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Abstract Flood basalt volcanism has been implicated in sev-
eral episodes of mass extinctions and environmental degrada-
tion in the geological past, including at the Triassic—Jurassic
(Tr-J) transition, through global warming caused by massive
outgassing of carbon dioxide. However, the patterns of biodi-
versity loss observed are complicated and sometimes difficult
to reconcile with the effects of global warming alone.
Recently, attention has turned to additional volcanic products
as potential aggravating factors, in particular sulphur dioxide
(SO,). SO, acts both directly as a noxious environmental pol-
lutant and indirectly through forming aerosols in the atmo-
sphere, which may cause transient global dimming and
cooling. Here, we present a range of morphological changes
to fossil plant leaf cuticle surfaces of hundreds of Ginkgoales
and Bennettitales specimens across the Tr—J boundary of East
Greenland. Our results indicate that morphological structures
of distorted cuticles near the Tr—J boundary are consistent with
modern cuticle SO,-caused damage and supported by recent
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leaf-shape SO, proxy results, thus identifying cuticle surface
morphology as a potentially powerful proxy for SO,.
Recording the timing and duration of SO, emissions in the
past may help distinguish between the driving agents respon-
sible for mass extinction events and thus improve our under-
standing of the Earth System.
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Introduction

The Triassic—Jurassic (Tr—J) boundary ca. 201.6 Ma
(Blackburn et al. 2013) is marked by a transition of severe
environmental degradation, as well as extensive marine and
terrestrial mass extinctions, referred to collectively as the
end-Triassic mass extinction (ETE), one of the “big five”
Phanerozoic mass extinctions (Sepkoski 2002; McElwain
et al. 2007; Benton 2008; Richoz et al. 2012; Steinthorsdottir
et al. 2012; Petterfy et al. 2016). The emplacement of the
Central Atlantic Magmatic Province (CAMP) is increasingly
recognised as the main driver of the Tr—J events, through mas-
sive outgassing of CO,, recorded by stomatal densities and
isotopes (McElwain et al. 1999; Hesselbo et al. 2002;
Whiteside et al. 2010; Bacon et al. 2011; Schaller et al. 2011;
Steinthorsdottir et al. 2011b), perhaps additionally accompa-
nied by methane release (Palfy etal. 2001; Beerling and Berner
2002; McElwain et al. 2007). The consequent global warming
drove degradation and disruption of ecosystems as well as
large-scale biodiversity loss on land and in the oceans
(Rampino 2010; Steinthorsdottir et al. 2012; Lindstrom 2016;
van de Schootbrugge and Wignall 2016), but CAMP duration
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and timeline of eruption events are still debated (McHone
2002; Marzoli et al. 2004; Nomade et al. 2007; Williford
et al. 2007; Ruhl et al. 2009; Schoene et al. 2010; Marzoli
et al. 2011; Blackburn et al. 2013).

It is known that in addition to CO,, extrusive volcanism
releases significant amounts of other gasses, including consid-
erable amounts of sulphur dioxide (SO,) (Thordarson et al.
2001; Thordarson and Self 2003; Richoz et al. 2012). SO, is
directly damaging to vegetation in both gaseous form and in
particular when combining with water and precipitating as
acid fog and rain (H,SO,) (Haines et al. 1985; Cape 1993;
Kim et al. 1997; Jagels et al. 2002). SO,-induced damage can
include decreased leaf production/leaf area (Pande and
Mansfield 1985; Bacon et al. 2013), changes to leaf function
(Darrall 1986; Dhir et al. 2001; Shepherd and Wynne Griffiths
2006), as well as scarring of plant leaf cuticle and/or stomatal
damage (Shepherd and Wynne Griffiths 2006; Bytnerowicz
et al. 2007; Bartiromo et al. 2012; Elliott-Kingston et al.
2014). Additionally, SO, forms tiny particles in the atmo-
sphere, so-called aerosols, which may not only temporarily
mask the effects of global warming, but also lead to devastat-
ing effects on ecosystems, mainly through causing transient
global dimming and/or cooling (Thordarson and Self 2003;
Storelvmo et al. 2016). During the emplacement of CAMP,
recurring volcanic eruptions may have led to repeated epi-
sodes of atmospheric pollution and dimming, compounding
the destabilisation of ecosystems. The negative effects of SO,
have been invoked as part of the explanation for environmen-
tal upheaval recorded across the Tr—J boundary, including the
ETE events. This includes circumstantial evidence such as the
severe terrestrial vegetation shifts and floral biodiversity
losses, the increased abundance of spores and microbes, and
a sometimes observed decoupling between marine and terres-
trial biotic recovery (McElwain et al. 2007; van de
Schootbrugge et al. 2009; Lindstrom et al. 2012, 2015;
Mander et al. 2013; Bond and Wignall 2014; Lindstrom
2016; Petterfy et al. 2016). SO, is thus considered to be a
potentially important factor in contributing to the ETE as well
as other flood basalt-induced mass extinctions in the past. It
would therefore be greatly beneficial to develop reliable prox-
ies to reconstruct SO, emissions across mass extinction
boundaries and at other times of significant environmental
upheaval in the geological record. Such proxies would aid in
separating the effects of SO, and CO, to further our under-
standing of climate sensitivity and thus allow improved pre-
dictions of the effects of future climate change by comparing
to past global warming and mass extinction events
(Bytnerowicz et al. 2007; Storelvmo et al. 2016).

