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Abstract15

Empirical studies have shown that plant photosynthetic responses to environmental change16

can vary over time due to acclimation, but acclimation responses are often not included17

in Earth System Models. Photosynthetic least cost theory can be used to develop mod-18

els of photosynthetic acclimation that are simple and testable. The theory is based on19

the idea that, optimally, plants will acclimate to maintain the fastest rate of photosyn-20

thesis at the lowest water and nutrient use. Formulations of this theory have been de-21

veloped for C3 plants, but not C4 plants, which account for over 20% global photosyn-22

thesis and are over-represented among widely grown crops. Here, we use photosynthetic23

least cost theory to derive a model for C4 photosynthetic acclimation to above-ground24

abiotic conditions. We then compare our model’s responses to a similar model of C3 pho-25

tosynthetic acclimation and find that C4 photosynthesis has the highest simulated ad-26

vantage over C3 photosynthesis in hot, dry, and low CO2 environments. We find that27

this advantage predicts C4 abundance globally, but that the shallower CO2 response of28

C4 as compared to C3 photosynthesis will reduce C4 plant competitiveness under future29

conditions, despite higher temperatures. We also show that an acclimated model pre-30

dicts similar or faster rates of C4 under all conditions than a model that does not con-31

sider acclimation, suggesting that Earth System Models (ESMs) are underestimating fu-32

ture C4 carbon uptake by not including acclimation. Our model is designed for easy in-33

corporation into such ESMs.34

Plain Language Summary35

Plants change their rate of photosynthesis in response to their environment. Their pho-36

tosynthetic rates can change minute to minute based on the quick changes in their en-37

vironment, but they can also change over much longer time scales as the plants become38

accustomed to a new environmental condition. This long term regulation of photosyn-39

thesis is termed acclimation. When we predict how plants will behave into the future40

we must take acclimation into account so that we can more accurately predict the fu-41

ture carbon, water, and nutrient cycles. Previous studies have developed mathematical42

models of photosynthetic acclimation for some, but not all, plants. One understudied43

group of plants that lacked an acclimation model were the C4 species, a subtype of plants44

often found in deserts and other arid environments, but one that also include important45

agricultural crops such as maize. In this study we develop a theoretical model of pho-46

tosynthetic acclimation for C4 species, and show that the model yields expected results47

based on where C4 plants currently grow. Our model can improve predictions of carbon,48

water, and nutrient cycling in larger Earth System Models.49

1 Introduction50

Current Earth System Models (ESMs) are highly sensitive to the representation of pho-51

tosynthetic processes and their response to environmental conditions (Booth et al., 2012).52

These models commonly predict photosynthetic process rates based on instantaneous re-53

sponses (i.e., seconds to minutes) (Smith & Dukes, 2013). However, decades of empir-54

ical studies have shown that plants adjust their responses when subjected to longer-term55

(days to weeks) changes in environmental conditions, due to acclimation (Boardman, 1977;56

Berry & Bjorkman, 1980; Bazzaz, 1990; Dusenge et al., 2019; Yamori et al., 2014; Smith57

& Dukes, 2013; Way & Yamori, 2014). Previous studies have shown that including C358

photosynthetic acclimation alters biophysical and biogeochemical feedback in ESMs (Smith59

et al., 2017, 2016; Lombardozzi et al., 2015; Mercado et al., 2018; King et al., 2006; Kattge60

& Knorr, 2007; Thornton et al., 2007a; Friend, 2010; Zaehle & Friend, 2010). However,61

there is no acclimation model for plants that use the C4 photosynthetic pathway.62

Photosynthetic acclimation has been observed for C4 species (Dwyer et al., 2007; Smith63

& Dukes, 2017; R. F. Sage, 1999; Bellasio & Griffiths, 2014; Yamori et al., 2014), and64
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may occur through changes in both stomatal (Maherali et al., 2002; Bellasio & Griffiths,65

2014) and biochemical (Smith & Dukes, 2017; R. Sage & Kubien, 2007) processes. How-66

ever, it is essential to note that these acclimation responses may differ from those ob-67

served in C3 species (Maherali et al., 2002; Yamori et al., 2014). For instance, the mes-68

ophyll cells of C4 leaves contain phosphoenolpyruvate carboxylase (PEPc), which cap-69

tures incoming CO2 and shuttles carbon to ribulose-1,5-bisphosphate carboxylase/oxygenase70

(RuBisCO) in specialized bundle sheath cells (Kanai & Edwards, 1999). The high con-71

centration of carbon shuttled to the bundle sheath cells increases the relative amount72

of carboxylation versus oxygenation that RuBisCO performs (Kanai & Edwards, 1999).73

