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Abstract 24 

Crown carbon gain is maximised for a given total water loss if stomatal conductance (gs) varies 25 

such that the marginal carbon product of water (A/E) remains invariant both over time and 26 

among leaves in a plant crown, provided the curvature of assimilation rate (A) vs transpiration 27 

rate (E) is negative.  We tested this prediction across distinct crown positions in situ for the first 28 

time, by parameterising a biophysical model across 14 positions in four grapevine crowns (Vitis 29 

vinifera), computing optimal patterns of gs and E over a day and comparing these to observed 30 

patterns.  Observed water use was higher than optimal for leaves in the crown interior, but lower 31 

than optimal in most other positions.  Crown carbon gain was 18% lower under measured gs than 32 

under optimal gs.  Positive curvature occured in 39.6% of cases due to low boundary layer 33 

conductance (gbw), and optimal gs was zero in 11% of cases because A/E was below the target 34 

value at all gs.  Some conclusions changed if we assumed infinite gbw, but optimal and measured 35 

E still diverged systematically in time and space.  We conclude that the theory's spatial 36 

dimension and assumption of positive curvature require further experimental testing. 37 

 38 

 39 
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Introduction 46 

Water is a major factor limiting plant growth and carbon sequestration in both natural and 47 

agricultural systems.  To predict and manage these systems and to direct basic research into the 48 

underlying biological controls, we need formal mathematical models that can both predict and 49 

explain how carbon and water exchange are coordinated and regulated by stomatal conductance 50 

(gs).  However, no process-based model of gs that can achieve this has yet gained consensus, and 51 

phenomenological models merely reproduce observed patterns of gs, so they have limited ability 52 

to explain stomatal behaviour (Damour et al., 2010, Buckley & Mott, 2013).  Another approach, 53 

optimisation theory, attempts to deduce gs from the hypothesis that stomatal behaviour tends to 54 

maximise carbon gain (net CO2 assimilation rate, A) for a given water loss (transpiration rate, E) 55 

(Cowan & Farquhar, 1977).  The rationale for this hypothesis is that natural selection has 56 

presumably favoured genotypes with more nearly optimal use of limiting resources, including 57 

water (Cowan & Farquhar, 1977, Cowan, 2002, Mäkelä et al., 2002).   58 

 59 

Formally, the optimisation hypothesis states that, among all possible spatio-temporal 60 

distributions of gs that yield the same total transpiration rate, total carbon gain will be greatest for 61 

the distribution in which the ratio of the marginal sensitivities of A and E to gs ((A/gs)/(E/gs), 62 

often abbreviated as A/E and referred to in this study as the marginal carbon product of water) 63 

is invariant within the domain in which total transpiration rate can be considered constant 64 

(Cowan & Farquhar, 1977).  That domain is typically taken to be one day (at longer time scales, 65 

the total water supply available to the canopy, and with it the target value  for A/E, may 66 

change). This result assumes that the A vs E curve generated by varying gs has negative 67 

curvature; i.e., A/E always declines when E increases by stomatal opening (
2
A/E

2
 < 0).  68 
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Pioneering work by Farquhar (1973) and Cowan and Farquhar (1977) showed that the patterns of 69 

stomatal behaviour predicted by this hypothesis share important qualitative features with 70 

observed behaviour, including reduced gs under high evaporative demand or low light 71 

(photosynthetic photon flux density, PPFD). 72 

 73 

The subsequent four decades have seen this theory tested many times – most commonly in 74 

relation to controlled variations in individual environmental variables such as evaporative 75 

demand, but also in relation to natural variation in environmental conditions in situ (e.g., 76 

Farquhar et al., 1980a, Meinzer, 1982, Williams, 1983, Ball & Farquhar, 1984, Küppers, 1984, 77 

Sandford & Jarvis, 1986, Guehl & Aussenac, 1987, Fites & Teskey, 1988, Berninger et al., 1996, 78 

Hari et al., 1999, Thomas et al., 1999, Schymanski et al., 2008, Way et al., 2011).  However, 79 

two critical elements of the original theory remain largely untested: neither its spatial dimension 80 

– that is, the prediction that A/E should not vary among leaves at distinct crown positions 81 

within the same individual – nor the assumption that 
2
A/E

2
 < 0 have ever been tested in the 82 

field.  The prediction that the target value of A/E should be the same for all leaves in the 83 

canopy follows from the premise that the plant has a single total water supply, and the ability, in 84 

principle, to distribute water arbitrarily among leaves.  The original Cowan-Farquhar theory does 85 

not distinguish temporal and spatial variations in A/E, either of which will reduce whole-86 

canopy carbon gain (provided 
2
A/E

2
 < 0).  Furthermore, few tests have accounted for 87 

variations in mesophyll and boundary layer conductances (gm and gbc, respectively), both of 88 

which restrict CO2 diffusion and can strongly influence the predictions and assumptions of 89 

optimisation theory (Buckley et al., 1999, Buckley et al., 2013, Buckley & Warren, 2013). 90 

 91 



Buckley, Martorell et al (stomatal optimisation in grapevine) – 2nd revision  page 5 of 49 

The objective of this study was to test the spatial dimension of the optimisation hypothesis and 92 

its assumption of negative curvature in A vs E, while accounting for mesophyll and boundary 93 

layer conductances.  We parameterised a biochemical gas exchange model (which included 94 

mesophyll conductance and its temperature response) for one leaf at each of 14 standardised 95 

positions in each of four individual crowns of grapevine (Vitis vinifera L. var Grenache), and 96 

then monitored in situ environmental conditions and stomatal conductance for each of those 97 

leaves over time across a single day.  We used these data to test the theory's assumption that 98 


2
A/E

2
 < 0, to infer the optimal spatio-temporal distributions of gs (and E), and to compare the 99 

inferred optimal patterns with observed patterns.   100 

 101 

Materials and methods 102 

Study system 103 

This study was conducted from 17 to 24 August 2012 in the experimental field of the University 104 

of Balearic Islands during summer 2012 on grapevines of Grenache varietal. Soil was a clay 105 

loam type 1.5 m deep.  Plants were 3-years-old grafted on rootstock Richter-110 and planted in 106 

rows (distance between rows was 2.5 m and between plants, 1 m).  Plants were situated in a 107 

bilateral double cordon having between 10-12 canes per plant.  Plants had been irrigated 108 

throughout the summer with 9.0 liters per plant per day, an amount that had been established as 109 

adequate to sustain high plant water status in a previous experiment. Predawn water potential of 110 

plants on the day of in situ gas exchange measurements (22 August 12) was -0.24 ± 0.06 MPa.   111 

 112 

Four plants and 14 crown positions of each plant were selected for gas exchange measurements.  113 

