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Morphometric investigation of Tribrachidium
from Nilpena Ediacara National Park, South Australia

Tory L. Botha, Mary L. Droser, Diego C. Garcia-Bellido, and Emma Sherratt

ABSTRACT

Nilpena Ediacara National Park (South Australia) preserves over 200 specimens
of Tribrachidium heraldicum and 95 specimens of the newly described Tribrachidium
gehlingi within the fossiliferous Ediacara Member. We use rotational geometric mor-
phometrics to quantify the morphological variation within each species and the differ-
ences between the two. Both species were found to be morphologically different from
one another, forming distinct groups within the morphospace. Analysis of the symmet-
ric and asymmetric shape components revealed that both species present limited
deformation, suggesting they consisted of a fairly resistant material. Growth appears to
have been comprised of various interacting allometric relationships that maintain a
consistent overall morphology for both species, possibly constrained by its suspension
feeding mode.
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INTRODUCTION

The Ediacara Biota is a suite of globally dis-
tributed fossils that record the first complex, multi-
cellular life in Earth’s history. Organised into three
assemblages (Avalon, White Sea and Nama), the
Flinders Ranges of South Australia preserves the
most taxonomically and morphologically diverse of
these assemblages, the White Sea (Droser et al.,
2015; Coutts et al., 2016; Droser et al., 2019).
These fossils occur within the Ediacara Member of
the Rawnsley Quartzite across the Flinders
Ranges, with the richest occurrence at Nilpena
Ediacara National Park (NENP) (Figure 1). Host to
approximately 40 described genera, palaeobiologi-
cal and ecological studies have shed light on feed-
ing modes (Rahman et al., 2015; Gibson et al.,
2019, 2021; Cracknell et al., 2021), reproduction
(Droser and Gehling, 2008; Hall et al., 2015; Mitch-
ell et al., 2015), growth (Evans et al., 2017; Dunn et
al., 2018) and life histories (Mitchell et al., 2015;
Boan et al.,, 2023) for a number of these taxa.
Despite this, several taxa remain enigmatic, such
as Tribrachidium heraldicum and the newly
described Tribrachidium gehlingi.

Tribrachidium occurs as triradial, circular,
hyporelief fossil moulds with diameters ranging

from 3—50 mm. The three raised arms radiate from
the centre and curve anticlockwise, tapering
towards the edge of the organism. Fine lines are
also rarely preserved at the margin. T. heraldicum
is found in both South Australia and Russia, and is
characterised by the three main, curved arms with
small, convex bullae found connected to their
associated arm (Figure 2A—E). T. gehlingi has only
been found at NENP and differs from T. heraldicum
in that the three main arms are shorter and less
curved, with three secondary arms replacing the
bullae which extend over half the length of the
main arms (Figure 2E-I). Considered a benthic,
sessile organism, recent ecological studies have
hypothesised that T. heraldicum was an ecological
generalist and likely had a seasonal or opportunis-
tic sexual reproduction method due to aggregation
of specimens on preferred surfaces (Hall et al.,
2015; Boan et al., 2023).

In this study, we quantitatively examine the
morphology of the two species using rotational
geometric morphometrics (Savriama, 2018). We
consider the potential for morphological change of
Tribrachidium heraldicum across different facies
within the Ediacara Member and the morphological
differences between T. heraldicum and T. gehlingi.
For both species, patterns of asymmetry are exam-
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FIGURE 1. Map indicating the location of Nilpena Ediacara National Park (NENP) (A), Flinders Ranges, South Austra-
lia, the Pound Subgroup and Rawnsley Quartzite which contains the fossiliferous Ediacara Member (B). A and B mod-

ified from Gehling and Droser (2009).
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FIGURE 2. Tribrachidium heraldicum (A-E) and T. gehlingi (E-I) from Nilpena Ediacara National Park (NENP),

Flinders Ranges, South Australia. A: SAMA P12898 (Holotype), B: WS-TBEW 108S 149E, C: SAMA P12889 (Para-
type), D: LV-Eo Bed 264S 173E, E: F34 T. heraldicum (indicated by white arrowhead) and T. gehlingi, F: SAMA
P59794 (Holotype), G: SAMA P59796 (Paratype), H: SAMA P59800 (Paratype), |: F18. Scale bars equal 10 mm.

ined to understand how overall shape is altered by
burial conditions. Following these, shape change
with size is assessed to infer how they grew.

