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Sequence of post-moult exoskeleton hardening preserved
in a trilobite mass moult assemblage from the Lower
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Euarthropods have a tough exoskeleton that provides crucial protection from predation and parasitism. However, this is
restrictive to growth and must be periodically moulted. The moulting sequence is well-known from extant arthropods,
consisting of: (i) the long inter-moult stage, in which no changes occur to the hardened exoskeleton; (ii) the pre-moult
stage where the old exoskeleton is detached and the new one secreted; (iii) exuviation, when the old exoskeleton is
moulted; and (iv) the post-moult stage during which the new exoskeleton starts as soft, thin, and partially compressed
and gradually hardens to the robust exoskeleton of the inter-moult stage. Trilobite fossils typically consist of inter-moult
carcasses or moulted exuviae, but specimens preserving the post-moult stage are rare. Here we describe nine specimens
assigned to Symphysurus ebbestadi representing the first group of contemporaneous fossils collected that preserve all
key stages of the moulting process in one taxon, including the post-moult stage. They were collected from a single lens
in the Tremadocian part of the Fezouata Shale Formation, Morocco. Based on cephalic displacement and comparison to
other trilobite moults, one specimen appears to represent a moulted exoskeleton. Four specimens are typical inter-moult
carcasses. Four others are wrinkled and flattened, with thin exoskeletons compared to inter-moult specimens, and are
considered post-moult individuals. These S. ebbestadi specimens illuminate the preservation and morphology of the
post-moulting stage, characterised by strong anterior-posterior exoskeleton wrinkling, as well as overall body flattening
and reduced visibility of thoracic articulations. Being found in the same lens, these specimens likely represent the first
preserved in-the-act mass moulting event. The displayed sequence of moulting suggests the moulting process in trilobites
was comparable to modern arthropods, and conserved within euarthropod evolutionary history.
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contrary to other biomineralising euarthropods, was not
reabsorbed prior to moulting (Henningsmoen 1975; Daley
and Drage 2016; Drage and Daley 2016; Drage et al. 2018a).
The moulting sequence is inferred to be much the same as
for other euarthropods (Henningsmoen 1975), including a
pre-moult phase, followed by an exuviation event where

Introduction

Trilobites had strongly reinforced exoskeletons that pro-
tected them from predation but, like other euarthropods,
needed to be moulted periodically to allow growth and de-
velopment (see Daley and Drage 2016). These moults are

readily preserved in the fossil record, and are particularly
numerous for trilobites compared to other euarthropods
because of their calcitic exoskeleton composition which,
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the old exoskeleton is actually shed, then post-moulting ex-
pansion, biomineralisation, and hardening of the new exo-
skeleton (Ewer 2005). However, despite this assumption,
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little is known about the process of moulting in trilobites
with the exception of the moment of exuviation and its as-
sociated behaviours, and the resultant moult configurations
preserved in the fossil record (see Henningsmoen 1975;
Whittington 1980, 1990; Daley and Drage 2016; Drage et
al. 2018a, b). Only two euarthropods have been confidently
considered individuals preserved during the actual process
of exuviation (Garcia-Bellido and Collins 2004; Yang et
al. 2019), neither representing trilobites. A specimen of the
trilobite Trimerocephalus from the Upper Devonian of the
Holy Cross Mountains was putatively preserved during the
process of exuviation (Blazejowski et al. 2015). However,
this was later shown to be two overlapping carcasses based
on the morphology, configuration, and preservational con-
text of these two individuals (Drage and Daley 2016), which
are found at a locality where clusters and queues of trilobite
carcasses are common (Radwanski et al. 2009).

Aspects of the post-moult stage, also referred to as
the soft-shell stage (Speyer and Brett 1985), have been
described in respect to several trilobite species. Putative
soft-shelled post-moult individuals have been described
for Phacops rana milleri (Middle Devonian of Ohio, USA;
Erdtmann 1978; Miller and Clarkson 1980), Phacops rana
rana (Middle Devonian Hamilton Group, USA; Speyer
1983, 1987; Speyer and Brett 1985), and Greenops boothi
(Hamilton Group; Speyer and Brett 1985). The P. rana sub-
species were described as having a much thinner exoskel-
eton of a lighter colour than other trilobites with normally
preserved exoskeletons found in the same bed, and their
cuticles were often flattened and wrinkled. Importantly,
these soft-shelled individuals were always larger in size
than the clusters of other individuals found in the same beds,
suggesting preservation of the post-moult stage. Miller and
Clarkson (1980) cross-sectioned cuticles of suspected post-
moult Phacops rana milleri individuals, which showed
wrinkling and flattening, and also revealed thinner exoskel-
etons than their concurrent conspecific counterparts. They
therefore determined that these individuals were preserved
during the post-moult phase prior to hardening and thick-
ening of the new exoskeleton, which caused wrinkling and
allowed for a study of how microstructures in the cuticle and
eyes changed as the exoskeleton hardened immediately after
moulting. These post-moult stage specimens are extremely
rare for trilobites, and have not been described for other
extinct euarthropods, presumably because the individual
is particularly at risk of predation owing to the softness of
the new exoskeleton, and so there is evolutionary pressure
to have the post-moult hardening phase as brief as possible
(Henningsmoen 1975; Whittington et al. 1997). For exam-
ple, lobsters occupy the post-moult stage for 5% or less of
their total time because of this vulnerability (Phillips et al.
1980). In addition, post-moult individuals, displaying poor
biomineralisation or sclerotisation, have a sharply reduced
preservation potential, as they are essentially soft-bodied
and hence require exceptional preservational circumstances
to stand any chance of fossilisation. Publications on the
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structure of trilobite exoskeletons are limited but have im-
portant implications for understanding moulting processes.
For example, trilobite taxa differ extensively in the struc-
tures and thicknesses of their exoskeletons (Teigler and
Towe 1975; Fortey and Wilmot 1991), but it is unclear if this
affected their moulting behaviour.

