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Geographic, taxonomic, and temporal interrogation 
of bradoriid diversity and carapace disparity 

Alicia Cox and Stephen Pates

ABSTRACT

Bradoriids are an abundant order of extinct marine arthropods that ranged from
the early Cambrian to the mid-Ordovician, with a global distribution. The bivalved cara-
pace of bradoriids varies in size, shape and ornamentation. This study presents the
first quantitative analysis of bradoriid morphological disparity, quantifying the outline
shape of carapaces with respect to a range of variables. Elliptical Fourier analysis
(EFA) was used to quantify the carapace outline shape of 139 specimens, representing
128 species, from material figured in the literature. The mean bradoriids carapace was
postplete. Families broadly overlapped in the morphospace, with Beyrichonidae the
most disparate. Similarly, bradoriids from different continents mostly overlap in the
morphospace, with Avalonian bradoriids occupying the most extreme positions. Bra-
doriid disparity changed through time, peaking at Stage 4. However, the reductions in
disparity following extinction events represents a ‘thinning’ rather than culling of partic-
ular morphologies, showing that extinctions were not selective for particular bradoriids
carapace shapes. Centroid position does show a shift in the morphospace over time,
representing a change in mean valve shape from postplete to amplete, however, this is
likely due to retention of extreme forms and lower diversity in younger samples.
Pelagic bradoriids display similar carapace outlines to benthic ones. Our results are
likely impacted by the overrepresentation of bradoriids from early Cambrian deposits
and uneven geographic sampling. Studying the morphological variation of bradoriid
carapace shape can provide context for understanding patterns in their distribution,
species longevity, and their demise in the late Cambrian. 
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INTRODUCTION

Arthropods are the most diverse and success-
ful group of animals alive today, with over one mil-
lion extant species and are found in almost every
ecosystem across the world, where they have
important roles as predators, prey, organic decom-
posers, pollinators, and parasites, and make up the
majority of animal biomass (Giribet and Edge-
combe, 2012; Bar-On et al., 2018). Indeed, arthro-
pods have been diverse, successful, and
ecologically important since their origin over 500
mya during the Cambrian period (Daley et al.,
2018). The oldest arthropod trace fossils are Terre-
neuvian in age (between 541–521 mya), while a
diverse array of stem-group and crown-group body
fossils appear abruptly at the base of Stage 3 c.
521 mya (Jensen, 2003; Budd and Telford, 2009;
Daley et al., 2018). This diversification was tradi-
tionally seen as part of the Cambrian explosion,
resulting from interlinked genetic, ecological and
environmental processes (Erwin et al., 2011; Smith
and Harper, 2013). However, more recently the
Cambrian explosion has instead been suggested
to form part of an Ediacaran Cambrian Transition
and/or early Palaeozoic radiation (e.g., Mángano et
al., 2014; Zhuravlev and Wood, 2018; Wood et al.,
2019; Servais et al., 2023) rather than representing
a discrete evolutionary event. 

The extinct order of Bradoriida first appear in
the fossil record around 521 mya (Series 2 Stage
3), just before the first trilobites (Hou et al., 2001),
and thus represent the oldest known total-group
arthropod body fossils. Bradoriids were small (c. 2–
20 mm) marine bivalved arthropods (Williams et
al., 2007). The majority of bradoriids are suggested
to have had a benthic lifestyle, due to their promi-
nence in shelf marine deposits, and this group was
an important part of the microbenthos in oxygen-
ated shelf environments during Cambrian times
(e.g., Williams et al., 2007, 2011). Indeed, the bra-
doriids Liangshanella and Kunmingella (Figure 1A)
have been reported as among the most or the most
abundant taxa within the Burgess Shale (and
nearby deposits) and Chengjiang Lagerstätten
respectively (Caron and Jackson, 2008; Zhao et
al., 2010; Nanglu et al., 2020). Due to their large
numbers, bradoriids played an important role in
early Cambrian ecosystems, feeding on detritus,

recycling organic material on the seafloor, and pro-
viding a food source for other organisms (Williams
et al., 2007). A few species were likely pelagic and
active in the water column, as inferred from a com-
bination of environmental, morphological and
palaeogeographical data (Williams et al., 2015). 

Exceptional fossils preserving the soft anat-
omy of bradoriids from Konservat Lagerstätten
such as the Chengjiang and Burgess Shale (e.g.,
Figure 1A) have also provided details of their anat-
omy, including appendage morphologies (e.g., Hou
et al., 1996, 2010). More recent studies utilising
micro-CT scanning techniques have revealed fur-
ther appendage details demonstrating extensive
specialisations and likely convergence with a range
of other arthropod groups (Zhai et al., 2019).
Details of the soft part anatomy of bradoriids has
also been crucial for resolving their phylogenetic
position within arthropods. Originally considered
ostracods (e.g., Sylvester-Bradley, 1961; Siveter
2008) on account of similarities in their small size
and bivalved carapaces, bradoriids have most
recently been recovered as stem-group arthropods
(Zhai, et al., 2019), having been previously recov-
ered as sister to total-group mandibulates (Legg et
al., 2013) or as stem-group crustaceans (Hou et
al., 2010). Within bradoriids, nine (possibly 10)
families are recognised. These are Bradoriidae,
Beyrichonidae, Cambriidae, Comptalutidae, Duibi-
anellidae, Hipponicharionidae, Kunmingellidae,
Monasteriidae, Svealuitdae, and possibly Zhexielli-
dae (Jones and Kruse, 2009). Seven of these are
considered Bradoriida sensu stricto, with numer-
ous uncertain forms, Duibianellidae and Monasteri-
idae perhaps not falling within monophyletic
Bradoriida (Williams et al., 2007) or bradoriids per-
haps not being monophyletic (Zhai et al., 2019).

