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Atmospheric carbon dioxide concentration has shifted dynamically over the Phanerozoic according to mass
balance models and the majority of proxy estimates. A new paleo-CO, proxy method underpinned by mechanis-
tic understanding of plant stomatal, isotopic and photosynthetic responses to CO, has provocatively claimed that
maximum paleoatmospheric CO, was capped at 1000 ppm for the majority of the past 300 million years. Here we
evaluate the robustness of the new paleo-proxy CO, model by testing its sensitivity to initial parameterization
and to scaling factors employed to estimate paleophysiological function from anatomical and morphological

Keywords: . . s N . Lo
Carbon dioxide traits. A series of sensitivity analyses find that the model is robust to modification in some of the constants
Stomata employed, such as CO, compensation point and mesophyll conductance, resulting in variability in paleo-CO,

estimates which are already accounted for in the error propagation of the model. We demonstrate high sensitiv-
ity in the model to key input parameters such as initial fossil plant assimilation rate, termed Aq and scaling factors
used to estimate stomatal conductance from measurements of fossil stomata. Incorrect parameterization of Ay
has resulted in under estimation of pCO, by as much as 600 ppm. Despite these uncertainties, our analysis high-
lights that the new mechanistic paleo-CO, proxy of Franks et al. (2014) has significant potential to derive robust
and more accurate CO, estimates from fossil plant stomata, as long as parameterization of Ay is strongly justified
with species appropriate morphological and anatomical data. We highlight methods that can be used to improve
current estimates of fossil plant assimilation rates, reduce uncertainty associated with implementation of the
Franks et al. (2014) model and importantly add to understanding of patterns of plant productivity over the Phan-

erozoic, for which there currently is no consensus.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction model estimates have converged regarding the ‘big picture’ atmospher-

ic fluctuations, however many critical uncertainties remain. Recon-

Atmospheric composition has fluctuated markedly throughout
Earth history driven by changes in major sources and sinks of carbon,
sulfur, phosphorous and oxygen (Bergman et al., 2004; Berner, 2006;
Montafiez and Soreghan, 2006). Beyond ice core measurements, there
are no direct methods available for estimating paleoatmospheric
composition. ‘Proxy’ methods have been developed which provide indi-
rect estimates of gaseous components of Earth's atmosphere as far back
as one billion years ago (Ekart et al., 1999; Royer et al., 2004; Pagani
et al,, 2005; Barclay et al., 2010; Breecker et al., 2010; Steinthorsdottir
et al., 2011; Schubert and Jahren, 2012). Atmospheric evolution has
also been modeled using mass balance approaches and knowledge of
biogeochemical cycles (Berner, 1990; Berner, 2006). Both proxy and
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structing the deep-time dynamics of atmospheric carbon dioxide (c,)
has received the greatest attention because of the obvious importance
of this greenhouse gas in driving and amplifying global climate change.
There is a pressing need to better constrain how sensitive global climate
is to a doubling of CO, as this will largely determine the amplitude of
global temperature increase over the next century as CO, continues to
rise (Hansen et al,, 2008).

A new paleo-CO, proxy method (Franks et al., 2014) uses the
relationship between plant carbon assimilation rate (A;) and c, derived
from gas exchange measurements (Eq. (1)) (Farquhar and Sharkey,
1982; Von Caemmerer, 2000) to infer paleo-CO, in the geological past
from fossil plant stomatal anatomy and both leaf and atmospheric
carbon isotopic composition.

An

Cy=— "
! 8c(tor) - (1—Ci/Ca)

(1)
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Table 1
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Input parameters and scaling factors used to estimate paleo-CO, from fossil plants in the sensitivity analysis of Franks et al. (2014).

Species

Control (%)

Experiment 1 (S3)

Experiment 2 (S4)

Experiment 3(Ap)

Aglaophyton major

—2 1

Ap=3pmolm ~*s
S3=0.6,54 =02

—2 1

Ap=3umolm “*s
S3=04,54 =02

Asteroxylon Mackie Ap=3pmolm 25! Ap=3pmolm 25!
S3=0.6,S4=02 S3=04,54=02
Macroneuropteris scheuchzeri Ap=6umolm2s~" Ap=6umol m~2s~"!

