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ABSTRACT. Effect of crop load on tree growth, leaf characteristics, photosynthesis, and fruit quality of 5-year-old
‘Braeburn’ apple [ Malus sylvestris (L.) Mill. var. domestica (Borkh.) Mansf.] trees on Malling 26 (M.26) rootstock was
examined during the 1994–95 growing season. Crop loads ranged from 0 to 57 kg/tree [0 to 1.6 kg fruit/cm2 trunk cross
sectional area (TCA) or 0 to 8.7 fruit/cm2 TCA]. Fruit maturity as indicated by background color, starch/iodine score,
and soluble solids was advanced significantly on low-cropping trees compared to high-cropping trees. Whole-canopy
leaf area and percentage tree light interception increased linearly with a significant trend as crop load decreased. From
midseason until fruit harvest, leaf photosynthesis decreased significantly on lighter cropping trees and similarly, a
positive linear trend was found between whole-canopy gas exchange per unit area of leaf and crop load. Leaf starch
concentration in midseason increased linearly as crop load decreased, providing some explanation for the increased
down-regulation of photosynthesis on trees with lower crop loads. After fruit harvest, the previous crop loads had no
effect on leaf photosynthesis and preharvest differences in whole-canopy gas exchange per unit area of leaf were less
pronounced. At each measurement date, daily whole-canopy net carbon exchange and transpiration closely followed
the diurnal pattern of incident photosynthetic photon flux. The photochemical yield and electron transport capacity
depended on crop load. This was due mostly to reaction center closure before harvest and an increased nonphotochemical
quenching after harvest.

Previous studies investigating the effect of fruit on photosynthe-
sis, partitioning of assimilates, and dry matter accumulation have
shown higher leaf photosynthetic efficiencies in fruiting than in
nonfruiting apple (Malus sylvestris var. domestica) trees (e.g.,
Avery, 1975; Hansen, 1970; Heim et al., 1979; Lenz, 1986; Maggs,
1963). Palmer (1986, 1992) extended the fruiting and nonfruiting
approach by attempting to determine the shape of the photosynthetic
response curve to a range of apple crop loads, but was unable to
clearly define the relationship. Under prevailing climatic conditions
of New Zealand, Palmer et al. (1997) found that leaf assimilation
rate was positively and curvilinearly related to crop load.

Although several research groups have monitored gas ex-
change of whole canopies, only Wibbe et al. (1993) attempted to
examine the effect of fruiting versus nonfruiting on the carbon
budget of apple tree canopies. They provided an integrated
approach toward understanding whole-tree carbon balance. How-
ever, to develop accurate photosynthesis response curves, which
would be useful in modelling whole-tree carbon balance, inclu-
sion of various crop loads is essential. Our work provides data on
a range of crop loads.

Measurement of chlorophyll fluorescence in situ is a relatively
new technique for assessing the underlying photochemistry of
horticultural plants grown in orchard conditions (Greer, 1995). In
particular, this technique allows an assessment of the orderly

dissipation of absorbed light energy through the photochemical
pathway to photosynthesis or through the xanthophyll-cycle-
mediated photoprotective pathway (Demmig-Adams and Ad-
ams, 1996) and measured as nonphotochemical quenching
(Osmond, 1994). Many studies have focused on environmental
stress conditions that affect photosynthesis (e.g., Chow, 1994).
On the other hand, there is little research on the underlying
physiology of photosynthesis as affected by internal stresses such
as accumulation of carbohydrate through changes in source–sink
relations of plants. However, Buwalda and Noga (1994) have
demonstrated that both photochemical and nonphotochemical
quenching varied between fruiting and nonfruiting apple trees.
Again, our intention was to examine these characteristics in
relation to a range of crop loads.

Materials and Methods

PLANT  MATERIAL  AND EXPERIMENTAL  DESIGN. Effect of crop
load on whole-canopy leaf area, tree light interception, leaf and
whole-canopy gas-exchange characteristics, and fruit quality of
5-year-old ‘Braeburn’ apple trees, grown on dwarfing M.26
rootstock, was examined at the Nelson Research Centre, New
Zealand, during the middle to late part of the 1994–95 growing
season. Trees were planted at a spacing of 5 × 2.5 m in north–south
oriented rows and trained as slender spindles. Sixteen trees were
assigned in a randomized complete block design to four blocks of
four crop load treatments. At full bloom (7 Oct. 1994), the trees
were thinned to give a high, medium, low, and no crop load. The
cropping levels were established by removing different numbers
of entire spur and terminal extension shoot flower clusters: 1) no
clusters removed, 2) two in three clusters removed, 3) five in six
clusters removed, and 4) all clusters removed and by reducing all
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remaining spur and terminal clusters to two flowers. In addition,
all lateral flowers on 1-year-old wood were removed. Spurs refer
to the short shoot complex that typically bears the flower cluster,
fruit and lateral bourse shoot. Extension shoots refer to long
vegetative first year shoots.