Bradoriids are not only known from Konservat
Lagerstätten. They have been recovered from dif-
ferent sediment types, preserved as body fossils of
isolated carapace valves, phosphatised, as Small
Carbonaceous Fossils (SCFs) and as Small Shelly
Fossils (SSFs) (e.g., Zhang, 2007; Liu et al., 2008;
Slater et al., 2018; Wallet et al., 2021; Skovsted et
al., 2021). These data reveal that bradoriids had a
global distribution, with some cosmopolitan spe-
cies. Bradoriids are known from all major land-
masses except for South America and sub-
Saharan Africa (Williams et al., 2007; Collette et
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al., 2011). As with many other groups which first
appear during the Cambrian, bradoriids rapidly
diversified following their origination during the
‘Cambrian Arthropod Radiation Event’ in Stage 3
approximately 521 mya (Williams et al., 2011).
However, various extinction events drastically
reduced their diversity towards the end of the Cam-
brian, and only a small number of species per-
sisted until their final extinction in the Ordovician
(Williams et al., 2007).

However, despite their diversity and ecologi-
cal importance, aspects of the evolution of brador-
iids remain unexplored. In particular, the extent to
which the morphological disparity of the group is
impacted by diversity, geography, taxonomy, and
how it changed through time remains unquantified.
This study presents the first broad morphometric
analysis of bradoriids caparace shape, applying
Elliptical Fourier Analysis (EFA) to quantify differ-
ences in the outline shape of complete bradoriid
carapaces. These outline shapes were then visual-
ised and separated into groups to explore trends in
diversity and disparity. These analyses quantified
bradoriids diversity and carapace outline disparity

in relation to their taxonomy, palaeogeography, and
through time, further investigating whether a
pelagic mode of life is associated with novel cara-
pace morphologies, to determine the role of these
variables in the morphology of this important Cam-
brian group. 

MATERIAL AND METHODS

Bradoriid Carapace Outline Terminology

Bradoriid carapace valves are often described
as ‘amplete’, ‘preplete’, or ‘postplete’ in outline
(e.g., McMenamin, 2020). These refer to the posi-
tion of maximum valve height (maximum perpen-
dicular distance from the hinge connecting two
carapace valves to the margin of a valve) relative
to the anterior and posterior of the carapace.
Amplete: Maximum height of the carapace valve 

is near the midpoint between anterior 
and posterior.

Preplete: Maximum height of the carapace valve 
is near the anterior.

FIGURE 1. Outline creation process from open carapace and damaged shield, performed in Inkscape. A) Kunmin-
gella douvillei, scale bar equals 1 mm, black arrow indicates the anterior. B) Outline and silhouette for the right value
(top in A, flipped so that anterior is to the left). C) Outline and silhouette for the left value (bottom in A). D) Example
showing reconstruction of carapace outline with slight damage, repaired ‘virtually’ in E, scale bar equals 1 mm, black
arrow indicates the anterior. E) Outline and silhouette for D with reconstruction, note the slight repair of divots to the
margin. Image credit for A: Derek J. Siveter. Image credit for D: Yang Xiaoli and Xiaoya Ma.
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Postplete: Maximum height of the carapace valve 
is near the posterior.

Data Collection

A list of bradoriid species was created using
the appendix of Williams et al. (2007). Species
described after this time were found by performing
a literature search (July 2022) of electronic data-
bases using keywords such as “bradoriid”, “brador-
iids”, “Bradoriida”, “new”, and “species” and filtering
the year of publication to after 2006. The list of
genera in McMenamin (2020) was used subse-
quently to find individual species, which may have
been missed, by searching the literature for each
genus name. A database was created which
included taxonomic information and geological
occurrence for each of the species. Biozones and
regional stages were correlated to their respective
global stages using the biozone correlation chart
from Geyer (2019). The total list of species was
used to calculate species diversity for each analy-
sis, while photographs of complete carapaces were
used for the outline creation and analysis (below).
Literature sources for these outlines are provided
in the Appendix.

Outline Creation

Photographs of specimen valves were col-
lected from the online literature and stored digitally.
Images of both single valves and open carapaces
were used (Figure 1), with the latter being split into
respective left and right valves. At least one cara-
pace image was collected for each species where
possible. Valves were manually traced using the
Bezier curve function in Inkscape, and then filled in
to create a black silhouette on a white background.
Outlines were not created for specimens described
as damaged, or where significant damage could be
seen in the photograph. For specimens which were
only slightly incomplete, for example with a small
divot to the margin, the outlines were reconstructed
to remove the damage (Figure 1D). As both left
and right valves were digitized, outlines were mir-
rored so they were in the same orientation. Out-
lines were exported from Inkscape as .png files at
a resolution of 300dpi, converted into .jpg format,
and imported into R using the ‘import_jpg’ function
from the ‘Momocs’ package (Bonhomme et al.,
2014). R code and outlines are provided in the
OSF project that accompanies this article (Cox and
Pates, 2024).

Data Analysis

All data analysis was conducted in R Studio
version 4.1.3 (RStudioTeam, 2021). A total of 139
outlines were sampled at 64 points per outline,
scaled, and centred. The R package ‘Momocs’
(Bonhomme et al., 2014) was used for elliptical
Fourier analysis (EFA) and subsequent data visual-
isation. The function ‘calibrate_harmonicpower_e-
fourier’ was used to calculate the number of
harmonics required to capture 99.9% of the varia-
tion in the sample. EFA was performed using the
‘efourier’ function. Sum of variance (SOV), Sum of
ranges (SOR), average neighbour distance, and
average displacement values were used to mea-
sure morphospace occupation and disparity and
were calculated using the R package ‘dispRity’
(Guillerme, 2018). Sum of ranges and sum of vari-
ances measure the size of morphospace occupa-
tion, and therefore the morphological disparity,
average neighbour distance measures the density,
and average displacement measures the position
from the centre of the morphospace (0,0) (Guill-
erme et al., 2020).

