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Morphological diversity

in true and false crabs reveals

the plesiomorphy of the megalopa
phase

Florian Braig'*, Carolin Haug'? & Joachim T. Haug'?

Brachyura and Anomala (or Anomura), also referred to as true and false crabs, form the species-

rich and globally abundant group of Meiura, an ingroup of Decapoda. The evolutionary success of
both groups is sometimes attributed to the process of carcinization (evolving a crab-like body), but
might also be connected to the megalopa, a specific transitional larval phase. We investigate these
questions, using outline analysis of the shields (carapaces) of more than 1500 meiuran crabs. We
compare the morphological diversity of different developmental phases of major ingroups of true
and false crabs. We find that morphological diversity of adults is larger in false crabs than in true
crabs, indicating that taxonomic diversity and morphological diversity are not necessarily linked.
The increasing morphological disparity of adults of true and false crabs with increasing phylogenetic
distance furthermore indicates diverging evolution of the shield morphology of adult representatives
of Meiura. Larvae of true crabs also show larger diversity than their adult counterparts, highlighting
the importance of larvae for biodiversity studies. The megalopa phase of Meiura appears to be
plesiomorphic, as it overlaps between true and false crabs and shows little diversity. Causes may be
common evolutionary constraints on a developmental phase specialized for transitioning.

True and false crabs, Brachyura and Anomala (or Anomura), are the two evolutionary successful major ingroups
of Meiura. With about 10,000 globally abundant formally described species, this diverse group conquered marine,
limnic and terrestrial habitats'~>. True and false crabs form globally important fisheries** and are often important
actors in ecosystems®’. To scientists they are of special interest, among others, for their shared phenomenon of
carcinization, i.e., evolving a crab-like body shape (laterally widened body with the pleon tucked underneath)®”.
Herein, false crabs express fewer groups with truly crab-like bodies and a smaller total number of species com-
pared to true crabs'®!!. The fact that the crab body shape evolved several times within Meiura suggests a potential
evolutionary advantage, although this topic is still under discussion'>">.

During the early life phases though, neither true nor false crabs assume their crab shape yet. They first
undergo a planktic larval phase, the zoea'*. Larvae in this dispersal phase have an anterior-posterior elongated
body, often long spines on the shield (carapace), and use thorax exopods for locomotion'*. After a metamorphic
molt, the zoea develops into the megalopa (also named decapodid in general, or glaucothoe in Anomala)'®, a
phase specialized for the transition from planktic to benthic habitat'%. The megalopa already looks more like
a crab, with a dorso-ventrally flattened body and prominent chelae, but the pleon is not tucked underneath
the body yet'*. The megalopa in this morphology is specific to the group Meiura, although other ingroups of
Decapoda express similar phases (e.g., puerulus phase and nisto phase in the group Achelata)!*'%!”. The megalopa
then undergoes another metamorphic molt, into the juvenile crab, which can sometimes still differ morphologi-
cally from fully grown adults'*!8.

Both, carcinization and the megalopa phase, providing an additional metamorphic molt during ontogeny,
are mentioned as potential reasons for the evolutionary success of both true and false crabs’!®. However, it is
difficult to test the influence of these adaptations on the evolutionary success of the group, especially with the
current lack of larval material from the fossil record?>*!. We therefore follow another approach by comparing
morphological diversity (i.e., the range of morphologies), as well as morphological disparity (i.e., the difference
in morphology) between true and false crabs throughout their ontogeny and phylogeny. We perform a large-scale
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quantitative analysis, using the shield as a proxy for morphology, as it is the most accessible feature in crabs,
is reproducible, and provides ecological as well as phylogenetic information about the organism?*. We expect
to find little diversity and overlapping morphology among larval phases of both groups due to the assumed
low interspecific variability of both groups and in larval phases (Hypothesis 1)'>2*?*, We further expect larger
morphological diversity in the adult phase compared to the larval phase due to the ecological diversity of the
adults (H2)?. Lastly, we expect larger morphological diversity in true than in false crabs due to the difference
in species numbers (H3)>.

