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Abstract

C4 plants are major grain (maize, sorghum), sugar (sugarcane) and biofuel (Miscanthus) producers,
and contribute ~20% to global productivity. Plants lose water through stomatal pores in order to
acquire CO; (assimilation, 4), and control their carbon-for-water balance by regulating stomatal
conductance (gs). The ability to mechanistically predict gs and 4 in response to atmospheric CO»,
water availability and time is critical for simulating stomatal control of plant-atmospheric carbon
and water exchange under current, past or future environmental conditions. Yet, dynamic
mechanistic models for gs are lacking, especially for C4 photosynthesis. We developed and coupled
a hydro-mechanical model of stomatal behaviour with a biochemical model of C4 photosynthesis,
calibrated using gas exchange measurements in maize, and extended the coupled model with time-
explicit functions to predict dynamic responses. We demonstrated the wider applicability of the
model with three additional C4 grass species in which interspecific differences in stomatal
behaviour could be accounted for by fitting a single parameter. The model accurately predicted
steady-state responses of gs to light, atmospheric CO, and O», soil drying and evaporative demand,
as well as dynamic responses to light intensity. Further analyses suggest the effect of variable leaf
hydraulic conductance is negligible. Based on the model, we derived a set of equations suitable for
incorporation in land surface models. Our model illuminates the processes underpinning stomatal
control in C4 plants and suggests the hydraulic benefits associated with fast stomatal responses of

C, grasses may have supported the evolution of C4 photosynthesis.
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Mechanistic model, water use efficiency, transpiration, assimilation, time, maize.
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Introduction

C4 photosynthesis is a variant of the conventional Cs photosynthetic pathway and evolved in hot,
open, semi-arid environments to reduce photorespiratory energy losses. Despite being the
photosynthetic type of ~3 % of species, C4 plants contribute over 20 % to Earth's net primary
productivity (NPP, abbreviations listed in Table 1) (Ehleringer et al., 1997). Moreover, maize (Zea
mays, L.), a C4 plant of the NADP-ME subtype, is the leading grain production cereal (FAO, 2012).
C4 photosynthesis is shared between mesophyll (M) and bundle sheath (BS) cells, which are
coupled to allow the operation of a biochemical CO,-concentrating mechanism (CCM) working
through an ATP-dependent carboxylation—decarboxylation cycle (Bellasio, 2017). The CCM
minimizes photorespiration by increasing the CO, concentration in the BS (Cps), where Rubisco is
exclusively expressed, allowing high assimilation (4) at low rates of transpiration (£).
Consequently, Cy4 plants, have higher photosynthetic water-use efficiency (WUE=A/E) compared
with C; plants (Ward et al., 1999; Anderson et al., 2001; Taylor et al., 2011; Cunniff et al., 2016).

Estimating fluxes of carbon and water in and out of plants is important for predicting NPP, and
studying plant responses to past and future environmental change (Ostle et al., 2009; de Boer et al.,
2011; Bonan et al., 2014; Paschalis et al., 2017). The pathway of CO, into the plant through
stomatal pores is the same as that for water vapour out, and plants regulate their carbon-for-water
budget by adjusting stomatal conductance (gs). Stomata respond, not exclusively, to light,
temperature, atmospheric humidity and CO; concentration ([CO,]) and the amount of water
supplied to and within leaves from the soil (Jarvis, 1976). Compared with C; species, Cy4
photosynthesis is more sensitive to changes in gs, leading to increased sensitivity to soil drying if
plant hydraulic conductance (KpLant) is not maintained (Ghannoum, 2009; Taylor et al., 2010;
Volder et al., 2010; Taylor et al., 2011; Osborne and Sack, 2012). It was recently shown that leaf
hydraulic conductivity (KigaF) is a critical bottleneck in the whole-plant hydraulic pathway and that
Ky gar is light-dependent (Sack and Holbrook, 2006; Osborne and Sack, 2012). Because stomatal
movements are sensitive to leaf water status, gs may in turn be influenced by the dynamics of Ky gar
mediated by water availability at leaf level, but these effects have not been quantified. Moreover,
the stomatal and non-stomatal mechanisms governing the sensitivity of C,4 photosynthesis to soil
drying are not well understood and the dynamic feedbacks between soil moisture, gs and 4 are
largely unknown (Wand et al., 1999; Ghannoum et al., 2000; Wand et al., 2001; Ghannoum, 2009).

Leaves continuously experience light- and shade-flecks with large transient variations in incident
light intensity (PPFD) due to changes in cloud cover, or shading by other leaves. Stomata and
photosynthesis continually respond to changes in PPFD, but the timing of stomatal and assimilation
responses is generally not synchronised, because stomatal movements can be an order of magnitude

slower than photosynthetic responses (McAusland et al., 2016). This lack of coordination between
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carbon gain and water loss often results in suboptimal WUE, and photosynthetic losses (Lawson and
Blatt, 2014).

The importance of gs at canopy, ecosystem and global scales is recognised, and models
describing stomatal behaviour coupled to leaf-level biochemical photosynthesis models form a
critical component of vegetation models (Ostle et al., 2009; Berry et al., 2010; Bonan et al., 2014;
Beerling, 2015; Sato et al., 2015). Within vegetation models, 4 is often predicted for C; and C4
plants using sub-models dating from the 1980s (Berry and Farquhar, 1978), which have since been
updated (Yin and Struik, 2009; Yin and Struik, 2015). Photosynthesis models are generally coupled
to stomatal sub-models in order to estimate gs from environmental or internal variables.
Historically, these stomatal models have been almost exclusively empirical or phenomenological,
and are often calibrated under non-limiting conditions (Ball et al., 1987; Collatz et al., 1992;
Leuning, 1995; Damour et al., 2010; Way et al., 2011). Empirical models may lose accuracy the
further the simulated conditions deviate from those under which the models were calibrated (Way et

al., 2011), and cannot provide insight into underlying physiological mechanisms (Buckley, 2017).

Alternatively, gs may be simulated by defining the optimal trade-off between carbon gain and
water use (Givnish and Vermeij, 1976; Cowan and Farquhar, 1977; Damour et al., 2010; Manzoni
et al., 2013; Buckley et al., 2016; Paschalis et al., 2017). So-called optimality models have potential
application beyond plant-level, but lack biophysical underpinning and assume unlimited phenotypic
plasticity in response to environmental drivers, which limits their applicability in modelling plant
responses to atmospheric [CO,] and climate change (de Boer et al., 2011; Manzoni et al., 2013;
Buckley and Schymanski, 2014). In contrast, mechanistic models are underpinned by the
physiological mechanisms of stomatal functioning, but there are currently no such models coupled

with a biochemical model of C4 photosynthesis.

