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Biostratigraphic significance and geometric morphometrics of
Euestheria gutta (Crustacea: Branchiopoda: Spinicaudata): An
index fossil of continental Permian–Triassic transitional beds
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The Permian–Triassic mass extinction was the largest biotic extinction event in the
Phanerozoic and affected both marine and continental life. Marine Permian–Triassic
transitional sequences can be correlated in many regions, but this has proved difficult
for continental successions. A growing number of studies show that spinicaudatans
are some of the most common fossils in continental strata and can be used as index
fossils for continental stratigraphic division and correlation. Here we document the
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morphology and biostratigraphic significance of Euestheria gutta based on wellpreserved fossils from southwestern China. It shows strong intraspecific morphological variation, while the most important feature is the strongly convex larval valve and
significant finely pitted to weakly reticulated ornamentation on the growth bands.
Evidence from palaeobotany, charcoal, and organic carbon isotopes indicated that
the continental mass extinction in southwestern China was marked by the catastrophic loss of tropical rainforest vegetation, enhanced wildfire and a negative carbon isotope excursion (CIE) during the P–Tr transition. Meanwhile, abundant E. gutta
first appeared at the onset of the negative CIE and just above the horizon of the loss
of macroflora. Based on the global geographic distribution of E. gutta and temporal
correlation, we conclude that this species existed from the latest Permian to the earliest Triassic, and the occurrence of E. gutta could be used as an index fossil of the
continental mass extinction interval or P–Tr transitional beds.
KEYWORDS

Euestheria gutta, palaeogeographical distribution, palaeoecology, Permian–Triassic transition,
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et al., 2020; Fielding et al., 2019; Nowak, Schneebeli-Hermann, &
Kustatscher,

2019;

Twitchett,

Looy,

Morante,

Visscher,

&

Numerous studies have focused on biotic and environmental changes

Wignall, 2001). Several killing agents for this crisis have been pro-

during the Permian–Triassic (P–Tr) transition, and they suggest that

posed (e.g. Joachimski et al., 2012; Wignall & Hallam, 1992), especially

this greatest mass extinction event severely affected both marine and

extreme environmental stress linked to the effects of the Siberian

continental ecosystems (e.g., Benton, 2015; Erwin, 2006). However,

Traps eruptions on the basis of the rough temporal coincidence of the

there has been no consensus on whether the mass extinctions of

two events (Burgess, Muirhead, & Bowring, 2017; Grasby, Sanei, &

marine and continental life during the P–Tr biotic crisis were synchro-

Beauchamp, 2011; Wignall, 2001). Hitherto, P–Tr transitional marine

nous or not (e.g., Cao, Wang, Liu, Shen, & Summons, 2008; Chu

biostratigraphy, chemostratigraphy, and chronostratigraphy have been

Geological Journal. 2021;1–13.

wileyonlinelibrary.com/journal/gj

© 2021 John Wiley & Sons Ltd

1

2

MIAO ET AL.

widely investigated on a global scale (e.g., Burgess, Bowring, &

Tasch & Volkheimer, 1970). Recently, spinicaudatan biostratigraphy

Shen, 2014; Chen et al., 2015; Chen & Xu, 2019; Song, Wignall,

has been attempted for continental P–Tr transitional strata, based on

Tong, & Yin, 2013). However, it is very difficult to test the age of

their worldwide distribution, including Russia, western Europe, north-

continental successions because of the absence of age-diagnostic

western China, and South China (Chu et al., 2016; Chu, Tong, Yu,

fossils or other indices (Tong et al., 2019). Multidisciplinary studies

Song, & Tian, 2013; Kozur & Weems, 2011; Schneider et al., 2020;

have focused on correlations of continental P–Tr stratigraphic sec-

Schneider & Scholze, 2016; Scholze et al., 2015; Scholze et al., 2016;

tions such as a vertebrate fossil-based biostratigraphic scheme

Scholze, Golubev, Niedźwiedzki, Schneider, & Sennikov, 2019). In par-

(Benton, Tverdokhlebov, & Surkov, 2004; Lucas, 2006, 2010;

