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A trilobite cluster from the Silurian Rochester Shale
of New York: predation patterns and
possible defensive behavior
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ABSTRACT

Evidence of predator-prey interactions in the fossil record offers important insights into
extinct ecosystems. As direct predator-prey relationships are rarely preserved, records of failed
predation upon prey species are often considered. The biomineralized exoskeleton of trilobites
is exemplary for recording injuries that have resulted from predation. Despite the extensive
documentation of trilobite injuries, abnormal specimens are often documented in isolation,
with examples of injuries among clustered individuals being poorly known. Here we document
a well-preserved body cluster of 18 individuals of the large lichid trilobite Arctinurus boltoni
from the mid-Silurian (Wenlock) Rochester Shale of New York, with eight specimens showing
injuries. Landmark geometric morphometrics of the specimens is used to explore possible pat-
terns between injured and noninjured specimens. Results of the morphometric analysis indicate
that injured and noninjured specimens do not show any systematic difference in overall shape
of the exoskeleton, but many of the larger specimens have injuries. The majority of injuries are
posteriorly located and right-side dominant, highlighting the possibility of predator or prey
lateralization. Biostratinomic evidence suggests that the cluster represents a biological aggrega-
tion that was rapidly buried in situ. Potential reasons for this gregarious behavior are discussed,
including the possibility that individuals of A. boltoni grouped together to provide “safety in
numbers” against predatory attack.
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INTRODUCTION

Predator-prey interactions are a key aspect of some biologically driven evolutionary pro-
cesses, such as escalation (Babcock, 2003; Vermeij, 2013). Unfortunately, very few unambigu-
ous examples of predator-prey interactions are preserved in the fossil record (e.g., when the
predator is “caught in the act” of attacking, consuming, or digesting its prey; Baumiller et al.,
1999). As such, palaeobiologists interested in exploring predator-prey dynamics are usually
limited to either documenting injuries on biomineralized prey without knowing the identity
of the predator, or investigating the functional morphology of predators while speculating
about their victims (Zacai et al., 2016; Bicknell and Paterson, 2018; Bicknell et al., 2018a).
Records of predation on Phanerozoic invertebrates are dominated by drill holes in biomineral-
ized shells and exoskeletons (Smith et al., 1985; Brett, 2003; Kelley and Hansen, 2003; Klomp-
maker et al., 2017; Bicknell et al., 2018b), as well as evidence of shell crushing (durophagy),
particularly on molluscs (Alexander and Dietl, 2003; Nagel-Myers et al. 2009, 2013) and trilo-
bites (Owen, 1985; Babcock, 1993a; Bicknell and Paterson, 2018).

Trilobites are an ideal group for studying predation in deep time, due to their extensive
fossil record (from the early Cambrian to the end of the Permian) and biomineralized (low-Mg
calcite) exoskeletons that can preserve evidence of failed attacks. A major issue with interpret-
ing trilobite injuries is that they may have occurred in different ways, either through complica-
tions during molting, instances of accidental trauma (e.g., Rudkin, 1985), as well as failed
predation (Rudkin, 1985; Babcock, 1993a; Pates et al., 2017; Bicknell and Paterson, 2018; Pates
and Bicknell, 2019). Two major criteria have therefore been suggested to identify injuries that
most likely reflect predation activity: (1) signs of cicatrization (defined as healing through scar
formation, e.g., calluses; see discussion in Babcock, 1993a; Bicknell et al., 2018b); and (2) the
presence of distinct U-, V-, W-, or L-shaped embayments across multiple exoskeletal sections
and/or substantial single spine injuries (SSIs) (Owen, 1985; Bicknell et al., 2018b; Pates and
Bicknell, 2019). Using these criteria, many records of failed predation on trilobites have been
identified, especially in the Cambrian (Owen, 1985; Babcock, 1993a; 2003; Bicknell and Pater-
son, 2018; Vinn, 2018; Bicknell and Pates, 2019). However, the vast majority of these published
examples are represented by isolated individuals (perhaps as a result of collection bias), and
little is known about predation on trilobites in a quantitative sense, particularly within single
deposits (Pates et al., 2017; Pates and Bicknell, 2019) or indeed geological snapshots, such as
individual bedding planes.

