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Abstract 29 

Aim Stomata regulate CO2 uptake, water-vapor loss, and uptake of gaseous 30 

pollutants. Jarvis-type models that apply multiple-constraint functions are 31 

commonly used to estimate stomatal conductance (gs), but most parameters for 32 

plant functional types (PFTs) have been estimated using limited information. We 33 

refined the data set of key components of the gs response to environmental factors 34 

in global PFTs.  35 

Location Global. 36 

Time period Data published in 1973-2015 37 

Major taxa  Woody plants and major crops (rice, wheat, and maize) 38 

Methods We reviewed 235 publications of field-observed gs for the 39 

parameterization of Jarvis-type model in global PFTs.  The relationships between 40 

stomatal parameters and climatic factors (MAT, mean annual air temperature; 41 

MAP, mean annual precipitation) were assessed. 42 

Results We found that maximum stomatal conductance (gmax) in global woody 43 

plants correlated with MAP rather than MAT. gmax of woody plants on average 44 

increased from 0.18 to 0.26 mol m -2 s -1 with an increase in MAP from 0 to 2000 45 

mm. Models, however, can use a single gmax across major crops (0.44 mol m -2 s -46 

1). We propose similar stomatal responses to light for C3 crops and woody plants, 47 

but C4 crops should use a higher light saturation point of gs. Stomatal sensitivity 48 

to vapor-pressure deficit  (VPD) was similar across forest PFTs and crops, 49 

although desert shrubs had a relatively low sensitivity of stomata to VPD. The 50 

optimal temperature for gs increased by 1 °C for every 3.0 °C of MAT. Stomatal 51 

sensitivity to predawn water potential was reduced in h ot and dry climate. The 52 

fraction of nighttime conductance to gmax (0.14 for forest trees, 0.28 for desert 53 

shrubs, 0.13 for crops) should be incorporated into the models . 54 

Main conclusions  This analysis of global gs data provides a new summary of gs 55 
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responses and will contribute to modeling studies for plant-atmosphere gas 56 

exchange and land-surface energy partitioning. 57 

 58 

Key words: Stomatal conductance, Jarvis-type model, Global plant functional 59 

types, Forests, Crops, Nocturnal stomatal conductance  60 

 61 

1. Introduction 62 

Plants influence climate by the exchange of energy, water, carbon dioxide 63 

(CO2), and other chemical species with the atmosphere (Bonan 2008). Stomata, 64 

small pores on leaves,  regulate the exchange of gas and energy between plants 65 

and the atmosphere. Stomatal responses to environmental stimuli are therefore 66 

important for terrestrial carbon sinks and the hydrology of ecosystems 67 

(Hetherington & Woodward 2003), the partitioning of terrestrial surface energy 68 

affecting local and regional climate (Bonan, 2008), and the sensitivity of plants 69 

to air pollutants such as ozone (O3) (Sitch et al., 2007; Matyssek et al., 2013). 70 

The stomatal control of gas exchange at foliar level is quantified as stomatal 71 

conductance (gs). gs is often empirically modeled based on several environmental 72 

factors that affect stomatal aperture (Jarvis 1976; Ball et al. 1987; Leuning 1995), 73 

but an optimization theory of stomatal functioning (Cowan and Farquhar, 1977; 74 

Katul et al., 2009; Medlyn et al., 2011; Hoshika et al., 2013b; Lin et al., 2015) 75 

and a hydraulic theory of stomatal regulation (Buckley et al., 2003, 2012; Buckley, 76 

2017) are currently advancing. A common empirical approach is the multiple-77 

constraint functions model, which is a Jarvis-type gs model (Jarvis 1976; Körner 78 

et al. 1995; Emberson et al.  2007; Damour et al., 2010). Jarvis-type gs models can 79 

be incorporated into global or regional vegetation-climate models (Zhang et al., 80 

2003; Felzer et al. 2004; Galbraith et al., 2010; Huang et al., 2016). In particular, 81 

Jarvis-type gs models are widely used for the stomatal component of gas 82 
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deposition in global air-quality models (Zhang et al., 2003) and are recommended 83 

by UNECE-CLRTAP (United Nations Economic Commission for Europe 84 

Convention on Long-range Transboundary Air Pollution) for calculating stomatal 85 

O3 fluxes and assessing O3 risks to forest trees and crops in Europe (CLRTAP, 86 

2015). These models adjust the maximum gs (gmax, the maximum value of stomatal 87 

conductance, which is achieved under environmental conditions that are favorable 88 

for stomatal opening) to changes in plant phenology and environmental variables, 89 

e.g. light intensity, air temperature, vapor-pressure deficit (VPD), and soil 90 

moisture. A review by Körner (1995) summarized the gmax data in globally 91 

important biomes and reported that: i. gmax does not differ between types of woody 92 

plants, and ii. crops have a higher gmax than woody plants. Data of gs summarized 93 

by Körner (1995), however, were scarce for some plant types (e.g.  tropical trees 94 

and desert shrubs). Korner ’s review (1995) was published more than 20 years ago. 95 

An update of the analysis is  needed.  96 

Physiological parameters may differ with climatic conditions for growth 97 

(Larcher, 2003). Lin et al. (2015) suggested that stomatal behavior may differ 98 

with water-use strategy among plant functional types (PFTs), according to the 99 

optimal photosynthesis-stomatal theory. The well-known Miami model (Lieth, 100 

1975) indicates that terrestrial carbon assimilation, so -called net primary 101 

production (NPP), is associated with precipitation and temperature. Del Grosso 102 

et al. (2008), Chapin et al. (2012), and Gillman et al. (2015) provided a support 103 

for this relationship globally. gs is typically correlated with photosynthesis 104 

(Larcher, 2003). Therefore, we hypothesized that gmax may depend on both 105 

precipitation and temperature. 106 

In addition to gmax, the parameters of stomatal response to environmental 107 

factors in each type of biome are still based on limited information. Current 108 

Jarvis-type models, in particular, have ignored the ratio of nighttime conductance 109 
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to gmax (fnight) (Emberson et al., 2007; Damour et al., 2010) , even though stomatal 110 

opening at night shows an important influence on water use and the effects of air 111 

pollutants such as O3 (Grulke et al., 2004; Zeppel et al., 2014). 112 

Our purpose in this literature review was to refine the key components of the 113 

response of gs to environmental factors using Jarvis-type gs models of global 114 

woody plants, defined as PFTs, commonly used in global vegetation-climatic 115 

models (Poulter et al., 2011), and of the major food crops, i.e. rice, wheat, and 116 

maize (FAO, 2013). Specifically, we aimed to: 1) quantify the parameters of 117 

Jarvis-type multiplicative gs models, i.e. gmax, and stomatal responses to light, 118 

temperature, vapor-pressure deficit (VPD), and predawn leaf-water potential (ψpd) 119 

as a proxy of soil-water potential  (SWP), for estimating gs in different plant types, 120 

geographic regions, and environmental conditions; 2) investigate relationships 121 

between stomatal and climat ic parameters; and 3) summarize current information 122 

for fnight  for possible inclusion into Jarvis-type gs models.  123 

 124 

2. Methodology 125 

2.1 Jarvis-type model 126 

We modified the Jarvis-type multiplicative algorithm (Körner et al., 1995; 127 

Büker et al., 2015; CLRTAP, 2015) to include various environmental factors that 128 

affect gs for woody plants and crops: 129 

 130 

   SWPVPDtempminlightphennightmaxs ,max ,max fffffffgg    (1)  131 

 132 

where gmax is the maximum stomatal conductance (mmol H 2O m-2  projected leaf 133 

area s -1), i.e. the seasonal maximum gs in fully developed but not senescent leaves 134 

in their natural environment (Körner, 1995). The other functions are limiting 135 

factors of gmax and are scaled from 0 to 1: fmin is the fraction of minimum daytime 136 
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stomatal conductance to gmax (e.g. Emberson et al., 2000), fnight is the fraction of 137 

stomatal conductance at night to gmax. fphen is the variation in stomatal 138 

conductance with leaf age, and f ligh t, f t emp, fVPD, and fSWP are the fractions that 139 

depend on photosynthetic photon flux density at the foliar surface (PPFD, μmol 140 

photons m -2 s -1), air temperature (°C), VPD (kPa), and SWP (MPa), respectively. 141 

We did not collect data for fphen . Phenological change of gs cannot be simply 142 

defined from the literature, because fphen varies with several factors such as ageing 143 

(Kitajima et al., 2002), soil temperature (Stone et al., 1999), and nighttime 144 

temperature (Koike and Sakagami, 1985). In fact, the parameterization of fphen  145 

developed for a few species was very complex (e.g.  Quercus ilex , Alonso et al., 146 

2008). In addition, we assumed fmin  to zero because fmin is not easily defined in 147 

the model as gs dynamically decreases with decreasing light intensity before 148 

sunset (de Dios et al., 2013; Hoshika et al., 2013b) . 149 

The response of gs to PPFD, f light , is calculated as (Emberson et al., 2000): 150 

 151 

 PPFDexp1light  af      (2) 152 

 153 

where a is a constant (a = Ln[2]/PPFD50) and PPFD50  is the PPFD when  gs reaches 154 

50% of gmax. 155 

The response of gs to air temperature is expressed as (Emberson et al., 2007): 156 
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 159 

where Topt , Tmin , and Tmax denote the optimal, minimum, and maximum 160 

temperatures (°C) for gs, respectively. We focused on Topt only, because Tmax and 161 
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Tmin are rarely measured under field conditions (Larcher, 2003, generally 40 to 162 

50 °C and -5 to 5 °C, respectively) and thus cannot be appropriately defined from 163 

the literature. 164 

Oren et al. (1999) suggested a logarithmic function of the response of gs to 165 

VPD: 166 

 167 

 VPDln1VPD  mf       (4) 168 

 169 

where m denotes the sensitivity of gs to VPD (ln(kPa) -1). A hydraulic model, 170 

which assumes stomatal regulation of leaf-water potential,  suggests that m is ~0.6 171 

(e.g. Oren et al., 1999). 172 

Soil-moisture deficit is also a major limiting factor of gs in dry and semi-dry 173 

climates (Chaves et al. , 2002; Alonso et al., 2008), because stomatal closure is 174 

the primary physiological response to  water limitation (Hinckley et al., 1978). 175 

Data for parameterizing the effects of soil water on gs, however, are limited. 176 

Misson et al. (2004) suggested that gs was affected by, and decreased with, ψpd. 177 

For parameterizing fSWP, we thus assumed that ψpd was a proxy of SWP, which is 178 

a common assumption for calculations of soil-plant water balance (e.g. Hinckley 179 

et al., 1978). Following Misson et al. (2004), the function of fψpd can be described 180 

as: 181 

 182 

 maxpdψpdSWP ψψ1  bff    (5) 183 

 184 

where b is the slope of the regression line between gs and ψpd  (mol m -2  s -1  MPa -1) 185 

and ψmax (MPa) is the predawn leaf-water potential  under well-watered conditions 186 

and is assumed to be zero .  187 
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 188 

2.2 Database and quantitative research synthesis  189 

Quantitative research synthesis, including a meta-analysis, can integrate 190 

findings from many studies in a formal statistical analysis to create one large 191 

overview (Ainsworth et al., 2002; Feng et al., 2008; Haworth et al., 2016). Using 192 

Scopus and Google scholar, a survey of all peer-reviewed literature published 193 

between 1970 and 2015 was made on the basis of the keywords “[ stomatal 194 

conductance]+[a target PFT]”, including researches under natural environmental 195 

conditions. The literature was also cross-checked through the list of references 196 

included in review papers.  197 

To include an article in this research synthesis, we examined if it met the 198 

following criteria: (1) the experimental period was specified and longer than 1 199 

month; (2) the species name was specified; (3) only the papers which measured 200 

stomatal conductance by a diffusion porometer or an infra-red gas analyzer using 201 

a leaf cuvette or a branch bag were included, i.e. data derived by sap flow 202 

measurements were not included; (4) data were obtained from field measurements 203 

to represent actual field conditions, i.e. we excluded data from experiments using 204 

potted plants and environmental control chambers; (5) data were derived from 205 

upper canopy leaves exposed to the sun, because they are the most representative 206 

for canopy photosynthesis and the uptake of gaseous pollutants (Emberson et al., 207 

2007); (6) data for tree gmax were selected for trees either >10 years old or >10 m 208 

in height, because gmax can vary with tree size or age (Steppe et al. , 2011); (7) 209 

data for mean annual air temperature (MAT, °C), mean annual p recipitation (MAP, 210 

mm), and measurement year were obtained from original sources, which are 211 

needed to assess their effect on the stomatal parameters. An article was excluded 212 

because its outlier value of MAP = 4000 mm strongly influenced the results of 213 

our analysis (Oberbauer et al., 1987). Articles were excluded when the description 214 
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of experimental design was insufficient to allow an objective assignment, or the 215 

data were reported in another article. After excluding articles based on these 216 

criteria, a total of 235 publications for woody plants, two major C3 crops (rice 217 

and wheat), and one C4 crop (maize) were used for the analysis (Appendix S1). 218 

A list of the data sources is available in Appendix 1. 219 

The selected crops are the three most important crops globally, providing 220 

60% of the world's food energy (FAO, 2013). PFTs classify species into ~10-20 221 

groups defined by their growth forms and climatic characteristics and are 222 

commonly used in global vegetation-climatic models (Poulter et al. , 2011). We 223 

used the PFTs for forest  trees, although the current classification does not include 224 

seasonally dry climates (Zhang et al. , 2003; Poulter et al. , 2011). For example, 225 

temperate deciduous and evergreen trees are distributed in both humid and 226 

seasonally dry climates. In temperate humid Asia, soil-water content generally 227 

does not affect gs of tree species (Sirisampan et al. , 2003; Hoshika et al. , 2012), 228 

but trees grown under seasonal drought such as in Mediterranean climates suffer 229 

frequent water stress (Alonso et al., 2008). We therefore also compared the 230 

parameters of stomatal models between trees in temperate humid and 231 

Mediterranean climates, and between evergreen and deciduous taxa. 232 

The gs parameters for the analysis were obtained: 1) directly from those 233 

reported in the literature of Jarvis -type modelling studies (e.g., Alonso et al.,  234 

2008; Fares et al., 2013) or 2) from fitting gs data in the literature. In the latter 235 

case, gmax was derived as the seasonal maximum gs in fully developed leaves 236 

(Körner, 1995). Stomatal conductance at night was  obtained from data measured 237 

in relatively dry days (relative humidity<70%), at least 3 h after sunset (Uddling 238 

et al., 2005; Hoshika et al., 2013b) , and then fnight  was calculated as the fraction 239 

of stomatal conductance at night to gmax. The f l ight parameters were achieved by 240 

fitting the gs data that were measured with VPD < 1.5 kPa in each paper. Topt in 241 
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f t emp was determined as the temperature at which gmax was obtained. fVPD was 242 

estimated by fitting the functional form (1-m∙ln[VPD])) to presumably non light-243 

limiting data (PPFD > 500 μmol m−2 s−1). We fitted the fψpd  function to mean 244 

midday gs data in each paper (e.g., Bréda et al., 1993).  245 

We used linear mixed models (LMM) to investigate the relationships between 246 

stomatal and climatic parameters. Our analysis considered estimate errors of gmax 247 

reported by original articles, which allowed us to quantatively integrate the 248 

finding of original articles. All parameters were checked for normality to meet 249 

the assumption of statistical model, and thus gmax and f light  were log-transformed. 250 

We fitted LMM to woody plant and crop data separately, and used MAT, MAP, 251 

measurement year, and (measurement year) 2 as fixed effects, and article, species, 252 

measurement instrument, Mediterranean / temperate humid climate type (only 253 

woody plant data), evergreen / deciduous tree (only woody plant data), C3 / C4 254 

crop (only crop data), irrigation (only crop data), as random  effects. MAT and 255 

MAP were scaled to mean 0 and variance 1, and measurement year were scaled to 256 

minimum 0 and maximum 1. The crop data of f t emp , fVPD, fSWP, and fnight were not 257 

analyzed because these data had few sample size (n = 10, 12, 0, and 4, 258 

respectively). All statistical analyses were conducted in R 3.4.0 (R Core Team, 259 

2017) and Stan 2.15.1 (Stan Development Team, 2017) to calculate posterior 260 

probability obtained by Bayesian inference. We ran three independent chains and 261 

retained 5,000 iterations after an initial burn-in of 5,000 iterations. We then 262 

thinned the samples every 5 intervals. The convergence of samples was confirmed 263 

by monitoring traceplots and checking Gelman-Rubin diagnostic R̂ < 1.1  for 264 

each estimate. All Stan codes for our analysis are provided in Appendix S3. 265 

 266 

3. Results 267 

3.1 Maximum stomatal conductance (gmax)   268 
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gmax showed a range from 0.07 to 0.36 mol m -2 s -1 in woody plants, and from 269 

