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2. ABSTRACT

Driefontein 11, a farm in the Free State province of South Africa, is a fossiliferous
Early Triassic locality with a diverse and prolific coprolite assemblage. This study
used micro-CT to characterise the coprofabrics and coprolite inclusions of 47
coprolites from this assemblage, and assesses how well these variables correlate
with their respective morphotype assignations. Three different coprofabrics were
characterised: homogenous massive, heterogenous massive and heterogenous
zoned. Homogenous massive coprofabrics are indicative of coprolite perpetrators
with high digestive efficacy, whereas both types of the heterogenous coprofabrics are
indicative of individuals with varying digestive strategies. The coprolites document
several microfossil inclusions including fish, tetrapods and the second instance of
Early Triassic beetles and freshwater bivalves. The coprolite ordination shows that
there is no unambiguous correlation between morphotypes or coprofabrics and
microfossil inclusions. This contribution is a first step in the understanding of the
fauna that inhabited this Early Triassic ecosystem and their feeding ecology.
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7. INTRODUCTION

Real-time observational data are critical for the study, conceptualisation and
categorisation of animal behaviour and interactions (Hsieh and Plotnick, 2020). Such
data are rare in the fossil record, representing a critical barrier for assessing the
behavioural repertoires of extinct animals (Benton, 2010, Hsieh and Plotnick, 2020).
As a result, most of our current understanding of the behaviour of extinct fauna
comes from indirect evidence, such as statistical analyses of associated and/or co-
occurring fossils (such as potential predators and prey animals), theoretical models,
trace fossil analyses, and inferred functional morphology and phylogeny (Benton,
2010, Hsieh and Plotnick, 2020).

Fossil faeces (formally known as coprolites) are the end-point of digestion, and serve
as proxies that provide direct evidence of feeding behaviour, diet and digestion for
the animals (Thulborn, 1991, Hunt et al., 1994, Chin and Kirkland, 1998, Hunt et al.,
2013b, Niedzwiedzki et al., 2016a, 2016b, Barrios-de Pedro and Buscalioni, 2018,
Hunt and Lucas, 2020, Hunt and Lucas, 2021). Over the past decade, studies on
coprolites have shown that their utility extends beyond this. They act as micro-
lagerstatte (Seilacher et al., 2001, Qvarnstrom et al., 2016, Cueille et al., 2020,
Dentzien-Dias et al., 2020), preserving otherwise poorly preserved microfossils, they
delimit a hierarchy of ichnocoenosis and ichofacies (Hunt et al., 1998, 2007, 2013a,
Hunt and Lucas, 2017); and researchers use them in studies on biochronology,
biogeography and faunal turnovers (Hunt, 1992, Chin and Kirkland, 1998, 2003, Hunt
et al., 2005a, 2013b, 2018, Knaust, 2020, Hunt and Lucas, 2020).

In my Honours research | characterised the external morphologies of a coprolite
assemblage from the farm Driefontein 11 in the Free State province of South Africa. |
examined 2000 coprolite specimens, assigning them to eleven distinct morphotypes
(Montgomery, 2019; see Table 1). This M.Sc. study aims to characterise their
coprofabrics and material inclusions to assess how well the material inclusions
correlate with their respective morphotype and coprofabric assignations. Classical
inference of digestive strategies and diet from coprolite assemblages involves
investigation of external macroscopic properties, destructive petrographic thin

sections and external and/or internal Scanning Electron Microscopic (SEM)



properties (e.g., Eriksson et al., 2011, Barrios-de Pedro and Buscalioni, 2018,
Barrios-de Pedro et al., 2019, Qvarnstrom et al., 2019a). This study goes beyond
these classical methods by exploring the use of microtomography (micro-CT) to non-
destructively characterise internal microstructures (coprofabrics) and produce three-
dimensional (3D) reconstructions of material inclusions. Imaging of coprolites using
x-ray radiation has been applied with increasing frequency over the past decade,
often with excellent results (e.g., Qvarnstrom et al., 2017, 2019a, Cueille et al., 2020,

Qvarnstrom et al., 2021).



Table 1. Summary of coprolite ichnotaxa and morphotypes identified in my Honours project along with their potential
perpetrators (Montgomery, 2019). Scale bars = 1 cm.

Morphotypes

Morphology

Images

Perpetrators

Morphotype 4

Spherical,
small (<1.5 cm),
either round
with a distinct
ventral surface
or discoidal.

Small fishes/invertebrates

o

Morphotypes Morphology Images Perpetrators
stl_r%qgic}ugirr(];ilzla){e Erythrosuchid archosaurs
Alocoprus shape .i'n lateral oy,
triassicus view, 2NN . R
sub-rounded \?"’%—
in cross-section.
Eucoprus Cylindrical, I
. elongate, . .
cylindratus | sub-rounded in Vertebrate indeterminate
cross-section.
Dipnoan Ptychoceratodus
Spiraled, ) phillips and/or
Hyronocoprus amphipolar, Actinopterrygian Saurichtys sp.
amphipola anisopolar,
elongate.

<

Morphotype 5

Twisted (long
axes of
segments are
not parallel),
initial end
is rounded,
sub-rounded in
cross-section.

Vertebrate indeterminate

Morphotype 1

Oval, anisopolar,
short and fat or
long and slender.

Fish

i<

Morphotype 6

Anisopolar,
amphipolar,
elongate, few,
shallowly angled

Dipnoan Ptychoceratodus
phillips and/or
Actinopterrygian Saurichtys sp.

i<

Morphotypes 2

Elongate, oval,
anisopolar,
dorsoventrally
flattened.

Vertebrate indeterminate

spirals.
Anisopolar, Dipnoan Ptychoceratodus
amphipolar, few, phillips and/or
Morphotype 7 steeply angled Actinopterrygian Saurichtys sp.
spirals
concentrated

at terminal end.

&
|
i

i

Morphotypes 3

Hook-shaped,
pointed terminal
end that is
arcuate, oval in
cross-section.

Vertebrate indeterminate

Morphotype 8

Twisted (long
axes of
segments are
not parallel?,
dorsoventrally
flattened, oval

in cross-section.

Vertebrate indeterminate




8. LITERATURE REVIEW
8.1. History of Study

The first studies of that included coprolites date to the late 17" and early 18™ century
(see Duffin, 2009, 2012), but they were incorrectly identified as identified as either
cones or catkins that belong to some unknown plant (e.g., Woodward, 1695; Burtin,
1784; Mantell, 1822). It was naturalist William Buckland that correctly identified their
animal origin, linking them specifically to animal excrement which had undergone
subsequent fossilisation (Buckland, 1829). Drawing inspiration from the Greek words
“copros” and "lithos” (meaning “dung” and “stone” respectively), he later coined the

term “coprolite” for these trace fossils (Buckland, 1829).

Following this recognition by Buckland, coprolites have been studied with intermittent
interest over the last two centuries. There is now an extensive and growing literature
on coprolites, with the discovery of late Paleozoic and Mesozoic localities with
coprolite assemblages in North America (e.g., Hunt, 1992, Krishnaswamy et al.,
1994, Chin et al., 2003, Hunt and Lucas, 2005a, Hunt and Lucas, 2005c, Chin et al.,
2009, Chin, 2007, Hunt et al., 2007, Cantrell et al., 2012, Hunt et al., 2012b, 2012c,
2013a, 2018), South America (e.g., Souto, 2001, 2007, Schwanke and Souto, 2007,
Souto, 2008, Alves, 2010, Souto, 2010, Souto and Schwanke, 2010, Souto and
Fernandes, 2015, Dentzien-Dias et al., 2012, 2013, 2017, 2021), and Europe (e.g.,
Silantiev et al., 2000a, b, Diedrich, 2009, Duffin, 2012, Bajdek, 2013, Niedzwiedzki et
al., 2016a, b, Qvarnstrom et al., 2016, Bajdek et al., 2017, Qvarnstrom et al., 2017,
2018, Barrios-de Pedro et al., 2018, 2019, Bajdek et al., 2019, Qvarnstréom et al.,
2019a-c, Bajdek and Bienkowska-Wasiluk, 2020, Duffin and Ward, 2020, Qvarnstrom

et al., 2021) renewing interest in the last few decades.

The oldest identified vertebrate coprolites are from the Early Ordovician (e.g.,
Conway Morris and Robison, 1986, Tolmacheva, 1996, Tolmacheva and Purnell,
2002, Stewart and Nicoll, 2003), rare occurrences are documented through the
middle/late Ordovician (e.g., Caster and Kjellesyig-Waering, 1964 , Selden, 1979,
Aldridge et al., 2006, Briggs et al., 2015, Liu et al., 2017, Hawkins et al., 2018),
Silurian (e.g., Strickland and Hooker, 1853, Gilpin, 1886, Murchison, 1867, Rolfe,
1973, Selden, 1984, Gilmore, 1992, Turner and Peterson, 1999), into the Devonian
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where they become more common (e.g., Branson, 1914, Rayner, 1963, Trewin,
1986, McAllister, 1996, Bartels et al., 1998, Maisey and Melo, 2005, Wagner et al.,
2006, Trewin, 2008, Newman and Davidson, 2010, Hunt et al., 2012b, Kihl et al.,
2012, Zaton and Rakocinski, 2014) and into the Carboniferous where larger
morphotypes appear (e.g., Buckland, 1836, Price, 1927, Bayer, 1934, Johnson,
1934, Zidek, 1980, McAllister, 1988, Shabica and Godfrey, 1997, Falcon-Lang et al.,
2006, Lucas, 2006, Mansky et al., 2012, Hunt et al., 2012b-i, Krzykawski et al., 2014,
Lomax et al., 2016, Chipman et al., 2020, Bingham-Koslowski et al., 2021, Hunt and
Lucas, 2021).

Permian coprolite abundances are highly variable and geographically wide-spread
(Hunt and Lucas, 2013, Hunt and Lucas, 2021). The non-marine red beds of
southwestern America are particularly abundant in coprolites and these coprolite
assemblages have allowed for specimens from their assemblages to be assigned to
ichnotaxa (Hunt et al., 1998, Hunt and Lucas, 2013, Hunt and Lucas, 2021). The
current list of ichnotaxa include Alococopros triassicus (Cantrell et al., 2012),
Dakyronocopros arroyoensis (Hunt and Lucas, 2005a, Cantrell et al., 2012)
Heteropolacoprus sp. (Williams, 1972, McAllister, 1985 , Hunt et al., 2012c, 2012d),
Heteropolacopros texaniensis (Hunt and Lucas, 2005a, Cantrell et al., 2012, Hunt et
al., 2013a), Hyronocopros amphipola (Hunt et al., 2005a, 2013a) Liassocoprus sp.
(Gaudy, 1887, Hunt et al., 2012c, 2012d), Malericoprus sp. (Hunt et al., 2012c,
2012d), Megaheteropolacopros sidmcadamsi (Hunt and Lucas, 2005a, Hunt et al.,
2005b, 2013a), Saurocoprus sp. (Hunt et al., 2012c, 2012d), Strophocoprus sp.
(Hunt et al., 2012c, 2012d) and Strophocoprus valensis (Hunt and Lucas, 2005a,
Hunt et al., 2005b, 2013a).

