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Quantifying intra- and interspecific variability
in trilobite moulting behaviour across the Palaeozoic

Harriet B. Drage

ABSTRACT

Moulting of a protective exoskeleton is a defining characteristic of Euarthropoda,
and its evolution can be explored through analysing moults preserved in the fossil
record. Our most complete record comes from the Trilobita, which were uniquely flexi-
ble in moulting compared to other arthropod groups. This study presents the first
broad-scale quantitative analysis of trilobite moulting. Trends in moulting variability with
taxonomy and through the Palaeozoic are explored by looking at the occurrences of six
moulting characteristics: opening of the facial and ventral sutures; and disarticulation of
the cephalon, cranidium, thorax, and pygidium. Significant differences in moulting
across taxonomic and temporal groups were identified using chi-squared analyses,
and biases with sampling and diversity identified through correlation analyses. Occur-
rences of facial and ventral suture opening, and cephalic disarticulation, significantly
varied between orders and Epochs. These likely result from the prevalence of ventral
suture moulting in Redlichiida and cephalic disarticulation in Phacopida, and their rele-
vant diversity patterns. The data show high levels of intraspecific variability in moulting;
~40% of species showed multiple moulting characteristics. Redlichiida and the early
Cambrian are the most intraspecifically variable, with greater variability likely an adap-
tation to the initial radiation and establishment of trilobites into new niches. The lon-
gest-lived group, Proetida, showed the lowest levels of intraspecific variability, which
may suggest greater specialism later in the Palaeozoic. Ultimately, datasets such as
this advocate the need to study behaviours in the fossil record on a broad-scale,
because they help us build a comprehensive picture of extinct groups as living animals.
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BACKGROUND
Arthropod Moulting

Moulting is the process of shedding the old
exoskeleton and replacing it with a new one. This
characteristic unites all Ecdysozoa (Aguinaldo et
al., 1997), while arthropods in particular often have
exoskeletons reinforced by biomineralisation. This
provides a tough covering (for example chitin or
calcite), which protects the individual from preda-
tion and parasitism, prevents desiccation in terres-
trial groups, and acts as a muscle attachment point
(Ewer, 2005). However, arthropods must go
through numerous successive moult cycles in their
lifetime as the exoskeleton restricts growth. Moult-
ing consequently allows the individual to inflate,
develop their morphology, and repair damage.
Arthropods are extremely vulnerable during and
immediately after moulting (Henningsmoen, 1975),
and moulting events, either due to a failure to sepa-
rate from the old exoskeleton, or predation, are
responsible for up to 80-90% of individual arthro-
pod deaths (Clarkson, 1979; Brandt, 2002), making
it one of the most crucial recurring events in arthro-
pod life history. Moulting is intrinsically linked to the
behaviour, biochemistry, reproduction, morphology,
and ecology of arthropods, and consequently of
primary importance in their evolutionary history
(Vevea and Hall, 1984; Brandt, 2002; Ewer, 2005).

There has been a great deal of research on
extant arthropod moulting behaviours, particularly
in insects, and the biochemical pathways (involving
ecdysones) that stimulate the moulting process
(e.g., Nijhout, 1994; Ewer, 2005; Song et al., 2017).
However, there has been very little work using the
fossil record to explore the evolution of this key
characteristic. We can investigate moulting in the
arthropod fossil record because moulted exoskele-
tons are preserved in much the same way as car-
casses, and moult fossils are thought to be much
more common than carcasses because each indi-
vidual moults many times during its lifetime but pro-
duces only one carcass (Daley and Drage, 2016).
These moults are recognisable because the moult-
ing process in extinct arthropods is thought to com-
prise the same stages as for modern groups, which
is consistent despite differences in exoskeleton
composition (Ewer, 2005). This comprises a pre-
moult stage, where the animal prepares for moult-
ing (secreting moulting fluids, detaching the old
exoskeleton cuticle); exuviation (or ecdysis, the
actual exiting of the old exoskeleton); and a post-
moult stage, where the new exoskeleton decom-
presses and hardens; followed by a return to the

intermoult stage (Krishnakumaran and Schneider-
man, 1970; Henningsmoen, 1975). The most com-
plete and abundant early fossil record of moulting
belongs to Trilobita. This is in part because of their
thickly biomineralised calcitic exoskeletons with a
correspondingly high preservation potential, but
also their incomparable diversity, abundance, and
global distribution (Tarver et al., 2007). For the
most part the fossil record of moulting is based on
isolated or grouped empty moults, and these
remain uncommon outside Trilobita. Arthropods
caught ‘in-the-act’ of exuviation, such as an individ-
ual of Marrella splendens Walcott 1912 from the
Burgess Shale (Garcia-Bellido and Collins, 2004),
are extremely rare, and no convincing example has
been described for trilobites (Drage and Daley,
2016). Consequently, trilobites provide us with the
only large dataset with which to explore the origins
of moulting for total group Arthropoda, which may
have been central to the development of their dom-
inance throughout the Phanerozoic into the pres-
ent (Vevea and Hall, 1984; Ewer, 2005). A
complete review of trilobite and other arthropod
moulting evidence from the fossil record published
to date is presented in Daley and Drage (2016).
Trilobite moulting behaviour, i.e., the lines the
old exoskeleton splits along and the behaviours
that an individual uses to accomplish exuviation,
has been shown to be both inter- and intraspecifi-
cally variable despite the reasonably consistent
body plan in this group (Figure 1; Henningsmoen,
1975; Daley and Drage, 2016; Drage et al.,
2018a). This is in contrast to the moulting
behaviours of other arthropod groups, both extant
and in the fossil record, which have morphologies
and behaviours more specialised to one or two
moulting methods (Daley and Drage, 2016). Trilo-
bites, which appear earliest in the fossil record
amongst crown-group arthropods (Daley et al.,
2018), are therefore unique in their moulting. Previ-
ous studies of trilobite moulting, despite their clear
importance, have been limited in scope or entirely
qualitative observations (e.g., Henningsmoen,
1975; Whittington, 1980, 1990; McNamara and
Rudkin, 1984; Busch and Swartz, 1985; Speyer,
1985; Speyer and Brett, 1985; McNamara, 1986;
Brandt, 2002; Bruthansova, 2003; Clarkson et al.,
2003; Budil and Bruthansova, 2005; Hunda et al.,
2006; Paterson et al., 2007; Cederstrom et al.,
2010; Rustan et al., 2011; Drage and Daley, 2016;
Drage et al.,, 2018a), leaving many unanswered
questions about the evolution of this behaviour.
How flexible were ftrilobites in their moulting
behaviour compared to other arthropods? What
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FIGURE 1. An example of the diversity of trilobite moult configurations preserved in the fossil record, see Drage et al.
(2018a) for descriptions of the named configurations. 1: Acadoparadoxides sp. Snajdr 1957 (PMU 25636) in
McNamara’s or Somersault Configuration but with the librigenae also rotated; 2: Estaingia bilobata (SAM-P55734)
with the right librigena in McNamara'’s Configuration; 3: Acadoparadoxides sp. (PMU 25690) showing disarticulation
of the librigenae, cranidium and thorax; 4: Acidaspis coronata Salter 1853 (OUMNH C.17494) in the Nutcracker Con-
figuration; 5: E. bilobata (SAM-P 54204) in the Somersault Configuration; 6: Marrolithus ornatus Sternberg 1833
(NMP L15156) in Hupe's Configuration; 7: Redlichia takooensis Lu 1950 (SAM-P55732) in Salter’s Configuration; 8:
lllaenus parabolinus Novak 1918 (in Novak and Perner, 1918) (NHMUK 1.15261), an axial shield missing the librige-
nae; 9: Ogygopsis klotzi Rominger 1887 (OUMNH AT.205), a common axial shield; 10: Trimerocephalus mastoph-
thalmus Richter 1856 (NHMUK In.22418), in Salter’'s Configuration with the cephalon displaced forwards; 11:
Triarthrus beckii Green 1832 (NHMUK In.19650), showing a Lower Cephalic Unit mostly in situ and a clearly dis-
placed cranidium as a variant of Henningsmoen’s Configuration.
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effect did this have on the evolution of their mor-
phology, ecology, development, and geological lon-
gevity? Quantitative analysis of the history of
trilobite moulting means that we can trace how this
life history strategy affected the broad-scale evolu-
tion of a group.

This study presents the first broad-scale
quantification of the variability of trilobite moulting
behaviour. Using a large global dataset this will
present the extent of the intra- and interspecific
variability in moulting, and how this differed taxo-
nomically and temporally. Results will first look at
interspecific variability in trilobite moulting in the
total group, within each order, and within families or
superfamilies. The intraspecific moulting variability
of the sampled species will then be presented, fol-
lowed by the same analyses looking at variability
across Palaeozoic time bins rather than taxonomic
groups. This work significantly advances our ability
to answer the key questions about the evolutionary
history of this ubiquitous characteristic central to
the life histories of all arthropods.

Trilobite Moulting

Investigating the fossil record of moulting
relies on being able to accurately distinguish pre-
served moults and carcasses. Henningsmoen
(1975) and Daley and Drage (2016) outlined a
number of criteria with which to do this based on
recurrent patterns of exoskeleton separation (i.e.,
the presence of specific moulting characteristics;
Table 1), and contextual information (e.g., lack of
abiotic/biotic disturbance etc.). However, this can
be difficult for specimens for which separated
moulted sclerites are not found in close association

with the remainder of the exoskeleton, and so
detailed explorations of moulting are limited to trilo-
bite-bearing assemblages in which we can be cer-
tain of a moult identification (i.e., often Konservat-
Lagerstatten; Drage et al., 2018a). However, well-
preserved specimens with all moulted exoskeleton
sclerites in close association are found in many
locations worldwide, not just Konservat-Lagerstat-
ten. For trilobite specimens that do fulfil these crite-
ria, and are therefore confidently interpreted as
moults, we can identify six key exoskeleton disar-
ticulations, and which describe the moult; these are
moulting characteristics (Table 1). These moulting
characteristics are: open facial sutures (separating
the librigenae from the cranidium); open ventral
sutures (separating the rostral plate and/or hypos-
tome from the cephalon); disarticulation of the
cranidium; disarticulation of the cephalon; separa-
tion between thoracic segments; and disarticula-
tion of the pygidium (Table 1). These represent the
anatomical features of trilobite moults, and in com-
bination are what most moult identifications are
based upon (see Daley and Drage, 2016, and ref-
erences therein). These six moulting characteris-
tics are used throughout this study to explore
moulting trends and can be identified from all trilo-
bites if most of their exoskeletal sclerites are pre-
served in association.

These moulting characteristics identified from
the fossil record of trilobites can be summarised
into three general styles of moulting, indicating
extensive flexibility in this behaviour (Figure 1).
Firstly, usage of the cephalic sutures during moult-
ing, involving the opening of the facial sutures con-
necting the librigenae to the cranidium (most

TABLE 1. Definitions relating to trilobite moulting used within this work.

Moulting configuration

The general term for any assemblage of disarticulated exoskeletal units (sclerites) produced through the

behaviours of a moulting individual. This is left behind and becomes preserved in the fossil record (see

Drage et al., 2018a).
Style of moulting

The generalised type of exoskeleton moulting, involving a number of moulting characteristics, which

produces a moulting configuration. There are two main styles, involving use of the cephalic sutures
(facial, rostral, hypostomal, and median), or use of the cephalothoracic joint (joining the cephalon or
cranidium to the thoracopygon), although a single moult specimen can show both of these together. A
third unusual style involves the use of a marginal suture running laterally along the anterior margin of the

entire cephalon.

