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Abstract 17 

A transient-state chamber was developed to measure canopy gas exchange of single trees in 18 
the field. The chamber, with a volume of 41.6 m3 , is designed to enclose a medium-size 19 
orchard tree; chamber top and windows can be left open, causing minimum disturbance to the 20 
tree environment. Transitory closures allow simultaneous measurement of CO2 exchange and 21 
transpiration of the enclosed tree. The chamber was tested during a 2-year study in an olive 22 
orchard submitted to different irrigation treatments: control with no water stress (CI) and 23 
regulated deficit irrigation (RDI). Leakage had a minimal impact on flux calculations 24 
(0.8%min−1); adsorption was not detectable. Maximum increases in canopy temperature of 25 
0.58◦Cmin−1 for CI and 1.3◦Cmin−1 for RDI generated very small effects on fluxes. 26 
Changes in the transpiration rate induced by the chamber’s modification of the canopy 27 
environment were evaluated by continuous sap flow measurements with heat pulse gauges 28 
inserted in the trunk of two trees enclosed by chambers. Results showed a sap flow decrease 29 
of about 8% after 180 s of chamber closure. The artificial turbulence generated by fans into 30 
the chamber to facilitate air mixing did not alter the transpiration rate. The enclosure had a 31 
very small impact on the tree canopy conductance (Gc). The initial lag and mixing time was 32 
estimated as 30 s; the optimal duration of the calculation window was 70 s. Hourly carbon 33 
assimilation (A), transpiration (E), and water use efficiency (WUE) for two olive trees in the 34 
field subjected to different levels of water stress were measured. 35 

Keywords: Canopy chamber Canopy gas exchange Carbon balance Carbon assimilation 36 
Water use efficiency Water stress, Olea europaea L. 37 
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Introduction 40 

The measurement of carbon assimilation and water use of trees is critical to understand the 41 
processes leading to their carbon and water balance, but is difficult to perform at the whole-42 
plant level. At leaf level, cuvette gas analysers have been used to measure leaf gas exchange 43 
of mature trees (e.g. Moriana et al., 2002). Scaling up such observations to canopy level, 44 
however, remains a challenge. A suitable method for measuring the gas exchange of 45 
individual trees is the use of large canopy chambers. Nevertheless, there are practical 46 
difficulties in the design, construction and operation of chambers large enough to enclose a 47 
whole tree. Denmead (1984) classified gas exchange canopy chambers into open (steady-48 
state) and closed (transient-state) systems. The open system continuously renews the air 49 
inside the chamber while mea- suring the gas concentration in the entry and exit airstreams. 50 
This type of chamber is always closed and under constant forced ventila- tion, thus the 51 
radiative and aerodynamic microclimate around the tree can be very different from the 52 
natural undisturbed conditions. 53 

In most open chamber systems with air supply, there is a constant overpressure within the 54 
chamber to keep the structure inflated. Furthermore, steady airflow is often higher than 55 
natural wind speed and a suitable ventilation rate is difficult to get. A large air-pumping 56 
system with high electrical power is required (Greenwood et al., 1981; Denmead, 1984). 57 
Another critical aspect is the radiation envi- ronment in the chamber. The walls alter the 58 
radiation amount and quality inside the chamber, by reducing direct beam solar radiation and 59 
increasing the diffuse component (Leuning and Foster, 1990). Although this problem is 60 
common to all chamber types, it has a bigger effect in open chambers due to the permanent 61 
placement of the enclosure during the measurement period. Enclosing a canopy into a 62 
chamber always generate important microclimatic differ- ences between the chamber and the 63 
environment (Denmead et al., 1993), thus the enclosing time should be as short as possible. 64 

Transient-state closed chambers are closed for a short period of time (min), while the change 65 
in gas concentration is measured. They are portable and can be placed on the plant for the 66 
measurement; they are then removed before the plant can respond physiologically to the 67 
changing environment. Reicosky and Peter (1977) described this type of easily moving 68 
chambers for measuring transpiration on field plots. More recently, this type of canopy 69 
chamber has been automated for continuous measurements of CO2 and H2O fluxes (Steduto 70 
et al., 2002). The simplest method for calculating gas fluxes with a closed chamber is by 71 
performing a linear regression of gas concentration with time. The principles involved in this 72 
approach have been reviewed by Jarvis et al. (1971). Later, different meth- ods of calculation 73 
have been proposed by Reicosky et al. (1990) and Wagner et al. (1997). Wagner and 74 
Reicosky (1992) studied the chamber effect on the plant environment, measuring changes in 75 
canopy photosynthesis rates and evapotranspiration rates. The relevant factors involved are 76 
mostly CO2 and water vapour con- centration, canopy temperature, air temperature, canopy 77 
boundary layer conductance, stomatal conductance (gl) and vapour pressure deficit (VPD). 78 

