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p-value
s

Error

Chard LCM 0.213
Chard LCM 2.742
Plum LCM 0.282
Fract LCM 0.570
Fract LCM 0.219
Plum LDCM 0.329
Plum LDCM 0.723
Fract LDCM 0.497
Char SS
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Plum SS
0.450
Plum SS
0.457
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Ives
Brad
Ives
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Lob
Chard
Fract
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Brad
Chard
Fract
Ives
Ives
Ives
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Model

Taxon 1

Output values

14
56
43
34
51
12
60
99
27
9
9
9
24
22
26

0.00079
0.00548
0.00300
0.00920
0.00394
0.07695
0.00417
0.00162
0.00186
0.00168
0.00030
0.00036
0.00098
0.00016
0.00177
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13
19
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12
19
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68
14
18
28
19
11
14
14

0.06
0.33
0.32
0.25
0.34
0.11
0.01
0.24
0.66
0.97
0.79
0.69
0.65
0.82
0.70

Supplementary Table S1. Bivariate parameters for the best-fit models for the aggregated
correlations. The parameters for the shared source models (SS), linked cluster models (LCM) and
linked double cluster models (LDCM). pd = 1 corresponds to a perfect fit of the model on the data,
while pd = 0 corresponds to no fit at all. 2 denotes the size of the cluster radius. CSR models
are not included in this table because for all pd < 0.01 The rows in bold are the best-fit models for
those correlations. The Charniid – Lobate disc correlation is not included because it is a
segregation, not aggregation. The best-fit models for each correlation are shown in bold. The
following taxa notation is used: Chard: Charniodiscus, Plum: Plumeropriscum, Fract: Fractofusus,
Ives: Ivesheadiomorph, Lob: Lobate Discs.
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Correlation
Modelled
Chard - Ives
Plum
Chard
Plum - Ives
Fract - Plum
Fract - Ives
Lob - Fract

Correlation compared
Chard - Plum - Plum - Fract - Fract - Fract Ives
Chard Ives
Plum
Ives
Lob
0.04
0.15
0.22
0.38
0.20
0.82
0.01
0.01
0.04
0.01
0.13

0.97
0.55
0.04
0.01
0.01

0.06
0.69
0.64
0.56
0.08

0.01
0.58
0.79
0.02
0.01

0.01
0.71
0.01
0.65
0.07

0.40
0.01
0.16
0.34
0.82

Supplementary Table S2. The p-values of the best fit models fit onto other interactions. To
check for consistence of data, and the best fit models fit onto the bivariate PCFs of other
correlations. A value of pd =1 corresponds to a perfect fit of the model on the data, while pd = 0
corresponds to no fit. Note that while these numbers may seem low they need to be considered in
context of the PCF graph (Fig. 3), which show the small fluctuations of the observed PCF around
the model PCF. The following taxa notation is used: Brad: Bradgatia, Char: Charniid Chard:
Charniodiscus, Plum: Plumeropriscum, Fract: Fractofusus, Ives: Ivesheadiomorph, Lob: Lobate
Discs.
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Taxon
1
Fract
Chard
Plum

Taxon
2
Ives
Ives
Ives

PCF 12/ PCF 1,1+2
- PCF 21/ PCF
2,1+2

0.85
0.37
0.01

Supplementary Table S3. P-values for random labelling analysis. The PCF of taxon 1 is
given by PCF11, Taxon 2 by PCF 22 , Taxon 1 on 2 PCF 12 , Taxon 2 on 1 PCF 21, Taxon 2 over
the combined PCFs of both taxa PCF 2,1+2 and Taxon 1 over the combined PCFs of both taxa PCF
12/

