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A B S T R A C T   

The Early Jurassic Jenkyns Event (or Toarcian Oceanic Anoxic Event T-OAE) was an episode of global warming 
and C-cycle perturbation that affected both marine and terrestrial ecosystems, but the interplay between climate 
change and vegetation is not established in detail from sections outside of Europe. Here, abundance changes in 
spore-pollen assemblages from the lacustrine Anya succession in the Ordos Basin (North China) reveal a unique 
record of vegetation dynamics during the Jenkyns Event. Plant communities responded to the event with 
biodiversity losses and the reorganization of gymnosperm-dominated forests. Community-level shifts are 
observed from the Pliensbachian–Toarcian boundary, but the onset of the negative carbon excursion (NCIE) that 
marks the event is coeval with the most significant turnover: a switch from a high-diversity vegetation with 
conifers, seed ferns, cycads, bennettites and ferns to drought-adapted low-diversity flora with Cheirolepidiaceae. 
The demise of forests and lowland mire biomes resulted in deforestation with increased weathering and soil 
erosion that exacerbated the terrestrial ecosystem crisis already under stress from rising temperatures. Terrestrial 
recovery was initiated before the end of the Jenkyns Event with the resurgence of pioneer ferns and lycopsids 
that colonized disturbed habitats. Plant assemblages signal aridification at the onset of the event with frequent 
climatic oscillations and extreme weather patterns during the event itself. The main NCIE phase was preceded by 
a short-lived cooling phase in the earliest Toarcian. In the aftermath of the NCIE, Cheirolepidiaceae forests 
declined and a more stable biome developed with seed ferns and various conifers. This was contemporaneous 
with delta development and shallowing of the lake surrounded by lowland mires with ferns, clubmosses and 
horsetails. Comparison of floral patterns across the Jenkyns Event show that, although Cheirolepidiaceae 
dominated the event globally, there were differences in vegetation response between coastal and inland areas, 
and recovery patterns might differ regionally.   

1. Introduction 

Mesozoic hyperthermal events such as the Jenkyns Event (Müller 
et al., 2017; Reolid et al., 2020), also known as the Toarcian Oceanic 
Anoxic Event (T-OAE, ~183 Ma), provide examples from deep time on 
how marine and terrestrial ecosystems respond to geologically rapid 
warming (e.g., Zhang et al., 2023a). The Jenkyns Event was coincident 
with a significant global C-cycle perturbation and a cascade of envi
ronmental changes such as global warming (Bailey et al., 2003; Rueb
sam et al., 2020a; Ullmann et al., 2020), a rapid increase of atmospheric 
pCO2 (up to 1200 ± 400ppmv; e.g., McElwain et al., 2005; Ruebsam 

et al., 2020b), increased storminess (Krencker et al., 2015), changes in 
wildfire activity (Hesselbo et al., 2000; Baker et al., 2017; Qiu et al., 
2023), and enhanced chemical weathering (Dera et al., 2009). The cli
matic instability during the Jenkyns Event was driven by injection of 
isotopically light carbon into the exogenic C-cycle, as evidenced by a 
globally synchronous negative carbon isotope excursion (NCIE) (Jen
kyns, 1988, 2010) that may have lasted for up to ~1200 kyr (e.g., Suan 
et al., 2008; Boulila et al., 2019; Ruebsam et al., 2023). The environ
mental perturbations have been attributed to the emplacement of the 
Karoo and/or Ferrar Large Igneous Provinces (Pálfy and Smith, 2000; 
McElwain et al., 2005), orbitally paced CH4 emissions from marine gas 
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hydrates (Hesselbo et al., 2000; Kemp et al., 2005), permafrost thawing 
(e.g., Ruebsam et al., 2019) or massive decomposition of terrestrial 
organic matter (Pieńkowski et al., 2016; Them et al., 2019). 

The event not only precipitated a substantial decline/turnover of 
marine biota (e.g., Little and Benton, 1995; Caruthers et al., 2013) but 
also induced marked changes in terrestrial ecosystems (Pieńkowski 
et al., 2016; Slater et al., 2019; Reolid et al., 2022). Prominently, high 
heavy metal loadings from volcanism and terrestrial recycling (Them 
et al., 2019; Jin et al., 2022) may have poisoned both marine and 
terrestrial ecosystems (Baranyi et al., 2023). Mutagenic changes in land 
plants from heavy metal toxicity are evidenced by the presence of 

aberrant spore-pollen morphologies signalling reproductive stress and 
decreased fitness in several plant groups during the Jenkyns Event 
(Baranyi et al., 2023). 

Palynology is a key tool for understanding past vegetation, 
ecosystem and climatic changes (e.g., Birks et al., 2016). The interval of 
the Jenkyns Event is marked by the globally recorded acme of the 
thermophilic Cheirolepidiaceae conifers producing Classopollis pollen 
(Fig. 1) and the culmination of a poleward expansion of the tropical 
Cheirolepidiaceae-biome (Vakhrameyev, 1991; Zakharov et al., 2006; 
Slater et al., 2019) that began at the Pliensbachian–Toarcian boundary 
(Vakhrameyev, 1991; Slater et al., 2019). Some work has provided 

Fig. 1. Geological setting of the Anya section within the Ordos Basin (China) and background climatic conditions on the North China Block during the early Toarcian. 
A. Early Jurassic paleogeographic reconstruction showing the position of the Karoo and Ferrar Large Igneous Provinces (LIP) in Gondwana and climatic belts after 
Dera et al. (2009). Redrawn from Font et al. (2022). The location of the Ordos Basin on the North China Block is marked with an asterisk. B. Early Toarcian climate 
belts in China and associated climate indicators. Modified from Deng et al. (2012, 2017) and Zhang et al. (2020a). The location of the Anya section within the Ordos 
Basin is marked with an asterisk. C. Characteristic palynological assemblages during the Jenkyns Event NCIE in Eurasia showing the proliferation of Classopollis. Data 
come from Zakharov et al. (2006), Slater et al. (2019), Correia et al. (2018), Wang et al. (2005) and Zhang et al. (2022a) integrated with the present data. Percentage 
data from Siberia is only an estimate based on the semiquantitative distribution of the palynomorphs assigned to plant groups. Map redrawn from Xu et al. (2017). D. 
Lithostratigraphy and facies evolution of the Anya succession with the position of the palynological samples shown. Redrawn from Li et al. (2023). Organic carbon 
isotope (δ13Corg) and total organic carbon (TOC) variations in the Anya section are from Jin et al. (2020, 2022). [2-column fitting]. 
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palynological data across the Jenkyns Event (Fig. 1) showing a decrease 
in seed-fern, cycadophyte and pteridophyte abundances, but most 
existing data are paleogeographically limited to primarily the Western 
European Tethys (e.g., Bucefalo Palliani, 1997; Bucefalo Palliani and 
Riding, 1997; Baranyi et al., 2016; Rodrigues et al., 2016; Correia et al., 
2018) and epicontinental realms (Pieńkowski et al., 2016; Slater et al., 
2019; Galasso et al., 2021, 2022). Records from terrestrial settings 
where vegetation changes may be best reflected are scarce. As such, 
Lower Jurassic continental lacustrine successions such as the Anya 
section in the northern part of the Ordos Basin, China (Jin et al., 2020, 
2022; Li et al., 2023) are useful for tracking vegetation changes where 
the terrestrial palynomorphs are not diluted by marine phytoplankton, 
and can provide detailed insights into the interplay between plant 
communities and terrestrial ecological disturbances. Here we present a 
high-resolution quantitative palynological dataset from the sedimento
logically and geochemically well-constrained Anya section (Jin et al., 
2020, 2022; Baranyi et al., 2023; Li et al., 2023) in order to track 
changes in vegetation assemblages across the Jenkyns Event, and 
reconstruct the effects of climatic and environmental perturbations on 
land plant communities. 

