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Abstract: The body size of marine ectotherms is often

negatively correlated with ambient water temperature, as

seen in many clades during the hyperthermal crisis of the

end-Permian mass extinction (c. 252Ma). However, in the

case of ostracods, size changes during ancient hyperthermal

events are rarely quantified. In this study, we evaluate the

body size changes of ostracods in the Aras Valley section

(northwest Iran) in response to the drastic warming during

the end-Permian mass extinction at three taxonomic levels:

class, order, species. At the assemblage level, the warming

triggers a complete species turnover in the Aras Valley sec-

tion, with larger, newly emerging species dominating the

immediate post-extinction assemblage for a short time.

Individual ostracod species and instars do not show dwarfing

or a change in body size as an adaptation to the temperature

stress during the end-Permian crisis. This may indicate that

the ostracods in the Aras Valley section might have been

exceptions to the temperature–size rule (TSR), using an

adaptation mechanism that does not involve a decrease in

body size. This adaptation might be similar to the acceler-

ated development despite constant instar body sizes that can

be observed in some recent experimental studies of ostracod

responses to thermal stress.

Key words: Permian–Triassic, Ostracoda, body size, mass

extinction, Aras Valley section.

DURING the end-Permian Period, massive CO2 emissions

caused by the Siberian Traps accumulated in the Earth’s

atmosphere, eventually increasing sea surface tempera-

tures to almost 40°C in the earliest Triassic (Joachimski

et al. 2012, 2022; Sun et al. 2012; Schobben et al. 2014;

Gliwa et al. 2022). This caused deoxygenation of seawater

(Song et al. 2014; Schobben et al. 2020) and ocean acidifi-

cation (Clarkson et al. 2015; Jurikova et al. 2020). The

environmental crisis caused the largest extinction in the

Phanerozoic (Burgess et al. 2017), with extinction rates of

marine species higher than 80% (Sepkoski et al. 1981;

Sepkoski 1984; Payne & Clapham 2012; Stanley 2016).

The Aras Valley section in northwestern Iran exposes a

detailed succession of end-Permian strata and allows an

insight into the environmental perturbations (Ghaderi

2014; Gliwa et al. 2020). The succession of deep-shelf sed-

iments reaches from the Wuchiapingian to the Griesba-

chian and is complete without noticeable stratigraphic

gaps; it documents a rather stable bathymetric position.

Ostracods were sampled across the Permian–Triassic
boundary (Gliwa et al. 2021). A subset of the sampled

ostracods from the Aras Valley section was used to mea-

sure oxygen isotope ratios for determining palaeo-

seawater temperatures in this region (Gliwa et al. 2022)

(Fig. 1A). This allows us to test for a direct correlation

between the temperatures experienced by the ostracods

and their body size.

The body size of organisms is a character that is easily

measurable and therefore regularly studied both in eco-

logical and palaeobiological studies (De Baets et al. 2022).

Body size is not only convenient to document, but can

provide information about the physiological performance

of an animal in a changing environment (Calosi et al.

2019; Kiessling et al. 2023). In marine ectotherms, many

studies of past and present organisms have found that

environmental crises, especially those caused by climate

warming, were often associated with the presence of smal-

ler organisms. In the fossil record, this size shift is
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referred to as the ‘Lilliput Effect’ (Urbanek 1993). While

the original definition of this term described the decrease

in body size of a surviving species-level taxon during a

crisis interval (Urbanek 1993) (Lilliput Effect s.s.), size

changes on higher taxonomic levels, such as through size-

selective extinction or origination of taxa, are now also

referred to as the ‘Lilliput Effect s.l.’ (Twitchett 2007).

The ‘Lilliput Effect s.s.’ is usually observed as stunting of

adult specimens (e.g. Rita et al. 2019; Nätscher et al.

2021). Even though this is more difficult to research

in the fossil record (Twitchett 2007), it is frequently

observed in modern ecological studies. In these, a nega-

tive correlation between ambient temperature and adult

body size was established as the ‘temperature–size rule’,

which describes accelerated growth and development at

early life stages, with maturity being reached sooner and

at a smaller size than normal (Atkinson 1994; Atkinson &

Sibly 1997; Angilletta et al. 2004). This effect is con-

founded by the linear relationship between temperature

and metabolic rate in ectotherms, which becomes critical

as soon as the rising oxygen supply cannot be met any-

more (e.g. Deutsch et al. 2022).

A decrease in adult body size has frequently been

referred to as one of the universal responses of modern

ectotherms to climate warming (Daufresne et al. 2009;

Ohlberger 2013; Calosi et al. 2019), alongside poleward

migration (Reddin et al. 2018) and shifts in phenological

events (Kordas et al. 2011; Poloczanska et al. 2016).

Although several interacting causes and consequences of

warming, like increased atmospheric pCO2 and scarcity of

food resources, have been proposed to stunt or modify

growth processes in marine ectotherms, the effect is so

universally linked to temperature, which it is commonly

referred to as the temperature–size rule (TSR) (Atkin-

son 1994; Ohlberger 2013). Leading up to and following

the end-Permian mass extinction, a Lilliput Effect can be

recognized in many marine clades, such as foraminifera

(Song et al. 2011; Feng et al. 2020), bivalves and gastro-

pods (Twitchett 2007), brachiopods (He et al. 2007;

Zhang et al. 2016) and conodonts (Luo et al. 2006, 2008).

A recent study of ammonoids from north-western and

central Iran has also found a Lilliput Effect s.l., where the

sampled taxa become smaller towards the extinction

(Kiessling et al. 2018), corresponding to the gradual

warming (Gliwa et al. 2022).

There is no universal evidence for the TSR in ostra-

cods. There are several studies on Recent ostracods, where

distinguishing instars is much easier than in fossils; they

show a negative correlation between body size and tem-

perature (Martens 1985; Kamiya 1988; Majoran et al.

2000; Cronin et al. 2005; Hunt & Roy 2006; Hunt et al.

