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Abstract: Modularity and integration are variational prop-
erties expressed at various levels of the biological hierarchy.
Mismatches among these levels, for example developmental
modules that are integrated in a functional unit, could be
informative of how evolutionary processes and trade-offs have
shaped organismal morphologies as well as clade diversifica-
tion. In the present study, we explored the full, integrated and
modular spaces of two developmental modules in phacopid
trilobites, the cephalon and the pygidium, and highlight some
differences among them. Such contrasts reveal firstly that
evolutionary processes operating in the modular spaces are
stronger in the cephalon, probably due to a complex regime of
selection related to the numerous functions ensured by this
module. Secondly, we demonstrate that the same pattern of
covariation is shared among species, which also differentiate
along this common functional integration. This common

pattern might be the result of stabilizing selection acting on
the enrolment and implying a coordinate variation between
the cephalon and the pygidium in a certain direction of the
morphospace. Finally, we noticed that Austerops legrandi
differs slightly from other species in that its integration is
partly restructured in the way the two modules interact. Such a
divergence can result from the involvement of the cephalon in
several vital functions that may have constrained the response
of the features involved in enrolment and reorganized the
covariation of the pygidium with the cephalon. Therefore, it is
possible that important evolutionary trade-offs between enrol-
ment and other functions on the cephalon might have partly
shaped the diversification of trilobites.

Key words: functional integration, enrolment, developmen-
tal modularity, Phacopidae, trilobite.

CoMPLEX organisms are made of recognizable anatomical
parts, seemingly independent from each other (i.e. modu-
lar) but nonetheless coordinated throughout the whole
organism (i.e. integrated) to ensure its functionality
(Klingenberg 2008, 2014; Hallgrimsson et al. 2009). Thus,
integration influences the direction of evolution while
modularity affects the evolvability of complex systems by
limiting the effect of trait variation to sets of functionally
or developmentally related traits (Hallgrimsson et al.
2009; Clune et al. 2013). The explicit reference to internal
factors when studying morphological variability has been
incidental (Wagner & Altenberg 1996) or rare except in a
few articles (Eble 2005; Gerber et al. 2007, 2008; Gerber
& Hopkins 2011; Gerber 2014). As the anatomical parts
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are semi-independent evolutionary units, analysing the
differential filling of morphospace by clades (Roy & Foote
1997; Jablonski 2000) with an explicit reference to these
specific variational properties has the potential to leverage
our understanding of macroevolutionary patterns and of
the role of modularity as a driver of phenotypic evolution
(Gerber & Hopkins 2011). The variational properties that
are modularity and integration are expressed at various
levels of the biological hierarchy (Klingenberg 2014). Mis-
matches among these levels, for example developmental
modules that are integrated in a functional unit, could be
informative of how evolutionary processes have shaped
organismal morphologies (Breuker ef al. 2006) and allow
us to understand the role of evolutionary trade-offs in
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shaping clade diversification. Directional selection acting
on the functional unit will involve a joint co-divergence
of the independent developmental modules composing
the functional unit and, over time, lineages will display
strong covariation between modules within lineages as
well as diverse patterns of covariation among lineages. By
contrast, selection acting on one or other of the develop-
mental modules will involve correlated responses in the
other modules resulting in rather parallel evolutionary
trajectories of lineages when this covariation is strong but
fairly independent lineage trajectories when is not.
Phacopid trilobites constitute one of the most diversi-
fied trilobite orders living from the Early Ordovician to
the Devonian—Carboniferous boundary (Cronier et al.
2011) as well as an emblematic example of the punctu-
ated equilibrium (Eldredge & Gould 1972) and develop-
mental heterochrony (Gould 1977, 1998; Alberch et al.
1979; McNamara 1986; Cronier & Courville 2003). Their
phylogeny (Fig. 1) is rather well-known (McKellar &
Chatterton 2009) even though some relationships remain
a subject of debate (Oudot et al. 2019a). Like many cur-
rent arthropods, phacopid trilobites were capable of
enrolment, that is ‘volvation’ (Haug & Haug 2014; Balle-
rio & Grebennikov 2016). Authors have considered this
behaviour to be a defence strategy against predatory pres-
sures (Campbell 1977) or against stressful environmental
perturbations such as turbidity (Speyer 1988) obtained by
protecting the vulnerable ventral part. This enrolment
ability is largely present within trilobites, involving differ-
ent anatomical devices (see Clarkson & Henry 1973; Bru-
ton & Haas 1997; Esteve et al. 2011). The thoracic

vincular furrow

segment anatomy has frequently been used to understand
the different enrolment types through the whole trilobite
clade (Henry & Clarkson 1974; Esteve et al. 2018). Some
also explored the contact zone between the different
anatomical parts of the exoskeleton (Lerosey-Aubril &
Angiolini 2009). Following on from this idea, our study
focuses on two tagmata which are in contact when com-
plete enrolment is achieved: the cephalon and the pygid-
ium. However, we choose to investigate their dorsal shape
as well as their covariation.