2. Geological background and the Jenkyns Event in the Ordos 
Basin 

The Ordos Basin is located in the western part of the North China 
Block (Fig. 1) and is the largest Mesozoic coal and inland petroliferous 
basin in China, with an area of about 320,000 km2

. Except for minor 
marine deposits in the Early Triassic, continental lacustrine sedimenta
tion prevailed during the entire Mesozoic (Huang et al., 2008). During 
the Early Jurassic, the Ordos Basin was located at sub-tropical latitudes 
and formed an endorheic lake system (Cheng et al., 1997; Jin et al., 
2020). The Fuxian Formation in the Anya area mainly consists of black 
shales, silty shales, grey mudstones and quartz sandstones, and is sub
divided into six facies types, including an upward shallowing succession 
with alluvial fan, lakeshore, delta, deep lake, shallow lake and fluvial 
environments (Fig. 1). 

The Anya section at 38◦ 24′ 00″ N; 110◦ 11′48″ E (Fig. 1, S1) is located 
in the northeastern part of the Ordos Basin, 40 km NE of Yulin City. It 
records a lake expansion followed by delta progradation and a shal
lowing phase during the latest Pliensbachian–early Toarcian (Ge et al., 
1989, 1991; Jin et al., 2020). The palynological assemblage at Anya 
correlates to the Australasian Corollina (Classopollis) torosa Oppel Zone 
spanning from the Hettangian to early Toarcian (Reiser and Williams, 
1969; Helby et al., 1987) with typical Pliensbachian–Toarcian palyno
floral elements e.g., Ischyosporites variegatus, Contignisporites problem
aticus, C. dunrobinensis, Kraeuselisporites reissingeri (see Jin et al., 2020 
for detailed palynostratigraphy). Preliminary non-quantitative palyno
logical analysis was performed by Yan (1992) in the Anya area. Plant 
macrofossils found previously in the Fuxian Formation are represented 
mainly by ginkgophyte leaves (Ginkgoites marginatus, Baiera furcatata, 
Sphenobaiera huangii, S. leptophylla, S. spectabilis), ferns (Todites, Con
iopteris, Phlebopteris, Hausmannia), but remains of seed ferns (Stenopteris 
dinosaurensis), Czekanowskiales (Czekanowskia rigida, C. setacea, C. 
fuguensis), and conifers (Elatocladus, Podozamites, Paleoconiferus, Proto
coniferus, Pseudopinus piceites) were also recorded (Huang and Zhou, 
1980; Ge et al., 1989). However, these remains have not been studied 
extensively. 

A broad NCIE is recorded in the Fuxian Formation at the Anya sec
tion, spanning from 9.6 m to 22.6 m, across a transition from black 
shales to dark grey mudstones (Jin et al., 2020, 2022). This NCIE cor
relates with the globally synchronized Jenkyns Event carbon cycle 
perturbation, as corroborated by the palynostratigraphical assignment 
of the section (Jin et al., 2020). The magnitude of the NCIE in bulk 
organic matter carbon isotopes (δ13Corg) is − 12.5‰ and occurs coevally 
with a − 11.3‰ NCIE in long-chain n-alkanes (Jin et al., 2020). 

3. Material and methods 

A total of 41 samples were studied across a 27 m thick interval of the 
Anya succession (Fig. 1D). The palynofacies dataset was presented in Jin 
et al. (2022), and the palynological counts for three samples out of the 
41 were shown in Jin et al. (2020). Palynological sample preparation 
followed the protocol of Moore et al. (1991). For detailed description of 
laboratory procedure and data production see the Supplementary Ma
terial. Local palynological assemblages were distinguished by strati
graphically constrained cluster analysis (CONISS) built in Tilia/ 
TiliaGraph based on datasets of at least 300 counted palynomorphs per 
sample (Grimm, 1987). The Simpson’s Diversity Index (Simpson’s 
Index) was calculated with PAST 4.10 (Hammer et al., 2001). The value 
of this index ranges from 0 to 1, with higher values denoting more 
diverse communities where taxa are more evenly represented. For 
paleovegetation reconstruction, the palynomorphs were categorized 
according to their known or probable parent plant affinities, which 
largely depends on the relationship between in situ palynomorph find
ings and recent analogies from the nearest living relative. A modified 
Mesozoic Eco-Plant model (Zhang et al., 2020b, 2021) and the Spor
omorph Ecogroup model (SEG) of Abbink et al. (2004) was applied for 
tracking paleoclimate and paleoenvironmental variations from the 
palynological assemblages. The SEG model identifies habitats and co- 
existing communities and interprets them in paleoenvironmental 
context, i.e., sea level and climatic changes (explanation of SEG groups 
in the Supplementary Material). The Eco-Plant model is an ecogroup 
classification used in modern vegetation studies that takes into consid
eration the relations between plants and climatic factors such as water 
availability, temperature, and light (explanation of ecogroups in the 
Supplementary Material), and groups palynomorphs into various EPH 
(effect of humidity) and ETH (effect of temperature) categories (Wang 
et al., 2005; Zhang et al., 2021). 

Multivariate ordination performed on the abundance data of selected 
spore-pollen taxa is used as a tool for illustrating the relationship be
tween variables (taxa) and hypothetic environmental gradients repre
sented by the axes of the ordination diagrams (Kovach, 1993; Correa- 
Metrio et al., 2014). Detrended correspondence analysis (DCA) was 
performed on the Anya spore-pollen abundance dataset using PAST 
(Hammer et al., 2001). For the data analysis, raw data values were 
Wisconsin double standardized (Jardine and Harrington, 2008) such 
that each element was divided by its column maximum and then divided 
by the row total in order to account for the influence of sample size and 
to equalize the representation of rare versus very abundant taxa (Zhang 
et al., 2021). 

4. Results 

4.1. Preservation and identification of the palynological material 

The Anya palynological assemblages contain predominantly terres
trial palynomorphs, spores and pollen grains. A total of 61 taxa are 
recorded (Table 1), comprising 22 pollen, 30 spore taxa (Figs. 2–4) and 
three aquatic (marine and freshwater). Six taxa were likely reworked 
from older sediments (Table 1). Palynological raw counts with the 
botanical affinity and known/presumed ecological preferences of the 
taxa are provided in the Supplementary Material (Table S1–S2). Of the 
41 studied samples, nine were barren and seven samples yielded <300 
palynomorph counts per sample after scanning the entire organic 
residue. 

The palynological assemblages in the majority of the samples are 
diverse and contain well-preserved translucent pale green, yellow
–brown sporomorphs. The spore wall coloration index (SCI Batten, 
2002) is 2–5, which indicates low thermal maturity of the organic 
matter, depending on wall-thickness variations between grains and 
ornamentation (Figs. 2–3). Notably, the spore-pollen grains from 24.4 m 
to the top of the section are more heterogenous in pigmentation, with 
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Table 1 
Palynomorph taxa in the Anya section in alphabetical order with full author citation below generic level.  