2010; Yamaguchi et al. 2012). Majoran et al. (2000)

F IG . 1 . Sedimentary profile of the Aras Valley section (northwest Iran) on the left, with a lower, red horizontal line indicating the

extinction horizon (EH) and an upper, green line at the Permian–Triassic boundary. A, the loess-smoothed mean calculated tempera-

ture derived from oxygen isotope measurements of the ostracod carapaces with the red shading representing the loess-smoothed SD;

red stars show the original data from Gliwa et al. (2022), grey dots are the interpolated data used in this study. B–E, the loess-

smoothed median body size with the shaded area representing loess-smoothed median absolute deviation (MAD) and grey points are

the raw body size data of the: B, full assemblage; C, Order Podocopida; D, Order Platycopida; E, species body size of B. ottomanensis

(blue at the top) and F. obunca (green at the bottom). The dashed lines in B, C and E represent loess-smoothed body size curves of

the median valve size of the A-1 instars.
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showed that size changes in experiments were particularly

pronounced in the larger instars A and A-1 when treated

with higher temperature. According to Martens (1985),

there are no A or A-1 specimens in either the lowest or

the highest temperature treatment, but younger instars

did show a size change. Other studies even showed sea-

sonal variation in the body size of an ostracod species

with smaller adult sizes during warm summer months

(Kamiya 1988; Cronin et al. 2005). Several species of

deep-sea ostracods are also known to inversely track tem-

perature throughout the entire Cenozoic (Hunt &

Roy 2006; Hunt et al. 2010). Finally, another fossil study

shows a dwarfing of ostracods across the Paleocene–
Eocene Thermal Maximum (PETM) associated with

increased temperature, ocean acidification and a lack of

ideal feeding conditions (Yamaguchi et al. 2012).

In some studies, ostracods were not observed to reduce

in size in response to increasing temperature. Instead,

their developmental rate speeded up and the time inter-

vals between moulting became shorter (e.g. Latifa 1987).

This process caused ostracods to reach maturity much

earlier than in colder water; however, the size of the

instars in the high-temperature treatment did not differ

significantly from their cold-water counterparts (Aguilar-

Alberola 2013; Liberto et al. 2014).

Concerning the end-Permian mass extinction specifi-

cally, two studies have reported a Lilliput Effect in ostra-

cods (Chu et al. 2015a; Forel et al. 2015). However, Chu

et al. (2015a) observed size patterns that indicate a Lilli-

put effect s.l., with smaller species of freshwater ostracods

dominating after the extinction horizon, rather than the

dwarfing within individual species (Chu et al. 2015a,

2015b; Forel & Crasquin 2015), similar to that reported

in ammonoids (Kiessling et al. 2018). Forel et al. (2015)

considered body sizes on the instar level in two podoco-

pid ostracod species from the Elikah River section in the

Alborz Mountains of northern Iran, which is located

600 km southwest of the Aras Valley section and repre-

sents a shallow water environment (Forel et al. 2015).

The results of this study suggested that, in both species,

each instar was much smaller in the Triassic than it was

in the Permian. However, the study consisted of only two

time-bins (late Permian and Early Triassic), the second of

which was represented only by very small sample sizes;

therefore, further study is required.

Even though the TSR is defined very generally for ecto-

therms, there appear to be clear exceptions from the rule,

some of which are not yet fully understood. Studying the

patterns in ecological traits to identify which organisms

obey ecological rules and which are exempt, is an impor-

tant step to learning differences in sensitivities of marine

clades to future climate change (Calosi et al. 2019). In

this study, we investigate the body size pattern of ostra-

cods from the Permian–Triassic Aras Valley section in

northwest Iran at the assemblage, order, species and instar

level (Nätscher et al. 2023, data D1). We correlate these

with palaeoenvironmental proxies, including the ambient

temperature estimations derived directly from oxygen iso-

tope measurements of ostracod calcite of specimens from

the Aras Valley samples (Gliwa et al. 2021, 2022) (Fig. 1)

(Nätscher et al. 2023, data D2).

GEOLOGICAL BACKGROUND

The ostracod body size data used in this study resulted

from a stratigraphic study of the Aras Valley section in

northwestern Iran (West Azerbaijan Province, 39.0154°N,
45.4345°E) that is close to the Dorasham, Ali Bashi and

Zal sections, which are all located near the Iranian/Azer-

baijanian border (Gliwa et al. 2020). The Aras Valley sec-

tion comprises a more than 34-m-thick succession of

sedimentary rocks recording the Wuchiapingian, the

Changhsingian and the early Griesbachian stages; there

are no noticeable stratigraphic gaps, as all expected cono-

dont zones are present here (Ghaderi 2014). This allows

for a very precise correlation of the Permian–Triassic
boundary with the GSSP section (Gliwa et al. 2020).

In late Permian times, the Aras Valley locality had a

position close to the equator, on the northern shelf of the

Cimmerian microcontinent that separated Neotethys and

Palaeotethys (Stampfli & Borel 2002, 2004; Muttoni

et al. 2009a, 2009b). In ascending order, the rock succes-

sion that is exposed in the Aras Valley section consists of

three principal units: (1) the Wuchiapingian Julfa Forma-

tion; (2) the Changhsingian Ali Bashi Formation, with

the Zal Member and the Paratirolites Limestone that

records the extinction horizon at its upper surface;

(3) the Elikah Formation that spans from the latest

Changhsingian Aras Member (‘Boundary Clay’) to the

early Griesbachian Claraia Beds above the Permian–Trias-
sic boundary (Ghaderi et al. 2014; Gliwa et al. 2020,

2021). Ostracods were sampled in 59 horizons spanning

the 4.73-m-thick Paratirolites Limestone, the 3.30-m-thick

Aras Member, and the lowest 5 m of the Claraia Beds

(Ghaderi 2014, Gliwa et al. 2020, 2021).