Much like the Permian coprolites, Triassic coprolites are abundant in non-marine red
beds (Hunt and Lucas, 2021). At present, most Triassic coprolites mentioned or
described in the literature come from Upper Triassic deposits (Hunt et al., 2007, Hunt
et al., 2013b, Zaton et al., 2015). Less research has been done on Lower Triassic
coprolites, with the only well-described specimens coming from Australia
(Northwood, 1997, 2005) where three morphotypes were recognised: amphipolar;

longitudinally striated; and indeterminate. Hunt et al. (2007) subsequently assigned



these Lower Triassic amphipolar coprolites to the ichnotaxon Hyronocopros
amphipola and the longitudinally striated specimens to Alococopros triassicus. Lower
Triassic coprolites from rocks of the Karoo Supergroup of South Africa were briefly
mentioned by Bender and Hancox (2004), where their abundance and inclusions
were noted, and by Yates et al. (2012), who reported on two freshwater bivalve
species preserved in coprolites that gave evidence of the “Lilliput effect” affecting the

Early Triassic recovery fauna at Driefontein.

8.2. Utility of Coprolites

It was in the 1990s that studies on some distinctive and recurring coprolite
morphologies demonstrated that they have restricted stratigraphic ranges (Hunt,
1992, Hunt et al., 1993, 1998). This indicated to researchers that coprolites could be
useful in studies on biostratigraphy, biogeography and biochronology (Hunt et al.,
1993, 1998). Hunt and colleagues (1998) however indicated that the lack of a
classification scheme for coprolites hindered their utility, not only in terms of
biostratigraphy, biogeography and biochronology but also other potential
palaeobiological applications. They therefore strongly advocated for the use of
binomial nomenclature (e.g., Hunt and Lucas, 2017, Hunt et al., 2018, Hunt and
Lucas, 2021Db) to refer to distinct, recurring coprolite morphologies, naming what are

now widely considered to be the first valid coprolite ichnotaxa (Hunt et al., 1998).

Assigning coprolites to ichnotaxa requires a good understanding of who produced
them. Assigning producers, however, is challenging because a single individual can
produce faeces of various sizes and morphologies and conversely, because different
animals can also produce similar-looking faeces. This means that a coprolite
morphotype is not necessarily unique to an individual taxon, prompting most authors
to advocate for the use of morphotypes instead (e.g., Duffin, 2010, Eriksson et al.,
2011, Laojumpon et al., 2012, Hansen et al., 2016, Francischini et al., 2016, Milan et
al., 2018, Rakshit et al., 2019, Rummy et al., 2021). The morphotypes allow for
differentiation in a coprolite assemblage and then if researchers have a good

understanding of the body- and trace fossil record and the contents of the coprolites,



researchers can identify their potential producers and make use of ichnotaxonomy.
As a result, most modern studies on coprolite assemblages utilize only morphotypes,
(few utilize formal ichnotaxonomy and morphotypes) for biostratigraphy,
biogeography and biochronology investigations (e.g., Hunt, 1992, Chin and Kirkland,
1998, 2003, Hunt et al., 2005a, 2013b, 2018, Knaust, 2020, Hunt and Lucas, 2020),

as well as the building of palaeoenvironmental transects (Hunt and Lucas, 2017).

The soft nature of faeces before fossilisation means they are subject to rapid
degradation by both biotic and abiotic processes (Seilacher et al., 2001, Chin et al.,
2003, Hollocher and Hollocher, 2012, Qvarnstrom et al., 2016). Rapid burial during
early taphonomic stages minimises mechanical degradation and can partially or
completely inhibit microbial decomposition (Hollocher et al., 2001, Chin, 2002,
Dentzien-Dias et al., 2017, Rodrigues et al., 2018). Bacterial autolithification is
encouraged instead, a process during which bacteria whose metabolic pathways
produce phosphates and iron sulphides as side products mineralise the faeces
(Seilacher et al., 2001, Chin et al., 2003, Hollocher and Hollocher, 2012, Qvarnstrom
et al., 2016, Hunt et al., 1994). This means that under the right environmental
conditions (oxygenation, pH, temperature), coprolites and their organic inclusions
have a high preservation potential (Hunt et al., 1994, Seilacher et al., 2001, Chin et
al., 2003, Hollocher and Hollocher, 2012, Qvarnstrém et al., 2016, Qvarnstrém et al.,
2019c). Coprolites are self-contained potential lagerstétte because they provide a
rare, unique preservation environment; preserving parts of the ecosystem and
structures not normally part of the fossil record (Chin and Kirkland, 1998, 2003,
Dentzien-Dias et al., 2013, Bajdek et al., 2015, Qvarnstrom et al., 2016, Dentzien-
Dias et al., 2017, Qvarnstrom et al., 2017, 2019c, 2019b, 2021).



9. GEOLOGICAL SETTING

The rocks of the Karoo Supergroup cover more than half of the current land surface
of South Africa (~300 000 km?, Smith, 1990). They represent sediment accumulation
across Gondwana when it was still part of the supercontinent Pangea. Because the
sedimentary succession accumulated inland, in front of the Cape Fold Mountain, on
the cratonic side of the fold-thrust belt, the Karoo Basin is considered an
intracratonic, retro-arc, foreland basin (Johnson, 1991, Catuneanu et al., 2005).
Accumulation started with the formation of the supercontinent in the Late
Carboniferous (~300 Ma) and continued until the break-up of Pangea in the Early
Jurassic (~190) Ma, after which the emplacement of basaltic lavas replaced
sedimentation (Catuneanu et al., 1998, Catuneanu et al., 2005, Smith et al., 2020).

The Beaufort Group (Fig. 1) of the Karoo Basin is renowned globally as the reference
section for the terrestrial environmental succession of the Permo-Triassic (P-T)
extinction and the faunal recovery that followed (Hancox et al., 1995, Hancox and
Rubidge, 2001, Bender and Hancox, 2004, Neveling et al., 2005, Smith and Botha,
2005, Nicolas and Rubidge, 2010). This is because this single area of deposition
documents the gap usually present in other global successions between the Permian
and Triassic faunas. The Beaufort Group is dominated by mudstones and siltstones,
with subordinate lenticular and tabular sandstones deposited by a variety of fluvial
systems, but not all the lithostratigraphic subdivisions of the Beaufort Group extend
basin-wide (Catuneanu et al., 2005). They grade eastwards over a palaeohigh known
as the “Willowmore Arch” (Van Eeden, 1972), therefore formations for the lithological
units west of longitude 24°, east of longitude 24° and Free State/KwaZulu-Natal differ
(Catuneanu et al., 2005).

Historically, this division of formations has made the correlation of units difficult on
lithological grounds. The rich diversity of tetrapod fossils with a wide distribution
across the Beaufort Group proved to be an effective way of subdividing thick
monotonous mudstone successions (vertebrate biozones; Kitching, 1977, Keyser
and Smith, 1978, Rubidge et al., 1995, Smith et al., 2020) that allow for an effective
means of correlating units. The updated and refined Beaufort Group vertebrate

biostratigraphic subdivisions (Fig. 1) are listed in stratigraphic order: Eodicynodon,
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Figure 1: Lithostratigraphy, vertebrate biostratigraphy and geochronology of the
Beaufort and Stormberg groups (Karoo Supergroup), east of 24°E, in the Main Karoo
Basin, South Africa. Radiometric age determinations from; (A) Duncan et al., (1997),
(B) Bordy et al., (2020), (C) Botha et al., (2020), (D) Gastaldo et al., (2015), (E)
Rubidge et al., (2013), (F) Day et al., (2015), (G) Gastaldo et al., (2020). Dates
prefaced by < are maximum depositional ages based on detrital zircon analyses.
Wavy lines represent unconformities. Gp=Group, Subgp=Subgroup, Fm=Formation,
M=Member. Adapted from Smith et al., (2020).



Taphinocephalus, Endothiodon, Cistecephalus, Daptocephalus, Lystrosaurus declivis
and Cynognathus Assemblage Zones (AZ) (Smith et al., 2020).

Biostratigraphic ranges indicate that extinction at the end P-T extinction occurred in
three phases as different ecotypes were affected at different times (Smith and Botha-
Brink, 2014). Changes in the sedimentological facies through the P-T boundary
support this theory of a three-phased extinction, indicating climatic drying followed by
increased seasonality and then the onset of an unpredictable monsoon-type rainfall
regime (Smith and Ward, 2001, Smith and Botha-Brink, 2014). The P-T boundary is
thought to coincide with the faunal turnover between the Daptocephalus AZ and
Lystrosaurus AZ, with the faunal recovery during the Early Triassic continuing
through to the lowermost subzone of the overlying Cynognathus AZ (see Fig. 1;
Smith, 1995, Irmis and Whiteside, 2012, Frobisch, 2013, Irmis et al., 2013, Viglietti et
al., 2016, 2021). The macro- and micro-fossils collected from the Burgersdorp
Formation (Beaufort Group) have led to a three-fold subdivision of the Cynognathus
AZ (Fig. 1) into a lower Langbergia-Garjainia Subzone, a middle Trirachodon-
Kannemeyeria Subzone and an upper Cricodon-Ufudocyclops Subzone (Hancox et
al., 2020).

The coprolites in this study are from an Early Triassic post P-T extinction recovery
site on the farm Driefontein 11 in the Bethlehem District of the Free State Province,
South Africa (Fig. 2). The fossiliferous donga exposures on this farm are considered
the stratotype locality for the Langbergia-Garjainia Subzone (Hancox et al., 2020).
Mapping of the local stratigraphy (Hancox et al., 2020) shows that the site consists of
a lower, horizontally-laminated to massive, dark reddish-brown siltstone and
mudstone-dominated unit (Fig. 3, 10R 3/4), which is overlain by light grey fine-
grained sandstones (Fig. 2, 5Y 7/1) and intraformational lag on internal scour
surfaces (Fig. 3, Sei); and an upper unit of dark reddish-brown siltstone and
mudstone which is intercalated with thin (>1m) sandstones (Fig. 3, 10R 3/4). These
are here interpreted as having formed in lacustrine, channel belt, and overbank

depositional settings respectively.