0.34 to 0.61 mol m -2 s-1 in major crops (Table 1). gmax significantly varied with 270 

the species, and was 37% lower for evergreen trees than for deciduous trees (Table 271 

1; 0.18±0.02 and 0.28±0.02 mol m -2 s-1, respectively), although such taxa did not 272 

statistically affect gmax (Table 2). gmax of woody PFTs was significantly correlated 273 

with MAP (Table 2, Fig. 1), although gmax did not differ between trees in 274 

Mediterranean and temperate humid climates (Table 2). The slope of the 275 

regression line of log(gmax) was 0.090 for MAP, i.e. log(gmax) increased by 0.1 276 

with an increase in MAP of 640 mm. MAT, however, was not significantly 277 

correlated with the gmax of woody PFTs (Table 2). gmax was affected by 278 

measurement year for woody plants (Table 2), and was lower before 1980s (Fig. 279 

1). However, this may be due to insufficient gmax measurements before 1980s. In 280 

fact, gmax did not change or rather decreased after 1990s, when gs was widely 281 

measured in various PFTs including tropical trees. 282 

 283 

3.2 Other parameters 284 

Woody plants and C3 crops reached 50% of gmax at a similar PPFD, 100-250 285 

μmol m -2 s -1  (Table 1), corresponding to approximately 5-10% of maximum daily 286 

PPFD. The C4 crop (maize) had a much higher PPFD50  (~500 μmol m -2  s -1), 287 

although this classification of C3 and C4 plants did not statistically affect PPFD 50. 288 

Topt  was 17-30 °C for woody plants and 27-30 °C for crops (Table 1). A 289 

significant relationship between Topt and MAT was found in woody plants (Table 290 

2, Fig. S2 in Appendix S2). For example, needleleaved summergreen trees, which 291 

are mainly boreal species, had a lower Topt (16.8±3.5 °C) than tropical evergreen 292 

trees (29.4±1.8 °C). The slope of the regression line was 2.38, i.e. Topt increased 293 

by 1 °C with an increase in MAT of 3.0 °C (Fig. S1).  294 

Stomatal sensitivity to vapor pressure deficit in woody plants was affected 295 
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by species and MAP (Table 2). In regions with low rainfall, desert shrubs had the 296 

lowest m (= 0.37 ln(kPa -1)). All the other PFTs had similar m values (average m  297 

of ~0.56 ln(kPa -1)), independent of functional type and geographic origin  (Table 298 

1).  299 

The stomatal sensitivity to ψpd  (represented as the parameter b) was 300 

correlated positively with MAP and negatively with MAT in global woody PFTs 301 

(Table 2), indicating that  relatively low values of b can be found in hot and dry 302 

climate. In fact, b was relatively higher in temperate humid climate 303 

evergreen/deciduous trees than in  Mediterranean climate evergreen/deciduous 304 

trees (Table 1).  305 

MAT or MAP did not affect fnight  (Table 2). fnight  depended on the species. On 306 

average, fnight was 0.14 for forest trees, 0.28 for desert shrubs  and 0.13 for crops. 307 

 308 

4. Discussion 309 

4.1 Maximum stomatal conductance (gmax)   310 

gmax plays an important role in determining the uncertainty of Jarvis-type gs 311 

models (Tuovinen et al., 2007). gmax was higher for crops than for woody plants 312 

(Table 1; 0.44±0.03 and 0.21±0.02 mol m-2  s -1, respectively), consistent with 313 

Körner (1995), who suggested 0.45 and 0.22 mol m -2 s-1 , respectively. Crops have 314 

been anthropogenically selected and bred for productivity, and opening stomata 315 

can increase productivity (Fischer et al., 1998). Assessing the effects of crop 316 

varieties on gmax was not possible (data not shown), because data in each variety 317 

were not sufficient. Further studies using a larger number of data per variety are 318 

needed to assess whether different varieties could affect gmax. 319 

Körner (1995) reported that gmax did not differ among the major woody types. 320 

Our analysis, however, found that gmax differed among the woody PFTs, relative 321 

to leaf longevity and climatic conditions. Short-lived leaves may have a higher 322 
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gmax and photosynthetic capacity relative to long-lived leaves of forest tree 323 

species (Koike, 1988; Reich et al., 1999; Kikuzawa & Lechowicz, 2011). gmax for 324 

woody PFTs was dependent on MAP (Fig. 1). Del Grosso et al. (2008) 325 

interestingly reported that NPP of global native vegetation correlated better with 326 

precipitation than with temperature. Stomatal adjustments may maximize carbon 327 

gain while minimizing water loss under a given water availability to plants 328 

(Cowan & Farquhar, 1977; Manzoni et al., 2011). Stomatal behavior in dry 329 

environments is likely to be more hydraulically constrained than that in wet 330 

environments (Lin et al. , 2015). The reduction of gmax, especially under severely 331 

water-limited conditions, may help to reduce water loss in hot and dry 332 

environments, suggesting a limitation of carbon assimilation by water availability.  333 

Although this may promote carbon starvation due to continued carbohydrate 334 

demand for maintenance of metabolism and defense against stressors, plants tend 335 

to maintain xylem water tension below its cavitation threshold to avoid embolism 336 

(McDowell & Sevanto, 2010).  337 

In recent years, plant response to global change including rising CO 2 338 

concentration and nitrogen deposition has become an important issue (Pe ñuelas 339 

et al., 2011; Keenan et al., 2013). For example, rising CO2 concentrations might 340 

reduce water use in plants  due to stomatal closure (Ellsworth et al., 2012). Our 341 

results indicated that gmax of woody plants slightly decreased since gs was widely 342 

measured in the 1990s. This is supported by Keenan et al. (2013), suggesting that 343 

latent heat, a surrogate for transpiration , in boreal and temperate forests tended 344 

to decrease from 1990 to 2010 because of increasing CO2  concentration in the 345 

atmosphere.  346 

 347 

4.2 Light limitation (f l ight) 348 

C4 plants potentially have a significant advantage over C3 plants in hot, arid, 349 
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and bright habitats (Pearcy & Ehleringer, 1984; Yamori et al., 2014). The 350 

relatively higher PPFD50 of gs in the C4 crop (maize) indicated a different 351 

photosynthetic light response between C3 and C4 species. Maize does not light-352 

saturate even in full sunlight, while C3 photosynthesis saturates at intermediate 353 

light intensities (Larcher, 2003).  354 

 355 

4.3 Temperature limitation (f temp) 356 

The observed range of Topt of gs corresponded to the optimal range for 357 

photosynthesis, generally 20-30 °C globally (Larcher, 2003). The optimal 358 

temperature for photosynthesis generally increased with the growth temperature 359 

MAT (Table 2), because such an acclimation contributes to higher productivity 360 

(Hikosaka et al., 2006, 2007). T opt  was slightly lower for trees in the 361 

Mediterranean than in temperate humid climates, although the difference was not 362 

statistically significant (Table 2). gmax in Mediterranean climates often occurs 363 

earlier in the season (May-June) when water availability is higher than in summer 364 

(July-August) (Rhizopoulou & Mitrakos, 1990; Manes et al.,  1997).  365 

 366 

4.4 Vapor pressure deficit limitation ( fVPD) 367 

Except for desert shrubs, our finding was consistent with the theory by Oren 368 

et al. (1999) that assumes stomatal regulation of leaf  water potential and suggests 369 

an m of ~0.6 based on a hydraulic model . The parameter m did not differ 370 

significantly between the C4 crop (maize) and the C3 crops, consistent with the 371 

report for two C3 and two C4 grass species by Morison & Gifford (1983). 372 

Stomatal sensitivity to VPD (m=0.37) was slightly lower for desert shrubs (Table 373 

2). Desert shrubs generally show very deep roots, enabling them to tap water in 374 

deep soil layers (Canadell et al., 1996). Kropp & Ogle (2015), however, suggested 375 

that this lower sensitivity of gs to VPD for desert shrubs might be associated with 376 
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reduced access to water, which is restricted by the neighboring plants. The 377 

neighboring plants might influence the root distribution of desert shrubs, which 378 

determines water availability and affects stomatal response  (Kropp & Ogle, 2015).   379 

 380 

4.5 Leaf water potential limitation ( fψpd) 381 

Stomatal closure associated with soil moisture deficits reduces water vapor 382 

loss and photosynthetic carbon gain (Chaves et al., 2002). This stomatal closure 383 

also provides some protections to plants from the negative effects  of O3  exposure 384 

(Tingey & Hogsett, 1985; CLRTAP, 2015). The fψpd  function is therefore critical 385 

under water-limited conditions. Although dewfall and fog might affect predawn 386 

water relations (e.g., Limm et al. 2009), the relationship between gs and ψpd 387 

generally indicates stomatal response to soil-moisture deficits (Misson et al., 388 

2004). The slope (b) of the relationship, representing the sensitivity of stomata to 389 

ψpd, was correlated with MAP and MAT in global PFTs (Table 2). Higher b 390 

indicates an avoidance of drought stress by early stomatal closure (Castel & 391 

Terradas, 1995; Picon et al., 1996; Teixeira Filho et al., 1998). Conifers, beeches, 392 

and birches (representative of the boreal/temperate summergreen  type) generally 393 

have shallow root systems (Peterken & Mountford, 1996; Mauer & Palatova, 394 

2003; Anderson, 2005) and may need to drastically reduce water loss by stomatal 395 

closure during drought (Castel & Terradas, 1995). The lower sensitivity of 396 

stomata to ψpd implies that trees in Mediterranean climates have developed 397 

mechanisms for drought tolerance and are able to maintain a higher gs during 398 

water-stressed conditions (Tenhunen et al., 1987) . These tolerance mechanisms 399 

may be associated with morphological/anatomical adjustments, leading to an 400 

increase in the apoplastic water fraction (Serrano & Peñuelas, 2005; Serrano et 401 

al., 2005). Increased cell wall elasticity of sclerophyllous leaves contributes to 402 

drought resistance by an increased range of positive pressure potential  of twigs 403 
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(Serrano & Peñuelas, 2005). Interestingly,  stomata of trees in tropical savanna 404 

had a similar sensitivity to ψpd (b=~0.40 MPa -1: Eamus, 1999; Thomas & Eamus, 405 

1999) compared to those of trees in Mediterranean climate. 406 

 407 

4.6 Nighttime stomatal conductance ( fnight) 408 

Current Jarvis-type models assume that fnight is zero (Emberson et al., 2007; 409 

Damour et al., 2010), but several studies detected 5-30% of gmax rates at night 410 

relative to daytime (Caird et al., 2007; Zeppel et al., 2014). The value of fnight (a 411 

ratio of nighttime stomatal conductance to gmax) was larger in desert shrubs (Table 412 

1). However, absolute values of nighttime stomatal conductance and gmax are 413 

relatively low in this PFT (Fig. 1; Table S1). Although Ogle et al. (2012) 414 

suggested a potential for significant nocturnal transpiration in desert plants, 415 

underlying mechanisms or biological significance of the nocturnal transpiration 416 

in those plants are still unknown. To our knowledge, information is not available 417 

for fnight  in tropical trees at  foliar level. Measurements of nocturnal sap flow 418 

suggest that fnight might be higher in tropical evergreen/raingreen trees than in 419 

temperate evergreen/summergreen trees (Zeppel et al., 2014), although we should 420 

note that nocturnal sap flow consists of not only nocturnal transpiration but also 421 

hydraulic recharge of trees (Caird e t al., 2007) and may also be affected by 422 

guttation (Fisher et al., 1997). de Dios et al. (2015) suggested that the actual 423 

magnitude of nocturnal transpiration may be higher than the nocturnal  424 

evapotranspiration currently predicted by vegetation-climatic models (typically 425 

~1-2% of global evapotranspiration, e.g. Greve et al. 2014). Nocturnal water loss 426 

may thus contribute a substantial fraction of total daily water use and thereby 427 

affect the water balance of ecosystems (Zeppel et al., 2014).  428 

Also, nocturnal stomatal opening may enhance the deleterious effects of 429 

gaseous air pollutants such as O3 . Matyssek et al. (1995) showed that a 24-h 430 
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exposure to O3, including exposure at night, caused a stronger decrease in growth 431 

relative to daytime exposure only, for European birch (Betula pendula), and 432 

concluded that nighttime O3 exposure should be included in the calculation of 433 

daily O3 flux. Ozone concentration can remain elevated at night, particularly in 434 

mountainous areas (Musselmann & Minnick, 2000), and plants can be more 435 

susceptible to O3 at night than during daytime, because plant defenses are lower 436 

at night (Musselmann & Minnick, 2000). fnight is affected by several 437 

environmental factors (de Dios et al., 2013), but a parameterizati on is not yet 438 

available. 439 

 440 

5. Conclusions  441 

Our review synthesized a wide range of published data for gs and examined 442 

the patterns of stomatal response among PFTs. The empirical evidence will 443 

contribute to the further development of modeling studies for plant-atmosphere 444 

gas exchange and land-surface energy partitioning. 445 

Our review provided a new summary of gmax and the stomatal responses to 446 

environmental factors across global woody plants and major crops based on 447 

Jarvis-type models. The results confirmed the concluding remarks about gmax by 448 

Körner ’s review (1995), suggesting that crops have a higher gmax than woody 449 

plants. However, contrary to Körner ’s summary (1995), gmax differed between 450 

types of woody plants, likely because of the influence of MAP. We recommend 451 

that gmax for global woody PFTs should be estimated as a function of precipitation 452 

(approximately 0.18 to 0.26 mol m -2 s -1  within the range of 0-2000 mm MAP). A 453 

higher gmax (0.44 mol m -2 s -1) can be used for crops than for woody plants. Topt  454 

and the stomatal response to ψpd (i.e. the slope parameter b) also varied with the 455 

growth environment for global woody plants. Topt of crops ranged from 27 to 456 

30 °C. A parameterization of fψpd is not yet available for global major crops. In 457 
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contrast, we recommend a single parameter for the stomatal responses to light 458 

(average PPFD50 of 140 μmol m -2 s -1 for C3 plants and ~500 μmol m -2 s -1 for C4 459 

crop (maize)) and VPD (average m of 0.56 ln(kPa -1)) for all forest PFTs and crops, 460 

in agreement with many land-surface models that do not differentiate between gs 461 

model parameters for these stomatal responses among PFTs (De Kauwe et al., 462 

2015). However, we should note that m of desert shrubs may be lower (0.37 463 

ln(kPa -1)). fnight  was 0.14 across forest tree types, i.e. 14% of gmax. fnight  of desert 464 

shrubs was higher (28% of gmax). fnight  was ~0.13 across the crops. 465 

Our analysis identified major gaps in our understanding of stomatal 466 

responses to soil moisture and phenological changes in both woody and crop 467 

species and of the responses to light and temperature in tropical raingreen trees, 468 

tundra shrubland, and desert shrubland. More research is also recommended for 469 

gmax of tropical raingreen and boreal needleleaved summergreen trees  and tundra 470 

shrubland, because only less than 10 values were available for these PFTs. 471 

Information for fnight  is still limited, particularly for tropical evergreen/raingreen, 472 

needleleaved summergreen, Mediterranean trees , tundra shrubs, and crops. 473 

Interest in the role of fnight in the optimization of g s (Cirelli et al., 2016) and in 474 

the uptake of O3 (Grulke et al., 2007; Hoshika et al., 2013a) is increasing. If 475 

increasing water loss at night leads to higher total daily water use, then soil water 476 

content may decrease, leading to drier soils and lower rates of transpiration during 477 

the resultant dry periods (Zeppel et al., 2014). We therefore propose to 478 

incorporate fnight into Jarvis-type models (see Eq. 1). 479 

The empirical responses in the models may also be altered in plants grown 480 

at elevated levels of CO2 (Heath & Kerstiens 1997; Heath 1998; Bobich et al., 481 

2010) and O3  (Pearson & Mansfield, 1993; Paoletti & Grulke, 2005; Wilkinson & 482 

Davies, 2010; Hoshika et al., 2013b). Further experimental evidence at elevated 483 