Neuropteris ovata
Dicroidium elongatum

D. odontopteroides

S3=0.6,54=0.2
2

Ap=6umolm s~

S3=10.6,54=0.2

1

—2 -1

Ap=6pmolm~*s
S3=0.6,54=0.2
Ao = 6 umol m—2
S3=0.6,54=0.2

<

1

S3=04,54=02

Ap=6umol m—2s~!
S3=04,54=02

Ao =6umol m—2s~!
S3=04,54 =02
Ap=6umolm~—2s
S3=04,54=02

-1

—2 1

Ap=3pmolm~*s
S3=0.6,54 =04
Ap=3pmolm 25!
S3=0.6,54=04
Ap=6umolm~2s~"
S3=0.6,54=04
Ap=6umol m—2s~"
S3=0.6,54=04
Ap=6umol m2s~!
S3=0.6,54 =04
Ap=6umolm~2s~
S3=0.6,54=04

1

—2 1

Ap=6pumolm™*s
S3=0.6,54 =0.2
Ap=6umolm 25!
S3=0.6,54 =0.2
Ao=13umol m~2s~"
S3=0.6,54 =0.2

Ag = 16 umol m~2s~!
S3=0.6,54 =0.2

Ao =10pumol m~2s™!
S3=0.6,54 =0.2
Ao = 10 umol m—2
S3=0.6,54 =0.2
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@ Initial parameterization as specified by Franks et al. (2014).

The proxy uses stomatal density and pore geometry observed in
fossil leaves to compute maximum theoretical stomatal conductance
to carbon (g¢max)) using diffusion theory (Franks and Beerling,
2009b). However, gc(max) is only one of three components determining
total conductance (g(tor)) to CO,; the other two conductance terms,
boundary layer and mesophyll conductance (g,) are more difficult to
calculate directly from fossils. Franks et al. (2014) estimate these
unknown terms by prescribing a universal boundary layer resistance
of 2 mol m—2 s~ " and use a multiplier (x0.013) of assimilation rate to
estimate gp,,. The stable carbon isotopic composition of fossil plant mate-
rial and that inferred for the atmosphere from marine carbonates are
used in the model to compute the ratio of intercellular (c;) to atmo-
spheric CO, concentration (c;/c,). This leaves two unknown variables
in Eq. (1): (1) the paleo-CO, concentration under which the fossil
plant developed (c,) and (2) its assimilation rate (A,). Fossil plant A,
is estimated by prescribing an initial assimilation rate (Ao) for that fossil
under modern ambient CO, of 400 ppm (c,0), a photorespiratory CO,
compensation point (I'*) of 40 ppm, and by making the assumption
that the relationship between A, and c, is universal, has the same
slope as the relationship between A, and ¢;, and can be adequately
expressed by equations describing the light-limited rate of carbon
assimilation. The model then solves for the two unknown variables of
interest A, and ¢, by solving Eqs. (1) and (2) simultaneously by
iteration.

(ca—T")(Cq0 + 2I"")

Ao~ oG, 21 (c—T)

2)

The new model provides a potentially powerful tool for recon-
structing both long- and short-term atmospheric CO, and offers a meth-
od of inferring paleophysiological function from morphological and
isotopic attributes of fossils. Here we attempt to evaluate the perfor-
mance of the new paleo-CO, proxy method of Franks et al. (2014)
through a series of sensitivity tests on Paleozoic and Mesozoic fossil
plants. Specifically we evaluate how sensitive paleo-CO, estimates are
to: (1) the physiological constants used in the model; (2) the choice of
scaling factors; and (3) initial parameterization of the model.