Results

The crab morphospace

The principal component analysis (PCA), performed on the results of the elliptic Fourier analysis (EFA) of the
shields of true and false crabs resulted in 17 principal components (PCs) explaining over 99% of variation in
the data set. The first and second PCs were plotted to visualize the morphospace, as they represent the largest
amount of variation (62.3% and 13.2% respectively). For all following quantitative analyses, all 17 PCs were
used as input data.

The first PC is dominated by the width of the shield (Fig. 1). Positive values represent slim shields with long
rostrums, negative values represent wide shields, especially in the antero-lateral region of the shield, with less
pronounced rostrums (Fig. 1). The second PC is dominated by the position of the widest point of the shield
(Fig. 1). Positive values represent posteriorly widened shields, negative values represent anteriorly widened
shields (Fig. 1). Graphical component loadings for all 17 PCs are depicted in Supplementary Fig. S1.

Within the morphospace, the group of adult true crabs plots in an ellipse from the bottom left off the center
of the morphospace towards the top left, representing their wide shields. Adults of false crabs also plot at the
bottom left off center of the morphospace, but extend in an ellipse towards the top right, showing variation
with shields that are slimmer and anteriorly widening. Juveniles of both groups plot within the respective point
clouds of their adult counterparts. Megalopae of both groups are mostly overlapping. They plot in a tight circle
around the center of the morphospace, spreading out slightly towards the right. This position indicates a median
morphology, with posteriorly widened shields and small rostrums. The zoeae of both groups plot on the right
side of the morphospace, indicating their slimmer shields. True crab zoeae mostly plot on the bottom of the right
side of the morphospace, indicating prominent posterior spines. False crab zoeae plot from the bottom right
towards the top center of the morphospace in a spread-out cloud, indicating larger diversity in terms of spines.
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Figure 1. Morphospace of meiuran crabs. Principal components 1 and 2 of principal component analysis on
the shield outline plotted against each other. A total of 1567 shields of true and false crabs were reconstructed,
including zoea, megalopa, juvenile and adult developmental phases. Gray shapes represent graphical component
loadings for the axis of the mean and + 1 standard deviation per axis. Black shapes represent individual
reconstruction drawings from the data set, which have been duplicated, mirrored, and merged to resemble their
source and biological shape.

Scientific Reports |

(2024) 14:8682 | https://doi.org/10.1038/s41598-024-58780-7 nature portfolio



www.nature.com/scientificreports/

Patterns of discreteness

We compared the occupied area within the morphospace of the four developmental phases (zoea, megalopa,
juvenile, adult) for true and false crabs respectively as a measure for morphological diversity. Using the sum of
variances across all PCs as metric, we found that almost all groups occupied significantly different-sized areas
within the morphospace (pairwise comparison of groups, bootstrapped and corrected for differences in sample
size, Welch’s two-sided t-test, Bonferroni corrected for multiple testing, all p values <0.001). One exception was
the comparison of adults of true crabs and zoeae of false crabs, which occupied similarly sized areas within the
morphospace (pairwise comparison of groups, bootstrapped and corrected for differences in sample size, Welch’s
two-sided t-test, Bonferroni corrected for multiple testing, p value>0.001). We found that adults of false crabs
showed the largest morphological diversity (Table 1, Fig. 2A). Zoea larvae of true crabs showed similarly large
morphological diversity. The other developmental phases of both true and false crabs showed smaller morpho-
logical diversities. Hereby, megalopae of both groups showed the smallest morphological diversities (Table 1,
Fig. 2A).

We also looked at the positions of the same eight groups within the morphospace. Testing the average
displacement of individuals from their group centroid, we found that again all groups showed significantly
different occupations of the morphospace (pairwise comparison of groups, bootstrapped and corrected for
differences in sample size, Welch’s two-sided t-test, Bonferroni corrected for multiple testing, all p values <0.001).
Hereby, the Euclidean distance between the centroids of the groups of megalopae of true and false crab was
smallest (Fig. 2B). Meanwhile, the distance was largest between adults of true crabs and zoeae of false crabs.