Moulting characteristic

Any of the characteristic exoskeletal disarticulations produced during moulting, and found in a moulting

configuration. Specifically, opening of the facial sutures and/or ventral sutures, and disarticulation of the
cranidium, cephalon, thorax, and/or pygidium.
The ‘normal’ moulting characteristic is the one of these that is most commonly produced during moulting

for a particular species.

Exuviation

Exuvial gape

The stage of moulting during which the organism actually sheds the old exoskeleton.

The opening produced in the old exoskeleton through which the organism exuviates.




commonly), the rostral suture connecting the ven-
tral rostral plate to the cephalon, the hypostomal
suture connecting the hypostome to the cephalon,
and/or a median suture running axially on the ven-
tral side, depending on morphology. Some trilo-
bites use the cephalothoracic joint to moult,
meaning that the articulation connecting the cepha-
lon to the thoracopygon is opened. Occasionally
this may occur in association with use of the
cephalic sutures in moulting. Finally, certain
derived trilobite groups open the marginal suture
during moulting, which is a suture usually found
running around the anterior of the cephalon (similar
to moulting in xiphosurans; Sekiguchi et al., 1988).
In all cases, at these openings an exuvial gape is
produced through which the animal can anteriorly
egress the old exoskeleton. The trilobite individual
would then be free to expand and harden the new
exoskeleton.

METHODS
Data Collection

This study provides the first broad-scale,
quantitative exploration of frilobite moulting
behaviour variability, both taxonomically and tem-
porally throughout the Palaeozoic. Trilobite moults
from museum collections were identified using the
criteria discussed in the Background Section (Hen-
ningsmoen, 1975; Daley and Drage, 2016). Some
localities and geological ages produce more disar-
ticulated material than others, for example the
early Cambrian and late in the Palaeozoic, how-
ever, only reasonably complete specimens were
used for data collection. Heavily disarticulated
material (e.g., isolated sclerites; see Figure 2) can-
not be confidently determined to represent a moult,
and therefore less material from localities with poor
preservation was included. From the identified
moults, the six generalised moulting characteristics
(locations of exoskeletal disarticulations associated
with moulting, see Table 1) were recorded for 840
specimens from 355 species. These were separa-
tion/disarticulation of the: rostral plate and/or
hypostome (= opening of the ventral sutures); libri-
genae (= opening of the facial sutures); entire
cephalon (= opening of the cephalothoracic joint);
cranidium (the cephalon minus the librigenae); tho-
rax (between any two thoracic segments); and
pygidium (= opening of the pygidiothoracic joint).
The species were also categorised into the two
main styles of moulting, use of cephalic sutures
(species showing separation of the librigenae, ven-
tral structures, and/or cranidium), and use of the
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cephalothoracic joint (species showing disarticula-
tion of the cephalon or cranidium; cranidium disar-
ticulation therefore falls under both general styles),
which produce the combinations of these six moult-
ing characteristics (see Figure 2). The ‘normal’
moulting characteristic was also recorded, which
counted the number of species which in the major-
ity of their sampled specimens displayed each of
the six moulting characteristics.

The complete trilobite collections of the follow-
ing museums were surveyed, and the identified
moults sampled and incorporated in the dataset:
Lapworth  Museum of Geology, Birmingham
(BIRUG); Natural History Museum, London
(NHMUK); Oxford University Museum of Natural
History (OUMNH); the Uppsala University Museum
of Evolution (PMU). A number of specimens were
also sampled from the South Australian Museum
(SAM) and National Museum Prague (NMP).
Finally, species were sampled from moult speci-
mens figured or described in the trilobite literature,
although specimen counts were often not reported
for these. Species of Trinucleidae and Harpetida
were excluded from the final dataset due to their
highly specialised morphology that constrained
their unique moulting behaviours. Agnostida and
uncategorised species were removed due to
uncertain taxonomic assignment. Ordinal-level
species assignments within the dataset therefore
included the Asaphida, Corynexochida, Lichida
(comprised of lichid and odontopleurid species),
Phacopida, Proetida, Ptychopariida, and Redlichi-
ida (Whittington et al., 1997; Jell and Adrain, 2002).

All species’ metadata were checked using
comprehensive searches of the descriptive litera-
ture and the Paleobiology Database (Fossilworks,
2018; Kiessling et al., 2018). Species’ age assign-
ments were time-binned using the ICS Interna-
tional Chronostratigraphic Chart 2017 (Cohen et
al., 2013) into Palaeozoic Periods and Epochs.
Taxa that occurred in two sequential time bins (i.e.,
across a boundary between two Periods or
Epochs) were counted twice, once in each occu-
pied time bin. Species taxonomic data (order, fam-
ily) was obtained from Whittington et al. (1997) and
Jell and Adrain (2002). Total-group trilobite diver-
sity data was obtained from a FossilWorks and
Palaeobiology Database search for all species
entered and time-binned as Trilobita (Kiessling et
al., 2018). These data were used to create raw and
Shareholder Quorum Subsampled diversity curves
using FossilWorks (from 26947 eligible occur-
rences, representing 8418 species throughout the
Palaeozoic; generated 25/01/18; Fossilworks,
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FIGURE 2. Hypothetical trilobite moult specimens, demonstrating the process of gathering data for the presented
dataset. 1 and 2 represent specimens that can be confidently considered moult configurations, whereas 3 and 4 (iso-
lated thoracic segments and an isolated cephalon respectively) are too fragmented and lack sufficient information to
identify as either moults or carcasses. 1: four moulting characteristics can be counted from this specimen, including
open ventral sutures (and therefore separation of the rostral plate/hypostome), open facial sutures (separation of the
librigenae), a disarticulated cranidium, and a disarticulated thorax. 2: two moulting characteristics can be counted
from this specimen, including a disarticulated cephalon, and a disarticulated pygidium. Of these four specimens, only

1 and 2 would be recorded within the dataset.

2018), which were then compared to sampling
within the moulting dataset.

Country and GPS coordinates were obtained
for all species for which collection metadata was
available. For species recorded from the literature,
either locality information from the descriptive arti-
cle or the type specimen locality was used, and the
latitude and longitude coordinates obtained using
Google Maps. Resulting coordinates were plotted
for each sampled species on palaeogeographic
maps representing the continental configurations at
the mid-point age of each geological Period (Figure
3). These sampling maps were produced using
GPlates and PaleoMap (Scotese, 2016). The
Permian was excluded, as only one species was
sampled.

Specimens were photographed using a
Canon EOS 5D or 500D with a Macro Lens, under
incident lighting, and using the Canon EOS Utility 2
remote camera access software. Graphs were pro-
duced in RStudio (RStudio Team, 2015) using cus-
tom code and the ggplot2 (Wickham et al., 2016)
and Geoscale (Bell, 2015) packages. Figures were

produced and/or modified using CS6 Adobe lllus-
trator and Photoshop.

Sampling

Overall, 29 species and 54 specimens were
sampled from the BIRUG, 144 species and 336
specimens from the NHMUK, 70 species and 197
specimens from the OUMNH, three species and 31
specimens from the SAM, and 14 species and 142
from the PMU, although many more were
observed. Finally, 148 species were sampled from
the descriptive literature. A number of these pro-
vided data for the same species and not every spe-
cies from the literature provided specimen
measurement data, leaving a total of 355 species
and 840 specimens. The number of species sam-
pled for each order, suborder, superfamily, and
family are displayed in Appendix 1, Table A1. The
number of species sampled for each geological
Epoch during the Palaeozoic are displayed in
Appendix 1, Table A2, with a slightly higher total
due to the presence of boundary taxa. Within the
dataset, 58% of all trilobite species (196 species)
were represented by moulting data from only one
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FIGURE 3. Palaeogeographic maps with yellow points representing the sampled species in each geological Period.
1: all sampled species on a modern map, n=370; 2: Cambrian, n=146; 3: Ordovician, n=128; 4: Silurian, n=54; 5:
Devonian, n=30; 6: Carboniferous, n=12. Permian not displayed because n=1. Maps represent the mid-point age of
each Period. Some specimens appear sampled from terrestrial areas owing to their lack of well-defined collection
data. Maps produced using GPlates and PaleoMap (Scotese, 2016).

specimen, leaving 42% of species represented by
two or more specimens (159 species; Figure 4).
Nineteen percent of species (64) were represented
by two specimens, 13% (45) by 3-5 and 10% (12)
by 6+ (Figure 4). All data used to produce the
results presented in this study are available in
Appendices 2 and 3.

Analysis of Interspecific Moulting Variability
with Taxonomy

Differences in the recorded moulting
behaviours of ftrilobite taxonomic groups were
explored over a number of levels. Firstly, at the
superordinal-level, by comparing the proportion of
all recorded trilobite species showing the two gen-
eral styles of moulting (cephalic sutures, and ceph-
alothoracic joint), and showing each of the six
moulting characteristics. At the ordinal-level, com-

parisons were made of the proportions of species
in each order showing both general styles of moult-
ing (cephalic sutures, and cephalothoracic joint),
and the moulting characteristics. For the latter, the
‘normal’ moulting characteristics were also plotted,
i.e., the single moulting characteristic, which each
species most commonly displayed. Finally, the pro-
portion of species for each family or superfamily
(dependent on sampling) displaying the six moult-
ing characteristics were compared within each
order (sample sizes too low for Lichida and Pro-
etida). Taxonomic sampling quality within the data-
set was explored by plotting the ordinal sample
diversity against that obtained from a full search of
Trilobita occurrences recorded in Fossilworks and
the Paleobiology Database (Kiessling et al., 2018;
n=9753 for all trilobite orders; Appendix 4, Table
A2).
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FIGURE 4. Percentage of all sampled trilobite species
(n=340) that are represented by 1 specimen, 2, 3-5, 6-8,
9-10, and 11+ specimens. Fifteen species were not
included in this count because the number of represen-
tative specimens was unknown, as the data was derived
from literature that did not provide a sampling estimate.

Chi-squared analyses were performed based
on the null hypothesis (HO) that the trilobite clades
(orders, superfamilies, or families) did not show
significant differences in their moulting characteris-
tics. These tested the alternate hypothesis (H1)
that the clades showed significant differences in
the number of species displaying each moulting
characteristic. All analyses compared observed
versus expected values. Expected numbers were
calculated as the number of species that should
display each moulting characteristic if all taxonomic
groups moulted in the same way, when corrected
for sampling. Analyses were performed in PAST3
(Hammer et al., 2001) with the “sample versus
expected” setting. The total numbers (and propor-
tions) of species summed to a greater total than
that recorded in the dataset (or greater than 100%)
because species could display more than one
moulting characteristic. Full chi-squared tables for
all analyses are available in Appendix 5. Correla-
tion analyses (r2, Spearman’s Rank, and Kendall's
tau) were calculated in PAST3 (Hammer et al.,
2001) to test for significant differences in sample
ordinal species diversity and total group diversity
(the latter from Fossilworks and the Paleobiology
Database; Fossilworks, 2018; Kiessling et al.,
2018).

