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Abstract 

Diurnal leaf and canopy gas exchanges of well-watered field grown cotton were 
measured. Our objective was to scale leaf-level values of transpiration and net assi-
milation to the whole canopy level using estimates of canopy leaf area. Single leaf gas 
exchange measurements were made with two portable photosynthesis systems and 
canopy measurements with four open Canopy Evapo-Transpiration and Assimila-
tion (CETA) chamber systems. Canopy leaf area was measured at the end of the ex-
periment and estimated during gas exchange by fitting values to a growth curve. Leaf 
level measurements were arithmetically scaled to estimate canopy level gas exchange 
based on canopy leaf area and then compared to the measured values. Scaled values 
of single leaf transpiration were very similar to canopy transpiration measurements, 
although both whole canopy transpiration and assimilation were overestimated 
around mid-day. We conclude that canopy cotton transpiration of well-watered field 
grown plants could be estimated within 5% throughout the day by scaling leaf level 
measurements to the whole canopy using measured canopy leaf area. Estimating ca-
nopy assimilation from leaf level measurements remains problematic. 
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1. Introduction 

Crop production is restricted to a range of suitable environmental conditions in which 
the plants are able to function. It follows that there exists a set of environmental condi-
tions within which a crop functions optimally, resulting in maximal potential harvesta-
ble yield. Deviations from optimal conditions lead to reduced crop yields. Since crop 
yield is the product of plant function, agronomic “plant stress” can be defined as a re-
duction in realized yield resulting from sub-optimal whole plant physiological, meta-
bolic, or developmental processes. So, managing agronomic system inputs such as irri-
gation water to maximize crop yield is an exercise in managing plant stress. 

Crop water availability is one of the few environmental variables feasibly controlled 
at daily or hourly time steps at agronomic or horticultural production scales, with the 
notable exception of nutrient supplementation by fertigation [1]-[3]. Advances in irri-
gation technology associated with subsurface drip irrigation (SDI) allow for increasing-
ly fine control of both the timing and amount of irrigation water applied to field crops, 
especially as compared to furrow and center pivot irrigation schemes, assuming ade-
quate water availability to meet crop demand. The ability to more precisely control wa-
ter delivery at shorter time scales has, in part, given impetus to development of plant 
based irrigation management [4]. Plant based irrigation scheduling seeks to determine 
the strain within the production system resulting from organismal water deficits, rather 
than the environmental conditions surrounding the crop; henceforth “Plant Stress” will 
continue to be used herein because it is a commonly used term. But it should be borne 
in mind that “Biological Strain” more accurately describes organismal responses and 
physiological dysfunction in response to sub-optimal environmental conditions and to 
specific stressors [5].  

While physiologically based plant stress sensing schemes incorporate well recognized 
mechanistic principles for near real time assessment of water deficits, attempts to 
schedule irrigation by directly measuring physiological or metabolic processes directly 
related to crop performance such as net assimilation, transpiration rates, or stomatal 
resistance to carbon assimilation remain uncommon. Instead, an attempt to schedule 
irrigation by monitoring plant performance usually involves detection of surrogates for 
actual plant stress ([4] [6] [7] and references therein). For example, some recently de-
veloped plant based irrigation scheduling approaches are based on sensing crop canopy 
temperatures exclusively [8]. These approaches assume that an optimum leaf tempera-
ture is maintained through mechanistically occult processes resulting in “limited ho-
meothermy” (Mahan and [9] [10]). Variations in these approaches include measuring 
canopy temperatures in conjunction with the measurement of other environmental va-
riables such as air temperature, dewpoint, wind speed, and solar radiation load [11] 
[12] or by comparing canopy temperatures of deficit irrigated plants to that of well ir-
rigated plants [13]-[16]. Regardless of the approach used, all plant based irrigation- 
scheduling methods require that both the crop and environmental parameters meas-
ured be related to plant stress as a deviation from crop performance and perhaps op-
timal environmental conditions. 
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The rationale for assessing canopy temperatures is based upon the assumption that 
one of the first symptoms of drought stress is stomatal closure resulting in stomatal li-
mitation to carbon assimilation [17]-[20]. While such approaches have been around for 
some time (e.g., [13], and references therein), most irrigation scheduling techniques 
used today are based on the calculated irrigation requirement to replace the water used 
by evapotranspiration. Such estimates of crop water use are based on free water evapo-
ration or on potential evapotranspiration of standards, such as turfgrass, or alfalfa, ad-
justed by a crop specific or even by a cultivar specific crop coefficient. Determination of 
crop coefficients is an empirical experimental exercise that cannot account for plant ac-
climation to unique environmental conditions during development. Crop coefficients 
assume a “normally” developing crop and do not take the effects of plant stressors 
common to semi-arid and arid environments such as drought and high temperature 
into consideration (e.g., [21]-[24]). 

