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The Early Jurassic Toarcian Oceanic Anoxic Event (T-OAE; 
~183 million years ago, Ma) is characterized by a period of 
rapid global warming (in the region of ~6.5 °C)1, marine 

mass extinction2–5 and oceanic oxygen deficiency6–9, reflected in 
the widespread deposition of organic-rich black shales10. The event 
is also associated with a major negative carbon isotope excursion 
(CIE)11 lasting about 300,000–500,000 yr (refs. 12,13), signifying a 
massive release of isotopically light carbon into the atmosphere. 
Proposed causal mechanisms include elevated CO2 flux driven by 
emplacement of the Karoo–Ferrar large igneous province (LIP) 
in the Southern Hemisphere, and the release of thermogenic and/
or biogenic methane1,14–21. Efforts to understand the biological 
consequences of this event have hitherto primarily focused on 
marine ecosystems, and responses include the temporary and/or 
complete disappearance of marine plankton groups (such as dino-
flagellates)22,23, and widespread extinction among higher trophic 
groups of marine invertebrates2–5,24–26. Few studies have addressed 
the effects of the Toarcian event on land-based ecosystems; here 
we examine the rich fossil archives of spores and pollen (derived 
from land plants) in association with marine plankton to assess the 
impact on terrestrial environments and test links between continen-
tal and marine ecosystem changes.

One of the most complete and well-preserved Pliensbachian–
Toarcian sequences is found in Yorkshire, UK11 (Fig. 1, 
Supplementary Fig. 1). The succession was deposited in a marine 
shelf setting, allowing us to directly link the terrestrial vegetation, 
represented by abundant wind- and water-transported spores and 
pollen, and marine plankton signals in the same samples. We ana-
lysed 54 samples taken from an 85 m section spanning the T-OAE. 
The dataset comprises 40,014 spore, pollen and marine plank-
ton occurrences, and 28,141 palynofacies particles (see Methods 
for details of the palynofacies analysis; raw data are provided in 
Supplementary Data 1 and 2). Changes in fossil assemblages are 
summarized in Fig. 2.

Land ecosystem impacts
The Pliensbachian (pre-T-OAE) vegetation, based on the palynol-
ogy of the studied section, was dominated by conifers/seed ferns 
(represented by bisaccate pollen) alongside abundant wet-adapted 
ferns and lycophytes (club mosses) (Fig. 2). The first marked 
change in the spore–pollen assemblages (see Supplementary  
Fig. 2 for selected taxa) is recorded across the Pliensbachian/
Toarcian boundary, as shown by the non-metric multidimensional 
scaling ordination (nMDS; Fig. 3), where Pliensbachian samples 
plot at a distance from Toarcian ones indicating a notably different 
taxonomic composition. Overall richness and diversity dropped at 
the onset of the Toarcian (Fig. 2). Bisaccate pollen, produced by 
conifers and seed ferns, reduced markedly in abundance, mirrored 
by an increase in Classopollis and Chasmatosporites, produced by 
cheirolepid conifers and cycads27, respectively (both of which are 
warm/dry environmental indicators28). Palynological data from the 
Polish Basin also record a reduction in bisaccate pollen through 
the T-OAE interval, suggesting that this may be a widespread sig-
nal29. The pre-CIE proliferation of warm-adapted plants and the 
decline of wet-adapted ferns and lycophytes through the Yorkshire 
section suggest that the climate had already substantially warmed 
before the CIE (Fig. 4).

During the CIE, spore–pollen richness and diversity decreased 
considerably (Fig. 2), signifying substantial losses amongst the ter-
restrial vegetation and the presence of highly depauperate floral 
communities. Throughout this episode, bisaccate pollen-producers 
underwent a second decline in abundance and were replaced by 
cheirolepid conifers (Fig. 2). In the latter half of the CIE, we recorded 
a sudden and prominent abundance peak in Cerebropollenites mac-
roverrucosus (Fig. 2, Supplementary Fig. 2), probably produced by an 
extinct relative of the extant conifers hemlock (Tsuga)30 or Japanese 
umbrella-pine (Sciadopitys)31. High abundances of Cerebropollenites 
have been recorded from early Toarcian successions of Greenland32, 
suggesting that this was a widespread floral response. Interestingly, 
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C. thiergartii, an ancestral or sister species to C. macroverrucosus, 
is a marker species for the Triassic/Jurassic boundary, where it 
first appears at the CIE peak and maximum atmospheric CO2 lev-
els in the aftermath of that mass extinction33. The proliferation of 
Cerebropollenites during multiple past hyperthermal events suggests 
that the source plants were adapted to hot, arid climates and/or dis-
turbed settings that would have occurred during these episodes of 
ecological turnover.

