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Abstract

Increasingly, data on shape are analysed in combination with molecular genetic or ecological information, so that tools for

geometric morphometric analysis are required. Morphometric studies most often use the arrangements of morphological

landmarks as the data source and extract shape information from them by Procrustes superimposition. The MORPHOJ

software combines this approach with a wide range of methods for shape analysis in different biological contexts. The

program offers an integrated and user-friendly environment for standard multivariate analyses such as principal compo-

nents, discriminant analysis and multivariate regression as well as specialized applications including phylogenetics,

quantitative genetics and analyses of modularity in shape data. MORPHOJ is written in Java and versions for the Windows,

Macintosh and Unix ⁄ Linux platforms are freely available from http://www.flywings.org.uk/MorphoJ_page.htm.
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Morphometric analyses are in increasingly widespread

use in conjunction with analyses of molecular data.

Examples of such combined uses of data include map-

ping of shape data onto phylogenies inferred from DNA

sequences, quantitative genetic analyses based on geneal-

ogies extracted from molecular marker information, or

assessments of the effects of hybridization on shape

asymmetry. Therefore, flexible tools for morphometric

analysis are required by a growing community of users

in various areas of ecology and evolutionary biology.

The most widespread approach in geometric morpho-

metrics is to represent each specimen by the relative posi-

tions of morphological landmarks that can be located

precisely and establish a one-to-one correspondence

among all specimens included in the analysis. Shape is

then defined as all the geometric information about a

configuration of landmarks except for its size, position

and orientation (Dryden & Mardia 1998). The shape

information is extracted by a procedure called Procrustes

superimposition, which removes variation in size, posi-

tion and orientation from the data on landmark coordi-

nates, and which is at the core of geometric

morphometrics (Goodall 1991; Bookstein 1996; Dryden &

Mardia 1998; Zelditch et al. 2004). The coordinates of the

superimposed landmarks can be used in multivariate sta-

tistical analyses to address a wide range of biological

questions (e.g. Klingenberg 2010).

The MORPHOJ software is based on this approach and

aims to provide a flexible and user-friendly platform for

a broad range of morphometric analyses for two- or

three-dimensional landmark data. The goal is to provide

a single, integrated environment for geometric morpho-

metrics so that users can concentrate on the biological

and statistical aspects of the analyses. As far as possible,

the program automatically keeps track of properties such

as the symmetry and dimensionality of landmark config-

urations and adjusts the analyses as needed. MORPHOJ

implements the standard range of multivariate tech-

niques that are widely used in geometric morphometrics

as well as a number of more specialized or newer meth-

ods. This study introduces the MORPHOJ software and

gives an overview of the methods it contains.

Implemented methods

After landmark data have been imported (from text files

or files in the formats of other morphometric programs),

the first step in a morphometric analysis is to extract

shape information from the data with a Procrustes super-

imposition (Dryden & Mardia 1998). MORPHOJ imple-

ments a full Procrustes fit and projection onto the tangent
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space to the shape space (Dryden & Mardia 1998), which

produces a new set of shape variables that can be used in

further analyses. Information on the size of the landmark

configuration is retained in the data set and available for

subsequent analyses (centroid size and log-transformed

centroid size; Dryden & Mardia 1998). After this initial

step, a wide range of analyses can be used to analyse

shape variation or to relate it to other information.

After extracting shape information, it is usually help-

ful to a search for outliers in the data, for which

MORPHOJ provides a graphical user interface (including

the capability to repair mistakes where landmarks have

been recorded in the wrong order). If the user has digi-

tized specimens repeatedly, it is possible to quantify

measurement error relative to the effects of biological

interest by using Procrustes ANOVA (Klingenberg &

McIntyre 1998; Klingenberg et al. 2002). This is particu-

larly important if a study is focusing on subtle effects,

such as variation within populations or left—right

asymmetry.

The standard methods of multivariate statistics that

are in widespread use in morphometrics are imple-

mented in MORPHOJ. Principal component analysis can be

used to examine the main features of shape variation in a

sample and as an ordination analysis for examining the

arrangement of specimens in morphospace. Canonical

variate analysis provides a different type of ordination

analysis, which maximizes the separation of specified

groups (species, ecotypes, etc.), and discriminant analysis

with cross-validation indicates whether groups can be

distinguished reliably. The patterns of shape variation

can be compared between groups by matrix correlation

and assessed statistically with matrix permutation tests,

which have been adapted specifically to geometric

morphometric data (Klingenberg & McIntyre 1998; Klin-

genberg et al. 2002).