Our objectives were to address three outstanding challenges. First, to develop and extend an
existing process-based framework for modelling stomatal conductance (Buckley et al., 2003;
Rodriguez-Dominguez et al., 2016) to C4 species; second, to enable the resulting model to respond
to dynamic changes in PPFD; and third, to interrogate the model to broaden understanding of
stomatal behaviour in C4 plants. First, we coupled a hydro-mechanical model of stomatal behaviour
with biochemical sub-models for enzyme-limited and light-limited C4 photosynthesis that were re-
derived for this work. Then we developed and included sub-models accounting for CO; diffusion
through a finite mesophyll conductance, non-stomatal limitations, uneven transitions between
limitations to photosynthesis, acclimation of turgor pressure, and the effects of a light-dependent
induction of Kigar on gs. Finally, we introduced time-explicit functions to simulate non steady-state
responses to dynamic environmental stimuli. We calibrated the model with a comprehensive gas
exchange experiment in C4 maize and on three C4 grasses and compared it against published

datasets to explore responses to soil water potential, [CO,], evaporative demand and PPFD.
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Results

Model calibration and output overview

The coupled modelling scheme is depicted in Figure 1 to highlight which quantities are used as
model inputs and which are stated variables used to calculate photosynthetic and stomatal
responses. We derived photosynthetic parameters using data obtained from nine sets of
measurements on maize (Zea mays L., Table 1, see also Table S2, the full dataset is reported in
Supporting Information File S2), and three to eight sets of measurements on three C4 grasses
(Eragrostis curvula, Heteropogon contortus and Themeda triandra, Table S3). Stomatal
movements are driven by both biochemical (ATP) and hydro-mechanical forcing, the latter of
which includes guard cell responses to the water status and turgor of the leaf, which are closely
related to Kppant and Kigar. In the stomatal component of the model, the biochemical driver of
stomatal responses is T, a quantity related to the concentration of ATP in BS and M chloroplasts.
The influence of biochemical factors relative to hydro-mechanical forcing is determined by the

parameter 3, while stomatal morphology is described by .

Below, we describe the modelled response of 4, gs, and key variables in their calculation, to
environmental drivers such as light, [CO,] and soil water potential. We show the modelled dynamic
responses of 4 and gs to transient changes in light intensity that represent leaf exposure to light-
flecks. Finally, we discuss a theoretical scenario in which Kjgar was allowed to vary in response to

PPFD in order to mimic the activation of aquaporins occurring upon transition from dark to light.

Responses to irradiance

Simulated stomatal conductance (gs) and CO; assimilation (4) both increased non-linearly with
PPFD (Figure 2A and C). To simulate PPFD responses, external [CO,], C, was set at 400 umol
mol™ and the simulations were driven by varying PPFD input at 150 discrete increments at which
Cwm was iteratively fitted each time (Figure 1). The simulations compare well with maize data taken
from Bellasio et al. (2016a), (Figure 2, circles), measured under the same C, and at eight PPFD
levels between 30 and 1200 umol m™ s™'. Although here, 4 was overestimated at high PPFD, due to
a lower Jatpmax in the data of Bellasio et al. (2016a). This dataset is ideal for comparison with our
model because the measurements were taken using long acclimation time (>12 min) between PPFD
steps (and C, steps, see below), meaning stomatal responses were likely captured at steady-state.
Stomatal responses were also simulated by coupling the photosynthetic sub-model with the stomatal
sub-model of Collatz et al. (1992), parameterised after Collatz et al. (1992), and shown for
comparison in Figure 2C. The enzyme- and light-limited potential rates of carboxylation [V¢(c) and
V@), respectively] and the concentration of ATP in the BS chloroplasts, t, are used to calculate gs
and 4. V() shows an initial decline with increasing PPFD below ~200 pmol m> s'l, due to the re-

fixation of respired CO,, and remains almost constant thereafter (Figure 2E). In contrast, V()
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Figure 1. Modelling approach and framework. Blue boxes show input parameters/variables.
Dashed boxes encapsulate the light-limited and enzyme-limited models for C,4 photosynthesis
and the purple box represents the hydro-mechanical stomatal model. Photosynthetic photon
flux density (PPFD) and CO; concentration external to the leaf [C,] are inputs to the
photosynthesis models. Electron transport and ATP production rates (Jatp) and [CO:] in
mesophyll (Cw) are fed into the light- and enzyme-limited models. The outputs from the
photosynthesis models are used to calculate chloroplastic ATP concentration, 7. T is used in
the stomatal model along with inputs for soil water potential, Wsqi and evaporative demand,
Ds. The stomatal model also uses other set and fitted variables (e.g. w., ¥B, and KppLant [Se€
Table 1]), along with 1o, which relates to the chloroplastic ATP concentration in the dark and
is calculated from gs in the dark (gso) and Ds in the dark (Dsg). In the model simulations, Cy

is calculated iteratively.

Photosynthesis model

3
5
P‘-—.
e
7=}
=
T
3
3
= B

Stomatal
model

increases non-linearly with PPFD and has a characteristic saturating response dependent on the
response of Jyrp to PPFD (Eqn 8). Because 1, in turn, depends on the ratio of Ve)/Veqy (Eqn 11), it
responds to increasing PPFD with the same saturating trend as V(). The predicted response

patterns and magnitudes of 4, gs, Vc(c), Ve and 1 to increasing PPFD were highly conserved



Figure 2. Responses to incident irradiance (PPFD) of assimilation rate, A (A — B), stomatal
conductance, gs (C — D), and quantities underpinning the calculation of A and gs (E — F) at
21% Os (left) and at 2% Os (right). The model is plotted here against data taken from Bellasio
et al. (2016a) (circles, n=3, all data shown). The model of Collatz er al. (1992) is shown for

comparison in Panel C. In Panels E and F, the bold solid line shows the ATP concentration,

7, the thin solid line the potential enzyme-limited carboxylation rate, V(). and the dashed

line represents the potential light-limited carboxylation rate, Veg,.
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between ambient (21 %) and low (2 %) [O:], in close agreement with data taken from Bellasio et al.
(2016a) (Figure 2B, D and F). The intercellular CO, concentration (Cj, not shown) was initially
high due to respiration, but declined to a minimum of 217 pmol mol™ at a PPFD of 370 pmol m™ s~
! and thereafter followed a gradual increase with PPFD in line with data taken from Bellasio et al.
6
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(2016a) and previous reports (Sharkey and Raschke, 1981). To demonstrate applicability beyond
maize, the model was parameterised with photosynthetic characteristics of three additional Cy4
grasses (Table S3), while interspecific differences in stomatal behaviour were described by
adjusting the combined parameter yf after (Rodriguez-Dominguez et al., 2016). The model
accurately predicted 4 and gs at all PPFDs (Figure S1).