LEAF AREA AND TREE LIGHT  INTERCEPTION . Whole-canopy leaf
area was assessed as described previously by Wünsche and
Palmer (1998). At full canopy, the total number of spurs (<5 cm
in length) and current year’s extension shoots (>5 cm in length)
were counted on each tree. Individual leaf areas of all unfolded
leaves on randomly selected 5 spurs and 10 extension shoots per
tree were measured nondestructively using the transparent grid of
Freeman and Bolas (1956). Total leaf area of the whole canopy
was estimated from the sum of the products of the total spur and
shoot number by their respective mean leaf areas.

Percentage tree light interception at full canopy was calculated
from records of above-canopy incident irradiance and of tree light
transmission, measured in a defined grid pattern below canopy
(Wünsche et al., 1995) using selenium cells (Palmer, 1987). The

voltage output from the sensors was recorded over the course of
a whole day on a datalogger (Delta logger, Delta-T Devices Ltd.,
Cambridge, United Kingdom).

LEAF PHOTOSYNTHESIS. Light saturated leaf photosynthesis mea-
surements were recorded with a LCA-3 system using a Parkinson
leaf chamber (ADC, Hoddesdon, United Kingdom) on sunny days
when irradiance on the outside of the chamber was in excess of 1200
µmol·m–2·s–1. Randomly selected fully mature bourse shoot leaves
were measured in the morning and afternoon ≈2 to 3 h before and 2
to 3 h after midday at each sampling time, respectively.

LEAF CHLOROPHYLL  FLUORESCENCE. Leaf chlorophyll fluores-
cence was measured using a pulse modulated fluorometer (PAM-
2000, Walz, Effeltrich, Germany). For each block of trees, two
detached leaf discs (25 mm2) per treatment were dark adapted in
cuvettes for at least 15 min before minimal (Fo) and maximal (Fm)
fluorescence being measured as described by Greer (1995). For
the subsequent in situ quenching analysis, the highest Fm value
was selected. Maximal fluorescence yield (Fm

') was then mea-
sured concurrently with the photosynthetic photon flux (PPF) on

Table 3. Effect of crop load on leaf photosynthesis rate (µmol·m–2·s–1) at ≈2 to 3 h before and after solar noon of 5-year-old ‘Braeburn’/M.26 apple
trees. Harvest was 181 d after full bloom (DAFB). All quadratic effects were nonsignificant.

DAFB

Crop 97 149 201 229

load AM PM AM PM AM PM 12:00 PM

High 13.8 11.1 12.5 11.9 11.1 10.2 6.1
Medium 10.9 9.0 11.9 11.1 10.9 11.2 6.5
Low 7.2 4.9 9.8 9.8 10.8 9.4 7.6
None 5.3 3.2 7.4 7.3 10.6 10.0 6.4
LSD(0.05) 2.3 1.2 1.4 1.8 1.4 2.6 4.0
Linear trend *** *** *** *** NS NS NS

NS,*** Nonsignificant or significant at P ≤ 0.001, respectively.

Table 2. Effect of crop load on various fruit quality parameters of 5-year-old ‘Braeburn’/M.26 apples at harvest. All quadratic effects were
nonsignificant.

Crop Background Soluble Starch–iodine Firmness Dry matter
load color (score)z solids (%) (score) (kg) (%)
High 4.6 11.6 1.7 8.4 14.3
Medium 6.2 13.3 2.8 9.5 16.6
Low 6.7 14.3 3.3 10.0 17.8
LSD(0.05) 1.8 2.0 1.8 1.4 2.4
Linear trend *** *** *** *** ***
zA higher score indicates a more yellow background color.
*** Significant at P ≤ 0.001.