Arctinurus boltoni (Bigsby, 1825) is a large (150+ mm long) lichid trilobite from the mid-
Silurian (Wenlock) Rochester Shale of New York: a deposit known for several trilobite-rich
horizons, with articulated specimens of many species (including A. boltoni) highly sought after
by fossil collectors (Whiteley et al., 2002; Chinnici and Smith, 2015). Injured specimens of A.
boltoni have been previously documented (table 1), as well as specimens bearing epibionts (e.g.,
brachiopods, bryozoans, worm tubes) that are attached to the dorsal and ventral sides of the
exoskeleton (Tetreault, 1992; Taylor and Brett, 1996; Brett, 2015). Arctinurus boltoni was there-
fore subject to both commensalism and potentially predation. Here we document a slab of
Rochester Shale containing a cluster of 18 fully articulated individuals of A. boltoni, eight of
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TABLE 1. Records of previously documented Arctinurus boltoni specimens with injuries.

Reference Injury Possible predator

Rudkin, 1985: fig. 1A, B Truncated right posteriormost pygidial spine None suggested
forming cicatrized W-shaped injury

Babcock, 1993b: 36 [no figure Large U-shaped injury on posterior right thorax ~ None suggested

number] extending onto pygidium

Whiteley et al., 2002: pl. 21; refig-  U-shaped injury on left side of cephalon, asym-  None suggested by Whiteley

ured in Chinnici and Smith, 2015:  metrical V-shaped injury on left anterior thorax, et al., 2002; cephalopods:

fig. 434 W-shaped injury on left posterior thorax, and Chinnici and Smith, 2015
U-shaped injury on right-side of pygidium

Chinnici and Smith, 2015: fig. 432  Large U-shaped injury on anterior right thorax =~ Cephalopods
and truncated, left-side pygidial spines

Chinnici and Smith, 2015: fig. 433  U-shaped injury on posterior cephalon and SSI ~ Cephalopods
on fourth thoracic spine on right side

which show injuries. We also explore the potential predatory origin of these injuries and preda-
tor preference among the associated individuals, and the possible reasons why these individuals
clustered together.

MATERIALS AND METHODS

The studied slab of Rochester Shale (fig. 1) was collected by Ray Meyer in 2006 from the
historic Caleb Quarry in Orleans County, western New York state, and is currently housed
at the American Museum of Natural History (AMNH), New York. Preparation of the slab
prior to acquisition by the AMNH included some minor reconstruction visible under UV
light. Specimens of Arctinurus boltoni (AMNH-FI-101514 to AMNH-FI-101531) were visu-
ally assessed under normal and UV light for records of possible injuries and any examples
were noted. The overall shape of each specimen was then quantified using geometric mor-
phometrics to assess any morphological pattern of injured and noninjured specimens. Pho-
tographs of specimens were taken with a Canon PowerShot G15, and the software tpsDIG2
(v. 2.26, http://life.bio.sunysb.edu/morpho/index.html) was used to digitize 12 landmarks
(fig. 2, table 2) that summarize the overall exoskeletal shape from the photographs (supple-
mentary file 1, available at: https://doi.org/10.5531/sd.sp.35). Landmarks were collected for
17 of the 18 specimens on the slab; AMNH-FI-101524 was excluded as it is partially covered
by another specimen. The symmetric component of variation was extracted following the
Klingenberg et al. (2002) method for object symmetry. Briefly, a mirror image was generated
from each landmark configuration and then superimposed onto its original configuration
and averaged, yielding a consensus configuration that is bilaterally symmetric for each speci-
men. All the symmetric configurations were then superimposed jointly. Potential morpho-
logical differences between injured and noninjured specimens were visually assessed using
a principal components analysis (PCA) of the Procrustes tangent coordinates. Procrustes
tangent coordinates were plotted against logged-centroid size values to assess any patterns
in specimen size. Finally, statistically significant differences between the mean shape of
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TABLE 2. Description of landmarks used here. See figure 2 for depiction of these points.