Lastly, we quantified the change of morphology during development for the largest ingroups of true and
false crabs, respectively (Fig. 3). We calculated the average displacements for every group, additionally compar-
ing occupation ranges for PC1 of the morphospace. Herein, adults of true crabs showed a trend of gradually
occupying more negative values for PC1 further up (graphically speaking) in the phylogenetic tree (Fig. 3). The
juveniles of true crabs followed this trend. However, adults and juveniles of true crabs did not show increas-
ing distance to the center of the morphospace (average displacements). Zoeae of true crabs showed no visible
trend, but a larger range of values both for PC1 and average displacements. Adults of false crabs showed a trend
of acquiring slightly more positive values for PC1 going up the phylogenetic tree (again graphically speaking;
Fig. 3). They showed decreasing values for the average displacements, marking smaller distances to the center
of the morphospace going up the phylogenetic tree. The zoeae of false crabs, like the zoeae of true crabs, did not
show a phylogenetic trend. Megalopae of both groups showed small ranges for PC1 and small distances to the
center of the morphospace.

Discussion

Limitations of the study

The present analysis is a first look into the morphological diversity in Meiura and Decapoda. We plan to build
on this data set in the future, including more groups and specimens, to enable the investigation of further topics.

Here, we could not include juveniles, i.e., crab 1 and crab 2 stages, of every ingroup in our analysis due to
a lack of material available in the literature. This aspect was generally the largest limitation of our analysis, as
collecting enough material for an ingroup, especially of larval stages, proved to be difficult. This lack highlights
the importance of publishing morphological data and the important role open databases and collections play
for large-scale quantitative analyses and the understanding of biodiversity.

We disregarded asymmetry in the shield for the sake of improved alignment of shapes. Due to the size of our
data set and the total covered variation, we expect biological asymmetry to play a minor role in morphological
diversity, compared to e.g., the difference between developmental phases. Disregarding asymmetry allowed us
to use only one half of the shield, with which a more precise alignment of the shapes could be reached.

We did not possess a robust phylogeny for the comparison of change through the ingroups of true and false
crabs (Fig. 3). We rather combined and abbreviated trees after Karasawa et al.?, Bracken-Grissom et al.”’” and
Tsang et al.?® to construct a dichotomous phylogeny including all relevant ingroups.

Our sample sizes for representatives of true and false crabs are balanced and therefore not proportionate to
species numbers of the respective group, i.e. we sampled relatively more false crabs than true crabs. We decided
to balance sample sizes instead of sample proportion to reduce artifacts in the statistical analysis. Furthermore,

Group Dev. phase | Sumvar | Avg. disp.
Anomala Zoea 0.042 2.878
Anomala Megalopa | 0.025 1.428
Anomala Juvenile 0.055 1.168
Anomala Adult 0.063 1.063
Brachyura | Zoea 0.061 2.580
Brachyura Megalopa 0.024 1.626
Brachyura | Juvenile 0.039 1.919
Brachyura | Adult 0.042 1.858

Table 1. Numeric values for metrics measuring different aspects of the morphospace. avg. disp. Average
displacements metric, dev. phase Developmental phase, sum var. Sum of variances metric.
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Figure 2. Boxplots of diversity metrics, quantifying the morphospace. Groups are created by pooling all
representatives of one developmental phase (zoea, megalopa, juvenile or adult) of one of the two phylogenetic
ingroups of Meiura (Anomala or Brachyura) together. (A) Boxplot of the bootstrapped values for the sum of
variances across all dimensions for the developmental phase of Anomala and Brachyura respectively. Values

are corrected for sample size by rarefaction. Reconstruction drawing on the left represents a schematic meiuran
zoea larva, on the right a schematic meiuran megalopa larva. (B) Boxplot of the Euclidean distances between
the group centroids of the developmental phases for Anomala and Brachyura respectively. Depicted are only the
three smallest and three largest distances between group centroids. All values are bootstrapped. Reconstruction
drawing on the left represents a schematic meiuran adult crab, on the right a schematic robber crab (Birgus
latro). adu Adult, ano Anomala, bra Brachyura, juv Juvenile, meg Megalopa, zoe Zoea.

the sample size of over 700 representatives across each group seemed appropriate to us to represent the diversity
of each group.