PCF 1,1+2. A pdRLA = 1 corresponds the CSR model, and so a random RLA pattern between the

two taxa - zero difference between the two groups. Therefore, where pd RLA = 1 there is no density
dependence whereas pd RLA = 0 corresponds to no CSR model fit between the two groups, thus a
density dependent spatial pattern. The following taxa notation is used: Chard: Charniodiscus,
Plum: Plumeropriscium, Fract: Fractofusus, Ives: Ivesheadiomorph.
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Taxon
1
Chard
Plum
Plum
Fract
Fract
Fract
Char
Char

Taxon
2
Ives
Chard
Ives
Plum
Ives
Lob
Brad
Lob

Taxon
1
0.58
0.01
0.01
0.01
0.56
0.07
0.07
0.01

Taxon
2
0.14
0.01
0.01
0.01
0.02
0.02
0.03
0.01

Joint 1
and 2
0.75
0.02
0.03
0.01
0.55
0.03
0.05
0.01

Radius
(m)
0.50
0.70
0.50
0.60
0.30
0.50
1.00
0.50

Supplementary Table S4. P-values for heterogeneous Poisson models created using the
background densities of taxa given by the columns ). pd = 1 corresponds to a perfect fit of the
model on the data, while pd = 0 corresponds to no fit at all. Radius is the radius of the kernel
used to generate the heterogeneous background. The following taxa notation is used: Chard:
Charniodiscus, Plum: Plumeropriscum, Fract: Fractofusus, Ives: Ivesheadiomorph, Lob: Lobate
Discs, Char: Charniid, Brad: Bradgatia.

Supplementary Information
Extended methods
Specimen identification
To minimise identification errors, coarse taxonomic groups were used to (c.f. Clapham
2011). For example, subtle differences in branching structure or morphological structures that
differentiate species or even genera may not be preserved, e.g. Beothukis and Vinlandia are
distinguished by a single branching characteristic (Brasier et al. 2012). Identification to genus
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level or higher order taxonomic rank is inevitably more robust to preservational variations, and is
standard practice in modern community ecology analysis (Milns et al. 2010).
By far the most dominant type of fossil preserved on the D and E surfaces are
rangeomorphs, a group characterized by a fractally branching morphology with unresolved
phylogenetic affinities. Five of the ten taxonomic groups used in this study are rangeomorphs:

1) Bradgatia (Fig. 3g). A frondose rangeomorph (B. linfordensis), with multifoliate
branches emanating from a common basal attachment (Boynton and Ford 1995, Flude
and Narbonne 2008). Bradgatia is the second most abundant taxon on D surface (9.9%
of the total assemblage, 140 specimens), but relatively rare on E surface (1.1% of the
total assemblage, 34 specimens). On D surface it measures 2.1-11.6 cm in long-axis
dimension, vs. 5.4-18.9 cm for the E surface population (Clapham et al. 2003).
2) Charniids (Fig. 3a). A group of frondose rangeomorphs with primary branches
alternating along a central stem, represented on D and E surfaces by Beothukis
mistakensis (Brasier et al. 2009) and rare specimens of Charnia masoni (Ford 1958) (see
Fig. 4a, b, Laflamme et al. 2007). Charniids are found on both the D and E surfaces
(1.7% and 2.5% of their total assemblages, with 25 and 76 specimens respectively). On
D surface their preserved long-axis dimension is 6.7-27.0 cm, vs. 2.8-21.2 cm on E
surface (Clapham et al. 2003).
3) Pectinifrons (Fig. 3e). A rangeomorph genus (P. abyssalis) with multiple branches
arranged to one side of a central trunk (Bamforth et al. 2008). Pectinifrons is only found
on D surface where it is one of only three abundant taxa (7.6% of the total assemblage,
108 specimens); long-axis dimension 2.8-16.6cm (Clapham et al. 2003).
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4) Plumeropriscum (Fig. 3b). A genus (P. hofmanni) of frondose Rangeomorphs with
branches emananting from a shared point at the top of the stem (Mason and Narbonne
2016); previously known as Feather Dusters (cf. Clapham et al. 2003). Plumeropriscum
occur abundantly on the E surface (9.1% of the assemblage, 272 specimens), with a longaxis dimension of 0.9-15.3 cm (Clapham et al. 2003).
5) Fractofusus (Fig. 3i). A rounded, elongate spindle-like rangeomorph, with two offset
rows of irregularly alternating, self-similar, subdivided frondlets arranged along a central
axis (Gehling and Narbonne 2007). Fractofusus misra is the most common taxon on
both D and E surfaces, with limited (<5) Fractofusus andersoni present. Fractofusus
comprises of 76.3% and 38.4% of the respective assemblages (1070 and 1140 specimens
respectively); long-axis dimension on D surface is 0.9-113.0 cm, vs. 2.75-36.25 cm on E
surface (Clapham et al. 2003).

