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Carbon Balance as a Physiological Basis for the
Interactions of European Red Mite and Crop Load
on ‘Starkrimson Delicious’ Apple Trees
A.H.D. Francesconi, A.N. Lakso1, J.P. Nyrop2, J. Barnard3, and S.S. Denning
Department of Horticultural Sciences, New York State Agricultural Experiment Station, Cornell Univ
Geneva, NY 14456

Additional index words. Malus domestica, Panonychus ulmi, whole-canopy gas exchange, photosynthesis, fruit growth,
integrated pest management, action threshold

Abstract. The hypothesis that carbon balance is the basis for differences in responses by lightly and normally cropped app
trees to European red mite (ERM) [Panonychus ulmi (Koch)] damage was tested. Mature ‘Starkrimson Delicious’ (Malus
domestica Borkh.)/M.26 apple trees were hand-thinned to light (125 fruit/tree, about 20 t/ha) or normal (300 fruit/tree,
about 40 t/ha) target crop levels and infested with low [<100 cumulative mite-days (CMD)], medium (400 to 1000 CMD
or high (>1000 CMD) target levels of ERM. A range of crop loads and CMD was obtained. Mite population density, frui
growth, leaf and whole-canopy net CO

2
 exchange rates (NCER) were measured throughout the growing season of 199

Leaf area and vegetative growth per tree were also measured. Yield and final mean fruit size were determined at harve
Return bloom and fruiting were determined the following year. Total shoot length per tree was not affected by crop loa
or mite damage. ERM reduced leaf and whole-canopy NCER. Normally cropped trees showed fruit weight reductio
earlier and more severely than lightly cropped trees with high mite injury. Variation in final fruit weight, return bloom
and return fruiting was much better related to whole-canopy NCER per fruit than to CMD.

J. AMER. SOC. HORT. SCI. 121(5):959–966. 1996.
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Many pests attack apple trees, including their fruit, which 
resulted in a high use of pesticides in commercial orchards (C
1978). Integrated pest management (IPM) methods have 
developed and adopted to more efficiently use pesticides (Pe
1989). Foliar feeders are especially suitable for IPM pract
because pests can be controlled after a certain tolerable level 
injury occurs and before the crop is damaged (action thresh
Although effects of individual foliar feeders have been publis
for apple trees, results have been highly variable and the me
nism of apple tree responses to pest stress is poorly unders

European red mite (ERM) (Panonychus ulmi) is a particularly
problematic foliar pest of apples. Pesticides applied to con
other pests destroy natural enemies of ERM, inducing mite 
breaks that can damage apple crops. Mites have become in
ingly more difficult to control due to rapid development of res
tance to pesticides (Croft et al., 1987; Lathrop, 1951).

ERM injury causes reduced leaf net CO2 exchange rate (NCER
(Campbell and Marini, 1990; Campbell et al., 1990; Lakso et
1996; Mobley and Marini, 1990) and can reduce yield, fruit s
and quality, and return bloom (Ames et al., 1984; Beers and H
1990; Beers et al., 1987; Chapman et al., 1952; Coghill, 1969;
and Beers, 1990; Lakso et al., 1996; Lienk and Minns, 1980; L
and Ludlam, 1972; Marini et al., 1994; Redl et al., 1991; Zwic
al., 1976). Results in these individual studies varied consider
probably due to differences in the environment, the timing 
 SOC. HORT. SCI. 121(5):954–958. 1996.
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severity of the mite stress, and the physiological status of the 
especially crop load (Lakso et al., 1996; Marini et al., 1994). Be
et al. (1987) reported reductions of fruit size and return bloom du
ERM regardless of leaf to fruit ratios on limbs used as experime
units. However, because carbohydrate transport occurs bet
branches after midseason (Hansen and Christensen, 1974; Pal
al., 1991), branches should not be treated as independent units 
type of study. When whole trees were used as experimental u
interactions of crop load and ERM occurred. Greater decreas
fruit size, color and soluble solids concentration occurred in hea
cropped apple trees compared to lightly cropped trees (Ames e
1984; Marini et al., 1994; Zwick et al., 1976).

Quantifying the damage foliar pests cause to perennial cro
difficult. The perennial structures of these plants result from
integration of several factors (environment, pests, cultural p
tices, crop load and others) which leads to high variation am
plants. Reserve carbohydrates and nutrients, and developme
organs such as buds that begin differentiating the previous se
lead to complex and not easily predictable carry-over effect
foliar pests on perennial crops such as apples. Furthermore,
though foliar pests injure the leaf, their impact is on the wh
plant. The complexity and importance of scaling up from the l
to a canopy level has been addressed previously by Lakso 
(1996) and expanded in our study.

A mechanistic understanding of the relationships of plant, p
and environment is necessary to integrate impacts of foliar fee
on apple trees and fruit. Lakso et al. (1996) proposed that
season ERM effects on fruit development are mediated via
carbon balance of apple trees. Variation in final fruit weight 
trees with various mite damage levels was better related to wh
canopy NCER per fruit, an expression of carbohydrate availab
to the fruit, than to cumulative mite-days (CMD). In that stud
however, trees had relatively heavy crop loads leading to a sm
mean fruit size for controls than is typically observed on ligh
cropped ‘Starkrimson Delicious’. To determine a response thre
old valid under various cropping conditions, a broader range
fruit sizes and whole-canopy NCER per fruit needed to be ev
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Fig. 1. Seasonal cumulative mite-day (CMD) curves of European red mit
eighteen mature ‘Starkrimson Delicious’ apple trees showing the range of C
developmental patterns of all experimental trees.

