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A new approach for investigating spatial relationships of
ichnofossils: a case study of Ediacaran—Cambrian animal traces

Emily G. Mitchell* ©, Scott D. Evans ©®, Zhe Chen, and Shuhai Xiao

Abstract—Trace fossils record foraging behaviors, the search for resources in patchy environments, of ani-
mals in the rock record. Quantification of the strength, density, and nature of foraging behaviors enables
the investigation of how these may have changed through time. Here, we present a novel approach to
explore such patterns using spatial point process analyses to quantify the scale and strength of ichnofossil
spatial distributions on horizontal bedding planes. To demonstrate the utility of this approach, we use two
samples from the terminal Ediacaran Shibantan Member in South China (between 551 and 543 Ma) and
the early Cambrian Nagaur Sandstone in northwestern India (between 539 and 509 Ma). We find that
ichnotaxa on both surfaces exhibited significant nonhomogeneous lateral patterns, with distinct levels
of heterogeneity exhibited by different types of trace fossils. In the Shibantan, two ichnotaxa show evi-
dence for mutual positive aggregation over a shared resource, suggesting the ability to focus on optimal
resource areas. Trace fossils from the Nagaur Sandstone exhibit more sophisticated foraging behavior,
with greater niche differentiation. Critically, mark correlation functions highlight significant spatial auto-
correlation of trace fossil orientations, demonstrating the greater ability of these Cambrian tracemakers to
focus on optimal patches. Despite potential limitations, these analyses hint at changes in the development
and optimization of foraging at the Ediacaran/Cambrian transition and highlight the potential of spatial
point process analysis to tease apart subtle differences in behavior in the trace fossil record.
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Introduction ecology of the tracemakers through geological

Trace fossils capture the activity of extinct
organisms, providing important insights into
the evolution of behaviors such as burrowing
and foraging (e.g., Plotnick 2012). Foraging
animals develop strategies that minimize
their energy expenditure when searching for
resources, which are not typically distributed
uniformly (Bond 1980; Brown 2000). Optimiza-
tion depends on the extent of resource
heterogeneity—in a resource-rich area, sub-
optimal searching strategies incur little or no
cost (Codling et al. 2008). Identifying the extent
of heterogeneity in trace fossils can provide
important context regarding the behavioral

time, as well as the distribution of resources
in a particular environment. Current metrics
for describing horizontal trace fossils are pri-
marily limited to the bedding-plane bioturb-
ation index (BPBI), which describes the extent
of bioturbation through assignment of a score
from 1 to 5, where 1 indicates no bioturbation
and 5 indicates maximal bioturbation (Miller
and Smail 1997). Further work to estimate the
percentage of bioturbation on a surface uses
grid maps and the presence/absence of trail
intersections (Marenco and Hagadorn 2019).
However, these metrics do not quantify the
relative patchiness of ichnofossils or provide
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the methodological power to compare to ran-
dom distributions to a suite of other models.

One alternative approach to investigate such
patchiness is to use spatial point process ana-
lyses (SPPA) to quantify the spatial scale and
strength of spatial patterns with respect to the
positions of horizontal trails on bedding planes
(Ilian et al. 2008; Wiegand and Moloney 2013).
SPPA in the fossil record have focused primar-
ily on the use of nearest neighbor analyses
(e.g., Leighton and Schneider 2004; Shroat
Lewis et al. 2014), where the distances between
each pair of fossil specimens are calculated and
compared with expected random patterns to
determine whether nonrandom spatial patterns
occur. However, nearest neighbor analyses
only capture small spatial scales; if all speci-
mens are within 10cm of each other, for
example, then the maximum resultant spatial
pattern described will be 10 cm. This spatial
limitation means that it is not possible to cap-
ture patterns at different spatial scales, so com-
plex patterns are often not detected. Recently,
SPPA have been successfully applied to body
fossils to elucidate Ediacaran reproduction
(Mitchell et al. 2015), competition dynamics
(Mitchell and Kenchington 2018), taphomorph
identification (Mitchell and Butterfield 2018),
morphological characters (Mitchell et al
2018), and the drivers of community dynamics
(Mitchell et al. 2019, 2020), as well as facilitation
within Silurian coral communities (Dhungana
and Mitchell 2020) and Jurassic crinoid colon-
ization (Hunter et al. 2020). Such studies were
possible due to an extensive set of ecological
models that, in modern settings, correspond
to different underlying processes for sessile
organisms, such as mutual habitat associations
(Getzin et al. 2008), dispersal limitation (Lin
et al. 2011), facilitation (Lingua et al. 2008),
and density-dependent mortality (Fey et al.
2019). These models enable comparisons
between the distributions of in situ fossil com-
munities with those controlled by known
ecological and biological processes today to
determine the most likely control(s) of their
spatial patterning.

Few studies have used SPPA to investigate
the distribution of trace fossils. SPPA of the spa-
tial positions of the Ediacaran body fossil
Kimberella and its trace scratch marks
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Kimberichnus are suggestive of avoidance of
pre-grazed patches (Mitchell et al. 2020).
SPPA have also been used to visualize and
quantify the distribution of predatory traces
on shelled invertebrates, enabling the reso-
lution of different modes of drilling predation
(Rojas et al. 2020). In principle, this approach
can be extended to trails, trackways, and bur-
rows, whereby the trace fossils are described
by line segments (Fig. 1). The SPPA of their
midpoints can be used to determine the nature
(attractive/clustering or repelling/segrega-
tion), spatial scale, and strength of certain beha-
viors. Unfortunately, work using SPPA on
movement and/or foraging ecology has not
been used to investigate the trajectories of
extant or fossil organisms, so there are few
models for comparison with trace fossil spatial
patterns. This limited set of movement models
means that SPPA modeling fitting comparisons
cannot be performed, and instead the SPPA of
trails and trackways focus on describing rela-
tive lateral heterogeneity and optimization of
the foraging strategies employed. For example,
the trace midpoints of a single randomly mov-
ing organism (Fig. 1A) will produce a signifi-
cantly different spatial point pattern than an

Ficure 1. Schematic drawing showing different move-
ment paths (blue lines), midpoints of the movement paths
(stars), and background patchy environment (gray areas).
Each midpoint is identified by the length and orientation
of the corresponding line segments (“marks”). A, Random
MCEF: The moving organism does not respond to the under-
lying environment. The lengths of each segments, their
orientations, and the distances between their midpoints
are random. B, Nonrandom length movement: The trace-
maker detects a preferable underlying substrate and so
makes shorter path segments to maximize the time spent
in the preferred resource. Marked lengths of paths and dis-
tances between midpoints are nonrandom, whereas
marked orientations of paths are random. Short segments
occur close together. C, Nonrandom length and nonran-
dom orientation MCF: The tracemaker detects a preferable
underlying substrate and makes both shorter path seg-
ments and sharper turns to maximize the time spent in
the preferred resource. Crucially, it turns around when it
leaves its preferred area. Mark lengths and orientations of
paths are nonrandom. Short segments and those with
tight turns are more likely to occur closer together.
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organism responding to spatial heterogeneity
(Fig. 1B,C). In the latter case, there are points
that are both closer together and further apart
than the random situation, that is, a higher vari-
ance of interpoint distances. Nonrandom pat-
terns may indicate the ability to focus on
good-quality resource patches. Comparisons of
the spatial distributions of different trace mid-
point patterns on a single surface can further
test whether tracemakers responded to similar
underlying heterogeneities, because they would
have focused on the same area/patches, thus
creating traces in this same area (Fig. 1). There-
fore, two tracemakers that respond to the same
heterogeneities will result in midpoint spatial
patterns of similar scale and nonrandom bivari-
ate spatial distributions. Such analyses also pro-
vide insights into possible time averaging:
substrate heterogeneities are unlikely to persist
for longer than ecological timescales, so nonran-
dom spatial patterns between ichnotaxa suggest
that they co-existed within similar timescales (cf.
Mitchell et al. 2015).

Mark correlation functions (MCFs) are a suite
of functions that quantify how the marks (here
segment lengths and absolute orientations) of a
point (here trace fossil midpoints) vary with
spatial scale (Velazquez et al. 2016). Under an
optimal foraging strategy, a tracemaker will
adjust both the length and orientation of each
segment to focus on a preferred resource
(Fig. 1C vs. Fig. 1A,B). If it strays out of the
resource area, it quickly turns back, resulting
in high directionality of orientations (Buhler
and Grey 2017). Therefore, the directionality
of trace fossil orientations is expected to be spa-
tially heterogeneous, mirroring the underlying
resource, and accompanied by shorter segment
lengths to maximize time spent in favorable
resource patches (Kitchell 1979; Koy and Plot-
nick 2007, 2010). The optimization of foraging
requires two different aspects: the ability to
find quality resources, assessed using midpoint
SPPA; and the ability to focus on these, for
which MCFs are used. Combining these
methods provides a novel approach for identi-
fying the extent of foraging optimization of
tracemakers.