The cephalon is composed of a set of fused segments
in the anteriormost part of the body, while the caudal
part of the trilobite body is also formed by fused trunk
exoskeletal segments, called the pygidium (Hughes 2003).
In numerous trilobite taxa, and especially in phacopids,
the integrity of enrolment is reinforced by the presence of
special devices, i.e. a vincular furrow on the cephalic dou-
blure (Fig. 1) into which the posterior margin of the
pygidium fits with a perfect edge-to-edge fit (Whittington
et al. 1997). Thus, these coaptative structures show a
mechanical adjustment of two distinct parts (i.e. two tag-
mata) and ensure a perfect and passive protection of the
ventral side during enrolment. To complete this mechani-
cal adjustment, the thoracic segments are lodged in the
extensions of the cephalic doublure becoming crenulated,
divided into vincular notches posterolaterally. These coap-
tative structures are completed by panderian protuber-
ances that control the pleural fitting at the end of the
enrolment (Hupé 1953), and by a system of well-devel-
oped articular facets. Bruton & Haas (1997) have thor-
oughly studied these coaptative structures in phacopids to

FIG. 1. A, Morocops granulops
(after Khaldi et al. 2016) in frontal,
dorsal and lateral views. B, illustra-
tion of the phacopid enrolment and
coaptative structures associated in
ventral view of the cephalon and
lateral view of the entire exoskele-
ton. C, summary of phacopid phy-
logeny (after McKellar & Chatterton
2009 and Oudot et al. 2019a).
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demonstrate diverse protective adaptations and different
strategies of enrolment in closely related taxa of this fam-
ily. In our study, all studied phacopids share the same
coaptative devices. Therefore, phacopids appear to be a
good model for exploring the constraints produced by
functional relationships on divergences of developmental
modules since several enrolling strategies have been
explored over the 130 myr of their existence in the
Palaeozoic Era.

The cephalon together with the trunk tagma is consid-
ered to be the ancestral condition of tagmosis in trilo-
bites, whereas the pygidium is a functionally distinct
tagma derived from posterior segments that evolved sec-
ondarily (Hughes et al. 2006). Besides its involvement in
enrolment with the pygidium, the cephalon is thought to
support feeding, digestion and cognition functions, and
be subject to significant ontogenetic changes in relation
to changes in feeding habits (Fortey & Owens 1999;
Hughes 2003). Hence, the cephalon and the pygidium
appear functionally related via enrolment but also partly
distinct (as the cephalon is involved in specific functions)
and they are probably developmentally rather well sepa-
rated. Accordingly, therefore, the cephalon shape might
be expected to be under a strong and diverse selection
regime, which might imply some trade-offs between its
various functions and the enrolment, whereas the diver-
gence of the pygidium shape might be neutral or under a
less complex selection regime mainly related to its
involvement in enrolment. In such a case of neutral
divergence, among-species variation in the pygidium
might be unstructured alongside covariation in the cepha-
lon. On the contrary, a large modular variation among
species affecting the cephalon is to be expected if the
trade-offs between the various functions are not too
strong. If some directional selection acts on the enrolment
itself, we might expect to observe diverse covariation
among species, whereas a stabilizing selection will involve
a unique and strong pattern of covariation between the
two tagmata.

Contrasting the pattern of species divergence in either
the variation related to the enrolment or the variation
independent of such enrolment appears to be a good
rationale for evaluating current assumptions. Using
geometric morphometrics, we described the shape of the
two tagmata from five closely related species with well
preserved and spatiotemporally circumscribed samples,
and compute four different but complementary mor-
phospaces: the full, the integrated (i.e. covarying shapes)
and the modular spaces, following the approach of Mit-
teroecker & Bookstein (2008). Modular spaces are repre-
sentative of the independent variation of the two
structures, whereas variation within the covariation space
refers to the functional integration of these structures.
Furthermore, we assess how this covariation may have

constrained species divergences on these two developmen-
tal modules. Finally, the observation of variation above
the species-level (i.e. shape disparity) within each of the
four morphospaces will inform us on the potential of
these spaces to embed informative evolutionary dynamics
at a broader scale.

MATERIAL AND METHOD
Phacopid sampling

The studied material comes from two newly described
sections (Khaldi et al. 2016) designated ‘Marhouma’ and
‘Erg el Djemel’, and located in the Saoura Valley, in the
eastern part of the Ougarta Basin, Algerian Sahara (Fig. 2).
Both are of upper Emsian age (Khaldi er al. 2016).

Over the last decade, numerous new phacopid faunas
have been described from North Africa (Chatterton et al.
2006; Klug et al. 2009; McKellar & Chatterton 2009;
Khaldi ef al. 2016). The Algerian material, collected
mainly by Y. Khaldi (Oran University), comprises 166
specimens of phacopids, collected from five levels in the
Erg el Djemel section and one level in the Marhouma
section, all upper Emsian in age. Taxonomic identifica-
tion has been made by three of the authors (CC, MO,
AYK).

After checking for preservation issues and species rep-
resentativeness, 134 cephala and 81 pygidiums (actually
associated with a cephalon) were conserved: all 134
cephala are used in the PCA analysis while the set of 81
associated cephala and pygidium are used in covariation

FIG. 2. Geographical location of the studied phacopid trilo-
bites from two newly described sections: ‘Erg el Djemel’ and
‘Marhouma’ sections in the Saoura Valley, Algeria. Relief is
shown in grey.
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TABLE 1. Sample size of each species studied.