For such reasons the measurement of CO2 and H2O fluxes of crop plants that have 
been allowed to develop under agronomically relevant conditions is essential to under-
stand the impacts of environmental variables on crop productivity, and for refining ex-
isting or developing new irrigation strategies. Such measurements are complicated by 
temporal variation of environmental conditions and of plant physiological processes. 
Environmental conditions vary diurnally and can exhibit considerable additional varia-
bility on the order of minutes from scattered cloud cover for example. Plant water sta-
tus changes over the course of a day which results in differences in stomatal limitation 
to assimilation, especially when comparing afternoon to morning photosynthetic rates 
even at identical light levels (e.g., [14] [25]). Measuring at the field scale with sufficient 
temporal resolution to relate both crop canopy CO2 and H2O exchange with that of 
such a changing environment, is currently done using eddy covariance or Bowen ratio 
techniques, which suffer from drawbacks including fetch requirements that effectively 
limit use to large plots [26]. To develop new irrigation control algorithms, comparison 
of several small closely spaced plots reduces soil variability between plots and increases 
the number of plots, both in water treatments and replicates, needed for a given land 
area (a similar case can be made for comparing species, cultivars or cropping systems). 
Continuous measurement of canopy level transpiration on smaller plots can be done 
using electronic soil water measuring techniques or heat pulse sap flow gauges, but 
these suffer from drawbacks as well. The standard device for evapotranspiration mea-
surement for crop coefficient development is the lysimeter, a costly and permanent 
structure [24]. Finally, both electronic and gravimetric techniques based soil water 
measurement approaches do not determine net carbon assimilation (Anet) rates. 

As discussed (above) the ability to make whole canopy estimates of gas exchange by 
scaling up from leaf level measurements would be extremely useful in estimating cano-
py conductance and crop coefficients, inferring water use at a the landscape scale, and 
inferring whole plant stress as a reduction in photosynthesis without resorting to re-
source intensive and costly approaches. Earlier, we reported relating plant stress as re-
duced leaf level Anet to canopy temperature depression [14]. Whether and how whole 
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plant Anet and transpiration could be related to leaf level processes and whole plant 
stress remained an open question. To help answer this and other questions a device to 
directly measure crop canopy gas exchange was developed [15] [22]. The objectives of 
the current work were to determine whether leaf level gas exchange measurements 
could be scaled to estimate canopy level gas exchange rates in a field setting. 