Because of this specialized anatomy, C4 species operate at lower stomatal conductance74

rates than C3 species and show a reduced sensitivity of photosynthetic processes to CO2,75

temperature, and vapor pressure deficit (R. F. Sage, 1999). High CO2 concentrations in76

the bundle sheath and the Kranz anatomy partially explain dampened acclimation re-77

sponses in C4 species (Yamori et al., 2014; Maherali et al., 2002; R. F. Sage & McKown,78

2006). However, there are not many experimental comparisons available in the litera-79

ture.80

In complement to empirical studies, theoretical models of photosynthetic functioning can81

help elucidate the mechanisms underlying environmental responses (Collatz et al., 1992;82

Ehleringer et al., 1997; Wang et al., 2017; Zhou et al., 2018; G. D. Farquhar et al., 1980;83

Collatz et al., 1991). Classic work has used these models to compare simulated photo-84

synthetic rates of C3 and C4 species under varying environmental conditions as a way85

of explaining geographic patterns in the abundance of species utilizing different photo-86

synthetic pathways (Ehleringer et al., 1997). Other studies have used acclimation mod-87

els to predict historical ranges of C4 plants at geologic timescales (Zhou et al., 2018). These88

studies have confirmed C4 advantages in warm, arid, high light, and low CO2 environ-89

ments. However, these studies have either omitted acclimation (Ehleringer et al., 1997)90

or only included simplified empirical representations (Zhou et al., 2018). The recent de-91

velopment of theoretical models for C3 photosynthetic acclimation (Wang et al., 2017)92

presents the opportunity to perform similar theoretical comparisons between C3 and C493

species while accounting for acclimation with the complimentary development of a the-94

oretical model for C4 photosynthesis.95

Here, we develop a novel theoretical model of C4 photosynthetic acclimation to above-96

ground environmental conditions. The model is based on the least-cost theory of pho-97

tosynthesis (Wright et al., 2003), extending the original theory based on C3 species to98

C4 species. At its core, the least-cost theory suggests that, optimally, plants should ac-99

climate under average environmental conditions such that they perform the fastest rates100

of photosynthesis at the lowest resource cost. The primary resource costs are water and101

nutrients to support transpiration and photosynthetic biochemistry, respectively. We de-102

velop the model using a similar approach to Wang et al. (2017) and use it to predict ac-103

climated values for intracellular CO2, photosynthetic biochemistry, and photosynthesis104

of C4 leaves under varying environmental conditions.105

We use the theoretical model to compare responses to environmental conditions in leaves106

under acclimated and non-acclimated conditions to explore potential impacts the model107

might have on carbon uptake if included in an ESM. We also replicate classical theoret-108

ical competition experiments (Ehleringer et al., 1997) to explore the conditions under109

which C4 species have greater carbon assimilation rates than C3 species.110

2 Methods111

We developed this theoretical model of C4 photosynthetic acclimation by combining the112

coordination theory of photosynthetic biochemistry (Maire et al., 2012; Chen et al., 1993)113

and the least-cost hypothesis of stomatal conductance (Prentice et al., 2014; Wright et114

al., 2003). The primary assumption is that, optimally, acclimated plants will maintain115

the highest carbon gain at the lowest water and nutrient use. Figure 1 shows a schematic116

representation of the model. The least-cost hypothesis predicts the optimal ratio of in-117
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Figure 1: Schematic representation of the main features of the acclimated C4 model.
CO2 diffuses into the mesophyll cell, where it is fixed into a C4 acid by PEPc at the rate
of Vpmax. The C4 is concentrated in the bundle sheath at the rate of gbs, where it is un-
packaged, and fixed by RuBisCO at the rate of Vcmax. The rate of the electron transport
chain (Jmax) limits PEP and RuBP regeneration. Arrows indicate the path of molecule
diffusion.

tercellular CO2 (Ci) to atmospheric CO2 (Ca), referred to here as χm. We then use χm118

to estimate the concentration of CO2 in the mesophyll cell (Cm) and the bundle sheath119

cell (Cbs). These CO2 concentrations, along with the growing season conditions of light120

available for photosynthesis (photosynthetically active radiation, or PAR) and temper-121

ature, serve as inputs to calculate the maximum rates of carboxylation by PEPc (Vpmax)122

and RuBisCO (Vcmax) as well as electron transport (Jmax). First, we present a theoret-123

ical model to estimate χm, parameterized with a worldwide data set of isotope discrim-124

ination in C4 plants. We then describe how we use the coordination theory to predict125

optimal Jmax, Vpmax, and Vcmax.126

–4–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

2.1 Optimal Cm Calculation127

We developed a modified version of the C3 least-cost model from Prentice et al. (2014)
for C4 plants to calculate the partial pressure of CO2 present in the mesophyll cells (Cm

(Pa)). We calculate Cm as a fraction of atmospheric CO2 (ca (Pa)).