Spores 
Acanthotriletes midwayensis Pocock, 1964 
Calamospora tener (Leschik,1955) Mädler, 1964 
Camarazonosporites rudis (Leschik, 1955) Klaus, 1960 
Cibotiumspora jurienensis (Balme, 1957) Filatoff, 1975 
Cingutriletes sp. 
Concavisporites toralis (Leschik, 1955) Nilsson, 1958 
Contignisporites dunrobinensis (Couper, 1958) Schulz, 1967 
Contignisporites problematicus (Couper, 1958) Döring, 1965 
Converrucosisporites sp. 
Cyathidites australis Couper, 1953 
Cyathidites mesozoicus (Thiergart, 1949) Potonié, 1955 
Cyathidites minor Couper, 1953 
Deltoidospora sp. 
Dictyophyllidites harrisii Couper, 1958 
Gleicheniidites conflexus Voronova, 1971 
Ischysoporites variegatus (Couper, 1958) Schulz, 1967 
Kraeuselisporites cooksonae (Klaus, 1960) Dettman, 1963 
Kraeuselisporites reissingeri (Harris, 1957) Morbey, 1975 
Leptolepidites verrucatus Couper, 1953 
Lunzisporites sp. 
Lycopodiumsporites sp. 
Manumia delcourtii (Pocock, 1970) Dybkjær, 1991 
Neoraistrickia taylorii Playford et Dettmann, 1965 
Osmundacidites elegans Xu, 1980 
Osmundacidites wellmanii Couper, 1953 
Taurocusporites verrucatus Schulz, 1967 
Todisporites major Couper, 1958 
Todisporites minor Couper, 1958 
Toroisporites minoris (Nakoman, 1966) Sun et He, 1980 
Uvaesporites argentaeformis (Bolkhovitina, 1953) Schulz, 1967  

Pollen grains 
Alisporites parvus de Jersey, 1962 
Alisporites pergrandis (Bolkhovitina, 1956) Ilyina, 1985 
Alisporites robustus Nilsson, 1958 
Araucariacites australis Cookson, 1947 
Chasmatosporites apertus (Rogalska, 1954) Nilsson, 1958 
Chasmatosporites hians Nilsson, 1958 
Chasmatosporites oblongus Shang & Li, 1992 
Classopollis annulatus (Verbitzkaja, 1962) Li, 1974 
Classopollis qiyangensis Shang, 1982 
Cycadopites nitidus (Balme, 1957) de Jersey, 1964 
Cycadopites typicus Pocock, 1970 
Gingkocycadophytus sp. 
Monosulcites minimus Cookson, 1947 
Perinopollenites elatoides Couper, 1958 
Pityosporites scaurus (Nilsson, 1958) Schulz, 1967 
Platysaccus queenslandi de Jersey, 1962 
Podocarpidites sp. 
Protopinus sp. 
Quadraeculina anellaeformis Maljavkina, 1949 
Sciadopityspollenites macroverrucosus (Nilsson, 1958) Schulz, 1967 emend. Gravendyck, 2023 
Sciadopityspollenites thiergartii Schulz, 1967 emend. Gravendyck, 2023 
Vitreisporites pallidus Nilsson, 1958  

Reworked taxa 
Acanthotriletes conicus? Li, 1974 
Conbaculatisporites sp 
Dictyotriletes sp. 
Retitriletes sp. 
Schopfites claviger? Sullivan, 1968 emend. Higgs, Clayton & Keegan, 1988 
Tigrisporites sp.  

Aquatic palynomorphs 
Botryococcus braunii Kützing, 1849 
Circulisporites sp. (Concentricystis, Euglenophyceae) 
Micrhystridium sp.  

Fungal remains 
Diktyothalakos sp.  
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lighter-coloured and more pigmented specimens with darkened spor
oderm (Fig. 2) with dark brown or black colour (SCI 6–7). Darkened and 
pale-coloured taxa are often identical in terms of taxonomy, but some of 
the dark-walled palynomorphs e.g., Acanthotriletes conicus?, Schopfites 
claviger?, are reworked from Triassic or Palaeozoic strata (Fig. S2). 

Aquatic palynomorphs, e.g., freshwater algae Botryococcus braunii 
and Circulisporites sp. (Euglenophyceae, see van de Schootbrugge et al., 
2024), are extremely rare (Fig. 4). Rare specimens belonging to the 
acritarch genus Micrhystridium are recorded at three horizons during the 
NCIE (13.1 m, 13.6 m and 15.9 m) which could have been redeposited, 
or arrived with far-travelled aeolian dust (Glennie and Evans, 1976). 
Their significance cannot be established due to their low abundance. 

4.2. Major palynofloral trends 

The stratigraphically constrained cluster analysis distinguishes four 
informal local palynological assemblages presented in the CONISS 
dendrogram (Figs. 4–5). The Alisporites-Chasmatosporites-Deltoidospora 
Assemblage (Figs. 4–5) includes the samples from the base of the Anya 
section to 7.4 m (prior to the NCIE), and is characterized by a roughly 
equal abundance of spores and gymnosperm pollen. About 50% of the 
counts belong to the fern spores Deltoidospora sp., Cyathidites 
(C. mesozoicus, C. minor) and Dictyophyllidites harrissii. Gymnosperms are 
represented by Cheirolepidiaceae pollen, Classopollis annulatus 
(30–40%), Alisporites such as Alisporites parvus, A. pergrandis, and 
A. robustus (~20% in total) belonging to seed ferns, and pollen of the 
Bennettitales (Chasmatosporites) making up ~5% of the palynological 
counts. 

The interval between 8.3 m to 9.0 m is assigned to the Perinopollenites 
Assemblage (Figs. 4–5) and is characterized by low Classopollis abun
dance relative to a rise in other gymnosperm groups. The proportion of 
seed fern pollen reaches ~30%, the proportion of bennettite pollen 
doubles from ~5% to ~10%, and the relative abundance of 
Cupressaceae-Taxodiaceae related pollen, Perinopollenites elatoides, rises 
from virtually zero to ~10% of the total spore-pollen sum. This pre-NCIE 
interval has high Simpson’s Index values, suggesting high diversity and 
an even representation of various taxa in the palynological assemblages. 

The NCIE interval (9.6 to 22.6 m) is characterized by a decrease in 
the Simpson’s Index due to Classopollis superabundance, as species of 
this genus represent 40–90% of the palynological counts (Figs. 4–5). 
Two assemblages are distinguished across the NCIE interval: a Class
opollis dominated assemblage (10.8–16.7 m), and a Classopollis-Ischyo
sporites Assemblage (17.2–23.1 m) (Figs. 4–5). In the Classopollis 
Assemblage, the abundance of most plant groups decreases or they 
temporally disappear. The proportion of spores Deltoidospora sp. and 
Dictyophyllidites harrissii is around 10%, with one exceptional peak of 
~40% at 12.2 m (Figs. 4–5). The main difference between the Class
opollis and Classopollis-Ischyosporites Assemblage is the rise in the pro
portions of the Schizaceae fern spore Ischyosporites variegatus and 
lycopsid spore Leptolepidites. In the case of these spore types, the abun
dance rises from only a few specimens per sample up to 20% of the 
spore-pollen sum. Smaller Simpson’s Index peaks in the Classopollis- 
dominated interval are linked to the appearance of lycopsid taxa and 
Ischyosporites. 

The topmost part of the section (above the NCIE) is designated as the 
Alisporites-Deltoidospora local assemblage (24.4–31.7 m) (Figs. 4–5). The 
increasing trend of the Simpson’s Index indicates higher diversity due to 
the reappearance of bennettitalean, cycadalean, seed fern, 
Cupressaceae-related pollen, and fern spores. Seed fern related pollen 
(Alisporites) reach their maximum abundance in the section (~40%) at 
28.0 m followed by a drastic drop. Coeval with the rise in Alisporites, the 
relative abundance of both the Pinaceae (Protopinus, Pityosporites) and 
Podocarpaceae pollen (Podocarpidites, Platysaccus queenslandi, Quad
raeculina anellaeformis) increases from <5% to ~10%, together 
comprising up to 22% of the spore-pollen sum. In the uppermost part of 
the section above 23.1 m, Classopollis pollen strongly decreases then 
completely disappears, and the palynological assemblage is dominated 
by the spores of Dicksoniaceae, Cyatheaceae, Matoniaceae, Dipter
idaceae, Osmundaceae, Schizaceae ferns and clubmosses. 