The depositional environment of the Paratirolites Lime-

stone was interpreted as characteristic of deep shelf

deposits in the dysphotic zone with low terrigenous input

and consistently oxic conditions (Leda et al. 2014; Gliwa

et al. 2020). There is evidence for low sedimentation rates

and early lithification processes in the uppermost part of

the Paratirolites Limestone, whose top bedding surface

coincides with the main pulse of the end-Permian mass

extinction (EPME) (Gliwa et al. 2020). It is likely that this

enabled the settlement accumulation of sponges (Gliwa

et al. 2020), as also known from other time equivalent

sections (Friesenbichler et al. 2018; Heindel et al. 2018;
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Foster et al. 2020). However, the hardground does not

represent a very long time interval, but developed due to

early lithification processes of the sediment. The bathy-

metric position of the section probably did not change

from the Paratirolites Limestone to the post-extinction

Aras Member, which was also deposited in a low-energy

outer shelf setting (Gliwa et al. 2020). However, there is a

sharp decline in skeletal carbonate production, leading to

lower abundances of fossils, as well as to a change in

lithology from the carbonate-rich Paratirolites Limestone

to the Aras Member that is dominated by shale deposits

(Gliwa et al. 2020). For the Claraia Beds, a shallowing-

upward trend can be observed in the Ali Bashi and Zal

sections (Leda et al. 2014; Gliwa et al. 2020).

MATERIAL AND METHOD

Material

Limestone and marly limestone rock samples were pro-

cessed using hot acetolysis following Crasquin-Soleau &

Kershaw (2005). Shale samples were dissolved in water.

Each sample was wet-sieved, with the smallest sieve hav-

ing a mesh size of 0.063 mm. The majority of ostracods

in the Aras Valley section have smooth carapaces without

ornamentation. In addition, carapaces were filled with

spar, which could not be removed without destroying

them. Therefore, the taxonomic identification to species

level was not based on internal structures, but rather

involved traditional morphological measurements and

features of the outside of the carapace, such as the hinge,

carapace length and height as well as their proportions, as

described in Gliwa et al. (2021). The resulting dataset

consists of 2076 ostracod specimens from four orders

(Podocopida, Palaeocopida, Platycopida and Myodoco-

pida) (Nätscher et al. 2023, data D1).

For species-specific analyses, we only used the two spe-

cies that have sample sizes larger than n = 20 in at least

five horizons (Fabalicypris obunca, Bairdiacypris ottoma-

nensis) (Fig. 2). Fabalicypris obunca is only found in the

Paratirolites Limestone and does not reappear above the

extinction horizon. Bairdiacypris ottomanensis first appears

at 0.75 m above the extinction horizon and ranges across

the Permian–Triassic boundary up to the end of the sec-

tion at 6.00 m.

Statistical methods

Instar classification . To classify the size data of

B. ottomanensis and F. obunca into their instars (moulting

stages), we used the mclust package in R (v.6.0.0; Scrucca

et al. 2016; Fraley et al. 2022) to test and fit a Gaussian

finite mixture model on the length and height measure-

ments of the ostracod carapaces (Hunt & Chapman 2001).

As we have prior information on the ideal shape and dis-

tribution of ostracod instar groups, we tested the two

spherical (EII (equal volume), VII (unequal volume)) and

four diagonal models (EEI (equal volume and shape),

VEI (varying volume, equal shape), EVI (equal volume,

varying shape), VVI (varying volume and shape)), with

the pre-defined number of instar groupings of six for

B. ottomanensis and five for F. obunca. These numbers of

instar groupings are derived from Gliwa et al. (2021),

which shows that the same specimens of B. ottomanensis

that are used in this study, have six instars present, and

all examined Fabalicypris species in the Aras Valley sec-

tion have five instars preserved (Gliwa et al. 2021). In

both of these well-sampled species, the diagonal VEI

(varying volume, equal shape) model has the lowest

Bayesian information criterion (BIC) and is therefore the

most parsimonious model for classifying the instar group-

ings (Fig. S1). Therefore, we ran the mclust function with

F IG . 2 . Abundances of the instars of the two most abundant

species B. ottomanensis and F. obunca by the bed. Grey numbers

indicate samples with n< 3. These samples were not used in

pairwise Wilcoxon tests and the palaeo trend detection analyses

of instar sizes.
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this model on the size data of the 25 other species with

ten or more specimens present in the data to classify their

instars. In order to avoid species that show signs of severe

post-mortem transport (taphocoenosis), we excluded

eight ostracod species, for which the algorithm could only

identify one or two instar clusters (Boomer et al. 2003).

These are: Bairdia sp. 5; Bairdiacypris kathleenae; Carina-

knightina hofmanni; Cavellina hairapetani; Kempfina

qinglaii; Liuzhinia antalyaensis; Buregia? sp.; and

Microcheilinella sp. 1. With Praezabythocypris pulchra and

Praezabythocypris cf. pulchra pooled and defined as one

species, we could identify instar clusters of 18 species,

including F. obunca and B. ottomanensis (Fig. S4).

Body size through time and evolutionary trends. We calcu-

lated the approximate valve area of each ostracod, which

we referred to as body size in this study for the sake of

simplicity:

Approximate valve area ¼ height� lengthð Þ � π=4ð Þ

We calculated the median size and median absolute

deviation of each bed for the full assemblage, the most

abundant ostracod order Podocopida, the two most

abundant species (B. ottomanensis, F. obunca), and the

two species’ individual instars. To test for changes in

body size between consecutive beds in all aforementioned

taxonomic subsets of the data, we used pairwise Wilcoxon

rank sum tests. We used the method proposed by

Holm (1979) to correct p-values for small and uneven sam-

ple sizes and defined the alpha level for significance at 0.05

throughout all analyses. To avoid a bias from extremely low

sample sizes, we only included beds with a minimum sam-

ple size threshold of at least three specimens.

To detect trends in the median log-transformed instar

body sizes of the two species F. obunca and

B. ottomanensis, we used the paleoTS package in R

(v.0.5.2; Hunt 2019). For each instar group of these sub-

sets, we tested five different evolutionary models: (1) gen-

eral random walk (GRW); (2) unbiased random walk

(URW); (3) stasis; (4) a covariate tracking model with

δ13C values (Gliwa et al. 2020) model; and (5) a covariate

tracking model with the Aras Valley ostracod temperature

values (Gliwa et al. 2022) (Tables S4, S5). Because the

environmental proxies are sampled on shorter timescales

than B. ottomanensis, we removed beds above 2.88 m due

to a lack of temperature estimates beyond this point.

