetry was more distinct [25].
Whereas the matrix correlation provides a fairly intuitive
measure of how much two covariance matrices resemble
each other, it provides no information at all about the particular
features that differ or are similar between them.

(b) Examining patterns of variation and covariation

Perhaps the most widespread approach for comparing patterns
of integration is to conduct analyses such as principal com-
ponent analyses or partial least squares and then to compare
the results of these analyses. The advantage of this approach
is that specific aspects of variation or covariation can be empha-
sized, depending on the choice of the analyses. For example, in
some structures, the main patterns of overall variation, rep-
resented by the shape changes associated with first few
principal components, strongly resemble the main patterns of

covariation between parts, which can be obtained as the
shape changes associated with the first few partial least-
squares axes [10,12,13,16,18,85]. This indicates that the patterns
of covariation between parts are also the dominant patterns of
overall variation in the structure under study, and therefore
emphasize the strength of integration. The shape changes of
principal components and partial least-squares axes can also
be compared among levels, such as fluctuating asymmetry,
static or evolutionary integration [10,12,13,15,25,27,48].

(0) Ordination of covariance matrices

If there are multiple groups included in a study, perhaps with
several levels of integration, pairwise comparisons of covari-
ance matrices via matrix correlation or comparisons of the
patterns of variation are no longer feasible. Instead, the
relationships among covariance matrices can be examined in
ordinations of the covariance matrices using principal coordi-
nate analysis [42,60,78,108-111]. The distance measures for
the resemblance among covariance matrices can either be
derived from the matrix correlation [42,78,108,109] or from
considerations concerning the space of all covariance matrices
[111,112]. Direct comparisons between analyses using different
distance measures have shown some common features, but
also some marked differences [60,110]. More work is required
to understand the properties of these analyses and of
the different distance measures used in them. Perhaps more
fundamentally, principal coordinate analysis has one serious
drawback: because it starts from a matrix of distances among
the objects, covariance matrices in this context, and generates
a coordinate system from them, there is no information on
the features of variation that are associated with the new coor-
dinate axes (unlike principal components of shape data, for
instance, where each axis is associated with a particular
shape change).

6. Examples of comparisons across levels

So far, there are only few studies that systematically compare
integration at multiple levels, but there are many studies
that contain comparisons of patterns at two or three levels,
which indicate that true multilevel studies of integration
and modularity hold considerable promise.

A large number of studies has compared static integration
among individuals to fluctuating asymmetry and obtained
widely variable results, indicating that the relationship
between static and developmental integration differs accord-
ing to taxa and other circumstances [10-15,36,37,48—-53,110].
Genetic integration has mostly been compared to static phe-
notypic integration, reflecting the importance of the genetic
and phenotypic covariance matrices in quantitative gene-
tic theory [67,71,73]. Evolutionary integration has been
compared to static within-taxon integration [16,25,95] and
ontogenetic variation [35,85,87,88], and through links to
ecological variables such as diet or direct biomechanical
arguments, functional considerations have also been incor-
porated [63,113]. Systematic multilevel studies incorporating
more than two levels simultaneously are rare. Some of
these are studies of within-individual, within- and among-
population variation [22], analyses of variation among
individuals, among populations and among species [24], or
comparisons of fluctuating asymmetry, intra-taxon varia-
tion and evolutionary integration [25,52]. Such studies are
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relatively easily feasible, as long as there are multiple speci-
mens per species and left and right sides are available for
each specimen (either separately or as symmetric structures
such as skulls or leaves). Therefore, I hope there will soon

be many more of these studies.

7. Conclusion and outlook

Multilevel studies of morphological integration and modularity
have only just begun, and their potential is not yet explored
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