4.3. Eco-Plant Group (EPG) and Sporomorph Ecogroup (SEG) 
distributions 

Due to the high relative abundances of the Cheirolepidiaceae and 
Cycadales-Bennettitales in the Anya dispersed sporomorph assemblages, 
megathermic plants (i.e., plants that tolerate high temperature, inhab
iting tropical and subtropical climatic zones) represent the dominant 
Eco-Plant group (up to 98% of the spore-pollen sum), with moderate 
contribution from eurythermic ferns (~20%) that dominate the upper
most interval at 24.4–31.7 m (up to 53%) (Fig. 6). Mesothermic plants (i. 
e., plants living in warm temperate zones), which are represented by the 
Corystospermales (Alisporites spp.), are less abundant with elevated 
values (~7–27%) only before the NCIE at 5.8–9.3 m and after the NCIE 
(up to 51% of the total spore-pollen sum). Microthermic plants (i.e., 
plants inhabiting cooler temperate or subarctic zones; Podocarpaceae, 
Pinaceae conifers) are subordinate prior to the NCIE (average 3%) with 
increases (~4–7%) at 8.0–9.3 m followed by a drop to even lower values 
during the NCIE (~1–3%). However, in the post-NCIE interval the 
relative abundance of mesothermic and microthermic plants increases to 
10–20% of the spore-pollen sum with a maximum of 73% at 28.0 m 
(Fig. 6). 

Considering the effect of humidity (EPH), the majority of gymno
sperm taxa (e.g., Cycadales, Bennettitales, Corystospermales, Pinaceae, 
Podocarpaceae) belong to the mesophytes together with several fern 
groups (Dicksoniaceae, Cyatheaceae, Dipteridaceae, Matoniaceae, 
Schizaceae), forming an average of 65% of the spore-pollen sum prior to 
the NCIE, dropping to ~23% (average) during the NCIE, and going back 
up to ~42% of the spore-pollen sum after the NCIE (Fig. 6). Xerophyte 
peaks (up to ~80%) are recorded during the NCIE and are linked to the 
high abundance of the Cheirolepidiaceae conifers, but their abundance 
drops to zero coeval with the disappearance of Classopollis pollen in the 
uppermost part of the Anya section (Fig. 6). Hygrophyte plants repre
sented by horsetails, lycopsids and Caytoniales, attain <5% abundance 
before and during the NCIE, but their abundance reaches 7–16% after 
the NCIE. 

In the Eco-Plant model, euryphytes from the Anya section include 
several lycopsid and fern taxa (e.g., Pteridaceae) and the Cupressaceae 
represented by Perinopollenites elatoides. Their average abundance is 

Fig. 2. Selected spores from the Anya section. The scale bar in (A) represents 10 μm and refers to each photomicrograph. For full author citation below generic level 
see Table 1. A. Calamospora tener AY65/slide 1, 31.7 m. B. Dictyophyllidites harrisii AY29/slide 3, 16.7 m. C. Deltoidospora sp. AY21/slide 1, 13.7 m. D. Deltoidospora 
sp. AY42/slide 1, 21.1 m. E. Concavisporites toralis NAY76/slide 1, 12.5 m. F. Todisporites minor AY29/slide 1, 16.7 m. G. Todisporites minor NAY76/slide 1, 12.5 m. H. 
Cyathidites australis AY53/slide 1, 24.4 m. I. Cyathidites mesozoicus AY58/slide 1, 28.0 m. J. Gleicheniidites conflexus AY17/slide 1, 12.2 m. K. Toroisporites minoris 
NAY76/slide 1, 12.5 m. L. Cibotiumspora jurienensis AY06/slide 1, 16.7 m. M. Lunzisporites sp. AY21/slide 1, 13.7 m. N. Taurocusporites verrucatus AY29/slide 4, 16.7 
m. O. Osmundacidites wellmanii AY14/slide 1, 9.3 m. P. Acanthotriletes midwayensis AY42/slide 1, 21.1 m. Q. Osmundacidites elegans AY34/slide 1, 18.4 m. R. Manumia 
delcourtii NAY104/slide 1, 15.1 m. S. Camarazonosporites rudis NAY88/slide 1, 13.6 m. T. Kraeuselisporites cooksonae AY42/slide 1, 21.1 m. U. Kraeuselisporites 
reissingeri, AY17/slide 1, 12.2 m. V. Ischyosporites variegatus AY28/slide 1, 16.3 m. W. Ischyosporites variegatus AY44/slide 1, 21.6 m. X. Uvaesporites argentaeformis 
AY31/slide 1, 17.2 m. Y. Contignisporites porblematicus AY17/slide 1, 12.2 m. Z. Darkened Conbaculatisporites sp. AY53/slide 1, 24.4 m. AA. Darkened Cyathidites 
australis, AY65/slide 1, 31.7 m. AB. Darkened Ischyosporites variegatus AY53/slide 1, 24.4 m. AC. Darkened Contignisporites porblematicus AY65/slide 1, 31.7 m. AD. 
Schopfites claviger? (reworked) AY65/slide 1, 31.7 m. [2-column fitting]. 
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Fig. 3. Selected gymnosperm pollen (conifer, seed fern, cycad and Bennettitalean pollen) and acritarchs from the Anya section. The scale bar in (A) represents 10 μm 
and refers to each photomicrograph unless otherwise indicated. For full author citation below generic level see the Table 1. A. Alisporites pergrandis AY14/slide 1, 9.3 
m. B. Alisporites pergrandis AY14/slide 1, 9.3 m. C. Platysaccus sp. AY34/slide 1, 18.4 m. D. Alisporites robustus AY58/slide 1, 28.0 m. E. Alisporites robustus AY53/slide 
1, 24.4. m. F. Quadraeculina anellaeformis AY40/slide 1, 20.6 m. G. Alisporites parvus NAY81/slide 1, 13.1 m. H. Podocarpidites sp. AY29/slide 1, 16.7 m. I. Peri
nopollenies elatoides AY21/slide 1, 13.7 m. J. Sciadopityspollenites thiergartii AY31/slide 1, 17.2 m. K. Vitreisporites pallidus AY17/slide 1, 12.2 m. L. Cycadopites nitidus 
NAY66/slide 1, 11.5 m. M. Chasmatosporites apertus AY44/slide 1, 21.6 m. N. Chasmatosporites oblongus AY44/slide 1, 21.6 m. O. Chasmatosporites hians AY44/slide 1, 
21.6 m. P. Classopollis annulatus triad AY21/slide 1, 13.7 m. Q. Classopollis qiyangensis AY21/slide 1, 13.7 m. R. Classopollis annulatus tetrad AY21/slide 1, 13.7 m. S. 
Classopollis annulatus tetrad AY21/slide 1, 13.7 m. T. Classopollis annulatus agglomerate AY46/slide 3, 22.2 m. Scale bar is 20 μm. U. Micrhystridium sp. NAY88/slide 
1, 13.6 m. [2-column fitting]. 
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4–5% with, peaks of 11–16% during the NCIE. Their relative abundance 
rises in the post-NCIE interval (Fig. 6). 

The Sporomorph Ecogroup analysis (Abbink et al., 2004) takes into 

consideration the habitat and ecological preferences of the dispersed 
spore-pollen taxa based on the known or presumed botanical affinity of 
the parent plant. We consider the assignment of Classopollis and 

Fig. 4. Quantitative distribution of spore-pollen taxa and aquatic palynomorphs (AQ.) in the Anya section. Palynomorph abundance values are presented as per
centage proportions (%) of the total spore-pollen sum. For rare taxa (abundance less <5 counts per sample) only presence-absence data are shown (black circles). 
Alisporites-Chasmatosporites-Deltoidospora Assemblage (Ali-Cha-Del), Perinopollenites Assemblage (Perino) in the lower segment. Pli., Pliensbachian. For lithological 
legend and sample positions the reader is referred to Fig. 1. [2-column fitting]. 