Covariation of shape with other types of variables is

an important aspect of morphometric studies, and

MORPHOJ offers several techniques that can be used in this

context. Multivariate regression analysis can be used for

assessing allometry or other relationships between vari-

ables, such as shape changes over time, which can be

studied by regressing shape on size or on time (Monteiro

1999; Drake & Klingenberg 2008). Partial least-squares

analysis is a method for studying associations between

sets of variables and can be used in contexts such as eco-

morphology (Adams & Rohlf 2000) or morphological

integration (Klingenberg & Zaklan 2000; Klingenberg

et al. 2001). It also can provide interesting insights con-

cerning the covariation of shape and genetic markers

(e.g. allele dosage of microsatellite markers; unpublished

results).

Symmetric structures, such as vertebrate skulls, are

frequently used in morphometric studies and pose some

special challenges (Mardia et al. 2000; Klingenberg et al.

2002). MORPHOJ separates the shape variation of such

structures into components of symmetric and asymmet-

ric variation, which provide information that is relevant

to different biological questions (Klingenberg et al.

2002). The symmetric component represents the shape

variation among individuals and is the focus for

answering many biological questions, whereas the

asymmetry component tends to be used in more special-

ized analyses, for instance as a measure of developmen-

tal instability in contexts such as hybridization (Mikula

& Macholán 2008). For such uses, MORPHOJ provides

measures of individual asymmetry (Klingenberg &

Monteiro 2005), which can be correlated with external

variables such as ecological factors or measures of

hybridization from molecular markers. Another use for

data on morphological asymmetry, employed in a rap-

idly growing number of studies, is for characterizing

the developmental basis of morphological integration

(Klingenberg 2008).

MORPHOJ offers several methods for studying morpho-

logical integration and modularity (Klingenberg 2008). In

addition to general methods such as principal compo-

nents, partial least squares and matrix correlation, which

can be used for characterizing and comparing patterns of

integration, MORPHOJ also offers specialized methods for

assessing hypotheses of modularity in landmark data

(Klingenberg 2009).

Quantitative genetic studies are increasingly feasible,

even in natural populations when pedigree information

is available from behavioural observations or molecular

markers (McGuigan 2006; Wilson et al. 2010), and the

methods for such studies have been extended to shape

analyses (Klingenberg & Leamy 2001; Klingenberg &

Monteiro 2005; Myers et al. 2006; Klingenberg et al.

2010a). MORPHOJ does not contain methods for estimat-

ing genetic covariance matrices and similar statistics, for

which there are specialized software packages such as

VCE (Groeneveld et al. 2008) or Wombat (Meyer 2007)

that are freely available and can handle high-dimen-

sional data as they are produced in geometric morpho-

metrics, but MORPHOJ can import genetic and

environmental covariance matrices estimated by those

packages and use them in specifically morphometric

analyses. The current release of MORPHOJ includes meth-

ods for finding shape variables of maximal or minimal

heritability, useful for identifying genetic constraints on

evolution, and for simulating hypothetical selection sce-

narios that can help in assessing genetic integration in a

structure (Klingenberg & Leamy 2001; Martı́nez-Abadı́as

et al. 2009; Klingenberg et al. 2010a). Methods for esti-

mating selection on shape (Lande & Arnold 1983;

Gómez et al. 2006) will be added in a new release in the

near future.
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MORPHOJ contains methods for mapping shape data

onto phylogenies using squared-change parsimony

(Maddison 1991) and for comparative analyses such as

independent contrasts (Felsenstein 1985). There is also a

permutation test to establish whether a morphometric

data set contains a phylogenetic signal (Klingenberg &

Gidaszewski 2010). Phylogenies are imported into MOR-

PHOJ as NEXUS files (Maddison et al. 1997), as they are

produced by most phylogenetic software and available

from online databases such as Treebase (http://

www.treebase.org).

User interface and data formats

The aim of MORPHOJ is to provide a user-friendly and

flexible environment for morphometric analyses.

Accordingly, MORPHOJ has a graphical user interface

(Fig. 1) from which all analyses can be invoked. Multi-

ple analyses of one or more data sets can be combined

with each other to explore different aspects of the data.

