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ABSTRACT 

Morphological modularity arises in complex living beings due to a semi-independent 

inheritance, development, and function of body parts. Modularity helps us to understand the 

evolvability and plasticity of organismal form, and how morphological variation is structured 

during evolution and development. For this reason, delimiting morphological modules and 

establishing the factors involved in their origins is a lively field of inquiry in biology today. 

Although it is thought that modularity is pervasive in all living beings, actually we do not 

know how often modularity is present in different morphological systems. We also do not 

know whether some methodological approaches tend to reveal modular patterns more easily 

than others, or whether some factors are more related to the formation of modules or the 

integration of the whole phenotype. This systematic review seeks to answer these type of 

questions through an examination of research investigating morphological modularity from 

1958 to present. More than 200 original research articles were gathered in order to reach a 

quantitative appraisal on what is studied, how it is studied, and how the results are explained. 

The results reveal an heterogeneous picture, where some taxa, systems, and approaches are 

over-studied, while others receive minor attention. Thus, this review points out various trends 

and gaps in the study of morphological modularity, offering a broad picture of current 

knowledge and where we can direct future research efforts. 

 

Key words: morphological modularity, phenotypic integration, developmental modules, 

functional modules, EvoDevo. 
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I. INTRODUCTION 

Modularity is thought to be a ubiquitous property of natural complex systems that emerges at 

all hierarchical levels of organization (Simon, 1962; Callebaut, 2005). The organization of the 

phenotype into modules is the result of the interplay between genetically and epigenetically 

controlled developmental processes, and the functioning of morphological structures in their 

environment (Pigliucci & Preston, 2004; Schlosser & Wagner, 2004; Callebaut & Rasskin-

Gutman, 2005). A common developmental origin, a shared allometric growth pattern, a joint 

performance of a function, or a shared evolutionary history, are all examples of factors that 

can promote the integration of body parts into morphological modules. Moreover, modularity 

is a fundamental concept in biology that helps us to understand the complexity of the 

genotype–phenotype map and the evolvability of the organismal form (von Dassow & Munro, 

1999; Bolker, 2000; Müller, 2007; Pavlicev & Hansen, 2011). In recent years, many essays 

and narrative reviews have laid the foundations for an empirical research program on 

morphological modularity based on developmental, ecological, and evolutionary mechanisms 

(e.g., Raff & Raff, 2000; Schlosser, 2002; Pigliucci, 2003; Wagner, Pavlicev & Cheverud, 

2007; Klingenberg, 2008, 2014; Kuratani, 2009; Murren, 2012; Goswami et al., 2014; 

Rasskin-Gutman & Esteve-Altava, 2014). A common message from all these studies is that a 

deeper insight into the modular organization of living beings is essential to understanding the 

development and evolution of form. What we lack is a panoramic view of how we have 

approached the study of morphological modularity to date, a view that helps us to identify the 

basis of our current knowledge and the gaps that require further research. 

 

This review compiles and evaluates 205 original research articles that report the presence 

and/or validate hypotheses of morphological modularity in animals and plants. Through a 

systematic quantification of the study materials, methodological approaches, and results 



 

 

obtained in these research articles, this review seeks to answer the following specific 

questions: 

(1) what are the sources of our knowledge on morphological modularity and where are the 

gaps (if any)? 

(a) Is morphological modularity ubiquitous in all living beings? 

(b) Is morphological modularity equally pervasive in all body parts? 

(c) Are there biases in the study of morphological modularity? 

(2) How do we study morphological modularity? 

(a) What biological criteria do we use to propose hypotheses of modularity? 

(b) What methods do we use to test these hypotheses? 

(c) Do the same biological factors explain modularity and integration patterns? 

(3) Which are the most acknowledged morphological modules in different organisms and 

morphological systems? 

 

(1) A minimal definition of morphological module and integration 

The simplest definition of a morphological module is a group of body parts that are more 

integrated among themselves than they are to other parts outside the group (Eble, 2005). 

Integration arises as a direct consequence of the number and strength of interactions, 

regardless of how we define interaction (Eble, 2005). This minimal definition of 

morphological module uses the concepts of integration and interaction deliberately vaguely, 

with the intention of being more inclusive. Because it makes no reference to why or how 

integration among parts originates and varies (nor to the source of this integration), it applies 

to a wide range of morphological systems. In fact, by replacing ‘body parts’ with ‘elements of 

a system’ this definition applies even to non-biological systems (Simon, 1962). The concept 

of body part has also a broad sense to accommodate semi-independent structures (e.g., head, 



 

 

limbs) and individual elements within a larger structure (e.g., cranial bones, petals of a 

flower), as well as individual traits, morphometric measures, and their proxies (e.g., landmark 

coordinates). This minimal definition of morphological modularity has a broader range of 

applications than the traditional definition of morphological integration and modularity, 

which is related to a structure of covariation of shape and size (Terentjev, 1931; Olson & 

Miller, 1958), and hence it applies also to other sorts of morphological information (e.g., 

proportions, connections, articulations and orientations; see Rasskin-Gutman & Buscalioni, 

2001; Rasskin-Gutman, 2003). I will henceforth refer to this minimal definition of a module 

in order to bring together as many research studies as possible, regardless of the 

morphological system, methodology, and factors of integration used. 

 

(2) On factors of integration and modularity 

In practice, any particular study turns the above minimal definition of morphological module 

into an operational definition by specifying the factors behind integration (or parcellation, i.e., 

the formation of modules) and the meaning of body part. This is a common, essential step in 

the quantitative study of modularity. One of the problems of bringing together different types 

of morphological studies is that the definitions of module and of integration change 

depending on the level of organization and the type of factor guiding the study (see Eble, 

2005, for a conceptual review).  

 

Cheverud (1996) describes four levels at which morphological integration occurs, based on 

the types of interactions established among body parts and the mechanisms involved: 

functional, developmental, genetic, and evolutionary. The actual realization of these 

interactions might involve various processes and mechanisms, such as the distribution of 

biomechanical forces among body parts, the diffusion of signalling molecules, or the 



 

 

inheritance of genetic regulatory networks controlling development. According to Cheverud 

(1996): at an individual level, function integrates parts that perform the same or related tasks 

and need to coordinate during performance; development integrates parts that interact during 

their formation, including those controlled by the same genetic network; at a population level, 

genes integrate parts that are inherited together (often due to pleiotropy: a single gene 

affecting multiple parts); and evolution integrates parts that evolve in a coordinated manner 

because they are inherited or selected together. For a review of how genetic, developmental, 

functional, and evolutionary modules relate to each other see Klingenberg (2008). Other 

authors have proposed additional or complementary factors of integration. For example, 

Wagner & Altenberg (1996) introduced the operational concept of the variational module as 

correlated sets of traits that arise from a given configuration of the genotype–phenotype map 

(e.g., some traits covary because the same group of genes have pleiotropic effects on both of 

them). In addition, Chernoff & Magwene (1999) argued that the organization of parts in the 

body integrates those parts that share structural relationships due to geometric and/or 

topological interactions. In his essay on the conceptual basis of morphological modularity, 

Eble (2005) introduced a distinction between variational modules (sensu Wagner & 

Altenberg, 1996), which are used to study how morphological parts covary during evolution 

and/or ontogeny, and organizational modules, which capture the structural relations among 

body parts in individual organisms. This distinction is essential in order to understand that not 

all morphological modules need to be related to a structure of covariation of shape and size. 

For example, morphological modules in the human brain identified by its functional activity 

using functional magnetic resonance imaging (fMRI) are not necessarily linked to a pattern of 

covariation of shape of brain modules (but see Gómez-Robles, Hopkins & Sherwood, 2014). 

More recently, Mitteroecker & Bookstein (2008) introduced another distinction between 

factors, regardless of their origin: global factors maintain the cohesion of a morphological 



 

 

system (integration factors), while local factors provide internal cohesion of its modules 

(parcellation factors). The latter classification of factors stresses the fact that we usually do 

not know whether each type of factor described above is uniquely related to the formation of 

morphological modules or to the integration of the whole phenotype. In fact, the hierarchical 

nature of the phenotype suggests that the effect of a particular factor in the integration or 

parcellation of a body part depends on the scale at which this factor acts (Bastir, 2008). 

 

(3) On methods to study morphological modularity 

Concepts such as morphological integration and modularity are not exclusive of one school of 

thought, but shared (with their particular nuances) by a large community of biologists. Form 

is a rich concept that encompasses not only the shape and size of a morphological system but 

also its structure, i.e., the number and arrangement of parts (Rasskin-Gutman & Buscalioni, 

2001). Acknowledging a broad definition of form helps us to value the use of different, 

complementary methods to quantify form and to assess patterns of modularity and integration.  

 

There are many methods available to infer and validate modules in morphological systems, 

the most commonly used being morphometrics (i.e., the quantitative analysis of shape and 

size). Two different traditions coexist within morphometrics: linear and geometric 

morphometrics. Linear morphometrics captures shape as linear distances between landmark 

points, whereas geometric morphometrics captures shape as geometric configurations of 

landmark points. Other differences between these two approaches are mainly related to, for 

example, how they deal with size corrections, relative position of landmarks, or the use of 

different statistical methods (for further details see Zelditch et al., 2004, pp. 1–20). During the 

last 20 years, the use of geometric morphometrics to quantify shape variation in evolution and 

development has increased considerably, as a consequence, in part, of the advent of more-



 

 

sophisticated software for image digitization and statistical analysis (e.g., Adams, Rohlf & 

Slice, 2013). It is beyond the aim of this review to argue for or against any particular method 

of inquiry; rather the aim is to show the pattern of use in current research. However, it is 

worth mentioning that within the community of researchers using morphometrics there is still 

an open debate on whether some methods are better suited than others to identify (or validate) 

morphological modules (see e.g., Magwene, 2009; Mitteroecker & Bookstein, 2009; Garcia, 

de Oliveira & Marroig, 2015; Adams, 2016). 

 

Network analysis also has been introduced to study the structure of complex morphological 

systems such as the human brain (Sporns, 2011). Network analysis is common in 

neurosciences to identify modules, for example, using community detection algorithms 

(Fortunato, 2010), because the very structure of the brain, as a web of neurons, is readily 

modelled as a network (Sporns, 2011). A network is a formal abstraction of a system, in 

which nodes represent the parts of the system and links represent their relations (e.g., 

structural, developmental, functional). The analysis of network models helps to identify 

groups of parts that have more connections (i.e., interactions, relations) among themselves 

than they do to other parts outside the group (see Section I.1). Network analysis also has been 

applied more recently to study the morphological modularity of the human head: the nodes of 

the network represent the bones and muscles of the head, connected through their physical 

interactions (e.g., Esteve-Altava et al., 2013; 2015b; Esteve-Altava & Rasskin-Gutman, 

2015). 

 

This novel use of network models in anatomy should not be confused with the use of ‘graph 

modelling’, a method that uses graphs to represent phenotypic correlations of morphometric 

traits or landmarks in statistical analyses (e.g., Magwene, 2001, 2008; Zelditch, Wood & 



 

 

Swiderski, 2009). Notably, graph modelling of morphometric traits correlations has been used 

together with network analysis to study the modules of the mandible in mammals (Perez et 

al., 2009) and of the insect wing (Suzuki, 2013). 

 

II. METHODS 

(1) Gathering of original research articles 

The studies reviewed comprise only peer-reviewed original research articles that explicitly 

assess morphological modularity (i.e., testing or reporting a modularity pattern). The articles 

included herein are not limited to those testing explicitly an hypothesis of modularity. Articles 

reporting a modularity-related pattern (e.g., whole-system integration, hierarchical integration 

of parts, or modular organization) using descriptive or exploratory approaches are also 

included. This decision was made to take into account exploratory studies and to offer a 

broader picture of research into morphological modularity in different disciplines. Thus, the 

general criterion was to include papers that: (1) have at least one of certain key words (see 

below) in their titles; and (2) test or describe a modularity/integration pattern. The number of 

articles explicitly testing any hypothesis, and the amount and type of hypotheses tested are 

among the variables analysed herein. 

 

I searched in Google Scholar for articles including in their title at least one of the following 

key words: functional integration, genetic integration, modular evolution, modularity, 

morphological integration, mosaic evolution, ontogenetic integration, phenotypic integration, 

pleiades, evolvable, and evolvability. The year of publication of the landmark book 

Morphological Integration by Olson & Miller (1958) was used to set the beginning of the 

search. So as not to exceed the limit of 1,000 entries in Google Scholar, I performed a 

separate search for each year between 1958 and 2015 inclusive. 