Cm = χmca (1)

χm is the ratio of atmospheric to mesophyll CO2, we define it as:

χm =
ξ

ξ +
√
D

, where ξ =

√
βKp

1.6η∗
(2)

where D is the vapor pressure deficit (Pa), Kp is the Michaelis-Menten constant for for128

PEPc (Pa), and η∗ is the viscosity of water relative to its value at 25 °C (η∗ = η/ηref ;129

unitless).130

The value β (unitless) in equation 2 is the ratio (b/a) of dimensionless cost factors for131

maintaining carboxylation (b) to maintaining transpiration (a). We use a value of 166132

for β, which was fit using a wold-wide data set of carbon isotope discrimination values133

for C4 species (Cornwell et al., 2018). This β value is in contrast to the β value for C3134

plants, 240 (Wang et al., 2017).135

Here, we assumed that the mesophyll conductance (the movement of CO2 from the in-136

tercellular spaces to the mesophyll cell) was 1. As such, Cm was equal to the intercel-137

lular CO2 (Ci).138

For the full derivation of 2, see the supplemental information.139

2.2 Coordination Hypothesis140

The rate of C4 photosynthetic assimilation (A) is the minimum value of possible pho-
tosynthetic rates limited by different factors (Von Caemmerer & Furbank, 1999; Von Caem-
merer, 2000; Collatz et al., 1992). The three primary limiting rates for C4 photosynthe-
sis are: (1) electron transport rate-limited photosynthesis (AL), limited by enzymes that
use PAR to drive the electron transport chain that regenerates PEP and RuBisCO, (2)
PEPc limited photosynthesis (AP), limited by the rate of carboxylation by PEPc, and
(3) RuBisCO limited photosynthesis (AC), limited by the rate of RuBisCO carboxyla-
tion. The rate of photosynthesis (A) in C4 plants can be represented as:

A = min{AL, AP , AC} (3)

The coordination hypothesis states that under acclimated conditions, optimal leaf bio-
chemistry will lead to equal rates of (AL), (AP), and (AC) or

AL = AP = AC (4)

These three rates vary independently from one another based on above-ground environ-
mental conditions, including PAR, temperature, CO2, and vapor pressure deficit (VPD),
allowing us to derive optimally acclimated biochemical rates under different acclimated
conditions. To do this, we calculated AL as in Smith et al. (2019):

AL =
φImω∗

8θ
(5)

where

m =
Ci − Γ∗

Ci + 2Γ∗ (6)

and

ω∗ = 1 + ω −
√

(1 + ω)2 − 4θω (7)
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and

ω = −(1− 2θ) +

√
(1− θ)

(
1

4c
m (1− θ 4c

m )
− 4θ

)
(8)

where I is the incident photosynthetically active photon flux density (µmol m-2s-1), θ
is the curvature of the PAR response curve, assumed to be 0.85 (unitless), and φ is the
realized quantum yield of photosynthetic electron transport (mol mol-1). Γ∗ is the pho-
torespiratory CO2 compensation point (calculated below in equation 10). For the cal-
culation of ω, we assumed the non-varying parameter c, defined as the derivative of AL

with respect to the maximum rate of electron transport (Jmax), to be equivalent to the
standard value for C3 species, 0.053 (Smith et al., 2019). φ is itself dependent on tem-
perature and was simulated as in Bernacchi et al. (Bernacchi et al., 2003):

φ = −0.0805 + 0.022T − 0.00034T 2 (9)

which corresponds to a φ value of 0.257 at 25 °C, as has been found for C3 plants (Smith
et al., 2019). There is evidence that the φ25 value may be significantly higher in C4 species
(Oberhuber & Edwards, 1993; Krall et al., 1991), though a single reference value is not
widely used currently. The value used for the intercept term of equation 9 does not im-
pact the predicted environmental responses. Γ∗ varies with temperature according to:

Γ∗ = Γ∗
25 exp

[
∆Ha(g)

R

(
1

298.15
− 1

T

)]
(10)

where Γ∗
25 is 2.6 Pa at sea level, determined by using the definition Γ∗

25 = γ∗Om, where141

γ∗ is half the reciprocal of RuBisCO specificity, 0.000193 (Von Caemmerer, 2000). ∆Ha(g)142

is 37830 J mol-1, T is the acclimated leaf temperature in Kelvin, and R is the ideal gas143

constant (Bernacchi et al., 2001).144

AP is typically defined using the standard Michaelis-Menten equation of enzyme kinet-
ics:

AP =
VpmaxCm

Kp + Cm
(11)

where Vpmax is the maximum rate of PEPc carboxylation (µ mol m-2 s-1), Kp is the Michaelis-
Menten constant for PEPc (Pa), and Cm is the concentration of CO2 at the site of car-
boxylation, the mesophyll chloroplast (Pa). Kp is dependent on temperature in the fol-
lowing manner:

Kp = Kp(25) exp

[
∆Ha(p)

