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The Lilliput effect following the Permian–Triassic mass extinction and its aftermath has been documented in a
variety ofmarine animal groups, but it is less known in terrestrial and freshwater invertebrates. Herewe present
new investigations of the size variations of terrestrial ostracods of the genus Darwinula based on fossil records
from a Permian–Triassic section on the northern limb of the Dalongkou Anticline section in Northwest China.
Quantitative analyses reveal that ostracod test sizes decreased sharply through the terrestrial Permian–Triassic
mass extinction interval. The Lilliput effect in terrestrial ostracods is characterized by the extinction of large
taxa and the rise of small-sized and elongate new forms, coupled with the dramatic loss of conchostracans,
charophytes, and the blooming of lycopod spores. The size decrease in terrestrial ostracods, following the biotic
crisis through the Permian–Triassic interval,was probably triggered by several interacting events, including glob-
al warming, anoxia, and enhanced sediment input following acid rain and wildfire.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Permian–Triassic (P–Tr) biotic crisis, as the greatest such
event in the Phanerozoic, eliminated more than 90% of marine spe-
cies and up to 70% of terrestrial vertebrate species (Erwin, 1993;
Benton, 2003; Song et al., 2013). It is likely that the collapse of terres-
trial ecosystems was simultaneous with the marine mass extinction
during the P–Tr transitional time (Twitchett et al., 2001; S.Z. Shen
et al., 2011; Metcalfe et al., 2015). A large amount of evidence of
global warming, anoxia, ocean acidification, wildfire, enhanced ter-
restrial weathering, and other environmental factors have been pro-
posed as responsible for the extreme and unusual conditions during
the P–Tr crisis (Wignall and Twitchett, 1996; Isozaki, 1997; Algeo
and Twitchett, 2010; Algeo et al., 2011; Clapham and Payne, 2011;
S.Z. Shen et al., 2011; W.J. Shen et al., 2011; Hinojosa et al., 2012;
Joachimski et al., 2012; Sedlacek et al., 2014). Recent studies demon-
strate that these terrible environmental conditions were not only
prevalent during the P–Tr crisis, but also lasted throughout most of
the Early Triassic (Song et al., 2012; Sun et al., 2012; Grasby et al.,
2013; Tian et al., 2014), which resulted in a catastrophic world
iogeology and Environmental
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with low biotic diversity in the aftermath of the P–Tr extinction
(Hallam and Wignall, 1997; Song et al., 2011a; Chen and Benton,
2012).

Most work on the P–Tr mass extinction has focused on marine
records, but less is known about the change of ecosystems in terrestrial
facies. In fact, abnormal climatic conditions observed from marine
records, such as global warming, wildfire, and enhanced weathering,
would have had a severe impact on the terrestrial ecosystem and syn-
chronously caused great losses of vertebrates and plants (Benton,
1985; Retallack et al., 1996, 2011; Retallack et al., 2003; Benton et al.,
2004; Retallack, 2013; Benton and Newell, 2014; Yu et al., 2015).Wide-
spread braided river systems are believed to have resulted from the
combination of the decreased vegetation coverage and enhanced terres-
trial weathering (Newell et al., 1999; Ward et al., 2000).

The aftermaths of mass extinctions are often characterized by
evidence of distinct changes in intrinsic factors of fossil records.
Across the P–Tr extinction horizon, the “Lilliput effect” (Urbanek,
1993; Twitchett, 2007) has been documented inmanymarine organ-
isms, including foraminifers, gastropods, bivalves, brachiopods, echi-
noderms, and fishes (Hayami, 1997; Fraiser and Bottjer, 2004; Chen
et al., 2005; Payne, 2005; Twitchett et al., 2005; He et al., 2007,
2010; Twitchett, 2007; McGowan et al., 2009; Mutter and Neuman,
2009; Song et al., 2011b; He et al., 2015; Romano et al., 2015). For
land organisms, the P–Tr extinction is associated with evidence of
temporary body size reductions in terrestrial vertebrates and
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freshwater bony fishes (Tverdokhlebov et al., 2002; Huttenlocker,
2014; Romano et al., 2015). However, the change of body sizes has
been scarcely studied for terrestrial aquatic invertebrates during
the P–Tr mass extinction. Our investigation of the size variations of
terrestrial ostracods belonging to the genus Darwinula, which is
one of the most typical invertebrates during the P–Tr transitional in-
terval, demonstrates that the Lilliput effect did occur in terrestrial
aquatic organisms following this severe event, and suggests that
the fossil records from non-marine facies show a similar response
to the environmental events across the P–Tr crisis as those in thema-
rine ecosystems.

