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ABSTRACT The impact of different levels of whole plant partial defoliation (WPPD) on the
photosynthesis and primary metabolism of wheat,TriticumaestivumL., was evaluated at the vegetative
and reproductive (grain-Þlling) developmental stages. Photosynthetic parameters such as photosyn-
thesis, stomatal conductance, and transpiration, chlorophyll a ßuorescence, and plant morphological
parameters, such as main stem height, ßag-leaf and undefoliated leaf areas, and number of tillers, were
recorded 1 h and 1, 9, and 12 d after defoliation in 2004 and 1 h, 3 d, and 6 d after defoliation in 2005.
Plants with high defoliation levels (i.e., defoliation � 75%) had �21 and 20% greater photosynthesis
rates compared with control and low defoliation level treatments, respectively. Our data show that
stomatal conductance for ßag leaves was not signiÞcantly affected by WPPD. In addition, we did not
observe a signiÞcant effect of defoliation on intercellular CO2 concentrations or on transpiration rates
remaining ßag leaf tissue. Similar responses were observed for the overall photosynthesis of defoliated
plants during vegetative stages. Whole plant source-sink manipulation of wheat by WPPD during the
major plant developmental stages (i.e., vegetative and reproductive) did not elicit any signiÞcant
long-term modiÞcations to growth, morphological, or primary physiological characteristics of wheat
plants.
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Source-sink manipulation of whole plants has been
used to identify the potential mechanisms involved in
plant photosynthetic responses to leaf-area reduc-
tions, such as insect defoliation (Peet and Kramer
1980, Dyer et al. 1991, Layne and Flore 1995, Wang et
al. 1996, Paul and Foyer 2001). Whole plant partial
defoliation (WPPD) is a technique that decreases the
source while keeping actual sink demand unchanged.
After defoliation, there are proportionally fewer
source leaves available to supply the demanded photo-
assimilate to the sinks, and therefore, there are in-
creases on the relative demand per unit of leaf area
(Wareing et al. 1968, Gifford and Marshall 1973, Mc-
Naughton 1979). End-product inhibition (photo-as-
similate accumulation in the source leaves) would not
occur in partially defoliated plants, because this sink-
limited condition is unlikely to occur (Wareing et al.
1968, Gifford and Marshall 1973, McNaughton 1979).

Unfortunately, the mechanisms involved in source-
leaf responses to changes in demand for photo-assim-
ilates are still uncertain. Changes in photosynthesis
because of source-sink manipulation have been attrib-
uted to alterations in both mesophyll and stomatal
conductance (Thorne and Koller 1974, Koller and

Thorne 1978, Layne and Flore 1995). Increases in
ribulose-1, 5-bisphosphate carboxylase/oxygenase
(Rubisco) activity and lower photorespiration have
been suggested as possible contributors to higher me-
sophyll conductance in soybean,GlycinemaxL. Merr.,
pepper, Capsicum annuum L., and citrus, Citrus ma-
durensis Lour. (Tung et al. 1973, Thorne and Koller
1974, Hall and Brady 1977).

Numerous studies have been conducted to charac-
terize the effects of insect defoliators (leaf-mass con-
sumers) on plant gas exchange (Poston et al. 1976,
Hammond and Pedigo 1981, Ingram et al. 1981, Ostlie
and Pedigo 1984, Welter 1991, Higley 1992, Peterson
et al. 1992, 2004, 2005, Peterson and Higley 1996).
Studies have shown that, as a result of defoliation,
photosynthetic rates on the remaining leaves can ei-
ther be increased (Wareing et al. 1968, Satoh et al.
1977, Aoki 1981, Von Caemmerer and Farquhar 1984,
Baysdorfer and Bassham 1985, Williams and Farrar
1988, Tschaplinski and Blake 1989, Welter 1989, Layne
and Flore 1992, 1993) or temporarily decreased (Al-
derfelder and Eagles 1976, Hall and Ferree 1976, Li
and Proctor 1984). However, perhaps the most com-
mon response observed has been that defoliation does
not elicit any photosynthetic changes on remaining
tissue of injured leaves (Davidson and Milthorpe 1966,1 Corresponding author, e-mail: bpeterson@montana.edu.
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Poston et al. 1976, Syvertsen and McCoy 1985, Welter
1989, 1991, Higley 1992, Peterson et al. 1992, 1996,
2005, Peterson and Higley 1996, Burkness et al. 1999).
It is important to point out that this type of response
cannot be generalized for the entire plant. Different
photosynthetic responses have been observed for un-
injured leaves and new-leaf tissue. Increased photo-
synthetic rates in newly formed foliage (McNaughton
1979, 1983a, b, Belsky 1986, Paige and Whitham 1987,
Crawley 1989, Ovaska et al. 1992) and delayed pho-
tosynthetic senescence of older, remaining leaves (Hi-
gley 1992, Peterson et al. 1992) have been observed as
contributing mechanisms to the compensatory re-
sponse after partial defoliation by herbivores.

