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Increasing concentrations of atmospheric carbon dioxide are ex-
pected to affect carbon assimilation and evapotranspiration (ET), ulti-
mately driving changes in plant growth, hydrology and the global car-
bon balance. Direct leaf biochemical effects have been widely inves-
tigated, while indirect effects, although documented, elude explicit
quantification in experiments. Here, we used a mechanistic model
to investigate the relative contributions of direct (through carbon as-
similation) and indirect (via soil moisture savings due to stomatal
closure, and changes in leaf area index, LAI) effects of elevated CO2
across a variety of ecosystems. We specifically determined which
ecosystems and climatic conditions maximise the indirect effects of
elevated CO2. The simulations suggest that the indirect effects of ele-
vated CO2 on net primary productivity are large and variable, ranging
from less than 10% to more than 100% of the size of direct effects.
For ET, indirect effects were on average 65% of the size of direct
effects. Indirect effects tended to be considerably larger in water-
limited ecosystems. As a consequence, the total CO2 effect had a
significant, inverse relationship with the wetness index and was di-
rectly related to vapor pressure deficit. These results have major im-
plications for our understanding of the CO2-response of ecosystems
and for global projections of CO2 fertilization because, while direct
effects are typically understood and easily reproducible in models,
simulations of indirect effects are far more challenging and difficult
to constrain. Our findings also provide an explanation for the dis-
crepancies between experiments in the total CO2 effect on net pri-
mary productivity.
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The leaf-level response to elevated CO2 (eCO2) is well1

known: at current CO2 levels photosynthesis of C32

plants is not saturated, while for C4 plants it is close to sat-3

uration [e.g., 1–4]. If acclimation is limited, leaf-level carbon4

assimilation of C3 plants will increase as the CO2 concentra-5

tion increases, as shown, among others, by observations in6

FACE (Free-Air CO2 Enrichment) experiments [5–7]. Con-7

currently, stomatal conductance decreases consistently with8

eCO2 in most species [8–11]. Even though the leaf-level re-9

sponses are well characterized and quantifiable, the ecosystem10

response to eCO2 remains considerably more uncertain and11

difficult to predict [12–17]. This discrepancy is not simply12

a consequence of the uncertainty in scaling up from leaf to13

canopy and ecosystem but derives from indirect effects and14

feedbacks that may lead to an amplification or dampening of15

the direct leaf-level response to eCO2.16

Indirect effects may be related to (i) modifications of plant17

water status through changes in soil moisture within the root 18

zone, which occur as a consequence of stomatal closure; (ii) 19

changes in Leaf Area Index (LAI), root biomass and depth, 20

and canopy structure; (iii) limitations due to soil nutrient 21

scarcity or plant incapability to take up nutrients at a rate suf- 22

ficient to support enhanced carbon assimilation; (iv) changes 23

in ecosystem composition and biodiversity; and (v) higher 24

order interactions of the above indirect effects. Changes in 25

soil moisture due to the reduction in stomatal conductance 26

with eCO2 (water saving effects) have been observed in a se- 27

ries of studies, most commonly in grasslands [18–21], but also 28

in other ecosystems [22, 23]. Water saving effects have been 29

hypothesized to stimulate vegetation productivity by a magni- 30

tude comparable or larger than the direct eCO2 effect [21, 24], 31

but no study has quantitatively partitioned direct and indi- 32

rect effects. For instance, the water-saving effects of eCO2 can 33

even lead to an increase in C4 plant abundance over that of C3 34

plants, despite the absence of substantial direct effects on C4 35

plant growth [25, 26]. Such strong indirect effects mediated 36

by hydrology have led to the hypothesis that the response 37

of vegetation to eCO2 may be more an issue of water than 38

carbon [27]. Despite evidence from individual studies for a 39

considerable stimulation of plant productivity through eCO2- 40

..
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derived water savings, a meta-analysis of vegetation responses41

