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Article

Decoupling of morphological disparity and taxonomic diversity
during the end-Permian mass extinction

Junyu Wan , William J. Foster, Li Tian, Thomas L. Stubbs , Michael J. Benton ,
Xincheng Qiu, and Aihua Yuan

Abstract.—An increasing number of unexpectedly diverse benthic communities are being reported from
microbially precipitated carbonate facies in shallow-marine platform settings after the end-Permian
mass extinction. Ostracoda, which was one of the most diverse and abundant metazoan groups during
this interval, recorded its greatest diversity and abundance associated with these facies. Previous studies,
however, focusedmainlyon taxonomic diversity and, therefore, left room for discussion of paleoecological
significance. Here, we apply a morphometric method (semilandmarks) to investigate morphological vari-
ance through time to better understand the ecological consequences of the end-Permian mass extinction
and to examine the hypothesis that microbial mats played a key role in ostracod survival. Our results
show that taxonomic diversity and morphological disparity were decoupled during the end-Permian
extinction and that morphological disparity declined rapidly at the onset of the end-Permian extinction,
even though the high diversity of ostracods initially survived in some places. The decoupled changes in
taxonomic diversity and morphological disparity suggest that the latter is a more robust proxy for
understanding the ecological impact of the extinction event, and the low morphological disparity of
ostracod faunas is a consequence of sustained environmental stress or a delayed post-Permian radiation.
Furthermore, the similar morphological disparity of ostracods between microbialite and non-microbialite
facies indicates that microbial mats most likely represent a taphonomic window rather than a biological
refuge during the end-Permian extinction interval.
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Introduction

The end-Permian mass extinction was the
most catastrophic biotic crisis of the Phanero-
zoic, with the extinction of more than 80% of
marine invertebrate species (Stanley 2016),
and it occurred over a short interval (∼60 kyr)
that spans the Permian/Triassic boundary
(Burgess et al. 2014; Wang et al. 2014). The pat-
tern of extinction is, however, still disputed and
often described as a single pulse (Jin et al. 2000),
multiple pulses (Song et al. 2013), an extinction
interval (Wang et al. 2014), or with long-term

environmental deterioration starting before
the main extinction pulse (Kiessling et al.
2018). In part, these different interpretations
are due to sea-level changes overprinting on
our understanding of the timing and pattern
of extinction (Yin et al. 2014; Holland and Patz-
kowsky 2015). In addition to taxonomic losses,
the end-Permian extinction recorded wide-
spread ecological disruption and turnover
(e.g., Foster and Twitchett 2014; Foster et al.
2018; Song et al. 2018; Martindale et al. 2019).
Following the onset of the extinction, there
were also sedimentological changes that
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include the widespread occurrence of micro-
bially precipitated carbonates in shallow-
marine carbonate settings, for example, calcite
crystal fans, microbialites, and oolitic lime-
stones, which have been attributed to reduced
skeletal carbonate production and supersatu-
rated conditions (Hips and Haas 2006; Pruss
et al. 2006; Friesenbichler et al. 2018; Li et al.
2019; Foster et al. 2020). The formation of these
microbially precipitated carbonates is associated
with persistent environmental stress during the
extinction interval (Clarkson et al. 2015; Li et al.
2015; Foster et al. 2018), but despite this, a rela-
tively high abundance and diversity of ostra-
cods and other metazoans have been reported
from these microbially precipitated carbonate
facies (Angiolini et al. 2007; Crasquin and
Forel 2014; Hautmann et al. 2015; Yang et al.
2015; Foster et al. 2019a; Wan et al. 2019).
Ostracods show a significant turnover due to

the end-Permian event, yet a broad range of
Permian survivors and newly evolved species
dominated a “survival stage” into the earliest
Griesbachian and a subsequent “poverty
phase” from the Griesbachian Isarcicella staeschei
conodont zone into theDienerian (Crasquin and
Forel 2014). Furthermore, the ostracods from the
survival stage are typically associated with
microbialite facies (Crasquin-Soleau et al. 2004;
Forel 2012, 2014; Forel et al. 2013a,b, 2015; Cras-
quin and Forel 2014; Wan et al. 2019), with only
a few exceptions (Foster et al. 2019b; Qiu et al.
2019; Gliwa et al. 2020a, b). The co-occurrence
of microbialites and ostracods led Forel et al.
(2013b) to suggest that microbial mats provided
favorable settings, or refuges, during the extinc-
tion interval that could support diverse and
abundant ostracod communities.
Ecologically, the ostracod survival stage also

records significant decreases in body sizes (i.e.,
Lilliput effect), precocious sexual dimorphism,
and heterochronic growth (deceleration) of
ostracods (Forel 2014; Forel et al. 2015). Even
if it is unclear which environmental stressor
caused these ecological changes (i.e., was it
the consequence of high temperatures, deoxy-
genation of the oceans, changes in nutrient
availability, ocean acidification, or a synergistic
combination from among these?), ostracod
communities do record the ecological implica-
tions of the extinction event. The ecological