Following the CIE, floral richness and diversity rebounded rap-
idly (Fig. 2), and Cerebropollenites-producers returned to pre-event 
abundances, signifying a short-lived (estimated at <250,000 years 
based on the duration of the CIE12,13) but substantial floral response 
(Figs. 2, 4). Terrestrial vegetation returned to its pre-event richness 
and diversity but not to its pre-CIE composition, indicating a turn-
over in floral communities. Cupressaceae and Cheirolepidaceae 
apparently filled the niches previously occupied by bisaccate 
pollen-producers before the Toarcian event. Perinopollenites-
producers, which are indicators of wet environments34, gradually 
increased in abundance following the CIE, whereas arid-adapted 
cycads declined, signifying a return to a more temperate climate 
following the event.

In the nMDS plot (Fig. 3), samples group according to their 
stratigraphic position—that is, their geological formation/member 
and their position relative to the CIE (pre-, during- and post-CIE). 
Pre- and post-CIE samples display no overlap in the nMDS plot, 
confirming a turnover in floral composition following the Toarcian 

event. Samples from the post-CIE part of the Mulgrave Shale 
Member strongly overlap with samples from the CIE interval. This 
indicates that vegetation during the CIE was more similar to post-
CIE floras than pre-CIE floras. When samples are labelled according 
to their lithologies (Supplementary Fig. 3), laminated mudstones 
display some clustering relative to other samples; however, there is 
relatively weak grouping of lithologies in the nMDS plot, suggesting 
that temporal shifts in assemblages are not dominantly controlled 
by lithology but represent actual changes in parent vegetation.

Marine ecosystem impacts
Our sample set, derived from a marine shelf setting, also provides 
insights into marine ecosystem changes. Abundances of dinoflagel-
late cysts and spiny acritarchs declined markedly at the onset of the 
CIE, and were replaced by a substantial increase in sphaeromorphs 
(Fig. 2, Supplementary Fig. 2). These sphaeromorphs, which co-
occur with abundant amorphous organic matter (AOM), are com-
parable to the prasinophyte algae Halosphaeropsis liassica, a marker 
taxon for the T-OAE35. The prasinophyte Tasmanites also increased 
in abundance at the onset of the CIE, reflecting an overhaul of the 
‘normal’ marine ecosystem. These shifts in abundance are accom-
panied by a major increase in AOM (Fig. 2), which together with 
the common occurrence of pyrite (FeS2) framboids recorded at this 
site36 reflects euxinic marine conditions6–9,37,38. The algal dominance 
and associated marked drop in dinoflagellate abundances persisted 
after the CIE, signifying a delayed recovery of the marine ecosystem.  
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Fig. 1 | Location of the study area and palaeogeographic maps of the early Toarcian. a, Sample localities from the North Yorkshire coast, UK. b, 
Palaeogeographic maps of the early Toarcian; the red star marks the study area. Grey areas represent land; blue areas represent seas. Credit: Maps 
adapted from ref. 24, Geological Society of America; ref. 25, PLOS (a); ref. 43, SpringerNature Ltd (b, global); ref. 60, Elsevier (b, European and global).
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Recovery is eventually recorded following the CIE, as shown by 
the substantial reduction in sphaeromorphs and AOM, and by the 
return of dinoflagellate cysts to pre-event abundances (Fig. 2).

Environmental connections and climate
Higher precipitation rates are hypothesized to have occurred dur-
ing the Toarcian event based on ocean-atmosphere models39 and 
evidence of enhanced continental weathering40–44, which suggest 
a warmer and wetter climate. However, an increase of warm- and 
drought-adapted plants through the CIE, in association with abun-
dant charcoal recorded elsewhere45, suggests a warmer but drier cli-
mate. We infer strong seasonality during the Toarcian event with 
extreme wet and dry seasons, through which drought-adapted 
plants were successful. This is consistent with independent sedi-
mentological46 and modelling evidence39 that indicates highly vari-
able seasons and monsoonal climates during the Jurassic.

The Yorkshire T-OAE succession records a general deepening-
up sequence; with increasing water depth, an increase in bisaccate 
and other wind-dispersed pollen, and a corresponding decrease in 
water-transported spores, would be expected47. However, a decrease 
in abundances is recorded for bisaccate pollen through the sec-
tion and fern spore abundances remain relatively constant (Fig. 2), 
which suggests that facies changes did not strongly influence fossil 
assemblages. Thus, we infer that such temporal shifts in spore–pol-
len assemblages reflect actual vegetation changes rather than tapho-
nomic biases.