Fig. 2. Growth curves of ‘Starkrimson Delicious’ apples before and after the onset
(arrow) of European red mite outbreak. The curves represent two lightly cropped
trees (about 3 fruit/TCSA) and two normally cropped trees (about 4.4 fruit/
TCSA) submitted to low [69 and 115 cumulative mite-days (CMD) for light and
normal crop, respectively] and high (1764 and 2394 CMD for light and normal
crop, respectively) CMD. Each curve is the mean for 12 fruit/tree.
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ated. This was done in our experiment by varying crop lo
which affected carbohydrate demand, and mite populations, w
affected carbohydrate supply.

If the carbon balance hypothesis for ERM effects on ap
trees is valid, then interactions of effects of crop loads and ERM
apple trees should also be better related to whole-canopy N
per fruit than to cumulative mite-days alone. Modeling and em
cal data have shown that fruit growth reductions occur in hea
cropped trees late in the season probably due to limitation
carbohydrates (Lakso and Corelli Grappadelli, 1992; Lakso
Johnson, 1990; Lakso et al., 1995). The differential final fruit s
response to ERM of apple trees with different crop loads (Am
al., 1984; Marini et al., 1994) is consistent with a carbon bala
mechanism. The physiological basis of this response was exp
in our study.

The objectives of our study were 1) to determine when and
severely fruit growth rates of normally cropped trees are redu
by ERM damage in comparison to lightly cropped trees and 
determine if differences in responses of normally and lig
cropped apple trees to ERM are better related to differenc
carbohydrate supply/demand than to differences in CMD
alone.
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Materials and Methods

In 1994, eighteen 12-year-old ‘Starkrimson Deliciou
M.26 central leader apple trees were selected for unifo
mity of size, canopy density and bloom density in tw
north–south rows at the New York State Agricultur
Experiment Station, Geneva, N.Y. Trees were on aver
2.1 m wide and 3.5 m tall and tree spacing was 3 m wi
rows and 4.6 m between rows. Normal fertilization, we
and disease control practices were used.

A factorial experiment was established with two targ
crop levels: light (125 fruit/tree) or normal (300 fruit/tree
and three target mite levels, expressed as CMD: low (<
CMD), medium (400 to 1000 CMD) or high (>100
CMD). Each tree was an experimental unit and there w
three replications per treatment, in a completely rando
ized design. The target levels provided a range of crop 
960
ds,
hich

les
 on

CER
iri-
vily
s of
and
ize
s et
nce
lored

and mite levels appropriate for regression analyses of crop load
mite effects.

Crop load. At bloom (16 May), flowering and nonflowering
spurs were counted on all trees. When fruit were about 14 m
diameter (22 d after bloom (DAB), 6 June), trees were ha
thinned to about 125 or 300 fruit/tree (20 and 40 t/ha, respectiv
leaving at most one fruit per cluster. Normally cropped tre
produced a good commercial crop (40 t/ha). Crop load was 
expressed in terms of number of fruit per trunk cross-sectional 
(fruit/TCSA), number of fruit per leaf area and whole-cano
NCER per fruit.

Mite management and sampling. ERM populations were moni-
tored at seven to ten day intervals, beginning 2 June, by rand
sampling 20 mature leaves per tree. June samples consist
mature spur leaves only. From July on, samples included ma
leaves situated at an intermediate position from 10 spurs an
extension shoots per tree. Leaves were brought to the labor
and passed through a mite brushing machine (Leedom Engin
ing, Santa Clara, Calif.). Mites were collected on a glass p
containing a thin layer of a mixture of 1 part of polyoxyethyle
sorbitan mono-oleate (Tween 80) and 2 parts of ethanol (95
Number of mites (protonymph, deutonymph and adult stages
plate was counted under a dissecting microscope. Mite popula
were estimated as CMD per leaf calculated with the follow
formula: mite-days = [0.5(mplp + mplc)] × dc–p , where mplp is the
number of mites per leaf at the previous count, mplc is the current
number of mites per leaf, and dc–p is the number of days betwee
counts (Beers et al., 1990). CMD is the sum of all mite-d
throughout the season.

To ensure adequate mite populations, mites were transferr
target trees on 16, 21, and 22 June (31, 36, and 37 DAB)
attaching mite infested shoots throughout the canopy. Pestic
were used where appropriate to encourage or suppress mite 
lations and to control other pests. Superior oil (Superior 6E Oi
1% (v/v) at tight cluster (5 May), propargite (Omite) at a rate of 
kg active ingredient (a.i.)/ha, on 8 July and 4 Aug. (53 and
DAB), and formetanate hydrochloride (Carzol), on 15 Aug. (

e of
MD
J. AMER. SOC. HORT. SCI. 121(5):954–958. 1996.J. AMER. SOC. HORT. SCI. 121(5):959–966. 1996.
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Fig. 4. Relationship between final fruit fresh weight and European red mite final
cumulative mite-days of ‘Starkrimson Delicious’ apple trees. Data from 1992
(Lakso et al., 1996) (open circles) and from our trial (solid circles).

