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Abstract. To initiate photosynthetic studies of sweet cherry (Prunus avium L.) canopy
architectures and cropping management under high light and temperature conditions
(Yakima Valley, Wash.), we developed a whole-canopy research cuvette system with a
variable airflow plenum that allowed different patterns of air delivery (in concentric
circles around the trunk) into the cuvette. Air and leaf temperatures (Tair and Tleaf,
respectively) were determined at four horizontal planes and four directional quadrants
inside cuvette-enclosed canopies trained to a multiple leader/open-bush or a multiple
leader/trellised palmette architecture. Air flow rate, air delivery pattern, and canopy
architecture each influenced the whole-canopy temperature profile and net CO2 exchange
rate (NCER) estimates based on CO2 differentials (inlet-outlet). In general, Tair and Tleaf

were warmer (≈0 to 4 °C) in the palmette canopy and were negatively correlated with flow
rate. The response of Tair and Tleaf to flow rate varied with canopy position and air delivery
pattern. At a flow of 40 kL·min–1 (≈2 cuvette volume exchanges/min), mean Tair and Tleaf

values were 2 to 3 °C warmer than ambient air temperature, and CO2 differentials were
15–20 µL·L–1. Tair and Tleaf were warmer than those in unenclosed canopies and increased
with height in the canopy. Carbon differentials declined with increasing flow rate, and
were greater in the palmette canopy and with a less dispersed (centralized) delivery.
Dispersing inlet air delivery produced more consistent values of Tair and Tleaf in different
canopy architectures. Such systematic factors must be taken into account when designing
studies to compare the effects of tree architecture on whole-canopy photosynthesis.

lated research on canopy architectural designs
for improved orchard efficiencies, as well as
on balancing crop load with vegetative vigor
(Lang and Ophardt, 2000), which also might
benefit from canopy gas exchange studies.

To accurately estimate whole-canopy net
CO2 exchange or any other physiological pa-
rameter, characterizing and minimizing envi-
ronmental variations caused by canopy enclo-
sure is critical. Wünsche and Palmer (1997)
showed that leaf temperatures and CO2 differ-
ential (inlet-outlet) of apple trees in a polycar-
bonate whole-canopy cuvette were inversely
proportional to flow rates. Weinstock et al.
(1982) found that, compared with ambient con-
ditions, air and leaf temperature (Tair and Tleaf,
respectively) were higher in open-top (air pol-
lution) chambers. Wagner and Reicosky (1992)
found that Tair and Tleaf in a closed chamber
increased 2 to 4 °C within 1 min. of enclosure.
In addition, Corelli-Grappadelli and Magnanini
(1997) found that fruit temperatures within
whole-canopy cuvettes were as much as 5.7 °C
warmer than those of fruit on nonenclosed
canopies. Temperature elevation within whole-
canopy cuvettes is of particular concern be-
cause it influences CO2 exchange rate (Flore
and Lakso, 1989; Francesconi et al., 1997;
Roper and Kennedy, 1986). Moreover, small
orchard trees or potted plant material (cuvette
volumes ≈5 kL) have generally been used in
recent studies of whole-canopy NCER (Buwalda
et al., 1992; Corelli-Grappadelli and Magnanini,
1993; Francesconi et al., 1997; Lakso et al.,
1996; Miller et al., 1996; Wünsche and Palmer,
1997; Wünsche et al., 1999), although orchard
measurements on full-size sour cherry (J.A.
Flore, personal communication) and apple (M.
Glenn, personal communication) trees also have
been attempted. The management of intra-cu-
vette microclimate for moderately large tree
canopies in the high light/high temperature
environment of eastern Washington State has
yet to be addressed.

Modern cuvette systems, such as those
described in Corelli-Grappadelli and
Magnanini (1993) and Wünsche and Palmer
(1997) are open systems that rely upon high air
flows to maintain temperatures close to ambi-
ent and mitigate the reduction in intra-cuvette
[CO2] via physiological fixation. However,
the need to moderate canopy temperature with
higher air flow rates inevitably reduces appar-
ent CO2 differential (Corelli-Grappadelli and
Magnanini, 1993, 1997; Wünsche and Palmer,
1997). In addition, high inlet air velocities
may contribute to the divergence from ambi-
ent conditions, and little is known of the ef-
fects of high windspeed on NCER.