Researchers mostly used small closed chambers on plants or pots (Reicosky and Peter, 1977; 79 
Reicosky, 1990a, 1990b; Held et al., 1990; Pickering et al., 1993; Grau, 1995; Steduto et al., 80 
2002; McLeod et al., 2004). Most transitory-closed chambers not exceed- ing 9 m3 in volume 81 
are reported in the literature, used mainly on herbaceous crops. Most of them have been 82 
evaluated comparing with accurate and direct methods such as a weighing lysimeter 83 
(Reicosky et al., 1983; Pickering et al., 1993) and heat pulse sap flow (Dragoni et al., 2005) 84 
or micrometeorological methods (Held et al., 1990; Dugas et al., 1991; Steduto et al., 2002; 85 



McLeod et al., 2004). Enclosing trees with a canopy size larger than 20 m3 has not yet been 86 
tried in a closed system design. A possibility is to use a frame structure, relatively easy to 87 
move, which can be opened and closed through revolving top and windows. Such a chamber 88 
should ideally disturb minimally the tree environment while open. 89 

The objectives of this work were: (a) to design a chamber of the transitory-closed type, large 90 
enough to enclose adult orchard trees; (b) to test the chamber for measuring canopy gas 91 
exchange in the field, and (c) to evaluate physical and physiological responses of the tree to 92 
potential environmental modifications of the chamber. 93 

2. Materials and methods 94 

2.1. Chamber description 95 

The transient-state closed chamber presented here is a variation of the chamber described by 96 
Reicosky and Peter (1977), compatible for simultaneous measurement of both CO2 and water 97 
vapour exchange. The chamber consists of a hexagonal prism with base of 10.4 m2 and 98 
height of 4 m; the volume – 41.6 m3 – is enough to enclose a mature tree of most of the 99 
cultivated fruit species (Fig. 1). The walls are assembled with 12 sections of rigid aluminium 100 
frames (2 m × 2 m) that are easy fitted and screwed together. The whole chamber is mounted 101 
around the tree on a firm stainless steel frame with sharp supports sunk in the soil. The 102 
bottom is sealed around the tree trunk through a thick polyethylene panel; thus, fluxes from 103 
the soil are excluded. The top is made by two trapezium-shaped windows. The top and four 104 
of the six walls are hinged windows, which allow quick opening and closing operation. 105 
Windows and tops are made of Llumar® “NRS90 clear” polyester film of 75 �m thickness, 106 
stretched and fixed to the aluminium frames; this film was chosen for its excellent broadband 107 
transmittance. The top and upper windows can be quickly moved manually by extended 108 
handles. The chamber contains four 80 W fans of 40 cm diameter attached to the basal frame, 109 
mixing the air inside the chamber dur- ing the closed period (which in normal operating 110 
conditions does not need to exceed three minutes). A vacuum pump circulates the air through 111 
the sampling circuit: the air is taken from inside the chamber through many intake points, 112 
spatially distributed through the chamber volume (Fig. 1) and is then returned to the chamber. 113 
A sample of 1 L min−1 of this air flow is sniffed using a small pump and diverted to a CO2 114 
/H2 O infrared gas analyser (IRGA) (model LI-COR LI-840, Lincoln, NE, USA) which 115 
measures CO2 and water vapour concentrations simultaneously at 1 Hz sampling rate; the 116 
output is recorded by a datalogger (model CR23X, Campbell Scientific, Logan, UT, USA). 117 
The IRGA, datalogger and small pump were powered by 12 V batteries. The vacuum pump 118 
and the fans are powered using a small portable A/C generator. 119 

An infrared thermometer (model IRTS-P, Apogee, UT, USA) is mounted on the centre of the 120 
chamber top, facing downwards, to measure the temperature of the canopy. The sensor has a 121 
52◦ field of view, and can be aimed and adjusted in height for opti- mal foliage targeting. The 122 
air temperature and relative humidity were measured inside the chamber with a combined 123 
probe (model CS215, Campbell Scientific, Logan, UT, USA) placed near the top of the 124 
chamber into a radiation shield. Air temperature and rela- tive humidity were recorded every 125 
4 s in order to evaluate changes in vapour pressure deficit (VPD) in the confined atmosphere. 126 
Two complete chambers were built and arranged for simultaneous mea- surements in two 127 
trees. 128 



The chamber is normally kept with all the windows and top in the open position. Just before 129 
measuring, the windows and top are closed and fans are turned on. The CO2 and water 130 
vapour concen- trations, measured by the IRGA, change steadily after a short lag time. The 131 
rate of change of both gases with time is the apparent flux of assimilation and transpiration, 132 
respectively, of the tree. The gas fluxes are transformed to mass basis per surface and time 133 
unit, simultaneously, following Jarvis et al. (1971), and include the cor- rection for air 134 
temperature and atmospheric pressure inside the chamber (Reicosky et al., 1990). The 135 
method and calculation win- dow used for assessing CO2 exchange and transpiration rates 136 
are discussed later. After the measurement is completed, the chamber goes back to the open 137 
position, with the fans off until the following measurement. 138 