 

 

 

Google Scholar has high coverage (100% for medical systematic reviews) despite its low 

precision (i.e., many entries retrieved are irrelevant) (Gehanno, Rollin & Darmoni, 2013). 

This means that Google Scholar can be used in systematic reviews with a low likelihood of 

missing relevant references. Unfortunately, a search method using the title alone means that 

some relevant research articles might be excluded from the sample if their titles do not 

include the above key words. The aim of the search then would be to retrieve a sufficient 

number of studies that represent the general picture of research into morphological 

modularity. 

 

The search retrieved more than 5,500 results of which 610 matched the selection criteria. I 

updated and searched the full text of each relevant article using EndNote X7 through several 

institutional journal subscriptions (Universitat Jaume I, Universitat de València, Universitat 

Autònoma de Barcelona, Royal Veterinary College, and Howard University), public 

repositories, personal webpages, and personal requests. A total of 205 articles remained (see 

online supporting information, Appendix S1) after excluding duplicate entries, non-original 

research articles (e.g., books, book chapters, essays, and other reviews), and articles that did 

not assess morphological modularity. Two articles were included twice in the data set 

(Klingenberg, 2009; Magwene, 2001), because they comprised two independent studies, each 

requiring separate evaluation. 

 

(2) Evaluation of original research articles 

For each entry in the data set I collected the following information (details of how 

information was coded are also given): 

 Year of publication. 



 

 

 Field of the journal of publication: the field was assigned according to the journal 

description in the following categories: anatomy, anthropology, general biology, botany, 

cell biology, development, ecology, EvoDevo, evolutionary ecology (EvoEco), evolution, 

generalist, genetics, medicine, neurosciences, palaeobiology, physics, physiology, and 

zoology. 

 Taxa: the genus, family, order, class, phylum, and kingdom of the specimens used in the 

study were coded as different variables. For simplicity, only the lowest rank that included 

all the specimens of a study was coded. For example, a study comparing primates and 

rodents was coded as class Mammalia, while order, family, and genus were coded as not 

applicable (NA).  

 System of study: a descriptive label of the system used in the study, for example, cranium, 

body parts (i.e., comparison among different structures such as limbs and head), flower, or 

brain. More-inclusive labels were used when various components are studied; for 

example, a study analysing the cranial vault together with the brain or with attached 

muscles would be coded as ‘head’.  

 Type of material: this was coded as being fossil or living, while the label ‘both’ was used 

when the sample included extinct and extant species. 

 Type of tissue: for vertebrates, ‘hard tissue’ was used for studies analysing skeletal and 

cartilaginous samples; ‘soft tissue’ was used for tissues other than bones and cartilage 

(e.g., brain, muscles, organs); and ‘both’ was used when the study included hard and soft 

tissues. 

 Scale of the study: this variable codes for the temporal scale of the analysis. 

‘Microevolutionary’ refers to studies at the population level or including only one species; 

‘macroevolutionary’ refers to studies comparing different species or higher taxa; 

‘ontogenetic’ refers to studies comparing different developmental stages; ‘case study’ 



 

 

refers to studies analysing only one specimen or a very small sample (N<5). Studies 

combining these scales were labelled accordingly (e.g., MicroEvo/MacroEvo). 

 Number of hypotheses tested: the integer number of hypotheses the article tested 

explicitly. NA is used for articles that did not test any hypothesis, but instead performed a 

descriptive or exploratory analysis and reported a modularity or integration result. 

 Specific hypotheses tested (if any): a description of the modules tested. The coding term 

‘integration’ is used when the hypothesis explicitly tested is the absence of modules, that 

is, integration of the entire system studied. 

 Criteria used to define these hypotheses: a list of different variables was evaluated and 

coded independently. The list captures the most-frequent criteria identified in the data set: 

anatomy, development, function, genetics, growth, origin, shape, size, timing, and others. 

For each variable, ‘1’ indicates that authors used this criterion explicitly or implicitly as a 

source to derive their hypotheses. Each variable is coded separately as ‘1’ if more than 

one hypothesis is tested or one hypothesis was based on several of the criteria listed. For 

example, anatomy and function would be coded as ‘1’ in a study that tests a hypothesis of 

modularity based on the anatomical structure of the system and its function. 

 Methods used to identify or validate morphological modules: a list of different variables 

was evaluated independently. The list captures the most-frequent criteria identified in the 

data set: biomechanical performance, geometric morphometrics, heterochrony (i.e., by 

association of developmental timing), linear metrics, network analysis, qualitative 

description, quantitative trait loci, and others. Each variable is coded separately as ‘1’ if 

authors used this family of methods. For example, a study that uses geometric 

morphometrics and quantitative trait loci would be coded as ‘1’ in both variables. 

 Results obtained: three variables capturing separately whether the study validates a 

proposed hypothesis (1) or not (0), whether the study reports whole-system integration (1) 



 

 

(i.e., absence of modularity) or not (0), and the specific result of the study regarding the 

presence of modules (if any). 

 Factors argued for these results: a list of different variables was evaluated independently. 

The list captures the most-frequent factors identified in the data set: developmental, 

environmental, functional, genetic, growth, phylogeny, topological, or none. Each variable 

is coded separately as ‘1’ if authors used this type of factor to support their results. For 

example, a study that reports that development is the sole cause of a modular organization 

has ‘1’ in the variable ‘development’. Multiple factors are possible. 

 

Finally, the Pearson's product moment correlation coefficient was used to evaluate the 

possible association between every pair of variables using the function cor.test in R (R Core 

Team, 2015). The evaluation of the research articles is shown in Appendix S1. The protocol 

scripted for its analysis in R is provided in Appendix S2. An extended account of the results 

of the data set analysis is shown in Appendix S3. 

 

III. RESULTS AND DISCUSSION 

Empirical research on morphological modularity has grown exponentially in the last 25 years. 

Almost half of the reviewed articles were published in journals with a strong focus on 

evolutionary biology, with the remainder published either in specialist or generalist journals 

(Fig. 1). This publishing pattern highlights a rising interest in morphological modularity in the 

biological community, and in particular, of its impact on understanding of development and 

evolution. Below, I summarize the main results, additional details are provided as extended 

results in Appendix S3. In general, there is no strong and/or significant evidence of 

correlation between any pair of criteria, methods, factors, and results reported (see Appendix 

S3, section 8). 



 

 

 

(1) Preferences that bias our knowledge on morphological modularity 

The presence of modular organization in all organisms has a solid conceptual and empirical 

foundation, however, most of our knowledge about morphological modularity comes from the 

study of mammals (61% of articles reviewed), with a strong focus on primates and rodents 

(Fig. 2A). At the genus level, Homo (19%) and Mus (11%) are the most-studied taxa. This 

bias might be explained by our particular interest in our own species and the use of mice as a 

model species, rather than by their suitability to answer questions about morphological 

modularity. The number of articles devoted to plants (11%) and to arthropods (10%) is 

surprisingly low. The study of phenotypic integration in plants has a long tradition (e.g., Berg, 

1960; Pigliucci et al., 1991; Diggle, 2014), whereas the segmented body plan of arthropods 

(composed of tagmata or metameres) seems particularly relevant to the study of modularity at 

a morphological level (e.g., Yang, 2001; Yang & Abouheif, 2011; Molet, Wheeler & Peeters, 

2012). Similarly, there is limited (<0.5%) or non-existent research in other groups that are 

often referred as being modular organisms, such as sponges and corals. 

 

Delimiting morphological modules is probably trickier (and more challenging) in the head of 

vertebrates than in other parts of their body. It has been suggested (Lieberman, 2011a) that 

this occurs because of the presence of more overlapping developmental and functional 

interactions in the head than in other body parts, which may obscure the patterns of 

covariation (Hallgrimsson et al., 2009). Nevertheless, the head region is the most-studied 

morphological structure (Fig. 2B). The majority of articles focus on particular components of 

the head, such as the cranium (21%), mandible (11%), brain (8%), or dentition (5%); while 

the head as a whole was considered only in 7% of studies (e.g., Hünemeier et al., 2014; 

Tsuboi, Gonzalez-Voyer & Kolm, 2014). Only 16% of the articles compared morphological 



 

 

integration within and among different parts of the body (i.e., considering them as individual 

modules), such as cranial versus postcranial skeleton, forelimb versus hindlimb, and flowers 

versus leaves. Again, morphological structures commonly acknowledged for having well-

delimited modules, such as the limb of tetrapods (5%), the flower of angiosperms (4%), and 

the wing of insects (3%) (e.g., Klingenberg & Zaklan, 2000; Hamrick, 2012; Diggle, 2014), 

are poorly studied compared to the vertebrate head. The preference for head structures does 

not seem related to answering general questions about the origin and evolution of 

morphological modularity, but attempts to unravel the morphological organization of a 

complex structure that fascinates us. Distribution of grant funding to research in this system 

might also be a plausible reason for this bias. 

 

The literature reviewed shows an over-representation of hard tissues, extant species, and 

evolutionaryi.e., scales (Fig. 2C–E). Notably, only the 13% of the vertebrate articles analyse 

soft tissues, including those that consider the brain. This contrasts, for example, with the 

importance placed on the developmental and functional differences between hard and soft 

tissues to explain the morphological evolution of vertebrates (Diogo & Wood, 2013; 

Richtsmeier & Flaherty, 2013). Hard tissues are sometimes given priority for practical reasons 

(e.g., ease of handling, allows inclusion of fossils) or are regarded as more evolutionarily 

stable (i.e., showing less homoplasy) (reviewed in Diogo & Wood, 2013). However, only 

10% of studies use fossil materials (7% alone and 3% in combination with extant species), 

whereas studies on the evolution of the muscular system in primates suggest that the argument 

that soft tissues are less evolutionarily stable lacks empirical support (e.g., Diogo & Wood, 

2011, 2013). Finally, most of the articles reviewed study micro- or macroevolutionary scales 

(87%), while only 14% study exclusively or partially an ontogenetic scale, despite the 

importance of development in the study of morphological modularity. Taken together, these 



 

 

findings suggest that we know relatively little about the morphological modularity of soft-

tissue systems, or of systems combining hard and soft tissues. Fortunately, there is increasing 

interest in the study of modularity in soft and hard/soft structures such as the brain, 

brain/cranium, and bones/muscles (e.g., Richtsmeier et al., 2006; Gómez-Robles et al., 2014; 

Esteve-Altava et al., 2015b). 

 

(2) Defining, validating, and explaining modules 

A typical research article on morphological modularity follows a two-step approach: first 

proposing an hypothesis of modules according to functional, developmental, genetic, or 

evolutionary criteria; then, testing this hypothesis using quantitative methods. For example, in 

studies using morphometrics, an hypothesis of modularity is validated if it conforms to an 

observed pattern of variational modularity (i.e., some traits covary more among modules than 

with other traits outside the module). Accordingly, we refer to functional, developmental, 

genetic, and evolutionary modules depending on the integrating factors at play (for a review 

of this approach see Klingenberg, 2008). 

 

Function and development are the two most common criteria used to propose testable 

morphological modules, but their predominance differs between animal and plant studies 

(Fig. 3A, B): in animals, development and functional criteria are used alike (34%); in plants, 

function (61%) is used more often than development (22%). There might be historical reasons 

for this difference. Animal studies often refer to Olson & Miller’s (1958) book Morphological 

Integration and to Cheverud’s works published during the 1980s and 1990s analysing patterns 

of developmental and functional integration in the cranial skeleton (Cheverud, 1996). By 

contrast, plant studies usually refer to the work of Berg (1960) proposing a modular 

organization of angiosperms based on reproductive and vegetative functional criteria. This 



 

 

downplay of developmental factors relative to functional factors in plant studies may suggest 

that development is less important than function in shaping plant modules. Further empirical 

studies are needed to elucidate this question. 

 

The most common methods used in the literature are related to the quantification of size and 

shape (i.e., traditional and geometric morphometrics), whereas description, quantitative trait 

loci, heterochrony, network analysis, and biomechanical performance are less common (Fig. 

3C,D). In animals, geometric morphometrics is used slightly more frequently (36%) than 

linear metrics (31%). In plants, linear metrics (62%) are used much more frequently than 

geometric morphometrics (8%). Again, this difference might have an historical explanation in 

the more recent introduction of geometric morphometric procedures in plants than in animals. 

In the context of morphological modularity, the earliest studies using geometric 

morphometrics in animals are from the late 1990s ( Monteiro & Abe, 1997; Adams, 1998), 

while in plants they date from the early 2010s (Klingenberg et al., 2012). Finally, it is worth 

noting that there is a recent trend to extend the use of methodological approaches previously 

restricted to the study of one type of morphological structure to the study of other structures. 