GEOLOGICAL SETTING

The Flinders Ranges of South Australia holds
an exceptional succession of exposed Neoprotero-
zoic-aged rocks (Figure 1A). A high diversity of
Ediacaran fossils is preserved within the Ediacara
Member of the Rawnsley Quartzite, which varies in

thickness from 10-300 m (Droser et al., 2019;
Gehling, 2000) (Figure 1B). The presence of wide-
spread organic mats across the sea floor (Gehling
and Droser, 2009; Droser et al., 2022) resulted in
the unique sedimentology and preservation of the
Ediacara Member and facilitated the excavation
and reconstruction of over 33 fossiliferous bedding
planes totalling more than 350 m2 of Ediacaran
seafloor at NENP (Tarhan et al., 2017; Droser et
al., 2019; Boan et al., 2023). At NENP, fossils of
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the Ediacara Biota primarily occur in four facies:
Flat-Laminated to Linguoid-Rippled Sandstone
(FLLRS), Oscillation-Rippled Sandstone (ORS),
Planar-Laminated  and Rip-Up  Sandstone
(PLRUS), and Channelized Sandstone and Sand-
Breccia (CSSB) (Gehling and Droser, 2013; Droser
et al., 2017; Tarhan et al., 2017; Reid et al., 2018;
Droser et al., 2019).

Tribrachidium heraldicum occurs in both the
ORS and PLRUS facies, which are interpreted to
have been deposited between fair-weather and
storm wave base, and sub-wave base upper can-
yon-fill (respectively) (Gehling and Droser, 2013;
Hall et al., 2015; Tarhan et al., 2017; Boan et al.,
2023). Specimens are found on 12 fossil beds
ranging from a single specimen to over 100 (Hall et
al., 2015; Boan et al., 2023) as well as float mate-
rial (Figure 2A-E). T. heraldicum is found in partic-
ularly high abundance on two fossil beds: 1T-T and
WS-TBEW, which occur in the ORS and PLRUS
facies (respectively), each displaying different
assemblages of taxa and textured organic surface
(TOS) (Droser et al., 2019). The abundance of T.
heraldicum in both environments suggests that it
was ecologically a generalist (Hall et al., 2015).
The recently described Tribrachidium gehlingi (Fig-
ure 2E-I1) are predominantly documented from float
material on Boomerang Hill, 1.5 km NE of the origi-
nal Tennis Courts, with a presence on 1T-T, both
falling within the ORS facies (Botha and Garcia-
Bellido, 2024). Both species are preserved as neg-
ative hyporelief external moulds on the bases of
sandstone beds (Figure 2), with the presence of
concentric forms, interpreted as the underside of T.
heraldicum, preserved as both negative (trans-
ported) and positive (in situ) hyporelief external
moulds (Hall et al., 2015; Boan et al., 2023). Addi-
tionally, all specimens of both species are associ-
ated with bedding surfaces with high Mat Maturity
Indexes (MMIs) of 3—4 (Droser et al., 2022).

MATERIAL AND METHODS

Specimens from NENP and the South Austra-
lian Museum—Adelaide (SAMA) Palaeontological
Collections together comprise over 250 Tribrachid-
ium heraldicum and 95 T. gehlingi. High resolution
three-dimensional (3D) surface scans of T. heraldi-
cum and T. gehlingi from NENP and the SAMA
were taken using the HDI Compact C506 laser
scanner (reported accuracy of 12 ym), prepared
using FlexScan3D v.3.3 and processed in the
MeshLab software v.2022.02 (Cignoni et al., 2008).

Tribrachidium’s form was captured using land-
mark-based geometric morphometrics (Bookstein,
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1991; Mitteroecker and Gunz, 2009). Since Tribra-
chidium is a triradial organism, we analysed the
landmark data using rotational geometric morpho-
metrics (Savriama, 2018). All landmarked speci-
mens were rotated and relabelled to create three
transformed copies (each specimen has three pos-
sible configurations; see Figure 3B) using R code
provided in Savriama (2018). This method has
been applied to another Ediacara organism: Eoan-
dromeda octobrachiata (Botha et al., 2023).

