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Abnormal trilobites present information on how arthropods with fully biomineralised
exoskeletons recovered from injuries, genetic malfunctions, and pathologies. Records of
abnormal Silurian trilobites in partifcular show specimens with teratologies and a limited
record of injuries. Here Weygé’)eééﬁégthe record of abnormal Silurian trilobites by presenting
seven new abnormal specimens of Odontopleura (Sinespinaspis) markhami from the early
Silurian (Llandovery, Telychian) Cotton Formation, New South Wales. We use these
specimens as new examples of asymmetric distribution of thoracic nodes that are
considered teratological morphologies. These nodes likely reflect genetic complications,
resulting In morphologles that would unlikely have aided the population. In considering
tecords of mallornined Silurian Lrilobiles more broadly, we propose thal only the largest
forms were prey at this time. This illustrates a marked change in the trophic level for
trilobites when compared, with the early and middle Palaeozoic ecosystems.
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14 Abstract

15  Abnormal trilobites present information on how arthropods with fully biomineralised

16 cxoskeletons recovered from wyjuries, genetic malfunctions, and pathologies. Recoids of

17 abnormal Silurian trilobites in particular show specimens with teratologies and a limited record
18 of injuries. Here we extend the record of abnormal Silurian trilobites by presenting seven new
19 abnormal specimens of Odontopleura (Sinespinaspis) markhani from the early Silurian

20 (Llandovery, Telychian) Cotton Formation, New South Wales. We use these specimens as new
21  examples of asymmetric distribution of thoracic nodes that are considered teratological

22  morphologies. These nodes likely reflect genetic complications, resulting in morphologies that
23 would unlilcélv have aided the population. In considering records of malformed Silurian trilobites
24 more broadly, we propose that only the largest forms were prey at this time. This illustrates a
25 marked change in the trophic level for trilobites when compared with the early and middle

26 Palaeozoic ecosystems.

27 Keywords: Abnormalities, trilobites, Paleozoic, teratology, Silurian, Odontopleura

28  (Sinespinaspis) markhami
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Introduction

alloed
Abnormal extinct organisms représent invaluable insights into predator-prey interactions,

genetic malfunctions, and injury recovery for fossil groups (Owen, 1985; Babceock, 19934, 2003,
2007; Kelley el al., 2003; Hunlley, 2007; Klompmaker & Boxshall, 2015; Leuug, 2017). Due to
the palaeobiological importance of these specimens, abnormalities have been documented in
many [ossil groups (Klompmaker ¢t al., 2019). Evarthropods, in particular, have been |
documented showing injuries (Owen, 1985; Bicknell & Paterson, 2018), pathologies (Lochman,
1941; Snajdr, 1978b), and teratologics (Pocock,- 1974; Lee et al., 2001; Bicknell & Smith, 2021).
While abnormalities are known from arachnids (Mitov et al., 2021), crustaceans (Bishop, 1972;
Klompmaker et al., 2013, 2014), and horseshoe crabs (Bicknell et al., 2018), the most well
documented abnormal euarthropods are trilobites (Snajdr, 1978a; Owen, 1983, 1985; Babcock,
1993a, 2003; Fatka et al., 2015, 2021; Bicknell et al., 2019; Bicknell & Holland, 2020; Zong,

w olee Jo

2021). This detailed record of trilobite abnormalities refletts the blommerahsed dorsal

L whick | .
exoskeleton exhibited by the group,Lhis-maorphology-increases the preservational protentional of
specimens and readily permits the record of abnormal structures. Trilobites are, therefore, an

ideal group for understanding how a wholly extinct clade of euarthropods experienced and

recovered from abnormalities.

Most documented abnormal trilobite specimens are from the Cambrian Period (Owen,
1985; Babcock, 1993a, 2003; Pates ot al., 2017; Pates & Bicknell, 2019; Bicknell & Pates, 2020;
Zong, 2021). These specimens commonly record failed predation attempts (Rudkin, 1979;
Babcock, 1993a; Bicknell & Paterson, 2018), and show limited evidence for genetic or
teratological complications (sce Bergstrom & Levi Setti, 1978; Bicknell et al., 2022a). By

