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apes and provides evidence of a link between
African and Eurasian hominoids in the Middle
Miocene (34).
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Fossil Plants and Global
Warming at the

Triassic-Jurassic Boundary
J. C. McElwain,* D. ). Beerling, F. I. Woodward

The Triassic-Jurassic boundary marks a major faunal mass extinction, but
records of accompanying environmental changes are limited. Paleobotanical
evidence indicates a fourfold increase in atmospheric carbon dioxide concen-
tration and suggests an associated 3° to 4°C “greenhouse” warming across the
boundary. These environmental conditions are calculated to have raised leaf
temperatures above a highly conserved lethal limit, perhaps contributing to the
>95 percent species-level turnover of Triassic-Jurassic megaflora.

The end-Triassic mass extinction event
[205.7 = 4 million years ago (Ma)] was the
third largest in the Phanerozoic, resulting in the
loss of over 30% of marine genera (/) and 50%
of tetrapod species (2), >95% turnover of
megafloral species (3, 4), and marked micro-
floral turnover in Europe (5) and North Amer-
ica (6). Many causal mechanisms have been
suggested (7), but because of the paucity of
Triassic-Jurassic (T-J) oceanic sediments suit-
able for geochemical analyses (7-9), the asso-
ciated environmental conditions remain poorly
characterized and the causal mechanism or
mechanisms equivocal. Here we provide a tem-
porally detailed investigation of the atmospher-
ic CO, and climatic conditions associated with
the T-J mass extinctions, from analyses of the
ecophysiological characteristics of fossil mega-
floras preserved in composite terrestrial T-J sec-
tions in Jameson Land, East Greenland (10),
and Scania, southern Sweden (/7).

Evidence from sedimentary facies (72),
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paleosols (13), sea-level change (/4), and
flood basalt volcanism (/5) all indirectly sug-
gest perturbation of the T-J global C cycle.
Therefore, likely atmospheric CO, variations
across the T-J boundary were determined
from the stomatal density (SD, number of
pores per unit area) and stomatal index (SI,
proportion of pores expressed as a percentage
of epidermal cells) of fossil leaf cuticles from
7 genera from 16 beds in Jameson Land and
11 genera from 13 beds in Scania. SD and SI
are inversely related to the ambient CO, con-
centration during growth (76, 17) and can be
used to reconstruct geological time series of
atmospheric CO, (18, 19). The standardized
SD and SI records for both localities were
obtained and corrected for changes in species
composition between individual beds to re-
move taxonomic bias (20) (Fig. 1).
High-resolution records of SD and SI
from both sites showed reductions during the
middle Rhaetian persisting into the Hettang-
ian and then returning to preexcursion values
(Fig. 1). The reductions are consistent with an
increase in atmospheric CO, concentration
across the T-J boundary, in agreement with
inferences from geochemical analyses of fos-
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sil soils (/3). SD, but not SI, is sensitive to
changes in precipitation; however, the pres-
ence of coals at both localities throughout the
Rhaetian and Hettangian indicates stability in

REPORTS

the local precipitation regime (3), and so this
explanation for the reduction in SD can be
discounted. The very low SI of fossil leaves
across the T-J boundary (~3 to 4) has only

Fig. 1. Mean detrended stomatal A
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previously been observed in Lower Devonian
fossil axes (~2 to 3) (217) that developed in
CO, concentrations of between 2400 and
3000 parts per million (ppm) (22).

