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Outline analysis as a new method
for investigating development in fossil crabs

Florian Braig, Gabriela Torres, Luis Giménez, and Joachim T. Haug

ABSTRACT

Geometric morphometrics offer various methods that are often used in the analy-
sis of fossil specimens, due to the specimen’s morphological nature. One of these
methods, outline analysis, can be applied to compare the shape of specimens in vari-
ous contexts. Here, we use outline analysis to investigate the developmental stages of
fossil specimens. We use the extant European shore crab to test a pipeline where ellip-
tic Fourier analysis and discriminant function analysis are used to provide an objective
interpretation of a specimens’ developmental stage. We then test the pipeline, using a
case of a recently redescribed juvenile fossil crab (Liocarcinus oligocenicus). We find,
that in data sets without phylogenetic variation, this pipeline works well in identifying
developmental stages. However, it is less efficient when data sets increase in noise.
Furthermore, Carcinus maenas expresses a clear morphological separation between
juveniles and adults.
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INTRODUCTION

When working with fossil brachyurans, com-
monly known as true crabs, the shield (or cara-
pace) is frequently the only well-preserved body
part (e.g., Glaessner, 1933; Schweitzer et al,
2002). Extracting information about the species or
developmental stage from the shield alone can be
challenging (Guinot, 2019). Grooves, spines, and
length and width ratios of the shield may be used
as diagnostic characters (van Bakel et al., 2021).
Size is occasionally used to determine the devel-
opmental stage (Vega and Feldmann, 1992). Yet,
the relationship between developmental stage and
size is often non-linear and therefore can be mis-
leading (Gerber, 2011).

In extant brachyurans, distinguishing larval
phases and individual stages is more straightfor-
ward as early larvae differ morphologically from

their adult counterparts (Figure 1). The zoea phase
(i.e., crab larva using their later maxillipeds for
swimming) has long spines on their shield and an
often laterally compressed body. The megalopa
phase, the transition phase between zoea and
adult (in fact juvenile) morphology, already has a
dorso-ventrally compressed body, but still uses its
pleon appendages for swimming, meaning the
pleon is still not tucked underneath the body in the
typical crab-like habitus. Its shield is also often
anterior-posteriorly elongated. Juveniles, although
already generally adult-like, can also still differ
morphologically from mature adults. In fossil con-
texts soft tissues are rarely preserved. It is there-
fore not surprising that the number of fossil larvae
and juveniles described for brachyurans is still
small (Luque et al., 2014, 2019; Haug et al., 2015).
Consecutively, little is known about the evolution-
ary changes in development of brachyurans (Haug
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FIGURE 1. Different developmental stages of Carcinus maenas under fluorescent and natural light, modified after
Braig et al. 2023b. A: Dorsal view of megalopa under fluorescent light (car_29G; Appendix 1). B: Dorsal view of juve-
nile under fluorescent light (car_2C; Appendix 1). C: Dorsal view of adult under natural light (Oliver Mengedoht/Pan-
zerwelten.de, Recklinghausen), source image did not contain a scale. D: Dorsal view of young adult under natural
light (Oliver Mengedoht/Panzerwelten.de, Recklinghausen), source image did not contain a scale.
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et al., 2015). A first step to fill this knowledge gap
would be the reliable identification of megalopa
and juvenile specimens in the fossil record.

One reason for the lack of larval or even juve-
nile material in the fossil record may be the mis-
identification of such specimens as presumable
adults, differences in the shield shape due to differ-
ing developmental stage may be interpreted as
diagnostic for a separate species. Employing quan-
titative approaches, such as outline analysis-based
classification, has the potential to provide addi-
tional information. Morphometrics have already
been shown to reliably distinguish supposedly
“cryptic” species (e.g., Dujardin et al., 2014). Aus-
piciously, developmental stages of the same spe-
cies can show even larger morphological
differences than adults of two different species
(e.g., adults of the European and Mediterranean
shore crab with their zoeal stages).