Similar quantitative analyses have been per-
formed on ostracods to study morphological dis-
parity relationships of carapace shape with
ecology, ontogeny, longevity, and other metrics
(summarised in Baltanás and Danielopol, 2011).

Bradoriid diversity and disparity were quanti-
fied and visualised (section below) in relation to
their taxonomy, palaeogeography, and through
time. To investigate the role of taxonomy on bra-
doriid disparity, carapace outlines were grouped by
family, into the 10 proposed families, with an elev-
enth group for uncertain forms. These families
include both bradoriids sensu stricto and those
which may not fall within monophyletic bradoriids
(e.g., Williams et al., 2007; Zhai et al., 2019). To
explore the role of palaeogeography on bradoriids
carapace disparity, a ‘continent analysis’ was per-
formed. This analysis separated bradoriids into
groups relating to which palaeocontinent they have
been collected from. Nine palaeocontinents were
used in the analysis: Australia, Avalonia, Baltica,
Gondwana, Kazakhstania, Laurentia, North China,
Siberia, and South China. The third analysis con-
sidered how bradoriids carapace disparity changed
through time. For this analysis, bradoriid carapaces
were separated into groups depending on the geo-
logical stage(s) from which they are known. Some
taxa are known from multiple stages and so were
included in the analysis once for each stage. All
Cambrian stages from Stage 3 were included, as
was the Early Ordovician. A final analysis was con-
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ducted to address whether genera for which a
pelagic mode of life has been considered suitable
had distinct carapace outlines to benthic genera.
For this, the area of morphospace occupation for
two genera, Anabarochilina and Liangshanella,
were compared to all other bradoriids.

PCA Visualisation 

The morphospace and principal components
were visualised using the ‘plot.PCA’ function from
the ‘Momocs’ package (Bonhomme et al., 2014).
PCA plots showing individual convex hulls were
visualised using the ‘ggplot2’ package (Wickham,
2016). For analyses considering changing disparity
through time, some bradoriids are known from mul-
tiple Cambrian stages. These were included in the
analysis multiple times, slightly altering the mor-
phospace and the values on the PC axes. For the
‘continent analysis’, the PC2 scores were inverted
to those of the family and time analysis and have
been flipped to aid comparison. 

RESULTS

For analyses of taxonomy and geography, the
first three principal components describe 91.6% of
the variation in outline shape, with PC1 represent-
ing 67.3%, PC2 14.1%, and PC3 10.2%. This vari-
ation is mainly focused on the length and width
ratios of the valve, and the anterior-posterior asym-
metry (Figure 2). The PC1 axis describes changes
in the shape of the valve, with positive scores
associated with a slightly more postplete valve and
negative scores corresponding to a slightly more
preplete valve shape. The PC2 axis describes
changes in the ‘roundness’ of the valve, with posi-
tive values reflecting shorter and wider valves
which are close to triangular, and negative values
indicating longer and thinner valves that are more
oval shaped. PC3 describes variation in the asym-
metry of the valve, with positive scores linked to
valves which are wider at the anterior end (pre-
plete), and negative values reflecting those which
are wider at the posterior end (postplete). 

Influence of Taxonomy on Bradoriid Carapace 
Disparity 

There is a large amount of overlap between
bradoriid families, which is concentrated close to
the origin of the morphospace (Figures 3A, 4). The
exception to this is the positive PC1, positive PC2
region, which corresponds to a triangular carapace
space, and is exclusively occupied by Beyrichoni-
dae. Beyrichonidae covers the largest morpho-
space area (SOR), with specimens spanning the

majority of the PC1 axis in the positive PC2 region.
Bradoriidae, Duibianellidae,and Svealutidae are
mostly found between values of -0.25 to 0.25 for
PC1, and between -0.1 to 0.1 for PC2. Hipponich-
arionidae also occupies this area, except for a
specimen with an extreme PC1 value of 0.5. Varia-
tion in Cambriidae is mainly across the PC2 axis,
which represents changes in the length to width
ratio, with PC2 values ranging from -0.2 to 0.15.
Comptalutidae occupies the area between -0.25 to
0.25 for PC1, and -0.2 to 0.1 for PC2. Kunmingelli-
dae occupies the area between -0.25 to 0.25 for
PC1, and -0.15 to 0.1 for PC2. Monasteriidae is
concentrated around the origin, except for a single
specimen occupying an extreme in the negative
PC1, negative PC2 region, which is likely responsi-
ble for the high disparity (SOR) found in this family
(Table 1). Zhexiellidae occupies mainly the nega-
tive PC1, positive PC2 area of the morphospace
with PC1 values between -0.5 and 0.25, and PC2
values between 0 to 0.1. The average carapace
shape for most families is postplete, while Hippon-
icharionidae and Zhexiellidae are amplete, and
Monasteriidae is preplete. The centroids are posi-
tioned in the centre of the morphospace, except for
Beyrichonidae and Zhexiellidae whose centroids
have more positive PC2 values and the highest
displacement values (Table 1). Comptaluidae, Hip-
ponicharionidae, and Svealutidae have the largest
sample sizes, however, Beyrichonidae, has the
highest SOR value (Table 1) and therefore shows
the highest morphological disparity (followed by
Hipponicharionidae and Comptalutidae). Beyri-
chondiae also has the highest average neighbour
distance, reflecting the high disparity of the family.