CO2  and/or O3 levels will improve the empirical models of gs under such future 484 
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changing environments, which are incorporated into global climatic models to 485 

assess land-atmosphere carbon and water exchanges.  486 

  487 

 488 

Acknowledgements 489 

We are grateful for financial support to the LIFE+ project FO3REST (LIFE10 490 

ENV/FR/208), the LIFE+ project MOTTLES (LIFE15 ENV/IT/000183) and the 491 

FP7-Environment project ECLAIRE (282910) of the European Commission , a 492 

Grant-in-aid from the Japanese Society for Promotion of Science ( Young 493 

Scientists B 24780239, and a Postdoctoral fellowship for research abroad). JP 494 

acknowledges funding from the European Research Council Synergy grant ERC -495 

2013-SyG-610028 IMBALANCE-P, the Spanish Government grants CGL2013-496 

48074-P and CGL2016- 79835-P, and the Catalan Government grant SGR 2014-497 

274.   498 

 499 

Supporting information 500 

Additional Supporting Information may be found in the online version of this 501 

article: 502 

Appendix S1 Data set for the analysis.  503 

Appendix S2 Supplementary figures 504 

Appendix S3 Stan codes for the statistical  analysis 505 

 506 

Biosketch 507 

Y. Hoshika is a post-doctoral researcher at the National Research Council  508 

(CNR) of Italy. His current research interest is  modeling of environmental 509 

botany of plant species as affected by ozone stress.  510 

Author contributions: Y.H., A.DM., J.P. and E.P. conceived the study. Y.H. 511 



 20 

collected data, and wrote the first draft of the manuscript. Y.H. and Y.O. 512 

undertook the statistical analyses. Y.O. conducted the programming by R 513 

software for statistical analysis. Y.O., A.DM., J.P. and E.P. revised the 514 

manuscript and contributed to the final version.  515 

 516 

References 517 

Ainsworth, E.A., Davey, P.A., Bernacchi, C.J. et al.  (2002) A meta-analysis of 518 

elevated [CO2] effects on soybean (Glycine max) physiology, growth and 519 

yield. Global Change Biology , 8, 695–709. 520 

Alonso, R., Elvira, S., Sanz, M.J., Gerosa, G., Emberson, L.D., Bermejo, V., & 521 

Gimeno, B.S. (2008) Sensitivity analysis of a parameterization of the 522 

stomatal component of the DO3SE model for Quercus ilex  to estimate ozone 523 

fluxes. Environmental Pollution, 155, 473–480. 524 

Ball, J.T., Woodrow, I.E. & Berry, J.A. (1987) A model predicting stomatal 525 

conductance and its contribution to the control of photosynthesis under 526 

different environmental conditions.  Progress in Photosynthesis Research  (ed. 527 

By J. Biggens), pp.221-224. Martinus-Nijhoff Publishers, Dordrecht, 528 

Netherlands. 529 

Bobich, E.G., Barron-Gafford, G.A., Rascher, K.G. & Murthy, R. (2010) Effects 530 

of drought and changes in vapour pressure deficit on water relations of 531 

Populus deltoides  growing in ambient and elevated CO2. Tree Physiology, 30, 532 

866–875. 533 

Bonan, G.B. (2008) Forests and climate change: forcings, feedbacks, and the 534 

climate benefits of forests. Science, 320, 1444-1449. 535 

Bréda, N., Cochard, H., Dreyer, E. & Granier, A.  (1993) Water transfer in a mature 536 

oak stand (Quercus petraea): seasonal evolution and effects of a severe drought. 537 



 21 

Canadian Journal of Forest Research , 23, 1136-1143. 538 

Buckley, T.N. (2017) Modeling stomatal conductance. Plant Physiology, in 539 

press, DOI:10.1104/pp.16.01772.  540 

Buckley, T.N., Mott, K.A. & Farquhar, G.D. (2003) A hydromechanical and 541 

biochemical model of stomatal conductance. Plant Cell & Environment, 26, 542 

1767-1785. 543 

Buckley, T.N., Turnbull, T.L. & Adams, M.A. (2012) Simple models for stomatal 544 

conductance derived from a process model: cross -validation against sap flux 545 

data. Plant Cell & Environment, 35, 1647-1662. 546 

Büker, P., Feng, Z., Uddling, J., Briolat, A., Alonso, R., Braun, S., Elvira, S., 547 

Gerosa, G., Karlsson, P.E., Le Thiec, D., Marzuoli, R., Mills, G., Oksanen, 548 

E., Wieser, G., Wilkinson, M. & Emberson, L.D. (2015) New flux based dose-549 

response relationships for ozone for European forest tree species . 550 

Environmental Pollution, 206, 163-174. 551 

Caird, M.A., Richards, J.M. & Donovan, L.A. (2007) Nighttime stomatal 552 

conductance and transpiration in C3 and C4  plants. Plant Physiology, 143, 4–553 

10. 554 

Chapin, F.S., Matson, P.A., Vitousek, P. & Chapin, M.C. (2012) Principles of 555 

Terrestrial Ecosys-tem Ecology, 2nd edn. Springer, New York. 556 

Chaves, M.M., Pereira, J.S., Maroco, J., Rodrigues, M.L., Ricardo, C.P.P., 557 

Osorio, M.L., Carvalho, I., Faria, T. & Pinheiro, C. (2002) How plants cope 558 

with water stress in the field.  Photosynthesis and growth. Annals of Botany, 559 

89, 907–916. 560 

Cirelli, D., Equiza, M.A., Lieffers, V.J. & Tyree, M.T. (2016) Populus  species 561 

from diverse habitats maintain high night -time conductance under drought. 562 

Tree Physiology, 36, 229-242. 563 

CLRTAP (2015) Mapping Critical Levels for Vegetation, Chapter III of Manual 564 



 22 

on methodologies and criteria for modelling and mapping critical loads and 565 

levels and air pollution effects, risks and trends. UNECE Convention on 566 

Long-range Transboundary Air Pollution; accessed on 24 Apr 2016 on Web at 567 

www.icpmapping.org. 568 

Cowan, I.R. & Farquhar, G.D. (1977) Stomatal function in relation to leaf 569 

metabolism and environment. Integration of Activity in the Higher Plant  (ed. 570 

D.H. Jennings), pp.471–505. Cambridge, Cambridge University Press.  571 

Damour, G., Simonneau, T., Cochard, H. & Urban, L. (2010) An overview of 572 

models of stomatal conductance at the leaf level. Plant Cell & Environment, 573 

33, 1419-1438. 574 

de Dios, V.R., Roy, J., Ferrio, J.P., Alday, J.G., Landais, D., Milcu, A. & 575 

Gessler, A. (2015) Processes driving nocturnal transpiration and implications 576 

for estimating land evapotranspiration. Scientific Reports, 5, 10975. 577 

de Dios, V.R., Turnbull, M.H., Barbour, M.M., Ontedhu, J., Ghannoum, O. & 578 

Tissue, D.T. (2013) Soil phosphorus and endogenous rhythms exert a larger 579 

impact than CO2 
or temperature on nocturnal stomatal conductance in 580 

Eucalyptus tereticornis. Tree Physiology, 33, 1206–1215. 581 

De Kauwe, M.G., Kala, J., Lin, Y.-S., Pitman, A.J., Medlyn, B.E., Duursma, 582 

R.A., Abramowictz, G., Wang, Y.-P., Miralles, D.G. (2015) A test of an 583 

optimal stomatal conductance scheme within the CABLE land surface model . 584 

Geoscientific Model Development , 8, 431–452. 585 

Del Grosso, S., Parton, W., Stohlgren, T., Zheng, D., Bachelet, D., Prince, S., 586 

Hibbard, K. & Olson, R. (2008) Global potential net primary production 587 

predicted from vegetation class, precipitation, and temperature. Ecology, 89, 588 

2117-2126. 589 

Eamus, D. (1999) Ecophysiological traits of deciduous and evergreen woody 590 

species in the seasonally dry tropics . Trends in Ecology & Evolution, 14, 11-591 

http://www.icpmapping.org/


 23 

16. 592 

Ellsworth, D.S., Thomas, R., Crous, K.Y. et al.  (2012) Elevated CO2  affects 593 

photosynthetic reponses in canopy pine and subcanopy deciduous trees over 594 

10 years: a synthesis from Duke FACE. Global Change Biology,  18, 223-242. 595 

Emberson, L.D., Ashmore, M.R., Cambridge, H.M., Simpson, D. & Tuovinen, 596 

J.P. (2000) Modelling stomatal ozone flux across Europe. Environmental 597 

Pollution, 109, 403–413. 598 

Emberson, L.D., Büker, P. & Ashmore, M.R. (2007) Assessing the risk caused 599 

by ground level ozone to European forest trees: A case study in pine, beech 600 

and oak across different climate regions. Environmental Pollution, 147, 454–601 

466. 602 

FAO (Food and Agriculture Organization of the United  Nations) (2013) FAO 603 

Statistical Databases  (http://faostat.fao.org). 604 

Felzer, B., Kicklighter, D., Melillo, J., Wang, C., Zhuang, Q. & Prinn, R. (2004) 605 

Effects of ozone on net primary production and carbon sequestration in the 606 

conterminous United States using biogeochemistry model . Tellus B, 56, 230-607 

248. 608 

Feng, Z., Kobayashi, K. & Ainsworth, E.A. (2008) Impact of elevated ozone 609 

concentration on growth, physiology, and yield of wheat (Triticum aestivum  610 

L.): a meta-analysis. Global Change Biology , 14, 2696–2708. 611 

Fischer, R.A., Rees, D., Sayre, K.D., Lu, Z.-M., Condon, A.G. & Larque 612 

Saavedra, A. (1998) Wheat yield progress associated with higher stomatal 613 

conductance and photosynthetic rate, and cooler canopies. Crop Science, 38, 614 

1467-1475. 615 

Fisher, J.B., Angerles, G., Ewers, F.W. & López-Portillo, J. (1997) Survey of 616 

root pressure in tropical vines and woody species. International Journal of 617 

Plant Science , 158, 44-50. 618 



 24 

Galbraith, D., Levy, P.E., Sitch, S., Huntingford, C., Cox, P., Williams, M. & 619 

Meir, P. (2010) Multiple mechanisms of Amazonian forest biomass losses in 620 

three dynamic global vegetation models under climate change. New 621 

Phytologist , 187, 647–665. 622 

Gillman, L.N., Wright, S.D., Cusens, J., McBride, P.D., Malhi, Y. & Whittaker, 623 

R.J. (2015) Latitude, productivity and species richness. Global Ecology & 624 

Biogeography, 24, 107-117. 625 

Greve, P., Orlowsky, B., Mueller, B., Sheffield, J., Reichstein, M. & 626 

Seneviratne, S.I. (2014) Global assessment of trends in wetting and drying 627 

over land. Nature Geoscience, 7, 716–721. 628 

Grulke, N.E., Alonso, R., Nguyen, T., Cascio, C. & Dobrowolski, W. (2004) 629 

Stomata open at night in pole-sized and mature ponderosa pine: implications 630 

for O3  exposure metrics. Tree Physiology, 24, 1001-1010. 631 

Grulke, N.E., Paoletti, E., Heath, RL (2007) Chronic vs. short-term acute O3 632 

exposure effects on nocturnal transpiration in two Californian oaks. The Sci 633 

World J, 7(S1): 134–140. 634 

Haworth, M., Hoshika, Y. & Killi , D. (2016) Has the impact of rising CO2  on 635 

plants been exaggerated by meta-analysis of free air CO2 enrichment studies?  636 

Frontiers in Plant Science , 7, 1153. 637 

Heath, J. (1998) Stomata of trees growing in CO2–enriched air show reduced 638 

sensitivity to vapour pressure deficit and drought. Plant Cell & Environment, 639 

21, 1077-1088. 640 

Heath, J. & Kerstiens, G. (1997) Effects of elevated CO2 on leaf gas exchange 641 

in beech and oak at two levels of nutrient supply: consequences for 642 

sensitivity to drought in beech. Plant Cell & Environment, 20, 57-67. 643 

Hetherington, A.M. & Woodward, F.I. (2003) The role of stomata in sensing and 644 

driving environmental change. Nature, 424, 901–908. 645 



 25 

Hikosaka, K., Ishikawa, K., Borjigidai, A., Muller, O. & Onoda, Y. (2006) 646 

Temperature acclimation of photosynthesis: mechanisms involved in the 647 

changes in temperate dependence of photosynthetic rate.  Journal of 648 

Experimental Botany, 57, 291-302. 649 

Hikosaka, K., Nabeshima, E. & Hiura, T. (2007) Seasonal changes in the 650 

temperature response of photosynthesis in canopy leaves of Quercus crispula  651 

in a cool-temperate forest. Tree Physiology, 27, 1035-1041. 652 

Hinckley, T.M., Lassoie, J.P. & Running, S.W. (1978) Temporal and spatial 653 

variations in the water status of forest trees. Forest Science Monographs, 20, 654 

1-72. 655 

Hoshika, Y., Watanabe, M., Inada, N. & Koike, T. (2012) Modeling of stomatal 656 

conductance for estimating ozone uptake of Fagus crenata  under 657 

experimentally enhanced free-air ozone exposure. Water Air, and Soil 658 

Pollution, 223, 3893–3901. 659 

Hoshika, Y., Omasa, K. & Paoletti, E. (2013a) Both ozone exposure and soil 660 

water stress are able to induce stomatal sluggishness. Environmental & 661 

Experimental Botany, 88, 19-23, 662 

Hoshika, Y., Watanabe, M., Inada, M. & Koike, T. (2013b) Model-based analysis 663 

of avoidance of ozone stress by stomatal closure in Siebold’s beech (Fagus 664 

crenata). Annals of Botany, 112, 1149-1158. 665 

Huang, S., Bartlett, P. & Altaf Arain, M. (2016) Assessing nitrogen controls on 666 

carbon, water and energy exchanges in major plant functional types across 667 

North America using a carbon and nitrogen ecosystem model. Ecological 668 

Modelling , 323, 12–27. 669 

Jarvis, P.G. (1976) Interpretation of variations in leaf water potential and 670 

stomatal conductance found in canopies in field.  Philosophical Transactions 671 

of the Royal Society of London B , 273, 593-610. 672 



 26 

Katul, G.G., Palmroth, S. & Oren, R. (2009) Leaf stomatal responses to vapour 673 

pressure deficit under current and CO2-enriched atmosphere explained by the 674 

economics of gas exchange. Plant Cell & Environment , 32, 968–979. 675 

Keenan, T.F., Hollinger, D.Y., Bohrer, G. et al.  (2013) Increase in forest water-676 

use efficiency as atmospheric carbon dioxide concentrations rise.  Nature, 677 

499, 324-328. 678 

Kikuzawa, K. & Lechowicz, M.J. (2011)  Ecology of leaf longevity . Springer, 679 

Tokyo. 680 

Kitajima, K., Mulkey, S.S., Samaniego, M. & Wright, S.J. (2002) Decline of 681 

photosynthetic capacity with leaf age and position in two tropical pioneer tree 682 

species. American Journal of Botany, 89, 1925-1932. 683 

Koike, T. (1988) Leaf structure and photosynthetic performance as related to  the 684 

forest succession of deciduous broad-leaved trees. Plant Species Biology, 3, 685 

77–87. 686 

Koike, T. & Sakagami, Y. (1985) Comparison of the photosynthetic responses to 687 

temperature and light of Betula maximowicziana  and Betula platyphylla  var. 688 

japonica. Canadian Journal of Forest Research , 15, 631–635. 689 

Körner, Ch. (1995) Leaf diffusive conductances in the major vegetation types of 690 

the globe. Ecophysiology of Photosynthesis. Ecological Studies Vol. 100. (ed. 691 

E.-D. Schulze & M.M. Caldwell), pp. 463-490. Springer, Heidelberg.  692 

Kӧrner, Ch., Peterer, J., Altrichter, Ch., Meusburger, A., Slovik, S. & Zoschg, 693 

M. (1995) A simple empirical model to estimate annual dry deposition of 694 

atmospheric pollutants in needles of spruce and pine. Allgemeine Forst- und 695 

Jagdzeitung, 166, 1-9. 696 

Kropp, H. & Ogle, K. (2015) Seasonal stomatal behavior of a common desert 697 

shrub and the influence of plant neighbors.  Oecologia , 177, 345-355. 698 

Larcher, W. (2003) Physiological Plant Ecology. Springer, Berlin,  Heidelberg, 699 



 27 

New York. 700 

Leuning, R. (1995) A critical appraisal of a coupled stomatal–photosynthesis 701 

model for C3 plants. Plant Cell & Environment , 18, 339–357. 702 

Lieth, H. (1975) Modeling the primary productivity of the world.  Primary 703 

productivity of the biosphere  (ed. H. Lieth & R.H. Whittaker), pp. 237-264. 704 

Springer-Verlag, New York, New York, USA. 705 

Limm, E.B., Simonin, K.A., Bothman, A.G. & Dawson, T.E.  (2009) Foliar water 706 

uptake: a common water acquisition strategy for plants of the redwood forest.  707 