ticular, some species were discovered in the latest Permian, earliest

Schneider et al., 2020; Smith & Ward, 2001; Viglietti et al., 2016),

Triassic, or Permian–Triassic transitional strata from various basins,

geomagnetic polarity (Gastaldo et al., 2015; Gastaldo, Knight,

such as South China, North China, Germanic Basin, and Moscow Syn-

Neveling, & Tabor, 2014; Steiner, 2006; Szurlies, 2007, 2013; Taylor

cline (Chu et al., 2016; Chu et al., 2019; Kozur & Seidel, 1983a,

et al., 2009), carbon isotopes (Cao et al., 2008; Metcalfe, Crowley,

1983b; Scholze et al., 2015; Scholze et al., 2016). And they may be of

Nicoll, & Schmitz, 2015; Shen et al., 2011; Ward et al., 2005; Wu

biostratigraphic significance. In particular, Euestheria gutta has been

et al., 2020; Zhang et al., 2016), and high-precision dating (Fielding

reported repeatedly and shows potential as the index fossil of P–Tr

et al., 2019; Gastaldo et al., 2020; Metcalfe et al., 2015; Shen, Sun,

transitional strata, though the time range of this species has been

Lin, Liu, & Chai, 2011). However, the definition and position of the

debated, as it has been thought to be latest Permian, earliest Triassic,

P–Tr boundary (PTB) in non-marine basins is disputed, such as the

or Permian–Triassic transitional in age (Chu et al., 2013; Chu

conflicting opinions on the vertebrate-defined PTB in the Karoo

et al., 2016; Scholze et al., 2015; Scholze et al., 2016; Scholze

Basin of South Africa (Botha & Smith, 2006; Gastaldo et al., 2015,

et al., 2019). Herein, we explore the biostratigraphic significance of

2020; Neveling et al., 2016; Smith & Ward, 2001; Ward

E. gutta and the temporal relationship between occurrences of this

et al., 2005).

species and other fossils based on well-preserved records from south-

The correlation between marine and continental P–Tr transitional

western China. We examine bulk-sediment organic carbon isotopes to

strata is crucial for a comprehensive understanding of global biotic

establish chemostratigraphy and indicate the horizon of the biotic and

and environmental responses (Tong et al., 2019), though this is diffi-

environmental crisis through the P–Tr transition in the studied sec-

cult because the fossil assemblages are different. Recently, marine-

tions. Additionally, this article will clarify the detailed morphological

continental transitional siliciclastic settings were considered to be a

features of E. gutta.

possible means to correlate marine and continental sections (Chu
et al., 2016; Chu, Tong, Benton, Yu, & Huang, 2019; Peng et al., 2005;
Peng & Shi, 2009; Shen, Crowley, et al., 2011; Wignall et al., 2020;

2
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Zhang et al., 2016). In addition, the biotic and environmental events
around the PTB were also considered as useful tools for correlation

We collected fossils from the Chahe, Jinzhong, and Chinahe sections

between marine and continental deposits (Tong et al., 2019). A nega-

in an adjoining area between western Guizhou and eastern Yunnan in

tive carbon isotope excursion (CIE) associated with the major floral

southwestern China (Figure 1). During the Late Permian and Early Tri-

and faunal turnovers was observed globally in both carbonate and

assic, South China was located within the Palaeo-Tethys Ocean at

organic matter at the PTB, and this provides a correlation tool

equatorial palaeolatitudes (Muttoni et al., 2009). There is a gradual

between the continental and marine records (e.g., Korte &

change from continental to shallow marine facies recorded in an

Kozur, 2010 and Wu et al., 2020; references therein).

almost continuous outcrop from southwestern China (Figure 1;

Spinicaudatans are a group of small branchiopod crustaceans.

e.g., Chu et al., 2016; Peng et al., 2005; Shen, Crowley, et al., 2011).