Fig. 5. Vegetation history and biodiversity variations during the Jenkyns Event based on palynological analysis of the Anya section. Abundance variation within 
plant groups are shown as the percentage proportion changes of certain sporomorph taxa assigned to their known or presumed botanical groups and ecological 
categories (see Table S2). δ13Corg data are from Jin et al. (2020, 2022). Pli., Pliensbachian. For lithological legend and sample positions the reader is referred to Fig. 1. 
[2-column fitting]. 
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Alisporites to one single ecogroup problematic as they can be placed in 
both lowland and/or upland/hinterland settings (Fig. 6). Alete bisaccate 
pollen grains like Alisporites spp. were assigned to the upland/hinterland 
SEG (Abbink et al., 2004; Paterson et al., 2016) with the exception of 
A. thomasii and Vitreisporites pallidus. Classopollis produced by Cheir
olepidiaceae is either not assigned, placed in the coastal SEG (Abbink 
et al., 2004), lowland SEG (Li et al., 2020a), or upland/hinterland SEG 
(Paterson et al., 2016). Therefore, these two groups are plotted sepa
rately from the remaining SEG categories. Wet lowland and river SEG 

elements are more abundant prior to and after the NCIE, with additional 
intervals of increased relative abundances compared to dry lowland SEG 
elements at 12.2–12.5 m and 17.0–20.0 m (Fig. 6). 

4.4. DCA results 

Multivariate ordinations are routinely performed on fossil pollen 
data to visualize changes in plant communities (e.g., Birks, 1986; Bar
anyi et al., 2016; Li et al., 2020a). However, the nonlinearity of species 

Fig. 6. Distribution of Eco-Plant groups and Spromorph Ecogroups (SEG) in the Anya section expressed as the relative percentage proportion of the total spores- 
pollen sum together with the sample scores of the DCA plotted against the δ13Corg curves (Jin et al., 2020, 2022) and lithological log depicting the climatic im
plications of the palynological assemblages. Pli., Pliensbachian. For lithological legend and sample positions the reader is referred to Fig. 1. [2-column fitting]. 

Fig. 7. Detrended correspondence analysis (DCA) ordination plot of the Anya section palynological samples. For the data set used for plotting the DCA dendrogram, 
see Tables S4–S5. [1.5-column fitting]. 
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distributions along gradients and the presence of unimodal (and 
nonlinear) responses of species to environmental gradients can lead to 
unbalanced ordination and therefore strong bias in the identification of 
these environmental gradients (arch/horseshoe effect, Podani and 
Miklós, 2002; Correa-Metrio et al., 2014). Detrended correspondence 
analysis (DCA) reduces this bias through dimensional rescaling 

produced by other ordinations (Correa-Metrio et al., 2014). DCA axes 
can be interpreted based on the relative position of taxa and ecological 
needs (a priori) as environmental gradients or variables. Taxa that prefer 
more temperate conditions, such as Podocarpaceae pollen, Pinaceae 
(Pityosporites, Protopinus,) and Sciadopytispollenites attained high DCA 
Axis 1 scores, while those with affinity to tropical-subtropical 

Fig. 8. Schematic reconstruction of the major environmental and climatic changes in the continental ecosystem of the Ordos Basin throughout the Jenkyns Event, 
with the illustration of characteristic palynomorph and plant types (Stages I–V). See segment 5.1. for explanations. [1.5-column fitting]. 
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conditions, like Classopollis, Ischyosporites (Schizaceae), Dictophyllidites 
(Dipteridaceae), Osmundacidites (Osmundaceae), Cycadopyhtes and 
Chasmatosporites attained low scores. This axis can thus be interpreted as 
relative ambient temperature (Fig. 7). On Axis 2, moisture-loving fern 
taxa (Todisporites, Contignisporites, Osmundacidites) and lycospid spores 
(Uvaesporites, Leptolepidites, Kraeuselisporites) are ordinated in the upper 
(more positive) part of the axis (Fig. 7), while cycad-bennettite pollen 
(Cycadopites, Chasmatosporites), seed ferns (Alisporites), and ferns spores 
with transitional hygrophytic-mesophytic affinity are in the middle. 
Classopollis and Deltoidospora have lower Axis 2 scores (Fig. 7). DCA 
sample scores (Figs. 6 and 7) show a clear-cut distinction between the 
pre-NCIE and NCIE intervals. Axis 1 has high values in the earliest 
Toarcian and in the aftermath of the NCIE, with smaller oscillations 
during the main NCIE phase. Axis 2 values are strongly oscillating in the 
studied section, and become more stable in the post-NCIE. Peaks in Axis 
2 sample scores are recorded at 8.0–9.3 m, 12.2–12.5 m, 16.3–19.2 m, 
and at 21.6 m. 

5. Discussion 

5.1. Vegetation history during the late Pliensbachian-early Toarcian 

The Anya section records a prominent vegetation change, expressed 
as a temporal drop in the abundance of multiple plant groups during the 
Jenkyns Event. Vegetation restructuring can be illustrated via division of 
the Anya section into five stages (I to V, Fig. 8A–E), corresponding to the 
local informal palynological assemblages (Section 4.2). 

5.1.1. Stage I (5.8–7.4 m) Pliensbachian–Toarcian forest and lowland mire 
ecosystems 

Preceding the NCIE, during the Pliensbachian–earliest Toarcian 
(Fig. 8A), the picture of a high diversity multi-storeyed forest and mire 
ecosystem emerges from the overall composition of the palynological 
assemblages, with a well-developed understory of herbaceous ferns and 
horsetails (Fig. 8). The mid-canopy vegetation was dominated by seed 
ferns, cycads, bennettites, ginkgophytes, while the upper canopy level 
was made up of conifers (Cheirolepidiaceae, Podocarpaceae, Cupressa
ceae). Dicksoniaceae, Cyatheaceae, Matoniaceae, Dipteridaceae and 
Osmundaceae ferns inhabited the understory and mires. Cycadales and 
Bennettitales lived in lowland deltaic environments and well-drained 
soils close to fluvial channel margins, often in disturbed environments 
(Abbink et al., 2004; Pott, 2014). In the Ordos Basin they most likely 
lived further from the waterlogged margins (Mussard et al., 1997) in 
lowland environments somewhat drier than the producers of Peri
nopollenites elatoides, which are of taxodiacean-cupressaceaen affinity 
and linked to wet habitats (McElwain et al., 2007). 

5.1.2. Stage II (8.0–9.3 m) Lake expansion and riparian habitats with 
Cupressaceae-Taxodiaceae 

The rise in Perinopollenites elatoides abundance at ~8.0–9.3 m in the 
earliest Toarcian during Stage II (Fig. 8B) was associated with high 
primary productivity and black shale deposition in a deep lake envi
ronment (Jin et al., 2020; Li et al., 2023). This can be interpreted as an 
intense phase of lake level rise and the expansion of the riparian and 
probably swamp environment that was colonized by Cupressaceae- 
Taxodiaceae producing Perinopollenites, cycads, and bennettites 
(Fig. 8B). The same trends have been observed in the adjacent Sichuan 
Basin in the early Toarcian prior to the NCIE (Xu et al., 2021), implying 
that both local and regional factors affected the vegetation patterns in 
the Ordos Basin. 