Atmospheric CO, concentrations were
calculated from stomatal ratios [a ratio of the
SI of the nearest living morphological or
ecological (or both) equivalent of the fossil
divided by the SI of the fossil taxa] of T-J
Ginkgoales and Cycadales (Table 1) (21, 23).
These calculations indicated that CO, in-
creased from 600 to 2100-2400 ppm across
the T-J boundary (Table 1, Fig. 2)—a more
conservative rise than calculated from two
Early Jurassic paleosols (4800 ppm) (/3). A
fourfold increase in CO, could have raised
mean global temperatures by 3° to 4°C (Fig.
2) (24). The most probable source of this
CO, was extensive T-J basaltic volcanicity
associated with the breakup of Pangea, which
produced the Central Atlantic Magmatic
Province (CAMP, 199 * 2.4 Ma), covering
an estimated 7 X 10° km? (/5). If volcanism
was the sole source of the T-J CO, rise (25),
the maximum volume of basalt required to
have produced 1500 to 1800 ppm CO, would
be 3.6 X 10° km?® (26), which is well within
that estimated by Marzoli et al. (15) (2 X 10°
km?).

For terrestrial vegetation from Greenland
and Sweden (paleolatitude ~45°) growing in
high CO, (900 to 1200 ppm) and a warm
end-Triassic climate (summer temperatures
of >30°C) (27), the additional climatic
warming may have impaired leaf photosyn-
thetic function, severely reducing carbon up-
take. To test this hypothesis, we calculated
leaf temperatures from energy-balance con-

Fig. 2. Reconstructed atmospheric CO, concen-
tration (ratio to present day) (solid line) calcu-
lated [as in (27)] from the stomatal ratios of a
subset of species [Ginkgoalean and Cycadalean
species only (Table 1)] from the total data set
(as in Fig. 1) for (A) Greenland and (B) Sweden
compared with model estimates (+) (22) and
mean global temperature (At, in degrees Cel-
sius) (dashed line) calculated from a CO,-green-
house formulation (24). RCO, is the ratio of
reconstructed CO, concentration to a preindus-
trial value of 300 ppm. Mean stable carbon
isotope composition (3'3C, in per mil) of fossil
leaves from (C) Greenland and (D) Sweden used
to constrain the leaf energy-balance model (Fig.
3) (28). The duration of CO, and temperature
changes in (A) and (B) cannot be directly com-
pared beyond stage level because of difference
in scales. Arrows indicate direction of time.
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Table 1. Mean primary stomatal density (SD), index (SI), and ratio (SR) data in Jameson Land (per depth, 90 to 15 m) and in Scania (per bed or locality number,

1 to 20).

Bed Mean SD * SE SD S. Fossil species used for

(m) (mm~2) Mean SI = SE obs.* obs.T SRpanalysisi SI = SE SR

87.5 63.2+29 59+0.3 79(8) 79(8) Baeira boeggildiana 6.4+ 0.6 2.04
G. obovatus 47+03

85 782 %52 6.8+ 0.7 7(1) 6(1) G. obovatus 6.8 =07 1.65

69.5 636+ 38 103+ 0.9 7(1) 7(1)

69 89.6 + 13.8 9.1+ 0.9 18(3) 18(3) G. acosmica 85*06 1.33

59 68.8 + 46 11(1) n/a

54 411+36 7.7+09 11(1) 11(1)

50 46.1+ 26 6.2+04 47(3) 47(3) Stenopteris 33*03 3.43

dinosaurensis

46 91.1£53 7(1) n/a

42 388 =3.2 11(1) n/a

32 21.8 2.1 3.8+04 9(1) 9(1) B. spectabilis 38+04 297

25 132+ 11 33*03 15(1) 15(1) B. spectabilis 33*03 3.45

225 253+ 23 58+05 16(1) 16(1) B. spectabilis 58+05 1.95

20 424+33 9.2+0.7 7(1) 7(1)

20 282+22 55+08 24(2) 24(2)

20 39724 53*+07 27(2) 27(2) B. spectabilis 6.7+ 0.8 1.69

15 50.5+ 9.6 49+08 6(1) 6(1)

1 594 *+24 8.0+ 03 72(5) 72(5) Ctenis nilssonii 6.5+ 04 1.55

2 399 = 1.7 70*+0.3 79(5) 79(5) C. minuta, C. nilssonii 5806 1.75

4 83.1*+34 9.2+ 03 109(8) 109(8) B. paucipartiata 89 * 1.1 1.27

5 536 + 5.9 89+ 09 15(5) 15(5)