to eCO2 showed no strong relationship between the effect size42

of CO2 stimulation (elevated over ambient, E/A) and annual43

precipitation [28]. Considering sites independently showed a44

larger CO2 effect with decreasing precipitation, but the au-45

thors also hypothesized that the sign could be reversed ap-46

proaching very dry conditions, based on observations from a47

desert study [29]. Other indirect effects through LAI and nu-48

trient limitations are interlinked with changes in soil moisture49

[e.g., 30, 31]. A more favorable water status can increase LAI,50

but such an increase in LAI can also lead to more rapid deple-51

tion of soil moisture. Altered soil moisture may also influence52

soil microbial activity and soil organic matter turnover rates,53

ultimately modifying nutrient availability [32].54

While it is essential to improve our understanding of ecosys-55

tem response to climate change, a detailed quantification of56

indirect effects of eCO2 and the comparison with direct phys-57

iological effects is fundamentally impossible in field experi-58

ments such as FACE [3, 5, 15, 33]. Field experiments can59

only estimate the total response to a given external treat-60

ment or combination of treatments. The different components61

of the total response cannot be quantitatively separated in62

most cases, rendering the discussion of indirect effects spec-63

ulative [e.g., 20, 21, 24, 29, 34, 35]. A precise separation of64

the various effects is possible, however, using terrestrial bio-65

sphere models. Despite numerous limitations, these tools are66

capable of shedding light onto complex environmental issues67

with multiple interacting feedbacks [e.g., 36, 37]. Here, for68

the first time, we employ the state-of-the-art ecohydrologi-69

cal model Tethys-Chloris, T&C [38, 39] to disentangle direct70

from indirect CO2 effects on productivity and evapotranspi-71

ration. The model was used to simulate the response to an72

eCO2 treatment in a series of ecosystems spanning a wide73

range of climates and biomes (see Method section). The spe-74

cific questions addressed here are: (i) What are the relative75

contributions of direct and indirect effects to the total pro-76

ductivity and evapotranspiration response to elevated CO277

and do these depend on ecosystem water availability? (ii) In78

which biomes should we expect the strongest response? (iii)79

Does the total response to eCO2 correlate with wetness? We80

hypothesize that indirect effects will be generally significant81

and potentially comparable to direct effects in water limited82

grassland ecosystems, especially in sites containing C4 species.83

We further expect a negative correlation between indirect ef-84

fects on net primary productivity and wetness index for wet85

and mesic sites [28].86

While quantifying direct leaf-level effects is relatively easy,87

untangling the indirect effects at the ecosystem scale is far88

more difficult and requires a dedicated approach as presented89

here. Quantitative knowledge of the role of indirect effects is90

expected to shed light on the observed differences between91

sites in the response to eCO2 and to improve our under-92

standing of the interannual variability of the eCO2 effects.93

A mechanistic explanation of indirect effects also suggests av-94

enues for improvement of global terrestrial biosphere models,95

which have limitations in capturing ecosystem level responses96

to eCO2 [40].97

Results98

Effect partitioning. We identified four principal effects, which99

are the main determinants of the total ecosystem response to100

eCO2. The first effect (E1) is the well-known, direct physio- 101

logical effect, where a higher partial pressure of CO2 stimu- 102

lates photosynthesis in C3 plants and reduces stomatal con- 103

ductance in both C3 and C4 plants. This effect is always pos- 104

itive because it increases Gross Primary Production (GPP) 105

and Net Primary Production (NPP). The second effect (E2) 106

is almost always positive and is the indirect effect mediated 107

by reduced stomatal conductance, which leads to soil mois- 108

ture savings. Reduced stomatal conductance may, in rare 109

cases, suppress plant growth when soil water savings exacer- 110

bate anoxia in frequently waterlogged soils. The third effect 111

(E3) is related to a potential increase in LAI, which by itself 112

may lead to an additional increase in carbon assimilation be- 113

cause of greater leaf area. This effect is always positive for 114

GPP but can be negative in terms of NPP in specific situa- 115

tions of stress because greater LAI implies greater respiration 116

rates. The fourth effect (E4) is typically negative and is re- 117

lated to the higher evapotranspiration rates associated with 118

an increase in LAI. Higher evapotranspiration tends to de- 119

crease soil moisture, which may increase plant water deficit, 120

reducing productivity. In reality, all effects occur simultane- 121

ously, and the water mass budget must be preserved. There- 122

fore, E4 acts mostly by offsetting the positive effect of E2. The 123

total response is finally given by E1 + E2 + E3 + E4, which 124

corresponds to what can be typically observed in a CO2 ma- 125

nipulation experiment. Note that the above partitioning does 126

not include indirect effects acting through nutrients, increases 127

in root depth or changes in species composition. While it is 128

incontrovertible that these factors play important roles in reg- 129

ulating ecosystem response to eCO2 [e.g., 41–44], they remain 130

poorly simulated by current terrestrial biosphere models [45– 131

48]. Therefore, we purposefully excluded such effects to avoid 132

introducing further levels of uncertainty related to the specific 133

model structure. 134

The combination of six numerical simulations, which were 135

used to separate E1, E2, E3, and E4, is described in the meth- 136

ods section. Two atmospheric CO2 concentration levels, 375 137

and 550 ppm, were used in the simulations representing the 138

ambient CO2 concentration at the beginning of this century 139

and the level used in several FACE experiments, respectively. 140

The treatment corresponded to an overall step increase in 141

CO2 of +46%. Boundary conditions in terms of soil prop- 142

erties and depth, biome parameterizations, as well as hourly 143

meteorological inputs were taken from 44 sites corresponding 144

to locations where observations from flux towers, manipula- 145

tion experiments or experimental stations were available to 146

force and test the model (Suppl. Table S1). Importantly, 147

biomes were not parameterized with generic plant functional 148

types, but for each site we identified a parameter set able to 149

provide satisfactory results in terms of vegetation productiv- 150

ity, leaf area index, soil moisture, energy and water fluxes, 151

and local phenology acting on the most sensitive parameters 152

[49]. The capability of the T&C model to reproduce the ob- 153

served response to eCO2 was evaluated against observations 154

of total effects at three FACE experiments [50, 51]: Duke- 155

FACE, ORNL-FACE and TasFACE (Suppl. Figures S1, S2 156

and S3), and has been previously tested for the Swiss Canopy 157

Crane FACE experiment [52]. Results were satisfactory when 158

compared to current capabilities of ecosystem models [e.g., 159

40] especially at the Duke-FACE site. Simulations at ORNL- 160

FACE were less satisfactory especially in the period when 161
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nutrient limitation became significant. However, the overall162