Oecologia, 161, 449-459. 708 

Lin, Y.-S., Medlyn, B.E., Duursma, R.A. et al. (2015) Optimal stomatal 709 

behavior around the world. Nature Climate Change, 5, 459-464. 710 

Manes, F., Astorino, G., Vitale, M. & Loreto, F. (1997) Morpho-functional 711 

characteristics of Quercus ilex  L. leaves of different age and their 712 

ecophysiological behaviour during different seasons. Plant Biosystems , 131, 713 

149-158. 714 

Manzoni, S., Vico, G., Katul, G., Fay, P.A., Polley, W., Palmroth, S. &  715 

Porporato, A. (2011) Optimizing stomatal conductance for maximum carbon 716 

gain under water stress: a meta-analysis across plant functional types and 717 

climates. Functional Ecology, 25, 456-467. 718 

Matyssek, R., Günthardt-Goerg, M.S., Maurer, S. & Keller, T. (1995) Nighttime 719 

exposure to ozone reduces whole-plant production in Betula pendula . Tree 720 

Physiology, 15, 159-165. 721 

Matyssek, R., Clarke, N., Cudlin, P., Mikkelsen, T.N., Tuovinen, J.-P., Wieser, 722 

G. & Paoletti, E. (2013) Climate change, air pollution and global challenges: 723 

understanding and perspectives from forest research. Developments in 724 

Environmental Science 13, Elsevier, Amsterdam, 622 pp.  725 

Mauer, O. & Palátová, E. (2003) The role of root system in silver birch (Betula 726 



 28 

pendula  Roth) dieback in the air-polluted area of Krušné hory Mts . Journal of 727 

Forest Science, 49, 191-199. 728 

McDowell, N.G. & Sevanto, S. (2010) The mechanisms of carbon starvation: 729 

how, when, or does it even occur at all?  New Phytologist , 186, 264-266. 730 

Medlyn, B.E., Duursma, R.A,, Eamus, D., Ellsworth, D.S., Prentice, I.C., 731 

Barton, C.V.M., Crous, K.Y., Angelis, P.D., Freeman, M. & Wingate, L. 732 

(2011) Reconciling the optimal and empirical approaches to modeling 733 

stomatal conductance. Global Change Biology, 17, 2134-2144. 734 

Misson, L., Panek, J.A. & Goldstein, A.H. (2004) A comparison of three 735 

approaches to modeling leaf gas exchange in annually drought -stressed 736 

ponderosa pine forests. Tree Physiology, 24, 529–541. 737 

Morison, J.I.L. & Gifford, R.M. (1983) Stomatal sensitivity to carbon dioxide 738 

and humidity. Plant Physiology, 71, 789-796. 739 

Musselman, R.C. & Minnick, T.J. (2000) Nocturnal stomatal conductance and 740 

ambient air quality standards for ozone. Atmospheric Environment, 34, 719-741 

733. 742 

Oberbauer, S.F., Strain, B.R. & Riechers, G.H. (1987) Field water relations of a 743 

wet-tropical forest tree species, Pentaclethra macroloba  (Mimosaceae).  744 

Oecoogia , 71, 369-374. 745 

Ogle, K., Lucas, R.W., Bentley, L.P., Cable, J.M., Barron-Gafford, G.A., Griffith, 746 

A., Ignace, D., Jenerette, G.D., Tyler, A., Huxman, T.E., Loik, M.E., Smith, 747 

S.D. & Tissue, D.T. (2012) Differential daytime and night-time stomatal 748 

behavior in plants from North American deserts.  New Phytologist , 194, 464–749 

476. 750 

Oren, R., Sperry, J.S., Katul, G.G., Pataki, D.E., Ewers, B.E., Phillips, N. & 751 



 29 

Schäfer, K.V.R. (1999) Survey and synthesis of intra- and interspecific 752 

variation in stomatal sensitivity to vapour pressure deficit. Plant, Cell & 753 

Environment , 22, 1515–1526. 754 

Paoletti, E. & Grulke, N.E. (2005) Does living in elevated CO2  ameliorate tree 755 

response to ozone? A review on stomatal responses. Environmental Pollution, 756 

137, 483-493. 757 

Pearcy, R.W. & Ehleringer, J. (1984) Comparative ecophysiology of C 3  and C4 758 

plants. Plant Cell & Environment, 7, 1-13. 759 

Pearson, M. & Mansfield, T.A. (1993) Interacting effects of ozone and water 760 

stress on the stomatal resistance of beech (Fagus sylvatica L.). New 761 

Phytologist , 123, 351-358. 762 

Peñuelas, J., Canadell, J.G. & Ogaya, R. (2011) Increased water-use efficiency 763 

during the 20 th century did not translate into enhanced tree growth.  Global 764 

Ecology and Biogeography , 20, 597-608. 765 

Peterken, G.F. & Mountford, E.P. (1996) Effects of drought on beech in Lady 766 

Park Wood, an unmanaged mixed deciduous woodland. Forestry, 69, 125-136. 767 

Picon, C., Guehl, J.M. & Ferhi, A. (1996) Leaf gas exchange and carbon isotope 768 

composition responses to drought in a drought -avoiding (Pinus Pinaster) and 769 

a drought-tolerant (Quercus petraea) species under present and elevated 770 

atmospheric CO2 concentrations. Plant Cell & Environment, 19, 182-190. 771 

Poulter, B., Ciais, P., Hodson, E., Lischke, H., Maignan, F., Plummer, S. & 772 

Zimmermann, N.E. (2011) Plant functional type mapping for earth system 773 

models. Geoscientific Model Development, 4, 993-1010. 774 

R Core Team. (2017) R: A language and environment for statistical computing. 775 

Vienna, Austria: R Foundation for Statistical Computing. Retrieved from 776 

https://www.R-project.org/ 777 

Reich, P.B., Ellsworth, D.S., Walters, M.B., Vose, J.M., Gresham, C., Volin, J.C. 778 



 30 

& Bowman, W.D. (1999) Generality of leaf trait relationships: a test across 779 

six biomes. Ecology, 80, 1955-1969. 780 

Rhizopoulou, S. & Mitrakos, K. (1990) Water relations of evergreen 781 

sclerophylls. I. Seasonal changes in the water relations of eleven species from 782 

the same environment. Annals of Botany, 65, 171-178. 783 

Schulze, E.D., Beck, E. & Müller-Hohenstein, K. (2005) Plant Ecology. 784 

Springer, Berlin, Heidelberg, New York.  785 

Serrano, L. & Peñuelas, J. (2005) Contribution of physiological and 786 

morphological adjustments to drought resistance in two Mediterranean tree 787 

species. Biologia Plantarum, 49, 551–559. 788 

Serrano, L., Peñuelas, J., Ogaya, R. & Savé, R. (2005) Tissue-water relations of 789 

two co-occurring evergreen Mediterranean species in response to seasonal and 790 

experimental drought conditions. Journal of Plant Research, 118, 263–269. 791 

Sirisampan, S., Hiyama, T., Takahashi, A., Hashimoto, T. & Fukushima, Y. 792 

(2003) Diurnal and seasonal variations of stomatal conductance in a 793 

secondary temperate forest. Journal of Japan Society of Hydrology and Water 794 

Resources, 16, 113-130 (in Japanese with English summary).  795 

Sitch, S., Cox, P.M., Collins, W.J. & Huntingford, C. (2007) Indirect radiative 796 

forcing of climate change through ozone effects on the land -carbon sink. 797 

Nature, 448, 791-795. 798 

Stan Development Team. (2017) Stan Modeling Language Users Guide and 799 

Reference Manual, Version 2.15.0.  http://mc-stan.org/ 800 

Steppe, K., Niinemets, Ü. & Teskey, R.O. (2011) Tree size- and age-related 801 

changes in leaf physiology and their influence on carbon gain. Size- and Age-802 

Related Changes in Tree Structure and Function, Tree Physiology 4  (ed. F.C. 803 

Meinzer, B. Lachenbruch, T.E. Dawson), pp. 235-253. Springer, New York. 804 

Stone, P.J., Sorensen, I.B. & Jamieson, P.D. (1999) Effect of soil temperature on 805 



 31 

phenology, canopy development, biomass and yield of maize in a cool -806 

temperate climate. Field Crop Research, 63, 169-178. 807 

Teixeira Filho, J., Damesin, C., Rambal, S. & Joffre, R. (1998) Retrieving leaf 808 

conductances from sap flows in a mixed Mediterranean woodland: a scaling 809 

exercise. Annals of Forest Science, 55, 173-190. 810 

Tenhunen, J.D., Pearcy, R.W. & Lange, O.L. (1987) Diurnal variations in leaf 811 

conductance and gas exchange in natural environments.  Plant Response to 812 

Stress: Functional Analysis in Mediterranean Ecosystems (ed. J.D. Tenhunen, 813 

F.M. Catarino, O.L. Lange & W.C. Oechel), pp. 305-327. Springer-Verlag, 814 

Berlin. 815 

Thomas, D.S. & Eamus, D. (1999) The influence of predawn leaf water potential 816 

on stomatal responses to atmospheric water content at constant C i and on 817 

stem hydraulic conductance and foliar ABA concentrations . Journal of 818 

Experimental Botany, 50, 243-251. 819 

Tingey, D.T. & Hogsett, W.E. (1985) Water stress reduces ozone injury via a 820 

stomatal mechanism. Plant Physiology, 77, 944-947. 821 

Tuovinen, J.P., Simpson, D., Emberson, L., Ashmore, M. & Gerosa, G. (2007) 822 

Robustness of modeled ozone exposures and doses. Environmental Pollution, 823 

146, 578-586. 824 

Uddling, J., Hall, M., Wallin G. & Karlsson, P.E. (2005) Measuring and 825 

modelling stomatal conductance and photosynthesis in mature birch in 826 

Sweden. Agricultural and Forest Meteorology , 132, 115-131. 827 

Wilkinson, S. & Davies, W. (2010) Drought, ozone, ABA and ethylene: new 828 

insights from cell to plant community. Plant, Cell & Environment, 33, 510–829 

525. 830 

Zeppel, M.J.B., Lewis, J.D., Phillips, N.G. & Tissue, D.T. (2014) Consequences 831 

of nocturnal water loss: a synthesis of regulation factors and implications for 832 



 32 

capacitance, embolism and use in models . Tree Physiology, 34, 1047–1055. 833 

Zhang, L., Brook, J.R. & Vet, R. (2003) A revised parameterization for gaseous 834 

dry deposition in air-quality models. Atmospheric Chemistry and Physics, 3, 835 

2067-2082.  836 

 837 

  838 



 33 

Appendix 1: Data Sources 839 

Addington, R.N., Mitchell, R.J., Oren, R. & Donovan, L.A.  (2004) Stomatal 840 

sensitivity to vapor pressure deficit and its relationship to hydraulic 841 

conductance in Pinus palustris . Tree Physiology , 24, 561-569. 842 

Ali, M., Jensen, C.R., Mogensen, V.O. & Bahrun, A.  (1999) Drought adaptation 843 

of field grown wheat in relat ion to soil physical conditions.  Plant and Soil , 208, 844 

149-159. 845 

Alonso, R., Elvira, S., Sanz, M.J., Gerosa, G., Emberson, L.D., Bermejo, V. & 846 

Gimeno, B.S. (2008) Sensitivity analysis of a parameterization of the stomatal 847 

component of the DO3SE model for Quercus ilex  to estimate ozone flux.  848 

Environmental Pollution , 155, 473-480. 849 

Andrade, J.L., Meinzer, F.C., Goldstein, G., Holbrook, N.M., Cavelier, J., Jackson, 850 

P. & Silvera, K. (1998) Regulation of water flux through trunks, branches, and 851 

leaves in trees of a lowland tropical forest.  Oecologia , 115, 463-471. 852 

Aranda, I., Gil, L. & Pardos, J.A.  (2000) Water relations and gas exchange in 853 

Fagus sylvatica  L. and Quercus petraea (Mattuschka) Liebl. in a mixed stand 854 

at their southern limit of distribution in Europe.  Trees , 14, 344-352. 855 

Araus, J.L. & Tapia, L.  (1987) Photosynthetic gas exchange characteristics of 856 

wheat flag leaf blades and sheaths during grain filling.  Plant Physiology , 85,  857 

667-673. 858 

Araus, J.L., Tapia, L. & Alegre, L.  (1989) The effect of changing sowing date on 859 



 34 

leaf structure and gas exchange characteristics of wheat flag leaves grown 860 

under Mediterranean climate conditions.  Journal of Experimental Botany , 40, 861 

639-646. 862 

Bahrun, A., Jensen, C.R., Asch, F. & Mogensen, V.O.  (2002) Drought-induced 863 

changes in xylem pH, ionic composition and ABA concentration act as early 864 

signals in field-grown maize (Zea mays L.). Journal of Experimental Botany , 865 

53, 251-263. 866 

Balota, M., Payne, W.A., Evett, S.R. & Peters, T.R. (2008) Morphological and 867 

physiological traits associated with canopy temperature depression in three 868 

closely related wheat lines . Crop Science , 48, 1897-1910. 869 

Barbour, M.M., Cernusak, L.A., Whitehead, D., Griffin, K.L., Turnbull, M.H., 870 

Tissue, D.T. & Farquhar, G.D. (2005) Nocturnal stomatal conductance and 871 

implications for modelling δ18O of leaf-respired CO2 in temperate tree species. 872 

Functional Plant Biology, 32, 1107-1121. 873 

Barton, C.V.M. & Jarvis, P.G.  (1999) Growth response of branches of  Picea 874 

sitchensis to four years exposure to elevated atmospheric carbon dioxide 875 

concentration. New Phytologist , 144, 233-243. 876 

Batchelor, C.H. & Roberts, J.  (1983) Evaporation from the irrigation water, 877 

foliage and panicles of paddy rice in north -east Sri Lanka. Agricultural 878 

Meteorology, 29, 11-26. 879 



 35 

Beadle, C.L., Neilson, R.E., Talbot, H. & Jarvis, P.G.  (1985) Stomatal 880 

conductance and photosynthesis in a mature scots pine forest. I. Diurnal, 881 

seasonal and spatial variation in shoots. Journal of Applied Ecology , 22, 557-882 

571. 883 

Benecke, U., Schulze, E.-D., Matyssek, R. & Havranek, W.M. (1981) 884 

Environmental control of CO2-assimilation and leaf conductance in Larix 885 

decidua  Mill. I. A comparison of contrasting natural environments. Oecologia , 886 

50, 54-61. 887 

Bethenod, O. & Tardieu, F. (1990) Water use efficiency in field-grown maize: 888 

effects of soil structure. Current Research in Photosynthesis, Vol. IV (eds M. 889 

Balscheffsky). pp. 737-740. Kluwer Academic Publishers, Dordrecht, 890 

Netherlands. 891 

Borghetti, M., Cinnirella, S., Magnani, F. & Saracino, A. (1998) Impact of long-892 

term drought on xylem embolism and growth in Pinus halepensis  Mill. Trees 893 

12, 187-195. 894 

Bréda, N., Cochard, H., Dreyer, E. & Granier, A.  (1993a) Field comparison of 895 

transpiration, stomatal conductance and vulnerability to ca vitation of Quercus 896 

petraea  and Quercus robur under water stress. Annals of Forest Science , 50, 897 

571-582. 898 

Bréda, N., Cochard, H., Dreyer, E. & Granier, A.  (1993b) Water transfer in a 899 



 36 

mature oak stand (Quercus petraea): seasonal evolution and effects of a severe 900 

drought. Canadian Journal of Forest Research , 23, 1136-1143. 901 

Brodribb, T.J. & Holbrook, N.M. (2004) Diurnal depression of leaf hydraulic 902 

conductance in a tropical tree species. Plant, Cell and Environment , 27, 820-903 

827. 904 

Bunce, J.A. (2000) Responses of stomatal conductance to light, humidity and 905 

temperature in winter wheat and barley grown at three concentrations of carbon 906 

dioxide in the field. Global Change Biology , 6, 371-382. 907 

Carlier, G., Peltier, J.P. & Gielly, L. (1992) Comportement hydrique du frêne 908 

(Fraxinus excelsior  L.) dans une formation montagnarde mésoxérophile. 909 

Annals of Forest Science , 49, 207-223 (in French). 910 

Castell, C. & Terradas, J. (1995) Atmospheric vs soil water deficit as leaf 911 

conductance regulator in Mediterranean trees: a correlational approach. Orsis,  912 