Nine specimens of Symphysurus ebbestadi (identified
based on Gutiérrez-Marco et al. 2018), collected from a lens
in the Lower Ordovician (upper Tremadocian) at the main
level of exceptional preservation of the Fezouata Konservat-
Lagerstitte, Tigzigzaouine area, Morocco (Van Roy 2006;
Van Roy et al. 2010, 2015a, b; Martin et al. 2016a, b; Lefebvre
et al. 2016, 2017), are described that display each of the
moulting stages for trilobites (see Henningsmoen 1975).
The morphology is described and compared for individu-
als representing a moulted exoskeleton, typical inter-moult
specimens, and post-moult stage specimens. Thin sections
demonstrate notable differences in exoskeleton thickness
between specimens representing these stages. The material
of S. ebbestadi represents a significant contribution to the
trilobite fossil record of exoskeleton moulting, providing
concrete indications of the preservation of post-moult stage
arthropods.

Institutional abbreviations.—MGL, Museé Cantonal de
Géologie Lausanne, Switzerland; YPMIZ, Yale Peabody
Museum, New Haven, USA.

Geological setting

The Fezouata Shale Formation is an extensive, predomi-
nantly transgressive unit of fairly monotonous deposits of
blue to green mudstone and siltstone with occasionally lo-
calised thin sandstone interbeds, ranging in age from the
early Tremadocian to the late Floian. They were deposited at
a high, southern sub-polar palaeolatitude (c. 65° S; Martin et
al. 2016a). Historically, the Fezouata Shale was divided into
the Lower (Tremadocian) and Upper (Floian) Fezouata for-
mations, based on the occurrence of a glauconitic horizon
separating the two (Destombes et al. 1985). This horizon,
however, is not visible over a large part of the outcrop area,
including the Ternata Plains near Zagora where the units
reach their greatest thickness, and generally, they can only
be distinguished based on fossil content. For this reason,
Martin et al. (2016a) rejected the largely artificial division in
Lower and Upper Fezouata formations, uniting both as the
Fezouata Shale Formation.

The Fezouata Shale Formation provides a unique win-
dow on the Fezouata Biota, which represents the only di-
verse, open marine, exceptionally preserved fauna from the
Ordovician (Van Roy 2006; Van Roy et al. 2010, 2015a,
b). While exceptional fossil preservation was originally be-
lieved to occur throughout the Fezouata Shale Formation
(Van Roy 2006; Van Roy et al. 2010), more recent work
identified two specific intervals with exceptional preserva-
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tion within the unit (Martin et al. 2016a). The lower interval,
which is by far the most productive, is about 70 m thick
and has a latest Tremadocian age (Araneograptus murrayi
Biozone, c. 478—479 Ma, near the top of the Lower Fezouata
Formation of Destombes et al. 1985; Gutiérrez-Marco and
Martin 2016; Martin et al. 2016a). A second, c¢. 15 m thick
interval with exceptional preservation occurs higher up, and
has a mid Floian age (Gutiérrez-Marco and Martin 2016;
Martin et al. 2016a). The occurrence of exceptional preser-
vation within these intervals is not continuous, but spatially
limited to lenticular bodies that may range in diameter from
less than a metre to several tens of metres, and vary in
thickness between less than 10 cm for the smallest lenses
to over a meter for the largest bodies. They occur locally in
high densities and often show marked differences in both
diversity and faunal composition, even between adjacent
collecting sites (Van Roy et al. 2015a). These lenses prob-
ably represent palaeo relief of the sea floor, being filled in
by storm-generated sediments (Martin et al. 2016a; Vaucher
et al. 2016). It was originally believed that the deposits pre-
serving the Fezouata Biota formed in relatively deep water
(Van Roy et al. 2010), but Martin et al. (2016a) and Vaucher
et al. (2016) provided evidence for a relatively shallow
open-marine setting around storm-wave base, representing
possibly even less than 30 m of water depth (Bernard Pittet
personal communication 2014). However, Gutiérrez-Marco
et al. (2018) advocate a deeper water environment, based on
the preserved trilobite and graptolite assemblages.

Non-biomineralised tissues in the Fezouata Biota are
predominantly preserved within the mud- and siltstone as
iron oxide pseudomorphs after pyrite, lending the fossils
their vivid colours (Vinther et al. 2008). It seems, however,
likely that organic carbon was also originally preserved,
but was removed as the result of late deep weathering (Van
Roy et al. 2015a). Although flattened, many specimens of
non-biomineralised organisms preserved within the mud-
stone retain some three-dimensionality. Originally bio-
mineralised parts have been replaced with clay minerals
(Vinther et al. 2008; Van Roy et al. 2015a). In addition to the
main mode of preservation in the shale, large organisms are
also preserved within siliceous concretions, retaining their
three-dimensionality (Van Roy and Briggs 2011; Gaines et
al. 2012; Van Roy et al. 2015a, b).

