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Abstract24

Plant stomata mediate the fluxes of both carbon and water between the land and25

the atmosphere. The ratio between photosynthesis and stomatal conductance (gs), or26

intrinsic water-use efficiency (iWUE), can be directly inferred from leaf or tree-ring car-27

bon isotope composition. In many Earth system models, iWUE is inversely proportional28

and controlled by a parameter (g1M ) in the calculation of gs. Here we examine how iWUE29

perturbations, setting g1M to the 5th (low) and 95th (high) percentile for each plant type30

based on observations, influence photosynthesis using coupled Earth System model sim-31

ulations. We find that while lower iWUE leads to reductions in photosynthesis nearly32

everywhere, higher iWUE had a photosynthetic response that is surprisingly regionally33

dependent. Higher iWUE increases photosynthesis in the Amazon and central North Amer-34

ica, but decreases photosynthesis in boreal Canada under fixed atmospheric conditions.35

However, the photosynthetic response to higher iWUE in these regions unexpectedly re-36

verses when the atmosphere dynamically responds due to spatially differing sensitivity37

to increases in temperature and vapor pressure deficit. iWUE also influences the pho-38

tosynthetic response to atmospheric CO2, with higher and lower iWUE modifying the39

total global response to elevated 2x preindustrial CO2 by 6.4% and -9.6%, respectively.40

Our work demonstrates that assumptions about iWUE in Earth system models signif-41

icantly affect photosynthesis and its response to climate. Further, the response of pho-42

tosynthesis to iWUE depends on which components of the model are included, there-43

fore studies of iWUE impacts on historical or future photosynthesis can not be gener-44

alized across model configurations.45

Plain Language Summary46

Plants affect the Earth system’s carbon, water, and energy fluxes through photo-47

synthesis and transpiration, regulated by stomata on leaves that control the gas exchange48

needed for these processes. Intrinsic water-use efficiency (iWUE) represents how efficiently49

a plant uses water by indicating how much the stomata are open per unit of carbon it50

gains for photosynthesis. Observations show a range of iWUE across and within plant51

types in varying environments which is not captured in Earth system models. In our study,52

we explored how changes in iWUE impact photosynthesis using Earth System models.53

We find that lower iWUE generally decreases photosynthesis everywhere while higher54

iWUE has mixed effects, increasing photosynthesis in regions like the Amazon and cen-55

tral North America but decreasing it in boreal Canada. These responses change when56

we allow the atmosphere to respond to changes on land, mainly due to spatially vary-57

ing sensitivity to warmer temperature and drier air. Additionally, iWUE changes alter58

the photosynthetic response to higher atmospheric CO2, with higher and lower iWUE59

changing total global photosynthesis by 6.4% and -9.6%, respectively. Our study helps60

clarify uncertainties in how plant photosynthesis might respond to climate change, im-61

proving our understanding of potential future scenarios.62

1 Introduction63

Photosynthesis acts as a carbon sink, removing carbon dioxide (CO2) from the at-64

mosphere, converting it into sugars used to construct plant tissues and thereby storing65

carbon as plants grow. Multiple environmental factors such as light, water, nutrient avail-66

ability, temperature, and atmospheric CO2 level affect photosynthesis. Photosynthesis67

is tightly coupled with transpiration, which accounts for about 60% of latent heat flux68

over land (Wei et al., 2017), as both processes are regulated by gas exchange with the69

atmosphere through stomata. Thus changes in plant type, plant functioning, or sensi-70

tivity of plant functioning to environmental conditions can alter the fluxes of both wa-71

ter and CO2 with the atmosphere. These plant processes and their responses to rising72

atmospheric CO2 in turn influence climate (Field et al., 1995; G. B. Bonan, 2008, 2015;73
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Laguë et al., 2019). The ratio of these two fluxes, known as water-use efficiency (WUE)74

describes how efficiently plants photosynthesize relative to their water loss and is an emer-75

gent property of plants that can be estimated directly through leaf gas exchange mea-76

surements and inferred through eddy flux and tree-ring carbon isotope composition. As77

both photosynthesis and transpiration are influenced by many factors, each with accom-78

panying uncertainty, the representation of the ratio between them also carries the inher-79

ent uncertainties from both component fluxes. Observation-based estimates of this emer-80

gent property show a wide range across different plant types and even within a single81

plant type (Lin et al., 2015). In contrast, Earth System models typically simplify the rep-82

resentation of this ratio by using a single value for each plant type (Lawrence et al., 2019).83

To evaluate the significance and magnitude of the difference caused by the oversimpli-84

fication of this representation in existing models, we investigate how different assump-85

tions about plant water-use strategies in Earth system models impact photosynthesis un-86

der both historical and future climate conditions.87

Plant carbon uptake and water loss are both regulated by the opening and clos-88

ing of stomata. The theory for optimal stomatal behavior suggests that plants dynam-89

ically adjust their stomatal opening to achieve an optimal balance between the rate of90

photosynthesis and the water loss from transpiration (Cowan & Farquhar, 1977). Alter-91

natively, empirical formulations for stomatal behavior are based on observations of stom-92

atal behavior under different environmental conditions such as atmospheric dryness and93

atmospheric CO2 level (Ball et al., 1987; Leuning, 1995). Efforts have been made to in-94

tegrate the optimal and empirical approaches, aiming to reconcile observations with the95

theory of optimal stomatal behavior (Medlyn et al., 2011). Both optimal and empirical96

approaches yield similar results in leaf, canopy, and global scale simulations (Franks et97

al., 2017), but, more recently, hydraulics-based stomatal optimization approaches have98

been shown to perform better when evaluated against leaf level observations (Sabot et99

al., 2022). Stomatal behavior sensitivity to environmental conditions, such as temper-100

ature and water availability, varies by plant type, with those possessing increased hydraulic101

resistance along the soil-leaf pathway being better at maintaining water transport and102

leaf area under stress, reducing vulnerability to drought and atmospheric dryness (Trugman103

et al., 2019).104

Regardless of the approach taken to capture stomatal behavior, more open stom-105

ata tend to increase both transpiration and the uptake of carbon for photosynthesis, and106

vice-versa for more closed stomata. As a result, photosynthesis and transpiration are tightly107

coupled, though they can become decoupled under high temperature conditions (Kauwe108

et al., 2019). The relative rate of these processes can be related to water-use efficiency109

(WUE) as follows:110

WUE =
Photosynthesis

Transpiration
=

An

gtotal · V PD
, (1)111

where gtotal represents the combined effect of stomatal conductance (gs), the rate of gas112

exchange based on stomatal aperture, and boundary layer conductance to water vapor,113

both of which are added in parallel. Closed stomata have no or low gs and open stom-114

ata have high gs. Transpiration is inherently related to gs, with transpiration being pro-115

portional to gs multiplied by the vapor pressure deficit (VPD). A larger WUE means that116

a plant is more water efficient— less water is lost per carbon gain. WUE is difficult to117

quantify directly at canopy to landscape scales because photosynthesis and transpira-118

tion are difficult to quantify beyond the leaf level.119

WUE at the organismal level can, however, be inferred from the carbon isotope com-120

position of tree-rings and leaves (Saurer et al., 2014), which enables the construction of121

records that span decades to centuries-long time periods. The carbon isotope compo-122

sition of tree rings tells us about the discrimination against C13 isotopes relative to C12
123

isotopes, which is largely dictated by the diffusion of CO2 through the stomata and CO2124
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fixation by Rubisco (Adams et al., 2020). This measurable WUE quantity, called the in-125

trinsic water-use efficiency (iWUE), is similar to WUE but replaces transpiration with126

stomatal conductance as follows:127

iWUE =
Photosynthesis

Stomatal Conductance
=

An

gs
. (2)128

WUE and iWUE are similar: both represent the ratio of carbon gain to water loss.129