2.2. Chamber tests 139 

A series of experiments were carried out in the laboratories of the Instituto de Agricultura 140 
Sostenible (IAS) of Córdoba, Spain, to assess the potential measurement errors. Three tests 141 
were aimed to quantify some potential disturbances that the closed chamber could cast over 142 
the internal environment, namely: (a) gas leak- age; (b) gas adsorption by the chamber walls 143 
and elements and (c) alteration of internal radiation levels by walls and frames. In addition, 144 
two field tests were designed to assess the magnitude of some unwanted effects that the 145 
confined environment could carry over the physiology of the enclosed canopy, in particular: 146 
(a) effect over the foliage temperature and (b) effect over the transpiration rate and the 147 
canopy conductance. These field tests were conducted in an irrigated olive (Olea europaea L. 148 
‘Arbequino’) orchard planted in summer 1997 with a 3.5m×7m spacing, located in Córdoba, 149 
Spain (37.85◦ N, 4.8◦ W, altitude 110 m). Two trees in different water conditions (one from 150 
an irrigated control treatment labelled as CI and one – water stressed – from a regulated 151 
deficit irrigation treat- ment labelled as RDI) were chosen to test the chamber effect on 152 
physiology; two chambers, sharing the same IRGA, were mounted around these trees, 153 
allowing quasi-simultaneous operations. The Plant Leaf Area of the trees was measured using 154 
a Plant Canopy Analyser (model LAI2000, LI-COR, Lincoln, NE, USA). 155 

For all tests, the IRGA was operated in the range of ±1000 �mol mol−1 for CO2 and ±80 156 
mmol mol−1 for water vapour. A two-point calibration procedure was carried out in the 157 
labora- tory before measurements operations. A weather station, located less than 300m from 158 
the experimental plot provided additional meteorological data. 159 

A chamber operating as a closed system has to ensure that the envelope is tightly sealed, as 160 
leakages would alter the rate of change of the sampled gases inside the chamber. The leakage 161 
test for CO2 was performed by injecting an amount of CO2 into the empty cham- ber. The 162 
decline in [CO2 ] was then measured for 24 min. The leakage error was deduced from the 163 
differential equation: 164 

 165 

where � is the leakage coefficient (m3 s−1, specific of a given cham- ber), Ci and Ca the 166 
CO2 concentrations inside and outside the chamber, respectively (�molCO2 mol−1), V the 167 
chamber volume (m3), and F is the assimilation (F<0) or respiration (F>0) flux (�mol CO2 168 
mol−1 m3 s−1 ). Thus, considering F = 0 (empty chamber) and integrating time t1 to t2 (s), 169 
the leakage coefficient (m3 s−1) is: 170 



 171 

Combining F and � from the differential equation: 172 

 173 

where the first term on the right of Eq. (3) represents the error and the second term the apparent 174 
flux (F′). Hence, for an interval time �t and if Ci1 ≈ Ca , the relative error (ε) will be: 175 

 176 

The relative error is thus not dependent on the concentration gradient, but only on the duration 177 
of the closure period. We assume that under field conditions (with non-zero wind outside and 178 
the fans on) the leakage is mainly an airflow rather than a diffusive process, thus the relative 179 
error is assumed to be equally valid for water vapour. 180 

The relative error is thus not dependent on the concentration gradient, but only on the duration 181 
of the closure period. We assume that under field conditions (with non-zero wind outside and 182 
the fans on) the leakage is mainly an airflow rather than a diffusive process, thus the relative 183 
error is assumed to be equally valid for water vapour. 184 

2.2.2. H2O adsorption and radiation transmissivity tests 185 

The potential error due to H2O adsorption on the chamber walls and in the sampling tubing was 186 
evaluated by injecting a known mass of water vapour generated with a conventional humidifier 187 
machine into the closed chamber, then measuring the water vapour concentration after one 188 
minute. The test was repeated 12 times, injecting different amounts of water vapour. As the 189 
leakage flow was already known from the leakage test, the adsorbed mass was estimated as 190 
difference between the measured mass flow and the leakage flow. 191 

Concurrent measurements of solar radiation inside and outside the chamber were performed 192 
to determine the attenuation of the solar radiation with the change in sun angle. Eight 193 
measurements were taken at different hours on a clear-sky day, using with a red/far red sensor 194 
(model SKR-110, Skye Instruments, UK), sensible to the wavelengths of 660 and 730 nm. The 195 
average value for the atten- uation of the solar radiation by the Llumar® film resulted in 9.9% 196 
and 14.6% in the wavelengths 660 and 730 nm, respectively. The transmissivity of the chamber 197 
to the total photosinthetically active radiation (PAR) measured by a quantum meter (model 198 
QMSW-SS, Apogee Instrument Inc., Logan, UT, USA) resulted 90% in average during a clear-sky 199 
day. 200 