consistency in simulated and observed average effects for dif-163

ferent variables (NPP, ET, water use efficiency) was adequate164

for the investigation of the questions posed here.165

NPP response. The total effect of the eCO2 treatment on166

NPP, computed as (eCO2-aCO2)/aCO2, was a function of the167

wetness index, WI , i.e., the ratio between annual precipitation168

and annual potential evapotranspiration (Fig. 1). Decom-169

posing the response between direct and indirect effects shows170

that the direct effect was unrelated (R2 = 0.02, p-value=0.35)171

to WI , while indirect effects increased exponentially with de-172

creasing WI , thus driving an increase in the total response173

(Fig. 1b). The direct effect was positively correlated with an-174

nual and growing season air temperature (R2 = 0.78, p-value175

< 0.001), suggesting that the strongest direct physiological176

response should be expected at warmer sites where photosyn-177

thesis is not temperature limited during most of the growing178

season (Fig. S4). Further sub-division of the three analyzed179

indirect effects showed that the indirect effect through soil180

moisture savings, E2, increased exponentially with dryness,181

reaching values of 20-40% of the ambient NPP for WI < 0.5182

(Fig. 1c). The indirect effect due to carbon assimilation stim-183

ulation through a larger LAI, E3, also increased for very dry184

conditions but at lower WI values than E2, and was rarely185

larger than 20% of the ambient NPP (Fig. 1c). This pat-186

tern occurred because at drier sites, LAI is generally lower,187

so that even a small increase in LAI due to eCO2 may cause188

significant stimulation of GPP, as the negative feedback of189

self-shading is minimal. Finally, E4 reached large negative190

values at dry sites (-40% of ambient NPP) and counteracted191

the combined positive effects of E2 and E3 (Fig. 1c). In other192

words, the increased LAI generated by eCO2 was typically suf-193

ficient to deplete a large fraction of the soil moisture savings,194

which would otherwise occur because of the reduction in stom-195

atal conductance. However, the sum E2 + E3 + E4 almost196

always yielded a positive value as testified by Figure 1b. The197

ratio between indirect and direct effects (Rid) supports the198

idea that indirect effects can be comparable (Rid > 0.25) to199

the direct effect at many sites and much larger (Rid > 1) for200

dry sites with C4 species (Fig. S5). Only wet tropical forest201

sites, a groundwater fed ecosystem, and a grassland in Scot-202

land showed a total predominance of direct effects (Rid < 0.1).203

On average and across all sites, indirect effects accounted for204

28% of the NPP response to eCO2.205

In terms of total eCO2 treatment effect, the 46% increase206

in CO2 led to greater variation in NPP among sites, but the207

overall effect on NPP was positive, ranging between 11 and208

45% of ambient NPP. The eCO2 effect was most variable when209

wetness conditions were intermediate (0.75 < WI < 1.25) (Fig.210

1a). Despite this scatter, a significant negative relationship211

(R2 = 0.20, p-value = 0.0021) between NPP effect size and WI212

was evident, with the driest sites having the strongest NPP213

response to eCO2. This pattern was also apparent for sites214

with a considerable fraction of C4 species (Fig. 1a). The total215

NPP effect was even more strongly correlated (R2 = 0.51, p-216

value < 0.001) with the growing season average vapor pressure217

deficit (VPD) (Fig. S4).218

Whether or not eCO2 stimulates LAI is a matter of de-219

bate, because responses differ among experiments [53, 54],220

and there is contention as to whether nutrient limitation or di-221

rect environmental controls limit growth regardless of carbon222
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Fig. 1. (a) Scatter plot between the wetness index and the total effect on NPP
(E1+E2+E3+E4), sites with a considerable fraction of C4 grass are indicated with
circles (R2 = 0.20, p-value=0.0021). (b) Scatter plot between wetness index and
direct effect, E1 (crosses) and indirect effects, E2+E3+E4 (squares), (R2 = 0.55).
(c) Scatter plot between wetness index and four different effects, E1 (R2 = 0.02)
(crosses), E2 (R2 = 0.73) (diamonds), E3 (R2 = 0.27) (circles), E4 (R2 = 0.68)
(triangles). All the effects were computed as: (eCO2-aCO2)/aCO2. Site acronyms
in (a) are detailed in the Supporting Material.