As using outline-based linear discriminant
function (LDA) for classification has not been
tested for crab shield identification yet, we here use
the European shore crab Carcinus maenas (Lin-
naeus, 1758) as first extant controllable example to
test whether certain developmental phases can be
reliably identified by the shield outline. We chose
this species for its typical crab-like body and the
knowledge of each specimen’s developmental
phase prior to investigation. We then test the
method using a fossil relative, Liocarcinus oligoce-
nicus (Pauca, 1929), of which some specimens
may be juveniles (Hyzny et al., 2022).

MATERIAL AND METHODS
Material

The material used in this study originated from
published literature, museum collections, and a
developmental series (see Appendix 1 for list of
data origins; Appendix 2 for list of literature refer-
ences). The developmental series originated from
a laboratory rearing of C. maenas at the Alfred-
Wegener-Institute (for details, see Spitzner et al.,
2019; Torres and Giménez, 2020; Torres et al.,
2021). Further images were provided by Oliver
Mengedoht/Panzerwelten.de, Recklinghausen. We
reconstructed the outline of the shield in dorsal
view, as it is the most accessible and repeatable
view, due to least amount of inclined surface area.
We disregarded zoea stages, as their shields and
body orientation among preservation are signifi-
cantly different from later developmental stages,
making it easy to separate them from later stages
already on first sight (e.g., Spitzner et al., 2018).
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However, we kept megalopae due to their larger
degree of similarity with the adults and to polarize
the data set compared to the juveniles and adults.
We grouped the data into three developmental cat-
egories: megalopae, early juveniles, and adults.
We decided to use early juveniles as a category,
based on earlier observations from quantitative
comparisons (Braig, personal comm., 2022), and
descriptions from literature. According to these
descriptions individuals still undergo changes to
their morphology, after the last metamorphic moult
(megalopa to crab 1), when they develop from
early juveniles into adults (Martin et al., 1984).
Hence, megalopa and early juveniles still exhibit
quite a different morphology from the adult, and
are, in addition, often available as depictions in the
literature.

The Carcinus maenas data set contained 57
extant specimens (19 megalopae, 13 juveniles, 25
adults) from different extant populations. The Lio-
carcinus data set contained 39 specimens (2 meg-
alopae, 9 juveniles, 28 adults) from different extant
and extinct populations. Recently, a specimen of
Nautilograpsus prior (Smirnov, 1929) has been
reinterpreted as a juvenile of L. oligocenicus
(Hyzny et al., 2022). Using this case as an exam-
ple, we tested four eligible specimens of L. oligoce-
nicus from the original study, including the
presumed juvenile in question, against the Liocarc-
inus data set, to see which category of develop-
mental phase these specimens would be assigned
to. Due to a general lack of material in the litera-
ture, we included different species belonging to the
Liocarcinus species group to depict a wider range
of developmental phases in our data. Hence, this
data set contained both extant and fossil material.
A detailed list of species and developmental
phases is given in Appendix 1.

Generation of Data

For the documentation of larvae and juveniles
obtained through laboratory rearing, a Keyence
BZ-9000 inverse epifluorescence microscope was
used with DAPI (360 nm excitation wavelength)
and GFP (470 nm excitation wavelength) filters
with a lens magnification of 2x, 4x, and 10x (result-
ing in 20x, 40x, and 100x magnification). The auto-
fluorescence properties of the specimens make
this imaging technique possible (e.g., Haug et al.,
2011).

Specimens from collections were documented
with a macro-photography setup. We used a
Canon Rebel T3i digital camera with a MP-E 65
mm macro lens and distance rings. We used a
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Yongnuo YN24EX twin-flash equipped with polar-
ization filters and a cross-polarized filter in front of
the camera lens, to reduce light-reflection induced
artefacts (for a detailed description see Eiler et al.,
2016; Braig et al., 2023a).

Multiple images in different focus layers were
recorded, so called focus stacks. To create one
sharp image from the focus-stacks, we used the
free software CombineZP (Alan Hadley, GNU). It
combines the in-focus regions of each image into
one sharp image.

For the reconstruction of shield outlines (in
dorsal view), the vector graphic software Adobe
lllustrator CS2 and the free and open software Ink-
Scape were used. Here, the shield can be retraced
with a vector line to create the outline (Figure 2). To
eliminate the influence of left-right asymmetry on
the data set, we only reconstructed the left or the
right half of the shield and then duplicated and mir-
rored it in anterior-posterior axis and stitched it
together to form an entire symmetric shield (Haug
et al., 2020; Braig et al., 2021). Biological asymme-
try, such as fluctuating asymmetry, has been found
in Carcinidae (Spani and Scalici, 2018), but due to
its random nature we disregarded it to reduce
noise in the data for this analysis.