5.1.3. Stage III (10.8–16.7 m) Vegetation crisis with Cheirolepidiaceae 
proliferation 

Maximum Cheirolepidiaceae abundance at Anya (40–90% of the 
spore-pollen sum) was reached during Stage III, which was simultaneous 
with an abrupt fall in the Simpson’s Index values indicating 

environmental disturbances and vegetation crisis, thus promoting the 
dominance of a few species (e.g., Lindström, 2021). In the Northern 
Hemisphere, the geographical distribution of Cheirolepidiaceae-pollen 
(Classopollis) significantly expanded to the north in the late Pliensba
chian–early Toarcian culminating during the NCIE as a consequence of 
global warming (Vakhrameyev, 1991; Wang et al., 2005; Zakharov 
et al., 2006; Pieńkowski et al., 2016; Deng et al., 2017; Correia et al., 
2018; Slater et al., 2019; Jin et al., 2020; Zhang et al., 2020a, 2022a; 
Galasso et al., 2021, 2022). Mesozoic cheirolepids were trees or shrubs 
in upland or lowland environments that may have populated upland or 
coastal areas and possibly even mangrove-like habitats (e.g., Watson and 
Alvin, 1996; Sajjadi and Playford, 2002). Locally, Cheirolepidiaceae can 
be opportunistic and abundant in a disturbed environments where new 
habitats became available after mass extinctions or floral turnovers, e.g., 
after the Cretaceous–Paleogene or the End-Triassic mass extinctions 
(Barreda et al., 2012; Bonis and Kürschner, 2012; Li et al., 2020a; 
Lindström, 2021; Zhang et al., 2022b; Bos et al., 2023). They were likely 
generalists and adapted to a wide range of environments with large 
ecological flexibility (Axsmith, 2006), and were able to thrive even in 
the impoverished forest and lowland habitats during the vegetation 
crisis interval at Anya. Overall, the vegetation data show that plant 
communities experienced temporal losses in species richness during 
Stage III, but they did not face complete extirpation and re-occurred 
after the Jenkyns Event. The event led to the collapse of the structured 
forest community, i.e., the demise of the mid-canopy elements such as 
seed ferns and the Cycadales-Bennettitales. Some ferns in the understory 
of forests develop more successfully in the shade under low-light con
ditions created by forest canopy or as epiphytes on trees, with only a few 
taxa that can grow under full sunlight (Sharpe et al., 2010; Olivera et al., 
2015). Therefore, the loss of the mid-canopy and changes in the upper- 
canopy tier likely diminished the ground cover vegetation, leading to 
deforestation and a shift to a more open landscape (Fig. 8C). 

5.1.4. Stage IV (17.2–23.1 m) Pioneers and the onset of the vegetation 
recovery 

During Stage IV, pioneering plant taxa such as Schizaeaceae ferns 
(Ischyosporites variegatus) and lycopsids (Leptolepidites) appeared and 
thrived as early successional plants in the Anya section, accompanied by 
Dicksoniaceae, Cyatheaceae, Matoniaceae, and Dipteridaceae ferns 
(Fig. 8D). Their presence in the crisis interval (although subordinate 
compared to the Cheirolepidiaceae) indicates temporally more favour
able conditions that allowed the colonization of vacant ecospaces after 
the collapse of the tree-forming vegetation. Although ferns in general 
prefer moist habitats, several fern families were adapted to dry or 
disturbed high-stress environments (van Konijnenburg-Van Cittert, 
2002). The Anya Schizaceae “spore spikes” appear similar to other 
Mesozoic hyperthermal and extinction events (e.g., van de Schootbrugge 
et al., 2009; Bonis and Kürschner, 2012; Lindström, 2016, 2021; 
Gravendyck et al., 2020; Li et al., 2020a; Galasso et al., 2022; Bos et al., 
2023), where early successional plant communities with herbaceous 
ferns and lycopsids colonized depauperate landscapes, while mid- 
canopy elements were still absent (Fig. 8D). 

Sciadopityspollenites (previously named Cerebropollenites, see Grave
ndyck et al., 2023) was another pioneer taxon during the early Toarcian 
vegetation turnover in the European epicontinental realm (Slater et al., 
2019; Galasso et al., 2022). However, unlike in the NW European realm, 
there is no Sciadopityspollenites peak at Anya. Both S. macroverrucoss and 
S. thiergartii are rare constituents of the palynological assemblages in the 
entire Anya section (before, during and after the NCIE) (Table S1). 
Sciadopityspollenites is comparable to the pollen of the modern Tsuga 
(hemlock) or Japanese umbrella-pine, Sciadopitys verticillata, and could 
have been produced by the Miroviaceae conifers, basal Sciadopityaceae 
(Hofmann et al., 2021) or Taxodiaceae (e.g., Dejax et al., 2007). Modern 
Sciadopitys has only one living species, which is restricted to humid re
gions of Japan, living on rocky slopes in mixed middle altitude cloud 
forests at 500–1200 m elevation (Hofmann et al., 2021). In the present 
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study, Sciadopityspollenites is considered to be a more temperate floral 
element based on its ordination together with microthermic and eury
thermic taxa like the Podocarpaceae, Pinaceae and Perinopollenites in the 
DCA. This difference in the palynological composition between the 
epicontinental realm and the Ordos Basin highlights some variation in 
the vegetation response due to pre-existing climate gradient and/or 
regional and local environmental conditions (e.g., topography, orog
raphy, distance from the ocean, coastal or inland settings) in general. 

5.1.5. Stage V (24.4–31.7 m) Recovery of the forest and lowland mire 
ecosystems 

After the NCIE land plant communities gradually returned to their 
pre-event diversity, with similar taxonomical composition establishing a 
more stable biome (Fig. 8E). However, the relative proportion of the 
plant groups differed in comparison to the pre-NCIE and latest Pliens
bachian assemblages. Both Cycadales and Bennettitales remained low in 
abundance, and the mid-canopy was filled primarily by seed ferns. 
During the early recovery the upper canopy level was still dominated by 
the Cheirolepidiaceae but they were subsequently replaced by the 
Podocarpaceae and Pinaceae, indicating more temperate conditions 
(Sajjadi and Playford, 2002; Abbink et al., 2004; Olivera et al., 2015; Li 
et al., 2020a). The large-number of spores belonging to clubmosses, 
horsetails and ferns at 24.4–31.7 m signals the re-establishment of the 
herbaceous understory in mire and wet lowland habitats. However, this 
re-establishment was simultaneous with delta development and shal
lowing of the lake in the Ordos Basin after the Jenkyns Event interval 
(Fig. 8E), thus indicating that a combined effect of climatic trends and 
local depositional changes influenced the vegetation patterns at Anya. 

5.2. Climatic changes in the Ordos Basin associated with the Jenkyns 
Event 

The climatic implications of the palynological data are based on the 
known or presumed ecological affinities of the parent plants, the Eco- 
Plant group distribution, and the patterns of the DCA scores. Strati
graphical changes in the DCA sample scores provide an approximate 
picture of how the associated environmental gradient changed through 
time (Correa-Metrio et al., 2014). High sample scores on Axes 1 and 2 
indicate cooler temperate and more humid conditions (Fig. 6). Low axis 
scores for Axis 1 are linked to rising temperatures while low values on 
Axis 2 indicate aridity and low moisture levels (Fig. 6). The trend of the 
sample scores reflects a wet warm late Pliensbachian–earliest Toarcian 
climate with a drop in humidity at the onset of the NCIE, albeit with 
some oscillations present in moisture levels with warmer drier and 
wetter intervals. The climate was likely wetter and cooler in the earliest 
Toarcian before the NCIE and probably temperate in the post-NCIE 
interval. 

The Ordos Basin was located in a subtropical to warm temperate and 
humid climatic zone during the Hettangian–Pliensbachian (Deng et al., 
2012, 2017), as reflected by the predominance of mesophytic and high 
abundance of megathermic-mesothermic vegetation components at 
Anya. During the early Toarcian, increasing abundance of megathermic 
plants e.g., Cheirolepidiaceae was recorded simultaneously with the 
NCIE and greenhouse-gas induced warming coeval with a shift to semi- 
arid and semi-humid climate on the North China Block (Huang and 
Zhou, 1980; Deng et al., 2012, 2017, 2024). The first rise in Cheir
olepidiaceae abundances was recorded in the Northern Hemisphere at 
the Pliensbachian–Toarcian boundary (Slater et al., 2019), likely 