In an effort to address the need for SO, proxies, two studies
have recently explored the possibility of detecting SO, in the
past, one through studying fossil leaf shape across the Tr—J
boundary (Bacon et al. 2013) and another through investigat-
ing the effects of SO, on the cuticle structure of modern
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“nearest living equivalents” (modern plants that are analogous
to their fossil equivalents in terms of taxonomy, morphology
and/or ecology) of Mesozoic plants (Elliott-Kingston et al.
2014). Bacon et al. (2013) identified a physiognomic marker
in plant leaves exposed to SO, in controlled-environment ex-
periments and found the same physiognomic response of in-
creased leaf roundness in fossil leaves of multiple taxa pre-
served across the Tr—J boundary in East Greenland. The au-
thors identified a stepped response of different species over
time — that is, some plant fossils expressed an increase in
roundness before others. Taxa became rounder than previous-
ly in the beds leading up to the Tr—J transition, when SO,
emissions due to CAMP volcanic activity are considered in-
creasingly likely. These same taxa then decreased significantly
in abundance locally, before either recovering with less round
leaves after the Tr—J transition, or becoming locally extinct.
Importantly, the order of response mirrored that predicted by
nearest living equivalent taxa of Mesozoic plants exposed to
simulated palaeo-atmospheric treatments (see fig. 5, Bacon
et al. 2013). Elliott-Kingston et al. (2014) subsequently also
exposed several different nearest living equivalent taxa to high
levels of SO, in controlled environment experiments and iden-
tified a range of cuticle damage features that are linked to
exposure to SO, in extant plants. These damage features in-
cluded changes in surface waxes, blistering, collapsed epider-
mal cells and stomatal complex distortion, giving the impres-
sion of ‘disorganised’ and ‘distorted’ cuticle surfaces.

Plant cuticles are very resistant polymeric structures
with high preservation potential, and are already in wide
use as proxies, e.g. for atmospheric CO, concentrations
(pCO,) via their stomatal densities (Woodward 1987,
Beerling et al. 1998; McElwain 1998; Barclay et al.
2010; Steinthorsdottir et al. 2014; Steinthorsdottir and
Vajda 2015,, Steinthorsdottir et al. 2016a, Steinthorsdottir
et al. 2016b). The high preservation potential of plant cu-
ticles as fragments in sediments, often when macrofossils
are not available (Steinthorsdottir et al. 2011a,b), make
them an attractive target for attempting to develop an SO,
proxy. While analysing hundreds of leaves and leaf frag-
ments for use in pCO, reconstruction, it was observed
clearly that cuticle surfaces from certain sedimentary plant
beds, particularly those close to and at the Tr—J boundary,
appeared significantly more ‘messy’, with disorganised
cell arrangement and increased surface textures — features
referred to collectively as ‘distorted’ cuticles. Although
this was observed with interest at the time, there was no
clear indication of what may have caused the distortion.
We note that the original study was not designed in order
to develop an SO, proxy and that future studies with the
specific aim of investigating SO, proxies will enable the
proper quantification of the potential proxy outlined below.
The development of such a proxy requires statistical scoring
of morphological features interpreted to be caused by SO,
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pollution and further analyses of cuticular morphology, in-
cluding studying cross sections, measuring thickness and ul-
trastructure, and analysis with transmission electron micros-
copy (TEM) of the substomatal cavity, far beyond the scope of
the current report.

The aim of this study is to preliminarily explore whether
cuticle surface morphology has the potential to serve as a
new palaeo-SO, proxy. We tested the hypotheses that (1)
distorted cuticles will display similar morphology to cuti-
cles exposed to SO, in the experiments of Elliott-Kingston
et al. (2014); and (2) distorted cuticles will dominantly
occur in the sedimentary beds where Bacon et al. (2013)
identified increased leaf roundness.

Geological background

The studied plant cuticles derive from nine fossil plant beds in
a sedimentary section at Astartekloft in Jameson Land, East
Greenland. The sediments were deposited in a terrestrial water
logged floodplain setting (Dam and Surlyk 1992; Hesselbo
et al. 2002). The nine plant beds include five Upper Triassic
(Rhaetian) beds: 1, 1.5, 2, 3 and 4; the Tr—J boundary bed, bed
5; and the three Lower Jurassic (Hettangian) beds 6, 7 and 8
(McElwain et al. 2007) (Fig. 1). The Astartekloft fossil flora is
abundant, diverse and well preserved, with most plants be-
longing to orders Ginkgoales, Bennettitales, Cycadales and
Coniferales (Harris 1926; McElwain et al. 2007; Popa and
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Fig. 1 Geographical location of the sample locality at Astartekloft,
Jameson Land, East Greenland, as well as a lithological log of the
stratigraphical section with the sedimentary plant beds 1-8 indicated.
The Triassic-Jurassic transition of environmental upheaval (Tr-J),

spanning from bed 2 or 3 to bed 6, is indicated with the grey vertical
bar and the Triassic-Jurassic boundary in bed 5 is indicated with a black
arrow. Scale is in meters. Log redrawn from Hesselbo et al. (2002)

@ Springer



52

Palacobio Palacoenv (2018) 98:49—69

McElwain 2009; McElwain et al. 2009; Mander et al. 2010).
Plant beds 1-5 are interpreted to be isotaphonomic (Mander
et al. 2013), with the depositional environments of beds 6, 7
and 8 being very similar. However, bed 6 has been interpreted
as a poorly developed coal swamp and beds 7 and 8§ are some-
what sandier than the older beds (McElwain et al. 2007). The
sampling strategy employed by McElwain et al. (2007) further
ensured that the beds are directly inter-comparable (e.g. same
volume of rock excavated for each bed and/or rarefaction cor-
rection to final collection). Environmental conditions have been
shown to have changed through the sedimentary succession,
with increasing pCO, (McElwain et al. 1999; Steinthorsdottir
et al. 2011b); a large stable carbon isotope excursion (Hesselbo
et al. 2002; Bacon et al. 2011), increased wild fire activity
(Belcher et al. 2010) and changes to the hydrological regime
(Steinthorsdottir et al. 2012), all well documented across the
Tr—J boundary at Astartekleft. The taphonomic control across
the first six beds in particular is thus strong, with the same or
similar preservation conditions present. Although there is a pro-
nounced rise in pCO, across the Tr—J boundary, constituting the
most important environmental change experienced by the fossil
plants, recent work suggests that this should only increase
preservation potential, through thickening of cuticles (Bacon
et al. 2016).