10, 43-50. 913 

Castell, C., Terradas, J. & Tenhunen, J.D. (1994) Water relations, gas exchange, 914 

and growth of resprouts and mature plant shoots of Arbutus unedo  L. and  915 

Quercus ilex L. Oecologia, 98, 201-211. 916 

Centritto, M., Lauteri, M., Monteverdi, M.C. & Serraj, R. (2009) Leaf gas 917 

exchange, carbon isotope discrimination, and grain yield in contrasting rice 918 

genotypes subjected to water deficits during the reproductive stage. Journal of 919 



 37 

Experimental Botany , 60, 2325-2339. 920 

Connor, D.J., Legge, N.J. & Turner, N.C. (1977) Water relations of mountain ash 921 

(Eucalyptus regnans  F. Muell.) forests. Australian Journal of Plant Physiology , 922 

4, 753-762. 923 

Daley, M.J. & Phillips, N.G. (2006) Interspecific variation in nighttime 924 

transpiration and stomatal conductance in a mixed New England deciduous 925 

forest. Tree Physiology, 26, 411-419. 926 

Damesin, C. & Rambal, S. (1995) Field study of leaf photosynthetic performance 927 

by a Mediterranean deciduous oak tree (Quercus pubescens) during a severe 928 

summer drought. New Phytologist, 131, 159-167. 929 

Damesin, C., Rambal, S. & Joffre, R. (1998) Co-occurrence of trees with different 930 

leaf habit: a functional approach on Mediterranean oaks. Acta Oecologia, 19,  931 

195-204. 932 

Dang, Q.-L., Margolis, H.A., Coyer, M.R., Sy, M. & Collatz, G.J. (1997) 933 

Regulation of branch-level gas exchange of boreal trees: roles of shoot water 934 

potential and vapor pressure difference. Tree Physiology, 17, 521-535. 935 

Danielsson, H., Karlsson, G.P., Karlsson, P.E. & Pleijel, H . (2003) Ozone uptake 936 

modelling and flux-response relationship – an assessment of ozone-induced 937 

yield loss in spring wheat. Atmospheric Environment, 37, 475-485. 938 

David, T.S., Ferreira, M.I., David, J.S. & Pereira, J.S. (1997) Transpiration from 939 



 38 

a mature Eucalyptus globulus  plantation in Portugal during a spring-summer 940 

period of progressively higher water deficit. Oecologia, 110, 153-159. 941 

Dawson, T.E. & Bliss, L.C.  (1989a) Intraspecific variation in the water relations 942 

of Salix arctica, an arctic-alpine dwarf willow. Oecologia , 79, 322–331. 943 

Dawson, T.E. & Bliss, L.C.  (1989b) Patterns of water use and the tissue water 944 

relations in the dioecious shrub, Salix arctica: the physiological basis for 945 

habitat partitioning between the sexes . Oecologia, 79, 332–343. 946 

Dawson, T.E., Burgess, S.S.O., Tu, K.P., Oliveira, R.S., Santiago, L.S., Fisher, 947 

J.B., Simonin, K.A. & Ambrose, A.R. (2007) Nighttime transpiration in woody 948 

plants from contrasting ecosystems.  Tree Physiology,  27, 561-575. 949 

Day, M.E., Greenwood, M.S. & White, A.S. (2001) Age-related changes in foliar 950 

morphology and physiology in red spruce and their influence on declining 951 

photosynthetic rates and productivity with tree age. Tree Physiology, 21, 1195-952 

1204. 953 

Del Pozo, A., Pérez, P., Morcuende, R., Alonso, A. & Martínez-Carrasco, R. 954 

(2005) Acclimatory responses of stomatal conductance and photosynthesis to 955 

elevated CO2 and temperature in wheat crops grown at varying levels of N 956 

supply in Mediterranean environment. Plant Science, 169, 908-916. 957 

Delfine, S., Tognetti, R., Desiderio, E. & Alvino, A. (2005) Effect of foliar 958 

application of N and humic acids on growth and yield of durum wheat. 959 



 39 

Agronomy for Sustainable Development, 25, 183-191. 960 

DeLucia, E.H., Schlesinger, W.H. & Billing, W.D. (1988) Water relations a nd the 961 

maintenance of Sierran conifers on hydrothermally altered rock. Ecology, 69, 962 

303-311. 963 

Ding, L., Wang, K.J., Jiang, G.M., Biswas, D.K., Xu, H., Li, L.F. & Li, Y.H. 964 

(2005) Effects of nitrogen deficiency on photosynthetic traits of maize hybrids 965 

released in different years. Annals of Botany, 96, 920-930. 966 

Dingkuhn, M., Audebert, A.Y., Jones, M.P., Etienne, K. & Sow, A. (1999) Control 967 

of stomatal conductance and leaf rolling in  O. sativa and O. glaberrima upland 968 

rice. Field Crops Research, 61, 223-236. 969 

Dolman, A.J. & van den Burg, G.J. (1988) Stomatal behavior in an oak canopy.  970 

Agricultural and Forest Meteorology, 43, 99-108. 971 

Domec, J.-C., Ogée, J., Noormets, A., Jouangy, A., Gavazzi, M., Treasure, E., 972 

Sun, G., McNulty, S.G. & King, J.S. (2012) Interactive effects of nocturnal 973 

transpiration and climate change on the root hydraulic redistribution and 974 

carbon and water budgets of southern United States pine plantations . Tree 975 

Physiology.,  32, 707-723. 976 

Domec, J.-C., Palmroth, S., Ward, E., Maier, C.A., Thérézien, M. & Oren, R. 977 

(2009) Acclimation of leaf hydraulic conductance and stomatal conductance of 978 

Pinus taeda (loblolly pine) to long-term growth in elevated CO2 (free-air CO2 979 



 40 

enrichment) and N-fertilization. Plant, Cell and Environment, 32, 1500-1512. 980 

Dwyer, L.M. & Stewart, D.W. (1986) Effect of leaf age and position on net 981 

photosynthetic rates in maize (Zea mays  L.). Agricultural and Forest 982 

Meteorology, 37, 29-46. 983 

Elias, P. (1979) Stomatal activity within the crowns of tall deciduous trees under 984 

forest conditions. Biologia Plantarum, 21, 266-274. 985 

Ellsworth, D.S. (1999) CO2 enrichment in a maturing pine forest: are CO 2 986 

exchange and water status in the canopy affected? Plant, Cell and Environment, 987 

22, 461-472. 988 

Ellsworth, D.S. & Reich, P.B. (1992) Water relati ons and gas exchange of Acer 989 

saccharum seedling in contrasting natural light and water regimes. Tree 990 

Physiology, 10, 1-20. 991 

Emberson, L.D., Ashmore, M.R., Cambridge, H.M., Simpson, D. & Tuovinen, J.P. 992 

(2000a) Modelling stomatal ozone flux across Europe. Environmental Pollution ,  993 

109, 403–413. 994 

Emberson, L.D., Wieser, G. & Ashmore, M.R. (2000b) Modelling of stomatal 995 

conductance and ozone flux of Norway spruce: comparison with field data. 996 

Environmental Pollution , 109, 393–402. 997 

Epron, D. & Dreyer, E. (1993) Long-term effects of drought on photosynthesis of 998 

adult oak trees [Quercus petraea (Matt) Liebl. and Quercus robur  L.] in a 999 



 41 

natural stand. New Phytologist, 125, 381-389. 1000 

Fares, S., Matteucci, G., Scarascia Mugnozza, G., Morani, A., Calfapietra, C., 1001 

Salvatori, E., Fusano, L., Manes, F. & Loreto, F. (2013) Testing of models of 1002 

stomatal ozone fluxes with field measurements in a mixed Mediterranean forest. 1003 

Atmospheric Environment, 67, 242-251. 1004 

Federer, C.A. & Gee, G.W. (1976) Diffusion resistance and xylem potential in 1005 

stressed and unstressed northern hardwood trees. Ecology, 57, 975-984. 1006 

Feng, Z., Tang, H., Uddling, J., Pleijel, H., Kobayashi, K., Zhu, J., Oue, H. & 1007 

Guo, W. (2012) A stomatal ozone flux-response relationship to assess ozone-1008 

induced yield loss of winter wheat in subtropical China. Environmental 1009 

Pollution, 164, 16-23. 1010 

Fischer, R.A., Rees, D., Sayre, K.D., Lu, Z. -M., Condon, A.G. & Larque Saavedra, 1011 

A. (1998) Wheat yield progress associated with higher stomatal conductance 1012 

and photosynthetic rate, and cooler canopies. Crop Science, 38, 1467-1475. 1013 

Fisher, R.A., Williams, M., Do Vale R.L., Da Costa, A.L. & Meir, P. (2006) 1014 

Evidence from Amazonian forests is consistent with isohydric control of leaf 1015 

water potential. Plant, Cell and Environment, 29, 151-165. 1016 

Franco, A.C., de Soyza, A.G., Virginia, R.A., Reynolds, J.F. & Whitford, W.G. 1017 

(1994) Effects of plant size and water relations on gas exchange and growth of 1018 

the desert shrub Larrea tridentata . Oecologia, 97, 171-178. 1019 



 42 

Franks, P.J., Drake, P.L. & Froend, R.H. (2007) Anisohydric but 1020 

isohydrodynamic: seasonally constant plant water potential gradient explained 1021 

by a stomatal control mechanism incorporating variable plant hydraulic 1022 

conductance. Plant, Cell and Environment, 30, 19-30. 1023 

Freeman, M. (1998) Leaf gas exchange in mature beech (Fagus sylvatica L.) 1024 

exposed to long-term elevated CO2  in branch bags. PhD thesis, Royal  1025 

Veterinary and Agricultural University, Denmark.  1026 

Garcia, R.L., Long, S.P., Wall, G.W., Osborne, C.P., Kimball, B.A., Nie, G.Y., 1027 

Pinter Jr. P.J., Lamorte, R.L. & Wechsung, F. (1998) Photosynthesis and 1028 

conductance of spring-wheat leaves: field response to continuous free -air 1029 

atmospheric CO2 enrichment. Plant, Cell and Environment, 21, 659-669. 1030 

Goldstein, G.H., Brubaker, L.B. & Hinckley, T.M. (1985) Water relations of white 1031 

spruce [Picea glauca (Moench) Voss] at tree line in north central Alaska. 1032 

Canadian Journal of Forest Research, 15, 1080-1087. 1033 

González-Fernández, I., Bermejo, V., Elvira, S.,  de la Torre, D., González, A., 1034 

Navarrete, L., Sanz, J., Calvete, H., Garc ía-Gómez, H., López, A., Serra, J., 1035 

Lafarga, A., Armesto, A.P., Calvo, A. & Alonso, R. (2013) Modelling ozone 1036 

stomatal flux of wheat under Mediterranean conditions. Atmospheric 1037 

Environment, 67, 149-160. 1038 

Goulden, M.L. (1996) Carbon assimilation and water-use efficiency by 1039 



 43 

neighboring Mediterranean-climate oaks that differ in water access. Tree 1040 

Physiology, 16, 417-424. 1041 

Graham, J.S. & Running, S.W. (1984) Relative control of air temperat ure and 1042 

water status on seasonal transpiration of Pinus contorta.  Canadian Journal of 1043 

Forest Research, 14, 833-838. 1044 

Greenwood, M.S., Ward, M.H., Day, M.E., Adams, S.L. & Bond, B.J. (2008) Age -1045 

related trends in red spruce foliar plasticity in relation to declining productivity. 1046 

Tree Physiology, 28, 225-232. 1047 

Grulke, N.E., Alonso, R., Nguyen, T., Cascio, C. & Dobrowolski, W. (2004) 1048 

Stomata open at night in pole-sized and mature ponderosa pine: implications 1049 

for O3 exposure metrics. Tree Physiology,  24, 1001-1010. 1050 

Grulke, N.E., Preisler, H.K., Fan, C.C. & Retzlaff, W.A. (2002) A statistical 1051 

approach to estimate O3 uptake of ponderosa pine in a Mediterranean climate. 1052 

Environmental Pollution,  119, 163-175. 1053 

Grünhage, L., Pleijel, H., Mills, G., Bender, J., Danielsson, H., Lehmann, Y., 1054 

Castell, J.-F. & Bethenod, O. (2012) Updated stomatal flux and flux -effect 1055 

models for wheat for quantifying effects of ozone on grain yield, grain mass 1056 

and protein yield. Environmental Pollution, 165, 147-157. 1057 

Guicherd, P. (1994) Water relations of European silver fir (Abies alba  Mill) in 2 1058 

natural stands in the French Alps subject to contrasting climatic conditions. 1059 



 44 

Annals of Forest Science, 51, 599-611. 1060 

Gunderson, C.A., Sholits, J.D., Wullschleger, S.D., Tissue, D.T., Hanson, P.J. & 1061 

Norby, R.J. (2002) Environmental and stomatal control of photosynthetic 1062 

enhancement in the canopy of a sweetgum (Liquidambar styraciflua  L.) 1063 

plantation during 3 years of CO2 enrichment. Plant, Cell and Environment, 25,  1064 

379-393. 1065 

Hamerlynck, E.P., Huxman, T.E., Charlet, T.N. & Smith, S.D.  (2002) Effects of 1066 

elevated CO2 (FACE) on the functional ecology of the drought -deciduous 1067 

Mojave Desert shrub, Lycium andersonii . Environmental and Experimental 1068 

Botany, 48, 93-106. 1069 

Herrick, J.D., Maherali, H. & Thomas, R.B. (2004) Reduced stomatal conductance 1070 

in sweetgum (Liquidambar styraciflua  L.) sustained over long-term CO2 1071 

enrichment. New Phytologist, 162, 387-396. 1072 

Hirasawa, T. & Hsiao, T.C. (1999) Some characteristics of reduced leaf 1073 

photosynthesis at midday in maize growing in the field. Field Crops Research, 1074 

62, 53-62. 1075 

Hiromi, T., Ichie, T., Kenzo, T. & Ninomiya, I. (2012) Interspecific variation in 1076 

leaf water use associated with drought tolerance in four emergent dipterocarp 1077 

species of a tropical rain forest in Borneo. Journal of Forest Research, 17, 369-1078 

377. 1079 



 45 

Hiyama, T., Kochi, K., Kobayashi, N. & Sirisampan, S. (2005) Seasonal variation 1080 

in stomatal conductance and physiological factors observed in a secondary 1081 

warm-temperate forest. Ecological Research, 20, 333-346. 1082 

Hogg, E.H., Saugier, B., Pontailler, J. -Y., Black, T.A., Chen, W., Hurdle, P.A. & 1083 

Wu, A. (2000) Responses of trembling aspen and hazelnut to vapor pressure 1084 

deficit in a boreal deciduous forest. Tree Physiology, 20, 725-734. 1085 

Hoshika, Y., Paoletti, E. & Omasa, K. (2012b) Parameterization of Zelkova 1086 

serrata stomatal conductance model to estimate stomatal ozone uptake in Japan . 1087 

Atmospheric Environment, 55, 271-278. 1088 

Hoshika, Y., Watanabe, M., Inada, N. & Koike, T. (2012a) Modeling of stomatal 1089 

conductance for estimating ozone uptake of Fagus crenata  under 1090 

experimentally enhanced free-air ozone exposure. Water, Air, and Soil 1091 

Pollution, 223, 3893-3901. 1092 

Hoshika, Y., Watanabe, M., Inada, M. & Koike, T. (2013) Model-based analysis 1093 

of avoidance of ozone stress by stomatal closure in Siebold’s beech ( Fagus 1094 

crenata). Annals of Botany, 112, 1149-1158. 1095 

Hubbard, R.M., Bond, B.J. & Ryan, M.G. (1999) Evidence that hydraulic 1096 

conductance limits photosynthesis in old Pinus ponderosa  trees. Tree 1097 

Physiology, 19, 165-172. 1098 

Ignace, D.D. & Huxman, T.E. (2009) Limitations to photosynthetic function  1099 



 46 

across season in Larrea tridentata  (creosotebush) growing on contrasting soil 1100 

surfaces in the Sonoran Desert. Journal of Arid Environment, 73, 626-633. 1101 

Iio, A., Fukasawa, H., Nose, Y. & Kakubari, Y. (2004) Stomatal closure induced 1102 

by high vapor pressure deficit limited midday photosynthesis at the canopy top 1103 

of Fagus crenata  Blume on Naeba mountain in Japan. Trees, 18, 510-517. 1104 

Infante, J.M., Damesin, C. , Rambal, S. & Fernández-Alés, R. (1999) Modelling 1105 

leaf gas exchange in holm-oak trees in southern Spain. Agricultural and Forest 1106 

