cesses, R. D. Gandour and R. L. Schowen, Eds.
(Plenum, New York, 1978), pp. 529-552.

18. R. L. Pruett, Adv. Organomet. Chem. 17,1 (1979);
D. Evans, J. A. Osborn, G. Wilkinson, J. Chem.
Soc. A 1968, 3133 (1968).

19. W. R. Moser, C. J. Papile, D. A. Brannon, R. A.
Duwell, S. J. Weininger, J. Mol. Catal. 41, 271
(1987); C. Bianchini, A. Meli, M. Peruzzini, F.
Vizza, Organometallics 9, 226 (1990).

20. S. A. Laneman and G. G. Stanley, Adv. Chem.
Ser. 230, 349 (1992); note that all experimental
rates presented in this reference are twice their
correct values.

21. We did not test the individual racemic and meso
complexes for the spaced catalysts because of
the poor catalysis. Hydroformylation runs with a
1:1 mixture of 2r and 2m showed an average of
their individual rates and regioselectivies (Table
1); we presume that any good catalysis by either
diastereomer of 9 or 10 would have been observ-
able in the mixed catalyst.

22. TRIPOS Associates, Inc., 1699 South Hanley
Road, Suite 303, St. Louis, MO 63144.

23. A simple average force field was used about the
metal center having a relatively strong bond-
stretching component, but only a medium to weak
bond-angle bending term. (G. Stanley, paper
presented at the SYBYL Users Meeting, May
1992, St. Louis, MO).

24, Spectroscopic  data  for  racemic-Rh,(w-
CO0),(CO),(et,ph-P4): dark red oil; infrared spec-
tra voo: 1985 cm="' (sh), 1957 cm~" (s), 1813
cm~1 (sh), 1768 cm~' (m); 3'P{"H} NMR (40.48
MHz, acetone-dj, versus 85% H;PO,): 8 71.6 (dt,

1P, Jp.gn = 96 Hz and J;, » = 23 Hz), 26.0 (dit, 1P,
Jp.gn = 96 Hz and Jp , = 23 Hz).

25. B. R. James, D. Mahajan, S. J. Rettig, G. M.
Williams, Organometallics 2, 1452 (1983); C. Al-
levi, M. Golding, B. T. Heaton, C. A. Ghilardi, S.
Midollini, A. Orlandini, J. Organomet. Chem. 326,
C19 (1987); P. Singh, C. B. Dammann, D. J.
Hodgson, Inorg. Chem. 12, 1335 (1973); D. Ev-
ans, G. Yagupsky, G. Wilkinson, J. Chem. Soc. A
1968, 2660 (1968).

26. W. D. Jones, J. M. Huggins, R. G. Bergman, J.
Am. Chem. Soc. 103, 4415 (1981); M. J. Nappa,
R. Santi, J. Halpern, Organometallics 4, 34 (1985);
B. D. Martin, K. E. Warner, J. R. Norton, J. Am.
Chem. Soc. 108, 33 (1986); K. E. Warnerand J. R.
Norton, Organometallics 4, 2150 (1985); F. Ung-
vary and L. Markd, ibid. 2, 1608 (1983).

27. P. Kalck, Polyhedron 7, 2441 (1988).

28. R. Davis, J. W. Epton, T. G. Southern, J. Mol.
Catal. 77, 159 (1992).

29. R. Lazzaroni, G. Uccello-Barretta, M. Benetti, Or-
ganometallics 8, 2323 (1989).

30. Supported by the National Science Foundation
grants CHE-88-23041 and CHE-92-01051, the
Louisiana Educational Quality Support Fund grant
LEQSF(1990-93)-RD-B-07, = Hoechst-Celanese
Corporation, ARCO Chemical Company, Exxon
Educational Foundation, and the LSU Center for
Energy Studies. We thank F. R. Fronczek for
providing the x-ray crystal structure analysis on
2r, and R. D. Gandour and A. W. Maverick for very
helpful comments on the manuscript.