Material and methods

The material for this paper (MGL 102127-102135) was
collected in early 2004 from a single excavation in the
Tigzigzaouine area, c. 20 km north of Zagora, Morocco
(exact locality data curated with the specimens). This ex-
cavation falls within the lower c¢. 70 m thick level of ex-
ceptional preservation in the Fezouata Shale Formation
(Araneograptus murrayi Biozone, 478—479 Ma; Martin et
al. 2016a; Gutiérrez-Marco and Martin 2016). The material
was briefly discussed and some of it figured by Van Roy

(2006: 32-33), who considered the specimens to represent a
moult sequence.

The specimens were photographed using a Leica M165C
Z-Stack microscope controlled remotely by the Leica
Application Suite program, and vertically stacked images
were merged using Helicon Focus. Figures were produced
using Adobe Illustrator and Photoshop CS6. Several spec-
imens were photographed in parts, and these merged in
Adobe Photoshop CS6 using the automated photomerge
tool. Measurements of specimens were taken using digi-
tal callipers and are provided in SOM 1 (Supplementary
Online Material available at http:/app.pan.pl/SOM/app64-
Drage etal SOM.pdf). MGL 102127, 102130, 102133, and
102134 were sliced with a diamond saw through the cepha-
lon, thorax, and pygidium. Slices were examined and photo-
graphed using an Olympus SZX10 microscope mounted with
an Olympus SC50 digital camera. Exoskeletal material was
distinguished from surrounding rock based on the colour
of the material, and straight-line transverse measurements
of exoskeletal thickness were obtained from digital photo-
graphs using ImageJ2 (Rueden et al. 2017), with measure-
ments taken from the outer to inner layer of the exoskeleton
in cross-section. For each specimen, multiple exoskeletal
thickness measurements were made along the structure, pro-
ducing a range of sizes.

Results

Description of specimens.—Nine complete or partial body
fossils are here figured from the Fezouata Shale Formation.
The specimens include five complete or mostly-complete
trilobites (Fig. 1A—C, F, H), two with reasonably complete
anterior halves (Fig. 1D, G), and two fragmentary spec-
imens (Fig. 1E, I). All of the specimens share the same
morphological characteristics. MGL 102128 and 102132-
102134 (Fig. 1B, F-H, respectively) show incidences of
wrinkling of the exoskeleton. The extent of wrinkling var-
ies between the specimens, with MGL 102132 (Fig. 1F)
being severely wrinkled, and MGL 102128 (Fig. 1B) less so.
In particular, MGL 102132 has extremely prevalent wrin-
kling, unconfined to the lateral margins and found across
the entire dorsal exoskeleton (Fig. 2A). MGL 102134 (Fig.
2B) is slightly more convex, with less obvious wrinkling
in the axial portion of the pygidium, while MGL 102128
and 102133 (Fig. 2C, D, respectively) show lesser degrees
of wrinkling, mostly confined to the pleural parts of the
thorax, and have reasonably convex cephala. However, in
all of these specimens the wrinkling is reasonably confined
to the lateral (i.e., pleural) parts of the exoskeletons, usually
on all tagma but strongly visible on the thoracic segments
and pygidium. Wrinkles are elongated parallel to the an-
terior-posterior axis of the body on the thoracic segments,
and curved around parallel to the posterior margin of the
pygidium. MGL 102127 and 102129-102131 (Fig. 1A, C-E)
show no wrinkling of the exoskeleton, and are generally
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Fig. 1. Trilobite referred to Symphysurus ebbestadi Gutiérrez-Marco, Rabano, and Garcia-Bellido, 2018, from the early Ordovician of Morocco (Tigzigzaouine
area), in dorsal views, under standard lighting. A. MGL 102127. B. MGL 102128. C. MGL 102129. D. MGL 102130; D, close up of thorax axial rings in Dy,
showing the clear terrace ridges. E. MGL 102131. F. MGL 102132. G. MGL 102133. H. MGL 102134. I. MGL 102135. Scale bars 5 mm.
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Fig. 2. Wrinkled specimens of trilobite Symphysurus ebbestadi Gutiérrez-Marco, Rabano, and Garcia-Bellido 2018, from the early Ordovician of
Tigzigzaouine area, Morocco, photographed under low-angle incident lighting, in order to emphasise the three-dimensional surface texture of their
exoskeletons. Specimens are organised in relative order of exoskeleton hardening, from that with the most wrinkled and soft exoskeleton (A) to the least
wrinkled (D) before being fully hardened. A. MGL 102132. B. MGL 102134. C. MGL 102128. D. MGL 102133. Scale bars 5 mm.

very effaced with only terrace ridges. The four wrinkled
specimens also show flattening of the exoskeleton in com-
parison to the non-wrinkled specimens. They generally
have reasonably flat cephala and pygidia, as well as the ax-
ial portion of the thorax, which in the other specimens are
notably convex and well-rounded (Fig. 1). This flattening
also means some morphological aspects are less visible; the
thoracic segments in particular are often indistinct, such as
on MGL 102132 (Fig. 1F), where the articulations are less
obvious than in the convex specimens.