Assemblage turnover and body size. We used an approach

initially developed by Rego et al. (2012), and adapted by

Rita et al. (2019), to assess body size dynamics of the

entire ostracod assemblage (Fig. 3; Table S1) (Nätscher

F IG . 3 . Results of the Rego approach (Rego et al. 2012), showing body size changes of the ostracod assemblage between consecutive

conodont zones and the contributions of within-species size changes (dark green), as well as species appearances (light green) and

disappearances (light blue) to the overall size pattern. The red rectangle in the background signifies the extinction horizon, the blue

rectangle shows the Permian–Triassic boundary. Three changes are highly significant: C. yini – C. abadehensis; C. hauschkei –
H. praeparvus (EH); H. parvus – I. staeschei. The two decreases in body size (C. yini – C. abadehensis, H. parvus – I. staeschei) are

mainly triggered by within-species changes, while the size increase across the extinction horizon is caused by a full species turnover,

with the new species being significantly bigger than the ones that disappear.
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et al. 2023, data D3). This method quantifies the contri-

bution of within-lineage size changes, as well as species

appearance or disappearance effects to the overall size

pattern across zone boundaries. This helps distinguish

between a Lilliput Effect s.l. and a Lilliput Effect s.s. As

this method is highly dependent on the importance of

boundary-crossing species, we did not analyse this at the

bed level, but on conodont zone level to obtain more reli-

able results with minimal impact of irregular sampling.

All species were included in this analysis, as less abundant

species are also crucial for understanding the impact of

appearances and disappearance on the assemblage-scale

body size patterns.

We also assessed changes in relative abundance of the

four occurring ostracod orders (Fig. 4; areaplot v.1.2.3;

Magnusson 2022), which correspond to different dietary

strategies. Almost all platycopids and all myodocopids

have the possibility of suspension feeding, while podoco-

pids are exclusively grazers, detritus feeders or predatory

(e.g. Whatley 1991).

Correlation with palaeoenvironmental proxies . We used

three different proxies for the biotic and abiotic palaeoen-

vironment, to test for correlations between the environ-

ment and the ostracods’ body size.

To relate ostracod body sizes to local temperature esti-

mates, we used the temperature data from Gliwa

et al. (2022) (Fig. 1) (Nätscher et al. 2023, data D2). The

temperature values in that study were reconstructed from

δ18O measurements of 605 diagenetically unaffected ostra-

cod carapaces from the Aras Valley section using the

equation of Kim & O’Neil (1997) (Gliwa et al. 2022). The

minimal influence of diagenesis in the ostracod carapaces

was secured by: (1) the stable low-Mg calcite composition

of the ostracod carapace (Brand & Veizer 1981); (2) the

lack of signs indicating subaerial exposure throughout the

section; and (3) a conodont alteration index between 1

and 1.5 (Königshof 1992), an indication of low thermal

overprinting in the burial process (Gliwa et al. 2022).

Most of the temperature data come from the two most

abundant species, B. ottomanensis and F. obunca, but the

record of temperature estimates stops 2.88 m above the

extinction horizon. Since the temperature dataset only

represents 23 beds, compared to 31 beds in the ostracod

occurrence data up to the end of the temperature curve

at 2.88 m (41 beds in total) (Gliwa et al. 2022), we line-

arly interpolated temperature values for the missing beds

so as not lose more ostracod size data in analyses that

include both size and temperature. To assign a tempera-

ture value to beds with missing data, we calculated the

mean temperature of the two beds before and after the

missing sample. Where there were several beds with miss-

ing data between two beds with temperature estimates,

we divided the temperature difference between the two

beds with data by the number of missing beds between

them plus 1, and used the result as the temperature dif-

ference between the consecutive beds. To preserve the

maximal amount of ostracod size data in analyses, we also

extended the sample sizes of the temperature data for

each bed, as there were many fewer temperature observa-

tions than size measurements. For this purpose, we simu-

lated normally distributed data based on the mean and

standard deviation of the calculated temperature of each

bed, but with the sample size of the body size data. For

beds, where the mean temperature was interpolated

between beds with data, we assigned the mean of the

standard deviations of all sampled beds, as their standard

deviation for the simulation step. Both, the original tem-

perature data as well as the interpolated data, which were

used for analyses, can be seen in Figure 1A. The gradual

warming from 1.5 m below the extinction horizon culmi-

nates in a rapid increase in temperature across the extinc-

tion. After a temperature drop from 0.88 to 1.16 m, the

temperature values quickly return to their higher levels

and stay steadily high until the records end at 2.88 m.

To correlate ostracod body size patterns with changes

in primary productivity, we reverse engineered carbon

isotope data (Fig. S2) from Gliwa et al. (2020) using

WebplotDigitizer (Rohatgi 2022). Corrected-in-bin diver-

sity (Alroy 2008) was calculated using the divDyn func-

tion from the R package divDyn (v.0.8.1; Kocsis et al.

2019, 2021), in order to assess whether body size changes

of ostracods were impacted by the diversity, and by

extension the competition for resources (e.g. disaster

taxa) (Fig. S2).

To investigate whether body size is correlated with the

aforementioned palaeoenvironmental proxies, we first

tested for correlation between the independent variables

using corrplot (v.0.92; Wei & Simko 2021). Based on the

F IG . 4 . Areaplot of the relative abundances of the four ostra-

cod orders (Podocopida, Platycopida, Palaeocopida, Myodoco-

pida) for all sampled beds in the Aras Valley section.
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results we discarded δ13C, which shows a high negative

correlation (�0.75) with the estimated ambient tempera-

ture (Dormann et al. 2013) (Fig. S3), and proceeded

using only the estimated ambient temperature of the

ostracods and corrected sampled-in-bin richness

(Alroy 2008, Kocsis et al. 2019).