impact of mass extinction events on metazoans
can be investigated by studying changes in
functional diversity, such as different modes
of life (e.g., a combination of tiering, motility,
and feeding), which can be recognized typic-
ally at the family or superfamily level (Bush
and Bambach 2011; Dineen et al. 2014; Foster
and Twitchett 2014; Aberhan and Kiessling
2015). However, the methods noted cannot be
applied robustly to ostracods during the Per-
mian–Triassic transition, because ostracod
assemblages before and after the extinction pre-
sent the same ecological characteristics and are
dominated by deposit-feeding forms, espe-
cially the Bairdioidea superfamily (Forel et al.
2009; Forel 2012; Wan et al. 2019). Furthermore,
this traditional assertion is currently challenged
by the outstanding adaptive potential of the
Bairdioidea superfamily (Forel 2014).
An alternative way to study the ecological

evolution of metazoan communities is to inves-
tigate how mass extinctions and diversification
events affected the disparity of metazoan com-
munities. In fact, disparity analyses have been
applied widely in ecological diversity and
macroevolutionary studies around the end-
Permian mass extinction, especially for verte-
brates, because of their evident functional mor-
phological traits (e.g., Stubbs and Benton 2016;
Smithwick and Stubbs 2018). These studies
show that when investigating the evolution of
metazoans, it is worth considering changes in
both taxonomic diversity and morphological
disparity, and morphological evolution is ten-
tatively interpreted as having been driven by
environmental changes. Although there is lim-
ited functional morphological information in
the skeletal components of ostracods, several
morphometric studies have investigated
shape variance in living ostracods and fossil
ostracods with distinguishable shell character-
istics (Ramos et al. 2016; Martins et al. 2018;
Wrozyna et al. 2018). These studies found a
close relationship between shell morphology,
ontogenetic stage, and the environment. Even
for smooth-shelled ostracods, a group that
dominates the Permian–Triassic transition,
semilandmark and outline methods have been
applied successfully to some extant assem-
blages (Baltanás et al. 2003; Wrozyna et al.
2016; Karanovic et al. 2017). To improve our
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understanding of the ecological consequences
of the end-Permian mass extinction and the
relationship between the diversity and eco-
logical functioning of ostracod communities,
we reexamined morphological disparity and
taxonomic diversity of the fossil record of Per-
mian–Triassic ostracods. Further, we investi-
gate whether the taxonomic “microbialite
refuge” hypothesis (sensu Gingras et al. 2011;
Forel et al. 2013b) allows for greater survival
of morphological disparity during the mass
extinction interval.

Materials and Methods

Ostracod Data.—In total, 373 well-preserved
specimens of 349 species were selected from
published studies with scanning electron
microscope images that cover the Permian/Tri-
assic boundary successions and record both
microbialites and ostracod assemblages (Fig. 1).
The data used in this study, therefore, come
fromBálvány-North, BükkMountains, Hungary
(Forel et al. 2013a); Çürük Dağ, Taurus Moun-
tains, Turkey (Crasquin-Soleau et al. 2004; Forel
2014); Elikah River, central Alborz Mountains,
Iran (Forel et al. 2015); Zuodeng, Guangxi,
South China (Wan et al. 2019); and Dajiang,
Guizhou, South China (Forel 2012).
For the paleoecological analyses, taxonomic

diversity is calculated by richness of different

taxa, that is, total numbers of species, genera,
and families. Morphological data have been
collected from every species with one represen-
tative at each section. The valve outline con-
tains primary morphological information for
smooth-shelled ostracods, which represent the
majority of the Permian–Triassic transition
ostracod fauna. The left valve outline in right
lateral view was chosen for this study, because
for most Permian–Triassic transition ostracods
(e.g., Bairdioidea), the left valves overlap the
right valves and best represent the overall out-
line of the carapace. If the right lateral viewwas
not available, the left lateral view was horizon-
tally flipped.
In the morphometric analyses, the ostracods

were divided into three time bins: Permian pre-
extinction interval (Pre-E.), extinction interval
that spans the Permian/Triassic boundary
(Ext.) and Griesbachian postextinction interval
(Post-E.). Conodont stratigraphy has been
undertaken at all the investigated sections
where Hindeodus parvus, whose first appear-
ance datum (FAD) defines the base of the Trias-
sic (Yin et al. 2001), typically occurs near the
base of the microbialites facies, and the Isarci-
cella staeschei biozone occurs above the micro-
bialite interval (Yang et al. 1999; Richoz 2006;
Sudar et al. 2008; Jiang et al. 2014; Forel et al.
2015). Furthermore, in most Permian/Triassic
boundary successions, the microbialites also
have irregular contact with the underlying skel-
etal packstone, which marks the end-Permian
mass extinction horizon (Payne et al. 2007;
Chen et al. 2009; Jiang et al. 2014). Some studies
recognize the entire microbialite successions as
being Triassic due to the isochronism of event
deposits and based on biostratigraphic evi-
dence (Jiang et al. 2014; Brosse et al. 2016). In
Çürük Dağ, however, Isarcicella isarcica, which
marks a later biozone of the Griesbachian,
occurs with the FAD of H. parvus, yet the che-
mostratigraphy suggests that the microbialites
are the same age as those at the other sections
(Richoz 2006). Therefore, in our study, these
three time bins also correspond to the layers
underlying the microbialite interval, the micro-
bialite interval itself, and the layers overlap-
ping the microbialite interval. Both the data
before and within the mass extinction interval
are available from all the investigated sections,