2. Materials and methods
2.1. Selection of fossil taxa

Six fossil plant taxa, two Devonian, two Carboniferous and two
Triassic were selected as test species to evaluate the sensitivity of CO,
estimates using Franks et al.'s (2014) model to changes in physiological
constants, scaling factors and initial model parameterization. Devonian
species Aglaophyton major and Asteroxylon mackiei (Edwards et al.,
1998) were used because they have contrasting paleoecophysiology
(Wilson and Fischer, 2011) but are coeval. They therefore represent a
test of the consistency of paleo-CO, estimates from coeval species

with inherently different physiology. Neuropteris ovata and Macro-
neuropteris scheuchzeri, two common Carboniferous pteridosperms
were selected because they possess significantly different stomatal den-
sity and geometry (Cleal and Zodrow, 1989) - key inputs of the Franks
et al. model - but are likely related phylogenetically and have similar
ecological preferences (Stull et al., 2012). They were also used to test
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Fig. 1. A Relationship between mesophyll conductance (g;,) and net photosynthesis (A,)
for a large extant gymnosperm and angiosperm dataset of (Niinemets et al., 2009)
(” = 0,62, n = 122) used here to derive an estimate of fossil g, from A, (gm = 0.0099
AL0%5)_ B Comparison of pCO, estimates from Franks et al. (2014), which uses a simple lin-
ear function (g, = A, % 0.013) to estimate fossil g, with revised pCO, estimates where a
power function (g, = 0.0099 A%%5°) from A above has been implemented in the Franks
et al. model to estimate g,. CO, estimates with the revised g, calculations from A are con-
sistently 10% greater + 150.28 ppm than in the original Franks et al. model (y = 1.10x +
.150.28).
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the robustness of the new model under icehouse conditions. Finally, 2.2. Methods
Mesozoic pteridosperms Dicroidium elongatum and D. odontopteroides

(Bomfleur and Kerp, 2010) were selected to test the sensitivity of R code to run the paleo-CO, model was downloaded and operated
pCO, estimates derived from the stomatal attributes of related taxa according to Franks et al. (2014). As a first test, we evaluated all of the
under greenhouse conditions. assumptions, constants and scaling factors used. Next, three sensitivity
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Fig. 2. Sensitivity analysis of Franks et al.'s (2014) paleo-CO, proxy model to the scaling factor (S3) used to estimate the geometry of a stomatal pore when fully open (experiment 1) and to
the scaling factor (S4) used to estimate what proportion of theoretical maximum rates of conductance a plant typically operates at under field conditions (experiment 2) and to initial
parameterization of A (experiment 3). The gray bar of every bar chart ‘Franks et al.” indicates CO, estimates based on model results using the parameterization and scaling factors reported
in Franks et al. (2014) (see Table 1) (Ao = 3 pmolm~2 s~ ' in A and B and 6 umol m~2 s~ ' in C-F, S3 = 0.6 and S4 = 0.2 for all species). The pink bars indicate CO, estimates based on
results from experiment 1 where the scaling factor ‘S3’ was changed from 0.6 to 0.4 to simulate fossil plants which were capable of maximally opening their stomatal pores to 40% of a full
circle instead of 60%. All other initial conditions and scaling factors were kept the same as in Franks et al. The orange bars indicate CO, estimates based on model results from experiment 2
where the scaling factor ‘S4’ was changed from 0.2 to 0.4 to simulate fossil plants operating at 40% of their maximum theoretical potential g.(max) rather than 20%. Blue bars indicate CO,
estimates based on model results from experiment 3 where parameterization of Ay was changed according to Table 1 (Exp. 3) and all other initial conditions and scaling factors were kept
the same as in Franks et al. All other initial conditions and scaling factors were kept the same as in Franks et al. The error bars represent the 16th and 84th percentile bootstrapped errors
computed by the model.
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experiments were undertaken on the six selected fossil species. Experi-
ment 1 investigated sensitivity to changes in the scaling factor (S3) used
to estimate the geometry of a stomatal pore when fully open from
measurements of fossil pore length. Here the scaling factor S3 was
changed from 0.6 to 0.4 to simulate fossil plants which opened their
stomatal pores to 40% of a full circle instead of 60% (prescribed by
Franks et al., 2014), in line with observations of Weyers and Lawson
(1997). All other initial conditions and scaling factors were kept the
same as in Franks et al. (Table 1 Exp. 1). Experiment 2 tested the sensi-
tivity of proxy CO, reconstruction to changes in the scaling factor (S4)
used to estimate the proportion of theoretical maximum rates of stoma-
ta conductance (g¢(max)) a plant typically operates at under field condi-
tions. The scaling factor S4 was changed from 0.2 (Franks et al. 2014) to
0.4 to simulate fossil plants operating at 40% of their maximum theoret-
ical potential g¢max) rather than only 20% following observations
of maximum operational conductance for some modern taxa in
McElwain et al. (2015) (Table 1 Exp. 2). Experiment 3 investigated the
sensitivity of paleo-CO, estimates to changes in the initial parameteriza-
tion of fossil plant assimilation rate (Ag). Following a control run which
implemented all the recommended initial conditions, scaling factors
and A values used in Franks et al. (Table 1 control), the model was
re-run with modified Ag values only (Table 1 Exp. 3).