2. Stratigraphic setting and studied section

Well-exposed non-marine P–Tr transitional successions are lo-
cated on the southern flank of the Junggar Basin in the foothills of
the Tian Shan (Bogda Shan) Mountain, Xinjiang, Northwest China
(Fig. 1). In particular, many biostratigraphic investigations have
been undertaken on both south and north limbs of the Dalongkou
Anticline (SLA and NLA sections), and the SLA section has been sug-
gested as the candidate Accessary Stratotype Section and Point
(ASSP) for the global non-marine P–Tr boundary (PTB) (Liu, 1994;
Cheng et al., 1997; Hou, 2004; Pang and Jin, 2004; Metcalfe et al.,
Fig. 1. Locationmap of the studying area and section and photograph of the outcrop. (A) Sketch
studied area and location of the studied section, NLA section (modified fromMetcalfe et al., 20
2009; Kozur andWeems, 2011). The first occurrence of the Early Tri-
assic vertebrate Lystrosaurus has been suggested as amajormarker of the
terrestrial PTB, and this is located in the upper part of the Guodikeng For-
mation in the SLA section (Cheng et al., 1997). Based onpalynological data
from the Guodikeng Formation, Metcalfe et al. (2009) suggested that the
PTBmight be placed approximately 50mbelow the top of the Guodikeng
Formation in their measured lithostratigraphic sequence, with a distinct
change in the sporomorphs at the base of Assemblage 3, i.e. the
Lundladispora foveota–Pechorasporites disertus–Otynisporites eotriassicus
assemblage. A later study indicated that an overlapping interval of
sporomorphs occurs in the middle part of the Guodikeng Formation,
based on the data of denser palynological samples from the SLA section
(Hou, 2004); this study placed the PTB at the base of Bed 51 of themea-
sured lithostratigraphic section, where the Mesozoic progenitors of
Lundbladispora and Taeniaesporites gradually became predominant. In
addition, a distinct turnover in the ostracod assemblages was observed
in the Guodikeng Formation by investigating the same samples as Hou
(2004). The characteristic late Permian elements such as Panxiania,
Darwinula parallela and D. elongata, were replaced by the Darwinula
rotundata–D. gloria–D. pseudooblonga assemblage at the horizon ap-
proximately 10 m above the PTB suggested by palynological analysis
(Pang and Jin, 2004). Furthermore, the appearance of the megaspore
Otynisporites eotriassicus within Beds 63 to 65 of the measured
map of China, the red box showing the studying area. (B) Simplified geological map of the
09). (C) Photograph of the outcrop showing the trench on the ridge.
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lithostratigraphic section of Hou (2004) marks the PTB within this in-
terval (Foster and Afonin, 2005). Because they are common fossils in
freshwater and brackish deposits, conchostracans are very important
index fossils for intercontinental Triassic correlations (Kozur and
Mock, 1993; Kozur and Weems, 2010). Kozur and Weems (2011) con-
cluded that the conchostracan faunas at the SLA section can bewell cor-
related with the conchostracan-rich beds in the Tunguska Basin and
Germanic Basin according to the high-resolution conchostracans zona-
tion, and they even attempted to correlate these with the marine cono-
dont zonation, marking that the PTB in the upper part of the Guodikeng
Formation, perhaps as high as the formational contact with the overly-
ing Jiucaiyuan Formation.

Meanwhile, some studies have focused more on exploring changes
of δ13Corg than investigating the distinct changeover of biota near the
P–Tr transition, especially in poorly preserved rocks or the strata that
have discontinuous fossil records. The terrestrial PTB was defined at a
sharp negative δ13Corg shift in Australia (Morante, 1996), Antarctica
(Krull and Retallack, 2000; Retallack and Krull, 2006), and the Karoo
Basin (MacLeod et al., 2000; de Wit et al., 2002). Cao et al. (2008)
revealed two intervals of distinctive low δ13Corg values in the SLA sec-
tion and suggested that the younger distinct negative δ13Corg spike
could be correlated to the sharp drops of δ13C (carbonate carbon and
organic carbon) in Bed 25 of the Meishan section. Moreover, data from
the nearby Taoshuyuan section also show two distinguishable low
δ13Corg intervals, although the older one was more conspicuous.

Our studied NLA section is located 20 km west of Jimsar County
(Fig. 1B). The Upper Permian to Lower Triassic terrestrial sedimentary
sequence is represented by the Cangfanggou Group, composed of the
Quanzijie,Wutonggou, Guodikeng, Jiucaiyuan, and Shaofanggou forma-
tions. This study focuses on the P–Tr transitional deposit within the
Guodikeng Formation, which was formed in lacustrine facies in the
area. The lower part of the Guodikeng Formation consists of dark-gray
mudstones interbedded with siltstones and fine-grained greenish, buff
and gray sandstones, and calcareous nodules, while the upper part is
composed of purple mudstones with siltstones and fine-grained green
and buff sandstones (Fig. 1C). Compared to the underlying Wutonggou
Formation and the overlying Jiucaiyuan Formation, there is a lack of
significant coarse terrigenous input to the lake during deposition of
the Guodikeng Formation. The measured Guodikeng Formation at the
studied section is ca. 190 m in thickness.