Sample sizes per species

A. legrandi A. menchikoffi A. speculator M. chattertoni M. granulops Total
Cephalon 53 29 12 35 5 134
Pygidium 29 20 5 23 4 81

and modular analyses. These specimens (see Table 1 for
sample sizes by species) are representatives of Austerops
legrandi Khaldi et al., 2016, A. menchikoffi (Le Maitre,
1952) (= Phacops smoothops Chatterton ef al., 2006;
see Khaldi et al. 2016), A. speculator (Alberti, 1969),
Morocops chattertoni (Khaldi et al., 2016) (Morocops
Basse, 2006 = Barrandeops McKellar & Chatterton, 2009;
see van Viersen et al. 2017), and M. granulops (Chatter-
ton et al., 2006). The studied specimens come from
similar assemblages to minimize variation in external
factors (i.e. environmental differences) and to focus rather
on the internal factors, (i.e. the functional and develop-
mental differences), and also to understand such diver-
sity. Additionally, all studied phacopid individuals
belong to holaspid instars typically composed of 11
articulated thoracic segments involved in the enrolment
as well as the cephalon and pygidium (Cronier et al.
2011). The holaspid period begins when the number of
thoracic segments specific to the species is acquired, with
the functional completion of the final articulation
between the last thoracic segment and the posterior
shield made of merged segments (Hughes et al. 2006).

Imaging, digitizing and geometric morphometrics

All specimens were photographed using either a Canon
PowerShot S2 IS camera (5.0 megapixels) on a binocular
Zeiss Stemi SV11-Apo (by CC at the University of Lille),
or a Pentax K3 camera with the HD PENTAX-DA
35 mm F2.8 Macro Limited lenses (MO at the University
of Burgundy). The cephalon and the pygidium of 35
specimens were photographed twice; removing and
replacing the specimen under the camera between the two
shots to assess the measurement error.

As most of the specimens were partly preserved, only
the right-side of each structure was considered (using the
mirror function when only the left-side of the structure
was preserved). To describe the morphology of these
organisms, a set of 19 2D-landmarks on the cephalon and
8 2D-landmarks on the pygidium were digitized using
tpsDig (Rohlf 2004, 2015) to summarize the general
cephalic shape (Fig. 3); of these five and three are on the
symmetry axis of the cephalon and pygidium respectively.
For the 35 specimens photographed twice, each structure

was also digitized twice. To avoid problems related to
treating only half of a bilateral structure (Cardini 2016),
the left side of cephalon and pygidium were reconstructed
by symmetrizing the right-side landmarks using the
unpaired landmarks lying on the symmetry line.

Nevertheless, some specimens were more damaged than
others so some landmarks were coded as ‘missing land-
marks’ on some individuals; these were estimated to
reconstruct a complete database of landmarks for each
specimen (Gunz et al. 2009; Couette & White 2010). As a
maximum of three landmarks are missing per side of each
structure, estimating their coordinates corresponds to an
increase of 1.42% in the whole data set of landmarks
coordinates, which is considered here to be few enough
to avoid a negative impact on the analysis. We chose to
estimate missing landmarks coordinates (and preserve the
initial number of specimens) using a TPS interpolation
(see Gunz etal 2009), through the estimate.
missing() function from the geomorph R (v. 3.4.4)
package (v. 3.0.6; Adams & Otdrola-Castillo 2013).

Finally, these reconstructed configurations were sub-
jected to two separate partial generalized Procrustes
analyses (Dryden & Mardia 1998) to remove effects of
size, location and orientation, and keeping only the sym-
metric variation of shape. Shapes were projected in the
space that is tangent to the mean shape of either the
cephalon or the pygidium. The resulting tangent coordi-
nates correspond to the symmetric shapes of those
anatomical structures and are used in our analyses.
Cephalon and pygidium sizes were computed as their
centroid size, that is the square root of the sum of
squared distances from each landmark to their centroid
(Dryden & Mardia 1998). This was performed by using
the bilat.symmetry() function from geomorph (see
Oudot et al. (2019b) for the resulting
coordinates).

The imaging and digitizing protocol described above
allows for the assessment of two components of measure-
ment error: the projection error (i.e. the setting of a
specimen under the camera) and the digitization error.
This assessment was done through Procrustes ANOva
(Klingenberg & MclIntyre 1998) performed using the
procD. 1lm function of Geomorph. It appears that both
imaging and digitizing errors were negligible compared to
individual variation.

