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ABSTRACT: The atmospheric CO2 concentration (pCO2) affects the
carbon isotope composition (δ13C) of plant tissue produced during
photosynthesis. This observation has led to the suggestion that changes in
the δ13C value of bulk terrestrial organic matter (TOM) can be used to
reconstruct pCO2 on geologic time scales. It is possible, however, for bulk
TOM to be affected by differential degradation that may affect the δ13C
value post-deposition and, therefore, bias estimates of pCO2. Long-chain n-
alkanes are commonly preserved in the fossil record and represent
compound-specific biomarkers of higher order land plants, suggesting that
their δ13C values may provide a less biased estimate of pCO2 than bulk
TOM. Here, we report new pCO2 estimates determined from published
δ13C data on long-chain, odd-numbered n-alkanes extracted from early
Paleogene samples. During the early Paleogene, n-C27, n-C29, and n-C31
showed significantly higher net carbon isotope discrimination (Δ)
compared to modern values (p < 0.001), consistent with moderately high CO2 levels (average early Paleogene pCO2 = 462
+ 349/−162 ppm); n-C33 showed no significant change in discrimination compared to modern values (p = 0.754). Sensitivity
analysis shows that independent knowledge on changes in plant taxa and mean annual precipitation can help improve the
precision of our pCO2 reconstruction. These results support background pCO2 less than ∼3 times pre-industrial levels in the 10
million years leading up to the early Eocene climate optimum.
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1. INTRODUCTION

It has long been known that both environmental conditions and
plant taxon can affect the carbon isotope value (δ13C) of long-
chain n-alkanes.1−4 These observations have allowed workers to
use the δ13C value of n-alkanes to infer environmental and
species change in both recent5−7 and deep-time8−11 studies.
Researchers have also long suspected that the levels of
atmospheric CO2 (pCO2) affect the δ13C value of C3 plant
tissues.12−14 The magnitude of this effect, however, has been
poorly constrained and inconsistently applied,15−20 and
identification of this signal in the fossil record has proven
difficult.21,22 Laboratory experiments allowed for the effect of
pCO2 to be isolated from other environmental factors that are
also known to affect the δ13C value of plant tissues [e.g., water
availability, temperature, light levels, and δ13C value of
atmospheric CO2 (δ

13Catm)] and provided a unifying relation-
ship for describing the response of carbon isotopes in C3 plants
at elevated pCO2.

23 Subsequent work revealed that this response
is consistent with the effects of photorespiration and mathemati-
cally independent of stomatal conductance and the photo-
synthetic rate.24 Because photorespiration occurs downstream
from stomatal diffusion, changes in net carbon isotope
discrimination [Δ = (δ13Catm − δ13Corg)/(1 + δ13Corg/1000)]
under changing pCO2 do not require any change in the ratio of

intercellular CO2 to atmospheric CO2 (ci/ca).
24 As a result, ci/ca

may be maintained across geologic time scales, despite changes
in pCO2 (for example, see section 3.2.2 within the study by
Diefendorf and Freimuth1). There is now recognition for the
need to account for changes in pCO2 when interpreting bulk
carbon isotope records within modern25−30 and fossil25,31−37

data sets and a clear expectation that the δ13C value of individual
plant biomarkers, such as leaf waxes (e.g., long-chain n-alkanes),
should respond similarly to changing pCO2.

23,38,39 To date,
however, there has been no comparison of pCO2 reconstructed
using the δ13C value of bulk terrestrial organic matter (TOM)
versus long-chain n-alkanes in deep time, when diagenetic
alteration may bias bulk δ13C values.
Here, we focus on the early Paleogene (63−53 Ma), which

contains an apparent disconnect between carbon cycle models
that assume background pCO2 of at least 750−1000 ppm,40−42

and proxy data that indicate background pCO2 = 356 + 145/−
78 ppm (n = 16).43 Because n-alkane δ13C values are resistant to
microbial degradation and diagenetic effects44−48 and can be
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traced to a particular class of plants (i.e., vascular land
plants1,49,50), we sought to apply changes in the δ13C values of
long-chain n-alkanes (n-C27, n-C29, n-C31, and n-C33) toward
providing improved estimates of pCO2 across this time interval.
We compare these estimates to those determined using bulk
TOM from the same sediments36 and other independent pCO2

proxies, including stomata, boron isotopes, liverworts, and
paleosols.43,51 These data highlight a clear model−proxy divide
over background pCO2 during the early Paleogene.