All analyses were conducted in the R Statisti-
cal Environment v.4.3.1 (R Core Team, 2023) using
Morpho v.2.9 (Schlager, 2020), geomorph v.4.0.1
(Adams et al., 2021), abind v.1.4.5 (Plate and Hei-
berger, 2016), stats v.4.3.1 (R Core Team, 2023),
and ggplot2 v.3.4.2 (Wickham, 2016) unless other-
wise stated.

Tribrachidium heraldicum: Ediacara Member

To determine whether there was any morpho-
logical difference for T. heraldicum between facies
across the Ediacara Member, specimens from
each facies (ORS and PLRUS) were treated as
separate populations. SAMA collection specimens
were treated as a separate group due to limited
locality information. As bullae are not always pre-
served, to ensure the largest sample size possible,
they were not included in the landmarking plan for
this dataset (Figure 3). Only 69 specimens were
complete enough and available for analysis.

For the aforementioned rotations required, T.
heraldicum was landmarked in thirds, using the
consistent bend in the arms to define the thirds
(Figure 3A). The centre was landmarked first, an
arm was then captured using two fixed landmarks
at each end with five sliding semi-landmarks
between, then the corresponding third of the outer
rim was landmarked using two fixed landmarks at
either end with six sliding semi-landmarks in
between. Each third of the specimens were land-
marked in a clockwise direction with the relief of
the scan as positive (Figure 3B).

Variation due to translation, scale, and rota-
tion was removed from all transformed copies and
the original configurations during superimposition
using a generalised Procrustes analysis (GPA)
using ‘procSym’ function in Morpho. During super-
imposition, semi-landmarks were permitted to slide
along their tangent direction using the minimising
bending energy approach (Gunz et al., 2005). A
consensus shape was produced by averaging the
resulting Procrustes coordinates across all configu-
rations to estimate shape in life (Figure 3C).
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FIGURE 3. Workflow for the shape analysis of the genus Tribrachidium. A: Landmarking plans for T. heraldicum
(SAMA P12898), and for direct comparison of T. gehlingi (F43) and T. heraldicum. Red lines indicate how thirds are
defined for the outer rim, blue lines highlight the arms, green lines highlight the bulla/secondary arms. B: The three
rotated copies, orange lines illustrating how the landmarks were rotated. C: Shape configuration graph for the consen-

sus shape for T. heraldicum.

To visualise morphological differences of
Tribrachidium heraldicum across facies from the
Ediacara Member, the Procrustes coordinates
were ordinated by principal components analysis
(PCA) using ‘gm.prcomp’ function in geomorph and
visualised in a morphospace. The PCA for rota-
tional geometric morphometrics decomposes the
data into symmetric and asymmetric axes. A shape
deformation graph for all landmarked specimens
was plotted to determine the extent and degree of
deformation for T. heraldicum.

Tribrachidium gehlingi

Due to the different morphology of Tribrachid-
ium gehlingi, the landmarking plan was altered to
include the secondary arms as it is a key morpho-
logical character (Figure 3A, bottom). The require-
ment of preserved secondary arms resulted in 38
specimens available for analysis. The landmarking
plan implemented for this analysis was like that of
T. heraldicum, with the inclusion of five landmarks

per bulla/secondary arm (BSA) prior to the eight
periphery landmarks (Figure 3).

All landmark configurations were subjected to
a GPA to obtain the consensus shape to infer
shape in life. The Procrustes coordinates were also
subjected to a PCA and to visualise the extent and
degree of deformation a shape deformation graph
was plotted.

Tribrachidium heraldicum vs T. gehlingi

To directly compare the two species, 27 speci-
mens of Tribrachidium heraldicum were re-land-
marked to include the bullae. A PCA was
conducted to characterise the morphological differ-
ences between the two species and additionally
included T. heraldicum from Russia. Eight Russian
specimens were landmarked from lvanstov and
Zakrevskaya (2021, fig. 3, plates 3 and 4) using
Imaged (Schneider et al., 2012). The landmark
coordinates of Australian T. heraldicum and T. geh-
lingi were transformed from 3D to 2D using
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‘pcAlign’ function in Morpho to account for the 2D
nature of the landmarks for the Russian speci-
mens.

