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ABSTRACT
Changes in the carbon isotope composition of terrestrial plant
tissue (d13C) are widely cited for evidence of shifts in climate, vegetation, or atmospheric chemistry across a wide range of time scales. A
global compilation of d13C data from fossil leaves and bulk terrestrial
organic matter (TOM) spanning the past 30 k.y., however, shows wide
variability and no discernable trend. Here we analyze these data in
terms of a relative change in net carbon isotope fractionation between
the d13C value of plant tissue and that of atmospheric CO2 [D13C =
(d13CCO – d13C)/(1 + d13C/1000)] and identify a global 2.1‰ shift in
2
leaf and TOM D13C that is synchronous with a global rise in pCO2
documented from ice core data. We apply a relationship describing
the effect of pCO2 on D13C to the global record of D13C change documented here to reconstruct pCO2 levels across the past 30 k.y. Our
reconstructed pCO2 levels are in excellent agreement with the ice core
data and underscore the potential of the global terrestrial d13C record
to serve as an accurate pCO2 proxy.
INTRODUCTION
Changes in the carbon stable isotope composition of terrestrial plantderived substrates (d13C) have been observed in the geological record
at both local and global scales (e.g., McInerney and Wing, 2011). Such
changes have been variously interpreted to record a change in environmental variables, including plant species composition (e.g., Feakins et al.,
2013; Tipple and Pagani, 2010), water availability (e.g., Stewart et al.,
1995), atmospheric oxygen concentration (Tappert et al., 2013), the isotopic composition of CO2 in the atmosphere (d13CCO ) (e.g., Jahren et al.,
2
2001), and atmospheric pCO2 (e.g., Schubert and Jahren, 2013). Changes
within an isotope record from a single locality may reflect changes in
local climate and vegetation, and so multiple high-resolution records from
diverse environments are necessary to analyze for changes in global climate. The Quaternary Period is particularly rich in terrestrial d13C records,
as well as in high-precision environmental data (e.g., d13CCO , pCO2) from
2
ice cores. We compile the global record of C3 plant-derived d13C values
from the Late Glacial through the Holocene and quantify changes in the
carbon isotope fractionation between the atmosphere and plant-derived
substrates through time. We build upon our previous work (Schubert and
Jahren, 2012) that quantified the dependence of carbon isotope fractionation on pCO2 during photosynthesis, based on observations during plant
growth experiments. Here we apply this relationship to the global record
of bulk terrestrial organic matter (TOM) and plant leaf fossil d13C in order
to reconstruct changes in atmospheric pCO2 across the past 30 k.y. We
then compare our reconstruction to the values of pCO2 known from ice
cores, thus evaluating the potential of the original relationship to serve as
an accurate proxy for paleo-pCO2.
METHODS
In order to examine the global plant d13C record for the past 30 k.y.,
we compiled d13C values of fossil leaves and bulk TOM (includes bulk
organic carbon measured in sediments, soil organic matter, loess, and peat
deposits) from records that spanned at least 5 k.y. or extended from the
Holocene to at least part of the glacial-interglacial transition (Termination 1; 18,000–11,500 yr before A.D. 1950, herein yr ago). Because we
sought records of C3 land plant carbon in equilibrium with a well-mixed
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atmosphere, we only compiled records that contained d13C values between
-18.5‰ and -32‰ (after Kohn, 2010; O’Leary, 1988). We therefore
avoided records with d13C values representative of C4 plants (e.g., Pendall
et al., 1999) or understory vegetation within closed canopy forests (e.g.,
Giresse et al., 1994), and records with bulk organic matter that contained
significant inputs from aquatic plants or planktonic algae (e.g., Ji et al.,
2005). The resulting data set yielded a total of 614 d13C measurements
from 23 distinct records reported in 19 published studies (Table DR1 and
Fig. DR1 in the GSA Data Repository1), and represents a wide range of
values, similar to that observed for modern studies of whole leaves (Kohn,
2010) and integrated C3 ecosystems (Pataki et al., 2003); leaf tissue ranged
from -20.80‰ to -30.00‰ and TOM ranged from -18.50‰ to -31.75‰
(Fig. 1A).
In order to eliminate the effects of changes in the d13C value of atmospheric CO2 (d13CCO ) on the d13C value of plant tissue, we calculated the
2
net carbon isotope fractionation [D13C = (d13CCO – d13C) / (1 + d13C/1000);
2
Farquhar et al., 1989] for each data point using d13CCO values obtained from
2
high-resolution ice core data (Elsig et al., 2009; Lourantou et al., 2010;
Smith et al., 1999) (Fig. DR2; Table DR1). Because the absolute D13C value
is known to differ among plants growing under the same environmental
conditions (e.g., Flanagan et al., 1997; Leavitt and Newberry, 1992), we
analyzed the data set in terms of a relative change in the D13C value between
some time, t, and a reference time (t = 0), designated here as D(D13C):
∆ (∆13C) = ∆13C ( t ) – ∆13 C (t = 0) .