The chi-squared test was chosen for the
moulting variability analyses because the results
can directly inform on the question of interest; ‘did
trilobite moulting behaviour vary between taxo-

nomic groupings?’ The expected numbers used in
analyses were corrected for uneven group sam-
pling, to give an accurate comparison between
observed and expected data (Hammer et al.,,
2001). Chi-squared is also particularly appropriate
as it is a non-parametric test, and much of the data
analysed here, because it is nominal, may violate
assumptions of normality (McHugh, 2013). The test
can have reduced accuracy when including
expected values totalling <5, however, this was
inevitable given the behavioural nature of the vari-
ables tested (as some moulting characteristics
occur rarely). Other statistical tests might be used
to answer this question, for example ANOVAs or
Mann-Whitney U tests to compare mean numbers
of species displaying each moulting characteristic,
however, these are parametric and would also
require subsequent post-hoc tests to determine
which groupings were causing the significant
results. Tests such as Kolmogorov-Smirnoff are not
appropriate to apply to this dataset, because this
compares distributions of two samples, not a num-
ber of variables with summed counts for each
grouping. Bonferroni corrections were applied to all
chi-squared test p-values, in order to confirm that
significant results were not due to chance through
multiple testing, thereby correcting for family-wise
error.

Analysis of Intraspecific Moulting Variability
with Taxonomy

Intraspecific moulting variability between
orders was explored by plotting the number of spe-
cies in each order that displayed 1, 2, 3, 4, 5, or all
6 moulting characteristics. The impacts of dataset
specimen sampling on this was determined by plot-
ting the number of moulting characteristics shown
by each species against the number of specimens
sampled for it. This information was available for
326 species, the remainder of which were sampled
from the literature where a usable specimen-count
was not provided.

Analysis of Interspecific Moulting Variability
through Time

Changes in the moulting behaviours of trilo-
bites through time were explored by plotting the
proportion of species in each geological Epoch dis-
playing each of the six moulting characteristics.
This was also plotted using the ‘normal’ moulting
characteristics, i.e., the moulting characteristic
most commonly observed for each species. Tem-
poral sampling quality within the dataset was
explored by plotting species diversity within each



Epoch against total group diversity obtained from a
full search of Trilobita occurrences recorded in
Fossilworks and the Paleobiology Database (Fos-
silworks, 2018; Kiessling et al., 2018; n=8309;
Appendix 4, Table A1), and against total diversity
corrected for sampling using Shareholder Quorum
Subsampling (SQS; carried out in Fossilworks,
2018). Geological time bins in the dataset were
based on the International Chronostratigraphic
Chart 2017 (Cohen et al.,, 2013). The time bins
used by Fossilworks vary slightly, with the Cam-
brian remaining delineated as the lower Cambrian-
middle Cambrian-Furongian, whereas the sample
dataset uses the global designations of Series 2-
Miaolingian-Furongian.

Chi-squared analyses performed were based
on the null hypothesis (HO) that the geological time
bins (Epochs or Periods) did not show significant
differences in the moulting characteristics of their
constituent species. These tested the alternate
hypothesis (H1) that the time bins showed signifi-
cant differences in the number of species display-
ing each moulting characteristic. All analyses
compared observed versus expected values.
Expected numbers were calculated as the number
of species that should display each moulting char-
acteristic if all time bins showed the same moulting
behaviour, when corrected for sampling. Analyses
were performed in PAST3 (Hammer et al., 2001)
with the “sample versus expected” setting. The
total numbers (and proportions) of species
summed to a greater total than that recorded in the
dataset (or greater than 100%), because each
could display more than one moulting characteris-
tic. The Late Devonian to early Permian Epochs
were removed due to having too small sample
sizes. Full chi-squared tables are available in
Appendix 5. Significant deviations in dataset and
total/SQS diversity through time were tested for
using correlation analyses (r2, Spearman’s Rank,
and Kendall’'s tau) calculated in PAST3 (Hammer
et al., 2001).

Analysis of Intraspecific Moulting Variability
through Time

Intraspecific moulting variability between geo-
logical Epochs was explored by plotting the num-
ber of species in each Epoch that displayed 1, 2, 3,
4, 5, or all 6 moulting characteristics. The Pennsyl-
vanian and early Permian Epochs were removed
due to having too low sample sizes. The mean
average and 95% Confidence Intervals for the
number of moulting characteristics shown in each
Epoch was calculated. ANOVA and Kruskal-Wallis
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tests were carried out in PAST3 (Hammer et al.,
2001) to compare the means, testing for a signifi-
cant change in intraspecific moulting variability
through time.

RESULTS
Moulting in Highly Derived Trilobites

Trilobites of the family Trinucleidae (Figure
5.1) and order Harpetida (Figure 5.2) were
excluded from the moulting behaviour dataset. This
is because they show an unusual derived morphol-
ogy, with this necessitating a different moulting
behaviour in comparison to those observed for the
rest of Trilobita. Trinucleid and harpetid trilobites
convergently evolved a fused cephalic shield, with
a broader shape divided into dorsal and ventral
halves (Stubblefield, 1959; Sekiguchi et al., 1988).
This appears to have been a feeding adaptation,
with the cephalic fringe pits in trinucleids appar-
ently adaptive for a filter-feeding lifestyle (Fortey
and Owens, 1999). Consequently, moulting in
these groups appears to have taken place through
opening of the marginal suture (Figure 5.1, 5.2),
with an anterior exuvial gape suture created

FIGURE 5. Potential moult assemblages and moulting
morphology of specialised arthropods. 1: Marrolithus
ornatus senftenbergi (Order Asaphida, Family Trinuclei-
dae, L15157 from the NMP collections) with the upper
cephalic fringe inverted to rest posterior to the exuvia; 2:
Bohemoharpes ungula Sternberg 1833 (Order Har-
petida, L2959 from the NMP collections), broken at
some places at the marginal suture between the dorsal
and ventral parts of the cephalic fringe; 3: Limulus poly-
phemus Linnaeus 1758 (Order Xiphosurida), carcass
showing the comparable closed marginal suture (image
by R.D.C. Bicknell, Va. 06 from the Natural History
Museum of the University of New England); 4: Limulus
polyphemus carcass mid-moult emerging through the
marginal suture (Wikimedia Commons).
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between the dorsal and ventral parts of the
cephalic shield. This would extend along the entire
anterior margin on the cephalon, and the animal
would then emerge forwards. Other ftrilobites also
evolved similar cephalic structures, such as later
brachymetopid species with a greatly expanded
rostral plate and fused facial sutures (Fortey and
Owens, 1975), and many olenid and phacopid spe-
cies which secondarily lost the facial sutures and
moulted through disarticulation of the entire cepha-
lon (discussed in detail later; Crénier, 2013; Drage
et al., 2018b). Modern xiphosurans moult in a com-
parable manner to harpetids and trinucleids, also
having a fused cephalic shield (carapace) in which
a marginal gape opens between the dorsal and
ventral parts (Sekiguchi et al., 1988). For trinucle-
ids, this could produce a moult assemblage with
the dorsal cephalic fringe displaced away from the
remainder of the exuvia (Figure 5.1). Moulted har-
petids are difficult to recognise, like xiphosurans,
as the anterior gape appeared to have closed post-
moulting (Figure 5.2-5.4). These trilobites may also
have moulted through disarticulating the entire
cephalon, but complete configurations of these
were rarely observed.

Superordinal-level Interspecific Moulting
Variability

The majority of trilobite species sampled
(except those that display marginal suture moult-
ing; Figure 5) show use of the cephalic sutures for
moulting (80% of species), where cephalic sutures
(facial, rostral, and/or hypostomal) are opened to
create an anterior exuvial gape (Figure 6). Approxi-
mately 40% of species show use of the cephalo-
thoracic joint where this is disarticulated to create
an exuvial gape between the cephalon and thora-
copygon (Figure 6). This means that for 20% of
species moult configurations were found displaying
both styles of moulting, and these taxa had the
flexibility to use both cephalic and cephalothoracic
exuvial gapes.

We can divide these general styles of moult-
ing into the moulting characteristics they produced;
opening of the ventral and/or facial sutures and
cranidial disarticulation all showing use of cephalic
sutures, and cephalic or cranidial disarticulation
requiring opening of the cephalothoracic joint. Tho-
racic and pygidial disarticulations occur indiscrimi-
nately with the two styles, because they are not
associated with the cephalon. Seventy-one percent
of all trilobite species display moult configurations
with open facial sutures and disarticulated librige-
nae (Figure 7); the additional 9% utilising cephalic

10

100

287
80

D
o

147

% species
Ny
o

20

Cephalothoracic joint Cephalic sutures
Style of moulting

FIGURE 6. Percentage of all trilobite species displaying
the two styles of moulting (opening of cephalic sutures,
and opening of the cephalothoracic joint), with the total
number of species showing each above the bar.

sutures (Figure 6) but not the facial sutures must
have moulted via opening of the ventral sutures.
The other moulting characteristics are all observed
in fewer than 30% of species, with 18% showing
disarticulated cranidia, 16% disarticulated pygidia,
and 14% opening of the ventral sutures (Figure 7).
An approximately equal proportion of species show
disarticulation of the cephalon (25%) and the tho-
rax (24%) in moult configurations.

Ordinal-level Interspecific Moulting Variability

Total diversity (as sampled from Fossilworks;
Kiessling et al., 2018) corresponds quite closely
with database sampled diversity at an ordinal level
(Figure 8; Appendix 4, Table A1). For the Asa-
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FIGURE 7. Percentage of all trilobite species displaying
each of the six different moulting characteristics, with the
total number of species showing each above the bar.



30

20

10

% of total species

&
X N 4
& & &F K
& & & &
Ra ) Y <
¢
Order

PALAEO-ELECTRONICA.ORG

Sample diversity
Total diversity

(g
&
K 6\\0
SRS
<

i§
&

FIGURE 8. Trilobite taxonomic diversity in the sample dataset (green, n=355) plotted as a percentage of the total sam-
ple size, compared to total recorded diversity (orange, n=9753; downloaded from FossilWorks; Kiessling et al., 2018).

phida, Corynexochida, Lichida, and Ptychopariida
the sampled species diversity is reasonably similar
to total diversity. However, the samples for Phacop-
ida, Proetida, and Redlichiida are less representa-
tive of their total group diversities. Correlation
analyses show that the sample diversity does not
significantly correlate with total group diversity (r2:
0.57, p=0.18; Spearman’s Rank: 0.71, p=0.088;
Kendall's tau: 0.52, p=0.099). Although for the non-
parametric tests this is close to the significance
threshold of a=0.05.