2. Materials and Methods 

On DOY (Day of Year) 182 at the USDA-ARS Cropping Systems Research Laboratory 
in Lubbock, TX (33˚35'38.0''N, -101˚54'10.5''W) Cotton (Gossypium hirsutum L. var. 
hirsutum, cvar. FM 9058, Fibermax®, Bayer Crop Science2) seeds were obtained from a 
local retailer, planted at a depth of 2.5 cm into North-South oriented rows on raised 
beds spaced at one meter at a rate of 12 kg∙ha−1. The cultivar is a glyphosate resistant, 
compact, erect, early maturing variety with normal leaf-type and an intermediate 
growth and foliage habit. Immediately after planting the field was furrow irrigated with 
50 mm of water to insure even germination and emergence. The resulting average plant 
population was 15 plants/row meter (150,000 plants∙ha−1). The soil at the location is an 
Amarillo fine sandy loam (fine-loamy, mixed, superactive, thermic Aridic Paleustalfs). 
Environmental conditions were recorded by a weather station located 300 m west of the 
plots (http://www.lbk.ars.usda.gov/WEWC/weather-pswc-data.aspx). 

Individual leaf and whole canopy gas exchange was measured shortly after anthesis 
on DOY 231. Canopy gas exchange was measure with four CETA chambers described 
in detail by Baker et al. [15]. Two portable photosynthesis systems (Model LI-6400, Li-
Cor Inc., Lincoln NE, USA) were used to measure leaf level gas exchange. To minimize 
potential differences in soil moisture arising from differences in water applied during 
furrow irrigation or through differences in water delivered between SDI tubes (laterals), 
CETA gas exchange measurements were taken from a single row along 75 m of the 
field. One week before beginning measurements, 38 mm of water was delivered to the 
cotton through a subsurface drip irrigation system positioned 20 cm below and along 
the center of the raised beds through emitters spaced at 60 cm. An additional 50 mm of 
water was delivered to the field by subsurface drip over the evenings of DOY 228 and 
229 before the gas exchange measurements reported herein began on DOY 231. 

With very few exceptions such as the addition of cooling fans to equipment housing, 
no improvements or modifications were made to the CETA design described earlier so 
that our data could be more easily compared to that originally reported [15]. A simpli-
fied diagram of a CETA cuvette, sans supporting instrumentation, is shown in Figure 
1. Briefly, each cuvette consisted of an aluminum framework covered with transparent 
polycarbonate film defining a working interior 1 m × 0.75 m × 1 m (L × W × h) right 
rectangular prismatic volume. A programmable data logger (not shown) controlled fan 
speed and airflow rate to control daytime chamber air temperature to within 0.5˚C of 
ambient air temperature using a feedback control algorithm. Differentials between in- 

 

 

2Mention of this or other proprietary products is for the convenience of the readers only, and does not con-
stitute endorsement or preferential treatment of these products by USDA-ARS. 
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Figure 1. CETA cuvette diagram, adapted from Baker et al. [15]. (A) Opening allowing entry of 
air into antechamber; (B) Antechamber to reduce effect of wind on airflow through cuvette and 
undesired mixing of cuvette air with ambient air; (C) Plastic sheet with 2.5 cm perforation densi-
ty varying logarithmically with height; (D) Collector; (E) Ducting to variable speed fan. 
 
coming atmospheric and outgoing cuvette H2O and CO2 concentrations and airflow 
through the system were used to calculate canopy transpiration (E) and net assimilation 
(Anet) at 10 s intervals. Intercepted radiation was tracked by comparing ambient photo-
synthetically active radiation (PAR) to that received by a four 1 m linear PAR sensor 
placed on the soil surface perpendicular to row orientation and about 1.5 m to the 
South of each chamber. Intercepted radiation was estimated as the difference between 
total downwelling PAR measured by a single unobstructed nearby point quantum sen-
sor and the PAR measured by each linear quantum sensors near each CETA chamber. 