2. METHODS

Experiments growing plants under controlled environmental
conditions and a wide range of pCO2 revealed the following
general hyperbolic relationship between the Δ value and
pCO2:

23

A B p C A B p C( )( )( CO ) / ( ) ( )( CO )2 2Δ = [ + ] [ + + ]
(1)

Water availability also affects Δ values but does not affect the
slope of this relationship (change in Δ per parts per million of
pCO2);

23,24,36 therefore, pCO2 at any time t (pCO2(t)) can be
quantified on the basis of changes in the Δ value [i.e., Δ(Δ)]
between the time period of interest (Δt) and a reference period
with known pCO2 (Δt=0) by solving the following equation
(after Schubert and Jahren25):
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where A = 28.26, B = 0.22, and C is determined via Monte Carlo
analysis following Cui and Schubert.36 Because plant carbon
isotope values vary on the basis of species and growing
conditions,52−54 eq 2 instead of eq 1 (cf. eq 155,56) should be
used to calculate pCO2. The applicability of eq 2 as a proxy for
pCO2 was validated through a comparison to ice core data25 and

Table 1. Compiled Modern Angiosperm δ13Cn‑alkane Data (Mean ± 1σ), Adapted with Permission from Table E-1 of Ref 1a

reference location δ13Cn‑C27
(‰) δ13Cn‑C29

(‰) δ13Cn‑C31
(‰) δ13Cn‑C33

(‰)

Angiosperm
Badewien et al.94 Angola −34.0 ± 2.2 −34.7 ± 2.2 −35.8 ± 2.6 −36.8 ± 2.5
Bi et al.95 China −35.5 ± 1.7 −35.2 ± 2.0 −35.9 ± 1.5 −36.5 ± 1.5
Chikaraishi and Naraoka82 Gunma, Japan −34.3 ± 0.9 −33.7 ± 0.6 −33.5 ± 0.1 −33.3 ± 1.6
Collister et al.96 England −32.4 ± 0.6 −33.3 ± 1.4 −35.4 ± 2.2 −36.1 ± 1.8
Conte et al.97 Canada −33.9 ± 2.4 −33.6 ± 1.6 −32.8 ± 1.1 −33.1 ± 1.7
Diefendorf et al.50 Wyoming, U.S.A. −32.0 ± 2.5 −29.3 ± 0.0 −31.4 ± 2.6 −32.5 ± 0.0
Diefendorf et al.50 Pennsylvania, U.S.A. −33.4 ± 1.5 −33.4 ± 2.1 −33.7 ± 2.0 −33.8 ± 1.6
Duan and He98 China −30.6 ± 2.9 −32.1 ± 1.5 −35.8 ± 1.6
Garcin et al.99 Cameroon −33.3 ± 2.5 −33.9 ± 2.5 −34.1 ± 2.5 −34.6 ± 3.0
Krull et al.100 Australia −34.3 ± 0.9 −35.7 ± 0.1 −34.0 ± 2.9
Lockheart et al.3 England −30.9 ± 1.9
Vogts et al.68 Africa −32.9 ± 2.1 −34.4 ± 2.7 −34.7 ± 2.6 −34.7 ± 2.4
average δ13Ct=0 −33.1 ± 2.0 −33.6 ± 1.7 −34.3 ± 2.1 −34.6 ± 2.0

Gymnosperm
Bi et al.95 China −30.1 ± 0.0 −30.5 ± 0.0 −29.1 ± 0.0
Chikaraish and Naraokai82 Japan −33.0 ± 1.2 −32.3 ± 0.7 −32.2 ± 1.2 −31.5 ± 1.7
Diefendorf et al.50 Wyoming, U.S.A. −32.2 ± 0.0 −31.5 ± 0.0 −30.5 ± 0.0
Diefendorf et al.50 Pennsylvania, U.S.A. −30.1 ± 0.9 −29.9 ± 1.3 −30.5 ± 1.4 −29.5 ± 2.7
Diefendorf et al.50 California, U.S.A. −33.3 ± 2.8 −33.0 ± 2.6 −33.4 ± 2.6 −32.4 ± 2.5
average δ13Ct=0 −32.1 ± 1.8 −31.5 ± 1.3 −31.6 ± 1.4 −30.6 ± 1.8

aExcludes lianas (vines), understory plants with δ13Cbulk < −31.5‰ (after Kohn81), sites with n < 2 plants, and one Ficus ottoniifolia and one
Englerina gabonensis, which had exceptionally low δ13C values likely caused by local source CO2 effects.