T − 298.15

298.15RT

]
(12)

where Kp(25) is equal to 60.5 µmol mol-1 and ∆Ha(p) is equal to 27.2 kJ mol-1 (Boyd et
al., 2015). Using equation 5 and 11, we can solve for optimal Vpmax as:

Vpmax =
φImω∗

8θ

Kp + Cm

Cm
(13)

AC can also be defined using the Michaelis-Menten equation:

AC =
Vcmax(Cbs − Γ∗)

Kc(1 +Obs/Ko) + Cbs
(14)

Kc is the Michaelis-Menten coefficient of RuBisCO’s carboxylation activity (Pa) and Cbs

is the concentration of CO2 at the carboxylation site, the bundle sheath cell (Pa). Kc

responds to temperature as follows:

Kc = Kc(25) exp

[
∆Ha(c)

T − 298.15

298.15RT

]
(15)

Where Kr(25) is equal to 121 Pa, and ∆Ha(c) is equal to 64.2 kJ mol-1 (Boyd et al., 2015).145
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The Michaelis-Menten coefficient of RuBisCO’s oxygenation acitivity, Ko (Pa) responds
to temperature as well.

Ko = Ko(25) exp

[
∆Ha(o)

T − 298.15

298.15RT

]
(16)

Where Ko(25) is equal to 29.2 kPa, and ∆Ha(o) is equal to 10.5 kJ mol-1 (Boyd et al., 2015).146

Cbs can be estimated as a function of mesophyll processes because the bundle-sheath is
a semi-closed system and dependent on the mesophyll for the supply of CO2 in the form
of C4 carboxylic acids. Thus, we can express Cbs mathematically as:

Cbs = L+ (gbs ∗ Cm) (17)

where Cbs and Cm are CO2 concentrations in µ mol m-2, gbs is a constant 3 mmol m-2

s-1 (Von Caemmerer, 2000), and L is leakage in µ mol m-2 s-1. We defined leakage as a
fraction of photosynthetic assimilation:

L = l ∗AL (18)

where l was assumed to be non-varying, and we adopted a value of 0.01. We used equa-147

tion 5 to calculate the value for AL.148

For direct comparison to trends seen in χm, we calculated the ratio of bundle sheath to
atmospheric CO2 as:

χbs = Cbs/Ca (19)

We solved for optimal Vcmax substituting the AL from 5 for AC in 14, yielding:

Vcmax =
φImω∗

8θ

Cbs +Kc(1 +Obs/Ko)

Cbs − Γ∗ (20)

The optimal maximum rate of electron transport (Jmax; µ mol m-2s-1) is calculated as
in Smith et al. (Smith et al., 2019) as:

Jmax = φIω (21)

2.3 Parameterization of the Model149

The free parameters in the theoretical model were defined based on empirical data (Ta-150

ble 1). Where possible, these were defined using data from C4 species.151

2.4 C3 Comparison152

We compared simulated photosynthetic rates from the C4 acclimation model to an anal-153

ogous C3 presented in Smith et al. (2019) as updated in (Smith & Keenan, 2020) (model154

code available at DOI: 10.5281/zenodo.3874938). Both models rely upon the coordina-155

tion hypothesis; however, in the C4 model, there are three possible limiting rates, while156

the C3 model has only two (AP is unique to the C4 model). While some parameters, such157

as those for AL, are identical between the two models, others differ, though they are present158

in analogous equations. See table 1 for a full list of parameters with their respective C3159

and C4 values.160

In addition to comparing absolute values of assimilation rates, we also determined the
difference between the rates as a percent of the C3 level (∆A):

∆A =
AC4
−AC3

AC3

∗ 100 (22)

AC3 and AC4 are the simulated rates of photosynthesis via the C3 and C4 pathways re-161

spectively. We made these comparisons across multiple CO2 (200-1000 ppm), temper-162

ature (1-40 °C), PAR (0-1000 µmol m-2 s-1), and VPD values (1-8 kPa). In all cases,163

non-varying conditions were kept constant at standard conditions (CO2 = 400 ppm, tem-164

perature = 25 °C, PAR = 800 µmol m-2 s-1, and VPD = 1).165
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Table 1: Photosynthetic Parameters (at 25°C) used in the model. The C3 values are those
that were used in the analogous C3 model (Smith et al., 2019)

Parameter C4 Value Unit Reference Equation C3 value

Θ 0.85 unitless G. Farquhar and Wong (1984) 7 & 8 0.85
c 0.053 unitless Smith et al. (2019) 4 0.053