Table 1. Effect of crop load on yield per tree, fruit number per tree, mean fruit weight, whole-canopy leaf area, and tree light interception of 5-year-
old ‘Braeburn’/M.26 apple trees. All quadratic effects were nonsignificant. Yield per trunk cross-sectional area (TCA) was 1.6, 1.0, 0.52, and
0 kg·cm–2 and fruit number per TCA was 8.7, 3.3, 1.5, and 0/cm2 for high, medium, low, and no crop load, respectively.

Mean Leaf Light
Crop Yield Fruit fruit area interception
load (kg/tree) (no./tree) wt (g) (m2) (%)
High 57.3 306 187 10.7 27.7
Medium 35.1 117 300 14.0 32.1
Low 18.2 52 345 15.7 35.0
None 0.0 0 — 17.9 37.4
LSD(0.05) 8.7 39.2 19.5 5.3 8.8
Linear trend *** *** *** *** *
*,*** Significant at P ≤ 0.05 or 0.001, respectively.
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five randomly selected bourse shoot leaves on each treatment
tree. After each reading, the leaf was darkened transiently and
minimal fluorescence (Fo') was measured after a 5 s exposure to
far-red light. The fluorescence yield (∆F/Fm

'), photochemical
quenching coefficient (qp), and the nonphotochemical quenching
coefficient (NPQ) were determined for each leaf according to the
procedure of Van Kooten and Smel (1990).

WHOLE -CANOPY CARBON AND WATER VAPOR FLUXES. An auto-
matic monitoring and control gas-exchange system, as described
by Wünsche and Palmer (1997), was used to measure whole-
canopy net carbon exchange (NCE) and whole-canopy transpira-
tion. Use of four transparent through-flow canopy cuvettes al-
lowed simultaneous recording of carbon and water vapor fluxes
of one tree from each treatment over a 2-week period at each
sampling time.

LEAF STARCH. In midseason, 10 leaf discs (15 mm diameter)
were collected from each tree within a treatment at midday under
sunny conditions. Samples were frozen immediately on dry ice
and then freeze dried. For analysis, leaf samples were ground
using a ring grinder. A subsample of 0.1 g was extracted in 20 mL
80% ethanol at 60 °C for 1 h and then filtered. The insoluble
residue was analyzed for starch spectrophotometrically (Smith et
al., 1992).

YIELD  AND FRUIT  QUALITY . Fruit number and fruit weight were
recorded for each tree at harvest on 7 Apr. 1995 [181 d after full
bloom (DAFB)]. Twenty apples per tree were randomly sampled
for measurements of: individual fruit weight, background color
(background color scale from 1 to 8, green to yellow), soluble
solids (Atago N-20 hand-held refractometer, Atago Co. Ltd.,
Tokyo, Japan), starch–iodine score (0 = all tissues stained black
to 7 = no staining), fruit firmness (fruit pressure tester, model FT
327, 11.3-mm-diameter screwhead, Istituto di Coltivazioni
Arboree, University of Milan, Italy) and dry matter content.

STATISTICAL ANALYSIS. Analysis of variance was used to evalu-
ate the effect of crop load on whole-canopy leaf area and light
interception, leaf photosynthesis, leaf chlorophyll fluorescence,
yield, and fruit quality at harvest. The main effect of crop load was
analyzed for linear and quadratic trends. Regression analysis was
used to evaluate the relationships between leaf photosynthesis
and leaf stomatal conductance, leaf photosynthesis and photo-
chemical yield and whole-canopy net carbon exchange and crop
load. Data were analyzed using Genstat (Rothamsted, United
Kingdom) and displayed graphically using Origin.

Results

The four flower thinning treatments produced a wide range of
crop loads, resulting in significant differences in yield per tree in
spite of trees with reduced fruit numbers per tree having higher
mean fruit weights (Table 1). Percentage tree light interception at
full canopy increased significantly with lighter cropping trees
(Table 1). This trend was caused by changes in whole-canopy leaf
area, with a significant increase of leaf area with lower crop loads.

Compared to the high-cropping trees, fruit of lighter cropping
trees were significantly more mature at harvest as indicated by
background color, starch/iodine score and soluble solids (Table
2). Fruit firmness and dry matter increased linearly with decreas-
ing crop load.