Four of these positions were on the east face of the crown (positions 1-4), two were on the top of 114 
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the crown (5 & 6), four were on the west face (7-10), and four were located in the inner part of 115 

the crown (11-14).  These crown positions are illustrated in Figure 1.  116 

 117 

Meteorological measurements 118 

A meteorological station (Meteodata-3000) located in the experimental field with sensors of 119 

wind speed (Young 81000, R.M. Young company, Traverse City, Michigan) and air temperature 120 

and relative humidity (Young 41382, Young company) were used. The height of the wind speed 121 

sensor was 2.7 meters above the soil (approximately 0.5 meters above the upper part of the 122 

canopy).   123 

 124 

Biophysical gas exchange model 125 

We used the photosynthesis model of Farquhar et al (1980b) and the gas-exchange equations of 126 

von Caemmerer and Farquhar (1981) to simulate CO2 and H2O exchange in grapevine. Briefly, 127 

the net CO2 assimilation rate due to biochemical demand (Ad) is computed from RuBP-128 

carboxylation-limited and –regeneration-limited rates (Av and Aj) (a list of symbols is given in 129 

Table 1): 130 

 131 

(1) 
  d

occ

c
mv R

KOKc

c
VA 






1

* , and 132 

(2) d

c

c
j R

c

c
JA 






*

*

4
1

2
, 133 

 134 

where Vm is carboxylation capacity, J is potential electron transport rate, cc is chloroplastic CO2 135 

concentration, * is photorespiratory CO2 compensation point, Kc and Ko are the Michaelis 136 
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constants for RuBP carboxylation and oxygenation, respectively, O is oxygen concentration and 137 

Rd is the rate of non-photorespiratory CO2 release.  Actual assimilation rate is calculated as the 138 

hyperbolic minimum of Av and Aj (the lesser root Ad of AAd
2

 – Ad(Av + Aj)+AvAj = 0, where A is 139 

a dimensionless curvature parameter less than unity); this accounts for co-limitation by both 140 

carboxylation and regeneration near the transition between the two limitations, and it smoothes 141 

the transition, ensuring differentiability as required for continuous optimisation.  We calculated J 142 

as the hyperbolic minimum of light-limited and light-saturated rates, Jm and Ji (the lesser root J 143 

of JJ
2
 – J(Jm + Ji) + JmJi = 0; Ji = 0.5(1 - f)PPFD,  is the leaf absorptance to photosynthetic 144 

irradiance and f is the fraction of absorbed photons that do not contribute to photochemistry). 145 

 146 

The supply of CO2 by diffusion to the sites of carboxylation (As) was modeled as 147 

 148 

(3)  catcs ccgA  , 149 

 150 

where gtc is total conductance to CO2, given by 151 

 152 

(4)   1111   mbcsctc gggg ,  153 

 154 

where gsc is stomatal conductance to CO2 (gs/1.6 where gs is stomatal conductance to H2O), gbc is 155 

boundary layer conductance to CO2 and gm is mesophyll conductance to CO2.  At steady state, 156 

the supply and demand rates are equal (Ad = As), so the actual net CO2 assimilation rate, A, is 157 

given by the intersection of Ad and As: 158 

 159 
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(5) sd AAA  . 160 

 161 

This intersection leads to a quartic (4th-order polynomial) expression for cc, whose coefficients 162 

are functions of the parameters in Eqns 1-3, and which is readily solved for cc (e.g., Abramowitz 163 

& Stegun, 1972).  Transpiration rate (E) is given by 164 

 165 

(6) wgE tw , 166 

 167 

where 168 

 169 

(7)   111   bwstw ggg , and 170 

(8) 
 ai

ai

ww

ww
w






001.01
2
1

, 171 

 172 

in which gbw is boundary layer conductance to H2O and wi and wa are the water vapour mole 173 

fractions in the intercellular spaces and the ambient air, respectively.  We assumed that the air 174 

spaces were saturated with water vapour, so that wi was given by 175 

 176 

(9)   
atmleafleafi PTTw  13.24362.17exp112.6 , 177 

 178 

where Tleaf is leaf temperature in 
o
C (World Meteorological Organization, 2008).  The expression 179 

in the numerator of Eqn 9 gives the saturation partial pressure of water, and Patm is total 180 
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atmospheric pressure.  We estimated in situ leaf temperature using the isothermal net radiation 181 

approximation as described by Leuning et al. (1995) and modified to molar units: 182 

 183 

(10) 
 Rnbhtw

twapn

airleaf
ggsg

gDcR
TT








 *

 184 

 185 

where Tair is air temperature,  is the psychrometric constant, cp is the molar heat capacity of air, 186 

Da is the saturation vapour pressure deficit of air, and s is the derivative of saturation vapour 187 

pressure with respect to temperature.  gRn is the radiation conductance, given by 188 

 189 

(11) pairirdleafRn cTfkg 34  , 190 

 191 

where leaf is leaf emissivity to longwave radiation,  is the Stefan-Boltzmann constant, kd is the 192 

canopy extinction coefficient for diffuse irradiance (0.8; Leuning et al., 1995), and fir is the 193 

fraction of the leaf's incoming infrared radiation that comes directly from the sky.  In simulations 194 

on horizontally continuous canopies, fir is generally taken as exp(-kdL) where L is cumulative leaf 195 

area index (e.g., Leuning et al., 1995).  We computed fir in this fashion for interior crown leaves 196 

(positions 11-14); for positions on the lateral crown exterior (positions 1-4 and 7-10), we 197 

computed fir as the fraction of each leaf's upwards sky view occupied by actual sky rather than by 198 

the adjacent canopy (/180, where  (degrees) is the angle at which sky appears above the 199 

adjacent canopy, as viewed from the crown position in question).  We used fir = 1.0 for the two 200 

positions at the top of the crown (positions 5 and 6).  Rn
*
 is the isothermal net radiation, given by 201 

 202 
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(12)   4

,

* 1 Kairirdatmn TfkR   203 

 204 

where  is absorbed shortwave radiation, atm is atmospheric emissivity to longwave radiation, 205 

given by 0.642(0.001Patmwa/Tair,K)
1/7

 for Patm in Pa and wa in mmol mol
-1

 (Leuning et al., 1995), 206 

and Tair,K is Tair in Kelvins.  Note that this assumes a canopy IR emissivity of unity.  We 207 

calculated  by assuming incident shortwave radiation was equal to 0.5666PPFD (0.5666 is the 208 

ratio of total shortwave energy to photosynthetic photon flux in extraterrestrial solar radiation; de 209 

Pury & Farquhar, 1997), and that this radiation was half visible and half near-infrared (Leuning 210 

et al., 1995), with leaf absorptances of 0.92 and 0.2, respectively (0.92 was the mean observed 211 

PAR absorptance of leaves in this study, and 0.2 is the complement of NIR reflection and 212 

transmission coefficients, both of which are approximately 0.4; Gates et al., 1965).  This gives  213 

= (0.50.92 + 0.50.2)0.5666PPFD = 0.3173PPFD. 214 

 215 

Equation 10 requires a value for boundary layer conductances to heat (gbh) and water (gbw, which 216 

is embedded in gtw (Eqn 7)), and Eqn 4 requires boundary layer conductance to CO2 (gbc).  We 217 

assumed gbc = gbw/1.37 and gbw = 1.08gbh and simulated gbh using an expression based on forced 218 

