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Palaeo leaf economics reveal a shift in ecosystem
function associated with the end-Triassic mass
extinction event
W. K. Soh1*, I. J. Wright2, K. L. Bacon3, T. I. Lenz2, M. Steinthorsdottir4,5, A. C. Parnell6

and J. C. McElwain1

Climate change is likely to have altered the ecological functioning of past ecosystems, and is likely to alter functioning in
the future; however, the magnitude and direction of such changes are difficult to predict. Here we use a deep-time case
study to evaluate the impact of a well-constrained CO2-induced global warming event on the ecological functioning of
dominant plant communities. We use leaf mass per area (LMA), a widely used trait in modern plant ecology, to infer the
paleoecological strategy of fossil plant taxa. We show that paleo-LMA can be inferred from fossil leaf cuticles based on a
tight relationship between LMA and cuticle thickness (CT) observed among extant gymnosperms. Application of this new
paleo-LMA proxy to fossil gymnosperms from east Greenland reveals significant shifts in the dominant ecological
strategies of vegetation found across the Triassic–Jurassic (Tr–J) transition. Late Triassic forests, dominated by low LMA
taxa with inferred high transpiration rates and short leaf lifespans, were replaced in the Early Jurassic by forests
dominated by high LMA taxa that were likely to have slower metabolic rates. We suggest that extreme CO2-induced global
warming selected for taxa with high LMA associated with a stress-tolerant strategy and that adaptive plasticity in leaf
functional traits such as LMA contributed to post-warming ecological success.

The functioning of modern terrestrial ecosystems is determined
largely by the ecological strategies of dominant plant taxa as
these influence the rate at which elements and energy are

moved through the whole system1. Theoretical, experimental and
modelling studies have all forecasted that rising CO2 will alter the
ecological composition of future plant communities2,3 but the direc-
tion and functional implications of these changes in the long-term
remain unclear. One promising way forward is to study how ecosys-
tem properties changed in response to analogous climate change:
global warming events in the deep past. Here we investigate
whether increased atmospheric CO2

4–6 and global warming7 resulted
in a shift in ecosystem-scale ecological strategy and function across
the Tr–J boundary (201.36 ± 0.17 million years ago (Ma)8). To do
this we estimated the LMA of 109 fossil taxa from Astartekløft in
east Greenland (Bennettitales and Ginkgoales) across the Tr–J tran-
sition9–11, and analysed these data together with information on
changes in the relative abundance of these taxa12 and other paleoeco-
logical and climatological data4,11,13,14. The Astartekløft locality pro-
vides evidence for an extremeCO2-induced global warming event, an
abrupt decline in plant diversity, regional turnover of dominant taxa
and ultimately to alteration in species composition and vegetation
structure5,12,15. Palynological evidence has shown that the floral turn-
over at Astartekløft coincides with the end-Triassic marine mass
extinction event (ETE) in St Audrie’s Bay, UK10 andwas broadly con-
temporaneous with a major decline in conifers and woody taxa in
other global localities9,16. A rapid doubling of atmospheric carbon
dioxide to around 2,000–2,500 ppm4 (Supplementary Fig. 1) was
accompanied by emissions of SO2 and other volcanic gases17,18,

and the mean global temperature increased by up to 4 °C7. Our
study taxa, Ginkgoales and Bennettitales (an extinct group of ‘seed
ferns’), showed contrasting ecological fates: the former predominated
in the post-Tr–J warming interval following near extirpation in east
Greenland, and the latter were common in the Late Triassic but
underwent sharp ecological decline across the Tr–J transition, and
eventually becoming locally extinct in the post-warming interval12.

LMA is a key trait in the measurement and categorization of
plant ecological strategies19,20. It represents the dry mass and nutri-
ent construction costs per unit leaf area, and is tightly correlated
with many important functional attributes of a leaf including its life-
span, nitrogen concentration, maximum potential photosynthetic
rate and defence chemistry21,22.

Results
Paleo-LMA proxy development. To investigate ecological change
across the Astartekløft Tr–J transition, we developed a paleo-LMA
proxy by quantifying a tight linear scaling relationship between
cuticle thickness and LMA among 20 species of extant flat-leaved
gymnosperms (Fig. 1a). The positive relationship between LMA and
leaf lifespan underpins a leaf economic spectrum that runs from
slow-return species with high LMA, long leaf lifespans, low nutrient
concentrations and slow physiological rates, to low-LMA fast-return
species with short leaf lifespans and high nutrient concentrations
and physiological rates21–23. Similarly, the leaf cuticle has many
intrinsically linked functions of ecological significance such as
defence, protection against harsh environments, water repellence
and mechanical support24. Ultimately, the cuticle protects the costly
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Supplementary Information Text

1. Paleo-LMA proxy development

LMA-cuticle thickness relationship. High leaf mass per area 
leaves are thought to have longer lifespans (slower tissue turnover) 
because of their higher leaf engineering strength and coordination 
with other leaf economic traits such as defence chemistry1,2. Slow 
tissue turnover in combination with low nutrient concentrations 
in both green and senesced leaves are key adaptations by which 
species can be evolutionarily and ecologically competitive on low 
nutrient soils3. However, the low photosynthetic rates, slow growth 
and limited ability to respond to changing light environments (from 
neighbouring vegetation) tends to preclude such species from 
high nutrient situations where instead low LMA species dominate. 
Therefore, being able to reliably estimate the LMA of fossil 
plant taxon provide considerable insight into their ecological and 
physiological strategies and, more broadly, into the communities in 
which they lived. 