- : - S :
conlrast, the record ol abnormal/ﬁvost~(Jambr1an trilobites sho“/f\ developmental malformations,
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52 teratologies, and pathologies, with fewer injuries derived from predation (Owen, 1985; Rudkin,
53 1985; Zong, 2021; Bicknell ct al., 2022b). Silurian-aged deposits in particular preseweﬂ a
54  diverse array ol abnormal taxa across at least ten families (Table 1). These abnormalities
55 primaily reflect developmental malfunctions (Snajdy, 19814; Bicknell & Sinith, 2021), injuties
56 and abnormal recovery from moulting (Snajdr, 1981a), with rarer evidence for failed attacks
57 (Chinnici & Smith, 2015; Bicknell et al., 2019) and accidental trauma (Rudkin, 1985). These

) e S
58 specimens also present insight into how the ornate, often iso- to macropygous, Silurian taxa

n
59 recovered from moulting and developmental complications. Historically, most abnormal Silurian
60 trilobites are reported from deposits in the Czech Republic (P¥ibyl & Vangk, 1962, 1986; Snajdr,
61 1976, 1978a, b, 1979, 1980, 19814, ), Sweden (Ramsksld, 1983, 1984, OWen, 1985; Ramskéld
62 etal, 1994), and the USA (Campbell, 1967; Whittington & Campbell, 1967; Holloway, [980;
63 Rudkin, 1985; Whiteley et al., 2002; Chinnici & Smith, 2015; Bicknell et al., 2019). However,

64 more recent records of abnormal Silurian trilobites from Australia (Bicknell & Smith, 2021) and

65 China (Zong ctal., 2017; Zong, 2021) suggest a more Gondwanan presence. To expand the @

bb  limited record of abnormal Silurian trilobites from Gondwana, we considered the trilobite-rich
67 Cotton Formation, central New South Wales (NSW) and illustrate new examples of abnormal

68 odontopleurids (Edgecombe & Sherwin, 2001; Rickards et al., 2009).
69 Methods

70 [rilobite specimens from the (‘otton Formation housed within the Australian Museum (AM
/1 F), Sydney, NSW, Australia were examined under a microscope. Seven abnormal Odontopleura

72 (Sinespinaspis) markhami Edgecombe & Sherwin, 2001 specimens were identified. These

ity

73 speciinens wete dyed black with iuk, couled iu magnesium oxide, and photographed under low
W

é:”‘mg] ~%‘°§é\{’ 7 ere L ;‘7 @Jh‘n_%aﬁi;g%? ;p @
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angle LED light with a Canon EOS 5DS. Images were stacked using Helicon Focus 7 (Helicon

Soft Limited) stacking softwarc.

A dataset of lineat inossuroments was collatod to determine where abnormal Odontopleura
(Sinespinaspis) markhami specimens are located relative to standard individuals in bivariate
spacc. Mcasurcments of the cranidial length, glabellar width, and combined thorax and pygidium
length were taken from 46 _specimens in the AM F collection (Figure ?) The dataset was
collated from the photographing-specimens and measured using Imagel (Schneider ct al., 2012)
(Suppliemental Data 1). Measurements were natural-log normalised and plotted, points were

colour coded for presence or absence of abnormalities.
Geological context

The material reported herein comes from “Cotton [ill Quarry”, at approximately 33°18'44.0"S
147°56'00.9"E, on the western [imb of the Forbes Anticline within the Cotton Formation. The
geological context of this site was discussed in vast detail by Edgecombe & Sherwin (2001, p
87-90). Hence, only a surnmary is provided here. Generally, the formation oulcrops poorly,
appeating ouly as low rubbly hills iy the Forbes tegion. Occeasionally it is exposed in 1oad and
rail cuttings, as well as locally in gravel quarries. The Cotton Formation at “Cotton Hill Quarry™
consists of well-bedded, thinly to moderately laminated siltstone which readily splits along the
bedding plane. The oulcrop varies considerably in colour, mostly being an off-white {o light
brownish yellow. However, in limuted patches, 1t 1s deep orange to purple, often associated with
large Liesegang tings. The (oot of the quatty 1eveals that the otiginal, uuweathiered 1ock is
actually a darker grey colour and contains interbeds of whiter tuff which show signs of small-
scale slumping. The quarry walls indicate a dip at 65° to the West and a minimum thickness of

a5

105 m in its upper member. Previous reports suggest the entire Cotton Formation could be much
A
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as 1500 m in total thickness on the eastern limb of the Forbes Anticline (Sherwin, 1973),

assuming a consistent dip and no cover.