6 619+ 29 98+ 04 108(6) 108(6) B. minuta 84*07 1.34

7 728+23 10.7 + 0.3 95(3) 95(3)

8 657+ 1.8 79*+0.2 291(6) 250(6) Baeira sp. 49+03 2.31

9 107.9 = 4.6 99+ 1.1 9(1) 3(1)

1 47.7 +3.48 8.1+06 35(2) 35(2)

12 28.5+2.94 38+03 59(2) 59(2) B. spectabilis 29+02 3.89

14 19.1+20 39+04 12(1) 12(1) B. longifolia 34+03 3.30

15 92.5+ 7.1 10.1 = 1.1 15(2) 15(2) Nilssonia polymorpha 9.0 =09 1.13

20 732+ 24 10.1+ 0.4 156(6) 156(6)

1388

*Total number of primary SD observations per bed or locality with number of species investigated in brackets.

number of species investigated in parentheses.
which paleoatmospheric CO, estimates were made (Fig. 2).

Fig. 3. (A) Simulated changes in leaf width required
to avoid thermal damage to the leaf photosynthetic
system from a leaf-scale energy-balance—photosyn-
thetic biochemistry model with (var. clim.) and with-
out (const. clim.) the effects of the reconstructed
CO, and temperature increases from Fig. 2 (28). (B)
Observations of fossil leaf, leaflet, and dissection
widths of 33 species from East Greenland (70). Spe-
cies 1 to 16 (solid lines) are present only in the
Lepidopteris and transition zones (Rhaetian), when
CO, and temperature were rising (except 15). Spe-
cies 17 to 20 (short-dashed lines) were established in
the transition zone before the T-] boundary, when
CO, and temperature were near maximum levels.
Species 21 to 32 (solid lines) are present only in the
Thaumatopteris zone (Hettangian), when CO, and
temperature were elevated and then declining (Fig.
2). The leaf width of Equisetites muensteri (33, long-
dashed line), one of the only species that occurs in all
three floral zones, is notably smaller. 1, Ginkgoites
obovata; 2, Pterophyllum hanesianum; 3, Saginopteris
serrata; 4, Otozamites sp. A; 5, Saginopteris halli; 6,
Dictyophyllum exile; 7, P. schenki; 8, Anomozamites
minor; 9, Todites scoresbyensis; 10, G. acosmius; 11,
G. fimbriatus; 12, P. xiphipterum; 13, P. pinnatifidum;
14, Cladophlebis scariosa; 15, T. geoppertianus; 16,
G. minuta; 17, T. princeps; 18, G. munsteriana; 19,
Stenopteris dinosaurensis; 20, Czekanowskia na-
thorstii; 21, A. hartzi; 22, C. ingens; 23, T. recurvatus;
24, Osmundopsis plectrophora; 25, A. niteda; 26, D.

T
w0 A » o

Max. width of smallest leaf unit (cm)

A —a— Var. Clim. - 100
\E —&— Const. Clim. 5
S
'\E‘\a/za -80 2
3]
2
- 60 ><.
B ) g
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L 40
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Depth (m)

FTotal number of primary Sl observations per bed or locality with
tMean primary Sl data from the subset of Ginkgoalean and Cycadalean species used to calculate stomatal ratios (SR) (27), from

nilssoni; 27, Gleicherites niteda; 28, A. marginatus; 29, G. taeniata; 30, G. hermelini; 31, C. svedbergi; 32, P. subaequale; and 33, Equisetites

muensteri.
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siderations using measurements of fossil leaf
width, stomatal density and size, and 8'3C (28).
Two sets of calculations were performed, one
with constant typical end-Triassic tropical cli-
mate (27) and CO, (22) and one with variable
warming and variable CO, as reconstructed
(Fig. 2). The results indicated that large leaves
(>3 to 4 cm) in full sunlight of the upper
canopy (that is, Ginkgo) or plants of open hab-
itats could have reached noon temperatures at
least 10°C above air temperatures, exceeding
the observed heat limit for CO, uptake of
present-day tropical taxa (29). Furthermore,
transpirational cooling of leaves would have
been much reduced at the T-J boundary because
of very low stomatal densities (~25 to 40
mm?) reducing stomatal conductance, a fea-
ture exacerbated by the high leaf-to-air vapor
pressure deficits occurring under high temper-
atures (30).