Taxonomy.—All specimens are referred to the nileid asaphid
species Symphysurus ebbestadi Gutiérrez-Marco, Rabano,
and Garcia-Bellido, 2018 following the full genus description
in Goldfuss (1843) and Fortey (1986), further descriptions in
(Ebbestad 1999), and species description in Gutiérrez-Marco
et al. (2018). Symphysurus Goldfuss, 1843 has been previ-
ously described from complete or disarticulated fossils of
the Lower Ordovician Moroccan Fezouata Shale Formation
(Symphysurus sp., Destombes 1967; S. angustatus, Martin
et al. 2016b), and similar material has been assigned to the
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new and distinct species S. ebbestadi by Gutiérrez-Marco et
al. (2018). The material here matches this description, with
specimens being convex, with a large forwardly-expanding
glabella, semi-circular eye ridges, and a high level of ef-
facement of all features. The occipital furrow and median
tubercle, the latter often used to diagnose the relevant family
Nileidae and considered to function as a light-sensitive organ
(Fortey and Clarkson 1976; Fortey 1986), are not obvious.
The pygidium is subisopygous and semicircular. The thorax
consists of eight fulcrate segments. The entire exoskeleton is
covered with particularly clear terrace ridges, which vary in
length and direction (Fig. 1D,), in all but the least well-pre-
served specimens. These occur on all tagma (in contrast to
the description of Fortey 1986), but are particularly preva-
lent running parallel to tergite margins and on axial rings.
Librigenal morphology is difficult to interpret due to the pres-
ervation of the specimens. No ventral surfaces are exposed.
The cephalic : thoracic : pygidial ratio is around 1:1.1:1.3.
Additional Symphysurus material collected from the Fezouata
Shale Formation was assigned to S. sicardi (Bergeron 1895),
but this is characterised by the near absence of terrace ridges
(Gutiérrez-Marco et al. 2018), which are clearly present on the
material figured here (Fig. 1D,).

Interpretation of specimens.—Eight specimens (MGL
102128-102135) appear to be carcasses. MGL 102128 dis-
plays two presumably complete trilobite individuals overlap-
ping each other, facing opposing directions (Fig. 1B). MGL
102127 (Fig. 1A) represents a putative moulted exoskeleton.
This is based on comparison of the exoskeleton configura-
tion to other trilobite moults generally (Drage et al. 2018a),
but also close relatives. For example, the suggested moults
of Paciphacops figured in Rustan et al. (2011: fig. 2) con-
sistently show an outstretched thoracopygon with the ceph-
alon rotated backwards, with some sediment between the
cephalon and thorax and a displaced doublure/hypostome.
These were interpreted as moults with an anterior exuvial
gape that did not quite disarticulate the entire cephalon at
the dorsal part of the cephalothoracic joint. Other specimens
of similar forms were also found in the Natural History
Museum, London (e.g., NHMUK 58934). MGL 102127 dis-
plays the same moult configuration, with the cephalon dis-
placed dorsally. Four of the eight carcass specimens of S.
ebbestadi show ordinary exoskeleton morphology for the
species, but four carcasses show the wrinkling, flattening,
and indistinctiveness of features that is atypical for trilobites
(MGL 102128 and 102132-102134). These four wrinkled
carcasses are interpreted as “soft-shelled” trilobites (Speyer
and Brett 1985), preserved during the post-moult stage in
which the new exoskeleton has not fully decompressed and
hardened, and during which the thin and soft exoskeleton is
vulnerable to deformation.

Cuticular structure—When viewed in transverse section
and measured from outer to inner layer, cuticle thickness
and structure in the cephalon (Fig. 3A,—D;) and the thorax
(Fig. 3A,—D,) show differences between the moulted exuvia
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(Fig. 3A), the wrinkled post-moult individuals (Fig. 3C, D),
and the inter-moult specimen with a fully-hardened exo-
skeleton (Fig. 3B). Although most fossils from the Fezouata
Shale Formation have undergone some recrystallistion, re-
placement by clay minerals, and pyritisation (Vinther et
al. 2008; Botting 2016; Gutiérrez-Marco and Martin 2016;
Ortega-Hernandez et al. 2016; Kouraiss et al. 2018), there
is no obvious evidence for varying modes of exoskeleton
recrystallisation, with the thin sections showing compara-
ble structures between all of the S. ebbestadi specimens.
Further, the specimens, having been found in the same lens,
were very likely subjected to the same preservation mecha-
nisms. Thus, their exoskeleton thicknesses should be simi-
larly affected by taphonomic aspects like recrystallisation,
allowing for an exploration of their relative differences in
exoskeleton thickness.

For the sections through the cephala (Fig. 3A;-D), parts
of the doublure are visible for the inter-moult specimen
and the post-moult individuals (MGL 102130, 102133, and
102134), but not for the moulted exuvia (MGL 102127). The
doublure may have been displaced from the cephalon by
specimen disturbance after exuviation occurred, or during
exuviation as suggested for Paciphacops by Rustan et al.
(2011). The exoskeleton is much thicker for the inter-moult
(220—830 pum) and moulted (200—760 pwm) specimens (MGL
102127 and 102130) than for the wrinkled post-moult indi-
viduals (MGL 102133 and 102134; 50—170 um and 70-240
um, respectively), when measured from the anterior to the
posterior of the cephalon (only measured from the dorsal
exoskeleton layer and not the doublure; Fig. 4A). The thoracic
exoskeletons of the post-moult specimens (MGL 102133 and
102134; 69—140 um and 44-100 pum, respectively) are also
noticeably thinner than the moulted exuvia (MGL 102127,
210-340 pm) and the inter-moult individual (MGL 102130;
150270 pm; Fig. 4B). The exoskeleton of the thorax gen-
erally seems to be thinner than that of the cephalon (Fig.4).