Statistical Analysis

To convert the graphical representation of the
shield into a mathematical representation, elliptical
Fourier analysis (EFA) was applied using the free
and open Momocs package (ver. 1.3.2; Bonhomme
et al., 2014) in the R-statistics environment (ver.
4.1.0; R Core Team, 2021). The linear discriminant
function analysis was conducted in the R-statistics

environment as well, using packages caret (ver.
6.0-88; Kuhn, 2021) and MASS (ver. 7.3-54; Ven-
ables and Ripley, 2002). The code used is provided
in Appendix 3.

In short, the EFA uses the principle of the
Fourier transformation to decompose a complex
two-dimensional shape to quantify the geometrical
information within, allowing for analysis using multi-
variate tools (Bonhomme et al., 2014; Figure 2).
The shape is hereby decomposed into a harmonic
sum of trigonometric functions, weighted with har-
monic coefficients describing the shape (Kuhl and
Giardina, 1982; Bonhomme et al., 2014). The
shapes are registered (1493 +/- 259 coordinates
for the Carcinus data set; 3053 +/- 1736 coordi-
nates for the Liocarcinus data set), centred, and
scaled, therefore controlling for the influence of
size difference (e.g., due to scale difference) on the
analysis. We then used functions of the Momocs
package (e.g., calibrate_harmonics) to identify the
number of harmonics that would best represent the
variation in our data set. The harmonic coefficients
are then aligned according to a homologous start-
ing point, in our case the tip of the rostrum or
median point of the anterior of the shield. Finally,
the harmonic coefficients are analysed with a prin-
cipal component analysis (PCA; Bonhomme et al.,
2014). Of the resulting principal components
(PCs), we chose to retain the first PCs that would
accumulate to more than 95% of variation in the
data set as input data for the following classifica-
tion analysis. We chose a 95% cut-off for cumu-
lated variation, mainly following Joliffe (2002; the
scree-test being subjective, and assumptions of

FIGURE 2. Scheme of the methodology. Step 1 (s1): Half of the shield outline is reconstructed from source image in
dorsal view. Step 2 (s2): The half of the shield is then duplicated and mirrored in anterior-posterior axis and stitched
together to form an entire symmetric shield. Step 3 (s3): The shield is registered in R using the Momocs package with
1493 +/- 259 coordinates for the Carcinus data set and 3053 +/- 1736 coordinates for the Liocarcinus data set.
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distribution required for a computational approach
not met with our data).

To test whether the different shapes could be
reliably classified, we used the discriminant func-
tion analysis (DFA; Fisher, 1936). It determines a
linear combination of the input variables that maxi-
mises the separation of groups, based on a given
factor (Venables and Ripley, 2002; Kampichler et
al., 2010).

For the first analysis, we used all available
specimens of Carcinus maenas to establish a
baseline for the efficacy of the method. We split the
data set into a training and a testing data set (80%
and 20% of data, respectively), and repeated the
analysis 1000 times, with random generated splits
of the data each time (Evin et al., 2013). The princi-
pal components, resulting from the EFA, were used
as response variables with the developmental
phase as predicting factor. After each classification
step we compared the predicted developmental
phase to the actual developmental phase of the
test data specimens. We repeated this process a
second time, but with randomly assigning the onto-
genetic grouping factor to each individual before
splitting the data (Evin et al., 2013). Thereby test-
ing whether a random assignment of groups had a
different chance of correct classification (after Evin
et al., 2013).

We then repeated these tests for the Liocarci-
nus data, which consisted of all available speci-
mens belonging to Liocarcinus, including fossils
and different developmental phases. Additionally,
we used all representatives of L. oligocenicus as
testing data and the rest of the data set as training
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data, to obtain the predicted classes of these spec-
imens.