68

Table 2. Values Used To Calculate pCO2(t) and Associated Uncertainty

input variable (eq 1) input value uncertainty (±1σ) source

pCO2(t=0) (ppm) 377 10 Keeling et al.28

δ13CCO2(t=0) (‰) −8.1 0.1 Keeling et al.28

δ13CCO2(t) (‰) variable 0.5 Tipple et al.63

δ13Cn‑C27(t=0) (‰) −33.0 2.0 Table 1a

δ13Cn‑C29(t=0) (‰) −33.4 1.7 Table 1a

δ13Cn‑C31(t=0) (‰) −34.0 2.1 Table 1a

δ13Cn‑C33(t=0) (‰) −34.2 1.9 Table 1a

δ13Corg(t) (‰) variable ∼0.1 Diefendorf et al.56

A 28.26 0 Schubert and Jahren23,25,101

B 0.22 0.028 Cui and Schubert36

C median value determined in Monte Carlo analysis determined in Monte Carlo analysis Cui and Schubert36

aCalculated assuming a 90:10 ratio of angiosperms/gymnosperms.
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has been applied to deep-time settings.32,34,36 Uncertainty in
determination of pCO2(t) (eq 2) is a function of uncertainty in
the curve fitting parameters (A, B, and C) and estimation of Δt,
Δt=0, and pCO2(t=0).

36

Because eq 2 uses relative changes in theΔ value [i.e.,Δ(Δ)]
to calculate pCO2(t), a robust estimate of Δt=0 at known pCO2
(i.e., pCO2(t=0)) is critical to the accuracy of the proxy. Here, we
use modern data for Δt=0 within eq 2 (Table 1 and references
therein), because both pCO2 and δ13Catm are particularly well-
constrained (Table 228). Because gymnosperms show signifi-
cantly lower Δ values than angiosperms, even when growing
under the same conditions,53,57 we compiled angiosperm and
gymnosperm Δt=0 data separately (Table 1). Laboratory
experiments showed that the use of a multispecies assemblage
improves the accuracy of the proxy over calculations that use
only a single species.58 The Δt=0 data were calculated from the
δ13C value of long-chain n-alkanes frommodern plants (n-C27, n-
C29, n-C31, and n-C33) and the modern δ13Catm.

28

Eight early Paleogene (63−53 Ma) fluvial sites have been
studied for long-chain n-alkane carbon isotopes from the
carbonaceous rocks that are dated at 52.98, 54.37, 55.34,
56.04, 56.1, 57.39, 59.39, and 63Ma.56 The paleotemperature at
the eight sites was estimated to be 11−22 °C, while the
reconstructed mean annual precipitation did not vary
substantially across the 10 million year time interval [from
1090 + 470/−330 to 1730 + 750/−520mm year−1± 1 standard
error (SE)].56 The temperature change does not exert a strong
control on Δt according to studies on modern soil organic
matter59−61 but may play a role in plants growing under high
temperature and water stress.62 The Bighorn Basin sites are
associated with moderate temperature and semi-humid to
humid climate in the early Paleogene, making them ideal to
study the pCO2 effect on carbon isotope fractionation.
Carbon isotope discrimination data for the early Paleogene