2.2.3. Canopy and air temperature increase 201 

Perhaps the main difficulty associated with transient closed chambers is that they are expected 202 
to increase quickly the canopy and internal air temperature by reducing convection and 203 
decreas- ing the long-wave radiation loss: consequently the foliage gas exchange may depart 204 



from natural conditions. The infrared ther- mometer installed permanently on the chamber top 205 
permitted to monitor closely the canopy temperature, while the temperature and VPD of the 206 
stirred air inside the chamber was measured by the combined air temperature and humidity 207 
probe. Due to the effect of transpirational cooling, the temperature of the enclosed canopy 208 
varies also with the transpiration rate. For this reason, the data were collected quasi-209 
simultaneously in both water stressed and unstressed trees. Data of air and canopy 210 
temperature increase for 175 standard chamber operations in the field (closing, measur- ing 211 
during about three minutes and unclosing) were collected in different environmental 212 
conditions, from July to October 2007. 213 

2.2.4. Comparison with heat pulse sap flow 214 

This test was aimed to find out if the enclosure of the canopy into the chamber would have a 215 
significant effect on the tree transpira- tion rate, due to the general alteration of the canopy 216 
environment. The sap flow velocity was measured using heat pulse gauges inserted in the trunk 217 
of an olive tree where the chamber had previ- ously been mounted. The heat pulse velocity 218 
measurements were taken at 3-min intervals, from 09:30 to 12:30h on 5 July 2007, obtaining a 219 
quasi-continuous trace of sap velocity; at the same time the chamber was operated (closed) in 220 
periods of different duration (from about 252 to 464 s). The sap flow sensors were designed in 221 
the IAS laboratory. Each sensor consisted of three stainless steel needles of 2-mm diameter: a 222 
4.8 W heater and two temperature probes. The temperature probes were inserted into the trunk 223 
at a distance of 10- and 5-mm down- and up-stream from the heater, respectively. Each 224 
temperature probe contained 4 Type E (chromel-constantan) thermocouple junctions, spaced 225 
10mm along the needle, which were sampled independently to obtain heat pulse velocities at 4 226 
depths. Further details on the sap flow system may be found in Testi and Villalobos (2009). 227 

2.3. Duration of the calculation window and gradient effect 228 

Before the exchange flux of a gas can be reflected by the rate of change of its concentration in 229 
the confined atmosphere, there is always a lag time (the time for the gas to reach the sensing 230 
chamber of the IRGA through the sampling tubing) and a stirring time (the time needed for the 231 
fans to break the leaves boundary layer and mix the confined atmosphere effectively). The 232 
combination of lag and stirring time was evaluated by injecting a pulse of CO2 inside the empty 233 
chamber, and then monitoring the CO2 concentration until a stable rate of change (only 234 
depending on leakage) was reached. This point was considered the beginning of the calculation 235 
window (the period of time which measurements are then actually used to calculate the flux). 236 

In principle, transient-state chambers induce modifications in the internal environment right 237 
after closing. Apart from the possi- ble thermal and aerodynamic effects over the canopy, the 238 
variation itself in the concentration of the gases inside the chamber reduces the gradient 239 
between the leaves and the sampled atmosphere: the effect is that the process under study 240 
(either transpiration or photo- synthesis/respiration) is deviated from the undisturbed rate. Even 241 
keeping every other factor unchanged, the rate of change of the gas concentration vs. time is 242 
unlinear, because of gradient variation. Ideally, the undisturbed rate of gas exchange is the 243 
initial slope of this unlinear relation. 244 



The concentration regression (CR) method calculates the changes of gas concentration (CO2 or 245 
water vapour) as the slope of the least squares regression line relating gas concentration to 246 
time (Meyer et al., 1987), thus ignores the nonlinearity. On the con- trary, the quadratic 247 
regression (QR) model proposed by Wagner et al. (1997) adds a second-order term (observer 248 
effect), and was used to account for the influence of the physical disturbances that result in 249 
nonlinear gas concentration change inside of closed systems. The quadratic model used was: 250 

 251 

[CO2 or water vapor] = linear process + observer effect 252 

   = a + bt + ct2                                   [5] 253 

The change of CO2 and water vapour concentration vs. time will be: 254 

[CO2 or water vapor] / dt = b + 2ct                        [6] 255 

where b and c are the regression coefficients of the quadratic func- tion. Then, for time zero, the 256 
slope (which is the exchange rate unaffected by chamber closure) is simply equal to b. The 257 
quadratic regression deals with the error of gradient reduction, but at the price of ascribing a 258 
paramount importance to the determination of the time zero, because only the slope in this 259 
point is the sought gas exchange rate. 260 