assimilation rates [12, 44, 55–58]. Hence, we examined the 223

impact of eCO2 on NPP while holding LAI constant. In this 224

case, the only mechanisms leading to eCO2 effects on NPP 225

were direct physiological and indirect soil moisture impacts 226

(E1 + E2) (Fig. 2). Despite some site-to-site variability, re- 227

moving eCO2 effects on LAI had contrasting consequences in 228

dry and wet sites (Fig. 2). In dry sites, the stimulation of LAI 229

by eCO2 resulted in increased water use, more than offsetting 230

the beneficial effects of LAI on photosynthesis. Therefore, re- 231

moving the impact of eCO2 on LAI substantially increased 232

the overall stimulation of NPP in dry sites (Fig. 2). In con- 233

trast, in wet sites, preventing eCO2 from stimulating NPP 234

via increased LAI had no effect or reduced the eCO2 effect 235

since water was clearly not limiting at these sites. Hence, the 236

impact of changes in LAI in response to eCO2 depends upon 237

whether the ecosystem has the necessary water availability to 238

support greater LAI. 239
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Fig. 2. Effect of removing indirect effects due to LAI on the scatter plot between wet-
ness index and total effect on NPP (E1+E2+E3+E4), the directions and magnitudes
of the arrows indicate the change in total response when LAI mediated effects (E3
and E4) are removed for each site, i.e., only E1 and E2 effects are left. The red color
indicates a decrease in the NPP effect, while a blue color indicates an increase in
the NPP effect.

ET response. Enrichment of CO2 influenced ET in a man- 240

ner even more tightly controlled by WI than for NPP (Fig. 241

3). On average the ratio of indirect-to-direct effects was 65%, 242

pointing to a large significance of indirect eCO2 effects on 243

ET. Indirect effects on ET through soil moisture savings (E2) 244
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and increased LAI (E3) were positive and similar in magni-245

tude, with an exponential increase evident for WI < 1 (Fig246

3c). Both E2 and E3 led to higher ET but for different rea-247

sons: E2 alleviated water stress thereby supporting continued248

ET, whereas E3 simply increased the transpiring leaf area.249

These theoretical increments in ET cannot be physically sus-250

tained as they would violate the water mass budget, or in251

other words, an increase in ET must imply a decrease in soil252

moisture. Therefore, E4 was strongly negative and offset par-253

tially, or almost entirely in the most xeric sites, the sum of254

E2 and E3. The direct effect reached -15% and was positively255

and linearly correlated (R2 = 0.41 p-value < 0.001) with WI256

(Fig. 3b). This pattern was related to the fact that ET during257

periods of high water availability in drier sites can be larger258

than in wetter sites due to higher radiation loads and tem-259

perature. In these locations, allowing only the direct effect260

of stomatal conductance reduction (E1) to occur can lead to261

more pronounced responses (proportionally lower ET) than in262

wetter sites. However, the combined indirect effects increased263

ET in a manner that was negatively and exponentially related264

(R2 = 0.70) to WI . Further, this trend largely offset the direct265

effect for WI < 0.5.266

The total effect eCO2 on ET was generally negative, rang-267

ing between -8% and +2% and approaching zero under arid268

conditions (Fig. 3a). This result was not surprising because269

long-term ET at dry sites is almost equal to long-term precip-270

itation with only a marginal influence of other factors such as271

CO2 concentration, climate variability or vegetation composi-272

tion [39, 59, 60].273

Ecosystem Water Use Efficiency (EWUE), defined as the274

ratio between GPP and evapotranspiration, also responded275

positively to eCO2 following general expectations [40, 61–63],276

with a total increase between 14% and 39%, less than propor-277

tional to the 46% increase in CO2. The scatter in the EWUE278

response was considerable, the response was mostly driven279

by the direct effect but was enhanced by the sum of indirect280

effects at the driest sites (Fig. S6).281
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Fig. 3. (a) Scatter plot between wetness index and total effect on ET (E1+E2+E3+E4)
(R2 = 0.22, p-value=0.0012). (b) Scatter plot between wetness index and direct ef-
fect, E1 (crosses) and indirect effects, E2+E3+E4 (squares), (R2 = 0.70). (c) Scat-
ter plot between wetness index and four different effects, E1 (R2 = 0.41) (crosses),
E2 (R2 = 0.84) (diamonds), E3 (R2 = 0.51) (circles), E4 (R2 = 0.73) (triangles).
Site acronyms in (a) are detailed in the Supporting Material.