Whole-canopy research groups have
adopted distinct variations in cuvette design
and the pattern of air delivery to whole-canopy
enclosures (e.g., one vs. two air inlets; see
Corelli-Grappadelli and Magnanini, 1993;
Miller et al., 1996; Wünsche and Palmer,
1997). These key system parameters, as well
as canopy architecture, may affect the dynam-
ics of intra-chamber air flow, canopy micro-
climate, and NCER. Consequently, the objec-
tives of this study were to examine tempera-
tures and NCER within whole-canopy enclo-

An abundance of data exists with respect to
the photosynthetic characteristics of many tree
fruit species; however, most of these studies
focused on individual leaves or were under-
taken in nonorchard environments (DeJong,
1983; Flore and Lakso, 1989; Roper and
Kennedy, 1986). Analyses of whole-canopy
net CO2 exchange rate (NCER) were pio-

neered by Heinicke and Childers (1937) and
Sirois and Cooper (1964) with enclosed apple
(Malus ×domestica Borkh.) tree canopies. Such
studies are useful in determining the response
of the entire population of leaves and their
inherent variability in net CO2 exchange due to
distribution within the canopy. This elimi-
nates the need to extrapolate from single leaf
measurements to understand carbon assimila-
tion differences between diverse orchard train-
ing systems.

A whole-canopy approach can integrate
several orchard conditions, including physi-
ological stress due to climatic, cropping, patho-
logical, or entomological factors, or cultural
factors such as training system, rootstock, or
crop load. Recently, whole-canopy cuvettes
have been used to study canopy gas exchange
characteristics in response to varying crop
loads in apple (Giuliani et al., 1997a; Wünsche
et al., 1999) and blueberry (Vaccinium
×corymbosum sp.) (Maust et al., 1999) and
mite infestation in apple (Lakso et al., 1996)
and sour cherry (Prunus cerasus L.) (Breit-
kreutz et al., 1997). The advent of size-
controlling rootstocks for sweet cherries
(Callesen, 1998; Perry et al., 1997) has stimu-
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sures of sweet cherry trees in relation to air flow
rates, air delivery patterns, and canopy archi-
tectures, using a large cuvette (≈20 kL) in the
high light/high temperature environment of the
Yakima valley in eastern Washington. A novel
cuvette air delivery system was designed and
tested to isolate the effects of air delivery pat-
terns upon intra-cuvette microclimate.

Materials and Methods

Plant materials. All analyses were per-
formed on 5-year-old ‘Bing’ sweet cherry
trees on Mazzard seedling rootstocks spaced
at 2.5 × 5.0 m and trained to either a multiple-
leader open-bush (freestanding) or multiple-
leader palmette (trellised) architecture at the
Washington State Univ. Roza (WSU/Roza)
research orchard, Prosser, Wash. (lat. 46.2°N,
long. 119.7°W) during Summer 1999. Canopy
dimensions were ≈2.5 × 2.25 × 3.0 and 2.5 ×
2.5 × 2.5 m (width × breadth × height) for the
palmette and open-bush canopies, respectively.
Canopy leaf areas were determined by count-
ing all leaves and extrapolating from measure-
ment of every 50th leaf with a portable leaf area
meter (CI-283; CID, Vancouver, Wash.). Tree
rows were oriented north-south, the orchard
soil was a silty loam, and irrigation was sup-
plied by under-tree microsprinklers.

Cuvette design. A whole-canopy cuvette
was constructed of 0.08 mm (3-mil) polyester
film (Mylar Type D; Dupont, Wilmington,
Del.) as an assemblage of three pieces (two
cylinder-halves and a conical top) attached by
hook and loop fastener tape (Fig. 1A). This
design facilitated cuvette set-up, take-down,
and transport, and allowed for whole-canopy
studies of trees supported by a single plane
wire trellis. The cuvette cylinder was 2.9 m in
diameter and 4.5 m in height, giving a cuvette
volume of 19 kL for all analyses. A 30-cm
diameter outlet port at the top of the cone
facilitated outlet CO2 sampling. The bottom of
the cuvette was sealed around a plenum base
(see Air supply) by nylon rope and stretch
cord. To support the cuvette against lateral
movement, four nylon rope lines were fas-
tened to the top of the cylinder section and
secured to the orchard floor with stakes. This
design allowed for cuvette use in gusts of wind
up to 20 km·h–1.