Extant spinicaudatans are key components of ephemeral freshwater

The continental latest Permian to earliest Triassic strata in southwest-

pools, and they occur worldwide in ephemeral parts of astatic lakes in

ern China comprise the Xuanwei, Kayitou, and Dongchuan formations,

endorheic basins (Jones, 1862; Martínez-Pantoja, Alcocer, &

in ascending order. The Xuanwei Formation (Late Permian) is repre-

Maeda-Martínez, 2002). However, fossil spinicaudatans could also live

sented by greenish fine- to coarse-grained sandstone and dark grey

in permanent water bodies, such as stable lakes, in the Palaeozoic

laminated or massive mudstone with coal beds or seams which con-

and Mesozoic

&

tains a large number of members of the Gigantopteris flora. The

Werneburg, 2016). Their chitinous carapace was strong and stable to

Kayitou Formation (latest Permian to earliest Triassic) is similar to the

resist damage during life, and this means that the fossils can survive in

underlying Xuanwei Formation but lacks coal due to the loss of tropi-

good condition through destructive taphonomic processes (Astrop,

cal rain forests, and it contains a large number of animal fossils, such

Sahni, Blackledge, & Stark, 2015). Spinicaudatans are some of the

as spinicaudatans, and even bivalves and brachiopods in continental-

most common fossils in continental strata since the Devonian, and

marine transitional facies of the Jinzhong Section, which can correlate

their wide distribution and fast evolution means they can be used as

with the Feixianguan Formation (Chu et al., 2016). The Dongchuan

effective tools for continental stratigraphic division and correlation

Formation (Early Triassic) is composed of massive purple-red cross-

(Huang, 2019; Kozur & Weems, 2010; Morton, Whiteside, Hethke, &

bedded sandstones, siltstones with thinly interbedded mudstones,

Benton, 2017; Schneider et al., 2020; Schneider & Scholze, 2016;

which contains very few fossils and over 800 m in thickness

(Hethke

et

al.,

2019;

Scholze,

Schneider,

3
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F I G U R E 1 Location map of the studied sections (a) and the palaeogeography and lithostratigraphy of western Guizhou and eastern Yunnan
during the P–Tr transition (b, modified after Peng et al., 2005). 1, oldland; 2, sandstone and/or siltstone; 3, mudstone; 4, limestone; 5, chert;
6, coal; 7, basalt; 8, facies boundary; 9, A to A' cross-section line [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 7). Previous studies suggested that the Kayitou Formation

2.3

|

Chinahe section

records the mass extinction of the Gigantopteris flora and the turnover
of the sedimentary system associated with the climate change, which

The Chinahe section is located in Tianba town, Xuanwei city, eastern

corresponds to the P–Tr transitional interval (e.g., Bercovici, Cui,

Yunnan Province. It exposes the entire Xuanwei Formation overlying

Forel, Yu, & Vajda, 2015; Chu et al., 2016; Zhang et al., 2016).

the Emeishan Basalt, the Kayitou Formation, and the Feixianguan Formation. The Xuanwei Formation is dominated by sandstone, mudstone, and coal, with abundant Gigantopteris flora plants. The grey–

2.1

|

Chahe section

green mudstone of the Kayitou Formation possesses a similar mixed
continental-marine biota as the Jinzhong section (Song, Tong, Tian,

This roadcut section is located in Chahe Town, Weining County, west-

Chu, & Huang, 2019).

ern Guizhou Province (Figure 1). It exposes sandstone, mudstone, and
coal beds of the Xuanwei Formation, the overlying Kayitou Formation
which is dominated by brownish-yellow mudstone without coal, and

3
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the Dongchuan Formation which is composed of purple-red sandstone. Previous studies proposed that there was a sharp and severe

Abundant well-preserved E. gutta were collected in the Kayitou For-

floral extinction event in the lower part of the Kayitou Formation

mation of the studied sections (Figure 2). These were examined and

(e.g., Chu et al., 2016; Zhang et al., 2016).

photographed using the method of Chu et al. (2016). A serious problem in a study of this kind is that a large number of synonymous or
invalid species of spinicaudatans have been reported because of prob-

2.2

|

Jinzhong section

lems with descriptive terminologies, limited morphological features of
the carapace, intraspecific variation and poorly preserved specimens

The Jinzhong section, located in Jinzhong Town, Weining County,

(see discussion in Scholze et al., 2015). Without an agreed taxonomy,

western Guizhou Province (Figure 1), exposes the upper part of the

a spinicaudatan biostratigraphy is hard to establish. Therefore, we use

Xuanwei Formation, the Kayitou Formation, and the lower part of the

quantitative and semi-quantitative carapace measurements (Hethke,

Dongchuan Formation in ascending order. The Xuanwei Formation is

Fürsich, Morton, & Jiang, 2018; Scholze et al., 2015) to describe

dominated by sandstone, mudstone and coal beds. The Gigantopteris

E. gutta. Nine linear measurements from each specimen were made

flora was commonly observed below the uppermost coal. The Kayitou

using digitization tools in the illustration package CorelDRAW X4

Formation corresponds to a shallow coastal lagoon evolving towards

(Figure 3a), including carapace length (L), carapace height (H), length

coastal transitional deposition, yielding a continental-marine mixed

of the dorsal margin (Ch), the horizontal distance between the poste-

biota including plants, spinicaudatans, bivalves, and brachiopods (Chu

rior dorsal extremity and the posterior-most point of the carapace

et al., 2016).