Preharvest leaf photosynthesis was correlated linearly to crop
load with ≈65% and 40% lower rates recorded in the noncropping
trees at 97 and 149 DAFB, respectively (Table 3). From 97 to 201
DAFB, leaf photosynthesis showed little change on the high- and

medium-cropping trees but increased substantially on trees with
low and no crop load; thus, there were no differences between the
treatments at 201 DAFB. Leaf photosynthesis was generally
higher in the morning than in the afternoon, with an average of
25% higher rates at 97 DAFB and 5% higher rates at 149 and 201
DAFB. At 229 DAFB, ≈6 weeks after fruit harvest, midday leaf
photosynthesis was similar in all crop load treatments with rates on
average 37% lower than at 201 DAFB. Stomatal conductance
accounted for ≈80% of the variance of leaf photosynthesis (Fig. 1).

At 109 DAFB, after completion of leaf area development and
shoot growth, gas exchange on both a whole-canopy and per unit
area of leaf basis were higher on the high-cropping tree, while only
small differences were found among trees with reduced crop loads
(Table 4; Fig. 2). At 165 DAFB, 2 weeks before fruit harvest, whole-
canopy gas exchange was markedly lower on the noncropping tree
compared to the fruiting trees among which differences were small
(Table 4). Whole-canopy gas exchange per unit area of leaf,
however, decreased substantially with lighter cropping trees (Table
4; Fig. 3). At 211 DAFB, 1 month after fruit harvest, whole-canopy
gas exchange increased slightly with reduced crop load, while
differences in whole-canopy gas exchange per unit area of leaf was
less pronounced among the various crop load treatments (Table 4;
Fig. 4). Figure 5 presents the relationship between crop load and
mean whole-canopy NCE per unit area of leaf at each measurement
time and shows a positively linear response that accounted for ≈70%
of the variance.

The effect of crop load on both daytime NCE and nighttime dark
respiration per unit area of leaf was similar, indicating that canopies
with high net carbon uptake during the photoperiod had proportion-
ally more carbon loss during the night period (Table 4). Compared
to preharvest records, the largely reduced dark respiration rates on
the fruiting trees at 211 DAFB were due likely to the exclusion of
fruit respiration and the relatively low night temperature. At each
measurement date, diurnal patterns of whole-canopy NCE and
transpiration followed closely the daily course of total incident PPF,
indicating that canopy gas exchange was affected largely by total
canopy light interception (Figs. 2, 3, and 4).

In midseason, at 135 DAFB, leaf starch concentration was
linearly and negatively related to crop load (Table 5). Although
leaf mass per unit of leaf area (MLA) increased by 2.2 mg·cm–2,
starch per unit leaf area increased by only 0.8 mg·cm–2, indicating

Fig. 1. Relationship between leaf photosynthesis (A) and stomatal conductance
(gs) of bourse shoot leaves of 5-year-old ‘Braeburn’/M.26 apple trees with none,
low, medium, and high crop load. Data represent means of each measurement
time. Linear regression equation (n = 28) is A = 0.023gs + 2.9, r2 = 0.80.
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that, besides starch, other products must have been accumulating
in the leaves.

Treatment differences in photochemical yield (∆F/Fm
') and

electron transport capacity (ETR) were most apparent in midseason
at 97 DAFB. At this growth stage they were both significantly (P
< 0.001) dependent on crop load, with the noncropping trees

having a markedly lower photochemical yield and ETR than the
cropping trees but the low-cropping trees also had a lower
photochemical yield and ETR than the high- and medium-cropping
trees (Fig. 6A and B). The low photochemical yield and ETR of the
noncropping trees at 97 DAFB was caused predominantly by a
higher percentage of the PSII reaction center pool being closed (i.e.,

Table 4. Effect of crop load on mean gas exchange on a whole-canopy (per tree) and unit area of leaf (per m2) basis over a 2-week period at each
measurement time of 5-year-old ‘Braeburn’/M.26 apple trees. Day/night length were 13/11, 11/13, and 10/14 h; and maximum day/minimum
night temperatures were 22.5/17.5, 21/15, and 16/8 °C at 109, 165, and 211 d after full bloom (DAFB), respectively. Estimated whole-canopy
leaf area was 10.0, 13.4, 16.1, and 18.8 m2 and percentage tree light interception was 29.4, 33.5, 36.6, and 38.2% for the high-, medium-, low,
and noncropping tree, respectively. Harvest was 181 DAFB.

