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Abstract

Premise: Mechanistic models using stomatal traits and leaf carbon isotope ratios to
reconstruct atmospheric carbon dioxide (CO,) concentrations (c,) are important to
understand the Phanerozoic paleoclimate. However, methods for preparing leaf
cuticles to measure stomatal traits have not been standardized.

Methods: Three people measured the stomatal density and index, guard cell length,
guard cell pair width, and pore length of leaves from the same Ginkgo biloba, Quercus
alba, and Zingiber mioga leaves growing at known CO, levels using four preparation
methods: fluorescence on cleared leaves, nail polish, dental putty on fresh leaves, and
dental putty on dried leaves.

Results: There are significant differences between trait measurements from each
method. Modeled ¢, calculations are less sensitive to method than individual traits;
however, the choice of assumed carbon isotope fractionation also impacted the
accuracy of the results.

Discussion: We show that there is not a significant difference between c, estimates
made using any of the four methods. Further study is needed on the fractionation due
to carboxylation of ribulose bisphosphate (RuBP) in individual plant species before
use as a paleo-CO, barometer and to refine estimates based upon widely applied taxa
(e.g., Ginkgo). Finally, we recommend that morphological measurements be made by
multiple observers to reduce the effect of individual observational biases.
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Because plants interact directly with the atmosphere through
photosynthesis, living and fossil leaves are useful as recorders
of the environmental conditions in which they grew through
both morphological and chemical traits (McElwain, 2018).
Some of the most well-studied leaf traits for paleoclimate are
from stomata, i.e., the pores on leaf surfaces that regulate gas
exchange. Stomata are found on all extant and fossil land
plants except for liverworts and are well preserved across the
fossil record. Today, they are most commonly located on the
abaxial surface of leaves (McElwain and Steinthorsdottir,
2017). Especially useful for paleoatmospheric reconstruction

is the stomatal index (SI) of a plant, i.e., the ratio of stomata
to the total number of epidermal cells on the bottom of a
leaf. Unlike stomatal density (SD; the number of stomata
per unit area), SI is not affected by environmental factors
such as temperature, water availability, and irradiance and
can therefore be applied to carbon dioxide concentration
(hereafter [CO,]) reconstruction independently of other
traits (McElwain and Chaloner 1995; Royer, 2001). Stomatal
index correlates negatively with [CO,] in taxon-dependent
relationships in both modern and fossil leaves, because there
are fewer stomata on plants' leaves when CO, is higher to
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minimize water loss when CO, is not limiting (Royer, 2001;
Rundgren and Beerling, 2003). More recently, models were
developed to combine the use of SD, stomatal pore length,
and carbon isotope ratio (8"3C) to refine [CO,] estimates
from fossil leaves (Franks and Beerling, 2009; Franks et al.,
2014; Royer et al., 2019; Konrad et al., 2021; Steinthorsdottir
et al., 2022).

Despite the usefulness of stomatal characteristics in
paleoclimatic reconstruction, the method for preparing leaf
cuticles to measure stomatal size and index is not stan-
dardized. Different methods of preparing the leaf cuticle
impression could potentially yield results that vary signifi-
cantly. Specifically, using dried rather than fresh leaves or a
fossil may result in smaller stomatal measurements due to
sample desiccation and resulting shrinkage or differential
compaction. It is important to understand what differences
exist between preparation methods for such a widely
applied proxy, so that error can be accounted for. We tested
whether four methods of leaf cuticle preparation produce
comparable stomatal trait data when applied to the same
leaves from three different species. We assessed SD and SI,
guard cell length, guard cell pair width, and pore length of
each sample using each of the four methods to see whether
different methods yielded different results. We also tested
whether such differences would be significant enough to
alter mechanistic paleoclimate model estimates by com-
paring [CO,] values calculated using a widely applied leaf
gas exchange model (Franks et al., 2014) for each method.

METHODS
Sample collection

Leaves from Ginkgo biloba L. (n=16), Zingiber mioga
(Thunb.) Roscoe (n =28), and Quercus alba L. (n = 15) were
collected from Matthaei Botanical Gardens (n=12,
G. biloba) and the Arbor Hills neighborhood of Ann Arbor,
Michigan, in autumn 2021 and 2022 (Figure 1). These
plants were chosen because of their fossil record, ease of
collection access, and the original taxon-specific calibrations
of G. biloba and Q. robur L. from Franks et al. (2014)
derived for use in their model. Additionally, these plants
represent a diversity of growth forms and plant groups, as
G. biloba is a gymnosperm tree, Q. alba a dicotyledonous
tree, and Z. mioga a herbaceous monocot.