Landmark Description of landmark
number

Intersection of anterior border furrow and anterior-posterior axis

Intersection of anterior facial suture with anterior margin of cephalon (left side)
Intersection of anterior facial suture with anterior margin of cephalon (right side)
Intersection of posterior border furrow and occipital furrow (left side)
Intersection of occipital furrow and anterior-posterior axis

Intersection of posterior border furrow and occipital furrow (right side)

Junction point between posterior margin of fifth tergite (= thoracic segment) and axial furrow (left side)

0 NN N s W -

Junction point between posterior margin of fifth tergite (= thoracic segment) and axial furrow (right
side)

9 Junction point between posterior margin of the 11th tergite (= thoracic segment), axial furrow, and
anterior margin of pygidium (left side)

10 Junction point between posterior margin of the 11th tergite (= thoracic segment), axial furrow, and
anterior margin of pygidium (right side)

11 Narrowest point along axial furrows, typically expressed just posterior to terminal axial piece (left side)

12 Narrowest point along axial furrows, typically expressed just posterior to terminal axial piece (right side)

injured vs. noninjured specimens were tested using Procrustes ANOVA. All analyses were
carried out in R (R Development Core Team 2018) using the “geomorph” package (Adams
and Otarola-Castillo, 2013). These plots were augmented with measurements of maximum
length that were plotted as a histogram (raw data output in supplementary file 2, available
at: https://doi.org/10.5531/sd.sp.35).

RESULTS

Eight of the 18 Arctinurus boltoni (44%) specimens display an injury (figs. 3-6), and the
UV light was critical for distinguishing between injuries and reconstruction (see, for example,
fig. 5C, D). Injuries are located on the trunk, most commonly on the pygidium, but none were
observed on the cephalon of any specimen. AMNH-FI-101521 displays a slight truncation of
the second pygidial spine on the left side and a subtle, cicatrized, W-shaped injury on the left
posteriormost pygidial spine (fig. 3A, B). AMNH-FI-101527 has an SSI on the first pygidial
segment (right side) (fig. 3C, D). AMNH-FI-101528 has a slightly cicatrized U-shaped injury
on the posterior right side of the pygidium (fig. 3E, F). AMNH-FI-101529 has a large, slightly
cicatrized W-shaped injury on the right posteriormost pygidial spine (fig. 4A, B). AMNH-
FI-101530 has an SSI on the right side of the pygidium, forming part of a W-shaped injury (fig.
4C, D). AMNH-FI-101531 has a slightly cicatrized W-shaped injury on the posterior right side
of the pygidium (fig. 4E, F). AMNH-FI-101518 has a substantial SSI on the second, right side
thoracic spine: the spine is ~25% shorter than the left side (fig. 5A, B). Finally, AMNH-
FI-101520 is extensively injured along the right side of the trunk (fig. 6A, B). The thorax shows
two slightly cicatrized V-shaped injuries across thoracic segments 1-2 and 7-9. Spines on the
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FIGURE 1. Slab preserving a cluster of 18 fully articulated individuals of Arctinurus boltoni (AMNH-
FI-101514-101531) from the mid-Silurian (Wenlock) Rochester Shale, New York state. Stars indicate injured
specimens. Scale bar = 10 cm.

posterior region of the pygidium are truncated and slightly cicatrized. In sum, 87.5% of the
injured specimens have right-sided injuries only.

Results of the morphometric analysis show that there is no morphological difference
between injured and noninjured specimens of Arctinurus boltoni (fig. 7), as confirmed by Pro-
crustes ANOVA (F = 1.0864, p = 0.372, iterations = 999); the only specimen excluded from the
analysis (AMNH-FI-101524) did not have any visible injuries. Plotting log-centroid size against
regressed Procrustes ANOVA scores shows a similar interspersal of injured and noninjured
specimens, though the two largest specimens have injuries (fig. 8).

