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Abstract

Leaf carbon isotope fractionation (Dleaf) is sensitive to environmental conditions and can provide insights into the state and
evolution of leaf gas-exchange in response to climate and environment factors. In modern plants, water availability is the
strongest environmental predictor of Dleaf across sites that experience relatively uniform and low concentrations of CO2 in
the atmosphere (pCO2). Growth chamber experiments show Dleaf of modern plants can also be sensitive to changing
pCO2. However, over geologic time, it is uncertain how Dleaf has responded to shifts in pCO2 and precipitation. To address
this problem, we collected sediment (rock) samples from fossil leaf sites that represent a range of pCO2 values from �200 to
900 ppmV, over 40 degrees of latitude from New Mexico to the High Arctic, and 40 million years spanning the Late Creta-
ceous to the Oligocene. For each site, the carbon isotope composition of atmospheric CO2 (d

13Catm), pCO2, mean annual pre-
cipitation, and mean annual temperature were constrained from independent proxies. From sediment samples, we extracted
long-chain n-alkanes (biomarkers derived from plant wax). We then measured the carbon isotope ratios of sediment-derived
n-C29 and n-C31 alkanes to calculate Dleaf. Results show a negative correlation between Dleaf and pCO2 even after controlling
for mean annual precipitation. The Dleaf response to pCO2 is small (�0.3 ± 0.09‰/100 ppmV), suggesting plants are adjusting
internal leaf CO2 concentrations to atmospheric pCO2 concentrations, likely by optimizing leaf gas-exchange to maximize car-
bon intake and minimize water loss in response to environmental conditions. Similar to previous studies of geologic sediments
and living plants, Dleaf was also positively correlated with water availability and, to a lesser extent, sensitive to plant type and
https://doi.org/10.1016/j.gca.2019.11.023

0016-7037/� 2019 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: kschlans@gmail.com (K. Schlanser).

https://doi.org/10.1016/j.gca.2019.11.023
mailto:kschlans@gmail.com
https://doi.org/10.1016/j.gca.2019.11.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2019.11.023&domain=pdf


K. Schlanser et al. /Geochimica et Cosmochimica Acta 270 (2020) 264–281 265
possibly altitude. As a result, the Dleaf – pCO2 relationship in the geologic past may be more complex than observed in modern
studies and therefore, precludes its use as a pCO2 proxy.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Leaf carbon isotope fractionation (Dleaf) in C3 plants
depends partly on how stomata regulate leaf gas-
exchange, which helps explain the sensitivity of Dleaf to a
number of environmental and biological factors including
water availability and physiological traits (O’Leary, 1981;
Körner et al., 1988; Farquhar et al., 1989; Diefendorf
et al., 2010; Kohn, 2010; Cernusak et al., 2013; Graham
et al., 2014). However, the relationship between atmo-
spheric CO2 concentration (pCO2) and Dleaf remains
unclear and may be complicated by the drastically differing
timescales (weeks to millions of years) on which Dleaf is
studied. Stomata regulate leaf gas-exchange in plants to
adapt to changing environments on short (weeks) and long
(decades to millennia) timescales to maximize carbon (C)
gain during photosynthesis and minimize water loss from
transpiration (Farquhar et al., 1989; Seibt et al., 2008).
Thus, shifts in Dleaf in response to short and long-term
changes in pCO2 can provide insights into the plasticity
and evolution of leaf gas-exchange, which is a key goal of
plant physiologists. The relationship between Dleaf and
pCO2 is also crucial for geologists because plant-derived
carbon isotopes are used to infer past changes in the carbon
cycle and to constrain paleoclimate and paleovegetation
(e.g., Diefendorf and Freimuth, 2017).

The ratio of internal leaf CO2 concentration (ci) to exter-
nal atmospheric CO2 concentration (ca), the ci/ca ratio, has
been used as a ‘set point’ of leaf gas-exchange to identify
how plants adapt to various environmental factors, such
as pCO2 (Ehleringer and Cerling, 1995). This ratio was also
used by Farquhar et al. (1989) to model the relationship
between leaf gas-exchange and carbon isotope discrimina-
tion against 13C during photosynthesis (Dleaf) Eq. (1):

Dleaf ¼ aþ ðb� aÞci=ca ð1Þ
where a is kinetic fractionation during diffusion of air into
the stomata (4.4‰) and b is the enzymatic fractionation
that occurs during carboxylation due to the enzyme
Rubisco strongly discriminating against 13C (27‰). Dleaf

can also be measured independently of the Farquhar equa-
tion using the isotopic composition of the atmosphere and a
plant leaf in Eq (2):

Dleaf ¼ ðd13Catm � d13CleafÞ=ð1þ d13CleafÞ ð2Þ
where d13Catm is the carbon isotopic composition of the
atmosphere and d13Cleaf is the carbon isotopic measurement
of the leaf, both measured in ‰ relative to the standard
VPDB. This equation accounts for changes in d13Catm

through time and, when coupled with Eq.1 and its deriva-
tives, has been used to estimate long-term trends in ci/ca
ratios and the intrinsic water use efficiency (iWUE) of leaf
gas-exchange (Farquhar and Richards, 1984; Beerling and
Woodward, 1995; Voelker et al., 2016). Therefore, Dleaf

has become an important metric for understanding the rela-
tionship between ci and ca and for investigating how leaf
gas-exchange has adapted to various environmental factors,
such as pCO2, on timescales from decades to millions of
years.

Dleaf has been proposed as a proxy for reconstructing
pCO2 in the geologic record (Schubert and Jahren, 2012)
based on a short-term (weeks) growth chamber study eval-
uating the relationship between Dleaf and pCO2. In their
growth chamber study, Schubert and Jahren (2012)
observed a hyperbolic positive relationship between Dleaf

and pCO2 from 370 to 4200 ppmV using herbaceous plants,
Raphanus sativus and Arabidopsis thaliana, over the course
of four weeks. However, short-term growth chamber stud-
ies are prone to highly variable results. Beerling and
Woodward (1995) observed no response between Dleaf and
pCO2 in their growth chamber experiment using a variety
of C3 grasses and herbs grown at 350, 525, and 700 ppmV
over five weeks. Jahren et al. (2008) also observed no rela-
tionship between Dleaf and pCO2 using Raphanus sativus

grown over 5 weeks at 349, 389, 778, and 1088 ppmV. Con-
versely, Zhang et al. (2019) found a negative relationship
between Dleaf and pCO2 using Triticum aestivum grown
between 170 and 400 ppmV. Porter et al. (2017) designed
a growth chamber experiment to target Dleaf response to
pCO2 among different plant groups. The study was con-
ducted over six-month intervals with pCO2 at 400 and
1900 ppmV and O2 at ambient (20.9%) and subambient
(16%) levels. Two species were represented from lycophytes,
monilophytes, gymnosperms, and both woody and herba-
ceous angiosperms. Porter et al. (2017) found Dleaf

increased at the higher pCO2 level, but the magnitude of
the relationship varied among species, particularly between
spore- and seed-reproducing plants. Lomax et al. (2019)
grew Arabidopsis thaliana across a range from 380 to 3000
ppmV and found a positive, but poorly constrained rela-
tionship between Dleaf and pCO2 that was highly variable
as a function of water availability. These conflicting results
among growth chamber experiments could reflect species-
specific responses of stomata to pCO2 and/or sensitivity
of Dleaf to growth chamber conditions (i.e., water availabil-
ity, humidity, light, nutrient-limitation, duration, and d13-
Catm). Conflicting results may also be due to growth
chamber effects, caused by chamber instability or other
unresolved factors (Porter et al., 2015).

Short-term (months to years) free-air CO2 enrichment
(FACE) experiments have also found variable responses
of Dleaf to increased pCO2, such as no effect (Ainsworth
and Long, 2005) or a negative correlation (Battipaglia
et al., 2013). Generally, FACE experiments propose plants
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respond to elevated pCO2 via changes in primary produc-
tivity, leaf gas-exchange, and stomatal attributes, but are
also sensitive to nitrogen and water availability, the dura-
tion of exposure to elevated CO2, and plant functional type
(Nowak et al., 2004; Leakey et al., 2009; Mueller et al.,
2016; Yan et al., 2017).