Equation 2 is focused on the stomatal response to environmental conditions while in equa-130

tion 1 gs is additionally influenced by abiotic evaporative potential due to atmospheric131

dryness. We focus here on iWUE, in particular due to the potential to relate our find-132

ings to tree-ring based isotopic observations.133

Both components of iWUE, photosynthesis and stomatal conductance, are expected134

to change with a changing climate (Adams et al., 2020; Li et al., 2023). Plants can adapt135

to hotter temperatures by physiologically adjusting their biochemical process rates to136

raise their thermal optimum for photosynthesis, but this adaptation is limited by wa-137

ter availability, and beyond a certain temperature threshold, further increases reduce these138

biochemical reactions (Kattge & Knorr, 2007; Yamori et al., 2014; Lombardozzi et al.,139

2015; Kumarathunge et al., 2019, 2020). Additionally, under hotter and drier conditions,140

plants are expected to close their stomata to minimize water loss through transpiration,141

decreasing stomatal conductance (Oren et al., 1999; Mott & Peak, 2010), resulting in a142

decrease in CO2 uptake and a decrease in photosynthesis. The impact on photosynthe-143

sis from changing climate driven by reduced stomatal conductance can be offset by in-144

creasing atmospheric CO2. With a larger CO2 gradient between the atmosphere and plant145

interior, plants can assimilate the same amount of carbon with a smaller stomatal aper-146

ture. Generally, under higher atmospheric CO2, plants will have higher iWUE, closing147

their stomata and losing less water per carbon they fix for photosynthesis (Keenan et148

al., 2013; Frank et al., 2015). Plants may also be able to increase photosynthesis under149

higher CO2, by increasing leaf area, though studies have suggested that the increase does150

not extend to long-term above ground carbon storage through tree ring growth (Peñuelas151

et al., 2011; Sleen et al., 2014). Changing leaf area also changes the total number of plant152

stomata, assuming that stomata density on leaves is constant, which would drive changes153

in total fluxes of carbon and water (Field et al., 1995). Additional factors at the plant154

scale (e.g., nutrient and water availability effects on photosynthesis and gs) could cause155

iWUE to differ from these theoretical expectations, and one study found slower rates of156

iWUE increase over recent decades, and no significant changes in iWUE relative to at-157

mospheric CO2 when comparing decadal averages over the past century (Adams et al.,158

2020).159

1.1 Uncertainty in iWUE160

iWUE is an emergent property of plants, resulting from the coupled behavior of161

photosynthesis and stomatal conductance. In common process-based models that explic-162

itly represent photosynthesis rates and stomatal conductance (e.g. Farquhar, Caemmerer,163

& Berry, 1980, Ball et al., 1987, Leuning, 1995, Medlyn et al., 2011) iWUE is not directly164

specified, although it is closely related to one of the empirically fit parameters in many165

formulations. In the Medlyn et al. (2011) formulation of stomatal conductance, gs, is given166

by167

gs = g0 + 1.6(1 +
g1M√
V PD

)
An

cs
, (3)

where An is photosynthesis, cs is the atmospheric CO2 level, VPD is vapor pressure deficit,168

and g0 is the Medlyn intercept (minimum stomatal conductance, when the stomata are169

completely closed). An is coupled to gs, and an increase in stomatal conductance relates170

to an increase in photosynthesis. Within land models, An and gs are solved in a coupled171

system with the Medlyn model and Farquhar photosynthesis model equations. The Med-172

lyn slope, g1M , is an empirically estimated parameter based on field observations.173
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For intuition of the relationship between iWUE and g1M , we can relate equation 2174

and 3, and see that iWUE is inversely proportional to and can be modulated by g1M with:175

iWUE ∝ 1

g1M
, (4)176

under constant environmental conditions when An is sufficiently different from zero.177

Observation-based estimates of g1M show a large variation both across plant types178

and within a plant type (Lin et al., 2015; Wolz et al., 2017; Y. Liu et al., 2021). In many179

land surface models, including those within Earth system models, a single g1M value is180

assigned to each plant type as estimated from observations. In the land surface compo-181

nent of the Community Earth System Model version 2 (CESM2), the average g1M within182

a grid cell has spatial variation (Fig. 1b) since there are fourteen different plant func-183

tional types (PFTs), and each PFT has a unique spatial distribution and a different g1M184

derived from Lin et al. (2015). Given that there is large uncertainty in the value of g1M185

for each plant type (e.g., Lin et al., 2015), the actual spatial distribution of average iWUE186

is also uncertain, which is likely to have impacts on both the mean-state climate and re-187

sponses to increasing CO2 due to the impact of iWUE on surface fluxes of water and en-188

ergy.189

In this study we examine: (1) the impact of uncertainty in g1M , and therefore un-190

certainty in iWUE, on mean-state photosynthesis; (2) the mechanisms and feedbacks through191

which different assumptions about iWUE impact photosynthesis and how they vary spa-192

tially; and (3) the impact of uncertainty in iWUE on the response of photosynthesis to193

elevated atmospheric CO2 levels. We focused our analysis on the response of photosyn-194

thesis because it integrates the response of both carbon and water cycling to assump-195

tions about iWUE.196

2 Methods197

2.1 Model Configurations198

We used the Community Earth System Model version 2 (CESM2; Danabasoglu et199

al., 2020), an open-source Earth system model, to estimate the response of photosyn-200

thesis to assumptions about iWUE. CESM2 is comprised of the Community Land Model201

5 (CLM5; Lawrence et al., 2019), the Community Atmosphere Model 6 (CAM6; Bogenschutz202

et al., 2018), and a slab ocean based on output from the CESM2 Coupled Model Inter-203

comparison Project Phase 6 (CMIP6) preindustrial control run (Danabasoglu & Gent,204

2009). We performed global-scale simulations of CESM2 at 0.9x1.25° spatial resolution.205

In order to isolate the impacts of (1) atmospheric response and (2) dynamic leaf206

area to assumptions about iWUE, we defined two configurations of CESM2. The “Land-207

Atmosphere” configuration was run with a dynamic atmosphere and a land model that208

included active biogeochemistry and prognostic leaf area that allowed for leaf area to dy-209

namically respond to climate, resulting in changes in both atmospheric conditions and210

leaf area in response to iWUE perturbations. The “Land-Only-Fixed-Leaf” configura-211

tion is the same land model but with the leaf area phenology specified as a repeating sea-212

sonal cycle of climatological leaf area, so there were no changes in both atmospheric con-213

ditions and year-to-year leaf area in response to iWUE perturbations. The Land-Only-214

Fixed-Leaf simulations are used to understand the changes in iWUE, photosynthesis, and215

climate in the Land-Atmosphere preindustrial CO2 simulations.216

In order to compare the response of atmospheric feedbacks and prognostic leaf area217

under equivalent meteorological conditions, we prescribed the meteorological forcing in218

the Land-Only-Fixed-Leaf simulations using the output of the default iWUE Land-Atmosphere219

simulation saved at 3 hourly intervals. The 3-hourly saved meteorological data is inter-220

polated to 30 minute time resolution to drive the Land-Only-Fixed-Leaf simulations. We221

–5–



manuscript submitted to JGR: Biogeosciences

Table 1. Summary of Simulations.

Simulation Name CO2 Atmosphere Leaf Area g1M iWUE

Land-Atmosphere high iWUE 1xCO2 dynamic prognostic low high
Land-Atmosphere default iWUE default default
Land-Atmosphere low iWUE high low

Land-Only-Fixed-Leaf high iWUE 1xCO2 prescribed prescribed low high
Land-Only-Fixed-Leaf default iWUE default default
Land-Only-Fixed-Leaf low iWUE high low