Fossil flora

Over all, the fossil flora at Astartekloft shows an 85% turnover
rather than extinction of taxa at the Tr—J boundary, where minor
components of the Triassic flora become dominant components
of'the Jurassic flora and vice versa (Harris 1937; McElwain et al.
2007). In-depth studies of vegetational and biogeochemical
changes at Astarteklaft show that diversity loss began to take
place before the deposition of bed 3 and persisted until after the
deposition of bed 6 (McElwain et al. 2009; Steinthorsdottir et al.
2011b; Mander et al. 2013), reflecting the complex pattern of
CAMP-driven global change. Correlation and comparison with
additional Tr-J transition sequences worldwide suggest that
peak extinction in Astartekleft’s bed 5 (where the actual Tr—J
boundary is located) probably reflects a biological tipping point
brought about by the long-term cumulative effect of CAMP
emplacement (e.g. Bonis and Kiirschner 2012; Lindstrom
et al. 2012; Mander et al. 2013).

Bennettitales and Ginkgoales, the two taxa studied here,
are both among the most commonly preserved plant fossils
and are uniquely present together in most of the beds.
Bennettitales are far more abundant pre- Tr—J boundary, with
abundance declining significantly across the Tr—J boundary
and the group going locally extinct before bed 8 is deposited.
Ginkgoales are rarer components of the flora before the Tr—J
boundary, except in bed 2, but become ecologically dominant
after the transition (McElwain et al. 2007, 2009). Some key
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differences in the composition of the macroflora and cuticle
database include the strong presence of various conifers in the
macroflora, including e.g. the broadleaf conifers Podozamites
and Elatocladus, which are abundant in several beds through-
out the section, but absent or near-absent as dispersed cuticles.
This discrepancy between the macrofossil and cuticle records
is likely due to the conifers in question having thin leaf cuticle,
which does not preserve well (Harris 1932). Contrastingly,
Ginkgoales are not present in bed 5 as macrofloral remains
but cuticle fragments from Ginkgoales taxa are clearly identi-
fied in this bed. This raises the possibility that proxies for SO,
that focus exclusively on either plant macrofossils or dis-
persed cuticle will not alone provide a clear signal of the
presence or strength of SO, in the fossil record.

Material and methods

The database analysed here consists of more than 1200 cuticle
images of 95 Ginkgoales (Ginkgoites, Baiera and Sphenobaiera)
and 82 Bennettitales (Anomozamites and Pterophyllum), both
from entire leaf specimens and dispersed cuticles extracted from
bulk samples across the Tr—J boundary. The fossil plants have
been classified to genus-level based on macrofossils, whereas the
cuticle morphology is very similar between the genera within
Ginkgoales and Bennettitales respectively, preventing classifica-
tion below order-level for the dispersed cuticles; therefore all
cuticles are lumped together in these two taxonomic groups.
Each studied cuticle specimen was photographed 5-10 times,
with images distributed evenly across the cuticle surface, at
%200 magnification using a mounted Leica camera (Leica DM
2500 with epifluorescence module Leica eqb-100) and Auto-
Montage Pro (©Synoptics, version 5.03.0061). For a complete
list of the specimen database, including specimen numbers, de-
tails of sample processing and data previously collected, see
Steinthorsdottir et al. (2011b). The image database was analysed
visually and the various structures observed scored for frequency
and co-appearance between the two studied plant groups. The
database is hosted by the UCD Plant Palacoecology and
Palaeobiology Group, University College Dublin, Ireland.

Results

Morphology of cuticle surfaces interpreted as SO, fumigation
response

The distorted cuticle surface structures interpreted to express a
morphological response to SO, fumigation across the Tr—J
boundary include a disorganised arrangement of cells on cu-
ticle surfaces, often accompanied by an etched or ‘pocked’
surface (see Table 1). In addition, a bulging on some cuticle
surfaces was observed, often accompanied by folding,
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Schematic overview of cuticle features believed to be potential SO, proxies. Cuticle surface features are scored separately for both plant groups in each stratigraphic plant bed through the Tr—J

Table 1

Cuticle/ plant

cuticle folding, ridging, bulging;

disorganised epidermal cell arrangement, surface etching; ~ =

Cuticle present, undistorted; # =

transition at Astartekloft, East Greenland. Legend: *

severe. Macrofossil

minimal or absent; ------------ = moderate;

group absent. Bold denotes strong presence of the reported features. Interpreted strength of SO, pollution:

abundance from (McElwain et al. 2007; table 3)

Hettangian

Tr—J boundary

Rhaetian

Chronology:

Bed 8

Bed 6 Bed 7

Bed 5

Bed 4

Bed 1.5 Bed 2 Bed 3

Bed 1

Stratigraphy:

Ginkgoales

extremely abundant

34.39

extremely abundant

45.72

extremely rare

extremely rare

extremely rare

rare
0.11
o/

abundant
31.01

o /#

absent

rare

Cuticle abundance

247

12.5

Macrofossil abundance

Bennettitales

absent

extremely rare

0.46

extremely rare

391

extremely rare

0.1

extremely abundant

rare
77.28

abundant
27.13

abundant

3

abundant
41.07

Cuticle abundance

absent

2.29

7.1

Macrofossil abundance

SO, strength:

resulting sometimes in surfaces displaying long elevated
ridges consisting of folded cuticle and/or bulging epidermal
cells. In the most extreme cases, during the Tr—J transition,
cuticle surfaces are chaotic, severely folded and distressed-
looking. This is in contrast to the smooth ‘natural’ cuticle
surface with well-organised cell arrangement observed in beds
most distant to the Tr—J boundary. Below we track the re-
sponses of both Bennettitales and Ginkgoales through the
Astartekloft stratigraphical sequence and across the Tr—J
boundary. Previously published studies suggesting 1) how
cuticle surface morphologies change visually as a reaction to
SO, (Elliott-Kingston et al. 2014) and 2) within which bed
each plant group reacted to SO, fumigation at Astartekloft
(Bacon et al. 2013) were used as a framework, to better enable
the separation between ‘messy-looking’ cuticle caused by
poor preservation and taphonomy, and distorted cuticle with
potential proxy-structures expressing morphological re-
sponses to SO,. We specifically tested the following hypoth-
esis based on the findings of Bacon et al. (2013) and Elliott-
Kingston et al. (2014):

1. The morphological range and type of distortion observed
on the fossil plant cuticle surfaces will be of a similar type
to that observed in SO, fumigation experiments on extant
plants.