3. Materials and methods

Surface rocks were weathered, so trenches were dug to expose
fresh rock for measurement and sampling (Fig. 1C). Sixty-eight
fine-grained siliciclastic samples, each more than 150 g in weight,
were collected. The hydrogen peroxide (H2O2)-etching method
(Sohn, 1961) and a biological microscope were used to separate
and select the ostracod fossils. Then, the distribution of ostracods
was plotted on the stratigraphic column (Fig. 2). In addition, spores
and pollen were independently considered, and a minimum of 250
spores and pollen per sample were counted for quantitative analysis.
In this study, the volume (V) of the ostracod specimens was used as a
major size proxy. The length (L), height (H), and thickness (T) of the
tests were measured with a microscale under the microscope, and
the volume (V) of each specimen was estimated based on its ellip-
soid shape (Fig. 3):

V ¼ π � L � H � T=6:

In this study, the test volumes were calculated by indicating the log
micron cubed units to two decimal places. Only specimens of the genus
Darwinula, which is one of themost common ostracod taxa through the
terrestrial P–Tr interval, were used for the statistical study in order to
avoid the possible size difference of various genera. Finally, 551 speci-
mens of Darwinula were isolated from 24 samples, and measured
for the analysis of body size. The mean size, distribution histogram,
standard deviation and 95% confidence interval of the mean size were
used to analyze the size distribution and variation of the ostracod spec-
imens. The mean size (X) reflects the condition of a community:

X ¼ 1=N �
XN

i¼1

Vi;

where X is the mean size, N is the number of fossils measured in each
bed and Vi is the test volume in logarithmic scale. The 95% confidence
interval of the mean is:

Y ¼ tα=2 � S=
ffiffiffiffi
N

p
;

where Y is the fluctuating range, tα/2 is the t-test value at 1 − α confi-
dence, S is the standard deviation, and N is the fossil number measured
from each bed. The confidence interval is (X− Y, X+ Y), where X is the
mean size, X − Y is the lower line, and X + Y is the upper line.

In addition, the non-parametric Kolmogorov–Smirnov (K–S)
test was used to determine whether the sizes of ostracod popula-
tions of successive beds were significantly different from each
other (Jablonski, 1996). LOWESS (locally weighted scatterplot
smoothing, the best smoothing fitting method for irregularly dis-
tributed time-series data, cf. H.Y. Song et al., 2014) curves were cal-
culated from these volume, length and height datasets, based upon
the following equation:

Xi ¼
Xn

i¼1

ð1=ð1þ ððT−TiÞ=hÞ2Þ � XiÞ=
Xn

i¼1

ð1=ð1þ T−Tið Þ=hð Þ2ÞÞ;

where Xi is the volume, length or height value and Ti is the age or
the position of the sample i (i = 1 to n, where n is the total number
of samples). The smoothing parameter h is the ratio of the observed
number in the local regression, and the total number of data,
termed window width, ranges from 0 to 1.

4. Ostracod fauna

A total of 37 species in three genera of ostracods are identified,
including Darwinula, Panxiania and Tatariella (Figs. 2–4). The spe-
cies of Darwinula are the most dominant elements and can exceed
95% of specimens in most beds of the Guodikeng Formation. The
ostracod faunas show a distinct turnover at Bed 24 and may be
subdivided into two assemblage zones: the Panxiania reticulata–
Darwinula fragilformis–Darwinula parallela assemblage zone and
the Darwinula gloria–Darwinula rotundata–Darwinula minuta as-
semblage zone.

The Panxiania reticulata–Darwinula fragilformis–Darwinula parallela
assemblage zone (Assemblage I) consists of 19 species in two genera
(Figs. 2–4), including Darwinula abstrusa, D. chramovi, D. elongata, D.
fengfengensis, D. fragiliformis, D. handanensis, D. inassueta, D. inervis, D.
lunijiaki, D. malachovi, D. nasalis, D. parafragiliformis, D. parallela, D.
perlonga, D. santaiensis, D. suchonensis, D. zhichangensis, Panxiania
reticulata, and P. subquadrata. Most of the ostracods are well preserved
as large forms. They are distributed through the lower part to the bot-
tom of the upper part of the Guodikeng Formation, in the interval
from Beds 2 to 24. In particular, Panxiania is commonly found in
Upper Permian siliciclastic rocks (Wang, 1978; Pang, 1993) and conse-
quently the lower part of the Guodikeng Formation would be of Late
Permian age.

The Darwinula gloria–Darwinula rotundata–Darwinula minuta
assemblage zone (Assemblage II) comprises 18 species in two genera
(Figs. 2–4), including Darwinula accuminata, D. benigna, D. concinna,
D. dilecta, D. gloria, D. ingrate, D. laciniosa, D. lucida, D. minuta, D.
oblongovata, D. pseudooblonga, D. pseudoobliqua, D. rotundata, D.
sibirica, D. sp., D. triassiana, D. verdica, and rare Tatariella inassneta.



Fig. 2. The lithocolumn of the measured NLA section, showing the samples and distribution of ostracods at the section. Fm., Formation; Wu., Wutonggou Formation; Jiu., Jiucaiyuan
Formation.
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They are distributed in the upper part of the Guodikeng Formation
(above Bed 24). The ostracod individuals have small and elongate
shapes, except for a few large specimens.

5. Ostracod size variation in the studied section

The lower assemblage fossils are significantly larger than the upper
forms in all measured parameters such as maximum, mean, and mini-
mum values. The maximum test volume is up to 7.98 log μm3, the
mean test value is 7.40 log μm3, and the minimum test value is approx-
imately 6.56 log μm3 from Bed 1 to Bed 23 (Table 1). The maximum,
mean, and minimum test values above Bed 24 are 7.59 log μm3, 6.93
log μm3, and 5.87 log μm3, respectively (Table 1). In particular, a remark-
able size reduction happens in Bed 24, with maximum, mean, and
minimum test values of 7.97 log μm3, 7.11 log μm3, and 6.15 log μm3,
respectively (Table 1). The size distributions within the two assem-
blages are shown in Fig. 5. The non-parametric K–S test also indicates
that the most significant change (p ≪ 0.05) in the ostracod volume of
successive beds occurred between Beds 23 and 24 (Table 1).