The lag deposit (Fig. 3, Sei) is exceptionally fossil-rich, reaching clast-on-clast

density in some places and this is where the bulk of the material has been collected
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from as float (Hancox et al., 2020). This diverse fossil assemblage includes
thousands of isolated cranial bones, teeth, scales, and coprolites (Hancox et al.,
1995, Shishkin et al., 1995, Hancox and Rubidge, 1997, 1998b, Damiani and
Welman, 2001, Neveling, 2002, 2004, Bender and Hancox, 2004, Neveling et al.,
2005, Yates et al., 2012, Montgomery, 2019, Hancox et al., 2020). This has led to the
identification of several taxa including numerous amphibians, actinopterygians,
chondrichthyans, dipnoans, procolophonids, archosauromorphs, cynodonts and
therocephalians as well as four coprolite ichnotaxa; Alococopros triassicus,
Heteropolacopros, Hyronocopros amphipola, and Eucoprus cylindratus and an
arthropod trackway (Hancox et al., 1995, Shishkin et al., 1995, Hancox and Rubidge,
1997, Hancox, 1998a, Damiani and Welman, 2001, Neveling, 2002, Bender and
Hancox, 2003, 2004, Neveling, 2004, Neveling et al., 2005, Yates et al., 2012,

Hancox et al., 2020; see Appendix A for full faunal list).
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Figure 2: Locality map and geological setting of Driefontein 11 farm in the eastern
Free State of South Africa. Adapted from Yates et al. (2012)
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10.MATERIALS AND METHODS
10.1. Materials

The 47 coprolites described here, are all from the farm Driefontein 11 in the
Nketoana Local Municipality, Free State Province, South Africa. The coprolites were
collected in situ from the lower fines and overbank fines (Fig. 3, 10R 3/4) and as float
from the lag deposit (Fig. 3, Sei) by Dr. P. John Hancox and colleagues. The
coprolites in this study are part of the extremely large collection of coprolites (~30,
000 specimens) retrieved from Driefontein 11 over the last three decades and are
housed at the Evolutionary Studies Institute (ESI), University of the Witwatersrand
(WITS), Johannesburg, South Africa. The specimens have been catalogued into a
new dedicated coprolite series (BP/21/) created with the support and guidance of Dr.
Bernhard Zipfel, University Curator of Collections at the ESI (see Table 3 for full list).
Each of these catalogue entries represent one coprolite specimen.

In my Honours research (Montgomery, 2019) | sorted the large Driefontein collection
into distinct morphotypes based on obvious morphological differences and size.
Eleven morphotypes (see Table 1) were identified from the 30,000 coprolites, three
of which were assigned to previously defined ichnotaxa namely, Alococopros
triassicus, Eucoprus cylindratus and Hyronocoprus amphipola. The 47 coprolites in
this study are a representative sample of the morphotypes identified in my Honours

research.

10.2. Methods
10.2.1. Microtomography (micro-CT)

CT-scanning of 47 coprolites allowed for non-destructive investigation of the
microstructures and microfossils contained within coprolites. The coprolites were
scanned in the Nikon Metrology XTH 225/320 LC dual source micro-CT system, at
the MicroFocus CT scanning facility, ESI, WITS, Johannesburg, South Africa. This
scanner uses the manufacturer's Inspect-X software for controlling the machine and

for image reconstruction. For maximum operational flexibility, the machine is

13



equipped with both rotating and static reflection 225 kV targets and a more powerful

320 kV static target to enable denser fossils to be penetrated.

To obtain detailed 3D images of the coprolites, 3141 projections were created of the
rotating specimens with varying parameters for the beam energy (kV) and current
(WA) of the X-ray source (see Table 2 for scanning parameters). The magnification of
the projected fossil images on the panel resulted in relatively small isotropic voxel
(3D pixel) size (um), giving very fine special resolution (see Table 2 for isotropic
voxel sizes). Automated protocols for correcting beam hardening and reducing noise
were applied during the reconstructions of the projections. Visualisation and analysis
software package VGStudio Max (version 3.2) from Volume Graphics was used to
study the resulting CT-slice images and generate 3D reconstructions of microfossil

inclusions.

10.2.2. Coprolite Microstructure and Microfossil Analyses

Coprolite microstructures are studied with the aim of establishing the link between
the feeding behaviours, dietary composition, and digestive strategies of the
perpetrators. This has been done in other studies by characterising the coprofabrics
(spatial and geometric configuration of all the coprolite elements) using petrographic
thin sections (Eriksson et al., 2011, Barrios-de Pedro et al., 2020, Qvarnstrom et al.,
2019b) and thus focus on mineral composition and grain size of the ground mass
along with the presence/absence of inclusions and the type of inclusions. In this
study however | have used CT-slice images (non-destructive means) to characterise
coprofabric.

Coprolite microfossils were studied with the aim of identifying the inclusions to the
lowest taxonomic level possible. Most studies do this by studying the inclusions
visible on the external surface or by employing destructive techniques. In this study |
used the region-growing tools in VGStudio Max to isolate regions of interest in the
CT-slice images for microfossil inclusions, which | then reconstructed in 3D. The
reconstructions were then used to identify the taxa from the assemblage to the

lowest taxonomic level where possible.
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A multivariate dataset was created in excel (see Appendix B, Table 4) that consists of
nominal, numeric and binary variables. Nominal variables include the
ichnotaxa/morphotype (identified in my Honours research [Montgomery, 2019]) and
the coprofabrics. The numeric variables are the maximum length and diameter in
centimetres (cm) per coprolite specimen. Lastly, the types of inclusions (arthropods,
bacteria, bones, gastroliths, scales, shells, teeth and unknown) and the taphonomic
features (microvesicles, cracks, secondary precipitation, and invertebrate burrows)
are recorded as binary variables where “0” means the variable is not present in the

coprolite and “1” means it is present.

10.2.3. Coprolite ordination

To make meaningful comparisons between coprofabrics and coprolite morphotypes,
and to determine if coprolites are indicative of the perpetrators’ diets, statistical
analysis was carried out. The statistical analysis was carried out using the raw data
on the type of coprolite inclusions documented per specimen (see Appendix B, Table
4). Coprolite specimens that do not contain inclusions were excluded from this
analysis. | ordinated the binary data to assess variance in inclusions using non-metric
multidimensional scaling (NMDS). This method is a preferred approach for teasing
out structural patterns from large, multidimensional (multivariate) datasets and
visualising the patterns in two dimensions (Ramette, 2007, Dexter et al., 2018), like

this dataset (see Appendix B, Table 4).

The following methods were performed in RStudio v.2022.02.0.443 (RStudio Team,
2022) to compare the coprolite morphotypes using the raw inclusion dataset. First,
the function dist (method = “binary”) was used to calculate the dissimilarities and
construct a specimen distance matrix. The resulting distance matrix was subjected
to NMDS analysis with the function the R vegan package metaMDS and to alleviate
any issues of non-convergence 100 iterations were performed. The resultant value of
ordination stress was used to assesses how faithfully the multidimensional
relationships among the coprolite inclusions are represented in the two-dimensional

ordination plot. A stress value of less than 0.2 is required for useful two-dimensional
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visualisations (Zuschin et al., 2006, Tyler and Kowalewski, 2014, Dexter et al., 2018).
The metaMDS results were used to generate two plots, one that highlights potential
groupings based on the coprofabrics defined in this study and the other based on the
morphotype assignations. These plots we produced by using the ggplot function +
geom_polygon + geom_jitter (see Appendix C for full R script).
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Table 2: List of coprolites micro-CT scanned from the Driefontein collection, along with their maximum length and diameter (cm)
and their scanning parameters namely, beam energy (kV), current (LA), frame rate (fps), frame averaging (fa), filters and voxel size
(mm).

Maximum ngimum Beam Current Frame Framg , Isotropic Voxel
Sample # Length Diameter | Energy (LA) Rate (fps) Averaging Filters Size (um)
(cm) (cm) (kV) (fa)

BP/21/1 4.45 2.3 135 170 1 2 1.2 Cu 288.251329
BP/21/108 1.96 1.04 130 170 0.7 2 1.2 Cu 26.718
BP/21/109 2.17 0.73 140 140 1 2 1.2 Cu 12.58
BP/21/12 2.49 1.76 140 150 1 2 1.2 Cu 20.233
BP/21/147 4.37 1.98 135 170 1 2 1.2 Cu 36.956721
BP/21/161 5.31 241 140 150 1 2 1.2 Cu 29.865
BP/21/170 5.02 2.39 135 170 1 2 1.2 Cu 46.360716
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Maximum ngimum Beam Current Frame Fram_e : Isotropic Voxel
Sample # Length Diameter | Energy (LA) Rate (fps) Averaging Filters Size (um)
(cm) (cm) (kV) (fa)

BP/21/186 4.16 2.59 135 170 1 2 1.2 Cu 35.798718
BP/21/190 4.79 2.29 135 170 1 2 1.2 Cu 36.956721
BP/21/191 3.54 2.81 135 170 1 2 1.2 Cu 35.798718

BP/21/2 4.69 1.4 100 140 1 2 0.5Cu 32.441541
BP/21/243 2.48 2.17 140 140 1 2 1.2 Cu 17.324
BP/21/262 1.66 1.35 140 140 1 2 1.2 Cu 15.835346
BP/21/263 1.46 0.63 100 140 1 2 0.5Cu 16.724088
BP/21/272 2.71 0.83 140 140 1 2 1.2 Cu 17.828919
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Maximum ngimum Beam Current Frame Fram_e : Isotropic Voxel
Sample # Length Diameter | Energy (LA) Rate (fps) Averaging Filters Size (um)
(cm) (cm) (kV) (fa)
BP/21/273 2.51 0.73 130 170 0.7 2 1.2 Cu 26.718
BP/21/275 1.88 0.73 100 140 1 2 0.5Cu 14.805602
BP/21/289 1.98 1.94 130 170 0.7 2 1.2 Cu 26.718
BP/21/302 0.42 0.42 135 135 0.7 2 1.2 Cu 23.648287
BP/21/31 4.87 2.48 100 140 1 2 0.5Cu 32.441541
BP/21/314 0.73 0.52 135 135 0.7 2 1.2 Cu 23.648287
BP/21/316 1.77 0.83 130 180 1 2 0.5Cu 34.383664
BP/21/319 1.35 0.42 140 140 1 2 1.2 Cu 14.037
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Maximum ngimum Beam Current Frame Fram_e : Isotropic Voxel
Sample # Length Diameter | Energy (LA) Rate (fps) Averaging Filters Size (um)
(cm) (cm) (kV) (fa)