For example, geometric morphometrics has been used recently to analyse modularity of brain 

shape (Gómez-Robles et al., 2014), while network analysis has been applied to analysis of 

modularity of head structure (Esteve-Altava et al., 2013, 2015b). 

 

Independent of the method used, only 42% of the articles validated at least one of the 

hypotheses proposed, the remaining 58% either rejected all hypotheses or found an 

unexpected result (i.e., not considered in any initial hypothesis). In total, 73% of the articles 

reported a pattern of modularity in the system studied, while 27% reported that whole-system 

integration was stronger than modularity (i.e., modules were not identifiable or delimited). 



 

 

Results reporting whole-system integration or modularity were not statistically linked to any 

organism or methodological approach (Appendix S3). The four leading factors explaining 

both types of results were functional, developmental, genetic, and environmental. Their 

relative importance differs between studies of animals and plants, and between studies 

reporting modularity and integration (Table 1). In animals, function and development are the 

two factors most commonly used to explain both modularity and integration, followed by 

genetic and environmental factors. There is no association between modularity or integration 

and the type of factor used to explain it. By contrast, in plants external factors (functional and 

environmental) are used most often to explain a pattern of modularity, while internal factors 

(genetic and developmental) are used slightly more in explanations of integration. 

 

(3) Examples of morphological modules 

This section summarizes the morphological modules reported in the reviewed literature for 

some of the most popular systems: the skeleton of vertebrates (cranium, mandible, and limbs), 

the brain of primates, the wing of insects, and the body of angiosperms. This is not an 

exhaustive list or an evaluation of the merits of each hypothesis of morphological modularity 

proposed, but a glimpse of the modules frequently proposed for each system. The reader will 

find references to more detailed reviews in each section. 

 

(a) The cranium 

The mammalian cranium is the most commonly studied structure studied in the reviewed 

literature (Fig. 4A). Most authors divide the cranium into various modules, hierarchically 

nested by developmental and functional interactions (e.g., Makedonska, 2014). Often the 

cranium is divided into orofacial, cranial base, and cranial vault modules, which derive from 

the more classic division into face and neurocranium (Moore, 1981). However, the exact 



 

 

boundaries among these modules vary among studies, depending on species analysed, 

materials available, and methodological approach. Another common modularity hypothesis 

divides the cranium into oral, nasal, orbital, zygomatic, base and vault modules (Cheverud, 

1982), or even smaller modules (e.g., Makedonska, 2014). These modularity hypotheses 

derive from the functional matrix hypothesis of Moss & Young (1960), which states that 

skeletal units develop and evolve in response to the functional demands of surrounding soft 

tissues and cavities. Although some studies have moderated the relative importance of 

functional matrices (e.g., brain, nasal, and oral cavities) in shaping cranial modularity and 

morphological variation (e.g., Lieberman, 2011a,b; Esteve-Altava & Rasskin-Gutman, 2014), 

the influence of functional matrices is generally acknowledged in craniofacial development. 

However, there are few studies that evaluate the modularity of the cranium in relation to, or 

together with, its surrounding soft tissues (e.g., Richtsmeier et al., 2006; Esteve-Altava et al., 

2015b). 

 

(b) The mandible 

Closely related functionally, developmentally, and topologically to the cranium, the mandible 

is often studied as a separate morphological structure in studies on modularity (Fig. 4B). 

According to developmental and genetic criteria, the mandible comprises two modules: an 

anterior alveolar region and an posterior condylar ramus (Klingenberg, Mebus & Auffray, 

2003). This division is also functional because the alveolar module bears the dentition, while 

the condylar ramus articulates with the cranium and serves as the insertion surface for many 

masticatory muscles. However, according to functional and evolutionary criteria the mandible 

can be further sub-divided into five modules: the tooth-bearing incisor zone and the molar 

zone in the alveolar zone; the coronoid, condylar, and angular processes in the ramus region 

(e.g., Ehrich et al., 2003; Renaud, Alibert & Auffray, 2012). Moreover, the dentition can be 



 

 

considered as a module within the jawbone, or as a semi-autonomous system that is further 

divided into tooth-row modules and tooth modules (e.g., Labonne et al., 2014). 

 

(c) The postcranial skeleton 

The study of modularity in the postcranial skeleton has focused mainly on the limbs (Fig. 4C). 

The limb is commonly divided according to functional and developmental criteria into the 

stylopod (humerus; femur), the zeugopod (ulna and radius; tibia and fibula), and the autopod 

(wrist and fingers; ankle and toes). Various studies approach the modularity of limbs by 

comparing patterns of morphological integration among these three units in the same limb, 

between left and right limbs, or between forelimb and hindlimb (see also Goswami et al., 

2014; Martín-Serra et al., 2015).  A less-common approach is the study of modularity within a 

single bone, such as the scapula (Young, 2004), the humerus (Arias-Martorell et al., 2014), 

and the tibia (Tallman et al., 2013). 

 

(d) The brain of primates 

The morphological division of the brain is commonly related to the embryonic origin of each 

of its parts: the forebrain (telencephalon and diencephalon), the midbrain (mesencephalon), 

and the hindbrain (metencephalon and myelencephalon) (Redies & Puelles, 2001). 

Alternatively, the brain is organized into left and right hemispheres, and these, in turn, into 

regions or lobes: frontal, parietal, temporal, and occipital (Marrelec et al., 2008). Brain 

modules are also studied in relation to their functioning, as regions that interact to perform a 

given task (i.e., functional integration) in normal and pathological conditions. More recently, 

Gómez-Robles et al. (2014) studied the morphological modularity of the brain at larger and 

finer scales, using geometric morphometrics to compare the morphological integration of 



 

 

various divisions of the brain according to functional, structural, evolutionary, and 

developmental criteria (Fig. 5). 

 

(e) The insect wing 

Arthropods have a clearly recognizable modular body plan (Wagner, 1990), and yet the study 

of this group has focussed mainly on the insect wing. The most common division of the wing 

is into two modules: anterior and posterior (Klingenberg et al., 2001) (Fig. 6A). In insects 

with two pairs of wings, the forewing and the hindwing also have been reported as 

representing two different modules. Other geometric divisions, based on the wing patterns, 

have been used to describe the wings of some insects (e.g., the nymphalid ground plan; see 

Suzuki, 2013). 

 

(f) Angiosperms 

The gross morphology of flowering plants shows often a modular division into vegetative 

parts (roots, stems and leaves) and reproductive parts (flowers) (Fig. 6B). The distinction 

between vegetative and reproductive modules has its origin in the work of Berg (1960) on 

phenotypic pleiades (Conner & Lande, 2014). Current research on plant modularity focuses 

on uncovering more precisely the contribution of genetic and developmental constraints, and 

of natural selection (in particular, that related to pollination), in the organization of 

phenotypic integration (e.g., Murren, 2002; Rosas-Guerrero et al., 2011). In general, most of 

our knowledge on plant modularity comes from the study of flowers; in the reviewed 

literature, the results suggest a division of the flower into functional and developmental 

modules, as well as into pollen-transfer and pollinator-attraction modules. The modularity of 

the flower has been recently reviewed in detail by Diggle (2014). 

 



 

 

(4) Future research into morphological modularity 

The panoramic view presented herein calls into question the common assumption that 

modularity is widespread in all body plans, because most of our knowledge regarding 

morphological modularity derives from the study of a few over-represented groups (model 

organisms and humans). Directing our attention to under-represented organisms will fill this 

knowledge gap and also has the potential to reveal previously unknown mechanisms guiding 

the establishment of morphological modules. A similar argument can be made for the systems 

and materials of study (Section III.1); most of our knowledge comes from hard tissues in 

vertebrates, thus modularity patterns in other soft tissues (except perhaps the brain) are less 

well known (Section III.3). Studying morphological modularity in under-represented groups 

and systems requires a more-inclusive definition of morphological modularity, such as the 

minimum definition (Section I.1) used herein: a group of body parts that are more integrated 

(i.e., interact more) between themselves than they are to other parts outside the group. This 

definition applies, for example, to sponges as well as to vertebrates, and to soft tissues as well 

as hard tissues. Other methods are available to explore modularity in addition to 

morphometrics, such as anatomical networks. Combining these will help understand how 

modularity is expressed at a morphological level; for example, combining morphometrics and 

anatomical network approaches can be used to test how topology affects shape, and vice 

versa, in making the heterogeneous patterns of form that we identify as modules (some 

studies have already begun to do this, see e.g., Perez et al., 2009; Suzuki, 2013). Finally, there 

is a need to discriminate more clearly between developmental and functional mechanisms 

determining (i.e., explaining) the formation of morphological modules. The results of this 

review suggest that all too often studies fail to discriminate between internal and external 

factors as the causal agents of modularity. We must acknowledge however that in nature 

developmental and functional factors are intimately intertwined in shaping organismal form. 



 

 

However, experimental studies in the laboratory now allow us to investigate in more detail the 

relative influences of internal versus external factors (or their indissoluble integration, if it is 

so) in the formation of morphological modules. 

 

IV. CONCLUSIONS 

(1) The findings of this systematic review identified certain biases that must be overcome in 

order to reveal a new picture of how morphological modularity develops and evolves in 

complex living beings. 

(2) The reviewed evidence suggests that our knowledge about morphological modularity is 

biased towards the study of mammals (in particular, Homo and Mus), whereas plants and 

arthropods are under-represented despite having an a priori well-defined modular body plan. 

This bias raises questions regarding the ubiquity of morphological modularity, because we 

lack first-hand evidence for many body plans. More studies of these under-represented 

organisms (including non-model organisms) and body plans would help to understand 

whether, as it is generally assumed, modularity is widespread in multicellular eukaryotes. 

(3) Although the head of vertebrates has been well studied, muscles and other soft tissues 

(except the brain) often are not considered. This reinforces a bias towards hard tissues that 

fails to consider the impact of muscles in shaping the head’s modularity. Hence, we know 

relatively little about the morphological modularity of systems composed only of soft tissues, 

or of systems combining hard and soft tissues. 

(4) Most (73%) studies report the presence of morphological modules, whereas only 27% 

revealed that integration among parts was stronger than modularity. This indicates that, even 

though modularity might be ubiquitous, the degree of modularity versus integration varies 

depending on the morphological system studied, as expected if one considers a hierarchical 



 

 

organization of the body. Studies reporting whole-system integration or modularity were not 

related to any particular taxonomic group or methodological approach. 

(5) Factors explaining modularity and whole-system integration vary between animals and 

plants. In animals, developmental and functional factors are used to a similar extent to explain 

the presence or absence of morphological modules. In plants, function and environment 

(external factors) are most frequently used to explain a modular phenotype, while 

development and genes (internal factors) tend to be used to explain whole-phenotype 

integration. 

 

V. ACKNOWLEDGEMENTS 

I thank Diego Rasskin-Gutman and Rui Diogo for their feedback and discussions on 

modularity. This work would not have been possible without all the authors that made their 

articles available through public repositories and webpages. I thank Maria Marín and Carles 

Felip-León for their help in gathering full texts via institutional subscriptions to journals, and 

to Anna Loy, Erin Maxwell, Günter Wagner, John Maisay, and Pamela Diggle for kindly 

sending copies of their articles. This project received funding from the European Union’s 

Horizon 2020 research and innovation programme under Marie Sklodowska-Curie grant 

agreement No 654155. 

 

VI. REFERENCES 

ACKERMANN, R. R. (2005). Ontogenetic integration of the hominoid face. Journal of Human 

Evolution 48, 175–97. 

ADAMS, D. C. (2016). Evaluating modularity in morphometric data: challenges with the RV 

coefficient and a new test measure. Methods in Ecology and Evolution, DOI: 

10.1111/2041-210X.12511. 



 

 

ADAMS, D. C. & FELICE, R. N. (2014). Assessing trait covariation and morphological 

integration on phylogenies using evolutionary covariance matrices. PLoS One 9, 

e94335. 

ADAMS, D. C., ROHLF, F. J. & SLICE, D. E. (2013). A field comes of age: geometric 

morphometrics in the 21st century. Hystrix, Italian Journal of Mammalogy 24, 7–14. 

ADAMS, R. A. (1998). Evolutionary implications of developmental and functional integration in 

bat wings. Journal of Zoology 246, 165–174. 

ALARCÓN, J. A., BASTIR, M., GARCIA–ESPONA, I., MENÉNDEZ–NUÑEZ, M. & ROSAS, A. (2014). 

Morphological integration of mandible and cranium: orthodontic implications. Archives 

of Oral Biology 59, 22–9. 

ALBA, D. M., ALMÉCIJA, S., CASANOVAS–VILAR, I., MÉNDEZ, J. M. & MOYÁ–SOLÁ, S. (2012). 