The optimal duration of the calculation window was obtained empirically, by testing the 261 
stability in the rate of change of the sam- pled gas concentration with time. The test consisted 262 
in comparing the CR method with the QR method for 175 field measure- ments obtained in 2006 263 
and 2007 in olive trees in different water status. 264 

2.4. Canopy conductance approach 265 

A simplified approach for calculating canopy conductance (Gc ) in a well-ventilated canopy 266 
chamber is the inversion of the “imposed evaporation” Penman-Monteith Equation (e.g. 267 
Villalobos et al., 2000; Orgaz et al., 2007). Thus, canopy conductance Gc (m s−1 ) is: 268 

 269 

where � is the psychometric constant (kPaK−1), Cp the specific heat capacity of air at constant 270 
pressure (kJkg−1 K−1), � the air density (kg m−3 ), VPD the vapour pressure deficit (kPa), � is the 271 
specific heat of vapourisation (MJ kg−1 ) and E is the transpiration rate (kg m−2 s−1 ). 272 

Changes in Gc may be evaluated continuously during the mea- surement combining Eqs. (6) 273 
and (7) with the rate of change of water vapour concentration and VPD vs. time: 274 

 275 

where b and c were already defined. 276 



3. Results 277 

3.1. Leakage and adsorption tests 278 

The amount of CO2 injected into the chamber produced an increase of 90 �mol CO2 mol−1 . 279 
The decline in [CO2 ] was then mea- sured for 24 min with the IRGA (Fig. 2). The concentration 280 
trace was divided into intervals of 2 min and leakage coefficients were cal- culated for each 281 
interval using Eq. (2). The mean leak coefficient calculated for all intervals resulted 0.011 m3 282 
s−1 (Fig. 2). The aver- age relative error (ε) due to leakage in the calculation of fluxes (Eq. (4)) 283 
was 0.8% min−1 . 284 

The amount of water vapour injected with a humidifier var- ied from 13.8 to 91.1 g. Those water 285 
vapour injections increased the [H2O] of the chamber from 0.45 to 3.04mmolH2Omol−1. The 286 
IRGA measured very accurately the amounts of water vapour added to the chamber (Fig. 3); no 287 
significant deviation from the 1:1 line possibly due to adsorption was observed, in the explored 288 
range. 289 

3.2. Effect on canopy and air temperature 290 

Fig. 4 represents the rate of change, during the closure operation, of the enclosed canopy 291 
temperature (Fig. 4a) and air temperature inside the chamber (Fig. 4b) vs. the free air 292 
temperature regis- tered at the weather station nearby. The most significant increases in 293 
canopy temperature were appreciated in trees under water stress (RDI treatment) during the 294 
hot season. The maximum canopy temperature increases resulted 0.58 ◦ C min−1 in the well-295 
irrigated control (5 July 2007, 09:00 h) and 1.3 ◦ C min−1 in the RDI (6 Septem- ber 2007, 13:00 296 
h). The higher increments were observed during the hot season with high VPD in the afternoon 297 
(Fig. 4a). On the contrary, the internal air temperature rate of increase seems independent from 298 
the tree water status (Fig. 4b); also, the free air temperature affects weakly the rate of increase 299 
of the air inside the chamber. In general, the air inside the closed chamber heats up slowly: the 300 
average air temperature increases were 0.22 and 0.14 ◦ C min−1 for CI and RDI, respectively. 301 
The maximum values were found close to 0.7 ◦ C min−1 , for both treatments, recorded on 2 302 
August. 303 

3.3. Effect on transpiration rate 304 

The velocity of the sap through the xylem vessels is proportional to the transpiration flux, if the 305 
trunk diameter and capacitance do not change; thus, in the short term, variations in the sap 306 
velocity are assumed to be proportional to variations in the transpiration rate. Fig. 5a shows sap 307 
velocity data from 09:30 to 12:30 h at 30-min intervals; the vertical strips indicate the periods 308 
when the cham- ber was closed. Apparently, the sap flow velocity is slightly reduced during and 309 
immediately after the closing. The velocity is then nor- mally recovered few minutes after the 310 
chamber re-opening. Fig. 5b shows the relative decrease in sap flow velocity vs. duration of the 311 
closure. The maximum relative decrease in transpiration rate (15%) occurred for the longest 312 
closure time (400 s). For a normal measurement period of 180 s the maximum decrease was 313 
8%. 314 

Fig. 6 details the changes occurring in vapour pressure deficit (VPD), water vapour 315 
concentration and canopy conductance for the longest duration of chamber closure shown in 316 



Fig. 5a (400 s, at 11:04 h). The canopy conductance (Eq. (8)) decreases from 2.1 to 1.7 mm s−1 317 
(19%), but mainly in the late part of this long clo- sure period: in the first 200 s of chamber 318 
closure Gc is practically constant. 319 