Fig. 3. Relationship between final fruit fresh weight and European red mite f
cumulative mite-days (CMD) on ‘Starkrimson Delicious’ apple trees. Fr
weight = 190.57 – 0.016 CMD, r2 = 0.28, P < 0.03.
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DAB) at a rate of 1.3 kg a.i./ha, were applied on all trees design
for low mite numbers. Pyrethroid esfenvalerate (Asana XL)
rates of 0.18 kg a.i./ha (10 and 26 May) and 0.21 kg a.i./ha (23 J
was sprayed three times during the season on all trees in ord
eliminate predatory mites in the orchard. When medium and h
target levels of mites were reached, most trees were sprayed
propargite, at 1.1 kg a.i./ha, on either 4 or 9 Aug. (80 or 85 DA
All trees were sprayed with formetanate hydrochloride on 15 
22 Aug. (91 and 98 DAB) at 1.3 kg a.i./ha and on 2 Sept. (109 D
at 1.6 kg a.i./ha to ensure no further mite damage. No other f
feeding pests were abundant in the orchard.

Tree and fruit measurements. Twelve representative fruit
throughout the canopy of each tree were tagged at 22 DA
monitor fruit growth with an electronic caliper (Mitutoyo, Japa
at seven to ten day intervals until harvest . A 20-fruit sample, w
fruit in the whole range of measured fruit diameters, was collec
from ‘Starkrimson Delicious’ buffer trees similar in size to th
experimental trees on each day of fruit diameter measurem
Diameter, and fresh and dry weight of those 20 fruit were de
mined and used for regression estimation of seasonal fruit we
growth of the twelve tagged fruit, based on their fruit diame
measurements.

Trunk circumference of each tree was measured at 20 cm a
the soil at early pink stage (4 May) and was used to calculate f
TCSA.

Full canopy leaf area was estimated as follows. Total numbe
spurs, long shoots (longer than 5 cm), and short lateral shoot
cm) per tree were counted. Based on two representative bran
per tree, the average long shoot length and the percentage o
bourse shoots per tree were estimated. Short spurs per tree
calculated as the difference between the total number of spur
the estimated number of long bourse shoots per tree. Thirty s
with short bourses and short laterals were randomly measure
each tree to estimate the average length of short shoots per
Destructive samples of spurs with short bourses, short laterals
long shoots were collected from extra trees to obtain regress
between length and leaf area measurements. Final leaf area p
was calculated by summing the total number multiplied by 
estimated leaf area of short spurs and laterals, and long shoo
tree. Total shoot length per tree was calculated to estimate ve
J. AMER. SOC. HORT. SCI. 121(5):954–958. 1996.J. AMER. SOC. HORT. SCI. 121(5):959–966. 1996.
tive growth of all trees in the year treatments were applied.
At harvest (140 DAB, 3 Oct.), fruit number, and total and me

fruit weight per tree were determined.
Leaf and whole-canopy gas exchange. Gas exchange rates we

monitored periodically during the growing season of 1994, includ
periods before and after mite development on the trees. Only2
exchange data collected after mite development are reported h

Leaf gas exchange was measured under clear, sunny cond
between 8:30 and 14:00 solar time with a CIRAS-1 portable op
system gas analyzer (PP-Systems, Hitchin, Herts, U.K.) with a
cuvette that includes 2.5 cm2 of leaf area. On 29 and 30 Aug. an
20 and 21 Sept. (105, 106, 127 and 128 DAB), leaf NCER 
measured from four (first three dates) or six (last date) lea
divided equally among well-exposed midextension shoot lea
and well-exposed bourse leaves on spurs, that had represen
visual mite damage for each tree. Overall weighted average fo
days of measurements was calculated for each tree to accou
differences in number of leaves measured on different dates

Whole-canopy NCER was monitored by enclosing eight tr
inside eight identical whole tree chambers made of sheets of 
Mylar plastic in an open-system similar to the method of Cor
Grappadelli and Magnanini (1993), modified by Lakso et 
(1996). Each chamber of about 9400 L was kept inflated by
average air flow rate of 11,000 L·min–1 brought into the chambe
by a 15 cm SDR 35 PVC pipe connected to a shaded pole bl
(1030 rpm, 6.8 amperes, Dayton Electric Manufacturing C
Chicago). A desirable range of ∆CO2 of 10 to 30 ppm between th
inlet and the outlet, and a maximum increase of 3 °C inside the
chamber occurred. A manifold made of 15 cm round flexi
aluminum duct was put at the end of the PVC pipe near the t
of the tree to promote good air mixing inside the chamber. At
inlet and outlet, temperature and relative humidity were meas
with a thermo-hygrometer probe (Solomat model 355RHX)
tached to a MPM500e (Solomat Neotronics Co., Norwalk, Con
while CO2 concentrations were measured with a LCA2 infra
gas-analyzer (ADC Inc., Hoddesdon, Herts, U.K.). Air veloc
was measured by placing a hot wire anemometer probe (Sol
model 127MSX) through an access hole, at the center of th
flow, in the inlet pipe and at 1 m distance from the base of
chamber. Calibration of anemometer readings to flow rates 
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Fig. 5. Local regression surface fitted to our data on final fruit fresh weigh
number of fruit/cm2 trunk cross-sectional area (Fr/TCSA) and European red 
final cumulative mite-days (CMD) on ‘Starkrimson Delicious’ apple trees. R2 =
0.88, P < 0.002, Error df = 10. Solid and open circles are data above and b
the surface, respectively.

Fig. 6. Relationship between leaf net CO2 exchange rate (NCER) and European red
mite final cumulative mite-days (CMD) on ‘Starkrimson Delicious’ apple trees.
Leaf NCER = 17.22 – 0.0032 CMD, r 2 = 0.71, P < 0.0001.
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done with dilution of CO2 injections of known concentration an
flow. Photosynthetic photon flux was measured with a quan
sensor (LI-185A; LI-COR, Lincoln, Neb.) positioned perpendic
lar to the sun.