RESULTS
Carcinus maenas: Test of Pipeline Efficiency

After calibrating and testing for deviations, we
chose nine harmonics to describe the shield
shape. Of the resulting PCA, the first three PCs
described more than 95% of variation. These were
used for the follow-up analysis. The first two are
used to visually represent the morphospace (for
graphical component loadings see Appendix 4).
The first principal component described 89.6% of
variation in the data set. It most prominently
demonstrates the variation between long and wide
shields. More positive values described wide
shields, extending antero-laterally, while negative
values described slim shields with a prominent ros-
trum. The second principal component described
4.4% of variation in the data set. Positive values
described pentagonal shields with rounded rostra
and eye notches, while negative values described
almond-shaped shields with pointed rostra.

The morphospace, resulting from the first two
principal components plotted against each other,
shows a clear separation of the three ontogenetic
groups (Figure 3). The megalopae plotted on the
left side of the morphospace in a small cluster, rep-
resenting their slim shields with rostra (Figure 3).
Adults plotted on the right side of the morpho-
space, representing their wide shields (Figure 3).
The (early) juveniles plotted in the centre of the
morphospace representing their rounder shields
with small rostra and little lateral widening.

PC2 (4.4%) @ adult
megalopa
0,05 . juvenile
o
oe®

oe '
E‘ﬁ‘ PC1(89.6%)

FIGURE 3. Morphospace of the data created by the principal component analysis on the elliptic Fourier analysis of
the Carcinus maenas data set, created by plotting PC1 and PC2 of the PCA against each other. Included shapes

depict graphical component loadings for each PC.
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The discriminant function analysis classified
the test data accurately in 100% percent of cases
in 1000 test runs. As a baseline, when the categor-
ical variables were randomly assigned to the data,
the classification only was correct in 38% percent
of cases on average.

Liocarcinus Fossils: Test of Method

We used 11 harmonics to describe the shield
shape; the first seven components of the PCA
explained more than 95% of the total variation. The
first two components were used to visually repre-
sent the morphospace (graphical component load-
ings in Appendix 4). The first principal component
(63.5%) described the variation between long and
wide shields. More positive values described wide
shields, extending antero-laterally, while negative
values described longer shields with an extended
rostrum. The second principal component (12.8%)
described more subtle morphological changes:
positive values described star shaped shields with
a broad rostrum and convex posterior end, while
negative values described shields with wide anteri-
ors and slim posteriors.

The morphospace, resulting from the first two
principal components, showed a clear separation
of the two extant megalopae from juveniles and
adults. The adults and juveniles, both containing
fossil representatives, were less well separated
(Figure 4). The two megalopae plotted on the left
side of the morphospace, representing their slim
shields with rostra (Figure 4). Adults plotted on the
right side of the morphospace, representing their
wide shields with pronounced antero-lateral areas

@ adult
megalopa
juvenile

(Figure 4). The juveniles plotted above the group of
adults, slightly overlapping with them, representing
their comparatively more pronounced rostra.

The discriminant function analysis classified
the test data accurately in 83.7% percent of cases
in 1000 test runs. As a baseline, when the categor-
ical variables were randomly assigned to the data,
the classification only was correct in 69.6% percent
of cases on average.

Considering the case of the representatives of
L. oligocenicus (Hyzny et al., 2022), three of the
four included specimens were originally identified
as adults, one as juvenile. The discriminant func-
tion analysis identified one adult as juvenile and
the suggested juvenile as adult.

DISCUSSION
Limitations of the Approach

Identifying juveniles as distinct from adults is
problematic for the study of crab morphology and
for our analysis in particular. For the C. maenas
analysis, we used early juveniles obtained by rear-
ing larvae in the laboratory. The use of specimens
of known developmental stage was a critical point
in the first step of our procedure, consisting of the
test of the pipeline efficiency. For the second step,
where the Liocarcinus data set is used, the exact
stage is not known; instead, the categorization of
fossils as juveniles was based on information from
literature and experts identifying collection mate-
rial.

A current challenge is represented by the lim-
ited data available, in the form of high-quality pho-

PC2 (12.8%)

PC1 (63.5%) !