A partial skeleton of the fossil great ape Hispanopithecus laietanus from Can Feu and 

the mosaic evolution of crown–hominoid positional behaviors. PLoS One 7, e39617. 

ÁLVAREZ, A., PÉREZ, S. I. & VERZI, D. H. (2015). The role of evolutionary integration in the 

morphological evolution of the skull of caviomorph rodents (Rodentia: 

Hystricomorpha). Evolutionary Biology 42, 312–327. 

ÁRIAS–MARTORELL, J., POTAU, J. M., BELLO–HELLEGOUARCH, G. & PÉREZ–PÉREZ, A. (2014). 

Developmental versus functional three–dimensional geometric morphometric–based 

modularity of the human proximal humerus. American Journal of Physical 

Anthropology 154, 459–65. 

ARMBRUSTER, W. S., DI STILIO, V. S., TUXILL, J. D., FLORES, T. C. & VELASQUEZ–RUNK, J. L. 

(1999). Covariance and decoupling of floral and vegetative traits in nine Neotropical 

plants: a re–evaluation of Berg's correlation–pleiades concept. American Journal of 

Botany 86, 39–55. 

ATKINSON, E. G., ROGERS, J., MAHANEY, M. C., COX, L. A. & CHEVERUD, J. M. (2015). Cortical 



 

 

folding of the primate brain: an interdisciplinary examination of the genetic 

architecture, modularity, and evolvability of a significant neurological trait in pedigreed 

baboons (genus Papio). Genetics 114, 173443. 

BACIGALUPE, L. D., BUSTAMANTE, D. M., BOZINOVIC, F. & NESPOLO, R. F. (2010). Phenotypic 

integration of morphology and energetic performance under routine capacities: a study 

in the leaf–eared mouse Phyllotis darwini. Journal of Comparative Physiology B 180, 

293–9. 

BADYAEV, A. V. & FORESMAN, K. R. (2004). Evolution of morphological integration. I. 

Functional units channel stress–induced variation in shrew mandibles. American 

Naturalist 163, 868–79. 

BADYAEV, A. V., FORESMAN, K. R. & YOUNG, R. L. (2005). Evolution of morphological 

integration: developmental accommodation of stress–induced variation. American 

Naturalist 166, 382–95. 

BARANZELLI, M. C., SERSIC, A. N. & COCUCCI, A. A. (2014). The search for Pleiades in trait 

constellations: functional integration and phenotypic selection in the complex flowers of 

Morrenia brachystephana (Apocynaceae). Journal of Evolutionary Biology 27, 724–36. 

BARTON, R. A. & HARVEY, P. H. (2000). Mosaic evolution of brain structure in mammals. 

Nature 405, 1055–8. 

BASTIR, M. (2008). A systems–model for the morphological analysis of integration and 

modularity in human craniofacial evolution. Journal of Anthropological Sciences 86, 

37–58. 

BASTIR, M. & ROSAS, A. (2005). Hierarchical nature of morphological integration and 

modularity in the human posterior face. American Journal of Physical Anthropology 

128, 26–34. 

BASTIR, M. & ROSAS, A. (2009). Mosaic evolution of the basicranium in Homo and its relation 



 

 

to modular development. Evolutionary Biology 36, 57–70. 

BELDADE, P., KOOPS, K. & BRAKEFIELD, P. M. (2002). Modularity, individuality, and evo–devo 

in butterfly wings. Proceedings of the National Academy of Sciences 99, 14262–14267. 

BENÍTEZ, H. A., LEMIC, D., BAŽOK, R., BRAVI, R., BUKETA, M. & PÜSCHEL, T. (2014). 

Morphological integration and modularity in Diabrotica virgifera virgifera LeConte 

(Coleoptera: Chrysomelidae) hind wings. Zoologischer Anzeiger 253, 461–468. 

BERG, R. L. (1960). The ecological significance of correlation pleiades. Evolution 14, 171–180. 

BIRD, N. C. & WEBB, J. F. (2014). Heterochrony, modularity, and the functional evolution of 

the mechanosensory lateral line canal system of fishes. EvoDevo 5, 21. 

BISSELL, E. K. & DIGGLE, P. K. (2008). Floral morphology in Nicotiana: architectural and 

temporal effects on phenotypic integration. International Journal of Plant Sciences 169, 

225–240. 

BISSELL, E. K. & DIGGLE, P. K. (2010). Modular genetic architecture of floral morphology in 

Nicotiana: quantitative genetic and comparative phenotypic approaches to floral 

integration. Journal of Evolutionary Biology 23, 1744–1758. 

BOLKER, J. A. (2000). Modularity in development and why it matters to Evo–Devo. American 

Zoologist 40, 770–776. 

BUCHHOLTZ, E. A. (2007). Modular evolution of the Cetacean vertebral column. Evolution & 

Development 9, 278–289. 

BURGIO, G., BAYLAC, M., HEYER, E. & MONTAGUTELLI, X. (2009). Genetic analysis of skull 

shape variation and morphological integration in the mouse using interspecific 

recombinant congenic strains between C57BL/6 and mice of the Mus spretus species. 

Evolution 63, 2668–2686. 

BURGIO, G., BAYLAC, M., HEYER, E. & MONTAGUTELLI, X. (2012). Exploration of the genetic 

organization of morphological modularity on the mouse mandible using a set of 



 

 

interspecific recombinant congenic strains between C57BL/6 and mice of the Mus 

spretus species. G3 2, 1257–1268. 

CALLEBAUT, W. (2005). The ubiquity of modularity. In Modularity: Understanding the 

development and evolution of natural complex systems (eds W. CALLEBAUT and D. 

RASSKIN–GUTMAN), pp. 3–28. MIT Press, Cambridge. 

CALLEBAUT, W. & RASSKIN–GUTMAN, D. (2005). Modularity: Understanding the development 

and evolution of natural complex systems. MIT press, Cambridge. 

CARDINI, A. & ELTON, S. (2008). Does the skull carry a phylogenetic signal? Evolution and 

modularity in the guenons. Biological Journal of the Linnaean Society 93, 813–834. 

CHÁVEZ, M., VALENCIA, M., NAVARRO, V., LATORA, V. & MARTINERIE, J. (2010). Functional 

modularity of background activities in normal and epileptic brain networks. Physical 

Review Letters 104, 118701. 

CHEN, M. & DEEM, M. W. (2015). Development of modularity in the neural activity of 

children's brains. Physical Biology 12, 016009. 

CHERNOFF, B. & MAGWENE, P. M. (1999). Afterword. In Morphological integration (eds E. C. 

OLSON & P. L. MILLER), pp. 319–353. Chicago University Press, Chicago. 

CHEVERUD, J. M. (1982). Phenotypic, genetic, and environmental morphological integration in 

the cranium. Evolution 36, 499–516. 

CHEVERUD, J. M. (1995). Morphological integration in the saddle–back tamarin (Saguinus 

fuscicollis) cranium. American Naturalist 1, 63–89. 

CHEVERUD, J. M. (1996). Developmental integration and the evolution of pleiotropy. American 

Zoologist 36, 44–50. 

CHEVERUD, J. M., EHRICH, T. H., VAUGHN, T. T., KOREISHI, S. F., LINSEY, R. B. & PLETSCHER, 

L. S. (2004). Pleiotropic effects on mandibular morphology II: differential epistasis and 

genetic variation in morphological integration. Journal of Experimental Zoology Part B 



 

 

Molecular and Developmental Evolution 302, 424–35. 

CLAVERIE, T. & PATEK, S. N. (2013). Modularity and rates of evolutionary change in a power–

amplified prey capture system. Evolution 67, 3191–207. 

CLAVERIE, T., CHAN, E. & PATEK, S. N. (2011). Modularity and scaling in fast movements: 

power amplification in mantis shrimp. Evolution 65, 443–61. 

CONNER, J. K. & LANDE, R. (2014). Raissa L. Berg’s contributions to the study of phenotypic 

integration, with a professional biographical sketch. Philosophical Transactions of the 

Royal Society Part B 369, 20130250. 

COOPER, W. J., WERNLE, J., MANN, K. & ALBERTSON, R. C. (2011). Functional and genetic 

integration in the skulls of Lake Malawi cichlids. Evolutionary Biology 38, 316–334. 

CÓRDOBA, S. A., BENÍTEZ–VIEYRA, S. & COCUCCI, A. A. (2015). Functional modularity in a 

forcible flower mechanism: relationships among morphology, biomechanical features 

and fitness. Evolutionary Ecology 29, 719–732. 

CRACRAFT, J. (1970). Mandible of Archaeopteryx provides an example of mosaic evolution. 

Nature 226, 1268. 

DELEZENE, L. K. (2015). Modularity of the anthropoid dentition: Implications for the evolution 

of the hominin canine honing complex. Journal of Human Evolution 86, 1–12. 

DENTON, J. S. & ADAMS, D. C. (2015). A new phylogenetic test for comparing multiple high–

dimensional evolutionary rates suggests interplay of evolutionary rates and modularity 

in lanternfishes (Myctophiformes 

DEWEL, R. A., DEWEL, W. C. & MCKINNEY, F. K. (2001). Diversification of the Metazoa: 

Ediacarans, colonies, and the origin of eumetazoan complexity by nested modularity. 

Journal of the History of Biology 15, 193–218. 



 

 

DIGGLE, P. K. (2014). Modularity and intra–floral integration in metameric organisms: plants 

are more than the sum of their parts. Philosophical Transactions of the Royal Society 

Part B 369, 20130253. 

DIOGO, R. & WOOD, B. (2011). Soft–tissue anatomy of the primates: phylogenetic analyses 

based on the muscles of the head, neck, pectoral region and upper limb, with notes on 

the evolution of these muscles. Journal of Anatomy 219, 273–359. 

DIOGO, R. & WOOD, B. (2013). The broader evolutionary lessons to be learned from a 

comparative and phylogenetic analysis of primate muscle morphology. Biological 

Reviews 88, 988–1001. 

DRAKE, A. G. & KLINGENBERG, C. P. (2010). Large–scale diversification of skull shape in 

domestic dogs: disparity and modularity. American Naturalist 175, 289–301. 

EBLE, G. J. (2005). Morphological modularity and macroevolution. In Modularity: 

Understanding the development and evolution of natural complex systems (ed. W. 

CALLEBAUT and D. RASSKIN–GUTMAN), pp. 221–238. MIT Press, Cambridge. 

EDWARDS, C. E. & WEINIG, C. (2011). The quantitative–genetic and QTL architecture of trait 

integration and modularity in Brassica rapa across simulated seasonal settings. 

Heredity 106, 661–677. 

EHRICH, T. H., VAUGHN, T. T., KOREISHI, S. F., LINSEY, R. B., PLETSCHER, L. S. & CHEVERUD, 

J. M. (2003). Pleiotropic effects on mandibular morphology I. Developmental 

morphological integration and differential dominance. Journal of Experimental Zoology 

Part B Molecular and Developmental Evolution 296, 58–79. 

EHRICH, T. H., VAUGHN, T. T., KOREISHI, S. F., LINSEY, R. B., PLETSCHER, L. S. & CHEVERUD, 

J. M. (2003). Pleiotropic effects on mandibular morphology I. Developmental 

morphological integration and differential dominance. Journal of Experimental Zoology 

Part B Molecular and Developmental Evolution 296, 58–79. 



 

 

ERESKOVSKII, A. V. (2003). Problems of coloniality, modularity, and individuality in sponges 

and special features of their morphogenesis during growth and asexual reproduction. 

Russian Journal of Marine Biology 29, 46–56. 

EROUKHMANOFF, F. & SVENSSON, E. I. (2008). Phenotypic integration and conserved 

covariance structure in calopterygid damselflies. Journal of Evolutionary Biology 21, 

514–526. 

ESTEVE–ALTAVA, B. & RASSKIN–GUTMAN, D. (2014). Beyond the functional matrix 

hypothesis: a network null model of human skull growth for the formation of bone 

articulations. Journal of Anatomy 225, 306–316. 

ESTEVE–ALTAVA, B. & RASSKIN–GUTMAN, D. (2015). Evo–Devo insights from pathological 

networks: exploring craniosynostosis as a developmental mechanism for modularity and 

complexity in the human skull. Journal of Anthropological Sciences 93, 1–15. 

ESTEVE–ALTAVA, B., BOUGHNER, J. C., DIOGO, R., VILLMOARE, B. A. & RASSKIN–GUTMAN, D. 

(2015a). Anatomical network analysis shows decoupling of modular lability and 

complexity in the evolution of the primate skull. PLoS One 10, e0127653. 