The first major shift in land plant communities occurred at the 
Pliensbachian/Toarcian boundary, but the response of the marine 
ecosystem at this time was comparatively minor. Although initial 
short-term peaks in AOM and sphaeromorphs are recorded, the 
major shift in marine ecosystems occurred later, at the onset of the 
CIE (Fig. 2). Ecosystem changes recorded at the Pliensbachian/
Toarcian boundary correlate with the first pulse of volcanism of the 
Karoo–Ferrar LIP9,48,49, and the responses recorded at the start of 
the CIE are contemporaneous with the main phase of LIP volca-
nism9,13,48,50. A similar response to LIP-driven climatic shifts affecting  

terrestrial environments before marine systems has been noted 
from the end-Permian extinction51, suggesting that this may be a 
consistent pattern during episodes of extreme climate change. The 
discrepancy in the timing and magnitude of ecological responses 
recorded here indicates that the effects of the early stages of vol-
canogenic global warming were more severe on continental eco-
systems and that terrestrial ecosystems responded more rapidly to 
atmospheric changes compared with marine ecosystems. This may 
reflect the higher thermal buffering capacity of the ocean com-
pared with the atmosphere, suggesting that land-based ecosystems 
are more susceptible to smaller changes in temperature in a future 
warming climate52.

Prolonged eutrophication is evident in the marine record as the 
continued dominance of sphaeromorphs following the onset of 

Marine planktonLand plants

CIE

10 20 4030

Number of taxa

–32 –24
δ13C org (‰)

–28

M
os

se
s

(b
ry

op
hy

te
s)

C
lu

b 
m

os
se

s
(ly

co
ph

yt
es

)

B
is

ac
ca

te
 p

ol
le

n

C
la

ss
op

ol
lis

 s
pp

.

C
er

eb
ro

po
lle

ni
te

s
m

ac
ro

ve
rr

uc
os

us

P
er

in
op

ol
le

ni
te

s 
el

at
oi

de
s

C
ha

sm
at

os
po

rit
es

 s
pp

.

C
yc

ad
op

ite
s 

sp
p.

S
ph

ae
ro

m
or

ph
s

D
in

of
la

ge
lla

te
 c

ys
ts

T
as

m
an

ite
s 

sp
p.

S
pi

ny
 a

cr
ita

rc
hs

A
m

or
ph

ou
s

or
ga

ni
c 

m
at

te
r

R
ic

hn
es

s

F
er

ns

0.
7

0.
9

0.
8

D
iv

er
si

ty

(Simpson 1 – D)

Fine sandstone, siltstone Mudstone Oolitic ironstone Carbonate concretion

Graphic log

0 10

Relative abundance (%)

0 20

Relative abundance (%)

T
oa

rc
ia

n

10

20

30

40

50

60

0

70

80

H
ei

gh
t (

m
)

P
lie

ns
.

A
lg

al
 d

om
in

an
ce

0 10 0 20 0 20 40 60 0 20 40 0 20 0 20 0 20 40 0 10 0 20 40 60 80 10
0 0 10 0 10 0 20 40 60 80

Fig. 2 | Palynological and palynofacies data through the T-oaE of Yorkshire, uK. Relative abundances are provided for spores (light green), pollen (dark 
green), marine palynomorphs (blue) and AOM (brown). Richness and diversity charts are based on spore–pollen data. See Methods for details regarding 
data collection and analysis. Data for the carbon isotope curve are from refs. 11,41,61. Pliens., Pliensbachian.

–0.2 –0.1 0 0.1 0.2

nMDS 1

–0.3

–0.1

0

0.1

nM
D

S
 2

Pliensbachian Toarcian pre-CIE Toarcian during CIE Toarcian post-CIE

Cleveland Ironstone Grey Shale Mulgrave Shale Alum Shale

Grey Shale Mulgrave Shale

Stress = 0.17

Fig. 3 | nMDS plot of spore–pollen data. Shaded coloured regions 
encompass Pliensbachian and pre-, during- and post-CIE Toarcian samples; 
black lines encompass geological formations or members. For geological 
formation/member information see Supplementary Fig. 1. Axis scores are 
provided in Supplementary Data 3.

NaTuRE GEoSciENcE | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


Articles NATuRE GEOscIENcE

the CIE (Fig. 2). This is supported by evidence for increased pri-
mary productivity and algal bloom events during the early Toarcian 
based on petrographic analysis of mudstones from Yorkshire53. 
Increased turbidity in the water column associated with eutrophica-
tion would have impaired photosynthesis for other phytoplankton 
(such as dinoflagellates) in shelf seas, and the dominance of algae 
increased the supply of decaying organic matter, likely exacerbat-
ing anoxia. Evidence for increased continental weathering during 
the T-OAE is apparent from analysis of osmium and strontium 
isotopes40–43, and high nutrient availability in marine environments 
from increased runoff at this time24 would probably have acceler-
ated primary productivity in shelf seas. Comparable processes have 
impacted other biotic crises in Earth’s history, including the end-
Permian extinction54,55, and increased input of aeolian dust into 
marine environments has been identified as a driver of enhanced 
primary productivity in the fossil record56. In modern systems, the 
rapid input of nutrients into seas and lakes—typically in the form of 
nitrogen and phosphorus from fertilizers—has led to eutrophica-
tion and the expansion of marine ‘dead zones’, for example in the 
Gulf of Mexico57. Vegetation turnover and, in particular, the reduc-
tion of dominant bisaccate pollen-producing large trees during the 
T-OAE also likely influenced runoff regimes through enhanced 
soil erosion and slope destabilization, increasing the terrestrially-
derived nutrient supply to shelf seas. Furthermore, modelling of 
modern ecosystems and stomatal evidence in the fossil record have 
demonstrated that increased atmospheric CO2 suppresses plant 
transpiration, which also enhances runoff58,59. High atmospheric 
CO2 levels during the early Toarcian1 suggest that such processes 
may have contributed to increased runoff at this time.