(Δt) were calculated from long-chain n-alkane δ13C values
reported within Table A-1 from Diefendorf et al.56 for the
Bighorn Basin (Wyoming, U.S.A.) and the δ13Catm data from
Tipple et al.63 Following Diefendorf et al.,64 we assumed a 90:10
ratio of angiosperms/gymnosperms at the fossil sites65,66 and
recognize that, because angiosperms produce up to 200 times
more n-alkanes than gymnosperms, they will likely dominate the
paleorecords of n-alkanes in many environments.50 Angiosperm
contributions are likely limited, however, when studying older
(i.e., pre-Cenozoic) sites67 or sites that are dominated by
evergreen and deciduous conifers (e.g., boreal forests). Because
the relative abundance of angiosperms to gymnosperms can vary
through time and across diverse locations, we present a
sensitivity analysis at 10% intervals across the entire range of
possible angiosperm abundances (0−100%) to illustrate the
effect that the plant community change can have on the
calculation of pCO2(t).
All other input values and their associated uncertainties for

pCO2 calculations are listed in Table 2. All results are reported as
the median of 10 000 randomly generated pCO2 estimates using
the R code provided in the Supporting Information; uncertainty
is reported as 1 standard deviation (or 68% confidence interval),
unless noted.

3. RESULTS
On average, carbon isotope discrimination values were
significantly greater for the Paleogene data compared to modern
data for the threemost dominant chain lengths, n-C27, n-C29, and
n-C31 [Δ(Δ)n‑C27

= 0.72 ± 0.93‰, n = 43, and Welch two-

sample t test, p < 0.001;Δ(Δ)n‑C29
= 0.94± 1.00‰, n = 42, and p

< 0.001; andΔ(Δ)n‑C31
= 0.71 ± 1.05‰, n = 41, and p < 0.001],

but no significant difference was observed for n-C33 [Δ(Δ)nC‑33
=

−0.18 ± 1.21‰, n = 21, and p = 0.754] (Figure 1). Using eq 2,
we calculated average pCO2 during the early Paleogene (i.e.,
pCO2(t) = 449 + 334/−157 ppm; n = 147), with the highest
estimates for the dominant n-alkanes (n-C27, n-C29, and n-C31)
and lower estimates when using n-C33 (Figure 2). Estimates of
pCO2 based on n-C27, n-C29, and n-C31 are not statistically
different (Wilcoxon rank sum test, p > 0.6) but do differ
significantly from results based on n-C33 (Welch two-sample t
test, p < 0.001). Excluding the results of n-C33, the average pCO2
during the early Paleogene is calculated as 462 + 349/−162 ppm
(n = 126).

4. DISCUSSION
The positiveΔ(Δ) values determined for n-C27, n-C29, and n-C31
(Figure 1) are consistent with laboratory experiments23 and field
observations,38 showing an increase in Δn‑alkanes with increasing
pCO2. We note that n-C27, n-C29, and n-C31 are also the
dominant chain lengths produced by C3 vascular plants

68 and
are best represented in the fossil data set; the least abundant
chain length studied here (n-C33) showed no significant change
in discrimination overall (Figure 1). In modern plants,
significant abundances of n-C33 are generally limited to
Cupressaceae (i.e., cypress) and C4 plants

1 but have also been
found in higher concentrations within members of the Ericaceae
family, including Calluna vulgaris69 and a limited number of
Rhododendron spp.70 Given the early Paleogene age for the sites,
C4 plant contributions are unlikely. Ericaceae fossils of similar
age have been reported in the literature71 but none from the sites
examined here. Additional experiments to test the effect of pCO2
across the entire suite of long-chain n-alkanes (i.e., n-C25 and
above) would help elucidate if the response observed for n-C27,
n-C29, and n-C31 should be expected consistently across other
chain lengths.
In addition to pCO2, the Δ value of both n-alkanes and bulk

TOM can also be affected by changes in the temperature72 and
mean annual precipitation (MAP)56,65,66 across the 10 million
year period of study. These changes in climate affect the

Figure 1. Changes in discrimination between the Paleogene (Δt) and
modern (Δt=0) [Δ(Δ) = Δt − Δt=0] for n-C27, n-C29, n-C31, and n-C33.
The average Δ(Δ) value is significantly >0‰ for n-C27, n-C29, and n-
C31 (p < 0.001) but not for n-C33 (p = 0.78).
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photosynthetic rate and stomatal conductance73−76 and,
therefore, affect the δ13C values of plant tissue77 and estimates
of pCO2. Changes in the paleotemperature in the Paleogene,78,79

however, are unlikely to affect the δ13C records of the terrestrial
sedimentary organic matter because δ13C values of soil organic
matter are not strongly affected by the temperature in modern
environments.59,60 MAP, on the other hand, has been
considered to be an important factor that affects δ13C values
of soil organic matter in both modern and paleosettings.22,59,80

Variability in the δ13C value of modern n-alkanes reported here
(1σ = 1.7−2.1‰; Table 2) is similar to but larger than that
reported previously for bulk leaf tissue (1.6‰81) and is
consistent with the substantial effect that climate and plant
type has on the δ13C value.54,82 MAP influences the precision of
our pCO2 reconstruction and represents the largest source of
uncertainty in our calculation of pCO2(t).