Land-Atmosphere 2xCO2 high iWUE 2xCO2 dynamic prognostic low high
Land-Atmosphere 2xCO2 default iWUE default default
Land-Atmosphere 2xCO2 low iWUE high low

analyzed 80 years of a 120-year simulation, after discarding the first 40 years to allow222

the system to reach equilibrium.223

2.2 iWUE Perturbations224

We quantify the response of photosynthesis to assumptions about iWUE by per-225

turbing the stomatal slope parameter, g1M , within equation 3. We perturbed iWUE by226

setting g1M to a minimum and maximum for each PFT based on the 5th and 95th per-227

centile from observations (Lin et al., 2015; Fig. 1a), such that we have one set of sim-228

ulations with “high iWUE” that use the 5th percentile values for g1M and one set of sim-229

ulations for “low iWUE” that use 95th percentile values for g1M (since iWUE and g1M230

are inversely related) We compared the high and low iWUE simulations against simu-231

lations with the default g1M parameter values used in CLM5, noting that these default232

values do not represent the mean or median of the observations we used for perturba-233

tion (Fig. 1a). The average g1M for any given location varies due to the spatial distri-234

bution of PFTs and the range of default g1M values across PFTs (Fig. 1b). Changes in235

iWUE mirror changes in g1M due to the formulation of the Medlyn model, however they236

are not equivalent and iWUE can also be modulated by changes in photosynthesis. We237

find that iWUE changes in the direction and approximate magnitude we expect asso-238

ciated with a change in g1M (Fig. S1a), and thus we describe our results in terms of the239

change in iWUE associated with a perturbed g1M . The relationship between g1M and240

iWUE is inversely proportional (Eq. 4) and further explanation about the relationship241

can be found in Supplemental Text S1.242

2.3 Simulation design243

In order to isolate of the effects of multiple processes that comprise the full climate244

and ecosystem response to iWUE, we performed nine simulations (Table 1). For each245

simulation we set g1M to either default, low, or high values corresponding to default, high,246

or low iWUE. We tested two configurations of CESM2, one with atmosphere and prog-247

nostic leaf area components working interactively (“Land-Atmosphere”), and one where248

both meteorological forcing and leaf area phenology are prescribed (“Land-Only-Fixed-249

Leaf”, see further description above). Both configurations were run at preindustrial at-250

mospheric CO2 levels (284.7 ppm) and the Land-Atmosphere configuration was addi-251

tionally run with 2x preindustrial atmospheric CO2 levels (569.4 ppm) in order to as-252

sess the iWUE response to elevated CO2.253
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Figure 1. (a) Spatial plot of default PFT-area-weighted g1M values used in CLM5. (b) Plot of

the default and perturbed Medlyn slope parameter, g1M , for each vegetation type in the CLM5.
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2.3.1 Quantifying impact of perturbations in iWUE254

We implement perturbations to iWUE through changes in the g1M parameter as255

described above, resulting in simulations with higher or lower iWUE relative to the de-256

fault in CLM5. To quantify a photosynthesis or climate response to a change in iWUE,257

we calculated the response of a variable by comparing the simulations with either high258

or low iWUE against the simulations with default iWUE. We averaged across all 80 post-259

spinup years to quantify the equilibrium response to an iWUE perturbation as slab ocean260

simulations represent equilibrium conditions and provide many samples of a climate state261

over time. We report both the actual difference between simulations and percentage dif-262

ference between simulations for individual variables. Unless otherwise noted, percent-263

age difference for a variable was calculated by taking the relative difference of that vari-264

able between two simulations and dividing it by the time average in the default iWUE265

simulation. The focus of our analysis is on photosynthesis and we found that generally,266

the spatial patterns in photosynthetic response calculated annually were similar to those267

from the growing season only, and so we report the annual averages here.268

2.3.2 Quantifying impact of dynamic atmosphere and prognostic leaf269

area270

To understand how the combined atmospheric and leaf area feedbacks modify the271

climate impact of iWUE choice, we compared the response of a variable to an g1M per-272

turbation within the Land-Only-Fixed-Leaf to the same response in the Land-Atmosphere273

configuration. For example, we compared the difference between the high and default274

iWUE simulation for the Land-Only-Fixed-Leaf configuration with the difference between275

the high and default iWUE simulation for the Land-Atmosphere configuration. In ad-276

dition to calculating the absolute difference we also compared just the change in sign of277

photosynthetic response between the Land-Atmosphere and Land-Only-Fixed-Leaf con-278

figurations for the high iWUE simulations. We filtered for grid cells with a sign change279

in photosynthetic response to iWUE perturbation between the Land-Only-Fixed-Leaf280

and Land-Atmosphere configurations.281

2.3.3 Quantifying impact of elevated atmospheric CO2282

We performed two comparisons with the 2xCO2 simulations. First, we quantified283

the absolute response of a variable to an increase in CO2 by comparing 2xCO2 simula-284

tions to their parallel configuration 1xCO2 simulations (e.g. Land-Atmosphere high iWUE285

(2xCO2) - Land-Atmosphere high iWUE (1xCO2)). Second, we quantified how the re-286

sponse of a variable to elevated CO2 is modified by changing iWUE. We did this using287

a difference of differences, e.g. (high iWUE (2xCO2) - high iWUE (1xCO2)) - (default288

iWUE (2xCO2) - default iWUE (1xCO2)).289

2.3.4 Regional analysis290

In addition to global climate response to perturbations in iWUE, we focused on291

three regions that had a change in sign of photosynthetic response between the Land-292

Atmosphere and Land-Only-Fixed-Leaf configurations for the high iWUE simulations,293

with each spanning different background climates: the tropical forest Amazon (13°S to294

5°S and 68°W to 57°W), the temperate grassland central North America (central NA;295

40°N to 52°N and 103°W to 96°W), and boreal forest Canada (50°N to 57°N and 78°W296

to 69°W). Regional climate response was averaged spatially across the grid cells in each297

region.298
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2.4 Perturbed meteorology simulations299

In addition to comparing our different iWUE simulations, we directly isolated the300

effects of temperature and vapor pressure deficit (VPD) on photosynthesis using addi-301

tional simulations in which a single meteorological variable was modified in the Land-302

Atmosphere default iWUE configuration. We used global-scale “synthetic meteorology“303

simulations from Zarakas, Swann, and Battisti (2024), which we call here “perturbed me-304

teorology” simulations. These simulations were each branched from a control run and305

run for 20 years using a very similar version of the CESM2 climate model as the version306

we used for the Land-Atmosphere default iWUE configuration. For each perturbed me-307

teorology simulation, a single meteorological variable in the atmospheric output of the308

control simulation was perturbed, and the output compared to the control run. We used309

two perturbed meteorology simulations, first for temperature which had a 1°C increase310

at the bottom of the atmosphere for each grid cell, and second to calculate the effect of311

changes in VPD by imposing a 10% increase in specific humidity at the bottom of the312

atmosphere for each grid cell. The temperature perturbed simulation accounts for both313

the direct and indirect effects of temperature on photosynthesis, including the effect of314

VPD. The specific humidity perturbed simulation held temperature constant, thereby315

isolating the effects of VPD on photosynthesis. VPD was calculated based on the the316

bottom of the atmosphere temperature, pressure, and specific humidity. Details on how317

we calculated the expected response of photosynthesis to temperature and VPD changes318

from iWUE perturbation can be found in Supplemental Text S2.319

We used the perturbed meteorology simulations to attribute how much photosyn-320

thetic response difference between the Land-Only-Fixed-Leaf and Land-Atmosphere con-321

figurations was due to changes in temperature and VPD. Specifically, if the “expected322

photosynthesis change“ (δGPPexpected in Eq. S1d) associated with the change in the me-323

teorological variable (either temperature or VPD) is very similar to the difference in pho-324

tosynthesis change simulated by the Land-Atmosphere and Land-Only-Fixed-Leaf high325

vs default iWUE, then we can infer that the difference in photosynthesis between the326

Land-Atmosphere (high minus default iWUE) and Land-Only-Fixed-Leaf (high minus327

default iWUE) configurations is mainly mediated through the change in that climate vari-328

able.329

2.5 Statistical significance330

We used a test of statistical significance to determine if responses in the perturbed331

iWUE simulations differed from those in the default iWUE simulation. We based the332

tests on the variability of annual average values. We report our results as statistically333

significant when a two-tailed student’s t-test with an assumed 40 degrees of freedom has334

a p-value that passes the false discovery rate of 0.05. The false discovery rate, or the frac-335

tion of false positives, is important in our analysis because we perform a t-test at many336

grid cells and accounting for it makes our p-values more conservative (Wilks, 2016). Spa-337

tial maps show stippled grid cells that pass the statistical test.338

3 Results339

3.1 Photosynthetic response to iWUE340

The total global photosynthesis rate in the Land-Atmosphere simulations varied341

across our iWUE perturbations, with 120 PgC/yr for the default iWUE, 99 PgC/yr for342

the low iWUE, and 112 PgC/yr for the high iWUE. Below we describe the causes for343

changes in photosynthesis in each iWUE perturbation in more detail.344
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3.1.1 Impacts of Low iWUE (low minus default iWUE)345