Air supply. A double-inlet 1-HP direct-
drive centrifugal fan (5C190; Emerson Elec-
tric Co., Lenexa, Kans.) provided air flow to
the cuvette via a 38.1-cm-internal-diameter
polyvinylcarbonate (pvc) pipe and flexible
poly-pipe attached to the plenum base. A por-
table generator was used to supply power for
the blower and field laboratory equipment.
Cuvette air flows were estimated by averaging
14 measures of turbulent air velocity (Thermo
anemometer model 8525; Alnor Instrument
Co., Skokie, Ill.) at 2.5-cm intervals across the
pvc pipe. Flow rates were calculated from the
averaged velocities as:

Q = V × A × 1000 L·m–3

where Q = flow (L·min–1), V = air velocity
(m·min–1), and A = cross-sectional area of the
outlet (m2). A plywood slide valve was inserted

downstream from the blower to regulate output.
Ambient air was delivered to the cuvette

through a cylindrical plenum base, constructed
as two halves with a combined 1.83-m diameter
and a height of 31 cm (Fig. 1B). A concentric
23-cm-diameter cylinder in the center of the
plenum accommodated the tree trunk and was
sealed with an open-cell foam gasket. The up-
per and lower platforms of the plenum, con-
structed from plywood, were fixed together
with 22-gauge sheet metal. Forty-four holes
(7.6 cm diameter) were drilled from the upper
plenum surface in three concentric rings; vari-
ability in the pattern of air delivery was accom-
plished by selectively blocking these apertures
(Fig. 1B). The outermost, middle, and center
rings contained 22, 14, and 8 apertures, respec-
tively. System back-pressure affected blower
output and prevented exchanges greater than
≈2.25 cuvette volumes/min when flow was
restricted to only the center ring of apertures. To
characterize plenum base output, air velocity
was measured at each aperture, normal to the
plenum surface, over a range of flow rates (vane
anemometer; Davis Instruments, Baltimore).

Temperature measurement. Temperatures
within the cuvette were monitored by thermo-

couples (type-T) and recorded by a datalogger
(CR10X plus AM25T or AM416 multiplexer;
Campbell Scientific, Logan, Utah). Air tem-
perature (Tair) thermocouples (24 gauge) were
mounted within radiation shields and hung
from limbs; leaf temperature (Tleaf) thermo-
couples (36 gauge) were fixed to the underside
of leaves. Data were acquired at 1-s intervals
and stored as 60-s averages. To better under-
stand the temperature dynamics within the
canopy, four horizontal planes were defined at
0.6- or 0.7-m increments above the plenum
surface for the open-bush and trellised palmette
trees, respectively. Each plane was divided
into four quadrants, having one or two thermo-
couples for determination of Tair and Tleaf,
respectively. Within each quadrant, leaf ther-
mocouples were placed near the canopy exte-
rior on leaves representative of the local
irradiant environment; air temperature ther-
mocouples were placed nearby (within 15
cm). All analyses presented are the means for
four or eight thermocouples per canopy plane
for Tair and Tleaf, respectively.

Whole-canopy NCER analysis. Whole-
canopy net CO2 exchange was determined by
infrared gas analysis (LCA2; Analytical De-

Fig. 1. Cuvette system for studying whole-canopy gas exchange air flow variables. (A) view of all
components. (B) view (top surface) of novel air delivery system utilizing variable output plenum base.



velopment Co., Hoddeson, U.K.) of the air
entering and exiting the cuvette (Fig. 1A).
Samples drawn from the cuvette inlet and
outlet were pumped alternately into the gas
analyzer at 300 mL·min–1. Following each
experimental alteration of cuvette air flow, a
15-min equilibration period was allowed,
after which CO2 differential was recorded at
15-s intervals for a 3-min period. Whole-
canopy NCER (µmol·m–2·s–1) was determined
following the method of Miller et al. (1996).
Single leaf measurements were taken on leaves
via openings in the whole-canopy cuvette us-
ing a Parkinson broadleaf chamber and the
LCA2. All NCER experiments occurred be-
tween 1100 and 1400 HR, when the diurnal
variations in whole-canopy NCER were neg-
ligible (i.e., ∆CO2 ≈1.5 µL·L–1), and irradiance
levels were assumed to be saturating (>1500
µmol·m–2·s–1). All analyses of whole-canopy
NCER took place on individual trees during
clear sunny days over a 7-d period (Aug. 1999)
several weeks after harvest.