36 The error window
presented in Figure 3 therefore represents the likely range of
pCO2 conditions across 63−53 Ma. We note, however, that
confidence in the median values can be improved, provided
independent knowledge of climate or plant taxa change.
Leaf margin analysis indicatesMAP using at the Bighorn Basin

ranges from 1090 to 1730 mm year−1 between 52.98 and 63
Ma.65,66 To account for the carbon isotope discrimination
incurred as a result of changes in MAP from 52.98 to 63 Ma, we
adopted the logarithmic relationship between δ13C and MAP
reported by Kohn81 for a global data compilation of modern
leaves (for MAP < 1000 mm year−1, the MAP effect on δ13C is
from−0.2 to −0.5‰ per 100 mm; for 1000 < MAP < 2000 mm
year−1, the MAP effect on δ13C is from −0.1 to −0.2‰ per 100
mm) while holding altitude and latitude constant. The equation
used to perform the MAP correction is as follows:

C C ( 5.61)log (MAP 300)

( 5.61)log (MAP 300)t

13
corrected

13
raw 10 0

10

δ δ= + − +

− − + (3)

where δ13Ccorrected is the δ13C value after accounting for MAP
changes, δ13Craw is the original δ13C values reported by
Diefendorf et al.,56 MAP0 is the MAP at 63 Ma (i.e., 1200 mm
year−1), and MAPt is the MAP at the remaining time slices. We
observe nomore than 95 ppm (∼16%) difference in pCO2 at any
time point when accounting for changes inMAP (Figure 4), and
all MAP-corrected estimates fall within our original uncertainty
window. This correction serves to reduce uncertainty in
reconstructed pCO2 by reducing uncertainty in Δt=0 within eq
2 (average biome level uncertainty = 1.2‰ for angiosperms54)
and reinforces our conclusion for pCO2 of less than ∼3 times
pre-industrial levels for the 10 million years prior to the early
Eocene climate optimum.
The levels of CO2 determined here assume that angiosperms

dominate the δ13C signal of n-alkanes preserved here (i.e., 90%

Figure 2. Early Paleogene pCO2(t) determined from the Δ value of n-
alkanes (eq 2): pCO2(n‑C27) = 451 + 350/−161 (n = 43), pCO2(n‑C29) =

479 + 315/−156 (n = 42), pCO2(n‑C31) = 454 + 383/−169 (n = 41), and
pCO2(n‑C33) = 377 + 251/−127 (n = 21). Individual pCO2 estimates are
presented in Table S1 of the Supporting Information.

Figure 3. Evolution of pCO2 across the early Paleogene. Note similar
pCO2 estimates obtained using Δn‑alkane (red; this study) and ΔTOM
(blue; Cui and Schubert36). A comparison to other published studies
(refs 43, 51, 83, and 102 and references therein) reveals that pCO2 likely
did not exceed ∼850 ppm (dashed line), with the exception of
geologically brief hyperthermals (e.g., PETM, H1, and I134) and a 1
Myr interval spanning the early Eocene climate optimum (52−51 Ma,
gray shaded region). For clarity, median values without uncertainty are
shown from Cui and Schubert.34 Stomata and paleosol studies were
compiled by Foster et al.43