CETA chambers were deployed along a single row above a single SDI lateral that was 
located to within 5 cm of the centerline of the row as seen in Figure 2. Uniform regions 
of cotton plants were identified along the study zone in which to place the cuvettes 
(Figure 2(A)). The cuvettes were placed upon heavy rectangular aluminum frames fa-
bricated from 7.5 × 7.5 × 0.5 cm aluminum angle made to accept the base of the CETA 
cuvettes (Figure 2(A) and Figure 2(B)). These rectangular frames were set into the 
ground, leveled, and the soil carefully filled in and packed tightly around each side of 
the frame (Figure 2(B)). Because we were interested only in the crop responses, and 
because soil gas exchange and respiration would add more variability to the data, the 
soil was isolated from the chamber atmosphere with a heavy black 0.15 mm (6 mil) 
PVC (polyvinylchloride) membrane (Figure 2(C)). The PVC sheeting was fastened to 
the frame with duct tape to cover the soil surface and prevent CO2 from soil and root 
respiration processes, and water vapor from soil water evaporation processes from 
confounding the results. The PVC membrane was carefully fitted around the base of 
each shoot, and non-toxic duct putty (Gardener Bender #DS-110, Milwaukee WI) was 
applied to the PVC sheeting and the base of each stem insure the joints between the 
stems and the PVC membrane were gas tight (Figure 2(D)). About 20 kg of tan natural 
sand (Play Sand, Quickrete Companies, Atlanta GA) was then poured onto the plastic 
membrane and leveled (Figure 2(E)) to provide ballast for the chamber, prevent the 
PVC membrane from ballooning under the slight negative pressure at high fan speeds, 
and to more closely approximate the albedo of the soil in the field (Figure 2(F)). The 
base of the CETA cuvettes were gasketed with 1 cm thick self adhesive closed cell neo-
prene foam weather-stripping and the chambers were then set upon the rectangular  
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Figure 2. (A) Placing CETA mounting frame in row; (B) Packing soil around frame; (C) Sealing 
PVC membrane to frame and around plants; (D) Sealing gaps around shoots with putty; (E) 
Leveling sand in membrane sealed frame; (F) Frame with sand ready to accept CETA cuvette; (G) 
CETA cuvette mounted on frame. Note external line PAR sensor in left foreground; (H) CETA 
cuvettes with associated instrumentation field; (I) A leaf level portable photosynthesis cuvette 
clamped onto a cotton leaf. Silver material is reflective insulation used to reduce heating from 
solar radiation. 
 
frames (Figure 2(G)), fastened in place with small C-clamps and the automated tem-
perature control and gas exchange measurement system started (Figure 2(H)). 

Before removing the chambers from the frames at the end of the experiment, the Pi-
tot tube airflow sensors were calibrated with a mechanical anemometer designed to 
measure flow through heating and air conditioning duct (Model EZ30 EzFlex Ther-
mo-Anemometer, Extech Instruments, Waltham MA, http://www.extech.com/). Data 
were post processed to calculate Anet and E as described elsewhere [15] [27]. 

In addition to quantifying the canopy gas exchange by CETA, leaf level gas exchange 
measurements were made simultaneously with two automated portable photosynthesis 
systems (Model LI-6400, LiCor Corp, Lincoln NE). The portable photosynthesis system 
cuvettes were fixed to the most recently fully expanded canopy leaves on two separate 
cotton plants (Figure 2(I)). Air was drawn in from 0.5 m above the canopy, through a 
20 L buffer volume and into the inlet of each instrument at a rate of 400 mL∙min−1. The 
portable photosynthesis systems maintained a block temperature of 28˚, 400 ml∙min−1 
flow, and light was delivered to the leaves by blue and red LEDs that tracked ambient 
PAR by a sensor remotely placed so that it would not be shaded by canopy leaves. Leaf 

http://www.extech.com/
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level measurements were averaged and logged at 30-s intervals onto a removable flash 
memory card. 

Leaf photosynthesis and transpiration values were scaled to canopy level by estimat-
ing leaf area under each CETA cuvette. Weekly throughout the growing season, cotton 
plants grown in the same field were sampled, taken to a laboratory, and leaf area de-
termined (LI-COR Biosciences, model LI-3100C, Lincoln NE). Leaf area per plant from 
DOY 209 through DOY 238 was fitted to a simple second-degree polynomial (Sigmap-
lot 11, Systat Software Inc., San Jose CA, http://www.systat.com). As each CETA cu-
vette was removed on DOY 236, all the plants were harvested, the total leaf area deter-
mined by passing each leaf through the leaf area meter, and the area under each cuvette 
on DOY 231 estimated using a regression equation derived from the weekly sampling 
throughout the season of plants grown within the CETA plot. 