To explore the power of SPPA methodologies
to identify differences in behavior, we have
applied them to two ichnofossil-rich horizons,
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from a critical time in the evolution of animal
mobility—the Ediacaran/Cambrian transition.
Trace fossils from this interval reveal crucial
insights into the development of mobility,
novel feeding behaviors, and the putative
appearance of crown-group metazoans (Seila-
cher et al. 2005; Chen et al. 2013, 2019; Buatois
and Maéngano 2016; Evans et al. 2019; Xiao
et al. 2019). Indeed, adaptions to optimize for-
aging strategy—defined here as the exploit-
ation of any resource distributed on the
seafloor—have been suggested as potential dri-
vers of early bilaterian evolution and diversifi-
cation (Koy and Plotnick 2007, 2010; Budd and
Jensen 2017; Mitchell et al. 2020). As such,
methods that enable the determination of the
extent of lateral resource heterogeneities and
analyses of how animals exploit such resources
are crucial for understanding the adaptation
and progression of foraging behaviors during
the Ediacaran and into the Cambrian.

Here, we demonstrate how spatial analyses
of trace fossils can be used to elucidate foraging
behavior by analyzing morphologically simple
horizontal trails on a bedding plane from the
late Ediacaran Shibantan Member (Xiao et al.
2021) and another from the early Cambrian
Nagaur Sandstone of the Nagaur Group in
Rajasthan, NW India (Pandey et al. 2014).
These horizons yield trace fossils with compar-
able gross morphologies (and therefore likely
underlying behavior) making them ideal
candidates for this comparative study and
comparison with other terminal Ediacaran
traces (Jensen and Runnegar 2005).

Geological Setting

The Shibantan Member of the upper Edia-
caran Dengying Formation, Yangtze Gorges
area, South China, contains a high abundance
of ichnofossils. These are preserved within
100-150m of dark gray, thin-bedded, lami-
nated peloidal limestone deposited in subtidal
environments above the storm wave base and
regularly impacted by current activity (Meyer
et al. 2014; Xiao et al. 2020, 2021). Depositional
age is constrained between 550 and 543 Ma
(Dornbos et al. 2004; Condon et al. 2005; Xiao
et al. 2021; Yang et al. 2021; Fig. 2). Shibantan
ichnofossils document extensive trails, resting
or dwelling traces, undermat mining for
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FiIGUre 2. Geological map of the Yangtze Gorges area (A)
and stratigraphic column of the Dengying Formation (B).
Inset map shows major tectonic units, with red rectangle
marking area shown in A. Star marks field site. Fossil
ranges are updated from Xiao et al. (2021) and Liang et al.
(2020). The two possible correlations of the 551.1 0.7 Ma
tuffaceous bed are based on An et al. (2015) and Zhou
et al. (2017) and are denoted by two blue arrows. Mbr,
Member; Fm, Formation; HMJ, Hamajing Member; SSF,
small shelly fossil; Cry., Cryogenian; Cam., Cambrian. See
Xiao et al. (2021) for sources of radiometric dates.

oxygen and/or food (Xiao et al. 2019), and
putative trackways of bilaterian animals with
paired appendages (Xiao et al. 2021). Bedding-
plane bioturbation intensity reaches 20%—40%
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(Meyer et al. 2014), comparable to some pre-
trilobite Cambrian carbonates (Dornbos et al.
2004), although lower than the maximum
observed for post-trilobite Cambrian carbo-
nates (Fan et al. 2021). These ichnofossils are
interpreted as recording the activity of organ-
isms burrowing in and out of microbial mats,
likely mining for oxygen and/or food (Xiao
et al. 2019), which we refer to broadly as
“resources,” and may have been spatially het-
erogeneous (Darroch et al. 2021) and tempor-
ally dynamic in Ediacaran oceans (Wood et al.
2015). The bedding plane analyzed in this
study was excavated at a horizon ~70m
above the base of the Shibantan Formation,
covering an area of 0.51 m” The excavated
slabs were flipped and reassembled to view
both part and counterpart (Droser et al. 2019).

The early Cambrian Nagaur Sandstone of the
Nagaur Group near Dulmera, Rajasthan, NW
India (Fig. 3), contains abundant trace fossils,
including Cruziana, Diplichnites, Monomorphich-
nus, Rusophycus, and Treptichnus, among others
(Pandey et al. 2014; Sharma et al. 2018). Ichno-
fossils are mostly preserved on the soles of
sandstone beds, which are characterized by
the abundance of trough cross-beds, planar
cross-beds, and wave ripples. The fossiliferous

FiGURE 3. Geological map of the Bikaner-Nagaur basin (A) and stratigraphic column of the Marwar Supergroup (B). Inset
map in A shows general location of the basin in India. Black star marks fossil locality near Dulmera in NW India. Bb, Boul-
der bed; Dol, dolostone; Lst, limestone; Gr, Group; Pr, Period; SS, sandstone. Note: stratigraphic column is not to scale, but
the Nagaur SS is reported to be approximately 500 m in total thickness, with the underlying Bilara Group approximately
300 m thick (Pandey et al. 2014). After figs. 1 and 2 of Pandey et al. (2014) and courtesy of Dhirenda Pandey.

https://doi.org/10.1017/pab.2022.16 Published online by Cambridge University Press


https://doi.org/10.1017/pab.2022.16

SPATIAL RELATIONSHIPS OF ICHNOFOSSILS 5

sandstones were inferred to have deposited in
shoreface environments (Pandey et al. 2014).
The maximum depositional age of the Nagaur
Sandstone is constrained by the youngest
detrital zircons of ~540 Ma (McKenzie et al.
2011), and the unit is variously considered as
Cambrian Stage 2 or Stage 4 based on trace fos-
sil assemblages (Pandey et al. 2014; Hughes
2016). A conservative age estimate is thus
between 539 and 509 Ma. We selected a 0.039
m? area of Nagaur Sandstone for this study.

Materials and Methods

Trace Fossil Markup

The Shibantan bed sole surface was chosen
because there was a reasonable area of bedding
plane with abundant ichnofossils and limited
evidence of preservational or erosional hetero-
geneity (Fig. 4A; see also Xiao et al. 2021: fig.
6a). Taxonomy of Ediacaran trace fossils can
be highly controversial (Darroch et al. 2021),
and so here we recognize two distinct
morphogroups consisting of relatively large
(~1 cm) and small (~1 mm) horizontal traces,
with no overlap in width. The smaller ichnofos-
sils are Helminthoidichnites-like, and the larger
ones are characterized by poorly preserved
spiral structures reminiscent of Streptichnus
(Jensen and Runnegar 2005; Xiao et al. 2021;
Fig 4E). Importantly, even if this preferred tax-
onomy is incorrect, the statistical analyses we
outline will not be impacted, as these large
trace fossils represent similar behaviors, likely
made by the same progenitor.

The Nagaur bed-sole surface similarly con-
tains limited preservational or erosional hetero-
geneity (Fig. 4C). We mapped four distinct
types of trace fossils on this bedding plane. Of
primary interest are larger horizontal traces,
similar to Treptichnus pedum previously identi-
fied from this unit (Pandey et al. 2014), and
smaller horizontal trails ~1 mm wide (Fig. 4D,
white oval). The larger trails may not contain
all the diagnostic features of T. pedum, so we
classify them more broadly as Treptichnus isp.
These exhibit a probing behavior broadly simi-
lar to that of Streptichnus from the Shibantan.
Smaller trails were regarded as Planolites isp.
(Pandey et al. 2014). Circular traces are of simi-
lar diameter to the width of the larger
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horizontal traces, and the two are often asso-
ciated. A fourth group of bilobed traces
represent Rusophycus and/or Cruziana (Pandey
et al. 2014; Fig. 4F).

The outline of each bed and individual trace
fossils were marked as vector lines within
Inkscape 0.92.3 (Fig. 5). Areas with low fossil
density, interpreted as artifacts of differing ero-
sion and/or poor photographic contrast, were
excluded (Fig. 5B). Critically, such areas are
much larger than the centimeter-scale hetero-
geneities investigated here, and thus would
not affect this study. Most of the traces can be
clearly marked; however, two different modes
were employed for larger horizontal trails
(Streptichnus and Treptichnus). Initially, each
individual trace was marked irrespective of
adjacent ones (unconnected trails; Fig. 4B,D).
Then, in instances where traces appear to
represent a series of segments/steps that can
be reliably ascribed to the same progenitor,
they were connected or simplified to a single
segment to focus on the overall paths of the tra-
cemakers (connected trails; Fig. 4B,D). While
traces are continuous objects, rather than
points, these spatial methods have already
been established for modern organisms, such
as root systems, so are appropriate to apply to
trace segments (Kitchell 1979; Koy and Plotnick
2010). Each single line represents a single action
of the tracemaker, so that as long as consistent
labeling approaches are applied across each
surface, this marking-up approach results in a
representation of the behaviors of the trace-
makers across the bedding planes.

Line data were extracted from Inkscape using
a custom script written in Haskell (https://
github.com/egmitchell /traces). Analyses were
performed in R (R Core Team 2017) using spat-
stat (Baddeley and Turner 2005).