ESTEVE–ALTAVA, B., DIOGO, R., SMITH, C., BOUGHNER, J. C. & RASSKIN–GUTMAN, D. (2015b). 

Anatomical networks reveal the musculoskeletal modularity of the human head. 

Scientific Reports 5, 8298. 

ESTEVE–ALTAVA, B., MARUGAN–LOBON, J., BOTELLA, H., BASTIR, M. & RASSKIN–GUTMAN, D. 

(2013). Grist for Riedl’s mill: a network model perspective on the integration and 

modularity of the human skull. Journal of Experimental Zoology Part B Molecular and 

Developmental Evolution 320, 489–500. 

EVTEEV, A. A. & NANOVA, O. G. (2013). Modularity and integration in ontogeny of the middle 

facial skeleton in two West African monkey species: collared mangabey (Cercocebus 

torquatus) and olive colobus (Procolobus verus). Russian Journal of Theriology 12, 1–



 

 

18. 

FABRE, A. C., GOSWAMI, A., PEIGNE, S. & CORNETTE, R. (2014). Morphological integration in 

the forelimb of musteloid carnivorans. Journal of Anatomy 225, 19–30. 

FAN, J., HOF, P. R., GUISE, K. G., FOSSELLA, J. A. & PONSER, M. I. (2008). The functional 

integration of the anterior cingulate cortex during conflict processing. Cerebral Cortex 

18, 796–805. 

FERRARINI, L., VEER, I. M., BAERENDS, E., VAN TOL, M. J., RENKEN, R. J., VAN DER WEE, N. J., 

VELTMAN, D. J., ALEMAN, A., ZITMAN, F. G., PENNINX, B. W., VAN BUCHEM, M. A., 

REIBER, J. H., ROMBOUTS, S. A. & MILLES, J. (2009). Hierarchical functional modularity 

in the resting–state human brain. Human Brain Mapping 30, 2220–2231. 

FORTUNATO, S. (2010). Community detection in graphs. Physics Reports 486, 75–174. 

FRIEDMAN, W. E. & WILLIAMS, J. H. (2003). Modularity of the angiosperm female gametophyte 

and its bearing on the early evolution of endosperm in flowering plants. Evolution 57, 

216–30. 

GARCIA, G., DE OLIVEIRA, F. B. & MARROIG, G. (2015). Modularity and morphometrics: error 

rates in hypothesis testing. bioRxiv. DOI: http://dx.doi.org/10.1101/030874. 

GARCIA, G., HINGST–ZAHER, E., CERQUEIRA, R. & MARROIG, G. (2014). Quantitative genetics 

and modularity in cranial and mandibular morphology of Calomys expulsus. 

Evolutionary Biology 41, 619–636. 

GEHANNO, J.–F., ROLLIN, L. & DARMONI, S. (2013). Is the coverage of Google Scholar enough 

to be used alone for systematic reviews. BMC Medical Information Decision 13, 7. 

GERBER, S. & HOPKINS, M. J. (2011). Mosaic heterochrony and evolutionary modularity: the 

trilobite genus Zacanthopsis as a case study. Evolution 65, 3241–3252. 

GKANTIDIS, N. & HALAZONETIS, D. J. (2011). Morphological integration between the cranial 

base and the face in children and adults. Journal of Anatomy 218, 426–438. 



 

 

GÓMEZ–ROBLES A. & POLLY, P. D. (2012). Morphological integration in the hominin dentition: 

evolutionary, developmental, and functional factors. Evolution 66, 1024–1043. 

GÓMEZ–ROBLES, A., HOPKINS, W. D. & SHERWOOD, C. C. (2014). Modular structure facilitates 

mosaic evolution of the brain in chimpanzees and humans. Nature Communications 5, 

4469. 

GÓMEZ–ROBLES, A., MARTINON–TORRES, M., BERMÚDEZ DE CASTRO, J. M., PRADO–SIMÓN, L. 

& ARSUAGA, J. L. (2011). A geometric morphometric analysis of hominin upper 

premolars. Shape variation and morphological integration. Journal of Human Evolution 

61, 688–702. 

GONZÁLEZ‐ JOSÉ, R., VAN DER MOLEN, S., GONZÁLEZ‐ PÉREZ, E. & HERNÁNDEZ, M. (2004). 

Patterns of phenotypic covariation and correlation in modern humans as viewed from 

morphological integration. American Journal of Physical Anthropology 123, 69–77. 

GONZÁLEZ, P. N., OYHENART, E. E. & HALLGRÍMSSON, B. (2011). Effects of environmental 

perturbations during postnatal development on the phenotypic integration of the skull. 

Journal of Experimental Zoology Part B Molecular and Developmental Evolution 316, 

547–61. 

GOSWAMI, A. (2006). Morphological integration in the carnivoran skull. Evolution 60, 169–83. 

GOSWAMI, A. (2007). Cranial modularity and sequence heterochrony in mammals. Evolution & 

Development 9, 290–298. 

GOSWAMI, A. & POLLY, P. D. (2010). The influence of modularity on cranial morphological 

disparity in Carnivora and Primates (Mammalia). PLoS One 5, e9517. 

GOSWAMI, A., SMAERS, J. B., SOLIGO, C. & POLLY, P. D. (2014). The macroevolutionary 

consequences of phenotypic integration: from development to deep time. Philosophical 

Transactions of the Royal Society Part B 369, 20130254. 

GOSWAMI, A., WEISBECKER, V. & SÁNCHEZ–VILLAGRA, M. R. (2009). Developmental 



 

 

modularity and the marsupial–placental dichotomy. Journal of Experimental Zoology 

Part B Molecular and Developmental Evolution 312, 186–195. 

GUIDARELLI, G., NICOLOSI, P., FUSCO, G., DE FRANCESCO, M. C. & LOY, A. (2014). 

Morphological variation and modularity in the mandible of three Mediterranean dolphin 

species. Italian Journal of Zoology 81, 354–367. 

GUTIERREZ–IBAÑEZ, C., IWANIUK, A. N., MOORE, B. A., FERNÁNDEZ–JURICIC, E., CORFIELD, J. 

R., KRILOW, J. M., KOLOMINSKY, J. & WYLIE, D. R. (2014). Mosaic and concerted 

evolution in the visual system of birds. PLoS One 9, e90102. 

HABER, A. (2015). The evolution of morphological integration in the ruminant skull. 

Evolutionary Biology 42, 99–114. 

HALLGRIMSSON, B., JAMNICZKY, H., YOUNG, N. M., ROLIAN, C., PARSONS, T. E., BOUGHNER, J. 

C. & MARCUCIO, R. S. (2009). Deciphering the palimpsest: studying the relationship 

between morphological integration and phenotypic covariation. Evolutionary Biology 

36, 355–376. 

HALLGRÍMSSON, B., WILLMORE, K. & HALL, B. K. (2002). Canalization, developmental 

stability, and morphological integration in primate limbs. American Journal of Physical 

Anthropology 35, 131–158. 

HALLGRÍMSSON, B., WILLMORE, K., DORVAL, C. & COOPER, D. M. (2004). Craniofacial 

variability and modularity in macaques and mice. Journal of Experimental Zoology Part 

B Molecular and Developmental Evolution 302, 207–225. 

HAMRICK, M. W. (2012). The developmental origins of mosaic evolution in the primate limb 

skeleton. Evolutionary Biology 39, 447–455. 

HANKEN, J., SUMMERS, C. H. & HALL, B. K. (1989). Morphological integration in the cranium 

during anuran metamorphosis. Experientia 45, 872–875. 

HLUSKO, L. J. & MAHANEY, M. C. (2009). Quantitative genetics, pleiotropy, and morphological 



 

 

integration in the dentition of Papio hamadryas. Evolutionary Biology 36, 5–18. 

HLUSKO, L. J., SAGE, R. D. & MAHANEY, M. C. (2011). Modularity in the mammalian dentition: 

mice and monkeys share a common dental genetic architecture. Journal of Experimental 

Zoology Part B Molecular and Developmental Evolution 316, 21–49. 

HU, Y., PARSONS, K. J. & ALBERTSON, R. C. (2014). Evolvability of the cichlid jaw: new tools 

provide insights into the genetic basis of phenotypic integration. Evolutionary Biology 

41, 145–153. 

HÜNEMEIER, T., GÓMEZ–VALDÉS, J., AZEVEDO, S., QUINTO–SÁNCHEZ, M., PASSAGLIA, L., 

SALZANO, F. M., SÁNCHEZ–MEJORADA, G., ALONZO, V. A., MARTÍNEZ–ABADÍAS, N. & 

BORTOLINI, M. C. (2014). FGFR1 signaling is associated with the magnitude of 

morphological integration in human head shape. American Journal of Human Biology 

26, 164–175. 

ILIES, I., MUSCEDERE, M. L. & TRANIELLO, J. F. (2015). Neuroanatomical and morphological 

trait clusters in the ant genus Pheidole: evidence for modularity and integration in brain 

structure. Brain, Behavior and Evolution 85, 63–76. 

ITO, T., NISHIMURA, T. D., HAMADA, Y. & TAKAI, M. (2015). Contribution of the maxillary 

sinus to the modularity and variability of nasal cavity shape in Japanese macaques. 

Primates 56, 11–19. 

IVANOVIC, A. & KALEZIC, M. L. (2010). Testing the hypothesis of morphological integration on 

a skull of a vertebrate with a biphasic life cycle: a case study of the alpine newt. Journal 

of Experimental Zoology Part B Molecular and Developmental Evolution 314, 527–

538. 

IWANIUK, A. N., DEAN, K. M. & NELSON, J. E. (2004). A mosaic pattern characterizes the 

evolution of the avian brain. Proceedings of the Royal Society B: Biological Sciences 

271, 148–151. 



 

 

JAMNICZKY, H. A. & HALLGRÍMSSON, B. (2011). Modularity in the skull and cranial vasculature 

of laboratory mice: implications for the evolution of complex phenotypes. Evolution & 

Development 13, 28–37. 

JAMNICZKY, H. A., HARPER, E. E., GARNER, R., CRESKO, W. A., WAINWRIGHT, P. C., 

HALLGRÍMSSON, B. & KIMMEL, C. B. (2014). Association between integration structure 

and functional evolution in the opercular four‐ bar apparatus of the threespine 

stickleback, Gasterosteus aculeatus (Pisces: Gasterosteidae). Biological Journal of the 

Linnaean Society 111, 375–390. 

JOJIC, V., BLAGOJEVIC, J., IVANOVIC, A., BUGARSKI–STANOJEVIC, V. & VUJOSEVIC, M. (2007). 

Morphological integration of the mandible in yellow–necked field mice: the effects of B 

chromosomes. Journal of Mammalogy 88, 689–695. 

JOJIC, V., BUDINSKI, I., BLAGOJEVIC, J. & VUJOSEVIC, M. (2015). Mandibular and cranial 

modularity in the greater horseshoe bat Rhinolophus ferrumequinum (Chiroptera: 

Rhinolophidae). Hystrix, International Journal of Mammalogy 26, 2. 

KAJI, T. & TSUKAGOSHI, A. (2010). Heterochrony and modularity in the degeneration of 

maxillopodan nauplius eyes. Biological Journal of the Linnaean Society 99, 521–529. 

KIVELL, T. L., KIBII, J. M., CHURCHILL, S. E., SCHMID, P. & BERGER, L. R. (2011). 

Australopithecus sediba hand demonstrates mosaic evolution of locomotor and 

manipulative abilities. Science 333, 1411–1417. 

KLINGENBERG, C. P. (2008). Morphological integration and developmental modularity. Annual 

Reviews in Ecology, Evolution and Systematics 39, 115–132. 

KLINGENBERG, C. P. (2009). Morphometric integration and modularity in configurations of 

landmarks: tools for evaluating a priori hypotheses. Evolution & Development 11, 405–

421. 



 

 

KLINGENBERG, C. P. (2014). Studying morphological integration and modularity at multiple 

levels: concepts and analysis. Philosophical Transactions of the Royal Society Part B 

369, 20130249. 

KLINGENBERG, C. P. & MARUGÁN–LOBÓN, J. (2013). Evolutionary covariation in geometric 

morphometric data: analyzing integration, modularity, and allometry in a phylogenetic 

context. Systematic Biology 62, 591–610. 

KLINGENBERG, C. P. & ZAKLAN, S. D. (2000). Morphological integration between 

developmental compartments in the Drosophila wing. Evolution 54, 1273–1285. 

KLINGENBERG, C. P., BADYAEV, A. V., SOWRY, S. M. & BECKWITH, N. J. (2001). Inferring 

developmental modularity from morphological integration: analysis of individual 

variation and asymmetry in bumblebee wings. American Naturalist 157, 11–23. 