We ran a general linear model (glm) with a Gaussian

error distribution and both independent variables (tem-

perature and diversity) on the log-transformed body size

of the full ostracod assemblage and the species F. obunca

and B. ottomanensis, as well as subsets containing only

A-1 specimens of each of these. Because of the significant

temporal autocorrelation of the residuals in these general-

ized linear models, we then used generalized least squares

(gls) models from the nlme package in R (v.3.1-157;

Crawley 2007; Groß 2010; Pinheiro et al. 2021) for the

same subsets. This function allows for the implementation

of an autoregressive (AR or p) and moving average (MA

or q) component to correct for specific temporal autocor-

relation in our data:

log body-sizeð Þ ∼ temperatureþ diversity, correlation p, qð Þ

To find the appropriate autoregressive (p) and moving

average (q) variables for the gls models, we tested models

with either variable from 0 to 5 on the full model, which

contains both temperature and diversity as variables. The

best p and q variables for the assemblage all (p = 5,

q = 5), assemblage A-1 (p = 2, q = 3), F. obunca all

(p = 1, q = 1), F. obunca A-1 (p = 1, q = 1),

B. ottomanensis all (p = 2, q = 3) and B. ottomanensis A-

1 (p = 0, q = 0) models were chosen by determining the

model with the lowest BIC (Table S2). We consistently

used these autoregressive and moving average variables in

the null model, the single variable models (temperature

or corrected in-bin-diversity, respectively), and the full

model with temperature and diversity. For each subset of

the data (assemblage, assemblage A-1, F. obunca, F. obunca

A-1, B. ottomanensis, B. ottomanensis A-1), the most parsi-

monious of those models for each group was determined by

both AIC (Wagenmakers & Farrell 2004) and BIC, which

agreed in all instances (Table S3). All statistical analyses were

conducted in R (v.4.2.0; R Core Team 2013).

RESULTS

Species turnover drives post-extinction assemblage body size

increase

Three significant changes in the median body size of the

ostracod assemblage between successive conodont zones

were recognized in the Aras Valley section (Fig. 3). One

occurs below the extinction horizon, one coincides with

the extinction horizon and one is above the Permian–Tri-
assic boundary. These changes are largely due to body size

fluctuations within the surviving species, except for the

size increase at the extinction horizon, which is due to a

complete species change without survivors (Fig. 3,

Table S1).

The first significant reduction in body size occurs at

the turn from the Clarkina yini to the Clarkina abadehen-

sis Zone (ΔSI = �0.367 log(mm2), p< 0.001). The

median size of the ostracod assemblages does not change

significantly in the highest part of the Paratirolites Lime-

stone at the transition from the Clarkina abadehensis

Zone to the Clarkina hauschkei Zone. However, the tran-

sition from the C. hauschkei to the Hindeodus

praeparvus –Hindeodus changxingensis Zone (which coin-

cides with the main EPME pulse) shows a sudden and

highly significant increase in size (ΔSI = +0.542 log

(mm2), p< 0.001) with a complete species change

(Fig. 3). The newly occurring species have significantly

larger carapaces than the species that disappear in this

horizon. Within the Aras Member, almost only species

occurring in both conodont zones contribute to a slight

but insignificant increase in median assemblage size

(ΔSI = +0.263 log(mm2)). At the transition to the Hin-

deodus parvus Zone (= Permian–Triassic boundary), there

is almost no species turnover in the ostracod assemblage.

The surviving species decrease slightly in body size

(ΔSI = �0.217 log(mm2)), but this is also not a signifi-

cant change (Fig. 3). At the transition from the Hindeodus

parvus Zone to the Isarcicella staeschei Zone, there is

another, significant, decrease in body size (ΔSI = �0.519

log(mm2), p< 0.001), mainly caused by a decrease in

median size within species and the disappearance of some

of the species from the samples. Body size remains con-

stant in the following conodont zone.

When assessing changes between consecutive beds (sam-

ples), the median assemblage body size is fairly stable

throughout the Paratirolites Limestone (Fig. 1B). The first,

marginally significant size increase, occurs across the

extinction horizon (ΔSI = +0.770 log(mm2), p = 0.012).

Between 1.71 and 2.55 m, there are three consecutive signif-

icant size fluctuations (1.71–1.85 m: ΔSI = 0.703 log(mm2),

p = 0.001; 1.85–2.27 m: ΔSI = �0.549 log(mm2), p <

0.0001; 2.27–2.55 m: ΔSI = 0.562 log(mm2), p = 0.001).

Two more significant size decreases occur from 2.88 to

3.10 m (ΔSI = �0.554 log(mm2), p = 0.001) and from 4.15

to 4.50 m (ΔSI = �0.736 log(mm2), p = 0.028) (Fig. 1B).

After correcting for temporal autocorrelation, this pat-

tern shows a slightly positive, marginally significant corre-

lation with the corrected in-bin-diversity (p = 0.048)

(Table S3). This positive correlation with diversity still

holds, when testing for the correlation of the body size of

only A-1 specimens of the assemblage with palaeoenvir-

onmental proxies (Table S3).
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Changes in assemblage composition

We recognized several changes in the relative abundance

data of the ostracod orders in the data (Fig. 4). Below the

extinction horizon, representatives of the order Podoco-

pida make up 100% of the ostracod assemblage in every

bed except at �3.30 m, the only bed where the order

Myodocopida constitute almost half of the assemblage.

The bed above the extinction horizon (0.05 m) marks the

beginning of a period of volatility in the composition of

the assemblage with the appearance of other ostracod

orders. The 0.05 and 0.15 m layers are still dominated by

the order Podocopida (97% and 100%, respectively). At

0.28 m, the Palaeocopida become abundant (31%), and

the order Platycopida occurs for the first time. From 0.45

to 1.20 m, the Platycopida dominate in most samples, in

some they make up 100% of the ostracods. From 1.38 m,

the order Podocopida again dominates the ostracod col-

lection with some minor (<17%) occurrences of platyco-

pids and palaeocopids up to the sample at 3.10 m. From

sample 3.25 m upwards, the composition of the assem-

blage returns to the same pattern as below the extinction

horizon, with the order Podocopida accounting for 100%

of the ostracods (Fig. 4).

As the Podocopida are mainly considered to be detriti-

vores and grazers, while the platycopids and palaeocopids

are interpreted as suspension feeders (e.g. Whatley 1991),

these changes in the orders’ relative abundances imply a

change in the dominant feeding strategy in the studied

section. Detritivorous podocopids dominate the samples

until just above the extinction horizon and above the

Aras Member. However, suspension-feeding palaeocopids

and platycopids occur after the disappearance of podoco-

pids slightly above the extinction horizon and dominate

the assemblage from sample 0.45 m to the middle of the

Aras Member (Figs 1C–D, 4). Suspension feeders are still

present in the upper half of the Aras Member, but in

much lower proportions than the Podocopida, which

dominate the assemblage again later on.