In the Land-Atmosphere low iWUE simulation, photosynthesis decreased across346

the globe (Fig. 2b) relative to the default iWUE. There were larger absolute decreases347

in photosynthesis near the equator, due to greater overall plant productivity in the trop-348

ics. Photosynthesis decreased with lower iWUE because plants open their stomata and349

transpire more (Figs. S3b&c) leading to a cascade of changes to other variables that af-350

fect photosynthesis. Greater transpiration rates deplete plant and soil water supply mak-351

ing plants more soil water stressed (Fig. S3d), leading to a decrease in the number of352

leaves that a plant can support (Fig. S3g) which decreased total photosynthesis (Fig. 2b).353

VPD decreased along with decreases in surface temperature due to greater transpira-354

tion, which decreased atmospheric water stress. One might have expected this to alle-355

viate overall plant water stress, however the increase in soil water stress was greater than356

the decrease in atmospheric water stress with low iWUE which accounts for the decrease357

in photosynthesis in our simulations.358

The photosynthetic response to low iWUE was similar with and without dynamic359

atmosphere and prognostic leaf area (cf. Figs. 2a&b). Both configurations showed de-360

creases in photosynthesis across the globe in response to lower iWUE with similar spa-361

tial patterns but with a larger magnitude of change in the Land-Atmosphere low iWUE362

simulation driven largely by leaf area decreases (Fig. S3g) that are precluded in the Land-363

Only-Fixed-Leaf configuration.364

3.1.2 Impacts of High iWUE (high minus default iWUE)365

Photosynthetic response to high iWUE perturbations are also generally negative366

but much smaller in magnitude than for low iWUE perturbations (cf. Figs. 2b&d), with367

global average photosynthesis (also referred to as gross primary production or GPP) de-368

creases of 138 gC/m2/year for lower iWUE and only 50 gC/m2/year for higher iWUE.369

However, regions at the same latitude had different photosynthetic response to higher370

iWUE: in the Amazon there were decreases in photosynthesis while in southeast Asia371

there were increases in photosynthesis (Fig. 2d). The asymmetrical pattern of the pho-372

tosynthetic response to higher iWUE in the Land-Atmosphere configuration is similar373

to that of the precipitation response, suggesting a connection between the two (cf. Fig. 2d374

and Fig. S5h). However, water availability variables such as soil water stress and VPD375

do not reflect the same asymmetrical response pattern (cf. Fig. 2d and Figs. S5f&g). In-376

terestingly, Land-Atmosphere high minus default iWUE precipitation response pattern377

is also similar to the precipitation asymmetry pattern in response to higher CO2 in Kooperman,378

Chen, et al. (2018), which is consistent since iWUE generally increases with higher CO2.379

In contrast to the low iWUE simulations, the high iWUE simulations had a dif-380

ferent photosynthetic response when leaf area and the atmosphere are allowed to dynam-381

ically respond. High iWUE simulations in both configurations (Land-Only-Fixed-Leaf382

and Land-Atmosphere) have geographically varying responses including regions with in-383

creases in photosynthesis and regions with decreases in photosynthesis (cf. Figs. 2c&d).384

In particular, the sign of response of photosynthesis to high iWUE depends in many re-385

gions on whether the atmosphere and/or leaf area are allowed to change including in the386

Amazon, central North America (central NA), and boreal Canada (Fig. 2e). We discuss387

each of these three regions in further detail below. Regions with the same direction of388

photosynthetic response between the Land-Only-Fixed-Leaf and Land-Atmosphere high389

iWUE simulations tend to have a larger response in the Land-Atmosphere simulation.390

This is because, similarly to the low iWUE simulations, allowing leaf area to change in391

the Land-Atmosphere simulation amplifies the photosynthetic response—for example,392

regions with a decrease in photosynthesis experience a larger decrease in the Land-Atmosphere393

simulation due to decreases in leaf area (cf. Figs. 2c&d and Fig S5g).394
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Figure 2. Spatial difference plots of photosynthesis for low minus default iWUE at (a) Land-

Only-Fixed-Leaf and (b) Land-Atmosphere configurations and high minus default iWUE at (c)

Land-Only-Fixed-Leaf and (d) Land-Atmosphere configurations. The response to low and high

iWUE are at different scales. Stippled grid cells represent statistically significant differences. (e)

A spatial plot showing the difference in the sign of the photosynthetic change in the Land-Only-

Fixed-Leaf and Land-Atmosphere high minus default iWUE simulations. Colored grids indicate

where the sign of the change in the Land-Atmosphere simulation is opposite to that in the Land-

Only-Fixed-Leaf simulation and the color represents the direction of change.
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Figure 3. Percentage differences of photosynthesis and variables that can influence pho-

tosynthesis between the high and default iWUE simulations using the Land-Only-Fixed-

Leaf and Land-Atmosphere configurations in the (a) Amazon, (c) central North America,

and (e) boreal Canada. Bars with a green (*) are not statistically different from zero. The

expected photosynthetic response estimated from perturbed meteorology for temperature

(∆GPPT
∆TT

· δTLand−Atmosphere; red bar) and VPD ( ∆GPPV PD
∆V PDV PD

· δV PDLand−Atmosphere; blue

bar) in (b) the Amazon, (d) central NA, and(f) boreal Canada. Temperature includes both direct

effects of warming and indirect effects of VPD. The absolute difference in photosynthesis due to

the change in iWUE (high minus default) between the Land-Atmosphere and Land-Only-Fixed-

Leaf configurations are shown in green (∆GPPLand−Atmosphere − ∆GPPLand−Only−Fixed−Leaf ).

Note that the y-axis is unique to each plot.

–12–



manuscript submitted to JGR: Biogeosciences

3.1.3 Regional responses to high iWUE395

In the Amazon, there were opposite responses of photosynthesis to high iWUE (high396

iWUE minus defalt iWUE) between the model configurations with and without a dy-397

namic atmosphere and prognostic leaf area, with decreases in photosynthesis using the398

Land-Atmosphere configuration, and vice versa using the Land-Only-Fixed-Leaf config-399

uration (cf. Figs. 2c&d; Table 2; Fig. 3a). Transpiration decreased in both the Land-Atmosphere400

and Land-Only-Fixed-Leaf configurations as plants closed their stomata more in response401

to high iWUE (low g!M ), with a larger decrease occurring in the Land-Atmosphere con-402

figuration (Table 2). As expected, increases in temperature and VPD were larger for the403

high minus default iWUE in the Land-Atmosphere configuration compared to the Land-404

Only-Fixed-Leaf configuration, which used a prescribed atmosphere. The difference in405

response (dynamic atmosphere vs prescribed atmosphere) can be attributed (1) to larger406

decreases in latent cooling due to larger transpiration declines and (2) to cloud feedbacks407

that occur when the atmosphere is allowed to respond: the atmosphere responds to a408

decrease in transpiration, an increase in temperature, and an increase in VPD by decreas-409

ing low cloud coverage. Low clouds reflect incoming solar radiation, so a reduction in410

clouds further increases temperature and VPD (Table 2). Under decreased evaporation,411

in this case transpiration, the warming effect of decreased cloud cover is typically larger412

than decreased latent cooling (Laguë et al., 2023). The temperature impact of larger de-413

creases in latent cooling for the Land-Atmosphere configuration also applies to central414

NA, while shortwave cloud feedbacks also affect temperatures in both central NA and415

boreal Canada. The Amazon had the largest magnitude of temperature increases (2.72°C)416

compared to the central NA (0.97°C) and boreal Canada (0.59°C) despite having the high-417

est baseline temperature.418

In central NA, we saw the same difference in photosynthetic response to model con-419

figuration as we saw in the Amazon, with decreases in photosynthesis in the Land-Atmosphere420

configuration and increases in the Land-Only-Fixed-Leaf configuration for the high iWUE421

simulation compared to the default iWUE simulation (Table 2; Fig. 3c). We attribute422

the response of photosynthesis to direct effects of temperature and effects of drier air (higher423