BP/21/320 1.25 0.62 140 140 1 2 1.2 Cu 10.988

BP/21/322 0.94 0.52 140 140 1 2 1.2 Cu 11.419006
BP/21/325 4.89 2.18 135 170 1 2 1.2 Cu 36.956721
BP/21/326 1.98 0.73 100 140 1 2 0.5Cu 14.805602
BP/21/329 5.41 2.39 100 140 1 2 0.5Cu 32.441541
BP/21/33 4.25 2.6 135 170 1 2 1.2 Cu 27.523652
BP/21/330 1.87 0.62 140 140 1 2 1.2 Cu 12.850744
BP/21/353 5.62 2.51 135 170 1 2 1.2 Cu 46.360716
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Maximum ngimum Beam Current Frame Fram_e : Isotropic Voxel
Sample # Length Diameter | Energy (LA) Rate (fps) Averaging Filters Size (um)
(cm) (cm) (kV) (fa)
BP/21/379 1.97 1.87 140 140 1 2 1.2 Cu 17.323514
BP/21/421 0.4 0.6 100 140 1 2 0.5Cu 20.126086
BP/21/422 1 0.6 100 140 1 2 0.5 Cu 20.126086
BP/21/423 6.86 3.12 90 110 1 2 3 Al 25.08753
BP/21/424 1.87 0.72 130 160 1 1 0.5Cu 33.053
BP/21/426 1.97 1.04 130 170 0.7 2 1.2 Cu 26.718
BP/21/427 1.25 0.83 130 180 1 2 0.5Cu 34.383664
BP/21/428 2.08 0.83 140 140 1 2 1.2 Cu 15.848
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Maximum ngimum Beam Current Frame Fram_e : Isotropic Voxel
Sample # Length Diameter | Energy (LA) Rate (fps) Averaging Filters Size (um)
(cm) (cm) (kV) (fa)
BP/21/429 1.14 0.52 140 140 1 2 1.2 Cu 11.468
BP/21/430 1.03 0.2 140 140 1 2 1.2 Cu 10.988
BP/21/431 1.56 1.24 140 140 1 2 1.2 Cu 17.414598
BP/21/432 1.04 1.24 140 145 1 2 1.2 Cu 17.427313
BP/21/54 4.37 2.39 130 160 1 2 0.5Cu 33.053153
BP/21/55 3.95 1.87 100 140 1 2 0.5Cu 32.447876
BP/21/56 2.71 2.58 130 160 1 2 0.5Cu 33.053153
BP/21/96 2.27 1.23 140 140 1 2 1.2 Cu 12.187
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11. RESULTS

In general, the CT scans show marked variation in ground mass density in the
majority of coprolites. These variations in density allow for the characterization of
different coprofabrics (Fig. 4-9). Coprolite inclusions are abundant, of diverse nature,
and often heterogeneously distributed. They include fully articulated bivalve molluscs,
arthropod beetles missing their abdomens, fragmentary vertebrate jaw elements, ribs
and long bones, and an abundance of fish scales (Fig. 10-14). The NMDS analysis
shows that while the majority of the coprolite specimens have no variation in
inclusion types, others show either intramorphotype and/or intermorphotype variation
in inclusion types (Fig. 16) and that there is a large overlap in the space occupied by
coprolite specimens with heterogeneous massive and heterogenous zoned

coprofabrics (Fig. 15).

11.1. Coprofabrics
11.1.1. Homogenous Coprofabrics

The ground mass of a small portion (15%) of the Driefontein 11 coprolites have no
internal structure, habit or layering (hereafter “massive”) and show no density
differences (hereafter “homogenous”) and are thus considered to have a massive
homogenous coprofabric (Fig. 4). These specimens contain no microfossil inclusions
but coprolite BP/21/329 (Fig. 4C) does contain spherical inclusions with a low-density
rim and anastomosing high density network that travels through that rim that is
connected to a higher density core (~1.5 mm in diameter). These are potentially
gastroliths but this cannot be confirmed at the current resolving power. Secondary
mineral precipitation has infilled internal microfractures in coprolites BP/21/1 (Fig.
4A), BP/21/31 (Fig. 4B) and BP/21/329 (Fig. 4C), and overprinted some of the
ground mass in coprolite BP/21/1 (Fig. 4A) in a dendritic pattern. Coprolites
BP/21/108 (Fig. 4E) and BP/21/302 (Fig. 4F) possess internal microvesicles, while a
tunnel runs through coprolite BP/21/302 (Fig. 4F), and elongate, often shallow
tunnels that open the surface are present in BP/21/302 (Fig. 4G).
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Figure 4: Longitudinal CT-slice images of coprolites BP/21/1 (A), BP/21/31 (B),
BP/21/329 (C), BP/21/56 (D), BP/21/108 (E), BP/21/302 (F) and BP/21/314 (G) from
Driefontein 11 with massive, homogenous coprofabrics. A-D: Scale bar = 8 mm, E:
Scale bar = 4.5 mm, F-G: Scale bar = 2 mm. Abbreviations: ck, crack; cs, cleavage
scar; dmp, dendritic mineral precipitation; g, gastrolith; gm, ground mass; ib,
invertebrate burrow; ic, infilled crack; mv, microvesicles; smp, secondary mineral
precipitation.

11.1.2. Heterogenous Coprofabrics

The majority of the coprolites (85%) from Driefontein 11 have a ground mass with
spatial density differences (heterogenous). These heterogenous coprolites are either
massive (Fig. 5), or they are zoned (Fig. 6-9), with the density differences arranged
as concentric layers. Where the layering is defined by outer boundaries displacing
inner layers (Fig. 5E, F; 6C) the coprofabric is defined as zoned, folded and
heterogenous. In some coprolites there is a distinct outer layer, and the inner ground

mass has a spotted density distribution (Fig. 6B, D-F), these coprofabrics are defined
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as zoned, mottled and heterogenous. Lastly, the layering is not always defined by
distinct density differences but rather graduated ones (Fig. 7, 8), these coprofabrics

are defined as zoned, muddled and heterogenous.

Microfossil inclusions are common with no distinct arrangement and distribution in
massive, heterogenous coprofabrics (Fig. 5) but in zoned, heterogenous coprofabrics
(Fig. 6-9) they are arranged according to the concentric layering. In some of these
coprolites the boundaries between the inclusions and the ground mass are well
defined (Fig. 5E, F; 6A; 7C; 8I; 9C) but in most the boundaries are indefinite (Fig. 5B;
6C; 7E; 8G; 9A-E). Sometimes the inclusions are preserved as negative moulds (Fig.
5B, E; 6B, C, E; 8J; 9B). Small spherical inclusions (~1.5 mm in diameter) with a low-
density rim and anastomosing high density network that travels through that rim are
visible in BP/21/423 (Fig. 7A), BP/21/12 (Fig. 8E) and BP/21/431 (Fig. 8H). These
are potentially gastroliths but this cannot be confirmed at the current resolving power.
Internal microvesicles (Fig. 5C-E, G-I; 6A-E; 7A, B; 8A, B, D; 9B, C, E) and fracturing
(Fig. 5A, D, H; 6B, E; 7A, B; 8A, E, F) are present in some specimens from both
coprofabrics. Elongate, narrow tunnels that open onto the external surfaces are
observed in BP/21/289 and BP/21/190 (Fig. 7D; 8D) and a larger tunnel, traveling all
the way through the coprolite is present in BP/21/429 (Fig. 8l1). Secondary mineral
precipitation has infilled internal fractures in coprolites BP/21/289 (Fig. 7E) and
BP/21/12 (Fig. 8E) and replaced original gastrolith minerology in coprolite BP/21/12
(Fig. 8E) and microfossil inclusions in coprolite BP/21/55 (Fig. 6A), BP/21/54 (Fig.
8G), BP/21/272 (Fig. 9A) and BP/21/421 (Fig. 9C).
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Figure 5: CT-slice images of coprolites BP/21/161 (A), BP/21/316 (B), BP/21/320
(C), BP/21/426 (D), BP/21/428 (E), BP/21/263 (F), BP/21/96 (G), BP/21/379 (H) and
BP/21/427 (1) from Driefontein 11 with massive, heterogenous coprofabrics both in
longitudinal (A1, B1, C1, D1, E1, F1, G1, Hi, 11) and transverse (A2, B2, C2, D2, Ez2, F2,
G2, Hz, I2) views. A: Scale bar =5 mm, B-I: Scale bar = 4 mm, J: Scale bar = mm
Abbreviations: ck, crack; cs, cleavage scar; gm, ground mass; i, inclusions; ic, infilled
crack; mv, microvesicles; smp, secondary mineral precipitation. Yellow dotted lines
demarcate density differences in the coprolite ground mass.
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Figure 6: CT-slice images of coprolites from Driefontein 11 with muddled zoned,
heterogenous coprofabrics both in longitudinal (A1, B1, C1, D1, E1, F1) and transverse
(A2, B2, C2, D2, E2, F2) views. BP/21/55 (A), BP/21/33 (B), BP/21/262 (C), BP/21/147
(D) and BP/21/423 (G) are coprolites with zoned, heterogenous coprofabrics.
BP/21/2 (E), BP/21/275 (F) are coprolites with folded, zoned, heterogenous
coprofabrics. A-B: Scale bar = 8 mm, C: Scale bar = 4 mm, D-E: Scale bar = 8 mm,
F: Scale bar = 3 mm. Abbreviations: ck, crack; cs, cleavage scar; gm, ground mass; i,
inclusions; mv, microvesicles; smp, secondary mineral precipitation. Yellow dotted
lines demarcate density differences in the coprolite ground mass.
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Figure 7: CT-slice images of coprolites from Driefontein 11 with muddled zoned,
heterogenous coprofabrics both in longitudinal (A1, Ba, Ca1, D1, E1, F1) and transverse
(A2, B2, C2, D2, E2, F2) views. BP/21/423 (A) is a coprolite with zoned, heterogenous
coprofabric. BP/21/427 (C) is coprolite with folded, zoned, heterogenous coprofabric.
BP/21/170 (B), BP/21/186 (D), BP/21/289 (E) and BP/21/109 (F) are coprolites with
mottled, zoned, heterogenous coprofabrics. A: Scale bar = 8 mm, B-D: Scale bar =
10 mm, E: Scale bar = 4 mm, F: Scale bar = 3 mm. Abbreviations: ck, crack; cs,
cleavage scar; g, gastroliths; gm, ground mass; i, inclusions; ib, invertebrate burrow;
mv, microvesicles; smp, secondary mineral precipitation. Yellow dotted lines
demarcate density differences in the coprolite ground mass.
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Figure 8: CT-slice images of coprolites from Driefontein 11 with zoned,
heterogenous coprofabrics both in longitudinal (A1, B1, C1, D1, E1, F1, G1, H1, I1,
J1) and transverse (A2, B2, C2, D2, E2, F2, G2, H2, 12, J2) views. (A) BP/21/353, (B)
BP/21/325, (C) BP/21/191, (D) BP/21/190, (E) BP/21/12, (F) BP/21/243, (G)
BP/21/54, (H) BP/21/431, (1) BP/21/429, (J) BP/21/422. A-D: Scale bar = 10 mm, E-J:
Scale bar =5 mm. Abbreviations: ck, crack; cs, cleavage scar; g, gastroliths; gm,
ground mass; i, inclusions; ib, invertebrate burrow; mv, microvesicles; smp,
secondary mineral precipitation. Yellow dotted lines demarcate density differences in
the coprolite ground mass.
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Figure 9: CT-slice images of coprolites BP/21/272 (A), BP/21/319 (B), BP/21/421
(C), BP/21/330 (D) and BP/21/430 (E) from Driefontein 11 with zoned, heterogenous
coprofabrics both in longitudinal (A1, B1, C1, D1, E1) and transverse (Az, Bz, Cz, Dz,
E2) views. A-E: Scale bar =5 mm. Abbreviations: gm, ground mass; i, inclusions; mv,
microvesicles; smp, secondary mineral precipitation. Yellow dotted lines demarcate
density differences in the coprolite ground mass.
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11.2. Inclusions