(Arr), the horizontal distance between the anterior dorsal extremity

4
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F I G U R E 2 E. gutta from the Kayitou Formation of the studied sections. 1–13 (except 6, 11), cast of left valves; 14, cast of left and right
valves of the same specimen; 6, 11, 15–20, cast of right valves. 1–8, 13–15 from Chinahe section; 9–12, from Chahe section; 16–20 from
Jinzhong section. All scale bars represent 1 mm [Colour figure can be viewed at wileyonlinelibrary.com]

and the anterior-most point of the carapace (Av), the horizontal dis-

Fourier shape analysis was an appropriate approach to analyse the

tance between the highest point of the umbo and the anterior-most

shape of spinicaudatans by measuring the outline. The 76 specimens

point of the carapace (Cr), the vertical distance between the anterior

of E. gutta from Southwestern China (present study), the Germanic

dorsal extremity and the anterior-most point of the carapace (a), the

Basin (Kozur & Seidel, 1983a; Scholze et al., 2015), and the Moscow

vertical distance between the posterior dorsal extremity and the

Syncline (Scholze et al., 2015; Scholze et al., 2016) were selected for

posterior-most point of the carapace (b), and the horizontal distance

morphometric studies. It is difficult to define genetically homologous

between the lowest point on the ventral margin and the anterior-most

points on a spinicaudatan carapace to use fixed landmarks (Haines &

point on the carapace (c) (Defretin-Lefranc, 1965; Tasch, 1987).

Crampton, 2000), so we used outline analysis instead. Left valves

5
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F I G U R E 3 Linear measurements (see text for explanation). (a) Positions of nine linear measurements on a spinicaudatan carapace (modified
after Hethke et al., 2018); (b) carapace length versus carapace height, data are log-transformed; (c) carapace length/height (a proxy for elongation
of circularity) versus length [Colour figure can be viewed at wileyonlinelibrary.com]

were mirrored for the analysis. The posterior dorsal extremity was

(see Supplementary material for the detailed linear measurements

used as the starting position, considering that it is easy to identify the

data). These suggest variable measures in the position of the umbo

position and can minimize the effect of an unclear position of the out-

and dorsal margin length. A highly significant positive correlation

line in automatic tracing. The entire carapace outline was transformed

between height and length is observed (r = 0.93, p < 0.02, Figure 3b),

into 2,000 x and y co-ordinates using the digitization software

but there is no evidence for a correlation between length/height

tpsDig2 for Fourier shape analysis (Rohlf, 2010). A series of Fourier

(a proxy for elongation of circularity) and length (r = 0.15, p > 0.45,

coefficients of these co-ordinates were obtained, and the statistics

Figure 3c).

were transformed by the HANGLE Fourier function with 10 smoothing

Well-preserved specimens show carapace ornamentation on the

iterations in PAST (Haines & Crampton, 2000). The first 10 harmonics

growth bands (Figure 4). The finely pitted to weakly reticulated orna-

of the Fourier coefficients were used, which convert the original co-

ment is surrounded by pits and a raised mesh which shows weakly

ordinate data into a series of harmonics (see Supplementary material).

interconnected polygons on each growth band (Figure 4).

Then the data were processed and analysed for principal components
analysis (PCA) on a variance–covariance matrix using the program
PAST. Finally, a one-way non-parametric MANOVA (NPMANOVA)

4.1.2

|

Fourier shape analysis

test was used to check the distinctions of the three groups.
In preparation for bulk organic carbon isotope analyses, each sam-

In the PCA of the 76 specimens of E. gutta in three regions

ple was powdered (< 200 mesh). Up to 2 g of sample was placed in a

(Figure 5), variables PC1 to PC6 represent the vast majority of

centrifuge tube, and then reacted with 3 mol/L HCl for 24 h to

shape change, and they explain 26.5, 17.2, 14.2, 9.5, 9.0, and 7.9%

remove carbonate mineral phases. Then samples were rinsed with

of the total variation in the dataset comprising 18 Fourier coeffi-

ultrapure water repeatedly until neutralized, and finally dried at 35 C.