Although the early Toarcian global warming episode has long 
been considered a major event in the marine realm2–5,22–26, records 
of the effects on terrestrial ecosystems have remained scant. The 
changes in vegetation recognized in this study indicate that vol-
canogenic global warming impacted continental ecosystems in 
two discrete phases, the first of which preceded marked changes 
in marine ecosystems and the CIE. Climate change caused a sub-
stantial short-term reduction in floral richness and diversity, 
and longer-term turnover in terrestrial vegetation. The shifts in  

vegetation communities highlighted here demonstrate that, despite 
different rates and starting conditions, deep-time global warming 
events such as the T-OAE provide important data for understanding 
potential future long-term ecological changes related to anthropo-
genic climate warming.
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Methods
Sample collection and processing. Fifty-four rock samples were taken through 
the T-OAE succession in Yorkshire, UK (see Supplementary Fig. 1 for sampling 
horizons). Samples were collected by S.D. and R.J.T. in 2012. Rock samples were 
treated using standard HCl and HF palynological processing techniques to 
isolate organic matter. Resultant residues (sieved at 10 µm) were spread across 
cover slips and mounted on glass slides using epoxy resin. Slides were made from 
non-oxidized samples for palynofacies analysis, and oxidized samples to remove 
excess AOM for spore–pollen and marine palynomorph counts. Several key taxa 
were examined using a scanning electron microscope (Supplementary Fig. 2); 
residues were spread across scanning electron microscope stubs and coated with 
gold before study.

Data collection. Slides were studied using a transmitted light microscope. A 
minimum of 200 terrestrial spores and pollen were counted per sample where 
possible (Supplementary Data 1); only two samples (KTL 34-1 (NHMUK PM FM 
2350) and PTM 34-2 (NHMUK PM FM 2352); both from the CIE interval) did 
not yield 200 spores and pollen. Marine palynomorphs were counted in addition to 
spores and pollen. Occurrences marked with ‘?’ in Supplementary Data 1 represent 
specimens where confident identifications were hampered by poor preservation. 
All such occurrences were excluded from the data before analyses were conducted; 
reworked specimens were also excluded.

The term palynofacies generally refers to all of the visible organic particles 
within a palynological microscope slide62. For palynofacies analysis a minimum 
of 500 particles were counted per sample (Supplementary Data 2); abundances in 
Fig. 2 represent percentages based on counts. Palynofacies categories were: opaque 
phytoclasts, translucent phytoclasts, plant cuticle, spores, pollen (saccate), pollen 
(non-saccate), sphaeromorphs, freshwater algae, Tasmanites spp., dinoflagellate 
cysts, spiny acritarchs and AOM.

Data analysis. Spore and pollen abundances in Fig. 2 represent percentage values 
based on spore and pollen counts. Marine palynomorph abundances in Fig. 2 
represent percentages based on counts of marine palynomorphs plus spores and 
pollen. Richness values in Fig. 2 represent the number of spore and pollen taxa 
recorded in a given sample, that is, including taxa present in slides but not in counts. 
Simpson (1 −D) values refer to the Simpson index of diversity based on spore and 
pollen data. Simpson (1 −D) was calculated as 1 −∑(pi)2, where p is the proportional 
abundance of species and i is an unbiased measure of evenness, which ranges from 
zero (one taxon dominates the community completely) to one (all taxa have equal 
abundance). Spore and pollen data were ordinated using nMDS analysis (at two 
dimensions) with the Bray–Curtis similarity matrix, a useful ordination method for 
detecting patterns of co-occurrence among taxa as well as ecological gradients (Fig. 
3). Before ordination, samples with fewer than 200 specimens were excluded from 
the dataset due to their low count sizes, and a percentage transformation within 
samples was performed, followed by a log transformation to lessen the dominating 
influence of the most abundant taxa. Simpson (1 −D) calculations and nMDS 
analysis were conducted using the software PAST v3.11 (ref. 63).
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slides) are housed in the collections of the Natural History Museum, London.
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