True versus false crab morphological diversity

When comparing the adult life phase, morphologies of true and false crabs were significantly different.
Furthermore, adults of false crabs expressed larger morphological diversity than adults of true crabs (falsifying
Hypothesis 3). Some unique forms of false crabs were shapes that were slimmer than in true crabs and were
widening posteriorly, not anteriorly (Fig. 1). The difference in diversity between true and false crabs stands in
line with some observations from literature'>!>?. False crabs represent some of the more charismatic ingroups
of Decapoda, with some adult hermit crabs having specialized morphologies adapted to hiding in shells®, or
the adult robber crab adapted to climb trees’!. True crabs seemingly lack such extreme forms, which might be
one reason for the smaller morphological diversity of their adults. Furthermore, full carcinization seems to have
happened three times independently within false crabs®"?, creating further morphological disparity, e.g., between
hermit crabs and king crabs, which are closely related®. Habitat diversity (and consecutive adaptations) could be
another driver of morphological diversity in false crabs. But contradicting this explanation is the fact that false
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Figure 3. Phylogenetic tree of Meiura and outgroup Homarida after Karasawa et al.*?, Bracken-Grissom et al.**
and Tsang et al.**. Orange-filled pie charts represent the proportion out of the total range covered of PC1 for
each ingroup respectively. Clockwise from positive to negative values. Cyan-filled pie charts represent 25-75%
quantiles of sample size corrected and bootstrapped average displacements, relative to the maximum average
displacements for each ingroup respectively. Clockwise from high to small displacement from morphospace
center. a Adult, j Juvenile, m Megalopa, z Zoea.

crabs have conquered terrestrial habitats more recently and on fewer occasions than true crabs****. Generally,

true and false crabs have conquered similar habitats around the globe, and representatives from marine and
terrestrial habitats, but not from freshwater, are present for both groups in our analysis. Carcinization could
also be used to argue for the difference in morphological diversity. As the crab body shape has been brought up
as an evolutionary advantageous morphology that can adapt to many habitats’, false crabs that are not (fully)
carcinized, i.e. fulfilling the characters of a crab sensu Scholtz (depressed shield with a lateral margin, wide
sternum, ventrally flexed pleon)'?, may have had to develop a larger range of morphologies to adapt to the
same environmental conditions. Simply put, the crab body shape may be a “one fits all” solution, which was
not available to not fully-carcinized false crabs. The difference in morphological diversity between true and
false crabs also demonstrates that taxonomic diversity and morphological diversity (and therefore ecological
diversity)* are not necessarily linked**-3%. After all, the taxonomic diversity of true crabs exceeds that of false
crabs, more than two-fold'*!".

Morphological diversity of the zoea phase was likewise not equal between true and false crabs (falsifying H1).
Instead, the morphologies were significantly different, with zoeae of true crabs expressing larger morphological
diversity than zoeae of false crabs (Table 1, Fig. 2A). One example for this difference are unique forms in zoeae
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of true crabs such as larvae with a rostrum protruding anteriorly, a posterior spine protruding posteriorly,
and an additional pair of lateral spines protruding laterally away from the body (Fig. 1). The morphological
disparity between true and false crab zoeae is interesting considering the similar selective pressures of the
pelagic environment and generally assumed low interspecific variation within each group!>?*?*. Again, habitat
adaptations may be a reason for increased morphological adaptations (such as adaptations to different water
depths). Another potential reason may be the duration of the zoea phase. False crabs usually have four to five
zoea stages (although there are indications for longer sequences, e.g. giant larvae)*, while true crabs can have up
to twelve zoea stages'®. Going through more zoea stages usually takes more time and therefore equals a longer
zoea phase. This longer time period may provide potential for additional adaptations or even require these,
especially since it also leads to a larger body size, again requiring new morphological adaptations to deal with
buoyancy and predator avoidance!>*.