LMA cannot be measured directly on fossil plant material. 
At present, there are only two methods of estimating paleo-LMA 
from fossils: via leaf petiole and area dimensions4, and via adaxial 
epidermal cell density5. The first method is based on a strong scaling 
relationship between leaf petiole width-blade area and leaf mass4 
but is unavoidably limited in its application to well-preserved 
whole leaves, with undamaged petioles. The second method relies 
on a positive relationship between LMA and adaxial epidermal 
cell density 5, however the approach has only been tested within 
Ginkgoales. Here we present a third, complementary approach, 
with potential for broad utility, based on a simple and tight scaling 
relationship between leaf cuticle thickness and LMA (Fig. S8). The 
link between LMA and leaf cuticle thickness per area for laminas 
with flat or distinct abaxial and adaxial surfaces can be described by 
the following equation:

LMA = Density × lamina thickness Eqn. 1

The above equation can be expanded into the following: 

LMA = (D1 × CT) + (D2 × TT) Eqn. 2

Where D1 = leaf cuticle density, D2 = leaf tissue density, 
CT = cuticle thickness and TT = tissue thickness — LMA is 
predominantly affected by these four components. However, the 
density of leaf cuticle thickness is approximately unity with a very 
narrow range between 0.96–1.24 gcm-3 6,7 in woody plants, therefore 
cuticle thickness is more influential than density in determining 
variation in LMA in eqn. 2. Cuticle and tissue thickness both show a 
power law relationship with LMA on untransformed axes and when 
the variables were log-transformed we can conveniently regress 
LMA with cuticle and tissue thickness, giving three possible models 
(Table S9). The addition of tissue thickness (model 2 and 3) to LMA-
cuticle thickness model (model 1) did not substantially increase the 
adjusted R2 value or AIC (Table S9): models with cuticle and tissue 
thickness only increase variance explained by at most three percent 

from model 1. Based on the foregoing mechanistic and empirical 
evidence, we suggest that the LMA-cuticle thickness relationship 
proposed here (model 1) can be used as calibration for a new paleo-
LMA proxy. 

Model diagnostics in the form of Q‒Q plot and plot of
residuals vs. fitted values were used to assess the fit of model 1 (Fig. 
S8). These diagnostic plots do not suggest a significant departure 
from linearity and heteroscedasticity of variance (Fig. S8b‒c).
Two potential influential points were identified by Cook’s Distance 
analysis at the cut-off point 0.1 (Fig. S8d): Agathis lanceolata 
(sample no: 11-157a) and Ginkgo biloba (sample no: 11-84a). 
We re-fitted the model by removing the two influential points 
sequentially (Table S10). All model parameters, with or without 
influential points, were substantively close and consequently 
differences in their predictive power in paleo-LMA application was 
relatively small. We therefore retained all the 57 data points and 
applied the equation ‘log10 LMA = 1.744 + 0.601og10 CT’ in model 
1 for estimating the LMA of fossil leaves. 

Under the paleo-LMA framework, the training samples 
cover a broad range of flat-leaved gymnosperm taxa and therefore 
exclude cylindrical-leaved taxa from Pinaceae and Ephedraceae. 
Additionally, Gnetaceae and Welwitschiaceae were excluded since 
we could not easily obtain fresh material and the fossil record of 
Gnetaceae and Welwitschia cuticle is poor compared with that of 
conifers. To test for the influence of taxonomic structure in our 
dataset we also evaluated the cuticle thickness‒LMA relationship
using phylogenetic independent contrasts8 (PIC). For that analysis 
a phylogenetic tree was assembled for our 20 species included 
in this study using the online Phylomatic program9, based on a 
published consensus phylogeny, APG III10 (Fig. S2a). Subsequently, 
well-identified nodes were dated based on published ages from 
LFY and NLY  single-copy nuclear genes11 and implemented in 
the tree using bladj module in Phylocom 4.212. The phylogenetic 
tree together with species-averaged LMA and cuticle thickness 
data were used to calculate trait contrasts in R package ape. The 
contrasts were adequately standardized as the plots of absolute 
and standard deviation of contrasts for each set of traits show no 
significant negative correlation (cuticle R2 = 0.10, p-value > 0.05; 
LMA R2 = 0.10, p-value > 0.05, plots not shown). Following this, 
species-averaged cuticle thickness–LMA traits correlation were 
compared with the trait contrast correlation.. We found that both 
correlations maintained approximately the same magnitude and 
significant positive relationship before and after PIC (trait n = 19, 
R2 = 0.86, p-value < 0.001; trait contrast n = 20, R2 =0.84, p-value 
< 0.001; Fig. S2b‒c). This suggests that the cuticle thickness–LMA 
relationship within gymnosperms does not reflect any dependence 
on phylogenetic history, which further supports a mechanistic 
interpretation of the paleo-LMA framework. Our results, therefore, 
support the application of the paleo-LMA proxy on extinct Tr–J 
gymnosperm taxa such as Bennettitales that are not represented in 
the training data.