VPD) using perturbed meteorology simulations. We find in both the Amazon and cen-424

tral NA, an increase in temperature alone tended to slightly decrease photosynthesis while425

an increase in VPD alone drastically decreased photosynthesis. We attribute VPD as426

the cause of the decrease in photosynthesis in both regions because the magnitude of pho-427

tosynthetic response to VPD alone was similar to the change in photosynthesis that we428

found between the Land-Only-Fixed-Leaf and Land-Atmosphere configurations (Figs. 3b&d).429

Unlike in the Amazon and Central NA, in boreal Canada the photosynthetic re-430

sponse to high iWUE (high minus default iWUE) in the Land-Atmosphere configura-431

tion is opposite to that in the Land-Only-Fixed-Leaf configuration. Over boreal Canada,432

photosynthesis increased in the Land-Atmosphere configuration and decreased in the Land-433

Only-Fixed-Leaf configuration for high iWUE simulations compared to the default iWUE434

simulations (Table 2; Fig. 3e). Similar to the patterns we saw in the other regions, the435

Land-Atmosphere simulation had much larger increases in surface temperature and in436

VPD (Table 2) relative to the simulations with prescribed atmospheric conditions. The437

VPD increase in boreal Canada was smaller than in the Amazon, consistent with a smaller438

absolute temperature change (cf. Figs. 3a&e).439

We find that that the Land-Atmosphere configuration has both higher photosyn-440

thesis and higher temperature in boreal Canada relative to the Land-Only-Fixed-Leaf441

configuration (Fig. 3e). Using perturbed meteorology simulations we find that in boreal442

Canada photosynthesis increases in response to elevated temperature alone and decreases443

in response to elevated VPD alone (Fig. 3f). Thus the higher temperatures in the Land-444

Atmosphere configuration should cause the direction of change in photosynthesis that445

we saw, although the magnitude attributable to either temperature or VPD from per-446
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turbed meteorology simulations is much smaller in boreal Canada relative to the other447

regions that we analyze.448

3.2 Elevated atmospheric CO2449

Under elevated CO2, we find that photosynthesis increases across the globe for all450

iWUE simulations (Figs. 4a-c), with an increase in 66 PgC/yr for default iWUE, 70 PgC/yr451

for high iWUE, and 60 PgC/yr for low iWUE. Additional details of photosynthetic re-452

sponse to elevated CO2 for globe and the boreal, temperate, and tropical bands can be453

found in Table S2. The relationship between g1M and iWUE is preserved at elevated CO2,454

where decreasing g1M corresponds to increasing iWUE and vice versa (Fig. S1b).455

We find that perturbations to iWUE additionally modify the increase in photosyn-456

thesis to elevated CO2 (Figs. 4d&e). Generally we find that high iWUE increases pho-457

tosynthesis further, and low iWUE perturbation moderates the increase in photosynthe-458

sis, although there are regions which do not follow this pattern. However, overall, the459

additional photosynthetic response to iWUE perturbations are small relative to the pho-460

tosynthetic response to elevated CO2. Assumptions about iWUE modify the total global461

photosynthetic response to a doubling of preindustrial CO2 by 6.4% for high iWUE and462

by -9.6% for low iWUE relative to default iWUE. At high iWUE, photosynthesis increases463

in 58% of grid cells and decreases in 42% of grid cells. In contrast, at lower iWUE, pho-464

tosynthesis increases in only 27% of grid cells and decreases in 74% of grid cells.465

We note that Australia has an absolute decrease in response to elevated CO2 with466

high iWUE contrary to the rest of the globe, and a larger relative change response to467

iWUE (Fig. 4). We find that this can be explained by the substantial reduction in leaf468

area in response to high iWUE (whether due to perturbations in g1M or elevated CO2),469

with leaf area nearly reaching zero in the west and halving in the east with high iWUE470

(explanation of leaf area decrease in Supplemental Text S3; Fig. S7).471

4 Discussion472

4.1 Implications for choice of iWUE in Earth system models473

In CESM2, one g1M value is currently used to represent each PFT, a practice which474

is common across similar models (G. Bonan, 2019; Sabot et al., 2022). Our results pro-475

vide insight as to how Earth system models may be over or underestimating photosyn-476

thesis in both the mean-state and in response to elevated CO2 if real world plants have477

a different iWUE than the default value used in models.478

In response to lower iWUE (and therefore high g1M perturbation) gs is expected479

to increase, and thus photosynthesis is also expected to increase due to the coupling be-480

tween gs and photosynthesis at the leaf level (Collatz et al., 1991; Medlyn et al., 2011;481

Franks et al., 2017). In our low minus default iWUE simulations, gs did increase as ex-482

pected, but our expectation for photosynthesis did not hold (Section 3.1.1), with pho-483

tosynthesis decreasing across the globe (Fig. 2a&b). If plants in the real world had a lower484

iWUE than what is currently used in CESM2, then models would be substantially over-485

estimating plant photosynthesis as well as plant carbon uptake. Our result is consistent486

with studies that have shown that CESM2 overestimates photosynthesis and leaf area487

(Hu et al., 2022; Song et al., 2021).488

With higher iWUE (and therefore low g1M ), gs is expected to decrease, and thus489

photosynthesis is also expected to decrease due to the coupling between gs and photo-490

synthesis at the leaf level (Collatz et al., 1991; Medlyn et al., 2011; Franks et al., 2017).491

However, we found increases in photosynthesis in some regions and decreases in other492

regions (Sections 3.1.2 & 3.1.2; Figs. 2c&d). Thus, depending on the region, if plants in493

–14–



manuscript submitted to JGR: Biogeosciences

T
a
b
le

2
.

C
li
m
a
te

V
a
ri
a
b
le

R
es
p
o
n
se
s
to

h
ig
h
iW

U
E

(l
ow

m
in
u
s
d
ef
a
u
lt

g 1
M
)

V
a
ri
a
b
le

A
m
a
z
o
n

C
e
n
tr
a
l
N
A

B
o
re

a
l
C
a
n
a
d
a

L
a
n
d
-
O

n
ly

-
F
ix

e
d
-
L
e
a
f

L
a
n
d
-
A

t
m

o
s
p
h
e
r
e

L
a
n
d
-
O

n
ly

-
F
ix

e
d
-
L
e
a
f

L
a
n
d
-
A

t
m

o
s
p
h
e
r
e

L
a
n
d
-
O

n
ly

-
F
ix

e
d
-
L
e
a
f

L
a
n
d
-
A

t
m

o
s
p
h
e
r
e

u
n
it

%
u
n
it

%
u
n
it

%
u
n
it

%
u
n
it

%
u
n
it

%

P
h
o
to
sy
n
th
es
is

(g
C
/
m

2
/
y
r)

1
1
0
*

5
.7

*
-8

5
8
*

-4
3
.8

*
1
0
9
*

9
.9

*
-1

1
4
*

-1
1
.0

*
-2

1
.4

*
-3

.7
*

1
0
0
*

1
9
.5

*

S
u
n
li
t
le
a
f
g s

(g
H

2
O
/
m

2
/
s)

-0
.7

7
*

-3
9
.4

*
-1

.1
2
*

-6
0
.2

*
-0

.5
4
*

-2
4
.4

*
-0

.7
8
*

-3
7
.8

*
-0

.3
5
*

-1
9
.9

*
-0

.2
8
*

-1
5
.4

*

T
ra
n
sp
ir
a
ti
o
n
(W

/
m

2
)

-2
0
.7

*
-3

5
.0

*
-3

5
.6

*
-5

9
.5

*
-3

.4
6
*

-1
0
.7

*
-6

.5
7
*

-2
2
.2

*
-1

.7
1
*

-2
1
.0

*
0
.4

2
5
.7

L
a
te
n
t
h
ea
t
fl
u
x
(W

/
m

2
)

-1
4
.4

*
-1

5
.1

*
-2

1
.6

*
-2

2
.3

*
-1

.7
9
*

-3
.6

*
-4

.7
1
*

-1
0
.0

*
-1

.4
5
*

-5
.9

*
-0

.0
9

-0
.4

S
en

si
b
le

h
ea
t
fl
u
x
(W

/
m

2
)