Three further non-rangeomorph groups in this study are sufficiently distinct to recognize as
bona fide biological entities:

6) Charniodiscus (Fig. 3c). A stalked frondose ‘arboreomorph’ characterized by a distinct
disc-shaped holdfast and absence of fractal, rangeomorph style branching (Laflamme and
Narbonne 2008, Brasier et al. 2012, Hoyal Cuthill and Conway Morris 2014). Two
species of Charniodiscus occur abundantly on the E surface (11.0% of the total
assemblage, 326 specimens) with a long-axis dimension of 1.0 - 29.1 cm (Clapham et al.
2003).
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7) Hiemalora (Fig. 3h). A discoidal organ-taxon, distinguished by radial filaments
emanating from the circumference. Hiemalora stellaris is often considered an organ
taxon of Primocandelabrum hiemaloranum (Hoffmann et al. 2008). Hiemalora
comprises 1.3% of specimens on E surface (39 specimens), with a disc diameter of 0.82.7 cm (Clapham et al. 2003).

8) Thectardis (Fig. 3d). A triangular shaped fossil, with conspicuously limited
morphological distinction and much-debated phylogenetic affinity (e.g. Narbonne et al.
2014); one possibility is that it is a sponge (Sperling et al. 2011). Thectardis is found
exclusively on the E surface (1.3% of the total assemblage, 39 specimens), and has a
long-axis dimension of 4.8-16.5cm (Clapham et al. 2003).

The final two groupings used in this analysis are the degradationally obscured remains of
one or more pre-existing forms (taphomorphs). They are included because of their numerical
abundance on both of the analysed surfaces, and the likelihood that their distribution had some
correspondence to overall community structure. The two taphomorph groups are:

9) Lobate Discs (Fig. 3f). A group of putative taphomorphs characterized by a circular
shape, with high relief, approximately radially symmetrical, irregular lobes. Lobate discs
have been suggested to be the taphomorphs of holdfast discs (Liu et al. 2011). Lobate
discs are found on the E surface, (5.4% of the total assemblage, 160 specimens) with a
diameter range of 3.6-38.4cm (Clapham et al. 2003).
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10) Ivesheadiomorphs (Fig. 3j). A group of putative taphomorphs characterized by a lack of
consistent internal or external form, low preservation detail and rarity of symmetrical
features (Liu et al. 2011). The precursor taxa from which they decayed is unknown, but
likely to vary. 25 specimens were documented on D surface (1.8% of the total biota. On
the E surface form 7.9% of the total assemblage (232 specimens) where their dimensions
range from 5.5-55.0cm (Clapham et al. 2003).

In addition to these ten more or less recognizable ‘taxa’ we identify two further bins. The
first includes frondose organisms that are too eroded/degraded to identify while the second is to
accommodate forms representing less than 1% of their respective biotas (< 30 specimens on D
surface, or <50 specimens on E Surface) and/or are cannot be placed in a known ‘taxon’.