Cuticle thickness measurements. Plant cuticle consists primarily 
of insoluble cutin, cutan and soluble waxes, is highly resistant to 
physical and chemical changes 13 and it is often preserved in fossilised 
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material in the form of coalified compressions or as fragments in the 
rock matrix. The fossil cuticles in the current study show excellent 
preservation of nanoscale laminate structure within the cuticle 
proper. This, and the  consistent levels of autofluorescence across 
all measured cuticle samples, suggested that the cuticles were not 
compressed significantly or differentially preserved between beds, 
despite clear evidence for mesophyll compression. Other cellular 
structures including cell walls were not clearly present in the fossil 
leaf cross sections but were represented by a coalified layer. We 
measured cuticle membranes (i.e. not including epidermal cell wall) 
in both the modern and fossil samples. 

Adaxial cuticle is usually thicker than abaxial cuticle, and 
the difference between both sides ranges from 1% to 195% in 
extant samples. In the fossil leaf sections, the vertical segments 
in the ‘mesophyll’ layer (e.g. Fig. 1e) are chattering effects of 
microtoming. Fossil cuticle thickness is variable within a cross-
section in comparison to modern gymnosperm samples because 
cuticles sometimes folds onto itself or becomes compressed during 
the fossilisation process. To overcome discrepancy in measurements, 
only cuticles with approximately even thickness across the length 
of fossil leaf samples were measured, and regions with extreme 
thickness were avoided. Cuticle thickness was measured ten times 
for each abaxial and adaxial side of each leaf using ImageJ, and 
the total 20 measurements averaged. Alternatively, ImageJ plugin 
(BoneJ)14 can be used for determining mean cuticle thickness by 
measuring cuticle thickness at numerous intervals throughout the 
cuticle length with statistical and graphical outputs. This method 
however takes into account compressed and uncompressed sections. 
Both methods mentioned above produce almost similar results — 
for comparison, we measured cuticle thickness on images Fig 1d‒e 
in the main text using ImageJ with BoneJ plugin and compared the 
results with our primary method for measuring cuticle thickness 
(Table S11, Fig. S9). 

Comparison of results based on the cuticle-LMA proxy with 
those based on petiole-LMA and cell-LMA proxies. Three 
calibrations are available for the petiole-LMA proxy, based on 
woody dicots4, extant gymnosperms15 (17 genera, 93 species), 
and on Ginkgo biloba5 only. The ginkgo- and gymnosperm-
based versions led to considerably higher estimates of LMA than 
those made with our cuticle-LMA proxy (Fig. S3b‒c). There are 
several possible explanations for these discrepancies. Firstly, in the 
Ginkgo biloba training dataset5 the scaling relationship between 
LMA and petiole width (PW)-leaf blade area (A) is rather weak 
(log10LMA = 0.28510PW2/A + 2.882; R2 = 0.212, n = 36), leading 
to a correspondingly wide prediction interval (162.53 gm-2, PI95%: 
109.95, 239.09). Secondly, the extant gymnosperm training dataset15 
included taxa with widely-varying petiole length: the majority had 
short petioles or subsessile leaf (87%, petiole < 5 mm long) while 
others Ginkgo and Gnetum are taxa with long petioles. Yet an 
assumption of the PW2/A approach is that there is little variation in 
petiole length4. In having a long and distinct petiole, Ginkgo leaves 
are physiognomically more similar to woody dicots than to most 
other gymnosperms. For this reason, we consider the petiole-LMA 

proxy based on woody dicots (667 woody dicot species-site pairs) as 
more suitable for inferring the LMA of our Tr-J Ginkgoales samples. 
The overestimation of LMA from woody dicot petiole-LMA proxy 
could be due to an underestimation of macrofossil leaf blade area 
caused by incomplete preservation. Leaf shrinkage effects on blade 
area can be ruled out because compression fossilization has been 
shown to have negligible effect on shrinkage16. 

LMAs inferred from cuticle-LMA and epidermal cell-
LMA proxies from the same fossil sample showed an encouraging 
positive correlation (LMAcuticle-LMA proxy = 1.08LMAepidermal cell-LMA 

proxy, R
2 = 0.33, n = 44) (Fig. S3d). Similarly, a positive correlation 

between LMAs inferred from cuticle-LMA and petiole-LMA on the 
same fossil samples was evident, but this result should be treated 
with caution due to a small sample number (LMApetiole-LMA proxy = 59.5 
+ 0.24LMApetiole-LMA proxy, R

2 = 0.86, n = 5).