Quantification of Lateral Heterogeneity.—Pre-
vious paleontological work on foraging behav-
ior has focused on quantifying the lengths and
orientations of trace fossils with comparisons to
L-systems and Lévy foraging distributions
(Plotnick 2003; Sims et al. 2014). Such analyses
can be used to investigate foraging behavior
by comparing trace segment lengths and orien-
tations to known models. Of these models,
one of the best known is Lévy flights, which
are thought to optimize foraging strategy
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Ficure 4.  Ediacaran and Cambrian bedding surfaces. A, Shibantan surface analyzed in this study. B, Close-up of black
box in A, showing small Helminthoidichnites-type trails (white oval) and Streptichnus with spiral structures (black arrows)
indicative of this ichnotaxon. C, Nagaur surface analyzed in this study, with Treptichnus- and Rusophycus-type traces vis-
ible. D, A similar surface in the Nagaur Sandstone, illustrating small (white oval), circular (white square), and Treptichnus-
type trace fossils. Lines in B and D illustrate the difference between connected (black) and unconnected (white) mark-up
strategies of larger horizontal trails. E, Shibantan Streptichnus specimen with the radiating branches. F, Rusophycus from the

Nagaur Group.

(Viswanathan et al. 1996), although the extent
to which these accurately describe observed
foraging is still very much debated (Edwards
et al. 2007; Sims et al. 2008; Humphries et al.
2013; Raichlen et al. 2014). A Lévy distribution
predicts that relatively short trace segment
lengths represent foraging in areas with plenti-
ful resources, with rare long segments repre-
senting the search for nondepleted resource
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patches (Edwards et al. 2007). This distribution
is thought to maximize search efficiency,
because the animal(s) will spend more time in
high-resource areas, then move quickly far
away once the resource is depleted. Lévy distri-
butions are parameterized by a factor p that
quantifies how right-skewed the distribution
is, with optimum foraging thought to occur at
u =2 (Humphries and Sims 2014). Random or
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FIGURe 5. The mark-up process. A, The Shibantan surface. B, The surface with the area marked up in red, the large ichno-
taxon in black, and the small ichnotaxon in green. C, Close-up of area showing the details of how the large and small ich-
notaxa were marked up. D, Close-up area showing the midpoints of each trace segment.

minimally optimized strategies can be modeled
as Brownian motion and are adequately
efficient when resources are abundant and uni-
formly distributed (Sims et al. 2012). Correlated
random walks involve a correlation between
successive orientations of each trace segment
(Patlak 1953), so produce a direction bias
locally, but with diminished directionality
over broader spatial scales, thus producing uni-
form segment orientations (Benhamou 2006).
These approaches are used in movement ecol-
ogy for extant species to analyze long trails cov-
ering substantial spatial scales (Humphries and
Sims 2014). While such traces are found in the
fossil record on surfaces of comparable spatial
scales, far more common are relatively small
surfaces with multiple partial segments of a
longer trail, making such analyses difficult to
directly compare (Plotnick 2012). As such,
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alternative approaches are needed to provide
insights into the evolution and development
of foraging strategies in the fossil record.
Outside the paleontological record, the level
of heterogeneity (LH*) has been applied across
a wide range of systems such as plant commu-
nities, crime locations, or earthquakes to quan-
tify the degree of patchiness within different
systems (Shu et al. 2019). Other methods exist
for examining similar spatial patterns (see Shu
et al. 2019); however, we prefer LH*, because
it provides a single measure for relative hetero-
geneity over all relevant spatial scales and is
easily implemented using spatstat. Spatial pat-
terns are described using point distributions,
whereby a homogeneous Poisson process
describes randomly distributed points within
a mapped area (Illian et al. 2008). The LH* is
calculated by summing the difference in nearest
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neighbor distances between the observed
points (here fossil specimens) and the expected
random nearest neighbor distribution as
described by a homogeneous Poisson model
over all spatial scales up to the maximum near-
est neighbor distance (Shu et al. 2019). The
higher the LH*, the greater the differences
between the homogeneous pattern and the
observed pattern, so the greater the level of het-
erogeneity. Therefore, calculation of the LH* for
ichnotaxa can be used to evaluate the relative
lateral heterogeneity of different tracemakers.

Density plots of the trace surfaces were made
to aid visualization of the relative homogene-
ities, a smoothed density function was used to
calculate the relative density across the surfaces
rather than plotting individual points/traces.
To quantify the level of homogeneity of traces
on the Shibantan and Nagaur surfaces, two dif-
ferent analyses were performed. First, the
homogeneity test of Hosking and Wallis was
used to test whether the spatial distributions
were significantly different from what would
be expected from a homogeneous distribution
(Hosking and Wallis 1993). For the Hosking
and Wallis test, the heterogeneity measure
approximates a normal distribution with zero
mean and standard deviation of 1 and is calcu-
lated using the sample coefficients of variation,
skewness, and kurtosis. Homogeneity is
defined when the heterogeneity measure is
less than 1. Second, the LH* was calculated
between different ichnotaxa and surfaces. Seg-
ment lengths and orientations were extracted
for each ichnofossil to determine how they
were spatially distributed and enable compari-
sons to known foraging distributions. Third,
the skewness and kurtosis of the distributions
of the segment lengths were quantified and
tested for normality and lognormality using
the Shapiro-Wilk tests and compared with
Lévy distributions. The parameter for the best-
fit Lévy distribution was found, and the fit of
Lévy distributions to normal and lognormal
distributions was compared using Akaike
information criterion (AIC) values. The propor-
tion of ichnofossils in each orientation cohort
and their means were calculated using Mclust
(Fraley and Raftery 2017).

Spatial Analyses.—The spatial distributions
of each ichnotaxon were described by taking
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the midpoints of each segment, then calculating
pair correlation functions (PCFs), which
describe spatial patterns. The PCF of a point pat-
tern is calculated as the density of points within
a given radius of each point, for all points. Calcu-
lating the mean density for a range of different
radii (e.g., from 0 to 2m) allows the changes in
point density over the relevant given spatial
scale (generally half the minimum width of the
mapped area) to be described. The spatial rela-
tionship between any pair of ichnotaxa was
similarly examined wusing bivariate PCFs.
These determine how the relative density of
points (here the ichnofossil midpoints) vary
over the mapped area. When PCF=1 points
are distributed randomly within the mapped
area, PCF > 1 indicates aggregation or clustering,
while PCF < 1 suggests greater spacing (segrega-
tion) than expected (Illian et al. 2008).

Similar to PCFs, to establish whether
observed patterns are significantly nonrandom,
MCEF data were compared with a homogeneous
Poisson model and 999 Monte Carlo simulations
of homogeneous Poisson models, with simula-
tion envelopes defined as the highest and lowest
5% of generated data (Wiegand and Moloney
2013). To further aid comparisons with the ran-
dom model (homogeneous Poisson model), the
goodness-of-fit test p; was calculated, where p,
=0 corresponded to no model fit (nonrandom
distribution) and p;=1 corresponded to a per-
fect model fit (random). Significant excursions
outside the simulation envelope and poor fit
under a homogeneous Poisson model (p; <
0.1) signify nonrandom distributions.

To investigate how trace length and orienta-
tion varied over the mapped area, MCFs were
used to test for spatial autocorrelation. MCFs
are a type of SPPA in which the spatial patterns
of a quantitative variable (the mark, here the
segment length or orientation angle) for a set
of spatial points are tested to see whether the
variable exhibits nonrandom spatial behavior,
that is, spatial autocorrelation (Grabarnik
et al. 2011). When the lengths are the marks
for the spatial data, the MCF is calculated as
the function (Eq. 1) k.(r):

Eou[M(O)M(w)]

kLL(T’) = E[M M/]

(D
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where E,, is the conditional expectation, given
that there are points at location O with mark
M(O) and u with mark M(u) separated by a
distance r; E is the expectation; and M and M’
are marks drawn randomly from the distribu-
tion of marks. Where MCF = 1, the values asso-
ciated with each point exhibit no spatial
autocorrelation (random distribution). The
interpretation of MCF # 1 depends on the func-
tion itself, but for all cases indicates spatial
autocorrelation (nonrandom behavior). For
our analyses, MCF > 1 indicates trace fossils
more likely to be aggregated with other speci-
mens with similar marks (positive spatial auto-
correlation), and MCF < 1 more likely to be
segregated (negative spatial autocorrelation).

To establish whether or not the observed pat-
tern is significantly nonrandom, the observed
pattern was compared with a homogeneous
Poisson model and 999 Monte Carlo simula-
tions of homogeneous Poisson models were
created, with the simulation envelopes defined
as the highest and lowest 5% of simulated data
(Wiegand and Moloney 2013). To determine
the extent to which the observed MCF patterns
are described by the random model (homoge-
neous Poisson model), the goodness-of-fit test
ps was calculated, with p;=0 corresponding
to no model fit (marks are not randomly dis-
tributed) and p; =1 corresponding to a perfect
random fit, so that the mark correlation
function (Eq. 1) exactly describes the relation-
ships between marks and specimen position.
Significant excursions outside the simulation
envelope where the MCF was not a good fit
for the data (p; >> 0.1) are interpreted as
nonrandom.

TaBLE 1.