landmark
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FIG. 3. Landmarks selected for morphometric analyses. Land-
marks are captured in dorsal view and defined as follows: A,
cephalon: 1, anteriormost midpoint of frontal lobe; 2, posterior
midpoint of frontal lobe; 3, middle midpoint of preoccipital
lobe; 4, posterior midpoint of preoccipital lobe; 5, posterior
midpoint of occipital ring; 6, flexure point at antero-lateral angle
of preoccipital lobe; 7, flexure point at postero-lateral angle of
preoccipital lobe; 8, flexure point between posterior margin of
occipital lobe and posterior border; 9, most lateral point on
frontal lobe; 10, point of anterior innermost edge of eye; 11,
middle point at maximum curvature of palpebral furrow; 12,
point of posterior innermost edge of eye; 13, posteriormost
maximum curvature of eye; 14, posteriormost maximum curva-
ture of the posterior border furrow; 15, most posterior point on
posterior border; 16, middle point at maximum curvature of
dorsal edge of eye; 17, anteriormost maximum curvature of eye;
18, middle point at maximum curvature of ventral edge of eye;
19, most lateral point on lateral border; B, pygidium: 1, anteri-
ormost midpoint of pygidial axis; 2, posterior midpoint of pygi-
dial axis; 3, posteriormost midpoint of posterior border; 4,
intersection of first interpleural furrow with dorsal furrow; 5,
intersection of second interpleural furrow with dorsal furrow; 6,
intersection of third interpleural furrow with dorsal furrow; 7,
anterior point of maximum curvature of articulating half rib; 8,
lateral extremity of articulating facet.

Decomposing the morphospace: full, integrated and modular
spaces

Major patterns of shape variation were examined within a
reduced shape space obtained from principal component
analysis (PCA) of the variance—covariance matrix of

the tangent coordinates, computed using the plot
Tangentspace () function of geomorph. This full
shape space could be divided into three subspaces: an
integrated shape space and two modular spaces, one for
each structure from which the covariation is studied
(Mitteroecker & Bookstein 2008). Mitteroecker & Book-
stein (2007) defined a model of common and local devel-
opmental factors, each of them affecting phenotypic
variables differently. Local factors influence the morpho-
logical variation of only one module, whereas common
factors affect traits of different modules. Thus, modules
are constructed as anatomical parts that are separately
influenced by dissociated local factors while they may also
be integrated through some common factors. According
to this model, the integrated space is ordinated by scores
along common factors (developmental factors affecting
traits of different modules) whereas the modular spaces
are ordinated by scores along local factors (that influence
the morphological variation of one module only).

In the first instance, to check if a common inte-
grated space is computable, we performed separate partial
least squares (PLS) analyses for each species whose sam-
ple size is greater than 20 individuals (i.e. A. legrandi,
A. menchikoffi and M. granulops) and computed pairwise
angular comparisons between these species. These angles
were statistically tested against random null distribution
of angles computed from multidimensional pairs of vec-
tors (Klingenberg et al. 2003). As there were no differ-
ences among the first PLS vector of each species, the
common integrated space was assessed using two block
PLS analysis (2B-PLS, Rohlf & Corti 2000) on the
cross-covariance matrix between cephalon and pygid-
ium tangent computed by wusing the
two.b.pls () function of geomorph. As species differ-

coordinates

ences may confound the covariation pattern between
modules, the variance—covariance matrix was pooled by
species to avoid this potential effect on the computation
of shape covariances. Nevertheless, scores of individuals
were computed on unpooled data (so taking into
account the species mean). The significance of each PLS
pair was obtained following the approach of Mit-
teroecker & Bookstein (2008), based on 1000 permuta-
tions of observations from residual data matrices. Only
the first significant PLS pairs were kept to describe the
integrated space.

To assess whether species share the same pattern of
integration, we used the previous separate PLS vectors
(on both modules and stacked vectors) from each species
and performed pairwise angular comparisons with the
common PLS vector of integration. Furthermore, to test
if morphological differences can be linked with the com-
mon pattern of covariation, we computed a pairwise
angular comparison between species contrasts (i.e. pair-
wise difference of mean shape between species) and the
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common PLS vector of integration (on both modules and
stacked vectors). These angles were tested against random
null distribution of angles computed from multidimen-
sional pairs of vectors (Klingenberg et al. 2003).

Modular spaces of the cephalon and the pygidium were
then computed as orthogonal to the whole covariation
pattern (i.e. first significant PLS pairs), following the
approach of Mitteroecker & Bookstein (2008). The shapes
of each tagma were projected orthogonally to the normal-
ized first pair of singular vectors obtained from the 2B-
PLS, resulting in a morphospace with all the shape varia-
tions but those related to common factors (Mitteroecker
& Bookstein 2008). In other words, the full shape space
was decomposed according to an integrated space relating
to the within-species morphological covariation and two
modular spaces orthogonal to that covariation. R codes
computing the orthogonal spaces are available in Oudot
et al. (2019b).

Assessing species differences in the four spaces

Species differences were evaluated using Procrustes ANOVas,
which deal only with the amount of variation. When sig-
nificant, pairwise Hotelling T° tests (using Hotelling.
v. 1.0-4 package, Campbell & Curran 2009) were per-
formed to evaluate pairwise species differences, using a BH
adjustment to control the false discovery rate (Benjamini
& Hochberg 1995). The integration and modular spaces
were computed on the species-pooled covariance matrix so
that species differences do not impeded the covariance
between the two developmental modules. To test for
species differences in that space, we therefore reprojected
the mean shapes of species and added them to the scores
of individuals before comparison and visualization.