(wind-driven) convection (Leuning et al., 1995): 219 

 220 

(13)   5.0
123.0 leafwindbh dvg   221 

 222 

where vwind is wind speed and dleaf  is the leaf's characteristic dimension (approximately 223 

equivalent to its average downwind width; 0.1 m in this study).  This ignores the possibility of 224 

free convection driven by buoyancy of air warmed by the leaf.  However, most available data 225 
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and theoretical studies suggest that free convection contributes only negligibly to heat exchange 226 

under natural conditions, even at very low wind speeds, and that modeling gbh based on forced 227 

convection alone provides accurate predictions (Leuning, 1988, Brenner & Jarvis, 1995, Grantz 228 

& Vaughn, 1999, Roth-Nebelsick, 2001). We simulated the attenuation of wind speed through 229 

the canopy profile by  230 

 231 

(14)  Lvv topwindwind 5.0exp)(   232 

 233 

where L is cumulative leaf area index (m
2
 m

-2
) and vwind(top) is the wind speed measured above the 234 

canopy.  To calculate L for each canopy position, we summed the leaf area index of all canopy 235 

regions (as defined by Figure 1) above that position.  To measure those leaf area indices, we 236 

measured the total leaf area in each canopy region for each of six individuals, then divided these 237 

areas by the projected areas of each region to give the leaf area index contributed by that region.  238 

The resulting values of L are given in Table 2. 239 

 240 

Parameterising the gas exchange model 241 

We estimated photosynthetic parameters for each of 56 leaves (four individuals x 14 canopy 242 

positions) as follows.  We measured the response of leaf net CO2 assimilation rate (A) to 243 

intercellular CO2 mole fraction (ci) using an open flow gas exchange system (Li-6400; Li-Cor, 244 

Inc., Lincoln, Nebraska) equipped with an integrated leaf chamber fluorometer (Li-6400-40; Li-245 

Cor).  Curves were performed under saturating light (1500 mol m
-2

s
-1

), with block temperature 246 

controlled at 30ºC.  Ambient CO2 (ca) was set between 50 and 1600 µmol mol
-1

 and chamber 247 

humidity was set to track ambient conditions.  After steady state photosynthesis was reached, ca 248 
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was lowered stepwise from 400 to 50 mol mol
-1

, returned to 400 mol mol
-1

 and increased 249 

stepwise to 1600 mol mol
-1

. A total of 16 points were recorded for each curve. We then 250 

estimated gm, Vm and Jm by the curve fitting method proposed by Ethier & Livingston (2004).  251 

To simulate changes in these parameters with temperature, we corrected these values to 25ºC (as 252 

gm25, Vm25 and Jm25, respectively) using temperature responses measured on leaves of the same 253 

variety, grown in pots at the same site and transported to the laboratory to allow plants to 254 

acclimate to constant temperature and other atmospheric conditions.  Temperature responses 255 

were measured by repeating CO2 response curves at 15, 20, 25, 30, 35 and 40 ºC, using the same 256 

protocol described above but with the expanded temperature control kit (Li-6400-88, Li-Cor) 257 

added to the gas exchange system.  The temperature response data are shown in Figure 2.  258 

Temperature response functions were as follows: 259 

 260 

(15)     1

,

1

25, exp   KleafrefvmKleafm TTaVTV ,  261 

(16)     
 
  























1

,

1

1

,

1

25,
exp1

exp1
exp

Kleafrefjj

j

KleafrefjmKleafm
TTcb

b
TTaJTJ , and 262 

(17)      2

25 lnexp optleafmleafm TTdgTg  ,  263 

 264 

where Tref = 298.15 K, Tleaf,K is leaf temperature in Kelvins, and av, aj, bj, cj, d and Topt are 265 

empirical parameters: av = 7350.45 K, aj = 6710.22 K, bj = -2.15188 (unitless), cj = 13807.8 K, d 266 

= 0.71027 (unitless) and Topt = 36.75 
o
C.  Other parameters were taken from literature: 25

o
C 267 

values and temperature responses for Rubisco kinetic parameters (Kc and Ko) and the 268 

photorespiratory CO2 compensation point (Г*) were taken from Bernacchi et al. (2003).  Non-269 

photorespiratory CO2 release in the light at 25
o
C (Rd25) was estimated from photosynthetic 270 
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response curves as 0.0089Vm25 according de Pury and Farquhar (1997), and the temperature 271 

response of Rd was taken from Bernacchi et al. (2003).  272 

 273 

Measuring leaf gas exchange in situ 274 

At each of five times on a given day (approximately 0915, 1100, 1345, 1600 and 1830, CEDT), 275 

we used an open flow gas exchange system (Li-6400, Li-Cor) equipped with a clear chamber 276 

(Li-6400-08) to obtain a 30-second average measurement of stomatal conductance and incident 277 

PPFD on each of the leaves for which we had previously estimated photosynthetic parameters as 278 

described above.  Prior to each measurement, we observed the leaf's orientation, and oriented the 279 

chamber such that the PPFD sensor surface was parallel to the original plane of the leaf; this 280 

ensured that the PPFD thus measured was very similar to the PPFD actually experienced by the 281 

leaf prior to measuring gs.  ca was set at 400 mol mol
-1

 and chamber air temperature and 282 

humidity were set to match ambient.  Of the 280 expected measurements (5 times x 14 positions 283 

x 4 individuals), 10 were lost due to clerical errors, leaving 270 measurements. 284 

 285 

Computing A/E  286 

We calculated A/E numerically, as follows.  We computed A and E from the gas exchange 287 

model outlined above, added a very small increment (1.010
-6

 mol m
-2

 s
-1

) to stomatal 288 

conductance and estimated A/E as the ratio of the resulting increases in A and E.  This ensured 289 

that changes in leaf temperature (Tleaf) resulting from the simulated increment in gs, and the 290 

effects of those temperature changes on both A and E, would be calculated accurately (analytical 291 

description of the effects of changing Tleaf would be overly complex and prone to error, due to the 292 

many photosynthetic parameters affected by Tleaf).  We verified that this numerical approach did 293 
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not suffer from discretisation error by computing A/E both numerically and analytically (using 294 

expressions given by Buckley et al., 2002) while holding leaf temperature constant; the two 295 

resulting values of A/E were indistinguishable (not shown). 296 

 297 

Computing optimal stomatal conductance 298 

For each point in time at each crown position, we computed optimal stomatal conductance as 299 

follows.  First, we generated the theoretical A vs E relationship for that point by varying gs from 300 

2.010
-4

 to 2.0 mol m
-2

 s
-1

 in 10,000 steps.  We then classified each point into one of three 301 

categories based on the nature of the resulting A vs E relationship.  In Category I, A/E declines 302 

monotonically as gs increases (i.e., 
2
A/E

2
 < 0).  In Category II, A/E increases at low gs, 303 

reaches a maximum and then decreases at higher gs (i.e., 
2
A/E

2
 > 0 at low gs and 

2
A/E

2
 < 0 at 304 

high gs).  In Category III, A/E is below its crown-wide target value (, discussed below) for all 305 

positive gs (typically because PPFD is quite low or w is quite high).  Examples of relationships 306 

between gs and A/E for five randomly chosen instances of each Category are shown in Figure 307 