2 February 1993; accepted 21 April 1993

Paleoatmospheric Signatures in
Neogene Fossil Leaves

Johan Van Der Burgh, Henk Visscher,* David L. Dilcher,
Wolfram M. Kirschner

An increase in the atmospheric carbon dioxide (CO,) concentration results in a decrease
in the number of leaf stomata. This relation is known both from historical observations of
vegetation over the past 200 years and from experimental manipulations of microenvi-
ronments. Evidence from stomatal frequencies of fossil Quercus petraea leaves indicates
that this relation can be applied as a bioindicator for changes in paleoatmospheric CO,
concentrations during the last 10 million years. The data suggest that late Neogene CO,,
concentrations fluctuated between about 280 and 370 parts per million by volume.

Analysis of air locked in polar ice has been
used to document the paleoatmospheric
CO, concentration for the past 160,000
years (1). Concentrations of CO, from
before this time cannot be directly mea-
sured and can only be inferred from forward
modeling of the CO, global budget (2) or
from proxy records that are based on
geochemical or paleontological observa-
tions. The geochemical approach depends
on the interpretation of changing 3C/*?C
isotope ratios in the marine carbonate
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record (3) and, more recently, on the anal-
ysis of 13C/'*C ratios of soil carbonates (4).
A relevant paleontological approach is
highly dependent on the ecophysiological
interpretation of the morphological or ana-
tomical characteristics of fossils (5). Be-
cause of the prominent role of photosyn-
thetic CO, fixation in the interaction be-
tween the atmosphere and biota through
time, land plants represent one of the most
obvious categories of organisms to be inves-
tigated for paleoatmospheric signatures. In
this report, we illustrate that the analysis of
stomatal frequencies on fossil leaves may be
used to determine CO, concentrations dur-
ing the last 10 million years.

Physical models of CO, fixation in land
plants with C; metabolism (6) can be used
to show that the areal density of leaf sto-
mata is responsive to changes in ambient
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CO, concentration. Under nonlimiting
light and water conditions, leaves have an
optimal CO, fixation rate at a stomatal
conductance to diffusion of CO, at which
the CO, concentration is maintained in the
leaf interior at the break point between
saturation and limitation of the CO, recep-
tor molecule ribulose biphosphate (RuP,).
The stomatal conductance to diffusion is a
complex parameter that is dominated by
the density and the aperture size of the
stomata. The maintenance of optimal CO,
fixation may require that an increase of
atmospheric CO, concentration be accom-
panied by a lower value of the stomatal
conductance. Hence, if we assume that
differences in stomatal frequency are part of
the phenotypic plasticity of a plant species,
such a lowering could be reached through a
decline of stomatal density (7).

This possibility is supported by the re-
sults from the study of herbarium material
collected over the last 200 years. Research
by Woodward (8) emphasized that the hu-
man-induced CO, increase has resulted in a
mean reduction of 40% in the stomatal
density of European temperate forest trees.
The significant decline was confirmed by
experiments under controlled ambient CO,
concentrations (9) and could be calibrated
against historical CO, concentrations in-
ferred from ice cores. An important corol-
lary of this stomatal response to changing
CO, regimes is that analysis of stomatal
frequencies on fossil representatives of ex-
tant plant species could help to determine
paleoatmospheric CO, concentrations at
different geologic times. Because of the
fossilization potential of the biopolymer
cutan (10), analysis of fossil leaf cuticles
can provide relevant information on sto-
matal frequencies. Several studies have ex-
plored the potential of cuticle analysis in
late Pleistocene and Holocene paleoatmo-
spheric research (11). In this report, we
concentrate on the late Neogene. We based
our data on the study of the cuticle of
Quercus petraea (Durmast oak) from succes-
sive time intervals that were characterized
by contrasting climatic conditions.

The species Q. petraea is essentially Eu-
ropean, with a present distribution from
southern Scandinavia to the Mediterranean
region. The fossil record of this deciduous
oak extends back to the late Miocene (12).
We analyzed leaf compressions (Fig. 1) that
were collected from clay intercalations in
terrestrial late Miocene and Pliocene se-
quences of the Lower Rhine Embayment
(the current southeastern margin of the
Neogene North Sea Basin exposed in Ger-
many and adjacent parts of the Nether-
lands). Source strata were deposited during
five successive, regionally recognized time
intervals between ~10 million years ago

(Ma) and ~2.5 Ma (13), namely, base



Linne B and C, top Linne B and C,
Susterian, early Brunssumian, and late Reu-
verian (Fig. 2).