DAFB

Crop 109 165 211 109 165 211

load Whole-canopy basis Leaf area basis

Net carbon exchange
[CO2 (g·d–1)] [CO2 (µmol·m–2·s–1)]

High 138.7 97.2 67.4 6.7 5.6 4.2
Medium 100.9 107.3 75.4 3.7 4.6 3.6
Low 110.0 108.9 82.9 3.3 3.9 3.2
None 110.4 48.7 83.1 2.9 1.5 2.8

Dark respiration
[CO2 (g/night)] [CO2 (µmol·m–2·s–1)]

High 7.7 7.0 3.4 0.44 0.34 0.15
Medium 5.9 8.7 3.8 0.25 0.32 0.13
Low 6.9 5.1 2.9 0.24 0.15 0.08
None 2.4 3.7 3.9 0.07 0.09 0.09

Transpiration
[H2O (kg·d–1)] [H2O (mmol·m–2·s–1)]

High 11.9 9.6 5.6 0.76 0.62 0.36
Medium 8.1 9.4 6.0 0.39 0.45 0.29
Low 8.2 10.4 7.0 0.33 0.41 0.28
None 8.7 7.7 7.9 0.30 0.26 0.27

Fig. 3. Diurnal changes of whole-canopy net carbon exchange (NCE) and
transpiration per unit area of leaf over a 2-week period [≈165 d after full bloom
(DAFB)] of 5-year-old ‘Braeburn’/M.26 apple trees with none, low, medium,
and high crop load. Harvest was 181 DAFB.

Fig. 2. Diurnal changes of whole-canopy net carbon exchange (NCE) and
transpiration per unit area of leaf over a 2-week period [≈109 d after full bloom
(DAFB)] of 5-year-old ‘Braeburn’/M.26 apple trees with none, low, medium,
and high crop load. Harvest was 181 DAFB.
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lower qP) than in the leaves of the cropping trees (Fig. 6C). At 145
DAFB, however, treatment differences in photochemical yield and
ETR were small in spite of marked differences in leaf photosynthe-
sis, although there was an overall decline in ETR. This trend
continued after harvest, with both photochemical yield and ETR
declining. This was related predominantly to a general increase in
thermal dissipation by nonphotochemical quenching (NPQ) rather
than to differences in the oxidation state of PSII reaction centers
(Fig. 6C and D). Furthermore, across all treatments, at least up to the
time of harvest, there was a linear relationship between leaf photo-
synthesis and photochemical yield (Fig. 7).

Discussion

Significant differences in whole-canopy leaf area among the
various crop load treatments (Table 1) were due to a compensatory
response of trees with lower fruit numbers resulting in increased
shoot number, shoot length (data not presented) and hence leaf area.
Therefore, at the early growth stage, trees with reduced crop loads
must have partitioned proportionally larger amounts of photosyn-
thates into these alternative vegetative sinks, which in turn could
utilize the extra carbohydrate. While Palmer (1992), Palmer et al.
(1997), and Wibbe et al. (1993) found no effect of fruiting on whole-

Table 5. Effect of crop load on starch concentration of bourse shoot
leaves of 5-year-old ‘Braeburn’/M.26 apple trees 135 days after full
bloom. All quadratic effects were nonsignificant.

Crop Starch/leaf dry wt Leaf mass/leaf area Starch/leaf area
load (mg·g–1) (mg·cm–2) (mg·cm–2)
High 19 10.3 0.20
Medium 41 11.0 0.45
Low 67 11.7 0.78
None 80 12.5 1.01
LSD(0.05) 17.4 0.86 0.24
Linear trend *** *** ***
*** Significant at P ≤ 0.001.

Fig. 5. Effect of crop load on mean whole-canopy net carbon exchange (NCE) per
unit area of leaf over 2 weeks at ≈109, 165, and 211 days after full bloom of 5-
year-old ‘Braeburn’/M.26 apple trees. Linear regression equation (n = 12) is
NCE = 1.87 crop load + 2.38, r2 = 0.70.

Fig. 4. Diurnal changes of whole-canopy net carbon exchange (NCE) and
transpiration per unit area of leaf over a 2-week period [≈211 d after full bloom
(DAFB)] of 5-year-old ‘Braeburn’/M.26 apple trees with none, low, medium,
and high crop load. Harvest was 181 DAFB.

canopy leaf area, Lenz (1986) reported significantly greater leaf
areas on nonfruiting than fruiting trees, confirming the present
findings. Whole-canopy leaf areas corresponded well to daily mean
percent tree light interception (r2 = 0.90, data not presented) as was
shown previously by Wünsche et al. (1996).