Outer- and inner-canopy leaf LMA variation in Tr-J 
Bennettitales and Ginkgoales. Variation in LMA exists between 
species, among individuals of the same species and within 
individuals (among leaves)17,18. Within-individual variation largely 
results from differences in light exposure (outer- versus inner-
canopy leaves) and in leaf age17. In this paper, the possible bias in 
Bennettitales and Ginkgoales LMA due to differences in outer- and 
inner-canopy leaves is addressed separately on a per-taxon basis. 

We reasoned that the large variation in LMA of Ginkagoales 
within and across fossil Beds most likely reflected differences 
among taxa that cannot be attributed, for example, to inadvertent 
systematic differences in sampling of outer- and inner-canopy 
leaves (‘sun-leaf’ and ‘shade-leaf’ respectively), for the following 
two reasons: (a) The leaf fossil record in tree species is believed to 
be strongly biased towards the preservation of outer canopy leaves19; 
and (b) the within-bed variation in Ginkgoales LMA is far too high 
to simply reflect differences among outer- and inner- canopy leaves. 
This is supported by the fact that the  majority of Tr‒J Ginkgoales 
LMA values within the same bed (Bed 1, 2, 7 and 8) are 48%‒152% 
higher than the lowest value (mean = 94%) which is considerably 
greater than the maximum range difference observed between 
extant Ginkgo biloba outer- and inner-canopy leaves (ca. 48%)20.

Bennettitales is an extinct gymnosperm order with no 
modern analog taxa with which to compare LMA variation of outer- 
and inner-canopy leaves. Moreover, the fact that Bennettitales were 
most likely understory or subcanopy plants suggests that fossil 
leaf preservation may not be biased towards outer canopy leaves. 
We assessed the possible bias of outer- and inner-canopy leaves 
sampling in Bennettitales LMA with the following two methods:

Firstly, we grouped the cuticle type of bennettite samples into 
‘M1’ and ‘M2’ leaf morphotypes21 and compared their pooled LMA 
values. The ‘M1’ or ‘M2’ (Dataset 2) morphotypes likely represent 
‘sun’ (outer-canopy) or ‘shade’ morphologies, respectively: the 
M1 leaf morphotype is defined by the presence of stomatal and 
epidermal papillae, and M2 by the presence of hair bases21. The 
mean LMA of M1 (‘sun’) leaf morphotype (62.77 gm-2, PI95%: 52.45, 
74.99) is unlikely to be higher than the mean LMA of M2 (‘shade’) 
morphotype (66.20 gm-2 [PI95%: 56.63, 76.68]) (probability, P(M1 
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LMA > M2 LMA = 0.25) (Fig. S10a). Based on the study of fossil 
leaf morphotype, we suggest that morphological variation between 
outer- and inner-canopy leaves of Bennettitales is low. 

Secondly, we examined the trend of phenotypic plasticity in 
Bennettitlates LMA across geologic time scales. We have captured a 
consistent proportion of the natural variation of Bennettitales LMA 
by quantifying the coefficient of variation (CV) in LMA on a bed-
by-bed basis. The range of Bennettitales CV on a bed-by-bed basis, 
which is between 0.23‒0.26 across Bed 1‒5 (Fig. S10b, Table S12), 
reflects the natural range of its LMA-phenotypic plasticity that 
would include the effect of outer- and inner-canopy leaf differences, 
i.e. difference due to light exposure. Next, we compared the trend 
in cumulative CV incrementally in fossil bed starting from Bed 
1 to Bed 5 (Table S12). We observed that cumulative CV values 
calculated by incrementally pooling samples from Bed 1 to Bed 4 
were within the Bennettitales LMA-phenotypic plasticity range (Fig. 
S10b, Table S12). On the contrary, the cumulative CV inclusive of 
Bed 5 samples increased its value significantly beyond the typical 
plasticity range of 0.23‒0.26 (CV for pooled Beds 1‒5 samples = 
0.34, PI95% : 0.26, 0.45) (probability, P(Beds 1‒5  CV> Beds 1‒4 
CV) = 0.93) (Table S12). Therefore, we suggest that the 55% % 
surge in Bennettitales mean LMA from pre-warming (Beds 1‒4) 
to peak warming (Beds 5‒6) is larger than what could plausibly 
relate to differential sampling of outer- and inner-canopy leaves 
given that the cumulative coefficient of variation (CV) inclusive of 
Bed 5 exceeds the ‘typical’ range of Bennettitales LMA-phenotypic 
plasticity. 

Based on these two conclusions from the analysis of 
Bennettitales leaf morphotype and LMA variation, we rule out the 
prominence of outer- and inner-canopy leaf effect on LMA trends.