Responses to intercellular CO; concentration

Simulated responses of 4, gs, Vc(c), V) and 1 to increasing C; (Figure 3) in maize were obtained
by varying the C, input at 89 discrete increments, and iteratively fitting Cy at each value of C,,
under a set PPFD of 1200 pmol m™~ s™. Predicted 4 and g, again compared well with data from
Bellasio et al. (2016a), which were measured under the same PPFD as the simulations (Figure 3,
circles), and by setting reference [CO,] at 9 levels between 400 and 10 pmol mol™'. Simulated 4
increased rapidly between a C; of 0 and 100 pmol mol™, due to the C4 CCM, then levelled out at the
PPFD-saturated value, while gs initially decreased quickly as C; approached 150 pmol mol™ before
continuing to decrease more gradually with increasing C; (Figure 3A — D). Between a Cj of 0 and 50
umol mol™, T declined almost linearly, but the rate of decline decreased until it flattened to ~1 mmol
m™ at around a C; of 150 pmol mol™! (Figure 3E). As V(c) surpassed V() at a C; of 90 pmol mol'l,
photosynthesis switched from enzyme-limited to light-limited, and the response of t to Cjthen
decreased more rapidly before levelling out. Stomatal responses simulated with the stomatal sub-
model of Collatz et al. (1992) are shown for comparison (Figure 3C). Because of the low sensitivity
of C4 photosynthesis to [O,], both the simulated and observed responses of 4, gs, V), Vo) and ©
to increasing C; at 2% O, (Figure 3B, D and F) were indistinguishable from those at 21% O,.

Responses to soil water potential

When C, plants experience water limitation, a portion of the overall decrease in 4 is driven by
biochemical limitations, unrelated to stomatal movements, and is generally referred to as non-
stomatal limitation (Ghannoum et al., 2003; Ghannoum, 2009). This is not accounted for by the C,4
photosynthetic model, which overestimates 4 at low Ws; (Quirk et al., under review). Here, we
account for non-stomatal limitations through an empirical correction (Eqn 15), which links the
inputs Vemax, and Jatpmax to Wseil (Figure S3), preserving the ratio between Jatpmax and Vemax.
Because the correction is applied to model inputs, outputs are mutually consistent and can be used
for theoretical and physiological analyses. Simulated responses of 4, gs, Vc(c), Ve and T to
increasingly negative soil water potential, Ws.i (Figure 4) were obtained by varying Ws,; at 257
discrete increments, and iteratively fitting Cy at each value of Wsoi, under a set PPFD of 700 pmol
m? s and C, of 400 umol mol™. As Ws,; started to decrease, simulated gs declined almost linearly,
driven solely by the decrease in leaf turgor. In contrast, 4 was initially light-limited and insensitive
to gs (Figure 4A). As Ws,i continued to decrease, stomatal closure exerted more influence on Ve(c),

7



Figure 3. Responses to intercellular CO» concentration, C; of assimilation rate, A (A — B),
stomatal conductance, gs (C — D), and quantities underpinning the calculation of A and gs (E
—F), at 21% O, (left) and at 2% O (right). The model (lines) is plotted here against data

taken from Bellasio et al. (2016a) (circles, n=3, all data shown). The output of Collatz et al.

(1992) is shown for comparison in Panel C. In Panels E and F, the bold solid line shows the
ATP concentration (1) the thin solid line the potential enzyme-limited carboxylation rate

(Veicy), and the dashed line represents the potential light-limited carboxylation rate (V).
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s causing 7 to rise sharply and the gs response to deviate from near-linearity. When V() declined
1w: below Ve at a Wsoi around —1.3 MPa, 4 became enzyme-limited and began to decrease more

s rapidly with Ws,i. As soil continued to dry the loss of guard cell turgor eventually induced stomatal



Figure 4. Responses to soil water potential, Wsei of assimilation rate, A (A), stomatal
conductance, gs (B), and quantities underpinning the calculation of A and gs (C). The model
(lines) is plotted here against independent data obtained by instantaneous gas exchange
measurements on maize plants in controlled-environment growth cabinets (circles, all data
shown) under a PPFD of 700 umol m~> s, and reference CO; of 400 pmol mol™. The output
of Collatz et al. (1992) is shown for comparison in Panel B. In Panel C the bold solid line
shows the ATP concentration (1), the thin solid line the potential enzyme-limited
carboxylation rate (Vec)), and the dashed line represents the potential light-limited
carboxylation rate (V).
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s closure and gg reached the minimal value of gso (Figure 4B). The predicted response of gsto Wsoil
17 compared well with independent instantaneous measurements (Figure 4A—B, circles). There was

s close agreement between measured and simulated A4 at all values of Wg,i. Stomatal responses



simulated with the stomatal sub-model of Collatz et al. (1992) are shown for comparison (Figure
30).

Responses to evaporative demand (vapour pressure deficit)

The response of gs to water vapour pressure deficit (VPD), represented here by the input term Dg
(the water vapour mole fraction difference between the leaf and air, which is VPD divided by
atmospheric pressure), was simulated by varying Ds and iteratively fitting Cy at each value under a
set PPFD of 750 umol m™” s and four levels of C, (Figure 5A). Stomatal conductance declined
hyperbolically with increasing Dg (as evaporative demand increased), with the response influenced
by C, (Figure 5). At sub-ambient [CO;] of 200 pumol mol'l, gs was more sensitive to Ds, due to
higher levels of T which is itself induced by lower V¢c)/Ve) (not shown). The simulated trends
were in line with the data of Morison and Gifford (1983), measured under the same PPFD of the
simulations. However, Morison and Gifford (1983) showed a higher sensitivity of gs to changes in
VPD, which we partly attribute to growth differences, and partly to the fact that any feed-forward

action of humidity on stomatal movement is neglected in our model (Buckley, 2005).

Dynamic responses to an increase in PPFD

Simulated dynamic responses of 4 and gs to an increase in PPFD from 50 to 1500 pmol m™ s™
compared well with data for maize taken from Chen et al. (2013) (Figure 6). For the experimental
measurements, maize leaves were acclimated at a PPFD of 50 pmol m™ s for at least 10 min
before PPFD was increased to 1500 pmol m™ s (Chen et al., 2013). For the simulations, C, was set
at 400 pmol mol™ and Ds at 10 mmol mol, and then run with a one-second time interval,
simulating the kinetics of Jorp and response of gs dynamically (Equation 16 and 17). Cy was
iteratively fitted at each time point. Assimilation responded immediately to the increase in PPFD,
but took ~10 min to reach steady state (Figure 6A). In contrast, the response of stomata was delayed

relative to 4, reaching steady state after ~15 min (Figure 6B-C).