KLINGENBERG, C. P., DUTTKE, S., WHELAN, S. & KIM, M. (2012). Developmental plasticity, 

morphological variation and evolvability: a multilevel analysis of morphometric 

integration in the shape of compound leaves. Journal of Evolutionary Biology 25, 115–

129. 

KLINGENBERG, C. P., LEAMY, L. J. & CHEVERUD, J. M. (2004). Integration and modularity of 

quantitative trait locus effects on geometric shape in the mouse mandible. Genetics 166, 

1909–1921. 

KLINGENBERG, C. P., MEBUS, K. & AUFFRAY, J. C. (2003). Developmental integration in a 

complex morphological structure: how distinct are the modules in the mouse mandible? 

Evolution & Development 5, 522–531. 

KOLAROV, N. T., IVANOVIC, A. & KALEZIC, M. L. (2011). Morphological integration and 

ontogenetic niche shift: a study of crested newt limbs. Journal of Experimental Zoology 

Part B Molecular and Developmental Evolution 316, 296–305. 

KOLB, E. M., REZENDE, E. L., HOLNESS, L., RADTKE, A., LEE, S. K., OBENAUS, A. & GARLAND, 



 

 

T. (2013). Mice selectively bred for high voluntary wheel running have larger 

midbrains: support for the mosaic model of brain evolution. Journal of Experimental 

Zoology 216, 515–523. 

KONUMA, J., YAMAMOTO, S. & SOTA, T. (2014). Morphological integration and pleiotropy in 

the adaptive body shape of the snail–feeding carabid beetle Damaster blaptoides. 

Molecular Ecology 23, 5843–5854. 

KOYABU, D., ENDO, H., MITGUTSCH, C., SUWA, G., CATANIA, K. C., ZOLLIKOFER, C. P., ODA, 

S., KOYASU, K., ANDO, M. & SÁNCHEZ–VILLAGRA, M. R. (2011). Heterochrony and 

developmental modularity of cranial osteogenesis in lipotyphlan mammals. EvoDevo 2, 

21. 

KOYABU, D., WERNEBURG, I., MORIMOTO, N., ZOLLIKOFER, C. P. E., FORASIEPI, A. M., ENDO, 

H., KIMURA, J., OHDACHI, S. D., SON, N. T. & SÁNCHEZ–VILLAGRA, M. R. (2014). 

Mammalian skull heterochrony reveals modular evolution and a link between cranial 

development and brain size. Nature Communications 5, 3625. 

KURATANI, S. (2009). Modularity, comparative embryology and evo–devo: developmental 

dissection of evolving body plans. Developmental Biology 332, 61–9. 

LABONNE, G., NAVARRO, N., LAFFONT, R., CHATEAU–SMITH, C. & MONTUIRE, S. (2014). 

Developmental integration in a functional unit: deciphering processes from adult dental 

morphology. Evolution & Development 16, 224–232. 

LAFFONT, R., RENVOISÉ, E., NAVARRO, N., ALIBERT, P. & MONTUIRE, S. (2009). Morphological 

modularity and assessment of developmental processes within the vole dental row 

(Microtus arvalis, Arvicolinae: Rodentia). Evolution & Development 11, 302–311. 

LAROUCHE, O., CLOUTIER, R. & ZELDITCH, M. L. (2015). Head, body and fins: patterns of 

morphological integration and modularity in fishes. Evolutionary Biology 42, 296–311. 

LASKER, H. R., BOLLER, M. L., CASTANARO, J. & SÁNCHEZ, J. A. (2003). Determinate growth 



 

 

and modularity in a gorgonian octocoral. Biological Bulletin 205, 319–330. 

LAURIN, M. (2014). Assessment of modularity in the urodele skull: an exploratory analysis 

using ossification sequence data. Journal of Experimental Zoology Part B Molecular 

and Developmental Evolution 322, 567–585. 

LAWLER, R. R. (2008). Morphological integration and natural selection in the postcranium of 

wild verreaux's sifaka (Propithecus verreauxi verreauxi). American Journal of Physical 

Anthropology 136, 204–213. 

LAZIC, M. M., CARRETERO, M. A., CRNOBRNJA–ISAILOVIC, J. & KALIONTZOPOULOU, A. (2015). 

Effects of environmental disturbance on phenotypic variation: an integrated assessment 

of canalization, developmental stability, modularity, and allometry in lizard head shape. 

American Naturalist 185, 44–58. 

LEAMY, L. J., ROUTMAN, E. J. & CHEVERUD, J. M. (1999). Quantitative trait loci for early‐ and 

late‐ developing skull characters in mice: a test of the genetic independence model of 

morphological integration. American Naturalist 153, 201–214. 

LEHOUX, C. & CLOUTIER, R. (2015). Building blocks of a fish head: Developmental and 

variational modularity in a complex system. Journal of Experimental Zoology Part B 

Molecular and Developmental Evolution 324, 614–628. 

LEWTON, K. L. (2012). Evolvability of the primate pelvic girdle. Evolutionary Biology 39, 126–

139. 

LIEBERMAN, D. E. (2011a). Epigenetic integration, complexity, and evolvability of the head: 

rethinking the functional matrix hypothesis. In Epigenetics: Linking genotype and 

phenotype in development and evolution (eds B. HALLGRÍMSSON & B. K. HALL), pp. 

271–289. California University Press, Los Angeles. 

LIEBERMAN, D. E. (2011b). The evolution of the human head. Belknap Press, London. 

LÓPEZ–AGUIRRE, C., PÉREZ–TORRES, J. & WILSON, L. A. B. (2015). Cranial and mandibular 



 

 

shape variation in the genus Carollia (Mammalia: Chiroptera) from Colombia: 

biogeographic patterns and morphological modularity. PeerJ 3, e1197. 

LÓPEZ–GUERRERO, P., ÁLVAREZ–SIERRA, M., GARCÍA–PAREDES, I. & PELÁEZ–CAMPOMANES, 

P. (2014). New cricetodontini from the middle Miocene of Europe: an example of 

mosaic evolution. Bulletin of Geosciences 89, 573–592. 

LÜ, J., UNWIN, D. M., JIN, X., LIU, Y. & JI, Q. (2010). Evidence for modular evolution in a 

long–tailed pterosaur with a pterodactyloid skull. Proceedings of the Royal Society B: 

Biological Sciences 277, 383–389. 

LU, Y. & HUANG, S.–Q. (2010). Higher dimorphism and lower phenotypic integration in 

reproductive traits compared with vegetative traits in a gynodioecious orchid. 

Evolutionary Ecology Research 12, 269. 

MAGWENE, P. M. (2001). New tools for studying integration and modularity. Evolution 55, 

1734–1745. 

MAGWENE, P. M. (2008). Using correlation proximity graphs to study phenotypic integration. 

Evolutionary Biology 35, 191–198. 

MAGWENE, P. M. (2009). Statistical methods for studying modularity: a reply to Mitteroecker 

and Bookstein. Systematic Biology 58, 146–149. 

MAISEY, J. G. (2009). The spine-brush complex in symmoriiform sharks (Chondrichthyes; 

Symmoriiformes), with comments on dorsal fin modularity. Journal of Vertebrate 

Paleontology 29, 14-24. 

MAKEDONSKA, J. (2014). New insights into the phenotypic covariance structure of the 

anthropoid cranium. Journal of Anatomy 225, 634–58. 

MAKEDONSKA, J., WRIGHT, B. W. & STRAIT, D. S. (2012). The effect of dietary adaption on 

cranial morphological integration in capuchins (order Primates, genus Cebus). PLoS 

One 7, e40398. 



 

 

MALVOLTI, M. E., FINESCHI, S. & PIGLIUCCI, M. (1994). Morphological integration and genetic 

variability in Juglans regia L. Journal of Heredity 85, 389–394. 

MANTHI, F. K., PLAVCAN, J. M. & WARD, C. V. (2012). New hominin fossils from Kanapoi, 

Kenya, and the mosaic evolution of canine teeth in early hominins. South African 

Journal of Sciences 108, 1–9. 

MARGRES, M. J., WRAY, K. P., SEAVY, M., MCGIVERN, J. J., SANADER, D. & ROKYTA, D. R. 

(2015). Phenotypic integration in the feeding system of the eastern diamondback 

rattlesnake (Crotalus adamanteus). Molecular Ecology 24, 3405–3420. 

MARRELEC, G., BELLEC, P., KRAINIK, A., DUFFAU, H., PELEGRINI–ISSAC, M., LEHERICY, S., 

BENALI, H. & DOYON, J. (2008). Regions, systems, and the brain: hierarchical measures 

of functional integration in fMRI. Medical Image Analysis 12, 484–96. 

MARROIG, G., DE VIVO, M. & CHEVERUD, J. M. (2004). Cranial evolution in sakis (Pithecia, 

Platyrrhini): evolutionary processes and morphological integration. Journal of 

Evolutionary Biology 17, 144–155. 

MARROIG, G., SHIRAI, L. T., PORTO, A., DE OLIVEIRA, F. B. & DE CONTO, V. (2009). The 

evolution of modularity in the mammalian skull: evolutionary consequences. 

Evolutionary Biology 36, 136–148. 

MARTÍN–SERRA, A., FIGUEIRIDO, B., PEREZ–CLAROS, J. A. & PALMQVIST, P. (2015). Patterns of 

morphological integration in the appendicular skeleton of mammalian carnivores. 

Evolution 69, 321–340. 

MARTÍNEZ–ABADÍAS, N., ESPARZA, M., SJOVOLD, T., GONZÁLEZ–JOSÉ, R., SANTOS, M., 

HERNÁNDEZ, M. & KLINGENBERG, C. P. (2012). Pervasive genetic integration directs the 

evolution of human skull shape. Evolution 66, 1010–1023. 

MARTÍNEZ–ABADIAS, N., HEUZÉ, Y., WANG, Y., JABS, E. W., ALDRIDGE, K. & RICHTSMEIER, J. 

T. (2011). FGF/FGFR signaling coordinates skull development by modulating 



 

 

magnitude of morphological integration: evidence from Apert syndrome mouse models. 

PLoS One 6, e26425. 

MAXWELL, E. E. & DECECCHI, T. A. (2012). Ontogenetic and stratigraphic influence on 

observed phenotypic integration in the limb skeleton of a fossil tetrapod. Paleobiology 

39, 123–134. 

MITTEROECKER, P. & BOOKSTEIN, F. (2008). The evolutionary role of modularity and 

integration in the hominoid cranium. Evolution 62, 943–958. 

MITTEROECKER, P. & BOOKSTEIN, F. L. (2009). Examining modularity via partial correlations: a 

rejoinder to a comment by Paul Magwene. Systematic Biology 58, 346–348. 

MITTEROECKER, P., GUNZ, P., NEUBAUER, S. & MÜLLER, G. (2012). How to explore 

morphological integration in human evolution and development? Evolutionary Biology 

39, 536–553. 

MOLET, M., WHEELER, D. E. & PEETERS, C. (2012). Evolution of novel mosaic castes in ants: 

modularity, phenotypic plasticity, and colonial buffering. American Naturalist 180, 

328–341. 

MONTEIRO, L. R. & ABE, A. S. (1997). Allometry and morphological integration in the skull of 

Tupinambis merianae (Lacertilia: Teiidae). Amphibia–Reptilia 18, 397–405. 

MONTEIRO, L. R. & NOGUEIRA, M. R. (2010). Adaptive radiations, ecological specialization, 

and the evolutionary integration of complex morphological structures. Evolution 64, 

724–744. 

MOORE, W. J. (1981). The Mammalian Skull. Cambridge University Press, Cambridge. 

MORRISH, K. R. & HLUSKO, L. J. (2014). Modularity and sexual dimorphism in human 

metacarpals. PaleoBios 31, 1–20. 

MOSS, M. L. & YOUNG, R. W. (1960). A functional approach to craniology. American Journal 

of Physical Anthropology 18, 281–292. 



 

 

MÜLLER, G. B. (2007). Evo–devo: extending the evolutionary synthesis. Nature Reviews 

Genetics 8, 943–949. 

MUÑOZ–MUÑOZ, F., SANZ–FUENTES, M. A., LÓPEZ–FUSTER, M. J. & VENTURA, J. (2011). 

Evolutionary modularity of the mouse mandible: dissecting the effect of chromosomal 

reorganizations and isolation by distance in a Robertsonian system of Mus musculus 

domesticus. Journal of Evolutionary Biology 24, 1763–1776. 

MURREN, C. J. (2002). Phenotypic integration in plants. Plant Species Biology 17, 89–99. 

MURREN, C. J. (2012). The integrated phenotype. Integrative Comparative Biology 52, 64–76. 