Results

The Shibantan surface contains a total of 1301
ichnofossils within the sampled area of 0.51 m*.
Of these, 825 are classified as larger horizontal
trails (Streptichnus), reduced to 424 trails when
connected. The other 476 trails belong to the
small ichnotaxon (Helminthoidichnites). For the
Nagaur surface, a total of 1762 ichnofossils
were mapped within the sampled area of
0.039 m>. These include 1116 large trace fossils
(Treptichnus, reduced to 1051 when connected),
476 smaller horizontal trails (Planolites), 189 cir-
cular traces, and 25 patches of arthropod
scratchings (i.e., Rusophycus and/or Cruziana).
All ichnotaxa, apart from Nagaur arthropod
traces, exhibited significant lateral heterogen-
eity, with none exhibiting Lévy distributions
(Table 1).

Lateral Heterogeneity

Density plots (Fig. 6) of the Shibantan surface
show notably different patterns between the
small and large ichnotaxa, with significant non-
homogeneous patterns (both p<0.001) and
with specimen densities varying up to 20%
for the small morphogroup and 7% for the
large (Fig. 6AE, Table 1). The small ichnotaxon
exhibited 3.48x higher levels of heteogeneity
than the large connected ichnotaxon and
1.58x the levels of heterogeneity for the large
unconnected traces (Table 1).

Density plots of the simple horizontal trails
on the Nagaur surface (Fig. 6C,G) show notably
different patterns between the small and large
ichnotaxa, with significant nonhomogeneous
patterns (both p<0.001) and with varying
specimen densities up to 14% for the small

Summary metrics for the spatial heterogeneity and segment lengths of analyzed trace fossils. The H-W (Hosking

and Wallis) test assesses whether the traces are significantly nonhomogeneous; LH* is a relative measure of heterogeneity;
Lévy u is the parameter for Lévy distributions, where = 2.71 is considered an optimal foraging strategy; normality test is
the Shapiro-Wilk test to determine whether the segment length distributions are normally distributed.

Normality Measured Measured
Surface Ichnotaxon H-W test LH* Lévypu test Lognormality ~ skewness kurtosis
Shibantan Small trail <0.001 40.65 0.30 <0.001 <0.001 2.40 11.97
Large connected trail <0.001 11.68 0.51 <0.001 0.318 1.97 12.09
Large trail <0.001 25.63 0.79 <0.001 <0.001 1.20 5.19
Nagaur  Large trail <0.001 15.99 0.20 <0.001 <0.001 1.38 7.25
Large connected trail <0.001 26.51 0.07 <0.001 <0.001 1.01 5.68
Small trail <0.001 63.51 0.06 <0.001 <0.001 0.46 4.06
Circular <0.001 2250 NA <0.001 <0.001 NA NA
Arthropod tracks 0219 NA NA <0.001 <0.001 NA NA

https://doi.org/10.1017/pab.2022.16 Published online by Cambridge University Press
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FiGure 6.  Density plots and spatial distributions of ichnotaxa given by pair correlation functions (PCFs) of trace fossil mid-
points. Density maps and corresponding PCF plots are shown in pairs. A, B, Shibantan large ichnotaxon (PCF: solid line,
connected; dashed line, unconnected). C, D, Nagaur large ichnotaxon (PCF: solid line, connected; dashed line, uncon-
nected). E, F, Shibantan small ichnotaxon. G, H, Nagaur small ichnotaxon. I, ], Nagaur circular ichnotaxon (PCF of
large connected ichnotaxon is plotted for comparison). K, L, Nagaur arthropod traces. M, N, Shibantan bivariate distribu-
tion between large connected and small ichnotaxa. O, P, Nagaur bivariate distribution between large connected and small
ichnotaxa. Scale bar next to density map is percent coverage, with range depending on the ichontaxon. PCF plots: blue
lines, Shibantan; purple, Nagaur; gray area, 999 Monte Carlo simulations with a 5% threshold. PCF > 1 is aggregation;

PCF < 1 is segregation; and PCF =1 is random.

morphogroup and 20% for the large (Fig. 6C,G,
Table 1). The small ichnotaxon exhbited 3.97x
higher levels of heteogeneity than the large
unconnected ichnotaxon and 2.39x the levels
of heterogeneity for the connected large traces
(Table 1). The spatial heterogeneity of the circu-
lar traces was significantly nonhomogeneous
(p<0.001), with varying specimen densities
up to 0.14% (Fig. 61, Table 1). The arthopod
traces were not significantly heterogeneous
(p =0.219), which could be in part due to the
relatively small number of these trace fossils
(Fig. 6K).

Distribution of Trace Lengths

For the Shibantan, the small ichnotaxon was
more strongly skewed in terms of segment
length, but the large connected ichnotaxon
had a greater kurtosis (Fig. 7A-C, Table 1). Nei-
ther ichnotaxon was normally distributed (p
<< 0.1; Table 1). The smallest ichnotaxon

https://doi.org/10.1017/pab.2022.16 Published online by Cambridge University Press

exhibited a lognormal distribution (p <<
0.001; Table 1) but the large connected ichno-
taxon did not (p >> 0.1, Table 1). For the
Nagaur, the large ichnotaxon was more
strongly skewed with greater kurtosis
(Fig. 7G-1, Table 1). None of the ichnotaxa
were normally distributed (p << 0.1; Table 1),
and the large ichnotaxon was not lognormally
distributed (p << 0.1; Table 1).

The best-fit Lévy distributions for large and
small horizontal trails on both surfaces were
not close to the optimum of 2 (Sims et al.
2019; Table 1). AIC showed a worse fit for
Lévy distributions than normal distributions,
and modeled Lévy distributions had much
higher kurtosis and skewness. Thus, these dis-
tributions were not well described by Lévy dis-
tributions, so such comparisons have limited
value. Both Brownian walks and correlated
random walks produce uniform distributions
with skewness and kurtosis much lower than
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the observed distribution, so these models are
unlikely to describe any of the observed data.

Spatial Analyses

For the Shibantan, the midpoints of both
ichnotaxa exhibit significantly nonrandom spa-
tial distributions (Fig. 6B,F). The distributions
of large connected and unconnected trails are
the same at spatial scales greater than 1.5cm,
with unconnected trails showing higher aggre-
gation (PCF.,.x=2.0) than connected trails
(PCFpax = 1.5; Fig. 6B). The large ichnotaxon
has a single scale of aggregation at 1-8 cm of

https://doi.org/10.1017/pab.2022.16 Published online by Cambridge University Press

~1.5x the random density (p;=0.002; Fig. 6B).
Small traces are significantly aggregated (p, =
0.002) with ~3x the random density under
1 cm and 1.5x the random density under 8 cm
(Fig. 6E,F). Bivariate midpoint PCF shows a sin-
gle scale of aggregation at 1-8 cm of ~1.5x the
random density (p;=0.025; Fig. 6M,N).

For the Nagaur, the midpoints of small,
large, and circular ichnotaxa exhibited signifi-
cantly nonrandom spatial distributions
(Fig. 6D,H,]). Spatial distributions for the
large connected and unconnected trails are
the same, >0.5cm, showing similar levels of
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aggregation (PCFp.x~20), but with the
unconnected trails significantly segregated
below 2 mm (p.. = 0.001; Fig. 6D). Segregation
is most likely due to how connected versus
unconnected trails were identified—when
trails are less than 2 mm apart, it is difficult to
distinguish between them, thus, they were
likely counted as a single trail. The large ichno-
taxon is aggregated at two spatial scales, under
0.5 cm and between 0.5 and 2.3 cm of ~1.5x the
random density (p;=0.001; Fig. 6C). Small
traces are significantly aggregated (p,;=0.001)
with ~8x the random density under 0.5 cm
and 2x the random density under 1cm
(Fig. 6G,H). The circular traces showed a sig-
nificantly nonrandom distribution (p;=
0.001), closely matching the aggregation of the
large ichnotaxon, 0.5 cm (Fig. 61,]), and consist-
ent with the hypothesis that these were pro-
duced by the same organism but record
slightly different behaviors. Arthropod traces
were randomly distributed (p;=0.267;
Fig. 6K,L). The bivariate midpoint PCF exhibits
significant segregation between small and large
trails across most spatial scales, with a single
scale of aggregation between 2.75 and 3 cm of
~1.5x the random density (p;=0.001, psee =
0.001; Fig. 60,P).

Small and large ichnotaxa on both surfaces
exhibit significant autocorrelation of segment
lengths. The Shibantan ichnotaxa are aggre-
gated at similar segment lengths under 2.0 cm
(small p;=0.011, large p;=0.001; Fig. 8A,C),
with large unconnected traces showing a stron-
ger correlation at smaller distances of <1cm
(MCFpin =0.6 vs. 0.8; p; =0.001; Fig. 8A). The
Nagaur ichnotaxa are aggregated at similar
segment lengths under 0.5cm (small p;=
0.001, large p;=0.016; Fig. 8B,D), with large
unconnected traces showing a slightly stronger
correlation (MCFp,i, =0.58 vs. 0.62; p;=0.016;
Fig. 8B).

In the Shibantan, the orientations of the large
ichnotaxon did not show significant spatial
autocorrelation (p;=0.997), although the
large unconnected traces are borderline signifi-
cant (ps=0.105; Fig. 8E). The small ichnotaxon
did not exhibit any significant autocorrelation
(pa=0.770; Fig. 8G). The lack of evidence for
autocorrelation contrasts Nagaur ichnotaxa,
which all show significant orientation
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autocorrelations (Fig. 8F,H). The Nagaur large
ichnotaxon is significantly aggregated <1cm
(pa=0.012) with a weaker signal from the
unconnected traces (p;=0.086). The Nagaur
small ichnotaxon also exhibited significant
autocorrelation (p,; = 0.082) with spatial aggre-
gation of orientations <1 cm and significant
segregation between 1.3 and 2.2 cm (Fig. 8H).