During closure, a decrease 1.2 kPa in VPD occurs, as a conse- quence of the increase of water 320 
vapour concentration from 20.2 to 38.2 mmol mol−1 . Although not noticeably, the plot of water 321 
vapour concentration is unlinear, due to the effect of gradient reduction. The error in the 322 
calculation of the water vapour flux induced by the use of a linear regression instead than a QR 323 
exceeds 20%, over this long measurement. 324 

 325 

3.4. Adjusted measurement window and minimization of the gradient effect 326 

The lag and mixing time measured were always found in the range between 20 and 40 s after 327 
closure; the beginning of the calculation window was assumed 30 s in average. The optimal 328 
duration of the measurement windows was adjusted to 70 s: with that sam- pling duration, the 329 
underestimation of the gas exchange fluxes calculated with the linear regression with respect 330 
to the quadratic method on the 175 field measurement was minimal (3.7% for CO2 and 5.6% for 331 
water vapour), ensuring that the nonlinearity in the gas concentration data with time had the 332 
less possible impact on the calculation of fluxes. 333 

3.5. An example of canopy gas exchange measurements 334 

Fig. 7 shows the daily time course of assimilation (A, Fig. 7a), transpiration (E, Fig. 7b), and 335 
canopy conductance (Gc, Fig. 7c) for two trees on 6 September 2007 when the difference in 336 
water status between the control irrigation (CI) and regulated deficit irriga- tion (RDI) treatments 337 
was maximum. The Plant Leaf Area of the trees resulted: 20.19 m2 for CI and 26.87 m2 for RDI. 338 
The total CO2 net uptakes during the measurement period (from 06:30 to 17:30 h solar time) 339 
were very different: 21.68 and 9.86 g CO2 m−2 for CI and RDI trees, respectively. The peak 340 
assimilation rate occurred in the morning, with 2.56 g CO2 m−2 h−1 (CI, at 11:00 h) and 1.33 g 341 
CO2 m−2 h−1 (RDI, at 08:30 h), then it decreased during the afternoon. Transpiration showed a 342 
different diurnal pattern: in the CI it reached its maximum value (0.3 L m2 ) at 13:00 h, remain- 343 
ing high until late afternoon; on the contrary, in the stressed tree E was relatively flat, reaching 344 
the maximum value in the morning at 10:45 h. The total water transpirated by the CI tree during 345 
the day was 2.34 L m−2 , whereas the stressed RDI tree only lost 0.77 L m−2 of water over the 346 
same time. 347 

The diurnal course of canopy conductance in Fig. 7c was calcu- lated from Eq. (7) (where t (s) is 348 
taken equal to the beginning of the calculation window), using the same gas exchange 349 
measurements shown in Fig. 7a and b. Right after sunrise, the Gc in the well- irrigated tree 350 
increases steeply with global radiation; the water stressed tree showed the same behaviour, 351 
but to a much lesser extent. The time of maximum Gc is reached in the RDI treatment first (1.9 352 
mm s−1 at 07:10 h) than in the well-irrigated CI (5 mm s−1 at 08:00 h). After reached the peak, 353 
Gc followed a light decreasing during the daytime period in both trees. 354 

Measuring CO2 and water vapour exchange at the same time allows the measurement of the 355 
instantaneous water use efficiency (WUE), i.e. the ratio of assimilated CO2 per unit transpired 356 



water.  The water use efficiency of the gas exchange measurements of 6 September 2007 is 357 
presented in Fig. 8, plotted vs. VPD. For both trees WUE show an inverse relation with VPD, with 358 
a curvilinear pattern. The highest plotted values of WUE are early-morning values, with low VPD. 359 
The WUE was higher in the water stressed tree (RDI) than in the control (CI) for all the duration 360 
of the day; the daily values of WUE were 9.25 and 12.74 g CO2 L−1 of transpired water for the CI 361 
and RDI trees respectively. 362 

4. Discussion 363 

The large volume of the chamber determines that the relative error associated to CO2 leakage 364 
flux (0.8% min−1 ) is very small, in particular considering the short time required to obtaining a 365 
measurement. The leakage coefficients (Fig. 2) calculated for each period into which the 366 
experiment was divided show an evident variability (Fig. 2), which is probably a consequence of 367 
the pres- sure waves induced by wind gusts around the chamber walls (the experiment was 368 
conducted in open air, under field conditions). The leakage error is lower than those reported in 369 
the literature for transient-state closed chambers. Held et al. (1990) calculated a leak flow error 370 
of 4% min−1 injecting CO2 into the chamber, from an initial concentration gradient between the 371 
chamber and the ambient air of 50 �mol mol−1 . Grau (1995), with an open-bottom chamber 372 
inserted on a bed of sterilised sand, evaluated an under- estimation error due to leakage of 5% 373 
in a standard measure with a small (62.5 L) chamber. Steduto et al. (2002) determined a max- 374 
imum relative error of 4% min−1 for both CO2 and water vapour, under different gradients of 375 
gas concentrations. 376 