Results and Discussion

Air delivery. The plenum base (Fig. 1) was
developed to: 1) examine potential environ-
mental deviations from ambient conditions
due to inlet velocities and inevitable air cy-
cling; and 2) facilitate comparisons of cuvette
airflow patterns by selectively blocking air
delivery apertures. Two treatments were com-
pared: dispersed delivery (D) via all 44 ple-
num apertures; or centralized delivery (C) via
the central ring of eight apertures nearest the
trunk (Fig. 1B), resulting in total inlet air
delivery areas of 1996 cm2 and 363 cm2 for D
and C, respectively. Centralized delivery was
designed to approximate the method of Corelli-
Grappadelli and Magnanini (1993), in which
air was delivered via a single inlet pipe secured
parallel to the trunk. Dispersed delivery was
patterned after Wünsche and Palmer (1997),
in which air was delivered via two 30-cm ducts
with diffuser manifolds.

Variability in inlet air velocity among aper-
tures was very low; standard errors of mean
velocity were <5% of the mean for both deliv-
ery systems. Inlet air velocity was proportional
to total delivery area (i.e., >5× more for C
relative to D at similar flows; Fig. 2). Therefore,
it was hypothesized that D delivery would
minimize divergence from ambient conditions
and improve intra-cuvette flow patterns. In-
deed, at two cuvette exchanges/min, average air
speed at each air delivery aperture was ≈3.2 and
17.7 m·s–1 for D and C delivery, respectively.
The former compares favorably with prevailing
conditions in the test orchard environment, as
mean and maximum July–August wind speeds
(3 m ht.) at the WSU/Roza orchard were 1.8 and
4.2 m·s–1, respectively. The inlet air speed for C
delivery at a comparable cuvette exchange rate,
however, represents a significant increase over
the maximum wind speed encountered in the
orchard; even a single exchange exceeded envi-
ronmentally relevant air speeds. The large
increase in air speed for small inlets and in-
creasing flow rates is depicted in Fig. 2. Thus,
for any whole-canopy cuvette system, the total

Fig. 2.  Relationship between calculated inlet air velocity and flow rate for a 19.5-kL cuvette comparing
dispersed air delivery (inlet area = 1996 cm2) and central air delivery (inlet area = 363 cm2).  (Dispersed):
y = 1.61x  (Central): y = 8.84x.

inlet area required to maintain inlet air speeds at
or below any predetermined velocity (vmax) may
be calculated by:

Ainlet = (Vc × Q) / (Vmax × 60)

where Ainlet = total inlet area (m2) required, Vc =
cuvette volume (m3), Q = volumetric flow rate
(cuvette volume exchanges/min), and Vmax =
maximum desired inlet air speed (m·s–1). With
large cuvettes (i.e., Vc ≈20 m3), tremendous
volumes are required to achieve sufficient
exchange rates and for inflation of self-sup-
ported cuvettes like those patterned after
Corelli-Grappadelli and Magnanini (1993).
Hence, to maintain inlet air speeds within an
environmentally relevant range, whole-canopy
air delivery must be designed to take into
account both the cuvette volume and the de-
sired exchange rate.

Air temperature. Within the cuvette, Tair

varied considerably between canopy architec-
tures, air delivery patterns and canopy planes
(Fig. 3). Generally, at one to two exchanges/
min, Tair averaged across the canopy was nega-
tively correlated with flow rate. This resulted
from decreased exhausting of the thermal load
at low cuvette exchange rates, similar to the
conditions in whole-canopy enclosures of apple
(Corelli-Grappadelli and Magnanini, 1997;
Wünsche and Palmer, 1997). However, air
delivery pattern differentially influenced Tair

as flows increased. For both canopy architec-
tures, the Tair response to C delivery was non-
linear (Fig. 3 A and C) and the response to D
delivery was about linear (Fig. 3 B and D). The
negative linear response resulting from D de-
livery suggests that heated air within the cu-
vette was displaced relatively uniformly with
cooler ambient air at a rate proportional to the
air flow. In contrast, with C delivery to the
open-bush canopy, Tair in each canopy plane
varied little (Fig. 3A). This suggests that, with
respect to Tair, there is no advantage to increas-
ing flow rates above one exchange/min with C
delivery to open-bush canopies. However, C
delivery maintained Tair at each plane closer to

ambient than did D delivery (Fig. 3, A vs. C).
In the palmette-trellised canopy, mean Tair