Tradilionally, the entire Cotton Formation was thought to range across the Ordovician —
Silurian boundary (Sherwin, 1970; 19/3). However, to date, only three horizons are known to
contain age diagnostic graptolite faunas. The oldest of (these—the “lower member’-has been
assigned a possible Katian (late Ordovician) age. The “middle” and “upper members” contain
fauna indicative of carly and late Llandovery (Early Silurian) age respectively (Sherwin, 1974;
Rickards et al., 2009). So far, there is no conclusive evidence of Hirnantian or earliest
Llandovery graptolites, suggesting a significant time break between the “lower member” and the
remaing;;jmo members in the formation (Percival & Glen, 2007). The material from “Cotton
Hill Quarry™ is derived from singular horizons within the upﬁep most 50 m of the formation,
typically the “upper member”. Here the trilobites co-occur with a distinct Spirograptus
turriculatus Zone graptolite fauna. Sherwin (1973) also noted a similar trilobitna proximal @
to the quarry, occurring about one meter above beds with the eponym of the zo He also noted
the trilobites occurred 100 m stratigraphically above a horizon with Monograptus cf. sedgwicki.
This strongly supports a late Llandovery age for the “Cotton Hill Quarry” material (Edgecombe

& Sherwin, 2001).

Variability in lithology of the Cotton-ferumations’ members have resulted in a variety of
depolsitionai environments suggested for the Cotton Formation (e.g. Krynen et al., 1990). The
“upper member” exposed at “Cotton Hill Quarry” likely formed in a calm outer-shelf
envitoument, below storn wave base, as evidenced by the well-laininated sillstoue and the lack
of disarticulated trilobites and echinodeitus. The abundant planktonic graptolites and cotmnon

o o : o
small-cyed (ot Llind) uilobile laxa suggcsy{ma[ﬂcmvu ounenl wds relalively deep, limiling light
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penetration. However, the benthic faunas (e.g. rare dendroidal graptolites, strophomenid
brachiopods, platyceratid gastropods and echinoderms) suggests that the bottom waters were still

well-oxygenated and-permitted-oxygen-etrenlation,
Results

Abnormalities on Odontopleura (Sinespinaspis) markhami are minute (millimetre scale)
and primarily record the asymmetry of thoracic posterior pleural band spine bases. AM F126904
is a near complete specimen, 13.3 mm long, 10.3 mm wide (excluding genal and pleural spines)
with an asymmetric distribution of thoracic posterior pleural band spine bases (Figure 3A, B).
The seventh thoracic segment on the right pleural lobe has an additional spine base when
compared to the left side. AM F118762 is a moult, lacks free cheeks, is 12.2 mm long, 10.2 mm
wide (excluding pleural spines) with one offset spine base and one additional spine base on the
right pleural lobe (Figure 3C, D). The sixth thoracic segment has an offset spine base and the
seventh segment has an additional base. AM F115089 is a partial specimen, lacks a posterior
section, is 13.3 mm long, 12.0 mm wide (excluding plcural and genal spines) with an
asymumetrical distribution of thoracic posterior pleural band spine bases (Figure 4A, B). The first,
third, and fourth thoracic segments on the right pleural lobe have an additional node not observed
ou the lefl lobe. AM F115081 is a puartial specinen, lacking the posterior portion of the
exoskeleton, likely a moult, is 10.8 mm long, 7.0 mm wide (excluding pleural spines). The
specimen has an additional thoracic spine basé on the left pleural lobe (I'igure 4C, D). The third
thotacic segineut hias an additional base not obsetved on the tight lobe. AM F145135 is 11.7 wun
long, 12.4 mm wide {excluding pleural and genal spines) with an additional thoracic spine base
on the right pleural lobe (Figure 4E, F). I'he sccond thoracic segment has an additional base not

obscrved on the [ell lobe. AM F118//2 is likely a moult, lacks free cheeks, is [4./ mm long,
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12.9 mm wide (excluding pleural spines). The specimen has an abnormal base on the right
pleural lobe (Figure 5A, B). The sixth thoracic segment has a thoracic spine base unaligned with
the imnediately anterror and posterior nodes. AM F133034 is likely a moult, lacks free cheeks,
is 10.7 mm long, 9.1 mun wide (excluding pleural spiucs)..The specitnen has an asymmeltrical
distribution of thoracic posterior pleural band spine bases (Figure 5C, D). The sixth and eighth

thoracic segments on the left pleural lobe have an additional bases not observed on the right lobe.