Because growth chamber studies and other short-term
field studies cannot fully simulate evolutionary behavior
(i.e., leaf phenotype transformations that occur across
many generations) of plants in response to fluctuating
pCO2 values, the nature of this relationship has also been
studied at longer timescales. For example, studies spanning
decades have also found varied relationships between pCO2

and Dleaf, but results are generally more conservative than
growth chamber studies. Frank et al. (2015) measured tree
ring carbon isotopes across European forests from 1901 to
2010 AD, where pCO2 increased from 296 to 389 ppmV.
After accounting for environmental effects, they found that
both angiosperms and conifers were adjusting leaf gas-
exchange properties to maintain a relatively constant ci/ca
value, which is directly proportional to Dleaf based on Eq
(1). A separate tree ring carbon isotope study from North
America’s oldest boreal trees show that Dleaf decreased
between 1850 and 1965 AD as pCO2 increased from 285
to 320 ppmV then remained constant between 1965 and
2014 as pCO2 increased 320 and 398 ppmV (Giguère-
Croteau et al., 2019). In a historical investigation of Litsea
calicaris leaves collected from New Zealand between 1900
and 2012 AD, pCO2 increased from 295 to 392 and had a
negligible effect on leaf wax d13C values (Reichgelt et al.,
2016).

Studies spanning millennia have also produced variable
Dleaf – pCO2 relationships. Since the Last Glacial Maximum
(LGM) (16,500 yr BP) Beerling and Woodward (1993)
observed a decline in Dleaf with increasing pCO2 in the spe-
cies Salix herbacea. In a larger study, Becklin et al. (2014)
investigated seven conifer species from the LGM to the pre-
sent and found Dleaf either increased or remained constant
with increasing pCO2, but that leaf physiological responses
to changing climate and environment differed in timing and
magnitude. In a Miocene-aged study from New Zealand,
sediment leaf waxes were extracted from a varved maar for-
mation spanning 100,000 yrs in a subtropical environment
(Reichgelt et al., 2016). The calculated Dleaf values represent
an ecosystem signal integrated over millennia. In this study,
Reichgelt et al. (2016) found that higher Dleaf values corre-
sponded with higher pCO2 values. However, the hydrogen
isotope composition of these same leaf waxes indicate that
water availability, not pCO2, was the main driver of plant
physiological change (Reichgelt et al., 2016).

On million-year timescales, only a few studies have
investigated how Dleaf responds to pCO2. Diefendorf et al.
(2015a) analyzed sediment leaf wax from Paleocene and
Eocene paleoflora sites in the Bighorn Basin (WY, USA)
and found Dleaf values were not sensitive to changes in
pCO2. Instead, Dleaf values varied with paleoprecipitation
trends, similar to the Dleaf – mean annual precipitation
(MAP) relationship from modern calibrations (Diefendorf
et al., 2010; Kohn, 2010). Kohn (2016) used d13C values
of herbivore tooth enamel to constrain C3 plant d

13C values
through the Cenozoic, ranging between 200 and 700 ppmV
and found that pCO2 had a negligible relationship with Dleaf

and variations in Dleaf were likely driven by water
availability.

Taking all this prior work together, there is little consen-
sus on how high pCO2 effects Dleaf, especially over long-time
scales and at pCO2 higher than 700 ppm. Therefore, we
investigate the relationship between Dleaf and pCO2, and
the efficacy of this relationship to reconstruct pCO2 through
geologic time by utilizing the geologic record as a natural
laboratory operating on timescales over which plants evolve
(millions of years). In our study, we measured d13C values
from sediment-derived leaf wax n-C29 alkanes, primarily
from angiosperms, to calculate Dleaf across North American
paleoflora sites. These sites represent 40 million years from
the Late Cretaceous into the Oligocene and capture a wide
range of pCO2 values (200–900 pmmV; Foster et al., 2017).
Hyperthermal time periods are avoided in order to avoid
confounding effects of rapid climate perturbations on
plants. Using the fossil leaves at each site, we account for
age, floral composition, mean annual precipitation
(MAP), and mean annual temperature (MAT), thereby
providing a means to test the sensitivity of Dleaf to pCO2

independent of confounding biotic and abiotic effects on
geologic timescales.

2. METHODS

2.1. Site Information

Sediment samples were collected across North America
from 26 leaf fossil sites (Fig. 1). These sites were all previ-
ously characterized in paleobotanical studies and represent
a range of depositional environments, water regimes, tem-
peratures, and pCO2 concentrations (Table 1). The Dleaf val-
ues from 8 sites in the Bighorn Basin, Wyoming were
previously reported in Diefendorf et al. (2015a).

Sample sites range from the High Arctic to NewMexico,
spanning modern latitudes of 82–36�N and include locali-
ties from Ellesmere and Axel Heiberg islands, the Okana-
gan Highlands in British Columbia, the Wind River and
Bighorn Basins in Wyoming, various intermontane basins
in Colorado and Utah, and the San Juan Basin in New
Mexico. Paleoelevations ranged from 0 to 3 km (Gregory
and McIntosh, 1996; Smith et al., 2009; Zaborac-Reed
and Leopold, 2016). The geographic location, age, MAP,
MAT, d13Catm, and pCO2 are constrained for each locality
(Table 1). Ages for each locality were extracted from the lit-
erature and were determined using a variety of dating tech-
niques (i.e., biostratigraphy, magnetostratigraphy,
40Ar/39Ar dating, U-Pb dating) (see Table 1). Geologic ages
were used to constrain d13Catm and pCO2 values at each
site. The d13Catm values were taken from Tipple et al.
(2010) for Cenozoic sites and Barral et al. (2017) for Creta-
ceous sites. In these studies, d13Catm values were calculated
from d13C and d18O records of benthic foraminifera and are
corrected for temperature-sensitive equilibrium and non-
equilibrium isotope effects between carbonate minerals
and atmospheric CO2 and averaged across 3-million-year
windows. The pCO2 values, taken from Foster et al.
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Fig. 1. Map of North America depicting paleoflora sites used in this study. Numbered circles indicate paleoflora sampling localities with a
corresponding key to the right of the map. Sites are listed from oldest to youngest and colors correspond to age. Cool colors (blues) denote
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(2017), are derived from a Monte Carlo resampled time ser-
ies of a compilation of pCO2 proxies including leaf stomata,
pedogenic carbonates, boron isotopes, liverworts, and alke-
nones. The d13Catm and pCO2 values through the study
interval are shown in Fig. 2. Estimates of MAP were deter-
mined for each site using leaf area analysis (LAA) (Wilf
et al., 1998). For Florissant and Pitch Pinnacle, paleopre-
cipitation was estimated prior to LAA and was measured
using the climate leaf analysis multivariate program
(CLAMP) (Wolfe, 1993). However, LAA was recently per-
formed on the paleoflora of Florissant (Allen et al., 2017)
and falls within ±25 cm of the previous CLAMP estimate,
and is consistent with a MAP < 100 cm/yr. Estimates of
MAT were obtained from previous paleobotanical studies
and were determined using the nearest living relative
(NLR) method, leaf margin analysis (LMA) (Wing and
Greenwood, 1993; Miller et al., 2006), or CLAMP (see Sup-
plementary Data 2).

Sediment samples were collected from fossil leaf-bearing
zones and consist of sandstones, siltstones, shales, mud-
stones, lignites, and coals and represent an integrated signal
of many species and individuals. We targeted zones of low
pedogenesis and wet fluvial, lacustrine, swamp, and flood-
plain depositional environments to reduce effects of water
stress. Between 1 and 20 sediment samples with minimal
weathering were collected laterally across fossil-bearing
zones at each paleoflora site. Sediments were then oven
dried (60 �C) and between 15 and 30 g of sediment were
powdered using a ball mill and split into two fractions,
one for lipid extraction and one for bulk carbon isotopes
(d13Cbulk).

2.2. Lipid extraction from sediments

To target n-C29 alkanes for analysis, lipids were
extracted from powdered samples using an accelerated sol-
vent extractor (Dionex ASE 350) with 5:1 (v/v) DCM/
MeOH. From the total lipid extract (TLE), asphaltenes
were precipitated with DCM/Hexanes (1:80 v/v). The mal-
tene fraction was extracted from the hexanes and further



Table 1
Site info and climate data for each paleoflora locality.