2. Environmental effects on LMA during the Triassic-
Jurassic (Tr-J) transition. 

Poorter et al.17 showed that low temperature, high salinity, low water 
availability, soil nutrient stress and increased light intensity can all 
increase LMA. At Astartekløft, we can confidently rule out the role 
of low temperature, high salinity and drought as potential drivers 
of increasing Bennettittales LMA because geological evidence 
indicates intense global warming at the boundary22 and there is no 
sedimentological or palaeoecological evidence for marine incursion 
or severe drying23,24. By contrast, increasing fern abundance 
and other hydrophilic floral elements suggest increasing water 
availability across the Tr-J, with peak water availability and swamp 
development coinciding with peak warmth 24. It is more difficult 
to assess the likely influence of changes in palaeo-light intensity, 
however, as high LMA in Bed 5 coincides stratigraphically with 
peak volcanic activity in the Central Atlantic Magmatic Province 
(CAMP)25, and as volcanism is associated with the generation of 
large quantities of volatiles and particulates, it is more likely that 
global dimming rather than brightening prevailed at and across the 
Tr-J boundary. Based on these arguments, the likelihood that high 
LMA was driven by a systematic trend of increasing light intensity 
is also diminished.

. 3. Palaeoecological protocol and the absence of 
Ginkgoales specimens in plant beds. 

The absence of Ginkgoales specimens in certain plant beds is very 
meaningful because the entire palaeoecological dataset was amassed 
following strict sampling protocols in every bed (McElwain et al.24). 
The same amount of sediment was excavated for each bed. The 
palaeoecological protocol involved excavating the same volume of 
sediment from every bed (between 0.5 m3 to 1m3 cubed per person 
per bed: four people excavating for every bed). The bed was also 
excavated at two to four lateral points along the bed to increase 
spatial sampling and the exact same amount of human effort was 
employed for each bed because a true palaeoecological protocol 
was followed an absence of fossil Ginkgoales specimens likely 
signifies a real paucity of Ginkgo in the palaeolandscape. The 
paleoecological pattern observed at one site in East Greenland is 
also reflected in presence/absence data across nine other sites across 
the whole Jameson Land, Greenland and museum collections from 
Scania, Sweden.

4. Abundance-weighted community-mean LMA

Mean LMA was calculated for each fossil bed by weighting the 
contribution of each morphogenus by its relative abundance, as 
follows:

Community-mean LMA = ∑i (LMAi x RAi) / ∑ RAi 

LMAi = LMA of the ith morphogenera

RAi = Relative abundance in the ith morphogenus taken from 
McElwain et al 24 (Table S13)
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Supplementary Information Table
Table S1. Comparison of mean LMA and 95% prediction intervals (PI95%) or 95% confidence intervals (CI95%) of extant Ginkgo biloba and Tr-J 
Bennettitales and Ginkgoales estimated by cuticle-LMA proxy in Fig. 2b.

Taxa Mean LMA (gm-2) Interval Probability (P) Sample number

Bennettitales 65.41 PI95% [56.76, 74.97] - 51

Tr-J Ginkgoales 95.31 PI95% [86.03, 105.2] P (Ginkgoales LMA > 
Bennetitales LMA) = 1 58

Extant Ginkgo biloba 98.08 CI95% [95.62, 100.59] P (Ginkgo biloba LMA > Tr-J 
Ginkgoales LMA >) = 0.72 679

Table S2. Mean fossil cuticle thickness and mean fitted LMA of Bennettitales and Ginkgoales for total sample and bed-by-bed basis. In each cell 
from the top to bottom, values represent the order of mean cuticle thickness (µm) with standard deviation, mean fitted LMA (gm-2) with prediction 
interval in square bracket and sample size in bracket. 

Total 
sample Bed 1 Bed 1.5 Bed 2 Bed 3 Bed 4 Bed 5 Bed 6 Bed 7 Bed 8

Bennettitales

1.29 ± 0.56

65.41
[56.76, 
74.97]

(51)

1.04 ± 0.1

58.39
[45.15, 
74.14]

(5)

1.13 ± 0.2

61.28
[47.55, 
78.23]

(5)

1.01 ± 0.21

57.37
[47.27, 
69.15]

(13)

0.88 ± 0.23

52.60
[39.37, 
69.30]

(4)

1.18 ± 0.20

62.88
[52.53, 
75.09]

(14)

2.52 ± 0.23

99.81
[81.57, 
120.11]

(7)

1.35 ± 0.95

66.48
[45.28, 
95.06]

(2)

1.28

66.40
[40.05, 
103.80]

(1)

-

Ginkgoales

2.38 ± 0.73

95.31
[86.03, 
105.20]

(58)

1.78 ± 0.80

79.34
[62.62, 
99.88]

(5)

-

2.53 ± 0.51

99.10
[84.84, 
115.24]

(13)

1.52 ± 0.16

73.43
[59.34, 
89.76]

(7)

-

1.94

85.83
[52.01, 
134.54]

(1)

1.69

78.22
[47.08, 
121.33]

(1)

2.63 ± 0.79

101.23
[88.51, 
115.66]

(19)

2.67 ± 0.51

102.86
[88.05, 
120.60]

(12)

Table S3. Bennettitales mean LMA by Beds and 95% prediction intervals (PI95%) in Fig. 2c. 