The linear relationship (Fig. 3) between the water vapour amounts injected into the chamber 377 
and the ones detected by the IRGA indicated that the chamber is capable to measure correctly 378 
the changes in water vapour concentration. The slope and inter- cept of the regression line are 379 
not significant, indicating that errors of water vapour absorption on the chambers walls and in 380 
the tub- ing are either absent or too small to be detectable. This result is not surprising, as 381 
adsorption is expected to be a function of the surface area per unit volume, thus must be low in 382 
large chambers. 383 

The attenuation of the global radiation measured under clear- sky conditions (9.9–14.6%) is 384 
similar to those found in literature (Reicosky et al., 1983; Held et al., 1990; Pickering et al., 385 
1993; Steduto et al., 2002; Dragoni et al., 2005). Pickering et al. (1993) reported that corrections 386 
to transpiration rates appear to be unnec- essary for radiation attenuation of 10%. 387 
Nevertheless, according to Held et al. (1990), a simple correction in net CO2 assimilation may 388 
be applied to the calculated fluxes, once it is known the light response curve of the assimilation 389 
in the canopy under study. The transmittance of the film in the measured wavelengths 390 
exceeded manufacturer’s rate (87% for the whole visible spectrum). 391 

The maximum recorded increase in canopy temperature dur- ing closure (1.3◦Cmin−1, Fig. 4) is 392 
significantly lower than those (2–4◦Cmin−1) reported in the literature with closed chambers 393 
(McPherson et al., 1983; Reicosky, 1990a, 1990b; Wagner and Reicosky, 1992; Grau, 1995; 394 
Steduto et al., 2002). The large vol- ume of the chamber and the low rate of air temperature 395 
increase (maximum value of 0.7 ◦ C min−1 ) maintains the effectiveness of the convective 396 
cooling for a long time, and the good long-wave trans- missivity of the polyester sheet allows an 397 
efficient radiative energy loss. 398 



It is not easy to predict a priori the effect of a ventilated chamber over the gas exchange rate of 399 
an enclosed plant. The changes in the concentration of atmosphere gases may have complex 400 
effects on many physiological processes (Bazot et al., 2008). Although many disturbances 401 
generated by the confined atmosphere act toward a rate decrease with respect to the 402 
undisturbed plant in open air, for example the reduction in the leaf-atmosphere gradient or in 403 
the radiation available (Nicolás et al., 2008), some other perturbations may have the opposite 404 
result. For example, in calm conditions, the artificial ventilation may well reduce the boundary 405 
layer thickness of the leaves inside the chamber compared with those outside, thus actually 406 
enhancing the gas exchange rate. The results of the sap velocity experiment proved that this 407 
hypothesis is not true for this chamber: the effect of long exposition to the enclosed 408 
environment always reduced the transpiration rate measured independently, and the reduction 409 
seems directly proportional to the closure dura- tion (Fig. 5a and b). Consequently, the 410 
chamber should be closed during the shortest time possible to avoid underestimation of water 411 
vapour, and – presumably – CO2 fluxes. 412 

Canopy conductance (Gc) of olive trees resulted affected by chamber closure to a very small 413 
degree, and only after a closure duration that exceeds by a considerable margin every measure- 414 
ment requirement (Fig. 6). Therefore, the transpiration responded mainly to changes in the 415 
humidity gradient. Unfortunately, we had no independent measurement of CO2 assimilation 416 
(as we had of transpiration) to explicitly prove that the overall change in the rate of CO2 flux due 417 
to canopy enclosing is irrelevant. Nevertheless, the relative changes in the leaf/chamber CO2 418 
gradient occurring during a measurement are by far smaller than the ones in water vapour 419 
concentration, thus, as Gc is almost constant, the changes in assim- ilation (or respiration) 420 
rates induced by the chamber must be very small. 421 

The optimal duration of the calculation window should be at the same time: (a) long enough to 422 
allow an adequate absolute gas con- centration increase that minimise the error in the flux 423 
calculation; and (b) short enough to induce the lesser possible nonlinearity in the gas 424 
concentration vs. time. The nonlinearity in the gas concen- tration vs. time within a single 425 
closure operation can be taken as a measure of the disturbance inflicted to the system. In a 426 
given cham- ber, this nonlinearity depends not only on the closure time, but also on the actual 427 
gas exchange rate of the canopy under study. The analysis conducted comparing quadratic and 428 
linear regression fits under very different conditions suggest that nonlinearity is almost 429 
unavoidable at high gas exchange rate, but still it is extremely small with 180 s closing time. We 430 
established that 100 s (30 s of lag and stirring time plus 70 s of calculation window) is an 431 
optimal closure time for the chamber presented here. 432 