Site # Site name Location Age (Ma) pCO2 (ppmV) ± 95%CIq d13Catm (‰) ± 90%CIr,s MAP (cm/yr), ±1SE MAT (�C) ± 1SE

Late Cretaceous

1 Kaiparowits UT, USA 75.05 ± 1.05a 552 + 421/�320 �6.5 ± 0.75 178 + 77/�54a 20.16 ± 2.33a

2 Big Cedar Ridge Bighorn Basin, WY, USA 72.7 ± 1.43b 417 + 352/�255 �6.5 ± 0.75 wetu 20b

Paleocene

3 SJB Pu2 site San Juan Basin, NM, USA 65.55 ± 0.05c 234 + 186/�89 �4.5 ± 0.75 197.4 + 89.5/�62.5v 20.2 ± 2.93v

4 Grimy Gulch Bighorn Basin, WY, USA 63 ± 1.5d 287 + 161/�86 �5.5 ± 0.75 120*d n.d.
5 Belt Ash Bighorn Basin, WY, USA 59.39 ± 1.5d 373 + 158/�102 �4.8 ± 0.75 120 + 52/�36d 10.5 ± 2.9d

6 Cf-1 Bighorn Basin, WY, USA 57.39 ± 1.5d 477 + 140/�123 �4.4 ± 0.75 109 + 47/�33d 12.0 ± 2.9d

7 Honeycombs Bighorn Basin, WY, USA 56.1 ± 1.5d 539 + 139/�137 �4.6 ± 0.75 173*d 16.4 ± 2.9d

8 Latest Paleocene Bighorn Basin, WY, USA 56.04 ± 1.5d 539 + 139/�137 �4.7 ± 0.75 173 + 75/�52d 16.4 ± 2.9d

Paleocene - Eocene

9 Hot Weather Creek Ellesmere Island, Canada 57.6 ± 1.6e 463 + 142/�121 �4.4 ± 0.75 143 + 63/�43e 13.5 ± 1.5i

10 Fosheim Anticline Ellesmere Island, Canada 57.6 ± 1.6e 463 + 142/�121 �4.4 ± 0.75 153 + 66/�46e 13.5 ± 1.5i

11 Stenkul Fiord Ellesmere Island, Canada 57–53.1f,g,h 599 + 145/�148 �4.9 ± 0.75 240 + 104/�72t 8.5 ± 2.6t

12 Split Lake Ellesmere Island, Canada 53.9 ± 3.1g,i 463 + 142/�121 �4.4 ± 0.75 228 + 98/�69t 12.4 ± 3.8t

13 Lake Hazen Ellesmere Island, Canada 51.9 ± 4.1j 660 + 238/�181 �5.0 ± 0.75 143 + 63/�43e 13.5 ± 1.5i

14 Mosquito Creek Ellesmere Island, Canada 53.5 ± 5.7j 660 + 213/�164 �5.0 ± 0.75 143 + 63/�43e 13.5 ± 1.5i

15 Strathcona Fiord Ellesmere Island, Canada 51.9 ± 4.1i,j 735 + 238/�181 �5.4 ± 0.75 230 + 99/�69t 12.4 ± 3.8t

16 Boulder Hills Ellesmere Island, Canada 42.9 ± 4.9j 777 + 236/�196 �5.9 ± 0.75 133 + 57/�40e 12.8 ± 4.3e

Eocene

17 WCS7 Bighorn Basin, WY, USA 55.34 ± 1.5d 598 + 145/�147 �4.9 ± 0.75 173 + 75/�52d 16.4 ± 2.7d

18 Dorsey Creek Fence Bighorn Basin, WY, USA 54.37 ± 1.5d 653 + 158/�156 �5.2 ± 0.75 132 + 57/�40d 10.8 ± 3.3d

19 Fifteenmile Creek Bighorn Basin, WY, USA 52.98 ± 1.5d 721 + 206/�168 �5.6 ± 0.75 114 + 49/�34d 22.2 ± 2.0d

20 Wind River Basin Wind River Basin, WY, USA 52.42 ± 0.06k 744 + 226/�173 �5.9 ± 0.75 154 + 66/�46k 20.4 ± 2.4k

21 Driftwood Canyon British Columbia, Canada 51.77 ± 0.34l 743 + 267/�160 �6.0 ± 0.75 116 + 50/�35w 6.8 ± 2.0w

22 Falkland British Columbia, Canada 50.61 ± 0.16m 813 + 297/�206 �5.7 ± 0.75 121 + 52/�37m 10 ± 2.2m

23 Kissinger Lakes Wind River Basin WY, USA 49.12 ± 0.88k 844 + 327/�230 �5.5 ± 0.75 119 + 51/�36k 14.6 ± 3.0k

24 Fossil Forest and Geodetic Hills Axel Heiberg Island, Canada 44.5 ± 3.3i 762 + 257/�204 �5.9 ± 0.75 133 + 57/�40e 12.8 ± 4.3e

25 Florissant Florissant Fossil Beds
National Monument, CO, USA

34.07 ± 0.1o 897 + 98/�177 �6.0 ± 0.75 64.7 ± 18.9x 10.7 ± 1.5x

Oligocene

26 Pitch Pinnacle CO, USA 30.95 ± 1.95p 752 + 83/�118 �6.2 ± 0.75 136y 12.7 ± 1.5p

a Miller et al., 2013; b Wing and Greenwood, 1993; c Mason, 2013; d Diefendorf et al., 2015a; e Greenwood et al., 2010; f Harrison et al., 1999; g Reinhardt et al., 2013; h Reinhardt et al., 2017; i

Eberle and Greenwood, 2012; j McIver and Basinger, 1999; k Currano et al., 2019; l Moss et al., 2005; m Smith et al., 2012; o Evanoff et al., 2001; p Gregory and McIntosh, 1996; q Foster et al.,
2017; r Tipple et al., 2010; s Barral et al., 2017; t West et al., 2015; u Wing et al., 2012; v Geng et al., 2018; w Greenwood et al., 2005; x Gregory and McIntosh, 1996; y Barton, 2006; *Estimated, see
Diefendorf et al., 2015a.
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divided into apolar and polar fractions on alumina oxide
with hexanes/DCM (9:1 v/v) and DCM/MeOH (1:1 v/v),
respectively. The apolar fraction was then separated into
saturated and unsaturated fractions on 5% Ag-
impregnated silica gel (w/w) with hexanes and ethyl acetate,
respectively.

2.3. Compound identification and quantification

To identify and quantify n-alkanes, aliquots of the apo-
lar saturated fraction were dissolved in hexane and injected
into an Agilent 7890A gas chromatograph (GC) interfaced
to an Agilent 5975C quadrupole mass selective detector
(MSD, operated at 70 eV) and flame ionization detector
(FID). Compounds were separated on a fused silica capil-
lary column (Agilent J&W DB-5 ms; 30 m length,
0.25 mm i.d., 0.25 lm film thickness). The oven program
ramped from an initial temperature of 60 �C for 1 min, fol-
lowed by a 6 �C/min temperature ramp to 320 �C and held
for 15 min. Following the GC separation, the column efflu-
ent was split (1:1) between the FID and MSD with a 2-way
splitter, using He makeup gas to keep pressure constant.
Compounds were identified using authentic standards, frag-
mentation patterns, and retention times.

Quantification by FID was achieved by normalizing
compound peak areas to an internal standard (1,10-
binaphthalene) and converting normalized peak areas to
mass using external standard response curves (also normal-
ized to the internal standard). The external standard curves
ranged in concentration from 0.5 to 100 lg/ml and included
a series of n-alkanes of varying chain length, from C7 to C40

(Sigma Aldrich). Finally, compound concentrations were
normalized to the dry sediment mass (lg/g).

2.4. Bulk Carbon Analysis

To remove carbonate minerals, samples were exposed to
1 N HCl for 30 minutes or until reaction was complete and
neutralized using DI water rinses before bulk isotope anal-
ysis. The d13C of bulk organic carbon and weight percent of
total organic carbon (wt.% TOC) were determined via con-
tinuous flow (He; 120 ml/min) on a Costech elemental ana-
lyzer (EA) coupled to a Thermo Electron Delta V
Advantage Isotope Ratio Mass Spectrometer (IRMS).
d13C values were corrected for sample size dependency
and normalized to the VPDB scale using a two-point cali-
bration (e.g., Coplen et al., 2006). Error was determined
by analyzing additional independent standards measured
in all EA runs. Long term combined precision and accuracy
of all EA runs was 0.12‰ (1r; n = 30) and �0.13‰
(n = 30), respectively.