All seven trilobite orders display both styles of
moulting in relatively high frequencies (Figure 9).
Use of the cephalic sutures for moulting is the most
common style for all orders except Phacopida, as
expected by the almost ubiquitous presence of
librigenae with facial sutures in trilobite morphology
(Stubblefield, 1959; Whittington et al., 1997). For
these six orders, the percentage of sampled spe-
cies with at least one specimen displaying open
cephalic sutures varies from 80% (Asaphida) to
100% (Redlichiida). However, 25% (Ptychopari-
ida) to 41% (Asaphida) of species also show use of
the cephalothoracic joint, previously considered to
be very rare amongst non-phacopid trilobites (e.g.,
Henningsmoen, 1975). Phacopida is the only order
to have a higher percentage of species displaying
an open cephalothoracic joint (68%) than cephalic
sutures (48%). Chi-squared analyses show signifi-
cant p-values and therefore reject the null hypothe-
sis (p=0.027 and 1.8x104, respectively, at

a=0.025; Appendix 5, Table A1), suggesting that
the number of species displaying the two styles
significantly differ between the orders. For use of
the cephalic sutures this mainly results from cory-
nexochid and ptychopariid species using these
more than expected (41 observed to 34 expected
species, and 68 observed to 56 expected, respec-
tively), and less often than expected in phacopids
(43 observed to 69 expected). Unsurprisingly the
result is the opposite for use of the cephalothoracic
joint in moulting, with phacopids displaying this
more often than expected (63 observed to 37
expected), and corynexochids and ptychopariids
less often (12 observed to 19 expected, and 18
observed to 30 expected). All other trilobite orders
show counts close to those expected (Figure 9).
Variability in trilobite moulting characteristics
(i.e., the specific disarticulations produced during
moulting) is relatively consistent across all orders.
All orders display each of the six moulting charac-
teristics (Figure 10), even with the lowest sample
size of 18 species (Lichida). Moulting behaviour,
movements during exuviation, and moulting config-
urations are therefore extremely variable across all
of Trilobita. Opening of the facial sutures is the
most common moulting characteristic for all orders
excepting Phacopida, meaning most of the species
that used the cephalic sutures for moulting (Fig-
ures 6, 9) did so by disarticulating the librigenae
(congruent with Figure 7). Opening of the ventral
sutures and disarticulation of the rostral plate is

1
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FIGURE 9. Percentage of species in each trilobite order (n=355) displaying the two styles of moulting (opening of
cephalic sutures, and opening of the cephalothoracic joint), plotted against sampling (black line; the proportion of

species sampled that belong to each order).

also very common for Redlichiida (59% of spe-
cies), meaning these sutures were important in
redlichiids for moulting. Disarticulation of the ceph-
alon is the most common moulting characteristic in
phacopids (60%, Figure 10) because they more
commonly opened the cephalothoracic joint (Fig-
ure 9). Proportions of the remaining moulting char-
acteristics are reasonably consistent, and relatively
uncommon, within all orders. Disarticulation of the
pygidium in moult configurations varies between
26% of species at its highest incidence in Asa-
phida, to 5% in Proetida. Thoracic disarticulation is
slightly more common, varying between 14%
(Corynexochida) and 28% (Ptychopariida) of spe-
cies. Opening of the cephalothoracic joint in tan-
dem with the facial sutures, causing disarticulation
of the cranidium, is relatively common in Redlichi-
ida (35% of species) (Figure 10), but less so in
other orders. Chi-squared analyses (Appendix 5,
Table A2) indicate that the orders have significantly
different numbers of species displaying opening of
the ventral sutures (p=1.3x10-9), facial sutures
(p=0.0038), and cephalic disarticulation (p=6.8x10-
14). These are significant at the 0.05 threshold
(with Bonferroni correction a=0.0083). For opening
of the ventral sutures in moulting this relates to its
much greater prevalence in Redlichiida than
expected (27 observed to 8 expected species), and
low incidence in Phacopida (4 observed to 13
expected). For opening of the facial sutures this
results from the same trends seen for the broader
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styles of moulting (Appendix 5, Table A1), namely a
greater count than expected in Corynexochida and
Ptychopariida and fewer than expected in Phacop-
ida (Appendix 5, Table A2). The inverse is true for
disarticulation of the cephalon, although Redlichi-
ida also has fewer species showing this moulting
characteristic than expected (two observed to 15
expected). The remaining three moulting charac-
teristics do not show significant results, indicating
that the number of species displaying them do not
vary between the orders.

Differences in the moulting behaviours of the
trilobite orders are more readily apparent when
condensing the data to the ‘normal’ moulting char-
acteristic of each species. This is the moulting
characteristic most commonly observed for each
species (Figure 11). Moulting through opening of
the facial sutures is again the most common char-
acteristic for all orders (67-82% of species) except
Phacopida (35%), which is dominated by a preva-
lence of cephalic disarticulation (57%). However,
the other moulting characteristics display lower
prevalences than when plotting all the data (Figure
10). Only 33% of redlichiids usually open the ven-
tral sutures for moulting, compared to the 59% of
species that show this characteristic in any of their
sampled specimens (Figures 10, 11). Very few
species show thoracic or pygidial disarticulation as
their most commonly observed moulting character-
istic, although these are slightly more common for
Phacopida. Disarticulation of the cranidium for
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FIGURE 10. Percentage of species in each trilobite order (n=355) displaying each of the six different moulting char-
acteristics (data legend), plotted against sampling (black line; the proportion of species sampled that belong to each
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moulting, despite being reasonably prevalent in the
sample as a whole (Figure 10), is not often a main
moulting characteristic, with only Ptychopariida
and Redlichiida containing 15% of species for
which this is the case (Figure 11). The chi-squared
analyses and corrected a-level show the same
results (Appendix 5, Table A3) as for the analyses
using all the data (Appendix 5, Table A2). The
orders show significant differences in the number

of species displaying rostral plate (p=8.8x10-9) and
facial suture opening (p=0.0022), and cephalic dis-
articulation (p=9.9x10-14), with deviations in the
same orders seemingly causing this result. Table 2
summarises the most commonly observed moult-
ing characteristics and sampling for the seven ftrilo-
bite orders.

TABLE 2. Summary of moulting behaviour for the seven trilobite orders.

Usual style Moulting

Order! of moulting

characteristics2

# #

species specimens Geological range

Asaphida 1. Facial sutures
=2. Thorax

=2. Pygidium

3. Cephalon

4. Cranidium

5. Ventral sutures

Cephalic sutures

1. Facial sutures
2. Cranidium

3. Thorax

=4. Cephalon

=4. Pygidium

5. Ventral sutures

Corynexochida Cephalic sutures

Lichida 1. Facial sutures

=2. Cephalon

Cephalic sutures

=2. Ventral sutures

=2. Thorax
=2. Pygidium
. Cranidium

Phacopida Cephalothoracic

joint

. Cephalon

. Facial sutures
Thorax

. Pygidium

. Cranidium

. Ventral sutures

. Facial sutures
. Cephalon

. Thorax

. Cranidium

=5. Pygidium

Proetida Cephalic sutures

=5. Ventral sutures

. Facial sutures
. Thorax

. Cranidium

. Pygidium

. Ventral sutures
. Cephalon

Ptychopariida Cephalic sutures

Redlichiida . Facial sutures
. Ventral sutures
. Cranidium
Thorax

. Pygidium

. Cephalon

Cephalic sutures

61 150 Miaolingian - late Silurian

44 112 Cambian Series 2 - Early

Devonian

18 33 Middle Ordovician - Middle

Devonian

93 140 Middle Ordovician - Late

Devonian

22 21 Late Ordovician - early

Permian

71 169 Cambrian Series 2 - Late

Ordovician

46 207 Cambrian Series 2 -

Miaolingian

1For each order the number of species and specimens representing them in the dataset is given, and their geological age range.

2The six moulting characteristics are in sequence from most to least common amongst species of that order.
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FIGURE 12. Percentage of species in each trilobite family or superfamily displaying the six different moulting charac-
teristic disarticulations (data legend applies to all graphs), plotted against sampling (black line; the proportion of spe-
cies sampled for the order that belong to each family or superfamily). The Lichida and Proetida are not included owing
to their relatively low sample sizes. 1: Phacopida families, n=93; 2: Asaphida families, n=61; 3: Corynexochida fami-
lies, n=44; 4: Ptychopariida superfamilies, n=71; 5: Redlichiida superfamilies, n=46.

Superfamilial/Familial-level Moulting Variability

The well-sampled trilobite orders show some
differences in the moulting characteristics
observed within their constituent families or super-
families (Figure 12). Familial/superfamilial moulting
variability seems relatively unaffected by sampling,
as many of the clades with smaller sample sizes
show almost all of the characteristics. Better sam-
pled clades do not necessarily show more charac-
teristics (Figure 12), and all orders show high
variability in moulting behaviour. Phacopid families
are notably disparate in their moulting characteris-
tics. Seven phacopid families show a bias to
cephalic disarticulation over opening of the facial
sutures for moulting (see the total-group phacopid
data; Figures. 9-11), with only the Calymenidae,
Cheiruridae and Encrinuridae showing the reverse,
although all families contain species with moult

configurations with disarticulated cephala (Figure
12.1). Thoracic disarticulation is relatively common
across all phacopid families (>15% of species).
The Acastidae and Dalmanitidae show high levels
of pygidial disarticulation (33-50%), but they, along
with the Pliomeridae, Calmoniidae, and Phacopi-
dae do not show cranidial disarticulation. Only two
families (the Calymenidae and Pliomeridae) con-
tain species that use the ventral sutures in moulting
(Figure 12.1). The better sampled asaphid families
show a tendency toward opening the facial sutures
for moulting, except the Raphiophoridae which
show high moulting variability, and the Cyclopygi-
dae which only display disarticulation of the cepha-
lon and pygidium (Figure 12.2). Within the
Corynexochida (Figure 12.3) the Dorypygidae and
Styginidae show greater variability in moulting
characteristics, with a higher prevalence of thoracic
disarticulation, as well as separation of the cranid-
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ium in the latter and the Oryctocephalidae. The
Ptychopariida and Redlichiida (Figure 12.4, 12.5)
displayed particularly high levels of variability, but
this may be because their sample sizes meant test-
ing at the superfamily-level. Although, it is probably
a more true representation to consider the Ptycho-
pariida and Redlichiida at the superfamily or family-
level as these orders are widely considered to rep-
resent para- or polyphyletic groupings with unclear
phylogenetic relationships (Fortey, 2001), and so
order-level analyses may have lower accuracies
for the Redlichiida and Ptychopariida. Ptychopariid
superfamilies show relatively uniform variability in
the six moulting characteristics with opening of the
facial sutures being most common, although the
Olenoidea and Ellipsocephaloidea contain higher
proportions of species showing thoracic and cran-
idial disarticulation (Figure 12.4). All redlichiid
superfamilies show disproportionately high inci-
dences of ventral suture opening for moulting. This
is observable in at least 50% of species belonging
to all superfamilies and is as common or more so
than opening of the facial sutures for three out of
five superfamilies (Figure 12.5). The Emuelloidea,
Paradoxidoidea, and Redlichioidea also show
notably high proportions of cranidial and thoracic
disarticulation.

The chi-squared analyses show little signifi-
cant variation in these moulting characteristic
occurrences within each order (Appendix 5, Table
A4). Only the number of species opening the ven-
tral sutures (p=0.035) and disarticulating the ceph-
alon (p=0.022) during moulting vary significantly
between asaphid families, and the facial sutures
(p=0.0036) and cephalon (p=0.002) for Phacopida
(Appendix 5, Table A4). For the cephalic disarticu-
lation in Asaphida this is likely due to it occurring
more often than expected in the Cyclopygidae and
less than in the Nileidae, and in Phacopida this is
more common than expected in the Pliomeridae,
Acastidae, Dalmanitidae, Phacopidae, and Ptery-
gometopidae, but less than in the Calymenidae,
Cheiruridae, and Encrinuridae. Opening of the
facial sutures shows the opposite pattern to this in
Phacopida. For the Corynexochida, Ptychopariida,
and Redlichiida the sampled families or superfami-
lies do not significantly vary in their displayed
moulting characteristics.