Fruit maturity showed a clear response to crop load with
advanced maturity on the low-cropping trees. Similar effects of
crop load on fruit maturity of ‘Cox’s Orange Pippin’ and ‘Braeburn’
apples were noted by Sharples (1968) and Palmer et al. (1997),
respectively. The underlying principles for the increase in fruit
firmness with decreasing crop load is not well understood but
could be related to the increase of soluble solids and dry matter.
An increase in fruit firmness with lower crop loads has also been
reported by Opara et al. (1997).

The downregulating effect of low and no crop load on leaf
photosynthesis in apple has often been observed in field studies
(Avery, 1975; Kennedy and Fujii, 1985; Monselise and Lenz,
1980a; Palmer, 1992), and the present study is in good agreement
with these findings (Table 3). The magnitude of differences in
leaf photosynthesis among the crop load treatments was, how-
ever, much greater than that reported previously. Palmer et al.
(1997) in New Zealand, using the same block of ‘Braeburn’/M.26
trees in the 1993–94 growing season, reported similar crop load
effects on leaf photosynthesis, including the photosynthetic re-
covery of trees with reduced crop load just before harvest. It is
interesting to note that at 201 DAFB, 20 d after harvest, leaf
photosynthesis remained comparatively high (Table 3), presum-
ably due to optimal postharvest growing conditions combined
with relatively healthy foliage on all trees. While a sudden drop
in leaf photosynthesis immediately after harvest is reported
frequently (e.g., Kennedy and Fujii, 1985), Palmer (1992) re-
corded a substantial increase in leaf photosynthesis of Crispin/
M.27 trees in all flower removal treatments after the fruit had been
picked in mid-October. Possible crop load × rootstock × scion ×
climate interactions of apple may explain the often contradictory
results reported in the literature on the response of leaf photosyn-
thesis after harvest. Moreover, the effect of crop load on leaf
photosynthesis is very dependent upon time and severity of
flower/fruitlet removal, and it seems that the later the thinning
occurs, the greater the effect on photosynthesis since proportion-
ally fewer actively growing sinks are available for alternative
carbohydrate movement.
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The substantially increased whole-canopy NCE per unit area
of leaf of the high-cropping tree (Table 4) was in spite of up to
40% less leaf area and 26% less intercepted light per tree,
indicating a high carbohydrate requirement of the actively grow-
ing fruit sinks and the limited number of alternative sinks for
carbon uptake on trees with reduced or no crop load. Absolute
whole-canopy photosynthesis of the lighter-cropping trees may
have been limited by the average low incident irradiance within
the dense canopy. Daily whole-canopy NCE of 13.8 g CO2/m2

leaf area for the high-cropping tree and 5.9 g CO2/m2 leaf area for
the noncropping tree at 109 DAFB were ≈40% higher than values
estimated by Wibbe et al. (1993) for a fruiting and nonfruiting
‘Golden Delicious’ apple tree at a similar growth stage. The data
of Wibbe et al. (1993), indicating that carbon uptake of the
fruiting tree largely resembled that of the nonfruiting tree in
September just before fruit harvest, could not be confirmed in the
present study where whole-canopy NCE per unit area of leaf of
the high-fruiting tree exceeded by ≈3.5-fold that of the nonfruiting
tree at 165 DAFB. Whole-canopy NCE per unit area of leaf
showed a linear response over the range of crop load encountered
(Fig. 5). Palmer et al. (1997), however, reported a curvilinear
response of leaf assimilation rate to crop load, indicating that care
must be taken in extrapolating whole-canopy NCE responses
from measurements on a small sample of well-irradiated leaves.

Data on dark respiration suggest that the absolute rate de-
pended on night temperature, confirming results of Butler and
Landsberg (1981). The rate differences among the trees were
induced by crop load and related strongly to differences in
daytime stomatal behavior and photosynthesis. The effect of
fruiting on dark respiration is in good agreement with findings of
Wibbe et al. (1993) and Butler and Landsberg (1981) who found
considerably higher carbon losses on fruiting trees compared to
nonfruiting trees. Whole-canopy dark respiration per unit area of
leaf of the high-cropping tree at 165 DAFB was ≈5-fold and 2.5-
fold lower than rates for fruiting apple trees estimated by Butler
and Landsberg (1981) and Wibbe et al. (1993), respectively.