Allometry

To infer the patterns of growth for both Tribra-
chidium heraldicum and T. gehlingi, the allometric
relationship between shape and size was analysed
using a two-way analysis of covariance (ANCOVA)
model for multivariate data applied with ‘procD.Im’
function in geomorph. The model evaluated
included size and species as independent factors,
and their interaction. Size was taken as log-trans-
formed centroid size (mm), which is calculated
from the landmark coordinates as the square root
of the sum of distances of a set of landmarks from
their centroid (Bookstein, 1991). This approach
allows us to evaluate whether the two species have
different allometric growth patterns, and statistical
significance is evaluated using permutations (999
iterations). To facilitate species-level comparisons
of the allometric patterns, plots of the first principal
component of the model’s predicted values against
size from species-specific regressions were gener-
ated (Adams and Nistri, 2010).

Linear measurements were taken to assess
the allometric relationships of key morphological
elements not captured by the landmarks. Measure-
ments of the arm length, arm distance from the
edge, arm width, arm curvature, BSA length, and
BSA width were captured using the ‘interlmkdist’
function in geomorph from the raw landmark coor-
dinates, or measure tool in Meshlab directly on the
specimen, and a mean was calculated for each
variable per specimen (see Appendix 1). To correct
for size, and to retain allometric shape variation,
the linear variables were transformed using the
log-shape ratios approach (Klingenberg, 2016):
each measurement is divided by size (geometric
mean of all measurements) and natural logarithm-
transformed to obtain the shape variables (Mosim-
ann, 1970; Claude, 2013). To test whether the spe-
cies differ in allometry in these specific features,
two-way ANCOVAs were used to evaluate the rela-
tionship between each log-shape ratio and the
independent variables log-centroid size and spe-
cies, and their interaction. These models were also
implemented with the ‘procD.Im’ function in geo-
morph to provide direct comparison with the land-
mark shape dataset. Finally, simple linear models
of the six log-shape ratios vs log-centroid size were
performed to calcuate the allometric slope for each
species. These were used to assess for each mea-

surement whether they grow by hyperallometry
(positive slope values), hypoallometry (negative
slope values), or isometry (near zero slope values),
as it is for ratios as dependant variables (Klingen-
berg, 2016). These were implemented with the ‘Im’
function in stats R package.

RESULTS
Tribrachidium heraldicum: Ediacara Member

PCA of the Procrustes residuals produced a
total of 132 principal components (PCs). Of these,
only the first 20 PCs were used as they describe
~90% of the total shape variation, the remaining
are negligible. Of these 20 PCs, 29.9% were sym-
metrical, and 60.2% asymmetrical (Figure 4A). The
mean shape for all landmarked specimens of T.
heraldicum was symmetrical with arms spiralling in
a clockwise direction to the edge with a relatively
high relief (Figure 4A).

In a morphospace of the PC axes, complete
overlap of specimens from each facies and SAMA
collections was observed (Figure 5A).

Tribrachidium gehlingi

The first 24 PCs of the PCA accounted for
~90% of total shape variation. Tribrachidium geh-
lingi had 31.3% symmetrical shape variation, and
59.5% asymmetrical shape variation (Figure 4B).

The mean shape of all landmarked specimens
was symmetrical, the three main arms spiral
loosely in a clockwise direction leaving a conspicu-
ous rim, with three secondary arms between each
main arm extending over half their length and a flat
relief (Figure 4B).