3A. 308 

 309 

Identification of optimal gs (gso) differs for each of these categories.  For Category III, gso is zero.  310 

The category most clearly relevant to the original Cowan-Farquhar theory is Category I; in this 311 

case, gso is the value of gs for which A/E equals a target value, , that is invariant among leaves 312 

in the crown and over time (the choice of  is discussed below).  For Category II, there exists a 313 

realistic positive gs that maximises instantaneous water use efficiency, WUE = A/E; this occurs 314 

when A/E = A/E (Buckley et al., 1999) (Figure 3B).  WUE is always greater at that value of gs 315 

than for any other value, including any value (or values) for which A/E = .  However, 316 
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although this value of gs would maximise WUE for a Category II leaf considered by itself, it is 317 

not optimal for the crown as a whole.  For example, imagine a Category I leaf and a Category II 318 

leaf both initially at A/E =  (Figure 4A).  Consider the effect of reducing E and gs in the 319 

Category II leaf in order to bring it to the point of maximum WUE, where A/E = A/E, and 320 

redistributing the water thus saved to the Category I leaf (Figure 4B).  The total change in 321 

assimilation rate resulting from this redistribution is  322 

 323 

(18)  
















 dE

E

A

E

A
A

III
total ,  324 

 325 

where the subscripts I and II refer to variables in the Category I and II leaves, respectively. 326 

Because A/E is greater in the Category II leaf than in the Category I leaf across the range of gs 327 

spanning this redistribution (Figure 4B), the integrand in Eqn 18 is negative, so the net change in 328 

assimilation rate for both leaves combined is also negative (Figure 4C).  Thus, the optimal 329 

solution when some leaves are in Category II is to increase transpiration in those leaves at the 330 

expense of other leaves until A/E is invariant among all transpiring leaves.   331 

 332 

We identified the optimal gs in both Category I and II leaves by searching the array of 10,000 gs 333 

and A/E values in reverse (i.e., beginning at high gs and proceeding towards low gs), finding 334 

the first point where A/E > , and identifying optimal gs as the average of the two values 335 

spanning the change in sign of A/E.  In 21 instances of Category II points, (7.8% of all points), 336 

maximum WUE occurred at gs > 2.0 mol m
-2

 s
-1

; in these cases, we set gso to 2.0 mol m
-2

 s
-1

 on 337 

the grounds that values greater than that are not physiologically realistic.  We compared the 338 
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resulting distributions of water loss with alternative simulations in which gso was either capped at 339 

1.0 mol m
-2

 s
-1

 or allowed to take on arbitrarily high values, and the results were nearly identical 340 

(not shown); this is because boundary layer conductance (gbw) was typically quite low in those 341 

instances, so that E was relatively insensitive to changes in gs. 342 

 343 

We identified the target value for A/E () separately for each individual by adjusting an initial 344 

estimate of  repeatedly (re-optimising gs for all measurement points at each value of ) until the 345 

whole-crown diurnal total water loss computed for the optimal pattern of gs was as close as 346 

possible to the total water loss computed for the measured pattern of gs.  Because changes in  347 

sometimes caused one or more measurement points to change categories, the relationship 348 

between  and total crown water loss was not smooth, so it was not possible to achieve 349 

arbitrarily precise agreement in crown total water use between optimal and measured gs 350 

distributions.  However, the two values agreed to within 1.53% in all cases, and to within 0.21% 351 

when summed over all four crowns.  To account for the effect of small remaining differences 352 

between measured and optimised crown water loss on comparisons of total carbon gain, we 353 

applied an approximate correction to total carbon gain: (Corrected optimal crown A) = 354 

(Computed optimal crown A)  (Measured crown E)/(Computed optimal crown E).   355 

 356 

Numerical methods 357 

All of the calculations described above were implemented in Microsoft Excel, in some cases 358 

using algorithms coded in VBA and in other cases using worksheet formulas.  The Excel file 359 

containing the code is available from the authors upon request. 360 

 361 
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Statistical tests of the optimisation hypothesis 362 

We chose to compare transpiration rate, rather than stomatal conductance itself, between optimal 363 

and measured patterns, for two reasons.  First, mean optimal gs was many times greater than 364 

mean measured gs in some leaves, due to low boundary layer conductance (when gbw is low, E is 365 

nearly insensitive to gs at high gs), and this made direct comparisons between measured and 366 

optimal patterns of gs somewhat uninformative.  Second, because optimisation theory is 367 

concerned with optimal allocation of finite resources, we felt it was more informative to compare 368 

distributions of the resource itself (water loss, E) rather than the biological parameter (gs) that 369 

controls how that resource is distributed. 370 

 371 

Residuals of E (optimal minus measured E) were distributed highly non-normally (as were the 372 

residuals of gs), and normality could not be adequately improved by any transformation, so we 373 

used non-parametric tests (Kruskal-Wallis rank sum test) to assess the probability that observed 374 

systematic differences in residual E among crown positions, among times of day, and among 375 

times of day at each crown position, were due to chance alone.  We also assessed variation in 376 

mesophyll conductance (gm25) with crown position using the Kruskal-Wallis test.  Variations in 377 

photosynthetic capacity (Vm25 and Jm25) were distributed normally, and were assessed by 378 

traditional analysis of variance in linear models.  All analyses were performed in base R (R Core 379 

Team, 2013). 380 

 381 
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Results 382 

Photosynthetic capacity and irradiance 383 

Photosynthetic capacity estimated from CO2 response curves (Vm25 and Jm25) differed 384 

significantly among crown positions (p < 0.0001 for both variables) (Fig 5A,B).  Mesophyll 385 

conductance (gm25, Fig 5C) also differed among positions (p = 0.013).  Each of these variables 386 

was generally greater in the upper crown (positions 4-7; Fig 1).  For comparison, mean PPFD 387 

measured in situ on the day of diurnal measurements (22 Aug 2012) was greatest at the top of the 388 

crown and decreased down the sides of the crown, and PPFD was very low at the three lower 389 

interior crown positions (12-14) (Fig 5D). 390 

 391 

Atmospheric conditions and associated leaf variables 392 

Atmospheric conditions on 22 Aug 2012 were warm, calm and dry: air temperature ranged from 393 