3. Results 

The parameters measured by the CETA chambers exhibited little chamber-to-chamber 
variability. Greater variability was expected due to uncontrollable heterogeneity in soil 
physical properties and available soil water as we moved across the field and because 
the estimated leaf areas of the canopies within the cuvettes varied from 1.7 to 2.3 m−2. 
Transpiration as measured by the CETA system and as approximated by scaling leaf 
measurements exhibited remarkable agreement (Figure 3) though scaling tended to 
overestimate canopy transpiration especially during the morning hours. Chamber-to- 
chamber variation as standard error averaged about 9% during daylight hours, and 20% 
over the 24-h period. Increased variation at night was attributed to reduced differences 
between inlet and outlet water vapor concentrations. 
 

 
(A)                                             (B) 

Figure 3. Canopy transpiration of cotton plants along one meter of row as measured with CETA 
chambers (open symbols) and as estimated by scaling leaf level gas exchange data up to leaf area 
within chambers (closed symbols). (A) Diurnal canopy transpiration. Bars are standard error; (B) 
Comparison of measured to calculated, solid lines are regression, and 95% confidence interval 
(EEst = 1.19ECETA + 0.22, r2 = 0.94). Shaded line indicates 1:1. 

http://www.systat.com/


D. C. Gitz III et al. 
 

1959 

Attempts to estimate whole canopy net assimilation (Aest) by simply scaling leaf level 
responses by either whole canopy leaf area or by intercepted radiation were less suc-
cessful and either over- or under-estimated assimilation (Figure 4(A) and Figure 
4(B)), depending on whether scaling was based on absorbed photon flux or on a simple 
leaf area. Nevertheless, measured whole canopy assimilation exhibited a pattern similar 
to that of radiation absorbed by the canopy. The CETA exhibited considerably greater 
inter-chamber variation in respiration measurements especially during nighttime 
(Figure 4(A)). 

4. Discussion 

Attempting to estimate the whole canopy gas exchange responses by scaling up from 
leaf level responses, generally leads to overestimation because of failure to consider the 
radiation profile through a canopy [28]. That is, scaling up leaf level measurements by 
simply multiplying leaf-based measurements by whole canopy leaf area assumes that all 
leaves within the canopy receive equal ambient radiation. The results presented herein 
are consistent with this long held contention. An additional error associated with at-
tempting to estimate whole canopy gas exchange as measured by CETA might arise 
from the chamber design itself. The CETA cuvette antechamber and collector (Figure 
2) tends to isolate the canopy within the chamber, so that it might behave as a “clump” 
of plants or even a single isolated plant. The ends of the row adjacent to the diffuser 
plates receive more radiation than the canopy towards the middle of the cuvette. 
Moreover, radiation within chambers is non-uniform because of shading by the alu-
minum cuvette frame and internal reflections within the cuvette [29]. Overestimation 
of whole plant transpiration by scaling, as might be expected from leaf to leaf shading  
 

 
(A)                                             (B) 