Plant Bed Mean LMA (gm-2) PI95% Probability (P) Sample number

Beds 1‒4 
(pre-warming) 59.42 [50.96, 69.26] - 41

Beds 5‒6 
(peak warming) 92.22 [77.03, 109.85] P (Beds 5‒6 > Beds 1‒4) = 1 9

Beds 7 
(post-warming) 66.5 [40.42, 103.38] P (Beds 7 > Beds 5‒6) = 0.08

P (Bed 7 > Beds 1‒4) = 0.64 1

Table S4. Ginkgoales mean LMA by Beds and 95% prediction intervals (PI95%) in Fig. 2d.
Plant Bed Mean LMA (gm-2) PI95% Probability (P) Sample number

Beds 1‒4
(pre-warming) 87.97 [77.37, 99.93] P (Beds 1‒4 > Beds 5‒6) = 0.69 25

Beds 5‒6
(peak warming) 81.62 [55.9, 115.82] P (Beds 5‒6 > Beds 1‒4) = 0.3 2

Beds 7‒8
(post-warming) 101.76 [90.86, 114.16] P (Beds 7‒8 > Beds 5‒6) = 0.91

P (Beds 7‒8 > Beds 1‒4) = 0.98 31
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Table S5. Comparison of mean LMA and 95% prediction intervals (PI95%) or 95% confidence intervals (CI95%) of extant Ginkgo biloba, and Tr-J 
Ginkgoales estimated by cuticle-LMA, petiole-LMA and epidermal-LMA proxies in Fig. 2e.

Source of LMA Mean LMA (gm-2) Interval Probability (P)

Extant Ginkgo biloba 98.08 CI95% [95.62, 100.59] P (Ginkgo biloba LMA > Cuticle-LMA proxy) = 0.72

Cuticle-LMA proxy 95.31 PI95% [86.03, 105.2] P(Cuticle-LMA proxy > Extant Ginkgo biloba) = 0.51

Cell-LMA proxy 104.46 PI95% [95.97, 113.78] P(Cell-LMA proxy > Cuticle-LMA proxy) = 0.91

Petiole-LMA proxy
(woody dicot) 131.79 PI95% [122.08, 142.27] P(Petiole-LMA proxy woody dicot > Cell-LMA proxy) = 1

Petiole-LMA proxy
(Ginkgo biloba) 162.53 PI95% [109.95, 239.09] P(Petiole-LMA proxy G. biloba> Cuticle-LMA proxy) = 0.99

P(Petiole-LMA proxy G. biloba> Cell-LMA proxy) = 0.98

Petiole-LMA proxy
(gymnosperm) 196.10 PI95% [168.14, 227.76] P(Petiole-LMA proxy gymnosperm > Petiole-LMA proxy Ginkgo 

biloba) = 0.85

Table S6. Total (Bennettitales and Ginkgoales) mean LMA by Beds and 95% prediction interval (PI95%) in Fig. 2f.

Bed Bed height Mean LMA PI95% Sample number

1 13.58 68.93 [57.04, 82.63] 10

1.5 23.04 61.6 [48.19, 78.6] 5

2 33.88 78.25 [68.05, 89.7] 26

3 37.51 65.92 [54.57, 79.38] 11

4 40.97 62.98 [52.71, 74.83] 14

5 46.88 97.92 [81.25, 117.14] 8

6 60.86 70.32 [51.8, 93.57] 3

7 72.49 99.41 [86.98, 113.51] 20

8 91.45 102.91 [88.13, 119.96] 12

Table S7. Abundance-weighted community-mean LMA by warming period and 95% prediction interval (PI95%) in Fig. 3d. 

Plant Bed LMA PI95% Probability (P) Sample number

Beds 1‒4 
(pre-warming) 61.57 [53.19, 71] - 66

Beds 5‒6 
(peak warming) 83.87 [69.75, 100.32] P (Beds 5‒6 > Beds 1‒4) 

= 0.99 11

Beds 7‒8 
(post-warming) 101.74 [90.46, 114.25] P (Beds 7‒8 > Beds 5‒6) 

= 0.98 32

Table S8. Abundance-weighted community-mean LMA by Beds and 95% prediction interval (PI95%) in Fig. S6.
Bed Bed height Mean LMA (gm-2) PI95% Sample number

1 13.58 58.89 [45.63, 76.45] 10

1.5 23.04 58.76 [44.16, 76.4] 5

2 33.88 79.73 [69.21, 91.71] 26

3 37.51 64.58 [52.66, 78.39] 11

4 40.97 62.78 [52.07, 75.28] 14

5 46.88 99.41 [82.01, 119.74] 8

6 60.86 68.24 [49.13, 93.25] 3

7 72.49 100.53 [88.25, 114.66] 20

8 91.45 102.65 [87.61, 120] 12
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Table S9. Linear regression of LMA with cuticle thickness (CT) and tissue thickness (TT). ***p ≤ 0.001; ** p ≤ 0.01, * p ≤ 0.05, ns p > 0.05. 