2.5. Compound-specific carbon isotope analysis

Compound-specific carbon isotope analyses of the n-
alkanes were performed by GC–combustion (C)–IRMS.
Based on whether n-C29 or n-C31 alkanes were eluting with
other compounds, some samples were first separated into
branched and n-alkyl fractions using urea adduction. GC–
C-IRMS was performed using a Thermo Trace GC Ultra
coupled to an Isolink combustion reactor (Ni, Cu, and Pt
wires) and Thermo Electron Delta V Advantage IRMS.
Isotopic abundances were normalized to the VPDB scale
using Mix A6 (Arndt Schimmelmann, Indiana University).
Carbon isotope precision (0.41‰; 1r) and accuracy
(0.11‰; 1r) were monitored across all standard and sample
runs with co-injected n-C41 alkane (n = 317). Additionally,
an in-house n-alkane standard prepared from oak leaves
(Oak-1a) was analyzed every 5–6 runs with a precision
and accuracy for n-C29 of 0.18‰ (1r; n = 30) and 0.02‰
(n = 30) and for n-C31 of 0.24‰ (1r; n = 30) and
�0.08‰ (n = 30), respectively.

2.6. Calculating Dleaf

To minimize potential effects of vegetation composition
on Dleaf (e.g., due to differences in the relative abundance of
angiosperms and gymnosperms), the d13C values of n-C29

and n-C31 alkanes were used to calculate Dleaf. Previous
studies suggest these long chain n-alkanes are primarily
derived from woody angiosperms (Diefendorf et al., 2011;
Bush and McInerney, 2013). Therefore, the n-alkanes pre-
served in the sediment should represent C3 woody angios-
perm vegetation across our range of paleoflora sites. The
d13C values of n-alkanes were first converted to d13Cleaf val-
ues to account for biosynthetic fractionation (en-C29 – leaf)
that occurs during the synthesis of n-alkanes:

en�C29�leaf ¼ ðd13Cn�C29 þ 1Þ=ðd13Cleaf þ 1Þ ð3Þ
where the n-C29 alkane homologue is shown as an example.
The en-C29-leaf and en-C31-leaf values used in this study were
derived from a global compilation of woody vegetation
(Diefendorf and Freimuth, 2017) and were 5.2‰ and
5.6‰, respectively. Dleaf was then calculated using d13Cleaf

values and Eq. (2). Average Dleaf values from both n-C29
and n-C31 alkanes for each paleoflora location are reported
in Table 2. The Dleaf measures the difference between the
carbon isotopic composition of the atmosphere and the
leaf, thus accounting for changes in d13Catm through time.

2.7. Quantifying uncertainty in Dleaf and additional statistical

analyses

A Monte Carlo simulation method was performed to
quantify Gaussian uncertainty (1r) in Dleaf values for each
site using 10,000 iterations in MATLAB R2017a (The
MathWorks, Natick, USA). Input uncertainties included
d13Catm, intrasite variability of d13Cn-C29 values, and en-
C29. The d13Catm values were obtained using a 3-million-
year window and uncertainties (0.75‰) represent the high
and low 90% confidence intervals reported in Tipple et al.
(2010). For d13Cn-C29 values, uncertainty was determined
using the one standard deviation of intrasite variability at
each site. These values ranged from 0.5‰ to 1.35‰. Uncer-
tainty in en-C29 (2.4‰) and en-C31 (2.5‰) was determined
from the one standard deviation in a global compilation
of angiosperm en-C29 values reported in Diefendorf and
Freimuth (2017). Most of the total uncertainty in our Dleaf

values is driven by uncertainty in the e values. Several stud-
ies have argued that modern calibrations have much higher
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ranges of variability in e values than would be expected
from geologic sediment, which represents many integrated
plants through time (Polissar et al., 2009; Diefendorf and
Freimuth, 2017). Therefore, the total uncertainty repre-
sented in our Dleaf values is likely an overestimate.

Simple and multiple linear regression analyses were used
to assess the relationships between various predictors (e.g.,
pCO2 and MAP) and Dleaf. These and other simple statisti-
cal analyses, including Student’s t-tests, were carried out
using JMP Pro 14.0 (SAS, Cary, USA), using site-
averaged Dleaf values.

3. RESULTS

3.1. Leaf carbon isotope fractionation data

The Dleaf values calculated from either n-C29 or n-C31
alkanes were similar for all sites (t-test, p = 0.995) (Table 2).
Further discussion of Dleaf values focus on results from n-
C29 alkanes. Intra-site variability of Dleaf values were less
than 2.8‰ at all but one paleoflora site. Sites with larger
ranges in Dleaf, such as Stenkul Fiord (4.2‰), contain a
mix of different lithologies (coals and siltstones). These dif-
ferent depositional environments likely represents a more
diverse spectrum of water regimes and vegetation composi-
tion. The sediment Dleaf values encompass many species and
individuals, resulting in a more conservative range than the
8‰ range observed among modern forest sites with high
species diversity (e.g., Diefendorf et al., 2010).

Site-averaged Dleaf values vary from 17.7 to 22.6‰,
showing a 4.9‰ range over 40 million years, spanning
diverse climates, environments, and vegetation across the
paleoflora sites (e.g., �175 cm/yr range in MAP and
�15 �C range in MAT). We do observe some trends in Dleaf

through time (Fig. 3). Dleaf values increase steadily from
20.1‰ during the Late Cretaceous at Kaiparowits to
21.5‰ in the early Paleocene at SJB Pu2 site and reach
22.6‰ during the late Paleocene at Honeycombs Carbona-
ceous Bed. Dleaf values begin to decrease during the Early
Eocene and continue to decrease throughout the middle
Eocene. Dleaf values reach a low of 17.7‰ in the present
study during the Oligocene at Pitch Pinnacle.

3.2. Dleaf relationships to pCO2 and climate

Over a 700 ppmV increase in pCO2, Dleaf decreases by
3.4‰ (Fig. 4). However, variables other than pCO2 may
also be affecting Dleaf. Therefore, a series of simple linear
regressions were performed to explore the sensitivity of Dleaf

to various climate, environmental, and preservational fac-
tors including pCO2, Log10MAP, MAT, latitude, average
chain length (ACL), carbon preference index (CPI), and
total organic carbon (TOC) (Supplementary Data 1;
Table 1). MAP was log transformed because it is logarith-
mically related to Dleaf and thereby satisfies normality
requirements (Diefendorf et al., 2010). Differences in
methodology used to calculate MAT from leaf fossils may
lead to significant variances in temperature estimates,
though estimates from different methods are often close
to or within uncertainty (Peppe et al., 2018). However,
when evaluating the relationship between Dleaf and MAT,
we find no relationship (p = 0.34), making it unlikely that



Table 2
Calculated Dleaf values using both n-C29 and n-C31 alkanes for each paleoflora site.

Site # Site name Dleaf (n-C29) 1r n Dleaf (n-C31) 1r n

Late Cretaceous

1 Kaiparowits 20.1 2.6 20 20.4 2.8 20
2 Big Cedar Ridgea 20.6 2.6 36 20.3 2.7 36

Paleocene

3 SJB Pu2 site 21.5 2.6 13 21.9 2.8 13
4 Grimy Gulchb 21.7 2.8 7 21.8 3.0 7
5 Belt Ash Carbonaceous Bedb 20.9 2.8 4 21.2 2.7 4
6 Cf-1 Carbonaceous Bedb 21.9 2.7 4 21.6 2.8 4
7 Honeycombs Carbonaceous Bedb 22.6 2.7 5 22.4 2.9 5
8 Latest Paleoceneb 21.6 2.7 5 21.5 2.8 5

Paleocene - Eocene

9 Hot Weather Creek 20.7 2.9 3 21.7 2.7 2
10 Fosheim Anticline 21.8 n.d. 1 21.7 n.d. 1
11 Stenkul Fiord 21.7 2.8 18 20.6 2.8 17
12 Split Lake 20.6 n.d. 1 20.6 n.d. 1
13 Lake Hazen 19.1 n.d. 1 20.5 n.d. 1
14 Mosquito Creek 20.0 n.d. 1 19.2 n.d. 1
15 Strathcona Fiord 19.7 n.d. 1 20.4 n.d. 1
16 Boulder Hills 19.9 n.d. 1 20.0 n.d. 1