DISCUSSION

NATURE OF THE INJURIES

The injuries observed here mostly fulfill the criteria for failed predation (sensu Pates et al.,
2017; Bicknell and Pates, 2019; Pates and Bicknell, 2019): they are commonly cicatrized, exhibit
typical injury shapes, and are mostly posteriorly located. Arctinurus boltoni unlikely experi-
enced injuries from problematic molting as the pleural spines along the trunk are short and
spatulate, so the emerging soft-shelled individual would have had little issue removing its
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FIGURE 2. Diagram of 12 landmarks selected to describe the overall shape of the exoskeleton of Arctinurus
boltoni.
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FIGURE 3. Specimens of Arctinurus boltoni with injuries to the pygidium, under plain and UV light (with
brighter areas indicating parts of reconstructed exoskeleton). Arrows point to injuries described in the text.
Scale bar = 1 mm. A-B, AMNH-FI-101521. C-D, AMNH-FI-101527.
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FIGURE 4. Further specimens of Arctinurus boltoni with injuries to the pygidium, under plain and UV light.
Arrows point to injuries described in the text. Scale bar = 1 mm. A-B, AMNH-FI-101529. C-D, AMNH-
FI-101530. E-F, AMNH-FI-101531.

spines from the old calcitic exoskeleton (Conway Morris and Jenkins, 1985; Daley and Drage,
2016). Furthermore, in the case of the cluster observed here, it seems improbable that around
half of the preserved population would have undergone complications during ecdysis. Mechan-
ical breakage due to transportation also seems unlikely, as the individuals appear to have been
rapidly buried and preserved in situ (discussed further below).
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FIGURE 5. Specimens of Arctinurus boltoni with injuries to the thorax (A, B) and with reconstruction that
mimics an injury (C, D), under plain and UV light. Arrows point to injuries described in the text. Scale bar
=1 mm. A-B, AMNH-FI-101518. C-D, AMNH-FI-101516.

The range of injuries documented here and noted in table 1 raises the question of predator
identity. Based on the associated fauna within the Rochester Shale, Brett (2015) suggested that
nautiloid cephalopods were the apex predators that attacked trilobites, with other suspects
being phyllocarids or eurypterids (see Chinnici and Smith, 2015). More than one predator
group may therefore have produced the variable record of injuries.
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FIGURE 6. Arctinurus boltoni specimen AMNH-FI-101520 with injuries to the thorax and pygidium, under
A, plain and B, UV light. Arrows point to injuries described in the text. Scale bar = 1 mm.

Using a broad dataset, Babcock (1993a) identified a preference for right-sided and poste-
riorly located injuries on Cambrian trilobites and also suggested that post-Cambrian injuries
conformed less strongly to this pattern. Pates et al. (2017) and Pates and Bicknell (2019)
reconsidered BabcocK’s ideas, but focused on single Cambrian-aged deposits and singular tri-
lobite taxa within these deposits. They showed that there was no preference for which side the
injury occurred, but confirmed that injuries are commonly posteriorly located. Contrasting
both Pates et al. (2017) and Pates and Bicknell (2019), the Rochester Shale slab documented
here shows strong right-sided injury dominance and preference for posterior locations. This
demonstrates that either Rochester Shale predators potentially expressed a lateralized attack
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FIGURE 7. Principal components analysis of landmark data, with 49.5% variance in the data explained by the
first two PCs (PC1=29.7%, PC2=19.8%). PC1 describes the variation in the intersection of the occipital furrow
and anterjor-posterior axis and junction points between posterior margin of the 11th tergite. PC2 mostly
describes variation in cephalic width.

pattern, or Arctinurus boltoni had a lateralized defense strategy (see ideas in Babcock, 1993a).
No grouping of injured and noninjured specimens was observed in PC space (fig. 7), but it
seems that most of the larger specimens were injured (fig. 8). This may suggest a possible prey
preference—with predators targeting larger and potentially less maneuverable individuals—
but overall there is no strong support for any predatory choice. It is important to note that
only eight associated injured specimens were considered in this study, so these conclusions are
not supported statistically, but other previously illustrated examples of injured A. boltoni (table
1) seem to confirm some of the injury patterns observed here. More specimens are needed to
build a large enough dataset to unambiguously confirm these ideas.