Whole-canopy NCER was measured under clear, sunny co
tions on 16, 19, 23, 24, 29, and 30 Aug. and 20 and 21 Sept
95, 99, 100, 105, 106, 127, and 128 DAB). Typically, eight tr
were enclosed in chambers in the morning and readings were
hourly throughout the day. The chambers were then removed
installed on other eight trees the next sunny day for more mea
ments. During the next sunny days, slightly different sets of e
trees were measured on each day, because only sixteen out
eighteen experimental trees could be measured on each cou
sunny days. One, four and thirteen trees were measured dur
3 and 4 d, respectively, over the season. Average of readin
whole-canopy NCER for each day and for all measured days
calculated for each tree.

Return bloom and cropping in 1995. Return bloom was deter
mined in May 1995 by counting all flower clusters per tree, exc
lateral flower clusters that were of minimal occurrence (<5% o
clusters) and usually do not set fruit. Number of fruit per tree
year following treatment was determined by counting total num
of fruit per tree on 20 July 1995. No thinning treatment was app
in 1995. Return bloom and fruiting were expressed on a per
basis and crop load effects were also expressed as fruit/tre
outlier tree that had a light crop and a medium mite populatio
1994 showed abnormally low return bloom and cropping. That
was removed from the data for analyses because it showe
abnormally light bloom compared to the average of the remai
trees in the orchard for the past 5 years.

Statistical analyses. Because individual crop loads and ER
populations were measured and not simply categorized, the
were analyzed with regression techniques. JMP (SAS Insti
Cary, N.C.) was used for simple regression analysis, Ge
(NAG, Downers Grove, Ill.) for fitting exponential regression
and SPLUS (StatSci, Seattle, Wash.) for fitting and plotting lo
962
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sure-
ight
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regression surfaces (Cleveland and Devlin, 1988). Local reg
sion techniques are useful for describing data without mak
strong assumptions about the shape as do traditional resp
surfaces. Any given neighborhood of the predictor space is fit
but there is no overall equation (Cleveland and Devlin, 1988)

Results and Discussion

Mite development. Mite populations increased in late July an
early Aug. (75 to 85 DAB), with a range of final cumulative mite
days from 69 to 2394 CMD. By mid Aug. (91 DAB) mite
populations on all trees were killed by acaricide sprays. Trees
CMD lower, near and above the currently recommended tolera
CMD level of 500  (Fig. 1). Peak populations ranged from 
average of 5 to 156 mites/leaf among trees in early August.

Crop load. Crop load ranged from 1.7 to 5.9 fruit/TCSA, whic
corresponded to 119 to 310 fruit/tree (fruit/tree). Crop load w
expressed in terms of fruit/TCSA because of some variation in 
size and because fruit size before mite population developed
better related to fruit/TCSA than to fruit/tree in this orchard. Le
area per tree ranged from 11.5 to 26.4 m2. Fruit : leaf area ratios per
tree ranged from 0.047 to 0.181 fruit/m2 of leaf area or from 2126
to 552 square centimeters of leaf area per fruit.

Seasonal fruit growth, final fruit weight, and yield as affecte
by CMD and fruit/TCSA. Seasonal fruit growth curves of four tree
representing extreme cases of lightly and normally cropped tr
subjected to low and high mite populations illustrate how mite a
crop load affected fruit growth throughout the season (Fig. 
Trees were selected on the basis of similar fruit size within e
crop load level before the development of mite populations. Th
any differences in fruit growth later in the season between hea
and mite infested trees with similar crops could be attribu
mainly to mite damage. As a result of the thinning treatmen
lightly cropped trees had higher initial fruit growth rates tha
normally cropped trees, leading to larger fruit on lightly cropp
trees at harvest. Fruit growth reductions due to mites were not
able earlier and more severely on normally cropped trees tha
lightly cropped trees (Fig. 2). Repeated measurement analys
variance supported this observation: significant divergence of f
growth rates due to mites occurred at 86 d in normally and 93 d

t vs.
mite

elow
J. AMER. SOC. HORT. SCI. 121(5):954–958. 1996.J. AMER. SOC. HORT. SCI. 121(5):959–966. 1996.
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Fig. 7. Relationship between whole-canopy net CO2 exchange rate (NCER) an
European red mite final cumulative mite-days (CMD) on ‘Starkrimson Delicio
apple trees. Whole-canopy NCER = 173.96 – 0.039 CMD, r 2 = 0.52, P < 0.001.

Fig. 8. Relationship between final fruit fresh weight and whole-canopy net CO2
exchange rate (NCER) per fruit of ‘Starkrimson Delicious’ apple trees in 1994.
Fruit weight = 196.42 – 277 × 0.009 Canopy NCER/fruit, r2 = 0.77, P < 0.001.
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lightly cropped trees.
Final fruit weight decreased as CMD increased, although 

28% of the variation was explained by CMD alone (Fig. 
Differences in crop load were certainly one of the reasons
scattering of the data. As fruit/TCSA increased, fruit size 
creased as expected [fruit weight (g) = 220.53 – 12.70 fruit/TC
r2 = 0.49]. Our data were compared with data obtained in 199
the same orchard with various mites levels on trees without m
variation in crop load in that year (Lakso et al., 1996) (Fig.
Although absolute values differed, the general relationship (
the slope of the regression line) between fruit weight and CMD
not differ significantly between both years. Smaller fruit in 19
compared to 1994 were mainly because crop load was in ge
higher in 1992 than in 1994. An abnormally cold and rainy sum
in 1992 may also have contributed to smaller fruit size in 19
Data was scattered and no threshold was apparent in 199
1994. These results are consistent with highly variable effec
ERM on apple fruit size previously reported (Beers and Hull, 19
Beers et al., 1987; Chapman et al., 1952; Hull and Beers, 1
Lakso et al., 1996; Light and Ludlam, 1972; Marini et al., 19
Zwick et al., 1976).