cients for each outline. Here we focus on PC1–3, which account for

The treated samples were measured on an elemental analyser

57.9% of variation. There are varying degrees of overlap among the

(EA) coupled with an isotope ratio mass spectrometer (Thermo Delta

three clusters by PCA. Specimens FS-2015-9C and FS-2015-9D fall

V Advantage) at the State Key Laboratory of Biogeology and Environ-

outside of the main interval of the green cluster on both plots

mental Geology of the China University of Geosciences (Wuhan). All

(Figure 5a,b), and their dorsal margins are relatively straight, the

organic carbon isotope values are reported as in per mill relative to

positions of the umbo supramarginal, which suggests that PC1

VPDB. The results were calibrated using USGS standards and the

scores indicate the shape of the dorsal margin and the position of

analytical precision was reproducible to better than ±0.2‰.

the umbo. In addition, PC1 reveals that the Southwestern China
specimens differ considerably from those from the Germanic Basin
and Moscow Syncline, which may indicate significant regional fea-

4

RESULTS

|

tures, that is, the position of the umbo is more prominent above
the dorsal margin. PC2 represents the posterior or anterior margin,

4.1

Morphological features of Euestheria gutta

|

and the distribution of specimens shows only a modest spread
(Figure 5a). In the plot of PC1 versus PC3 (Figure 5b), there was no

4.1.1

|

Linear measurements and ornamentation

clear distinction of the three clusters along PC3, which indicates
the shape of the ventral margin. Further, the p-values show signifi-

The linear measurements show significant intraspecific variation,

cant differences between these three groups (values <0.01; Supple-

which is larger in the values of Cr, Av, and Arr, and smaller in L and H

mentary material).

6

MIAO ET AL.

FIGURE 4

SEM images showing finely pitted to weakly reticulated microsculptures on growth bands

Summarizing, there is strong intraspecific morphological variation

4.1.3

|

Descriptive terminology

among the E. gutta specimens from the different regions, and the difference in the shape of the dorsal margin is most significant. This kind

Description

of morphological variability has also been reported in modern Spin-

The carapace is small- to medium-sized (length 2–3 mm, height

icaudata (Hethke & Weeks, 2020). Compared to the specimens from

1.5–2 mm) and oval-round in shape (H/L = 0.7–0.8); dorsal mar-

the Germanic Basin and Moscow Syncline, the E. gutta specimens

ginal short (Ch/L = 0.45–0.65) and straight to slightly curved; larval

from Southwestern China show a more prominent dorsal margin,

valve small to large, and very strongly convex; position of the

which represents a regional characteristic.

umbo is submedial and marginal or anterior and inframarginal;

7
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F I G U R E 5 Plots of PC1, PC2, and PC3 for Fourier coefficients. (a) Plots of PC1, PC2; (b) Plots of PC1, PC3. Red represents E. gutta from
Southwestern China, purple from the Germanic Basin (Kozur & Seidel, 1983a) and green from the Moscow Syncline together with the Germanic
basin (Scholze et al., 2015; Scholze et al., 2016) [Colour figure can be viewed at wileyonlinelibrary.com]

10–20 growth lines; ornamentation on growth bands is finely

Chinahe and Jinzhong sections, the Gigantopteris flora disappeared

pitted to weakly reticulated; anterior and posterior margins sharply

at the top of the Xuanwei Formation, associated with the absence of

curved; position of the maximal curvature of anterior margin

coal beds (Figure 7). Meanwhile, we collected Annalepis, Pel-

median-ventral to median-dorsal, at the posterior margin median-

taspermum, and rare Gigantopteris flora remains in the Kayitou For-

ventral, and at the ventral margin median-anterior to median-pos-

mation of the three studied sections.

terior. Among these features, the shape and linear measurements

In the Jinzhong and Chinahe sections, the Kayitou Formation rep-

of E. gutta are variable, possibly caused by intraspecific variation,

resents a shallow coastal lagoon evolving towards coastal transitional

while the most important feature is the strongly convex larval

deposition and it has yielded a mixed continental-marine biota includ-

valve and the significant finely pitted to weakly reticulated orna-

ing bivalves, brachiopods (lingulids), spinicaudatans, and plants. The

mentation on the growth bands.