(1)

Figure 1B shows D(D13C) calculated using Equation 1 for all the isotope records compiled in Figure 1A (for an analysis of error, see the Data
Repository). Within Equation 1, values for D13C(t = 0) were calculated using
the average Holocene d13C value for each record (listed in Table DR1)
and d13CCO was set equal to the average Holocene d13CCO value (-6.4‰)
2
2
calculated from the ice core record (Lüthi et al., 2008). Values for D13C(t)
were calculated using the d13C data plotted in Figure 1A and d13CCO val2
ues obtained from ice core data (Fig. DR2). We used ages reported in the
original publications for all data. When calendar ages were not reported in
a published paper, radiocarbon ages were converted to calendar ages using
the radiocarbon calibration program described by Fairbanks et al. (2005).
RESULTS AND DISCUSSION
We identify a global 2.1‰ increase in D(D13C) measured in both fossil leaves and TOM (Fig. 1B) that is not apparent within the wide range of
absolute d13C values shown within Figure 1A. We here explain this global
2.1‰ increase in D(D13C) by considering the effect of pCO2 on carbon isotope fractionation and noting the 80 ppmv rise in pCO2 documented across
this interval from ice core data (Fig. 1C). We previously demonstrated that
change in D13C per unit increase in pCO2 follows a continuous function
(Schubert and Jahren, 2012) and updated this work with published data on
17 additional species including trees, shrubs, and herbaceous plants, and
for both angiosperm and gymnosperm taxa (Table DR2). Taken together,
1
GSA Data Repository item 2015151, all data presented in Figures 1 and 2,
and a description of the errors associated with our reconstructed pCO2 levels,
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Figure 1. Carbon isotope
values and pCO2 levels
across the past 30 k.y. A:
d13C values from leaves
(n = 125) and terrestrial
organic matter (TOM; n
= 489) compiled from 23
published records and
used to calculate D(D13C).
B: D(D13C) (Equation 1). C:
pCO2 levels from ice core
records (Kawamura et al.,
2007; Petit et al., 1999)
(also plotted in D and E). D:
pCO2 levels through time
reconstructed for leaves
using Equation 4 and the
D(D13C) data in B. E: pCO2
levels through time reconstructed for TOM. Heavy
curves in B, D, and E are
locally weighted regression curves (loess, a =
0.25). Error bars in D and
E indicate maximum cumulative error in the reconstructed pCO2 values
based upon the precision
associated with determination of D(D13C) and
pCO2(t = 0), and constants
A, B, and C in Equation 4
(for error analysis, see the
Data Repository [see footnote 1]). Reconstructed
pCO2 levels >500 ppmv (n
= 2) are marked with asterisks. The interval of pCO2
change (18,000–11,500 yr
ago) across Termination 1
(Termin. 1) is shaded gray.
A complete list of all isotope data and calculated
pCO2 values and their errors are provided in Table
DR1 (see footnote 1).

the data show that changes in D13C per unit increase in pCO2 (S, ‰/ppmv)
decrease with increasing pCO2 level according to the following general
equation (r = 0.94, n = 40) (Fig. 2):
S = (A 2 )(B) / [A + (B)( pCO 2 + C)]2.

∆13 C = [(A)(B)( pCO 2 + C)] / [A + (B)( pCO 2 + C )],

(3)

where A = 28.26, B = 0.22, and C = 23.9. The values for A, B, and C were
determined iteratively such that D13C = 4.4‰ at pCO2 = 0 ppmv, and D13C
= 28.26‰ at pCO2 = 106 ppmv (after Schubert and Jahren, 2012). The
change in D13C [D(D13C), Equation 1] that results from a change in pCO2
can then be described by the following equation (after Equation 3 and
Schubert and Jahren, 2013):
∆ (∆13 C) = [(A)(B)( pCO 2( t ) + C)] / [A + (B)( pCO 2( t ) + C)] –

2

= 0)
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Figure 2. The effect of pCO2 on C3 land plant carbon isotope fractionation. Across field and chamber experiments on a wide range
of C3 land plant species, the amount of carbon isotope fractionation
per change in pCO2 (S, ‰ /ppmv) decreases within increasing pCO2
level according to Equation 2 (where A = 28.26, B = 0.22, and C =
23.9; r = 0.94; n = 40; black curve). Horizontal bars encompass the
range of pCO2 levels used within each experiment; the circle is plotted at the midpoint of the range. Inset shows the data plotted across
pCO2 = 150–750 ppmv. We updated the original data set (Schubert
and Jahren, 2012) (black circles, n = 28) with additional published
data (gray circles, n = 12). All values and references are provided in
Table DR2 (see footnote 1).