Discussion

Potential Limitations

The main focus of this study is to provide a
proof of concept that SPPA can be used to reli-
ably identify patterns in trace fossils exposed
on horizontal bedding planes. We chose to ana-
lyze two terminal Ediacaran—early Cambrian
slabs that had been previously documented
by Z.C. and S.X. A clear limitation is that the
two beds may not be representative of each
geological period, with a variety of potential
taphonomic factors contributing to the density
and distribution of trace fossils on each surface,
rather than the hypothesized evolutionary
shifts in animal behaviors highlighted below.
The two surfaces, although both from deposits
with evidence for regular current activity in a
shallow-marine environment, are interpreted
to represent different depositional settings,
given their different lithologies (carbonate vs.
siliciclastic rocks). Therefore, paleoenviron-
mental factors may contribute to the different
patterns identified. For example, animals can
only leave horizontal burrows while a bed is
exposed or very shallowly buried, so time of
exposure will exert a significant control on the
number of trace fossils on any given surface.
If sufficient time is allowed and resources are
plentiful, burrows will begin to overprint
one another, leading to time averaging and
altering our ability to resolve the full extent of
past behavior. Importantly, these taphonomic
uncertainties do not negate the utility of this
method. Application to a broader suite of hori-
zontal bedding planes with abundant trace fos-
sils across the Ediacaran/Cambrian boundary
will provide further tests of the hypotheses pre-
sented here.

Trace fossils provide essential insight into
the behaviors of ancient organisms; however,
there are also many limitations associated
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with the ichnofossil record. Of particular
importance here is a lack of understanding of
exactly what behaviors are being recorded by
horizontal trails. Even with confident assign-
ment to Streptichnus, it is unclear whether indi-
vidual segments represent systematic probing
(the preferred interpretation), similar to Trep-
tichnus pedum, or are instead related to the
movement of the tracemaker (Hughes 2016;
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Darroch et al. 2021). Although likely related
to the presence of an organic mat, smaller,
indistinct trails may represent movement
and/or feeding (Jensen et al. 2006). Such ambi-
guities also leave open the question of exactly
what resources (e.g., oxygen vs. food) were
being exploited.

Analyses of trace segment length and orien-
tation have been a key focus in extant
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movement ecology (e.g., Houghton et al. 2006;
Humphries and Sims 2014; Kolzsch et al. 2015).
In this study, we did not have long single traces
or time dimensions, but instead had multiple
shorter traces that limit the applicability of
methods developed in extant movement ecol-
ogy (for an overview, see Edelhoff et al. 2016)
and further motivate the need to explore alter-
native approaches, such as the ones presented
here. Comparisons with extant movement ecol-
ogy could be made if the partial trails included
in our dataset represent a random subsample of
the trails of a single tracemaker population.
Theoretical model comparison would be
needed to test this hypothesis and to assess
how robust such subsamples are, but preserva-
tional effects, such as possible biases toward
the preservation of shorter trails, complicate
theoretical modeling. An inflated abundance
of shorter trails would increase the tendency
of segment length distributions toward Lévy
distributions, which are highly skewed. If the
validity of such approaches could be estab-
lished or much longer traces could be used,
the comparison of segment length distributions
to the best-fit Lévy model would enable the
comparison of the relative extent of optimiza-
tion for ichnotaxa.

Animal Behavior across the Ediacaran/
Cambrian Boundary

Despite the abovementioned limitations, all
ichnotaxa investigated represent energetically
demanding behaviors, likely with some benefit
gained by their progenitor. The nonrandom
distribution of most trace fossils identified
here suggests that the tracemakers responded
to heterogeneously distributed resources,
regardless of what resources were targeted.
We note that both redox conditions and micro-
bial mat distribution in Ediacaran-Cambrian
shallow-marine environments were spatially
heterogenous and temporally dynamic, as evi-
denced by redox proxy data (e.g., Wood et al.
2015) and microbially induced sedimentary
structures as well as textured organic surfaces
(e.g., Buatois et al. 2014; Droser et al. 2019; Dar-
roch et al. 2021). Thus, resource heterogeneity is
expected. Perhaps most importantly, the
increased sophistication and specialization
observed here would result in greater fitness
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of the trace-making animals in environments
with heterogeneous resource distribution.

In ichnology, previous metrics for describing
the extent of lateral bioturbation (Miller and
Smail 1997; Marenco and Hagadorn 2019)
have limitations in detecting patchiness at
smaller spatial scales (Marenco and Hagadorn
2019), cannot distinguish between significantly
nonhomogeneous patchiness, and thus are
unable to quantify the spatial scale of any
such patchiness. Spatial patterns are often
hard to identify with the naked eye, especially
when assessing the significance of a pattern
(Law et al. 2009). Our use of the Hosking and
Wallis homogeneity test enabled us to statistic-
ally assess whether the heterogeneity of each
ichnotaxon was significantly different from a
homogeneous pattern. The LH* metric indi-
cates that the trails of the small ichnotaxon
had greater heterogeneity than those of the
large ichnotaxon on both surfaces. These two
metrics provide a method to compare the
extent of patchiness across beds with any
level of coverage and to identify significant het-
erogeneities at much lower ichnofossil abun-
dance. The ability to detect heterogeneities
across a wide range of percent coverage indi-
cates that these methods are applicable
throughout the fossil record. Analysis of the
Cambrian surface indicates distinct spatial dif-
ferences between the arthropod scratches and
other traces. This result is expected, given that
these arthropod traces are interpreted to
represent distinct behaviors (namely not for-
aging), especially because circular traces were
likely related to the larger treptichniids and
thus have a very similar spatial distribution to
the treptichniids (Fig. 6]). Understanding how
these metrics change beyond the early Cam-
brian with the increased depth and complexity
of bioturbation observed through the Phanero-
zoic will also provide meaningful context for
the patterns described here.

Aggregated spatial distributions of trace
fossil midpoints from the Shibantan suggest
preferential focus on optimal habitats. The
smaller morphogroup showed more complex
spatial patterns, with a strong (2.8x) aggrega-
tion under 2 cm and a weaker (1.5x) aggrega-
tion at larger spatial scales (Fig. 6B). These
differences suggest two distinct external
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factors responsible for such aggregation. Simi-
lar scale and strength of aggregation between
midpoint spatial distribution of the large and
small ichnotaxa as well as their bivariate dis-
tribution suggest common resource exploit-
ation. Some optimization was detected
through the MCF analyses of segment lengths,
which indicates decreased segment length in
quality patches to optimize time spent there,
but a lack of ability to turn back once they
left the preferred area. Taken together, these
analyses indicate the Shibantan large ichno-
taxon represents relatively simple foraging
behavior, likely responding to heterogeneities
of a single resource with limited evidence for
optimization via avoidance or return to opti-
mal resource patches (cf. Fig. 1B).

The Nagaur trace fossils exhibited greater
spatial aggregation than those from the Shiban-
tan, with the small ichnotaxon showing signifi-
cantly stronger (8x) aggregation than the large
ichnotaxon (2x). Both Nagaur ichnotaxa have
two scales of spatial aggregation, a stronger
one under 0.5 cm and a weaker one at 0.5-1.5
cm for the small ichnotaxon and 0.5-2.5cm
for the large ichnotaxon. Differences in the
PCF distributions of the small and large ichno-
taxa suggest that they targeted different
resources, further exemplified by strong segre-
gation of the Nagaur bivariate PCF distribution
(Fig. 6P). While some small-scale segregation
may be preservational (e.g., large tracemakers
erasing small traces), this process cannot
explain the segregation over the majority of
spatial scales. Thus, spatial distributions sug-
gest that the Nagaur tracemakers had a greater
degree of niche specialization than their Shi-
bantan counterparts.