MURREN, C. J., PENDLETON, N. & PIGLIUCCI, M. (2002). Evolution of phenotypic integration in 

Brassica (Brassicaceae). American Journal of Botany 89, 655–663. 

NANOVA, O. G. (2015). Morphological variation and integration of dentition in the Arctic fox 

(Vulpes lagopus): effects of island isolation. Russian Journal Theriology 14, 153–162. 

NATTERO, J., SÉRSIC, A. N. & COCUCCI, A. A. (2010). Patterns of contemporary phenotypic 

selection and flower integration in the hummingbird‐ pollinated Nicotiana glauca 

between populations with different flower–pollinator combinations. Oikos 119, 852–

863. 

NEAUX, D., GILISSEN, E., COUDYZER, W. & GUY, F. (2015). Integration between the face and 

the mandible of Pongo and the evolution of the craniofacial morphology of orangutans. 

American Journal of Physical Anthropology 158, 475–486. 

OKADA, Y., PLATEAUX, L. & PEETERS, C. (2013). Morphological variability of intercastes in the 

ant Temnothorax nylanderi: pattern of trait expression and modularity. Insectes Sociaux 

60, 319–328. 

OLSON, E. C. & MILLER, R. L. (1958). Morphological integration. The University of Chicago 

Press, Chicago. 

OLSON, M. E. & ROSELL, J. A. (2006). Using heterochrony to detect modularity in the evolution 



 

 

of stem diversity in the plant family Moringaceae. Evolution 60, 724–734. 

ONODA, K. & YAMAGUCHI, S. (2013). Small–worldness and modularity of the resting–state 

functional brain network decrease with aging. Neuroscience Letters 556, 104–108. 

ORDANO, M., FORNONI, J., BOEGE, K. & DOMÍNGUEZ, C. A. (2008). The adaptive value of 

phenotypic floral integration. New Phytology 179, 1183–1192. 

PACHUT, J. F. (1992). Morphological integration and covariance during astogeny of an 

Ordovician trepostome bryozoan from communities of different diversities. Journal of 

Paleontology 66, 750–757. 

PAGANO, A. S. & LAITMAN, J. T. (2015). Three‐ dimensional geometric morphometric analysis 

of the nasopharyngeal boundaries and its functional integration with the face and 

external basicranium among extant hominoids. Anatomical Record 298, 85–106. 

PAGE, L. R. (2012). Developmental modularity and phenotypic novelty within a biphasic life 

cycle: morphogenesis of a cone snail venom gland. Proceedings of the Royal Society B: 

Biological Sciences 279, 77–83. 

PARSONS, K. J., COOPER, W. J. & ALBERTSON, R. C. (2011). Modularity of the oral jaws is 

linked to repeated changes in the craniofacial shape of African cichlids. International 

Journal of Evolutionary Biology 1, 641501. 

PARSONS, K. J., MARQUEZ, E. & ALBERTSON, R. C. (2012). Constraint and opportunity: the 

genetic basis and evolution of modularity in the cichlid mandible. American Naturalist 

179, 64–78. 

PAVLICEV, M. & HANSEN, T. F. (2011). Genotype–phenotype maps maximizing evolvability: 

Modularity revisited. Evolutionary Biology 38, 371–389. 

PAZ–GARCIA, D. A., ALDANA–MORENO, A., CABRAL–TENA, R. A., GARCIA–DE–LEÓN, F. J., 

HELLBERG, M. E. & BALART, E. F. (2015). Morphological variation and different branch 

modularity across contrasting flow conditions in dominant Pocillopora reef–building 



 

 

corals. Oecologia 178, 207–218. 

PÉREZ–BARRALES, R., SIMÓN–PORCAR, V. I., SANTOS–GALLY, R. & ARROYO, J. (2014). 

Phenotypic integration in style dimorphic daffodils (Narcissus, Amaryllidaceae) with 

different pollinators. Philos T Roy Soc B 369, 20130258. 

PEREZ, S. I., DE AGUIAR, M. A. M., GUIMARAES JR, P. R. & DOS REIS, S. F. (2009). Searching 

for modular structure in complex phenotypes: inferences from network theory. 

Evolutionary Biology 36, 416–422. 

PIGLIUCCI, M. (2003). Phenotypic integration: studying the ecology and evolution of complex 

phenotypes. Ecology Letters 6, 265–272. 

PIGLIUCCI, M. & HAYDEN, K. (2001). Phenotypic plasticity is the major determinant of changes 

in phenotypic integration in Arabidopsis. New Phytology 152, 419–430. 

PIGLIUCCI, M. & PRESTON, K. (2004). Phenotypic integration: Studying the ecology and 

evolution of complex phenotypes. Oxford University Press, Oxford. 

PIGLIUCCI, M., PAOLETTI, C., FINESCHI, S. & MALVOLTI, M. E. (1991). Phenotypic integration in 

chestnut (Castanea sativa Mill.): leaves versus fruits. Botanical Gazette 152, 514–521. 

PIRAS, P., BUSCALIONI, A. D., TERESI, L., RAIA, P., SANSALONE, G., KOTSAKIS, T. & CUBO, J. 

(2013a). Morphological integration and functional modularity in the crocodilian skull. 

Integrative Zoology 9, 498–516. 

PIRAS, P., MAIORINO, L., TERESI, L., MELORO, C., LUCCI, F., KOTSAKIS, T. & RAIA, P. (2013b). 

Bite of the cats: relationships between functional integration and mechanical 

performance as revealed by mandible geometry. Systematic Biology 62, 878–900. 

PORTO, A., DE OLIVEIRA, F. B., SHIRAI, L. T., DE CONTO, V. & MARROIG, G. (2009). The 

evolution of modularity in the mammalian skull I: morphological integration patterns 

and magnitudes. Evolutionary Biology 36, 118–135. 



 

 

R CORE TEAM (2015). R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. URL https://www.R–project.org/. 

RAFF, E. C. & RAFF, R. A. (2000). Dissociability, modularity, evolvability. Evolution & 

Development 2, 235–237. 

RASSKIN–GUTMAN, D. (2003). Boundary constraints for the emergence of form. In Origination 

of organismal form (eds G. MÜLLER and S. NEWMAN), pp. 305–322. The MIT Press, 

Cambridge. 

RASSKIN–GUTMAN, D. & BUSCALIONI, A. D. (2001). Theoretical morphology of the archosaur 

(Reptilia: Diapsida) pelvic girdle. Paleobiology 27, 59–78. 

RASSKIN–GUTMAN, D. & ESTEVE–ALTAVA, B. (2014). Connecting the dots: anatomical 

network analysis in morphological EvoDevo. Biological Theory 9, 178–193. 

REDIES, C. & PUELLES, L. (2001). Modularity in vertebrate brain development and evolution. 

Bioessays 23, 1100–1111. 

RENAUD, S. & MICHAUX, J. R. (2007). Mandibles and molars of the wood mouse, Apodemus 

sylvaticus (L.): integrated latitudinal pattern and mosaic insular evolution. Journal of 

Biogeography 34, 339–355. 

RENAUD, S., ALIBERT, P. & AUFFRAY, J.–C. (2012). Modularity as a source of new 

morphological variation in the mandible of hybrid mice. BMC Evolutionary Biology 12, 

141. 

RICHTSMEIER, J. T. & DELEON, V. B. (2009). Morphological integration of the skull in 

craniofacial anomalies. Orthodontics and Craniofacial Research 12, 149–158. 

RICHTSMEIER, J. T. & FLAHERTY, K. (2013). Hand in glove: brain and skull in development and 

dysmorphogenesis. Acta Neuropathologica 125, 469–89. 

RICHTSMEIER, J. T., ALDRIDGE, K., DELEON, V. B., PANCHAL, J., KANE, A. A., MARSH, J. L., 

YAN, P. & COLE, T. M., 3rd. (2006). Phenotypic integration of neurocranium and brain. 



 

 

Journal of Experimental Zoology Part B Molecular and Developmental Evolution 306, 

360–78. 

ROLIAN, C. (2009). Integration and evolvability in primate hands and feet. Evolutionary 

Biology 36, 100–117. 

ROSAS–GUERRERO, V., QUESADA, M., ARMBRUSTER, W. S., PEREZ–BARRALES, R. & SMITH, S. 

D. (2011). Influence of pollination specialization and breeding system on floral 

integration and phenotypic variation in Ipomoea. Evolution 65, 350–364. 

ROSEMAN, C. C., KENNY–HUNT, J. P. & CHEVERUD, J. M. (2009). Phenotypic integration 

without modularity: testing hypotheses about the distribution of pleiotropic quantitative 

trait loci in a continuous space. Evolutionary Biology 36, 282–291. 

SÁNCHEZ, J. A. & LASKER, H. R. (2003). Patterns of morphological integration in marine 

modular organisms: supra–module organization in branching octocoral colonies. 

Proceedings of the Royal Society B: Biological Sciences 270, 2039–2044. 

SÁNCHEZ, J. A., AGUILAR, C., DORADO, D. & MANRIQUE, N. (2007). Phenotypic plasticity and 

morphological integration in a marine modular invertebrate. BMC Evolutionary Biology 

7, 122. 

SANGER, T. J., MAHLER, D. L., ABZHANOV, A. & LOSOS, J. B. (2012). Roles for modularity and 

constraint in the evolution of cranial diversity among Anolis lizards. Evolution 66, 

1525–1542. 

SANTANA, S. E. & LOFGREN, S. E. (2013). Does nasal echolocation influence the modularity of 

the mammal skull? Journal of Evolutionary Biology 26, 2520–2526. 

SCHLOSSER, G. (2002). Modularity and the units of evolution. Theoretical Biosciences 121, 1–

80. 

SCHLOSSER, G. (2003). Mosaic evolution of neural development in anurans: acceleration of 

spinal cord development in the direct developing frog Eleutherodactylus coqui. 



 

 

Anatomical Embryology 206, 215–227. 

SCHLOSSER, G. & WAGNER, G. P. (2004). Modularity in development and evolution. University 

of Chicago Press, Chicago. 

SCHMIDT, K. & STARCK, J. M. (2010). Developmental plasticity, modularity, and heterochrony 

during the phylotypic stage of the zebra fish, Danio rerio. Journal of Experimental 

Zoology Part B Molecular and Developmental Evolution 314, 166–178. 

SCHMIDT, M. & FISCHER, M. S. (2009). Morphological integration in mammalian limb 

proportions: dissociation between function and development. Evolution 63, 749–766. 

SCHWARZ, A. J., GOZZI, A. & BIFONE, A. (2008). Community structure and modularity in 

networks of correlated brain activity. Magnetic Resonance Imaging 26, 914–920. 

SENCK, S. & COQUERELLE, M. (2015). Morphological integration and variation in facial 

orientation in Pongo pygmaeus pygmaeus: a geometric morphometric approach via 

partial least squares. International Journal of Primatology 36, 489–512. 

SEVERTSOVA, E. A. & SEVERTSOV, A. S. (2013). Crucial stages of embryogenesis of Rana 

arvalis: Part 3. Modularity or developmental integrity. Russian Journal of 

Developmental Biology 44, 273–278. 

SHIRAI, L. T. & MARROIG, G. (2010). Skull modularity in neotropical marsupials and monkeys: 

size variation and evolutionary constraint and flexibility. Journal of Experimental 

Zoology Part B Molecular and Developmental Evolution 314, 663–683. 

SIMON, H. A. (1962). The architecture of complexity. Proceedings of the American 

Philosophical Society 106, 467–482. 

SINGH, N., HARVATI, K., HUBLIN, J.–J. & KLINGENBERG, C. P. (2012). Morphological evolution 

through integration: A quantitative study of cranial integration in Homo, Pan, Gorilla 

and Pongo. Journal of Human Evolution 62, 155–164. 

SPORNS, O. (2011). Networks of the brain. MIT press, Cambridge. 



 

 

STANLEY, M. L., DAGENBACH, D., LYDAY, R. G., BURDETTE, J. H. & LAURIENTI, P. J. (2014). 

Changes in global and regional modularity associated with increasing working memory 

load. Frontiers Human Neuroscience 8, 954. 

STARBUCK, J., REEVES, R. H. & RICHTSMEIER, J. (2011). Morphological integration of soft–

tissue facial morphology in Down Syndrome and siblings. American Journal of 

Physical Anthropology 146, 560–8. 

STEVENS, A. A., TAPPON, S. C., GARG, A. & FAIR, D. A. (2012). Functional brain network 

modularity captures inter– and intra–individual variation in working memory capacity. 

PLoS One 7, e30468. 