2. Distorted cuticles will be dominantly identified in the
same beds as the roundest leaves (beds 4—6) and will be
rare or absent in the other beds, where less evidence for
SO, has been identified.

The results are described below, listed in Table 1 and illus-
trated in Figs. 2—-10.

Ginkgoales responses

In bed 1, Ginkgoales cuticles are well-preserved, displaying a
smooth, seemingly non-distorted surface (Fig. 2a—d, Table 1),
with a very similar stomatal and epidermal arrangement and
morphology to their modern nearest living equivalent species
Ginkgo biloba (Fig. 2d—e). Although some wear and tear is
evident on the fossil cuticle surfaces (see Fig. 2¢ for some light
ridging and etching), bed 1 Ginkgoales generally displaying
what could be considered the natural morphology of their
cuticle surfaces. No Ginkgoales macrofossils nor leaf frag-
ments were recovered from bed 1.5. Conversely, Ginkgoales
is abundant in bed 2, where two types of cuticle morphology
are observed. Firstly, fewer cuticle surfaces appear to be nat-
ural and non-distorted (similar to bed 1 cuticle surfaces)
(Table 1, Fig. 3a-b). Secondly, more of the cuticles (estimated
at about half the analysed leaf fragments) display a clear
change in morphology, with distortion including the bulging
of epidermal cells and papillae, ridging, folding and more
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Bed 1 Ginkgoales

leaf cuticle morphology. The numbers previously assigned: a Baiera (46972), b—d Ginkgoites
images together illustrate the non-distorted, natural appearance of (46882, 46968, 46972). Modern cuticle surface morphology of
Ginkgoales cuticle surfaces. The letter s identifies a single stoma Ginkgo biloba is depicted in e—f. Macerated cuticle fragments of
on the epidermal cuticle surface in images a, ¢ and e. Fossil cuticles leaf specimens collected in Ireland, 2010
derive from macrofossil specimens, with genus and specimen
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Bed 2 Ginkgoales

Fig. 3 Bed 2 Ginkgoales. First potential signs of distortion. While
approximately half the cuticle surfaces derived from bed 2 display the
natural, non-distorted morphology shown in a—b (similar to cuticles
derived from bed 1), the other half appear distorted, with bulging and
disorganisation of epidermal cells, as well as ridging observed in ¢—f. The
arrows point to examples of ridging and/or bulging, but the overall degree

of distortion of the epidermal surface is best appreciated from viewing the
overall image. Examples of stomata are denoted with s. All Ginkgoites
specimens (47760, 46992, 47022, 47045, 47038) from intact
macrospecimens (a—e) and Ginkgoales macerated leaf fragment from
bulk sample M.S. 2.05 (f)
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Bed 3 Ginkgoales

e

Fig. 4 Bed 3 and 4 Ginkgoales. a—d distortion ubiquitous in bed 3, Sphenobaiera (47212, 47213). e—f cuticle surfaces record
with ridging, light folding, surface etching and disorganisation of pronounced distortion, including disorganised epidermal cell
epidermal cell arrangement apparent. The arrows point to examples arrangement, etching, ridging and folding. Images of Ginkgoales 1
of ridging and/or bulging. Examples of stomata are denoted with s. and 3 macerated from bulk sample M.S. 4

Images from intact macroleaf specimens Baiera (47250) as well as
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Bed 5 Ginkgoales
a S

Bed 6 Ginkgoales

Fig. 5 Bed 5 and 6 Ginkgoales: Severe distortion of cuticle. a—d bed 5
macerated Ginkgoales cuticle display bulging of epidermal cells, ridging,
folding, etched surface structure and some disorganisation of epidermal
cell arrangement (images of macerated leaf fragments with sample
numbers Ast 5.2 SH Ginkgoales 8, CB Ast 5.03 Ginkgoales 1, CB Ast
5.02 Ginkgoales 1, and CB Ast 5.02 Ginkgoales 2). e macerated leaf
fragment (MS Ast 6 Gingkoales 1) showing the extreme folding and
disorganisation of cell arrangement characteristic for bed 6. The arrows
point to examples of ridging and/or bulging. Examples of stomata

are denoted with s. f a leaf fragment specimen of unknown
taxonomic affinity (MS Ast 6 messy cuticle 1) illustrates
particularly clearly the extreme folding, bulging and chaotic cell
arrangement observed in all leaf material from bed 6. Important to
note is that the cuticle “envelope” (both abaxial and adaxial
epidermal cuticle) is present (see inside of opposite cuticle sheath
in image upper left hand corner, denoted with arrow), indicating that
the distorted cuticle morphology is not the product of taphonomy.
No non-distorted cuticle was observed in either bed
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Bed 7 Ginkgoales

Bed 8 Ginkgoales

Fig. 6 Bed 7 and 8 Ginkgoales. Return to non-distorted natural cuticle. 8 Sphenobaiera (both images 47820) cuticle surfaces are extremely well
a-b bed 7 Ginkgoites (47765, 47720) as well as ¢—d Sphenobaiera preserved, natural and undistorted. Examples of stomata are denoted with
(47729, 47744) leaf cuticle surface morphology of intact leaf specimens s. All specimens in this bed are very papillate. No distorted cuticle was
show the non-distorted typical appearance of Ginkgoales cuticle. e—f bed observed in either bed
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Bed 1 Bennetitales

Fig. 7 Bed 1 Bennettitales. Non-distorted natural cuticle. a—f Full range
of non-distorted, natural morphology of well-preserved Bennettitales
specimens at Astartekloft. Examples of stomata are denoted with s. a-b

disorganised cell arrangement (Table 1, Fig. 3c—f). The
distorted cuticle specimens are most likely preserved in the
same fashion as the non-distorted ones (same macro-