Thirty-three coprolites from the representative sample of the Driefontein 11 coprolite
assemblage contain microfossil remains of varying amounts, sizes, distribution, and
type. Most of these coprolite specimens (58%) contain inclusions that have either
large degrees of digestion or are highly fragmented, making them difficult to near-
impossible to identify. Five coprolites (BP/21/422, BP/21/2, BP/21/161, BP/21/263
and BP/21/421; Fig.10-13) contain elements belonging to several prey items, that
allow for systematic identification. Invertebrates identified include at least two
unionoid taxa (Fig. 10) and five arthropod taxa (Fig. 11, 12), three of which belong to
the order Coleoptera (Fig. 12). Vertebrates identified include fishes represented by
an abundance of scale inclusions, a dipnoan lungfish (Fig. 13) and two indeterminate

tetrapods (Fig. 13, 14). The following section reviews their morphology.

11.2.1. Invertebrates

Mollusca

Class Bivalvia

At least twelve fully articulated bivalves are preserved in coprolite BP/21/422 (Fig.
10). Some moulds of bivalves are present on the external surfaces, but the majority
of the specimens are preserved internally. Most of the bivalves are similar in size
(0.09-1.3 mm in length, 0.08-1.2 mm in breadth), and differences in the hinge and
umbo morphology are indicative of at least two different taxa, A-B (Fig. 10C, D). In
both taxa A and B the anterior end is distinctly truncated with a rounded margin,
while the posterior end protrudes well beyond the hinge with a wide, oval and
rounded-triangular margin (Fig. 10C2, D2). Meaning the shells of both taxa are
equivalve and inequilateral, elliptical, and flat. Taxon A specimens (Fig. 10C) have a
short and narrow hinge plate, and a protruding umbo that is dorso-laterally (Fig.
10C>) located. Taxon B specimens have a broad and long hinge plate with a
protruding umbo that is mediolaterally (Fig. 10D2) located. Low resolution obscures

details of the hinge such that it cannot be determined if it was edentulous or not.
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Figure 10: Contents of coprolite BP/21/422, assigned to morphotype 1. (A) Lateral
view of coprolite BP/21/422, (B) Semi-transparent rendering of coprolite with at least
twelve articulated bivalves along with other currently unidentifiable inclusions, (C)
Taxa A and (D) Taxa B in anterior (C1,D1) and lateral (C2, D2) view. A-B: Scale bar =
1 cm, C-D: Scale bar = 0.3 mm. Abbreviations: am, anterior margin; dm, dorsal
margin; gl = growth lines; pm, posterior margin; umb, umbo; vm, ventral margin.

Arthropoda

Arthropod remains are present in coprolite BP/21/161 (Fig. 11). It contains at least
two different arthropod taxa. It is unclear whether the body segment that represents
Taxon A (Fig. 11C) is the thorax or abdomen of this arthropod due to the lack of any
diagnostic features. The element is approximately 6 mm long and 1.37 mm wide,
folded over and consists of ten segments each approximately 0.6 mm long. Due to
the lack of any distinct anterior or posterior features it is also not possible to orient
the element. Taxon B (Fig. 11E) is represented by a fully articulated leg that is
approximately 6.42 mm long. Whether it is a left or right leg is unclear. The trochanter
is small (diameter is 0.34 mm), the femur is narrow and elongate (2.12 mm), the tibia
is slender, slightly bent inward (2.64 mm) and the tarsus is short (1.01 mm) but the
number of tarsomeres and any subdivisions is not clearly visible due to limited
resolution. BP/21/161 also preserves several negative moulds of crescent shapes, all

similar in size (~ 1.53 mm) and with a crescent morphology (Fig. 11D). These are
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tentatively identified as eggs but due to the lack of visible diagnostic features it is

impossible to say if they belong to arthropods of parasites.

Figure 11: Contents of coprolite BP/21/161, assigned to morphotype 2. (A) Ventral
view of BP/21/161, (B) Semi-transparent rendering of coprolite with arthropod
remains along with other currently unidentifiable inclusions, (C) segmented arthropod
body in lateral (C1) and dorsal (C2) view that represent Taxa A, (D) tentative
arthropod egg in lateral (D1) and dorsal (D2) view that represents Taxa B, (E)
articulated arthropod leg in lateral view. A-B: Scale bar = 1 cm, C-E: Scale bars =
0.75 mm. Abbreviations: ae, anterior end; dp, digestive pitting; fem, femur; pe,
posterior end; seg, segments; tar, tarsus; tib, tibia; tro, trochanter.

Order Coleoptera

The remains of at least eleven beetles in various states of preservation are present in
coprolite BP/21/2 (Fig. 12). The majority of these are highly digested and can only be
identified as possible beetle remains because some leg segments and a vague head
and thorax are still visible (Fig. 12F). Three of the beetle inclusions (Fig. 12C-E) are
fairly well preserved, missing their abdomens, some legs, mouth parts and either
their entire antennae or segments of them. These three beetle inclusions are
approximately the same width (1.2-1.4 mm) but vary in length (2-3.3 mm) depending
on where they were broken posteriorly. Their morphological features are also
variable, which indicates that there are at least three beetles with varying

morphologies present. Specimen A (Fig. 12C) consists of an articulated head (1.07
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mm) and thorax (1.64 mm). The head is just as wide as the thorax and subquadrate,
narrowing slightly anteriorly before terminating in line with the antennae in a flat, wide
anterior margin. Based on the left scapus, the antennae are inserted antero-dorsally
in a depressed area between the eyes. No other segments of the antennae have
been preserved. Specimen B (Fig. 12D) consists of an articulated head (0.98 mm)
and thorax (1.4 mm). The posterior margin of the head is subquadrate and just as
wide as the thorax. It gradually narrows anteriorly behind the eyes and then strongly
narrows into a rounded anterior margin in front of the eyes. The insertion site of the
antennae is unclear. Specimen C (Fig. 12E) consists of an articulated head (1.43
mm) and thorax (1.91 mm). The posterior margin of the head is subquadrate and
slightly wider than the thorax. The head gradually widens anteriorly until it reached
the approximate middle along the lateral margin where it starts to narrow before the
eyes, creating a rounded shape, after which it strongly narrows after the eyes into a
rounded triangular shape. The position of the eyes is unclear, but the antennae insert
antero-dorsally in a depression, the right antennae socket is visible, and a large
portion of the left antenna is preserved. Due to low resolution the exact morphology
of any legs, antennae, mouth parts and the different constituents of the thorax in all

three taxa remain unclear.
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Figure 12: Contents of coprolite BP/21/2, assigned to the existing ichnotaxon
Alococoprus triassicus. (A) Lateral view of BP/21/2, (B) Semi-transparent rendering
of coprolite with at least eleven beetles (in green and indicated with black arrows)
along with other currently unidentifiable inclusions, (C) specimen A, (D) specimen B,
(E) specimen C and (F) unidentifyable taxa of beetles in various states of
preservation, (C1,D1,E1,F1) lateral view, (C2,D2,E2,F2) dorsal view. A-B: Scale bar =1
cm, C-F: Scale bar = 0.65 mm. Abbreviations: ant, antenna; as, antenna socket; dp,
digestive pitting; es, eye socket; fem, femur; hd, head; Igs, legs; s, scape; thx, thorax;
tib, tibia.
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11.2.2. Vertebrates

Pisces

Scales are the dominant identifiable inclusion in the coprolite assemblage, making up
23.53% of the inclusions. They are visible in the CT-slice images and thin, elongate
inclusions that taper towards the ends (Fig. 4E, F; 5A, 6D, E; 7G, I; 8B-D). Coprolite
BP/21/263 (Fig. 13B) shows the dominant ganoid scale morphotypes found across
the sample. This coprolite contains at least 20 scales, seemingly randomly arranged,
none of which are visible on the external surface (Fig. 13A). There is some variation
in scale shape and size. Highly fragmented scales are present, along with
rhomboidal scales, between 1.95-2.81 mm long and 1.39-1.16 mm wide, with
posterior pegs (Fig. 13D1,3) and some lacking such pegs (Fig. 13Dz2). Overall, they

lack sculpture and some of the scales have rounded edges (Fig. 13Dz1,2).