FIGURE 1. Global paleogeographic map of the Permian/
Triassic boundary time interval showing locations of sam-
ple sites in this study, based on reconstruction by Golonka
(2002). Hu: Bálvány-North, Hungary; Ir: Elikah River,
north Iran; SC: Zuodeng and Dajiang, South China;
Tk: Çürük Dağ, Turkey.
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which means that changes in morphological
disparity as a consequence of the end-Permian
mass extinction can be investigated at all the
sections. However, after the mass extinction
interval, ostracods have only been recorded in
the Zuodeng and Çürük Dağ sections. In add-
ition, to investigate the microbialite refuge
hypothesis, we subsequently divided the sam-
ples from Zuodeng and Çürük Dağ during the
extinction interval into microbialite and non-
microbialite samples, as these different facies
were not distinguished at the other sections.
The database of the species and metadata of

the ostracod assemblages from each section
are available in the Supplementary Table 1,
which includes data source, taxon, location,
stratigraphic age, and lithology.

Geometric Morphometrics.—Landmark-based
geometric morphometrics was used to collect
the outline shape data of ostracod valves. The
convexity of the valve was not included, as
not all publications provided these data for
the species investigated here. First, two type
III landmarks (LM 1 and 2) were defined by
the maximum curvature at the anterior and
posterior positions of the valve. Second, two
curves, each comprising 15 equidistant semi-
landmarks, were drawn between LM 1 and
LM 2, along the dorsal and ventral borders,
respectively (Fig. 2). Both landmarks and semi-
landmarks were set on images with the pro-
gram TpsDig v. 2.31 (Rohlf 2015). Third,
landmarks were appended to curves, and the
sliding directions of the semilandmarks

were determined using TpsUtil v. 1.78 (Rohlf
2015).
A generalized Procrustes analysis (GPA)

with a minimized bending algorithm was
used to remove the effects of size, location,
and orientation of the specimen images using
the two-dimensional landmark data, based on
the two fixed landmarks and 30 semilandmarks
(Gower 1975; Rohlf and Slice 1990). The shape of
each specimen was then plotted using the land-
mark configuration from the GPA.
A principal component analysis (PCA) was

carried out on the aligned, post-GPA land-
marks to show the morphological variation
within each section and between each time
interval. In this study, the first three axes
explain ∼80% of the morphological variances,
and two morphospace plots of PC 1–PC 2 and
PC 2–PC 3 were therefore plotted for each sec-
tion. Shape variation can be distinguished by
using thin-plate spline grids and comparing
the hypothetical shapes and the mean shape
(Claude 2008). The two common disparity sta-
tistics—the sum of variances and the volume
of morphospace—were both calculated in our
study. The former is a measurement of the dis-
tances between the points in a morphospace
scatter plot and is robust to sample size differ-
ences, so it is considered to be the main dispar-
ity metric for examining quantitative
differences in overall morphological variation
between groups herein. But the latter, often cor-
relating strongly with sample size, especially
when sample size is small (Ciampaglio et al.
2001), was only used as a subsidiary measure
to describe the size of occupied morphospace.
A bootstrap analysis (100 replicates with
replacement) was applied to most groups for
disparity calculation, except the groups with-
out enough data.
All these analyses were conducted in R

v. 4.0.0 (R Core Team 2020), using the
packages geomorph (Adams et al. 2019) and
dispRity (Guillerme 2018). In addition, to
symmetrically trace the changes of taxonomic
diversity and morphological disparity, the log
ratios of changes in each measure, including
species richness (log S ) and sum of variances
(log SoV), were calculated respectively
between different time-bin and lithofacies
groups.

FIGURE 2. An example of the landmark configuration used
to investigate changes inmorphospace on the left valve out-
line, in right lateral view, shown using a specimen of Bair-
diacypris ottomanensis Crasquin-Soleau et al., 2004 in Wan
et al. (2019). Scale bar, 0.1 mm.
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Results

The results of the PCA maximize and order
the interspecific shape differences, and ∼80%
of the variance can be explained by the first
three principal components (Table 1). Varia-
tions along PC 1 correspond to changes in the
elongation of the ostracod carapaces, and PC
2 records changes in the convexity of the dorsal
and ventral borders. Generally, variance along
PC 3 relates to changes in the position of the
maximum height of the valve, whereas at the
Elikah River section, the variance is explained
by the position of the maximum length of the
valve. Thin-plate spline grids show mean
shapes and hypothetical and practical shapes
at the extreme position of each axis (Fig. 3, all
five sections; Supplementary Figs. 1–5, Zuo-
deng, Dajing, Çürük Dağ, Bálvány-North, Eli-
kah River, respectively).