bivalves are Pteria cf. ussurica, Neoschizodus orbicularis, Neoschizodus

Occurrence

Permophorus bregeri, and they were collectively named the Pteria-

Kayitou Formation in Western Guizhou and East Yunnan (Chu

Neoschizodus-Promyalina assemblage. Meanwhile, abundant lingulid

et al., 2013; Chu et al., 2016); middle part of the Sunjiagou Formation

brachiopods occur at different levels in the Kayitou Formation in the

in North China (Chu et al., 2019); upper part of the Fulda Formation,

Jinzhong and Chinahe sections.

laevigatus,

Promyalina

schamarae,

Promyalina putiatinensis,

and

lower part of the Calvörde Formation and Bernburg Formation in the

Additionally, we found abundant charcoal fossils in the Kayitou

Germanic Basin (Kozur & Weems, 2010; Scholze et al., 2015; Scholze

Formation, and observations under the SEM show that the charcoal

et al., 2016); Vokhma Formation in the Moscow Syncline (Scholze

preserves typical anatomical details and homogenized cell walls

et al., 2015).

(Figure 6).

4.2

4.3

|

Other fossils

|

Organic carbon isotopes

Abundant Gigantopteris flora plant fossils were recovered from vari-

The organic carbon δ13C curves of the three studied sections show

ous horizons below the last occurrence of the coal bed in the

similar marked shifts and trends (Figure 7). In the Chahe section,

Xuanwei Formation of the studied sections, such as Gigantopteris,

δ13Corg values of bulk organic matter in the Xuanwei Formation and

Gigantonoclea, Lobatannularia, Annularia, Paracalamites, Fascipteris,

the lowest Kayitou Formation are stable, with a range from around

and Pecopteris (Figure 6). The Gigantopteris flora consists of more

−24‰ to −23‰. Subsequently, a dramatic decrease of about 5‰ in

than 30 species in the upper part of the Xuanwei Formation in the

δ13Corg of bulk organic matter occurred in the lower part of the

Chahe section. Fourteen genera and 20 species of plant fossils

Kayitou Formation, with a range from around −29‰ to −26‰

belonging to the Gigantopteris flora were discovered at the base of

through the negative carbon isotope excursion (CIE) (Figure 7). A

the Kayitou Formation, which represents the last occurrence of the

comparable pattern is observed in the Chinahe section. Bulk δ13Corg

Gigantopteris flora at this site (Chu et al., 2016; Figure 7). In the

values from the Xuanwei Formation are around −25‰ to −24‰.

8
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F I G U R E 6 Typical Gigantopteris flora (Xuanwei Formation) and charcoal fossils (Kayitou Formation) from the Chinahe section.
(a) Compsopteris contracta; (b) Gigantopteris dictyophylloides; (c) Lobatannularia sp.; (d) Pecopteris sp.; (e) charcoal particles under binocular
microscope; (f–k) SEM images showing the typical anatomical details on the charcoal. (a), (b), (f), (g) are from supplementary of Chu et al. (2020).
Scale bars are 1 cm (a–d), 1 mm (e–g), or 100 μm (h–k) [Colour figure can be viewed at wileyonlinelibrary.com]

Then, δ13Corg values decrease at the top of the Xuanwei Formation,

sections show a slight positive shift in the uppermost Kayitou For-

followed by a stepwise negative CIE ( − 5‰) in the Kayitou For-

mation and the lower part of the Dongchuan Formation. The onset

mation. In the Jinzhong section, bulk δ13Corg values from the

of the CIE is the time from the last samples with pre-CIE carbon iso-

Xuanwei Formation are around −25‰ to −24‰. A negative shift of

tope composition to the first most depleted values, corresponding to

about −5‰ in δ Corg of bulk organic matter occurred at the base of

the intervals from 87.5 to 89.0 m at Chahe, 25.0 to 28.5 m at

the Kayitou Formation. The δ13Corg values of the three studied

Chinahe, and 28.0 to 35.0 m at Jinzhong.