1
3
.2

*
3
1
.8

*
1
6
.2

*
3
9
.7

*
1
.5

4
*

5
.4

*
4
.4

0
*

1
5
.3

*
1
.3
2
*

7
.2
*

1
.8
1
*

9
.6
*

S
o
il
w
a
te
r
st
re
ss

(u
n
it
le
ss
)

-0
.4

0
*

-8
9
.1

*
-0

.4
9
*

-1
2
3
*

-0
.1

1
*

-1
3
.4

*
-0

.0
3
*

-2
.7

*
-0
.0
1

-1
.0

-0
.0
1

-1
.2

S
o
il
li
q
u
id

w
a
te
r
(k
g
)

8
0
.1
*

8
.8
*

8
1
.6
*

9
.0
*

1
2
3
*

1
8
.7

*
3
.1

9
0
.4

4
.1

7
0
.6

4
5
.9

*
6
.4

S
u
rf
a
ce

te
m
p
er
a
tu
re

(°
C
)

0
.0

9
0
.3

2
.7

2
*

1
0
.2

*
0
.0

2
0
.3

0
.9

7
*

1
1
.1

*
0
.0

1
0
.5

0
.5

9
*

3
1
.1

*

V
P
D

(P
a
)

-
-

6
7
3
*

3
3
.0

*
-

-
1
2
5
*

1
6
.5

*
-

-
2
7
.9

*
9
.3

*

L
ow

cl
o
u
d
co
v
er

(f
ra
ct
io
n
)

-
-

-0
.0

7
*

-3
8
.7

*
-

-
-0

.0
4
*

-1
4
.6

*
-

-
-0

.0
3
*

-3
.7

*

In
ci
d
en
t
so
la
r
ra
d
ia
ti
o
n
(W

/
m

2
)

-
-

2
.0
0
*

0
.9
*

-
-

4
.1

9
*

2
.4

*
-

-
2
.0

5
*

1
.7

*

T
o
ta
l
le
a
f
a
re
a
(m

2
/
m

2
)

-
-

-2
.0

7
*

-5
3
.3

*
-

-
-0

.3
7
*

-1
6
.4

*
-

-
0
.1

6
*

1
2
.5

*

W
e
re
p
re
se
n
t
th

e
st
a
ti
st
ic
a
l
si
g
n
ifi
ca

n
ce

o
f
tw

o
co

m
p
a
ri
so
n
s,

b
et
w
ee
n
si
m
u
la
ti
o
n
s
w
it
h
d
iff
er
en

t
iW

U
E

(*
),

a
n
d
b
et
w
ee
n
th

e
tw

o
m
o
d
el

co
n
fi
g
u
ra
ti
o
n
s

(b
o
ld
).

A
st
a
r
(*
)
in
d
ic
a
te
s
h
ig
h
m
in
u
s
d
ef
a
u
lt

iW
U
E

re
sp

o
n
se
s
p
a
ss

a
te
st

fo
r
st
a
ti
st
ic
a
l
si
g
n
ifi
ca

n
ce
,
w
h
er
e
th

e
n
u
ll
h
y
p
o
th

es
is

is
th

a
t
th

er
e
is

n
o
d
if
-

fe
re
n
ce

b
et
w
ee
n
th

e
h
ig
h
iW

U
E

a
n
d
d
ef
a
u
lt

iW
U
E

si
m
u
la
ti
o
n
s.

B
o
ld

e
d

v
a
lu
es

in
d
ic
a
te

w
h
er
e
th

e
d
iff
er
en

ce
s
b
et
w
ee
n
th

e
L
a
n
d
-O

n
ly
-F

ix
ed

-L
ea

f
a
n
d

L
a
n
d
-A

tm
o
sp

h
er
e
co

n
fi
g
u
ra
ti
o
n
s
fo
r
h
ig
h
m
in
u
s
d
ef
a
u
lt

iW
U
E

p
a
ss

a
te
st

fo
r
st
a
ti
st
ic
a
l
si
g
n
ifi
ca

n
ce
,
w
h
er
e
th

e
n
u
ll
h
y
p
o
th

es
is

te
st
ed

is
th

a
t
th

er
e
is

n
o

d
iff
er
en

ce
b
et
w
ee
n
th

es
e
tw

o
se
ts

o
f
d
iff
er
en

ce
s.

–15–



manuscript submitted to JGR: Biogeosciences

Figure 4. Photosynthesis difference spatial plots of default iWUE between 1xCO2 and 2x

preindustrial atmospheric CO2 levels for (a) default, (b) high, and (c) low iWUE perturbations,

where iWUE is constant for each comparison. Spatial difference plots showing the additional

change in photosynthesis in response to a doubling of atmospheric CO2 in the Land-Atmosphere

configuration when the default g1M (default iWUE) is replaced by (d) low g1M (high iWUE)

and (e) high g1M (low iWUE). The additional change in photosynthesis is calculated by taking

the difference of the photosynthetic response to iWUE perturbation at 2xCO2 and 1xCO2 (e.g.

2xCO2(high – default iWUE) – 1xCO2(high – default iWUE)). Stippled grid cells represent

statistically significant differences. Grid cells are statistically significant if the photosynthetic

response to iWUE perturbation at 2xCO2 is different from the photosynthetic response to at

1xCO2.
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the real world had a higher iWUE than that currently used in CESM2, plant photosyn-494

thesis could be either over or underestimated.495

We find similar implications under the future scenario of elevated atmospheric CO2–496

if real world plants had a higher iWUE than the default used in CESM2, future climate497

projections would be underestimating plant photosynthesis and terrestrial carbon sink.498

The opposite would be true if real world plants had a lower iWUE than the default iWUE499

used in the model.500

4.2 Inclusion of a dynamic atmosphere evoked strong temperature and501

VPD responses that affected photosynthesis502

As mentioned above (Section 4.1), we expected photosynthesis to decrease with higher503

iWUE but although we find some regions of decrease we also find regions of increase (Figs. 2c&d).504

Not only was photosynthetic response to high iWUE not consistent across regions, it was505

also not consistent across configurations of CESM2, flipping sign between increasing and506

decreasing photosynthetic response to the same change in iWUE depending on the the507

inclusion of a dynamic atmosphere and prognostic leaf area (Fig. 2e). The change in the508

sign of photosynthetic response to iWUE can be largely attributed to the inclusion of509

a dynamic atmosphere rather than prognostic leaf area (cf. Fig. 2e and Fig. S6). In ad-510

dition to the differences between model configurations, the direction of the sign change511

in photosynthetic response was negative over many regions when the atmosphere was512

allowed to dynamically respond, which was opposite of what we expected (Supplemen-513

tal Text S1).514

To explain why photosynthesis shows a different direction of response to an increase515

in iWUE when the atmosphere is allowed to dynamically respond (Land-Atmosphere con-516

figuration compared to the Land-Only-Fixed-Leaf configuration), we explored four pos-517

sible conjectures based on what we know about photosynthesis and its response to en-518

vironmental factors. First, the high iWUE and default iWUE simulations could have dif-519

ferences in gs in response to g1M (conjecture 1; c1). Second, photosynthesis could be re-520

sponding to plant soil water stress (conjecture 2; c2). Third, photosynthesis could be re-521

sponding to a change in temperature which differs between the Land-Atmosphere and522

Land-Only-Fixed-Leaf configurations (conjecture 3; c3). Fourth, photosynthesis could523

be responding to atmospheric water stress (conjecture 4; c4). We focused on regions that524

had a change in the sign of photosynthetic response to iWUE between the Land-Atmosphere525

and Land-Only-Fixed-Leaf high iWUE simulations (Fig. 2e).526

To start, there was a gs decrease in response to high iWUE perturbation in almost527

all regions for both Land-Atmosphere and Land-Only-Fixed-Leaf simulations (Fig. S4b528

and Fig. S5b), which would on its own cause a decrease in photosynthesis, and thus changes529

in gs (c1) alone cannot explain the difference in photosynthetic response between the two530

model configurations. We note that the Tibetan Plateau region did not match the gen-531

eral global gs response (Fig. S4b and Fig. S5b) because the C3 arctic grass PFT default532

g1M used in CLM was lower than the low g1M perturbation derived from Lin et al. (2015)533