28.7 to 35.1
o
C, ambient humidity ranged from 12.0 to 15.5 mmol mol

-1
 (16.5 to 25.4% relative 394 

humidity) and 1-hour mean wind speed ranged from 0.5 to 1.1 m s
-1

 (Fig 6).  Based on energy 395 

balance calculations, crown average leaf temperature (Fig 6B) ranged from 28.7 to 37.4
o
C, 396 

evaporative demand (w, Fig 6D) ranged from 27.5 to 59.9 mmol mol
-1

 and boundary layer 397 

conductance (gbw, Fig 6F) ranged from 0.19 to 0.28 mol m
-2

 s
-1

, and each of these variables 398 

peaked in early afternoon (1345).  Stomatal conductance and water use were moderate despite 399 

these conditions, with crown average gs ranging from a minimum of 0.06 mol m
-2

 s
-1

 (at 1830) to 400 

a maximum of 0.13 (at 1100), and transpiration rate reaching a maximum of 4.4 mmol m
-2

 s
-1

 (at 401 

13:45) (Fig 7). 402 

 403 
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Categorisation of A vs E curves for each point 404 

For each of 270 in situ measurement points, we calculated theoretical instantaneous relationships 405 

between A and E as described in Materials and Methods.  Of these 270 points, 49.3% (133/270) 406 

were in Category I, for which A/E declines monotonically with increasing gs.  Due to the 407 

combination of high irradiance and evaporative demand and low boundary layer conductance, 408 

we observed positive curvature in the A vs E relationship (
2
A/E

2
 > 0) in 39.6% (107/270) of A 409 

vs E curves.  These points fall into Category II, in which A/E increases at low gs and decreases 410 

at high gs.  Another 11.1% (30/270) were in Category III (optimal gs was zero because A/E was 411 

below the target value, , for all positive gs).   412 

 413 

Optimal vs observed gas exchange patterns 414 

The optimal values of gs were generally quite high, yet this had a smaller effect on total 415 

conductance (gtw) and hence transpiration rate (E) than one might expect, due to the low 416 

boundary layer conductances.  As a consequence, mean gs predicted by optimisation greatly 417 

overestimated measured gs in many cases, even though total crown water use was identical 418 

between the optimal and observed patterns of gs.  This is shown in panels A, C and E of Figure 8, 419 

which present measured and predicted gs in three ways: without any grouping (Fig 8A), grouped 420 

by position and averaged over time (Fig 8C), or grouped by time and averaged among positions 421 

(Fig 8E).   422 

 423 

Because the low boundary layer conductances led to such skewed differences between observed 424 

and optimal gs, comparisons between observed and optimal transpiration rate (E) are more 425 

informative, and are presented in panels B, D and F of Figure 8.  Optimal E was generally 426 



Buckley, Martorell et al (stomatal optimisation in grapevine) – 2nd revision  page 20 of 49 

greater than measured E in cases where measured E itself was higher than the crown average 427 

(Figs 8B,D).  This pattern largely reflected a reallocation of water loss from the interior crown 428 

(positions 11-14) to the upper and east-facing exterior crown (positions 1-6), as illustrated in Fig 429 

9A.  Residuals of E (optimal minus measured E) differed significantly among positions (p < 430 

0.0001).  Optimal E was also lower than measured E in the middle of the day, and higher in the 431 

late afternoon (Fig 10A) (p < 0.05).  Additionally, the variation over time in residuals of E 432 

differed among crown positions (Fig 11) (these changes were significant for positions 1, 2, 4, 6, 433 

8 and 10; p < 0.05).  The clearest pattern in this regard was for optimal E to be greater than 434 

measured E in the first half of the day on the eastern crown and in the second half of the day on 435 

the western crown (Figs 11A,C).  Thus, the spatial pattern of differences between optimal and 436 

measured E among exterior crown positions shown in Fig 9 partly reflects a time-by-position 437 

interaction. 438 

 439 

Effects of gas exchange distributions on total carbon gain 440 

To assess how whole plant carbon/water balance would be impacted by these differences 441 

between measured and optimal patterns of water use, we computed total diurnal carbon gain for 442 

each crown in three ways: using either the measured or optimal spatio-temporal distributions of 443 

gs or using a constant value of gs, while controlling for total crown water loss in each case.  We 444 

found that a constant gs yielded 71.7 ± 0.6% of the total carbon gain achieved by the optimal gs 445 

distribution, whereas the observed gs distribution achieved 81.8 ± 0.3% of the optimum (Fig 12).  446 

 447 
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Effects of aerodynamic coupling (boundary layer conductance) 448 

Because boundary layer conductance impacts the validity of the assumption that 
2
A/E

2
 < 0, 449 

which underlies optimisation theory, we repeated all calculations under an alternative scenario in 450 

which gbw was imagined to be extremely large (which we simulated by setting wind speed to 451 

310
8
 m s

-1
).  The purpose of comparing the original results to this alternative scenario was to 452 

assess the sensitivity of inferred optima to assumptions about aerodynamic coupling between 453 

leaves and the air.  Some conclusions were qualitatively similar between the "decoupled" and 454 

"coupled" scenarios: for example, in both scenarios, the optimal pattern shifted water use from 455 

the interior crown to the upper exterior crown (cf. Figs 9A,B), and from early in the day to later 456 

in the day.  However, some conclusions differed as well.  For example, the optimal pattern 457 

shifted water use away from positions 3 & 4 on the east face (cf. Figs 9A,B).  The magnitude of 458 

redistribution of water loss required to achieve the optimum was also greater at many positions 459 

in the coupled scenario than in the decoupled scenario (e.g., position 6; cf. Figs 9A,B), although 460 

the difference in total carbon gain between the observed gs distribution and the theoretical 461 

optimum was smaller in the coupled scenario (11.6% vs. 18.2%) (Fig 12) 462 

 463 

  464 
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Discussion 465 

Our objective was to test two aspects of stomatal optimisation theory that have largely been 466 

ignored by previous studies.  Most work has focused on the prediction that stomata should keep 467 

the marginal carbon product of water, A/E, invariant over time.  However, the theory also 468 

predicts that stomata must hold A/E invariant in space (i.e., among leaves in distinct 469 

environments within the same individual crown) and it assumes that water loss earns diminishing 470 

returns in terms of carbon gain (i.e., the curvature of A vs E is negative: 
2
A/E

2
 < 0) (Cowan & 471 

Farquhar, 1977), yet these aspects of the theory remain largely untested.  Our results suggest that 472 

neither the spatial aspect of the theory nor its assumption of positive curvature hold in grapevine 473 

canopies under the hot, dry, sunny and calm conditions typical of Mediterranean summer at our 474 

study site.  We found that the measured spatial pattern of water use differed systematically from 475 

the optimal pattern, with some regions of the crown using more water than the optimum and 476 

other regions using less.  We also found positive curvature in A vs E for 40% of leaf 477 

measurements, largely due to low boundary layer conductance.  In addition, we found that if we 478 

had simply assumed negligible boundary layer resistance, as many applications of the theory 479 

have assumed, then the resulting predictions would have diverged substantially from the true 480 

optima, thereby altering some conclusions about the relationship between observed and optimal 481 

patterns.   482 

 483 

Positive curvature in A vs E and its implications 484 

Water loss typically brings diminishing returns of carbon gain, because stomatal opening tends to 485 

reduce the gradient for leaf CO2 uptake more than that for H2O loss.  As gs increases, 486 

intercellular CO2 increases, which decreases the CO2 gradient.  Although a related effect occurs 487 