3. Evaluation of a new proxy-atmospheric CO, model
3.1. Initial assessment of constants and scaling factors

The leaf internal CO, concentration at which a plant's net assimilation
rate equals CO, release through the process of photorespiration (in the
absence of dark respiration) is known as the photorespiratory compensa-
tion point. This compensation point (I'* in Eq. (2) is temperature, species
and O, dependent (Ethier and Livingston, 2004) but Franks et al. (2014)
account only for the temperature dependency in the new paleo-CO,
proxy model. Allowing T'* to vary in response to prevailing
paleoatmospheric O, concentration [0,] (I = 1.78 x [0,]), which is
known to have varied widely (10% to 30%) through the Phanerozoic
(Bergman et al., 2004; Belcher and McElwain, 2008; Berner, 2009),
would increase the precision of paleo-CO, estimates but only fractionally.

The model also down weights the importance of species disparity in
mesophyll conductance (g,) (Flexas et al., 2012; Flexas et al., 2014) and
uses a simple linear function (g, = A, x 0.013) to estimate g, of fossils
from their photosynthetic rate (A,). Although g, cannot be measured
directly from fossil plant material it is possible to estimate g, from
leaf anatomical traits such as mesophyll cell wall thickness (Tomas
et al., 2013). We have attempted to account for wider variation in g,
over geological time by using a power function to estimate fossil g,
from A, (g8m = 0.0099 A}:%96%) derived from the best fit relationship
for a large extant gymnosperm and angiosperm dataset of Niinemets
et al. (2009) (r? = 0.62, n = 122) (Fig. 1A). The comparison suggests
that oversimplification in the treatment of the passage of CO, and H,0
through mesophyll leaf tissue (g,,) in the Franks et al. model has

Table 2

resulted in an underestimation of paleo-CO,, values by 10% plus an over-
all 150 ppm for all taxa (Fig. 1B). This is demonstrated by the 10% plus
150.28 ppm offset from unity in the regression line between Franks'
CO, (x axis) and our revised CO, estimates (y axis) in Fig. 1B.

The new model is also highly sensitive to scaling factor S3 used to es-
timate maximum opening of a fossil stoma from guard cell anatomical
measurements (Exp. 1 in Fig. 2) and scaling factor S4 used to estimate
operational conductance from maximum theoretical stomatal conduc-
tance gc(max) (EXp. 2 in Fig. 2). The scaling factor S3 is needed because
living plants have been shown to have different stomatal pore geome-
tries when the pore is fully open and rarely in fossils are stomata pre-
served open in full operating position. An estimate is required
therefore to scale between the maximum opening geometry of a fossil
stomatal pore (e.g. a circle with diameter equal to stomatal pore length)
and the actual geometry when operating at maximum capacity (e.g.
some proportion of a circle). Results from sensitivity experiment 1
(Fig. 2) demonstrate that paleo-atmospheric CO, estimates derived
from fossil stomata using the Franks et al. (2014) model are substantial-
ly higher for some taxa (e.g. + 595 ppm higher in Aglaophyton) but neg-
ligibly higher in others (e.g. +22 ppm higher in Neuropteris) if it is
assumed that fossil taxa open their stomata to a maximum of 40% of a
circle instead of 60% as set by Franks et al. (2014). Uncertainty in initial
parameterization of S3 will therefore only propagate large uncertainty
in paleo-CO, estimates for fossil taxa with inherently low stomatal con-
ductance, that is those with few very large stomata (e.g. Aglaophyton),
and much less so for taxa with high conductance resulting from a high
density of small stomata (e.g. Neuropteris).