The mean sizes of ostracod tests are relatively stable throughout the
lower part of the Guodikeng Formation and fluctuate between 7.23 log
μm3 and 7.59 log μm3. Themean sizes experience dramatic drops across
the turnover horizon at the base of Bed 24. In the upper part of the
Guodikeng Formation, the mean sizes remain small, between 6.70 log
μm3 and 6.97 log μm3. In particular, ostracods with test values between
7.01 log μm3 and 7.99 log μm3 occur most frequently and comprise 94%
of all ostracod specimens in Assemblage I of the lower part of the
Guodikeng Formation (Fig. 5). In contrast, in Assemblage II of the
upper part of the Guodikeng Formation, ostracods with test values
between 5.01 log μm3 and 6.99 log μm3 aremost frequent and represent
59% of all specimens (Fig. 5). Moreover, only 9% of ostracod specimens
have values larger than 7.50 log μm3 in Assemblage II, but, at least 32%
of ostracod specimens reach this value in Assemblage I (Fig. 5).

Values for mean ostracod volumes and 95% confidence intervals
show continuing fluctuations throughout the section (Fig. 6). There
appears to be a general long-term decline in mean size from Beds 1 to
36, but there is a step between Beds 23 and 24, the only case where
95% confidence intervals do not overlap (Fig. 6A, B). The LOWESS proce-
dure determines a best-fit trend for the changes between successive
beds, and the curves indicated a significant reduction between Beds
23 and 24 (Fig. 6C). The maximum sizes of ostracod tests undergo mul-
tiple fluctuations throughout the lower part of the Guodikeng



Fig. 3. Illustration of latest Permian ostracods. 1, 2. Panxiania subquadrata; 3. Panxiania sp.; 4–6. Panxiania reticulata; 7–9. Darwinula fengfengensis; 10–12. Darwinula handensis; 13–16.
Darwinula fragiformis; 17–19. Darwinula parallela; 20, 21. Darwinula inervis; 22. Darwinula chramovi; 23. Darwinula inassuela; 24–26. Darwinula lunijiaki.
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Formation, but they trend to form a plateau with maximum sizes rang-
ing from 7.43 log μm3 to 7.97 log μm3 (Fig. 6). This plateau collapses and
drops to a low plateauwithmaximum size ranging from 7.07 log μm3 to
7.59 log μm3 across the ostracod turnover horizon at the base of Bed 24.
Themost obvious difference between these two stages is the absence of
the forms larger than 7.60 log μm3 in the latter stage. The minimum
sizes also follow a similar pattern to themaximumsize curves in Assem-
blage I, ranging from 6.15 log μm3 to 7.33 log μm3 but withmore fluctu-
ations. The minimum size reduction was also significant because of the
smaller values in the following stage that range from 5.87 log μm3 to
6.59 log μm3 (Fig. 6). The median value curves of ostracod tests show
a similar trend in the mean value, but with greater variation, and they
also experience a dramatic drop across the turnover horizon between
Beds 23 and 24 (Fig. 6D).

The length, height and length to height ratio of ostracod tests also
show similar changes (Fig. 7). Values for mean ostracod length and
height and 95% confidence intervals show a dramatic drop during the
turnover interval between Beds 23 and 24 (Fig. 7A, C). In particular,
the reduction in the ostracod height data is more significant, the only
transition where 95% confidence intervals do not overlap (Fig. 7C). For
the Assemblage I ostracods, most individuals have length values larger
than 500 μm and height values larger than 300 μm. In contrast, in
Assemblage II, most individuals have length and height values ranging
from 200 to 450 μm and 100 to 300 μm respectively. For instance, only



Fig. 4. Illustration of earliest Triassic ostracods. 1–3. Darwinula ingrata; 4. Darwinula minor; 5, 6. Darwinula suchonensis; 7. Darwinula minuta; 8–12. Darwinula sibirica; 13, 14. Darwinula
benigna; 15, 16. Tatariella cf. inassneta; 17, 22. Darwinula triassiana; 18, 19. Darwinula laciniasa; 20. Darwinula ovifomis; 21. Darwinula verdica; 23, 24. Darwinula pseudoobliqua; 25–27.
Darwinula abstrusa; 28–30. Darwinula rotundata; 31, 32. Darwinula perlonga; 33. Darwinula accuminata; 34. Darwinula cf. fragiformis; 35–37. Darwinula gloria; 38, 39. Darwinula cf.
parallela; 40, 41. Darwinula elongata.
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10% of ostracod specimens have height values larger than 350 μm in
Assemblage II, but, at least 22% of ostracod specimens reach this value
in Assemblage I. Moreover, the LOWESS curves indicated a significant
reduction between Beds 23 and 24 both in ostracod length and height
(Fig. 7B, D).