Figure 4. (A) Net assimilation of canopy within CETA cuvettes determined by CETA (closed cir-
cles), estimated by scaling up leaf level assimilation by leaf area in cuvettes (closed triangles), and 
estimated by scaling up leaf level assimilation by intercepted radiation (open triangles). Heavy 
dark yellow line in background is intercepted radiation per square meter ground area; (B) Com-
parison of measured to calculated, solid lines are regression and 95% confidence interval. Filled 
symbols are Aest scaled by leaf area (Aest = 1.33ACETA + 8.57, r2 = 0.97); Open symbols are Aest 
scaled by intercepted radiation (Aest = 0.41ACETA + 2.25, r2 = 0.97). Shaded line indicates 1:1. 
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and restriction of air flow though the canopy, occurred primarily in the morning hours. 
Our group in a greenhouse study observed similar overestimation with a single cotton 
plant at a similar developmental stage on a digital scale [25]. However, excellent agree-
ment was obtained in the afternoon hours when ambient temperatures were higher and 
vapor pressure deficit was greater (Figure 3). Taken together, the results of the pre-
vious greenhouse experiment [25] and of the current study suggest that whole plant 
and canopy transpiration rates can be estimated by scaling leaf level transpiration mea-
surements. 

However, attempting to estimate canopy net assimilation by scaling was less success-
ful. While the pattern described by intercepted PAR closely resembled that of the the 
measured canopy Anet (Figure 4(A)); scaling up leaf level assimilation responses by 
radiation intercepted by the canopy led to an underestimation of measured whole ca-
nopy photosynthetic performance. Conversely, attempting to scale by leaf area alone 
overestimated assimilation as measured by CETA. This was expected since these ap-
proaches neglect the higher efficiency of canopies to the diffuse portion of radiation 
and the higher apparent quantum efficiency of interior canopy leaves at lower photo-
synthetic photon flux rates [28]. 

Because variability in CETA gas exchange measurements between chambers in-
creased at night when both gas exchange and airflow rates through the system were 
low, error probably arose from either error in air flow measurements or the very small 
gas concentration differentials between inlet and outlet. Reduced differences between 
inlet and outlet gas concentrations lead to lower calculated nighttime respiration and 
transpiration rates. In such situations the ability to detect very small differences in gas 
concentrations limits accuracy [16] [27]. Even so, agreement between scaled leaf level 
transpiration measurements seems acceptable even during the nighttime hours. Leaf 
level measurements may be adequate for estimating physiological drought stress as re-
duction in transpiration for developing irrigation management or perhaps even for de-
veloping crop coefficients without resorting to lysimeters. One benefit of chambers over 
lysimeters is that we can calculate instantaneous WUE while with lysimeters one usual-
ly obtains a seasonal WUE based on water use and a single biomass value at season end. 

Because estimating canopy assimilation from leaf measurements is problematic, di-
rect measurement is required if measurements of canopy assimilation is needed. The 
CETA systems exhibited remarkable chamber-to-chamber consistency under field con-
ditions re-enforcing the feasibility of CETA for longer-term canopy level gas exchange 
measurements under agronomically relevant conditions. Scaling of nighttime respira-
tion from leaf measurements might be more accurate, though this was not investigated. 
However, such an approach neglects respiration from the soil surface. In the current 
study care was taken to isolate the soil from the atmosphere within the cuvette with a 
heavy polyvinyl chloride membrane so that both soil water evaporation and respiration 
were neglected. So, while leaf measurements might be useful for estimating whole plant 
transpiration, at least for cotton in an arid or semi-arid environment, scaling assump-
tions should probably be empirically checked with direct canopy measurements. Again, 
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while scaling can be useful for canopy transpiration estimates, direct measurement of 
carbon exchange is still required to estimate water use efficiency, i.e., Anet/E and in ex-
amining other physiological differences associated with carbon exchange between cot-
ton cultivars at the canopy level. 

5. Conclusion 

Transpiration was more closely estimated than assimilation when attempting to scale 
leaf measurements to canopy level estimates. We suggest this resulted from a relatively 
large advective component of energy transfer to the leaves [30] and high vapor pressure 
deficit characteristic of semiarid environments. The ability to estimate canopy level 
measurements may represent a special case. We anticipate attempts to estimate trans-
piration in humid environments by scaling up leaf measurements will still prove to be 
considerably less accurate, because heat transfer to the leaves will be less dependent on 
advection and high vapor pressure deficits, and more dependent upon solar radiation, 
which is quite variable within crop canopies. 
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