Meteorology, 95, 203-223. 1107 

Infante, J.M., Rambal, S. & Joffre, R. (1997) Modelling transpiration in holm -1108 

oak savannah: scaling up from the leaf to the tree scale. Agricultural and Forest 1109 

Meteorology, 87, 273-289. 1110 

Iqbal, M. & Ashraf, M. (2005) Changes in growth, photosynthetic capacity and 1111 

ionic relations in spring wheat (Triticum aestivum  L.) due to pre-sowing seed 1112 

treatment with polyamines. Plant Growth Regulation,  46, 19-30. 1113 

Irmak, S., Mutiibwa, D., Irmak, A., Arkebauer, T.J., Weiss, A., Martin, D.L. &  1114 

Eisenhauer, D.E. (2008) On the scaling up leaf stomatal resistance to canopy 1115 

resistance using photosynthetic photon flux density. Agricultural and Forest 1116 

Meteorology, 148, 1034-1044. 1117 

Ishida, A., Diloksumpun, S., Ladpala, P., Staporn, D., Panuthai, S., Gam o, M., 1118 

Yazaki, K., Ishizuka, M. & Puangchit, L. (2006) Contrasting seasonal leaf 1119 



 47 

habits of canopy trees between tropical dry-deciduous and evergreen forests in 1120 

Thailand. Tree Physiology, 26, 643-656. 1121 

Ishida, A., Harayama, H., Yazaki, K., Ladpala, P., Sasri sang, A., Kaewpakasit, K., 1122 

Panuthai, S., Staporn, D., Maeda, T., Gamo, M., Diloksumpun, S., Puangchit, 1123 

L. & Ishizuka, M. (2010) Seasonal variations of gas exchange and water 1124 

relations in deciduous and evergreen trees in monsoonal dry forests of Thailand. 1125 

Tree Physiology, 30, 935-945. 1126 

Ishida, A., Toma, T. & Marjenah (1999a) Leaf gas exchange and chlorophyll 1127 

fluorescence in relation to leaf angle, azimuth, and canopy position in the 1128 

tropical pioneer tree, Macaranga conifera . Tree Physiology, 19, 117-124. 1129 

Ishida, A., Toma, T. & Marjenah (1999b) Limitation of leaf carbon gain by 1130 

stomatal and photochemical processes in the top canopy of Macaranga conifera ,  1131 

a tropical pioneer tree. Tree Physiology, 19, 467-473. 1132 

Ishida, A., Yazaki, K. & Hoe, A.L. (2005) Ontogenetic transition of leaf 1133 

physiology and anatomy from seedlings to mature trees of a rain forest pioneer 1134 

tree, Macaranga conifera . Tree Physiology, 25, 513-522. 1135 

Jiang, G.M., Hao, N.B., Bai, K.Z., Zhang, Q.D., Sun, J.Z., Ge, Q.Y. & Kuang, 1136 

T.Y. (2000) Chain correlation between variables of gas exchange and yield 1137 

potential in different winter wheat cultivars. Photosynthetica, 38, 227-232. 1138 

Juárez-López, F.J., Escudero, A. & Mediavilla, S. (2008) Ontogenetic changes in 1139 



 48 

stomatal and biochemical limitations to photosynthesis of two co-occurring 1140 

Mediterranean oaks differing in leaf life span. Tree Physiology, 28, 367-374. 1141 

Jurik, T.W. (1986) Seasonal patterns of leaf photosynthetic capacity in 1142 

successional northern hardwood tree species. American Journal of Botany, 73, 1143 

131-138. 1144 

Kaufmann, M.R. (1982) Leaf conductance as a function of photosynthetic photon 1145 

flux density and absolute humidity difference from leaf to air. Plant Physiology, 1146 

69, 1018-1022. 1147 

Kavanagh, K.L., Pangle, R.  & Schotzko, A.D. (2007) Nocturnal transpiration 1148 

causing disequilibrium between soil and stem predawn water potential in mixed 1149 

conifer forests of Idaho. Tree Physiology.,  27, 621-629. 1150 

Keel, S.G., Pepin, S., Leuzinger, S. & Körner, Ch (2007) Stomatal conductance 1151 

in mature deciduous forest trees exposed to elevated CO2 . Trees, 21, 151-159. 1152 

Kenzo, T., Yoneda, R., Azani, M.A. & Majid, N.M. (2008) Changes in leaf water 1153 

use after removal of leaf lower surface hairs on Mallotus macrostachyus  1154 

(Euphorbiaceae) in a tropical secondary forest in Malaysia. Journal of Forest 1155 

Research, 13, 137-142. 1156 

Kenzo, T., Yoneda, R., Sano, M., Araki, M., Shimizu, A., Tanaka -Oda, A. & 1157 

Chann, S. (2012) Variations in leaf photosynthetic and morphological traits 1158 

with tree height in various tree species in a Cambodian tropical dry evergreen 1159 



 49 

forest. Japan Agricultural Research Quarterly, 46, 167-180. 1160 

Kim, J., Verma, S.B. & Rosenberg, N.J. (1989) Energy balance and water use of 1161 

cereal crops. Agricultural and Forest Meteorology, 48, 135-147. 1162 

Kirda, C., Topcu, S., Kaman, H., Ulger, A.C., Yazici, A., Cetin, M. & Derici, M.R. 1163 

(2005) Grain yield response and N-fertiliser recovery of maize under deficit 1164 

irrigation. Field Crops Research, 93, 132-141. 1165 

Kitajima, K., Mulkey, S.S. & Wright, S.J. (2005) Variation in crown light 1166 

utilization characteristics among tropical canopy trees. Annals of Botany, 95, 1167 

535-547. 1168 

Kitao, M., Löw, M., Heerdt, C., Grams, T.E.E., Häberle, K-H. & Matyssek, R. 1169 

(2009) Effects of chronic elevated ozone exposure on gas exchange responses 1170 

of adult beech trees (Fagus sylvatica) as related to the within-canopy light 1171 

gradient. Environmental Pollution, 157, 537-544. 1172 

Kobayashi, K. (1989) Effects of ozone concentration and light intensity on leaf 1173 

stomatal diffusive conductance of rice. The Crop Science Society of Japan, 58 , 1174 

103-104 (in Japanese).  1175 

Körner, Ch. (1995) Leaf diffusive conductances in the major vegetation types of 1176 

the globe. Ecophysiology of Photosynthesis. Ecological Studies Vol. 100. (eds 1177 

E.-D. Schulze, and M.M. Caldwell). pp. 463-490. Springer, Heidelberg. 1178 

Körner, Ch. & Cochrane, P.M. (1985) Stomatal responses and water relations of 1179 



 50 

Eucalyptus pauciflora in summer along an elevational gradient. Oecologia, 66, 1180 

443-455. 1181 

Kosugi, Y., Kobashi, S. & Shibata, S. (1995) Modeling stomatal conductance on 1182 

leaves of several temperate evergreen broad-leaved trees. Journal of Japan 1183 

Society of Revegetation Technology, 20, 158-167 (in Japanese with English 1184 

summary).  1185 

Kosugi, Y., Shibata, S., Matsui, K. & Kobashi, S. (1997) Differences between 1186 

deciduous and evergreen broad-leaved trees in the pattern of seasonal change 1187 

of leaf-scale photosynthetic net assimilation rate and transpiration rate. 1188 

Journal of Japan Society of Revegetation Technology, 22, 205-215 (in Japanese 1189 

with English summary).  1190 

Kosugi, Y., Takanashi, S., Matsuo, N. & Nik, A.R. (2009) Midday depression of 1191 

leaf CO2 exchange within the crown of Dipterocarpus sublamellatus in a 1192 

lowland dipterocarp forest in peninsular Malaysia. Tree Physyiology, 29, 505-1193 

515. 1194 

Kosugi, Y., Takanashi, S., Yokoyama, N., Philip, E. & Kamakura,  M. (2012) 1195 

Vertical variation in leaf gas exchange parameters for a southeast Asian 1196 

tropical rainforest in peninsular Malaysia. Journal of Plant Research, 125, 735-1197 

748. 1198 

Kropp, H. & Ogle, K. (2015) Seasonal stomatal behavior of a common desert 1199 



 51 

shrub and the influence of plant neighbors. Oecologia,  177, 345-355. 1200 

Kutch, W.L., Herbst, M., Vanselow, R., Hummelshøj, P., Jensen, N.O. & Kappen, 1201 

L. (2001) Stomatal acclimation influences water and carbon fluxes of a beech 1202 

canopy in northern Germany. Basic and Applied Ecology, 2, 265-281. 1203 

Lavoir, A.-V., Staudt, M., Schnitzler, J.P., Landais, D., Massol, F., Rocheteau, A., 1204 

Rodriguez, R., Zimmer, I. & Rambal, S. (2009) Drought reduced monoterpene 1205 

emissions from the evergreen Mediterranean oak Quercus ilex: results from a 1206 

throughfall displacement experiment. Biogeosciences, 6, 1167-1180. 1207 

Leakey, A.D.B., Bernacchi, C.J., Dohleman, F.G., Ort, D.R. & Long, S.P. (2004) 1208 

Will photosynthesis of maize (Zea mays) in the US corn belt increase in future 1209 

[CO2] rich atmospheres? An analysis of diurnal courses of CO 2 uptake under 1210 

free-air concentration enrichment (FACE). Global Change Biology, 10, 951-1211 

962. 1212 

Leakey, A.D.B., Uribelarrea, M., Ainsworth, E.A., Naidu, S.L., Rogers, A., Ort, 1213 

D.R. & Long, S.P. (2006) Photosynthesis, productivity, and yield of maize are 1214 

not affected by open-air elevation of CO2 concentration in the absence of 1215 

drought. Plant Physiology, 140, 779-790. 1216 

Leffler, A.J. & Welker, J.M. (2013) . Long-term increases in snow pack elevate 1217 

leaf N and photosynthesis in Salix arctica: responses to a snow fence 1218 

experiment in the High Arctic of NW Greenland.  Environmental Research 1219 



 52 

Letters,  8, 025023.  1220 

Lehnherr, B., Mächler, F., Grandjean, A. & Fuhrer, J. (1988) The regulation of 1221 

photosynthesis in leaves of field-grown spring wheat (Triticum aestivum  L., cv 1222 

Albis) at different levels of ozone in ambient air. Plant Physiology, 88, 1115-1223 

1119. 1224 

Lemoine, D., Cochard, H. & Granier, A. (2002) Within crown variation in 1225 

hydraulic architecture in beech (Fagus sylvatica  L.): evidence for a stomatal 1226 

control of xylem embolism. Annals of Forest Science, 59, 19-27. 1227 

Lewis, J.D., Phillips, N.G., Logan, B.A., Hricko, C.R. & Tissue, D.T. (2011) Leaf 1228 

photosynthesis, respiration and stomatal conductance in six Eucalyptus  species 1229 

native to mesic and xeric environments growing in a common garden.  Tree 1230 

Physiology, 31, 997-1006. 1231 

Limousin, J.-M., Misson, L., Lavoir, A.-V., Martin, N.K. & Rambal, S. (2010) Do 1232 

photosynthetic limitations of evergreen Quercus ilex  leaves change with long-1233 

term increased drought severity? Plant, Cell and Environment, 33, 863-875. 1234 

Livingston, N.J. & Black, T.A. (1987) Water stress and survival of three species 1235 

of conifer seedlings planted on a high elevation south -facing clear cut. 1236 

Canadian Journal of Forest Research, 17, 1115-1123. 1237 

Loewenstein, N.J. & Pallardy, S.G. (1998) Drought tolerance, xylem sap abscisic 1238 

acid and stomatal conductance during soil drying: a comparison of canopy trees 1239 



 53 

of three temperate deciduous angiosperms. Tree Physiology, 18, 431-439. 1240 

Loustau, D., Granier, A. & Hadj Moussa, F.El. (1990) Evolution saisonni ère du 1241 

flux de sève dans un peuplement de pins maritimes. Annals of Forest Science, 1242 

21, 599-618 (in French).  1243 

Loustau, D., Berbigier, P., Roumagnac, P., Arruda-Pacheco, C., David, J.S., 1244 

Ferreira, M.I., Pereira, J.S. & Tavares, R. (1996) Transpiration of a 64 -year-1245 

old maritime pine stand in Portugal. 1. Seasonal course of water flux through 1246 

maritime pine. Oecologia, 107, 33-42. 1247 

Löw, M., Häberle, K.-H., Warren, C.R. & Matyssek, R. (2007) O3 flux-related 1248 

responsiveness of photosynthesis, respiration, and stomatal conductance of 1249 

adult Fagus sylvatica  to experimentally enhanced free-air O3 exposure. Plant 1250 

Biology, 9, 197-206. 1251 

Löw, M., Herbinger, K., Nunn, A.J., Häberle, K.-H., Leuchner, M., Heerdt, C., 1252 

Werner, H., Wipfler, P., Pretzsch, H., Tausz, M. & Matyssek, R. (2006) 1253 

Extraordinary drought of 2003 overrules ozone impact on adult beech trees 1254 

(Fagus sylvatica). Trees, 20, 539-548. 1255 

Lu, P., Biron, P., Bréda, N. & Granier, A. (1995) Water relations of adult Norway 1256 

spruce (Picea abies  (L) Karst) under soil drought in the Vodges mountains: 1257 

water potential, stomatal conductance and transpiration. Annals of Forest 1258 

Science, 52, 117-129. 1259 



 54 

Machado, E.C. & Lagoa, A.M.M.A. (1994) Trocas gasosas e con dutância 1260 

estomática em três espécies de gramíneas. Bragantia, Campinas, 53, 141-149 1261 

(in Portuguese with English summary).  1262 

Maier, C.A. & Teskey, R.O. (1992) Internal and external control of net 1263 

photosynthesis and stomatal conductance of mature eastern white  pine (Pinus 1264 

strobus). Canadian Journal of Forest Research, 22, 1387-1394. 1265 

Manes, F., Astorino, G., Vitale, M. & Loreto, F. (1997) Morpho -functional 1266 

characteristics of Quercus ilex L. leaves of different age and their 1267 

ecophysiological behaviour during different seasons. Plant Biosystems, 131,  1268 

149-158. 1269 

Martin-StPaul, N.K., Limousin, J. -M., Rodríguez-Calcerrada, J., Ruffault, J., 1270 

Rambal, S., Letts, M.G. & Misson, L. (2012) Photosynthetic sensitivity to 1271 

drought varies among populations of Quercus ilex  along a rainfall gradient. 1272 

Functional Plant Biology, 39, 25-37. 1273 

Marchand, F.L., Verlinden, M., Kockelbergh, F., Graae, B.J., Beyens, L. & Nijs, 1274 

I. (2006). Disentangling effects of an experimentally imposed extreme 1275 

temperature event and naturally associated desicca tion on Arctic tundra.  1276 

Functional Ecology,  20, 917-928.  1277 

Matsumoto, K., Ohta, T. & Tanaka, T. (2005) Dependence of stomatal 1278 

conductance on leaf chlorophyll concentration and meteorological variables. 1279 



 55 

Agricultural and Forest Meteorology, 132, 44-57. 1280 

Matsutomo, Y., Maruyama, Y. & Morikawa, Y. (1992) Some aspects of water 1281 

relations on large Cryptomeria japonica  D. Don trees and climatic changes on 1282 

the Kanto plains in Japan in relation to forest decline . Japanese Journal of 1283 

Forest Environment,  34, 2-13. (in Japanese with English summary)  1284 

Matsutomo, Y., Tanaka, T., Kosuge, S., Tanbara, T., Uemura, A., Shigenaga, H., 1285 

Ishida, A., Okuda, S., Maruyama, Y.  & Morikawa, Y. (1999) Maximum gas 1286 

exchange rate in current sun leaves of 41 broad-leaved tree species in Japan. 1287 

Japanese Journal of Forest Environment,  41, 113-121. (in Japanese with 1288 

English summary) 1289 

Matsuo, N. & Kosugi, Y. (2002) Seasonal variation of the leaf -scale control of 1290 

gas exchange in a temperate broad-leaved forest. Journal of Japan Society of 1291 