The data sets and analyses are organized into a project,

which is intended to be a self-contained unit (e.g. the

morphometric data and analyses that go into a paper

(a) (b)

(c) (d)

Fig. 1 User interface of the MORPHOJ software (shown here for the Windows XP platform). The user interface consists of a series of

menus containing various commands and four tabbed display areas with (a) The Project Tree tab showing the project and its contents as

a tree structure. All data sets and analyses in the active project are shown in this tab, and results or graphical outputs can be invoked via

pop-up menus. (b) A scatter plot of principal component scores, shown in the Graphics tab. MORPHOJ provides various kinds of plots,

including scatter plots and histograms, that present results from statistical analyses. (c) A transformation grid for visualizing a shape

change (for the first principal component, in this case). (d) The same shape change as in (c), represented by a warped outline drawing

(change from light to dark outline drawing). In addition to the possibilities shown in this figure, MORPHOJ has several additional options

for visualizing the results of morphometric analyses.
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or thesis). Data sets inside a project can be related to

each other by appropriate analyses (e.g. regression or

partial least-squares analyses). The contents of the

active project are displayed in the Project Tree window

(Fig. 1a), where graphs and numerical results for each

item can be called up by using pop-up menus. Projects

can be saved to disc with all analyses and results they

contain, so that work on a project can be taken up at a

later time or the complete information can be

exchanged among collaborators (projects are stored as

XML files and are fully compatible across computer

platforms).

MORPHOJ can import raw landmark data from tab- or

comma-delimited text files or from several of the cus-

tomary file formats used in other morphometric soft-

ware: the TPS series (http://life.bio.sunysb.edu/

morph/soft-tps.html), NTSYSpc (Rohlf 2008) and Mor-

phologika (O’Higgins & Jones 1998). MORPHOJ exports

data as tab-delimited text files, which can easily be

imported into various spreadsheet or statistics pro-

grams. Additional information in the form of categorical

data can be imported as ‘‘classifiers’’ and continuous

variables can be included as ‘‘covariates’’, and are avail-

able for appropriate morphometric analyses. Also, it is

possible to import results from analyses in other pro-

gram packages (e.g. SAS, Matlab or R) as sets of shape

changes for further analyses and visualization in

MORPHOJ.

MORPHOJ provides various kinds of graphical outputs,

including scatter plots and other standard types of

graphs for visualizing statistical results (Fig. 1b). In addi-

tion, it provides several types of graphs for visualizing

shape changes associated with the statistical results

(Fig. 1c,d). For two-dimensional data, these include

transformation grids (Fig. 1c) or warped outline

drawings of the structure under study (Fig. 1d). For

three-dimensional data, MORPHOJ only provides basic

visualizations of shape changes, but the information on

shape changes can be exported to files that can be used

by the Landmark software (Wiley et al. 2005) for presen-

tation as morphed 3D surfaces (e.g. Drake & Klingenberg

2010; Klingenberg et al. 2010b). The graphs produced by

MORPHOJ can be exported in several graphics file formats,

including vector graphics formats (including PDF, Post-

Script and SVG, which can be edited in software such as

Inkscape or Adobe Illustrator to produce publication

quality graphs) and several raster graphics formats

(BMP, GIF, PNG).

Documentation for MORPHOJ is provided as a User’s

Guide in HTML format, which is distributed with every

download (the command ‘‘User’s Guide’’ in the Help

menu launches the computer’s default browser to display

the documentation) or available online (http://www.

flywings.org.uk/MorphoJ_guide/).

Comparison to other morphometric software

Morphometrics software is currently available as stand-

alone packages with graphical user interfaces or as pack-

ages of routines for programming environments such as

Matlab or R (Claude 2008). This spectrum is associated

with an inherent trade-off of user-friendliness versus

flexibility. While programs with graphical user interfaces

provide quick and convenient analyses, they cannot offer

the flexibility of systems where users are required to do

some of the programming themselves.

MORPHOJ aims to take an intermediate position in this

spectrum. It is based on a graphical user interface and

therefore does not require users to have programming

skills. But MORPHOJ also aims to provide a maximum of

flexibility by offering a wide range of analyses (often with

several options, e.g. pooled within-group analyses) and

an integrated user environment that facilitates combining

different methods in the analysis of shape data.

Also, MORPHOJ contains a number of unique features.

It is currently the only program package that fully takes

into account the symmetry of landmark configurations

throughout the analyses—an important point because

many biological structures, such as vertebrate skulls, are

bilaterally symmetric. MORPHOJ also contains some

advanced tools for analyzing modularity and integration

of shape.

Availability

MORPHOJ is available freely under the Apache Licence,

Version 2.0, from the web site http://www.flywings.

org.uk/MorphoJ_page.htm. It is distributed as automatic

installer software for Windows, Apple Macintosh and

Unix ⁄ Linux platforms. Updates with bug fixes, improved

documentation or additional morphometric methods are

released occasionally.
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