Temporal Variation.—At the Bálvány-North,
Dajiang, and Elikah River sections, the volume
of morphospace shrinks (Fig. 4), whereas at the
Çürük Dağ section, the volume of morpho-
space remains relatively stable, and in the Zuo-
deng section, it increases, even though the PCA
plot shows themorphospaces to be very similar

(Fig. 5A,B). The impact of the end-Permian
mass extinction is shown by a decrease in the
sum of variances for all sections except Zuo-
deng, where it remains constant (Fig. 5A). Gen-
erally, the pre-extinction ostracod assemblages
show higher morphological disparity by a
shift in morphospace occupation because of
the presence of some species with extreme
shapes that are not recorded from the extinction
interval (Fig. 5C). Two declines in morpho-
logical disparity occurred with the end-
Permian mass extinction: the major decline at
the onset of the end-Permian extinction, except
at Zuodeng, and then a minor one at the end of
the extinction interval.
The ostracod assemblages from the Dajiang,

Bálvány-North, and Elikah River sections
experience declines in log S by 0.94, 0.48, and
0.73 (61%, 38%, and 52%), respectively, through
the end-Permian mass extinction interval.
These sections record a smaller decrease in
log SoV of ostracod assemblages by 0.56, 0.23,
and 0.65 (43%, 21%, and 48%), respectively
(Table 2, Fig. 6). Therefore, those sections that
witnessed taxonomic declines in species rich-
ness also recorded associated declines in

TABLE 1. Results of the principal component (PC) analysis (scores of first three PC axes and shape changes on these three
axes). DB, dorsal border; VB, ventral border; Hmax, maximum height; Lmax, maximum length.

Section
PC 1
(%)

PC 2
(%)

PC 3
(%)

Total
(%)

Shape change at
PC 1 Shape change at PC 2 Shape change at PC 3

Zuodeng 46.9 20.1 11.5 78.5 −, elongate −, DB convex and VB
concave

−, Hmax close to
posterior

+, stocky +, DB straight and VB
convex

+, Hmax close to
anterior

Dajiang 53.6 17.8 10.0 81.4 −, elongate −, DB convex and VB
concave

−, Hmax close to
anterior

+, stocky +, DB straight and VB
convex

+, Hmax close to
posterior

Çürük Dag 41.6 25.4 9.8 76.8 −, elongate −, DB straight and VB
convex

−, Hmax close to
posterior

+, stocky +, DB convex and VB
concave

+, Hmax close to
anterior

Bálvány
North

47.3 22.5 12.6 82.4 −, stocky −, DB straight and VB
convex

−, Hmax close to
posterior

+, elongate +, DB convex and VB
concave

+, Hmax close to
anterior

Elikah River 43.4 28.2 9.7 81.3 −, elongate −, DB convex and VB
concave

−, Lmax higher

+, stocky +, DB straight and VB
convex

+, Lmax lower

All sections 43.6 24.2 11.0 78.8 −, stocky −, DB straight and VB
convex

−, Hmax close to
anterior

+, elongate +, DB convex and VB
concave

+, Hmax close to
posterior
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morphological disparity. The Zuodeng and
Çürük Dağ sections, however, record large
increases in log S associated with the onset of
the extinction event by 0.63 and 1.04 (88%
and 184%), respectively. However, log SoV
records different trends, with only a 0.01 (1%)
increase at Zuodeng and a 0.55 (42%) decrease
at Çürük Dağ (Table 2, Fig. 6). Furthermore,
even when trends are compared between
higher taxonomic levels (i.e., at the genus and
family levels) andmorphological disparity, dif-
ferent rates of changes can be observed (Fig. 6).
These results show that variances in morpho-
logical disparity and taxonomic richness were
decoupled during the end-Permian mass
extinction, that is to say, the survivors and
newly evolved species during the extinction
interval were morphologically similar.
The high number of ostracod species during

the extinction interval has been attributed to

the presence of microbialites providing a bio-
logical refuge (Forel et al. 2013b), and a subse-
quent decline in ostracod richness is recorded
after the extinction interval (Crasquin and
Forel 2014). In the Zuodeng section, log S
declines by 3.16 (96%) to only two species,
which are insufficient to rigorously investigate
the sum of variance. Even so, the two species
recovered from the postextinction interval
have very different morphologies (Fig. 5A). In
Çürük Dağ, there is a 0.69 (50%) decrease in
log S, and 27 species are recorded in the postex-
tinction interval (Table 2). This taxonomic
decline is also associated with a mere 0.06
(6%) decline in log SoV (Table 2, Fig. 5B).

Morphological Variation between Facies.—Only
at the Zuodeng and Çürük Dağ sections can
microbialites or non-microbialite lithofacies be
distinguished during the extinction interval
(Fig. 7). In the Zuodeng section, the

FIGURE 3. Principal component (PC) analysis results and thin-plate splines of morphological variances of ostracods from
all five sections in this study. A, Percentages of the first 10 PC axes; B, scatter plots of PC 1 and PC 2 and PC 2 and PC 3; C,
thin-plate splines of mean shape, hypothetical shapes (left), and sample shapes (right) at extreme scores.
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microbialite lithofacies is 0.58 (79%) greater in
log S and has a larger morphospace occupation
than the non-microbialite facies based on the
presence of some species belonging to Bairdia,
Cryptobairdia, Hungarella, Paracypris, and Sile-
nites. However, log SoV is only 0.06 (6%) larger
in the microbialite facies (Table 2, Fig. 7A). In
the Çürük Dağ section, the microbialite lithofa-
cies is 0.19 (21%) greater in log S than the non-
microbialite facies, and this is associated with a
larger morphospace occupation generated by
some species of Bairdia, Bairdiacypris, Bythocy-
pris, and Liuzhinia. But there is only a 0.11
(11%) increase in log SoV (Table 2, Fig. 7B).
Among the species appearing in the morpho-
space beyond the non-microbialite facies, only
one belonging to Bairdiacypris has Paleozoic
affinities, but Hungarella, Liuzhinia, and Paracy-
pris show Meso-Cenozoic affinities based on
the classification by Crasquin and Forel