A local regression surface was fitted to the mite and crop 
data from all trees and showed a nonlinear interaction betw
crop load and CMD effects on final fruit weight (Fig. 5). As CM
increased, there was a greater reduction in fruit size on norm
cropped trees than on lightly cropped trees, confirming ea
findings of Ames et al. (1984) and Marini et al. (1994). Interac
effects of crop load and mites on fruit growth and final fruit s
were similar to interactions of shading and crop load or deve
mental stage of crop during season (Lakso and Corelli Grappa
1992; Lakso et al., 1989), suggesting that carbon balance
mediate the effects of crop load, mite stress and low light. S
lations of seasonal patterns of carbon supply/demand on a
trees have shown that heavily cropped trees tend to show c
deficit for fruit growth earlier in the season than lightly cropp
trees (Lakso and Corelli Grappadelli, 1992). Therefore a reduc
in carbon supply due to shade or mites can cause more d
effects on heavily cropped trees than on lightly cropped tree

There was no interaction of crop load and mites on yield 
tree), probably because fruit size is less important than numb
fruit per tree in determining yield (Forshey and Elfving, 197
J. AMER. SOC. HORT. SCI. 121(5):954–958. 1996.J. AMER. SOC. HORT. SCI. 121(5):959–966. 1996.
When fruit numbers were differentially adjusted by hand-thinn
potential yields were varied, confounding any possible effec
mites on yield. The primary effect of mite infestation was to af
yield via fruit size.

Vegetative growth as affected by CMD and fruit/TCSA. Mites
and the range of crop loads in this study had no significant ef
on total shoot length per tree (data not shown), as also report
Beers and Hull (1987, 1990). Because shoot growth cease
midsummer (Forshey and Elfving, 1989) and mite popula
increased around that time, mites were not expected to affect
shoot length. Rogers and Booth (1964) also found no effect of
load on current shoot length but a negative correlation occu
between crop and following year’s shoot growth of one ap
cultivar on four out of five rootstocks tested over 25 years. Bar
(1964) found reduction of current and subsequent year’s s
growth in cropping compared to noncropping trees, but those 
extreme cases.

Leaf and whole-canopy gas exchange as affected by CMD
fruit/TCSA. ERM caused reductions in leaf NCER measured a
target CMD were achieved (Fig. 6) as previously reported
Campbell and Marini (1990), Campbell et al. (1990), Lakso e
(1996) and Mobley and Marini (1990). Based on the fitted lin
regression of our data, trees with 2000 CMD had about 60% to
leaf NCER of trees with 0 CMD.

Mite also reduced whole-canopy NCER (Fig. 7). When sca
up from leaf to whole-canopy NCER, a lower percentage
variability could be attributed to CMD. This was expected beca
whole-canopy NCER integrates the NCER of the whole pop
tion of leaves and also the respiration of the branches and fr
each tree. Based on the fitted linear regression, trees with 
CMD had about 55% whole-canopy NCER of trees with 0 CM
The pattern of leaf and whole-canopy NCER reductions du
mites is similar to what Lakso et al. (1996) found, even though
absolute values differ somewhat. Those differences could
attributed to variations in the environment, plant physiolog
conditions and mite development between these experimen

Crop load variation had no significant effect on leaf or can
NCER. Similarly, Palmer (1986) observed that flower thinn
resulting in final yield reductions of 30% and 56% did not sh
consistent effects on leaf NCER in mid to late season. F
influenced whole-canopy NCER (Butler and Landsberg, 19

d
us’

only
3).
 for
de-
SA,
2 in
ajor

 4).
i.e.,
 did
92
neral
mer
92.

2 and
ts of
90;
990;
963



lving
tual

CER
r may
 our

xcept
y in
our
 not
1) oil
, and
den,
 two
r all

 in
inte-
hould
ole-
or of
kso
tes at
nen-
ship
(
996)

gi-
poses
 per

fruit
pe of
onse
liar

rly
t to

more
 per
th
erent
odel
dic-

lud-
rbo-
ent/
 tree
 type
ther

 also

and
m

 our
 by
ted
e the
data
tion

Fig. 9. Relationship between final fruit fresh weight and whole-canopy net 2
exchange rate (NCER) per fruit of ‘Starkrimson Delicious’ apple trees. F
weight = 201.06 – 185.5 × 0.0363Canopy NCER/fruit, r 2 = 0.88, P < 0.001. Data from
1992 (Lakso et al., 1996) (open circles) and from our trial (solid circles).

Fig. 10. Relationship between return flower cluster number per tree and (A) final
cumulative mite-days, and (B) whole-canopy net CO2 exchange rate (NCER) per
fruit of ‘Starkrimson Delicious’ apple trees. Linear regression models for B are
Return flower cluster number per tree in 1995 = –156.49 + 706.54 Canopy NCER
per fruit, r2 = 0.88, P < 0.0001 (our data only); and Return flower cluster number
per tree in 1993 and 1995 = 75.25 + 430.93 Canopy NCER per fruit, r2 = 0.54, P
<0.0001 (pooled data). Return bloom and cropping data from 1993 (Lakso et al.,
1996) (open circles) and from our trial (solid circles).
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Wibbe et al., 1993). However, those were extreme cases invo
apple trees with and without fruit and no information on the ac
crop load being evaluated was provided.