Γ∗
25 2.6 Pa - 10 4.332

∆Ha(g) 37830 J mol-1 Bernacchi et al. (2001) 10 37830
Kp(25) 60.5 µmol mol-1 Boyd et al. (2015) 12 -
∆Ha(p) 27.2 kJ mol-1 Boyd et al. (2015) 12 -
Kc(25) 121 Pa CO2 Boyd et al. (2015) 15 41.03
∆Ha(c) 64.2 kJ mol-1 Boyd et al. (2015) 15 79.43
Ko(25) 29.2 kPa CO2 Boyd et al. (2015) 16 28.21
∆Ha(o) 10.5 kJ mol-1 Boyd et al. (2015) 16 36.38
gbs 3 mmol m-1 s-1 Von Caemmerer (2000) 17 -
l 0.01 unitless - 18 -

2.5 Model Comparison to Global Relative C4 Abundance166

To estimate how well our model predicted observed patterns of C4 species abundance,167

we predicted ∆A values globally and compared these values to relative abundance data168

from the International Satellite Land-Surface Climatology Project (Still et al., 2009). The169

data set estimates the percentage of vegetation (0-100) with the C4 photosynthetic path-170

way. The data set is global, divided into 1° grid cells. For the comparison, we selected171

cells that fell within grasslands, open shrublands, savannas, and woody savannas, as de-172

fined by the MODIS Land Cover Type Product MCD12Q1 International Geosphere-Biosphere173

Programme (IGBP) legend and class descriptions (M. Friedl, 2015). These land cover174

types were selected because they each had high values of C4 dominance. We fit a linear175

regression with ∆A as the dependent variable and the percentage of C4 vegetation as176

the independent variable. We calculated Pearson’s correlation coefficient to assess the177

strength of the relationship between our predicted ∆A value and the C4 percent cover-178

age.179

2.6 Instantaneous Model180

To compare the acclimated response to the unacclimated instantaneous response, we de-181

veloped a second model without acclimation. This instantaneous model used the same182

parameters and core equations, but with static values for χm, χbs, Jmax, Vpmax, and Vcmax.183

The values used were those predicted from the acclimated model under standard con-184

ditions (temperature = 25 °C, CO2 = 400 ppm, PAR = 800 µ mol m-2 s-1, elevation =185

0 m ASL, and VPD = 1 kPa). We compared acclimated and unacclimated photosyn-186

thetic rates across a range of CO2 (200-1000 ppm), temperature (1-40 °C), PAR (0-1000187

µ mol m-2 s-1), and VPD0 values (0-8 kPa). In all cases, non-varying conditions were188

kept constant at the standard conditions listed above.189

3 Results190

3.1 Optimal photosynthesis-environment responses191

In response to increased temperature, our theory predicted an increase in χm (Figure192

2). Two factors contributed to the increase: an increase in the Michaelis Menten con-193
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stant of PEPc (Kp) and a decrease in the viscosity of water (Equation 2). Increased VPD194

resulted in a non-linear decrease in χm directly due to D’s presence in equation 2. Changes195

in CO2 and PAR did not impact χm, as these conditions are not part of the theoreti-196

cal equation (Equation 2).197

The χbs value is coupled to mesophyll activities, as seen in equation 18. Therefore, χbs198

values do not follow the same patterns as χm (Figure 2). Not reflected in the scaled val-199

ues in Figure 2, χbs has much higher absolute values (approx. 600% percent higher at200

standard conditions) under all conditions due to the carbon concentrating mechanism.201

In response to increased temperature, χbs increased non-linearly and eventually decreased202

at high temperatures. χbs increased linearly with PAR, in contrast to the lack of response203

to χm. This is seen because of the linear dependence of AL on PAR as seen in equation204

5 effects χbs in equation 18. χbs decreases non-linearly with CO2 as Cm is increasing and205

AL is unchanged. χbs decreases non-linearly with increasing VPD, driven by the decrease206

in Cm with VPD (Equations 1 & 2).207

Predicted optimal Jmax increases with temperature, PAR, and CO2, and decreases slightly208

with VPD (Figure 3). The non-linear increase with temperature is due to the simulta-209

neous increase of φ and Γ∗ (within the ω term), which control Jmax values linearly in equa-210

tion 21. The linear increase with PAR is predicted in equation 21. Unlike the other bio-211

chemical processes, Jmax increases very slightly with CO2. Finally, Jmax decreases with212

VPD due to decreases in Cm within the ω term (Equations6 and 8).213

The model predicts an increase in Vpmax with temperature and PAR (Figure 3). As noted214

in equation 12, the Michaelis-Menten constant, Kp is temperature dependent, as is φ (Equa-215

tion 9). As both are present in the numerator of equation 13, Vpmax increases with tem-216

perature. Vpmax increased linearly in response to PAR, as a result of a linear increase217

in AL. Vpmax decreased in response to increasing CO2 levels, as more CO2 allowed for218

downregulation of PEP carboxylation necessary to equate AL and Ap. The model pre-219

dicted a slight, non-linear, increase in Vpmax with increased vapor pressure deficit due220

to reduced χm.221

Like Vpmax, the optimal Vcmax increases with temperature and PAR and decreases with222