RESULTS
Shape variation

For cephala, morphological relationships among individu-
als can be visualized through the morphological space
(Fig. 4), defined by the first three principal component
axes. The first PC explained 47.24% of the observed vari-
ation among individuals, the second, 14.00%, and the
third, 7.5%. The morphological changes associated to
each PC are depicted through thin plate spline deforma-
tion grids (Fig. 4). The PCl axis shows that the main
shape change in these species contrasts more or less large
cephala (with or without stretched genal angles) while
the PC2 axis shows more or less parabolic cephalic
outline and the PC3 axis depicts more or less inflated
glabella.

Species are well differentiated in morphospace mainly
along the first axis where Austerops legrandi is very well indi-
vidualized, while A. menchikoffi and A. speculator overlap.
Morocops granulops appears rather differentiated, even if
M. chattertoni seems to overlap a little. The Procrustes ANovA
(keeping 80% of the explained variance) confirmed this visual
inspection of the scatterplots as significant species effect was
observed (Fy - 4 = 14.03, p < 0.001). Pairwise Hotelling T
tests (Table 2) revealed that Austerops legrandi is significantly
different from other species. Actually, and despite some over-
laps, all species are significantly different from one another.

For pygidia, morphological relationships among studied
individuals can be displayed in the morphological space
(Fig. 5) defined by the first three principal component
axes. The first PC explained 46.24% of the observed vari-
ation among individuals, the second, 20.63%, and the
third, 16.08%. The morphological changes associated with
each PC are depicted through thin plate spline deforma-
tion grids (Fig. 5). The PC1 axis shows that the main
shape change in these species contrasts a more or less
large pygidium (with a more or less parabolic outline)
while the PC2 axis shows a displacement of the maximal
bulging of the pygidium along the pygidial axis (with an
elongation of the pygidial end), and the PC3 axis depicts
a more or less inflated pygidial axis.

Unlike cephala, species seem to overlap a lot more
when considering pygidia. Nonetheless, Procrustes ANOvA
(keeping 80% of the explained variance) revealed a spe-
cies effect (Fgr - 4 = 6.24, p < 0.001) and the pairwise
Hotelling test demonstrates that all the species are signifi-
cantly different, except A. speculator and M. chattertoni
which are not (Table 3).

Integrated space

The 2B-PLS was performed on the species-pooled cross-
covariance matrix of tangent coordinates between the
pygidium and the cephalon and then, graphically visual-
ized by reprojecting species mean onto PLS vectors of the
pooled data (Fig. 6). The permutation test of Mit-
teroecker & Bookstein (2008) revealed that only the first
PLS pair (which accounts for 71.82% of the total squared
cross covariance) is significant. Other PLS pairs are thus
not shown in the following results.

The first PLS axis related to the cephalon involves an
increasingly stockier glabella that is less angular in its
anterior part and narrower in its posterior part, with a
stretching of the genal angles. The first PLS axis related to
the pygidium involves an elongation (sag.) of the pygidial
axis concurrent with the evolution of the global shape
from an open circular arc to a closed one.

In this plot, species overlap a lot and more or less fol-
low a line representing the covariation link between the
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A A. legrandi ) A. menchikoffi W A. speculator <> M. granulops ~ ® M. chattertoni

PC 3-7.5%
+0.06

FIG. 4. Principal components analysis performed on the database of 134 cephala, (top) PC1-PC2 plane and (bottom) PC1-PC3 plane.
Thin plate splines depict the extremes of cephalon shape on each axis edge. Colour online.
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TABLE 2. Results of pairwise Hotelling test on the cephalon, within the full shape space (top) and the modular shape space (bot-

tom).

Pairwise Hotelling on full morphospace

A. legrandi A. menchikoffi A. speculator M. chattertoni M. granulops
A. legrandi / 343.10 157.38 284.83 1094.11
A. menchikoffi 0.000 / 21.42 47.95 165.24
A. speculator 0.000 0.014 / 121.74 179.65
M. chattertoni 0.000 0.001 0.001 / 46.81
M. granulops 0.000 0.000 0.000 0.000 /

Pairwise Hotelling on modular morphospace

A. legrandi A. menchikoffi A. speculator M. chattertoni M. granulops
A. legrandi / 149.61 50.00 176.23 580.42
A. menchikoffi 0.000 / 6.56 23.87 67.65
A. speculator 0.000 0.131 / 68.63 89.26
M. chattertoni 0.000 0.004 0.004 / 16.15
M. granulops 0.000 0.000 0.000 0.007 /

Significant p-values are shown in bold.

two anatomical structures. Nevertheless, the Procrustes
aNova (performed on reprojected data) shows a signifi-
cant difference in the covariation link between the cepha-
lon and the pygidium among species (Fyr - 4 = 7.10,
p < 0.001). Pairwise Hotelling tests (Table 4) reveal that
A. legrandi is significantly different from other species,
except A. speculator. Furthermore, A. menchikoffi is signif-
icantly different from other species but not from M. gran-
ulops. M. granulops and M. chattertoni also appear as
non-different, while other species remain different from
each other.

All angles between the first pair of PLS (both common
and species vectors) are significantly different from ran-
dom angles (Table 5) meaning that all these vectors share
a common direction of integration. Nevertheless, A. le-
grandi diverges slightly from the common PLS vector
compared to other species. If we now consider modules
separately, the pygidium exhibits higher angular values
than the cephalon (see Oudot et al. 2019b, table S1).
Moreover, the angular comparison between species con-
trasts and the main vector integration (Table 6) shows
that these angles differ from random, aside from the
angular comparison between the integration vector and
the contrast opposing M. granulops and M. chattertoni.