Strong directionality of small and large trace
fossil segments on the Shibantan and Nagaur
beds (Fig. 7, Table 2) runs against many models

of movement ecology. Lévy flights, Brownian
motion, and correlated random walks all
describe more uniform distributions (Auger-
Méthé et al. 2015). Strong directionality in extant
taxa can arise when organisms reverse direction
after straying out of food sources (Ko6lzsch et al.
2015). These changes in directionality could be
driven by a variety of signals, including those
from nonlocal sources (Fagan et al. 2017).
Here, we would expect the orientations to have
a spatial distribution that corresponds to the
spatial distribution of food sources, because
nonlocal sources would likely be operating
over larger spatial scales, not providing the het-
erogeneity seen at the spatial scales we have
described. By testing for the presence of spatial
autocorrelation of orientations, and through
comparisons of the spatial scales of any signifi-
cant autocorrelation, we can further establish
whether tracemakers do reverse direction after
straying out of a high-quality resource patch.
In the Shibantan, the orientations of the trace
fossils do not exhibit significant spatial autocor-
relation (Fig. 8E,G). Nonrandom spatial distri-
butions of midpoints suggest preferential
directionality was not focused on the sources
of midpoint aggregations. As such, it is unlikely
that the strong directionality exhibited in Edia-
caran trace fossils analyzed here is due to
resource distribution. More likely, the direction-
ality is related to currents, as observed, for
example, in fossil horseshoe crab trails (Buhler
and Grey 2017). These patterns in the Shibantan
show a second cohort of orientations approxi-
mately 160° to the majority of trails. Future stud-
ies targeting similar trace fossils associated with
paleocurrent indicators (e.g., ripple marks)
could test this hypothesized relationship.
Sophistication in the Nagaur ichnotaxa is
captured in the MCF segment length analyses
(Fig. 8B-D). Like the Shibantan trace fossils,

TapLe 2.  Bimodal orientation distributions of the trace orientations.
Major cohort Major mean Minor cohort Minor mean
Surface Ichnotaxon proportion orientation proportion orientation
Shibantan ~ Small trails 89.28% 37.83° 10.72% 163.75°
Large connected trails 73.82% 47.07° 26.18% 160.44°
Large trails 75.89% 45.06° 24.11% 160.15°
Nagaur Large trails 68.66% 32.27° 31.34% 150.42°
Large connected trails 56.58% 39.21° 43.42% 142.00°
Small trails 59.60% 32.14° 40.40% 140.45°
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MCFs indicate that small segment lengths
likely represent focused behavior in beneficial
resource patches (Fig. 8A-D). These Cambrian
trace progenitors appear to have been able to
detect optimal areas, only making minimal
changes in direction to maximize time within
the patches. In sharp contrast to the Shibantan,
significant autocorrelation of trace orientations
in the Nagaur (Fig. 8F, H) is consistent with tra-
cemakers changing direction dependent on the
spatial distribution of resources. This spatial
autocorrelation of the Nagaur small ichnotaxon
suggests that it was able to detect when it was
leaving the resource patches and to make a
significant change in orientation to enable a
return to those patches (cf. Grabarnik et al.
2011). Small spatial-scale aggregations suggest
the maintenance of similar paths in preferred
resource patches. Significant segregation of
the small ichnotaxon at medium spatial scales
further suggests that the small tracemaker
changed direction consistently.

The evolution of optimization and the cap-
ability to search for patchy resources may be
crucial to clarifying early bilaterian ecology,
as the motivation to find these resources may
be a driver of early animal adaptations (Koy
and Plotnick 2007, 2010; Plotnick et al. 2010;
Budd and Jensen 2017). The ubiquity of Pre-
cambrian organic mats likely declined in the
Phanerozoic with the advent and diversifica-
tion of vertical bioturbating animals, providing
new pressures for optimized foraging in the
Cambrian that are absent or entirely different
in the Ediacaran. Resulting adaptations could
potentially start a feedback of increasing
diversification due to increased heterogeneity
through increased foraging (Mitchell et al.
2020). Despite evidence for heterogeneity in
the Shibantan, the two ichnotaxa studied dem-
onstrate a relatively limited capacity for
resource-focused foraging in the Shibantan
relative to the Nagaur. Further, the Nagaur ich-
notaxa showed more behavioral complexity,
with different niches occupied by horizontal
grazers and intertaxon avoidance. Due to the
limited sample sizes, it is not clear whether
these samples are representative or towhat extent
taphonomy and/or paleoenvironment (among
other factors) influenced our results, necessitat-
ing further work on surfaces across the
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Ediacaran/Cambrian transition to test potential
evolutionary patterns. However, the fact that
these patterns match previous observations of
an increase in behavioral complexity across this
boundary suggests that the methods employed
here revealed a real evolutionary signal.

Further ground truthing based on analyses of
younger deposits will continue to establish the
utility of the methods described in this paper.
Extending this work to a broader range of ich-
notaxa and more bedding-plane surfaces will
continue to test the hypotheses suggested
here and identify the range of foraging efficien-
cies exhibited by early animals. However,
increased ichnodisparity suggests that there
was pressure to optimize foraging by the ter-
minal Ediacaran, potentially contributing to
changes in diversity at the Ediacaran/Cam-
brian transition. Only through analyses of
trace fossil assemblages across this interval
will we be able to detect and quantify how
the development of complex trace morpholo-
gies relates to optimization of foraging. The
ability to recognize differences between these
Ediacaran and Cambrian behaviors suggests
that spatial analysis is a powerful method for
interrogating the trace fossil record.

Conclusions

Analysis of two trace fossil-rich surfaces
from the Ediacaran Shibantan Member and
the Cambrian Nagaur Sandstone shows that
ichnotaxa on both surfaces exhibit lateral
heterogeneity, likely in response to unevenly
distributed resources. In the Ediacaran, both
ichnotaxa investigated appear to have
exploited the same resource. The small ichno-
taxon also showed added aggregation at smal-
ler spatial scales, indicating the preference for a
second, distinct resource. Bivariate spatial pat-
terns suggest that these Shibantan tracemakers
likely did not interact directly with each other
but shared similar resource requirements.
Despite these patterns, foraging strategies
were comparably limited, with only the smaller
Shibantan ichnotaxon seemingly able to maxi-
mize time in presumed high-quality resource
patches and neither expressing the ability to
change orientation to concentrate on particular
resources. In contrast, early Nagaur trace fossils
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exhibit notable increases in optimization of for-
aging behavior, specifically the ability of
Nagaur tracemakers to adjust segment length
and orientation to focus on preferred resources.
This study provides preliminary but quantita-
tive data that Shibantan tracemakers exhibited
limited evidence of resource optimization and
that their Nagaur counterparts developed
more sophisticated foraging strategies. Further
work is needed to establish the extent to
which these patterns reflect environmental dif-
ference between the two analyzed ichnofossil
assemblages or behavior-evolutionary innov-
ation across the Ediacaran/Cambrian transition.
More broadly, the analytical techniques
employed in this study provide a novel method-
ology for quantifying the lateral heterogeneity of
bioturbation, the methods to test for spatially
induced turning, and approaches to assess
how tracemakers interact with lateral resource
heterogeneity in their local environments.

Data Availability Statement

The datasets and code supporting this article
are shared on Dryad: https://doi.org/10.5061/
dryad.wh70rxwqgb.

Acknowledgments

We thank M. Sharma and D. Pandey for field
guidance and discussion on the Nagaur fossils,
X. Yuan and C. Zhou for discussion on the
Shibantan fossils, and two anonymous
reviewers for constructive criticism. This work
was funded by a UKRI grant (NE/S014756/1)
to E.G.M. For the purpose of open access, the
author has applied a Creative Commons Attri-
bution (CC BY) license to any Author Accepted
Manuscript version arising. S.D.E. was funded
by an Agouron Institute Geobiology fellowship,
SX. by the National Science Foundation
(EAR-2021207), and Z.C. by the National Nat-
ural Science Foundation of China (41921002).
The authors declare no competing financial
interests.

Literature Cited

An, Z.,G. Jiang, J. Tong, L. Tian, Q. Ye, H. Song, and H. Song. 2015.
Stratigraphic position of the Ediacaran Miaohe biota and its con-
strains on the age of the upper Doushantuo §'°C anomaly in the

https://doi.org/10.1017/pab.2022.16 Published online by Cambridge University Press

Yangtze Gorges area, South China. Precambrian Research
271:243-253.

Auger-Méthé, M., A. E. Derocher, M. J. Plank, E. A. Codling, and M.
A. Lewis. 2015. Differentiating the Lévy walk from a composite
correlated random walk. Methods in Ecology and Evolution
6:1179-1189.

Baddeley, A., and R. Turner. 2005. Spatstat: a R package for analyz-
ing spatial point patterns. Journal of Statistical Software 12:1-42.

Benhamou, S. 2006. Detecting an orientation component in animal
paths when the preferred direction is individual-dependent. Ecol-
ogy 87:518-528.

Bond, A. B. 1980. Optimal foraging in a uniform habitat: the search
mechanism of the green lacewing. Animal Behaviour 28:10-19.
Brown, J. H. 2000. Foraging ecology of animals in response to het-
erogeneous environments. Pp. 181-214 in M. ]. Hutchings,
E. A.John, and A.J. A. Stewart, eds. The ecological consequences

of environmental heterogeneity. Blackwell Science, Oxford.

Buatois, L. A.,and M. G. Mangano. 2016. Ediacaran ecosystems and the
dawn of animals. Pp. 27-72 in M. G. Mdngano and L. A. Buatois, eds.
The trace-fossil record of major evolutionary events. Vol. 1, Precam-
brian and Paleozoic. Springer, Dordrecht, Netherlands.

Buatois, L. A., G. M. Narbonne, M. G. Mangano, N. B. Carmona,
and P. Myrow. 2014. Ediacaran matground ecology persisted
into the earliest Cambrian. Nature Communications 5:3544.

Budd, G. E., and S. Jensen. 2017. The origin of the animals and a
“Savannah” hypothesis for early bilaterian evolution. Biological
Reviews 92:446-473.

Buhler, P. B., and M. Grey. 2017. Xiphosuran digging traces at the
late Carboniferous Joggins Fossil Cliffs UNESCO World Heritage
Site, Nova Scotia, Canada. Ichnos 24:179-190.