Composition of the exoskeleton also varies. All speci-
mens had a reasonably clear orange-red layer, as well as at
least one layer of grey crystalline material. The orange layer
likely represents a layer of the exoskeleton that has been
pyritised based on the colouration and the typical mode of
preservation for Fezouata material (Van Roy et al. 2010,
2015; Gutiérrez-Marco and Martin 2016), and is appar-
ently often seen in exoskeleton thin section (Wilmot 1990).
This orange layer may represent the “prismatic” outer layer
of Dalingwater et al. (1999; considered the exocuticle by
Mutvei 1981), although this layer is not ubiquitous amongst
trilobite taxa (Teigler and Towe 1975). The larger grey crys-
talline layer is likely the “principal layer” found in trilobite
exoskeletons, which is always present, thickest, usually dark
tan to almost black in colour (Wilmot 1990; considered the
endocuticle by Mutvei 1981), and is the layer which tends to
vary in thickness (Miller and Clarkson 1980). In the ceph-
ala of moulted exuvia and the inter-moult specimen (MGL
102127 and 102130), there was a grey crystalline layer either
side of the orange layer (Fig. 3A;, By), but the inside grey
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Fig. 3. Thin sections showing the cuticular structure of trilobites Symphysurus ebbestadi Gutiérrez-Marco, Rabano and Garcia-Bellido 2018, from the
early Ordovician of Tigzigzaouine area, Morocco. A. MGL 102127, the putative moult. B. MGL 102130, a fully-hardened individual. C. MGL 102133,
individual with medium levels of wrinkling. D. MGL 102134, the most wrinkled individual. A;—D;, anterodorsal sections through the cephalon (except
C,, transverse section); A,—D,, anterodorsal sections through the thorax. Scale bars 1 mm.

layer was usually lacking in the thinner exoskeletons of
the post-moult specimens (MGL 102133 and 102134). The
outer grey layer was also much thinner in the cephala of the
post-moult specimens (MGL 102133 and 102134), although
the orange layer is of reasonably comparable thickness to
parts of the inter-moult individual and the moulted exuvia.
It is primarily this outer grey layer that varies in thickness

between the specimens. However, the level of preserva-
tion does not allow for much comparison of the crystalline
structures of the two layers, but within the cephala the grey
layer appears to consist of larger crystals orientated more
dorso-ventrally than in the orange layer (Fig. 3A,, B)).

The thoracic exoskeleton has a similar structure to that
of the cephalon, with a red-orange, presumably pyritised,
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Symphysurus ebbestadi.

layer and an outer grey layer (Fig. 3A,—D,). For the two
specimens with thicker cuticles, particularly MGL 102130
(Fig. 3B,), the placement of the red layer seems to inter-
change with the grey layer, likely because the slice is taken
at a slightly oblique angle to the thoracic segments. The
specimens with thinner cuticles, particularly MGL 102133
(Fig. 3C,) seem to have a broader gap at the articulation
point between the thoracic segments than the individuals
with a thicker exoskeleton, which have segments with less
of a gap (Fig. 3A,, B,). Slices through MGL 102133 and
102134 (Fig. 3C, D) all show flattening in cross-section of
the morphological features, with both the cephala and the
peaks of the thoracic segments appearing flatter than for the
other specimens (Fig. 3A, B).

Discussion

Recognising trilobites at stages of the moulting process.
—Comprehensive studies of trilobite moults have been pro-
vided by works such as Henningsmoen (1975), Whittington
(1980), Daley and Drage (2016), and Drage et al. (2018a).
Henningsmoen (1975) and Daley and Drage (2016) in par-
ticular outlined a number of criteria with which to identify
trilobite moults and accurately distinguish them from car-
casses. Carcasses represent individuals preserved during
the long inter-moult stage. There have been very few trilo-
bites described as having been preserved in the pre-moult or
post-moult phases, with most fossils representing exuviae
or inter-moult carcasses. However, in exceptional circum-
stances, figured trilobite specimens have been described as
“soft-shelled” (Speyer and Brett 1985; or “paper-shelled”,
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Henningsmoen 1975), resulting from the individuals’ pres-
ervation during the short-lived post-moult phase. Derived
from the few published descriptions of post-moult trilobites,
several distinct criteria have been determined that identify
soft-shelled trilobites.

(1) Flattening of the dorsal exoskeleton, so that it is less
convex in lateral view than is usual for that taxon (Whittington
1975; Speyer and Brett 1985).

(i1) Obvious wrinkling of the cuticle (that is distinct from
surface textures such as terrace ridges etc.). These are less
visible in figures of the existing described “soft-shelled”
trilobites (e.g., Speyer and Brett 1985: fig. 3D), but are none-
theless implicated as being a key characteristic. Exoskeletal
wrinkling is clear in moulting and immediately post-moult
extant euarthropod individuals, for example, the horseshoe
crab in Fig. 5, which shows clear lateral wrinkling of the
head shield (also see Fig. 2; Btazejowski et al. 2015: fig. 3).