Eocene

17 WCS7b 21.6 2.6 4 21.7 2.7 4
18 Dorsey Creek Fence Carb. Bedb 20.7 2.6 3 21.2 2.7 2
19 Fifteenmile Carbonaceous Bedb 21.4 2.6 10 21.4 2.8 10
20 Wind River Basin 19.8 2.7 20 20.6 2.7 14
21 Driftwood Canyon 20.5 2.7 13 20.6 2.7 8
22 Falkland 20.0 n.d. 1 19.9 n.d. 1
23 Kissinger Lakes 20.5 2.7 6 21.4 2.8 6
24 Fossil Forest and Geodetic Hills 19.2 2.6 2 19.0 2.7 1
25 Florissant 18.1 2.6 14 18.3 2.7 13

Oligocene

26 Pitch Pinnacle 17.7 2.6 6 17.1 2.7 6
Cross-site Average 20.5 2.7 27 20.7 2.8 27

a Bush, 2014;
b Diefendorf et al., 2015a,b.
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use of different MAT calibrations would significantly affect
the results. The simple linear regressions indicate that pCO2

and MAP had the greatest explanatory power on Dleaf val-
ues (p < 0.0001; R2 = 0.35; 0.33, respectively).

To assess the effects of pCO2 on Dleaf independently of
MAP and vice versa, a multiple linear regression analysis
was performed using Dleaf as the dependent variable and
pCO2 and Log10MAP as independent variables (Supple-
mentary Date 1; Table 2). The predicted Dleaf is equal to
14.03091125–0.00318293 (pCO2) + 2.6765392395 (Log10-
MAP) (R2 of 0.49, (F[2, 161] = 77.7834, p < 0.0001). Both
pCO2 and Log10MAP were significant predictors of Dleaf

(p < 0.0001) with opposite influences. The negative correla-
tion between Dleaf and pCO2 is consistent with the findings
of Kohn (2016) and the significance of water availability is
consistent with Lomax et al. (2019), whose growth chamber
study directly tested the role of water availability on the
Dleaf – pCO2 relationship. Based on the multiple regression
model, if mean pCO2 were to increase by 25% (�150 ppmV)
while mean MAP is held constant, Dleaf should decrease by
0.46‰. At wetter sites (>1500 mm/yr), if mean MAP were
to increase by 25% (�400 mm/yr) while pCO2 were held
constant, Dleaf should increase by 0.26‰. Because MAP is
a log function, if �400 mm/yr were added to the driest
range of MAP while pCO2 were held constant, Dleaf should
increase by 0.54‰. After accounting for variations in MAP,
Dleaf is still sensitive to pCO2 (�0.3 ± 0.09‰/100 ppmV)
between 200 and 900 ppmV. This is consistent with low Dleaf

values at Florissant and Pitch Pinnacle when reconstructed
pCO2 values were highest (897 and 752 ppmV, respectively;
Fig. 4; Foster et al., 2017).

Additional multiple linear regression analyses were per-
formed to assess the explanatory power of pCO2 and MAP
when other variables (i.e., MAT and age) are included
(Supplementary Data 1; Table 3). We find that the statisti-
cal significance of pCO2 and MAP persist. Temporal vari-
ability has little apparent effect on Dleaf when pCO2,
MAP, MAT, and age are included in the model. We also
found no apparent effect of temporal variability on Dleaf

when MAT is excluded while pCO2, MAP, and age are
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Table 3
Conifer abundances, their relative n-C29-alkane production, and paleobotanical references for each general location.

Site location Conifer
abundance†

Conifers (n-C29-alkane production) Paleobotanical reference

Kaiparowits Rare Cupressaceae sp. (low) Miller et al., 2013
Big Cedar
Ridge

Rare Cupressaceae sp. (low), Araucarites sp, (moderate) Wing et al., 2012

San Juan
Basin

Rare Cupressinocladus (low), Ditaxocladus (low) Flynn et al., in press

Bighorn
Basin Sites

Common Metasequoia (low), Glyptostrobus (low) Davies-Vollum and Wing, 1998; Smith et al., 2007;
Diefendorf et al., 2014; Diefendorf et al., 2015a

Ellesmere Isl
Sites

Common Metasequoia (low), Glyptostrobus (low),
Chamaecyparis (low)

Eberle and Greenwood, 2012; West et al., 2015;
West et al., 2019

Wind River
Basin

Absent – Currano et al., 2019

Driftwood
Canyon

Common Metasequoia (low), Sequoia (low), Chamaecyparis

(low), Thuja (low), Pinaceae (low)
Eberle et al., 2014

Falkland Common Metasequoia (low), Glyptostrobus (low), Taxodium
(low), Sequoia (low), Chamaecyparis (low), Pinaceae
(low)

Smith et al., 2012

Kissinger
Lakes

Present* – Leopold, 1974; Currano et al., 2019

Axel
Heiberg Isl
Sites

Common Metasequoia (low), Glyptostrobus (low),
Chamaecyparis (low), Pinaceae (low)

McIver and Basinger, 1999; Eberle and
Greenwood, 2012

Florissant Common Sequoia (low), Chamaecyparis (low), Torreya (low),
Abies (low), Picea (low), Pinus (low)

Gregory, 1994; Manchester, 2001

Pitch
Pinnacle

Uncommon Juniperus (low), Abies (low), Picea (low), Pinus (low) Gregory and McIntosh, 1996

† Approximated from biomass.
* Based on pollen data, no conifers present in macroflora.
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included. Accounting for temporal variability helps rule out
alternative explanations, such temporal shifts in plant phys-
iology or other unmeasured temporal variability, that might
misconstrue the correlations observed between Dleaf and
pCO2 and MAP through geologic time.

3.3. Additional Dleaf records

To increase the scope of this study beyond North Amer-
ica, an additional subset of low rank coal d13C data was
included from Bechtel et al. (2008) that overlap with the
ages of our study and encompass the Alpine Realm and
Middle German Lignite District of Europe. This subset
spans the Early Eocene into the Oligocene (55–33.4 Ma,
600–900 ppmV for pCO2). The reported d13C values were
corrected for liptinite, hopanoids, and angiosperm vs. gym-
nosperm input (Bechtel et al., 2008) and represent a mix of
plant matter from resin, leaves, spores/pollen, and bark.
We converted the d13C values to Dleaf values as previously
described (see Section 2.6). The resulting Dleaf values span
a smaller range (18.6–19.5‰) than our North American
study (Fig. 3). One possible explanation might be because
these samples were all deposited in similar swampy deposi-
tional environments with MAP > 1500 mm/yr (Bechtel
et al., 2008). Linear regression analysis of the Bechtel
et al. (2008) data indicates no correlation between Dleaf

and pCO2 (p = 0.74, n = 14; Fig. 4). However, when the
Bechtel data was included with our North American data,
linear regression indicates that Dleaf is still significantly cor-
related with pCO2 (R

2 = 0.39, p < 0.0001, n = 214) and cor-
responds to �0.37 ± 0.08‰/100 ppmV between 200 and
900 ppmV.

4. DISCUSSION

4.1. Dleaf as a paleo-pCO2 proxy

Dleaf is regularly used in paleoclimate and paleovegeta-
tion applications because of its sensitivity to environmental
and ecological factors, including water availability
(Diefendorf et al., 2010; Kohn, 2010) and photosynthetic
pathway (i.e., C3 vs. C4 photosynthesis). However, the
effects of pCO2 on Dleaf and its use as a proxy for pCO2 over
geologic time has remained unclear and controversial (e.g.,
Schubert and Jahren, 2012; Diefendorf et al., 2015a; Cui
and Schubert, 2016; Kohn, 2016; Lomax et al., 2019;
Porter et al., 2019; Zhang et al., 2019). By converting sedi-
ment n-alkane d13C values to Dleaf and using modern cali-
brations and other proxy data to constrain effects of
vegetation and precipitation, we assessed the sensitivity of
Dleaf to pCO2 as it varied from 200 to 900 ppmV among
paleoflora sites in North America. We found that Dleaf

has a small negative response to increasing pCO2 (�0.3
± 0.09‰/100 ppmV) from the Late Cretaceous through
the Paleogene, when accounting for precipitation. This
study shows pCO2 has a somewhat more negative effect
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on Dleaf values than previous geologic studies that found no
relationship (Diefendorf et al., 2015a) or a small negative
relationship (�0.03 ± 0.24‰/100 ppmV between 370 and
715 ppmV) (Kohn, 2016).