Even though the effects of the applied pesticides on the N
of the experimental trees was not evaluated, pesticides may o
not affect NCER of apple leaves (Ayers and Barden, 1975). In
trial, most pesticide treatments were the same for all trees, e
for one oil spray in early May and one propargite (Omite) spra
early July on the low mite (<100 CMD) trees. We think that 
results comparing the relative behavior of all trees were
confounded by potential pesticide effects on NCER because 
was sprayed at tight cluster, causing no visible injury to leaves
Omite does not seem to affect leaf NCER (Ayers and Bar
1975), and 2) NCER measured after the application of those
specific treatments and before any mite injury were similar fo
trees.

Final fruit weight as affected by Canopy NCER/fruit. If carbon
balance is the mechanism of differential response to ERM
lightly and normally cropped apple trees, a parameter that 
grates the carbohydrate supply/demand balance of the tree s
relate better to final fruit size than CMD alone. We used wh
canopy NCER per fruit in middle to late season as an indicat
carbohydrate availability to the fruit, as previously done by La
et al. (1996), because fruit are the major sinks for carbohydra
that time of the season (Forshey and Elfving, 1989). An expo
tial regression fitted to our data showed a very good relation
between fruit weight and late season canopy NCER per fruit r2 =
0.77) (Fig. 8). Furthermore, when data from (Lakso et al., 1
and ours were pooled, the relationship was maintained (r2 = 0.88)
(Fig. 9). The negative exponential model, which fitted our biolo
cal data the best, was a continuous model but for practical pur
no changes in fruit weight occurred as whole-canopy NCER
fruit was reduced from 1.5 to about 0.6 µmol·s–1. After reaching
that level, any further decrease in whole-canopy NCER per 
seemed to cause a greater decrease in fruit weight. This ty
response was in practice similar to the threshold type of resp
used in IPM, in which plants can tolerate a certain level of fo
injury before the crop is affected.

The variable effects of CMD on fruit weight (Fig. 4) clea
indicates that by considering the pest only, it was difficul
964
determine plant responses to the foliar pest. When we took a 
integrated approach and looked at the whole-canopy NCER
fruit (Fig. 9), however, we could explain variations in fruit grow
responses of apple trees to mites more adequately over diff
years and various crop loads. Furthermore, our mechanistic m
using whole-canopy NCER per fruit was almost as good a pre
tor of fruit weight as our empirical local surface regression inc
ing crop load and mite levels. This is strong evidence that ca
hydrate supply/demand is a good integrator of the environm
plant/mite complex and may be the main mechanism of apple
responses to single and multiple foliar pest stresses. Similar
of studies need to be done in different apple systems with o
foliar feeders to determine if carbohydrate supply/demand is
the mechanism for those situations.

Return bloom and cropping in 1995 as affected by CMD 
fruit/tree. CMD alone had no significant effect on return bloo
and cropping in 1995 (Figs. 10A and 11A). When comparing
data with return bloom and cropping data of 1993 obtained
Lakso et al. (1996), the lack of relationship with CMD persis
(Figs. 10A and 11A). When regressed against crop load alon
r2 was 0.64 for return bloom and 0.50 for return fruit per tree (
not shown). A local regression surface showing an interac

CO
ruit
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Fig. 11. Relationship between return fruit number per tree and (A) final cumulative
mite-days and (B) whole-canopy net CO2 exchange rate (NCER) per fruit of
‘Starkrimson Delicious’ apple trees. Linear regression models for B are Return
fruit number per tree in 1995 = –6.61 + 739.67 Canopy NCER per fruit, r2 = 0.73,
P <0.0001 (our data only). Return fruit number per tree in 1993 and 1995 = –80.56
+ 816.06 Canopy NCER per fruit, r2 = 0.83, P <0.0001 (pooled data). Return
bloom and cropping data from 1993 (Lakso et al., 1996) (open circles) and from
our trial (solid circles).

Fig. 12. Local regression surfaces fitted to our data on return flower cluster number per
tree (A) and return fruit number per tree (B) in 1995 vs. number of fruit per tree (Fr/
tree) and European red mite final cumulative mite-days (CMDs) on ‘Starkrimson
Delicious’ apple trees. R2 = 0.90, P < 0.002 (A) and R2 = 0.74, P < 0.006 (B). Error df
= 9 for both surfaces. Solid and open circles are data above and below the surface,
respectively.
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between CMD and crop load was the best fit with R2 of 0.90 and
0.74 for return bloom and fruiting, respectively (Fig. 12 A and 
Trees with low CMD and a light crop tended to have higher re
bloom and cropping than the remaining treatments. Those we
same trees that had higher fruit size the previous year and likel
a better carbohydrate supply/demand balance in 1994. Return
was highly positively correlated to return bloom (r2 = 0.88). Inhibition
of flowering and cropping the following year due to heavy cropp
has been extensively documented and reviewed by Buban and
(1982) and Forshey and Elfving (1989). However, the mechanis
that effect (hormones, carbohydrates or nutrients) has not been
elucidated. Flower bud initiation in spurs usually occurs three to
weeks after bloom the year before those buds open, but fl
development continues until the next growing season (Buban
Faust, 1982; Forshey and Elfving, 1989; Pratt, 1988). Even th
late season mite infestation would not be expected to have m
effects on return bloom, reduced bloom the year following m
infestation as observed in our study have been previously repor
some but not all cases (Beers and Hull, 1987; Beers and Hull, 1990;
Hull and Beers, 1990; Lakso et al., 1996). Reduced return crop
due to mites have been observed in some cases but not in 
(Beers and Hull, 1990; Beers et al. 1990; Hull and Beers, 1
Lakso et al., 1996). Variations in carbohydrate status of the 
J. AMER. SOC. HORT. SCI. 121(5):954–958. 1996.J. AMER. SOC. HORT. SCI. 121(5):959–966. 1996.
and on the degree of overlap between mite attack and flower
differentiation and development could be related to different m
effects on return bloom and cropping. Mite and crop load stu
including flower bud sampling throughout the season would h
elucidate this question.