Intraspecific Moulting Variability with
Taxonomy

Intraspecific moulting variability, or the propor-
tion of species displaying multiple moulting charac-
teristics, varies between the orders. Three of the
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orders (Asaphida, Phacopida, and Redlichiida)
contain species that display all six of the moulting
characteristics (Figure 13). These orders therefore
appear to show greater intraspecific moulting varia-
tion than the others. Asaphida and Phacopida have
large sample sizes, however, Ptychopariida has
the second-largest sample size and contains only
species displaying up to five of the moulting char-
acteristics, while Lichida has the lowest sample
size and contains a number of species showing
four of the moulting characteristics (Figure 13).
Overall, the patterns of intraspecific moulting varia-
tion are reasonably consistent across the trilobite
orders. Of the trilobite species, 43-77% display
only a single moulting characteristic (see sampling
discussion for Figure 4), and for all orders except
Redlichiida (with 80%), >90% of species displayed
three or fewer moulting characteristics (Figure 13).
Redlichiida is, therefore, the most intraspecifically
variable order for moulting behaviour. It is uncom-
mon for trilobite species to show more than two of
the moulting characteristics, so most species are
either not at all or only moderately intraspecifically
variable.

However, the number of moulting characteris-
tics shown per species does increase with the
number of specimens sampled (Figure 14). This is
supported by significant results from correlation
tests (r2: 0.48, p=1.03x10-19; Spearman’s Rank:
0.49, p=3.046x10-21; Kendall's Tau: 0.44,
p=1.519x10-32), however, these values indicate
only a moderate positive correlation between spec-
imen sampling and the number of moulting charac-
teristics shown (i.e., below 0.5). This suggests that
intraspecific moulting variability would increase
with better specimen-level sampling, but likely only
at the lower end of sampling (1-10 specimens), and
not at higher levels of sampling, which do not fit the
trend line as well (Figure 14).

Interspecific Moulting Variability through Time

Raw total group trilobite species diversity
across the Palaeozoic closely tracks the numbers
of species sampled within the dataset (Figure 15;
Appendix 4, Table A2). The lines are slightly offset
from one another (i.e., the total diversity peaks
occur slightly after the sample diversity peaks),
likely due to the difference in time bin dates
between this study and Fossilworks (2018). An r2
test shows that these are significantly correlated
(0.68, p=0.0076), as do non-parametric tests for
correlation (Spearman’s rank: 0.77, p=0.0013;
Kendall’s tau: 0.58, p=0.0042). The raw total group
diversity curve suggests trilobite diversity declined
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variability.

overall from the end-Cambrian, with these data not
showing an early Ordovician radiation (unlike that
observed for other groups during the Great Ordovi-
cian Biodiversification Event; see Servais et al.,
2010), although there were clear diversity peaks in
the Late Ordovician and Early Devonian (poten-
tially reflecting the origination, and then diversifica-
tion, of Phacopida; Croénier, 2013; and Proetida
during the latter Epoch; Stubblefield, 1959). Figure
15 also supports the notion of trilobites having dra-
matically radiated early in the Cambrian (Webster,
2007). When corrected for sampling (using Share-
holder Quorum Subsampling), the total group
diversity shows similar trends (Figure 15), also
closely tracing the sample diversity (again, with a
significant positive correlation; r2: 0.58, p=0.03;
Spearman’s rank: 0.7, p=0.0051; Kendall’s tau:
0.55, p=0.0059), except for some slight diver-
gences in the Ordovician.

The proportion of all trilobite species display-
ing each of the six moulting characteristics varied
through the Palaeozoic. Opening of the facial
sutures and disarticulation of the cephalon during
moulting displays almost opposing trends (Figure
16). The former is extremely common from the
early Cambrian to end Silurian (>50% of species),

although in the Cambrian Series 2 moulting seems
to be more variable, with all characteristics except
pygidial disarticulation exhibiting a small peak
(which do not correspond with a peak in sampling).
When disarticulation of the cephalon is extremely
prevalent during the Devonian opening of the facial
sutures is less common. Cephalic disarticulation
also became conspicuously more common over
the Ordovician Period. The chi-squared analyses
over geological Periods (Permian excluded due to
sample size) indicate that the number of species
displaying both of these characteristics during
moulting is different to that expected (Appendix 5,
Table A5; p=0.0046 and 6.1x10-18, respectively).
This is also true of opening of the ventral sutures
(p=0.00053), which is very common in the early
Cambrian (48% of species in Series 2, decreasing
to 24% in Miaolingian), became less prevalent
during the Ordovician and Silurian, and is absent
by the start of the Devonian (Figure 16). The
remaining three moulting characteristics follow
similar patterns over a longer trajectory, becoming
generally less prevalent from the early Silurian, but
these do not have significant chi-squared results.
None of the characteristics closely track the total
number of species sampled (black lines, Figures
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16, 17). The same chi-squared results were also
produced when these data were further divided
into geological Epoch bins. Opening of the facial
sutures, ventral sutures, and cephalic disarticula-
tion vary significantly (Appendix 5, Table A®;
p=0.018, 0.0011, and 7.03x1013 respectively),
resulting from much the same deviations from
expected values as described above.

Plotting the ‘normal’ moulting characteristic for
the species in each geological Epoch results in
similar patterns (Figure 17 compared to Figure 16).
Disarticulation of the cephalon again shows an
opposing pattern to opening of the facial sutures,
with the former becoming more prevalent during
the Devonian (82-100% of species). The chi-
squared results confirm that these two characteris-
tics significantly vary through the Palaeozoic
(Appendix 5, Table A7; p=0.00098 for the facial
sutures and 1.03x10-15 for the cephalon). Present-
ing only the most common moulting characteristic
for each species means that disarticulation of the
thorax, pygidium, or cranidium decreases from
around 10-40% species (Figure 16) to under 10%

18

for the thorax and pygidium, and 18% of species at
the most for the cranidium (Figure 17). The chi-
squared results suggest that any variation in these
three characteristics through time is again not sig-
nificant (Appendix 5, Table A7). The proportion of
species most commonly displaying open ventral
sutures in moults is also lower throughout the
Palaeozoic, with no species using this as their
main mode of moulting after the Late Ordovician
(despite there being moult specimens with open
ventral sutures until the Early Devonian; Figure
16). However, opening the ventral sutures is nota-
bly common during the Cambrian Series 2 at 43%
of species (Figure 17), producing a significant chi-
squared result (Appendix 5, Table A7; p=0.00096).

Intraspecific Moulting Variability through Time

Intraspecific moulting variability also varies
temporally within the dataset (Figure 18). In gen-
eral, intraspecific moulting variability decreased
over the Palaeozoic, going from 57% of species
showing a single characteristic in the Cambrian
Series 2 to 78% in the Mississippian (Figure 18).
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All Epochs from the early Cambrian to early Silu-
rian contain species that displayed at least four
moulting characteristics (between 29% in the Cam-
brian Series 2 and 3% in the Furongian), while the
late Silurian and Mississippian both contain spe-
cies showing three characteristics. The proportion
of species showing two moulting characteristics
varies stochastically through the Palaeozoic, but
the overall proportion showing three to six moulting
characteristics decreases through time (Figure 18).
From the late Silurian this may be a product of
smaller sample sizes, however, this is not consis-
tent with sampling bias prior to the Silurian. For
example, the Cambrian Series 2 shows a high level
of intraspecific moulting variation, with by far the
highest proportion of species showing three or
more moulting characteristics (29%), but the lowest
level of sampling (21 species) before the late Silu-
rian. While the mean average number of moulting
characteristics shown by the species is higher at
this time (2.24) than in any other Epoch (1 to 1.89),
the broad 95% confidence intervals overlap,
thereby suggesting the means do not differ, and

that intraspecific moulting variability does not
change through the Palaeozoic. However, these
appear more different when comparing the means
in the first half of the Palaeozoic to later Epochs.
This is supported by ANOVA and Kruskal-Wallis
tests comparing the means of the geological Peri-
ods which are close to the significance threshold
(p=0.064 for both). Decreasing moulting variability
through the Palaeozoic (i.e., increasing proportion
of one moulting characteristic, and decrease in
three to six) also trends with decreasing diversity
through time (both in the sample, but also total
group and subsampled diversity; see Figure 15).

Results Summary

Trilobite moulting behaviour is interspecifically
variable within all trilobite orders (Figures 6, 7, 9-
11), and at lower taxonomic levels (Figure 12).
Firstly, around 20% of all species show the use of
both cephalic sutures and the cephalothoracic joint
for moulting (Figure 6), despite these representing
quite different methods of creating an anterior exu-
vial gape. Trilobite species commonly display
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FIGURE 16. Percentage of trilobite species (n=370) in each geological Epoch displaying each of the six different
moulting characteristics (see data legend), plotted with total number of species sampled (black).

moulting using the facial sutures (Figures 6, 7, 9). It
is thought that the facial sutures originated as a
tool for moulting (Henningsmoen, 1975; Whitting-
ton, 1990), and are present in most species and in
some closely related, non-biomineralised artiopo-
dans (Stubblefield, 1959; Hunda et al., 2006; Hou
et al., 2017; Du et al., 2018), potentially even being
the ancestral condition uniting these groups with
trilobites (Du et al., 2018). All six moulting charac-
teristics are seen in every order (Figure 10), and
the family/superfamily-level data also shows high
levels of interspecific variability with most groups
showing at least three of the moulting characteris-
tics (Figure 12). Moulting behaviour is similarly
variable when plotting the data through geological
time. All six moulting characteristics occur through-
out the Palaeozoic, and usually during each
Epoch, although ventral sutures were not used
from the Devonian onwards, Figure 16). The sam-
pled species are also generally intraspecifically
variable in moulting behaviour, with moults of the
same species often displaying more than one char-
acteristic (Figure 18). This includes >30% of sam-
pled species for most of the Palaeozoic, with the
mean number of moulting characteristics per spe-
cies in each Epoch ranging from 1.3-2.2. Trilobite
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orders are not consistent in their intraspecific
moulting variability (Figure 13). All seven orders
contain species showing at least four moulting
characteristics, but differ in the proportion of spe-
cies displaying 2 or more, with Redlichiida the most
at 57% of species, to Proetida the least at 23%
(Figure 13).

DISCUSSION
Trilobite Moulting Variability and Diversity

This study presents the first broad-scale
quantitative exploration of trilobite exoskeleton
moulting behaviours. Previous qualitative studies
named moult configurations and reconstructed
behaviours, while noting that despite the overall
similarity of body forms within Trilobita, their moult-
ing behaviour is seemingly highly variable (see
Henningsmoen, 1975; Whittington, 1990; Brandt,
2002; Hughes, 2003; Daley and Drage, 2016;
Drage and Daley, 2016; Drage et al., 2018a). This
is in comparison to groups like chelicerates or
decapod crustaceans, which have several body
forms, and each has one specialised mode of
moulting (Daley and Drage, 2016, and references
therein). This study demonstrates for the first time
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the unusually high behavioural variability in trilobite
moulting, confirming the preliminary work of Daley
and Drage (2016) that identified this from a smaller
dataset over the Cambrian and Ordovician.