Results from experiment 2 highlight the potential error in pCO, esti-
mates that result from uncertainty in estimating how typical day-to-day
operation of a plant's gas exchange (g(op)) relates to the maximum the-
oretical capacity (8¢(max)) of that plant to conduct CO, through stomata.
Franks et al. (2014) have assumed that all fossil taxa were conducting
CO, through their stomata at 20% of their theoretical maximum poten-
tial. Based on available data this was a fair initial assumption. However,
it has recently been demonstrated that the scaling relationship between
operational and anatomically derived maximum stomatal conductance
(S4) is CO, dependent (Dow et al., 2014) and can be highly species spe-
cific (McElwain et al., 2015). The results presented here (Fig. 2) demon-
strate a subtle reduction in paleo-CO, estimates for all species
investigated if it is assumed that plants operate at 40% rather than
only 20% of their theoretical maximum limits (Exp. 2 in Fig. 2 ). Uncer-
tainty in initial parameterization of S4 in the range of +/— 10% appear
therefore to be well accounted for in the uncertainty propagation of
Franks et al. (2014). Our analysis indicates that the model is most sensi-
tive to initial parameterization of fossil plants assimilation rate (Ag)
which we elaborate on in more detail below.

3.2. Parameterizing assimilation rates of fossil plants

The new paleo-CO, proxy (Franks et al., 2014) requires that an initial
assimilation rate (Ag) at a CO, concentration (c,o) of 400 ppm, is

Results from approach to estimate assimilation rate (Ao) from fossil leaf morphological traits such as vein density (D,) and maximum stomatal conductance to water vapor (guwmax)) fol-

lowing McElwain et al. (2015).

Fossil taxon Dy* mm mm 2 Zwmax mmmol H,0 m~2s~! Equation to estimate Estimated
Ao from D, and gmax” Ao pmol CO, mm~2s~!
Neuropteris ovata 4.49 2259 Ao = 3.1225.10gc(gmax)-8.18 15.9
(for taxa with D, >2 <5 mm mm~2)
Macroneuropteris scheuchzeri 342 1127 Ao = 3.1225.108(gmax)-8.18 13.7
(for taxa with D, > 2 <5 mm mm ™ 2)
Dicroidium elongatum <2.0 1554 Ap = 1.9624.10gc(gmax)-4.06 10.3
(for taxa with Dy <2 mm mm™2)
Dicroidium odontopteroides 1.63 1782 Ao = 1.9624.10gc(gmax)-4.06 10.6

(for taxa with D, <2 mm mm™?2)

2 D, data from Boyce and Zwieniecki (2012).
b Equations from McElwain et al. (2015).
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parameterized for each fossil plant species used to reconstruct paleo-
CO,. On first consideration this seems like an impossible task, especially
when considering extinct lineages such as Rhyniophytes (most basal
land plants), pteridosperms and Bennettitales (some early seed
plant lineages), which all lack modern ecophysiological analogues
to guide parameterization of Ao. Franks et al. solved the initial
challenge by taking a standardized approach, assigning Aq values of
3 umol m~2 s~! to all spore bearing lineages (Rhyniophytes,
Lycophytes, Sphenophytes), 6 umol m~2 s~ ! to all non-coniferous gym-
nosperms (pteridosperms, cycads, Bennettitales), 10 umol m~2 s~ to
conifers and 12 umol m~2 s~ to all angiosperms. This is a useful initial
approach. However given the high sensitivity of the paleoproxy model
to parameterization of A, demonstrated in Fig. 2 (Exp. 3), improved
characterization of fossil plant assimilation is needed before the full
potential of the new method can be realized.