Discussion282

This study aimed to investigate the relative importance of283

direct and indirect effects of eCO2 on ecosystem NPP and284

ET. Our results suggest that in xeric environments, indirect285

effects can be comparable to or even larger than the direct, 286

photosynthetic effect of eCO2 on NPP. On average, indirect 287

effects accounted for 28% of the total stimulation of NPP. The 288

indirect/direct effect ratio ranged from less than 0.1 for tropi- 289

cal and moist sites to more than 1 for semiarid C4 grasslands. 290

The hypothesized decrease of effect size with extremely dry 291

conditions [28] was not supported by our simulations, which 292

represent integrated responses across multiple years. However, 293

our results should be regarded as potential responses in the ab- 294

sence of nutrient limitations. Suppression of eCO2 effects on 295

NPP by severe water deficit remains a possibility for explain- 296

ing interannual variation in response within sites. Note that 297

for arid or semi-arid sites characterized by herbaceous species 298

and relatively fast biomass turnovers, eCO2 stimulation of 299

NPP does not necessarily translate in an increase in standing 300

biomass even after several years [64, 65], but may be detected 301

in an increase in soil organic carbon [66]. This result is only 302

partially captured in model simulations that still shows a pos- 303

itive effect on biomass also in the most arid ecosystems, even 304

though the effect is considerably smaller than for NPP. Limi- 305

tations in nutrient uptake exacerbated by water stress can also 306

dampen the biomass response of the most arid sites. Addition- 307

ally, eCO2 may stimulate rhizodeposition, potentially explain- 308

ing the discrepancy between NPP and biomass responses. 309

We found that changes in ET due to eCO2 were smaller 310

than what a pure, direct response of stomatal conductance 311

would suggest even at the ecosystem level (i.e., direct effect 312

of -5 to -15%), because indirect effects tend to compensate par- 313

tially or totally for the direct effect. Further, water “saved” 314

via reduced stomatal conductance is likely to be consumed in 315

water limited systems, either immediately via increased LAI 316

or by extension of the growing period if LAI is unaffected by 317

eCO2 (Fig. 2). Some of the effects might be due to changes 318

in root biomass, which were included in the model, however, 319

changes in rooting depth in response to eCO2 were not con- 320

sidered, therefore it is possible that indirect effects of eCO2 321

may increase beyond those simulated here, if development of 322

deeper roots were able to access water not otherwise available. 323

The overall difference between the two CO2 scenarios (375 vs 324

550 ppm) in terms of water fluxes (ET) was typically less than 325

8% and mostly constrained between -5% and 0. Changes in 326

water use of this magnitude would rarely be observable due 327

to a combination of measurement uncertainty [e.g., 67] and 328

interannual variability [e.g., 39]. 329

Over the large number of sites we simulated, the total 330

change in NPP with the increase in CO2 concentration was 331

mostly in the order of 20-35%. These values are very simi- 332

lar or slightly larger than observations in FACE experiments 333

when nutrient limitations do not play a role [28, 68]. In fact, 334

our results should be considered as the potential response of 335

NPP to eCO2 in the absence of sink limitations [e.g., 58]. The 336

variation in the NPP response as a function of the wetness in- 337

dex is quite impressive since these are numerical simulations 338

from a mechanistic model rather than observations from real 339

experiments. The large scatter in intermediate wetness con- 340

ditions suggests that differences in phenology, temperature, 341

short-term meteorological variability, biome and soil type, all 342

of which were accounted for in the simulations, play a sig- 343

nificant role in the NPP response to eCO2. Contrary to the 344

situation with ET, the total sum of indirect effects tends to 345

enhance the response of NPP to eCO2 because it adds to the 346
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direct physiological response. This is especially evident in347