A number of differences in moulting variability
between taxonomic groups and throughout the
Palaeozoic have been identified and are sum-
marised at the end of the Results section. These
may be affected by sampling given the moderate
positive correlation between specimen sampling
and the number of moulting characteristics dis-
played (Figure 14). However, Redlichiida and Pro-
etida are at the extremes of intraspecific moulting
variability, but did not have the highest or lowest
sample sizes (Figure 13). Intraspecific moulting
variability also slightly decreases through the
Palaeozoic (Figure 18), with the proportion of spe-
cies showing only one moulting characteristic
increasing through time. The Cambrian Series 2
shows the highest levels of intraspecific moulting
variability. This corresponds with their elevated
diversity (total group and sampled) in the Cambrian
and early Ordovician (Figure 15) and high levels of
morphological variability (Fortey and Owens, 1999;

Webster, 2007), presumably due to their ecological
expansion after the Cambrian Explosion.
Behavioural flexibility, particularly for a risky recur-
rent event like moulting, might be adaptive when
expanding into new habitats, such as during the
Cambrian. Both ftrilobite diversity and intraspecific
moulting variability slowly decline after the Cam-
bro-Ordovician, before the extinction of trilobites in
the Permian (Song et al., 2013). This decrease in
moulting variability is not simply a result of the
reduced species diversity because groups with the
highest variability in moulting behaviour generally
went extinct earlier, such as the Redlichiida (Stub-
blefield, 1959). Only the Proetida survived until the
Permian (Fortey and Owens, 1975; Mikulic, 1981;
Owens, 2003), but show low intraspecific variability
(Figure 13) and comparably low morphological
variability, particularly in the few surviving groups
after the early Carboniferous (Fortey and Owens,
1975; Owens, 2003; Webster, 2007; Lerosey-
Aubril and Feist, 2012). This suggests a curtail-
ment in moulting behaviour variability and poten-
tially specialisation in moulting behaviour over the
Permian, which may have been an evolutionary
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advantage of the less intraspecifically flexible pro-
etids. Brandt (2002) suggested that moulting flexi-
bility may have been detrimental to trilobite
evolutionary success, because later-evolving
arthropod groups were more specialised and effi-
cient in their moulting behaviours. As such, the less
behaviourally diverse proetids may therefore have
survived for such a prolonged period of time
because they were more specialised. However,
Lerosey-Aubril and Feist (2012) found that proetids
underwent a generic-level diversification following
Devonian and Carboniferous extinctions accompa-
nied by a burst of adaptations to more ecological
niches; as such, further investigation of Permo-
Carboniferous proetid moulting behaviour might
reveal an increase in flexibility comparable to the
early Cambrian. Proetids sampled here mainly cor-
respond to the Proetidae, although several aulaco-
pleurid species were included which have an
uncertain phylogenetic affinity (Adrain, 2011,
removed them from Proetida, but phylogenetic
analyses argue for their proetid assignment; Lams-
dell and Selden, 2015) and this may have affected
the results. In any case, future increased sampling
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of the Proetida, if suitable material were available,
would be informative on late Palaeozoic changes
in moulting behaviour.

The initial flexibility in moulting behaviour may
have been adaptive for trilobites owing to their gen-
erally thick, heavily-calcified exoskeleton, which
would make moulting more problematic than for
other arthropod groups (Miller and Clarkson, 1980;
Fortey and Wilmot, 1991). This provided increased
protection from predation and parasitism during the
Cambrian Explosion and later in the Palaeozoic
(Brandt, 2002), but was balanced by having exuvial
gapes that were presumably harder to create. Trilo-
bites may have therefore been prone to moulting
failures, where the planes of weakness (facial and
ventral sutures, and/or the cephalothoracic joint)
did not open and the animal was trapped, necessi-
tating the wuse of other ‘back-up’ moulting
behaviours (McNamara, 1986; Brandt, 2002; Budil
and Bruthansova, 2005; Paterson et al., 2007; Tor-
tello and Clarkson, 2008). That this behavioural
flexibility was adaptive and a response to dire cir-
cumstances is supported by looking at the ‘normal’
moulting behaviours of the sampled species. Most



species known from multiple specimens (42% of
the dataset, Figure 14) have one characteristic
most commonly associated with their moult config-
urations, with other characteristics being generally
rarer (Figure 11). Facial sutures (usually present in
most species; Henningsmoen, 1975; Whittington,
1990; Brandt, 2002; Du et al., 2018) and the ceph-
alothoracic joint are most commonly used for
moulting, with a much smaller number of species
usually showing cranidial disarticulation or opening
of the ventral sutures (the latter being almost con-
fined to Redlichiida; Figure 11). The lack of signifi-
cant temporal or taxonomic variation (Appendix 5,
Tables A1-A7) in the percentage of species show-
ing thoracic or pygidial disarticulation during moult-
ing indicate that these characteristics were rarely
involved in moulting and occurred incidentally, in
association with another moulting characteristic.
The comparable weakness at the articulation joints
between thoracic segments, and the pygidiotho-
racic joint (see Whittington, 1980; McNamara and
Rudkin, 1984; Drage et al., 2018a), meant these
areas could disarticulate fairly readily when put
under pressure, such as during moulting. Some
authors have considered most post-cephalic disar-
ticulation to be the result of decay and/or post-mor-
tum disturbance of trilobite carcasses, and not
always attributed to moulting (e.g., Hunda et al.,
2006). Although, decay and disturbance could
equally happen to moults pre-preservation, which
would also explain the occurrence of thoracic and
pygidial disarticulation usually being associated
with another moulting characteristic.

Moulting and Morphology

Certain aspects of trilobite moulting variability
can be explained by morphology and taxonomy.
The significant chi-squared analyses for the tempo-
ral and taxonomic variation of ventral suture use in
moulting (Figures 10, 11, 16, 17; Appendix 5,
Tables A2, A3, A5-A7) largely result from redlichi-
ids opening the ventral sutures more than
expected (27:8, Figure 10). This is because many
taxa support a broad and easily recognisable ros-
tral plate often with rostral sutures, a conterminant
hypostome, and because the early Cambrian
Olenelloidea do not have facial sutures like most
trilobites (Stubblefield, 1959; Fortey, 1990). For
many redlichiids usage of the functional ventral
connective sutures (e.g., rostral, hypostomal) is
therefore important for moulting (Fortey, 1990).
Redlichiida are reasonably abundant in the early
Cambrian (18/21 and 29/87 species in the Cam-
brian Series 2 and Miaolingian, respectively) and
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went extinct soon after (in particular the olenellids;
Stubblefield, 1959) explaining the significant Cam-
brian peak in ventral suture usage and its subse-
quent decrease in later Epochs (Figure 16).
Stubblefield (1959) argued that groups with func-
tioning facial sutures outcompeted these early-
evolving redlichiids, and many of these later
groups repeatedly lost the rostral sutures (Fortey,
1990), making moulting by ventral sutures alone
less frequent. Although it is likely that Redlichiida
represents a para- or polyphyletic grouping (Fortey,
2001), and so further family-level study would be
useful for further exploring this result.

Similarly, the significant for variation in the
proportion of species disarticulating the cephalon
are likely linked to the diversity of the Phacopida.
This is the only trilobite order with a higher percent-
age of species displaying disarticulation of the
cephalothoracic joint for moulting (68%, Figure 9)
than opening of the cephalic sutures (46%; Figures
10, 11). The suborder Phacopina has secondarily
fused facial sutures during adulthood (Cronier,
2013; Drage et al., 2018b), preventing the librige-
nae from being disarticulated for moulting. Pha-
copines diversified later in the Palaeozoic (25/30
for the Devonian; Croénier, 2013), and repeated
convergence of blindness and loss of facial sutures
was common in Devonian trilobites (Feist, 1995),
likely causing the peak in cephalic moulting at this
point (Figures 16, 17). Those phacopid families
that retained operable facial sutures, like other tri-
lobite groups, separate the librigenae more often
than disarticulating the cephalon in moulting (Fig-
ure 12.1). Use of the facial sutures and cephalic
disarticulation are mutually exclusive moulting
characteristics (together, they equate to cranidial
disarticulation), and so the facial suture trends mir-
ror the cephalic data. For the majority of orders and
geological Epochs, separation of the librigenae is
the most common moulting characteristic, owing to
the almost ubiquitous existence of the facial
sutures (potentially even as an ancestral condition
in Artiopoda; Du et al., 2018), which probably origi-
nated as a tool for moulting (Stubblefield, 1959;
Henningsmoen, 1975).

Disarticulation of the cranidium mostly follows
the same trend as thoracic and pygidial disarticula-
tion, and does not significantly vary or show much
prevalence amongst the ‘normal’ moulting charac-
teristics for the sampled species. This is in contrast
to Drage et al. (2018a), who found that disarticula-
tion of the cranidium was extremely common for
moult configurations of Estaingia bilobata Pocock
1964, and did not follow the stochastic occurrence
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of thoracic and pygidial disarticulations (again, pre-
sumably due to incidental occurrence during moult-
ing, or because they would have readily occurred
due to taphonomic effects pre-preservation). This
may be because this characteristic is simply not
morphologically or taxonomically linked (at least
above species-level), and therefore does not show
broader-scale trends.

Sampling a Rarely Preserved Behaviour

Quantitative studies will always be enriched
by sampling greater numbers of specimens. For
example, this work shows a moderate positive cor-
relation between specimen sampling and intraspe-
cific moulting variability, probably owing to the 58%
of species for which only one specimen was
recorded (Figure 14). However, it would be almost
impossible to sample moulting behaviour for the
over 20,000 described species of trilobite (Lerosey-
Aubril and Peel, 2018), especially as many are not
known from fully-articulated specimens. Further,
greater specimen sampling would likely reinforce
the major findings of this work as more specimens
would generally even higher levels of intraspecific
variability. Greater specimen sampling may even
strengthen the trend of decreasing variability
through time, since the longest surviving group, the
proetids, appeared to be comparably specialised in
moulting behaviour (Figure 13). In depth sampling
of families from certain groups (in particular the
ptychopariids and redlichiids) would also allow for
analyses to be carried out predominantly at the
family-level, which might circumnavigate issues of
uncertain high-level trilobite phylogeny (Fortey,
2001).

Increased species-level sampling would likely
have little effect on the broad-scale results. There
is a significant correlation between sampled spe-
cies diversity and total group (raw and subsam-
pled) diversity (Figure 15), and these diversity
curves are similar to those presented by other
researchers (Brandt, 2002; Webster, 2007; Adrain,
2008). Further, with the exception of a couple of
orders, taxonomic species sampling is also reason-
ably similar to total diversity (Figure 8; although
data from Fossilworks and the Paleobiology Data-
base are also subject to missing records; Fossil-
works, 2018). These factors suggest that the
dataset sampling is representative of the ‘true’
diversity of trilobites through the Palaeozoic, and
that the interspecific moulting results are robust.
Specimen sampling is also less of an issue than
might be supposed. Firstly, specimen sampling is
overall underestimated in the results reported here
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(Figure 14) because accurate counts were impos-
sible to obtain from specimens described in the lit-
erature. Secondly, the total number of trilobite
specimens actually surveyed and interpreted to
produce the dataset was several times greater
than the 840 specimens included (in the order of 5-
10,000 accessioned specimens). Excepting for
Konservat-Lagerstatten, the preservation of an
unambiguous moult configuration is reasonably
rare, and therefore these data are not available for
the maijority of Palaeozoic localities, or even many
described species. This is because specimens
must be mostly articulated (with most sclerites
found in association) to be confidently identified as
moults, helping to ensure carcasses that have sim-
ply been disarticulated prior to preservation (e.g.,
by water currents) are not falsely included within
the dataset. For the majority of species in the data-
set multiple specimens were therefore examined,
but could not be included because the material was
too disarticulated. These singleton species could
be excluded from the dataset to improve overall
specimen sampling, but, owing to their rarity, all of
these are informative and important for broad-scale
studies of behaviour. Given the requirement for
reasonably articulated specimens, if exploring trilo-
bite behaviours at a finer-scale than that presented
here, it would be logical to look at Konservat-
Lagerstatten with their greater abundance of sam-
ples (e.g., Drage et al., 2018a).