Modular spaces

As an orthogonal space of the integrated morphospace,
the modular spaces are devoid of dimensions of inte-
grated shape variation (Fig. 6). Thus, in such an orthogo-
nal space each anatomical structure is treated individually

(Figs 7, 8) and shape differences depicted by these spaces
reflect differences due to local factors, that is modular
shape variation. For cephala, the first three PCs of the
modular space (Fig. 7) account for almost 67% of the
modular variance. The PCl1 axis mainly contrasts more or
less rounded cephala while the PC2 axis shows the transi-
tion from a much broader glabella to a much narrower
one and PC3 distinguishes a more or less inflated cepha-
lon. For pygidia (Fig. 8), the first three PCs of the modu-
lar space account for almost 82% of the modular
variance. PC1 sustains the transition from a straight pygi-
dial anterior margin to a much more rounded one and
PC2 contrasts more or less splayed pygidial segments and
a pygidial axis short to much longer while PC3 distin-
guish a swollen pygidial axis to a much flat one.

The five species occupy quite distinct regions in the
modular space of the cephalon. In fact, computing convex
hulls around each species mean shows that each species is
rather well defined. Austerops legrandi is the most different
and is very well isolated from other species; the others are
much closer together but still remain different from one
another. By contrast, in the modular space of the pygidium
the five species are not that well defined, and the species
strongly overlap each other. Thus, even though species
remain distinguishable from one another, they are clearly
much better defined in the modular space of the cephalon.

Procrustes aNova (keeping the first three axes) points
to similar conclusions, as significant species effect was
observed both on the modular cephalon and pygidium
(Faf = 4 = 12.08, p <0.001; Fygr_ 4=4.04, p <0.001
respectively). For the cephalon, pairwise comparisons
revealed that species are clearly different from one
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FIG. 5. Principal components analysis performed on the database of 81 pygidia, (top) PC1-PC2 plane and (bottom) PC1-PC3 plane.
Thin plate splines depict the extremes of pygidium shape on each axis edge. Colour online.
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TABLE 3. Results of pairwise Hotelling test on the pygidium, within the full shape space (top) and the modular shape space (bot-

tom).

Pairwise Hotelling on full morphospace

A. legrandi A. menchikoffi A. speculator M. chattertoni M. granulops
A. legrandi / 32.48 19.24 27.23 24.07
A. menchikoffi 0.000 / 15.19 36.10 12.72
A. speculator 0.000 0.014 / 14.48 18.69
M. chattertoni 0.004 0.000 0.094 / 14.56
M. granulops 0.000 0.015 0.007 0.021 /

Pairwise Hotelling on modular morphospace

A. legrandi A. menchikoffi A. speculator M. chattertoni M. granulops
A. legrandi / 20.24 12.04 14.35 12.81
A. menchikoffi 0.000 / 4.52 34.13 17.30
A. speculator 0.031 0.263 / 12.59 4.88
M. chattertoni 0.030 0.000 0.161 / 13.88
M. granulops 0.015 0.007 0.235 0.030 /

Significant p-values are shown in bold.

another, except for A. menchikoffi and A. speculator (Table 2).
In contrast, for the pygidium (Table 3), A. speculator cannot
be differentiated from any other species except A. legrandi.
Moreover, statistical values from each pairwise comparison
are much weaker than those obtained from comparisons of
cephala.

DISCUSSION

Cephalon and pygidium shape provides taxonomically
relevant variation supportive of other diagnostic charac-
ters of species (ornamentation, number of lens files per

eye and of lenses per file, presence/absence of a subocular
pad etc.) The cephalon of Austerops legrandi seems to
have an original shape in comparision to other species.
Indeed, this species has a glabella with a very wide base,
which differentiates it from other representatives of Aus-
terops. Austerops speculator and Morocops chattertoni are
also significantly different from other species despite some
overlap. On the other hand, Austerops menchikoffi and
Morocops granulops do not differ from one another in
overall cephalon shape. In fact, according to their mor-
phological description (Chatterton et al. 2006), these two
species are quite similar in overall size and shape but dif-
fer in meristic traits, M. granulops having coarser and

FIG. 6. Two-block partial least

PLS1 - Pygidium

squares (PLS) plot performed on 81
" individuals with cephalon and
pygidium associated. This plot
shows the first pair of PLS axes
(first axis of the cephalon and first
axis of the pygidium); thin plate
splines depict the extremes of
cephalon and pygidium shape on
each axis edge. Colour online.

T T
-0.05 0.00
PLS1 - Cephalon

A A. legrandi

Q@ A. menchikoffi W A. speculator <> M. granulops

® M. chattertoni
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TABLE 4. Results of pairwise Hotelling test on the integrated space.

Pairwise Hotelling on the first pair of PLS

A. legrandi A. menchikoffi A. speculator M. chattertoni M. granulops
A. legrandi / 22.49 5.04 20.43 32.05
A. menchikoffi 0.000 / 13.15 11.48 4.96
A. speculator 0.105 0.013 / 38.50 12.03
M. chattertoni 0.000 0.013 0.003 / 6.20
M. granulops 0.000 0.110 0.013 0.095 /

Significant p-values are shown in bold.