FIGURE 4. Morphospace of the data created by the principal component analysis on the elliptic Fourier analysis of the
Liocarcinus data set, created by plotting PC1 and PC2 of the PCA against each other. Included shapes depict graphi-

cal component loadings for each PC.
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tographs. Although there is now a larger number of
data bases providing all types of specimen data,
the number of actual images usable for such analy-
ses is still small. This becomes problematic, when
a crab species is paedomorphic or shows
increased variability in its allometric growth pat-
terns. Differences between different developmental
phases can become minute or so variable that they
are difficult to be detected. In these cases, large
sample sizes with few closely related species (i.e.,
little phylogenetic variation) are needed. Consecu-
tively, to gain more knowledge about morphological
variation in the fossil record, an increase of the
quality and number of the published images, that
can then be used for quantitative analyses, is
needed.

In this line of thought, outline analysis, as it is
performed here, can only be applied if the sample
size is large enough. The strength of this method
comes from the aspect of comparison, for which
other specimens are needed. Often, fossil crab
species are described by one specimen only. For
these cases other approaches need to be found.

Outlines as Ontogenetic Markers

The analysis of the C. maenas data set shows
a clear separation between developmental phases.
The difference between the slim shields of the
megalopae (with their rostra) and the wide shields
of the adults makes up for most variation within the
data. The early juvenile phase takes an intermedi-
ate position in the morphospace, forming a devel-
opmental trajectory (Figure 3). The clear visual
identification of developmental clusters is sup-
ported by the LDA, which had a classification prob-
ability of 100%, far above the random baseline of
38%.

On the contrary, the analysis of the Liocarci-
nus data set resulted in a less clear separation of
the data based on developmental phases. Megalo-
pae were still visibly separated, but the separation
between juveniles and adults was less clear. Con-
secutively, the linear discriminant function analysis
had a smaller accuracy for identifying the data,
although it still performed better than the estab-
lished random baseline (83.7% over 69.6%).

In summary, the pipeline presented and tested
here can distinguish developmental phases, given
that the investigated data set includes little noise
(i.e., little phylogenetic variation, small polymor-
phism), and a reasonable amount of data. It offers
an objective way of identifying developmental
phases. However, when the sample size is
reduced or noise is introduced, here in the form of
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including multiple species, the pipeline does not
produce accurate identification.

The Morphology of Post-larval Development

Juvenile crabs forming a discrete cluster in
the morphospace of the C. maenas data set is an
interesting find, as we did include adult specimens
of multiple ages and sizes in the analysis. The dis-
crete difference from older adults is probably best
explained by the fact that juvenile stages must still
undergo changes in morphology, while adults
mostly grow in size. It is therefore not surprising to
see that the juvenile stages plot closer to the meg-
alopae as they are only separated by one to two
stages. However, brachyurans are generally inter-
preted to have their last metamorphic moult from
megalopa to crab 1. The morphologically discrete
cluster of juvenile crabs therefore provides a base
to discuss whether this interpretation holds true in
a morphological sense. Especially, since young
crabs have been included in the analysis, which
could potentially fill the gap between juveniles and
adults in the morphospace.

We did not find a clear separation in the Lio-
carcinus data set. When investigating the case of
the juvenile L. oligocenicus specimen, our analysis
did not identify this individual as juvenile, and could
therefore not support the new interpretation of this
specimen. As discussed above, the reasons may
be either that the Liocarcinus data set included too
many species and too little specimens to provide a
detailed comparison, or morphological variation
may have been less pronounced in the post-larval
development of fossil crabs. As we included extant
juveniles in the Licoarcinus data set, these may dif-
fer from fossil juveniles. Alternatively, the specimen
may indeed be an adult of a separate species,
Nautilograpsus prior, as originally proposed
(Smirnov, 1929).

CONCLUSION AND OUTLOOK

We showed that outline analysis combined
with linear discriminant function analysis can reli-
ably identify ontogenetic phases, but only in cases
with little phylogenetic variation and sufficient sam-
ple sizes. Furthermore, early juveniles in C. mae-
nas form a discrete cluster in the morphospace,
separated from more advanced stages. The propo-
sition that the specimen of Liocarcinus oligoceni-
cus is a juvenile was not supported by our method.
We now need to test this pipeline on different spe-
cies of different groups to determine a baseline for
its usefulness compared to established methods.
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Graphical representation of principal components of PCAs on the shield outlines. A: Carcinus maenas data

set. B: Liocarcinus data set.
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