Anomozamites (46905), c—d Anomozamites (46893, 48238), e—f
Pterophyllum (46897, 46921)

morphology, thickness and epidermal epifluorescence re-
sponse), and thus the observed structures give the distinct
impression that they are not caused by taphonomical

@ Springer




60 Palacobio Palacoenv (2018) 98:49—69

Bed 1.5 Bennettitales

Bed 3 Bennettitales
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4 Fig. 8 Bed 1.5, 2 and 3 Bennettitales. From non-distorted to mildly
distorted cuticle. Examples of stomata are denoted with s. a-b bed 1.5
Anomozamites (46842) and Pterophyllum (46851) display well-preserved,
non-distorted natural cuticle morphology. ¢—d bed 2 Anomozamites
(46991) and Pterophyllum (46851) are well-preserved and seem non-
distorted, although some disorganisation of epidermal cell arrangement
may be hinted at in this bed. e—f Anomozamites (47147) and
Pterophyllum (47230) clearly show mild distortion, with disorganisation
of epidermal cell arrangement, light ridging and surface etching

processes, but rather were part of the cuticle morphology prior
to deposition of the fossil leaves. In the following three beds
(beds 3-5) all observed cuticles display the distorted cuticle
surface morphology, with various levels of distortion of epi-
dermal arrangement, uneven surfaces along with cuticle bulg-
ing, ridging and folding (Table 1; Fig. 4a—f; Fig. 5a—d). Bed 5
is the Tr—J boundary bed, but does not contain cuticles that are
significantly more distorted than in beds 3 and 4. In bed 6
however, where plant fossils are rare, the cuticles are extreme-
ly ridged, bulged and folded, with significantly smaller cells
and stomata than cuticles from any other bed (Fig. 5e). Albeit
we cannot discount the possibility of a minor taphonomic
effect due to the different preservation environment of bed 6,
we consider it unlikely that this severe increase in distorted
cuticles would be produced by a minor taphonomic alteration
alone. Although the Ginkgoales cuticles in bed 6 are cuticle
fragments macerated from bulk samples, we interpret the ex-
treme folding to be an original morphological expression,
mostly because both cuticles surfaces seem to be present, in-
dicating good preservation of the material. The presence of
additional (non-ginkgoalean) plant cuticle specimens with se-
verely distorted surface cuticle, where it is clearly evident that
the entire ‘leaf envelope’ (abaxial and adaxial leaf cuticle) is
preserved and thus that the distortion was present on the orig-
inal cuticle surface, and is not caused by macerated cuticles
folding after deposition or post-processing in the laboratory,
supports this interpretation (see Fig. 5f). Beds 7 and 8 contain
a large abundance of extremely well-preserved intact non-
distorted leaf specimens, which all display a return to the
natural, smooth and non-distorted cuticle surface with
organised epidermal cell and stomatal arrangements
(Table 1; Fig. 6a—f). This return to natural cuticle surfaces is
even more powerful when the taphonomic environment is
considered. Beds 7 and 8 are sandier river bank deposits that
are somewhat less likely to preserve high quality cuticles than
the previous beds but all of the cuticles observed are natural,
without any evidence for distorted cuticles that were so com-
mon in the previous beds.

Bennettitales responses
Bennettitales in beds 1 and 1.5 generally display clean, non-

distorted well-preserved cuticle surfaces, which clearly dis-
play the range of bennettitalean stomatal and epidermal

arrangement: a natural cuticle surface morphology with which
to compare subsequent cuticle surfaces (Table 1; Fig. 7a—f;
Fig. 8a—b). Bed 2 Bennettitales, although still showing
smooth, even, well-preserved cuticle surfaces, appear to be
somewhat distorted in terms of epidermal cell and stomatal
arrangement (Table 1; Fig. 8c—d), but this could be within the
bennettitalean natural morphological range. Bed 3
Bennettitales cuticles are also mildly distorted, with ridging/
folding and surface etching (Table 1; Fig. 8c—f). Bed 4
Bennettitales cuticles conversely are seemingly mostly non-
distorted, with only a hint of ridging, via bulging of epidermal
cells (Table 1; Fig. 9a-b). In bed 5, the first unequivocal evi-
dence of distortion is expressed by folded, ridged cuticles with
disorganised epidermal cell and stomatal arrangement
(Table 1; Fig. 9¢c—d). In bed 6, in concordance with
Ginkgoales cuticles, Bennettitales cuticle surfaces are distinct-
ly chaotic, severely folded and uneven (Table 1; Fig. 9e-f).
Above the Tr-J transition, in bed 7, Bennettitales return to
cuticle surfaces that are free from folding and ridging, but still
appear somewhat distorted (Table 1; Fig. 10a—b). In bed 8,
Bennettitales are absent from the Astartekleft sediments and
interpreted to be locally extinct. Notably, Bennettitales cuti-
cles overall are less distorted than Ginkgoales cuticles, except
for in beds 5 and 6. Bennettitales cuticles express damage
consistent with SO, exposure both later and less severely than
the Ginkgoales cuticles.

Discussion
Fidelity of the cuticle database

The extensive cuticle database studied here comprises a
large selection of epidermal surface images of almost 200
fossil Ginkgoales and Bennettitales specimens across the Tr—
J boundary, and thus illustrates in detail the range of mor-
phologies found in each group within each bed. However,
the cuticle specimens were originally selected based on best
preservation (for optimal pCO, reconstruction, see
Steinthorsdottir et al. 2011b) and it was therefore not possi-
ble to construct a rigorous statistical analysis, rendering the
results presented here somewhat qualitative. Due to the da-
tabase design, the likelihood of observing distorted cuticles
is less in some beds than if indiscriminate observation of
randomly chosen specimens had been the original selection
goal. This nonetheless strengthens the findings because,
despite the original criteria of best-preserved cuticles,
distorted cuticles are still a common presence in the database
and identified in increasing abundance at the Tr—J boundary,
best illustrated by all cuticles in beds 5 and 6 being
distorted. Evidence of a small proportion of additional
distorted cuticles may thus have been overlooked in some
beds, particularly beds 1, 1.5, 7 and 8, but this in turn
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4 Fig.9 Bed4, 5 and 6 Bennettitales. Severe distortion of cuticle. a—b bed
4 Anomozamites (47303) and Pterophyllum (48164): clear evidence of
distortion, including bulging of epidermal cells, ridging and
disorganisation of epidermal cell arrangement. The arrows point to
examples of ridging and/or bulging. Examples of stomata are denoted
with s. ¢—d bed 5 Bennettitales (MS Ast 5.05, 5.06) macerated cuticle
surfaces display severe distortion, including ridging, folding and
disorganised epidermal cell arrangement. e—f bed 6 Bennettitales (MS
Ast 6.04, 6.02) show severe cuticle distortion through chaotic cell
arrangement, ridging/folding and some surface etching