Fig. 9. Correlation of the Anya vegetation dynamics and climate evolution with sea water temperature trends in the Western Tethys and global volcanic events. The 
Western Tethys composite bulk organic carbon isotope, sea water temperature curves and oxygen isotope data are redrawn after Ruebsam et al. (2019, 2020a) and 
Ruebsam and Al-Husseini (2020). Age of the Karroo and Ferrar LIP follows the correlation in Ruebsam et al. (2019, 2020a). Data related to charcoal abundances, 
heavy metal enrichment and spore-pollen teratology in the Anya section is from Jin et al. (2022) and Baranyi et al. (2023). [2-column fitting]. 
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correlating with the first pulses of LIP activity and initial temperature 
rise (Moulin et al., 2017; Al-Suwaidi et al., 2022). Sea surface temper
atures (SST) derived from oxygen isotopes of marine invertebrates (Dera 
et al., 2011; Korte et al., 2015) and TEX86-based data from the Western 
Tethys (Ruebsam et al., 2020a) indicate warming (albeit with temper
ature swings) during the Pliensbachian to early Toarcian (Fig. 9). This 
warming trend from the Pliensbachian–Toarcian onwards was inter
rupted by a short-lived cooler interval in the earliest Toarcian (pre- 
NCIE) linked to the possible development of polar ice (e.g., Suan et al., 
2010; Dera et al., 2011; Ruebsam et al., 2019, 2020a; Nordt et al., 2022). 
This cool snap prior to the negative isotope excursion shows good 
temporal correlation with the increase in microthermic palynotaxa 
(Podocarpaceae, Pinaceae), Perinopollenites pollen, and a drop in the 
abundance of thermophilus Cheirolepidiaceae in the Ordos Basin 
(Fig. 9). 

The vast majority of published data on hydroclimate across the 
Jenkyns Event indicate a shift to a warmer and wetter climate during the 
event (e.g., Cohen et al., 2004; Dera et al., 2009; Montero-Serrano et al., 
2015; Xu et al., 2018; Kemp et al., 2019) yet newly emerging data show 
that aridification also occurred, especially in inland areas (Vakhra
meyev, 1991; Wang et al., 2005; Fantasia et al., 2018; Deng et al., 2024). 
During the NCIE, continental environments on the North China Block 
experienced warming and the expansion of the tropical-subtropical 
semi-arid to semi-humid and tropical oceanic arid climate belts based 
on the distribution of climate sensitive plant assemblages (Wang et al., 
2005; Ashraf et al., 2010; Deng et al., 2012, 2017, 2024; Zhang et al., 
2020a, 2022a; Qiu et al., 2023), as well as climate indicative facies such 
as red beds, calcretes, dolomites, gypsum (e.g., Li et al., 2020b), and the 
loss of coals (Eberth et al., 2001; Ashraf et al., 2010; Sun et al., 2010; 
Deng et al., 2012, 2024). The Toarcian flora of the Sangonghe Formation 
in the Junggar Basin (NW China) contained higher relative percentage 
(45%) of thermophilus and arid-tolerant taxa e.g., Marattiopsis asiatica, 
Phlebopteris, Dictyophyllum (ferns), Otozamites-Zamites-Dictyozamites 
(bennettites), Brachyphyllum (Cheirolpidiaceae), and Cadmisega ephe
droides (Gnetales) compared to the underlying and overlying beds that 
contained primarily warm-humid climate indicators in the plant as
semblages (Sun et al., 2010; Deng et al., 2024). In particular, the pres
ence of Ephedra-related plant fossils (Cadmisega, Gnetales) in the late 
Early Jurassic floras of both the Junggar and Qaidam basins indicate an 
arid climate and harsh conditions that suggests significant climatic 
warming and aridification during the early Toarcian (Deng et al., 2024). 
A similar trend with the rise of thermophilus and arid-tolerant taxa was 
observed in other inland areas on the North China Block as well e.g., in 
Central Inner Mongolia, North Hebei (Wang, 2002) and in the Datong 
Basin (Li and Hu, 1984). 

This palaeontological and sedimentological evidence is in line with 
the results from the General Circulation Model (GCM; Chandler et al., 
1992), GENESIS (Peyser and Poulsen, 2008) and Fully coupled Ocean
–Atmosphere Model (FOAM; Dera and Donnadieu, 2012) that showed 
increased continental temperatures with more intense seasonal 
monsoon and seasonally arid climate in the low to middle latitudes of 
Panthalassan and Tethyan coasts in a high pCO2 world. According to 
these models, warming in continental interiors would be more pro
nounced than over the sea due to decreased soil moisture and lack of 
convective precipitation (Peyser and Poulsen, 2008). The extremely 
high summer temperatures in the continental interior and high land-sea 
temperature gradient causes the reversal of normal monsoon circulation 
that draws moisture-laden air producing excessive seasonal rainfalls as 
flash floods (e.g., Loope et al., 2001; Vollmer et al., 2008). In the Ordos 
Basin, the early Toarcian C-cycle perturbation was coeval with a pro
nounced increase in the thermophilous drought-adapted Cheir
olepidiaceae conifers that colonized disturbed lowland as well as upland 
habitats (according to their SEG). Deforestation, open landscape and the 
proposed seasonal flash floods thus explains the “wash in” of more up
land and less water-dependent vegetation elements like Classopollis 
pollen from well-drained slopes to the marine/lacustrine basins (Bonis 

et al., 2010; Baranyi et al., 2018). 
The observations from Anya suggest a shift to drier conditions at the 

onset of the Jenkyns Event coeval with the falling limb of the δ13Corg 
curve, but with a more vigorous monsoonal circulation and climatic 
extremities during the main NCIE phase according to the models of 
Loope et al. (2001) and Dera and Donnadieu (2012) represented by the 
oscillation between warmer drier and warmer wetter intervals (Fig. 9). 
Likely, temporal decreases in Cheirolepidiaceae abundances indicate 
warm and relatively wetter intervals at Anya (e.g., 12.2–12.5 m, 
16.3–19.2 m, and at 21.6 m). The climate in the Ordos Basin after the 
Jenkyns Event NCIE was probably more temperate, as indicated by the 
rise of microthermic conifers (mainly Podocarpaceae and Pinaceae co
nifers) and the disappearance of the thermophilous Cheirolepidiaceae 
(Fig. 9). Similarly, the decline in Cheirolepidiaceae is also recognized in 
the Qaidam Basin, where the Aalenian–Bajocian vegetation is mainly 
represented by fern families, Cyatheaceae and Dicksoniaceae (Wang 
et al., 2005). After the Jenkyns Event, the accumulation of coals 
resumed in the Ordos Basin (Li et al., 2019) with mainly Osmundaceae, 
Dicksoniaceae ferns, Ginkgoales and Czekanowskiales occurring, indi
cating humid and warm-temperate climate as thermophilic, drought- 
adapted conifers like the Cheirolepidiaceae were absent (Li et al., 
2019; Zhang et al., 2023b). 