(2014). Hungarella and Silenites are genera of
Metacopina, which have been considered to
be filter-feeding ostracods because the morph-
ology of their hard parts is similar to that of
Platycopina (Lethiers and Whatley 1994).

Discussion

Impact of Sedimentary Facies.—In the upper-
most Changhsingian, there is a widespread
transient hiatus in shallow-marine successions
caused by a regression (Yin et al. 2014) or col-
lapse in carbonate sedimentation (Payne et al.
2007), but the following transgression allows
the recurrence of the previous shallow-water
deposition in the earliest Triassic (Yin et al.
2014). The samples from the Dajiang, Zuodeng,
Çürük Dağ, and Elikah River sections were col-
lected from Changhsingian bioclastic lime-
stones and Griesbachian microbialites, both of

FIGURE 4. Morphospace occupation from the pre-extinction interval (Pre-E.) to the extinction interval (Ext.). A, Dajiang; B,
Bálvány-North; C, Elikah River. From left to right for each row,we show scatter plots of principal component (PC) 1 and PC
2, scatter plots of PC 2 and PC 3, volume ofmorphospace (VoM), sum of variances (SoV). n = number of species in each time
bin.
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FIGURE 5. Morphospace occupation from the pre-extinction interval (Pre-E.) to the postextinction interval (Post-E.). A,
Zuodeng; B, Çürük Dağ; C, all five sections. From left to right for each row, we show scatter plots of principal component
(PC) 1 and PC 2, scatter plots of PC 2 and PC 3, volume of morphospace (VoM), sum of variances (SoV). n = number of
species in each time bin. Note that when all five sections are combined, the data at the postextinction interval are only avail-
able from Zuodeng and Çürük Dağ.

TABLE 2. Log ratios of changes in taxonomic diversity andmorphological disparity. VoM, volume ofmorphospace by PC1 to
PC3; SoV, sum of variances.When all five sections are combined, an asterisk (*) indicates the data at the postextinction interval
are only available from Zuodeng and Çürük Dağ. Green indicates a decrease; red indicates an increase.

Section Subsets Species Genus Family VoM SoV

Dajiang Pre-extinction 79 – 23 – 15 – 0.0037 – 0.0110 –
Extinction 31 −0.94 9 −0.94 7 −0.76 0.0009 −1.41 0.0063 −0.56

Bálvány North Pre-extinction 47 – 15 – 9 – 0.0024 – 0.0083 –
Extinction 29 −0.48 13 −0.14 9 0 0.0009 −0.98 0.0066 −0.23

Elikah River Pre-extinction 58 – 32 – 14 – 0.0028 – 0.0102 –
Extinction 28 −0.73 19 −0.52 13 −0.07 0.0005 −1.72 0.0053 −0.65

Zuodeng Pre-extinction 25 – 12 – 8 – 0.0008 – 0.0070 –
Extinction 47 0.63 12 0 7 −0.13 0.0012 0.41 0.0071 0.01
Postextinction 2 −3.16 2 −1.79 2 −1.25 – – – –
Non-microbialite 24 7 – 4 – 0.0007 – 0.0065 –
Microbialite 43 0.58 12 0.54 7 0.56 0.0011 0.45 0.0069 0.06

Çürük Dağ Pre-extinction 19 – 14 – 11 – 0.0007 – 0.0085 –
Extinction 54 1.04 16 0.13 10 −0.10 0.0008 0.13 0.0049 −0.55
Postextinction 27 −0.69 10 −0.47 5 −0.69 0.0004 −0.69 0.0046 −0.06
Non-microbialite 38 – 11 – 7 – 0.0005 – 0.0044 –
Microbialite 46 0.19 16 0.37 10 0.36 0.0007 0.34 0.0049 0.11

Total Pre-extinction 216 – 47 – 22 – 0.0078 – 0.0100 –
Extinction 176 −0.20 32 −0.38 16 −0.32 0.0029 −0.99 0.0063 −0.46
Postextinction* 28 −1.84 10 −1.16 5 −1.16 0.0006 −1.58 0.0047 −0.29
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which were deposited on shallow-marine car-
bonate platforms between fair and storm wea-
ther wave bases (Lehrmann et al. 2005;
Gaetani et al. 2009; Kershaw et al. 2012; Fang
et al. 2017). The samples from the Bálvány-
North section come from the Changhsingian