TABLE 5. Results of angular com-
parisons between the first pair of

Angular comparison between the first pair of PLS (both common and species)

PLS of each species (sample size >20 Common A. legrandi A. menchikoffi M. granulops
individuals).

Common 54.92 28.69 28.69

A. legrandi <l x107° / 74.04 66.52

A. menchikoffi <l x 107° 8e-04 / 36.24

M. granulops <l x107° le-04 <le-05 /

TABLE 6. Results of angular comparisons between species con-
trasts and the vector of integration.

Angular comparison between PLS1 and contrasts

Angle p-value
value
PLS1 vs A. legrandi—A. menchikoffi 58.88 9.99 x 107°
PLS1 vs A. legrandi—A. speculator 75.26 0.014
PLS 1 vs A. menchikoffi— 40.99 9.99 x 107°
A. speculator
PLS 1 vs M. granulops— 88.60 0.817
M. chattertoni
PLS1 vs Austerops—Morrocops 63.84 2.99 x 107

denser tubercles, one more file of lenses (19 in M. granu-
lops vs 18 in A. menchikoffi), a lower number of lenses
per file and a subocular pad. Although our analysis of the
pygidium full morphospace leads to similar conclusions,
the amount of overlap between species appears larger
than for cephalon morphospace. It suggests that with the
concentration of many vital functions in the cephalon
(Fortey & Owens 1999; Hughes 2003), this structure
accumulates a greater interspecific divergence in shape
(i.e. greater disparity).

The modular spaces of the two tagmata appear to con-
tain species-level variation as significant differences
among species were observed. Nevertheless, species diver-
gences on the pygidium are statistically weaker than on
the cephalon. Therefore, it appears that the two anatomi-
cal structures bear quite different information: the

cephalon provides strong additional support for taxo-
nomic units even after removing its covarying part, while
the pygidium, once deprived of its covarying part, only
weakly supports taxonomic separation.

The cephalon is composed of several anatomical/devel-
opmental modules (Hughes 2003; Gerber & Hopkins
2011) which appear here to vary to some extent among
species. Indeed, the cephalon is a complex structure,
which directly and indirectly supports many functions,
such as feeding, digestion and cognition. It is also the
locus of major morphological innovations (Hughes 2007),
arguably devoted to specific functions (Gerber & Hopkins
2011), especially in the frontal area (the preglabellar and
preocular areas) including, for example, the projecting tri-
dent of some Devonian trilobites (Hughes 2007). More-
over, as the cephalon is the site of ingestion and food
processing, changes in cephalic morphology may be related
to changes in feeding habits during growth, as larger
individuals are able to feed on bigger prey (Hughes 2003).

Either way, it seems that evolutionary processes do
operate in such modular spaces, even though it appears
stronger with the cephalon rather than with the pygid-
ium. Given the likelihood of a more complex selection
regime on the cephalon related to its numerous functions
(compared to that of the pygidium) we can expect such
differential divergences in the modular spaces if the
trade-offs among the cephalon features are not too
strong, which appears to be the case. Disentangling the
role of selection to drift in pygidium divergence is trickier
given the less documented functional assumptions on this
structure as well as the material we have in hand.
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FIG. 7. Modular space of the 81 cephala (associated with pygidia) along the PC1-PC2 plane (top) and PCI1-PC3 plane (bottom),
with thin plate splines depicting extremes of cephalon shape. Colour online.
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FIG. 8. Modular space of the 81 pygidia (associated with cephala) along the PC1-PC2 plane (top) and PCI-PC3 plane (bottom),
with thin plate splines depicting extremes of pygidium shape. Colour online.
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In phacopid trilobites, the integrity of enrolment is
reinforced by the presence of a vincular furrow on the
cephalic doublure in which the posterior margin of the
pygidium fits (a coaptative feature), which ensures full
protection of the ventral side. Therefore, the two anatom-
ical structures involved in volvation must spatially accom-
modate each other to guarantee the functional integrity
of enrolment. Most of this spatial accommodation lies in
the glabella becoming stockier on the cephalon while the
pygidium evolves from an open circular arc to a closed
one. Such phenotypic integration imposes constraints on
the morphological variation, limiting the number of
accessible phenotypes that are possible (Gerber 2014). At
first sight, species seem to share the same integration:
their main pattern of integration (i.e. PLS vector) is
roughly oriented with the common one, with angles
between them smaller than those between two random
vectors. Given this relative common integration, strong
directional selection on the coordination of the two
developmental modules for enrolment seems not be oper-
ating at the level of our studied clade (for similar results,
see Machado et al. 2018). Species overlap in the inte-
grated space despite some significant differentiation.
Indeed, comparison of species contrasts and the main axis
of integration reveals that species, or even genera, differ-
entiate along the common integration. Thus, species and
even genera would globally share a same integrated pat-
tern but still, divergence and differentiation operate along
this main axis. Such a differentiation lined up with the
integrated pattern suggests that evolutionary divergences
are partly channelled. Thus, stabilizing selection might be
acting weakly on enrolment and we can envisage that it
might lead to an extreme end-result: the loss of detectable
covariation at an intraspecific-level but its preservation
from an interspecific point of view (Armbruster & Sch-
waegerle 1996; Armbruster ef al. 2004, 2014; Klingenberg
2014). Either way, this functional integration implies the
coordinated variability of functionally related parts, and
so, allows for differentiation in a certain direction in the
morphological space (for similar results and hypotheses,
see e.g. Young 2006; Guillaume & Otto 2012; Rueffler
et al. 2012; Armbruster et al. 2014).