Tribrachidium heraldicum vs T. gehlingi

Two clear groups corresponding to the two
species were observed within the morphospace of
the PC axes with no overlap of the 95% confidence
intervals. The separation occurred across PC1,
with the axis describing a shape change from
Tribrachidium heraldicum to T. gehlingi. High relief,
small circular bullae, and arms that spiral close to
the edge are observed for T. heraldicum, while T.
gehlingi have a flatter relief, elongate secondary
arms, and main arms that do not reach the edge
(Figure 5B). This separation and the main shape
variation was maintained when the Russian speci-
mens of T. heraldicum were added, with them fall-
ing in with the Australian specimens of T
heraldicum, however, there was some slight over-
lap in the 95% confidence intervals (Figure 5C).
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Allometry

ANCOVAs of all landmarked specimens
revealed species-specific allometric trajectories
with only 10.9% of shape change being associated
with size (P = 0.001) across both species, 17.9% of
shape due to species differences, and an interac-
tion term of size and species also being significant
(RZ2 = 0.008, P = 0.002) (Table 1). This indicates
that Tribrachidium heraldicum and T. gehlingi at
both small and large sizes are distinct in shape,
and allometric trajectories are not parallel but
remain distinct and do not overlap over the range
of sampled sizes (Figure 6A).

Significant linear allometric relationships were
found for most features for both species against
log-centroid size, including significant interaction
terms (Tables 1, 2, Figure 6B-G), indicating spe-
cies have different growth patterns. Log-mean arm
length showed statistically significant allometry for

both species and interaction term (Table 1, Figure
6B), and both species exhibited hyperallometry
(Table 2). Log-mean arm distance showed signifi-
cant hypoallometry for Tribrachidium gehlingi only
(Table 2), with no significant interaction term (Table
1, Figure 6C). No significant relationships were
found for log-mean arm width for either species
(Table 2, Figure 6D). While T. heraldicum showed
significant hyperallometry for log-mean curvature,
T. gehlingi did not (Table 2), however, the interac-
tion term was significant (Table 1, Figure 6E). Log-
mean BSA length was also statistically significant
for both species (Table 2), with a significant interac-
tion term (Table 1, Figure 6F). Finally, log-mean
BSA width was found to be statistically significant
for T. heraldicum, and not significant for T. gehlingi
(Table 2), however, there was a significant interac-
tion term (Table 1, Figure 6G).
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TABLE 1. Analysis of covariance results of whole shape
derived from landmarks and log-shape ratios of linear
variables against independent variables: log-centroid
size and species. Model fit (R2) and P-value obtained by
permutations (999 iterations, where alpha = 0.05). Red

text indicates non-significant interaction terms.

R2 P-Value

landmarked specimens

Size 0.10954 0.001
Species 0.1794 0.001
Size:Species 0.00881 0.002
log-mean arm length
Size 0.08686 0.001
Species 0.66167 0.001
Size:Species 0.03709 0.008
log-mean arm distance
Size 0.09493 0.001
Species 0.6426 0.001
Size:Species 0.01017 0.12
log-mean arm width
Size 0.19348 0.001
Species 0.20274 0.001
Size:Species 0.02727 0.087
log-mean arm curvature
Size 0.15114 0.001
Species 0.60204 0.001
Size:Species 0.01729 0.046
log-mean BSA width
Size 0.29702 0.001
Species 0.17612 0.001
Size:Species 0.07938 0.001
log-mean BSA length
Size 0.25773 0.001
Species 0.62205 0.001
Size:Species 0.02965 0.001
DISCUSSION

Comparative Morphology

Specimens of Tribrachidium heraldicum from
the ORS and PLRUS facies of the Ediacara Mem-
ber overlap in morphospace occupation indicating
that there is no significant facies/palaeoenviron-
mentally controlled morphological differences (Fig-
ure 5A). Therefore, the morphology is consistent
across different environments including oscillatory
currents (ORS) and unidirectional flow (PLRUS).
The morphometric comparison of T. heraldicum

PALAEO-ELECTRONICA.ORG

and T. gehlingi demonstrated that the two species
occupy distinct regions of morphospace (Figure
5B) supporting the findings of a recent qualitative
study that established the latter species (Botha and
Garcia-Bellido, 2024). When the Russian speci-
mens are included into the analysis, they cluster
with the Australian T. heraldicum confirming that
they are the same species and distinct from T. geh-
lingi (Figure 5C). Individuals of all sizes are found
throughout the morphospace, therefore, differ-
ences in shape are not driven by allometry, if it
were, individuals of similar sizes would be clus-
tered in different areas of the morphospace (Klin-
genberg, 2016) (Figure 5B, C).