Influence of Geography on Bradoriid Carapace 
Disparity

There is again a large amount of overlap in
the centre of the morphospace when specimens
are grouped by continents (Figures 3B, 5). Avalo-
nia covers the largest area (SOR) and exclusively
occupies a large amount of the positive PC1 sec-
tion. Avalonia shows the greatest variation in the
length to width ratio, with specimens ranging
across the entire PC2 axis, while PC1 values range
between -0.25 to 0.75. Baltica, North China, and
Siberia mostly occupy the area of the morpho-
space with values between -0.25 to 0.25 for PC1,
and between -0.1 to 0.1 for PC2. Australia and
Laurentia also mainly occupy this space, with the
addition of specimens with more negative PC1 val-
ues. Gondwana has specimens in both the nega-
tive PC1 positive PC2 and positive PC1 negative
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PC2 quadrants, showing variation in both the
shape and width of the valve. Kazakhstania occu-
pies the negative PC1 region of the morphospace,
with PC2 values between -0.1 to 0.1. South China

occupies the region between -0.25 to 0.25 for PC1,
and between -0.15 to 0.15 for PC2. The average
carapace shape for most geographic regions is
postplete, however, for Kazahkstania and Lauren-

FIGURE 2. Bradoriid morphospace, visualised as a PCA following EFA. Dots represent individual outlines, carapace
shapes behind show changes in outline shape across PC1, PC2 and PC3. Small vertical lines on X and Y axes indi-
cate position of points along these axes. A) Biplot of PC1 (67.3%) and PC2 (14.1%). B) Biplot of PC1 (67.3%) and
PC3 (10.2%). 
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tia it is amplete. Centroids for each geographical
region are clustered around the origin, except for

Gondwana and Kazakhstania, whose centroids
have the highest displacement values (Table 2).
The centroid for Gondwana falls in the positive
PC1 positive PC2 region, while that of Kazakhsta-
nia falls in the negative PC1 negative PC2 region.
Continents with the largest sample sizes (South
China, Australia, and Laurentia) have higher mor-
phological disparity as expected (Table 2). South
China also has the lowest average nearest neigh-
bour distance, reflecting the high density of cara-
paces for this continent. Morphological disparity is
greatest for Avalonia, followed by Laurentia. The
high disparity and average neighbour distance of
Avalonia is likely due to specimens which occupy
extreme positions in the morphospace.

Bradoriid Carapace Disparity in Time

For this analysis, which included a slightly
larger sample than the previous ones due to some
carapaces being included in multiple time slices,
PC1, PC2, and PC3 represented 69%, 14.7%, and
8.3% of the shape variation, but the overall posi-
tions of individual taxa are very comparable to the
other two analyses (Figure 3). Categorisation of
specimens by geological stage again shows large
amounts of overlap in the centre of the morpho-
space (Figures 3C, 6). The area correlating with
positive PC1 and positive PC2 values is occupied
by the consecutive time stages of Stage 4, Wuli-
uan, Drumian and Guzhangian. Stage 3, with the
highest sample size, occupies the region between -
0.25 to 0.25 for PC1 and between -0.15 to 0.15 for
PC2. This region is also covered by most speci-
mens from Stage 4, Wuliuan, Drumian and
Guzhangian. The Jiangshanian mainly occupies
the negative PC1 space, with PC2 values ranging
from -0.05 to 0.1. Except for the Paibian and Early
Ordovician groups (which have low sample sizes),
centroid position appears to shift through time from
a negative PC1 and negative PC2 position towards
a positive PC1 and positive PC2 position, showing
a change in morphology of the mean bradoriids
carapace from postplete to amplete. There is a
shift in centroid position going from Stage 3 to
Stage 4, and from the Wuliuan to Drumian (Table
3). Stage 3, which has the highest sample size and
diversity, has a lower morphological disparity
(SOR) than Stage 4, Wuliuan, Drumian and
Guzhangian, and has the lowest average nearest
neighbour distance reflecting the high density of
the group and lack of carapaces in the extreme
parts of the space.

FIGURE 3. Bradoriid morphospace, with specimens
grouped by family (A), geography (B) and geological
stage (C). Outlines representing the extremes of each
principal component are shown in grey. Note that PC2
axis is flipped in (B) to facilitate comparison with the
other plots.
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Influence of Pelagic Life Mode on Bradoriids 
Carapace Shape

The pelagic genera Anabarochilina and Liang-
shanella occupy positions between -0.25 and 0.32

in PC1 and -0.1 and 0.1 on PC2.These genera fall
in the most densely occupied part of the morpho-
space and are not distinct from the carapace
shapes of benthic taxa (Figure 7).

FIGURE 4. Bradoriid morphospace for individual families. Average carapace shape for the family visualised in the bot-
tom right corner of each plot. The bottom right plot shows the centroid position for each group.

TABLE 1. Measures of morphological disparity for families, calculated from the first three principal components. Abbre-
viations: n = sample size (number of carapaces); SOR = Sums of Ranges; SOV = Sums of Variances. 

Family n SOR SOV
Average nearest 

neighbour distance
Centroid displacement 

from origin

Beyrichonidae 10 1.43 0.109 0.126 0.104

Bradoriidae 9 0.735 0.0233 0.114 0.0819

Cambriidae 14 0.733 0.0164 0.0681 0.0634

Comptalutidae 30 1.16 0.0341 0.0648 0.00444

Duibianellidae 7 0.652 0.0179 0.0787 0.0124

Hipponicharionidae 21 1.24 0.0418 0.0767 0.0150

Kunmingellidae 12 0.852 0.0274 0.0910 0.0258

Monasteriidae 4 0.635 0.0498 0.140 0.0502

Svealutidae 18 0.859 0.027 0.0673 0.0268

Uncertain 8 0.777 0.0298 0.0972 0.0821

Zhexiellidae 6 0.814 0.0511 0.111 0.144
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DISCUSSION

Bradoriid valve shapes include ‘postplete’,
‘amplete’, and ‘preplete’, with previous work sug-
gesting that the majority of bradoriids were post-
plete (e.g., McMenamin, 2020). The morphospace
shows bradoriids with all three types of shape, with

the highest density close to the origin of the plot,
representing a carapace shape that is postplete. 