Buckley, Martorell et al (stomatal optimisation in grapevine) – 2nd revision  page 23 of 49 

with transpiration – that is, increased E can decrease the evaporative gradient (w) by increasing 488 

ambient humidity – this effect is generally smaller than the CO2 effect because the volume of air 489 

even in a dense canopy is vastly larger than the volume of the intercellular air spaces (Cowan, 490 

1977, Buckley et al., 1999).  In this case, there is no instantaneous optimum for the tradeoff 491 

between carbon gain and water loss: carbon gain per unit of water loss (instantaneous water use 492 

efficiency, WUE = A/E) is greatest in the limit of zero gs, which is a trivial solution.  (This is 493 

what led Cowan and Farquhar (1977) to ask what pattern of gs maximises total carbon gain for a 494 

given total water loss, which leads to the invariant-A/E solution.)  However, increased gs can 495 

strongly reduce w when boundary layer conductance (gbw) is low.  This is because low gbw 496 

weakens convective heat transfer, increasing the scope of evaporative cooling to reduce leaf 497 

temperature and therefore w (Jones, 1992).  The resulting changes in w can lead to positive 498 

curvature in A vs E (Cowan, 1977, Buckley et al., 1999).  In such conditions, there is an 499 

instantaneous optimum for leaf-scale WUE, which occurs when A/E = A/E (the point at which 500 

the tangent line to the A vs E curve goes through the origin) (Buckley et al., 1999).  As a result, it 501 

is initially unclear whether the invariant-A/E solution still applies in such conditions.   502 

 503 

Buckley et al. (1999) suggested that if curvature is positive but a leaf cannot maintain E high 504 

enough to reach the maximum A/E, then the leaf should close some stomata entirely and open 505 

others more widely to achieve the optimum in the latter areas; i.e., spatially heterogeneous gs is 506 

beneficial in this case.  A related argument can be made at the crown level.  If some leaves have 507 

negative curvature and others have positive curvature, then water loss should be reallocated from 508 

the former to the latter to allow the latter to maximise WUE.  This will reduce E in the negative-509 

curvature leaves, thereby increasing A/E and WUE in those leaves as well and ensuring that 510 
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the reallocation improves WUE throughout the crown.  Furthermore, whole-crown WUE is 511 

maximised by increasing gs even further in leaves with positive curvature – i.e., beyond the point 512 

at which WUE is maximised for those individual leaves – as explained in the text surrounding 513 

Equation 18 and illustrated in Figure 4. 514 

 515 

The Cowan and Farquhar (1977) solution therefore applies even if positive curvature occurs, 516 

provided curvature eventually becomes negative at higher gs.  There are two exceptions to this 517 

solution.  First, stomata should simply open as far as possible in leaves in which A/E is always 518 

greater than the crown-wide target value ().  This scenario applied in 7.8% of measured leaves 519 

in the present study.  In these cases, boundary layer conductance was very low, so that changes 520 

in gs had very little effect on A/E at high gs  Second, stomata should simply close in leaves for 521 

which the crown-wide target value of A/E () cannot be reached for any gs ("Category III" 522 

leaves in our terminology; Fig 3A); this scenario applied in 11.1% of leaves in this study. 523 

 524 

The implications of positive curvature will depend on how often, in nature, boundary layer 525 

conductance is low enough to allow positive curvature to occur.  Wind speed above the canopy 526 

ranged from 0.5 – 1.1 m s
-1

 in our study, and positive curvature occurred across this range.   This 527 

range is low but not particularly unusual for our site: mean daytime summer wind speed was 528 

0.69 – 0.77 m s
-1

 over 2010-12 (Fig 6e).  Another study on grapevine (Daudet et al., 1998) found 529 

wind speed was below 1.0 m s
-1

 for 13% of a typical day, and Jones et al. (2002) found wind 530 

speed rarely exceeded 1.3 m s
-1

 during two of four days in a field study on grapevine.  Similar 531 

ranges have been reported in other species (e.g., 1-2 m/s, cotton, Grantz & Vaughn, 1999).  Wind 532 

speed is much lower inside the crown because of wind attenuation by the canopy itself (e.g., 533 
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Oliver, 1971, Daudet et al., 1999, Grantz & Vaughn, 1999).  However, this was not a dominant 534 

factor in causing positive curvature in the present study, as the occurrence of positive curvature 535 

actually decreased with depth in the canopy (Figure 13).  We conclude that the occurrence of 536 

positive curvature in A vs E may not be as rare as previously thought, and that the matter requires 537 

further experimental study. 538 

 539 

Why is the spatial distribution of water loss sub-optimal? 540 

We found that the observed distribution of water loss among leaves did not match the optimal 541 

pattern, that the residuals were systematically related to crown position, and that these deviations 542 

reduced crown carbon gain by 18% compared to the optimum.  It is helpful here to reiterate the 543 

rationale for this definition of "optimal": total carbon gain will be greatest for a given total water 544 

loss if A/E is invariant (provided 
2
A/E

2
 > 0).  That statement is independent of spatial or 545 

temporal scale, and is a generic mathematical result from the calculus of variations (Cowan & 546 

Farquhar, 1977).  It says that among all possible spatiotemporal distributions of gs that give the 547 

same total crown water loss, carbon gain is greatest for the distribution in which A/E is 548 

invariant.  A separate question is, at what scale is it biologically meaningful to view total water 549 

loss as invariant (Cowan, 1982, Cowan, 1986, Mäkelä et al., 1996, Buckley & Schymanski, 550 

2013)?  In the next section ("Is the optimisation problem correctly posed?"), we discuss the 551 

possibility that it is not biologically appropriate to view total crown water loss as invariant, 552 

regardless of time scale.  In this section we discuss other possible explanations for the observed 553 

spatial deviations from optimality.  One involves delays in stomatal opening.  We found that 554 

optimal water loss typically exceeded observed water loss whenever the sun was oriented most 555 

directly towards a particular crown position (e.g., Fig 11).  It is possible that stomata in these 556 
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positions could not respond quickly enough to the peak in PPFD to achieve optimal water loss.  557 

This effect would be exacerbated by low gbw, which requires large changes in gs to achieve a 558 

given change in water loss. Vico et al. (2011) suggested that delays in stomatal opening and 559 

closing in response to changes in PPFD create a quasi-optimal pattern of gs, arguing that the 560 

costs of stomatal regulation itself must be subtracted from leaf net carbon gain in computing the 561 

optimum, so that the true optimum includes a finite time constant for stomatal adjustments to 562 

PPFD.  This is unlikely to explain our results, given that the carbon cost of stomatal movements 563 

was on the order of 0.25% of net assimilation rate in the simulations presented by Vico et al 564 