11) “Holdfast Discs” is a bin-group that includes all discoidal specimens of uncertain
affinity, with or without associated stems, which lack sufficient preservation detail to
identify the taxon or group. This group likely contains eroded Charniodiscus and
Plumeropriscum specimens (c.f. the frondose group of Clapham et al. 2003). This bin
group forms a large proportion of specimens on the E surface (18.1% of the total
assemblage, 530 specimens) with a long-axis dimension of 0.6-18.4cm (Clapham et al.
2003).
12) “Other species” is a bin group used to incorporate any forms that do not fall into any of
the other groups. This group contains a taxonomically eclectic selection of taxa, and so
does not enter into our ecological discussions - it is included here so that all documented
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specimens are categorized. Of the total recorded specimens on the D surface, 1.7% fell
into this category, and on the E surface 3.9% of the total assemblage, 116 specimens.

When referring to the grouped data, the groups are treated as nouns and therefore
capitalized, while the taxonomic group is not e.g. Charniid is the data group that contains
charniid specimens, similarly, Ivesheadiomorphs is the data group that contains ivesheadiomorph
specimens. The name of the group e.g. Lobate Discs is plural, whereas for taxonomically defined
species such as Fractofusus it is singular.
Spatial analyses
Spatial analyses fall into two broad categories: A) Bayesian network inference (BNI) and
B) Spatial point process analyses (SPPA). BNI is used to identify primary correlations between
taxa and SPPA is used to deduce the most likely underlying processes. Within the SPPA
analyses there are three types of analysis used to determine the most likely underlying processes:
B.1) description of spatial pattern using pair correlation functions (PCFs); B.2) model fitting and
B.3) random labelling analyses.
A) Bayesian Network inference. – For these networks, taxa are defined as the nodes and
their relationships between taxa are edges, with edge strength assigned a weighting described as
the influence score (Yu et al. 2004). An influence score of one indicates a positive correlation
and an influence score of minus one corresponds to a negative correlation, whereas an influence
score of zero corresponds to a non-monotonic interaction (that is one that has different behaviour
at different spatial scales).
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Banjo requires discrete data, which ensures data noise is masked and only the relative
densities of each taxon are important. To convert the spatial positions of specimens into data
suitable for BNI analyses the following steps were taken (following Milns et al. 2010):

1. Node definition. The nodes were defined by taxa groups (Fig. 3).
2. Quadrat selection. Abundance data was calculated in terms of specimen density within
quadrats (0.25m - 2.0m) to capture different correlations at different spatial scales.
3. Discretisation. For each quadrat, taxon density was split into three intervals: zero counts,
low counts (under the median) and high counts (above the median) to capture the
maximal amount of data information while masking noise (Yu et al. 2004). Zero was
treated as a separate entity because the presence of one individual is very different to a
zero presence (Yu et al. 2004). Medians were used in preference to means because for
some groups the high counts were very high, which would result in a very small number
of samples, grouped in the highest interval.
4. Contingency test filtering. To exclude false positive correlations between taxa we used
contingency filtering (χ2 tests, p > 0.25).

This discretised data and excluded correlations were input into the BNI algorithm Banjo,
which finds the best-fit network using a simulated annealing search repeated 100 million times
(Heckerman et al. 1999). To minimise outliers bias, 100 samples were bootstrapped at 95% level
(Magurran 2013), and each sample was analysed using Banjo. For each possible edge the
probability of occurrence was bimodal, suggesting two groups of edges, the rare/low occurrence
ones, and the high occurrence edges. The high occurrence edges were taken to be the
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constituents of the underlying network and found using Mclust (Fraley et al. 2012). The strength
of each edge was calculated by finding the mean influence score of that edge over the 100
sample networks.
The bootstrapping performed at 95% levels was a good approximation of the data;
however, by using bootstrap levels of lower percentages it was possible to compare the effect of
lower taxa densities on the identified network. This enables the comparison of the likelihood of
finding a correlation between taxa given variations in specimen density, for example to compare
surfaces with different levels of erosion. Bootstrapped networks were found using five different
bootstrap levels: 10% intervals from 90% to 50% level. For example, the average density of ‘D’
surface is approximately half the density of ‘E’ surface, due in part to higher levels of erosion
(Wood et al. 2003). This density difference means that it is not clear whether any inter-surface
differences are due to differences in present fossil density, or to original ecological processes.
By using a 50% bootstrap level on the E surface, specimen density is similar to D surface, so
more equal comparisons can be made about the inter-taxa correlation.
In order to assess the effects of differential erosion between the two bedding surfaces,
further BNI analyses were carried out on bootstrapped data sampled at 50%, 60%, 70%, 80% and
90%.