Influence of taxonomy on bradoriid carapace 
disparity 

The EFA results show that all families, includ-
ing Zhexiellidae, overlap the origin in the morpho-
space (Figure 3A). However, while this broad
overlap in the central part of the morphospace lim-
its the utility of carapace shape alone in distin-
guishing bradoriids taxa even to the family level,
there are differences in the extreme areas of mor-
phospace occupied by different families–though
the centroid positions indicate only very limited dif-
ferences in this case. Thus, while some differences
can be observed, valve shape when quantified
through EFA is limited in terms of taxonomic use at
the family level when all other features of the cara-
pace are not taken into account. Bradoriid taxa are
differentiated from one another by broad scale dif-
ferences in valve shape (amplete, postplete, pre-
plete), as well as hinge and sulcus morphology.
These differences are captured by analyses of car-
apace outlines. Further diagnostic characters of
bradoriids, such as the shape and size of lobes,
nodes, or the presence of ornamentation and
spines are not captured by outline analyses, and
thus our measure of disparity only captures some
of the total morphological variation within the
group. Just as for other groups (e.g., trilobites;
Holmes, 2023), disparity measures of different
aspects of morphology will capture different pat-
terns. This finding draws similarities with a previ-
ous analysis quantifying carapace outlines for the
ostracod superfamily Cypridoidea, which found a
large overlap in morphospace between families,
and that morphological disparity is not linked to
diversity of taxonomic groups (Sánchez-González
et al., 2004).

These other morphological features are also
important for determining the life mode of brador-
iids, for example whether they were pelagic or not.
Two genera of the Svealutidae family, Anabaro-
chilina and Liangshanella, are suggested to have
been pelagic based on lithofacies distribution and
anatomy suggesting an active swimming lifestyle
(Williams et al., 2007, 2015; Collette et al., 2011).
Indeed the pelagic life mode of these Svealutids
may be the reason they were able to disperse and
escape extinction when anoxic water spread onto
the marine shelf (Williams et al., 2011), and this
may have contributed to Svealutidae being one of
the longer ranging bradoriid families, from Cam-
brian Stage 3 until the end of the Cambrian. While

FIGURE 5. Bradoriid morphospace visualised by conti-
nent. Average carapace shape of carapaces from that
continent visualised in the bottom right corner of each
plot. The bottom right plot shows the centroid position
for each continent. Note that PC2 values are flipped to
facilitate comparison with other PCA plots.
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TABLE 2. Measures of morphological disparity for continents, calculated from the first three principal components.
Abbreviations: n = sample size; SOR = Sums of Ranges; SOV = Sums of Variances. 

Continent n SOR SOV
Average nearest 

neighbour distance
Centroid displacement 

from origin

Australia 25 1.17 0.0367 0.0800 0.0232

Avalonia 13 1.60 0.0820 0.146 0.0611

Baltica 4 0.523 0.0314 0.106 0.0665

Gondwana 5 0.803 0.0500 0.118 0.148

Kazakhstania 11 1.01 0.0437 0.0904 0.132

Laurentia 16 1.27 0.0454 0.109 0.0376

North China 8 0.667 0.0163 0.0781 0.0200

Siberia 10 0.733 0.0262 0.0607 0.0266

South China 47 1.17 0.0258 0.0548 0.0267

FIGURE 6. Bradoriid morphospace visualised by geological stage. Average carapace shape of bradoriids from each
stage visualised in the bottom right corner of each plot. The bottom right plot shows the centroid position for each
stage.



PALAEO-ELECTRONICA.ORG

11

carapace shape was likely important for streamlin-
ing in larger bivalved arthropods in Cambrian
oceans (e.g., Vannier and Chen, 2000; Vannier et
al., 2009; Pates et al., 2021), this would have been
more limited at the lower Reynolds numbers of the
much smaller bradoriids. Appendage morphology
and swimming power from muscles are more
important for extant micro-arthropods in the pelagic
realm. Extant copepods and ostracods only swim
rapidly (and at high Reynolds numbers) during
escape reactions that last around one second
(e.g., Strickler, 1975), using setiose appendages
as paddles to provide thrust (e.g., Hunt et al.,
2007) during normal swimming. Characters that
facilitated a pelagic mode of life in Anabarochilina
such as adductor muscles supporting well-devel-
oped swimming appendages (Williams et al., 2015)
may have impacted on the carapace outlines, or
correlated with carapace outline shape, as they
had to be accommodated beneath bradoriid cara-
paces. Indeed, carapace outline in some ostracods
does vary with where they live. An analysis of 30

ostracod carapaces found that populations from
shallow and deep environments occupied different
areas of morphospace, albeit with a lower variation
between habitats than the asymmetry between the
valves (Baltanás and Danielopol, 2011). However,
comparison of the carapace shape of the pelagic
svealutids with benthic bradoriids shows no clear
difference in the morphology of the outline shapes,
and thus our results show no evidence that cara-
pace shape correlates with life mode. Thus at this
point details of the muscles and/or swimming
appendages, alongside well known distribution pat-
terns and presence in multiple different sediment
types are required to support a pelagic mode of life
in microscopic arthropods (Williams et al., 2015;
see also Siveter et al., 1991, 2022; Perrier et al.,
2011), and a pelagic mode cannot be inferred from
carapace shape alone. This will limit the number of
bradoriid taxa from which a pelagic mode can be
inferred, as not all are preserved with equal fidelity,
nor are global and facies distribution patterns
equally well known. Indeed data from South Amer-
ica and sub-Saharan Africa are lacking (Williams et
al., 2007), and only a few specimens have been
reported from India (Collette et al., 2011). These
latter specimens were crucial for inferring a pelagic
mode of life in Anabarochilinia, demonstrating the
possible limitations of life mode inference based off
current data.