13
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9

F I G U R E 7 The distribution of Gigantopteris flora plant fossils, E. gutta and organic carbon isotopes data from the studied sections (Plant fossil
data of Chahe and Jinzhong sections are from Chu et al., 2016; Plant fossil data of Chinahe section are modified from Chu et al., 2020; Organic
carbon isotopes data of Chahe and Chinahe sections are from Shen, Crowley, et al., 2011 and Chu et al., 2020). The log shows lithologies with
approximate representation of colour for rocks. The list of the fossils is provided in the electronic Supplementary material [Colour figure can be
viewed at wileyonlinelibrary.com]

F I G U R E 8 Palaeogeographical distribution of E. gutta. (a) Late Permian to Early Triassic palaeogeographical map showing thatE. gutta has
been widely reported from the northern hemisphere (base palaeogeographical map after Muttoni et al., 2009); (b) general lithological logs
showing the horizons of the E. gutta appearances during the P–Tr transition in South China, North China, Germany and Russia (see the discussion
in the main text). Xuan., Xuanwei Formation; Ka., Kayitou Formation; Dong., Dongchuan Formation; Shi., Shihezi Formation; Sun., Sunjiagou
Formation; Liu., Liujiagou Formation; Ful., Fulda Formation; Cal., Calvörde Formation; Bern., Bernberg Formation; Ob, Obnora Formation; Vok.,
Vokhma Formation [Colour figure can be viewed at wileyonlinelibrary.com]
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DISCUSSION

Gigantopteris flora coincident with the onset of a negative CIE in
South China, and extensive wildfire activity might have contributed to

5.1 | Euestheria gutta occurred within the
continental mass extinction interval in South China

the disturbance in peatlands and the collapse of tropical continental
ecosystems. Subsequently, abundant E. gutta were collected in the
Kayitou Formation, and its first occurrence was observed at the onset

The time range of E. gutta has attracted attention in continental P–Tr

of the negative CIE and just above the horizon of the loss of the

biostratigraphic studies, especially in the Germanic Basin. It was first

Gigantopteris flora, which means that it could be regarded as a marker

discovered below the base of the Buntsandstein and thought to be

of the P–Tr transitional interval (Figure 7).

latest Changhsingian in age, then dominated in the lowermost
Buntsandstein near the P–Tr boundary, while it could be rare in Lower
Triassic

strata

(e.g.,

Kozur

&

Weems,

2010).

However,

a

reinvestigation of spinicaudatans from the Late Permian to Early Tri-

5.2 | The palaeogeographical distribution and
palaeoecology of Euestheria gutta

assic in central Germany proposed that the age of E. gutta coupled
with other species is Early Triassic and the position of the P–Tr

E. gutta was first described from the Rybinskian Horizon of the

boundary was lowered to the top of the Zechstein Group, based on

Vetlugian Series in both the Moscow Syncline (Lutkevich, 1937) and

comparison with the Early Triassic spinicaudatan record in the Mos-

Siberia (Lutkevich, 1938), which is regarded as Early Triassic in age.

cow Syncline (Scholze et al., 2016). Furthermore, this conclusion was

E. gutta was reported from the Fulda, Calvörde, and Bernberg forma-

confirmed

including

tions in central Germany (Kozur & Seidel, 1983a, 1983b; Kozur &

chemostratigraphy, magnetostratigraphy, and palynology (Scholze

Weems, 2010), and these have been verified by subsequent studies

et al., 2017). However, the data from both the Germanic Basin and

(Scholze et al., 2016; Scholze et al., 2017), though the age of its first

Moscow Syncline cannot be correlated with the marine record, which

appearance is controversial. Recently, E. gutta were reported from the

means that the time range of E. gutta still has to be resolved. Mean-

Kayitou Formation in southwestern China (Chu et al., 2013; Chu

while, the temporal relation between the occurrence of E. gutta and

et al., 2016; Scholze et al., 2019). Furthermore, Scholze et al. (2015)

the mass extinction is debatable, and it would make more sense to

documented E. gutta in association with Magniestheria mangaliensis

indicate the interval of continental biotic crisis.

from the Vokhma Formation (Vokhmian Regional Stage; Early Triassic)

by

further

multistratigraphic

study,

In the present studied area, a dramatic reduction in the diversity

in the Moscow Syncline, and a similar spinicaudatan assemblage also

of the Gigantopteris flora and the absence of coals were observed at

appeared in North China (Chu et al., 2019). In summary, E. gutta has

the base of the Kayitou Formation or the uppermost part of the

been widely reported from various basins in the northern hemisphere

Xuanwei Formation (Chu et al., 2016; Shen, Crowley, et al., 2011;

(Figure 8), but spinicaudatans have not been widely studied, and there

Zhang et al., 2016). Generally, major P–Tr floral and faunal turnovers

are no reported occurrences of E. gutta in the southern hemisphere.