The megalopa is a plesiomorphic and potentially phylotypic stage

The megalopa phases of both groups showed comparatively small morphological diversity (Fig. 1, Table 1),
and both occupied a similar area within the morphospace, indicating morphological similarity with each other
(partial support for H1; Fig. 2B, Table 1). The center position they occupy within the morphospace is also close
to that of zoea and adult representatives of Homarida and the earliest adult representatives of Brachyura (Fig. 1;
partial support for H1). Homarida represents our outgroup and an ancestral morphology, as the representatives
of Homarida are lobster-like, which is the supposed ancestral morphology for Meiura'>*!. Meanwhile, the earliest
adult representatives of true crabs are represented by fossils from the Jurassic, including the so far oldest ones*>*.
Together, these observations suggest, that the megalopa morphology is plesiomorphic for the group Meiura.
A possible explanation for this observation may be common selective pressures. The megalopa phase must
mediate a transition from the planktic to the benthic lifestyle of the animal'®. This change is accompanied by a
morphological transition from a slim spiny larva to a bulky crab. These two tasks may constrain the morphology
of the megalopa, not allowing strong deviation from the ancestral state.

Furthermore, the megalopa phase in Meiura also appears to be less morphologically diverse than the
preceding zoea phase and the following adult phase (Table 1). This is generally an indication for a phylotypic
stage. The phylotypic stage, meaning a stage in which all representatives of a group show the largest degree of
similarity*%, has been mostly discussed in vertebrates***. Yet, it also has been discussed for insects***, and (other)
crustaceans®®. Since mutations are selected against in phylotypic stages, this could provide another explanation
for the plesiomorphic appearance®. However, the megalopa stage is reached late during the development, while
a phylotypic stage has been suggested to occur early during organogenesis®. Yet, this may reflect a vertebrate-
centered view, as in many crustaceans specific organs become differentiated only later in ontogeny. Investigating
the spatial gene expression in megalopae of true and false crabs could therefore provide additional information
on the hypothesis of the megalopa as a phylotypic stage as well as the reason for the strong conservation of
phylotypic stages**.

Patterns of divergence in the evolution of Meiura

Carcinization is also often discussed in the context of convergent evolution®. True crabs as well as ingroups of false
crabs (Porcellanidae, Lithodidae, Lomisidae) have convergently evolved a crab-like habitus via carcinization®"’.
In our analysis, we can find partial support for this pattern. Representatives of Porcellanidae plot close to the
center of the morphospace, overlapping with some true crabs, those of Lithodidae however plot mostly on the
far right of the morphospace (Supplementary Figure S4). Representatives of the more derived ingroups of true
crabs also plot further to the top left of the morphospace, diverging from both the center of the morphospace
and false crabs. This pattern could potentially be caused by true crab forms showing increasingly wider than
long forms in more derived ingroups, especially with long lateral spines, while some representatives of false
crabs have long bodies. The present analysis does therefore not provide further support for convergent evolution
within the body shape of crabs.

Interestingly, adults of true crabs showed smaller morphological diversity than zoea larvae of true crabs
(partially falsifying H2). Meanwhile, adults of false crabs expressed larger morphological diversity than their zoea
larvae (partial support for H2; Table 1). This pattern indicates that different ends of the developmental pathway
show increases in diversity for true and false crabs. In false crabs, the late phase of (post-embryonic) development
shows increased diversity, while in true crabs the early phase of (post-embryonic) development shows increased
diversity, forming a pattern of divergence (Fig. 2A). However, this divergent pattern could simply be an artifact
of the earlier described diversity differences between true and false crabs. In any case, these results highlight the
importance of larvae for biodiversity studies, which are often still overlooked3®4,

Focusing on the adults, if we look at the change of morphology throughout the phylogeny of the groups,
somewhat reconstructing the evolutionary history, we find another pattern of divergence. With increasing
phylogenetic distance, true and false crabs occupy more distant regions in the morphospace (Fig. 3). While
morphological disparity between the more closely related ingroups of true and false crabs seems smaller, the
disparity increases between the more derived ingroups. This pattern indicates diverging evolution in the shield
morphology of Meiura, despite the process of carcinization. Shared habitats between true and false crabs may
cause competition that has driven adaptation in opposing directions. Another reason might be that true crab
shields are becoming gradually broader over time, while in false crabs they become longer. So far, we can only
speculate as to why this pattern arises.
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Conclusion

The morphology of the megalopa in true and false crabs suggests that it is plesiomorphic and potentially
phylotypic for the group. Together with the larval diversity found in the zoea phase, these findings highlight the
importance of larval information in biological research. The larger morphological diversity in adult false crabs,
despite true crabs having a larger species count, highlights the importance of different metrics for measuring
biodiversity. Lastly, although carcinization is often brought up as an example of convergent evolution in crabs,
the here presented results also demonstrate some patterns of divergence for the group Meiura.