The consistent morphology of Tribrachidium
heraldicum across environments (between facies)
at NENP and with the White Sea, indicate that the
triradially symmetrical mean shape produced by
the GPA (Figure 4A) is the expected shape in life,
after distortion from taphonomy had been elimi-
nated. Although there was a high percentage of
asymmetric shape components, when visualised,
the extremes of each component do not appear to
deviate greatly from the symmetrical mean shape
(Figure 4A). Similar to T. heraldicum, the triradially
symmetrical consensus shape produced by the
GPA for T. gehlingi is thought to be the shape in life
(Figure 4B). Very similar proportions to T. heraldi-
cum of asymmetric shape components were
observed, when plotted, they also displayed very
slight deviation from the symmetrical mean (Figure
4B). Provided the radially symmetrical mean
shapes in life for both species, the asymmetry
could be interpreted as deformation due to the cur-
rent at the time of burial, rather than asymmetry in
the body plan. The interpretation of asymmetry as
a proxy for deformation has been established in
Botha et al. (2023) when Eoandromeda octobrachi-
ata was shown to have higher proportions of asym-
metry on fossil beds with a strongly associated
current at the time of burial.

Given the plotted asymmetrical components
for both Tribrachidium heraldicum and T. gehlingi
displaying little deviation from symmetry, the level
of deformation could be considered low, particu-
larly when compared to certain other taxa present
at NENP, such as Eoandromeda octobrachiata
(Hall et al., 2015; Evans et al., 2019; Botha et al.,
2023). Some of these T. heraldicum specimens
occur in the same facies and sandstone beds as E.
octobrachiata and were therefore subjected to the
same burial event and environment but display
much lower levels of deformation (both visually and
lower percentage of asymmetrical components),
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TABLE 2. Ordinary least-squares linear regression results of log-shape ratios of linear variables. Slope value and P-
values of linear models within species. Model values in red indicate non-significant relationships (alpha = 0.05). Red

text indicates non-significant regressions.

Slope Value P-Value Allometry
log-mean arm length
T. heraldicum 0.0704 0.002696 Hyperallometry
T. gehlingi 0.28777 0.0001636 Hyperallometry
log-mean arm distance
T. heraldicum -0.13564 0.06793 Isometry
T. gehlingi -0.30711 0.000193 Hypoallometry
log-mean arm width
T. heraldicum -0.08189 0.1736 Isometry
T. gehlingi 0.08706 0.265 Isometry
log-mean arm curvature
T. heraldicum 0.05787 0.09393 Isometry
T. gehlingi 0.2714 1.07E-02 Hyperallometry
log-mean BSA width
T. heraldicum -0.16109 3.74E-03 Hypoallometry
T. gehlingi 0.12632 0.0748 Isometry
log-mean BSA length
T. heraldicum -0.15382 0.00127 Hypoallometry
T. gehlingi 0.1745 0.004699 Hyperallometry

indicating that they were somewhat resistant to
deformation. A relative flattening of relief with an
increase in size was observed in the fossils for T.
heraldicum, whereas T. gehlingi exhibits a consis-
tently flatter relief, which is independent of size
(Figure 6A). Given the hypothesised resistance to
deformation, the flatter relief of T. gehlingi is most
likely a biological feature rather than being due to
compaction after burial. However, it is uncertain
whether the decrease in relief with an increase in
size for T. heraldicum is a morphological or tapho-
nomic feature. Therefore, it could be suggested
that Tribrachidium consisted of collagen, enabling
them to withstand deformation and maintain shape
during compaction (Meyer et al., 2014; Evans et
al., 2019).