Based on the short-term growth chamber study by
Schubert and Jahren (2012), some studies use Dleaf as a
paleo pCO2 proxy in the geologic record (Schubert and
Jahren, 2012; Cui and Schubert, 2016; Cui and Schubert,
2017; Cui and Schubert, 2018; Hare et al., 2018). Our
results contrast greatly with the reported hyperbolic Dleaf

– pCO2 relationship. Modern growth chamber studies
demonstrate that Dleaf can respond to pCO2 on timescales
of weeks to months. However, when pCO2 varies over mil-
lennial and longer timescales, plants adapt their leaf gas-
exchange properties by changing the size and density of
their stomata to optimize C assimilation and minimize
water loss (i.e., water use efficiency) (Beerling and
Woodward, 1995; Seibt et al., 2008; Franks and Beerling,
2009). Importantly, leaf physical parameters, such as stom-
atal density, are fixed for a given leaf and must be modified
across multiple leaf generations (Šantrůček et al., 2014;
Reichgelt et al., 2016). These physiological and biochemical
responses over evolutionary timescales likely explain the
large differences between this study and short-term
experiments.

The transition in mechanistic response to pCO2 likely
starts occurring between subannual to decadal timescales
(Lammertsma et al., 2011). For example, free-air CO2

enrichment experiments carried out over 4–5 years find that
assimilation increases and stomatal conductance decreases
under elevated CO2, resulting in no apparent change in
plant ci/ca ratios (Ainsworth and Long, 2005), with ci/ca
ratios being proportional to Dleaf in the simplest of physio-
logical models of Dleaf (Farquhar et al., 1989; Cernusak
et al., 2013). On decadal timescales, multiple studies have
documented that plants respond to changing pCO2 by
adjusting stomatal size and density and by regulating the
rate of carbon fixation to maintain optimal set points,
including ci to ca concentrations (Woodward, 1987;
Ehleringer and Cerling, 1995; Woodward and Kelly, 1995;
Franks and Beerling, 2009; Franks et al., 2014). We suggest
Dleaf cannot reliably be used as a pCO2 proxy over geologic
timescales, given that we observed a small negative relation-
ship with pCO2 during the early Cenozoic; this geologic
reconstruction contrasts starkly with the positive relation-
ships in select growth chamber studies used to generate
the hyperbolic Dleaf – pCO2 function currently being applied
to estimate pCO2 (see also Diefendorf et al., 2015a; Kohn,
2016; Lomax et al., 2019; Zhang et al., 2019).

4.2. Dleaf sensitivity to other factors
4.2.1. Water availability

Modern global compilations of C3 plants show that
water availability is a strong predictor of Dleaf values
(Diefendorf et al., 2010; Kohn, 2010). When plotted against
a modern Dleaf compilation from Diefendorf et al. (2010),
our paleo Dleaf values show good agreement with the aver-
age Dleaf – MAP relationship (Fig. 5). Only one site (Pitch
Pinnacle) lies outside of the 90% confidence interval. This
suggests paleo Dleaf is responding to environmental condi-
tions over time similar to the way modern plants respond
to spatial environmental variability. Though variability in
Dleaf among sites may be influenced by factors other than
MAP, such as plant type and altitude (e.g., Körner et al.,
1988; Diefendorf et al., 2015b), precipitation appears to
be an important factor for reconstructed Dleaf values. For
example, the Florissant site has the second lowest Dleaf

value (17.3‰) and the lowest MAP (647 +/–189 mm/yr)
whereas the Stenkul Fiord site has the highest Dleaf value
(24.6‰) and the highest MAP (2400 + 104/�72 mm/yr).
While the relationship between MAP and Dleaf for our fossil
sites (R2 = 0.39; Pitch Pinnacle omitted) is weaker than that
for modern woody C3 plants (R

2 = 0.55), this could be due
to the inherently large errors associated with measuring pre-
cipitation from fossil leaves. Preservation of paleoflora sites
is also biased towards wetter sites, where high groundwater
levels and surface water sources are required to preserve
leaf fossils and organic matter. In addition, the relationship
between MAP and Dleaf diminishes above 1500 mm/yr
based on modern studies (Diefendorf et al., 2010; Kohn,
2010). Therefore, it should be expected that sampling
mostly wet sites would minimize the effect of water avail-
ability on Dleaf. Given the large range in floral composition,
MAT, and pCO2 across this 40 myr suite of sites, it is
remarkable that the reconstructed Dleaf – MAP relationship
is so consistent with the relationship observed for modern
woody plants (Fig. 5). Under the right conditions, such as
controlling for differences in plant taxa and photosynthetic
pathway, Dleaf is likely a reasonable indicator of water
availability in geologic sediments (e.g., Diefendorf et al.,
2010; Kohn, 2010).

4.2.2. Vegetation

Dleaf values are also sensitive to changes in vegetation.
For instance, modern conifers have on average 2.7‰ lower
Dleaf values than angiosperms growing at the same site due
to differences in growth strategies and water use efficiency
(e.g., Leavitt and Newberry, 1992; Murray et al., 1998;
Diefendorf et al., 2010). Targeting paleoflora sites with
well-preserved fossil leaves allows us to select sites with
abundant angiosperms. In addition, both fossil leaves and
n-alkanes are sourced from the upper canopy woody vege-
tation due to a taphonomic bias towards sun leaves
(Greenwood, 1992; Graham et al., 2014; Freimuth et al.,
2019). Most of our paleoflora sites are reconstructed as sub-
tropical or temperate broadleaf and mixed forests domi-
nated by angiosperms. However, during the Paleocene
and Eocene, in some regions, such as the Arctic, deciduous
conifers were locally abundant (McIver and Basinger, 1999;
Eberle and Greenwood, 2012), and other sites also have
conifer fossils (e.g., Driftwood Canyon, Falkland, Bighorn
Basin sites, Florissant, Pitch Pinnacle). These nuances in
vegetation type can be important when certain types of con-
ifers are present at a site or when conifers are the dominant
taxa due to differences in Dleaf values. For example, angios-
perms generally produce significantly (up to 200 times)
more n-C29 alkanes than most conifers that grow today
and that lived during the early Cenozoic in North America
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(Pinaceae and taxodioids), with the exception of rare Podo-
carpaceae (Diefendorf et al., 2011; 2015b). We investigated
the potential effects of increased conifer contribution on the
Dleaf – pCO2 relationship by first documenting the groups of
conifers at each site based on fossil leaf evidence, then
assessing their n-C29 alkane production based on nearest
living relatives (Diefendorf et al., 2015b) (Table 3).

Leaf fossil evidence at Axel Heiberg and Ellesmere
island sites in the Canadian Arctic indicate that the most
abundant conifers are the taxodioid Cupressaceae, Metase-

quoia and Glyptostrobus, with less frequent occurrences of
other Cupressaceae and Pinaceae (Greenwood and
Basinger, 1994; McIver and Basinger, 1999; Eberle and
Greenwood, 2012; West et al., 2015; West et al., 2019).
Conifers found at Driftwood Canyon include the taxodioid
Cupressaceae Metasequoia and Sequoia, other Cupres-
saceae such as Chamaecyparis and Thuja, as well as diverse
Pinaceae (Eberle et al., 2014). Conifers at Falkland include
the taxodioid Cupressaceae Metasequoia, Glyptostrobus,

Taxodium, and Sequoia, other Cupressaceae such as
Chamaecyparis, and diverse Pinaceae (Smith et al., 2012).
Metasequoia and Glyptostrobus are present at Bighorn
Basin sites (Diefendorf et al., 2014). Conifers at Florissant
include the Cupressaceae Sequoia and Chamaecyparis as
well as Torreya from the Taxaceae family, and Pinaceae
genera Abies, Picea, and Pinus (Gregory, 1994;
Manchester, 2001). Pitch Pinnacle also has the Pinaceae
genera Abies, Picea, and Pinus, as well as the Cupressaceae,
Juniperus (Gregory and McIntosh, 1996).