Leaf hydraulic conductance

Leaf hydraulic conductance (K ear) was found to be light-dependent in dicots (Sack and
Holbrook, 2006) and maize (Kim and Steudle, 2007). The light induction is probably mediated by
an increased transcription of aquaporins (Cochard et al., 2007). Here, we interrogated the model to
assess whether a light-inducible K1 gar would have any effect on gs, mediated by decreased leaf

water availability under low light. We described Kigar induction through a simple Michaelis-

PPFD(KLEAF MAX~KLEAF MIN)
PPFD+KM(KLEAF)

Menten saturating response, as Kj gar = KLgpar MmN T , where Kigar miN 18

the value of Kigar in the dark, Ky gar max is the fully induced value of Kigar and Ky(Kpgar) is the

PPFD at half Kj gar saturation. Kppant Was calculated as K PLANT= 1 . Kstem was assumed
- 1 1

+
KsTEM KLEAF

10
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Figure 5. Modelled response of stomatal conductance, gs to water pressure deficit, VPD —
expressed here as mole gradient (Ds=10VPD) — obtained at four different CO;
concentrations: 200 pmol mol™ (thick solid line), 400 umol mol™ (dashed line), 600 pmol
mol (dotted line), 800 pmol mol™ (thin solid line), under a PPFD of 750 pmol m™ s™', Other

inputs are listed in Table 1.
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not to vary with PPFD, and knowing that p =~ 0.3 p (Sack and Holbrook, 2006), we set a
LEAF PLANT

KLEAF MAX of 40 mmol HQO 1’1’1-2 S-1 MPa'l and a KSTEM of 20 mmol H20 Il'l-2 S-1 MPa'l, so that

KpLant=12 mmol H,O m™ s MPa™! under a PPFD of 2000 umol m?2s?,
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Figure 6. Dynamic responses of assimilation rate, A (A), stomatal conductance, gs (B), and
quantities underpinning the calculation of A and gs (C) following an increase in incident light
intensity, PPFD from 50 to 1500 pmol m? s (vertical grey line). Modelled responses (lines)
were obtained by setting g, = 0.06 mol m3s’, ¥B = 0.39 mol air mmol! ATP s MPa™',
while other inputs are listed in Table 1. The data points (circles) are taken from Chen et al.
(2013) in which maize leaves were acclimated at a PPFD of 50 pmol m™ s™! for >10 min,
before PPFD was increased to 1500 pmol m™ s In Panel C the bold solid line shows the
ATP concentration (1), the thin solid line the potential enzyme-limited carboxylation rate

(Vo)) and the dashed line represents the potential light-limited carboxylation rate (Veq)).
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Firstly, we simulated well-watered conditions with a realistic Krgar Min=0.5 Krgar max (Sack and

Holbrook, 2006). We used three different Ky(Kigar) (mmol m™ s™): a Ky(Kgar)=1 to represent
induction in the dark, Kym(Kpear)=200, which is the most realistic case, and Ky(Kpear)=500 to

represent induction at high PPFD (Figure S2). In each case, the effect on gs was negligible (Figure

12



S3 A). For instance, at a PPFD of 200 pmol m™s™, gs was 0.36 % and 0.6 % lower with a
Km(KpLear) of 200 or 500 pmol m? s than with a Km(KpLgar) of 1 umol m~2 s Inamore stringent
scenario we set K parmin=0.25 K1 par max (Cochard et al., 2007), again, we found that any effect on
gs was negligible (Figure S3 B). For instance at a PPFD of 200 pumol m™ s™ gg was 0.65% and
1.2% lower with a Ky(Kpgar) of 200 or 500 umol m? s than with a Km(Kpgar) of 1 umol m2st.
We finally simulated an extreme case of reduced water availability (Wso=—1 MPa), high
evaporative demand (Ds=50 mmol H>O mol air ") and Ki gar min=0.25 K ear max. Even in this case
the effect on gs was negligible (Figure S3 C). For instance, at a PPFD of 200 pmol m™ s™ gg was
1.9% and 3.5% lower with a Kpm(Kpgar) of 200 or 500 pmol m? s than with a Km(Kpgar) of

1 pmol m™ ™. Overall, the outputs indicate that the light induction of K gar does not substantially
reduce gs mediated by decreased water availability, although we cannot exclude other feedback

mechanisms.
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Discussion

We successfully coupled a hydro-mechanical stomatal model to a newly derived enzyme- and
light-limited biochemical model of leaf-level C4 photosynthesis calibrated for maize and
demonstrated the ability of the resulting model to simulate the behaviour of three additional Cy4
grass species. We establish that in maize, during a transient increase in PPFD (light-fleck), stomata
respond after assimilation, and that slower stomatal responses to light- and shade-flecks can
substantially limit the water use optimality of leaves (see dedicated paragraph below). We also
show that light induction of Kppant does not reduce gs through effects of decreased leaf-level water
availability. Our model allowed accurate simulation of steady-state photosynthetic and stomatal
responses to changes in PPFD in four C4 species, atmospheric [CO;], soil moisture and evaporative
demand (Figures 2-5), as well as dynamic responses to light-flecks following the incorporation of

time-explicit constraints on Jarp and t (Figure 6).

The hydro-mechanical and biochemical rationale underpinning the stomatal model is described
fully in Buckley et al. (2003) and we followed the simplified implementation of Rodriguez-
Dominguez (2016) for wider applicability. In this formulation, any turgor difference or hydraulic
resistance between guard and epidermal cells is neglected and all quantities can be measured except
one combined parameter, xf that can be fitted. The relative simplicity of the modelling approach
and the equations we have derived make them suitable for implementation in larger scale vegetation

modelling.

In the stomatal model, gs is proportional to stomatal aperture, which is in turn governed by
changes in guard cell and epidermal turgor (Franks et al., 1995). The model is based on the
hydroactive feedback hypothesis that passive shifts in guard cell turgor caused by changes in leaf
water balance are amplified by active adjustment of guard cell osmotic pressure in proportion to
leaf turgor. The ultimate result is that g, is proportional to leaf turgor, all else being equal. This
assumption is well supported by experimental evidence and apparently involves leaf-endogenous
ABA synthesis [see Buckley (2017)]. Leaf turgor varies from a maximum (n.), to zero, mediated by
the equilibrium between water demand (Ds and gs) and water supply, dependent on Ws,; and
Kppant. The latter was measured under growth conditions, under a VPD of ~1.7 KPa, and calculated
using operational transpiration measurements made under the same conditions. Around the level of
Kppant found for maize (Table 1), the model was relatively insensitive to variable Kpp ant (Figure
S5). When Kppant Was increased by 30 %, maximum gg decreased by only ~3 %, and vice versa,
however, the specific response to [CO;], PPFD, VPD or Ws,i was not affected. Furthermore, in
simulations using variable KpanT, decreasing water availability under low light did not lower g
(Figure S5). Higher sensitivities were found at lower values of Kpp ant (Figure S5), indicating a shift
from biochemical to hydraulic control over gs, which may occur, for instance, under water stress,

where xylem cavitation causes severe dynamic declines in KppaNT.
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In the model, % scales the strength of the hydroactive loop to the turgor-mediated hydropassive
feedback. Interspecific differences in stomatal responses between maize and three other grass
species were successfully described simply by varying yf. In most angiosperms the hydropassive
feedback has been identified as the main determinant in the regulation of stomatal conductance,
mediated by hydraulic conductance (Buckley, 2005; Brodribb and McAdam, 2017). C4 plants may
have shifted their control of stomatal aperture towards a closer link with photosynthesis driven by
improved water economy. This may allow tighter stomatal control, but requires increased water
supply at leaf level (Quirk et al., under review). The resulting improvement in water relations may
have constituted a key evolutionary driver of C,4 photosynthesis and even of grasses in general [see
below and (Osborne and Sack, 2012; Griffiths et al., 2013)]. In fact, prior to the evolution of Cy it is
well recognised that improved plant hydraulics conferred benefits through the decrease of
interveinal distance and the acquisition of a larger BS (Osborne and Sack, 2012; Griffiths et al.,
2013; Bellasio and Lundgren, 2016).