Stomatal analysis

The following four methods were used to obtain stoma-
tal data:

1. Nail polish on fresh leaves: A single, thin layer of clear
nail polish was applied to the abaxial surface of each leaf
shortly after they were collected. The dried polish was
transferred and adhered to a microscope slide by picking

it up and sticking it to the slide with clear packing tape
(Hilu and Randall, 1984).

2. Dental putty on fresh leaves (Porter et al., 2019): A
cell-level impression of the cuticle of each leaf sample
was made using AFFINIS light body surface-activated
silicone-based dental putty (Colténe, Altstétten,
Switzerland) on the abaxial surface of each leaf shortly
after they were collected. Once dried, a layer of clear nail
polish was applied to the putty mold and allowed to dry.
The nail polish impression was then transferred and
adhered to a microscope slide using clear packing tape.

3. Dental putty on dry leaves: The leaves were dried in a
plant press for at least one week. Once fully dried, the
process described in method 2 was repeated for each leaf.

4. Fluorescence on cleared leaves: To chemically clear each
leaf, ~1-cm® portions from the center of leaves were
digested using a 5% NaOH solution. Depending on the
thickness of the leaf, this took anywhere from two days
to two weeks. The leaves were then rinsed in water,
bleached, rinsed again, and put through an ethanol
dehydration series (50%, 70%, 100%). Samples were
stained with 5% safranin-ethanol solution, washed with
70% ethanol, and given a final 100% ethanol bath before
they were cleared and mounted in cedarwood oil
between 0.05-inch acetate sheets sealed using aluminum
tape.

Three different 0.069-mm® viewpoints of each sample
were imaged using a Nikon Eclipse LV1I00ND microscope
(Nikon, Tokyo, Japan). Fluorescence was used for the cleared
leaves, while the other samples were imaged with transmitted
light. Using the Cell Counter plug-in in Image] (Schneider
et al,, 2012), three counters independently measured stomatal
traits in each image (counter 1: Michael D. Machesky [all],
counter 2: Kelly D. Martin [all], counter 3: Kate M. Morrison
[Ginkgo] or Katherine Harpenau [Quercus, Zingiber]) after
first standardizing methodology by discussion and measuring
three images together to ensure the same results. This allowed
for the uncertainty associated with human error in cell
counting and measurement to be quantified by comparing the
differences between each person's measurements. For each
image, we counted the number of stomata and epidermal cells
to calculate SI, and measured the guard cell length, guard cell
pair width, and pore length of three individual stomata using
Image] (Schneider et al., 2012) (Figure 2). SI and SD were
calculated using the following equations:

ST = 100 x #Stomata W
(#Stomata + #Epidermal Cells)
#Stomata
SD = ———— )
area in mm

All data for stomatal analyses for each individual
counter and the average of all counters' data are available in
Appendix S1 (see Supporting Information with this article).
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FIGURE 1 Light micrograph images of leaf cuticles of each species prepared using each method. (A, D, G, J) Ginkgo biloba, (B, E, H, K) Quercus alba,
(G, K, 1, L) Zingiber mioga. (A-C) Polish, (D-F) putty on fresh leaves, (G-I) putty on dried leaves, (J-L) cleared leaves under fluorescence. Scale bars

= 50 um.

Estimating c,

Atmospheric [CO,] (c,) was calculated for each sample using
the mechanistic model from Franks et al. (2014), herein re-
ferred to as the Franks model, and updates from Royer et al.
(2019). The basis of this model is the relationship between c,
and leaf CO, assimilation rate (Farquhar and Sharkey, 1982;
von Caemmerer, 2000) shown below as Equation 3:

where A, is the CO, assimilation rate by leaves (p.mol'm_z's_l),
Zetor) 1s the total operational conductance to CO, diffusion
from the atmosphere to sites of photosynthesis within the leaf
(molm™2s"), and c¢/c, is the ratio of the leaf internal CO,
concentration (c¢;) to that of the atmosphere. For the calcula-
tions, A,, values calculated as a function of modeled ¢, from
Franks et al. (2014) were used. A value of 8.09 pmol'm_z«s_1
calculated for G. biloba by Kowalczyk et al. (2018) was used
for G. biloba, and a value of 14.9 umol-m *s™' calculated for
Q. robur by Franks et al. (2014) was used for Q. alba and
Z. mioga. Quercus robur was the only angiosperm for which an
A, value was calculated by Franks et al. and was therefore
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Pore Length