Figure 4. Effect of the MAP on the calculation of pCO2 using n-C31.
Correcting δ13Ct values for changes in MAP (eq 3) results in pCO2
within 16% of uncorrected values for all time slices, but the effects are
not significant. Note that constraint on MAP reduces uncertainty in
reconstructed pCO2. Blue (MAP-corrected) and red (no correction)
data points are offset to avoid overlap.
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angiosperm/10% gymnosperm). To assess the effect of the
angiosperm/gymnosperm ratio on our calculated pCO2, we
calculated pCO2(t) across the entire range of potential scenarios,
ranging from 100% angiosperm to 100% gymnosperm (Figure
5). While recognizing that a gymnosperm-dominated signal is
unlikely,50,64 we find that, for the dominant chain lengths, our
estimate of pCO2(t) increases by no more than ∼85 ppm, even if
one assumes as much as a 50% contribution by gymnosperms to
the δ13C signal (in comparison to our preferred value of 10%
gymnosperm). This analysis shows that, if the angiosperm
contribution was lower than assumed (i.e., <90%), then our
pCO2 estimates reported here might be biased low and,
therefore, represent minimum levels; however, the effect of
this value on our pCO2 result is relatively small (∼20 ppm)
across the likely range of angiosperm contributions (85−
100%56). Thus, plant taxa and climate have similarly small effects
on the pCO2 reconstruction reported here.
The new early Paleogene pCO2 estimates determined here

using n-C27, n-C29, and n-C31 (462 + 349/−162 ppm; n = 126)
are similar to previous estimates based on ΔTOM (482 + 280/−
170 ppm; n = 7536), paleosol carbonate (577 + 227/−152 ppm;
n = 35), plant stomata (430 + 79/−52 ppm; n = 30), and
recently revised ginkgo-based plant stomata51 (297 ppm; n = 20;
no uncertainty estimates are available) but notably lower than a
single estimate based on the boron isotope composition of well-
preserved planktonic Foraminifera (1400 ± 235 ppm; n = 1;
Figure 3 and references therein). Recent work suggests that this
latter value, which appears to be an outlier among the other
proxy estimates, is likely biased high by more than 500 ppm,83

bringing this value more in line with other proxy values. A total
of 7 of the 10 highest pCO2 estimates reported for the entire
Cenozoic occur later within the Eocene, all within a relatively
short interval from 52 to 51 Ma43 (Figure 3). These very high
levels of pCO2 coincide with the peak of the early Eocene climate
optimum, as indicated by oxygen isotope measurements of
foraminifera;84,85 however, there remains no proxy evidence for
early Paleogene pCO2 > 850 ppm prior to the early Eocene
climate optimum, with the exception of the relatively brief
Paleocene−Eocene thermal maximum (PETM).32,34,86

Unlike Δn‑alkanes, ΔTOM can be further affected by diagenesis
and mixing of inputs from algae and vascular land plants, leading
to the distortion of the preservedΔTOM signal.49,87 However, the
excellent agreement between the levels of pCO2 determined
here using Δn‑alkane compared to levels calculated previously
using ΔTOM

36 (Figure 3) suggests that the bulk TOM at these

sites was likely not meaningfully affected by post-depositional or
preservation factors.
The similarities in pCO2 reconstructed using Δn‑alkane

compared to ΔTOM suggest that both substrates are providing
similar paleoenvironmental information and chemical extrac-
tions of n-alkanes from bulk TOMmight not be necessary for all
settings. Furthermore, we see no reduction in the range of pCO2
estimates calculated using Δn‑alkane versus ΔTOM, consistent with
the similar δ13C variability seen across these two substrates. The
lack of any significant difference in pCO2 calculated using
Δn‑alkane versus ΔTOM (Figure 3) is consistent with strong
correspondence between the two substrates; biosynthetic
fractionation (ε) between Δn‑alkane and ΔTOM remained
consistent across all samples analyzed.56 Measurement of ε
values (Δn‑alkane − ΔTOM) in a subset of fossil samples could
therefore be used to assess diagenetic effects through
comparison to ε values from modern, unaltered samples.
Deviations in fossil ε values compared to modern values might
indicate bias in ΔTOM as a result of diagenesis or source mixing:
for such sites, we recommend measurement of Δn‑alkane or
correction of ΔTOM values for the effects of degradation and/or
source mixing.49