semi-arid sites, which are responsive to eCO2 even when C4348

species are predominant, as supported from observations [25].349

Our results demonstrate that mechanistic models of terres-350

trial ecosystems, despite known limitations [e.g., 46, 58, 69,351

70], do provide substantial insights on ecosystem response to352

eCO2 that are impossible to obtain with field experiments353

alone. Model limitations and structure may affect the magni-354

tude of some of the estimates but are unlikely to change the355

prevailing patterns, with the important exception of nutrient356

limitation. Furthermore, T&C generated total responses to357

eCO2 that closely matched observations. For instance, the358

average modeled eCO2 effect size of NPP, ET, and WUE is359

consistent for the Duke-FACE and for the first seven years of360

the ORNL-FACE experiments.361

Regardless of inherent shortcomings of simulation models,362

ecosystems at the dry-end of the climate spectrum, which ex-363

perience repeated water stress, are expected to be the most364

responsive to eCO2 in terms of productivity. When indirect365

LAI effects are removed, mimicking a lack of stimulation in366

LAI growth (Fig. 2), productivity in these sites responds more367

strongly to eCO2. Further, the significant positive relation-368

ships between VPD, a measure of atmospheric dryness, and to-369

tal NPP response to eCO2 (Fig. S4b) reinforces the idea that370

the drier sites are where the most significant effects of eCO2371

on NPP should be expected. This agrees with modeling stud-372

ies based on optimality principles [71, 72] and is supported by373

global patterns of positive response of semi-arid ecosystems374

to CO2 fertilization [73, 74], forcing the re-evaluation of the375

role of semi-arid ecosystems in the land carbon sink [75, 76].376

All this evidence corroborates our results and suggests that377

projections of eCO2 effects at local and global scale are sub-378

stantially affected by mechanisms and feedbacks contributing379

to indirect effects, which are inherently more challenging to380

reproduce than the direct effect on carbon assimilation. In-381

formation on indirect effects derivable from conventional field382

experiments is necessarily limited. This issue demands both383

novel experiments specifically designed to target indirect ef-384

fects and mechanistic solutions in models that do not strongly385

depend on empirical results. In this context, particular focus386

should be devoted to addressing the representation of water387

stress effects on the response of ecosystem productivity.388

Materials and Methods389

390

Partitioning direct and indirect effects of elevated CO2. The contribu-391

tions of the four identified effects (E1, E2, E3, and E4) were quan-392

tified by running a series of six simulations with the T&C model393

[38, 39, 49, 52, 77] (Suppl. Text S1). The first two simulations were394

used to compute the total eCO2 effect (E1 + E2 + E3 + E4) and395

simply represent a simulation with CO2 concentration prescribed396

at ambient level (375 ppm) and one with elevated CO2 (550 ppm),397

where all the identified effects co-occur as in reality. The effect mag-398

nitude was computed as (eCO2-aCO2)/aCO2. Other three simula-399

tions were then necessary to partition the four effects (since there400

were four unknowns in four equations). In these simulations, at-401

mospheric CO2 concentration was kept at 550 ppm and either soil402

moisture or LAI or both were externally prescribed to be the same403

as obtained from the ambient or eCO2 simulations, rather than be-404

ing prognostic variables. We ran four additional simulations to have405

redundancy on the estimate and keep the simulation with the total406

eCO2 effect as a counterproof. These were: (i) a simulation with407

eCO2 and prescribed ambient LAI and soil moisture, where the di-408

rect effect only remained (i.e. only E1); (ii) a simulation with eCO2409

but prescribed ambient LAI, where all the indirect effects mediated 410

by LAI were absent (i.e. E1 + E2 occurred); (iii) a simulation with 411

eCO2 and prescribed ambient soil moisture and eCO2-LAI, where 412

all the indirect effects related to soil moisture were eliminated (i.e. 413

E1 + E3 occurred); (iv) a simulation with eCO2 and prescribed 414

eCO2 soil moisture and ambient LAI, where only the E3 effect was 415

eliminated (i.e. E1 + E2 + E4 occurred). Opportune combinations 416

of the two basic simulations with the four additional simulations 417

with prescribed soil moisture or LAI were able to provide a distinct 418

estimate of the quantitative contributions of the four effects (E1, 419

E2, E3, and E4) to the total (combined) effect. Note that pre- 420

scribing either soil moisture or LAI externally rather than allowing 421

its prognostic computation in the model violates to some extent 422

the water and/or carbon budget in the specific simulation. How- 423

ever, this was the only way to separate the four effects. As a final 424

check, the sum of the four effects estimated with the additional 425

simulations corresponded almost perfectly to the total eCO2 effect 426

(E1 + E2 + E3 + E4) testifying the correctness of the procedure 427

(Fig. S7). An example of the results obtained with the adopted 428

methodology is illustrated by the time series of NPP simulated im- 429

posing ambient CO2 concentration (aCO2), eCO2 concentration, 430

and a case with eCO2 but with LAI and soil moisture fixed to am- 431

bient values (Fig. S8 and Text S2). In the article, only long-term 432

averaged responses over the entire simulation period (Suppl. Table 433

S1) are shown, which are the results of effects occurring from the 434

hourly to the multi-annual scale. 435

Climate forcing and vegetation. We selected 44 locations correspond- 436

ing to sites of flux towers, manipulation experiments and experi- 437

mental stations covering different climates and biomes across the 438

globe (Table S1). For each site, the six described simulations were 439

used to partition the four effects at an hourly scale. Values aver- 440

aged over the entire length of the simulation were then reported 441

in the results. The length of meteorological time series depended 442

on the length of the available, good quality hourly data for each 443

location and ranged from a minimum of 2 years to a maximum of 444

31.7 years with a median of 7.8 years (Table S1). Eight sites were 445

also characterized by a non-negligible fraction of C4 species. The 446

broad range of climate and vegetation types allowed for robustness 447

in the investigation of eCO2 effect and how it is partitioned, min- 448

imizing the risk of idiosyncratic results related to parametrization 449

of a given biome or climate in a single location. At the same time, 450

running the model locally rather than globally allowed us to avoid 451

generic PFT parameterizations and large-scale climate forcing that 452

may lead to large biases in the ecosystem response at a given site 453

[49, 60, 78, 79]. 454

ACKNOWLEDGMENTS. The helpful comments of two anony- 455

mous reviewers on an earlier version of the manuscript are acknowl- 456

edged. S.F. received a travel grant from the institute of Applied 457

Ecology New Zealand, Auckland University of Technology. The 458

authors thank the organizers of the INTERFACE workshop: "Us- 459

ing results from global change experiments to inform land model 460

development and calibration", held in Beijing, China, where the 461

discussion leading to this article began. 462

1. Drake BG, Gonzàlez-Meler MA, Long SP (1997) More efficient plants: A consequence of 463

rising atmospheric CO2? Annu. Rev. Plant Physiol. Plant Mol. Biol. 48:609–639. 464