(2011) – far less than the potential improvement in carbon gain that could have been achieved by 565 

optimal stomatal control in our study. 566 

 567 

Medlyn et al (2011; 2013) suggested that stomata lack the physiological machinery to detect the 568 

shift between carboxylation- and regeneration-limited photosynthesis.  Those authors noted that 569 

stomatal responses to short-term changes in atmospheric CO2 were approximately optimal under 570 

regeneration- but not carboxylation-limited conditions, so they suggested that stomata were only 571 

capable of optimal behaviour under regeneration-limited conditions (i.e., under sub-saturating 572 

PPFD).  Our results offer qualified support for that idea, as deviations from optimality at a given 573 

position tended to be greater when the sun was oriented more directly towards that position, at 574 

which time PPFD would likely be saturating. 575 

 576 

The spatial distribution of photosynthetic nitrogen may also have contributed to these deviations.  577 

The ratio of carboxylation capacity to PPFD was eight times greater in the interior crown 578 

(positions 11-14) than on the upper exterior crown (positions 4-7) (Fig 5) – consistent with other 579 
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reports that capacity is not proportional to local irradiance, contrary to the predictions of 580 

optimisation theory for distribution of photosynthetic nitrogen (Evans, 1993, Hirose & Werger, 581 

1994, Hollinger, 1996, de Pury & Farquhar, 1997, Makino et al., 1997, Bond et al., 1999, Friend, 582 

2001, Frak et al., 2002, Kull, 2002, Lloyd et al., 2010, Buckley et al. 2013).  It is well 583 

established that gs is highly correlated with photosynthetic capacity (Wong et al., 1979).  If this 584 

correlation represents a mechanistic constraint on stomatal regulation – i.e., if the mechanisms 585 

that stomata have presumably evolved to optimise carbon/water balance include a physiological 586 

"response" to photosynthetic capacity or some proxy thereof – then such a response may present 587 

a  physiological barrier to achieving optimal distributions of water loss in situations where 588 

photosynthetic capacity is suboptimally distributed.  This highlights the important linkage 589 

between the economics of water loss and photosynthetic nitrogen use in plant crowns (Field, 590 

1983, Buckley et al., 2002, Farquhar et al., 2002, Peltoniemi et al., 2012, Buckley et al., 2013, 591 

Buckley & Warren, 2013, Palmroth et al., 2013). 592 

 593 

Is the optimisation problem correctly posed? 594 

The requirement that A/E be spatially invariant within the crown assumes that water loss can 595 

be arbitrarily allocated among leaves and over time within the crown.  However, hydraulic 596 

constraints may make it impossible for leaves in some crown positions to achieve optimal water 597 

loss rates while also maintaining water potential above thresholds for catastrophic loss of 598 

hydraulic conductivity.  Although this could be remedied by increasing hydraulic conductance to 599 

such leaves by re-allocating carbon, such re-allocation may itself be sub-optimal, for two 600 

reasons.  One is that stem carbon serves other functions, including mechanical support.  Another 601 

is that hydraulic limitations to water loss may only manifest during brief periods in the growing 602 
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season, in which case the large carbon investment needed to achieve optimal distribution of 603 

water loss may outweigh any resulting gains in crown water use efficiency.  Thus, each leaf may 604 

in fact require a different target value for A/E to reflect the realities of its water supply 605 

constraints.  A full exploration of this idea requires more intensive theoretical analysis. 606 

 607 

Conclusions 608 

We found systematic divergence between observed and optimal spatial patterns of water use, and 609 

evidence of widespread positive curvature (
2
A/E

2
 > 0) in grapevine crowns under hot, dry and 610 

calm conditions.  Positive curvature resulted from aerodynamic decoupling between the crown 611 

and atmosphere.  Our results suggest caution is warranted when using optimisation theory to 612 

predict gs at the crown scale, and that further study is required to assess the occurrence of 613 

conditions leading to positive curvature.  We also suggest it may be necessary to revise 614 

optimisation theory to account for variations in hydraulic capacity within a crown. 615 

 616 
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 792 

Tables 793 

Table 1. List of variables and parameters referred to in this study, including symbols, units and 794 

values where appropriate. 795 
Variable  Symbol Units  Value 

net CO2 assimilation rate A mol m-2 s-1 varies 

leaf absorptance to photosynthetic photon flux  - 0.92 

demand or supply limited value of A Ad, As mol m-2 s-1 varies 

RuBP-carboxylation or regeneration limited value of Ad Av, Aj mol m-2 s-1 varies 

ambient CO2 mole fraction ca mol mol-1 400 

intercellular or chloroplastic CO2 mole fraction ci, cc mol mol-1 varies 

molar heat capacity of air cp J mol-1 K-1 29.2 

curvature of A vs E relationship 2A/E2 mol m2 s mmol-2 varies 

saturation vapour pressure deficit of air Da Pa varies 

marginal carbon product of water A/E mol mmol-1 varies 

leaf characteristic dimension dleaf m 0.1 

effective leaf-air water vapour mole fraction gradient w mmol mol-1 varies 

leaf transpiration rate E mmol m-2
 s

-1
 varies 

leaf emissivity to IR leaf - 0.95 

fraction of absorbed photons that do not contribute to 

photochemistry 
f - 0.23 

absorbed shortwave radiation  J m-2 s-1 varies 

fraction of infrared radiation that comes from the sky fir - varies 

psychrometric constant  Pa K-1 66.0 

photorespiratory CO2 compensation point (at 25oC) * (*25) mol mol-1 varies (36.2) 

leaf boundary layer conductance to heat, water or CO2  gbh, gbw, gbc mol m-2 s-1 varies 

mesophyll conductance to CO2  gm mol m-2 s-1 varies 

radiation conductance gRn mol m-2 s-1 varies 

stomatal conductance to water or CO2  gs, gsc mol m-2 s-1 varies 

maximum stomatal conductance gsmax mol m-2 s-1 varies 

optimal stomatal conductance gso mol m-2 s-1 varies 

total leaf conductance to water or CO2  gtw, gtc mol m-2 s-1 varies 

potential electron transport rate J mol m-2 s-1 varies 

light-limited (capacity-saturated) value of J Ji mol m-2 s-1 varies 

capacity-limited (light-saturated) value of J (at 25oC) Jm (Jm25) mol m-2 s-1 varies 

Michaelis constant for RuBP carboxylation or oxygenation Kc, Ko mol mol-1 varies 

canopy extinction coefficient for diffuse irradiance kd - 0.8 

cumulative leaf area index L m2 m-2 varies 

target value for A/E  mol mmol-1 1.28-1.59 

mole fraction of oxygen O mol mol-1 2.1105 
atmospheric pressure Patm Pa 1.0105 
photosynthetic photon flux density PPFD mol m-2 s-1 varies 

curvature parameter for relationship of Ad to Av and Aj A - 0.99 

curvature parameter for relationship of J to Jm and Ji J - 0.90 

non-photorespiratory CO2 release (at 25oC) Rd (Rd25) mol m-2 s-1 varies 

net isothermal radiation Rn
* J m-2 s-1 varies 

Stefan-Boltzmann constant  J m-2 s-1 K-4 5.6710-8 
air temperature (in Kelvins) Tair (Tair,K) oC (K) varies 

leaf temperature Tleaf (Tleaf,K) oC (K) varies 

carboxylation capacity (at 25oC) Vm (Vm25) mol m-2 s-1 varies 

wind speed vwind m s-1 varies 

water vapour mole fraction of intercellular spaces or air wi, wa mmol mol-1 varies 