was 2.3 and 0.3 °C warmer than in the bush
canopy for C and D delivery, respectively, at
one to two exchanges/min (data not shown).
Therefore, D delivery maintained a more
uniform Tair gradient across distinct canopy
architectures. In addition, Tair in the palmette
canopy was maintained closer to ambient with
D delivery, perhaps because of the effects of
canopy architecture and/or foliage density upon
air flow patterns within the cuvette. The bush
canopy was less dense (≈70%) than that of the
palmette canopy; leaf areas were 21.7 and 30.9
m2, respectively. Corelli-Grappadelli and
Magnanini (1993) found that Tair at the cuvette
outlet was 3 °C higher than ambient at ≈1.5
exchanges/min with air delivery via a single
inlet pipe. In contrast, using twin 30-cm-diam-
eter inlets with diffusive manifolds, Wünsche
and Palmer (1997) required 5.5 cuvette ex-
changes/min to maintain Tair in the center of
the canopy within 2 to 3 °C warmer than
nonenclosed canopies. Our results show that
air delivery pattern and canopy architecture
affect the cuvette Tair profile; both factors may
be partially responsible for different Tair re-
sponses in previous reports.

The artificial vertical flow and circulation
of air through an enclosed canopy inevitably
leads to its modification via thermal, gas, and
water vapor exchange from leaves upwind. In
addition, air circulation within the cuvette (as
influenced by canopy architecture, air deliv-
ery pattern and cuvette shape) affects the ex-
tent of such modification and hence, canopy
microclimate. The rate of cuvette volume ex-
changes affects the degree of alteration by
continuously replenishing the intra-cuvette
environment with unmodified, ambient air.
With D delivery, Tair increased with height in
the cuvette/canopy (Fig. 3 B and D). This trend
was less pronounced with C delivery. The
mean Tair differential between incremental
planes in the canopy for C and D air delivery
patterns was 0.27 ± 0.05 and 0.85 ± 0.08 °C,



respectively. This suggests less cycling/mix-
ing of air with D delivery than with C delivery.
This was confirmed visually by introduction
of smoke into the canopy enclosures. The
higher inlet velocities with C delivery dis-
placed air vertically through the center of the
canopy directly above the inlet, and recircula-
tion was evident along the cuvette walls. These
circulation patterns were reduced consider-
ably with D delivery. This hierarchical rela-
tionship between Tair and height did not exist
for nonenclosed canopies, however (Fig. 4).
Among other factors, cuvette shape and the
proportional area of the inlet to the outlet will
influence patterns of air movement within the
cuvette.

Leaf temperature. Canopy enclosure alters
the energy balance of leaves inside the cuvette
relative to that of those outside the cuvette.

Fig. 3.  Effect of air flow rate and delivery pattern on the profile of air temperature differential (∆ Tair =
Tair – Tinlet) within whole-canopy enclosures of 5-year-old open-bush and palmette ‘Bing’/Mazzard sweet
cherry trees.  Central delivery (inlet area = 363 cm2).  Dispersed delivery (inlet area = 1996 cm2).  Cuvette
volume = 19 kL. Tinlet = 25 to 34 °C.  LSD (0.05) = 0.23 °C. Inlet air velocity (m·s–1).

This resulted in higher Tleaf in enclosed cano-
pies (Fig. 4), with the comparative differences
at each plane being similar to that of Tair and
decreasing at lower planes. The radiative envi-
ronment of enclosed leaves at each plane was
comparable to, or slightly less than, that of
unenclosed leaves, suggesting that other vari-
ables contributed to the increase in Tleaf; how-
ever, the relationship between height and Tleaf

is due, in great part, to increased radiation
interception in the upper canopy planes. This
phenomenon may be of particular concern in
enclosures of large trees, in which a significant
proportion of photosynthetic gas exchange
occurs in the upper canopy levels, and may be
a determining factor for establishing system
flow rate.

Without refrigeration, the relatively inex-
pensive open system NCER cuvettes described

herein rely upon physical means (i.e., air flow)
to moderate the thermal load. Evaporative
cooling of leaves via transpiration is a major
physiological means by which leaves contend
with high temperatures. To a lesser degree, the
physical transfer of heat from leaf surfaces by
forced convection, which is determined in part
by the differential between Tleaf and Tair, also
aids in moderating Tleaf. The energy balance of
a leaf is influenced by boundary layer resis-
tance, which is inversely proportional to air
speed (Jones, 1992). As air speed increases,
the boundary layer becomes thinner and the
induced air turbulence promotes more rapid
transfer of heat, CO2, and water vapor (Grace,
1977). However, a threshold air speed usually
exists, beyond which stomatal closure occurs.
To our knowledge, there has been no research
characterizing sweet cherry stomatal response
to air speed.