Several taxonomic affinities have been sug-
gested for Tribrachidium based on its morphology
including Echinodermata (Paul, 1979), Porifera
(Seilacher, 1999; Narbonne, 2005) and Cnidaria
(Fedonkin and Cope, 1985; Valentine, 1992). How-
ever, recent research into the developmental pro-
cesses of Ediacaran taxa have placed
Tribrachidium as a probable stem lineage within
Eumetazoa, due to inferred cell type and tissue dif-
ferentiation, as well as dorso-ventral polarity evi-
dent in its morphology (Evans et al., 2021). The
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overall morphology of T. heraldicum presented in
this paper supports the hypothesis of a probable
stem lineage within Eumetazoa, rather than a spe-
cific taxon within Phanerozoic animal clades
(Evans et al., 2021). While complex morphological
traits are displayed in Tribrachidium, there are not
enough morphological similarities to confidently
assign a more specific taxonomic affinity (i.e., phy-
lum).

With this study, rotational geometric morpho-
metrics has now been applied to three, morpholog-
ically distinct, species from the Ediacaran (Botha et
al., 2023). This method has successfully enabled
patterns of symmetry and asymmetry to be deter-
mined to untangle the taphonomy, uncover how
they most likely appeared in life, and how they
responded to deformation. These results have
illustrated that this method is a useful tool for rota-
tionally symmetrical Ediacaran taxa and has the
potential to be useful for other species in future.

Growth

As it has been established that there was min-
imal deformation for both species, the observed
allometric variation can be inferred as growth mod-
els, with little taphonomic overprint and most likely
reflects true shape change with size. Although it is
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FIGURE 6. Plots investigating shape change with size for Tribrachidium heraldicum and T. gehlingi. The x-axis for all
plots represents log Centroid size and red trendlines demonstrating isometry (slope of 0). A: Multivariate regression of
landmark dataset, with size of points proportional to size of the specimen. Shape configuration graphs (left) illustrate
the shape each species exhibits throughout growth. B—G: Linear ordinary least-squares regressions of both Tribra-
chidium species. Grey shading illustrates 95% confidence interval of the linear models. B: log mean arm length (mm),
C: log mean arm distance (mm), D: log mean arm width (mm), E: log mean arm curvature (mm), F: log mean bulla/sec-
ondary arm (BSA) length (mm), G: log mean BSA width (mm).
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unknown how large Tribrachidium grew, the wide
size range for both T. heraldicum and T. gehlingi
(3-50 mm, 10-50 mm, respectively) in this dataset
reflects a large enough range to create a reliable
growth model. However, as the rate of growth is
unknown, size in this case does not relate to age,
and thus it is unknown whether the allometric pat-
terns described herein are ontogenetic (across age
classes) or static (within an age class) (Klingen-
berg, 1998).

Results of the ANCOVAs indicate the two spe-
cies have different size-shape relationships. For
whole organismal shape, difference in shape of the
two species appears from very small sized individ-
uals. Tribrachidium heraldicum presents relatively
long main arms and small round bullae, while T.
gehlingi has shorter main arms with longer second-
ary arms and a conspicuous rim (Figure 6A). A
slight convergence in shape with an increase in
size is observed (trends slope towards each other)
(Figure 6A), however, an individual from either spe-
cies would have to be very large before they
became the same shape (before the allometric tra-
jectories overlapped), supporting the distinction of
these species (Botha and Garcia-Bellido, 2024).
Additionally, the sloped nature of the trends further
indicates that the overall growth is not isometric for
either species, but rather that there are allometric
components of their growth (Klingenberg, 2016).
Yet, the overall observed shape from the smallest
measured individual to the largest (for both spe-
cies) remains somewhat similar.

The transformed linear measurements pro-
vide an insight into the growth patterns of individual
morphological features. Majority of the interaction
terms were found to be statistically significant
(Table 1), thus indicating that both species are dis-
playing different growth patterns, further supporting
that the species have different size-shape relation-
ships. Of the tests that were found to be significant
(P < 0.05), there was a mixture of both hypoallome-
tric relationships (slope < 0) and hyperallometric
relationships (slope > 0) (Table 2). The hypoallo-
metric growth for some of the body parts suggests
that these features became proportionally smaller
as they grew. Hypoallometric growth is common
among both vertebrates and invertebrates today
(Mirth et al., 2016), appearing in various traits such
as the brain (Koh et al., 2005), genitals (Eberhard,
2009), internal organs (Mirth et al., 2016), eyes,
and with sexual dimorphism (Werner and Seifan,
2006). Hypoallometry has also been found to be
present in the scaling of metabolic rates in verte-
brates, where metabolic rate increases at a slower
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rate than body mass (Koztowski et al., 2020).
Hyperallometric growth suggests that these fea-
tures grew at a faster rate than the body as a
whole. While also common among vertebrates and
invertebrates, it typically appears in traits surround-
ing sexual dimorphism (Tomkins et al., 2005) and
reproductive output (Potter and Felmy, 2022). The
finding of allometric variation in both species of
Tribrachidium supports the placement of this genus
as a probable stem lineage in Eumetazoa (Evans
et al.,, 2021) and further demonstrates the com-
plexity of these earliest multicellular organisms.