Finally, the higher-level taxonomy used here
is subject to change (Fortey, 1990) because of the
problematic phylogenetic relationships of Trilobita.
This is owing to widespread cryptogenesis within
the group (Stubblefield, 1959) and a paucity of
broad-scale phylogenetic studies, although the lat-
ter is greatly improving (see Lieberman and Karim,
2010). Hence, a more in-depth study on a family or
superfamily-level (such as presented in Figure 12)
would likely prove worthwhile for investigating phy-
logenetic differences in moulting. Further studies
on aspects such as moulting and ontogeny (e.g.,
Drage et al., 2018b; Wolfe and Hegna, 2014) may
even help to elucidate these problematic relation-
ships.

CONCLUSIONS

This study presents the first quantification and
detailed exploration of total-group trilobite moulting
behaviour and the largest dataset on trilobite
behaviour ever assembled. It describes variation in
trilobite moulting and tracks broad-scale trends in
the occurrence of their characteristic moulting dis-
articulations. This has been explored both intra-



and interspecifically on taxonomic and temporal
scales, and compared to diversity estimates
through the Palaeozoic. The sample presented
here is representative of the total-group (Figure
15), and is currently the largest dataset feasible
given the huge number of specimens examined to
produce it and the reasonably high preservational
requirements of valid specimens. The data capture
a broad scale of morphological and taxonomic
diversity, as well as rarer examples of moulting.

Despite their reasonably consistent body plan,
trilobite moulting behaviour is extremely variable
across all orders, superfamilies, families (Figures
6, 7, 9-12), and throughout the Palaeozoic (Figures
16-18). This represents an inherent moulting flexi-
bility within the group, and within a large proportion
of trilobite species. Opening of the facial sutures
and separation of the librigenae for moulting is
generally ubiquitous across Trilobita, because this
represents a specialism for moulting found in most
of the group (Du et al., 2018). Some groups and
time bins show significant differences in the preva-
lence of moulting characteristics. In particular,
Redlichiida from lower Cambrian Epochs often
moulted by opening the ventral sutures (Figures
11, 17). For many of the early trilobite species (e.g.,
olenellids) this is due to a morphological constraint,
but this characteristic is also seen throughout most
of the Palaeozoic and in all orders (Figure 10).
Similarly, the Phacopida are biased toward disartic-
ulating the entire cephalon for moulting (Figure 11),
and are responsible for peaks in this behaviour
during the Ordovician and Devonian when they
were particularly diverse (Figure 17). Again, a sub-
group of phacopids (the phacopines) were con-
strained to this behaviour (Drage et al., 2018b), but
it is also frequently observed in all of the orders
(Figures 7, 9) and throughout the Palaeozoic (Fig-
ure 16).

Moulting  behaviour flexibility — generally
appeared to decrease through time in concert with
decreasing trilobite diversity (Figures 15, 18). This
may reflect high levels of behavioural flexibility
(along with morphological variability) during their
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early radiation and establishment after the Cam-
brian Explosion, and subsequent specialism in the
more conservative later-Palaeozoic groups (such
as the long-lived Proetida; Figure 13).

This work conclusively demonstrates that
quantitative behavioural hypothesis testing using
the fossil record is not only feasible but can reveal
broad-scale evolutionary trends. Moulting is of sin-
gular importance in the life histories of arthropods,
and has been central to their establishment as the
most abundant and diverse animal group from the
early Cambrian to the present. It has thereby dra-
matically shaped the evolution of groups like trilo-
bites, and in doing so affected all of Earth’s
ecosystems, past and present. Quantitative analy-
ses based on large datasets of moulting behaviour,
beginning with that presented here, allow us to
start to fully understand the evolution and impor-
tance of this behaviour in deep time.
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APPENDIX 1

Dataset sampling summary - taxonomic and temporal counts of the data gathered and analysed

for this study.

TABLE 1A 1. Number of species sampled for seven trilobite orders (Asaphida, Corynexochida,
Lichida, Phacopida, Proetida, Ptychopariida, and Redlichiida), the taxonomically problematic

Agnostida, and one incerti ordinis group. Orders are then divided into Suborders, subfamilies,

and families, showing the taxon sampling for each. Trinucleidae, Harpetida, Agnostida, and a
burlingiid species have been removed from the data set. Total species sampled = 355.

Order # Suborder # Superfamily # Family #
Asaphida 61 Asaphina 61 Anomocaroidea 2 Aphelaspididae 1
Pterocephaliidae 1
Asaphoidea 37 Asaphidae 32
Ceratopygidae 5
Cyclopygoidea 14 Cyclopygidae 5
Nileidae 9
Trinucleioidea 8 Alsataspididae 1
Raphiophoridae 7
Corynexochida 44  Corynexochina 27 Corynexochoidea 27 Corynexochidae 1
Dolichometopidae 1"
Dorypygidae
Oryctocephalidae
Zacanthoididae
lllaenina 17 lllaenoidea 17 lllaenidae 11
Styginidae
Lichida/ 18 Lichina 4 Lichoidea 4  Lichidae
Odontopleurida Odontopleurina 14 Odontopleuroidea 14 Odontopleuridae 14
Phacopida 93 Calymenina 27 Calymenoidea 27 Calymenidae 23
Homalonotidae 4
Cheirurina 23 Cheiruroidea 23 Cheiruridae 10
Encrinuridae 10
Pliomeridae 3
Phacopina 43 Acastoidea 7 Acastidae 6
Calmoniidae 1
Dalmanitoidea 12 Dalmanitidae 12
Phacopoidea 24 Phacopidae 19
Pterygometopidae 5
Proetida 22 Proetina 22 Aulacopleuroidea 5 Aulacopleuridae 5
Bathyuroidea 1 Telephinidae 1
Proetoidea 16 Proetidae 15
Tropidocoryphidae 1
Ptychopariida 71 Olenina 38 Olenoidea 38 Olenidae 38
Ptychopariina 33 Ellipsocephaloidea 9 Agraulidae 3
Ellipsocephalidae 5
Estaingiidae 1
Ptychoparioidea 24 Alokistocaridae 2
Conocoryphidae 1
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Order # Suborder # Superfamily # Family #
Conokephalinidae 1
Dokimocephalidae 1
Elviniidae 2
Kingstoniidae 1
Marjumiidae 2
Papyriaspididae 1
Proasaphiscidae 1
Ptychopariidae 6
Solenopleuridae 6
Redlichiida 46 Olenellina 9 Fallotaspidoidea 4  Fallotaspididae 4
Olenelloidea 5 Holmiidae 1
Olenellidae 4
Redlichiina 37 Emuelloidea 1 Emuellidae 1
Paradoxidoidea 28 Centropleuridae 2
Paradoxididae 22
Xystriduridae 4
Redlichioidea 8 Gigantopygidae 1
Menneraspidae 1
Redlichiidae 6
TABLE 1A 2. Number of species sampled for each Epoch of the Palaeozoic Era, with their upper
and lower boundary dates, and resulting bin lengths (in millions of years). Epoch dates taken
from the ICS (2018; Cohen et al., 2013 updated). Total species sampled = 371, as the 13 bound-
ary species have been counted within each Epoch they occurred in.
Lower
boundary Upper boundary Bin size
Geological Epoch (Ma) (Ma) (Ma) Designation # Species
Cambrian S2 521 509 12 1 21
Miaolingian 509 497 12 2 87
Furongian 497 485.4 11.6 3 38
Early Ordovician 485.4 470 15.4 4 30
Middle Ordovician 470 458.4 11.6 5 59
Late Ordovician 458.4 443.8 14.6 6 39
early Silurian (Llandovery and Wenlock) 443.8 427.4 16.4 7 38
late Silurian (Ludlow and Pridoli) 427.4 419.2 8.2 8 16
Early Devonian 419.2 393.3 25.9 9 1
Middle Devonian 393.3 382.7 10.6 10 13
Late Devonian 382.7 358.9 23.8 1" 6
Mississippian 358.9 323.2 35.7 12 9
Pennsylvanian 323.2 298.9 24.3 13 3
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APPENDIX 2.

Raw trilobite moulting behaviour dataset - collected as a basis for the entire study. All results are
replicable from this data. This data is supplied in two formats, an Excel spreadsheet, and a tab-
delimited text file, to download.
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APPENDIX 3.

Sampling numbers for raw trilobite moulting behaviour dataset.

TABLE 3A 1. Counts for number of specimens sampled per species in each trilobite order.

Order 1 specimen 2 specimens 3 4 5 6 7 8 9 10 M+ 2 TOTAL
Asaphida 37 9 3 2 0 2 1 3 0 1 2 1 61
Corynexochida 25 14 2 1 0 0 1 0 0 0 1 0 44
Lichida / Odontopleurida 1 2 3 1 0 0 0 0 0 0 1 0 18
Phacopida 47 15 9 6 3 0 0 0 1 0 5 7 93
Proetida 17 4 1 0 0 0 0 0 0 0 0 0 22
Ptychopariida 37 13 5 2 1 1 1 1 0 0 5 5 71
Redlichiida 22 7 3 3 0 1 0 1 0 1 4 4 46
TOTAL 196 64 26 15 4 4 3 5 1 2 18 17 355

TABLE 3A 2. Percentage of trilobite species in each order that had samples comprised of 1, 2,
3-5, 6-8, 9-10, and 11+ specimens.

Order 1 2 3-5 6-8 9-10 11+ ?
Asaphida 37 9 5 6 1 2 1
Corynexochida 25 14 3 1 0 1 0
Lichida / Odontopleurida 11 2 4 0 0 1 0
Phacopida 47 15 18 0 1 5 7
Proetida 17 4 1 0 0 0 0
Ptychopariida 37 13 8 3 0 5 5
Redlichiida 22 7 6 2 1 4 4
TOTAL 196 64 45 12 3 18 338
% TOTAL 57.99 18.93 13.31 3.55 0.89 5.33
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TABLE 3A 3. For each trilobite species, the number of moulting characteristics it displayed (1-6)
given with the number of specimens sampled for that species. Some results removed because
many species analysed from the literature were not given proper counts, and so these are from
at least 1 specimen (but probably more), but could not be included due to their uncertainty.

# species for each data point

# moulting characteristics # specimens sampled
displayed by a species for a species Count

1 1 135
2 33
3 10
4 4
6 1
8 1
12 2
20 1

2 1 37
2 20
3 10
4 4
5 2
7 2
14 3

3 1 10
2 10
3 6
4 4
5 2
6 1
8 1
10 1
1 1
26 1
32 1
34 1

4 3 1
4 2
6 2
7 1
9 2
10 1
12 3
43 1
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# species for each data point

# moulting characteristics
displayed by a species

# specimens sampled
for a species

Count

5

4
8
12

20

1
17
20

A A ala apogN
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APPENDIX 4.

Diversity data - generated from Fossilworks and the Paleobiology database, with dataset sample
diversity.

These data represent the total diversity of the dataset created for this study (i.e. using the spe-
cies counts also included in Additional file 1), and the dataset generated from the online data-
base of fossil occurrences at Fossilworks/The Paleobiology Database. Accessed 25/01/2018,
and publically available at http://fossilworks.org.

TABLE 4A 1. Trilobite taxonomic diversity data. Total diversity represents all occurrences of trilo-
bite species for each order recorded in the Paleobiology Database and Fossilworks (Kiessling et
al., 2018), downloaded 25/01/18. Sample diversity represents all species recorded within this
data set.