NATURE OF THE CLUSTER

Trilobite clusters that predominantly contain fully articulated individuals on single bedding
planes are termed “body clusters” and record group mating, molting, or other gregarious activi-
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FIGURE 8. Plot of regressed PC coordinates against log-centroid size and histogram of maximum specimen
length, coded for injured and noninjured specimens. A, Regressed PC coordinates against log-centroid size
that shows no obvious pattern in injured and noninjured specimens, although many of the larger specimens
are injured. B, Histogram of specimen length has an approximately normal distribution with the two largest
specimens showing an injury.

ties that are preserved via rapid burial events, commonly induced by storms (Speyer and Brett,
1985; Karim and Westrop, 2002; Paterson et al., 2007, 2008; Gutiérrez-Marco et al., 2009; Brett
et al., 2012; Brett, 2015; Schwimmer and Montante, 2019). As the Rochester Shale in the
Orleans County area was deposited in a quiet, offshore shelf setting below normal wave base
(Taylor and Brett, 1996; Whiteley et al., 2002; Brett, 2015), it is unlikely that the cluster repre-
sents a mechanical accumulation caused by strong bottom currents (Speyer and Brett, 1985;
Brett et al., 2012). Biostratinomic evidence, such as all the individuals being preserved in a
prone position and with the same dorsoventral attitude on a single bedding plane (fig. 1), pro-
vides support that this cluster represents an in situ biological aggregation (or a “Type 1” assem-
blage, sensu Brett et al., 2012). Since the Rochester Shale depositional environment was subject
to periodic storm disturbances (Taylor and Brett, 1996; Whiteley et al., 2002), this particular
occurrence of clustered Arctinurus boltoni individuals was likely “buried in place by a heavy
blanket of sediment” during a storm event (Whiteley et al., 2002: 41), although cause of death
may have also involved asphyxiation (via temporary anoxic conditions) prior to burial.
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Modern animal species congregate in groups for a variety of reasons and may occur
through “self organization” (e.g., seasonal mating or migration) or result from a response to
extrinsic factors, such as localized food sources or nearby predators (Allee, 1927; Alcock,
1993; Parrish and Edelstein-Keshet, 1999; Sumpter, 2006; Morrell and Romey, 2008; Sumpter,
2010). As noted above, trilobite body clusters have been interpreted as representing a variety
of gregarious behaviors, with one of the most popular hypotheses for monospecific clusters
being mass molting and synchronous reproduction (e.g., Speyer and Brett, 1985; Karim and
Westrop, 2002; Paterson et al., 2007, 2008; Gutiérrez-Marco et al., 2009), as observed in mod-
ern arthropods such as the American horseshoe crab, Limulus polyphemus (Shuster Jr. et al.,
2003). Although none of the individuals on the Rochester slab represent exuviae (see Daley
and Drage, 2016 for criteria), they are monospecific, somewhat size segregated and, in some
cases, partially overlapping, which are features used by Speyer and Brett (1985) in identifying
body clusters that have formed just prior to mass molting and mating.

While the Rochester Shale body cluster may have assembled for the purpose of synchro-
nous molting and mating, the noted absence of “molt clusters” in the Rochester Shale (Brett et
al., 2012) and the considerable number of injuries among Arctinurus boltoni individuals pro-
vides evidence for another plausible explanation: group protection from predators. There is
considerable evidence to suggest that trilobites clustered in cryptic places on the seafloor (e.g.,
within burrows or reef cavities, under or inside empty shells and exoskeletons, etc.) to perform
a variety of gregarious activities (especially molting) while avoiding predators or environmental
perturbations (see Chatterton et al., 2003; Gutiérrez-Marco et al., 2009; Fatka and Budil, 2014;
Zong et al., 2016; references therein). However, the Rochester cluster was exposed on the sea-
floor prior to burial, so perhaps the only line of defense from predation was a “safety in num-
bers” approach. This is a common strategy among a huge variety of modern animals (Hamilton,
1971; Alcock, 1993; Morrell and James, 2007; Sumpter, 2010; Lehtonen and Jaatinen, 2016).
Types of collective defense behaviors include: group vigilance (or the “many eyes” effect), where
grouped prey can often detect predators more efficiently (e.g., faster) than solitary individuals
(Treves, 2000; Beauchamp, 2015); the dilution effect, where, in general, the larger the group,
the less likely a particular individual will be targeted by a predator (Foster and Treherne, 1981;
Turchin and Kareiva, 1989; Ruxton and Sherratt, 2006); and the confusion effect, where large
numbers of moving, phenotypically similar prey can reduce the ability of a predator to track
an individual target (Landeau and Terborgh, 1986; Jeschke and Tollrian, 2007). While it is
impossible to elucidate the specific gregarious behavior/s in the Rochester cluster, it is reason-
able to suggest that trilobites, such as A. boltoni, living unprotected on the seafloor would have
employed such a survival strategy.