FIGURE 2 Diagram showing a stoma (beige), guard cells (darker green), five subsidiary cells (lighter green), and the three stomatal measurements taken

(dark gray lines).

assumed to be the closest value for Q. alba and Z. mioga. g1
is calculated using Equation 4:

-1

1 1 1

gc 0, =—t + — (4)
(to0) [gcb (gc(max) gm]

where g, is the leaf boundary layer conductance to CO,
(molm™>s7Y), gn is the mesophyll conductance to CO,
(molm>s7Y), Ze(max) 1S the maximum operational stomatal
conductance to CO, (mol-m %s ™), and { is the fraction of the
Zemax) at which the leaf is operating. For each species, g
was assumed to be 2 mol-m s, a value found to be typical of
field conditions with normal photosynthetic gas exchange
(Collatz et al., 1991). g, was assumed to be 0.079 molm 25!
for G. biloba and 0.194 mol-m s for Q. alba and Z. mioga,
based on Franks et al's (2014) values for G. biloba and
Q. robur, respectively, which were back calculated from
the calculated A, values using the empirical relationship
gn=0013 x A, (Epron et al, 1995 Evans and Von
Caemmerer, 1996). g max) Was calculated using Equation 5,
from Franks and Beerling (2009):

d m
etman) = = - SD - amax/(l + E‘,amax/n) (5)

where d is the diffusivity of CO, in air, v is the molar volume
of air, [ is stomatal pore depth estimated as equal to single
guard cell width, and g,y is the maximum stomatal aperture,
approximated as a fraction B of a circle with diameter equal
to stomatal pore length (p), or ayax = ﬁ(np2/2). Values for d
and v were calculated based on Equations 6 and 7 (Marrero
and Mason, 1972; Royer et al., 2019), with Equation 7 based
on ideal gas principles:

2.072
d =187 x 10—10(TP ] (6)

v = ver (L](L] o)
Tsp )\ Psrp

where T is leaf temperature (K), P is atmospheric pressure
(assumed to be 1atm), Tgrp is 273.15K, Pgrp is 1atm,
and vgrp is the molar volume of air at Tgrp and Pgpp
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(0.022414 m3mol™). T used to calculate d and v was
assumed to be 292.15K, based on a mean temperature of
19°C for May through September in Ann Arbor, Michigan
(PRISM Climate Group, 2020). SD was determined using
measured values from each leaf sample calculated using
Equation 2. Two methods were used to determine p, one
using direct measurements of pore lengths for each sample
and one using the approximate geometric relationship
between guard cell length and pore length (p/L) described in
the supplementary material of Franks et al. (2014). For the
latter method, p/L was assumed to be 0.25 for G. biloba, 0.3
for Q. alba, and 0.6 for Z. mioga based on the plant type and
stomata size (Franks et al., 2014). The Franks et al. (2014)
approximate geometric relationships for p were used for
both methods, using the measured and approximated pore
length again based on plant type and stomata size (0.6 for
G. biloba, 1.0 for Q. alba, and 0.4 for Z. mioga).

The theoretical relationship relating average c;/c, to
carbon isotope discrimination from the air by a plant (Aje.f)
described in Farquhar et al. (1982) was used to determine
ci/cy

(8)

Aleaf_a
b-a

Cl‘/Cu = [

where a is the carbon isotope fractionation due to diffusion
of CO,; in air (4.4%o) (Farquhar et al., 1982), b is carbon
isotope fractionation due to the carboxylation of ribulose
bisphosphate (RuBP) (assumed to be 27-30%o) (Roeske and
O'Leary, 1984), and A, (%o) was determined using the
relationship described in Farquhar and Richards (1984):

8l3cair - 513Cleaf

Ay = ——2air — 9 Cleal.
e ] 613G /1000

)

Each leaf was ground up and a 0.8-mg aliquot was
combusted via Elemental Analyzer (Thermo Fisher Scien-
tific, Bremen, Germany) and analyzed in a MAT 253 Gas
Isotope Ratio Mass Spectrometer (Thermo Fisher Scientific)
to determine its 8"°Cp,r values at the Stable Isotope
and Organic Molecular Laboratory at the University of
Connecticut. These values, and the §'°C,;, of —8.6675%o at
the time of collection (Keeling et al., 2001), were used to
calculate Aj.,r. The input spreadsheets for the Franks model
calculations are available in Appendix S1.