Superclass Osteichthyes
Class Sarcopterygii
Order Dipnoi

A fragmentary tooth plate (Fig. 13C) measuring 4.58 mm in length and 1.9 mm in
width, with a roughly triangular shape and bearing three slightly curved, slender, and
acute ridges is present in coprolite BP/21/263 (Fig. 13A, B). The occlusal surface is
narrow and slightly convex, with three acute ridges that all radiate out from the inner
angle (a = 94.5°). The crests of the ridges meet at the mediolingual junction, with the
last ridge of the tooth plates forming the lingual edge. In general, the ridges are
slightly curved, with the first (Z1) and last (Z3) ridge curving posteriorly and the middle
(Z2) ridge curving anteriorly (Fig. 13C1). Inter-ridge furrows are wide, rounded, and
quite deep, with the last furrow broader than the other. A moderate tip of the inner

angle is present at the mediolingual junction.
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Figure 13: Contents of coprolite BP/21/263, assigned to morphotype 4. (A) Dorsal
view of BP/21/263, (B) Semi-transparent rendering of coprolite with a lungfish tooth
plate, tetrapod jaw, ribs, fish scales and other currently unidentifiable inclusions, (C)
right lower dipnoan tooth plate in occlusal (C1) and labial (C2) view, (D) different
scale morphotypes present and (E) left tetrapod mandible in occlusal (E1) and lingual
(E2) view. A-B: Scale bar = 1 cm, C-E: Scale bars =1 mm. Abbreviations: ae,
anterior end; dm, dorsal margin; Ib, labial margin; lg, lingual margin; ms, mesial
margin; p, pegs; pa, prearticular bone; pe, posterior end; vm, ventral margin; vy,
mesiolingual junction; a, inter angle.

Tetrapoda

Coprolite BP/21/263 contains a left mandibular fragment (Fig. 13E), which is oriented
based on the smooth, convex surface being the labial surface. The lingual surface
(Fig. 13E2) is concave medially with two ridges along the ventral and occlusal
margins. The ventral ridge contains a posterior-anterior channel, and the occlusal
ridge contains the teeth. Although no teeth are preserved in this fragment there are at

least eight oval tooth sockets (Fig. 13E1).
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Coprolite BP/21/421 (Fig. 14A, B) contains a tooth-bearing right-maxillary fragment
(Fig. 14D) which is oriented based on the convex, highly weathered surface being the
labial surface. The fragment measures 4.24 mm in length and 1.26 mm in width and
contains 14 teeth. The teeth are conical decrease in size posteriorly (0.67 - 0.44 mm)
and are arranged in into two rows that are oriented diagonally, distolingually across
the jaw (Fig. 14Dz2). The rows overlap such that the most mesial tooth from one row is
never directly labial to the most mesial tooth of the adjacent row. The mode of
implantation is unclear based on the digital reconstructions of the maxilla. Significant
wear on the labial surface of the specimen provides a cross-section of the teeth in
the outer tooth row and exposed the posterior-anterior channels that run above the

tooth rows.

Figure 14: Contents of coprolite BP/21/421, assigned to morphotype 4. (A) Dorsal
view of BP/21/421, (B) Semi-transparent rendering of coprolite with a tetrapod jaw
fragment, a long bone, ribs and fish scales, (C) a long bone in medial (C1) and ventral
(C2) view, (D) a tooth-bearing right-maxilla fragment in labial (D1) and occlusal (Dz2)
view. A-B: Scale bar = 0.5 cm, C-D: Scale bars = 0.5 mm. Abbreviations: ae, anterior
end; dm, dorsal margin; Ib, labial margin; Ig, lingual margin; Im, lateral margin; ms,
mesial margin; pac, posterior-anterior channels; pe, posterior end; r1, tooth row one;
rz, tooth row two; t, tooth; vm, ventral margin.
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11.3. Coprolite Ordination

In total, 14 coprolite specimens, of varying coprofabrics and morphotypes, did not
contain any microfossil inclusions and were thus excluded from this NMDS analysis.
Two NMDS plots were generated from the same analyses, one highlighting the
potential groupings based on coprofabrics (Fig. 15) and the other based on
morphotypes (Fig. 16). The NMDS has a stress of 0.012 and is therefore reliable for
describing the relationships among the coprolite specimens. Only coprolites with
heterogenous massive or heterogenous zoned coprofabrics were included in the
NMDS analysis. The resulting plot (Fig. 15) shows that coprolites with these
aforementioned coprofabrics occupy the same dimensional space, with
heterogenous massive coprolites occupying a smaller amount of dimensional space.
The NMDS analysis shows that the majority of the coprolite specimens show no
marked variation in inclusion types (Fig. 15; 16, point A). This is expected since most

of the coprolites (58%) contain inclusions that are unidentifiable.

All of the coprolite specimens from the Eucoprus cylindratus and Hyronocoprus
amphipola ichnotaxa as well as morphotypes 7 and 8 show no marked variation in
inclusion types (Fig. 16, point A). Coprolite specimens that are unassigned or
assigned to the Alococoprus triassicus ichnotaxon and morphotype 1, morphotype 4,
morphotype 5 and morphotype 6 show both intramorphotype and intermorphotype
variations (Fig. 16). One unassigned coprolite (BP/21/424) plots with the coprolite
morphotypes that contain unidentifiable inclusions (Fig. 16, point A) and another
(BP/21/423) plots in the upper left-hand quadrant. Alococoprus triassicus has two
coprolites (BP/21/12, BP/21/96) that plot with the coprolite morphotypes that contain
unidentifiable inclusions (Fig. 16, point A) and one specimen (BP/21/2) that plots in
the lower left-hand quadrant (Fig. 16). Morphotype 1 has two coprolites (BP/21/109,
BP/21/147) that plot with the coprolite morphotypes that contain unidentifiable
inclusions (Fig. 16, point A), one coprolite (BP/21/422) that plots in the upper left-
hand quadrant (Fig. 16) and one coprolite (BP/21/ 428) that plot in the lower right-
hand quadrant (Fig. 16). Morphotype 4 has no coprolites that plot at point A, three
coprolites (BP/21/262, BP/21/263, BP/21/421) plot in the lower right-hand quadrant,
with coprolites BP/21/263 and BP/21/421 plotting together, and one coprolite
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(BP/21/431) that plots in the upper right-hand quadrant (Fig. 16). Morphotype 5 has
two coprolites (BP/21/55, BP/21/186) that plot with the coprolite morphotypes that
contain unidentifiable inclusions (Fig. 16, point A) and one specimen (BP/21/54) that
plots in the upper left-hand quadrant (Fig. 16); close to the unassigned coprolite
BP/21/423. Morphotype 6 has three coprolites (BP/21/289, BP/21/316, BP/21/430)
that plot with the coprolite morphotypes that contain unidentifiable inclusions (Fig. 16,
point A) and two coprolites (BP/21/330, BP/21/429) that plot close together in the
upper right-hand quadrant (Fig. 16).

Only one irregular (BP/21/426) coprolite and one of each coprolite specimen
assigned to morphotype 2 and morphotype 3 (BP/21/ 161 and BP/21/326
respectively) were included in the NMDS analysis (Fig. 16). The irregular coprolite
(BP/21/426) plots in the lower right-hand quadrant (Fig. 16), close to coprolite
BP/21/428 (morphotype 1). Coprolite BP/21/161 (Morphotype 2) plots in the lower
left-hand corner and coprolite BP/21/326 (Morphotype 2) plots in the lower right-hand
quadrant with coprolites BP/21/263 and BP/21/421 (both morphotype 4, Fig. 16). Due
to the small sample size for these (n=1 each) no intramorphotype or intermorphotype

patterns for these morphotypes can be assessed.
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Figure 15: Non-metric Multidimensional Scaling (NMDS) ordination. The graph
represents the relationships among coprolite heterogenous coprofabrics according to
the coprolite inclusions per specimen. The convex hulls indicate the dimensional
space occupied by coprolite specimens with either heterogenous massive or

heterogenous zoned coprofabrics.
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Figure 16: Non-metric Multidimensional Scaling (NMDS) ordination. The graph
represents the relationships among coprolite morphotypes according to the coprolite
inclusions per specimen. The lines indicate the Minimum Spanning Network
connecting coprolites of the same morphotype together.
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12. DISCUSSION

This study was designed to characterise a representative sample of the Driefontein
11 coprolite assemblage in terms of coprofabrics and inclusions and assessing how
well these variables correspond to previous morphological observations
(Montgomery, 2019). To ensure that the sample is representative, more than one
specimen from each morphotype was included, as well as specimens with irregular
shapes or that do not fit into the already identified morphotypes (unidentified).
Overall, the Driefontein 11 coprolite assemblage is a freshwater association
characterised by a high relative abundance of specimens with good preservation,
that can be assigned to various morphotypes, and contain a wide taxonomic range of

microfossil inclusions.

12.1. Coprofabrics

Defining coprofabric (microfabric in some studies) is an integral part of characterising
a coprolite assemblage as coprofabrics may in part reflect the diets and digestive
processes of the coprolite perpetrators (Eriksson et al., 2011, Owocki et al., 2012,
Bajdek et al., 2015, Niedzwiedzki et al., 2016b, Qvarnstrom et al., 2019b, Barrios-de
Pedro et al., 2020). Characterising coprofabrics based on CT-slice images is a novel
technique explored in this study, compared to classic methods using SEM and
petrographic thin section analyses (Eriksson et al., 2011, Qvarnstrom et al., 2019b,
Barrios-de Pedro et al., 2020). Classic methods define coprofabrics based on mineral
composition and grain size of the ground mass, along with the presence/absence of
inclusions and the type of inclusions. Investigating the mineral composition and grain
size of the ground mass from single-slice CT images is impossible. Instead, this
study made use of differences in the spatial arrangement of the coprolite ground
mass, indicated by density differences or lack thereof (Figs. 4-9). By using the CT-
slice images, | made 3D reconstructions of the coprolite material inclusions (Figs. 10-
14). This made identifying the presence/absence of inclusions easy and allowed me
to visualise their 3D geometric distributions. Identifying the type of inclusion was
often impossible however due to the limited resolution of the micro-CT scans. This
meant that there was little correlation between coprofabric and inclusion type (Fig.
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15) and therefore | did not use inclusion types as a defining character of the
coprofabrics. In summary, this study defined coprofabrics based on the differences in
the spatial arrangement of the coprolite ground mass and the presence/absence of
inclusions. This made a one-to-one comparison between the coprofabrics

characterised in this study and known coprofabrics from literature difficult.

It is also important to note that it is possible to distinguish between some of the fabric
attributed to primary and secondary mineralisation using the single-slice CT images
(Figs. 4-9) even though the mineral composition cannot be identified. Primary
mineralisation (ground mass) occurs when the coprolites are initially lithified, a
process often aided by microbial activity (Eriksson et al., 2011, Luo et al., 2018),
whereas secondary mineralisation replaces or overprints this original mineralisation.
Specimens from the Driefontein 11 coprolite assemblage have good preservation
evidenced by the minimal presence of secondary mineralisation (manifesting as
extremely bright areas on CT cross sections, see Figs. 4-9), never obscuring the
textures of the primary coprofabric. Primary mineralisation is thus most likely to result
in coprofabrics that reflect the diets and digestive processes of the perpetrators from
the Driefontein 11 coprolite assemblage. Differentiating between more subtle
secondary geochemical infilling in the coprofabrics is currently impossible at the
resolution of lab-based CT-scans and will require thin sectioning specimens in future

studies and the use of Raman spectroscopy or similar analytical methods.