Comparison of the resultant networks was used to assess which inter-specific correlations

are sensitive to density reductions, and whether lower density levels preclude finding significant
correlations.
Further analyses were performed to compare the effects of taxon removal, edge removal
and changing edge direction to assess each of their relative importance to the network. MannWhitney tests were used to compare the network scores of the missing taxa networks to the
networks for all taxa. If the network scores were significantly different, the taxon was said to be
12

crucial for the network. This process was repeated for each taxon in turn. The importance of each
edge was assessed in a similar way, and each edge direction was similarly assessed.
B) Spatial point process analyses. – Differential erosion has the potential to distort spatial
analyses (Matthews et al. 2017) and this data has been tested for impact of differential erosion
using heterogeneous Poisson models to model possible sources of erosion (Mitchell et al. 2015),
with no significant effects found.

B.1) Bivariate PCFs were calculated from the population density using a grid of 10cm x
10cm cells. To minimise noise a smoothing was applied to the PCF dependent on specimen
abundance: A three cell smoothing over this grid was applied for Fractofusus, five cells for
Charniodiscus, Ivesheadiomorph and Plumeropriscum s, and 15 cells for Bradgatia and
Charniid. To test whether the PCF exhibited complete spatial randomness (CSR), 99 simulations
were run for each relationship on a homogeneous background to generate simulation envelopes
around the random (PCF = 1) and the fit of the fossil data to CSR was done using Diggle’s
goodness-of-fit test (pd, Diggle 2003, Illian et al. 2008). Note that due to non-independence of
spatial data, Monte-Carlo generated simulation envelopes cannot be interpreted as confidence
intervals.
Additionally, these two comparisons should be used in tandem for the following reasons:
1) the Monte Carlo simulation envelopes do not necessarily correspond to confidence intervals,
and run the risk of Type I errors if the observed PCF falls near the edge of the simulation
envelope (Illian et al. 2009). 2) The pd does not strictly test whether a model should be accepted
or rejected, but whether the PCFs for the observed data are within the range of the stochastic
realization of the model (Diggle 2003). 3) The pd depends on the range over which it is
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calculated. For example, the model may not fit at very small distances due to the physical
occupation of that space by the organisms themselves, but fit well at larger distances (Diggle
2003; Illian et al. 2008). Thus, visual inspection of the PCFs with Monte Carlo simulation
envelopes, coupled with pd ensures that these errors are minimzed.
B.2) Aggregation model fitting. For each bivariate aggregation found, the fit of
heterogeneous Poisson models, shared source models, linked cluster and linked double cluster
models were compared to the observed data following the same procedure as for testing for CSR
(Baddeley et al. 2015).

Heterogeneous Poisson models. – Heterogeneous models were fit to each bivariate
interaction, and their fit assessed using 99 Monte Carlo simulations and pd-values. Three
different heterogeneous backgrounds were generated from density maps of taxa defined by a
circle of radius r over which the density is averaged throughout the mapped fossiliferous surface
area. Density maps were formed using estimators within the range of 0.1< r <1m, and the radius
corresponding to the best-fit model was used. These maps were generated for 1) taxon 1; 2)
taxon 2; and 3) both taxa.