# species # species
Order total diversity sample diversity
Asaphida 1668 61
Corynexochida 1276 44
Lichida 639 18
Phacopida 1766 93
Proetida 1629 22
Ptychopariida 2346 71
Redlichiida 429 46
TOTAL 9753 355

TABLE 4A 2. Trilobite diversity data through the Palaeozoic. Total diversity represents all occur-
rences of trilobite species for each Epoch recorded in the Paleobiology Database and Fossil-
works (Kiessling et al., 2018), downloaded 25/01/18. SQS diversity is the same data corrected
for sampling using Shareholder Quorum Subsampling through Fossilworks. Sample diversity
represents all species recorded within this data set (boundary species recorded twice). Numbers
for the Cambrian are slightly offset because the epochs are delineated differently within Fossil-
works (Lower Cambrian, Middle Cambrian, Furongian) compared to this data set (following the
ICS, 2018; Cohen, 2013 updated; Cambrian Series 2, Miaolingian, Furongian).

# species # species # species

Geological Epoch total diversity SQS diversity sample diversity
lower Cambrian 896 563 21
middle Cambrian 1454 549 87
Furongian 1757 567 38
Early Ordovician 634 221 30
Middle Ordovician 433 194 59
Late Ordovician 917 189 39
early Silurian 564 248 38
late Silurian 245 157 16
Early Devonian 720 366 11
Middle Devonian 247 47 13
Late Devonian 75 43 6
Mississippian 279 153
Pennsylvanian 27 6
early Permian 61 36 1
TOTAL 8309 3339 371
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APPENDIX 5

Statistical test results - the pertinent results are also reported within the study text. Abbreviations
used: VS, open ventral sutures moulting characteristic; FS, open facial sutures moulting charac-
teristic; Ce, disarticulated cephalon moulting characteristic; Th, disarticulated thorax moulting
characteristic; Py, disarticulated pygidium moulting characteristic; Cr, disarticulated cranidium
moulting characteristic; O, observed counts; E, expected counts.

TABLE 5A 1. Chi2 values with their associated p-values (at 6 degrees of freedom). Test of ordi-
nal-level variability in numbers of species (observed versus expected) for each mode of moulting
(Sutural Gape and Salter’s). Statistical significant analyses shaded.

Total # Sutural Gape Sutural Gape Salter’s mode Salter’s mode

Order species mode (observed) mode (expected) (observed) (expected)
Asaphida 61 49 48.1 25 25.9
Corynexochida 44 41 34.45 12 18.55
Lichida 18 15 13 5 7
Phacopida 93 43 68.9 63 37.1
Proetida 22 18 16.25 7 8.75
Ptychopariida 71 68 55.9 18 30.1
Redlichiida 46 39 36.4 17 19.6
TOTAL 355 273 273 147 147
Chi2 analyses 14.299 26.556
a=0.05 (0.025 with Bonferroni correction) p=0.027 p=0.00018

TABLE 5A 2. Chi2 values with their associated p-values (at 6 degrees of freedom). Test of ordi-
nal-level variability in numbers of species (observed versus expected) for each of the six moult-
ing characteristics. Statistically significant analyses shaded.

Total # Vs Vs FS FS Ce Ce Th Th Py Py Cr Cr

Order species (0) (E) © ((®& (© (| (@© ((E (© (B (© (E
Asaphida 61 5 9.33 45 4612 15 16.29 16 1574 16 1043 13 12.08
Corynexochida 44 3 5.35 37 2642 5 9.33 6 9.01 5 598 7 692
Lichida 18 3 2.38 14  11.74 3 4.15 3 4.01 3 266 2 3.07
Phacopida 93 4 13.07 40 6457 56 2281 25 2204 19 1461 10 16.91
Proetida 22 1 2.46 16  12.16 5 4.29 4 4.15 1 275 2 318
Ptychopariida 71 8 10.1 63 49.9 3 1762 20 17.03 9 1129 16 13.07
Redlichiida 46 27 8.32 37 41.09 2 14.51 12 1402 4 929 16 10.76
TOTAL 355 51 51 252 252 89 89 86 86 57 57 66 66
Chi2 analyses 52.779 19.115 73.782 248 9.09 6.9194
0=0.05 (0.0083 with p=0.0000000013 p=0.004  p=0.000000000 p=0.87 p=0.17 p=0.33
Bonferroni correction) 000068
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TABLE 5A 3. Chi2 values with their associated p-values (at 6 degrees of freedom). Test of ordi-
nal-level variability in numbers of species (observed versus expected) that ‘normally’ display (i.e.
data condensed to that which they use most often) each of the six moulting characteristics. Sta-
tistically significant analyses shaded.

Total # Vs Vs FS FS Ce Ce Th Th Py Py Cr Cr

Order species  (O) (E) (0 (B () (E) © () (0) (B) (0 (E)
Asaphida 61 2 374 41 36.94 12 12.86 1 13 1 098 5 6.18
Corynexochida 44 1 272 36 26.81 4 9.33 0 094 0 071 4 489
Lichida 18 0 1.09 13 10.72 3 3.73 0 038 0 028 2 18
Phacopida 93 1 6.16 33 60.77 53 21.15 5 214 4 161 6 1017
Proetida 22 0 1.33 16 13.11 4.56 0 046 0 035 2 219
Ptychopariida 71 4 459 57 4528 15.76 1 1.6 0 12 12 758
Redlichiida 46 15 3.38 31 33.36 1 11.61 1 118 1 088 7 559
TOTAL 355 23 23 2271 227 79 79 8 8 6 6 38 38
Chi2 analyses 48.643 20.609 72.991 5918 6.1189 4.97
a=0.05 (0.0083 with p=0.0000000088 p=0.0022  p=0.000000000000099 p=0.43 p=0.41 p=0.55

Bonferroni correction)

TABLE 5A 4. Chi2 values (left-hand column in each pair) with their associated p-values (n-1
degrees of freedom, right-hand column in each pair, a=0.05, 0.0083 with Bonferroni correction).
Test of familial/superfamilial-variability in numbers of species (observed versus expected) that
display each of the six moulting characteristics. Statistically significant analyses shaded. Only
tests indicated with * had close to sufficient numbers of expected samples for a reliable test.

Ventral Facial
Order sutures sutures Cephalon Thorax Pygidium Cranidium
Asaphida 15.068 p=0.035 *7.5447 *p=0.37 | *16.362 *p=0.022 4.7795 p=0.69 2.7808 p=0.9 10.318 p=0.17
Corynexochida  5.1779 p=0.52 *4.2538 *p=0.64  6.2269 p=0.4 6.1255 p=0.41 2.1792 p=0.9 5.3548 p=0.5
Phacopida 11.86 p=0.22 *24.505 *p=0.0036 *26.026 *p=0.002 1.0944 p=1 4.9277 p=0.84 9.0536 p=0.43
Ptychopariida 4.1625 p=0.12 *4.8357 *p=0.089 0.84624 p=0.66 *0.53597 *p=0.76 1.6154 p=0.45 *3.4243 *p=0.18
Redlichiida *3.5856 *p=0.46 *2.3727 *p=0.67 7.3333 p=0.12 1.1626 p=0.88 2.2473 p=0.69 *2.7019 *p=0.61

TABLE 5A 5. Chi2 values with their associated p-values (at 4 degrees of freedom). Test of tem-
poral (Geological Periods) variability in numbers of species (observed versus expected) for each
of the six moulting characteristics. Statistically significant analyses shaded.

Total # Vs Vs FS FS Ce Ce Th Th Py Py Cr Cr
Geological Period species (0) (E) (0) (E) (0) (E) (0) (E) (0O) (E) (0) (E)
Cambrian 145 35 2016 129 10839 7 36.13 33 36.97 19 2437 32 28.99
Ordovician 125 9 1669 79 8968 39 2989 34 3059 23 20.16 27 23.99
Silurian 51 7.04 37 3783 15 1261 15 129 10 85 8 10.12
Devonian 29 2.93 4 1573 23 5.24 4 5.36 5 354 1 421
Carboniferous 12 0 1.19 9 6.38 2 213 2 217 1 1.43 1 1.71
TOTAL 362 48 48 258 258 86 86 88 88 58 58 69 69
Chi2 analyses 19.878 15.036 86.873 1.508 2.5821 3.8704
0=0.05 (0.0083 with Bonferroni p=0.00053 p=0.0046 p=6.1x10-18 p=0.83 p=0.63 p=0.42

correction)
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TABLE 5A 6. Chi2 values with their associated p-values (at 9 degrees of freedom). Test of tem-
poral (Geological Epochs) variability in numbers of species (observed versus expected) for each
of the six moulting characteristics. Statistically significant analyses shaded.

Total # VS VS FS FS Ce Ce Th Th Py Py Cr Cr
Geological Epoch species (0) (E) (0) (E) (0) (E) (0) (E) (0) (E) (O) (E)

Cambrian Series 2 21 10 3.41 12 17.62 3 5.85 7 6.13 2 4.1 8 4.88
Miaolingian 87 21 12.35 83 63.77 3 21.17 17 2218 10 14.87 18 17.65
Furongian 38 5 5.28 35 27.27 1 9.05 10 9.49 7 6.36 7 7.55
Early Ordovician 30 2 4.23 20 21.82 6 7.24 8 7.59 8 5.09 8 6.04
Middle Ordovician 59 5 8.21 39 4238 20 14.07 16 1474 10 988 11 11.72
Late Ordovician 39 2 5.28 21 27.27 17 9.05 11 9.49 6 6.36 8 7.55
early Silurian 38 3 5.77 27 29.79 12 9.89 13 1036 9 6.95 7 8.24
late Silurian 16 1 1.87 12 9.65 4 3.2 2 3.36 2 2.25 2 2.67
Early Devonian 11 0 1.14 0 5.87 9 1.95 2 2.04 2 1.37 1 1.63
Middle Devonian 13 0 1.46 4 7.55 9 2.51 2 2.63 3 1.76 0 2.09
TOTAL 352 49 49 253 253 84 84 88 88 59 59 70 70
Chi2 analyses 27.582 20.02 76.78 3.1046 6.2279 5.445
a=0.05 (0.0083 with Bonferroni p=0.0011 p=0.018 p=7.03x10-13 p=0.96 p=0.72 p=0.79
correction)

TABLE 5A 7. Chi2 values with their associated p-values (at 4 degrees of freedom). Test of tem-
poral (Geological Periods) variability in numbers of species (observed versus expected) that
‘normally’ display (i.e. data condensed to that which they use most often) each of the six moult-
ing characteristics. Statistically significant analyses shaded.

Total # VS VS FS FS Ce Ce Th Th Py Py Cr Cr
Geological Period species (0) (E) (0) (E) (0) (E) (0) (E) (O) (E) (O) (E)

Cambrian 145 20 9.85 117 95.18 4 32 2 3.69 1 287 16 16.41
Ordovician 125 4 8.25 67 79.71 36 26.8 4 3.09 4 241 19 1374
Silurian 51 0 3.32 35 3212 13 10.8 2 1.25 1 097 3 554
Devonian 29 0 1.85 4 17.85 23 6 1 0.69 1 054 1 3.08
Carboniferous 12 0 0.74 9 7.14 2 24 0 0.28 0 022 1 123
TOTAL 362 24 24 232 232 78 78 9 9 7 7 40 40
Chi2 analyses 18.565 18.516 76.34 1.9118 2.8896 4.6293
a=0.05 (0.0083 with Bonferroni p=0.00096 p=0.00098  p=1.03x10-15 p=0.75 p=0.58 p=0.33
correction)
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