(ii1) Indistinct features of the dorsal exoskeleton. For
example, structures such as the occipital ring, axial rings,
or furrows of the rachis are less well defined than is usual
for that species (e.g., Speyer and Brett 1985; Speyer 1987:
fig. 7E).

(iv) Associated arthropod material within the same bed,
ideally trilobites of the same species, which do not show
criteria i—iii; i.e., putative soft-shelled trilobites are found
in direct association with specimens that are normally con-
vex, with no wrinkling, and distinct morphological features
(Miller and Clarkson 1980). This rules out taphonomic
causes of exoskeletal deformation.

(v) In addition, thin sectioning may show these putative
soft-shelled trilobites have thinner exoskeletons than the
“normal” trilobite carcasses found in association with them
(Figs. 3, 4; Miller and Clarkson 1980; Mutvei 1981; Speyer
and Brett 1985), possibly showing a reduced “principal layer”.

These features are interpreted as resulting from preserva-
tion prior to decompression and expansion of the new larger
exoskeleton following moulting from the smaller restrictive
one (producing wrinkling), and potentially deformation
during burial prior to hardening (and biomineralisation) of
the new soft exoskeleton (flattening and indistinct features).
In comparison, the moulting horseshoe crab in Fig. 5 shows
that the larger exoskeleton is clearly soft and flexible in
order to emerge from the restrictive old exoskeleton, with
the wrinkles disappearing when the new exoskeleton de-
compresses and hardens. Owing to the short-lived nature
of moulting events, very few trilobite individuals have been
described as preserved in the immediate post-moult phase.
Previously described putative soft-shelled post-moult indi-
viduals (Erdtmann 1978; Miller and Clarkson 1980; Speyer
1983, 1987; Speyer and Brett 1985) also generally match
the five criteria listed above, with wrinkling and flattening
resulting from recent moulting. In all existing descriptions
of thin-shelled, wrinkled, and flattened trilobites the indi-
viduals co-occur contemporaneously with other individuals
of the same species that lack these features (Speyer 1987). It
is this contextual information that allows for a supported in-
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Fig. 5. Mid-moult specimen of Limulus polyphemus Linnaeus, 1758
(YPMIZ 55597), Recent, USA, in dorsal (A;), ventral (A,), and anterior
(A3) views. The moult is fully hardened and shows a robust convex exo-
skeleton, whereas the carcass partially emerged but trapped within the old
exoskeleton shows extensive lateral wrinkling of its new exoskeleton (ar-
rowed). Photo Russell Bicknell.

terpretation of a freshly-moulted soft-shell trilobite. Further
examples of contemporaneous undeformed arthropods (i.e.,
with no wrinkling or flattening) allow us to confidently ex-
clude a non-biological cause for the occurrence of criteria
i—iii. In addition to the biological causes discussed above,
wrinkling of post-moult specimens may be further accentu-
ated by burial and associated deformation of the particularly
soft and thin new exoskeleton, and not from otherwise unre-
lated tectonic deformation (again, when also found in associ-
ation with non-wrinkled contemporary specimens). Further,
compaction deformation more broadly in trilobites tends to
occur as brittle deformation rather than plastic (Webster and
Hughes 1999), and thus a soft-shell exoskeleton would usu-
ally be necessary for wrinkling to be related to burial.

The exoskeletons of the two non-wrinkled sectioned
specimens (the putative moult, MGL 102127, Figs. 1A,
3A; and one inter-moult specimen, MGL 102130, Figs. 1D,
3B) are comparatively thicker than in most studies of tri-

lobite exoskeleton structure. For example, the exoskeleton
was between 220-300 pum in Homalonotus rhinotropis
(Dalingwater et al. 1999), and up to 500 um in Phacops
rana milleri (Miller and Clarkson 1980). Fortey and Wilmot
(1991) found a huge spectrum in trilobite exoskeleton thick-
nesses, with a 40-fold difference depending on palacoenvi-
ronment as nearshore taxa had notably thick exoskeletons
and those offshore being much thinner. This correlation
between environment and exoskeletal thickness is also
paralleled in extant arthropods, with the desert scorpion
Hadrurus arizonensis having a cuticle that is about twice as
thick as that of Euscorpius italicus, which inhabits less arid
regions (Pavan 1958; Filshie and Hadley 1979; Hadley and
Filshie 1979; Hjelle 1990). The thinnest trilobite exoskeleton
found by Fortey and Wilmot (1991) was of the cranidium of
Svalbardites at 8 pm, although the thickest was 350 pm, with
those <60 um being considered “thin”, and those >130 um
“thick”. In contrast, the two thicker specimens studied here
(Fig. 3A;, B;) gave measures upwards of 700—800 pm in
the cephalon, therefore seeming comparably thicker. These
are the putative moult and inter-moult specimens, which
did not particularly differ in the ranges of their exoskeleton
thicknesses (200—760 um and 150—830 um, respectively;
Fig. 4). Mutvei (1981) also found that moults and carcasses
did not differ and could not be distinguished at the exoskel-
etal level (see also Brandt 1993). This is supported by other
studies finding no evidence for exoskeleton reabsorption
pre-moulting, as is found in most crustaceans (Miller and
Clarkson 1980; Feldmann and Tshudy 1987; Speyer 1987).
However, the two sectioned wrinkled specimens described
here (MGL 102133 and 102134) not only have much thinner
exoskeletons than MGL 102127 and 102130, but are compa-
rably thinner than described for other trilobites. These were
between 50—170 pm (Figs. 1G, 3C, 4) and 44-240 um (Figs.
1H, 3D, 4), which puts their minima (and particularly their
thoracic exoskeletal widths) within the “thin” category of
Fortey and Wilmot (1991).