Model (n = 57) Adjusted R2 F statistics AIC BIC

(1) log10LMA = 1.74*** + 0.60***log10CT 0.783 203.4*** (df = 1; 55) -96.86 -90.73

(2) log10LMA = 1.15** + 0.52***log10CT + 0.24nslog10TT 0.789 105.7*** (df = 2; 54) -97.44 -89.27

(3) log10LMA = -0.92ns + 2.98**log10CT + 1.06**log10TT -  0.96**log10TT· log10CT 0.813 82.4*** (df = 3; 53) -103.56 -93.35

Table S10. Linear regression of LMA and cuticle thickness (model 1) with and without potential influential points. ***p ≤ 0.001; ** p ≤ 0.01, * p 
≤ 0.05, ns p > 0.05.

 Model Slope Intercept Adjusted R2 Residual standard error F statistics

Full dataset 0.601*** ± 0.042 1.744*** ± 0.030 0.783 0.099 (df = 55) 203.4***
(df = 1; 55)

Without sample 11-84a 0.578*** ± 0.040 1.764*** ± 0.029 0.787 0.093 (df = 54) 203.7***
(df = 1; 54)

Without sample 11-84a and 11-157a 0.595*** ± 0.040 1.757*** ± 0.028 0.801 0.091 (df = 53) 219.2***
(df = 1; 53)

Table S11. Mean cuticle thickness comparison of values in dataset and values measured by ImageJ BoneJ plugin.
Fossil sample Mean and standard deviation (μm)

Averaged of 20 points including upper and lower surface 
covering wider length of fossil section

ImageJ BoneJ plugin

Fig 1D (sample ID 47200a) 1.68 ± 0.3  1.82 ± 0.32

Fig 1E (sample ID 47103a ) 3.27 ± 0.52  3.63 ± 0.97

Table S12. Bennettitales LMA cumulative coefficient of variation (CV) and 95% prediction interval interval (PI95%).
Plant beds Cumulative LMA CV Interval CV on bed-by-bed basis Probability (P)

Bed 1 0.23 [0.08, 0.41] 0.23 -

Beds 1‒1.5 0.25 [0.13, 0.4] 0.24 P(Bed 1‒1.5 > Beds 1) = 0.58

Beds 1‒2 0.26 [0.18, 0.37] 0.26 P(Beds 1‒2 > Beds 1‒1.5) = 0.58

Beds 1‒3 0.26 [0.19, 0.36] 0.26 P(Beds 1‒3 > Beds 1‒2) = 0.54

Beds 1‒4 0.27 [0.2, 0.35] 0.26 P(Beds 1‒4 > Beds 1‒3) = 0.52

Beds 1‒5 0.34 [0.26, 0.45] 0.23 P(Beds 1‒5 > Beds 1‒4) = 0.93

Table S13. Relative abundance data from McElwain et al 24.
Morphogenera/plant bed Bed 1 Bed 1.5 Bed 2 Bed 3 Bed 4 Bed 5 Bed 6 Bed 7 Bed 8

Anomozamites 16.07 32.26 8.14 0.19 27.05 0.10 - 0.46 -

Baiera 6.25 - - 1.33 - - - - -

Bennettitales - - - - - 1.71 3.91 - -

Ginkgoites 6.25 - 31.01 - 0.11 - 0.80 24.77 -

Pterophyllum 25.00 4.84 18.99 2.10 50.23 - - -

Sphenobaiera - - - 1.14 - - - 20.95 34.39



7

Supplementary Information Figure

Fig. S1. Reconstruction of paleoatmospheric CO2 showing an increase in concentration across Triassic/Jurassic boundary inferred from fossil 
stomatal densities at two independent sites26: a, Astartekløft, East Greenland and b, Larne, Northern Ireland. 