In total, this study identified three distinct coprofabrics: homogenous massive,
heterogenous massive, and heterogenous zoned (Figs. 4-9). The homogenous
massive coprofabric is characterised by no internal structure, habit or layering, no
density differences in the ground mass, and a lack of microfossil inclusions (Fig. 4).
This coprofabric can be likened to the ‘nondescript’ coprofabric identified by Barrios-
de Pedro et al (2020). The heterogenous massive coprofabric is characterised by
density differences in the ground mass that show no distinct internal structure, habit
or layering, and a variety of microfossil inclusions of various sizes and states of
preservation (Fig. 4). Similarly, the heterogenous zoned coprofabric is characterised
by density differences in the ground mass and a variety of microfossil inclusions of

various sizes and states of preservation but the density differences are arranged as
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concentric layers (Figs. 5-9). No clear comparison for either of these heterogeneous
coprofabrics can be found in existing literature. It is possible that some of the
concentric heterogenous zoned coprofabrics (Figs. 6A, B, D; 8A-F) can be attributed
to secondary geochemical mineral infill, but this can only be confirmed through

petrographic thin sectioning of specimens.

12.2. Inclusions

Microfossil coprolite inclusions are useful for identifying diets and digestive processes
of the coprolite perpetrators (Thulborn, 1991, Hunt et al., 1994, Rodriguez-de la Rosa
et al., 1998, Qvarnstrom et al., 2017, Zaton et al., 2017, Qvarnstrom et al., 2019a,
2021), and prey selection patterns (Chin, 2002, Eriksson et al., 2011, Qvarnstrom et
al., 2019b, Barrios-de Pedro et al., 2020). It is important to mention that any dietary
information obtained from coprolites is likely biased by (1) what was eaten, (2) the
chewing mechanism of the perpetrator, (3) the gut retention length, and (4) the
strength of the perpetrator’s digestive acids (Thulborn, 1991, Owocki et al., 2012).
Overall, 72% of the sampled coprolite specimens from Driefontein 11 contain
microfossil remains (Fig. 10-14). Reliably assigning microfossil remains to higher
taxonomic ranks was a challenge due to the limited resolution of the scans therefore
most of the microfossil remains are currently unidentifiable. For the coprolite
specimens with identifiable microfossil remains, fish scales are the dominant
inclusion (24%), and noteworthy microfossil remains include bivalves (Fig. 10),
arthropods (Fig. 11, 12), dipnoans (Fig. 13) and tetrapods (Fig. 13, 14). The following

sections will explore the significance of the microfossil remains.

12.2.1. Bivalves

Coprolite BP/21/422 (Fig. 10) is filled with fully articulated bivalves. Due to the limited
resolution of the reconstructions narrowing down the taxonomic level further is not
currently possible. These are the second documented instance of bivalve inclusions

in coprolites from Driefontein 11 (Yates et al., 2012). Yates and his colleagues (2012)
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studied one articulated specimen and two single fragments of the shell preserved in
three different coprolites and tentatively assigned them to the freshwater clade
Unionoida. The bivalves in BP/21/422 (Fig. 10) are not strictly comparable to those
identified by Yates et al (2012) due to the different visualisation methods used.
Following the PT-extinction event, bivalves successfully invade both marine and
terrestrial Mesozoic habitats (Cox, 1969, Mondal, 2017). Due to the abundance of
Early Triassic marine deposits, extensive work has been done on marine bivalves
and how they recovered from the PT-extinction (e.g., Wasmer et al., 2012,
Hautmanna et al., 2013, Pan et al., 2014) but the recovery of freshwater bivalves is
poorly understood. Triassic freshwater bivalves have previously been documented in
one Early Triassic locality (Driefontein 11, Yates et al., 2012) and several Middle and
Late Triassic localities (Cox, 1932, Dixey, 1937, Good, 1989, Kondo and Sano,
2009). This highlights the importance of the Driefontein 11 coprolite assemblage in
understanding how the P-T extinction event affected freshwater bivalve communities

and their subsequent radiation.

12.2.2. Arthropods

Arthropod remains are present in two Driefontein 11 coprolites. Coprolite BP/21/161
(Fig. 11) contains small arthropod body parts (segmented thorax/abdomen, see Fig.
11C) and isolated fragments of larger species (articulated leg, see Fig. 11E.) No
diagnostic features are present that would allow for a more comprehensive
identification. Qvarnstrom et al. (2021) noted similar associations with coprolite
specimens containing elements from both small and large species. The beetle fossils
present in BP/21/2 (Fig. 12) bear some morphological synapomorphies of modern
beetles and thus are tentatively assigned to Coleoptera. Currently, there are four
recognised suborders of beetles in the literature namely, Adephaga, Archostemata,
Myxophaga and Polyphaga. Morphologically, these can be differentiated based on
the prothorax morphology (Qvarnstrom et al., 2021). Due to the limited resolution of
the micro-CT reconstructions, the isolation and study of prothorax morphology is not
possible for the beetles in coprolite BP/21/2 and thus they cannot be assigned to any

lower taxonomic rank.
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Documentation of Permian and early Mesozoic beetle remains is rare (Northwood,
2005, Ponomarenko and Mostovski, 2005, Kirejtshuk et al., 2014, Yan et al., 2017,
Qvarnstrom et al., 2017, Yan et al., 2018, Fikacek et al., 2019, Qvarnstrom et al.,
2019c, 2021). These are described for the most part purely based on individual elytra
or elytron specimens with few body specimens, usually preserved in sedimentary
rocks. Beetles are preserved in coprolites from the Early Triassic Arcadia Formation
of Australia (Northwood, 2005) and from the Late Triassic Krasiejow locality of
Poland (Qvarnstrom et al., 2019c, 2021). The Australian beetle is an impression of
an insect head preserved on the external surface (Northwood, 2005). The Late
Triassic beetles from Poland were reconstructed in 3D by making use of high-
resolution imaging (Qvarnstrom et al., 2019c, 2021). The Driefontein 11 locality is
therefore the third Triassic locality with coprolites that preserve beetles and is the

second to document beetles in the Early Triassic.

12.2.3. Pisces

Pisces are the dominant prey inclusion in the Driefontein 11 coprolite assemblage.
This is indicated by the large abundance of fish scale inclusions (Fig. 4E, F; 5A, 6D,
E; 7G, I; 8B-D; 13D) in the assemblage and one dipnoan lungfish tooth plate (Fig.
13C). The scales are rhomboidal and vary in size, some with posterior pegs (Fig.
13Dz1,3) and some lacking such pegs (Fig. 13Dz2). Even though they lack surface
sculpture, their morphology is indicative of ganoid scales, but further taxonomic
attribution of the prey cannot be determined. Other studies have commonly found fish
scales in coprolites with cylindrical morphotypes and irregular shapes (Zangerl and
Richardson, 1963, Owocki et al., 2012, Bajdek et al., 2015, Qvarnstrom et al., 2017,
Segesdi et al., 2017). This study found fish scales in five different morphotypes (see
Table 1 and Appendix B, Table 4): irregular, Morphotype 1 (oval, anisopolar),
Morphotype 3 (arcuate, hook-shaped), Morphotype 4 (small, spherical) and
Morphotype 6 (anisopolar, amphipolar).

Coprolite BP/21/263 (Fig. 13) contains a positively identified dipnoan lungfish tooth

plate (Fig. 13C). Many isolated lungfish tooth plates have been collected from
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Driefontein 11, some of which have been documented formally in literature (Bender
and Hancox, 2004). These have distinct tooth ridges, five in the upper tooth plates
and four in the lower tooth plates (Bender and Hancox, 2004). The tooth rows are
deeply-ridged, radiate form a point anterior on the plate and are slightly ovate in
shape with the last ridge being almost parallel to the lingual surface (Bender and
Hancox, 2004). Bender and Hancox (2004) tentatively assigned these tooth plates to
Ptychoceratodus. The tooth plate identified in this study shares many morphological
features with the specimens already described but preserves only three distinct tooth
rows (Fig. 13C) with is a feature exclusive to Lepidosirenid lungfishes. If this is
accurate it would be the first documented Lepidosirenid lungfishes from Driefontein
11.

12.2.4. Tetrapods

Two coprolites in the Driefontein collection contain microfossil remains of tetrapod
individuals. Coprolite BP/21/263 (Fig. 13) contains a left mandibular fragment (Fig.
13E), with at least eight oval tooth sockets (Fig. 13E1) of thecodont type implantation
(Zaher and Rieppel, 1999, Heckert, 2004). In this study, | tentatively assign this left
mandibular fragment (Fig. 13E) to an archosauriform since thecodont implantation is
restricted to the archosaurs (Edmund, 1969, Romer, 1956). Without the teeth, no
further analyses can be done to assign the jaw fragment to a lower taxonomic rank.
Coprolite BP/21/421 (Fig. 14) contains a tooth-bearing right-maxillary fragment with
conical teeth that decrease in size posteriorly and are arranged in into two rows that
are oriented diagonally, distolingually across the jaw (Fig. 14D). The identity of this
specimen rests on the tooth implantation which is not resolvable at this resolution. If it
is acrodont it most likely represents the marginal dentition of a temnospondyl
amphibian and if it is sub-thecodont the most likely potential candidate is a late
surviving captorhinid, a group that is currently hypothesized to go extinct at the end
of the Permian (Olson, 1962, 1965, Romer, 1966).
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12.3. Digestive Strategies

Any dietary information obtained from coprolites is biased by preservation factors, the
digestibility of the prey items, prey items accidentally ingested, perpetrators that are
specialist feeders, the digestive capabilities of the perpetrator, and perpetrators that
regurgitate indigestible food residues (Thulborn, 1991). Digestive strategies inferred
from coprolites will thus likely be biased and will not allow us to account for certain
nuances. The homogenous massive coprofabric (Fig. 4) can be indicative of either
perpetrators that fed on soft-bodied prey items (Thulborn, 1991), had an emetic
digestive mechanism (Andrews et al., 2000, Wallace, 2006), had the ability to
corrode enamel and ganoine, and decalcify bone (Fisher, 1981, Milan, 2012, Milan et
al., 2012), retained food until everything was almost digested (Fernandez-Jalvo and
Andrews, 2016) or a combination of all of these. Regardless, these perpetrators have
a high digestive efficacy. The NMDS analyses (Fig. 15) provided no basis for
outlining the different digestive strategies of the Driefontein 11 ecosystem, as there is
no unambiguous correspondence between the heterogenous massive and zoned
coprofabrics. The perpetrators of both types of heterogenous coprofabrics probably
had some combination of the digestive strategies employed by the perpetrators of the
homogenous massive coprofabrics. There is no clear evidence of dietary
specialisation, as many of the coprolites contain more than one prey type or prey of
indeterminate origins (see Appendix B, Table 5). The NMDS analysis (Fig. 16) shows
that there is no unambiguous correspondence between coprolite inclusions and the
coprolite morphotypes. The following paragraphs will explore the digestive strategies
employed by the perpetrators of individual coprolites based of their microfossil

inclusions.