Nagyvisnyó Limestone Formation, which was
deposited in an open-marine, homoclinal car-
bonate ramp below a storm weather wave
base, and the Griesbachian Gerennavár Lime-
stone Formation, which also represents depos-
ition on the same sedimentary environment
but on a slightly deeper part of the ramp
(Hips and Haas 2006). These two formations
are also separated by a <1m “boundary
shale” that represents the collapse of carbonate
sedimentation (Hips and Haas 2006), but no
samples from this interval yielded any ostra-
cods (Forel et al. 2013a). In other words, the
ostracods in pre-extinction and extinction com-
munities were living in very similar settings. In
addition, the impact of the stratigraphic uncon-
formity between the pre-extinction limestones
andmicrobialites, which would artificially con-
dense the last appearance datum to a single
horizon (Holland and Patzkowsky 2015), is
not expected to be significant, because the
stratigraphic gap in the succession is consid-
ered to have been brief by geologic standards
(sensu Payne et al. 2007; Burgess et al. 2014).
But there are changes in the lithofacies as a con-
sequence of the mass extinction event, where
habitats previously occupied by metazoan
reefs and the presence of a sedimentary

FIGURE 6. Decoupling of log-ratio changes between taxo-
nomic diversity and morphological disparity during the
extinction interval. Asterisk (*) marks changes during the
postextinction interval.

FIGURE 7. Morphospace occupation between microbialites (MicroB.) and non-microbialite (Non-MicroB.) samples from
the extinction interval. A, Zuodeng; B, Çürük Dağ. From left to right for each row, we show scatter plots of principal com-
ponent (PC) 1 and PC 2, scatter plots of PC 2 and PC 3, volume ofmorphospace (VoM), sum of variances (SoV). n = number
of species in each time bin.
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mixed layer are replaced by microbial buildups
and undisturbed sediment, respectively, owing
to the impact of the extinction onmetazoan reef
builders and bioturbators (Hofmann et al. 2015;
Chen et al. 2019). Facies control on the observed
patterns between the pre-extinction and extinc-
tion interval is, therefore, interpreted to be
minimal.
During the postextinction interval, ostracod

faunas enter the “poverty stage” (Crasquin
and Forel 2014), so we only have data from
the Zuodeng and Çürük Dağ sections. Mean-
while, the termination of these microbialites is
the complicated and varied result of global or
local rapid changes in water depth (Kershaw
et al. 2012), increasing supplies of terrestrial
weathered sediments (Bagherpour et al. 2017),
and recovery in competition between microbial
mats and metazoans (Foster et al. 2020). The
overlying Griesbachian mudstone and thin-
bedded micritic limestone at Zuodeng are
interpreted to have been deposited in a deeper
part of the platform and with an increasing ter-
restrial input (Fang et al. 2017). On the other
hand, the many oolitic layers with calcilutite
interlayers following the microbialites at
Çürük Dağ suggest an upward-shallowing
sedimentary sequence (Marcoux and Baud
1986). The productive samples here were col-
lected only from mixed carbonate-siliciclastic
beds, which were interpreted as having been
deposited in a setting similar to that of the
underlying microbialites (Forel et al. 2014).
Consequently, the simultaneous disappear-
ances of ostracod fauna and microbialites prob-
ably indicate rapid facies changes.

Paleoecological Implications of the Mass Extinc-
tion.—Ostracods have had a long evolutionary
history from the Ordovician to the present
day, and study of environmental controls on
the morphological dynamics of modern ostra-
cod shell shapes can be informative for under-
standing fossil examples. Through the
end-Permian mass extinction, the most signifi-
cant impact on morphospace was caused by
the disappearance of some key species of the
genera Polycope, Paraparchites, Samarella, and
other Paleozoic forms (Fig. 3). Polycope is an
extant genus that today prefers temperate cli-
mates (Kornicker 1959), so its absence might
be the consequence of high temperatures

during the Permian–Triassic transition (Sun
et al. 2012; Wang et al. 2020). In Paraparchites
and Samarella, distinct sexual dimorphism has
been observed (Forel et al. 2015), and at that
time there might have been some higher extinc-
tion risk associated with sexual selection
(Martins et al. 2018).
Although 68% (94/139) of newly evolved

species during the mass extinction belong to
the well-adapted Bairdioidea superfamily, the
increased morphological resemblance between
ostracod species from the extinction interval
might not only reflect genetic similarity but
also convergent evolutionary responses to
environmental pressures (Benson 1981; Balta-
nás et al. 2003). Therefore, changes in morpho-
logical disparity could reflect both
environmental drivers of mass extinctions and
evolutionary strategies. The decoupling
between diversity and disparity is also
observed in the adaptive evolution of other
invertebrates, such as ammonoids (McGowan
2004; Brosse et al. 2013; Korn et al. 2020) and
some vertebrates (Ruta et al. 2013; Benton
et al. 2014; Stubbs and Benton 2016). The pat-
tern of ostracod evolution at this time is inter-
preted as an example of the diversity-first
model, as observed for ammonoids (McGowan
and Smith 2007; Brosse et al. 2013), which sug-
gests this kind of animal speciates rapidly into
vacant niches with little morphological innov-
ation, perhaps because of the absence of com-
petitors. Other groups, such as tetrapods,
show a disparity-first model following the
acquisition of a key adaptation and expansion
into new ecological niches (Benton et al.
2014). Ecological functions, rather than specific
diversity, are more important to the resilience
and recovery of the ecosystem (Alvarez et al.
2019). Therefore, even though metazoan diver-
sity is higher in microbialite facies, it does not
necessarily indicate a healthy ecosystem. Fur-
thermore, coinciding with smaller body sizes
of benthic metazoans, prevalence of opportun-
istic taxa, and the ecological adaptations to
environmental stress, a low morphological dis-
parity of ostracods suggests unfavorable envir-
onmental conditions in microbialite facies
(Foster et al. 2018).
In terms of definition, morphological dispar-