Tleaf varied with canopy plane and also
was influenced by canopy architecture and
air delivery (Fig. 5). In the open-bush canopy,
both D and C delivery effectively moderated
Tleaf close to or less than inlet Tair (Fig. 4).
Leaves in the uppermost canopy plane were
markedly warmer than lower leaves with D
delivery; however, they were still within an
acceptable range (Fig. 5 A and B). At ≈2.5–
3 exchanges/min, Tleaf at this height dropped
to within 1 °C of inlet Tair. With C delivery, a
similar phenomenon occurred at 1.5 ex-
changes/min, presumably due to greater re-
ductions in leaf boundary layer resistance
caused by higher inlet air speeds. Note that
Tleaf in the three lowest planes was consis-
tently cooler than Tair in the bush canopy and
remained relatively unchanged as flow rates
increased, suggesting that this portion of the
canopy exchanged heat at a maximal rate at
relatively low flow rates, irrespective of air
delivery pattern. Moreover, the marked in-
crease in Tleaf in the uppermost regions of the
canopy (Fig. 5) suggests that temperature
data recorded in the canopy-center may not
accurately represent a canopy’s thermal char-
acteristics.

In the palmette canopy, average Tleaf varied
less across flow rates for D than for C delivery
(Fig. 5 C and D). Interestingly, Tleaf at 2.1 m
increased at higher air flow rates with C deliv-
ery (Fig. 5C) and may reflect a physiological
response of leaves to airspeed. The combined
effects of high temperature, irradiance, and
increasing airspeed may have led to stomatal
closure and, subsequently, a decrease in evapo-
rative cooling (Jones, 1992). Alternatively,
increases in Tleaf with high air flows and C
delivery may be due to the dynamics of intra-
cuvette airflow. Vertical displacement and
exhaust of a greater proportion of air through
the center of the canopy could result in re-
duced flow and temperature elevation in the
outer portions of the canopy. A similar re-
sponse did not occur at lower planes because
thermocouples were located in the outer por-
tions of the canopy and not directly above C
delivery inlet apertures.

With D delivery in the palmette canopy,
Tleaf was similar to or lower than Tair at each
plane, with the exception of 2.8 m (Figs. 3, 5;



Table 1). With C delivery, Tleaf tended to be
more variable and generally warmer. This
contrasts with the data of Corelli-Grappadelli
and Magnanini (1997) who, using a single
inlet pipe, reported that Tleaf was lower than Tair

at 1.5 exchanges/min, and with the data of
Wünsche and Palmer (1997) who, using dual
diffuser manifolds, found that Tleaf was 2 to 3 °C
warmer than Tair at 5.5 exchanges/min.

The canopy profiles of Tleaf varied with
canopy architecture (Fig. 5). Across the canopy,
Tleaf of the palmette canopy averaged ≈1.0 and
4.3 °C warmer for D and C air delivery (≈two
exchanges/min), respectively, than for the bush
canopy. Differences between canopy archi-
tectures potentially affect intra-cuvette air
speed and flow patterns, as well as irradiance
interception, and may have influenced this
response. Basal scaffold limbs were situated
lower on the main trunk in the palmette archi-
tecture than in the open-bush, reducing free
space between inlet apertures and the first
deflective contact with leaves and limbs. This

suggests that the palmette canopy impeded a
greater proportion of the inlet flow and thereby
reduced airspeed at higher regions of the
canopy. This shelter effect was confirmed
visually: dynamic leaf movement was evident
higher in the canopy of the open-bush canopy
than of the more densely foliated palmette
canopy. Hence, the palmette architecture hin-
dered the moderation of heat loads of leaves in
the upper canopy (Fig. 5); compared with the
bush canopy, Tleaf were 2.6 and 5.0 °C warmer
for D and C air delivery, respectively, at two
exchanges/min. This may also reflect a height
effect, since the upper plane of the palmette
canopy was 0.4 m higher than the equivalent
plane in the bush canopy. However, it indi-
cates that a more dispersed air delivery moder-
ates Tleaf better in palmette, and perhaps other
dense, canopy architectures. Guiliani et al.
(1997b) also found that canopies with greater
leaf area required proportional elevations in
air flow rates to maintain temperatures close to
ambient.