highlights the overwhelming proportion of distorted cuticles
in the other beds. We therefore consider the fidelity of the
database regarding mapping the occurrence of distorted cu-
ticles across the Tr—J boundary to be high.

Comparison of Tr—J transition fossil cuticles to modern
cuticles from simulated palacoenvironment experiments

It was hypothesised that cuticle distortion observed in the
fossil cuticle database would be similar to that observed in
SO, fumigation experiments, and the analysis of the fossil
cuticles from Astartekloft clearly revealed numerous morpho-
logical distortion characteristics analogous to those identified
on modern plant cuticles by Elliott-Kingston et al. (2014).Ina
study on the impact of continuous sulphur dioxide (SO,) ex-
posure for 6 months at 0.2 ppm on modern plant leaf surfaces,
Ginkgo biloba interveinal leaf tissue and stomatal subsidiary
cells collapsed under continuous SO, fumigation whereas sto-
matal papillae remained intact (Elliott-Kingston et al. 2014).
Similar morphological changes are evident in the fossils in
this study from bed 2 (Fig. 3¢). Elliott-Kingston et al. (2014)
also showed elevated areas of damaged leaf tissue as a result
of SO, exposure. In some cases this took the form of epider-
mal cells with overlying cuticle raised up into circular
‘bulges’; in others, areas of epidermal cells had collapsed be-
low leaf surface level, which may have resulted from the
bulges subsequently collapsing. In addition, the authors
showed leaf areas with cuticle (without the underlying epider-
mal cells) raised up into ‘bubbles’ that subsequently burst.
This epidermal and cuticle distortion stretched the cells,
resulting in the enlarged tissue folding and forming ridges
when it burst or collapsed. Folding and ridging are prominent
features of the fossil cuticles (Fig. 3e—f; Fig. Se—f; Fig. 9c—e)
and although raised bulges and blistering are not directly ob-
servable on fossil cuticles, possibly due to epidermal cell deg-
radation, and cell and cuticle compression during fossilisation,
the ‘disorganised’ epidermal cell arrangement sometimes not-
ed may be the observable product of SO, fumigation.
Nguyen Tu et al. (1998) showed that a Cenomanian
(c.100-94 Ma) fossil Ginkgoales, Eretmophyllum
andegavense, still contained wax compounds, thus waxes
may still be observable as part of the surface structure on fossil
cuticles. Elliott-Kingston et al. (2014) also showed cuticular

wax degradation in all species that produced new leaves under
SO, fumigation. In many species, surface waxes appeared
thicker due to excessive wax production or degradation of
individual wax structures that subsequently combined into a
less structured mass (Bartiromo et al. 2012; Elliott-Kingston
et al. 2014). The fossil cuticles appear to show production of
extra cuticular wax in some cases (e.g. Fig. 3e; Fig. 5f; Fig.
9¢). Taken together, exposure of modern plant leaves to SO,
fumigation resulted in a less organised cuticle surface, with
clearly visible alterations in wax structure, which is compara-
ble to many of the fossil cuticles.

Comparison of fossil cuticle distortion to macro-leaf
physiognomy across the Tr—J boundary

It was hypothesised that fossil cuticle distortion, potentially
caused by elevated atmospheric SO,, would be observed in
the same beds as the roundest fossil leaves described by Bacon
et al. (2013). In addition, increased leaf roundness was ob-
served in several taxa — selected to be nearest living equiva-
lents for abundant taxa at Astarteklaft — that were exposed to
simulated palacoatmospheric conditions designed to mimic
the Tr—J transition atmospheric conditions in controlled envi-
ronment experiments (Bacon et al. 2013). Increased leaf
roundness was observed when the plants were exposed to
SO, and a similar increase in leaf roundness was observed in
fossil taxa in beds that correspond to the time of most likely
CAMP activity and thus highest atmospheric SO, levels
across the Tr—J boundary. The physiognomic responses of
fossil Ginkgoales and Bennettitales to atmospheric SO, (see
Fig. 4; Bacon et al. 2013) and the relative abundance of each
plant group through the section (McElwain et al. 2007) can be
briefly summarised as follows. Ginkgoales are rare in most
Rhaetian sediments at Astartekleft, but Bacon et al. (2013)
interpreted increased leaf roundness already by bed 2 as a
response to SO,. Thereafter, Ginkgoales become extremely
rare, almost to the point of local extinction, until the
Hettangian bed 7, after which they become the dominant veg-
etation component at Astartekloft. Bennettitales leaves are
abundant in Rhaetian sediments but show no physiognomic
response until bed 4, (Bacon et al. 2013) when they become
much rounder than leaves in previous beds. Bennettitales then
decline sharply in abundance through to bed 7, after which
they are entirely absent from the sediments.