Above all, the Assemblage II ostracods are much smaller than those
in Assemblage I in all measured parameters: maximum, mean, median,
and minimum values of volume (Figs. 5 and 6, Table 1). The mean test
volume of the lower assemblage is 7.40 log μm3, ~3 times greater than
the mean volume of the upper Assemblage II (Table 1). Analogously,
the changes in length and height of ostracod tests also show significant
decreases, and the Assemblage II ostracods are shorter than those in
Assemblage I.

6. Discussion

6.1. The Lilliput effect following the terrestrial P–Tr crisis

A decrease of body size has been reported in the aftermath of the
greatest Phanerozoic biotic crisis in a variety of animal groups (Girard



Table 1
The total number, maximum sizes, minimum sizes, mean sizes, standard deviations, 95% confidence intervals (CI) of themean sizes, median sizes and values of Kolmogorov–Smirnov test
of ostracod specimens in each bed at SLA section.

Bed number Number of individuals Maximum Minimum Mean Standard deviation 95% CI of mean Median p-Value

1 28 7.79 7.33 7.59 0.14 7.54 7.64 7.65 N.D.
5 48 7.81 6.86 7.48 0.19 7.42 7.54 7.46 0.02027
8 18 7.80 7.21 7.53 0.17 7.45 7.61 7.57 0.30550
12 7 7.82 7.10 7.42 0.22 7.25 7.59 7.40 0.36620
15 35 7.93 6.58 7.29 0.31 7.19 7.39 7.25 0.31710
16 81 7.98 6.61 7.34 0.23 7.29 7.39 7.36 0.01264
17 7 7.43 6.96 7.23 0.18 7.09 7.37 7.22 0.19650
22 20 7.67 6.56 7.30 0.22 7.20 7.40 7.34 0.53850
23 35 7.81 6.96 7.42 0.22 7.34 7.50 7.45 0.01737
24 177 7.97 6.15 7.11 0.40 7.05 7.17 7.21 0.00000
25 12 7.36 6.59 6.92 0.23 6.79 7.05 6.92 0.01093
26 17 7.41 6.45 6.92 0.25 6.80 7.04 6.89 0.72840
29 7 7.07 6.47 6.70 0.18 6.56 6.84 6.71 0.10790
32 49 7.59 6.34 6.96 0.29 6.88 7.04 6.98 0.02910
36 10 7.33 5.87 6.97 0.42 6.70 7.24 7.12 0.32100

Footnote: p values show results of the Kolmogorov–Smirnov test applied to the populations of successive beds. p Values marked by bold font show that the populations are statistically
significantly different with respect to body size at the 95% confidence level (p b 0.05). N.D., no data.
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and Renaud, 1996; Kaljo, 1996; Renaud and Girard, 1999; Jeffery, 2001),
following Urbanek (1993) who first used the term “Lilliput effect” to
“describe the phenomenon of the occurrence of diminutive forms
among some of the species in the relic assemblages” in the aftermaths
of mass extinction events. To date, most works devoted to the study of
size variation in marine organisms use the continuous and abundant
fossil record, not only during the P–Tr mass extinction, but also through
Fig. 5. Frequency of ostracod sizes (in log μm3), both assemblages showing normal distri-
butions. (A) Assemblage I, showingmost tests are between 7.20 log μm3 and 7.79 log μm3

in volume, occupying 79.9% of all ostracods. (B) Assemblage II, indicating the most ostra-
cods vary from 6.60 log μm3 and 7.39 log μm3 in volume, occupying 72.1% of all tests.
the entire Early Triassic (Fraiser and Bottjer, 2004; Payne, 2005;
Twitchett, 2007; Song et al., 2011b). However, it was still unknown
whether the Lilliput effect existed in the terrestrial aquatic
invertebrates through the P–Tr events, although the phenomenon has
been observed for land-based tetrapods (Tverdokhlebov et al., 2002;
Huttenlocker, 2014).

Our results show that a significant decline in body size of the ostra-
cod Darwinula occurred in the middle part of the Guodikeng Formation
in the NLA section. This evidence supports the existence of the Lilliput
effect among terrestrial organisms during the P–Tr transition. Actually,
Kuchtinov (1976) already reported that the large forms of Darwinula
and Darwinuloides were replaced by small and elongate species of
Darwinula and Gerdalia at the PTB in the Moscow Basin and suggested
that the PTB could be defined at this distinct changeover, although he
did not take account of a Lilliput effect related to the crisis. The appear-
ance of the Lilliput effect could be hypothesized from this qualitative
description. As for other taxa, a similar change might have occurred as
a result of the same combination of intense environmental changes
during the P–Tr mass extinction, although there is as yet only limited
evidence.

6.2. Causes of the size reduction

6.2.1. Evolutionary patterns and size variations of various ostracod groups
Twitchett (2007) documented the Lilliput effect in animal body

fossils and trace fossils during the P–Tr crisis, and proposed fourpossible
models for the selective appearance of a shift from large to small body
size, i.e. the extinction of large taxa, the appearance of small taxa, the
temporary disappearance of large taxa, or within-lineage size decrease
(Twitchett, 2007; Harries and Knorr, 2009). Additionally, Harries and
Knorr (2009) mentioned that concerted, multidisciplinary research
was required, rather than simply noting changes in size, to provide a
fuller explication including all the evolutionary and ecological factors.