The whole-canopy Tleaf and Tair pattern and
response to flow rate were more uniform in
training systems with D, than with C, air
delivery (Figs. 3, 5). With C delivery (≈two
exchanges/min), average Tair and Tleaf were 2.3
and 4.3 °C greater, respectively, in the palmette
canopy than in the bush canopy. In contrast,
with D delivery, average Tair and Tleaf were
only 0.5 and 1.0 °C warmer, respectively. The
relatively consistent temperature response
between such different canopy architectures
with D delivery suggests that NCER studies of
different training systems will be most compa-
rable with uniformly distributed air inlet de-
signs.

Whole-canopy CO2 differential. CO2 dif-
ferential (inlet-outlet) was negatively related
to cuvette flow rate (Fig. 6), as reported for
NCER in apple (Corelli-Grappadelli and
Magnanini, 1993; Wünsche and Palmer, 1997).
Assuming no physiological response to flow
rate, the decline in ∆CO2 should be directly
proportional to flow. In our experiments, CO2

differential was influenced by both canopy
architecture and air delivery pattern. At com-
parable flow rates, the palmette canopy had
higher CO2 differentials than did the bush
canopy (Fig. 6), indicating that the palmette
architecture resulted in greater carbon fixation
on a whole-canopy basis because of its greater
leaf area. However, the bush canopy fixed
carbon more efficiently on a leaf-area basis.

In both canopy architectures, CO2 differ-
entials generally were greater with C delivery
(Fig. 6). The increased recirculation of modi-
fied cuvette air, particularly with the higher air
speed C delivery, may have contributed to a
relatively greater reduction of [CO2] than in D
delivery at similar flow rates. This seems
likely, considering the divergence of CO2 dif-
ferentials in the open-bush canopy with in-
creasing flow rates for C and D delivery (Fig.
6). When expressed as NCER (Fig. 7) for the
open-bush architecture, the change in calcu-
lated assimilation rate as flow increases is
relatively minor with D delivery, but increases
rapidly with C delivery. This suggests that

Table 1. Effect of air delivery pattern on profile of
air and leaf temperature differential (Tleaf – Tair)
of 5-year-old ‘Bing’/Mazzard sweet cherry
canopies trained to either palmette or open
bush multiple leader architectures and enclosed
within a whole-canopy assimilation cuvette. Flow
rate ≈2.0 exchanges/min. Average photosyn-
thetic photon flux density ≈1700 µmol·m–2·s–1.
Tinlet ≈28 to 31 °C. C = central air delivery
(area = 363 cm2); D = dispersed air delivery
(area = 1996 cm2).

Canopy Ht. above Tleaf – Tair (°C ± SE)
architecture inlet (m) D C
Palmette 2.8 2.8 ± 1.6 2.6 ± 1.5

2.1 –0.8 ± 0.6 3.0 ± 2.0
1.4 –0.2 ± 0.4 0.2 ± 0.9
0.7 –1.1 ± 0.1 –1.4 ± 0.9

Mean 0.2 ± 0.9 1.1 ± 1.0
Open Bush 2.4 1.2 ± 0.7 –0.7 ± 0.6

1.8 –1.3 ± 0.4 –0.8 ± 0.7
1.2 –2.2 ± 1.6 –0.8 ± 0.8
0.6 –1.6 ± 0.6 –1.5 ± 0.3

Mean –1.0 ± 0.7 –1.0 ± 0.2

Fig. 4.  Comparison of the vertical profile of (A) air and (B) leaf temperatures within enclosed and  open
(nonenclosed)  palmette canopies.  Temperatures (mean + SE) were assessed between 1145 and 1215  HR

(PFD = 1670 ± 75 (µmol·m–2·s–1), 12 and 14 Aug. 1999.  System parameters (enclosed): 1 cuvette exchange/
min (inlet air speed ≈1.6 m·s–1), dispersed (D) air delivery; (open): mean windspeed = 1.4 m·s–1.



misleading values may occur with higher flow
rates in the C delivery system and illustrates
the potential influence of system design on
estimates of NCER. This response was not
evident in the palmette canopy, presumably
because the greater density of leaves deflected
flows from the center of the canopy and re-
duced air circulation.

Roper and Kennedy (1986) found that op-
timum Tleaf for photosynthesis of 2-year-old
potted ‘Bing’/Mazzard trees was ≈20 °C. How-
ever, this may underestimate the NCER char-
acteristics of trees acclimated to high levels of
irradiance and temperature typical in the east-
ern Washington orchard environment; our stud-
ies suggest a Tleaf for maximum NCER of 29 -
30 °C for an open-bush canopy (Fig. 8). This is
close to temperature optima reported for other
Prunus species (Crews et al., 1975; Sams and

Flore, 1982) and it indicates that sweet cherry
canopies are capable of net fixation of carbon
at the upper ranges of temperature common to
the environment found in eastern Washington
orchards.