Studies of the relative effects of diagenesis on thin section
ultrastructure of trilobite cuticles are scarce (Whittington et
al. 1997), and this hinders comparisons between the speci-
mens of S. ebbestadi figured here with other trilobite species
invariably preserved under different taphonomic regimes
(e.g., Fortey and Wilmot 1991; Dalingwater et al. 1999). For
example, the middle orange-coloured layer of the exoskele-
ton (likely to be pyritic as for other Fezouata biota; Gutiérrez-
Marco and Martin 2016) and the grey layers (potentially
formed by replacement of calcite with clay minerals, as for the
calcitic plates of Plumulites bengtsoni; Vinther et al. 2008),
may have undergone associated thickness changes during
pyritisation and clay-replacement which, while occurring to
all specimens figured here and so not affecting comparisons
between them, may affect comparisons with the other trilo-
bite species from different localities discussed above (that
have not undergone these preservational modes). Similarly,
the outer cuticle layer of the S. ebbestadi specimens may be
thinner than expected owing to the ubiquitous weathering
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found in the Fezouata Shale Formation (Gutiérrez-Marco
and Martin 2016). Further analysis of the effects of different
preservational regimes on the thickness and ultrastructure of
trilobite exoskeletons would be invaluable to future studies
of exoskeleton moulting and taphonomy.

A complete trilobite moulting sequence from the Fezo-
uata Shale Formation.—The nine specimens of S. ebbestadi
represent the first full exoskeleton moulting sequence for a
trilobite species. Arthropods spend most of their time in
the inter-moult stage, between the relatively rapid moulting
events, and thus individuals are preserved during this time
in the vast majority of cases (with the exception of moulted
exoskeletons, which are found in abundance for trilobites;
Daley and Drage 2016). The S. ebbestadi specimens in-
clude one putative moult (Fig. 1A; similar to the configu-
ration described by Rustan et al. 2011), four carcasses of
standard inter-moult interval individuals ( (Figs. 1C-E, I;
typical convex, effaced, and with no wrinkling), and four
carcasses preserved during the post-moult soft-shell stage
(Fig. 1B, F—H). The last of these are identifiable based on
their previously described characteristics, in particular the
strong lateral wrinkling of tagma (Fig. 2), and the notably
thinner exoskeletons as measured in two of these speci-
mens (Figs. 3, 4) compared to the putative moult and an in-
ter-moult specimen. Thus, the nine contemporaneous spec-
imens of S. ebbestadi collected from the same lens, contain
all identifiable stages of the moulting process: a moulted
exoskeleton, individuals in the long inter-moult stage, and
individuals preserved immediately post-moulting. Pre-
moult stage preserved carcasses will be almost impossible
to distinguish, as this stage is also particularly short-lived,
and characterised by the detachment of the old exoskeleton
from the new cuticle, which would be extremely difficult
to identify even in thin section of exceptionally preserved
individuals.

Of the putative post-moult specimens, the degree of
lateral wrinkling and flattening varies. MGL 102132 has
extremely prevalent wrinkling (Fig. 2A), MGL 102134
(Fig. 2B) is slightly more convex with less obvious wrin-
kling, and MGL 102128 and 102133 (Fig. 2C, D, respectively)
show lesser degrees of wrinkling still. Further, the thoracic
cuticle thickness of MGL 102134 (Fig. 2B) is slightly thinner
than that of the less wrinkled MGL 102133 (Fig. 2D), with
their ranges being 44—100 um for MGL 102134 (Figs. 2B,
3D) and 69-140 um for MGL 102133 (Figs. 2D, 3C). Their
cephalic thicknesses, however, were similar (50-170 pm
for MGL 102133 and 70-240 pum for MGL 102134), but
both were notably thinner than for the non-post-moult in-
dividuals (Figs. 3, 4). The differences in the degree of the
post-moult criteria outlined above suggest that these spec-
imens varied in how susceptible their exoskeletons were to
compression during preservation, and how much they had
undergone post-moult inflation of the new exoskeleton. This
therefore suggests that the four post-moult specimens were
preserved at different points of exoskeleton hardening after
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different amounts of time had passed following exuviation
(also considered in the case of specimens of Phacops rana
milleri described by Miller and Clarkson 1980).