Revegetation Technologies, 28, 14-19 (in Japanese with English summary).  1292 

Matyssek, R. & Schulze, E.-D. (1988) Carbon uptake and respiration in above-1293 

ground parts of a Larix decidua x leptolepis tree. Trees, 2, 233-241. 1294 

Mediavilla, S. & Escudero, A. (2003) Stomatal responses to drought at a 1295 

Mediterranean site: a comparative study of co -occurring woody species 1296 

differing in leaf longevity. Tree Physiology, 23, 987-996. 1297 

Medlyn, B.E., Barton, C.V.M., Broadmeadow, M.S.J., Ceul emans, R., De Angelis, 1298 

P., Forstreuter, M., Freeman, M., Jackson, S.B., Kellom äki, S., Laitat, E., Rey, 1299 



 56 

A., Roberntz, P., Sigurdsson, B.D., Strassemeyer, J., Wang, K., Curtis, P.S. & 1300 

Jarvis, P.G. (2001) Stomatal conductance of forest species after long -term 1301 

exposure to elevated CO2  concentration: a synthesis.  New Phytologist , 149, 1302 

247-264. 1303 

Medlyn, B.E., Pepper, D.A., O’Grady, A.P. & Keith, H. (2007) Linking leaf and 1304 

tree water use with an individual -tree model. Tree Physiology, 27, 1687-1699. 1305 

Meinzer, F.C., Goldstein, G., Holbrook, N.M., Jackson, P. & Cavelier, J.  (1993) 1306 

Stomatal and environmental control of transpiration in a lowland tropical forest 1307 

tree. Plant, Cell and Environment , 16, 429-436. 1308 

Meinzer, F.C., Sharifi, M.R., Nilsen, E.T. & Rundel, P.W. (1988) Effects of 1309 

manipulation of water and nitrogen regime on the water relations  of the desert 1310 

shrub Larrea tridentata . Oecologia, 77, 480–486 1311 

Mills, G., Pleijel, H., Büker, P., Braun, S., Emberson, L.D., Harmens, H., Hayes, 1312 

F., Simpson, D., Grünhage, L., Karlsson, P.E., Danielsson, H., Bermejo, V. & 1313 

Gonzalez Fernandez, I. (2010) Mapping Critical Levels for Vegetation. 1314 

Revision undertaken in Summer 2010 to include new flux -based critical levels 1315 

and response functions for ozone, in: Mapping Manual 2004. International 1316 

Cooperative Programme on Effects of Air Pollution on Natural Vegetation and 1317 

Crops. 1318 

Mielke, M.S., Oliva, M.A., de Barros, N.F., Penchel, R.M., Martinez, C.A. & de 1319 



 57 

Almeida, A.C. (1999) Stomatal control of transpiration in the canopy of a 1320 

clonal Eucalyptus grandis  plantation. Trees, 13, 152-160. 1321 

Mielke, M.S., Oliva, M.A., de Barros, N.F., Penchel, R.M., Martinez, C.A., da 1322 

Fonseca, S. & de Almeida, A.C. (2000) Leaf gas exchange in a clonal eucalypt 1323 

plantation as related to soil moisture, leaf wate r potential and microclimate 1324 

variables. Trees, 14, 263-270. 1325 

Misson, L., Limousin, J.-M., Rodriguez, R. & Letts, M. (2010) Leaf physiological 1326 

responses to extreme droughts in Mediterranean Quercus ilex  forest. Plant, Cell 1327 

and Environment,  33, 1898-1910. 1328 

Morecroft, M.D. & Roberts, J.M. (1999) Photosynthesis and stomatal conductance 1329 

of mature canopy oak (Quercus robur) and sycamore (Acer pseudoplatanus) 1330 

trees throughout the growing season. Functional Ecology,  13, 332-342. 1331 

Mulholland, B.J., Craigon, J., Black, C.R., Colls, J.J., Atherton, J. & Landon, G. 1332 

(1997) Impact of elevated atmospheric CO 2  and O3  on gas exchange and 1333 

chlorophyll content in spring wheat (Triticum aestivum  L.). Journal of 1334 

Experimental Botany,  48, 1853-1863. 1335 

Muraoka, H. & Koizumi, H. (2005) Photosynthetic and structural characteristics 1336 

of canopy and shrub trees in a cool -temperate deciduous broadleaved forest: 1337 

Implication to the ecosystem carbon gain. Agricultural and Forest Meteorology,  1338 

134, 39-59. 1339 



 58 

Murchie, E.H., Chen, Y., Hubbart, S., Peng, S. & Horton, P. (1999) Interactions 1340 

between senescence and leaf orientation determine in situ patterns of 1341 

photosynthesis and photoinhibition in field -grown rice. Plant Physiology,  119,  1342 

553-563. 1343 

Nabeshima, E. & Hiura, T.  (2008) Size-dependency in hydraulic and 1344 

photosynthetic properties of three Acer species having different maximum sizes. 1345 

Ecological Research,  23, 281-288. 1346 

Naumburg, E., Loik, M.E. & Smith, S.D. (2004) Photosynthetic responses of 1347 

Larrea tridentata to seasonal temperature extremes under elevated CO2 . New 1348 

Phytologist, 77, 480–486. 1349 

Nilsen, E.T., Sharifi, M.R., Rundel, P.W., Jarrell, W.M. & Virginia, R.A.  (1983) 1350 

Diurnal and seasonal water relations of the desert phreatophyte Prosopis 1351 

glandulosa  (honey mesquite) in the Sonoran Desert of California. Ecology, 64,  1352 

1381–1393 1353 

Nunn, A.J., Kozovits, A.R., Reiter, I.M., Heerdt, C., Leuchner, M., Lütz, C., Liu, 1354 

X., Löw, M., Winkler, J.B., Grams, T.E.E., Häberle, K.-H., Werner, H., Fabian, 1355 

P., Rennenberg, H. & Matyssek, R.  (2005) Comparison of ozone uptake and 1356 

sensitivity between a phytotron study with young beech and a field experiment 1357 

with adult beech (Fagus sylvatica). Environmental Pollution,  137, 494-506. 1358 

Nunn, A.J., Wieser, G., Reiter, I.M., Häberle, K.-H., Grote, R., Havranek, W.M. 1359 



 59 

& Matyssek, R. (2006) Testing the unifying theory of ozone sensitivity with 1360 

mature trees of Fagus sylvatica  and Picea abies . Tree Physiology, 26, 1391-1361 

1403. 1362 

Ogaya, R. & Peñuelas, J. (2003) Comparative seasonal gas exchange and 1363 

chlorophyll fluorescence of two dominant woody species in a holm oak forest. 1364 

Flora, 198, 132-141. 1365 

Ogle, K., Lucas, R.W., Bentley, L.P., Cable, J.M., Barron-Gafford, G.A., Griffith, 1366 

A., Ignace, D., Jenerette, G.D., Tyler, A., Huxman, T.E., Loik, M.E., Smith, 1367 

S.D. & Tissue, D.T. (2012) Differential daytime and night-time stomatal 1368 

behavior in plants from North American deserts.  New Phytologist , 194, 464–1369 

476. 1370 

Ogle, K. & Reynolds, J.F. (2002) Desert dogma revisited: coupling of stomatal 1371 

conductance and photosynthesis in the desert  shrub, Larrea tridentata . Plant 1372 

Cell and Environment , 25, 909–921. 1373 

Oleksyn, J., Zytwiak, R., Reich, P.B., Tjoelker, M.G. & Karolewski, P.  (2000) 1374 

Ontogenetic pattern of leaf CO2 exchange, morphology and chemistry in Betula 1375 

pendula  trees. Trees,  14, 271-281. 1376 

Olioso, A., Bethenod, O., Rambal, S. & Thamitchian, M. (1995) Comparison of 1377 

empirical leaf photosynthesis and stomatal conductance models. In: 10th 1378 

International Photosynthesis Congress, Montpellier (FRA), 20–25 August 1995, 1379 



 60 

4 pp. 1380 

Oliveira, G., Correia, O.A., Martins-Loucão, M.A. & Catarino, F.M. (1992) Water 1381 

relations of cork-oak (Quercus suber L.) under natural conditions. Vegetatio,  1382 

99-100, 199-208. 1383 

Otieno, D.O., Schmidt, N.W.T., Kinyamario, J.I. & Tenhunen, J.  (2005) Responses 1384 

of Acacia tortilis and Acacia xanthophloea to seasonal changes in soil water 1385 

availability in the savanna region of Kenya. Journal of Arid Environment,  62, 1386 

377-400. 1387 

Otieno, D.O., Schmidt, N.W.T., Kurz-Besson, C., Lobo Do Vale, R., Pereira, J.S. 1388 

& Tenhunen, J. (2007) Regulation of transpirational water loss in Quercus 1389 

suber trees in a Mediterranean-type ecosystem. Tree Physiology, 27, 1179-1187. 1390 

Oue, H., Kobayashi, K., Zhu, J., Guo, W. & Zhu, X.  (2011) Improvements of the 1391 

ozone dose response functions for predicting the yield loss of wheat due to 1392 

elevated ozone. Journal of Agricultural Meteorology,  67, 21-32. 1393 

Oue, H., Motohiro, S., Inada, K., Miyata, A., Mano, M., Kobayashi, K. & Zhu, J.  1394 

(2008) Evaluation of ozone uptake by the rice canopy with the multi -layer 1395 

model. Journal of Agricultural Meteorology,  64, 223-232. 1396 

Ozier-Lafontaine, H., Lafolie, F., Bruckler, L., Tournebize, R. & Mollier, A.  1397 

(1998) Modelling competition for water in intercrops: theory and comparison 1398 

with filed experiments. Plant and Soil,  204, 183-201. 1399 



 61 

Panek, J.A. (2004) Ozone uptake, water loss and carbon exchange dynamics in 1400 

annually drought-stressed  Pinus ponderosa  forests: measured trends and 1401 

parameters for uptake modeling. Tree Physiology,  24, 277-290. 1402 

Pang, J., Kobayashi, K. & Zhu, J. (2009) Yield and photosynthetic characteristics 1403 

of flag leaves in Chinese rice (Oriza sativa  L.) varieties subjected to free-air 1404 

release of ozone. Agriculture, Ecosystems and Environment,  132, 203-211. 1405 

Pataki, D.E., Huxman, T.E., Jordan, D.N., Zitzer, S.F., Caleman, J.S., Smith, S.D., 1406 

Nowak, R.S. & Seemann, J.R. (2000) Water use of two Mojave Desert shrubs 1407 

under elevated. Global Change Biology, 6, 889–897. 1408 

Peng, S., Pang, G., Xu, J. & Zhang, Z. (2009) Improvement of stomatal 1409 

conductance models of rice under water saving  irrigation treatment. 1410 

Transactions of the CSAE,  25, 19-23 (in Chinese with English abstract).  1411 

Pereira, J.S., Tenhunen, J.D. & Lange, O.L. (1987) Stomatal control of 1412 

photosynthesis of Eucalyptus globulus Labill. Trees under field conditions in 1413 

Portugal. Journal of Experimental Botany,  38, 1678-1688. 1414 

Peters, J., Morales, D. & Jiménez, M.S. (2003) Gas exchange characteristics of 1415 

Pinus canariensis needles in a forest stand on Tenerife, Canary islands. Trees,  1416 

17, 492-500. 1417 

Phillips, N.G., Lewis, J.D., Logan, B.A. & Tissue, D.T. (2010) Inter- and intra-1418 

specific variation in nocturnal water transport in Eucalyptus. Tree Physiology , 1419 



 62 

30, 586-596. 1420 

Pitman, J.I. (1996) Ecophysiology of tropical dry evergreen forest, Thailand: 1421 

measured and modeled stomatal conductance of Hopea ferrea, a dominant 1422 

canopy emergent. Journal of Applied Ecology,  33, 1366-1378. 1423 

Prior, L.D., Eamus, D. & Duff, G.A. (1997) Seasonal and diurnal patterns of 1424 

carbon assimilation, stomatal conductance and leaf water potential in  1425 

Eucalyptus tetrodonta  saplings in a wet-dry savanna in northen Australia.  1426 

Australian Journal of Botany, 45, 241-258. 1427 

Quero, J.L., Sterck, F.J., Mart ínez-Vilalta, J. & Villar, R. (2011) Water-use 1428 

strategies of six co-existing Mediterranean woody species during a summer 1429 

drought. Oecologia, 166, 45-57. 1430 

Reich, P.B. & Hinckley, T.M. (1989) Influence of pre -dawn water potential and 1431 

soil-to-leaf hydraulic conductance on maximum daily leaf diffusive 1432 

conductance in two oak species. Functional Ecology,  3, 719-726. 1433 

Ripullone, F., Guerrieri, M.R., Saurer, M., Siegwolf, R., J äggi, M., Guarini, R. & 1434 

Magnani, F. (2009) Testing a dual isotope model to track carbon and water gas 1435 

exchanges in a Mediterranean forest. i-Forest – Biogeosciences and Forestry,  1436 

2, 59-66. 1437 

Roberntz, P. & Stockfors, J. (1998) Effects of elevated CO 2 concentration and 1438 

nutrition on net photosynthesis, stomatal conductance and needle respiration 1439 



 63 

of field-grown Norway spruce trees. Tree Physiology,  18, 233-241. 1440 

Rochette, P., Pattey, E., Desjardins, R.L., Dwyer, L.M., Stewart, D.W. & Dube, 1441 

P.A. (1991) Estimation of maize (Zea mays  L.) canopy conductance by scaling 1442 

up leaf stomatal conductance. Agricultural and Forest Meteorology,  54, 241-1443 

261. 1444 

Rodríguez-Calcerrada, J., Jarger, C., Limousin, J.M., Ourcival, J.M., Joffre, R. & 1445 

Rambal, S. (2011) Leaf CO2 efflux is attenuated by acclimation of respiration 1446 

to heat and drought in a Mediterranean tree. Functional Ecology,  25, 983-995. 1447 

Running, S.W. (1979) Environmental and physiological control of water flux 1448 

through Pinus contorta . Canadian Journal of Forest Research,  10, 82-91. 1449 

Sala, A. & Tenhunen, J.D. (1994) Site-specific water relations and stomatal 1450 

response of Quercus ilex  in a Mediterranean watershed. Tree Physiology,  14, 1451 

601-617. 1452 

Sasaki, H. & Ishii, R. (1992) Cultivar differences in leaf photosynthesis of rice 1453 

bred in Japan. Photosynthesis Research,  32, 139-146. 1454 

Sato, T., Abdalla, O.S., Oweis, T.Y. & Sakuratani, T. (2006) Effect of 1455 

supplemental irrigation on leaf stomatal conductance of field -grown wheat in 1456 

northern Syria. Agricultural water management,  85, 105-112. 1457 

Saugier, B., Granier, A., Pontailler, J.Y., Dufrêne, E. & Baldocchi, D.D. (1997) 1458 

Transpiration of a boreal pine forest measured by branch bag, sap flow and 1459 



 64 

micrometeorological methods. Tree Physiology,  17, 511-519. 1460 

Sellin, A. & Kupper, P. (2005) Variation in leaf conductance of s ilver birch: 1461 

effects of irradiance, vapour pressure deficit, leaf water status and position 1462 

within a crown. Forest Ecology and Management,  206, 153-166. 1463 

Shaozhong, K., Huanjie, C. & Jianghua, Z. (2000) Estimation of maize 1464 

evapotranspiration under water deficits in a semiarid region. Agricultural 1465 

Water Management., 43, 1-14. 1466 

Sharifi, M.R., Gibson, A.C. & Rundel, P.W. (1997) Surface dust impacts on gas 1467 

exchange in Mojave Desert shrubs. Journal of Applied Ecology,  34, 837-846. 1468 

Seibt, U., Wingate, L., & Berry, J.A. (2007) Nocturnal stomatal conductance 1469 

effects on the δ18O signatures of foliage gas exchange observed in two forest 1470 

ecosystems. Tree Physiology.,  27, 585-595. 1471 

Shen, Y., Kondoh, A., Tang, C., Zhang, Y., Chen, J., Li, W., Sakura, Y., Liu, C., 1472 

Tanaka, T. & Shimada, J. (2002) Measurement and analysis of 1473 

evapotranspiration and surface conductance of a wheat canopy. Hydrological 1474 

Processes,  16, 2173-2187. 1475 

Simono, H., Okada, M., Inoue, M., Nakamura, H., Kobayashi, K. & Hasegawa, T. 1476 

(2010) Diurnal and seasonal variations in stomatal conductance of rice at 1477 

elevated atmospheric CO2 under fully open-air conditions. Plant, Cell and 1478 

Environment,  33, 322-331. 1479 



 65 

Sinclair, R. (1980) Water potential and stomatal conductance of three Eucalyptus  1480 

species in the Mount Lofty Ranges, South Australia: responses to summer 1481 

drought. Australian Journal of Botany,  28, 499-510. 1482 

Sirisampan, S., Hiyama, T., Takahashi, A., Hashimoto, T. & Fukushima, Y. (2003) 1483 

