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ABSTRACT
A direct consequence of rising CO2 is 

increasingly devastating flooding, because 
deciduous plants deploy fewer stomates each 
year as the atmospheric CO2 supplies more 
carbon for photosynthesis. When plants tran-
spire less, more water runs off in streams and 
floods. Here we quantify this effect with high-
resolution observations of changing density 
and size of stomates of a mesic tree, Ginkgo, 
since 1754. The observed decline in maxi-
mum potential transpiration corresponds with 
rising water levels in the Mississippi River 
and represents a potential transpiration 
decline from 1829 to 2015 of 18 mL s–1 m–2: a 
reduction of 29%. Rising atmospheric CO2 
and declining transpiration promote flooding, 
which handicaps lowland cultivation and ren-
ders irrelevant insurance and zoning concepts 
such as the 100-year flood.

INTRODUCTION
Ongoing climatic change with rising atmo-

spheric greenhouse gases (Yan et al., 2016) is 
disproportionally affecting tropical regions 
with sterilizing heat waves (Mora et al., 2017) 
and polar regions with disappearing sea ice 
(Kwok, 2018), but is less apparent in the 
American Midwest, thus allowing skepticism 
of global warming science (Wallace et al., 
2014). Nevertheless, Midwestern cities and 
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Figure 1. The paradox of rising water in the Missis-
sippi River, but little change in climate or land use: 
(A) maximum and mean annual water level of the 
Mississippi River at Hannibal, Missouri (U.S. Army 
Corps of Engineers, 2019); (B) mean annual pre-
cipitation (mm) and mean annual temperature (°C) 
at Hannibal (crosses) and St. Charles (solid sym-
bol), Missouri (National Oceanographic and 
Atmospheric Administration, 2019a); (C) area of 
farmed land in United States (Sohl et al., 2016; U.S. 
Department of Agriculture Statistics Service, 
2019: millions of hectares, open symbols) and in 
five Minnesota counties of St. Croix watershed 
(Andersen et al., 1996; thousands of hectares, 
closed symbols: top to bottom, Polk, St Croix, 
Pierce, Chisago, and Washington counties).
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agriculture have been progressively ravaged 
by f looding (Fosu et al., 2018). Steadily 
increased floods and general level (U.S. Army 
Corps of Engineers, 2019) of the Mississippi 
River (Fig. 1A) have been independent of 
local climatic changes in precipitation and 
temperature (National Oceanographic and 
Atmospheric Administration, 2019a), which 
have remained surprisingly flat (Fig. 1B). Nor 
can increases in farmed areas be blamed for 
rising flood levels, because Midwestern culti-
vated acreage reached a plateau between 1900 
and 1960 (Clausen, 1979; Sohl et al., 2016; 
Andersen et al., 1996; U.S. Department of 
Agriculture Statistics Service, 2019), and has 
declined slightly since then (Fig. 1C).

Flooding is a long-term and direct 
response to rising atmospheric CO2 concen-
trations of much greater consequence in 
mid-latitudes than temperature increases, 
and it has been observed for decades. 
Deciduous trees adapt to rising CO2 annu-
ally by developing fewer stomates on spring 
leaves, because adequate CO2 for photosyn-
thesis can be obtained by reduced air intake 
(Sugano et al., 2010; Chater et al., 2015). 
Fewer stomates also reduce plant transpira-
tion of water, so that more precipitation 
runs off in rivers and floods (Betts et al., 
2007). The relationship between CO2 and 
stomatal density has been known for some 
time (Woodward, 1987), and there have 
been many attempts at quantifying the rela-
tionship (Royer et al., 2001; Retallack, 2001, 
2009; Barclay and Wing, 2016; McElwain 
and Steinthorsdottir, 2017). Here we update 
quantification of stomatal response to 
atmospheric CO2 inferred from herbarium 
specimens of Ginkgo biloba with an unprec-
edented data set ranging from leaves picked 
in 1754 (Fig. 2) through the definitive 
upturn of CO2 in the early twenty-first cen-
tury (Fig. 3A). Such studies have been the 
basis for determining CO2 levels from the 
distribution of stomates on fossil leaves 
(Retallack, 2001, 2009) and also for show-
ing the link between greenhouse crises and 
flooding in deep time (Steinthorsdottir et 
al., 2012). A single collection of fossil or 
herbarium leaves determines global CO2 
concentration with a resolution of weeks 
because the atmosphere is well mixed on  
such time scales, as illustrated by seasonal 
variation (±4 ppm CO2) between rising val-
ues with autumn leaf shedding and draw-
down by photosynthetic initiation as leaves 
unfurl in spring (National Oceanographic 
and Atmospheric Administration, 2019a). 
Concentrations of atmospheric CO2 are 

sensed by stomatal ion channels, which 
direct gene expression for stomatal density 
in the developing leaf for that year (Sugano 
et al., 2010; Chater et al., 2015). In decidu-
ous plants like Ginkgo and oak (Quercus), 
stomatal index reflects spring time CO2 for 
the year in which that leaf formed. Ginkgo 
has been a favorite for such studies because 
of its unusually long fossil record, and so 
has the highest quality data (Barclay and 
Wing, 2016; Retallack and Conde, 2020). 
Comparable records have been obtained 
from oak (Quercus) and many other species 
of leaves (Lammertsma et al., 2011). The 
relationship between stomatal density and 
atmospheric CO2 varies with different spe-
cies, but Quercus and Ginkgo have a similar 
response (Fig. 3B–3C).