Our estimates of whole-canopy NCER are
close to previously reported assimilation char-
acteristics of potted sweet cherry: 13.2
(Mazzard seedling; see DeJong, 1983) and
24.0 (maximum NCER of ‘Bing’/Mazzard;
see Roper and Kennedy, 1986) vs. ≈10–20
µmol·m–2·s–1 measured herein. This range re-
flects a whole-canopy response to air delivery
method, flow rate, temperature and canopy
architecture (Figs. 6–8). In comparison, at
comparable temperature and irradiance, single
leaf NCER on our experimental trees varied
from 25–27 µmol·m–2·s–1. Previous analyses
of apple NCER also have indicated that ex-

posed single-leaf exchange rates are signifi-
cantly higher than averaged whole-canopy
rates (Wünsche and Palmer, 1997). The mag-
nitude of this difference should reflect the
actual efficiency of the canopy compared to its
potential NCER, and thus provide a useful tool
to compare photosynthetic efficiency of dif-
ferent canopy architectures.

Conclusions

Enclosed canopies create an unnatural
environment. Therefore, when designing
whole-canopy cuvette systems for NCER
studies, environmental discrepancies from
ambient conditions must be characterized
and minimized to estimate whole-canopy
NCER accurately. In addition to a quantita-
tive reduction in PAR, intra-cuvette micro-
climate is characterized by increased Tleaf and
Tair, elevated air speed and reduced [CO2]
compared to the nonenclosed canopy micro-
climate (Corelli-Grappadelli and Magnanini,
1993, 1997; Weinstock et al., 1982; Wünsche
and Palmer, 1997). Each of these variables
influences NCER (Flore and Lakso, 1989;
Flore and Layne, 1999; Grace, 1977). In
addition to these variables, our study shows
that air delivery design and canopy architec-
ture also influence intra-cuvette microcli-
mate and NCER. Refinement and understand-
ing of the physiological effects of canopy
enclosure, cuvette design, and system vari-
ables will enable the design of more effective
whole-canopy assimilation cuvettes, as well
as better interpretation and comparison of
data among whole-canopy studies.

Herein we report the use of whole-canopy
cuvettes to estimate photosynthesis of 5-year-
old sweet cherry trees, trained to freestanding
open-bush and trellised palmette canopy ar-
chitectures. Despite the dimensions of the
cuvette and plenum base design, canopy en-
closure and data acquisition were achieved
easily by two people in less than 1 h. Tem-
perature dynamics within cuvettes of this
size have not been reported previously and
were a concern because the Mylar cuvette
materials do not reduce incoming infrared
radiation. In addition, very high day tempera-
tures, high levels of irradiance, and low rela-
tive humidity characterize the orchard envi-
ronment in the Yakima valley. The design
described above, however, maintained aver-
age Tair and Tleaf within ≈0 to 3 °C of the inlet
Tair, irrespective of ventilation pattern and
canopy architecture. Tair and Tleaf data indi-
cate that, for future whole-canopy studies,
≈2.5 cuvette exchanges/min is suitable.

Differences in canopy microclimate and
NCER resulting from variation in cuvette air
delivery pattern and canopy architecture were
particularly noteworthy. Both D and C air
delivery facilitated the detection of NCER.
However, a uniformly dispersed delivery
more closely approximated ambient airspeeds,
reduced intra-cuvette air recirculation, and
produced a more consistent temperature re-
sponse between different canopy architec-
tures. Therefore, distributing inlet air over a
greater area is beneficial and should be consid-

Fig. 5.  Effect of air flow rate and delivery pattern on the profile of leaf temperature differential (∆Tleaf  =
Tleaf – Tinlet) within whole-canopy enclosures of 5-year-old open-bush and palmette ‘Bing’/Mazzard
sweet cherry trees.  Central delivery (inlet area = 363 cm2).  Dispersed delivery (inlet area = 1996 cm2).
Cuvette volume = 19 kL.  Tinlet = 25 to 34 °C.  LSD (0.05) = 0.36 °C



ered when interpreting the relationship be-
tween optimum inlet area (from the formula
presented above) and desired inlet air velocity.
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