STAR methods

Key resource table

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Deposited data
Shapes of specimens ‘ This study ‘ https://doi.org/10.5281/zenodo.10125461

Software and algorithms

R software-environment ver. 4.1.2 | R Core Team 2021 | RRID:SCR_001905; https://cran.r-project.org/

Custom R scripts for analysis and This study https://github.com/rianbreak/ AnomalaVsBrachyura

statistical tests

Adobe Ilustrator CS2 Adobe RRID:SCR_010279; http://www.adobe.com/products/illustrator.html

Inkscape "Ihe' Inkscape RRID:SCR_014479; https://inkscape.org/en/

project

Photoshop CS2 Adobe RRID:SCR_014199; https://www.adobe.com/products/photoshop.html

Material

Material used for this study originated from published images and reconstruction drawings in literature, open
databases, collections, and museums. Some of the material was documented and published by the authors (for
documentation methods, see Eiler et al.>°)**>":>2, Our material included extant and fossil species of Meiura. For
a detailed overview on data origin, see Supplementary Table S2, for the list of respective literature references,
see Supplementary References S3. From these sources the outline of the shield in dorsal view was reconstructed
for each of the 1567 specimens (identical to earlier studies)*>>. Source material viable for reconstruction had to
meet certain criteria, such as: complete specimen; documented in dorsal view without large inclination; good
lighting in the case of images. We sorted each specimen into a phylogenetic category (Anomala or false crab;
Brachyura or true crab) and an ontogenetic category (zoea, megalopa, juvenile, adult).

Sampling

When gathering material for this analysis, we did not sample every major ingroup (usually ranked as
“superfamilies”) of true and false crabs. Instead, we picked major ingroups based on available material, species
numbers, and phylogenetic distance, to create a broad sampling pattern across Brachyura and Anomala.
These groups were Carcinidae, Dromiidae, Grapsidae, fossil representatives from the Jurassic, Portunidae,
Raninidae, and Xanthoidea for true crabs and Diogenidae, Galatheidae, Hippoidea, Lithodidae, Paguroidea, and
Porcellanidae for false crabs. We are aware that there are still some major groups missing from this analysis, like
Majoidea or Leucosioidea (both ingroups of Brachyura). However, we refrained from including more specimens
to keep the balanced sample sizes between true and false crabs.

We also balanced sample sizes of included specimens for true and false crabs instead of proportionately
sampling specimens. We decided for balanced sample sizes to reduce artifacts in the statistical analysis created
by sample size correction methods. Also, including over 700 specimens per group over a large phylogenetic
distance seemed to represent a large share of variation in both groups.

Data generation

We used vector graphic software, Adobe Illustrator CS2 and free and open software InkScape, for the
reconstruction of shield outlines. Each shield outline was manually traced in one of the two programmes. To
prevent variation in the data due to left-right asymmetry, we only reconstructed the left or the right half of the
shield and, where necessary, mirrored it to always end up with a right half. Asymmetry in Meiura exists for
various reasons™!. However, we chose to disregard it in favour of improved alignment to improve our analysis.
We expect the impact of asymmetry to be minor on the analysis, due to the size of the data set and the overall
scale of morphological variation.

Quantification and statistical analysis

All analyses were performed offline, using custom scripts in the R-statistics environment (ver. 4.1.039)%. The
shape of the shield was quantified using elliptic Fourier analysis (EFA), which applies the principle of the Fourier
transformation to translate the two-dimensional outline into a mathematical object***>*. The shield shape is
decomposed into a harmonic sum of trigonometric functions, weighted with harmonic coefficients®*®¢. These
harmonic coefficients are then aligned according to a homologous starting point®>>. We aligned and centered the
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shield shapes according to the center left point of the shape, i.e., halfway along the straight line where the shield
was halved. We then scaled the outlines based on centroid distance to reduce any artefacts stemming from scale
differences in the source material. We used a calibration function of the Momocs package on our whole data set to
find an appropriate number of harmonics to describe the shapes. The results yielded 11 harmonics representing
99% of variation in the data, which we opted for. The results were then analyzed with a principal component
analysis (PCA), choosing to retain the first 17 PCs, because they amounted to more than 99% of variation in the
data set (PC1 =62.5%; PC2=13.2%; PC3 =10.1%; PC4=4.9%; PC5=2.5%; PC6 =1.5%; PC7 =1.1%; PC8=0.9%;
PC9=0.7%; PC10=0.6%; PC11=0.4%; PC12=0.4%; PC13=0.3%; PC14=0.2%; PC15=0.2%; PC16=0.2%;
PC17=0.1%). We chose the 99% of variation criterion over other methods to choose a cut-off value, because the
scree-plot is subjective, and the computational approach was not feasible with our data®. The matrix of principal
components (PCs) was then used as input data for further statistical analysis and graphical interpretation.