The extent of high-temperature injury to
leaves across the T-J boundary would be size-
dependent, because size influences boundary
layer conductance and heat dissipation. Heat
loss from leaves can be maximized by reduc-
tions in leaf size or increases in leaf dissection
(or both) (29). Model simulations (28) indicate
that the reconstructed rise in CO, and temper-
ature (Fig. 2) would have caused size-depen-
dent thermal damage to leaves, influencing the
survival and distribution or extinction of large-
leaved species at the T-J boundary. This hy-
pothesis was tested by measuring the maximum
width of the smallest leaf unit (that is, leaf,
leaflet, or leaf dissection widths) in the Green-
land flora, for which the sedimentary sequence
is known to be more continuous than in Sweden
(4). The only species common to both Upper
Triassic and Lower Jurassic floral zones (seven
species), in a flora of over 200 species, are
characterized by highly dissected (Clathopteris
meniscoides and Todites geoppertiana) or very
narrow leaves (Equisetites muensteri) (Fig. 3).
Furthermore, species of families most probably
dominant in the upper canopy (such as Gink-
goales), with large entire leaves and the greatest
predicted temperature overburden (such as
Ginkgoites obovatus), appear to have been re-
placed by species with more dissected leaves
(such as G. fimbriatus), over the initial period of
increasing temperature and CO,, and extremely
dissected leaves (Czekanowskia and Baeira G.
muensteriana), under maximum temperature
and CO, conditions (Figs. 2 and 3). A similar
pattern of species extinction or replacement
occurs within the Anomozamites, Saginopteris,
Todites, Dictyophyllym, and Pterophyllum, the
percentage reductions in leaf size of the replace-
ment species being greatest among those taxa
having greater initial leaf size (for example,
reductions of 99, 80, and 60 to 10% were
observed across the T-J boundary in genera
with leaves or leaflets initially >5,2 to 3, and 1
to 0.5 cm wide, respectively) (Fig. 3). All new
species establishing in the transition zone (/0)
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had highly dissected or narrow leaves (0.1 to
1.5 cm wide) in all depositional environments
3.

The assumption of constant CO, and tem-
perature across the boundary does not corre-
late with the observed reductions in leaf di-
mensions (Fig. 3). Furthermore, there is no
evidence for aridity (as indicated by no in-
crease in fossil plant '>C and the presence of
coal) or marine incursion (as indicated by the
absence of marine fossils) in Greenland, both
of which could potentially drive selection for
narrower or more dissected leaves. The fact
that the observed reductions in leaf width
parallel those predicted (Fig. 3) under an
fourfold CO, rise and a 3° to 4°C warming of
global climate independently corroborates
these reconstructions. We therefore suggest
that CAMP-induced “super greenhouse” con-
ditions drove selection to avoid lethal leaf
temperatures, resulting in extinctions and dis-
tributional changes that contributed to the
observed >95% turnover of T-J megafloral
species in Europe (32).
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Gene Expression Profile of
Aging and Its Retardation by
Caloric Restriction
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The gene expression profile of the aging process was analyzed in skeletal muscle
of mice. Use of high-density oligonucleotide arrays representing 6347 genes
revealed that aging resulted in a differential gene expression pattern indicative
of a marked stress response and lower expression of metabolic and biosynthetic
genes. Most alterations were either completely or partially prevented by caloric
restriction, the only intervention known to retard aging in mammals. Tran-
scriptional patterns of calorie-restricted animals suggest that caloric restriction
retards the aging process by causing a metabolic shift toward increased protein
turnover and decreased macromolecular damage.