The relationship between hourly WUE and VPD in a well- irrigated olive, presented in Fig. 8 is 433 
very similar to those measured by Moriana et al. (2002) with a leaf cuvette and by Testi et al. 434 
(2008) with eddy covariance measurements. The WUE in the RDI tree was higher than the one of 435 
CI: stomatal closure (Fig. 7c) under stress is a behaviour aimed to reduce the cost of carbon in 436 
terms of water used. 437 

5. Conclusions 438 

(1) This work demonstrated that it is possible to measure the CO2 and water vapour exchange 439 
rates of whole canopies up to 20–30 m3 by a large closed chamber of the transient-state type. 440 



(2) The large chamber volume reduced the impact of the main sources of error in calculating the 441 
gas exchange flux in this type of chambers, namely: leakage, adsorption, canopy, air heating, 442 
and leaf/air gradient reduction. 443 

(3) Field tests showed that this chamber imposes minimum dis- turbance on the canopy 444 
environment, and that no appreciable alteration in canopy conductance is generated during 445 
standard measurements. 446 

(4) The minimum time required before the measurements of gas concentration can be used to 447 
calculate the gas exchange rate has been estimated in 30 s (lag and mixing time). The optimal 448 
duration for a measurement period with minimum disturbance on the canopy was estimated in 449 
70 s. 450 

(5) The concurrent sap flow measurements allowed to quantify the effect of the chamber 451 
closure on the transpiration rate. Enclos- ing the canopy reduced slightly the sap velocity, 452 
proportionally to the closing duration. Under normal measurement condition, with closure 453 
durations between 100 and 180 s, the transpira- tion at the time of re-opening should be 454 
reduced by less than 5%. It should be emphasised that this underestimation is only a potential 455 
disturbance; it will not affect the gas exchange mea- surements when the calculations are 456 
made with the quadratic method (where the rate is taken from the slope at the beginning of the 457 
calculation window). 458 

(6) The field measurements on trees in different water conditions yielded results that are in 459 
accordance with the literature. 460 

(7) The minimal effects that the chamber generated over the physiological processes of the 461 
enclosed tree indicate that this chamber design is suitable for accurate measures of gas 462 
exchange at tree level in almost all the cultivated fruit trees. 463 
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List of figures 545 

 546 

Fig. 1. Schematic drawing of the chamber, showing the opening windows and other 547 
components. The arrows indicate the air flow through the sampling circuit, and its return to 548 
the chamber. 549 

  550 



 551 

 552 

Fig. 2. Leakage test: the decline in the internal CO2 concentration after a CO2 injection (solid 553 
line). The squares show the leak coefficients calculated for 2-min intervals. The test yielded a 554 
relative error of 0.8% min−1. 555 

 556 
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 558 

Fig. 3. Adsorption test and response to a known amount of water vapour, manually injected. 559 
The equation of the regression line was: y = 1.0295x + 0.5556 (R2 = 0.99, N = 12). 560 
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 562 

 563 

Fig. 4. Increases in canopy temperature (a) and air temperature (b), expressed in °C increase 564 
per minute since chamber closure, both plotted vs. air temperature outside the chamber. 565 
Measurements taken during 2007 in olive. Black circles: well-irrigated (CI) treatment; white 566 
circles: water stressed (RDI) treatment. 567 
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 569 

 570 

Fig. 5. (a) Sap velocity measured with compensated heat pulse sap flow probes in an olive 571 
tree during chamber closure and re-opening. The vertical dashed lines delimit the closure 572 
periods of different durations (from 252 s (at 09:30 h) to 464 s (at 11:00 h)). (b) Relation 573 
between time from closure and reduction in sap velocity. The equation of the regression line 574 
is: y = 0.0388x − 0.62 (R2 = 0.94, N = 7). 575 
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 578 

 579 

Fig. 6. Changes recorded in some chamber environment variables during the closure 580 
operation at 11:00 h shown in Fig. 5: vapour pressure deficit (VPD – dashed line), water 581 
vapour concentration ([H2O] – solid line) and canopy conductance (Gc – dotted line). 582 
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 585 

 586 

Fig. 7. Diurnal courses of (a) canopy net assimilation; (b) transpiration; and (c) canopy 587 
conductance in olive trees under different water status, all measured with the gas exchange 588 
chamber on 6 September 2007. Black circles: well irrigated (CI treatment); white circles: 589 
water stressed (RDI treatment). The global radiation is also shown (dashed line). Fluxes 590 
were determined using a calculation window of 70 s. 591 
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 594 

Fig. 8. Relationship between water use efficiency (WUE; g CO2 L−1 H2O) and the vapour 595 
pressure deficit (VPD; kPa) of olive trees under different water status. Measurements taken 596 
on 6 September 2007. Black circles: well-irrigated control (CI); white circles: water stressed 597 
(RDI treatment). 598 
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