Well-preserved abaxial leaf cuticles of
fossil Q. petraea reflect the epidermis cell
structure and stomatal arrangement. Thus,
we were able to count the stomatal frequen-
cy as a percentage of the total number of
epidermal cells [stomatal index (14)]. Be-
cause of the generally limited material
available, a direct interpretation in fossil
studies of stomatal densities in terms of
paleoatmospheric change may give unreli-
able results. In individual species of living
plants, the number of stomata per unit area
is known to vary significantly in response to
environmental factors other than the ambi-
ent CO, concentration. A decreased sto-
matal density may be the result of decreas-
ing light intensity or increasing humidity.
However, because such changes coincide

Fig. 1. Fossil of Q. petraea from the Lower
Pliocene of the Lower Rhine Embayment. Mag-
nification, x0.4.

Fig. 2. Stomatal indices
for fossil Q. petraea
compared with major
Neogene climatic oscil-
lations inferred from the
late Miocene-Pliocene
pollen record in the 31 Reuverian
Lower Rhine Embay- Pliocene
ment. The stomatal in-
dex is a measure of the
stomatal frequency as
a percentage of the to-
tal number of epidermal
cells (74). Regional
stratigraphy and the cli-
matic curve are mod-
eled after the work of
Zagwijn and Hager in
(13). Vertical bars are
estimated stratigraphic
uncertainties of the in- 11.31
vestigated leaf floras.

Data points are mean +

SD. Temp., temperate;

Subtrop., subtropical.
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with a reduction in the number of epider-
mal cells, in contrast to the stomatal den-
sity, the stomatal index represents a satis-
factory constant for any one plant. Experi-
ments have shown the stomatal index as
generally reliable except under extreme en-
vironmental stress (15). Therefore, if suffi-
ciently well-preserved cuticles are available
in fossil studies, reliable stomatal indices
can be calculated on the basis of a series of
measurements on a limited number of
leaves.

Stomatal indices calculated for fossil Q.
petraea from the Linne B and C, early
Brunssumian, and late Reuverian intervals
show mean values between 9.5 and 11.5
(Fig. 2). In contrast, the mean value of
16.2 for leaves from the Susterian is signif-
icantly higher. To test the validity of this
difference, we analyzed cuticles of an ex-
tinct species, Fagus attenuata, from both the
Susterian and top Linne B and C intervals.
Again, the stomatal index for Susterian
leaves (14.1 = 0.5) exhibited a significant
increase relative to the values for Linne B
and C material (10.0 = 0.8).

The changes in the stomatal index for
Q. petraea suggest a covariation with tem-
perature-related climatic shifts that have
been inferred from the late Miocene-
Pliocene palynological record of the Lower
Rhine Embayment (Fig. 2). Comparison
with the extensive record of plant megafos-
sils, notably those of fruits and seeds (16),
confirms that changes in quantitative com-
position of pollen assemblages (13) reflect a
broad-scale vegetation change character-
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ized by an alternation of mixed evergreen-
deciduous and deciduous forest types. On
the basis of these fossil data, warm-temper-
ate to subtropical conditions are thought to
have prevailed during the Linne B and C
intervals, with a temperate climate during
the Susterian, and warm-temperate condi-
tions in early Brunssumian and late Reu-
verian times. The differences in the thermal
regimes constrain the distribution of mod-
emn Northern Hemisphere analogs for the
two contrasting forest types (17). Thus, the
late Miocene-Pliocene vegetation changes
suggest fluctuations of 2° to 3°C in the
regional mean annual temperature.