We can therefore use D(D13C) data to solve for pCO2 at any time t
(pCO2(t)), provided we know the pCO2 level at reference time t = 0 (i.e.,
pCO2(t = 0)); values for A, B, and C are the same as in Equation 3.
We reconstructed pCO2 levels for the past 30 k.y. using Equation
4 with pCO2(t = 0) = 270 ppmv (the average preindustrial Holocene level;
Kawamura et al., 2007) and the D(D13C) data shown in Figure 1B. The
result shows excellent agreement with pCO2 levels obtained from highresolution ice core data spanning the past 30 k.y. (Figs. 1D and 1E). Both
the fossil leaf and TOM records indicate a steady increase in pCO2 across
Termination 1 (18,000–11,500 yr ago) with little change in pCO2 during
the Holocene (11,500–100 yr ago) and the Late Glacial interval (30,000–
18,000 yr ago), corroborated by the ice core record both with respect to
trends as well as absolute values (Table 1). Across the entire record, the
average absolute difference between the pCO2 level determined from the
ice core and the pCO2(t) level reconstructed using Equation 4 is small (23
and 39 ppmv for fossil leaves and TOM, respectively) and the correlations
between the ice core record and the locally weighted regression (loess, a
= 0.25) through each substrate are high (R2 = 0.97 and R2 = 0.80 for TOM
and fossil leaves, respectively).

(2)

Integration of Equation 2 yields the following generalized hyperbolic
relationship between D13C and pCO2:

(B)( pCO 2( t ) + C)] – [(A)(B)( pCO 2( t
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TABLE 1. COMPARISON OF pCO2 LEVELS DETERMINED FOR SPECIFIC
INTERVALS USING LEAF AND TERRESTRIAL ORGANIC MATTER (EQUATION
4) WITH HIGH-RESOLUTION ICE CORE DATA
Interval*
(yr ago)
Holocene†
11,499–100
Termination 1§
17,999–11,500
Late Glacial†
30,000–18,000

Ice core**

Leaves

TOM††

270 ± 7 ppmv
(n = 38)
0.0102 ppmv/yr
(n = 26)
193 ± 7 ppmv
(n = 22)

273 ± 27 ppmv
(n = 76)
0.0137 ppmv/yr
(n = 38)
209 ± 31 ppmv
(n = 11)

278 ± 52 ppmv
(n = 281)
0.0096 ppmv/yr
(n = 84)
188 ± 45 ppmv
(n = 117)

*0 yr ago = A.D. 1950.
Holocene and Late Glacial pCO2 levels reported as mean ±1s.
Calculated as the slope of a best-fit line through the data spanning this interval.
**Ice core data calculated from Kawamura et al. (2007).
[(A)(B)( p††CO
[A + (B)(
pCO
2( t = 0) + C)] /organic
2( t values
= 0) + C)]
TOM—terrestrial
matter.
Two
(marked with asterisks in Fig. 1E)
were excluded from the calculations.
†

§

(4)