Short-lived post-extinction assemblage of podocopids

The major changes in the assemblage composition, or

dominating ostracod orders, coincide with distinct body

size changes in the order Podocopida. Within this order,

there is a significant size increase across the extinction

horizon (Fig. 1C), where the median body size increases

from �2.399 log(mm2) to �1.650 log(mm2) (p = 0.021).

The next significant size change in the podocopids is a

size decrease from the samples 0.28 to 0.88 m (ΔSI =
�0.715 log(mm2), p< 0.001). This is later followed by

significant median body size fluctuations within the

Podocopida between 0.060 log(mm2) and 0.133 log(mm2)

from 1.52 m above the extinction horizon to the top of

the boundary clay at 2.55 m (1.52–1.71 m: ΔSI = �0.713

log(mm2), p< 0.0001; 1.71–1.85 m: ΔSI = +0.796 log

(mm2), p< 0.0001; 1.85–2.27 m: ΔSI = �0.547 log(mm2),

p< 0.0001; 2.27–2.55 m: ΔSI = 0.542 log(mm2),

p = 0.002). Between 2.88 and 3.10 m, there is a last highly

significant decrease in podocopid median body size from

�1.337 log(mm2) to �1.897 log(mm2). After this, the size

index stays between �2.414 log(mm2) and� 2.145 log

(mm2) for the rest of the sampled interval, with only a

marginally significant decrease in size between 4.15 and

4.50 m above the extinction horizon.

As podocopids make up the majority of the ostracod

assemblage during the warming interval, we rely on the

results of the gls models of the full assemblage, which

show that assemblage mean size is not correlated with

temperature or diversity (Fig. 4; Table S3).

The first assemblage above the extinction horizon con-

sists of 12 podocopid species, all of which only occur up

to about 0.60 m above the extinction horizon, where

podocopid body size returns to pre-extinction levels. Of

these 12 species, including two species of the extinction

horizon-crossing genus Fabalicypris, six have significantly

larger carapaces than the others (Fig. S5; Table S6). These

are the two Fabalicypris species F. cf. minuta and

F. veronicae, as well as Kempfina qinglaii, Kempfina sp. 1,

Kempfina sp. 2, and Iranokirkbya brandneri (Fig. S5;

Table S6). While most species are rare immediately above

the extinction horizon, with abundances below 20 indi-

viduals per species, three of these large species (Fabalicy-

pris cf. minuta, F. veronicae, Kempfina qinglaii) are very

abundant, with numbers of specimens ranging from 40 to

50 only 0.15–0.28 m above the extinction horizon. In

Fabalicypris cf. minuta and Fabalicypris veronicae, almost

all instars are present at 0.15 and 0.28 m, resembling

the instar abundance pattern of moderate energy autoch-

thonous thanatocoenosis (Boomer et al. 2003) (Fig. S4).

This indicates that these species are still acceptable

palaeoenvironmental indicators (Boomer et al. 2003).

These large and abundant species drive the significant

increase in the mean body size of podocopids across the

extinction horizon.

No dwarfing within the species

For the species-level and instar-level analysis of the two

most abundant podocopid species in the Aras Valley sec-

tion, we used a quantitative method for classifying instars

that is robust against inconsistent sampling. These are

F. obunca, which occurs up to the extinction horizon, and

B. ottomanensis, which emerges 0.75 m above the extinc-

tion horizon and reaches the top of the studied section

(Fig. 2). In F. obunca, the chosen model classes the largest
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instar (adults) around a mean length of 0.77 mm and

width of 0.33 mm, A-1 has a mean length of 0.64 mm

and width of 0.28 mm, A-2 has a mean length of

0.53 mm and width of 0.24 mm, A-3 has a mean length

of 0.43 mm and width of 0.20 mm, and A-4 has a mean

length of 0.35 mm and width of 0.18 mm. All consecutive

instar clusters are separated by a growth factor around

1.2 (1.15–1.23), which is typical for ostracod growth,

making this model a credible fit for the instars of this

species (Fig. S1). The mean length and width of the

six B. ottomanensis instars are as follows: A (length =
0.92 mm; width = 0.53 mm), A-1 (0.73 mm; 0.43 mm),

A-2 (0.64 mm; 0.38 mm), A-3 (0.57 mm; 0.34 mm), A-4

(0.47 mm; 0.28 mm), A-5 (0.35 mm; 0.22 mm) (Fig. S1).

The growth factor between consecutive instars in this spe-

cies is less consistent, ranging from 1.12 to 1.32. Gliwa

et al. (2021) suspected sexual dimorphism in

B. ottomanensis. However, this should not affect our ana-

lyses, as the adults resulting from the clustering model in

this study overlap exactly with the specimens identified as

adults by Gliwa et al. (2021).

The within-species body size of F. obunca is stable

throughout its occurrence in the section, showing no sig-

nificant changes between consecutive beds (Fig. 1E). The

most parsimonious of the generalized least squares

models for the body size pattern of all specimens of

F. obunca model contains a slight, positive correlation

with corrected in-bin-diversity (value = 0.058, p = 0.313)

(Table S3) after correcting for the temporal autocorrela-

tion of all variables. However, the correlation between

body size and diversity is not significant.

Even though the instar body sizes of F. obunca seem to

become more variable after 1 m below the extinction

horizon, there are no significant bed-to-bed body size

changes in any instar (Fig. 5). This is confirmed in the

trend detection of the instar body sizes in F. obunca,

which show no directional trend in their body size pat-

tern. For the adults (A), as well as A-3 and A-4 of

F. obunca, the unbiased random walk and stasis model

are the most parsimonious to explain the body size

trends. Both models consistently show the same results

for those three instar stages (Table S5). For the A-1 speci-

men body size, stasis is the best trend model, and for A-2

body size the unbiased random walk shows the best

results (Table S5). Additionally, the most parsimonious

generalized least squares model of instar A-1 of F. obunca

is the null model indicating that the correlation with

diversity in the full species body size pattern is probably

impacted by evenness of sample sizes, which determine

the availability of instars (Fig. 2).