Return bloom and cropping in 1995 as related to Cano
NCER/fruit. A positive correlation was found between whol
canopy NCER per fruit and return bloom and cropping, in 19
with r2 of 0.88 and 0.73, respectively (Figs. 10B and 11B). Wh
data from Lakso et al. (1996) and our data were pooled, the r2 of the
linear regression between return bloom and whole-canopy NC
per fruit went down to 0.54 and that regression was significa
different from the regression with our data alone (Fig. 10B). T
correlation and the slope of the regression between return crop
and whole-canopy NCER per fruit for the pooled data, howe
were similar to our data alone (r2 = 0.83) (Fig. 11B). It is likely that
other factors besides late season canopy NCER per fruit pla
important role in bloom initiation and/or development. It is n
clear why return bloom related to whole-canopy NCER per frui
our experiment and not in the trial of Lakso et al. (1996). O
possible explanation is that the abnormal low radiation and h
precipitation in June and July of 1992 affected flower bud initiat
965
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and differentiation in a different way compared to the sunny
warm summer of 1994. Both years’ return cropping, which rel
to both number of flowers per tree and fruit retention, was m
closely correlated than return bloom to the expression of carb
drate supply and demand balance to the fruit the previous 
These results suggest that a low canopy NCER per fruit late 
previous year has a detrimental effect on flower developmen
the next year resulting in poor return crop load. Carry-over eff
of mites and crop load are certainly more complex than fruit 
responses. More physiological studies are needed to help elu
the complex interactions among crop load, mites and environ
on return bloom and fruiting of apples.

Implications for integrated pest management on apples a
follows:
1) Final fruit size on trees bearing a good commercial crop sho

a more severe reduction due to mite stress than on li
cropped trees. Thus, it is important to follow the curr
sampling and threshold recommendations very strictly w
crop load is moderate, when fruit size is already limited c
pared to lightly cropped trees. For heavier crop loads, ac
thresholds may need to be reduced.

2) Carbohydrate supply/demand balance explained the varia
in fruit size, return bloom and return crop load response
apple trees to ERM injury better than cumulative mite-d
alone. Thus research on pest effects on fruit trees for det
nation of action thresholds of foliar pests should consider 
plant physiological aspects such as crop load.

Literature Cited

Ames, G.K., D.T. Johnson, and R.C. Rom. 1984. The effect of Europea
mite feeding on the fruit quality of ‘Miller Sturdeespur’ apple. J. Am
Soc. Hort. Sci. 109:834–837.

Ayers, Jr., J.C. and J.A. Barden. 1975. Net photosynthesis and dark re
tion of apple leaves as affected by pesticides. J. Amer. Soc. Hor
100:24–28.

Barlow, H.W.B. 1964. An interim report on a long-term experiment to as
the effect of cropping on apple tree growth. Rpt. E. Malling Res. 
1963:84–93.

Beers, E.H. and L.A. Hull. 1987. Effect of European red m
(Acari:Tetranychidae) injury on vegetative growth and flowering of f
cultivars of apples. Environ. Entomol. 16:569–574.

Beers, E.H. and L.A. Hull. 1990. Timing of mite injury affects the bloom 
fruit development of apple. J. Econ. Entomol. 83:547–551.

Beers, E.H., L.A. Hull, and G.M. Greene. 1990. Effect of a foliar u
application and mite injury on yield and fruit quality of apple. J. Ec
Entomol. 83:552–556.

Beers, E.H., L.A. Hull, and J.W. Grimm. 1987. Relationships betw
leaf:fruit ratio and varying levels of European red mite stress on fruit
and return bloom of apple. J. Amer. Soc. Hort. Sci. 112:608–612.

Buban, T. and M. Faust. 1982. Flower bud induction in apple trees: In
control and differentiation. Hort. Rev. 4:174–203.

Butler, D.R. and J.J. Landsberg. 1981. Respiration rates of apple 
estimated by CO

2
-efflux measurements. Plant Cell Environ. 4:153–1

Campbell, R.J. and R.P. Marini. 1990. Nitrogen fertilization influences
physiology of apple leaves subjected to European red mite feedi
Amer. Soc. Hort. Sci. 115:89–93.

Campbell, R.J., K.N. Mobley, and R.P. Marini. 1990. Growing conditi
influence mite damage on apple and peach leaves. HortScience 25
448.

Chapman, P.J., S.E. Lienk, and O.F. Curtis Jr. 1952. Responses of app
to mite infestations: I. J. Econ. Entomol. 45:815–821.

Cleveland, W.S. and S.J. Devlin. 1988. Locally-weighted regressio
approach to regression analysis by local fitting. J. Amer. Statist. A
83:596–610.