Fig S2. Phylogenetic independent contrasts analysis. a, Gymnosperm phylogenetic tree of sampled extant species based on APG III10 and 
divergence times based on LFY and NLY  single-copy nuclear genes11. b, Scatter plot and regression line of species-averaged log scale cuticle 
thickness and LMA traits, showing a strong significant cuticle thickness-LMA relationship (n = 20, R2 =0.86, p-value = 2.37E-09). c, Scatter plot 
and regression line of species-averaged log-scale cuticle thickness and LMA contrast, showing a strong positive relationship after accounting for 
phylogenetic non-independence. (n=20, R2 =0.84, p-value = 9.43E-09).
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Fig. S3. Comparison of Tr-J Ginkgoales LMA inferred from three independent proxies based on cuticle thickness (cuticle-LMA), petiole 
widthblade area (petiole-LMA4,15) and adaxial epidermal cell density (epidermal cell-LMA5) among plant beds and samples. a, Dotplots 
showing Baiera mean LMA trend in Bed 1 and 3 among different proxies. b, Dotplots showing Ginkgoites mean LMA trend in Bed 1, 2 and 7 
among different proxies. c, Dotplots showing Sphenobaiera LMA trend in Bed 3, 7 and 8 among different proxies. d, Scatterplot of LMAs 
from the same fossil cuticle samples inferred from cuticle-LMA and epidermal cell-LMA proxies, line is a regression through origin 
(LMAcuticle-LMA proxy = 1.08*LMAepidermal cell-LMA proxy, R

2 = 0.33, n = 44), inset shows LMAs from the same fossil cuticle samples inferred from 
cuticle-LMA and petiole cell-LMA proxy (woody dicot) (LMApetiole-LMA proxy = 59.5 + 0.24*LMApetiole-LMA proxy, R

2 = 0.86, n = 5). e, Example of 
macrofossil specimen used for petiole-LMA proxy, sample 46988, Ginkgoites, arrow indicates measured petiole width, white bar = 1 cm. 
f, Example of fossil cuticle showing adaxial epidermal cells used for cell-LMA proxy, sample 46981, Baiera, bar = 100 µm. Dotplot whiskers 
are 95% prediction intervals.
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Fig. S4. Box plots showing LMA values for each species in each palaeoatmospheric treatment, dataset from Bacon et al.27. a, Ginkgo biloba. b, 
Dicksonia antartica. c, Lepidozamia hopei. d, Lepidozamia peroffskyana. Boxes represent the interquartile range (IQR), horizontal lines within 
the boxes represent medians, and whiskers extend to 1.5 times the IQR, black dots are outliers. Letters below boxplots indicate significant 
different groups by Wilcoxon rank-sum test (p-value < 0.05).

Fig. S5. Box plots showing LMA values for each species in each palaeoatmospheric treatment, dataset from Bacon et al.28 . a, Ginkgo biloba. b, 
Lepidozamia peroffskyana. A full account of the experiment which will be published as a separate paper is in preparation. Boxes represent the 
interquartile range (IQR), horizontal lines within the boxes represent medians, and whiskers extend to 1.5 times the IQR, black dots are outliers. 
Letters below boxplots indicate significant different groups by Wilcoxon rank-sum test (p-value < 0.05). Sample sizes are given in bracket. 
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Fig. S6. Temporal trends in community-mean LMA by Beds for 
combined Ginkgoales and Bennettitales, with 95% prediction interval 
whiskers

Fig. S7. Kernel density plot of leaf mass per area (LMA) in 
Bennettitales and Ginkgoales showing large overlap among the taxa 
within the same order-level compared to between orders.

Fig S8. Cuticle thickness–LMA regression and diagnostic plots. a, Scatterplot and regression line log10LMA versus log10cuticle thickness colour 
coded by family (log10LMA = 0.601log10CT + 1.744; R2 = 0.78, n =57), shaded area is 95% confidence interval band. b, Residual versus fitted 
LMA plot showing the residuals and the fitted values are uncorrelated, an indication of homoscedastic linear model. c, Q‒Q plot showing a 
reasonably normally distributed residuals. d, Plot of Cook’s distance values showing two potentially influential points with values > 0.1 in sample 
Agathis lanceolata 11-157a and Ginkgo biloba 11-84a.
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Fig. S9. ImageJ BoneJ plugin analysis showing histograms of count (y-axis) of cuticle thickness measurements (x-axis, bin 100) on fossil cuticle 
cross section.  Adjacent figure shows measured fossil cuticle thickness in different thickness indicated by color code in micrometer scale. White 
horizontal scale bar = 10 μm. a, Fig 1D (sample ID 47200a). b, Fig 1E (sample ID 47103a ).

Fig. S10. Outer- and inner-canopy leaf mass per area (LMA) variation in Bennettitales. a, Dotplots of Bennettitales M1 (‘sun’) and M2 (‘shade’) 
leaf morphotype LMA (probability, P(M1 LMA > M2 LMA) = 0.25). Dotplots showing Bennettitales leaf mass per area (LMA) coefficient 
of variation  (CV) and cumulative LMA CV plotted against Astartekløft Plant Beds (Beds 1‒5, numbered inside figure). From Beds 1‒4, 
Bennettitales cumulative bed-by-bed LMA CV values are within or nearly similar in value with bed-by-bed LMA CV. At Bed 5, cumulative 
LMA CV is outside LMA-phenotypic range and is likely to be higher than all other cumulative LMA CVs (probability, P = 0.93). Whiskers are 
95% prediction interval.
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