Steady-state guard cell osmotic pressure is also proportional in the model to T, a quantity related
to the ATP concentration in the BS chloroplast. The quantity T is a measure of the balance between
the light and dark reactions of photosynthesis, capturing stomatal responses to factors that are
thought to be mediated partly by photosynthetic processes (e.g., light and CO,). In our model, 7 is
simulated empirically using a model for mesophyll chloroplastic ATP concentration originally
derived for C; plants by Farquhar and Wong (1984). Tau is predicted through constraints on PGA
reduction, RuBP regeneration and the RPP cycle (collectively, Cs activity), which are valid in Cy4
plants. Here, the Cs activity is shared between the M and the BS chloroplasts (Bellasio and
Griffiths, 2014c; Bellasio, 2017), and t, therefore, collectively describes the energy status of the M
and the BS.

Tau behaves in a manner broadly consistent with evidence suggesting that stomata respond to
some measure of the poise between the supply and demand for energy carriers in photosynthesis
(Wong, 1979; Messinger et al., 2006; Busch, 2014; Mott et al., 2014) — i.e., increasing with PPFD
and decreasing with C;. The use of T as a predictor of stomatal behaviour is empirically based,
which is justified by its capacity to predict parallel events occurring in M or BS chloroplasts, as
well as in guard cells, but no direct connection is implied [for a detailed discussion see (Farquhar
and Wong, 1984)]. Ultimately, the mechanism of the stomatal response is not fully understood
(Buckley, 2017), and it is, therefore, not clear whether the T model faithfully replicates the
mechanistic underpinnings. For example, the T formulation assumes that the potential capacities for
ATP generation and consumption, sensed by the quantities Vg and Ve(c), respectively, are
independent of one another. Realistically, however, the actual rate of Jatp will promptly respond to
a decrease in Cj, mediated by an increase in non-photochemical energy dissipation, while the

activity of light reactions will promptly respond to photophosphorylation levels (Kramer et al.,
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2004; Foyer et al., 2012). Additionally, the T model does not simulate responses to blue light, which
are independent of photosynthesis (Shimazaki et al., 1986), nor the role of starch degradation in
stomatal function (Horrer et al., 2016). Nevertheless, our results suggest that t is a reliable predictor
of stomatal behaviour in C,4 plants, as it has proved to be in many Cs plants (Buckley et al., 2003;

Diaz-Espejo et al., 2012; Rodriguez-Dominguez et al., 2016).

Response to light and shade flecks

The steady-state formulation of the model inherently precludes direct prediction of dynamic
features such as the approach of stomatal conductance to a new steady-state following a change in
PPFD. To overcome this limitation, we extended the model to simulate dynamic responses with a
newly derived framework, which fused the simplicity of the approach of Vialet-Chabrand et al.
(2016) with the rigour of Gross et al. (1991). The principle of this dynamic model is that Jatp
responds instantaneously when PPFD decreases, but with a delay when PPFD increases. Similarly,
stomata will respond to any perturbation with a delay due to the kinetics of adjustment of guard cell
osmotic pressure, but the time constant for that delay can differ between opening and closing
movements (Lawson and Blatt, 2014). The model captures the dynamics of stomatal responses to
light and CO, on the timescale of minutes. Although our formulation does not incorporate the
transient ‘wrong-way responses’ (WWR) of g following changes in leaf water status, we note that
WWR duration varies widely across species (Buckley et al., 2011), and our model may prove
adequate for species with short WWRs. We did not attempt to assess this for maize. In future
studies of photosynthetic efficiency at timescales shorter than one minute [e.g. (Pearcy et al.,
1997)], the explicit calculation of metabolite pools, which have a central role in C4 photosynthesis
(Stitt and Zhu, 2014), will be key. Further, in our simplified day, other daytime factors, which may
influence gs dynamics, like leaf temperature and VPD, as well as circadian rhythms, were not

accounted for.

The dynamic stomatal response following an increase in PPFD typically has three phases, all of
which our model reliably simulated (Figure 6): an induction or lag (up to 10 min), a period of
increasing g, and a plateau (Lawson and Blatt, 2014). Our model suggests the lag phase may result
mechanistically from the lag in ATP production, in line with the conclusions of Barradas and Jones
(1996). The duration of these phases and the speed of stomatal movements have important
implications for NPP and WUE. Crops will experience light- and shade-flecks across the canopy as
a result of changes in cloud cover and solar angle as well as self-shading or shading by
neighbouring plants (Lawson and Blatt, 2014). Lag times reported for C; plants suggest that longer
shade intervals may induce slower stomatal opening upon re-illumination than shorter shade
intervals (Lawson and Blatt, 2014). Our model can account for the duration of shade intervals by
varying the time constants for responses of both stomata and Jartp. During a long shade interval, gs
will more closely approach steady-state closure, but it will also take longer to reach steady-state
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upon re-illumination. Conversely, during a short-lived shade-fleck, gs will remain further from
steady-state closure, enabling stomata to re-open more quickly upon re-illumination. It is also
important to note that, because the modelled stomatal response depends on 1, which is a function of
Jatp, the model predicts that gs will always lag behind photosynthetic acclimation. If this prediction
is correct, then perfect synchronicity between photosynthetic and gs induction dynamics — which
was identified as a desirable target for stomatal manipulation (Lawson and Blatt, 2014) —is

impossible.

To illustrate the broader implications of stomatal response speed we simulated a daytime PPFD
cycle at 10 s resolution, with ten, equally spaced ‘cloud spells’ of 30 min duration and PPFD of
1/15™ that of the “clear sky’ intensity at a given time (other inputs are given in Table 1). The time
constants for stomatal responses were set at three levels that bracketed the kinetics derived for
maize in this study with upper (instantaneous) and lower bounds [values derived for Arabidopsis
thaliana (Vialet-Chabrand et al., 2016)], while the time constants for Jarp responses were kept at
maize physiological levels. Our calculations show that if stomata responded instantaneously to
changes in PPFD, total carbon gain over the day would increase by 8 % (using maize g kinetics) or
9.2 % (using Arabidopsis g kinetics) (Figure 7 I, left), while total water loss over the day would
increase by 11 % (Figure 7 J, left), reducing whole-day WUE by ~3 %, in both cases.