STOESSEL, A., KILBOURNE, B. M. & FISCHER, M. S. (2013). Morphological integration versus 

ecological plasticity in the avian pelvic limb skeleton. Journal of Morphology 274, 483–

95. 

STORZ, B. L. & TRAVIS, J. (2007). Temporally dissociated, trait–specific modifications underlie 

phenotypic polyphenism in Spea multiplicata tadpoles, which suggests modularity. 

Science World Journal 7, 715–726. 

SUZUKI, T. K. (2013). Modularity of a leaf moth–wing pattern and a versatile characteristic of 

the wing–pattern ground plan. BMC Evolutionary Biology 13, 158. 

SUZUKI, T. K. (2013). Modularity of a leaf moth–wing pattern and a versatile characteristic of 

the wing–pattern ground plan. BMC Evolutionary Biology 13, 158. 

SUZUKI, Y. & NIJHOUT, H. F. (2008). Constraint and developmental dissociation of phenotypic 

integration in a genetically accommodated trait. Evolution & Development 10, 690–699. 

Symmoriiformes), with comments on dorsal fin modularity. Journal of Vertebrate 

Paleontology 29, 14–24. 



 

 

TALLMAN, M., ALMÉCIJA, S., REBER, S. L., ALBA, D. M. & MOYÀ–SOLÀ, S. (2013). The distal 

tibia of Hispanopithecus laietanus: More evidence for mosaic evolution in Miocene 

apes. Journal of Human Evolution 64, 319–327. 

TERENTJEV, P. V. (1931). Biometrische Untersuchungen ber die morphologischen Merkmale 

von Rana ridibunda Pall. (Amphibia, Salientia). Biometrika 23, 23–51. 

TOKITA, M., KIYOSHI, T. & ARMSTRONG, K. N. (2007). Evolution of craniofacial novelty in 

parrots through developmental modularity and heterochrony. Evolution & Development 

9, 590–601. 

TOMMASINI, S. M., HU, B., NADEAU, J. H. & JEPSEN, K. J. (2009). Phenotypic integration among 

trabecular and cortical bone traits establishes mechanical functionality of inbred mouse 

vertebrae. Journal of Bone Mineralogy Research 24, 606–620. 

TOULMIN, H., BECKMANN, C. F., O'MUIRCHEARTAIGH, J., BALL, G., NONGENA, P., 

MAKROPOULOS, A., EDERIES, A., COUNSELL, S. J., KENNEA, N., ARICHI, T., TUSOR, N., 

RUTHERFORD, M. A., AZZOPARDI, D., GONZÁLEZ–CINCA, N., HAJNAL, J. V. & 

EDWARDS, A. D. (2015). Specialization and integration of functional thalamocortical 

connectivity in the human infant. Proceedings of the National Academy of Sciences 112, 

6485–6490. 

TSUBOI, M., GONZALEZ–VOYER, A. & KOLM, N. (2014). Phenotypic integration of brain size 

and head morphology in Lake Tanganyika cichlids. BMC Evolutionary Biology 14, 39. 

TUCIC, B., VULETA, A. & MANITAŠEVIĆ–JOVANOVIĆ, S. (2013). Exploring phenotypic floral 

integration in Iris pumila L.: a common–garden experiment. Archive Biological 

Sciences 65, 781–793. 

URBANOVÁ, P., HEJNA, P., ZÁTOPKOVÁ, L. & SAFR, M. (2014). The asymmetry and modularity 

of the hyoid bone. International Journal of Morphology 32, 251–260. 

VIGNON, M., PARISELLE, A. & VANHOVE, M. P. M. (2011). Modularity in attachment organs of 



 

 

African Cichlidogyrus (Platyhelminthes: Monogenea: Ancyrocephalidae) reflects 

phylogeny rather than host specificity or geographic distribution. Biological Journal of 

the Linnaean Society 102, 694–706. 

VILLMOARE, B. A., DUNMORE, C., KILPATRICK, S., OERTELT, N., DEPEW, M. J., & FISH, J. L. 

(2014). Craniofacial modularity, character analysis, and the evolution of the premaxilla 

in early African hominins. Journal of human evolution 77, 143–154. 

VILLMOARE, B., FISH, J. & JUNGERS, W. (2011). Selection, morphological integration, and 

strepsirrhine locomotor adaptations. Evolutionary Biology 38, 88–99. 

VINCENT, S. E. & LAILVAUX, S. P. (2008). Does phenotypic integration constrain sexual size 

dimorphism in eastern lubber grasshoppers (Romalea microptera). Journal of 

Orthopteran Research 17, 219–225. 

VON DASSOW, G. & MUNRO, E. (1999). Modularity in animal development and evolution: 

elements of a conceptual framework for EvoDevo. Journal of Experimental Zoology 

285, 307–325. 

WAGNER, G. P. (1990). A comparative study of morphological integration in Apis mellifera 

(Insecta, Hymenoptera). Journal of Zoological Systematics and Evolutionary Research 

28, 48–61. 

WAGNER, G. P. & ALTENBERG, L. (1996). Perspective: complex adaptations and the evolution 

of evolvability. Evolution 50, 967–976. 

WAGNER, G. P., PAVLICEV, M. & CHEVERUD, J. M. (2007). The road to modularity. Nature 

Reviews Genetics 8, 921–931. 

WAITT, D. E. & LEVIN, D. A. (1993). Phenotypic integration and plastic correlations in Phlox 

drummondii (Polemoniaceae). American Journal of Botany, 1224–1233. 

WEBSTER, M. & ZELDITCH, M. L. (2011). Modularity of a Cambrian ptychoparioid trilobite 

cranidium. Evolution & Development 13, 96–109. 



 

 

WELLENS, H. L., KUIJPERS–JAGTMAN, A. M. & HALAZONETIS, D. J. (2013). Geometric 

morphometric analysis of craniofacial variation, ontogeny and modularity in a cross–

sectional sample of modern humans. Journal of Anatomy 222, 397–409. 

WERNER, M. & SIMMONS, L. W. (2008). The evolution of male genitalia: functional integration 

of genital sclerites in the dung beetle Onthophagus taurus. Biological Journal of the 

Linnaean Society 93, 257–266. 

WILLIAMS, S. A. (2010). Morphological integration and the evolution of knuckle–walking. 

Journal of Human Evolution 58, 432–40. 

WILLIAMS, T. A. & NAGY, L. M. (2001). Developmental modularity and the evolutionary 

diversification of arthropod limbs. Journal of Experimental Zoology 291, 241–257. 

WILSON, L. A. B. (2014). Cranial suture closure patterns in Sciuridae: heterochrony and 

modularity. Journal of Mammalian Evolution 21, 257–268. 

YANG, A. S. (2001). Modularity, evolvability, and adaptive radiations: a comparison of the 

hemi– and holometabolous insects. Evolution & Development 3, 59–72. 

YANG, A. S. & ABOUHEIF, E. (2011). Gynandromorphs as indicators of modularity and 

evolvability in ants. Journal of Experimental Zoology Part B Molecular and 

Evolutionary Development 316, 313–318. 

YOUNG, N. (2004). Modularity and integration in the hominoid scapula. Journal of 

Experimental Zoology Part B Molecular and Developmental Evolution 302, 226–40. 

YOUNG, N. (2004). Modularity and integration in the hominoid scapula. Journal of 

Experimental Zoology Part B Molecular and Evolutionary Development 302, 226–240. 

YOUNG, N. M., WAGNER, G. P. & HALLGRÍMSSON, B. (2010). Development and the evolvability 

of human limbs. Proceedings of the National Academy of Sciences 107, 3400–3405. 

YOUNG, R. L. & BADYAEV, A. V. (2006). Evolutionary persistence of phenotypic integration: 

influence of developmental and functional relationships on complex trait evolution. 



 

 

Evolution 60, 1291–1299. 

ZELDITCH, M. L. (1988). Ontogenetic variation in patterns of phenotypic integration in the 

laboratory rat. Evolution 42, 28–41. 

ZELDITCH, M. L. & CARMICHAEL, A. C. (1989). Ontogenetic variation in patterns of 

developmental and functional integration in skulls of Sigmodon fulviventer. Evolution 

43, 814–824. 

ZELDITCH, M. L., SWIDERSKI, D. L., SHEETS, H. D. & FINK, W. L. (2004). Geometric 

morphometrics for biologists: a primer. Elsevier Academic Press, San Diego. 

ZELDITCH, M. L., WOOD, A. R. & SWIDERSKI, D. L. (2009). Building developmental integration 

into functional systems: function–induced integration of mandibular shape. 

Evolutionary Biology 36, 71–87. 

ZELDITCH, M. L., WOOD, A. R., BONETT, R. M. & SWIDERSKI, D. L. (2008). Modularity of the 

rodent mandible: integrating bones, muscles, and teeth. Evolution & Development 10, 

756–768. 

 

VII. SUPPORTING INFORMATION 

Additional supporting information may be found in the online version of this article. 

Appendix S1. Data set evaluated in the systematic review. 

Appendix S2. R script used to analyse the data set and create Figs 1–3. 

Appendix S3. Detailed results of the analysis of the data set. 

 

 

 

 

 



 

 

 

Table 1. Frequency of factors most commonly used to explain modularity and integration in 

animals and plants. 

 Animals Plants 

Modularity Development (29.8%) 

Function (27.1%) 

Genes (11.2%)Environment 

(8.9%) 

Function (38.2%) 

Environment (35.3%) 

Development (14.7%) 

Genes/Phylogeny (5.9% each) 

Integration Function (29.6%) 

Development (25.9%) 

Genes (14.8%) 

Environment (11.1%) 

Genes (25%) 

Development (25%) 

Function (25%) 

Growth/Environment (12%, each) 

 



 

 

Figure legends 

 

Fig. 1. Number of publications on morphological modularity between 1959 and 2015 and the 

research fields of the journals in which the reviewed literature appeared. 

 

  



 

 

Fig. 2. Morphological modularity research areas shown by (A) taxon, (B) morphological 

system, (C) tissue (vertebrates only), (D) material, and (E) scale of the study. MicroEvo, 

microevolutionary scale; MacroEvo, macroevolutionary scale. 

 

 

  



 

 

Fig. 3. Patterns in the design of studies of morphological modularity. (A, B) Criteria used to 

delimit morphological modules in animals and plants. (C, D) Methodological approaches in 

animals and plants. GM, geometric morphometrics; QTL, quantitative trait loci. 

 

 

  



 

 

Fig. 4. Morphological modules proposed for the mammalian skeleton. (A) Left, classical 

division of the cranium into three modules: orofacial, cranial base, and vault. Right, modules 

proposed by Cheverud (1982) according to the Functional Matrix Hypothesis (Moss & 

Young, 1960): each module comprises the skeletal units affected by the formation and 

functioning of each functional matrix of the head (e.g., nasal, oral, and brain). (B) Modules of 

the mandible illustrated in Apodemus sp. (Rodentia: Mammalia). The alveolar process and the 

ramus are the two main divisions of the jawbone. Additionally, various regions of the 

mandible are considered morphological modules according to their development, ossification, 

as well as their function related to attachment of muscles, articulation, and tooth bearing. The 

dentition is often studied as a separate structure, with each tooth series as an independent 

module. (C) Modules of the tetrapod limb illustrated in Hoplophoneus dakotensis (Carnivora: 

Mammalia): the autopod, zeugopod, and stylopod are the three modules of the limb, with the 

girdle sometimes considered as an additional module. Image credits: original photograph of 

the human cranium from eSkeletons.org; original photograph of the Hoplophoneus skeleton 

by Rama (source: Wikimedia commons). 



 

 

 

 

  



 

 

Fig. 5. The modules of the brain illustrated in Homo sapiens. The image shows different 

modularity hypotheses of the brain according to (A) evolutionary and developmental criteria, 

(B) structural criteria, and (C) functional criteria. Modified with permission from Gómez–

Robles et al. (2014) © NPG.  

 

  



 

 

Fig. 6. (A) Modules of the wing of insects illustrated in Drosophila suzukii (Diptera: Insecta). 

The wing comprises an anterior and a posterior module derived from different developmental 

compartments. (B) Modules of flowering plants illustrated in Arabidopsis thaliana 

(Brassicales: Eudicots). Flowering plants are often divided into vegetative parts (roots, stems 

and leaves) and reproductive parts (flowers). In turn, the flower is divided into parts related to 

the attraction of pollinators and parts related to the pollination itself. Image credits: original 

photograph of the wing by Martin Hauser (source: Wikimedia commons); original photograph 

of the plant by Lot Nature (source: www.lotnature.fr); original drawing of the flower by Yvon 

Jaillais (source: www.ens-lyon.fr/RDP/SiCE/Resources.html).  
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