5. CONCLUSION
These new pCO2 estimates based on changes in carbon isotope
discrimination of long-chain n-alkanes are consistent with
available proxy data, including independent pCO2 proxies
(e.g., paleosol carbonate, plant stomata, and fossil liverworts)
and previous estimates based on bulk TOM.32,36 In contrast to
expectations, we saw no obvious improvement in our pCO2 data
determined using n-alkanes versus TOM, suggesting good
preservation of the original δ13C signal within the fossil TOM.
Measurement of ε (Δn‑alkane − ΔTOM) for a subset of samples
could be used to assess potential diagenetic effects that might
bias pCO2 determined from ΔTOM; here, fossil ε values were
previously determined to be similar to modern values,56

consistent with the similar pCO2 estimates determined for
Δn‑alkane and ΔTOM.
Changes in discrimination calculated here were relatively

small and consistent with the stable, slightly elevated pCO2
indicated by other proxies; however, significantly greater
changes in discrimination have been recorded at geologically
brief hyperthermal events, consistent with larger increases in
pCO2.

32,34,101 There is potential for the pCO2 results reported
here to be biased low by up to ∼85 ppm if one assumes that
gymnosperms accounted for as much as 50% of the n-alkane
inputs; however, this bias is small compared to the large sample
variability in the modern and fossil data sets and is insufficient to
resolve the proxy−model divide surrounding early Paleogene
pCO2.

88,89 Likewise, changes in MAP had only a small effect on
the pCO2 calculated here; however, pCO2 estimates at drier sites
are expected to be more sensitive to changing MAP. Finally, we
note that this proxy is relevant to all evolutionary time scales that
include C3 land plants;24 the period studied here is well before
the period of global C4 grassland expansion of ∼7−8 Ma.81 The
wide applicability of this proxy and the prevalence of long-chain
n-alkanes within sedimentary organic matter of Cenozoic,10,90,91

Mesozoic,11,92 and Paleozoic93 age suggest great potential for
using Δn‑alkanes values to reconstruct pCO2 in the fossil record.
Despite the influences of the changes in plant taxa and MAP on
carbon isotope fractionation of C3 land plants, we suggest that
the precision of pCO2 reconstruction in the past can be
improved by independent knowledge of plant taxa and MAP.

Figure 5. Effect of the angiosperm/gymnosperm ratio on calculation of
pCO2. The preferred result (90% angiosperm, after Diefendorf et al.56)
is marked with an asterisk.
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W. M. Atmospheric carbon injection linked to end-Triassic mass
extinction. Science 2011, 333 (6041), 430.
(10) Tipple, B. J.; Pagani, M. A 35Myr North American leaf-wax
compound-specific carbon and hydrogen isotope record: Implications
for C4 grasslands and hydrologic cycle dynamics. Earth Planet. Sci. Lett.
2010, 299 (1), 250−262.