Influence of geography on bradoriid carapace 
disparity

Strong endemism has been reported from
Cambrian Stage 3 and Stage 4 bradoriids (e.g.,
Siveter et al., 1997; Hou et al., 2002; Zhang, 2007;
Topper et al., 2011), while cluster analyses have
been used to provide support for faunal links and
associations (e.g., Williams et al., 2007; Topper et
al., 2011). These studies have found support for a

TABLE 3. Measures of morphological disparity for time stages, calculated from the first three principal components.

Stage n SOR SOV
Average nearest 

neighbour distance
Centroid displacement 

from origin
Centroid displacement 

from previous stage

Stage 3 70 1.21 0.0235 0.0518 0.0289 N/A

Stage 4 48 1.92 0.0492 0.0709 0.0166 0.0426

Wuliuan 24 1.75 0.0667 0.109 0.0262 0.0168

Drumian 13 1.51 0.0791 0.137 0.0535 0.0278

Guzhangian 11 1.53 0.0975 0.137 0.0549 0.0155

Paibian 2 0.477 0.0629 0.355 0.0141 0.0663

Jiangshanian 9 0.941 0.0558 0.0918 0.0785 0.0666

Early Ordovician 2 0.514 0.0756 0.389 0.0795 0.0751

FIGURE 7.Bradoriid morphospace showing position of
pelagic genera (red = Anabarochilina, blue = Liang-
shanella).
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faunal association between Australia and South
China, and of Avalonia, Baltica, West Gondwana,
Laurentia and Siberia (Williams et al., 2007; Topper
et al., 2011). When carapace morphologies are
separated by continent (Figure 5), there is broad
overlap towards the centre of the morphospace.
However, Avalonian bradoriids occupy extremes in
both positive PC1, positive PC2 and positive PC1,
negative PC2 quadrants of the space, while South
China bradoriids are found in a more constrained
part of the morphospace (Figure 5). Bradoriids
from the second cluster (Baltica, West Gondwana,
Laurentia and Siberia) are generally limited to PC1
values between -0.25 and 0.25, and PC2 values
between -0.1 and 0.1 (Figure 5), but cannot be
easily separated from bradoriids not found within
the faunal associations, such as those from
Kazakhstania or North China. The broad overlap
between continent morphologies may reflect the
global distribution of many bradoriids, a result of
the wide-range dispersal capabilities of genera
such as Kunmingella, Beyrichona and Hipponich-
arion (Williams et al., 2007), alongside the limited
differences in carapace morphologies when con-
sidered at the family level (Figure 4).

This analysis of differences in the morphologi-
cal variation of bradoriids across continents is fur-
ther limited by the uneven knowledge of bradoriids
geographically. Although bradoriids have been
described from almost all modern continents, there
are certainly gaps in our knowledge. Williams et al.,
(2007) noted that the geological areas which are
least represented in the bradoriid fossil record are
India, South America, the Middle East and sub-
Saharan Africa. While bradoriids have now been
found in some of these locations, the Middle East
(Elicki, 2012) and India (Collette et al., 2011), large
gaps remain and these areas have received far
less study than for example Europe, North America
and South China. The prevalence of bradoriids
from well-studied geographic locations will also
have influenced the analyses of diversity and dis-
parity through time (section below), with South
China deposits most common in Stage 3, Australia
in Stage 4, and Laurentia in Stage 5 and the Dru-
mian. However, given the broad overlap in morpho-
space across continents, these geographic
sampling biases will be less impactful than if broad
differences in carapace shape were observed
between different continents, allowing more confi-
dence to be placed in the temporal patterns than
otherwise would be the case.

Diversity and Disparity through Time

Importantly, the area of morphospace occu-
pied does not correlate with overall diversity, when
separated by Cambrian stages (Tables 1, 3). The
highest diversity of bradoriids is recovered for
Stage 3 (Figure 8), supporting previous genus level
diversity curves (Williams et al., 2011; McMenamin,
2020), whereas the highest area of the morpho-
space, as indicated by the sum of ranges, is in
Stage 4, and the highest dispersal within the mor-
phospace, as indicated by the sum of variances
and average neighbour distances, falls in the
Guzhangian (Table 3; the larger average neighbour
distance for the Paibian is an artefact of the very
low sample size). The increase in overall morpho-
space occupation in Stage 4 is associated with
increases in the most extreme positions on both
PC1 and PC2 occupied by bradoriids. This is most
striking for the Avalonian beyrichonid Beyrichona
papilio, which with their triangular carapace out-
lines occupy the most extreme positions in the pos-
itive PC1, positive PC2 quadrant of the
morphospace. These originate in Stage 4 and per-
sist until the Guzhangian (Williams et al., 2007).
Indeed, the changing centroid position through
time (Figure 6) is most likely a result of the interac-
tion of the presence of these extreme morphologi-
cal forms and a reducing diversity within the space,

FIGURE 8. Histogram showing species level bradoriid
diversity for each geological stage.
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rather than reflecting a change in the overall aver-
age shape of bradoriid carapaces. Similarly, the
increase in displacement from previous time period
(Table 3) metric is likely being significantly
impacted by the presence of these extreme forms
in the morphospace and reduced overall bradoriid
diversity.