The water savings in the slow-response simulations result from the asymmetry between stomatal
opening and closure. Because stomata take longer to open than close, an opening-closing cycle
results in lower gs on average compared with leaves with stomata that respond instantaneously. An
alternative comparison is to investigate how stomatal response speed influences total daily carbon
gain, while treating total daily water loss as a constraint imposed by the environment, and holding it
equal between simulations. This requires adjusting the overall scale of gg whilst simultaneously
adjusting the time constant for gs responses in order to compensate for the tendency of faster-
responding stomata to result in greater overall water use. We achieved this by iteratively varying the
parameter yf such that the integral of £ over the day was equal across all simulations (Figure 7 J,
right). Although these conditions result in similar daily 4 to those calculated previously (~8 % gain
in 4 for instantaneous responses over both maize and Arabidopsis kinetic parametrisations, Figure
7 1 compare left with right), the lower daily 4 obtained with delayed responses, compared with

instantaneous responses, is now explained entirely by suboptimal temporal patterns of gs.

Water use optimality

Optimality of water use is measured by the marginal carbon gain obtainable for a given marginal
water loss, 0A/OF (the small increase in A that results if stomata are a little bit more open, all other
conditions being equal). A pattern of gs regulation is optimal, in the sense that it maximises total
carbon gain for a given amount of water loss, if 04/0F is constant over a given time interval

[generally a day, but the time span and target value of 04/0F are complex and debated topics, see
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Figure 7. Diurnal profiles of gs, A and the marginal carbon revenue of water use GA/GE for
C,4 maize. Stomatal responses were instantaneous (fasr), with a C4 delay derived for maize
here (delayed), or slow (using Arabidopsis thaliana kinetics). Panel (A) shows PPFD over a
hypothetical day, incorporating a sin rise to peak PPFD of 1800 pumol m? s at midday and
regular shading intervals corresponding to 1/15™ that of the clear sky PPFD. Right-hand line
plots show the same curves on an expanded x-axis scale spanning the 90 min interval around
midday. Panels show responses to PPFD of gs (C - D), A (E - F), and 8A/CE (G — H),
respectively. Integrated total daily A (I) and transpiration, E (J) are shown for each stomatal
response speed when the day integral of E depended on stomatal speed (/Eyaiapie), and when
JE was constrained to equal that of fast stomatal responses ([Eomatisea). GA/GE was calculated
by re-running the model at each time point with a 1%o increase in gs and all other inputs

maintained from the previous run.
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(Buckley et al., 2016)]. The same principle also applies to water allocation between parts of a plant
or a canopy exposed to variable PPFD. Interestingly, 04/OF was more variable in the delayed-
response simulations than in the instantaneous-response simulations, both over the course of the day

(Figure 7 G) and during a light-to-shade fleck (Figure 7 H), indicating that faster stomata were
18



closer to optimality. However, even where stomatal responses were instantaneous, 0A/0F varied
between light- and shade-flecks. This indicates that the stomatal behaviour predicted by our model
is suboptimal, which opens up the intriguing question of whether suboptimal water allocation is an
element contributing to the poor performance of C4 photosynthesis under low light (Sage, 2014).
Further experimental work should aim to test optimality in vivo at the plant or field scale (Buckley
et al., 2014). Further, it may be interesting to see whether C,4 plants have mechanisms to re-
acclimate gg following progressive shading by the overgrowing crop canopy, as was shown for BS
conductance (Bellasio and Griffiths, 2014a, b).

We note that the improved optimality discussed above for C4 maize was associated with a 10
times smaller time constant for stomatal opening responses than for Cs Arabidopsis thaliana
(Vialet-Chabrand et al., 2016). This large improvement may result in part from the dumbell-shaped
guard cells of grasses, which facilitate rapid stomatal movements (Franks and Farquhar, 2007;
McAusland et al., 2016), and in part from C4 photosynthesis itself, which is generally associated
with faster stomatal responses (Knapp, 1993; Franks and Farquhar, 2007; McAusland et al., 2016).
We propose the association between improved hydraulics (discussed above) and faster stomatal
regulation as an important, yet overlooked, driver of the evolution of grasses and C4 photosynthesis
[e.g. (Raven, 2002)]. In an evolutionary context, C4 grasses evolved under high light and declining
CO; in open grasslands characterised by semi-aridity (Osborne and Sack, 2012). Plants exposed to
low CO; reduce the size of stomata, whilst increasing stomatal density (Franks et al., 2012). The
integrated or net lag time of many smaller stomata to reach maximal or minimal aperture was
shown to be shorter relative to fewer larger stomata (Lawson and Blatt, 2014). In this context our
findings further the proposal of Osborne and Sack (2012), that C4 photosynthesis was partly
selected for and co-opted as a water-conserving mechanism, and indicate that quicker responses of

stomata for Cy4 plants relative to Cs plants would confer benefits in 4 and 0A4/0E.
Conclusion

We developed a coupled biochemical and hydro-mechanical model of stomatal conductance for
C4 photosynthesis, and extended it with time-explicit functions allowing prediction of dynamic
responses to environmental stimuli. We calibrated the C4 model using gas exchange measurements
for maize and three C, grass species (Eragrostis curvula, Heteropogon contortus and Themeda
triandra), and validated it against independent datasets. We showed that following a light-fleck,
stomata respond after the assimilation response, not because stomatal responses are inherently slow,
but because the stomatal response is itself functionally dependent on assimilation. We also
demonstrate that the slower stomata are to respond to fluctuations in light, the lower the water use
optimality. We propose that fast stomatal responses, reported for maize and other C4 grasses, may
have contributed to the evolution of C4 photosynthesis mediated by the increase of water use

optimality in open, semi-arid environments. Finally, we showed that light induction of leaf
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hydraulic conductance does not cause any substantial reduction in stomatal conductance mediated
by decreased water availability at leaf level. Overall, the coupled model has clear promise as a
predictive and analytical tool for stomatal research in C4 species, and support (but do not prove) the
hypothesis that the process framework underpinning the hydro-mechanical stomatal model remains
valid for C4 plants. The equations derived for the model are suitable for incorporation in land
surface models and for detailed ecophysiological studies. Combined with the ability to predict
dynamic scenarios, the model has potential for superseding the long-dominant empirical approach

for stomatal modelling.

Materials and Methods

A biochemical model of C4 photosynthesis comprising light- and enzyme-limited formulations,
as well as models of CO, diffusion through stomata and mesophyll, was developed and coupled
with a hydro-mechanical model of stomatal behaviour to yield a steady-state modelling framework
— a schematic overview of which is shown in Figure 1. This framework was augmented with
submodels accounting for non-stomatal limitations, uneven transition between limitations through
the leaf profile, acclimation of turgor pressure under reduced water availability, and time delay
functions to simulate the dynamic behaviour of stomatal responses to environmental stimuli,

particularly fluctuations in light intensity.