In our case, we see a combination of the first two models. Firstly,
large species, with body sizes larger than 7.60 log μm3, namely
Darwinula fengfengensis, D. fragiliformis, D. handensis, D. lunijaki, D.
parallela, and D. santaiensis, went extinct at the turnover event. In
addition, specimens of Panxiania (no statistics) with body sizes up
to 8.20 log μm3 (Fig. 3) also disappeared above the extinction
horizon.

Secondly, new forms originated immediately after the extinction
event, and these were mostly smaller than the pre-extinction forms.
These include Darwinula minuta, D. gloria, D. rotundata and D.
pseudoobliqua, and the percentage with a body size less than 7.30
log μm3 is up to 91% and the maximum volume is b7.60 log μm3. It
is interesting to note that the mean size value in Bed 24 is clearly



Fig. 6. Size distributions (in log μm3) of ostracod tests through Guodikeng Formation in the NLA section. (A) Plot detail and variations in mean volume values with 95% confidence intervals for each bed, showing a significant decrease at Bed 24.
(B) Variation ofmean valueswith 95% confidence interval for each bed separately. (C) LOWESS curves from the ostracod volume dataset, with h (windowwidth) set at 0.1, 0.25 and 0.5. (D) Box andwhisker plots of the studied beds yielding ostracods.
The dashed vertical lines represent the boundary between Beds 23 and 24.
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Fig. 7. Length and height distributions (in μm) of ostracod tests through Guodikeng Formation in the NLA section. (A) Plot detail and variations inmean length values with 95% confidence intervals for each bed. (B) LOWESS curves from the ostracod
length dataset,with h (windowwidth) set at 0.1, 0.25 and0.5. (C) Plot detail and variations inmean height valueswith 95% confidence intervals for each bed. (D) LOWESS curves from the ostracodheight dataset,with h (windowwidth) set at 0.1, 0.25
and 0.5. The dashed vertical lines represent the boundary between Beds 23 and 24.
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smaller than those from the lower strata, but larger than the speci-
mens in the strata above. This was a result of smaller new forms orig-
inating and occupying the dominant positions. The subsequent and
significant size reduction between Beds 24 and 25 was caused both
by the disappearance of the pre-extinction large forms as well as
the origination of smaller new species.

Another feature of ostracod morphological changes is that the per-
centage of the measured length/height (L/H) ratio beyond 2.75 in
Assemblage II is significantly greater than in Assemblage I (Fig. 8). The
maximum value of this ratio in Assemblage I is less than 3.5, while it
is up to 5 for Assemblage II. Of course, it does not mean that all of the
maximum values for each bed belonging to Assemblage II are larger
than the values of Assemblage I, and some specimens from Beds 26
and 29, for instance, have values of less than 2 (Fig. 9, Table 2). In addi-
tion, changes in mean values of the L/H ratio are not remarkably large,
but the increase in ratio follows a similar pattern to the maximum
values (Fig. 9). For the minimum values of the L/H ratio, there are no
significant changes between the two assemblages. The LOWESS curves
indicated a weak growth trend across the turnover interval (Fig. 9B).
The maximum, mean and minimum of the L/H ratio variations show
the high occurrence of more elongated ostracods, and a number of the
specimens have L/H ratios greater than 3 after the mass extinction.
Furthermore, the trend in length/thickness ratio also shows a similar
pattern to the L/H ratio.

6.2.2. Warming and decreased oxygen-dissolved concentrations
Temperature is one of the most important extrinsic factors for the

growth and distribution of organisms (Hofmann and Todgham, 2010).
Fig. 8. Frequency of ostracod L/H ratio and the normal distribution curve of the two assem-
blages. (A) Assemblage I, showing tests having L/H ratios larger than 3 comprise 11.0% of
all ostracods. (B) Assemblage II, showing ostracods having L/H ratios larger than 3
comprise 1.4% of all tests.
Generally, a suitable temperature rise that persists at normal levels
benefits plants and animals, while rapid warming and high-level tem-
perature can be lethal for most. A global mean rise of 5–10 °C probably
caused severe heat stress for many marine and terrestrial organisms
during the P–Tr mass extinction (Joachimski et al., 2012; Benton and
Newell, 2014). Furthermore, there is growing evidence that lethal
warming and anoxia were significant components of selective extinc-
tion during the P–Tr crisis (Berner et al., 2007; Payne and Clapham,
2012; H.J. Song et al., 2014) and only those organisms with high toler-
ance levels to warming and hypoxia could survive in the mid-water
refuge zone in the marine environment (Beatty et al., 2008; H.J. Song
et al., 2014), while Knoll et al. (2007) argued that hypercapnic stress
from elevated pCO2 was the major driver of extinction selectivity. For
lakes, the situation might have been worse, considering that the rate
of temperature increase would have been greater on land than in the
sea, as evidenced by findings of much-reduced bioturbation and the
lack of body fossils of invertebrates in the Early Triassic of North China
(Chu et al., 2015). Elevated temperature and reduced atmospheric oxy-
gen pressure would have dramatically decreased the solubility of oxy-
gen in lakes. In addition, Cao et al. (2008) recorded two distinct
episodes of negative δ13Corg shifts during the P–Tr transition from the
SLA section, and the first of these suggest there was onset of environ-
mental stress prior to the end-Permian mass extinction event, which
is indicated by turnover in ostracod fauna. The negative δ13Corg shift
could be considered a sensitive response to the onset of the increasing
pCO2 and the warming environment.