Based on modern studies of n-alkane production in con-
ifers, the genera of conifers at these sites are unlikely to be
contributing significant amounts of n-C29 alkanes to the
sediment (Diefendorf et al., 2015b). In modern individuals,
the taxodioids Metasequoia and Glyptostrobus produce n-
C29 and n-C31 alkanes at much lower concentrations com-
pared to angiosperms. Taxodium and Sequoia are also tax-
odioids and produce low concentrations of all n-alkanes.
Chamaecyparis produces n-alkane concentrations as high
as angiosperms, but at significantly longer chain lengths
(C33 and C35). This preference for longer chain lengths is
a conservative pattern across all Cupressoideae. As such,
Juniperus and Thuja, also Cupressoideae, can make signifi-
cant concentrations of n-alkanes, but predominantly at
these longer chain lengths (C33 and C35). Torreya, of the
Taxaceae, produce low concentrations of n-alkanes. Addi-
tionally, all genera of Pinaceae produce very low concentra-
tions of n-alkanes.

Given that several sites have conifers that could have
been contributing some small amount of n-C29 and n-C31

alkanes to the sediments, we cannot preclude that these
conifer-derived n-alkanes are not influencing Dleaf, at least
to some degree. Because conifer-derived Dleaf values are
�2.7‰ lower than angiosperms (Diefendorf et al., 2010),
we tested how changes in vegetation might affect our
observed Dleaf – pCO2 relationship. At sites with notable
conifer evidence (Ellesmere and Axel Heiberg island sites,
Driftwood Canyon, Falkland, Florissant, and Pitch Pinna-
cle), we assumed the nC29-alkanes were 100% conifer-
derived as an extreme end member and added 2.7‰ to
the average Dleaf values of each site, representing a maxi-
mum ‘angiosperm correction’. The Bighorn Basin sites were
excluded from this correction based on several studies indi-
cating n-alkanes preserved at these sites are angiosperm-
derived (Diefendorf et al., 2014; Diefendorf et al., 2015a).
We then performed a multiple regression analysis with
pCO2 and MAP and found pCO2 has no correlation with
Dleaf (p = 0.656, n = 26, R2 = 0.10). This suggests that the
presence of conifers could influence Dleaf and overprint
the observed Dleaf – pCO2 relationship. It is important to
note that this exercise demonstrates the effects of extreme
vegetation end members and is not realistic. For our sites,
it is highly unlikely that nC29-alkanes are exclusively
conifer-derived based on the genera present at each site
(see Table 3) and vegetation likely has a minimal influence
on the Dleaf – pCO2 relationship (Fig. 4).

4.2.3. Altitude

Compared to our lower elevation sites (Big Cedar Ridge,
Kaiparowits, Arctic sites), a number of paleoflora localities
have higher paleoelevations (>1 km), such as Driftwood
Canyon (0.8–1 km), Falkland (1.3 km), Florissant (1–
3 km), and Pitch Pinnacle (2–3 km) (Gregory and
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based pCO2 estimates from Foster et al. (2017). Panel (a) is the ca
values. Panel (b) is the ca – ci values. Panel (c) is the ci/ca ratios.

276 K. Schlanser et al. /Geochimica et Cosmochimica Acta 270 (2020) 264–281
Mcintosh, 1996; Meyer, 2001; Smith et al., 2009; Zaborac-
Reed and Leopold, 2016). Modern studies have demon-
strated a strong negative correlation between elevation
and Dleaf (Körner et al., 1988; Wu et al., 2017; Feakins
et al., 2018). For example, Wu et al. (2017) observed a
1‰/km decrease in Dleaf values with increasing altitude in
a tropical forest transect in South America. Therefore, ele-
vation might influence Dleaf values for higher elevation sites.
For instance, Pitch Pinnacle has the highest paleoelevation
and the lowest Dleaf values despite having a moderate MAP.
However, altitude estimates are not available for all sites
and, when given, are prone to a wide range of uncertainty
based on the various paleoelevation methods and proxies
(Zaborac-Reed and Leopold, 2016). Therefore, altitude
was not included in statistical analyses. Rather, sites with
higher elevations (>1 km; Driftwood Canyon, Falkland,
Florissant, and Pitch Pinnacle) were removed, to test the
Dleaf – pCO2 relationship for sites with similar altitude, with
an additional multiple linear regression analysis. We find
that pCO2 maintains a negative effect on Dleaf

(p < 0.0001), while MAP has no effect (p = 0.34) on Dleaf

(Supplementary Data 1; Table 2). The decrease in explana-
tory power of MAP is not unexpected because the higher
elevation sites are also the dryer sites.

4.3. Leaf gas-exchange dynamics from the Late Cretaceous

to Oligocene

In our North American dataset, we find that site-
averaged Dleaf decreases by 2.1‰ from 200 to 900 ppmV
of pCO2 for all sites after accounting for MAP. Modeling
studies, theory, and other observations have used Dleaf to
infer changes in leaf gas-exchange strategies over time
(e.g., Ehleringer and Cerling, 1995; Franks and Beerling,
2009; Voelker et al., 2016). Using the model developed by
Farquhar et al. (1989) (see Eq. (1)), Dleaf is often used to
derive the ci/ca ratio to investigate how plants modify leaf
gas-exchange strategies to changing pCO2 (Farquhar and
Sharkey, 1982; Ehleringer and Cerling, 1995; Franks and
Beerling, 2009; Voelker et al., 2016). The ci/ca ratio repre-
sents the balance between rates of stomatal conductance
(gc) and CO2 assimilation (A) via Fick’s Law (A = gc (ca –
ci)). To modify gc on long timescales, plants alter their
stomatal size and density (Franks and Beerling, 2009).
Plants can modify net A by adjusting the maximum car-
boxylation rates of Rubisco. Assimilation rates are tied to
phylogeny, growth form, and solar exposure in an environ-
ment (Reichgelt and D’Andrea, 2019), as well as nitrogen
availability (Wullschleger, 1993; Franks and Beerling,
2009; Voelker et al., 2016). As pCO2 changed over geologic
time, it is thought that plants adjusted gc, maximum car-
boxylation rates, and other traits in a manner that maxi-
mizes carbon gain during photosynthesis while minimizing
water loss from transpiration (Ehleringer and Cerling,
1995; Seibt et al., 2008; Franks et al., 2013).

There are a number of possible leaf gas-exchange strate-
gies for adapting to changes in pCO2, such as maintaining
constant ci values, maintaining constant ca – ci values,
maintaining constant ci/ca ratios, or by shifting between
these strategies (Seibt et al., 2008; Voelker et al., 2016).
Each strategy implies different physiological and evolution-
ary responses of leaf gas-exchange to pCO2. For instance,
maintaining a constant ci value as ca increases would
require a plant to significantly increase A and/or decrease
gc. Preserving constant ca – ci values would require compar-
atively smaller adjustments to A and/or gc and a constant
ci/ca ratio indicates intermediate modifications (Voelker
et al., 2016). Our data implies that both ci and ca – ci
increase with rising pCO2, while the ci/ca ratio decreases
slightly from 0.80 to 0.59 across 700 ppmV (Fig. 6).

Negative ci/ca – pCO2 relationships have been recorded
in a few centennial-scale modern studies and are attributed
to increased intrinsic water use efficiency (iWUE)
(Ehleringer and Cerling, 1995; Giguère-Croteau et al.,
2019). Ehleringer and Cerling (1995) observed a decreasing
ci/ca ratio and constant ci with increasing pCO2 in Atacama
leaf litter samples and proposed that these trees were main-
taining a constant photosynthetic rate by increasing iWUE.



K. Schlanser et al. /Geochimica et Cosmochimica Acta 270 (2020) 264–281 277
This could have been accomplished by decreasing gc to pre-
vent stomatal water loss. Using tree ring data, Giguère-
Croteau et al. (2019) observed a negative ci/ca – pCO2 rela-
tionship and a neutral then positive shift in ci with rising
pCO2, also attributing these trends to increased iWUE.
Our data show a gradual decrease in ci/ca ratios and an
increase in ci with rising pCO2.

Our study seems to indicate that ci is increasing, but at a
slower rate than ca, leading to an overall decrease in the ci/
ca ratio. However, these observations do not directly coin-
cide with the models proposed by Voelker et al. (2016) or
the long-term ci observations made by Ehleringer and
Cerling, (1995) and Giguère-Croteau et al. (2019). It is pos-
sible that long-term changes of leaf gas-exchange properties
at the species level do not directly translate to ecosystem
scale, as represented in the paleorecord. However, lack of
a large apparent response of Dleaf to pCO2 in the paleo-
record does suggest leaf gas-exchange properties, such as
stomatal conductance and assimilation, are both modified
to some extant in response to pCO2, perhaps to maximize
iWUE as suggested in previous studies (Seibt et al., 2008;
Franks and Beerling, 2009; Frank et al., 2015).