The biochemical model of C4 photosynthesis — enzyme-limited

To solve inconsistencies in the published equations, an enzyme-limited C4 photosynthesis model
was newly derived starting from Eqn 4.10, 4.12 and 4.16 in von Caemmerer (2000). Briefly, this
formulation calculates assimilation based on CO; concentration at the M carboxylating sites,

assuming fully activated Rubisco and PEPC, and saturating concentrations of RuBP and PEP, as:

4. =9t JaZ—apr 1
c 2p ;
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aKc 1
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In Eqn 1, 0.047 is a coefficient scaling O, and CO, diffusivity (von Caemmerer, 2000); « is the
fraction of O, evolution in the BS; K¢ and Ko are the Rubisco Michaelis-Menten constants for CO,
and O,, respectively; Ry is the fraction of Ry gyt in the mesophyll (0.5 Ryigut); gss is the fitted BS
conductance to CO, diffusion; y* is half the reciprocal of Rubisco CO,/O; specificity; Cy is
calculated using an M supply function, Eqn 16; Oy is the O, concentration in mesophyll (see Table
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1 for details); Vcmax is the CO,-saturated rate of Rubisco carboxylation; and, finally Vp, the rate of
PEPC carboxylation, was calculated using a Michaelis-Menten equation as:

CmVpmax 2
Cm+ Kp ’

Vo) =
where Vpmax is the maximal rate of PEP carboxylation, and Kp is the PEPC Michaelis-Menten
constant for HCO;3™ (Table 1). The concentration of CO; in the BS was estimated by mass balance of
the M:

_ Vp-A-Ry
Ces(o) = T ome 3

The O, concentration in the BS is:

—_ o 4
Ops = 0.047gps On-
The rate of enzyme-limited Rubisco carboxylation is:

CpsVcmax 5

Ve =
OBsY’
Cps+ Kc(1+ Ko )

and is used to calculate the Rubisco oxygenation rate:

_ OBs
Vo« =Ve(o ZY*C—BS-

Biochemical modelling of C4 photosynthesis — light-limited

Light-limited C4 photosynthesis was modelled after von Caemmerer (2000). Briefly this
formulation assumes that light limits assimilation, mediated by the ATP made available through
photophosphorylation [for more on assumptions see (Bellasio and Griffiths, 2014a, b)]. The total
ATP production rate is assumed to be entirely used by C, activity and Cs activity and split between

those by a parameter, called x, which is assumed constant at 0.4. Assimilation is:

7
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where:
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in which Jarp was calculated from an empirical non-rectangular hyperbola as:
JaTp = Y(Jatp)LL PPFD+/atpMax—v (Y )LL PPFD+/aTPMAX)?—40) aTPMAXY UATP)LL PPFD 8

20
where, Jatpmax is the light-saturated electron transport rate, Y(Jarp)LL is the conversion efficiency

of PPFD into Jatp, and 0 is an empirical factor, defining the curvature (Table 1).



Taken from Eqn 16 and 17 in Bellasio et al. (2016a), the light-limited rate of Rubisco oxygenation

was solved as:

_ (1=x)JaTp—3(A+RiicHT) 9

Vogy = 5

Css () and Ogs (5 were calculated through Eqn 3 and 4 respectively, where Vp;=0.5xJa1p, and,
finally, V¢ () was calculated by inverting Eqn 6, with Vo () calculated through Eqn 9.

The hydro-mechanical model of stomatal behaviour

The hydro-mechanical model used here is a simplified formulation of the model of Buckley ef al.
(2003) following the derivation of Rodriguez-Dominguez et al. (2016). The model assumptions are

described in the Discussion. The model calculates gs as:

xBt (‘I’Soil‘*'ﬂe)) 10

= max
s (950: 1+y B TR Dg

where x[3 is a lumped parameter scaling turgor-to-conductance and the hydro-mechanical-to-
biochemical response; Ws,; is soil water potential; e is epidermal osmotic pressure; T is related to
the ATP concentration in BS chloroplasts; R is the effective hydraulic resistance to the epidermis,
calculated as 1/KppanT; and Ds is the leaf-to-boundary layer H,O mole fraction gradient, a measure
of vapour pressure deficit, VPD. The parameter T encompasses the biochemical components of the
model and is calculated from one of two values depending on the limit to photosynthesis, after
Farquhar and Wong (1984), using output from the enzyme- and light-limited photosynthesis

models:

if v <V
T=1,+ {:C We@eo, 11
J

When assimilation is enzyme-limited, V)<V, Tc is calculated as:

— . —plc© 12
e TPy
where & is the total concentration of adenylates; and p is the concentration of photophosphorylation

sites (Table 1).
When assimilation is light-limited, Vo> Ve, Ty is:

(w22 -1) 13
= Ve VR4’
Veg) Er

where Vg is the potential RuBP pool size and Er is the total concentration of Rubisco carboxylating
sites (Table 1).

The basal level of ATP activity due to other metabolic processes including mitochondrial
respiration is defined as to. Here, we calculated to, based on the gas exchange data, by inverting
Eqn 10:
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where gso (mol m™ s™) is stomatal conductance measured in the dark; and Dsy is the evaporative

demand measured in the dark, and Wsoiy is the corresponding Vs, (here, 0 MPa).

Non-stomatal limitations

The biochemical model described above assumes that photosynthetic potential is maintained
regardless of plant water status. Although, it is well-known that C4 plants respond to decreasing
Wsoit With an overall downregulation of photosynthetic activity, through processes collectively
referred to as non-stomatal limitation. These include source-sink feedbacks, reduced supply of
substrates to carboxylases, limitations imposed by the diffusion of metabolites between M and BS,
and a downregulation of photosynthetic potential (Vemax, Vemax and Jatpmax). Here, for simplicity
we combine these limitations and describe them as a downregulation of Veymax and Jatpmax using
an attenuating function from Osborne and Sack (2012):

Parameteryax 15

Parameter = T th
c

1+e
where Parameteryax may be Vemax or Jatpmax fitted under well-watered conditions, b is the water
potential when Parameter=0.5 Parameteryax, which we set to equal osmotic pressure at full
watering (—1.2 MPa), while ¢ defines the shape of the sigmoidal curve and was set at 0.5; outputs

are shown in Figure S4. In the simulations where Ws, is constant, Parameter=Parameteryax.