(11) Whiteside, J. H.; Olsen, P. E.; Eglinton, T.; Brookfield, M. E.;
Sambrotto, R. N. Compound-specific carbon isotopes from Earth’s
largest flood basalt eruptions directly linked to the end-Triassic mass
extinction. Proc. Natl. Acad. Sci. U. S. A. 2010, 107 (15), 6721−6725.
(12) Feng, X.; Epstein, S. Carbon isotopes of trees from arid
environments and implications for reconstructing atmospheric CO2
concentration. Geochim. Cosmochim. Acta 1995, 59 (12), 2599−2608.
(13) Körner, C.; Farquhar, G.; Wong, S. Carbon isotope
discrimination by plants follows latitudinal and altitudinal trends.
Oecologia 1991, 88 (1), 30−40.
(14) Krishnamurthy, R.; Epstein, S. Glacial-interglacial excursion in
the concentration of atmospheric CO2: Effect in the 13C/12C ratio in
wood cellulose. Tellus, Ser. B 1990, 42 (5), 423−434.
(15) McCarroll, D.; Gagen, M. H.; Loader, N. J.; Robertson, I.;
Anchukaitis, K. J.; Los, S.; Young, G. H.; Jalkanen, R.; Kirchhefer, A.;
Waterhouse, J. S. Correction of tree ring stable carbon isotope
chronologies for changes in the carbon dioxide content of the
atmosphere. Geochim. Cosmochim. Acta 2009, 73 (6), 1539−1547.
(16) Treydte, K. S.; Frank, D. C.; Saurer, M.; Helle, G.; Schleser, G.
H.; Esper, J. Impact of climate and CO2 on a millennium-long tree-ring
carbon isotope record. Geochim. Cosmochim. Acta 2009, 73 (16),
4635−4647.
(17)Wang, W.; Liu, X.; Shao, X.; Leavitt, S.; Xu, G.; An, W.; Qin, D. A
200 year temperature record from tree ring δ13C at the Qaidam Basin of
the Tibetan Plateau after identifying the optimummethod to correct for
changing atmospheric CO2 and δ13C. J. Geophys. Res.: Biogeosci. 2011,
116 (G4), G04022.
(18) Gagen, M.; McCarroll, D.; Loader, N. J.; Robertson, I.; Jalkanen,
R.; Anchukaitis, K. J. Exorcising the segment length curse’: Summer
temperature reconstruction since AD 1640 using non-detrended stable
carbon isotope ratios from pine trees in northern Finland. Holocene
2007, 17 (4), 435−446.
(19) Royer, D. L.; Hren, M. T. Carbon isotopic fractionation between
whole leaves and cuticle. Palaios 2017, 32 (4), 199−205.
(20) Xu, S. D.; Zhang, J.; Wang, X. X.; Jia, G. D. Catchment
environmental change over the 20th Century recorded by sedimentary
leaf wax n-alkane δ13C off the Pearl River estuary. Sci. China: Earth Sci.
2016, 59 (5), 975−980.
(21) Arens, N. C.; Jahren, A. H.; Amundson, R. Can C3 plants
faithfully record the carbon isotopic composition of atmospheric
carbon dioxide? Paleobiology 2000, 26, 137−164.
(22) Kohn, M. J. Carbon isotope discrimination in C3 land plants is
independent of natural variations in pCO2. Geochem. Perspect. Lett.
2016, 2, 35−43.
(23) Schubert, B. A.; Jahren, A. H. The effect of atmospheric CO2
concentration on carbon isotope fractionation in C3 land plants.
Geochim. Cosmochim. Acta 2012, 96, 29−43.
(24) Schubert, B. A.; Jahren, A. H. Incorporating the effects of
photorespiration into terrestrial paleoclimate reconstruction. Earth-Sci.
Rev. 2018, 177, 637−642.
(25) Schubert, B. A.; Jahren, A. H. Global increase in plant carbon
isotope fractionation following the Last Glacial Maximum caused by
increase in atmospheric pCO2. Geology 2015, 43 (5), 435−438.
(26) Hobbie, E. A.; Schubert, B. A.; Craine, J. M.; Linder, E.; Pringle,
A. Increased C3 productivity in Midwestern lawns since 1982 revealed
by carbon isotopes in Amanita thiersii. J. Geophys. Res.: Biogeosci. 2017,
122, 280−288.
(27) Trahan, M. W.; Schubert, B. A. Temperature-induced water
stress in high-latitude forests in response to natural and anthropogenic
warming. Global Change Biol. 2016, 22, 782−791.
(28) Keeling, R. F.; Graven, H. D.; Welp, L. R.; Resplandy, L.; Bi, J.;
Piper, S. C.; Sun, Y.; Bollenbacher, A.; Meijer, H. A. Atmospheric
evidence for a global secular increase in carbon isotopic discrimination
of land photosynthesis. Proc. Natl. Acad. Sci. U. S. A. 2017, 114 (39),
10361−10366.
(29) Tibby, J.; Barr, C.; McInerney, F. A.; Henderson, A. C.; Leng, M.
J.; Greenway, M.; Marshall, J. C.; McGregor, G. B.; Tyler, J. J.; McNeil,
V. Carbon isotope discrimination in leaves of the broad-leaved
paperbark tree, Melaleuca quinquenervia, as a tool for quantifying

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.9b00146
ACS Earth Space Chem. 2019, 3, 1966−1973

1971

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsearthspacechem.9b00146
http://pubs.acs.org/doi/abs/10.1021/acsearthspacechem.9b00146
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00146/suppl_file/sp9b00146_si_002.zip
mailto:cuiy@montclair.edu
mailto:cuiying00@gmail.com
http://orcid.org/0000-0003-1057-4369
http://dx.doi.org/10.1021/acsearthspacechem.9b00146


past tropical and subtropical rainfall.Global Change Biol. 2016, 22 (10),
3474−3486.
(30) Porter, A. S.; Yiotis, C.; Montañez, I. P.; McElwain, J. C.
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