Coprolite BP/21/422 (Fig. 9) presents an interesting case. It has a high relative
abundance of bivalves from one specimen (at least twelve), considering Yates et al.
(2012) identified one bivalve specimen in each of the three coprolite specimens they
studied. The bivalves are exceptionally well preserved, with no visible evidence of
digestion, and they are fully articulated. This means that they were potentially
accidentally ingested with no mechanical action and that the perpetrator was not

capable of decalcifying the shells. Coprolite BP/21/161 (Fig. 11) contains a small
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number of disarticulated arthropod inclusions and this either means that the elements
were accidentally ingested, or few beetles were present where the perpetrator who
produced the coprolite was foraging. Coprolite BP/21/2 (Fig. 12) contains beetles in
various degrees of disarticulation, with missing abdomens and no surface traces or
burrows in association with the beetle body fossils. This clearly showing that they
were ingested rather than having colonized the faeces for feeding or laying eggs,
similar to the beetles studied by Qvarnstrom et al. (2021). Even though beetles were
found in large numbers, the coprolite contains several unidentifiable inclusions and
thus it cannot be concluded the perpetrator is strictly insectivorous. Coprolites
BP/21/263 (Fig. 13) and BP/21/421 (Fig. 14) contain fish and tetrapod inclusions,
indicating that the perpetrators ate both aquatic and terrestrial prey. Only a few
elements of each prey item have been preserved in the coprolite. This could either be
because (1) all non-digestive elements that pass through the entire digestive system
did not get expelled in the same faeces; (2) different elements of an organism might
withstand digestion differently and (3) larger undigestible elements may be

regurgitated and thus never pass through the entire digestive system.

12.4. Comparison of classic and non-destructive methods

Classic methods have allowed for the characterisation of coprolite assemblages with
great success (Eriksson et al., 2011, Fiorelli et al., 2013, Bajdek et al., 2014, 2015,
Niedzwiedzki et al., 2016a, 2016b, Bajdek et al., 2017, Barrios-de Pedro and
Buscalioni, 2018, Barrios-de Pedro et al., 2018, Dentzien-Dias et al., 2018, Barrios-
de Pedro et al., 2020, Qvarnstrom et al., 2019b, Rakshit et al., 2019, Cuellle et al.,
2020, Dentzien-Dias et al., 2020, Rakshit and Ray, 2021). However, there are limits
to classical destructive methods, including the lack of 3D visualisation of the spatial
arrangement of the coprolite ground mass and geometric arrangement of the material
inclusions, and the inability to identify microfossil inclusions to lower taxonomic

levels.

CT-imaging addresses many of the limitations that are inherent in classical

techniques. Through carefully scrutinising the single-slice CT-images, density
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differences (or the lack thereof) in the coprolite ground mass allow for the
visualisation of spatial arrangement of the groundmass in 3D. As long as they
produce a difference in contrast, the CT-slice images also make it possible to
reconstruct microfossil inclusions, which we can then use to visualise the geometric
arrangement and morphology of the inclusions in 3D. Being able to study the
morphology of the inclusion in 3D allows us to classify the types of inclusions beyond
simply vertebrate indeterminate (e.g., Rakshit et al., 2019; Fig.7; Rakshit & Ray,
2021; Fig. 5, Fig. 10) to lower taxonomic levels (e.g., tooth-bearing right-maxillary
fragment; Fig. 14D).

Even though a representative subsample of the Driefontein 11 coprolite assemblage
was selected for this study there is a lot of uncertainty in the current coprolite dataset
(Fig. 15, 16). Further scanning of the Driefontein 11 coprolites is necessary to
increase the sample size in order to improve the precision of our ordinations along
with allowing for the identification of more Early Triassic recovery fauna. High-
resolution synchrotron images in particular will allow for the identification of
diagnostic features for inclusions whose reconstructions are currently limited by the

resolution of the micro-CT scans (e.g., bivalve and beetles, Fig. 10 and Fig. 11, 12).

Going forward it is also important to assemble a representative database for modern
faecal material that can be used to test assumptions made for corprolites in extant

taxa where digestive strategies are known.
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13. CONCLUSION

This study used micro-CT to non-destructively characterise 47 coprolites from the
Driefontein 11 locality in terms of their internal microstructures (coprofabrics) and to
produce three-dimensional (3D) reconstructions of material inclusions. NMDS
ordination was then used to assess how well coprofabrics and inclusion type
correlate with their morphotypes. Characterisation of the coprofabrics and inclusions
provided information on the prey consumed by the coprolite perpetrators and their
digestive processes. This is important because direct evidence of animal behaviour

and interaction is rare in the fossil record.

The differences in ground mass density or lack thereof and the internal structure,
habit, or layering, allowed for the characterisation of three distinct coprofabrics:
homogenous massive, heterogenous massive, heterogenous zoned. The coprolite
ordination showed no unambiguous correspondence between the heterogenous
massive and zoned coprofabrics. The homogenous massive coprofabric is
considered indicative of perpetrators that have long retention time and high digestive
efficacy in the gut/alimentary canal.

The microfossil inclusions are important on several grounds as they provide the first
definitive record of Early Triassic beetles in the South African rock record, and only
the second instance of bivalves. The coprolites also likely preserve some of the
earliest archosauriforms and if the jaw in BP/21/422 is shown to belong to a
captorhinid this would mean that some individuals survived past the P-T boundary.
This reaffirms the importance of coprolites as a micro-lagerstatte and highlights their

pivotal role in understanding these Early Triassic recovery fauna.

Coprolite perpetrators identified previously at Driefontein 11 include erythrosuchid
archosaurs, the dipnoan species Ptychoceratodus phillipsi, actinopterrrygian genus
Saurichthys sp., and indeterminate vertebrates. Many of these animals based their

diets on fish but also fed on indeterminate tetrapods and beetles.
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14. APPENDIX.
14.1. Appendix A

Table 3: Species found in the lowest most subzone of Cynognathus Assemblage
Zone (Langbergia-Garjainia subzone) at Driefontein, adapted from Hancox et al.
(2020).

Pisces Lissodus tumidoclavus, Polyacrodus sp.,
Ptychoceratodus phillipsi, Saurichthys sp.
Amphibia Bathignathus poikilops, Kestrosaurus
dreyeri, Kestrosaurus kitchingi,
Paratosuchus haughtoni, Trematosuchus
sobeyi
Reptillia Parareptilia Procolophinid indet.
Vertebrates Eureptilia Palacrodon browni
Archosauriformes Garjainia madiba
Synapsida Therocephalia Microgomphodon
oligocynus
Cynodontia Cynognathus
crateronotus
Eucynodont sp.
Langbergia modisei
Invertebrates | Mollusca Unio karooensis
Trace Arthropod trails (Diplichnites), crayfish
Fossils bqrrows, Loc_keia sp., vertebrate burrow_s
(trirachodontids), worm burrows (Planolites)
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14.2. Appendix B

Table 4: Coprolites from the farm Driefontein 11 coprolite collection with their corresponding inchnotaxa/morphotypes (Montgomery,
2019), their maximum length and diameter (cm), their primary and sub-coprofabric, the absence (0) or presence (1) of scales,
shells, bones, teeth, plants, arthropods, gastroliths, unknown inclusions, microvesicles, cracks, secondary precipitation, invertebrate
burrows and the results from the NMDS analyses (MDS1 and MDS2).
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14.3. Appendix C

# Loading necessary packages
library (vegan)
library (ggplot2)

library (ggrepel)
options(ggrepel.max.overlaps = Inf)

# Setting working directory
setwd("~/Academics/HET/University of the Witwatersrand/Postgraduate

degrees/Masters degree/Figures/Ordination/NMDS")

# Reading in your data
Copro.matrix <-
read.csv("MSc_Coprolites_matrix.csv", row.names = 1)

str(Copro.matrix)

# Subsetting binary variables for the coprolite inclusion types
Copro.spec <- cbind(Copro.matrix$Scales, Copro.matrix$Shells,
Copro.matrix$Bones, Copro.matrix$Teeth, Copro.matrix$Bacteria,
Copro.matrix$Plants, Copro.matrix$Arthropods, Copro.matrix$Gastroliths,
Copro.matrix$Unknown)

str(Copro.spec)

# Running an NMDS analyses using the metaMDS function
dist.copro.spec<-dist(Copro.spec, method ="binary")
str(dist.copro.spec)
meta.copro.spec<-metaMDS(dist.copro.spec, trymax=100)
plot(meta.copro.spec, "sites")

str(meta.copro.spec)

# Creating a subset of you NMDS results (MDS1 and MDS2)
meta.copro.spec$points
meta.scores <- meta.copro.spec$points

str(meta.scores)
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meta.scores.v <- meta.scores|[,1:2]

str(meta.scores.v)

# Combining the raw dataset with the NMDS results
Copro.data.full<-cbind(Copro.matrix, meta.scores.v)
str(Copro.data.full)

write.csv(Copro.data.full, "~/Academics/HET/University of the
Witwatersrand/Postgraduate degrees/Masters
degree/Figures/Ordination/NMDS/MDS.csv")

# Plotting NMDS results with the coprofabrics (Subfabric) highlighted
ggplot(Copro.data.full, aes(x=MDS1, y=MDS2)) +
scale_shape_manual(values = c(7, 16)) +
geom_jitter(width=0.01, height=0.01, aes(shape=Subfabric, colour=Subfabric,
alpha=0.1, size=2))

# Plotting NMDS results with the ichnotaxa/morphotypes (Taxon) highlighted

and showing the minimum spanning network

ggplot(Copro.data.full, aes(x=MDS1, y=MDS2, label = rownames(Copro.data.full))) +
geom_polygon(aes(group=Taxon, colour=Taxon, alpha = 0.05)) +
scale_shape_manual(values = c(7, 16, 2, 18,0, 1, 17, 4, 5, 15, 8, 9, 14)) +
geom_jitter(width=0.01, height=0.01, aes(shape=Taxon, colour=Taxon, alpha=0.1,

size=2)) + geom_text_repel()
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