RESULTS

The size, shape, arrangement, and overall appearance of the
stomata and guard cells of the three species are each quite
distinct (Figure 1). The results of the measurements of SD,
SI, guard cell length, pore length, and guard cell pair width
are shown in Figure 3 and Appendix S2. If there were no
difference between any two methods, the results would
theoretically follow a 1:1 line. Points that fall below the 1:1

line show that the method on the y-axis underestimated the
value compared to the x-axis, while points above the line
show that the method overestimated the value.

Fluorescence on cleared leaves

Compared to the other methods, clearing resulted in the
smallest range in values for guard cell length, pore length,
and guard cell pair width in all species (Figure 3, Table 1).
However, this was not the case for SD and SI, and in
Z. mioga clearing resulted in the largest range in these
measurements (Table 1). In G. biloba, clearing showed
markedly larger guard cell lengths and guard cell pair
widths than all other methods, with no overlap in their
ranges (Figure 3, Table 1). In Q. alba, clearing also resulted
in larger guard cell lengths than the other three methods,
although not to an extreme degree as there was some
overlap in their ranges (Figure 3, Table 1).

Nail polish on fresh leaves

Compared to clearing, the polish method tended to un-
derestimate SD in G. biloba (Table 1) and to overestimate
SD in Q. alba (Figure 3, Table 1), but SD was not skewed in
either direction in Z. mioga (Figure 3). Stomatal index was
mostly overestimated by polish compared to clearing in
G. biloba but was not consistently over- or underestimated
in Q. alba and Z. mioga (Figure 3). In both G. biloba and
Q. alba, the polish method underestimated guard cell length
compared to clearing, while in Z. mioga this was mostly
overestimated (Figure 3). The polish method tended to
overestimate pore length in Q. alba and Z. mioga compared
to clearing, while this was not shown in G. biloba (Figure 3).
Guard cell pair width was mostly overestimated by the
polish method compared to clearing for Q. alba, while it was
underestimated for G. biloba and there was no consistent
effect in Z. mioga (Figure 3). In Z. mioga, pore length
measurements achieved using the polish method were larger
and showed no overlap with clearing (Figure 3). In contrast,
guard cell length and guard cell pair widths in G. biloba
were smaller and showed no overlap with clearing mea-
surements (Figure 3).

Dental putty on dried leaves

The putty on dried leaves method tended to underestimate
SD and overestimate SI compared to clearing in G. biloba,
although this was less uniform in Q. alba and Z. mioga
(Figure 3). Putty on dried leaves also mostly under-
estimated guard cell length compared to clearing in all
three species (Figure 3). Pore length was mostly over-
estimated by putty on dried leaves compared to clearing
in Q. alba and Z. mioga, while no consistent effect was
shown in G. biloba (Figure 3). Guard cell pair width was
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FIGURE 3 Comparison of stomatal traits between the three impression methods and the cleared leaf material. Each individual plot shows values for
clearing on the x-axis, and either polish, putty on fresh leaves, or putty on dried leaves as labeled on the y-axis. The trait being compared is listed at the top of
each plot. Ginkgo biloba is represented by blue circles, Quercus alba by green diamonds, and Zingiber mioga by orange triangles. Black symbols represent the
mean for each species, with error bars showing one standard deviation. The dotted line shows the theoretical 1:1 relationship.

underestimated compared to clearing in G. biloba,
while Q. alba and Z. mioga showed no consistent effects
(Figure 3). There was no overlap between measured ran-
ges of guard cell length and guard cell pair width using the
putty on dried leaves and clearing methods for G. biloba
(Figure 3, Table 1).

Dental putty on fresh leaves

The putty on fresh leaves method underestimated SD
and overestimated SI compared to clearing in G. biloba
(for SD: t=4.68, df=92, P=4.86 x 107 for SI: t=-3.88,
df=84, P=2.09 x 10™*), while in Q. alba both SI and SD
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SENSITIVITY OF LEAF GAS EXCHANGE CO, RECONSTRUCTIONS

were underestimated compared to clearing (for SD:
t=5.96, df=56, P=8.74 x 107% for SI t=5.66, df=78,
P=1.22x1077; Figure 3). The results for Z. mioga showed
no significant difference between methods for SD and SI
(Figure 3, Table 1). Guard cell length, pore length, and
guard cell pair width were all underestimated using putty on
fresh leaves compared to clearing in G. biloba (Figure 3).
Guard cell length was underestimated using putty on fresh
leaves compared to clearing in Q. alba, while pore length
and guard cell pair width were overestimated (Figure 3).