Clear evidence of cuticle distortion becomes apparent in
bed 3 and remains present in all analysed cuticles in beds 4,
5 and 6 (Figs. 4, 5, and 9). The most severe cuticle damage is
apparent in bed 6 with ridged, bulged and folded cuticle ap-
parent in all samples analysed. The cuticles return to natural
morphology in beds 7 and 8 (Figs. 6 and 10), where leaf
roundness also decreases in the macrofossils analysed in bed
7 (Bacon et al. 2013). Bennettitales do not show a major
increase in leaf roundness until bed 4 and the roundest leaves
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Bed 7 Bennettitales

Fig. 10 Bed 7 Bennettitales. Return to non-distorted natural cuticle.
Examples of stomata are denoted with s. a—b bed 7 Anomozamites
(47672, 47739) appear, despite a hint of disorganised epidermal cell

were found in beds 4—6, although very few (<5) macro-leaves
were present in each of beds 5 and 6 (Bacon et al. 2013). The
cuticle analysis thus indicates the first signs of SO, stress in
bed 2 (Fig. 11), but this was of limited severity and occur-
rence. Bennettites only express disorganised epidermal cell
arrangement and some surface etching in beds 2 and 3, where-
as Ginkgoales express the full range of distortion —
disorganised epidermal cell arrangement, surface etching and
cuticle folding, ridging and bulging from bed 2. This suggests
that, analogous to the leaf physiognomy proxy where
Ginkgoales expressed increased roundness in bed 2,
Ginkgoales responded earlier and initially more severely to
SO, than Bennettitales. The Bennettitales express a greater
severity of SO, cuticle distortion in bed 4 (Fig. 11), after
which they decline severely in abundance at Astartekloft.
The most severe cuticle SO, distortion for Bennettitales was
observed in beds 5 and 6 and while they return to natural
morphologies in bed 7 (Fig. 11), they are extremely rare from
bed 5 onwards and locally extinct before deposition of bed 8.

A unique benefit of the cuticle analysis, compared to the
leaf physiognomy analysis, is that cuticles of both plant
groups are present in multiple beds across the Tr—J boundary,
whereas e.g. Ginkgoales macrofossils are absent in beds 1.5,
3,4, and 5. Contrastingly, Podozamites macrofossils are pres-
ent in all beds except bed 7, whereas no Podozamites cuticle is
found. The cuticle of Podozamites has been classified as par-
ticularly thin (Harris 1935) and no examples were recovered
when bulk material was macerated to extract cuticles.
However, this group is well-represented in the leaf macrofos-
sil record and shows a significant increase in leaf roundness in
bed 5, where some of the most distorted cuticles for other taxa
are identified. Thus, the two approaches together show the
most powerful evidence for the presence and effects of SO,
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arrangement, well-preserved, mostly non-distorted and thus showing
the natural Bennettitales cuticle surface morphology

across the Tr—J boundary. The cuticle analysis agrees with the
leaf physiognomy analysis, thereby increasing confidence in
both methods. Furthermore, the cuticle analysis method adds
an additional independent line of evidence of plant responses
across the Tr—J boundary, suggesting that SO, remained an
active environmental pressure across the entire transition
(beds 2/3 to 6; Fig. 11), when macrofossils of Ginkgoales
and Bennettitales are absent. Importantly, the cuticle SO,
proxy provides the possibility of recognising times when
plants were most exposed to SO, and/or which plants were
most stressed by SO,, by recording SO,-induced distortion in
cuticle fragments when macrofossils may not be available.

Cause of cuticle morphological changes: Volcanic gasses
or taphonomy?

Fossil vegetation records the environmental degradation typi-
cally accompanying mass extinction events e.g. by changes in
community composition, abundance and diversity (McElwain
et al. 2007, 2009). Plants do not, however, respond to mass
extinctions in the severe manner fauna generally does, with
comparatively few genera going extinct (McElwain and
Punyasena 2007; Vajda and Bercovici, 2014). This makes it
possible to track the responses of plant groups across mass
extinction events because members of the same genus are
likely to be found before, during and after the events. This
resilience makes plants more useful tools than terrestrial fauna
for mapping changes in the palaco-environment and ecosys-
tems. There is very little change in taphonomic conditions in
the first six beds (beds 1-5), with well-preserved cuticles and
macrofossils found in all of the beds. These beds are
isotaphonomic in terms of deposition environment, whereas
beds 6-8 were deposited in slightly different environment.
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Fig. 11 Schematic overview of
cuticle damage levels and
strength of the interpreted
presence of SO, pollution
between beds for each group.
Green stars indicate Bennettitales,
black stars indicate Ginkgoales,
and each number refers to the
appropriate Astartekloft host plant
bed. Light grey circle contains
beds with no evidence for SO,
pollution; medium grey circle
contains beds with some evidence
of cuticle distortion and therefore
potential moderate SO, pollution;
dark grey circle contains beds
with severe cuticle distortion,
interpreted as strong evidence for
significant SO, pollution

115

Upchurch et al. (2007) surmised that cuticle distortion can be a
function of either poor preservation and/or processing.
Preservation is unlikely to account for the distortion observed
here, due to the taphonomic factors already discussed that
provide nearly homogenous preservation potential across the
beds. Cuticle distortion is also considered unlikely to have
occurred during processing, due to the observation of
identical distortion on both intact non-processed and mac-
erated cuticles from the same beds. Additionally, the pres-
ervation, in some cases, of both sides of the leaf cuticle
envelope in processed cuticle fragments discounts the
possibility that thin cuticle sheets were merely creased
or otherwise distorted during processing.

The only major conditions that are predicted to change are
those related to atmospheric composition, particularly (i) pCO,,
and (ii)) SO, due to volcanic gas emissions, as well as an ac-
companying fire activity spike in bed 5 (Belcher et al. 2010).
Concentrations of CO, rise across the Tr—J boundary
(Steinthorsdottir et al. 2011b) to peak in bed 6. It is unlikely
that this atmospheric composition change would negatively af-
fect preservation potential across the boundary, because higher
pCO, is predicted to increase leaf preservation potential (Bacon
et al. 2016). The fire spike in bed 5 (Belcher et al. 2010) is
recorded by a major increase in fossilised charcoal, but

SO, minimal or absent

SO, moderate

*
> ¢

there is no noticeable decline in the quality of preservation
of fossil plant material (leaf or cuticle), with more individ-
ual leaf fossils excavated from this bed than any other for
the same volume of rock (McElwain et al. 2007). The only
observable changes in fossil preservation are those related
to SO, activity. Leaf roundness peaks in bed 5 for the
Bennettitales genera, Anomozamites and Pterophyllum
(they are absent as macrofossils in bed 6), as well as for
two conifer genera, Elatocladus and Podozamites (Bacon
etal. 2013), and all cuticles extracted from beds 5 and 6 are
distorted. Given that no other significant changes are ob-
served, particularly in the isotaphonomic beds 1-5, the
observed alterations to mean leaf shape and cuticle mor-
phology are highly likely to be driven by exposure to SO,
and not by taphonomic changes.