It should be noted that integration in Austerops legrandi
appears to be partly restructured. This reorganization
affects mainly the pattern of covariation on the pygidium.
Such divergence in the way the two developmental modules
interact indicates that directional selection was probably
acting on enrolment in this species (for similar results see
e.g. Penna et al. 2017; Machado et al. 2018). The weaker
response in the cephalon than in the pygidium could be
related to the involvement of the cephalon in its many
other functions. The possible role of directional selection
within functional module (i.e. enrolment) was previously
suggested by Wagner (1996), while other modules

(involved in other functions ensured by the cephalon)
could be influenced by other regimes of selection. These
features (i.e. nutrition, cognition functions, etc.) may have
constrained the selection response of those involved in
enrolment by reorganizing the way the pygidium covaries
with the cephalon. Therefore, it is probable that important
evolutionary trade-offs between the enrolment and the
other vital functions borne by the cephalon might have
been operating during the diversification of trilobites.

On the other hand, enrolment itself is a major factor
that may trigger the successful evolution of trilobites, as
suggested by Laibl ef al. (2016) and Ortega-Herndndez
et al. (2013) for trilobites from the Cambrian, or even
through the entire Paleozoic (Clarkson & Henry 1973;
Henry & Clarkson 1974; Babcock & Speyer 1987; Esteve
et al. 2011) even if trilobites did not achieve full enrol-
ment in Cambrian times because of the poor develop-
ment of interlocking devices (Esteve efal. 2011).
Complete enrolment is exhibited by trilobites following
the development and the proliferation of coaptative
devices, which appeared mainly in post-Cambrian times
with the evolution of a fulcrate exoskeketon (Clarkson &
Whittington 1997). These new morphological devices
apparently evolved abruptly, but once established show
only minor improvement and/or a gradual evolutionary
improvement of the mechanical adjustment as a whole
(Clarkson & Whittington 1997).

Recently, Laibl et al. (2016) demonstrated the presence
of several enrolment styles in a Cambrian family (Paradoxi-
didae) demonstrating encapsulated and probably non-
encapsulated enrolment, and suggesting independent evo-
lution among its representatives due to different environ-
ments or rapid changes in abiotic factors. In the same way,
Esteve & Yuan (2017) compared specimens from two dif-
ferent lineages (odontopleurids and asaphids) and showed
that although odontopleurids were very conservative (using
the same enrolment style throughout their history in more
or less the same niches) asaphids developed different enrol-
ment styles, giving them a capacity to occupy different eco-
logical niches and a greater range of environments.

Finally, the quantification of the impact of such vital
functions on enrolment, as well as on the global cephalon
shape has not been assessed here and needs further study.
Specifically, the next step should be to explore such evo-
lutionary patterns between closely related taxa: (1) with a
‘stable’ vs ‘variable’ number of thoracic segments in order
to assess morphological integration from a functional and
developmental context in trilobites; and (2) from different
ecological frameworks and/or from different ages, in
order to compare and test whether the function could
influence in the developmental modularity and vice versa,
and also to understand the evolutionary mechanism
behind the Cambrian and/or Ordovician radiations and
compare them with Devonian trilobites.
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CONCLUSIONS

Our morphometric study explored the evolutionary pat-
tern between closely related taxa that share a ‘stable’
number of thoracic segments and ecological framework,
to minimize environmental differences and focus on the
functional and developmental differences in the diversifi-
cation of phacopid clades. We conclude that:

1. Evolutionary processes operate in both modular
spaces, even though it appears stronger with the
cephalon than with the pygidium. These differential
divergences among modules are likely a consequence
of the more complex selection regime affecting the
cephalon (in relation to its numerous functions)
compasred to the pygidium, and the probable weak
trade-offs among these functions.

2. In the integrated space, species share the same pattern
of covariation. Nevertheless, differentiation and diver-
gence do also operate along this relative common
integration, meaning that evolutionary divergences
are partly channelled. This pattern may be the result
of weak stabilizing selection acting together with
directional selection on the module shapes, implying
coordinated evolutionary changes between the two
modules and differentiation in a certain direction
within the morphological space.

3. However, the integration in Austerops legrandi appears
partly restructured, namely in the pattern of covariation
on the pygidium. Such a difference in the way the two
modules interact may indicate that directional selection
also acted on the enrolment ability of this species. The
involvement of the cephalon in several other functions
seems to constrain the response of its features con-
tributing to the enrolment by mainly reorganizing the
way the pygidium covaries with the cephalon.

We conclude that important evolutionary trade-offs
between enrolment and other vital functions of the
cephalon might have been operating during the diversifi-
cation of trilobites.
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