Modern long-term surveys, experimental data and simulations
show that most ectothermic organisms mature at smaller body sizes
when reared in warmer conditions, which is one of the most taxonom-
icallywidespreadpatterns in biology and is known as the “temperature-
size rule” (Atkinson and Sibly, 1997; Daufresne et al., 2009). In addition,
the study of the differences between ectothermic metazoans by envi-
ronment and size indicates that warming-induced reductions in body
size are greater in aquatic than terrestrial species, which suggests that
oxygen is amajor driver of temperature size responses in aquatic organ-
isms (Forster et al., 2012). The warming and reduced oxygen-dissolved
concentrations might have significantly led to the death of terrestrial
invertebrates and the size decrease of terrestrial ostracods during the
P–Tr crisis.

6.2.3. Enhanced input of terrestrial materials
Increased continental weathering is thought to have been the main

contributor to the large and rapid global increase of seawater 87Sr/86Sr
(~0.7070–0.7082) during the P–Tr mass extinction (Martin and
MacDougall, 1995; Korte et al., 2003, 2004, 2006; Huang et al., 2008;
Sedlacek et al., 2014; Song et al., 2015). Simultaneously, evidence for in-
creased rates of erosion from terrestrial settings has beenmentioned in
studies of paleosols and lithological changes around the PTB (Retallack,
1995; Newell et al., 1999; Ward et al., 2000; Chakraborty and Sarkar,
2005; Sheldon, 2006). The increased rates of weathering and erosion
directly led to enhanced input of terrestrial materials into rivers and
lakes. As evidence for the direct effects of enhanced input at the time
of the P–Tr mass extinction, Algeo and Twitchett (2010) noted clear
indications of increased rates of terrestrial weathering near the P–Tr
boundary in shallowmarine settingsworldwide, resulting from a signif-
icant increase in sediment fluxes to rivers and oceans.

The loss of land plant cover caused by wildfires is a well-known
catalyst for terrestrial erosion and is accompanied by a strong influence
on atmospheric composition (Benton andNewell, 2014). In recent stud-
ies, wildfires have been inferred from the abundance of charcoal, black
carbon and carbon spherules in P–Tr event beds both inmarine and ter-
restrial strata (Cao et al., 2008; S.Z. Shen et al., 2011; W.J. Shen et al.,
2011). In addition, acid rain following the massive injection of volcanic
gases into the atmosphere, associated with eruption of the Siberian
Traps, would also have killed forests worldwide (Algeo and Twitchett,
2010; Sephton et al., 2015; Song et al., 2015). It is therefore possible



Fig. 9. L/H ratio distributions of ostracod tests through the Guodikeng Formation in the NLA section. (A) Plot detail of the L/H ratio for the different beds. The trend of the maximum and
mean values shows the growing length/weight ratios, indicating thehighoccurrence ofmore elongate ostracods above Bed 24 in theNLA section. (B) LOWESS curves from theostracod L/H
ratio dataset, with h (window width) set at 0.1, 0.25 and 0.5, indicating a weak growth trend across the turnover interval.
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that acid rain andwildfiremight have caused a severe loss of plant cover
and drove increasing sediment fluxes from land to freshwaters and to
the sea.

These changes, accompanied by altered river morphology due to
land plant extinctions, indicate a significantly enhanced input of terres-
trial materials into rivers and lakes on land. Modern studies have
suggested that the rapid sedimentation rate and discrete grain size
distribution would have contributed to the reduction of ostracod body
sizes and the absence of ostracods (Ruiz et al., 2013, and references
therein). The increased influx of material likely placed pressure on
Table 2
The total number, maximum, minimum, mean, standard deviations, 95% confidence intervals (
section.

Bed number Number of individuals Maximum Minimum

1 28 2.56 1.61
5 48 2.80 1.63
8 18 2.67 1.44
12 7 3.00 1.44
15 35 3.43 1.27
16 81 3.25 1.50
17 7 2.98 1.83
22 20 3.00 1.67
23 35 3.00 1.33
24 177 5.00 1.42
25 12 4.28 1.15
26 17 3.00 1.63
29 7 3.33 1.50
32 49 5.00 1.70
36 10 4.00 2.00
ostracods by affecting their filter feeding efficiency and therefore ham-
pering their growth.

6.3. The relationship between biotic crisis and size reduction

The P–Tr terrestrial biotic crisis is confirmed by the significant
turnover and loss of life on land, as proposed by geologists and pa-
leontologists from global-scale data. Plant diversity had declined
substantially through the P–Tr mass extinction and even directly
led to the Early Triassic “coal gap” (Veevers et al., 1994; Retallack
CI) of the mean and median length/height ratios of ostracod specimens in each bed at SLA

Mean Standard deviation 95% CI of mean Median

1.97 0.23 1.88 2.06 1.92
2.13 0.25 2.03 2.20 2.10
2.01 0.25 1.89 2.13 1.96
2.21 0.48 1.85 2.57 2.18
2.23 0.47 2.07 2.39 2.18
2.18 0.33 2.11 2.25 2.17
2.21 0.34 1.95 2.47 2.18
2.28 0.28 2.16 2.40 2.28
2.16 0.32 2.06 2.26 2.17
2.28 0.57 2.20 2.37 2.12
2.61 0.82 2.14 3.08 2.37
2.17 0.34 2.00 2.34 2.09
2.09 0.61 1.60 2.25 1.71
2.56 0.61 2.39 2.73 2.42
2.61 0.54 2.27 2.95 2.50