In addition to analyzing fossil material,
we calculated stomatal indices that cover
the last 120 years for herbarium specimens
of Q. petraea (Fig. 3). The observed decline
in mean values with time corroborates
Woodward’s (8) conclusion that the an-
thropogenically induced global CO, in-
crease has resulted in a proportionate de-
crease in stomatal frequencies for forest
trees (18). Present-day stomatal indices for
Q. petraea are similar to those for fossil
material from the Linne B and C, early
Brunssumian, and late Reuverian intervals.
On the other hand, indices for times before
the development of large-scale industrial-
ization appear to be comparable to those of
the Susterian record.

The recorded changes in the stomatal
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Fig. 3. Stomatal indices for Neogene Q. petraea
compared with the historical relation between
atmospheric CO, concentration and stomatal
indices for Q. petraea during the last 120 years.
Recent stomatal indices (0J) have been calcu-
lated from cuticles of herbarium material collect-
ed in western Europe between 1873 and 1991.
Historical increases of mean global CO, con-
centration correspond to data from Antarctic ice
cores and direct measurements at Mauna Loa,
Hawaii (79). The linear regression line, with 95%
confidence limits, shows a reduction of stomatal
indices over the studied period; slope, —0.074
+ 0.008. Neogene stomatal indices (M) plotted
on the regression line are means for five time
intervals (compare with Fig. 2). Horizontal bars
indicate the inferred ranges of paleoatmo-
spheric CO, concentration.
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index for an individual plant species con-
firm the use of stomatal frequencies as proxy
indicators of fluctuations in paleoatmo-
spheric CO, concentration. Calibration of
the stomatal indices against the historical
relation between stomatal frequency and
CO, concentrations (19) enables quantifi-
cation of the late Miocene-Pliocene pa-
leoatmospheric signals (Fig. 3). The rela-
tive changes so far observed suggest that the
corresponding global CO, concentration
has fluctuated between values of ~280 and
~370 parts per million by volume (ppmv).
Covariation with climatic changes supports
a causal relation between the CO, regime
and temperature in late Miocene to Pliocene
times. On the basis of such a relation,
present-day low stomatal indices suggest that
the presumed climatic effects of the human-
induced CO, increase are lagging behind the
stomatal responses in land plants.

The fossil leaf record is characterized by
its generally discontinuous nature. The rel-
atively few samples available in any one
sedimentary sequence limit the extent to
which detailed patterns of paleoatmo-
spheric change can be reconstructed. How-
ever, quantitative stomatal analysis of cu-
ticular remains can be used to test whether
regional relative temperatures that are in-
ferred from more continuous palynological
records consistently reflect paleoatmo-
spheric change (20).
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Recent Variability in the Southern Oscillation:
Isotopic Results from a Tarawa Atoll Coral

Julia E. Cole,* Richard G. Fairbanks, Glen T. Shen

In the western tropical Pacific, the interannual migration of the Indonesian Low convective
system causes changes in rainfall that dominate the regional signature of the EI Nifio—
Southern Oscillation (ENSO) system. A 96-year oxygen isotope record from a Tarawa Atoll
coral (1°N, 172°E) reflects regional convective activity through rainfall-induced salinity
changes. This monthly resolution record spans twice the length of the local climatological
record and provides a history of ENSO variability comparable in quality with those derived
from instrumental climate data. Comparison of this coral record with a historical chronology
of El Nifio events indicates that climate anomalies in coastal South America are occa-
sionally decoupled from Pacific-wide ENSO extremes. Spectral analysis suggests that the
distribution of variance in this record has shifted among annual to interannual periods
during the present century, concurrent with observed changes in the strength of the

Southern Oscillation.

The ENSO system of the tropical Pacific
governs interannual variability throughout
the tropics and imparts its signature to
climate worldwide (I). In the western Pa-
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cific, ENSO-related changes in the location
and intensity of the Indonesian Low con-
vective maximum lead to dramatic shifts in
precipitation patterns. At Tarawa Atoll,
mezsurements indicate that intense rainfall
alters the salinity of the underlying surface
ocean by up to 4 per mil (2) and that
surface water 880 (3) varies linearly with
salinity. These isotopic changes provide the
means by which we can trace the past
migrations of the Indonesian Low beyond
the historical record with the use of high-