Chen, Z.,C. Zhou, M. Meyer, K. Xiang, J. D. Schiffbauer, X. Yuan, and
S. Xiao. 2013. Trace fossil evidence for Ediacaran bilaterian animals
with complex behaviors. Precambrian Research 224:690-701.

Chen, Z., C. Zhou, X. Yuan, and S. Xiao. 2019. Death march of a seg-
mented and trilobate bilaterian elucidates early animal evolution.
Nature 573:412-415.

Codling, E. A., M. J. Plank, and S. Benhamou. 2008. Random walk
models in biology. Journal of the Royal Society Interface 5:813—
834.

Condon, D., M. Zhu, S. Bowring, W. Wang, A. Yang, and Y. Jin.
2005. U-Pb ages from the Neoproterozoic Doushantuo Forma-
tion, China. Science 308:95-98.

Darroch, S. A. E, A. T. Cribb, L. A. Buatois, G. J. B. Germs, C.
G. Kenchington, E. F. Smith, H. Mocke, G. R. O’Neil, J.
D. Schiffbauer, K. M. Maloney, R. A. Racicot, K. A. Turk, B.
M. Gibson, J. Almond, B. Koester, T. H. Boag, S. M. Tweedt,
and M. Laflamme. 2021. The trace fossil record of the Nama
Group, Namibia: exploring the terminal Ediacaran roots of the
Cambrian explosion. Earth-Science Reviews 212:103435.

Dhungana, A., and E. G. Mitchell. 2020. Facilitating corals in an
early Silurian deep-water assemblage. Palaeontology 64:359-370.

Dornbos, S. Q., D.J. Bottjer, and J. (F34)iz) Chen. 2004. Evidence for
seafloor microbial mats and associated metazoan lifestyles in
Lower Cambrian phosphorites of southwest China. Lethaia
37:127-137.

Droser, M. L., J. G. Gehling, L. G. Tarhan, S. D. Evans, C. M. S. Hall,
I. V. Hughes, E. B. Hughes, M. E. Dzaugis, M. P. Dzaugis, P.
W. Dzaugis, and D. Rice. 2019. Piecing together the puzzle of
the Ediacara Biota: excavation and reconstruction at the Ediacara
National Heritage site Nilpena (South Australia). Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology 513:132-145.

Edelhoff, H., J. Signer, and N. Balkenhol. 2016. Path segmentation
for beginners: an overview of current methods for
detecting changes in animal movement patterns. Movement Ecol-
ogy 4:21.

Edwards, A. M., R. A. Phillips, N. W. Watkins, M. P. Freeman,
E. J. Murphy, V. Afanasyev, S. V. Buldyrev, M. G. E. da Luz,
E. P. Raposo, H. E. Stanley, and G. M. Viswanathan. 2007.


https://doi.org/10.5061/dryad.wh70rxwqb
https://doi.org/10.5061/dryad.wh70rxwqb
https://doi.org/10.5061/dryad.wh70rxwqb
https://doi.org/10.1017/pab.2022.16

18 EMILY G. MITCHELL ET AL.

Revisiting Lévy flight search patterns of wandering albatrosses,
bumblebees and deer. Nature 449:1044-1048.

Evans, S. D., J. G. Gehling, and M. L. Droser. 2019. Slime travelers:
early evidence of animal mobility and feeding in an organic mat
world. Geobiology 17:490-509.

Fagan, W. F,, E. Gurarie, S. Bewick, A. Howard, R. S. Cantrell, and
C. Cosner. 2017. Perceptual ranges, information gathering, and
foraging success in dynamic landscapes. American Naturalist
189:474-489.

Fan, Y.-C., Y.-A. Qi, M.-Y. Dai, D. Li, B.-C. Liu, and G.-S. Qing. 2021.
Bioturbation of Thalassinoides from the Lower Cambrian Zhush-
adong Formation of Dengfeng area, Henan Province, North
China. Journal of Palaeogeography 10:1.

Fey, S. B., J. P. Gibert, and A. M. Siepielski. 2019. The consequences
of mass mortality events for the structure and dynamics of bio-
logical communities. Oikos 128:1679-1690.

Fraley, C., and A. E. Raftery. 2017. MCLUST version 3 for R: normal
mixture modeling and model-based clustering. Technical Report
No. 57. Seattle: Department of Statistics, University of Washington.

Getzin, S., C. Dean, F. He, J. A. Trofymow, K. Wiegand, and
T. Wiegand. 2008. Heterogeneity influences spatial patterns and
demographics in forest stands. Journal of Ecology 96:807-820.

Grabarnik, P., M. Myllymaki, and D. Stoyan. 2011. Correct testing of
mark independence for marked point patterns. Ecological Model-
ling 222:3888-3894.

Hosking, J. R. M., and J. R. Wallis. 1993. Some statistics useful in
regional frequency analysis. Water Resources Research 29:271-281.

Houghton, J. D. R., T. K. Doyle, M. W. Wilson, J. Davenport, and
G. C. Hays. 2006. Jellyfish aggregations and leatherback turtle for-
aging patterns in a temperate coastal environment. Ecology
87:1967-1972.

Hughes, N. C. 2016. The Cambrian palaeontological record of the
Indian subcontinent. Earth-Science Reviews 159:428-461.

Humphries, N. E., and D. W. Sims. 2014. Optimal foraging strat-
egies: Lévy walks balance searching and patch exploitation
under a very broad range of conditions. Journal of Theoretical
Biology 358:179-193.

Humphries, N. E., H. Weimerskirch, and D. W. Sims. 2013. A new
approach for objective identification of turns and steps in organ-
ism movement data relevant to random walk modelling. Meth-
ods in Ecology and Evolution 4:930-938.

Hunter, A. W., D. Casenove, E. Mitchell, and C. Mayers. 2020.
Reconstructing the ecology of a Jurassic pseudoplanktonic mega-
raft colony. Royal Society Open Science 7:200142.

Illian, J., P. A. Penttinen, D. H. Stoyan, and D. D. Stoyan. 2008. Stat-
istical analysis and modelling of spatial point patterns. Wiley,
London.

Jensen, S., M. L. Droser, and J. G. Gehling. 2006. A critical look at the
Ediacaran trace fossil record. Pp. 115-157 in S. Xiao and A.
J. Kaufman, eds. Neoproterozoic geobiology and paleobiology.
Springer, Dordrecht, Netherlands.

Jensen, S. R., and Bruce Runnegar. 2005. A complex trace fossil from
the Spitskop Member (terminal Ediacaran—? Lower Cambrian) of
southern Namibia. Geological Magazine 142:561-569.

Kitchell, J. A. 1979. Deep-sea foraging pathways: an analysis
of randomness and resource exploitation. Paleobiology
5:107-125.

Kolzsch, A., A. Alzate, F. Bartumeus, M. de Jager, E. J. Weerman, G.
M. Hengeveld, M. Naguib, B. A. Nolet, and J. van de Koppel.
2015. Experimental evidence for inherent Lévy search behaviour
in foraging animals. Proceedings of the Royal Society of London B
282:20150424.

Koy, K., and R. E. Plotnick. 2007. Theoretical and experimental ich-
nology of mobile foraging. Pp. 428—441 in W. Miller, ed. Trace fos-
sils. Elsevier, Amsterdam.

Koy, K. A., and R. E. Plotnick. 2010. Ichnofossil morphology as a
response to resource distribution: insights from modern

https://doi.org/10.1017/pab.2022.16 Published online by Cambridge University Press

invertebrate foraging. Palaeogeography, Palaeoclimatology,
Palaeoecology 292:272-281.

Law, R.,J. Illian, D. F. R. P. Burslem, G. Gratzer, C. V. S. Gunatilleke,
and I. A. U. N. Gunatilleke. 2009. Ecological information from
spatial patterns of plants: insights from point process theory.
Journal of Ecology 97:616-628.

Leighton, L. R., and C. L. Schneider. 2004. Neighbor proximity ana-
lysis, a technique for assessing spatial patterns in the fossil record.
Palaios 19:396-407.

Liang, D., Y. Cai, M. Nolan, and S. Xiao. 2020. The terminal Edia-
caran tubular fossil Cloudina in the Yangtze Gorges area of
South China. Precambrian Research 351:105931.

Lin, Y.-C., L.-W. Chang, K.-C. Yang, H.-H. Wang, and I.-F. Sun.
2011. Point patterns of tree distribution determined by habitat
heterogeneity and dispersal limitation. Oecologia 165:175-184.

Lingua, E., P. Cherubini, R. Motta, and P. Nola. 2008. Spatial struc-
ture along an altitudinal gradient in the Italian central Alps sug-
gests competition and facilitation among coniferous species.
Journal of Vegetation Science 19:425-436.

Marenco, K. N., and J. W. Hagadorn. 2019. Big bedding planes: out-
crop size and spatial heterogeneity influence trace fossil analyses.
Palaeogeography, Palaeoclimatology, Palaeoecology 513:14-24.

McKenzie, N. R., N. C. Hughes, P. M. Myrow, S. Xiao, and
M. Sharma. 2011. Correlation of Precambrian-Cambrian sedi-
mentary successions across northern India and the utility of iso-
topic signatures of Himalayan lithotectonic zones. Earth and
Planetary Science Letters 312:471-483.