2. Ainsworth EA, Rogers A (2007) The response of photosynthesis and stomatal conductance to 465

rising [CO2 ]: mechanisms and environmental interactions. Plant Cell Environ. 30:258–270. 466

3. Leakey ADB et al. (2009) Elevated CO2 effects on plant carbon, nitrogen, and water relations: 467

six important lessons from FACE. J. Exp. Bot. 60(10):2859–2876. doi: 10.1093/jxb/erp096. 468

4. Bernacchi CJ et al. (2013) Modelling C3 photosynthesis from the chloroplast to the ecosys- 469

tem. Plant Cell Environ. (36):1641–1657. doi: 10.1111/pce.12118. 470

5. Long SP, Ainsworth EA, Rogers A, Ort DR (2004) Rising atmospheric carbon dioxide: plants 471

FACE the future. Annu. Rev. Plant Biol. 55:591–628. 472

6. Bader M, Siegwolf R, Körner C (2010) Sustained enhancement of photosynthesis in mature 473

deciduous forest trees after 8 years of free air CO2 enrichment. Planta 232:1115–1125. 474

doi:10.1007/s00425-010-1240-8. 475

7. Ellsworth DS et al. (2012) Elevated CO2 affects photosynthetic responses in canopy pine 476

and subcanopy deciduous trees over 10 years: a synthesis from Duke FACE. Glob. Chang. 477

Biol. 18:223–242. doi: 10.1111/j.1365-2486.2011.02505. 478

8. Field CB, Jackson RB, Mooney HA (1995) Stomatal responses to increased CO2 : implica- 479

tions from the plant to the global scale. Plant, Cell and Environment 18(10):1214–1225. 480

9. Saxe H, Ellsworth DS, Heath J (1998) Tree and forest functioning in an enriched co2 atmo- 481

sphere. New Phytol. 139:395–436. doi:10.1046/j.1469-8137.1998.00221.x. 482

Fatichi et al. PNAS | September 3, 2016 | vol. XXX | no. XX | 5



DRAFT

10. Medlyn BE et al. (2001) Stomatal conductance of forest species after long-term exposure to483

elevated CO2 concentration: a synthesis. New Phytol. 149:247–264.484

11. Wullschleger SD, Tschaplinski TJ, Norby RJ (2002) Plant water relations at elevated CO2-485

implications for water-limited environments. Plant Cell Environ. 25:319–331.486

12. Körner C (2006) Plant CO2 responses: an issue of definition, time and resource supply. New487

Phytol. 172:393–411. 10.1111/j.1469-8137.2006.01886.x.488

13. Körner C, Morgan JA, Norby RJ (2007) Terrestrial ecosystems in a changing world, eds.489

Canadell JP, Pataki DE, Pitelka LF. (Springer, Berlin, Germany).490

14. Leuzinger S et al. (2011) Do global change experiments overestimate impacts on terrestrial491

ecosystems? Trends in Ecology and Evolution 26(5). doi:10.1016/j.tree.2011.02.011.492

15. Norby RJ, Zak DR (2011) Ecological lessons from Free-Air CO2 enrichment (FACE) experi-493

ments. Annu. Rev. Ecol. Evol. Syst. 42:181–203.494

16. Tor-ngern P et al. (2015) Increases in atmospheric CO2 have little influence on transpiration495

of a temperate forest canopy. New Phytol. 205:518–525.496

17. Way DA, Oren R, Kroner Y (2015) The space-time continuum: the effects of elevated CO2497

and temperature on trees and the importance of scaling. Plant, Cell and Environment 38:991–498

1007.499

18. Niklaus PA, Spinnler D, Körner C (1998) Soil moisture dynamics of calcareous grassland500

under elevated CO2 . Oecologia 117:201–208.501

19. Grünzweig JM, Körner C (2001) Growth, water and nitrogen relations in grassland model502

ecosystems of the semi-arid Negev of israel exposed to elevated CO2 . Oecologia 128:251–503

262.504

20. Morgan JA et al. (2004) Water relations in grassland and desert ecosystems exposed to505

elevated atmospheric CO2 . Oecologia 140:11–25. doi:10.1007/s00442-004-1550-2.506

21. Hovenden MJ, Newton PCD, Wills KE (2014) Seasonal not annual rainfall determines grass-507

land biomass response to carbon dioxide. Nature 511:583–586. doi:10.1038/nature13281.508