ACKNOWLEDGMENTS

This research is supported by funding from an Australian Postgraduate Award and a Charles
Schuchert and Carl O. Dunbar Grants-in-Aid Award (both to R.D.C.B.). We thank Paul Chin-
nici and Carl Brett for useful discussions and providing pivotal literature. Furthermore, we



14 AMERICAN MUSEUM NOVITATES NO. 3937

thank Carl Brett for his insightful comments that improved an early version of the text. Finally,
we thank Olev Vinn and Oldfich Fatka for their helpful reviews.

REFERENCES

Adams, D.C,, and E. Otarola-Castillo. 2013. geomorph: an R package for the collection and analysis of
geometric morphometric shape data. Methods in Ecology and Evolution 4: 393-399.

Alcock, J. 1993. Animal behavior: an evolutionary approach, 5th ed. Sunderland, MA: Sinauer Associates, Inc.

Alexander, R.R., and G.P. Dietl. 2003. The fossil record of shell-breaking predation on marine bivalves and
gastropods. In P. Kelley, M. Kowalewski, and T.A. Hansen (editors), Predator-prey interactions in the
fossil record: 141-176. New York: Springer.

Allee, W.C. 1927. Animal aggregations. Quarterly Review of Biology 2: 367-398.

Babcock, L.E. 1993a. Trilobite malformations and the fossil record of behavioral asymmetry. Journal of
Paleontology 67: 217-229.

Babcock, L.E. 1993b. The right and the sinister. Natural History 102: 32-39.

Babcock, L.E. 2003. Trilobites in Paleozoic predator-prey systems, and their role in reorganization of early
Paleozoic ecosystems. In P. Kelley, M. Kowalewski, and T.A. Hansen (editors), Predator-prey interac-
tions in the fossil record: 55-92. New York: Springer.

Baumiller, TK., L.R. Leighton, and D.L. Thompson. 1999. Boreholes in Mississippian spiriferide brachio-
pods and their implications for Paleozoic gastropod drilling. Palacogeography, Palacoclimatology,
Palaeoecology 147: 283-289.

Beauchamp, G. 2015. Animal vigilance: monitoring predators and competitors. Amsterdam: Academic
Press.

Bicknell, R.D.C., and J.R. Paterson. 2018. Reappraising the early evidence of durophagy and drilling preda-
tion in the fossil record: implications for escalation and the Cambrian Explosion. Biological Reviews
93: 754-784.

Bicknell, R.D.C., and S. Pates. 2019. Abnormal extant xiphosurids in the Yale Peabody Museum invertebrate
zoology collection. Bulletin of the Peabody Museum of Natural History 60: 41-53.

Bicknell, R.D.C,, et al. 2018a. Computational biomechanical analyses demonstrate similar shell-crushing
abilities in modern and ancient arthropods. Proceedings of the Royal Society of London B, Biological
Sciences 285: 20181935.

Bicknell, R.D.C,, S. Pates, and M.L. Botton. 2018b. Abnormal xiphosurids, with possible application to
Cambrian trilobites. Palacontologia Electronica 21: 1-17.

Bigsby, J.J. 1825. Description of a new species of trilobite. Journal of the Academy of Natural Sciences,
Philadelphia 4: 365-368.

Brett, C.E. 2003. Durophagous predation in Paleozoic marine benthic assemblages. In P. Kelley, M.
Kowalewski, and T.A. Hansen (editors), Predator-prey interactions in the fossil record: 401-432.
New York: Springer.

Brett, C.E. 2015. Stratigraphy and depositional environments of the Rochester Shale in western New
York. In P. Chinnici and K. Smith (editors), The Silurian experience: 36-68. Rochester, NY: Primitive
Worlds.

Brett, C.E.,, J.J. Zambito III, B.R. Hunda, and E. Schindler. 2012. Mid-Paleozoic trilobite Lagerstitten: mod-
els of diagenetically enhanced obrution deposits. Palaios 27: 326-345.