This pattern of disparity increases from Stage
3 to Stage 4, and corresponding decrease in diver-
sity, differs from the ‘early burst’ model for disparity
within groups that is often observed in disparity
studies (e.g., Hughes et al., 2013). Under the ‘early
burst’ model, maximal disparity is established early
on, prior to a peak in taxonomic diversity. For bra-
doriids, it seems that diversity peaked ahead of dis-
parity, with the most extreme forms appearing in
Stage 4. This time is associated with expansion of
bradoriids into high and low latitudes, and new
environments including shallow shelf, deep shelf,
and marginal marine settings (e.g., Siveter and
Williams, 1995; Siveter et al., 1995 Williams et al.,
2007; Loughlin and Hillier, 2011), raising the possi-
bility of ecological release permitting expansion of
bradoriids into these extreme areas of morpho-
space. Notably, the ecological release of bradoriids
into the pelagic realm did not lead to a further
expansion of the morphospace area occupied (Fig-
ure 7).

Despite significant reductions in bradoriid
diversity during Cambrian extinction events (Figure
8; Williams et al., 2011), a broad area of the mor-
phospace remains occupied until the end of the
Guzhangian (Figure 8). For example, there is only
a slight decrease in disparity (SOR) between the
Wuliuan and Drumian (Table 3), compared to the
substantial loss of diversity (from >60 to 20 spe-
cies; Figure 8). Instead, extinctions appear to have
‘thinned’ the density of bradoriids within morpho-
space, leading to increased average neighbour dis-
tances and sum of variances (Table 3). This
reduced density indicates that these extinctions
were not selective for a particular morphology of
bradoriids. When compared to other benthic inver-
tebrates, similar patterns can be observed. For
example, hyoliths peaked in diversity in Stage 4,
before declining in numbers, with a corresponding
thinning of the morphospace occupation but no
clear shift in the space (Liu et al., 2024). Changes
in absolute size of a range of benthic invertebrates
have been recorded from across the early to mid-
dle Cambrian (e.g., Zhuravlev and Wood, 2020). A
future analysis incorporating size into the study of
bradoriids morphological changes might be infor-
mative as to whether oxygen peaks facilitated

growth to broader size ranges than other times
during this interval, and size data would comple-
ment the morphological data presented here. 

A lack of specificity of bradoriid extinctions
based on carapace shape is perhaps to be
expected, given the results of the family-level anal-
ysis and lack of a link between bradoriids carapace
outline and a pelagic mode of life. As there is broad
overlap in the central region of the morphospace,
the loss of entire families, such as the Kunmingelli-
dae during late Stage 3 (e.g., Williams et al., 2011)
did not remove an area of the morphospace, but
rather ‘thinned’ it. Similarly, the origination of new
bradoriids groups did not lead to occupation of
vastly new areas of carapace morphospace. Fur-
ther, broad dispersal of some groups and a pelagic
mode of life of some taxa, which has been sug-
gested to have contributed to the longevity of some
svealutids (e.g., Williams et al., 2011, 2015), is not
associated with a different part of the morpho-
space. Thus, selection for animals able to escape
deep water anoxia would not be reflected by a shift
in the occupation area of the morphospace, as
these taxa have carapaces occupying positions
close to the origin of the morphospace (Figure 7).

CONCLUSIONS

Bradoriid carapace outlines are quantified
using EFA, and morphospace occupation quanti-
fied with respect to family, geography, and geologi-
cal stage. These results are limited by the current
sampling biases present in the bradoriid fossil
record. There is broad overlap in morphospace
occupation across all these metrics, with the high-
est disparity represented by Beyrichonidae, Avalo-
nia, and Cambrian Stage 4, respectively. Bradoriids
do not follow the ‘early burst’ model for morpholog-
ical disparity. There is no clear difference in the
outline shape of pelagic bradoriids from benthic
ones, and extinctions are linked to ‘thinning’ of bra-
doriids morphospace rather than big reductions,
indicating that they were not selective for particular
carapace morphologies.
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APPENDIX 1. 

Species, number of outlines per species, and references from which outlines were sourced, for data in this 
study.

Species
Number of 

outlines Reference

Beyrichona angularis 1 Melnikova, 2003

Beyrichona avannga 1 Peel, 2017

Beyrichona papilio 2 Williams et al., 2007

Beyrichona sp. 1 Williams et al., 2007

Beyrichona taylori 1 Melnikova, 2003

Beyrichona tinea 1 Álvarez et al., 2008

Beyrichona triceps 1 Siveter and Williams, 1997

Karatachona ignorata 1 Melnikova, 2003

Parahoulongdonella bashanensis 1 Betts et al., 2016

Bradoria duyunensis 1 Zhang, 2007

Bradoria scrutator 1 Williams et al., 2007

Indiana anderssoni 1 Streng and Geyer, 2019

Indiana dermatoides 1 Williams et al., 2007

Indiana secunda 1 Williams et al., 2007

Indota tennessensis 1 Williams et al., 2007

Ovaluta henanensis 1 Zhang, 2007

Walcottella apicalis 1 Williams et al., 2007

Sinskolutella cuspidata 1 Betts et al., 2014

Auriculatella typica 1 Hou et al., 2001

Cambria chinensis 1 Shu and Chen, 1994

Cambria egorovae 1 Williams et al., 2007

Cambria melnikovi 1 Williams et al., 2007

Cambria sibirica 1 Siveter et al., 1995

Cordubiella pedrochensis 1 Hinz-Schallreuter et al., 2007

Gladioscutum lauriei 1 Hinz-Schallreuter and Jones, 1994

Matthoria ordinata 1 Williams et al., 2007

Matthoria troyensis 1 Williams et al., 2007

Monceretia erisylvia 1 Vannier et al., 2005

Petrianna fulmenata 1 Siveter et al., 1995

Petrianna sp. 2 Siveter et al., 1995

Shangsiella elongata 1 Williams et al., 2007

Alutella cf. nakamurai 1 Williams et al., 2007

Alutella elongeta 2 Peng et al., 2010

Alutella jinxianensis 1 Hou et al., 1989

Alutella nakamurai 1 Hou et al., 2001

Alutella producta 1 Hou et al., 1989

Alutella sp. 1 Williams et al., 2007

Alutella sulcata 1 Hou et al., 1989

Annge iperte 1 Smith et al., 2014

Comptaluta inflata 2 Williams et al., 2007
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Comptaluta kailiensis 1 Peng et al., 2010