For initial visualization of the morphospace, PC1 and PC2 were plotted against each other in scatterplots,
using ggplot2 (ver. 3.3.542), adding biological shapes manually in Photoshop CS2 for easier interpretation.

We then calculated different metrics to measure morphological diversity using the package dispRity (ver.
1.6.043). For this approach, we first bootstrapped each data set 10,000 times and applied rare-faction-based
correction for differences in sample sizes, using the sample size of the smallest group of each comparison.
We tested different metrics, following Guillerme and Cooper®®, and chose appropriate metrics to measure
morphospace occupation and position within morphospace.

We first calculated the sum of variances across all PCs for the four developmental phases of true and false
crabs respectively, as a measure for morphological diversity. Meaning we grouped all representatives of one
developmental phase of one phylogenetic group together, resulting in eight groups. The smallest sample size used
for correction was that of juvenile false crabs with 16 specimens. In total, 1567 shield shapes were compared.
We then tested the groups for significant differences, using pairwise Welch’s two-sided t-test with Bonferroni
correction for multiple testing.

We then calculated the average displacement of individuals from their group centroids in relation to the center
of the morphospace, again for the four developmental phases of true and false crabs respectively. This metric
measures the position within the morphospace, therefore giving insight into how morphologies differ between
groups. The smallest sample size used for correction was again that of juvenile false crabs with 16 specimens. In
total, 1567 shield shapes were compared. We again tested the groups for significant differences, using pairwise
Welch’s two-sided t-test with Bonferroni correction for multiple testing.

We furthermore used the average displacements metric as well as the occupation of PC1 of the developmental
phases of every larger ingroup of true and false crabs included in our analysis as a measure for the change of
morphology during development along the phylogenetic tree (included groups are: Carcinidae, Diogenidae,
Dromiidae, fossil representatives of Brachyura from the Jurassic, Galatheidae, Grapsidae, Hippidae, Lithodidae,
Paguridae, Porcellanidae, Portunidae, Raninidae, and Xanthidae). As we only used representatives of these
groups, the sample size in this analysis is smaller (e.g., not all representatives of Hippoidea in our analysis are also
representatives of Hippidae). We calculated the smallest and largest value of any specimen for PC1 and defined
these two values as the possible range of occupation for PC1. We then calculated the smallest and largest value
for every developmental phase for every phylogenetic ingroup respectively. We then plotted this occupied range
of PC1 as a part of a pie chart. Similarly, we calculated the average displacements for every developmental phase
of every phylogenetic ingroup, this time taking the 25% and 75% quantiles as lower and upper boundary for the
occupied range. We then used the 75% quantile of the group with the largest value as maximum value and set the
minimum to zero (as the least displacement from the center equals a value of zero), defining the possible range of
average displacements. Again, we plotted the realized average displacements of each group as a part in a pie chart.

We also calculated the Euclidean distance between group centroids for all eight established groups to compare
how different the morphologies of each group are. For this metric, we used bootstrapped but not sample size
corrected data sets. We selected the three largest and the three smallest distances to display within the text. The
number three was picked arbitrarily, based on the need to reduce the number of displayed distances in the main
text.

Data availability

The dataset generated and analyzed during the current study is available in the Zenodo repository, DOI: https://
doi.org/10.5281/zenodo.10125461. All data reported in this paper will also be shared by the lead contact upon
request. Florian Braig (florian.braig@palaeo-evo-devo.info).
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