www.gsapubs.org

|

Volume 43

|

Number 5

|

GEOLOGY

Geology, published online on 19 March 2015 as doi:10.1130/G36467.1
We note that all TOM and fossil leaf carbon isotope records are subject to variability arising from differential water availability, which has
been shown to be a primary environmental driver of changes in d13C value,
both in terms of mean annual precipitation (Diefendorf et al., 2010; Kohn,
2010) and seasonal precipitation (Schubert and Jahren, 2011). We examine the scatter about the mean for both D(D13C) records, calculated as the
average absolute difference between the measured D(D13C) values (Equation 1) and the locally weighted regression curves (Fig. 1B). The scatter
within both the TOM D(D13C) record (0.87‰ ± 0.82‰, n = 489) and the
fossil leaf record (0.46‰ ± 0.38‰, n = 125) probably reflects the heterogeneous environmental influences (e.g., water availability) that cause d13C
variability within and between ecosystems (reviewed by Dawson et al.,
2002). The significantly (p < 0.0001) greater scatter within the TOM data
set also reflects the changing contributions of different plant species and
taxonomic groups, which are known to show different amounts of carbon
isotope fractionation (Flanagan et al., 1997; Leavitt and Newberry, 1992).
In contrast, the fossil leaf records are based on measurements across single
species (e.g., Pinus flexilis; Van de Water et al., 1994); therefore, the variance within the fossil leaves data set (0.15) is 4.5× lower than the variance within the TOM data set (0.68), reflecting the reduced sources of
isotopic variability within species-specific substrates. When we quantify
the scatter in reconstructed pCO2 values for each substrate, calculated as
the absolute difference between pCO2(t) (calculated from Equation 4) and
the locally weighted regression curve fit through the calculated pCO2(t)
values, we find that for both fossil leaves and TOM this scatter is small;
the average values (±1s) are 21 ± 17 ppmv (n = 125) for fossil leaves
and 39 ± 44 ppmv (n = 489) for TOM. Our analysis reinforces our claim
that although local environmental factors influence plant d13C value, the
governing influence of pCO2 over carbon isotope fractionation is apparent
within global data sets. We contend that global shifts in the amount of carbon isotope fractionation of C3 terrestrial plant tissue are best interpreted
to reflect a change in pCO2 because a global record averages the effects of
local or regional changes in environmental conditions, substrate heterogeneity, and plant community shifts.
Our results also illustrate how the effect of pCO2 on changing plant
carbon isotope composition, if not acknowledged, may lead to inappropriate paleoclimate interpretations. As an example, the combined leaf and
TOM data set shows a global 2.1‰ relative increase in carbon isotope fractionation from the Late Glacial to the Holocene (Fig. 1B). If we hypothesize
a Late Glacial mean annual precipitation (MAP) of 830 mm (the simulated
Last Glacial Maximum MAP over land; Vettoretti et al., 2000) and apply
the proposed relationship between MAP and D13C values (Kohn, 2010, his
equation 2), the 2.1‰ increase would require a 1442 mm increase to MAP
= 2272 mm (i.e., ~3× greater than modern MAP), an extreme change not
corroborated within the sedimentological, geochemical, or fossil records of
the period. Similarly, there is no independent evidence across this interval
that would support an interpretation of a global change in C3 plant community composition. A significant rise in global temperatures coincided with
the increases in pCO2 level across Termination 1 (Parrenin et al., 2013), but
the measured effect of an increase in temperature on plant carbon isotope
fractionation varies (King et al., 2012; Schleser et al., 1999) and may be
autocorrelated with changes in precipitation, cloudiness, and/or humidity (e.g., McCarroll and Pawellek, 2001). Moreover, the shift observed
here is the opposite of what would be expected from an increase in global
water stress due to a rise in global temperature across Termination 1. Thus,
although climate change may affect the plant carbon isotope record of a
single site, it cannot explain the global record presented here.
CONCLUSIONS
Our analysis reveals that the ~80 ppmv rise in pCO2 level from the
Late Glacial to preindustrial levels evident within air bubbles in glacial ice
(Kawamura et al., 2007) is recorded by the global record of carbon isotope
fractionation in C3 land plants. Excellent agreement between our reconGEOLOGY
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structed levels and those measured from ice demonstrates the potential for
using terrestrial carbon isotope records to reconstruct atmospheric pCO2
for periods when any change in d13CCO is independently constrained,
2
either by the ice core record as illustrated here, or by the nonphotosynthetic
marine record in the more distant past (Schubert and Jahren, 2013; Tipple
et al., 2010). We warn that before interpreting environmental change from
the d13C value of terrestrial substrates, the effect of changing pCO2 levels
must be considered, particularly for intervals with moderate to low pCO2
levels that dominated much of the past 350 m.y. (Breecker et al., 2010;
Franks et al., 2014). We note that changes in atmospheric oxygen concentrations (pO2) may also prove to be important on these longer time scales
(e.g., Beerling et al., 2002; Berner et al., 2000), but the systematic study of
the effect of pO2 in isolation from seed to maturity across the full range of
pO2 levels predicted for the geologic past is lacking. Changes in pCO2 that
result from changes in elevation also affect carbon isotope measurements
(high-elevation plants show less fractionation than low-elevation plants
and pCO2 declines with increasing elevation; Körner et al., 1988), and
therefore elevation changes should be considered when examining D13C
change on multimillion-year time scales. Independent of these effects, our
work demonstrates the potential for terrestrial d13C measurements to be
used for reconstructing pCO2 levels in the geologic record.
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