Pore length and guard cell pair width were overestimated
using putty on fresh leaves compared to clearing in Z.
mioga, while guard cell length did not show a similar effect
(Figure 3).

Calculated ¢,

The results of the ¢, calculations tended to overestimate the
¢, value most of the time (Figure 4, Appendix S2). The mean
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FIGURE 4 Comparison of calculated c, values using different parameters. (A-D) Cleared leaves under fluorescence, (E-H) polish, (I-L) putty on dry
leaves, (M-P) putty on fresh leaves. Values were calculated with either measured (B, D, F, H, ], L, N, P) or estimated (A, C, E, G, I, K, M, O) pore length, and
b values of either 27%o (A, B, E, F, I, J, M, N) or 30%o (C, D, G, H, K, L, O, P). Box-and-whisker plots show the data range, median, and 25th and 7th
quartiles. Shaded area is a kernel density plot. The dashed line represents the actual c, value of 416.45 ppm.
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¢, estimate for each species using each method was always
higher than the true value, except for in Q. alba when
b=30%o and measured pore length was used (Figure 4).
Overall, ¢, was most accurately predicted in Q. alba, where
the true value was within the range of calculated values in
every case when pore length was measured, or when
b=30%0 (Figure 4, columns B-D; Table 2). All G. biloba
estimates were higher than the true c, except for using putty
on dried leaves when b=30%o and measured pore length
was used (Figure 4L, Table 2). Zingiber mioga also com-
pletely overestimated ¢, in every case except when using the
clearing method with a fraction of guard cell length and
b=30%o and when using putty on fresh leaves with pore
length and b =30%o (Figure 4C, P; Table 2). In every case
with a b value of 27%so, all estimated ¢, values for G. biloba
and Z. mioga, as well as the mean estimate for all three
species, were higher than the true value of 416.45 ppm
(Figure 4A, B, E, F, I, ], M, N; Table 2).

When measured pore length was used, the mean ¢, es-
timates for Q. alba using each method were not significantly
different from one another (for b=27%o: F35 =1.11,
P=0.35; for b=30%0: F35;=2.15, P=0.11), regardless of
whether a b value of 27%o or 30%o was used, and while there
were significant differences between methods for G. biloba
(for b =27%o: F3 g9 = 3.67, P=0.02; for b = 30%o: F3 g0 = 4.31,
P=0.01) and Z. mioga (for b=27%o: F;3g99=3.04, P=0.03;
for b=30%o: F;99=4.54, P=0.01), their mean estimates
were still within one standard deviation of one another
(Table 2). When guard cell length was used, clearing showed
significantly lower mean c, estimates than the other three
methods for G. biloba (F; 0 =26.6, P=4.57 x 107" and Q.
alba (F351 = 5.06, P=0.004) (Table 2), but Z. mioga showed
no significant difference in mean estimates when b =27%o
(F399=1.98, P=0.12) (Table 2). For each species and
each method, the mean c, estimate was closest to the true
value when measured pore length was used and b =30%o
(Table 2), except in the case of using clearing with guard cell
length and b =30%o for Z. mioga (Table 2).

Difference between counters

Depending on the measurement being made and the species
analyzed, the differences between the values obtained by
each of the three counters ranged from very small to sig-
nificantly different. Mean SD measurements were consistent
between counters for Z. mioga (clearing: F,,5=0.50,
P=0.61; putty on dried leaves: F,g; =1.47, P=0.24), for
G. biloba using the clearing method (F,45=2.01, P=0.15),
and for Q. alba using putty on dried leaves (F,4; =2.49,
P=0.10) (Figure 5, Tables 3-5, Appendix S2). Mean SI
measurements for G. biloba and Z. mioga were also fairly
consistent between all counters, although for Q. alba one
counter recorded higher values than the others (Figure 5,
Tables 3-5). Guard cell length is very well constrained
between the three counters in G. biloba (clearing:
F,45=1.54, P=0.22; putty on dried leaves: F,,5=2.28,

P=0.11), but less so in Z. mioga while still showing a
consistency in measurement (clearing: F, 7, = 1.95, P=0.15;
putty on dried leaves: F,;o=1.14, P=0.32) (Figure 5;
Tables 3, 5). However, in Q. alba, one counter again shows
distinctly different measurements than the other two (clearing:
Fy40=23.4, P=1.85x 107; putty on dried leaves: F, 4, = 48.1,
P=135x10"1) (Figure 5, Table 4). While the data as a whole
shows some overlap, mean pore length in all three species
shows some degree of distinction between counters, although
one counter obtained more significant differences for Z. mioga
(clearing: F,7, =223, P=1.34x10""; putty on dried leaves:
F,79=29.3,P=3.03 x 107 (Figure 5, Tables 3-5). Guard cell
pair width showed the largest differences between counters,
with almost no overlap among the results from each counter
for each of the three species (Figure 5, Tables 3-5).