Fig. 10. Integrated stratigraphic sequences of the NLA section, showing the lithocolumn, size variation of the ostracod volumes, distributions of conchostracans, charophytes and lycopod
spores at the section. Gray shaded area indicates the range of the biotic event interval. Abbreviations: Fm., Formation; Wu., Wutonggou Formation; Jiu., Jiucaiyuan Formation.
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et al., 1996, 2011; Rees, 2002; Retallack, 2013). This conclusion is
also supported by the evidence of global plant fossil records and
high-resolution palynological data that show how the gymnosperm-
dominated Permian floras were replaced by floras characterized by
high abundances of lycopods associated with pteridosperms and
conifers (Grauvogel-Stamm and Ash, 2005; Hermann et al., 2011). We
also see this in the studied section; numerous lycopod spores
appear above Bed 24, with a large abundance of the palynoflora
Kraeuselisporites, Lundbladispora, and Uvaesporites (up to 30%,
Fig. 10).
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At present, ostracods and conchostracans were the most com-
monly studied materials among terrestrial invertebrates through
the P–Tr transition, for example in regions of Russia (Kuchtinov,
1976; Mogutcheva and Krugovykh, 2009), Europe (Kukhtinov et al.,
2008; Kozur and Weems, 2010), and China (Liu, 1987, 1994; Pang
and Jin, 2004; Kozur and Weems, 2011). For ostracods, a high diver-
sity of species of Darwinula, Darwinuloides and Gerdalia has been
observed during the P–Tr transition in Russia (Kuchtinov, 1976;
Mogutcheva and Krugovykh, 2009), Europe (Kukhtinov et al.,
2008), and China (Pang and Jin, 2004). In our studied section, the
most abundant genus isDarwinula (up to 90%), with high species diver-
sity. There is a distinct turnover in themiddle part of theGuodikeng For-
mation between Beds 23 and 24 (Fig. 2). For conchostracans, previous
studies have shown that there is a significant extinction event horizon
in the middle of the Hungtukun tuffs of the Tunguska Basin and the
middle of the Guodikeng Formation in Northwest China (Liu, 1987,
1994; Kozur and Weems, 2011). The extinction event is also indicated
by decreases at the genus level in the studied section. The most diverse
conchostracan faunas were found in the Permian, characterized by
eight genera below Bed 23, i.e., Tripemphigus, Bipemphigus, Megasitum,
Huanghestheria, Beijinalimnadia, Falsisca, Polygrapta, Palaeolimnadia,
and only two genera of Falsisca and several Palaeolimnadia species
above the level of the extinction event in the NLA section (Fig. 10). In
addition, typical later Permian examples of charophytes, Leonardosia
and Gemmixhara, almost disappear at the same horizon (Fig. 10).

As discussed above, the size reduction of ostracods took place in the
horizon where mass extinction of ostracods occurred. The extinction of
the large ostracod species led directly to a significant decrease in the
mean ostracod body size. Considering the rapid deposition rate, there
is a coincidence between the horizons where ostracod size reduction
occurred and the horizons of the main turnover of palynoflora and the
extinction of conchostracans and charophytes; both occurred in an
interval less than 6 m thick (Fig. 10), suggesting that the timing of the
two events is related. In addition, the main causes of the size reduction
of ostracods might have been warming, reduced dissolved-oxygen con-
centrations, and an increased input of terrestrial materials. As evidence
for the effects of warming conditions, Sun et al. (2012) suggested that
lethally hot temperatures were a major cause of the P–Tr biotic crisis,
andDaufresne et al. (2009) described associations ofwarmer conditions
with organisms of smaller body size, using long-term surveys, experi-
mental data and published results. Moreover, the probably enhanced
input of terrestrial material might be related to the mass extinction of
land plants. The increased sedimentation rates and discrete grain size
distribution would have contributed to the reduction of ostracod body
sizes and the absence of ostracods (Ruiz et al., 2013).

In summary, the distinct ostracod size reduction associated with
significant biotic turnover was limited to a short interval of less than
6 m in the middle part of the Guodikeng Formation. The size reduction
might have been a response to selective mass extinction, both of which
were driven by the same environmental conditions.
7. Conclusions

Quantitative analyses of one genus of terrestrial ostracods, Darwinula,
from Northwest China reveal that ostracod test sizes decreased sharply
through the terrestrial P–Tr mass extinction interval. The extinction of
the large ostracods, accompanied by the arrival of small newcomers, led
to a significant size reduction of the terrestrial ostracods and indicates
evidence for the Lilliput effect in terrestrial aquatic invertebrates during
the P–Tr biotic crisis. In addition, the strongest turnover of conchostracan
faunas, charophytes, and the abundance of numerous “Triassic-type”
lycopod spores occur in the same interval. The decrease in terrestrial
ostracod sizes and the biotic crisis through the P–Tr interval may have
been triggered by several defaunation events such as global warming,
anoxia, and enhanced input due to acid rain and wildfire.
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