MATERIALS AND METHODS
We used scanning electron microscopy 

(SEM) images from herbarium specimens of 
Ginkgo biloba (Retallack and Conde, 2020) 
to refine a time series of historic stomatal 
parameters (Retallack, 2009), now extended 
back to 1754 with specimens in Kew 
Herbarium picked in Deshima, Japan, and 
forward with specimens picked during the 
dramatic upswing in CO2 over the past 
decade (Fig. 2). Stomatal papillae may 
obscure subsidiary cell walls in cuticle prep-
arations (Barclay and Wing, 2016), but are 
clear in SEM images (Fig. 2B). Our method 
counted images with ~600 cells and 60 sto-
mates in both stomatiferous and astomatic 
areas as a proxy for total leaf conductance. 
Counting smaller areas of cuticle with only 

Figure 2. Stomates from leaves of Ginkgo picked in 1754 from Deshima, Japan. Large 
images with ~600 stomates and also non-stomatiferous areas below veins were counted 
to ascertain total leaf conductance. Pressed leaves from Kew Herbarium and scanning 
electron microscopy image courtesy of Chrissie Pritchard.
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5–16 stomates (Barclay and Wing, 2016) 
gives unacceptable systematic errors of sto-
matal index: ~20% depending on whether 
four or five stomates are accidently in the 
image. Stomatal bands are distinct from 
astomatic areas below veins, but we counted 
both stomatal and subvenal areas to capture 
total leaf conductance (Fig. 2B).

The current stomatal index CO2 paleoba-
rometer (Retallack and Conde, 2020) is 
based on atmospheric CO2 (C in ppm) from 
observations (National Oceanographic and 
Atmospheric Administration, 2019b) and ice 
cores (Lüthi et al., 2008) together with sto-
matal index (I in % from Equation 1) from 
microscopic imaging of herbarium speci-
mens in which number of stomates (ns) and 
number of epidermal cells (ne) in the same 
area are counted. This inverse relationship 
(Equation 2) has an algebraically simplified 
equivalent (Equation 3) between Gingko sto-
matal index (I in %) and atmospheric CO2 
(C in ppm). Standard deviations (1s) of CO2 
concentration (in ppm) were calculated  
by Gaussian error propagation. Maximum 
potential transpiration (gwmax in mol·m–2s–1) 
can be calculated using Equation 4 (Wolfram 
Alpha, 2019; Franks et al., 2014) with addi-
tional measurements of stomatal pore length 
(l, in m), width (w, in m), and density of sto-
mates (D, as number per m2), as well as phys-
ical constants (Cussler, 1997) of diffusivity 
of water vapor in air (d = 0.0000282 m–2·s–1) 
and molar volume of air (v = 0.0224 
m–3·mol–1), and 0.6 area correction factor for 
Ginkgo biloba stomatal anatomy (Franks et 
al., 2014). Diffusivity and molar volumes of 
vapor and liquid are all at 25 °C and 1 atm. 
All measurements of Ginkgo biloba stomatal 
density, length, and width are included in the 
GSA supplemental material.1
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Figure 3. Changes in Ginkgo stomatal parameters since 1754: (A) observed (National 
Oceanographic and Atmospheric Administration, 2019b) and inferred from ice cores 
(Lüthi, et al., 2008: before 1955) atmospheric CO2, with insignificant error, and declining 
stomatal index (%) of Ginkgo (1σ error); (B) stomatal density (stomates·m–2) of Ginkgo (1σ 
error); (C) stomatal length (μm) of Ginkgo (1σ error). Stomatal index, density, and length 
were all measured from scanning electron microscopy images of herbarium specimens 
(Retallack and Conde, 2020). Comparable data scatter in panels (B) and (C) are for Quer-
cus laurifolia in Florida, from Lammertsma et al. (2011).

1Supplemental Material: Stomatal data for Ginkgo biloba. Please visit https://doi.org/10.1130/GSAT.S.12678941 to access the supplemental material, and contact 
editing@geosociety.org with any questions.
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Our data on plant stomatal response to a 
well-mixed atmosphere reflects global CO2, 
but our assessment of flooding response 
was limited to upper Mississippi River data 
derived from public databases (U.S. Army 
Corps of Engineers, 2019). This region was 
also chosen because of available data on cli-
mate change (National Oceanographic and 
Atmospheric Administration, 2019a) and 
land use (Clausen, 1979; Sohl et al., 2016; 
Andersen et al., 1996; U.S. Department of 
Agriculture Statistics Service, 2019).