For example, assigning Ag values of 6 umol m~2 s~ instead of
3 pumol m~2 s~! to Aglaophyton major and Asteroxylon mackiei
(Edwards et al., 1998) increased the paleo-CO, estimate by
+870 ppm and +505 ppm respectively for the early Devonian.
Estimates of early Devonian CO, are therefore largely dependent on
the initial assimilation rates parameterized for each taxon. While the
lower range of bryophyte assimilation rates (e.g. 2-3 umol m~2s~1)
may be appropriate for a non-vascular plant such as Aglaophyton, a
full-sun tropical lycophyte analogue with values ranging between 5
and 6 pmol m~2 s~ ! (Brodribb and Holbrook, 2006) or higher may be
more appropriate for the vascular basal lycophyte Asteroxylon mackiei,
which had high hydraulic conductivity (Wilson and Fischer, 2011).
Notably, when more appropriate Ag values are chosen for these two
contrasting fossil taxa, the paleo-CO, estimates for the early Devonian
derived from Franks et al.'s model converge (Fig. 2 ‘Franks’ model run
for Aglaophyton (gray bar) vs. Exp. 3 model run for Asteroxylon (blue
bar)), whereas when both were parameterized with the same Ag values
the disparity in predicted CO, concentration was 500 ppm.

Although it is difficult to confidently choose appropriate living
physiological analogues for extinct plants, A values could be estimated
using published scaling relationships (for extant taxa) between
morphological variables, which influence the movement of water and/
or CO, in the leaf (and stem in the case of water), such as vein density
(Dy), vein to stomatal distance (D,,), maximum theoretical conductance
to water (gw(max)) and maximum assimilation rate (Amax) (Brodribb
et al., 2007; Brodribb and Feild, 2010; Boyce and Zwieniecki, 2012;
McElwain et al., 2015; Wilson et al., 2015). As a test of this approach
we used published vein density measurements (Boyce and Zwieniecki,
2012) for N. ovata, M. scheuchzeri, D. elongatum and D. odontopteroides
together with their calculated gy (max) values derived from stomatal
density and pore geometry measurements (Bomfleur and Kerp, 2010;
Wilson et al., 2015) to estimate Ay using scaling relationships
established between Ao, D, and gy max) for extant taxa in McElwain
et al. (2015) (Table 2).

As an additional check on the approach of using D, and gy (max) to
estimate Ap we also employed established scaling relationships be-
tween the anatomical trait D,,, which is a measure of the shortest
distance between leaf veins and stomata, leaf hydraulic capacity
(Kiear), and maximum photosynthetic rate (Anax) (Brodribb et al.,
2007) for N. ovata. Short distances between leaf veins and stomata
(Dp) increase Kiearand also maximal photosynthetic rate (Amax), Where-
as leaves with fewer veins and/or longer pathways for mesophyll
conductance have lower Kie,r and, consequently, lower Ap,.x values.
D, was measured from transverse sections of well-preserved fossil

Table 3
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Fig. 3. Simulated changes in net assimilation rate over geological time using the Sheffield
Dynamic Vegetation Model (solid and dashed lines indicating upper and lower bound es-
timates respectively; dark blue and dashed red show model results under paleo-condi-
tions of fixed temperature and atmospheric O, light blue and dashed orange show
model results under variable paleo-temperature and atmospheric O,) from Franks and
Beerling (2009a) compared with maximum assimilation rate estimates (gray circles) de-
rived from the new paleoproxy CO, model (Franks et al., 2014). Note that over half of the
individual point estimates from Franks et al. (2014) are well under the ‘lower bound’ es-
timates of Franks and Beerling (2009a) suggesting that initial parameterization of Ag in
Franks et al. (2014) may be too low resulting in underestimation of CO, concentrations
for large parts of the late Paleozoic and Mesozoic.

plant leaves, including collected leaves and previously published images
(Beeler, 1983). To be conservative, taxon-average D, values were
rounded up to the next-highest 25 microns. Kie,r was calculated from
Dy, using the following equation:

Kieat = 12775 % (Dp) 1%

Amax Was calculated from Kie,¢ using a polynomial fit to the observed
scaling relationship for plants that lack specialized mesophyll
conducting fibers (i.e., transfusion tissue), using the following equation:

Amax = -0.022 % (Kiear)® + 1.320 # (Kiear) - 0.261

Because this equation relates anatomical measurements to maximal
photosynthetic rates that were experimentally measured at 370 ppm
CO,, Amax and Ag are nearly identical parameters, despite being derived
from different scaling relationships. Very good congruence in Ag
estimates was achieved for N. ovata from the two alternative methods
using either morphological (Table 2) or anatomical (Table 3) traits lend-
ing confidence to our overall approach.

The resultant Ay estimates for N. ovata (Ag = 16 umol m~2 s~ 1),
M. scheuchzerii (Ap = 13 umol m~2 s~'), D. elongatum (A, =
10 umol m~2 s~ ') and D. odontopteroides (Ao = 10 umol m~2 s~ ')
(Tables 2 and 3) are all substantially higher than the standardized pa-
rameterization of Ag (6 umol m~2 s~ ' ) used in Franks et al. (2014).
We then compared Franks et al.'s paleo-CO, estimates where all 4 pte-
ridosperms were parameterized with Aq values of 6 umol m=2 s~!
(Fig. 2 ‘Franks’) with our revised paleo-CO, estimates after re-
parameterization of Ag with species appropriate values (Tables 2 and
3; Fig. 2 ‘Exp. 3’). The resultant paleo-CO, estimates increased by up to
646 ppm for the Mesozoic and by c. 130 ppm for the Carboniferous
based on these examples.

Results from approach to estimate assimilation rate (Ao) from fossil plant anatomical traits (Dp,) and Kieat for Neuropteris ovata.

Taxon Path length (Dy,; um) Kiear (mmol H,0/(m~2 s~ MPa)) Estimated A,
pmol CO, mm~2s™!
Neuropteris ovata 200 16.11 15.29
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The sensitivity analysis of Franks' model to Ao suggests that the
authors claim that post-Paleozoic CO, was capped in the long-term
below 1000 ppm may be premature. We have shown that many of the
Mesozoic pteridosperms used for input data to run Franks et al.'s
model were assigned with Ag values that are likely too low (some by
up to 100%) and which cannot be justified based on their preserved
morphological and anatomical traits. Re-parameterization of Ag
upwards using fossil vein density (D,) data (Boyce and Zwieniecki,
2012) and published relationships between D, and/or Dy, with A for
extant plants (Brodribb et al., 2007; Brodribb and Feild, 2010; Boyce
and Zwieniecki, 2012) or between Dy, gw(max) and Ag (McElwain et al,,
2015) would raise Mesozoic paleo-CO, estimates well above
1000 ppm. This re-parameterization would also bring fossil plant assim-
ilation rates (A,) calculated as a by-product of the new paleo-CO, proxy
model (Franks et al., 2014) into line with existing (Franks and Beerling,
2009a) estimates of assimilation changes over geological time (Fig. 3).

4. Concluding remarks

Despite the uncertainties discussed, our analysis highlights that the
new mechanistic paleo-CO, proxy of Franks et al. (2014) has significant
potential to derive robust and more accurate CO, estimates from fossil
plant stomata, as long as parameterization of initial conditions in the
model, particularly Ag, are strongly justified with supporting morpho-
logical and/or anatomical data. It also reveals the potential power of
the model to better constrain differences in paleophysiology of cohabit-
ing or coeval fossil species (e.g. Aglaophyton and Asteroxylon). A perhaps
unexpected outcome of the new proxy is that it brings into sharp focus
the need to improve understanding of how productivity of Earth's
vegetation has changed over time through better estimates of fossil
plant carbon assimilation rates from morphological and anatomical
traits such as vein density, vein-to-stomatal path length and gp,.x and
through a more detailed understanding of how well anatomical gn.x
computed from fossils can predict the actual stomatal conductance of
fossil taxa when they were living.
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