Coghill, K.J. 1969. The effect of fruit tree red spider mite on yields of ap
Proc. 5th Br. Insectic. Fungic. Conf.:495–499.
966
and
tes
ore
ohy-
ear.
 the

t for
cts
ize
idate
ent

e as

wed
htly
nt
en
m-
tion

ility
 of
ys
rmi-
ost

n red
er.

spira-
 Sci.

sess
Sta.

ite
ur

nd

rea
on.

een
size

rnal

trees,
9.
 the
g. J.

ns
:445–

e trees

: an
ssn.

ple.

Croft, B.A. 1978. Potentials for research and implementation of integr
pest management on deciduous fruit trees, p. 101–115. In: E.H. Smit
D. Pimentel (eds.). Pest control strategies. Academic Press, New Y

Corelli Grappadelli, L. and E. Magnanini. 1993. A whole tree system for
exchange. HortScience 28:41–45.

Croft, B.A., S.C. Hoyt, and P.H. Westigard. 1987. Spider mite manage
on pome fruits, revisited: organotin and acaricide resistance manage
J. Econ. Entomol. 80:304–311.

Forshey, C.G. and D.C. Elfving. 1977. Fruit numbers, fruit size, and y
relationships in ‘McIntosh’ apples. J. Amer. Soc. Hort. Sci. 102:399–4

Forshey, C.G. and D.C. Elfving. 1989. The relationship between veget
growth and fruiting in apple trees. Hort. Rev. 11:229–287.

Hansen, P. and V.J. Christensen. 1974. Fruit thinning. III. Translocatio
14C assimilates to fruit from near and distant leaves in the apple ‘Go
Delicious’. Hort. Res. 14:41–45.

Hull, L.A. and E.H. Beers. 1990. Validation of injury thresholds 
European red mite (Acari: Tetranychidae) on ‘Yorking’ and ‘Deliciou
apples. J. Econ. Entomol. 83:2026–2031.

Lakso, A.N., L. Corelli Grappadelli, J. Barnard, and M.C. Goffinet. 1995.
expolinear model of the growth pattern of the apple fruit. J. Hort. 
70:389–394.

Lakso, A.N., G.B. Mattii, J.P. Nyrop, and S.S. Denning. 1996. Influenc
European red mite on leaf and whole-canopy carbon dioxide excha
yield, fruit size, quality, and return cropping in ‘Starkrimson Deliciou
apple trees. J. Amer. Soc. Hort. Sci. 121:954–958

Lakso, A.N. and L. Corelli Grappadelli. 1992. Implications of pruning a
training practices to carbon partitioning and fruit development in ap
Acta Hort. 322:231–239.

Lakso, A.N. and R.S. Johnson. 1990. A simplified dry matter produc
model for apple using automatic programming simulation software. A
Hort. 276:141–148.

Lakso, A.N., T.L. Robinson, and R.M. Pool. 1989. Canopy microclim
effects on patterns of fruiting and fruit development in apples and gra
p. 263–274. In: C.J. Wright  (ed.). Manipulation of fruiting. Butterwort
London.

Lathrop, F.H. 1951. Sidelights on European red mite control. J. E
Entomol. 44:509–514.

Lienk, S.E. and J.C. Minns. 1980. Effect of early mite feeding on apple. P
N.Y. State Hort. Soc. 125:93–96.

Light, W.I.St.G. and F.A.B. Ludlam. 1972. The effects of fruit tree red sp
mite (Panonychus ulmi) on yield of apple trees in Kent. Plant Patho
21:175–181.

Marini, R.P., D.G. Pfeiffer, and D.S. Sowers. 1994. Influence of Europ
red mite (Acari:Tetranychidae) and crop density on fruit size and qu
and on crop value of ‘Delicious’ apples. J. Econ. Entomol. 87:1302–1

Mobley, K.N. and R.P. Marini. 1990. Gas exchange characteristics of a
and peach leaves infested by European red mite and twospotted 
mite. J. Amer. Soc. Hort. Sci. 115:757–761.

Palmer, J.W. 1986. Seasonal variation of light saturated photosyntheti
of Golden Delicious apple leaves as influenced by leaf type and crop
p. 30–33. In: A.N. Lakso and F. Lenz (eds.). The Regulation of Photo
thesis in Fruit Trees. N.Y. State Agr. Expt. Sta., Geneva, Spec. Pub

Palmer, J.W., Y.-L. Cai, and Y. Edjamo. 1991. Effect of part-tree flo
thinning on fruiting, vegetative growth and leaf photosynthesis in ‘Co
Orange Pippin’ apple. J. Hort. Sci. 66:319–325.

Pedigo, L.P. 1989. Entomology and pest management. Macmillan, 
York.

Pratt, C. 1988. Apple flower and fruit: morphology and anatomy. Hort. R
10:273–308.

Redl, H., A. Hiebler, J. Jerabek, and K. Eckel. 1991. Auswirkun
gestaffelter befallsdichten und verweilzeiten von spinnmilben auf 
apfelertrag und die apfelqualitat. Mitteilungen Klosterneuburg 41:2
248.

Rogers, W.S. and G.A. Booth. 1964. Relationship of crop and shoot gr
in apple. J. Hort. Sci. 39:61–65.

Wibbe, M.L., M.M. Blanke, and F. Lenz. 1993. Effect of fruiting on carb
budgets of apple tree canopies. Trees: Structure and Function 8:56

Zwick, R.W., G.J. Fields, and W.M. Mellenthin. 1976. Effects of m
population density on ‘Newtown’ and ‘Golden Delicious’ apple tr
performance. J. Amer. Soc. Hort. Sci. 101:123–125.
J. AMER. SOC. HORT. SCI. 121(5):954–958. 1996.J. AMER. SOC. HORT. SCI. 121(5):959–966. 1996.