22. Leuzinger S, Körner C (2007) Water savings in mature deciduous forest trees under elevated509

CO2 . Glob. Chang. Biol. 13:2498–2508.510

23. Warren JM et al. (2011) Ecohydrologic impact of reduced stomatal conductance in forests511

exposed to elevated CO2 . Ecohydrology 4:196–210. doi:10.1002/eco.173.512

24. Niklaus PA, Körner C (2004) Synthesis of a six-year study of calcareous grassland responses513

to in situ CO2 enrichment. Ecological Monographs 74:491–511.514

25. Morgan JA et al. (2011) C4 grasses prosper as carbon dioxide eliminates desiccation in515

warmed semi-arid grassland. Nature 476:202–205. doi:10.1038/nature10274.516

26. Baldocchi D (2011) Global change: The grass response. Nature 476:160–161.517

27. Holtum JAM, Winter K (2010) Elevated [CO2 ] and forest vegetation: more a water issue than518

a carbon issue? Functional Plant Biology 37:694–702.519

28. Nowak RS, Ellsworth DS, Smith SD (2004) Functional responses of plants to elevated atmo-520

spheric CO2 - Do photosynthetic and productivity data from FACE experiments support early521

predictions? New Phytol. 162:253–280. doi: 10.1111/j.1469-8137.2004.01033.x.522

29. Housman DC et al. (2006) Increases in desert shrub productivity under elevated carbon diox-523

ide vary with water availability. Ecosystems 9:374–385. doi:10.1007/s10021-005-0124-4.524

30. Larsen KS et al. (2011) Reduced n cycling in response to elevated CO2 , warming, and525

drought in a Danish heathland: Synthesizing results of the CLIMAITE project after two years526

of treatments. Glob. Chang. Biol. 17:1884–1899. doi: 10.1111/j.1365-2486.2010.02351.x.527

31. Fay PA et al. (2015) Dominant plant taxa predict plant productivity responses to CO2 enrich-528

ment across precipitation and soil gradients. Annals of Botany - Plants 7(plv027).529

32. Manzoni S, Schimel JP, Porporato A (2012) Responses of soil microbial communities to water530

stress: results from a meta-analysis. Ecology 93:930–938.531

33. Ainsworth EA, Long SP (2005) What have we learned from 15 years of Free-Air CO2 Enrich-532

ment (FACE)? A meta-analytic review of the responses of photosynthesis, canopy properties533

and plant production to rising CO2 . New Phytol. 165(2):351–371.534

34. Leuzinger S, Körner C (2010) Rainfall distribution is the main driver of runoff under future535

CO2-concentration in a temperate deciduous forest. Glob. Chang. Biol. 16:246–254.536

35. Erickson JE, Peresta G, Montovan KJ, Drake BG (2013) Direct and indirect effects of elevated537

atmospheric CO2 on net ecosystem production in a Chesapeake Bay tidal wetland. Glob.538

Chang. Biol. 19:3368.3378. doi: 10.1111/gcb.12316.539

36. Cox PM et al. (2013) Sensitivity of tropical carbon to climate change constrained by carbon540

dioxide variability. Nature 494:341–344. doi:10.1038/nature11882.541

37. Friend AD et al. (2014) Carbon residence time dominates uncertainty in terrestrial vegetation542

responses to future climate and atmospheric CO2 . Proc. Natl. Acad. Sci. USA 111(9):3280–543

3285. doi: 10.1073/pnas.1222477110.544

38. Fatichi S, Ivanov VY, Caporali E (2012) A mechanistic ecohydrological model to investigate545

complex interactions in cold and warm water-controlled environments. 1 Theoretical frame-546

work and plot-scale analysis. Journal of Advances in Modeling Earth Systems 4(M05002).547

39. Fatichi S, Ivanov VY (2014) Interannual variability of evapotranspiration and vegetation pro-548

ductivity. Water Resources Research 50:3275–3294. doi:10.1002/2013WR015044.549

40. De Kauwe MG et al. (2013) Forest water use and water use efficiency at elevated CO2 : a550

model-data intercomparison at two contrasting temperate forest FACE sites. Glob. Chang.551

Biol. 19:1759–1779. doi: 10.1111/gcb.12164.552

41. Norby RJ, Warren JM, Iversen CM, Medlyn BE, McMurtrie RE (2010) CO2 enhancement553

of forest productivity constrained by limited nitrogen availability. Proc. Natl. Acad. Sci. USA554

107(45):19368–19373. doi:10.1073/pnas.1006463107.555

42. Langley JA, Megonigal JP (2010) Ecosystem response to elevated CO2 levels limited by556

nitrogen-induced plant species shift. Nature 466:96–99. doi:10.1038/nature09176.557

43. Langley JA, Hungate BA (2014) Plant community feedbacks and long-term ecosystem re-558

sponses to multi-factored global change. Annals of Botany, Plants 5:plu035.559

44. Reich PB, Hobbie SE, Lee TD (2014) Plant growth enhancement by elevated CO2 eliminated560

by joint water and nitrogen limitation. Nature Geoscience 7:920–924. doi:10.1038/ngeo2284.561

45. Zaehle S et al. (2014) Evaluation of 11 terrestrial carbon-nitrogen cycle models against ob-562

servations from two temperate Free-Air CO2 enrichment studies. New Phytol. 202:803–822.563

46. Medlyn BE et al. (2015) Using ecosystem experiments to improve vegetation models. Nat.564

Clim. Change 5:528–534. doi:10.1038/nclimate2621.565

47. Wieder WR, Cleveland CC, Lawrence DM, Bonan GB (2015) Effects of model structural un-566

6 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Fatichi et al.