5.3. Triggers of the terrestrial biotic crisis, adaptations and escape 
mechanisms 

For terrestrial biotic crises, the common suspected causes are cli
matic extremes (e.g., hot/cold thermal stress, changes in annual pre
cipitation, floods), volcanic winters, acid rain, soil erosion, harmful UV- 
B radiation, wildfires, and heavy metal pollution leading to immediate 
or long-term vegetation dieback and habitat destruction (e.g., Bond and 
Grasby, 2017). Volcanic activity (e.g., Percival et al., 2015), weathering 
as well as wildfires were likely the main sources of toxic heavy metals (e. 
g., Hg, Cd, Cr, Cu, Pb, As) in terrestrial ecosystems during hyperthermal 
events (e.g., Lindström et al., 2019; Them et al., 2019; Chu et al., 2021; 
Jin et al., 2022). At Anya, the occurrence of teratological spore-pollen 
morphologies in ferns, clubmosses and conifers (including dwarfed 
and aberrant spores, aberrant spore tetrads, and aberrant Classopollis 
tetrads) was coeval with higher relative abundances of Hg, Cu, Cd, Cr, 
Pb, and As at 12–21.7 m within the Jenkyns Event NCIE (9.6–22.6 m) 
indicating that heavy metal toxicity was likely a primary trigger of 
vegetation crisis besides climate change (Fig. 9) (Baranyi et al., 2023). 
Heavy metal toxicity negatively affects the metabolic pathways and 
gaseous exchange leading to plant growth retardation e.g., root reduc
tion, reduced fitness, and reduced reproductive abilities such as lowered 
seed and biomass production rate (Nagajyoti et al., 2010). Some of these 
factors negatively influence the functional role of vegetation in soil 
stabilization and habitat maintenance (Vannoppen et al., 2017) that 
consequently led to soil erosion and increased runoff into the Anya lake 
system (Jin et al., 2022? Baranyi et al., 2023), similar to the End- 
Permian extinction event (Algeo et al., 2011; Vajda et al., 2020). In 
the case of the Jenkyns Event at Anya, acceleration of the hydrological 
cycle is evidenced by increases in weathering proxies (Li et al., 2023), 
and a synchronous rise in the occurrence of spore tetrads and heavy 
metal relative abundances at 12.5–13.1 m at the onset of the NCIE 
(Fig. 9) that was followed by the first peaks of aberrant palynomorphs at 
13.2 m (Baranyi et al., 2023). Notably, the decline in the relative 
abundance of mid-canopy elements (seed ferns, bennettites, cycads) 
commenced before the occurrence of teratological palynomorphs and 
the rise in spore tetrads, indicating that they responded earlier to the 
environmental perturbation compared to ferns, clubmosses or conifers 
(Fig. 9). It is likely that the shift to warmer and drier conditions at the 
onset of the NCIE already negatively impacted seed ferns, bennettites 
and cycads before the release of the heavy metals into the terrestrial 
ecosystem. 

In summary, all aspects of the ongoing climate change and 
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community-level vegetation turnover at Anya, in particular the switch to 
Classopollis-dominated vegetation from the Pliensbachian–Toarcian 
boundary onwards, contributed towards the enhanced weathering, 
runoff and leaching of heavy metals from their inorganic and organic 
hosts. Higher relative abundance of narrow-leaved plants such as the 
Cheirolepidiaceae conifers compared to broad-leaved cycads and seed 
ferns promote flammability and wildfire activity (Belcher et al., 2010; 
Lindström, 2021). Widespread charcoal abundance data (Baker et al., 
2017; Jin et al., 2022) and organic macerals (Xu et al., 2021) suggest 
increased wildfire activity at the onset of the NCIE, which likely also 
contributed to the release of heavy metals into the terrestrial ecosys
tems. The physiological effects of high pCO2 level decreases stomatal 
conductance and suppresses plant transpiration resulting in increased 
runoff (Betts et al., 2007; Franks and Beerling, 2009; Gedney et al., 
2006; Steinthorsdottir et al., 2012; McElwain, 2018). In particular, 
Cheirolepidiaceae have lower maximum stomatal conductance rates 
(gmax) compared to other gymnosperms (and angiosperms) (e.g., Fay, 
2014) enhancing continental weathering and runoff (Steinthorsdottir 
et al., 2012; McElwain, 2018). 

The proliferation of Cheirolepidiaceae during the Jenkyns Event 
NCIE could be explained by the biological adaptation of this group to 
high stress environments. Thick cuticle and papillate stomata could be 
efficient tools in water-repellence and self-cleaning during hyper
thermals, and protect the plant from stresses such as drought, volcanic 
ash-fall, excess UV-B radiation and pathogens (Haworth and McElwain, 
2008). Polyploidy or whole genome duplication represented by the 
formation of uneven or large-sized Classopollis grains indicative of the 
presence of multiple chromosome sets has been observed at the End- 
Triassic (Kürschner et al., 2013; Gravendyck et al., 2020) as well as at 
the Jenkyns Event (Baranyi et al., 2023). This condition can arguably 
make the parent plants more tolerant to external environmental stress 
(Levin, 1983), which may have secured the continued success and 
ecological resilience of the Cheirolepidiaceae during environmental 
perturbation (Kürschner et al., 2013; Gravendyck et al., 2020). Never
theless, currently there is still no consensus about the real presence of a 
polyploid advantage as many recently formed polyploid species have 
higher extinction rates in response to recent environmental stress than 
their diploid relatives (Arrigo and Barker, 2012; Bencha et al., 2022). 

Terrestrial palynological data across the Jenkyns Event show that 
although many plant groups temporally disappeared, they returned to 
the post-event ecosystems. Migration was likely a key escape mechanism 
for plants during ancient hyperthermal events (McElwain, 2018). Whilst 
a continental interior like the Ordos Basin experienced aridification and 
enhanced seasonality (Deng et al., 2024), parts of the North China Block 
(in particular its north eastern segment) remained warm and more 
humid due to the vicinity of the Panthalassa (Deng et al., 2017, 2024; 
Zhang et al., 2022a). The vegetation there was characterized by the 
predominance of spores, cycad-bennettites, seed ferns and Pinaceae 
conifers with lower Cheirolepidiaceae proportions (Liu et al., 2019; 
Zhang et al., 2020a, 2022a). A similar palaeobotanical trend was 
observed in the SW Tarim Basin that was near the NE margin of the 
Tethys during the Early Jurassic (Deng et al., 2024). This regional dif
ference in floral composition, together with the resurgence of the same 
plant taxa in the recovery period of the Jenkyns Event, suggest that some 
taxa (in particular seed ferns and cycadopyhtes) prevailed at higher 
latitudes or in coastal areas while the vegetation in the Ordos Basin 
experienced a severe vegetation crisis and temporal biodiversity losses. 

6. Conclusions 

The Anya section in the Ordos Basin is a unique archive of vegetation 
dynamics and terrestrial ecosystem crisis linked to global warming and 
global C-cycle perturbation during the early Toarcian. Vegetation data 
prior to the Jenkyns Event represent a high-diversity forest and lowland 
mire biome. Based on the quantitative palynological record the vege
tation responded with temporal biodiversity losses and reorganization of 

forest structure during the Jenkyns Event. The proliferation of the 
thermophilic Cheirolepidiaceae (Classopollis) during the NCIE (9.6 to 
22.6 m) coincided with the fragmentation and destruction of mid- 
canopy and understory habitats inferred from low gymnosperm pollen 
(seed ferns, cycads, bennettites) and low ground cover (ferns, club
mosses, horsetails) abundances. Pioneering plant groups (e.g., Schiza
ceae ferns, lycopsids) colonized disturbed habitats in the first phase of 
recovery. A decline of Cheirolepidiaceae abundance after the NCIE 
coeval with a rise in seed ferns and Podocarpaceae-Pinaceae conifers 
and ferns signalled the resurgence of a stable forest biome with lush 
understory and the re-establishment of lowland mire habitats. 

On the North China Block, the climate shifted from warm and humid 
to semi-arid to semi-humid at the onset of the NCIE, with vigorous 
monsoon and unstable climatic conditions and oscillation between 
relatively wetter and relatively drier intervals during the NCIE. A cold 
snap characterized the early Toarcian pre-NCIE interval, as inferred 
from the increased abundance of microthermic plants. The end of the 
Jenkyns Event was probably followed by a relatively cooler climate 
simultaneous with the development of a more temperate forest biome. 

The ecological impacts of widespread deforestation during the NCIE 
were primarily functional losses which led to a more open landscape, 
with soil erosion, increased runoff and leaching of nutrients and heavy 
metals that consequently poisoned the terrestrial ecosystem and caused 
reproductive stress in various plant groups already stressed by climate 
change. Cheirolepids were probably physiologically better pre-adapted 
to climatic extremes through their unique reproductive (polyploidy) 
and/or epidermal features making the group highly resilient during 
hyperthermal events. Cheirolepidiaceae proliferation is a common 
marker of rising ambient temperate and extreme weather patterns across 
Eurasia during the Jenkyns Event. However, the presence of refugia in 
coastal areas e.g., in NE China suggest spatial differentiation in the 
vegetation response during and after the Jenkyns Event that was 
strongly determined by the pre-existing climate gradient and flora. 
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