The median species body size of B. ottomanensis oscil-

lates, especially with two consecutive significant body size

changes between the beds at 1.51 and 1.85 m (Fig. 1E).

However, the changes in instar sizes of B. ottomanensis

are insignificant, except for a size decrease in the median

size of instar A-3 above the Permian–Triassic boundary

from 2.88 to 3.10 m (ΔSI = �0.133 log(mm2), p = 0.005).

As such a change cannot be observed in the other instars

(Fig. 5), the body size fluctuations of the species are

probably caused by varying abundances of instars (e.g.

adults). The trend analysis of the individual instar size

patterns of B. ottomanensis shows that in the adults, A-2

and A-5, the stasis and the unbiased random walk model

are the most parsimonious and perform equally well

(Table S4). The body size of A-2 shows a stasis pattern,

while the best model for instars A-3 and A-4 is the unbi-

ased random walk (Table S4). This indicates that none of

the instars of B. ottomanensis show a directional body size

trend. Additionally, neither the full species body size pat-

tern, nor the body size of the instar A-1 of this species

correlates significantly with either, available temperature

data or sampled-in-bin diversity (Table S3).

DISCUSSION

Ostracod survival

In the Aras Valley section, the end-Permian extinction

horizon coincides with the peak of a gradual increase in

F IG . 5 . Body size patterns (Median +MAD) of the individual

instars of F. obunca (green) and B. ottomanensis (blue) through

the Aras Valley section. Adults (A) at the larger end in darker

shades, with instars becoming progressively younger towards the

left (lighter shades).
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calculated ambient temperature of c. 12°C (Gliwa

et al. 2022) (Fig. 1A). This coincides with a complete spe-

cies turnover of the ostracod assemblage at the base of the

Aras Member with none of the pre-extinction species being

sampled above the extinction horizon (Fig. 3). This is very

different from most other Permian–Triassic boundary sec-

tions, which typically show higher survival rates, but lower

diversity in the immediate post-extinction phase (Crasquin

& Forel 2014; Forel et al. 2015; Gliwa et al. 2021). However,

considering the abundance of ostracods in the samples

below the extinction horizon and the general resilience of

ostracods in high-temperature environments (Wickstrom &

Castenholz 1971; Song et al. 2014), we think that warming

was not the sole cause of these species’ disappearance.

Instead, we suggest climate warming as the ultimate cause of

the ostracod extirpation in the Aras Valley section. A tem-

perature rise often triggers cascading effects, such as the col-

lapse of food webs, which probably more proximately

contributed to the habitat becoming unsuitable for the spe-

cies that were present before the change.

Thriving podocopid assemblage drives size increase

The stable median body size of the full ostracod assemblage

during the gradual warming period leading up to the mass

extinction horizon (Fig. 1B) is very different from the

incremental decrease in body size of ammonoids in the

same area (Kiessling et al. 2018). In the ammonoids, this

decrease is caused by a size-selective step-by-step assem-

blage turnover, with the new, smaller taxa dominating (Lil-

liput Effect s.l.) Instead of the Lilliput Effect we expected,

the ostracod assemblage in the Aras Valley section shows a

post-extinction body size increase along with the turnover

coinciding with the extinction horizon (Figs 1B, 3). This is

driven by the occurrence of a completely new and diverse,

but very short-lived, podocopid assemblage of which six

species are characterized by significantly larger carapaces

than co-occurring species. As the correlation of assemblage

body size with diversity is only marginally significant

(Table S3), and range-through diversity values are not

available for just above the extinction horizon, we exclude

the possibility of this being a typical low-diversity, high-

stress assemblage. The even sampling of all available instars

(Fig. S4) in many of the present species also indicates that

these assemblages have not experienced a high level of

post-mortem transport and can be used as a good and well-

preserved indicator of the palaeoenvironment (Boomer

et al. 2003). Finally, the high abundances of some of these

species imply that this is not a struggling survival assem-

blage as seen in other sections, but a stable recovery assem-

blage (Crasquin & Forel 2014).

The majority of the species with large carapaces in

this short-lived assemblage, including two abundant

Fabalicypris species, belong to the family Bairdiidae; they

are adapted to many environmental conditions, from

restricted to open marine settings, but usually with stable

salinity and oxygen conditions (Melnyk & Maddocks 1988;

Forel et al. 2013, 2019). They dominate the survival

assemblages after the end-Permian extinction in many

places, such as the nearby Elikah River section (Crasquin

& Forel 2014).

After the extinction event, the establishment of species

with large individuals might have been favoured by vari-

ous factors (Brown & Maurer 1986; Kingsolver & Pfennig

2004). For example, if many larger predatory organisms

disappeared as a result of the environmental crisis, preda-

tion pressure would have been minimized and primary

consumers such as ostracods could have expanded their

abundance (Forel 2013). In addition, the metabolism, and

thus food utilization, of larger organisms can often be

more efficient than in smaller species (Brown &

Maurer 1986). It was probably a combination of the

advantages of larger body size, favourable oxygen condi-

tions in the Aras Valley section, and the adaptability of

species of the family Bairdiidae to different environments

that enabled this distinctive transitional assemblage to

establish itself quickly in a newly vacated space and best

utilize the available food resources.

Suspension feeders dominate post-extinction

Although the assemblage in the lowermost part of the

Aras Member is diverse, it is very short-lived and reverts

to species with smaller carapaces about 0.60 m above the

extinction horizon. This transition in the lower part of

the Aras Member is characterized by a change from dom-

inant detritivorous podocopids to suspension-feeding pla-

tycopids (Figs 1C, D, 4). This pattern was often referred

to as the ‘platycopid signal’ in the ostracod literature

(Whatley 1991; Brandão & Horne 2009; Horne et al.

2011). The dominance of platycopid ostracods was origi-

nally interpreted as a marker for dysoxic conditions (e.g.

Whatley 1991), but other studies suggested it is rather

caused by oligotrophic conditions (Horne et al. 2011).