Linked and double cluster and shared source models. – Linked cluster, double cluster and
shared source models were fitted to the PCF of the data. Where necessary to aid model fitting,
individual taxon aggregation parameters were input. The model was checked using 99 Monte
Carlo simulations, pd-values, and by model parameter comparisons.
To assess whether each relationship could be similarly modelled by the other best-fit model
from other relationships, the best-fit model from each relationship was fitted to the other
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relationships. Simulation envelopes and pd-values were used to evaluate fit (SI: Table 2). To
further verify these results, the best-fit models were also compared to the bivariate PCF found
using Clapham et al.’s data and vice-a-versa.

B.3) Random labelling analyses. – The pattern of dead specimens within their living
population can be investigated using a type of SPPA called random labelling analyses (RLA),
which allows the assessment of how one sub-group behave in reference to another by randomly
reassigning the identity of these sub-groups within the population. For example, when
investigating the spatial patterns of dead trees within a forest, the tree position stay fixed, but
whether the specimen is dead or alive is varied (De La Cruz et al. 2008). If such reassignment
does not produce a significantly different spatial distribution, then the two groups have a random
structure within the total spatial structure, and thus do not interact. In particular, a variant of
RLA (see below) can used to detect density-dependent mortality. If this RLA reveals a
significantly non-random structure, then that one group (e.g. dead specimens) is mainly located
in areas with a high density of both groups (e.g. both living and dead specimens). In this case,
RLA can be used to deduce whether dead trees are randomly distributed within the living, i.e.
independent of the living, or whether there is a differential spatial distribution to mortality, such
as localized disease (Yu et al. 2009).
The PCF for each taxon (denoted PCF 11 for taxon 1 and PCF 22 for taxon 2), between
both taxon (PCF12 and PCF 12) and over the joint pattern (PCF 1,1+2 and PCF 2,2+1) were
calculated, and used to calculate the difference PCF 12 / PCF 1,1+2 − PCF 21/ PCF 2,2+1. If PCF 12 /
PCF 1,1+2 − PCF 21/ PCF 2,2+1> 0 then taxon 2 are mainly located in areas with high intensity of the
joint pattern and taxon 1 are in low density areas: taxon 2 have more neighbours than taxon 1.
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Departure means that the process that assigns the labels is density dependent; for example,
disease more easily in high density areas. These RLA differences are calculated and plotted
simiarilry to PCF plots, and then the goodness-of-fit
99 Monte Carlo simulations were run where the location of both taxa remained constant,
but the taxon at each specimen location were assigned randomly, and CSR assessed using these
simulations and pd value.
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Supplementary Figure 1. Reconstruction of Bedding Planes (A) D and (B) E from mapped
fossil data. The fossils are labelled as Dark Blue: Fractofusus, Pink: Bradgatia, Red:
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Charniodiscus, Orange: Discs, Yellow (E surface): Plumeropriscum, (D surface) Pectinifrons,
Purple: Charniid, Black: Thectardis, Light Blue: Lobate Discs, Green: Ivesheadiomorph, Grey:
Others. Axis units are in metres.
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Supplementary Figure 2: Taxa of Mistaken Point 'E' Surface. Specimens were recorded
as one of twelve taxonomic groups of macrofossils, (A) Charniid (Beothukis figured), (B)
Plumeropriscum (C) Charniodiscus, (D) Thectardis, (E) Pectinifrons, (F) Lobate Discs, (G)
Bradgatia, (H) Hiemalora, (I) Fractofusus and (J) Ivesheadiomorphs. Scale bar is 1cm. The
two bin-groups are not figured because by definition they consist of irregular group of
specimens.
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Supplementary Figure S3: Pair correlation functions (PCF) for the 'E' surface non-CSR
single taxon PCFs. The x-axis is the inter-point distance between organisms in metres. On the yaxis, PCF = 1 indicates CSR, <1 indicates segregation and >1 indicates aggregation. The grey
shaded area denotes the boundaries of 99 Monte Carlo simulations of CSR.
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