Diurnal and seasonal variations of stomatal conductance in a secondary 1484 

temperate forest. Journal of Japan Society of Hydrological and Water 1485 

Resources,  16, 113-130 (in Japanese with English summary).  1486 

Skärby, L., Troeng, E. & Bostrӧm, C.-A. (1987) Ozone uptake and effects on 1487 

transpiration, net photosynthesis, and dark respiratio n in Scots pine. Forest 1488 

Science,  33, 801-808. 1489 

Snyder, K.A., Richards, J.H. & Donovan, L.A. (2003) Night -time conductance in 1490 

C3 and C4 species: do plant lose water at night?  Journal of Experimental Botany,  1491 

54, 861-865. 1492 

Streit, K., Siegwolf, R.T.W., Hagedorn, F., Schaub, M. & Buchmann, N. (2014) 1493 

Lack of photosynthetic or stomatal regulation after 9 years of elevated [CO 2] 1494 

and 4 years of soil warming in two conifer species at the alpine treeline. Plant, 1495 

Cell and Environment, 37, 315-326. 1496 

Strum, N., Köstner, B., Hartung, W. & Tenhunen, J.D.. (1998) Environmental and 1497 

endogenous controls on leaf- and stand-level water conductance in a Scots pine 1498 

plantation. Annals of Forest Science,  55, 237-253. 1499 



 66 

Takai, T., Ohsumi, A., San-oh, Y., Laza, M.R.C., Kondo, M., Yamamoto, T. & 1500 

Yano, M. (2009) Detection of a quantitative trait locus controlling carbon 1501 

isotope discrimination and its contribution to stomatal conductance in japonica  1502 

rice. Theoretical Applied Genetics,  118, 1401-1410. 1503 

Takai, T., Yano, M. & Yamamoto, T. (2010) Canopy temperature on clear and 1504 

cloudy days can be used to estimate varietal differences in stomatal 1505 

conductance in rice. Field Crops Research,  115, 165-170. 1506 

Takanashi, S., Kosugi, Y., Matsuo, N., Tani, M. & Ohte, N. (2006) Patchy stomatal 1507 

behavior in broad-leaved trees grown in different habitats. Tree Physiology,  26, 1508 

1565-1578. 1509 

Tan, C.S., Black, T.A. & Unyamah, J.U. (1977) Characteristics of stomatal 1510 

diffusion resistance in a Douglas fir forest exposed to soil water deficits. 1511 

Canadian Journal of Forest Research,  7, 595-604. 1512 

Tanaka, K., Kosugi, Y., Ohte, N., Kobashi, S. & Nakamura, A. (1998) Model of 1513 

CO2 flux between a plant community and the atmosphere, and simulation of 1514 

CO2 flux over a planted forest. Japanese Journal of Ecology,  48, 265-286 (in 1515 

Japanese with English summary).  1516 

Tang, H., Pang, J., Zhang, G., Takigawa, M., Liu, G., Zhu, J. & Kobayashi, K. 1517 

(2014) Mapping ozone risks for rice in China for years 2000 and 2020 with 1518 

flux-based and exposure-based doses. Atmospheric Environment,  86, 74-83. 1519 



 67 

Tardieu, F., Katerji, N., Bethenod, O., Zhang, J. & Davies, W.J. (1991) Maize 1520 

stomatal conductance in the field: its relationship with soil and plant water 1521 

potentials, mechanical constraints and ABA concentration in the xylem sap. 1522 

Plant, Cell and Environment,  14, 121-126. 1523 

Tay, A.C., Abdullar, A.M., Awang, M. & Furukawa, A. (2007) Midday depression 1524 

of photosynthesis in Enkleia malaccensis , a woody climber in a tropical 1525 

rainforest. Photosynthetica,  45, 189-193. 1526 

Teixeira Filho, J., Damesin, C., Rambal, S. & Joffre, R. (1998) Retrieving leaf 1527 

conductances from sap flows in a mixed Mediterranean woodland: a scaling 1528 

exercise. Annals of Forest Science,  55, 173-190. 1529 

Tenhunen, J.D., Beyschlag, W., Lange, O.L. & Harley, P.C. (1987a) Changes 1530 

during summer drought in leaf CO2 uptake rates of macchia shrubs growing in 1531 

Portugal: Limitations due to photosynthetic capacity, carboxylation efficiency, 1532 

and stomatal conductance. Stomatal Function (eds E. Zeiger, G.D., Farquhar, 1533 

I.R. Cowan). pp. 323-351. Stanford University Press , USA. 1534 

Tenhunen, J.D., Pearcy, R.W. & Lange, O.L.  (1987b) Diurnal variations in leaf 1535 

conductance and gas exchange in natural environments. Plant Response to 1536 

Stress: Functional Analysis in Mediterranean Ecosystems (eds J.D. Tenhunen, 1537 

F.M. Catarino, O.L. Lange, W.C. Oechel). pp. 305-327. Springer-Verlag, Berlin. 1538 

Tinoco-Ojanguren, C. (2008) Diurnal and seasonal patterns of gas  exchange and 1539 



 68 

carbon gain contribution of leaves and stems  of Justicia californica  in the 1540 

Sonoran Desert. Journal of Arid Environment , 72, 127–140. 1541 

Tjoelker, M.G., Volin, J.C., Oleksyn, J. & Reich, P.B. (1995) Interaction of ozone 1542 

pollution and light effects on photosynthesis in a forest canopy experiment. 1543 

Plant, Cell and Environment, 18, 895-905. 1544 

Tognetti, R., Cherubini, P., Marchi, S. & Raschi, A. (2007) Leaf traits and tree 1545 

rings suggest different water-use and carbon assimilation strategies by two co -1546 

occurring Quercus species in a Mediterranean mixed-forest stand in Tuscany, 1547 

Italy. Tree Physiology, 27, 1741-1751. 1548 

Tognetti, R., Longobucco, A., Miglietta, F. & Raschi, A. (1998) Transpiration and 1549 

stomatal behaviour of Quercus ilex plants during the summer in a 1550 

Mediterranean carbon dioxide spring. Plant, Cell and Environment, 21, 613-1551 

622. 1552 

Tognetti, R., Longobucco, A., Miglietta, F. & Raschi, A. (1999) Water relations, 1553 

stomatal response and transpiration of Quercus suber  trees during summer in a 1554 

Mediterranean carbon dioxide spring. Tree Physiology, 19, 261-270. 1555 

Tong, L., Feng, Z.W., Sudebilige-Wang, Q., Geng, C.M., Lu, F., Wang W., Yin, 1556 

B.H., Sui, L.H., Hou, P.Q. & Wang, X.K. (2012) Stomatal ozone uptake 1557 

modeling and comparative analysis of flux-response relationships of winter 1558 

wheat. Acta Ecologica Sinica, 32, 2890-2899 (in Chinese with English 1559 



 69 

summary).  1560 

Tong, L., Wang, X.K., Sudebilige-Wang, Q., Geng, C.M., Wang, W., Song, W., Lu, 1561 

F., Liu, H., Yin, B.H., Sui, L.H. & Feng, Z.W. (2011) Stomatal ozone uptake 1562 

modeling and comparative analysis of flux-response relationships of rice.  1563 

Journal of Agro-Environmental Science, 30, 1930-1938 (in Chinese with 1564 

English summary).  1565 

Triboulot, M.B., Fauveau, M.L., Bréda, N., Label, P. & Dreyer, E. (1996) Stomatal 1566 

conductance and xylem-sap abscisic acid (ABA) in adult oak trees dur ing a 1567 

gradually imposed drought.  Annals of Forest Science, 53, 207-220. 1568 

Tuebner, F. (1985). Messung der Photosynthese und Transpiration an Weizen, 1569 

Kartoffel und Sonnenblume. Diplomarbeit University Bayreuth, West Germany.  1570 

Turner, N.C. & Begg, J.E. (1973) S tomatal behavior and water status of maize, 1571 

sorghum, and tobacco under field conditions.  Plant Physiology, 51, 31-36. 1572 

Turner, N.C., O’Toole, J.C., Cruz, R.T., Yambao, E.B., Ahmad, S., Namuco, O.S. 1573 

& Dingkuhn, M. (1986) Responses of seven diverse rice culti vars to water 1574 

deficits. II. Osmotic adjustment, leaf elasticity, leaf extension, leaf death, 1575 

stomatal conductance and photosynthesis.  Field Crops Research, 13, 273-286. 1576 

Uddling, J. & Pleijel, H. (2006) Changes in stomatal conductance and net 1577 

photosynthesis during phonological development in spring wheat: implications 1578 

for gas exchange modelling.  International Journal of Biometeorology, 51, 37-1579 



 70 

48. 1580 

Uddling, J., Hall, M., Wallin, G. & Karlsson, P.E. (2005) Measuring and 1581 

modelling stomatal conductance and photosynthesis in mature birch in Sweden.  1582 

Agricultural and Forest Meteorology, 132, 115-131. 1583 

Uemura, A., Ishida, A. & Matsumoto, Y. (2005) Simulated seasonal changes of 1584 

CO2 and H2O exchange at the top canopies of two  Fagus trees in a winter-1585 

deciduous forest, Japan.  Forest Ecology and Management, 212, 230-242. 1586 

Vaz, M., Pereira, J.S., Gazarini, L.C., David, T.S., David, J.S., Rodrigues, A., 1587 

Maroco, J. & Chaves, M.M. (2010) Drought-induced photosynthetic inhibition 1588 

and autumn recovery in two Mediterranean oak species (Quercus ilex and 1589 

Quercus suber). Tree Physiology, 30, 946-956. 1590 

Veenendaal, E.M., Mantlana, K.B., PAmmenter, N.W., Weber, P., Huntsman-1591 

Mapila, P. & Lloyd, J. (2008) Growth form and seasonal variation in leaf gas 1592 

exchange of Colophospermum mopane  savanna trees in northwest Botswana.  1593 

Tree Physiology, 28, 417-424. 1594 

Vygodskaya, N.N., Milyukova, I., Varlagin, A., Tatarinov, F., Sogachev, A., 1595 

Kobak, K.I., Desyatkin, R., Bauer, G., Hollinger, D.Y., Kelliher, F.M. & 1596 

Schulze, E.-D. (1997) Leaf conductance and CO2 assimilation of Larix gmelinii  1597 

growing in an eastern Siberian boreal forest.  Tree Physiology, 17, 607-615. 1598 

Wall, G.W., Adam, N.R., Brooks, T.J., Kimball, B.A., Pinter, Jr., P.J., LaMorte, 1599 



 71 

R.L., Adamsen, F.J., Hunsaker, D.J., Wechsung, G., Wechsung, F., Grossman-1600 

Clarke, S., Leavitt, S.W., Matthias, A.D. & Webber, A.N. (2000) Acclimation 1601 

response of spring wheat in a free-air CO2 enrichment (FACE) atmosphere with 1602 

variable soil nitrogen regimes. 2. Net assimilation and st omatal conductance of 1603 

leaves. Photosynthesis Research, 66, 79-95. 1604 

White, D.A., Turner, N.C. & Galbraith, J.H. (2000) Leaf water relations and 1605 

stomatal behavior of four allopatric  Eucalyptus  species planted in 1606 

Mediterranean southwestern Australia.  Tree Physiology, 20, 1157-1165. 1607 

Whitehead, D., Jarvis, P.G. & Waring, R.H. (1984) Stomatal conductance, 1608 

transpiration, and resistance to water uptake in a Pinus sylvestris spacing 1609 

experiment.  Canadian Journal of Forest Research, 14, 692-700. 1610 

Whitehead, D., Okali, D.U.U. & Fasehun, F.E. (1981) Stomatal response to 1611 

environmental variables in two tropical forest species during the dry season in 1612 

Nigeria.  Journal of Applied Ecology, 18, 571-587. 1613 

Wieser, G. & Emberson, L.D. (2004) Evaluation of the stomatal cond uctance 1614 

formulation in the EMEP ozone deposition model for Picea abies. Atmospheric 1615 

Environment, 38, 2339-2348. 1616 

Wieser, G. & Havranek, W.M. (1993) Ozone uptake in the sun and shade crown 1617 

of spruce: quantifying the physiological effects of ozone exposure.  Trees, 7,  1618 

227-232. 1619 



 72 

Wieser, G. & Havranek, W.M. (1995) Environmental control of ozone uptake in  1620 

Larix decidua Mill.: a comparison between different altitudes.  Tree Physiology, 1621 

15, 253-258. 1622 

Wilson, K.B., Baldocchi, D.D. & Hanson, P.J. (2000) Quantifying stoma tal and 1623 

non-stomatal limitations to carbon assimilation resulting from leaf aging and 1624 

drought in mature deciduous tree species.  Tree Physiology, 20, 787-797. 1625 

Xu, L. & Baldocchi, D.D. (2003) Seasonal trends in photosynthetic parameters 1626 

and stomatal conductance of blue oak (Quercus douglasii) under prolonged 1627 

summer drought and high temperature.  Tree Physiology, 23, 865-877. 1628 

Xue, Q., Soundararajan, M., Weiss, A., Arkebauer, T. & Baenziger, P.S. (2002) 1629 

Genotypic variation of gas exchange parameters and carbon isotope 1630 

discrimination in winter wheat.  Journal of Plant Physiology, 159, 891-898. 1631 

Yamazaki, T., Kato, K., Ito, T., Nakai, T., Matsumoto, K., Miki, N., Park, H. & 1632 

Ohta, T. (2013) A common stomatal parameter set used to simulate the energy 1633 

and water balance over boreal and temperate forests.  Journal of the 1634 

Meteorological Society of Japan, 91, 273-285. 1635 

Yan, S., Wan, C., Sosebee, R.E., Wester, D.B., Fish, E.B. & Zartman, R.E.  (2000) 1636 

Responses of photosynthesis and water relations to rainfall in the dese rt shrub 1637 

creosote bush (Larrea tridentata) as influenced by municipal biosolids. Journal 1638 

of Arid Environment, 46, 397–412. 1639 



 73 

Yang, X., Chen, X., Ge, Q., Li, B., Tong, Y., Li, Z., Kuang, T. & Lu, C. (2007) 1640 

Characterization of photosynthesis of flag leaves in a wheat hybrid and its 1641 

parents grown under field conditions.  Journal of Plant Physiology, 164, 318-1642 

326. 1643 

Ye, Z.-P. & Yu, Q. (2008) A coupled model of stomatal conductance and 1644 

photosynthesis for winter wheat.  Photosynthetica, 46, 637-640. 1645 

Yoder, B.J., Ryan, M.G., Waring, R.H., Schoettle, A.W. & Kaufmann, M.R. (1994) 1646 

Evidence of reduced photosynthetic rates in old trees.  Forest Science, 40, 513-1647 

527. 1648 

Yoshimoto, M., Oue, H. & Kobayashi, K. (2005) Energy balance and water use 1649 

efficiency of rice canopies under free-air CO2 enrichment.  Agricultural and 1650 

Forest Meteorology, 133, 226-246. 1651 

Yu, G.-R., Nakayama, K., Matsuoka, N. & Kon, H. (1998) A combination model 1652 

for estimating stomatal conductance of maize (Zea mays  L.) leaves over a long 1653 

term. Agricultural and Forest Meteorology, 92, 9-28. 1654 

Yu, Q., Zhang, Y., Liu, Y. & Shi, P. (2004) Simulation of the stomatal conductance 1655 

of winter wheat in response to light, temperature and CO 2  changes. Annals of 1656 

Botany, 93, 435-441. 1657 

Zeppel, M., Tissue, D.T., Taylor, D., Micinnis-NG, C. & Eamus, D. (2010) Rates 1658 

of nocturnal transpiration in two evergreen temperate woodland species with 1659 



 74 

differing water-use strategies.  Tree Physiology , 30, 988-1000. 1660 

Zhang, J.-L., Meng, L.-Z. & Cao, K.-F. (2009) Sustained diurnal photosynthetic 1661 

depression in uppermost-canopy leaves of four dipterocarp species in the rainy 1662 

and dry seasons: does photorespiration play a role in photoprotection? Tree 1663 

Physiology, 29, 217-228. 1664 

Zhang, B., Liu, Y., Xu, D., Cai, J. & Zhao, N. (2011) Estimation of summer corn 1665 

canopy conductance by scaling up leaf stomatal conductance. Transactions of 1666 

the CSAE, 27, 80-86 (in Chinese with English summary). 1667 

 1668 



 75 

 1669 