RESULTS
Our study is based on measurements of sto-

matal parameters of herbarium specimens of 
Ginkgo biloba extending back to 1754 (Fig. 2). 
Ginkgo stomatal proxies are similar to those 
established for Quercus and other plants 
(Royer et al., 2001; Lammertsma et al., 2011; 
Franks et al., 2014), and the Ginkgo stomatal 
record is among the best known (Barclay and 
Wing, 2016; Retallack and Conde, 2020). 
Measures of stomatal length and width can be 
used to calculate maximum pore area and vol-
ume (Franks et al., 2014) and infer water con-
ductance from leaves using the physics of dif-
fusion through pores (Cussler, 1997). Our 
records show a secular decline in stomatal 
index, or percent stomates versus epidermal 
cells (Equation 1), of Ginkgo with increasing 
atmospheric CO2 as measured since 1955 on 
Mauna Loa (National Oceanographic and 
Atmospheric Organization, 2019b) with a 
base line provided by earlier data (Lüthi et al., 
2008) from ice cores (Fig. 3A). The change in 
Ginkgo stomatal index over the past 265 years 
was due more to changes in stomatal density 
(Fig. 3B) than to stomatal size (Fig. 3C), and 
our high-precision data from Ginkgo are sup-
ported by less-accurate data from Quercus 
(Lammertsma et al., 2011). There is evidence 
from fossils that stomatal size also changes 
when atmospheric CO2 is very high (Retallack, 
2009; Franks and Beerling, 2009), but that 
threshold was not reached in our observa-
tions. Stomatal size also changes significantly 
with gene ploidy levels (McElwain and 
Steinthorsdottir, 2017), but such jumps were 
not seen in our data either.

The decline in transpiration for Ginkgo 
1829–2015 has been dramatic (Fig. 4A): 0.98 
mol s–1 m–2. This is 73 L s–1 m–2 of water vapor, 
or 18 mL s–1 m–2 liquid water, and a reduction 
by 29%. This substantial decline is a maximal 
value realized for only a part of the day in 
favorable seasons and illumination, but if 
biorhythms of the plants remained compara-
ble, as seems reasonable for regions such as 

the American Midwest with relatively stable 
climate (Fig. 1B), a comparable decline in 
transpiration is likely. Our result also assumes 
that the stomatal response of Ginkgo is com-
parable with that of dominant Midwestern 
plants such as Quercus, because both show 
comparable slopes in stomatal CO2 response 
over changing historic CO2 concentrations 
(Royer et al., 2001). Furthermore, comparable 
data from Quercus laurifolia from a Florida 
swamp (Lammertsma et al., 2011) straddles 
our data (Figs. 3B–3C, 4A) but with greater 
variance due to smaller cell counts. Quercus 
is a dominant plant throughout much of the 
northern hemisphere (Manos et al., 1999). 
The central Mississippi River had estimated 
summer monthly evapotranspiration (Mu et 
al., 2013) of 90 mm by 2010. The transpiration 
decline 1829–2015 is 29%, for a decline since 

1829 of 30 mm evapotranspiration, and as 
much added to runoff.

RISING WATERS
Records of Mississippi River levels at 

Hannibal, Missouri (U.S. Army Corps of 
Engineers, 2019), go back to 1888, and since 
that time, mean annual river levels have risen 
in proportion to the decline in maximum 
transpiration of Ginkgo (Fig. 4B). Flood lev-
els also increased over time, but their sever-
ity has been erratic (Fig. 1A). Other factors 
promoting flooding include reduced transpi-
ration from replacement of trees with grasses 
(Alton et al., 2009; Morton et al., 2015), 
observed in pollen records (Sohl et al., 2016), 
and maintenance of hard surfaces such as 
roads and parking lots to service continu-
ously developed acreages (U.S. Department 

Figure 4. Changes in Ginkgo transpiration since 1754: (A) reduction in maximum stomatal 
transpiration (l·s–1·m–2) of Ginkgo (1σ error) calculated using Equation 4; (B) mean annual 
level of Mississippi River at Hannibal, Missouri, (m) as a function of maximum stomatal tran-
spiration (l·s–1·m–2) of Ginkgo. Comparable data in panel (A) from Quercus laurifolia in Florida 
is from Lammertsma et al. (2011).
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of Agriculture Statistics Service, 2019). In 
this regime of rising river and flood levels, 
planning for the 100-year or other flood 
recurrence levels is vain, and non-stationary 
flood prediction is needed (Vogel et al., 
2011). At Hannibal, Missouri, annual aver-
age levels of the river can be expected to rise 
2 cm per year for the foreseeable future (Fig. 
1A), even if climate does not finally become 
significantly more humid, as expected with 
rise in atmospheric temperature (Retallack 
and Conde, 2020). Declining transpiration as 
a direct response to rising atmospheric CO2 
is an underappreciated factor in flood pre-
diction (Betts et al., 2007).
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