Diurnal patterns of whole-canopy NCE and transpiration per
unit area of leaf were similar at each measurement time (Figs. 2,

3, and 4), suggesting a strong association between gas-exchange
rates and stomatal conductance. Whole-canopy transpiration of
≈2 mmol·m–2·s–1 for the high-cropping tree at 165 DAFB was
similar to calculated values by Landsberg et al. (1975) and Butler
(1976) of cropping apple trees in middle to late season consider-
ing small variations in incident irradiance. The observed effect of
crop load on tree water loss is supported by findings of Lenz
(1986) who reported higher transpiration rates on fruiting as
opposed to nonfruiting trees.

When starch accumulates in leaves, an increase in nonradiative
thermal dissipation can occur (Pammenter et al., 1993), indicat-
ing a redistribution of energy away from photosynthesis and
hence a reduction in photochemical efficiency, that is the
interconversion of light to chemical energy by the photochemical
apparatus. Consistent with this, at the time of starch sampling at
135 DAFB, there was an indication that photochemical yield was
lowest and nonphotochemical quenching was highest in the
noncropping trees (Fig. 6A and D). The linear relationship
between leaf photosynthesis and photochemical yield confirms
that the reduction in photosynthesis in relation to different crop
loads was related to a lowered photochemical efficiency (Fig. 7).
This relationship has been shown before in maize (Zea mays L.)
leaves (Edwards and Baker, 1993). The results also suggest that,
as the demand for photosynthate was lowered, the leaves were
protected fully by the increased capacity for thermal dissipation
(Osmond, 1994). Measurement of the xanthophyll-cycle pig-
ments (Demmig-Adams and Adams, 1996) would have been
useful to support this contention.

The significant and positively linear trend between leaf pho-
tosynthesis and crop load is in good agreement with a substan-
tially decreasing whole-canopy NCE per unit area of leaf with
lower crop load (Tables 3 and 4). As shown for apples previously
(Monselise and Lenz, 1980b), treatment differences may be due
partly to leaves of fruiting trees having lower gaseous diffusive
resistance than nonfruiting trees (Fig. 1). It has been suggested
that such stomatal response could be controlled hormonally, e.g.,
a negatively linear correlation was found between abscisic acid
concentration in the xylem sap and leaf conductance (Heckenberger
et al., 1996). Differences in stomatal behavior may also be
explained by differences in leaf assimilate concentration, in
particular starch (Table 5). Accumulation of starch in the leaf
chloroplast may induce a feedback regulation of photosynthesis

Fig. 6. Seasonal changes in (A) photochemical yield (∆F/Fm
'), (B) electron

transport rate (ETR), (C) photochemical quenching (qP), and (D)
nonphotochemical quenching (NPQ) of bourse shoot leaves of 5-year-old
‘Braeburn’/M.26 apple trees with none, low, medium, and high crop load. Mean
photosynthetic photon flux (PPF) at successive measurement times was 440,
705, and 675 µmol·m–2·s–1, respectively. Harvest was 181 d after full bloom.
Vertical bars are standard errors of the difference of the means (SEMs).

Fig. 7. Relationship between leaf photosynthesis (A) and photochemical yield
(∆F/Fm

') of bourse shoot leaves of 5-year-old ‘Braeburn’/M.26 apple trees. Data
are limited to that collected before harvest, at 97 and 145 d after full bloom.
Linear regression equation (n = 8) is A = 48.7∆F/Fm

'
 – 20.2, r2 = 0.64.
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presumably brought about by an imbalance between carbon
metabolism and absorbed excitation energy and a decline in
translocation rates of sucrose and sorbitol (Herold, 1980; Monselise
and Lenz, 1980a; Neales and Incoll, 1968).

In summary, crop load affected whole-canopy leaf area, light
interception, fruit maturity, leaf photosynthesis, leaf photochemical
yield, whole-canopy gas exchange per unit area of leaf, and leaf
starch concentration. The effect of crop load on photosynthesis
was characterized by 1) a linear downregulation of photosynthe-
sis with reduced crop loads in middle to late season due presum-
ably to an increasingly lower carbohydrate demand; 2) similar
photosynthesis across crop loads after harvest, suggesting that
other sinks may become increasingly demanding for carbohy-
drate supply. The diurnal pattern of whole-canopy gas exchange
followed closely the diurnal pattern of total incident PPF, indicat-
ing not only a strong association between gas-exchange rates and
gaseous diffusive resistance but also that gas exchange was
affected by light irradiance. The differences of whole-canopy
dark respiration rate were induced by crop load and related to
carbon assimilation during the previous photoperiod before, but
not after harvest.
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