ity is clearly different from taxonomic diversity,
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but a link might be expected as the null model.
In other words, as species split and diversify, it
might be expected that disparity would
increase at the same rate, but it is often found
that diversity and disparity are decoupled
(Foote 1997; Erwin 2007). At the onset of the
end-Permian mass extinction, ostracods
recorded a species-level extinction intensity of
between 74% and 100%, but nearly the same
high species-level renewal rate (between 65%
and 100%) in the microbialite sections during
the extinction interval, the time that has been
called the survival stage of ostracods, as
already mentioned (Crasquin and Forel 2014).
Even the Zuodeng (South China) and Çürük
Dağ (Turkey) sections both record increases in
species richness and specimen abundance.
These unusual increases in diversity might be
a taphonomic overprint caused by changes in
the taphonomic pathways rather than an eco-
logical signal, but the sum of variances was
not affected strongly, especially for the Çürük
Dağ section, just like the other sections with
declining diversity, recording a distinct reduc-
tion in disparity. The only exception is the Zuo-
deng section, where almost the same low
disparity has been recorded during the pre-
extinction and extinction intervals. The reason
for this sole exception might be something
about the particular paleogeographic location
of this isolated platform or some form of pre-
extinction environmental deterioration (e.g.,
Kiessling et al. 2018), when the ostracod fauna
was dominated by broadly adapted taxa in
the latest Permian, but we need more ostracod
data from earlier strata to test these ideas. The
changes in higher taxa are not as evident as
those at the species level, but the taxonomic
diversity still represents different rates of
change when compared with morphological
disparity. The quantitative morphological ana-
lysis, therefore, shows a decoupling of morpho-
logical disparity and taxonomic richness,
which implies that the sum of variances is a
more robust proxy of the environmental conse-
quences to ostracod communities than taxo-
nomic diversity.
All our study sections record only a modest

decline in the species richness (0.20 log SoV;
19%) but double the level (0.46 log SoV; 37%)
in the sum of variances during the extinction

(Table 2, Fig. 6), which indicates that the initial
pulse of the mass extinction had distinct effects
on the morphological disparity of ostracods.
The ostracod survival stage, therefore, was a
time of relatively high taxonomic richness
with a minor reduction or even increase seen
in some sections and morphologically conver-
gent evolution. Conversely, the second pulse
records a great decline in species richness by
1.84 log S (84%), but only a much smaller
decline in the sum of variances by 0.29 log
SoV (25%) in the postextinction interval
(Table 2, Fig. 6). Although this second extinc-
tion pulse supports the two-pulse extinction
pattern (Song et al. 2013), it is probably the
result of small sample sizes in the postextinc-
tion interval associated with rapid facies
changes in the investigated sections. On the
other hand, the sum of variances is robust to
sample size, especially in the Çürük Dağ sec-
tion, which has sufficiently abundant data
from the postextinction interval. Therefore,
the major loss of morphological disparity has
been recorded at the onset of the extinction
interval or maybe earlier in some places, and
the low disparity continues into the postextinc-
tion interval. In otherwords, the ecosystemwas
more likely to have been catastrophically deva-
stated during the initial pulse of the end-
Permian extinction in the latest Permian, and
then experienced a delayed radiation due to
persistent environmental stress.

Implications for the Microbialite-Refuge
Hypothesis.—Microbial mat refugia were sug-
gested to have played a critical role in the evo-
lution of life during the Ediacaran, in that
they provided oxygenated oases in otherwise
anoxic environments and would have been a
source of nutrients for grazing metazoans
(Gingras et al. 2011; Ding et al. 2019). This con-
cept has also been applied to ostracod faunas
from the end-Permian mass extinction interval
to explain their unusually high diversity and
abundance, as well as the survival of other
metazoans in microbialite successions (Forel
et al. 2013b, 2015; Crasquin and Forel 2014;
Forel 2014). Based on our morphological
results, only 11% of the genera that expanded
morphospace occupation in microbialite facies
actually have Paleozoic affinities, which con-
trasts with the fact that 40% to 67% of genera
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in all ostracod faunas of the Griesbachian have
Paleozoic affinities (Crasquin and Forel 2014;
Wan et al. 2019). This heterogeneous compos-
ition suggests that Paleozoic survivors were
less adapted to the changed environment
represented by the microbial mats, but the
Mesozoic pioneers, especially some filter-
feeding ostracods belonging to Metacopina
(i.e., Hungeralla and Silenites), were opportu-
nists that evolved under reduced competitive
pressure (Boomer et al. 2008; Forel et al. 2011).
The sum of variances shows no such obvious