Meyer, M., S. Xiao, B. C. Gill, J. D. Schiffbauer, Z. Chen, C. Zhou,
and X. Yuan. 2014. Interactions between Ediacaran animals and
microbial mats: insights from Lamonte trevallis, a new trace fossil
from the Dengying Formation of South China. Palaeogeography,
Palaeoclimatology, Palaeoecology 396:62-74.

Miller, M. F., and S. E. Smail. 1997. A semiquantitative field method
for evaluating bioturbation on bedding planes. Palaios 12:391-396.

Mitchell, E. G., and N. J. Butterfield. 2018. Spatial analyses
of Ediacaran communities at Mistaken Point. Paleobiology
44:40-57.

Mitchell, E. G., and C. G. Kenchington. 2018. The utility of height for
the Ediacaran organisms of Mistaken Point. Nature Ecology and
Evolution 2:1218-1222.

Mitchell, E. G., C. G. Kenchington, A. G. Liu, J. . Matthews, and
N. J. Butterfield. 2015. Reconstructing the reproductive mode of
an Ediacaran macro-organism. Nature 524:343-346.

Mitchell, E. G., C. G. Kenchington, S. Harris, and P. R. Wilby. 2018.
Revealing rangeomorph species characters using spatial analyses.
Canadian Journal of Earth Sciences 55:1262-1270.

Mitchell, E. G., S. Harris, C. G. Kenchington, P. Vixseboxse,
L. Roberts, C. Clark, A. Dennis, A. G. Liu, and P. R. Wilby.
2019. The importance of neutral over niche processes in structur-
ing Ediacaran early animal communities. Ecology Letters
22:2028-2038.

Mitchell, E. G., N. Bobkov, N. Bykova, A. Dhungana, A. Kolesnikov,
L. R. P. Hogarth, A. G. Liu, T. M. R. Mustill, N. Sozonov, S. Xiao,
and D. V. Grazhdankin. 2020. The influence of environmental set-
ting on the community ecology of Ediacaran organisms. Interface
Focus 10(4). doi: 10.1098/1rsfs.2019.0109.

Pandey, D. K., A. Uchman, V. Kumar, and R. S. Shekhawat. 2014.
Cambrian trace fossils of the Cruziana ichnofacies from the
Bikaner-Nagaur Basin, north western Indian Craton. Journal of
Asian Earth Sciences 81:129-141.

Patlak, C. S. 1953. Random walk with persistence and external bias.
Bulletin of Mathematical Biophysics 15:311-338.

Plotnick, R. E. 2003. Ecological and L-system based simulations of
trace fossils. Palaeogeography, Palaeoclimatology, Palaeoecology
192:45-58.

Plotnick, R. E. 2012. Behavioral biology of trace fossils. Paleobiology
38:459-473.


https://doi.org/10.1017/pab.2022.16

SPATIAL RELATIONSHIPS OF ICHNOFOSSILS 19

Plotnick, R. E., S. Q. Dornbos, and J. Chen. 2010. Information land-
scapes and sensory ecology of the Cambrian Radiation. Paleobiol-
ogy 36:303-317.

Raichlen, D. A., B. M. Wood, A. D. Gordon, A. Z. P. Mabulla, F.
W. Marlowe, and H. Pontzer. 2014. Evidence of Lévy walk for-
aging patterns in human hunter-gatherers. Proceedings of the
National Academy of Sciences USA 111:728-733.

R Core Team. 2017. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria.

Rojas, A., G. P. Dietl, M. Kowalewski, R. W. Portell, A. Hendy, and
J. K. Blackburn. 2020. Spatial point pattern analysis of
traces (SPPAT): an approach for visualizing and quantifying
site-selectivity patterns of drilling predators. Paleobiology
46:259-271.

Seilacher, A., L. A. Buatois, and M. Gabriela Médngano. 2005. Trace
fossils in the Ediacaran—-Cambrian transition: behavioral diversi-
fication, ecological turnover and environmental shift. Palaeo-
geography, Palaeoclimatology, Palaeoecology 227:323-356.

Sharma, M., S. Ahmed, S. K. Pandey, and K. Kumar. 2018. On the ich-
nofossil Treptichnus pedum: inferences from the Nagaur Sandstone,
Marwar Supergroup, India. Bulletin of Geosciences 93:305-325.

Shroat Lewis, R., A., C. D. Sumrall, F. K. McKinney, and D. Meyer
L. 2014. A paleoecologic comparison of two edrioasteroid (Ech-
inodermata) encrusted pavements from the Upper Ordovician
Corryville Formation of Florence, Kentucky and the Miamitown
Shale of Sharonville, Ohio, USA. Palaios 29:154-169.

Shu, H., T. Pei, C. Song, T. Ma, Y. Du, Z. Fan, and S. Guo. 2019.
Quantifying the spatial heterogeneity of points. International
Journal of Geographical Information Science 33:1355-1376.

Sims, D. W., E. J. Southall, N. E. Humphries, G. C. Hays,
C. J. A. Bradshaw, J. W. Pitchford, A. James, M. Z. Ahmed,
A. S. Brierley, M. A. Hindell, D. Morritt, M. K. Musyl,
D. Righton, E. L. C. Shepard, V. J. Wearmouth, R. P. Wilson, M.
J. Witt, and J. D. Metcalfe. 2008. Scaling laws of marine predator
search behaviour. Nature 451:1098-1102.

Sims, D. W., N. E. Humphries, R. W. Bradford, and B. D. Bruce.
2012. Lévy flight and Brownian search patterns of a free-ranging
predator reflect different prey field characteristics. Journal of Ani-
mal Ecology 81:432-442.

https://doi.org/10.1017/pab.2022.16 Published online by Cambridge University Press

Sims, D. W., A. M. Reynolds, N. E. Humpbhries, E. ]. Southall, V.
J. Wearmouth, B. Metcalfe, and R. J. Twitchett. 2014. Hierarchical
random walks in trace fossils and the origin of optimal search
behavior. Proceedings of the National Academy of Sciences
USA 111:11073-11078.

Sims, D. W., N. E. Humphries, N. Hu, V. Medan, and J. Berni. 2019.
Optimal searching behaviour generated intrinsically by the cen-
tral pattern generator for locomotion. eLife 8:e50316.

Velazquez, E. 1. Martinez, S. Getzin, K. A. Moloney, and
T. Wiegand. 2016. An evaluation of the state of spatial point pat-
tern analysis in ecology. Ecography 39:1042-1055.

Viswanathan, G. M., V. Afanasyev, S. V. Buldyrev, E. J. Murphy,
P. A. Prince, and H. E. Stanley. 1996. Lévy flight search patterns
of wandering albatrosses. Nature 381:413-415.

Wiegand, T., and K. A. Moloney. 2013. Handbook of spatial point-
pattern analysis in ecology. CRC Press, Boca Raton, Fla.

Wood, R. A., S. W. Poulton, A. R. Prave, K.-H. Hoffman,
M. O. Clarkson, R. Guilbaud, J. W. Lyne, R. Tostevin,
F. Bowyer, A. M. Penny, A. Curtis, and S. A. Kasemann. 2015.
Dynamic redox conditions control late Ediacaran metazoan eco-
systems in the Nama Group, Namibia. Precambrian Research
261:252-271.

Xiao, Q., Z. She, G. Wang, Y. Li, G. Ouyang, K. Cao, R. Mason, and
Y. Du. 2020. Terminal Ediacaran carbonate tempestites in the east-
ern Yangtze Gorges area, South China. Palaeogeography, Palaeo-
climatology, Palaeoecology 547:109681.

Xiao, S., Z. Chen, C. Zhou, and X. Yuan. 2019. Surfing in and on
microbial mats: oxygen-related behavior of a terminal Ediacaran
bilaterian animal. Geology 47:1054-1058.

Xiao, S., Z. Chen, K. Pang, C. Zhou, and X. Yuan. 2021. The Shiban-
tan Lagerstitte: insights into the Proterozoic—Phanerozoic transi-
tion. Journal of the Geological Society 178:jgs2020-2135.

Yang, C., A. D. Rooney, D. J. Condon, X.-H. Li, D. V. Grazhdankin,
F. T. Bowyer, C. Hu, F. A. Macdonald, and M. Zhu. 2021. The
tempo of Ediacaran evolution. Science Advances 7:eabi9643.

Zhou, C., S. Xiao, W. Wang, C. Guan, Q. Ouyang, and Z. Chen.
2017. The stratigraphic complexity of the middle Ediacaran car-
bon isotopic record in the Yangtze Gorges area, South China,
and its implications for the age and chemostratigraphic signifi-
cance of the Shuram excursion. Precambrian Research 288:23-38.


https://doi.org/10.1017/pab.2022.16

	A new approach for investigating spatial relationships of ichnofossils: a case study of Ediacaran--Cambrian animal traces
	Introduction
	Geological Setting

	Materials and Methods
	Trace Fossil Markup
	Quantification of Lateral Heterogeneity
	Spatial Analyses


	Results
	Lateral Heterogeneity
	Distribution of Trace Lengths
	Spatial Analyses

	Discussion
	Potential Limitations
	Animal Behavior across the Ediacaran/Cambrian Boundary

	Conclusions
	Data Availability Statement
	Acknowledgments
	Literature Cited