Potential influence of SO, on the palaco-pCO, proxy

The geologically sudden elevation of pCO, and the concom-
itant temperature increases are considered the primary drivers
of many mass extinction events. Proxies to investigate both
have been available for decades, making the assessment of
changing atmospheric pCO, and temperature across mass ex-
tinction boundaries increasingly available, with the stomatal
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proxy being the most important terrestrial palaco-pCO, proxy
in use (Woodward 1987; McElwain 1998; Roth-Nebelsick
2005; Beerling and Royer 2011). With the emergence of po-
tential additional proxies for SO,, it is important to understand
whether the presence of volcanic SO, in the past may influ-
ence stomatal density based palaeo-pCO, reconstructions.
Previous studies on plant SD/SI responses when subjected to
naturally elevated levels of SO, in the vicinity of volcanic
vents have been inconclusive, reporting decreased SI
(Tanner et al. 2007) and SD (Ali et al. 2008), as well as no
SD/SI response (Bettarini et al. 1997; Haworth et al. 2010)
when compared to non-fumigated plants. The lack of SD/SI
response was interpreted to potentially be the result of devel-
opmental resistance to SO, fumigation by Haworth et al.
(2010), who subsequently conducted a series of growth cham-
ber experiments on several fossil-equivalent plant species with
no prior exposure to SO, (Haworth et al. 2012). Exposure to
high pCO, in combination with SO, fumigation produced a
variety of SD and SI responses between the plants, with SD
increasing significantly in about half the plant species, as well
as very variable SI responses, including a large SI increase in
Ginkgo biloba (Haworth et al. 2012). However, all species
showed an increase in the ratio between SD and SI (SD:SI),
implying this ratio could be used to help detect SO, responses
recorded by plants in the geological record and that this effect
could cause the underestimation of pCO, using the stomatal
method on material exposed to SO, in the past.

Haworth et al. (2012) then tested this assumption using the
data of Steinthorsdottir et al. (2011b) by plotting the SD:SI
ratio of Ginkgoales fossil leaves across the Tr-J of
Astartekleft, East Greenland, thus using the same cuticle
database that we here investigate for potential SO, damage,
and found a very significant increase (>100%) in the SD:SI
ratio in bed 6. Although the increase in SD:SI as an SO,
indicator in bed 6 is consistent with our observations of high
levels of cuticle distortion, as well as with the highest
reconstructed pCO, (Steinthorsdottir et al. 2011b), there are
important differences. The fossil Ginkgoales record a
significant SI decrease in bed 6, in contrast to the large SI
increase recorded by G. biloba under the Tr-J equivalent
experimental conditions (high pCO,, high SO,) (Haworth
et al. 2012).Therefore, pCO, reconstructed across the Tr-J
cannot be interpreted to be underestimated based on these
experimental results. In addition, fossil Bennettitales record
essentially parallel levels and variations of pCO, to
Ginkgoales across the Tr-J (Steinthorsdottir et al. 2011b), as
well as illustrating the high levels of cuticle distortion reported
here, but do not show an increased SD:SI ratio in bed 6, or any
other bed across the Tr-J (see supplementary information S1).
The very high variability in the response of SD and SI to
various combinations of natural and experimental fumigation
of SO, as well as pCO, needs to be further investigated.
Although SD and SI often respond in parallel, changes in
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SD may be directly related to e.g. changes in leaf expansion,
whereas Sl is recognised as the more reliable recorder of at-
mospheric pCO,, the most important plant substrate
(Salisbury 1928). It is thus advisable that the SD:SI ratio be
recorded when reconstructing pCO, in order to detect any
deviation from the parallel response, with the potential to
identify the presence of SO, or other detrimental environmen-
tal pollutants in the past, and to evaluate any potential influ-
ence on stomatal proxy derived pCO, (Haworth et al. 2012).

Significance of SO, proxies for interpreting the fossil record

Despite linking large igneous province volcanism to three of
the ‘big 5’ mass extinctions (the end-Permian, end-Triassic,
and end-Cretaceous) the lack of detailed proxies mean that,
although estimates of the volume of volcanic emissions (in-
cluding pCO, and SO,) can be made (e.g. Schmidt et al.
2016), the direct impact of these emissions on the environ-
ment and particularly the role of SO, in causing or adding to
the severity of mass extinctions has been difficult to deter-
mine. The development of SO, proxies offers a means to
begin to address this problem. It is important to understand
the role of SO, in mass extinction events so that we can fully
interpret these major events in Earth history and so that we can
make informed predictions about future climate change and
potential mass extinctions in the Anthropocene (Bacon and
Swindles 2016). Although considerably more work is needed,
the potential cuticle SO, proxy (presented here) and leaf phys-
iognomy SO, proxy (Bacon et al. 2013) represent the first
steps towards developing plant-based SO, proxies useful for
interpreting environmental change mediated by SO, in the
fossil record. Future work, including targeted sampling of ap-
propriate time intervals with more quantitative analyses of
fossil plant material and experimental studies, are needed be-
fore these proxies can be applied with full confidence.

Conclusions

The fossil cuticle analysis presented here provides strong ev-
idence for the detrimental effects of SO, on Ginkgoales and
Bennettitales cuticle surfaces across the Tr—J boundary at
Astartekloft, East Greenland. When considered together with
previously reported evidence for SO,-mediated leaf shape
change of multiple plant taxa, the findings of this study pro-
vide compelling evidence for a major role of SO, in the eco-
system response observed across this transition, which in-
cludes the end-Triassic mass extinction. These findings pro-
vide a means of investigating the role of SO, in mass extinc-
tion events, something that has previously proven elusive.
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