are accompanied by a negative CIE observed globally in both carbon-

Even so, the wide distribution of this species in the northern hemi-

ate and organic matter (e.g., Korte & Kozur, 2010), and always reg-

sphere suggests that it has great potential for biostratigraphic correla-

arded as the mark of the Permian-Triassic mass extinction (PTME)

tion among various continental basins. According to current reports of

(Tong et al., 2019). Our results show a negative excursion of 5 to

the occurrences of E. gutta, its time range was from latest Permian to

6‰ and that the onset of the negative CIE occurred simultaneously

earliest Triassic, and the E. gutta spinicaudatan fauna or E. gutta

with the loss of plants in the studied sections (Figure 7). The marked

interval corresponds to the P–Tr transitional interval.

negative shifts in δ13Corg that we observed should be consistent with

Modern spinicaudatans occur in inland freshwater, saline ponds,

both the global organic and inorganic carbon isotope records and rep-

and lakes, brackish estuaries (Martínez-Pantoja et al., 2002) and even

resent

PTME

coastal lagoons, and their minute eggs may be transported by the

(e.g., Fielding et al., 2019; Grasby et al., 2011; Shen, Sun, et al., 2011).

wind, currents, or insects (Schneider & Scholze, 2016). Their resting

And the negative CIE represents global carbon cycle perturbations

eggs can hatch and develop rapidly to the adult when environmental

and a significant injection of 13C-depleted C during the PTME. Gener-

conditions improve, which results in widespread environmental distri-

ally, it was associated with thermogenic CO2 release from organic-rich

bution (Benvenuto, Calabrese, Reed, & Knott, 2009). Moreover, fossil

sediments intruded by the Siberian Traps. In addition, abundant fossil

clam shrimps can live in brackish environments and deltaic marginal

charcoal is observed following the onset of the negative CIE,

marine or permanent and deep water bodies, such as very shallow

suggesting increased wildfire activity in this area during the P–Tr tran-

marine deposits (Kozur & Weems, 2010; Scholze et al., 2016). The

global

carbon

cycle

perturbations

during

the

sition (Chu et al., 2020). This increase in wildfire activity probably

Permian–Triassic transitional clam shrimp most likely lived in places

affected all South China, as anomalously high concentrations of

that were affected by local water flow and interregional wind trans-

combustion-derived polynuclear aromatic hydrocarbons (PAHs) and

port (Scholze et al., 2016). In the present study, E. gutta was discov-

black carbon (BC) are also found in the event beds of Meishan (Shen,

ered associated with brackish bivalves and brachiopods in the same

Sun, et al., 2011; Xie et al., 2007).

horizons of the Kayitou Formation from the Jinzhong and Chinahe

Hence, these results indicate that the continental mass extinction

sections (Chu et al., 2016). The well-preserved carapaces of bivalves

was represented by the dramatic loss of the rainforest-type

and brachiopods (even right and left valves preserved together) in the
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laminated mudstone suggested they were not transported over long
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The position of the continental PTB is disputed and it is difficult to
explore biostratigraphic correlation among continental deposits
because of the absence of eurytopic markers. Spinicaudatans are
some of the most common fossils in continental strata and they have
been considered as potential index fossils for continental stratigraphic
division and correlation. In this study, we document the detailed morphology and biostratigraphic significance of E. gutta based on wellpreserved fossils from southwestern China. The linear measurements
and Fourier shape analysis of E. gutta show significant intraspecific
variation, while the strongly convex larval valve and the finely pitted
to weakly reticulated ornamentation on growth bands were the most
important identifying characteristics. There is also strong intraspecific
morphological variation among E. gutta specimens from different
regions, and differences in the shape of the dorsal margin are the
most significant variable trait. Evidence from palaeobotany, organic
carbon isotopes, and charcoal indicates that the continental mass
extinction in South China was marked by the loss of tropical rainforest
vegetation and a negative CIE coupled with enhanced wildfire events
during the P–Tr transition. Meanwhile, the E. gutta spinicaudatan
fauna was observed at the onset of the negative CIE and just above
the horizon of loss of the Gigantopteris flora. We conclude that
E. gutta could be considered as a biostratigraphical index fossil of the
continental mass extinction interval or P–Tr transitional beds, present
in the latest Permian and the earliest Triassic.
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