Most multicellular organisms exhibit a pro-
gressive and irreversible physiological de-
cline that characterizes senescence, the mo-
lecular basis of which remains unknown.
Postulated mechanisms include cumulative
damage to DNA leading to genomic instabil-
ity, epigenetic alterations that lead to altered
gene expression patterns, telomere shortening
in replicative cells, oxidative damage to crit-
ical macromolecules by reactive oxygen spe-
cies (ROS), and nonenzymatic glycation of
long-lived proteins (7, 2).

Genetic manipulation of the aging process
in multicellular organisms has been achieved
in Drosophila through the overexpression of
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catalase and Cu/Zn superoxide dismutase (3),
in the nematode Caenorhabditis elegans
through alterations in the insulin receptor sig-
naling pathway (4 ), and through the selection
of stress-resistant mutants in either organism
(5). In mammals, mutations in the Werner
Syndrome locus (WRN) accelerate the onset
of a subset of aging-related pathology in hu-
mans (6), but the only intervention that ap-
pears to slow the intrinsic rate of aging is
caloric restriction (CR) (7). Most studies
have involved laboratory rodents which,
when subjected to a long-term, 25 to 50%
reduction in calorie intake without essential
nutrient deficiency, display delayed onset of
age-associated pathological and physiologi-
cal changes and extension of maximum life-
span. Postulated mechanisms of action in-
clude increased DNA repair capacity, altered
gene expression, depressed metabolic rate,
and reduced oxidative stress (7).

To examine the molecular events associ-
ated with aging in mammals, we used oligo-
nucleotide-based arrays to define the tran-
scriptional response to the aging process in
mouse gastrocnemius muscle. Our choice of
tissue was guided by the fact that skeletal
muscle is primarily composed of long-lived,
high oxygen-consuming postmitotic cells, a
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feature shared with other critical aging targets
such as heart and brain. Loss of muscle mass
(sarcopenia) and associated motor dysfunc-
tion is a leading cause of frailty and disability
in the elderly (8). At the histological level,
aging of gastrocnemius muscle in mice is
characterized by muscle cell atrophy, varia-
tions in size of muscle fibers, presence of
lipofuscin deposits, collagen deposition, and
mitochondrial abnormalities (9).

A comparison of gastrocnemius muscle
from 5-month (adult) and 30-month (old)
mice (/0—12) revealed that aging is associat-
ed with alterations in mRNA levels, which
may reflect changes in gene expression,
mRNA stability, or both. Of the 6347 genes
surveyed in the oligonucleotide microarray,
only 58 (0.9%) displayed a greater than two-
fold increase in expression levels as a func-
tion of age, whereas 55 (0.9%) displayed a
greater than twofold decrease in expression.
These findings are in agreement with a dif-
ferential display analysis of gene expression
in tissues of aging mice (/3). Thus, the aging
process is unlikely to be due to large, wide-
spread alterations in gene expression.

Functional classes were assigned to genes
displaying the largest alterations in expres-
sion (Table 1). Of the 58 genes that increased
in expression with age, 16% were mediators
of stress responses, including the heat shock
factors Hsp71 and Hsp27, protease Do, and
the DNA damage—inducible gene GADD45
(14). The largest differential expression be-
tween adult and aged animals (a 3.8-fold
induction) was observed for the gene encond-
ing the mitochondrial sarcomeric creatine ki-
nase, a critical target for ROS-induced inac-
tivation (75).

A consequence of skeletal muscle aging is
loss of motor neurons followed by reinnerva-
tion of muscle fibers by the remaining intact
neuronal units (/6). Genes involved in neuronal
growth accounted for 9% of genes highly in-
duced in 30-month-old animals, including neu-
rotrophin-3 (17), a growth factor induced dur-
ing reinnervation, and synaptic vesicle protein—
2, implicated in neurite extension (/8). PEA3, a
transcriptional factor induced in the response to
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