Considering the size distribution of Odontoplewra (Sinespinaspis) markhami in bivariate
space, four distinct clusters are noted (Figure 6). Al least [our holaspid developmental stages are
therefore documented. The abnormal specimens are generally located within the second largest
developmental stage. This may reflect either a developmental aspect signal or a lack of data from

the other groups.
Discussion

Odontopleura (Sinespinaspis) markhami abnormalities represent additional thoracic spine
base developments or offset of spine bases. Despite the presence of these abnormal structures,
there is no evidence for exoskeletal removal, or any other damage to specimens Therefore,
abnormal spine base development does not reflect abnormal recovery from an injury induced
during moulting or from a failed attack. These must have arisen through another process. In life,
odontopleurid trilobites had large spines that preserve as spine bases on internal moulds (Bruton,
1966). Additional spine bases therefore record development of spines that arose outside the
primary spine sequences. Such additional spines may have resulted in more effeclive defence
against possible predators. However, the Cotton Formatioﬁ biota show few predators
(Edgecombe & Sherwin, 2001). Furthermore, the spines would not have resulted in an increased

reproductive fitness as thoracic spinosity is unlikely to be a sexually sclected morphology, unlike
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cephalic spines (Knell & Fortey, 2005; Knell et al., 2013). Given these conditions, it seems that
Lthe additional nodes record teratological developments through genetic malfunctions and were

likely unbeneficial for individuals.

The distribution of Oduntopleura (Sinespinuspis) markhami specinens in bivatiale space
lustrates that most abnormal specimens are located within the second largest recorded
developmental stage. This bias may reflect limited sampling from other size groups. As such, the
presence of abnormal specimens in all developmental stages cannot be discounted. However,
within the sampled population, it is possible that abnormalities may have become somewhat
fixed in the larger specimens. Odontopleura (Sinespinaspis) markhami may therefore have

developed abnormal spines duting tater growll stages.

Most examples of Silurian abnormalities (Table 1) likely record developmental

complications and teratologicgl recovery from substandard moulting (Bicknell & Smith, 2021),
with rare examples of pathologies (De Baets et al., 2021). However, for the larger Silurian
trilobites, such as Arctinurus boltoni, Calymene niagarensis, and Dalmanites limulurus from the
Wenlock (Sheinwoodian) Rochester Formation, abnormalities include the removal of large
exoskeletal sections (Babeock, 1993b; Whiteley et al | 200?; Chinnici & Smith, 2015; Bicknell et
al., 2019). These records failed predation, as opposed to moulting complications (Chinnici &
Smith, 2015, Bicknell et al., 2019), especially as these taxa lack elongated pleural spines that
would have complicated moulting (Conway Morris & Jenkins, 1985; Bicknell & Pates, 2020).
The size of the species, therefore, plays a fundamental role in whether trilobite groups are
largeted for predation. Indced, Cambrian trilobites represented some of the largest prey items in
the period and likely had been targeted as food ilems (Bergstrom & Levi-Setti, 1978; Holmes et

al., 2020; Bicknell ¢t al., 20224). The same is applicable for large, injured Ordovician species
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189  (Bicknell et al., 2022b, c). However, by the Silurian, other prey items (such as curyptcrids){}mvc
190 been preferred and only in select paleoecosystems were larger trilobite taxa subject to higher

191  predation pressure.
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358 Figure captions

399  Figure 1: Geological, stratigraphic, and geographical information for specimen locations. (A)
400  Map of Auslialia showmg specimen [ocation (ted stat) in New South Wales, (B) Geological map
401  showing 1ocks proximul lo Foibes. Red stuts indicate specien location, (C) Panoramic view of
402  located where specimens were collected—Cotton Hill Quarry.

40.% Figure 2: Reconstruction of Odontopleura (Sinespinaspis) markhami showing measurements
404  taken for analysed dataset. Abbreviations: cl: cranidial length, gw: glabellar width, tpl: combined

405 thorax and pygidium length.

406  Figure 3: Odontopleura (Sinespinaspis) markhami with additional and abnormal spine bases on
407 the Light thotacic lobe. (A, B) AM F120904. (A) Complele specimen. (B) Close up of box in (A)
408  showing additional spine base on the seventh thoracic segment (white arrow). (C, D) AM

409 F118762. (C) Complete specimen. (D) Close up of box in (C) showing offset spine base (white

410 arrow) and additional spine base (black arrow).