CO2 due to similar drivers (Figure 3). The temperature increases continuously within223

the physiologically relevant range, rather than peaking before 40 °C due to the combined224

effects increases in Kc and Γ∗ (Equation 20). Vcmax increases with PAR non-linearly. The225

non-linear relationship is due to the dependence of χbs on PAR (Equation 17) in addi-226

tion to the linear relationship of AL with PAR (Equation 20). The decrease of Vcmax in227

response to increased CO2 is due to a down-regulation of carboxylation activity to match228

AC rates to the unaffected AL rates. Vcmax decreases to a lesser degree than Vpmax with229

increasing CO2 due to the greater partial pressure of CO2 in the bundle sheath as com-230

pared to the mesophyll. Vcmax decreased very slightly in response to VPD, due to a de-231

crease in Obs while χbs remains relatively constant. From a VPD of 0 to 8, Obs drops232

by 69%, while χbs drops by only 42%. Lower Obs values result in a decrease of RuBisCO’s233

oxygenase activity, allowing RuBisCO to achieve the same carboxylation rates at lower234

Vcmax values. A decrease in Vcmax is predicted in Equation 20 because Obs in the nu-235

merator, so a lower Obs value will lead to a lower Vcmax value.236

3.2 Allocation of Resources to Different Biochemical Processes237

Figure 4 shows the ratios of Jmax to Vcmax, Jmax to Vpmax, and Vcmax to Vpmax across238

varying temperature and PAR values. Jmax:Vcmax decreases with temperature, as the239

increase of the Vcmax with temperature quickly outpaces the increase of Jmax. The Jmax:Vcmax240

ratio increases with PAR as Jmax increases linearly. The ratio of Jmax to Vpmax remains241

relatively constant across both the temperature and the PAR gradients. Jmax:Vpmax de-242

creased by only 16% across the temperature range, and does not change across the PAR243

gradient. This muted response is due to Jmax and Vpmax’s similar responses as seen in244

figure 3. The Vcmax to Vpmax ratio increases with temperature and decreases with PAR.245

The increase of Vcmax:Vpmax with temperature is due to Vcmax’s large absolute values246
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Figure 2: Response of χm (dashed black line) and χbs (solid black line) to (A) temper-
ature, (B) PAR, (C) atmospheric CO2, and (D) vapor pressure when all others are held
constant at standard values. Values are standardized to the predicted value at ”stan-
dard” conditions (temperature = 25 °C, CO2 = 400 ppm, PAR = 800 µ mol m-2 s-1 PAR,
elevation = 0 m ASL, and VPD = 1 kPa).
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Figure 3: Response of optimal Jmax (solid purple line), Vcmax(dashed blue line), and
Vpmax (dotted red line) to (A) temperature, (B) PAR, (C) atmospheric CO2, and (D)
vapor pressure when all others are held constant at standard values. Values are standard-
ized to the predicted value at ”standard” conditions (temperature = 25 °C, CO2 = 400
ppm, PAR = 800 µ mol m-2 s-1, elevation = 0 m ASL, and VPD = 1 kPa).
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due to the carbon concentrating mechanism, and Vcmax’s increase with temperature. None247

of the ratios changed significantly with CO2 or VPD.248

3.3 Predicted optimal photosynthetic rates249

Predicted optimal A increased non-linearly with temperature to approximately 25°C af-250

ter which it decreased (Figure 5). A increased linearly with PAR, concurrent with in-251

creases in biochemical process rates. A increases with atmospheric CO2 and decreases252

with VPD.253

C4 photosynthetic rates simulated by this model were higher than the C3 rates predicted254

by the Smith et al. (2019) model under all environmental conditions (Figure 5). Pho-255

tosynthetic rates were most similar at low light, low temperature, and high CO2 levels.256

257

3.4 Acclimated Versus Non-Acclimated Responses258

Optimal photosynthetic acclimation either increased assimilation or decreased photosyn-259

thetic costs (Figure 5). For all environmental conditions, when the environmental vari-260

ables are equal to the acclimated conditions, assimilation rates in the acclimated and in-261

stantaneous models are equal. For temperatures above or below the acclimation tem-262

perature, the assimilation was higher for the acclimated model. With increasing PAR,263

instantaneous assimilation is unable to increase beyond the acclimated condition, and264

plateaus, whereas the acclimation model continues to increase linearly. Similarly, with265

increasing CO2 the rate of increase of assimilation slows above the acclimated value of266

CO2. However, acclimation results in decreased assimilation with increasing VPDs. The267

instantaneous model is unresponsive to VPD because χm is not decreasing. While the268

open stomata do lead to higher assimilation, remaining open would result water loss that269

the acclimated plant avoids by decreasing assimilation.270

3.5 Model-Data Comparison271

Global values for ∆A correlated strongly with the percent of vegetation with the C4 pho-272

tosynthetic pathway from the International Satellite Land-Surface Climatology Project273