DISCUSSION
Differences between methods

Clearing is likely the most accurate of the four methods for
examining stomatal characteristics because it uses the
actual leaf rather than an impression of the cuticle.
Studying cleared leaves under a fluorescence light micro-
scope allows for cell layers beyond the outermost cuticle to
be examined at different magnifications and also allows for
greater visibility into the entire structure of stomata
beyond this outermost cell layer. In contrast, the other
three methods record an impression of only the outermost
layer of the leaf cuticle, and in the case of the putty molds,
an impression of an impression. Smaller guard cell lengths
were measured from each method compared to clearing in
G. biloba and Q. alba, as were guard cell pair widths in
G. biloba. In contrast, pore length measurements were less
sensitive to each method in either species. Given that
guard cell length and guard cell pair width are both
measurements of the edges of stomata and pore length is
not, the impressions are likely not capturing complete
stomatal anatomy and are thus more sensitive to meth-
odological differences. Ginkgo biloba leaves have sunken
stomata and overarching papillae (Gray et al., 2020), which
would explain the inability of impressions to represent
complete stomata. While Q. alba leaves do not have
sunken stomata, their stomata are much smaller overall
and likely more sensitive to differences in method, ex-
plaining the slightly smaller values for guard cell length.
This suggests that clearing is a more accurate method of
examining stomatal traits in these species, as it captures a
more complete view of the stomata regardless of stomatal
morphology. Use of scanning electron microscopy of
treated leaf cuticles, as done by Barclay and Wing (2016),
may provide even more accurate stomatal measurements
than the use of fluorescence light microscopy, as the
three-dimensional stomatal morphology is better imaged,
and further insights may be made by comparing the two
methods (Matthaeus et al., 2020).
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FIGURE 5 Differences between three counters for measured trait values from putty on dried leaves and cleared leaves under fluorescence. (A, F, K)

Stomatal density, (B, G, L) stomatal index, (C, H, M) guard cell length, (D, I, N) pore length, (E, J, O) guard cell pair width. The measurements of counter 1
are represented by blue circles, counter 2 by green diamonds, and counter 3 by orange triangles. Black symbols represent the mean for each species, with
error bars showing one standard deviation. The dotted line shows the theoretical 1:1 relationship.

Surprisingly, using dried rather than fresh leaves to mea-
sure stomata did not lead to smaller stomatal measurements as
was expected due to potential shrinking from desiccation. The
only significantly smaller measurements on dried leaves were
of guard cell length and guard cell pair width in G. biloba and
of pore length in Q. alba; however, these values were similarly
lower for the other impression methods on fresh leaves. This
means either that the stomata undergo similar shrinkage ef-
fects from being pressed and dried as from being removed
from the plant or that this is a result of the impressions
themselves. While Z. mioga also appeared to show slightly
smaller guard cell length in impressions of dried leaves than
fresh leaves, pore length and guard cell pair width were
actually larger for all three impression methods. This again
does not support a shrinking of stomata due to desiccation.

Effects on c, calculations

While individual stomatal measurements could be quite
sensitive to differences between the methods, ¢, was less
sensitive to these differences, except for measured pore
length. True ¢, could only be calculated within the range of
values using guard cell length on Q. alba when b=30%o
(Figure 4). This shows that using measured pore length,
rather than estimating it as a fraction of guard cell length, is
the best method for calculating c,, and researchers should
strive to find fossils with stomatal apertures preserved for
use in the Franks model.