2019 BICKNELL ET AL.: TRILOBITE CLUSTER FROM SILURIAN ROCHESTER SHALE 15

Chatterton, B.D.E., D.H. Collins, and R. Ludvigsen. 2003. Cryptic behaviour in trilobites: Cambrian and
Silurian examples from Canada, and other related occurrences. Special Papers in Palaeontology 70:
157-173.

Chinnici, P,, and K. Smith. 2015. The Silurian experience, 2nd ed. Rochester, NY: Primitive Worlds.

Conway Morris, S., and R.J.E. Jenkins. 1985. Healed injuries in early Cambrian trilobites from South
Australia. Alcheringa 9: 167-177.

Daley, A.C., and H.B. Drage. 2016. The fossil record of ecdysis, and trends in the moulting behaviour of
trilobites. Arthropod Structure & Development 45: 71-96.

Fatka, O., and P. Budil. 2014. Sheltered gregarious behavior of Middle Ordovician harpetid trilobites.
Palaios 29: 495-500.

Foster, W.A., and J.E. Treherne. 1981. Evidence for the dilution effect in the selfish herd from fish preda-
tion on a marine insect. Nature 293: 466-467.

Gutiérrez-Marco, J.C., A.A. S4, D.C. Garcia-Bellido, I. Rdbano, and M. Valério. 2009. Giant trilobites and
trilobite clusters from the Ordovician of Portugal. Geology 37: 443-446.

Hamilton, W.D. 1971. Geometry for the selfish herd. Journal of Theoretical Biology 31: 295-311.

Jeschke, .M., and R. Tollrian. 2007. Prey swarming: which predators become confused and why? Animal
Behaviour 74: 387-393.

Karim, T., and S.R. Westrop. 2002. Taphonomy and paleoecology of Ordovician trilobite clusters, Bro-
mide Formation, south-central Oklahoma. Palaios 17: 394-402.

Kelley, PH., and T.A. Hansen. 2003. The fossil record of drilling predation on bivalves and gastropods.
In P. Kelley, M. Kowalewski, and T.A. Hansen (editors), Predator-prey interactions in the fossil
record: 113-139. New York: Springer.

Klingenberg, C.P., M. Barluenga, and A. Meyer. 2002. Shape analysis of symmetric structures: quantify-
ing variation among individuals and asymmetry. Evolution 56: 1909-1920.

Klompmaker, A.A., M. Kowalewski, ].W. Huntley, and S. Finnegan. 2017. Increase in predator-prey size
ratios throughout the Phanerozoic history of marine ecosystems. Science 356: 1178-1180.

Landeau, L., and J. Terborgh. 1986. Oddity and the ‘confusion effect’ in predation. Animal Behaviour 34:
1372-1380.

Lehtonen, J., and K. Jaatinen. 2016. Safety in numbers: the dilution effect and other drivers of group life
in the face of danger. Behavioral Ecology and Sociobiology 70: 449-458.

Morrell, L.]., and R. James. 2007. Mechanisms for aggregation in animals: rule success depends on eco-
logical variables. Behavioral Ecology 19: 193-201.

Morrell, L.J., and W.L. Romey. 2008. Optimal individual positions within animal groups. Behavioral
Ecology 19: 909-919.

Nagel-Myers, J., G. Dietl, and C.E. Brett. 2009. First report of sublethal breakage-induced predation on
Devonian bivalves. Palaios 24: 460-465.

Nagel-Myers, J., G. Dietl, J. Handley, C.E. Brett. 2013. Abundance is not enough: the need for mul-
tiple lines of evidence in testing for ecological stability in the fossil record. PLoS ONE 8 (5):
€63071.

Owen, A.W. 1985. Trilobite abnormalities. Transactions of the Royal Society of Edinburgh: Earth Sci-
ences 76: 255-272.

Parrish, J.K., and L. Edelstein-Keshet. 1999. Complexity, pattern, and evolutionary trade-offs in animal
aggregation. Science 284: 99-101.



16 AMERICAN MUSEUM NOVITATES NO. 3937

Paterson, J.R., ].B. Jago, G.A. Brock, and J.G. Gehling. 2007. Taphonomy and palacoecology of the emuel-
lid trilobite Balcoracania dailyi (early Cambrian, South Australia). Palacogeography, Palacoclimatol-
ogy, Palaeoecology 249: 302-321.