(Still et al., 2009) (P ¡ 0.001; Figure 6). This indicates that our model captures trends274

in the distribution of plants with different photosynthetic types globally.275

4 Discussion276

The C4 photosynthetic pathway accounts for 20% of global carbon assimilation and is277

present in many critical agricultural species, including maize (Ehleringer et al., 1997).278

While C4 species are known to acclimate to changes in environmental conditions (R. F. Sage279

& McKown, 2006), ESMs do not include this acclimation. Here, we present a novel the-280

oretical model for C4 photosynthetic acclimation suitable for use in ESMs. In addition281

to its potential to improve ESM simulations’ reliability, the theoretical model may also282

be informative for understanding other ecological aspects of C4 species, including their283

competition with C3 species under different environmental contexts. Below we discuss284

the insights we gleaned from this model exercise and its potential for improving our un-285

derstanding of plant ecology under variable environments.286

4.1 Insights into Photosynthetic Efficiency and Plasticity287

Our theory provides insights into long appreciated aspects of C4 photosynthesis, includ-288

ing the mechanisms underlying their water and nutrient use efficiencies and photosyn-289

thetic plasticity. First, our theory’s broad fidelity to global observation-based estimates290

of C4 species abundance suggests that, across large spatial scales, realized assimilation291
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is principally determined by the optimization in response to environmental conditions.292

It is essential to note that photosynthetic data for C4 plants is more scarce than data293

available for C3 plants (Kattge & Sandel, 2020), limiting our ability to more directly test294

the model’s mechanisms. Nonetheless, our theory provides a framework for developing295

hypotheses for how C4 photosynthesis varies across environments. It will be critical to296

explore these responses across a range of temporal scales as more data becomes avail-297

able.298

Second, equation 2 predicts χm to be 0.56 under “standard” conditions (temperature =299

25 °C, CO2 = 400 ppm, PAR = 800 µ mol m-2 s-1, elevation = 0 m ASL, and VPD =300

1 kPa). This χ value is considerably lower than values found in C3 plants (Wang et al.,301

2017), indicating higher WUE in C4 plants than C3 plants. Our theory confirms that302

this observed difference between photosynthetic types is due to the relative lack of oxy-303

genation in C4 plants (R. F. Sage, 1999; R. F. Sage & McKown, 2006).304

Third, the increased concentrations of CO2 at the site of RuBisCO fixation (Cbs) rel-305

ative to that in C3 plants allows for a reduced need for RuBisCO enzymes, thus lead-306

ing to potentially greater NUE in C4 plants. Greater NUE in C4 versus C3 has been ob-307

served previously (R. F. Sage & Pearcy, 1987). Our theory confirms previous estimates308

indicating that this is due to RuBisCO’s greater efficiency due to reduced oxygenation309

and further reinforces the importance of high Cbs in driving this response (R. F. Sage310

et al., 1987).311

Finally, our theory sheds light on the photosynthetic plasticity observed in C4 plants.312

Experimental studies have shown that C4 photosynthesis is less sensitive than C3 pho-313

tosynthesis in general (R. F. Sage & McKown, 2005) and in response to CO2 (Ainsworth314

& Long, 2005) and VPD (Wherley & Sinclair, 2009) in particular. The CO2 and VPD315

responses are consistent with our theory. Importantly, our theory confirms that this is316

due to greater efficiency afforded to C4 species by concentrating a high amount of CO2317

in the bundle sheath. Notably, our theory also finds high plasticity in response to tem-318

perature and PAR, similar to that of C3 species, suggesting that the mechanisms driv-319

ing acclimation to these conditions (Wang et al., 2017; Smith et al., 2019; Smith & Keenan,320

2020) are similar across species with different photosynthetic types, confirming previ-321

ous experimental results in response to temperature (Yamori et al., 2014; Smith & Dukes,322

2017). However, previous experimental results suggest the PAR response of C4 species323

to be less plastic than C3 species (R. F. Sage & McKown, 2005), contrasting with our324

results. Coupled theory-experiment analyses would help to understand further the mech-325

anisms driving this disconnect.326

4.2 Acclimation to elevated temperature and CO2 reduces optimal enzyme327

requirements, possibly reducing nitrogen use328

These results suggest that future, warmer conditions may increase simulated photosyn-329

thesis of C4 plants (Figure 5). However, our theory suggests that this will come alon-330

side a reduction in nitrogen-heavy carboxylation enzymes, possibly increasing future nutrient-331

use efficiency (NUE), as has been suggested for C3 plants (Smith & Keenan, 2020).332