(Fig. 1a). The changes in soil water stress, temperature, and atmospheric water stress534

vary more across regions, so we discuss the response by region below.535

4.2.1 VPD-driven photosynthesis decreases in the Amazon and central536

North America537

For simulations with a prescribed atmosphere (Land-Only-Fixed-Leaf configura-538

tion), we found a photosynthetic increase in the Amazon and central NA in response to539

high iWUE which is most likely driven by a reduction in soil water stress (c2) because540

temperature (c3) and VPD (c4) did not change much with fixed atmospheric forcing (Fig. 3).541

This occurs in both the Amazon and in central NA although the percentage increase in542
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photosynthesis in central NA was greater compared to the Amazon even though the per-543

centage increases in water availability were smaller. This suggests that photosynthesis544

in central NA is more sensitive to increases in water availability and decreases in soil wa-545

ter stress (c2).546

For simulations with a dynamic atmosphere and prognostic leaf area (Land-Atmosphere547

configuration), we find that photosynthesis decreases. This can not be explained by soil548

water stress (c2), which is alleviated with high iWUE in the Amazon and remains neu-549

tral central NA. The main differences between the response to high iWUE in Land-Atmosphere550

and Land-Only-Fixed-Leaf configurations are in the surface temperature (c3) and VPD551

(c4) responses. Temperature (c3) increased significantly in both the regions, which could552

potentially push plants beyond their thermal optimum for photosynthesis (Yamori et al.,553

2014; Figs. S4e & S5e). However, CLM represents photosynthetic acclimation (Lombardozzi554

et al., 2015) which reduces the negative impact of hot temperatures.555

We attribute the photosynthetic decreases with a dynamic atmosphere primarily556

to a response to VPD (c4) as the magnitude of our expected photosynthetic response557

to increase in VPD alone explains the total signal (Figs. 3b&d) and is substantially larger558

than the response to temperature (c3) alone. The photosynthesis decrease is larger in559

the Amazon compared to central NA, suggesting that plants in the Amazon are more560

sensitive to an increase in VPD (c4). This is consistent with prior work showing that pho-561

tosynthesis declines at high temperatures in tropical forests are mostly due to VPD ef-562

fects rather than direct temperature effects in CLM5 (Zarakas, Swann, Koven, et al., 2024).563

4.2.2 Temperature increased photosynthesis in boreal Canada564

For boreal Canada we find a decrease in photosynthesis in response to high iWUE565

in simulations with a prescribed atmosphere (Land-Only-Fixed-Leaf configuration). In566

the high iWUE Land-Only-Fixed-Leaf simulation, we find support for the first conjec-567

ture as the decrease in gs (c1) in boreal Canada had a greater effect on photosynthetic568

response than the small increase in soil water availability (c2) (Fig. 3e). When the at-569

mosphere is allowed to respond to high iWUE, photosynthesis increased in boreal Canada.570

Soil water availability (c2), temperature (c3), and VPD (c4) all increase. If boreal plants571

were strongly influenced by higher VPD (c4) as they were in the Amazon and central572

NA, this would cause a decrease in photosynthesis. Yet photosynthesis increased, im-573

plying that plants were more sensitive to the direct effects of increases in temperature574

(c3) than in VPD (c4) and that temperatures remained below thermal optimum (Fig. 3f).575

Although our direct attribution of the response of photosynthesis to an increase in tem-576

perature is smaller than the total increase in photosynthesis that we find, this could be577

explained by increased leaf area which is not included in our perturbed meteorology sim-578

ulations (Fig. S5; Table 2).579

The expected photosynthetic responses from temperature for all three regions sug-580

gest that the total effect of temperature (c3) on photosynthesis is influenced by the back-581

ground climate. A low baseline temperature region, like boreal Canada, may have pos-582

itive responses to temperature increases while a high baseline temperature region, like583

the Amazon and central NA, may have negative responses to temperature increases, through584

both direct temperature effects and effects of higher VPD, which are indirectly driven585

by elevated temperature.586

5 Conclusions587

The choice of iWUE used to represent each plant functional type in CESM2 im-588

pacts photosynthetic rates. Decreasing iWUE from the default had a large decrease on589

photosynthesis while increasing iWUE had regionally dependent impact on photosyn-590

thetic response. In particular, the Amazon and central NA regions exhibited decreases591
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in photosynthesis (-43.8% and -11.0% respectively) while boreal Canada experienced in-592

creases (19.5%) when the atmosphere and leaf area are allowed to respond.593

The inclusion of a dynamic atmosphere enabled the climate to respond differently594

to perturbations in iWUE, driven by both temperature and VPD. Changes in temper-595

ature resulted from changes in surface energy partitioning and reductions in cloud cover596

and changes in VPD resulted from changes in temperature and transpiration. The sign597

of photosynthetic response to these temperature changes for high iWUE perturbation598

simulations depended on the background climate of the region. In the Amazon and cen-599

tral NA, with a high baseline temperature, photosynthesis decreased with further increase600

in temperature. In contrast, in boreal Canada, with a low baseline temperature, pho-601

tosynthesis increased with further increase in temperature. The photosynthetic response602

in the Amazon and central NA was largely driven by increases in VPD (indirect tem-603

perature effect). This has implications that the Earth system response to our choice of604

iWUE depends on which aspects of the Earth system are allowed to dynamically respond.605

Currently in CESM2, which uses the Medlyn stomatal conductance formulation (Medlyn606

et al., 2011), plants tend to decrease gs under high temperatures and high VPD to re-607

duce water loss through transpiration. However, some plant species have been observed608

to increase gs under heat stress, presumably increasing transpiration for evaporative cool-609

ing to prevent thermal leaf death or as an unavoidable response to intense heat (Marchin610

et al., 2022). This plant response to high temperatures is currently not implemented in611

any Earth System models and decouples An and gs (Marchin et al., 2023). In the con-612

text of our results, our simulations could be underestimating plant transpiration under613

high temperatures and high VPD conditions, particularly for the high iWUE simulations.614

The greater water fluxes could lead to different atmospheric feedbacks (e.g., dampen the615

response of increases in temperature and VPD) and consequently affect the photosyn-616

thetic response.617

Both high and low iWUE perturbations changed the total global photosynthetic618

response to elevated atmospheric CO2 by 6.4% and -9.6%, respectively with some regional619

variation. This has implications for the total land carbon sink under elevated CO2, with620

higher iWUE tending to increased gross photosynthesis, which tends to increase land car-621

bon sink, while lower iWUE would do the opposite and tend to decrease the land car-622

bon sink, all else being equal. However, warmer temperatures can counteract increases623

in the land carbon sink by increasing plant respiration and ecosystem carbon loss.624

Our research mainly focused on how photosynthesis would be affected by altering625

plant carbon-water trade-offs. Overall we found that the answer was more complicated626

than one might initially guess, but that the response of photosynthesis can be explained627

by considering sensitivity to temperature and water availability. We find that plant tran-628

spiration is greatly affected by iWUE perturbations, with likely implications for water629

budget variables like precipitation, evapotranspiration, and runoff (Kooperman, Chen,630

et al., 2018; Kooperman, Fowler, et al., 2018; Fowler et al., 2019; Mankin et al., 2019).631

We show that, given the response of photosynthesis to iWUE even at elevated CO2, fu-632

ture climate projections could be significantly different based on how g1M and thus iWUE633

is parameterized in Earth system models.634

Our findings show that changes in iWUE, whether due to plant adaptation to cli-635

mate change or land-use changes, can have a large impact on photosynthesis. This af-636

fects predictions of how photosynthesis will respond to environmental changes. If our as-637

sumptions about iWUE are incorrect, we risk poorly modeling not only the mean-state638

photosynthesis but also its response to global change. This uncertainty underscores the639

need for the research community to better represent iWUE in models. To do so, we need640

to collect more measurements of iWUE and its components, photosynthesis and stom-641

atal conductance. Measurements across a diversity of plant types, background climates,642

and CO2 environments would enable the community to build models that incorporate643
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spatial variability of plant traits and to more effectively use perturbed parameter ensem-644

bles to better quantify uncertainty in photosynthesis.645

6 Open Research646

The original data for this study are all available. Data used to perturb the Med-647

lyn slope parameter can be found at https://figshare.com/articles/dataset/Optimal648

stomatal behaviour around the world/1304289?file=1886204 (Lin et al., 2015). Model649

output from the iWUE perturbation simulations are available the Dryad Digital Repos-650

itory for this paper (DOI: 10.5061/dryad.c59zw3rj0; A. X. Liu et al., 2024). Model out-651

put from the perturbed meteorology simulations used in this paper is available in an-652

other Dryad Digital Repository (DOI: 10.5061/dryad.h44j0zpw1; Zarakas, Swann, & Bat-653

tisti, 2024). CESM2 is open source and all code can be found on Github at654

https://github.com/ESCOMP/CESM.655
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Text S1. Relationship between g1M and iWUE

We directly perturbed g1M in our simulations, resulting in varying iWUE perturba-

tions between the Land-Only-Fixed-Leaf and Land-Atmosphere simulation for each region.