The results also demonstrate the importance of b in the
calculation of ¢,, as a three per mil difference in this value
led to significantly different ranges in calculated ¢, values
for each method and species (Figure 4, Table 2). The degree
to which carboxylation of RuBP fractionates '>C in each
species should be directly measured in extant species or the
most closely related extant species for the most accurate
results, rather than relying on a single constant value.
Another approach that can resolve this is using a best-fit
model to determine an optimal b value for a species, as done
in Scher et al. (2022). Even within closely related lineages
(e.g., gymnosperms), Ay, is highly variable beyond the
18-22%o that is typical for C; plants (Sheldon et al., 2020),
and one way that quantity can vary is through differences in
isotope fractionation from RuBP. The results suggest each
of the three taxa are expressing RuBisCO closer to a b value
of 30%o, and that this value can be assumed for modern
¢, levels. Furthermore, incorporating other processes such
as fractionation due to photorespiration and the CO,
compensation point in the absence of dark respiration may
lead to higher ¢, estimates closer to the true value (Royer
et al., 2019). Similarly, better refining values for A,, g,
B, and T based on these specific taxa may lead to more
accurate ¢, estimates, and further study of these for each
taxa is recommended.

The results of these calculations suggest that using
original material, as in the clearing method, or using cuticle
impressions, as in the other three methods, does produce
significantly different ¢, estimates in some cases using the
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Summary of counter-specific measurements for Zingiber mioga.”

TABLE 5

Guard cell pair width

Guard cell length

(um)

SD (No. of

(um)

Pore length (um)

SI (%)

stomata mm )

Method

Counter

7.01 (3.01-9.52) + 1.25 48.26 (39.98-59.29) + 5.06 18.83 (14.99-25.80) +2.47 17.92 (12.27-28.67) £ 3.93

52.37 (14.42-81.73) + 12.50

Clearing

6.47 (2.91-8.65) + 1.12 46.14 (40.11-52.02) + 3.68 23.03 (16.85-29.07) + 3.02 5.08 (3.84-7.38) + 1.02

51.85 (14.42-76.92) + 11.80

Clearing

6.23 (3.50-8.24) £ 0.91 48.53 (41.99-56.52) + 4.50 35.86 (30.23-43.47) + 30.23 24.07 (17.14-32.48) + 3.51

55.00 (38.46-86.53) + 12.18

Clearing

6.71 (4.55-8.28) £ 1.00 4591 (40.23-57.00) + 4.27 25.33 (19.39-36.63) + 3.66 16.04 (11.42-18.84) + 1.70

56.14 (28.84-76.92) +11.63

Putty (dry)

6.16 (3.61-8.41) £ 1.15 46.47 (39.78-56.75) + 4.09 27.90 (18.30-34.53) +3.54 14.51 (3.25-19.39) £ 3.96

52.71 (28.84-76.92) + 11.66

Putty (dry)

6.32 (4.33-8.78) £ 0.91 47.51 (40.59-56.02) +3.73 33.37 (21.07-40.29) + 4.70 17.07 (5.87-21.73) £ 4.16

57.86 (33.65-76.92) + 11.06

Putty (dry)

“Mean values are presented, with the range in parentheses and one standard deviation following the ‘+” symbol for stomatal density (SD), stomatal index (SI), guard cell length, pore length, and guard cell pair width for cleared leaves under

fluorescence and putty on dried leaves.

Franks model. Looking specifically at the estimates using
measured pore length and a b value of 30%o, there is no
significant difference between methods for Q. alba, and
while there is a significant difference between methods for
G. biloba and Z. mioga, the mean estimates are all within
one standard deviation of one another. This is contrary to
the results of Stein et al. (2024), which showed that signif-
icant differences between guard cell width measurements in
cleared leaves and impressions produced significantly
different c, estimates. However, there may be taxon-specific
effects on stomatal measurements based on different
methods, as Stein et al. (2024) used leaves from Populus
tremuloides Michx. and various Thuja L. species, which are
not closely related to any of the taxa investigated in this
study. The results also reinforce the importance of using as
many leaves as possible when estimating c, using the Franks
model, as leaves growing under the same atmospheric
conditions generated ranges sometimes in excess of 1000
ppm using estimated pore length (G. biloba using polish or
putty on dry leaves with either b value) and in excess of 800
ppm using measured pore length (Z. mioga using clearing
when b =27%o) (Table 2).

Ginkgo L. is widely used as a paleo-CO, barometer
because of the similarity of modern G. biloba to the fossil G.
adiantoides (Unger) Heer (Tralau, 1968; Royer et al., 2003;
Barclay and Wing, 2016). Given that it is so widely used, it is
especially important to understand how measurements of
Ginkgo's stomata might be affected by differences in cuticle
preparation method, not just between impressions versus
original material but also between clearing/staining meth-
ods. The tendency for calculations to overestimate the actual
¢, using G. biloba is consistent with previous applications of
the Franks model (Franks et al., 2014; Royer et al., 2019). Of
the 16 combinations of cuticle preparation method, means
of measuring pore length, and b value, only one had the true
¢, within the range of its calculations, versus 13/16 for
Q. alba (Figure 4). This highlights the need to standardize
calibration of the Franks model for paleo-CO, barometry
that is probably usually overestimating c,, as Scher et al.
(2022) did for G. biloba.