411 Figure 4: Odontopleura (Sinespinaspis) markhami showing additional spine bases. (A, B) AM
412 FI115089. (A) Complete specimen. (13) Close up of box 1n (A) showing additional spine bases on
413  first, third, and fourth thoracic segments on the right pleural lobe (white arrows). (C, D) AM

414 F115081. (C) Complete specimen. {D) Close up of box in (Cj showing additional spine base on
415  the third thoracic segment of the left pleural lobe (white arrow). (E, F) AM F145135. (E)

416 Complete specimen. (F) Closec up of box in (E) showing additional spine bases on second

417  (horacic segment on the right pleural lobe (white arrow).

418 Figure 5: Odontopleura (Sinespinaspis) markhami with additional and offset spine bases. (A, B)

419 AMF118772. (A) Complete specimen. (B) Close up of box in (A) showing offset spine on the
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sixth thoracic segment of the right pleural lobe (white arrow). (C, D) AM F133034. (C)
Complete specimen. (D) Close up of box in (C) showing additional spine bases on the sixth and

eighth thoracic segments of the [eft pleural [obe (white arrows).

Figure 6: Natural log normalised bivariate plots of Oduntopleura (Sinespinuspis) markhami of
abnormal and standard specimens. Most abnormal specimens fall in the cluster of the second to

targest specimens.

Supplemental Information 1: Mcasurement data from Odontopleura (Sinespinaspis) murkhami

examined in Figure 6.
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| Table Ll(on next page)

Table 1: Record of abnormal Silurian trilobites.

Ordered by slayge and Lhe genus.
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Figure 1

& reviewed

Figure L: Geological, straligraphic, and geographlcal information for specimen locations.

(A) Map ol Auslralia showing specimen locatlon (red star) in New South Wales. (B) Geological

map showing rocks proximal to Forbes. Red stars indicate specimen location. (C) Panoramic

view of located where specimens were collected-Cotton Hill Quarry.
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; with minor lkmestone,

Alluvial deposits - Very
fine-grained sand, typically
overlying light brown silt.

Cookeys Plains Formation -
Shale, siltstona and sandstone

Calarie Sandstone -
Medium- to coarse-grained,
pebbly, quartz sandstone.

sandstone and siltstone. Minor

Cotton Formation -
Fine-grained siitstone, with
isolated calcarcous horizons.

Roads &
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Figure 2

Figure 2: Reconslruclion of Odontopleura (Sinespinaspis) markhami showing
measurermenls laken for analysed datasel.

Abbreviations: cl: cranidial length, gw: glabellar width, tpl: combined thorax and pygidium

length.
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Figure 3

Ilgure 3: Odontopleura (Sinespinaspis) markhami with additional and abnormal splne
bases on the right thoracic lobe.

(A, B) AM F126904. (A) Complete specimen, (B) Close up of box in (A) showlng addltlonal
spine base on the seventh thoracic segment (white arrow). (C, D) AM F118762. (C) Complete

specimen. (D) Close up of box in (C) showing offset splne base (white arrow) and additional

spine base (black arrow),
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Figure 4

Figure 4: Odontopleura (Sinespinaspis) markhami showing additional spine bases.

(A, B) AM F115089. (A) Complete specimen. (I3) Close up of box in (A) showing additional
spine bases on first, third, and fourth thoracic segments on the right pleural lobe {white
arrows). (C, D) AM F115081. (C) Complele specitnen. (D) Close up of box in (C) showing
additional spine base on the third thoracic segment of the left pleural lobe (white arrow). (E,
F) AM F145135. (E) Complete specimen. (F) Close up of box in (E) showing additional spine

bases on second thoracic segment on the right pleural lobe (white arrow).

Peer] reviewing PDF | (2022:08:76247:0:0:REVIEW 11 Aug 2022)



Peer] reviewing PDF | (2022:08:76247:0:0:REVIEW 11 Aug 2022)



viewed

e
T
oy
£h

Paer] Marusornt io b

Figure 5
[igure 5; Odontopleura (Sinespinaspis) markhaimi with addilional and offset spine bases.

(A, B) AM F118772. (A) Complete specimen. (B) Close up of box in (A) showing offsat spine on
the sixth thoracic segment of the right pleural lobe (white arrow). (C, D) AM F133034. (C)
Complete specimen. (D) Close up of box in (C) showing addilional spine bases on the sixth

and eighth thoracic segments of the left pleural lobe (white arrows).
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Figure 6

Figure 6: Natural log norimalised bivatiale plols of Odountopleuta (Sinespinaspis)

markhami of abnormal and standard specimens.

Most abnormal specimens fall in the cluster of the second to largest specimens.
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