Combining the submodels

The original model of von Caemmerer (2000) assumes a discrete ‘jump’ at the point
corresponding to the transition between light-limited and enzyme-limited assimilation. Buckley et
al. (2016) noted that, realistically, this transition would be smooth and occur at different Cy
depending on the position of the chloroplasts through the leaf profile. Here we describe the

smoothed relationship (4Amop) in terms of a non-rectangular hyperbola as:

Ac+ 4y —\/(AC+ 4))" —40,44c4 16
Amop = 6 ;
A
where 6,4 was set at 0.93. A set of equations to simulate all the key photosynthetic quantities,
consistent with Eqn 16, is reported in Supplementary Information Note S1.
Mesophyll CO, concentration, Cyy, is:
Cy = C; — Mo 17

Im
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where C; = C, — A’;'ﬂ, and gy is mesophyll conductance to CO; diffusion (Tablel). Seed values of
S

Cwm were used to calculate Eqn 1, 2, and 7, and then iteratively fitted to Eqn 17 with gs calculated
through Eqn 10 (see Figure 1).

Dynamic stomatal responses

One important factor for stomatal dynamics has been identified as the delay to reach a steady-
state stomatal aperture after a change in PPFD (Lawson and Blatt, 2014). Here, stomatal dynamics
were accounted for by describing the time dependence of Jatp and T with a set of recursive

equations analogous to Vialet-Chabrand et al. (2016):

T-Tt—1

- Kj
Tg =T T {r-ré_l
Kq

if te—q1<t 18

ki
else

where 1, and T are the values at the time step ¢ or at the previous step #-1; 7 is the steady state value

(Eqn 11), Kj and Kj are the time constants for an increase and decrease in gs, respectively.
Similarly, we write:

JaTP ~JATP t— .

JATP t=JATP t-1 +ATPK—?TPH if Jarp t-1<JaTP 19
Jatpt=JaTP else ’

where Kj is the time constant for an increase in Jatp, Jarpt and Jatpe.; are the values at the time step ¢

or at the previous step #-1; Jarp is the steady state value (Eqn 8).

Plant growth conditions, leaf measurements and model parameterisation

Zea mays L. (F1 Hybrid PR31N27, Pioneer Hi-bred, Cremona, IT), Eragrostis curvula,
Heteropogon contortus and Themeda triandra plants were grown in 2.5 dm® pots filled with three-
parts commercial loam-free top soil (Boughton Ltd. Kettering, UK) plus one-part John Innes No.3
compost (John Innes Manufacturers Association, Reading, UK). Plants were grown in controlled-
environment growth rooms (BDR16, Conviron Ltd, Winnipeg, Canada) with a 14-hr photoperiod of
700 (maize) or 350 (grasses) umol m?s"! PPFD Light was provided from a 3:1 mix of 39 W
white-fluorescent tubes (Master TLS, Philips, Eindhoven, Netherlands) and 39 W red-blue
fluorescent tubes (Grolux TS5, Havells-Sylvania, Newhaven, UK), augmented with six 105 W
halogen light bulbs (GLS, Havells-Sylvania). Air temperature was 27 °C / 18 °C (day / night) and
relative humidity was 70 % / 50 % (day / night). Plants were manually watered every one-to-three

days to provide variation in soil water availability over natural wetting and drying cycles.

To determine transpiration (£), assimilation (4) and gs under operational growth conditions,
instantaneous leaf gas exchange at midday was measured within the growth chambers on young,
fully expanded leaves under a PPFD of 700 (maize) or 350 (grasses) pmol m™ s, and reference
[CO,] of 400 pmol mol" with an infra-red gas analyser (IRGA, LI6400XT, LI-COR, USA), fitted



with a 6400-40 leaf chamber fluorometer for maize and a red-blue LED light source (6400-02B, LI-
COR Biosciences) for the three C,4 grass species (Bellasio et al., 2016b). Leaf water potential at
midday (Wmp) and midnight (Wwmn) (a proxy for soil water potential, Wsoi) were measured on the
apical portion of fully light exposed leaves cut the day and night following instantaneous gas
exchange measurements with varying time since last watering to yield measurements at a range of
soil water availability. Leaf water potential was measured using a pressure chamber (PMS
Instrument Company, Model 1000, Albany, USA). Plant hydraulic conductance (KppanT) Was
calculated as FAYvn—Ywmp) (Fini et al., 2013).

Photosynthetic response curves (an A-C; and A-PPFD curve under ambient (21 %) and low (2 %)
O, (maize only) were measured at the bench in a randomised order on n =9, 8, 5 and 3 (maize,
Eragrostis Heteropogon and Themeda, respectively) plants. Primary gas exchange data were

corrected for CO, diffusion (Boesgaard et al., 2013) as:

A = Photo + 224%0-%) 19
100 Area

where Photo is the uncorrected assimilation as calculated by the LI-COR software, 400 is the
external CO; concentration, C, is the CO, concentration in the cuvette, and Area is leaf area within
the cuvette: 2 cm” (maize) or 6 cm® (grasses). C; was recalculated using A calculated with Eqn 19.
Diffusion-corrected data are reported in Supporting Information File S2. Data were analysed
following the 13-step protocol of Bellasio et al. (2016a) to derive a suite of photosynthetic
parameters (Table 1, and Table S2).

To parameterise the model, ggs, Jatpmax, Ruicut, Vemax, 0, and Y(ATP)r 1 were derived through
the analysis described above (Table 1 and S3); Vemax 1s not well constrained by gas exchange
(Pinto et al., 2014), and for maize was taken from von Caemmerer (2000), or calculated as
Jatrmax/4 (grasses); Kc, Ko, and Kp were taken from Ubierna et al. (2016); gm was taken from
Barbour et al. (2016), Oy was assumed to equal ambient [O,]; gso and Dgo were averaged from
measurements taken in the dark; Vz was set at 150 mmol m™ after Farquhar and Wong (1984); p
and E; were set at the values reported in Farquhar and Wong (1984); a, was initially set at the values
reported in Farquhar and Wong (1984) and then empirically adjusted (—30%) such that the output
from Eqn 10 fitted observations at low C; (Fig 3C); ne was linked to Ws,; through a simple linear
relationship, me= 1.2 - 0.4 Wi, derived by liner regression of data from Sharp and Davies (1979).
When responses were simulated under well-watered conditions, Wsoi; was set at 0 MPa. We derive y
and [ as a single quantity, y after Rodriguez-Dominguez et al. (2016). f is dependent on stomatal
morphology, which is in turn under environmental control (Franks and Farquhar, 2007), and we
consequently expect ¥ to differ between species and respond to environmental growing conditions.
¥B was initially set at the values reported in Buckley et al. (2003) and then empirically adjusted
such that the output from Eqn 10 fitted observations at high PPFD (for maize Figure 2 C, for

grasses Figure S3 A, B and C). The time constants defining increases and decreases in gs (K, Kq) or

7
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increase in Jatp (Kj) were derived through curve-fitting with the dataset reported in Figure 6. For
clarity and simplicity the fitting described in this paragraph was done by manual adjustment,
avoiding automated routines. All model parameters and values are listed in Table 1 and S3

(grasses).
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