The largely inaccurate c, values produced in this study
highlight some of the shortcomings of the Franks model.
Even with careful attention to detail, the model can still
produce inaccurate reconstructions of even ambient c,,. This
is to some extent accounted for when a b value of 30%o is
used, but even then, estimates can be far greater than actual
ambient c,. While previous studies have shown accurate
reconstructions of ambient ¢, using the Franks model
(Franks et al., 2014; Royer et al., 2019; Steinthorsdottir et al.,
2022), our results show that there is also potential for the
model to produce overestimates (or, rarely, underestimates)
under these conditions and also highlight the variability
between species, suggesting a need for more taxon-specific
calibrations. The model should continue to be tested
on modern taxa growing at ambient atmospheric CO,
concentrations and refined to ensure paleoclimatic re-
constructions are producing accurate results.
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Differences between counters

It is very important that those making measurements of
stomata are familiar with stomatal morphology and the
variation it can have across taxa. Guard cell pair width
measurements from each counter were entirely distinct
from each other, with no overlap in G. biloba or Z. mioga.
One counter consistently tended to under-measure guard
cell pair width in each of the three species in every method.
Similarly, one counter mostly over-measured pore length
for each species compared to the others. This stresses the
importance of being familiar with stomatal anatomy and
using standardized measurement procedures when analyz-
ing stomata, but also suggests that doing replicated counts
by different individuals and averaging the results will likely
do a better job of capturing variation than relying on a
single counter. While we tried to standardize the procedure
for cell counting and measurement between each person,
people still interpreted the edges of guard cells and which
cells to count or not count around the edges of the image
differently. These two areas of inconsistency specifically
should be addressed clearly when stomatal analysis is done
by more than one person for a given dataset, as well as to
ensure inter-lab data compatibility. For example, following
the procedures laid out by Poole and Kiirschner (1999)
should help standardize procedure between counters and
constrain human error. Workshops or other opportunities
for multiple people and multiple labs/groups to be trained
together might also offer good venues for discussing such
nuances to the procedures and promote consistency.

Measurements of Z. mioga were the most consistent
between counters, while those of Q. alba were clearly the
least consistent. The consistency of Z. mioga measurements
is likely due to its larger, non-sunken stomata flanked by
pairs of subsidiary cells and hexagonal epidermal cells
arranged in a fairly uniform, brick-like manner without
subsidiary cells (Figure 1). In contrast, Q. alba has much
smaller stomata and epidermal cells arranged in a much less
uniform manner (Figure 1). Additionally, the leaves of
Q. alba have denser, reticulate venation, making it difficult
to avoid leaf veins in images of the cuticle at the level of
magnification used. Reexamining Q. alba cuticles at a higher
magnification may lead to more consistent results across
counters.

Concluding remarks

It is important to consider the method of cuticle preparation
when reconstructing [CO,] using stomatal parameters, as
different methods of cuticle preparation yield significantly
different stomatal measurements. While these differences
are less pronounced on the actual ¢, calculations than on
the measurements themselves, at higher [CO,] levels, the
effects could be more pronounced. Similarly, it is important
to recognize how the effects of each method differ
between taxa, as the most accurate G. biloba and Z. mioga

calculations appeared to overestimate c,, while those of Q.
alba underestimated c,. Our results suggest that when pore
length is directly measured, any of the four methods tested
can be used for ¢, reconstructions, although those using the
Franks model to make such reconstructions may prefer to
use original material when possible, based on studies of
other taxa. When pore length cannot be measured and must
be estimated using guard cell length, how it will affect ¢,
calculations should be considered and, if possible, quantif-
ied. Our results also indicated that for the three species
investigated, the operating b value is closer to 30%o than to
27%o. Further study into species-specific '>C fractionation
due to carboxylation of RuBP may also help produce more
accurate ¢, calculations using stomatal measurements.
Additionally, attention should be paid to how measure-
ments are being made when more than one person is
involved in making stomatal measurements and procedure
should be strictly consistent across any people making
measurements.
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