Generally, we expected photosynthesis to increase with higher iWUE. In the Amazon, the

Land-Only-Fixed-Leaf simulation had less of an increase in iWUE at low g1M (Figure S1c),

suggesting that the Land-Only-Fixed-Leaf simulation should have had a more moderate

increase photosynthesis compared to the Land-Atmosphere simulation. However this was

contrary to what we found, as the Land-Atmosphere simulation showed an absolute de-

crease in photosynthesis. The Land-Atmosphere high iWUE simulation had photosynthe-

sis decreases while the Land-Only-Fixed-Leaf high iWUE simulation had photosynthesis

increases (Table 2; Figure 3a). We also observed unexpected photosynthetic responses in

central NA. The central NA results mirrored those of the Amazon, with central NA in

the Land-Only-Fixed-Leaf simulation having less of an iWUE increase at low g1M (Fig-

ure S1d) suggesting a greater photosynthesis increase in the Land-Atmosphere simulation.

We saw that both the Land-Atmosphere and Land-Only-Fixed-Leaf high iWUE simula-

tions exhibited the same unexpected trends as the Amazon, with absolute decreases in

photosynthesis for the Land-Atmosphere and increases in the Land-Only-Fixed-Leaf high

iWUE simulation (Table 2; Figure 3c). Like the Amazon and central NA regions, boreal

Canada in the Land-Atmosphere simulation had a greater increase in iWUE with low g1M

perturbation compared to the Land-Only-Fixed-Leaf simulation (Figure S1e), which gave

the same expectation that the Land-Atmosphere simulation would have a greater increase
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in photosynthesis. Contrary to the other regions, in boreal Canada, photosynthesis had

increases for the Land-Atmosphere and absolute decreases for the Land-Only-Fixed-Leaf

high iWUE simulation (Table 2; Figure 3e), which matched expectations. We explored

reasons why in Section 4.

Text S2. Perturbed meteorology simulation calculations

For each perturbed meteorology simulation, we calculated the expected response of

photosynthesis (δGPPexpected) to the change in temperature or VPD due to iWUE pertur-

bation. We calculated the expected response of photosynthesis to a single meteorological

perturbation as follows:

∆GPPmet Var = GPPLand-Only perturb met Var −GPPLand-Only control met , (1a)

∆V armet Var = V arperturb met Var − V arcontrol met , (1b)

∆V arLand-Atm = V arLand-Atm perturb iWUE − V arLand-Atm default iWUE , (1c)

δGPPexpected =
∆GPPmet Var

∆V armet Var

×∆V arLand-Atm , (1d)

where V ar is either temperature or VPD. Since the Land-Only-Fixed-Leaf simulations do

not have changes in bottom of the atmosphere temperature or VPD, we did not include

them in this part of the analysis. The first two equations (Eq. 1a&b) were calculated using

the default values for iWUE and the “perturb met Var“ refers to perturbed meteorology

simulations.
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Text S3. Reasons why leaf area decreases in Australia in response to high

iWUE at elevated CO2

In the main text, we attribute large photosynthesis decrease at high iWUE to plants

decreasing their leaf area. We hypothesize two reasons for the the decrease in leaf area

below.

The first reason why leaf area decreases could be due to plants overheating. Since we

were perturbing a high iWUE, plant stomata were forced to close more, which decreased

transpiration. This was followed by a decrease in latent heat flux and water vapor in the

air, contributing heat and dryness to an atmosphere already warmed from the increase

in CO2. In the real world plants transpire to regulate temperatures, but in model world

that function is not implemented, so our plants in Australia could not cool down and

may have decreased leaf area due to overheat. The second reason for leaf area reductions

could be carbon starvation from stomatal closure. We already forced stomata close to

some degree with our high iWUE perturbation, which could be amplified by an increase

in atmospheric water stress due to an increase in VPD from decreased transpiration.

If plants closed their stomata too much, they would not be able to diffuse in enough

carbon dioxide for photosynthesis to upkeep its leaves and starve, hence the term carbon

starvation.
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Figure S1. Globally averaged Medlyn slope g1M vs (a) globally averaged iWUE and (b)

globally averaged stomatal conductance gs for the Land-Only-Fixed-Leaf and Land-Atmosphere

simulations at 1x and 2xCO2. The relationship between g1M and iWUE is plotted regionally for

(c) the Amazon, (d) central NA, and (e) boreal Canada.
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Figure S6. Spatial plots showing the difference in the sign of the photosynthetic change in

the Land-Only-Fixed-Leaf high minus default iWUE simulations and high minus default iWUE

simulations for configurations that have either (a) the inclusion of a dynamic atmosphere (Land-

Atmosphere-Fixed-Leaf) or (b) a prognostic leaf area (Land-Only-Prognostic-Leaf). Refer to

Table S1 for configuration details. Colored grids indicate where the sign of the change in the

Land-Atmosphere-Fixed-Leaf or Land-Only-Prognostic-Leaf simulations is opposite to that in

the Land-Only-Fixed-Leaf simulation and the color represents the direction of change.
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Figure S7. (a) Global spatial plot of total photosynthesis normalized by total leaf area index

(TLAI) at each grid cell for the Land-Atmosphere default iWUE simulation at 2xCO2. (b) Global

spatial plot of TLAI for the Land-Atmosphere default iWUE simulation at 2xCO2. (c) Time

series of TLAI and surface temperature for west and east Australia. The time series data was

from pulled from the red boxes drawn in (a) and (b).
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Table S1. Summary of Additional Simulations.

Simulation Name CO2 Atmosphere Leaf Area g1M iWUE
Land-Atmosphere-Fixed-Leaf high iWUE 1xCO2 dynamic prescribed low high
Land-Atmosphere-Fixed-Leaf default iWUE default default
Land-Only-Prognostic-Leaf high iWUE 1xCO2 prescribed prognostic low high
Land-Only-Prognostic-Leaf default iWUE default default

a Additional simulations used to attribute the change in sign of photosynthetic response

between the Land-Atmosphere and Land-Only-Fixed-Leaf configurations to the inclusion of a

dynamic atmosphere and a prognostic leaf area (Fig. S6).

Table S2. Photosynthetic (GPP) Response to elevated CO2 at different iWUE.

Region Latitude Range iWUE Starting GPP (PgC/yr) Ending GPP (PgC/yr) % Change
Global 0-90°N and °S default 119 185 54.6

high 112 182 61.8
low 99 159 61.0

Boreal 50-60°N and °S default 1.7 2.9 75.9
high 1.6 2.9 77.4
low 1.5 2.8 79.3

Temperate 23.5-50°N and °S default 15 22 44.9
(excludes high 14 21 50.2
boundary values) low 14 20 46.2

Tropical 0-23.5°N and °S default 18 26 45.3
high 17 26 55.4
low 13 21 55.4

a Photosynthetic (GPP) response for 2x minus 1x preindustrial CO2 at default, high, and low

iWUE for different latitude belts (Figs. 4a-c). GPP values are rounded to either the nearest

whole number or two significant figures, whichever is more precise, and percentage changes are

rounded to one decimal place.
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