 796 
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 797 
Table 2. Cumulative leaf area index (L, m

2
 m

-2
) at each of the 14 canopy positions illustrated in 798 

Figure 1, used to estimate wind speed at each position (Eqn 14). 799 

 800 
position L 

1 3.1 

2 2.6 

3 2.1 

4 1.8 

5 0 

6 0 

7 1.5 

8 1.8 
9 2.4 

10 2.7 

11 1.6 

12 2.1 

13 2.6 

14 3.3 

 801 

 802 

  803 
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Figure legends 804 
 805 

Figure 1. Diagram illustrating the 14 crown positions at which leaf gas exchange was measured 806 

in this study.  The diagram represents a cross-section of the grapevine crown, looking 807 

southwards along the long axis of a planting row, with east (sunrise) to the left and west (sunset) 808 

to the right.  Positions 1-10 are on the crown exterior, and positions 11-14 are in the crown 809 

interior.  810 

 811 

Figure 2. Temperature responses for photosynthetic parameters measured in grapevine for this 812 

study (symbols) and response curves fitted to these measurements (lines; Eqns 15-17 in the main 813 

text).  (b) Electron transport capacity, Jm, (a) carboxylation capacity, Vm, (c) mesophyll 814 

conductance to CO2, gm. 815 

 816 

Figure 3. (A) Relationships between the marginal carbon product of water and gs for four 817 

randomly chosen leaves in each of Category I (for which 
2
A/E

2
 < 0; dashed lines) and 818 

Category II (for which 
2
A/E

2
 > 0 at low gs; solid lines); the thick black horizontal line 819 

represents the target value for A/E ().   (B) The relationships between gs and A/E (solid 820 

line) and instantaneous water use efficiency, A/E (dashed line) for one leaf in Category II, 821 

showing that A/E is maximised at a lower gs (left-hand vertical grey line) than the gs at which 822 

A/E equals the crown-wide target value,  (right-hand vertical grey line).  is shown by the 823 

horizontal black line.  (The curves marked with asterices in A also appear in Figure 4.) 824 

 825 

Figure 4. Illustration of the effect of redistributing water loss from a Category II leaf (solid lines) 826 

to a Category I leaf (dashed lines) in order to maximise water use efficiency (A/E) in the former.  827 

(A, open symbols): initial condition, in which A/E equals the crown-wide target value, , for 828 

both leaves. (B, closed symbols): condition after redistribution of water loss (E = 0.552 mmol 829 

m
-2

 s
-1

) from the Category II leaf to the Category I leaf.  (C): Relationships between net CO2 830 

assimilation rate, A, and stomatal conductance, gs, for both leaves, with symbols representing the 831 

initial and final conditions as in A and B.  The net change in A resulting from redistribution is 832 

negative.  (Note that the Category I and II leaves correpond to the curves marked with one and 833 

two asterices, respectively, in Figure 3A.) 834 

 835 

Figure 5. Gas exchange parameters (A, carboxylation capacity at 25
o
C, Vm25; B, electron 836 

transport capacity at 25
o
C, Jm25; C, mesophyll conductance at 25

o
C, gm25) and incident 837 

photosynthetic photon flux density on the day of in situ measurements (D, PPFD) at each of 14 838 

crown positions (see diagram in Figure 1).  Black bars, exterior crown; grey bars, interior crown.  839 

Sample means ± SE. 840 

 841 

Figure 6. Environmental conditions measured at a meteorological station adjacent to the study 842 

site (A,C,E), and crown averages of associated leaf-level variables calculated from energy 843 

balance, based on those environmental conditions (B,D,F).  A, air temperature (Tair); B, leaf 844 

temperature (Tleaf); C, ambient water vapour mole fraction (wa); D, effective leaf-to-air water 845 

vapour mole fraction gradient (w); E, wind speed (vwind) measured on the day of the study 846 

(bars) and averaged over June-August in 2010-2012 (line and symbols); F, boundary layer 847 

conductance to water (gbw). For B, D and E, error bars are SEs among four individual crowns. 848 

 849 
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Figure 7. In situ measurements of stomatal conductance, gs (A), and values of transpiration rate, 850 

E (B) calculated from measured gs, averaged over 14 crown positions.  Error bars are SEs among 851 

four individual crowns. 852 

 853 

Figure 8. Measured vs optimal stomatal conductance to H2O gs (A, C, E) and transpiration rate, E 854 

(B, D, F).  A, B: averages within each of 70 combinations of crown position and measurement 855 

time.  C, D: averages over all measurement times within each of 14 crown positions.  E, F: 856 

averages over all crown positions at each of five measurement times. Error bars are SEs among 857 

four individual crowns.  Grey lines in B,D,F: one-to-one line.  Note the y-axis scales differ in A, 858 

C and E. 859 

 860 

Figure 9. Residuals of transpiration rate (optimal minus measured E): diurnal means in relation 861 

to crown position.  A, optimal E computed using boundary layer conductance, gbw, modeled 862 

based on measured wind speed.  B, optimal E computed assuming negligible boundary layer 863 

resistance (infinite gbw).  Error bars are SEs among four individual crowns.  Note the y-axis 864 

scales differ in A and B. 865 

 866 

Figure 10. Residuals of transpiration rate (optimal minus measured E): averages over 14 crown 867 

positions, shown in relation to time.  A, optimal E computed using boundary layer conductance, 868 

gbw, modeled based on measured wind speed.  B, optimal E computed assuming negligible 869 

boundary layer resistance (infinite gbw).  Error bars are SEs among four individual crowns.  Note 870 

the y-axis scales differ in A and B. 871 

 872 

Figure 11. Residuals of transpiration rate (optimal minus measured E) over time for each of 14 873 

crown positions: A, positions 1-5 (the eastern side of the crown); B, positions 11-14 (the interior 874 

crown); C, positions 6-10 (the western side of the crown).  Error bars are SEs among four 875 

individual crowns. 876 

 877 

Figure 12. Total diurnal carbon gain calculated using either constant gs, measured gs or optimised 878 

gs, expressed as a percentage of optimised values.  Error bars are SEs among four individual 879 

crowns. 880 

 881 

Figure 13. Proportion (as percent) of measurement points for which positive curvature in the 882 

relationship between assimilation rate and transpiration rate was observed.  Position categories 883 

are as follows: upper (positions 5 and 6), mid-upper (positions 4 and 7), middle (positions 3 and 884 

8), mid-lower (positions 2 and 9), lower (positions 1 and 10), interior (positions 11-14).  Position 885 

numbers are shown in Figure 1. 886 

 887 

 888 

 889 
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