4.4. Trends in Dleaf through time

Our statistical analyses show that some but not all of the
4.9‰ spread in Dleaf values can be attributed to shifts in
pCO2 and MAP during this time period. Beginning with
the radiation and diversification of angiosperms during
the Cretaceous (Wing and Boucher, 1998), a number of
major climatic and vegetation changes occurred over this
40 myr period, and these changes could have impacts on
Dleaf that are additional to, or coincident with, the impacts
of shifts in MAP and pCO2. For example, a bolide impact
marking the Cretaceous-Paleogene (K-Pg) boundary (66
myr) was associated with high plant extinction and large
floral turnover in the Paleocene, concurrent with global
cooling (Wilf et al., 2003; Wilf and Johnson, 2004). Follow-
ing this impact event, the earliest Paleocene recovery flora
was generally low in diversity and dominated by angios-
perms with evidence for a large scale shift in plant ecologi-
cal strategies from the Cretaceous to the Paleocene (e.g.,
Vajda and Bercovici, 2014). Blonder et al. (2014) showed
that leaves increased their vein density and decreased their
leaf mass per area across the K-Pg boundary, evidence for
‘‘fast-return” leaves that have shorter lifespans and priori-
tize carbon assimilation and low tissue carbon investment.
It is then possible that these early Paleocene angiosperm
taxa were prioritizing carbon gain over water use efficiency,
which could have resulted in higher Dleaf values. Paleoflora
evidence also indicates many locations had high precipita-
tion in the early Paleocene (Uhl et al., 2007; Greenwood
et al., 2010; Geng et al., 2018) which may also explain, to
some extent, high Dleaf values in our dataset during this time
(SJB Pu2 and Arctic sites).

Abrupt warming during the Paleocene-Eocene Thermal
Maximum (PETM) also resulted in major changes in flora
composition across North America (Smith et al., 2007;
Wing and Currano, 2013; Willard et al., 2019), though
post-PETM plant composition was similar to pre-PETM
conditions. During the late Paleocene and early Eocene,
we observe that Dleaf values remain elevated. The Early
Eocene Climatic Optimum (EECO) was also marked by
warm, wet conditions and more seasonal precipitation
(Wing and Greenwood, 1993), consistent with modern stud-
ies that show a strong trend between high water availability
and high Dleaf values (Kohn, 2010). Global cooling and dry-
ing occurred through the late Eocene and Oligocene (Wing,
1987; Zachos et al., 2001). We observe that Dleaf values grad-
ually decrease through the Eocene, reaching their lowest in
the Oligocene; this could reflect the transition from subtrop-
ical vegetation (potentially higher Dleaf) to temperate mixed
coniferous and broad-leaved deciduous flora (potentially
lower Dleaf) in response to global cooling and drying. In
modern studies, deciduous angiosperms tend to have lower
Dleaf values than evergreen angiosperms (Diefendorf et al.,
2010), though phylogenetic differences among genera may
be more important than leaf lifespan on Dleaf (Diefendorf
et al., 2015b). As Dleaf decreases in the late Eocene and Oli-
gocene, plants may have been increasing their iWUE in
response to drier conditions, as indicated by the shift to tem-
perate, deciduous vegetation. Though our samples from
paleoflora sites represent much lower temporal resolution
than continuous records, such as marine cores, Dleaf seems
to be responding to large-scale trends in water availability
in response to climate and vegetation change on geologic
timescales and is not strongly influenced by pCO2 because
of these complex feedbacks.

5. CONCLUSIONS

Based on leaf wax n-alkanes in sediments from 26 sites
that span 40 million years, the estimated Dleaf values and ci/
ca ratios show a gradual decline (Fig. 4; Fig. 6) from �230
to 900 ppmV of pCO2. After accounting for MAP using a
multiple regression analysis, we found a negative correlation
between Dleaf and pCO2 (�0.3 ± 0.09‰/100 ppmV) which is
very similar to, but more pronounced than, the findings of
Kohn (2016) and differs from most growth chamber experi-
ments (i.e., Schubert and Jahren, 2012). We also find that
Dleaf values show good agreement with modern Dleaf –
MAP relationships (Fig. 5; Diefendorf et al., 2010; Kohn,
2010). Based on these results, Dleaf values are responding to
water availability and pCO2, and to a lesser extent, vegeta-
tion and possibly altitude in the geologic record.

Together, MAP and pCO2 explain �49% of the variabil-
ity in Dleaf values in our data. However, the effects of vege-
tation type and altitude may play a role and should also be
the focus of future work. Based on these observations, we
argue that the relationship between Dleaf and pCO2 is not
robust enough on million-year timescales for Dleaf to be
an effective pCO2 proxy, especially if factors such as precip-
itation, vegetation, or altitude are not taken into account.
The small (�0.3 ± 0.09‰/100 ppmV) response of Dleaf to
changing pCO2 seems to support leaf stomata studies
(Beerling and Woodward, 1997; Beerling and Royer,
2002; Franks and Beerling, 2009) that show on these long
timescales, plants change the size and density of their stom-
ata, and likely other properties, thus optimizing leaf gas
exchange to maximize C gain and minimize water loss with
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increasing pCO2. Furthermore, the relationship between
Dleaf and MAP in our paleo samples were similar to the
observed relationship in modern plants (Diefendorf et al.,
2010; Kohn, 2010), suggesting plants have been adapting
and responding to water availability in similar ways since
at least the Late Cretaceous.
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A. and Püttmann W. (2008) Biomarker and carbon isotope
variation in coal and fossil wood of Central Europe through the
Cenozoic. Palaeogeogr. Palaeoclimatol. Palaeoecol. 262, 166–
175.

Becklin K. M., Medeiros J. S., Sale K. R. and Ward J. K. (2014)
Evolutionary history underlies plant physiological responses to
global change since the last glacial maximum. Ecol. Lett. 17,
691–699.

Beerling D. J. and Royer D. L. (2002) Reading a CO2 signal from
fossil stomata. New Phytol. 153, 387–397.

Beerling D. J. and Woodward F. I. (1997) Changes in land plant
function over the phanerozoic: reconstructions based on the
fossil record. Bot. J. Linn. Soc. 124, 137–153.

Beerling D. J. and Woodward F. I. (1993) Ecophysiological
responses of plants to global environmental change since the
Last Glacial Maximum. New Phytol. 125, 641–648.

Beerling D. J. and Woodward F. I. (1995) Leaf stable carbon
isotope composition records increased water-use efficiency of
C3 plants in response to atmospheric CO2 enrichment. Funct.
Ecol. 9, 394–401.

Blonder B., Royer D. L., Johnson K. R., Miller I. and Enquist B. J.
(2014) Plant ecological strategies shift across the Cretaceous-
Paleogene boundary. PLoS Biol. 12, 1–7.

Bush R. T. and McInerney F. A. (2013) Leaf wax n-alkane
distributions in and across modern plants: implications for
paleoecology and chemotaxonomy. Geochim. Cosmochim. Acta

117, 161–179.
Bush R. T. (2014) Leaf wax n-alkanes as paleoclimate proxies:

calibrations in modern plants and applications in ancient
ecosystems. (PhD Dissertation). Northwestern University,
Evanston, IL.

Cernusak L. A., Ubierna N., Winter K., Holtum J. A. M.,
Marshall J. D. and Farquhar G. D. (2013) Environmental and
physiological determinants of carbon isotope discrimination in
terrestrial plants. New Phytol. 200, 950–965.

Coplen T. B., Brand W. A., Gehre M., Gröning M., Meijer H. A.,
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Giguère-Croteau C., Boucher É., Bergeron Y., Girardin M. P.,
Drobyshev I., Silva L. C. R., Hélie J.-F. and Garneau M. (2019)
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McElwain J. C. (2019) Testing the accuracy of new paleoat-
mospheric CO2 proxies based on plant stable carbon isotopic
composition and stomatal traits in a range of simulated
paleoatmospheric O2:CO2 ratios. Geochim. Cosmochim. Acta

259, 69–90.
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