differentiation in taxonomic diversity between
microbialite and non-microbialite facies
(Table 2, Fig. 7), which challenges the idea
that microbial mats provided a biological ref-
uge. Not only that, the filter-feeding ostracods,
occupying a larger morphospace in the micro-
bialite facies, preferred oligotrophic conditions
(Forel et al. 2011; Horne et al. 2011), which is
inconsistent with the eutrophic conditions dur-
ing the extinction interval (Schobben et al.
2016). Even for the deposit-feeding ostracods,
there are no grazing traces, such as Lamonte tre-
vallis (O’Neil et al. 2020), recorded in the micro-
bialites (Forel et al. 2013b; Qiu et al. 2019).
Therefore, the view that microbial mats served
as a food source for ostracods is still equivocal,
andmore supporting evidence is required. Fur-
thermore, a cyanobacteria-dominated micro-
bial mat would be anoxic or euxinic below the
surface, which is not an ideal environment for
ostracods. Unlike the Ediacaran biota, which
had some special adaptive abilities to with-
stand regular exposure to anoxia and daily
cycles in oxygen production (Gingras et al.
2011; Ding et al. 2019), ostracods did not have
the same adaptive capabilities. In addition, in
modern thrombolites, metazoans that are well
adapted to microbial habitats are typically
motile and move around the surface of micro-
bial mats to exploit spatial variance in oxygen
availability (Tarhan et al. 2013). Because ostra-
cods are also motile, they might be capable of
the same adaptation to the microbial environ-
ment. There are further aspects of an ostracod’s
life cycle and behavior that indicate ostracods
are not adapted to living within a microbial
mat; for example, most ostracods reproduce
sexually, rather than by parthenogenesis
(Cohen and Morin 1990).

In fact, the idea that microbial mats provided
refugia during the end-Permian mass extinc-
tion has already been challenged for some
metazoan groups. Hautmann et al. (2015)
observed that the bivalve and gastropod spe-
cies found in microbialites did not differ from
those in non-microbialite facies, and therefore,
microbial mats cannot truly be considered as
refugia. Likewise, relatively diverse, postextinc-
tion metazoan communities have been
reported from non-microbialite successions
(Twitchett et al. 2004; Beatty et al. 2008), includ-
ing ostracod assemblages from South China
and Iran (Qiu et al. 2019; Gliwa et al. 2020a,b).
Further, the anoxic–dysoxic signal associated
with microbialite successions has been reinter-
preted to represent reducing conditions within
the sediment rather than in the water column
(Heindel et al. 2018; Kershaw et al. 2018),
which remained well mixed and oxygenated
by wave-induced currents in shallow-marine
settings (Tang et al. 2017; Heindel et al. 2018).
An alternative explanation for the higher

taxonomic diversity andmorphological dispar-
ity in microbialite facies is that microbial mats
were taphonomic windows (Hautmann et al.
2011; Foster et al. 2019b). This idea is supported
by investigations on the spatial distribution
of benthic fossils between microbialite and
non-microbialite fabrics (Hautmann et al.
2015; Foster et al. 2019b, 2020; Suarez-Gonzalez
et al. 2019), which suggest that the para-
autochthonous metazoans were transported
by episodic currents from near the microbial
mats into the microbial framework, which pro-
vided a site of preferential preservation—
namely, a taphonomic window. This idea can
also explain the exceptional preservation of
Lagerstätten through the Ediacaran and Phan-
erozoic, where abundant microbes, microbial
mats, and microbial films have been identified
as being essential for the exceptional preserva-
tion of soft tissues, articulated specimens, and
trace fossils (Briggs and Wilby 1996; Gall
2001; Hu et al. 2010; Buatois and Mángano
2011). One further issue is that the high degree
of recrystallization and dolomitization asso-
ciated with Permian/Triassic boundary micro-
bialites would degrade fossil preservation.
Nevertheless, micritic envelopes around fossils
within microbialites have not only enabled
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enhanced preservation of the fossils but also
made it easier to recover a diverse fauna
through careful preparation of the samples
(Hautmann et al. 2015; Foster et al. 2018).
For all these reasons, we argue that microbial

matsmight simply have enhanced fossil preser-
vation, rather than providing an essential oxy-
gen and food source for benthic metazoans
like ostracods.

Conclusion

Our study reexamined the fossil record of
ostracod communities that span the Permian/
Triassic boundary in order to investigate the
ecological consequences of the end-Permian
mass extinction. Morphological disparity was
generally decoupled from taxonomic diversity,
and the major decline at the onset of the extinc-
tion interval in most sections suggests that the
major ecological changes occurred during the
initial pulse of the mass extinction. After that,
the sustained low morphological disparity of
ostracod faunas, combined with other eco-
logical changes observed in benthic communi-
ties across the Permian/Triassic boundary,
indicates persistent environmental stress and
delayed postextinction radiation. Further, we
confirm that occupation of morphospace is
greater in microbialites than in non-
microbialite facies, but these differences in dis-
parity are small, which suggests that microbial
mats were favorable for the preservation of
diverse ostracods, acting as a taphonomic win-
dow instead of refugia during the end-Permian
mass extinction.
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