The collection of individuals from all stages of the
moulting process from the same lens of the Fezouata Shale
Formation suggests a mass moulting event that may have
been preserved during-the-act. Specifically, the presence of
variously hardened post-moult trilobites together suggests
that the mass moulting event was ongoing. Mass moult-
ing is a behaviour commonly seen in modern arthropods
(e.g., Tarling and Cuzin-Roudy 2003; Haug et al. 2013),
with its origins seemingly very early in the fossil record of
Arthropoda (Daley and Drage 2016) and clear mass moult
assemblages having been described for various trilobite
groups (Speyer and Brett 1985; Karim and Westrop 2002;
Paterson et al. 2007; Ebbestad et al. 2013). This appears to
be a protective behaviour, and has been suggested to accom-
pany mating events in some arthropods (Speyer and Brett
1985; Braddy 2001; Vrazo and Braddy 2011, although see
Tetlie et al. 2008). However, all so-far described trilobite
mass moults have been preserved following cessation of the
event. This means that typically only exuviae are found, as
the recently-moulted individuals have moved away from the
preserved accumulation. An exception is the carcass con-
gregations of Phacops rana rana described by Speyer and
Brett (1985), which are interpreted as having been preserved
after a mass-moulting event, except in this case the freshly
moulted individuals are suggested to have remained in
place following moulting for reproduction. The Fezouata S.
ebbestadi specimens, in contrast, originated from the same
lens, with post-moult and pre-moult individuals co-occur-
ring with at least one moulted exoskeleton. This represents
the first occurrence of a probable trilobite mass moulting
event preserved in-the-act, rather than post-event when soft-
shelled individuals would not be present. Understanding the
process and occurrence of mass moulting events in the fossil
record is key to our knowledge of euarthropod behaviour.
Mass moulting has distinct advantages in modern groups,
and may therefore indicate similar ecological causes in the
fossil record, for example an increased prevalence of preda-
tion within the locality.

Moulting sequence in extinct euarthropods is analogous
to extant groups.—The description of the S. ebbestadi
specimens as representing a post-moult sequence of hard-
ening preserved during a mass moulting event adds to a
growing body of evidence that the process of exoskeleton
moulting has been strongly conserved throughout euarthro-
pod evolutionary history, not just associated behaviours
like mass moulting (e.g., Haug et al. 2013; Daley and Drage
2016). Although thin section work on trilobite exoskeletons
has suggested a number of differences in structure to that
of modern arthropods (which also vary themselves; see
Krishnan 1953; Dalingwater 1973; Dalingwater et al. 1999),
the results presented here support consistency in the bio-
chemical and mechanical processes of moulting through-
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out euarthropod evolution. Modern arthropods follow a
well-known sequence of pre-moult preparation, ecdysis,
and post-moult inflation and hardening before returning
to the long inter-moult stage (Skinner 1962; Ewer 2005).
The specimens of S. ebbestadi found contemporaneously
represent each of these stages (although the pre-moult stage
may be impossible to identify due to preservation). This
strongly suggests, more than previous studies in which
only singular post-moult trilobites were figured (Erdtmann
1978; Miller and Clarkson 1980; Mutvei 1981; Speyer and
Brett 1985), that trilobites followed the same sequence of
moulting described in modern arthropods, as hypothesised
by earlier workers (Henningsmoen 1975). The existence of
a comparable moulting sequence between Early Ordovician
trilobites and modern arthropods argues that the process of
moulting is strongly conserved within euarthropods and
has changed little over more than 400 million years of
evolution. This is reasonable given the unparalleled impor-
tance, and riskiness, of exoskeleton moulting in the life his-
tories of all euarthropods (Dalingwater et al. 1999; Daley
and Drage 2016). Identification of specimens displaying the
full moulting sequence in stem euarthropods would allow
for further validation of the moulting process being con-
served throughout Euarthropoda. The results do, however,
support earlier evidence that unlike modern crustaceans,
which also have thick calcitic exoskeletons, reabsorption
of the exoskeletal material had not yet evolved. To date, no
evidence has supported reabsorption prior to moulting in
trilobites, with trilobite moults and inter-moult carcasses
having comparable exoskeleton thicknesses (Miller and
Clarkson 1980; Mutvei 1981; Feldmann and Tshudy 1987,
Speyer 1987; Brandt 1993), while this is not the case in ex-
tant arthropods that show exoskeleton reabsorption (Ewer
2005; Nijhout 2013). The reasons for this are unclear, as the
recurrent production of calcitic exoskeletons would have
been extremely energetically expensive, and thus reabsorp-
tion is critically important in modern crustaceans (Skinner
1962; Luquet and Marin 2004). However, evolutionary un-
certainties such as this highlight the need for further anal-
ysis of both primary and diagenetic cuticular ultrastruc-
tures in thin sections of early euarthropod exoskeletons
(Whittington et al. 1997).

Conclusions

Nine figured trilobite specimens collected from a lens of
late Tremadocian age in the Fezouata Shale Formation,
Morocco, are assigned to Symphysurus ebbestadi based
on a recent description by Gutiérrez-Marco et al. (2018).
These are considered to reflect all described stages of the
exoskeleton moulting process. One specimen is a putative
moulted exoskeleton with the cephalon displaced dorsally
and no visible doublure. Several others show morphology
typical of the species, with a notably convex and effaced
dorsal exoskeleton, and are therefore considered to repre-

sent the inter-moult stage, as for most trilobite carcasses
(Henningsmoen 1975; Daley and Drage 2016). Four speci-
mens represent the short-lived post-moult stage, indicated
by the presence of characteristics associated in the literature
with deformation following burial and compression of the
new soft exoskeletons (wrinkling, flattening, less distinct
features). Thin sections of two post-moult specimens, the
putative moult, and an inter-moult specimen show notable
differences in exoskeleton thickness, with the former two
being much thinner in both the cephalon and thorax than
the latter two. The discovery of these specimens within the
same lens suggests that they likely represent preservation
of an in-progress mass moulting event. The specimens of
S. ebbestadi also provide more detail on the morphological
characteristics of post-moult trilobites, giving an important
example for the future identification of post-moult extinct
arthropods and the study of the fossil record of moulting,
and suggest the sequence of moulting has been conserved in
the evolutionary history of euarthropods.
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