Comptaluta leshanensis 1 Hou et al., 2001

Flemingopsis duo 1 Jones and Laurie, 2006

Kunyangella cheni 1 Hou et al., 2001

Oepikaluta dissuta 1 Jones and McKenzie, 1980

Phasoia armini 1 Jones and Kruse, 2009

Phasoia sp. 1 Hou et al., 2001

Phasoia stephenensis 1 Andersson, 2014

Quetopsis katarcha 1 Jones and Kruse, 2009

Retaluta granulosa 1 Zhang, 2007

Sanlangella xixiangensis 1 Liu et al., 2008

Spinaluta qinensis 1 Zhang, 2007

Wutingella binodosa 2 Hou et al., 2001

Zepaera jagoi 1 Topper et al., 2011

Zepaera rete 1 Jones and Kruse, 2009

Jiucunella paulula 1 Hou et al., 2001

Jiucunella phaseloa 1 Betts et al., 2014

Kunyangella daedala 1 Zhang, 2007

Duibianella tuberosa 1 Zhang, 2007

Mongolitubulus descensus 1 Betts et al., 2017

Mongolitubulus henrikseni 1 Skovsted, 2005

Neoduibianella bella 1 Shu and Chen, 1994

Neoduibianella ramispina 1 Zhang, 2007

Spinella unialata 1 Zhang, 2007

Spinospitella coronata 1 Skovsted et al., 2006

Acutobalteus sinuosus 1 Betts et al., 2017

Albrunnicola bengtsoni 1 Topper et al., 2007

Bicarinella evansi 1 Rode et al., 2003

Cambroarchilocus tigris 1 McMenamin, 2020

Dictyocharion eurys 1 Jones and Kruse, 2009

Flumenoglacies groenlandica 1 Peel and Streng, 2015

Flumenoglacies michaeli 1 Andersson, 2014

Hipponicharion australis 1 Topper et al., 2007

Hipponicharion cuii 1 Zhang, 2007

Hipponicharion eos 1 Williams et al., 2007

Hipponicharion qianensis 1 Zhang, 2007

Hipponicharion skovstedi 1 Peel, 2017

Meishucunella processa 1 Hou et al., 2001

Neokunmingella cf. minuta 1 Williams et al., 2007

Neokunmingella moroensis 1 Betts et al., 2014

Neokunmingella shuensis 1 Sun et al., 2020

Pseudobeyrichona monile 1 Streng and Geyer, 2019

Septadella jackmanae 1 Williams et al., 2007

Wimanicharion matthewi 1 Williams et al., 2007

Jixinlingella clithrocosta 1 Zhang, 2007

Species
Number of 

outlines Reference
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Jixinlingella daimonikoa 1 Betts et al., 2014

Emeiella venusta 1 Williams et al., 2007

Hanchiangella minor 1 Williams et al., 2007

Kunmingella douvillei 2 Williams et al., 2007

Kunmingella maotianshanensis 2 Hou et al., 1996

Kunmingella pentagona 1 Liu et al., 2008

Kunmingella sp. 1 Williams et al., 2007

Kunmingella typica 1 Hou et al., 2001

Nanchengella acuta 2 Hou et al., 2001

Yakutingella intricata 1 Melnikova, 1998

Monasterium bucerum 1 Hou et al., 1989

Monasterium ferox 1 Smith et al., 2014

Monasterium ivshini 1 Williams et al., 2007

Monasterium tchizhovi 1 Melnikova, 2003

Anabarochilina australis 1 Jones and Laurie, 2006

Anabarochilina burkensis 1 Jones and Laurie, 2006

Anabarochilina hicksii 2 Williams et al., 2015

Anabarochilina karatauensis 1 Melnikova, 2003

Anabarochilina primordialis 1 Williams et al., 2007

Anabarochilina rotundata 1 Williams et al., 2015

Liangshanella baensis 1 Zhang, 2007

Liangshanella birkenmajeri 1 Wrona, 2009

Liangshanella burgessensis 2 Williams et al., 2007

Liangshanella liangshanensis 2 Hou et al., 2001

Liangshanella rotundata 1 Hou et al., 2001

Liangshanella sayuntinae 1 Betts et al., 2017

Liangshanella yunnanensis 1 Hou et al., 2001

Tsunyiella gridinae 1 Williams et al., 2007

Tsunyiella luna 1 Zhang, 2007

Altajanella costulata 1 Williams et al., 2007

Amphikeropsis myklosis 1 Topper et al., 2007

Dielymella dubia 1 Jones and McKenzie, 1980

Dielymella recticardinalis 1 Williams et al., 2007

Eozhexiella adnyamathanha 1 Betts et al., 2017

Mononotella fusiformis 1 Williams et al., 2007

Sunella parva 1 Williams et al., 2007

Vojbokalina magnifica 1 Williams et al., 2007

Almazina proprius 1 Melnikova, 2003

Euzepaera foveata 1 Melnikova, 2003

Euzepaera sp. 1 Melnikova et al., 1997

Houlongdongella xichuanensis 1 Zhang, 1987

Yaoyingella inflata 1 Zhang, 2007

Zhexiella venusta 1 Shu and Chen, 1994

Total 139

Species
Number of 

outlines Reference
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