The potential reduction in leaf-level nitrogen demand suggested by our theory may crit-333

ically impact ESM simulations that include a dynamic N cycle. Such models indicate334

that progressive nitrogen limitation will limit increases in future productivity driven by335

increases in atmospheric CO2 (Wieder et al., 2015; Thornton et al., 2007b; P. Reich et336

al., 2006; Zhu et al., 2019; Finzi et al., 2007; Luo et al., 2004). To correctly predict the337

magnitude and extent of progressive nitrogen limitation, models of photosynthesis must338

correctly simulate changing leaf NUE. Our theory predicts increased NUE in the future,339

driven by a critical tenant of the least-cost hypothesis: maximizing photosynthesis while340

minimizing nutrient use (Wright et al., 2003). Acclimation led to increased NUE in C3341

plants in models (Smith & Keenan, 2020), and in the field (Davey et al., 1999). Long-342

term field experiments with C4 plants observed increased NUE in response to warming343

and elevated CO2 (Carvalho et al., 2020). These results suggest that future increases in344

–13–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

leaf NUE must be considered by ESMs to predict future ecosystem N limitation accu-345

rately. Our model provides an avenue for doing this for C4 plants.346

4.3 C4 advantage will decrease in future347

Our theory indicates that future high temperature, high CO2 environments will dispro-348

portionately favor C3 plants over C4 plants. While we expected C3 photosynthetic rates349

to increase with temperature and CO2 (Smith & Dukes, 2013), we expected C4 plants350

to increase with temperature only (Alberto et al., 1996), while remaining unchanged or351

to increase very little in response to CO2 (R. Sage & Coleman, 2001; Poorter & Navas,352

2003). Our model predicted these results when compared to the analogous C3 model (Smith353

et al., 2019). We found that the ∆A value increased with temperature and decreased with354

CO2. When the two vary simultaneously, C4 retain their current competitive advantage355

in high CO2 environments only when the acclimated temperature is also very high. For356

example, at a growing season temperature of 15°C at 400 ppm CO2, C4 photosynthe-357

sis assimilates roughly 26% more carbon than C3 photosynthesis. However, this same358

∆A value can only be achieved at a growing season temperature of 37 °C when CO2 reaches359

1000 ppm. Looking forward, these comparisons may indicate future restrictions of C4360

species to extremely hot environments. A similar comparison between ∆A values at cur-361

rent (400 ppm) and low (250 ppm) CO2 values can also be used to infer evolutionary his-362

tory of C4 plants, many of which first appeared when CO2 levels were much lower than363

they are today.364

Previous results question the longevity of such a competitive decline of C4 plants when365

plants acclimate to increased CO2 levels on a multi-decadal timescale (P. B. Reich et366

al., 2018). That study and others (Wolf & Ziska, 2018) indicate the importance of in-367

cluding nutrient feedbacks, plant growth rates, and plant life spans in systems where nu-368

trients or water may be limiting. The ability of C4 plants to accumulate organic mat-369

ter in the soil may further help C4 plants to thrive in nutrient and water poor environ-370

ments, and may help to ameliorate the ∆A differential caused by high CO2 concentra-371

tions, keeping C4 plants competitive in a greater number of habitats. Coupling our the-372

ory to a model that can predict these higher-order processes is the next step in under-373

standing the interplay between leaf photosynthesis and ecosystem-scale processes.374
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Figure 4: Predicted response of optimal ratios of Jmax:Vcmax (solid yellow line),
Jmax:Vpmax (dashed blue line), and Vcmax:Vpmax (dotted green line) to (A) tempera-
ture and (B) PAR when all other conditions are held constant at standard values. Values
are standardized to the predicted value at ”standard” conditions (temperature = 25 °C,
CO2 = 400 ppm, PAR = 800 µ mol m-2 s-1, elevation = 0 m ASL, and VPD = 1 kPa).
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Figure 5: Predicted photosynthetic assimilation by acclimated C4 plants (dashed pur-
ple line), unacclimated C4 plants (dotted green line) and acclimated C3 plants (solid red
line) varies with (A) temperature, (B) PAR, (C) atmospheric CO2, and (D) vapor pres-
sure deficit when all other conditions are held constant at standard values (temperature
= 25 °C, CO2 = 400 ppm, PAR = 800 µ mol m-2 s-1, elevation = 0 m ASL, and VPD
= 1 kPa). C4 rates were predicted from the model presented in the text, while C3 rates
were predicted from(Smith et al., 2019) as updated in (Smith & Keenan, 2020) (DOI:
10.5281/zenodo.3874938). In both cases, similar φ values were used.
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Figure 6: Relationship between the predicted optimal photosynthetic advantage of C4

over C3 plants (∆A) to the percentage of C4 vegetation from the International Satellite
Land-Surface Climatology Project (Still et al., 2009). Points represent 1° gridcells in loca-
tions described by MODIS as grasslands, open shrublands, savannas, or woody savannas.
Insert statistics show the statistics from a linear model relationship of ∆A and percent C4

vegetation. The blue line show the fit from the linear model.
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