Moreover, it has been long established that
the complex forms of multicellular organisms are
generated through differential growth of body parts
(Huxley, 1932) and are necessary in creating the
diversity of morphologies found today (Klingenberg
and Froese, 1991; Shingleton and Frankino, 2018).
Therefore, it stands to reason that the earliest,
complex, multicellular organisms would display dif-
ferential growth rates to accomplish their relatively
diverse forms. Additionally, regulated growth
ensures that the relative proportions of morphologi-
cal traits match final body size and maintain func-
tion regardless of any possible environmentally
induced variation faced during ontogeny (Gould,
1966; Mirth et al., 2016). Moreover, allometries
have been shown that they can evolve to reflect
functional and ecological aspects (Adams and Nis-
tri, 2010; Klingenberg, 2010; Wilson and Sanchez-
Villagra, 2010) and have been identified as import-
ant determinants of constraints on the evolution of
shape (Klingenberg, 2010), which is not unreason-
able to suggest could be the case for Tribrachidium
and other Ediacaran taxa. As such, the hypothe-
sised passive suspension feeding mode (Rahman
et al., 2015) could have acted as a selection pres-
sure for the regulated growth and shape evolution
of Tribrachidium, maintaining the functional mor-
phology of their body plans. T. heraldicum was
found to passively direct water flow and generate
lower velocity eddies towards the apex, enabling
particles to fall out of suspension (Rahman et al.,
2015). Therefore, numerous allometric relation-
ships appear to be interacting to maintain a specific
body plan required for the effective nutrient uptake
of Tribrachidium throughout growth.

Overall, Tribrachidium heraldicum and T. geh-
lingi fall in with a growing number of Ediacaran
taxa that have been hypothesised to have exhib-
ited regulated growth (Evans et al., 2021) such as
Eoandromeda octobrachiata (Botha et al., 2023),
Dickinsonia costata (Evans et al.,, 2017; Dunn et
al., 2018), Rangeomorpha (Hoyal Cuthill and Con-



way Morris, 2014; Dunn et al., 2018), various Dick-
insoniomorpha and Erniettomorpha (Dunn et al.,
2018), and possibly many other Ediacaran taxa yet
to be examined, pushing back the evolution of
traits commonly utilised by animals today into the
Ediacaran.

CONCLUSIONS

Our study has applied rotational geometric
morphometrics on both Tribrachidium heraldicum
and the newly described Tribrachidium gehlingi to
better understand their morphology and growth.
The results suggest that the morphology of T.
heraldicum does not change between facies/palae-
oenvironments within the Ediacara Member, are
consistent between the Australian and Russian
specimens, and that it is morphologically distinct
from T. gehlingi. We observed that T. heraldicum
and T. gehlingi were both resistant to deformation,
and thus possibly consisted of a collagen-like
material. The addition of another species within the
genus Tribrachidium illustrates the increasing mor-
phological and taxonomic diversity of the Ediacara
Biota. Various allometric relationships within spe-
cies appear to interact to maintain their different
starting morphologies, indicating divergence in
early development that is maintained throughout
ontogeny. The highly regulated growth of these
species could be a constraint on Tribrachidium
shape due to the functional nature of their body
plan in the manipulation of water flow for passive
suspension feeding. This demonstrates that even
during the early evolution of complex life in the Edi-
acaran, there were probably many factors influenc-
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ing and constraining the morphology of these
organisms.
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Schematic illustration of the linear measurements taken of Tribrachidium.
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