Most of these studies were, however, not based on quan-

titative testing. Our discussion and interpretations are

based on the most recent facies analysis of the Aras Valley

section, which bears no lithological or ecological signs of

dysoxia (Gliwa et al. 2020). Detailed investigation of the

‘platycopid signal’ and its cause, however, is beyond the

scope of our study, therefore we do not want to read a

specific environmental signal into this shift in relative

abundance in the feeding strategy of ostracods. However,

we assume that it is related to the full range of environ-

mental and ecological changes brought about by the

warming and mass extinction at this time.
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Limitations with assigning fossil ostracod instars

Regarding the interpretation of body size at the instar level,

we would first like to address the conservative nature of

our method for clustering instar elements, which might

lead to the assumption that insignificant changes in body

size are to be expected in instar elements. Although our

method assumes relative stability of instar body sizes,

we observed an isolated significant size change within instar

A-2 of B. ottomanensis (Fig. 5). This has no obvious ecolog-

ical significance, but shows that significant fluctuations in

instar body size can be observed with our method. How-

ever, in the case of sudden and extreme changes in body

size, where individuals decrease to the size of the next smal-

ler instar, our method would simply place these individuals

in the smaller instar group. Forel et al. (2015) described this

pattern of extreme dwarfing in two Permian–Triassic ostra-
cod species of the genera Basslerella and Bairdia, which we

think might have been inferred by the methodology.

Despite the small sample size, especially in the upper sec-

tion studied (Early Triassic), they consistently classified the

largest occurring instars as adults and the smaller groups as

successively decreasing instars. Given the small sample size,

we argue that the assumption of equal sampling of all

instars in each time unit, and thus the observed body size

pattern, is unlikely. In our data set, which has a much

larger sample size over a longer time scale, adults are regu-

larly sampled, although not at every horizon, and the adults

of the two most abundant species have a constant body size

(Fig. 5).

No TSR in the studied ostracod species

The instars of B. ottomanensis do not change in size

(Fig. 5), nor track or correlate with diversity, temperature

or δ13C (Tables S3, S4). Putting aside the unlikely con-

cerns about the instar classification method, and because

most instars are sampled throughout (Fig. 2), this might

indicate that the changes in the full species body size are

more likely to be signs of changes in the abundance of

instars (e.g. adults), rather than actual signs of morpho-

logical adaptation.

The stable body size of F. obunca (Fig. 5), the species

that lived through the gradual warming leading up to the

rapid temperature increase that culminates in the extinc-

tion, is probably the most notable result of this study.

Due to the high degree of warming towards the extinc-

tion horizon in the Aras Valley section, we expected a

correlating body size decrease in F. obunca, according to

the TSR in ectotherms. However, the body size of

F. obunca and its instars is stable and the most parsimo-

nious model indicates, that the full species’ body size only

correlates slightly with diversity (Table S3), an effect that

disappears when testing for it in a single instar. The effect

of diversity on the body size of F. obunca is also low and

not significant, suggesting that the variables we used

might generally be badly fit for explaining this species’

body size. The lack of correlation with temperature

could lead to the assumption that F. obunca was

simply not at all sensitive to the temperature increase in

the end-Permian. Even though ostracods are known to be

especially resilient to high temperatures (Wickstrom &

Castenholz 1971; Song et al. 2014), they still experience

large-scale extinction events during hyperthermal crises,

including the end-Permian (e.g. Crasquin & Forel 2014).

Certain factors may have helped buffer species against the

damaging effects of warming. For example, F. obunca

might have been protected from shrinking, if its ecologi-

cal niche was especially broad (Deutsch et al. 2022). But

even in ecologically specialized organisms, oxygen supply,

as well as nutrition are limiting factors for growth during

warming intervals. If the organism can increase its nutri-

ent intake according to its increased demand through

warming increased metabolism, it may be able to offset

the warming-induced growth limitations (Sheridan &

Bickford 2011). This might be a possibility in the Aras

Valley section, as there are no signs of hypoxic conditions

or a pre-extinction carbon cycle collapse during the end-

Permian. However, even if the species might have

been somewhat protected from catastrophic effects, we

reject the assumption that F. obunca was resistant to the

increasing temperatures, as the species becomes regionally

extinct along with the other ostracod species at the

extinction horizon (Gliwa et al. 2021).

All aspects considered, we conclude that F. obunca was

probably sensitive to the vastly increasing temperatures,

but that its adaptation strategy might not have included

processes that result in a decreased body size. This could

possibly point toward a process seen in experimental

studies on some modern ostracods. These benthic ostra-

cods show no decrease in the body size of instars, but

instead an accelerated growth between developmental

stages as a typical response to increasing ambient temper-

atures (Aguilar-Alberola 2013; Liberto et al. 2014). How-

ever, even though we consider this to be a possible

scenario, testing it is unfortunately not possible using fos-

sil ostracod data.

CONCLUSION

This is the first quantitative study directly relating fossil

ostracod body sizes with their ambient temperature

instead of vaguely indicative regional or global tempera-

ture proxies, to test for the presence of the TSR. Our

results suggest that ostracods across the end-Permian Aras

Valley section in Iran do not decrease in body size, both
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inter- and intraspecifically. Instead, ostracod species with

larger individuals settle shortly after the end-Permian mass

extinction. We do not interpret this as a sign of immunity

to thermal stress, as ostracods did experience an extinction

event when temperatures reached a certain level. Instead,

we discuss how the ostracods in this location might be

exceptions to the TSR, instead using a mechanism to cope

with thermal stress which does not involve a reduction in

body size. A similar process can be observed in several

recent experimental ostracod studies. Our results clearly

show that the TSR is not as general as previously assumed,

and that the ostracods in the Aras Valley section in Iran

are an example of an exception to the rule. To find out

whether the shrinking response of certain marine ecto-

therms can be used as a proxy for deteriorating environ-

mental conditions, including warming, we need to further

investigate patterns in traits that determine, which organ-

isms show this specific morphological adaptation to warm-

ing and which do not. Gaining this knowledge will be vital

for the proper interpretation of early warning signs for cat-

astrophic climate impacts in the marine realm.
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