Paterson, J.R., N.C. Hughes, and B.D.E. Chatterton. 2008. Trilobite clusters: what do they tell us? A prelimi-
nary investigation. In I. Rdbano, R. Gozalo, and D. Garcia-Bellido (editors), Advances in trilobite research:
313-318. Madrid: Cuadernos del Museo Geominero 9, Instituto Geoldgico y Minero de Espafia.

Pates, S., and R.D.C. Bicknell. 2019. Elongated thoracic spines as potential predatory deterrents in olenel-
line trilobites from the lower Cambrian of Nevada. Palacogeography, Palacoclimatology, Palaeoecol-
ogy 519: 295-306.

Pates, S., R.D.C. Bicknell, A.C. Daley, and S. Zamora. 2017. Quantitative analysis of repaired and unre-
paired damage to trilobites from the Cambrian (Stage 4, Drumian) Iberian Chains, NE Spain.
Palaios 32: 750-761.

R Development Core Team. 2016. R: A language and environment for statistical computing. R Founda-
tion for Statistical Computing.

Rudkin, D.M. 1985. Exoskeletal abnormalities in four trilobites. Canadian Journal of Earth Sciences 22:
479-483.

Ruxton, G.D., and T.N. Sherratt. 2006. Aggregation, defence and warning signals: the evolutionary rela-
tionship. Proceedings of the Royal Society B 273: 2417-2424.

Schwimmer, D.R., and W.M. Montante. 2019. A Cambrian meraspid cluster: evidence of trilobite egg
deposition in a nest site. Palaios 34: 254-260.

Shuster Jr., C.N., R.B. Barlow, and H.J. Brockmann. 2003. The American horseshoe crab. Cambridge,
MA: Harvard University Press.

Smith, S.A., C.W. Thayer, and C.E. Brett. 1985. Predation in the Paleozoic: gastropod-like drillholes in
Devonian brachiopods. Science 230: 1033-1035.

Speyer, S.E., and C.E. Brett. 1985. Clustered trilobite assemblages in the Middle Devonian Hamilton
group. Lethaia 18: 85-103.

Sumpter, D.J.T. 2006. The principles of collective animal behaviour. Philosophical Transactions of the
Royal Society B 361: 5-22.

Sumpter, D.J.T. 2010. Collective animal behavior. Princeton, NJ: University Press.

Taylor, W.L., and C.E. Brett. 1996. Taphonomy and paleoecology of echinoderm Lagersttten from the
Silurian (Wenlockian) Rochester Shale. Palaios 11: 118-140.

Tetreault, D.K. 1992. Paleoecologic implications of epibionts on the Silurian lichid trilobite Arctinurus.
Paleontological Society Special Publications 6: 289.

Treves, A. 2000. Theory and method in studies of vigilance and aggregation. Animal Behaviour 60: 711-722.

Turchin, P, and P. Kareiva. 1989. Aggregation in Aphis varians: an effective strategy for reducing preda-
tion risk. Ecology 70: 1008-1016.

Vermeij, G.J. 2013. On escalation. Annual Review of Earth and Planetary Sciences 41: 1-19.

Vinn, O. 2018. Traces of predation in the Cambrian. Historical Biology 30: 1043-1049.

Whiteley, T.E., G.J. Kloc, and C.E. Brett. 2002. Trilobites of New York: an illustrated guide. Ithaca, NY:
Cornell University Press.

Zacai, A., ]. Vannier, and R. Lerosey-Aubril. 2016. Reconstructing the diet of a 505-million-year-old
arthropod: Sidneyia inexpectans from the Burgess Shale fauna. Arthropod Structure & Development
45: 200-220.

Zong, R.-W,, R.-Y. Fan, and Y.-M. Gong. 2016. Seven 365-million-year-old trilobites moulting within a
nautiloid conch. Scientific Reports 6: 34914.



	TITLE
	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS 
	RESULTS
	DISCUSSION
	Nature of the Injuries 
	Nature of the Cluster 
	ACKNOWLEDGMENTS
	REFERENCES