Despite the increasing number of studies con-
ducted to develop generalized models of plant phys-
iological response to defoliation, most of the research
to date has been on legumes such as soybean and
alfalfa, Medicago sativa L. (Poston et al. 1976, Ham-
mond and Pedigo 1981, Ingram et al. 1981, Ostlie and
Pedigo 1984, Higley 1992, Peterson et al. 1992, 2004,
Peterson and Higley 1993, 1996, Peterson 2001). A
limited number of studies, using molecular ap-
proaches, have generated a better understanding of
how tissue-consuming insects affect plant photosyn-
thesis (Grant-Petersson and Renwick 1996, Stotz et al.
2000, Kliebenstein et al. 2002, Weinig et al. 2003, Bi-
dart-Bouzat et al. 2004). Peterson et al. (2004) argued
that characterizing physiological responses to defoli-
ation injury to numerous plant species is crucial to
better understand the strengths and limitations of gen-
eralized models of response that have been developed
to date.

Removal of leaf tissue potentially has serious effects
on plant development and yield of grasses. Detrimen-
tal effects of defoliation on plant Þtness and yield
might be related directly to reductions on the photo-
synthetic capacity of remaining tissue (Culy 2001).
Wang et al. (1996) showed that defoliation of corn,
Zea mays L., during reproductive stages caused a sig-
niÞcant reduction of photosynthetic rates of remain-
ing leaf tissue and a decline in grain yield. They sug-
gested that, with the decrease of source leaves, the
demand of photosynthates by sink tissues (e.g., ears)
greatly exceeded the supply, forcing a remobilization
of photosynthates from other parts of the plant. Con-
versely, Dyer et al. (1991) observed an increase in
carbon Þxation of a C4 African grass, Panicum colora-
tumL., after defoliation during the vegetative stage by
grasshoppers. They suggested that storage of carbon
reserves in sinks or pool tissues that are readily avail-
able to the plant may allow rapid mobilization of these
plant resources after defoliation. Once a response has
been induced, the effects may be evident over time
(Satoh et al. 1977). Such diverse responses might be
directly related to the level of biological organization,
whether it is individual leaves, individual plants, or the
plant canopy (Peterson and Higley 1993). In addition,
plant developmental stage might be a physiological
causal factor on photosynthetic response to defolia-
tion (Welter 1989).

Simulated defoliation has been used to simulate the
effects of insect herbivory on plant primary physiol-
ogy, growth, and yield. Despite limitations associated
with the use of artiÞcial defoliation (Baldwin 1990),
studies have shown that artiÞcial defoliation can ap-
propriately elicit many plant responses (including
photosynthesis) in comparison with actual insect de-
foliation (Detling et al. 1979, Boote et al. 1980, Buntin
and Pedigo 1985, Welter 1991, Peterson et al. 1992,
Burkness et al. 1999).

Macedo et al. (unpublished data) found that defo-
liation of individual wheat leaves by fall armyworm,
Spodoptera frugiperda, larvae and simulated defolia-
tion resulted in no changes in photosynthesis of re-
maining tissue of individual injured leaves. However,
as discussed above, responses at the individual leaf
level can be different than at the whole plant level.
Therefore, the objective of this study was to charac-
terize the photosynthetic gas exchange responses of
wheat to WPPD during the vegetative and reproduc-
tive developmental stages.

A continuous defoliation process was designed to
simulate insect defoliation, similar to that caused by
armyworms (Lepidoptera: Noctuidae) and grasshop-
pers (Orthoptera: Acrididae). ArtiÞcial defoliation
imposed in an equal portion of the total defoliation
over periods of time results in plant responses similar
to actual insect defoliation (Ostlie 1984, Stewart and
Sears 1988, Shelton et al. 1990, Stewart et al. 1990,
Burkness et al. 1999, Ramachandran et al. 2000). To
date, no related study to assess the short- and long-
term effects of defoliation of whole plant defoliation
in wheat plants has been conducted. This research
represents an effort to characterize the impact of her-
bivory on primary physiology of wheat plants.

Materials and Methods

Plant Material and Experimental Conditions. Ex-
perimentswereconductedduring2004and2005 in the
Montana State University Plant Growth Center green-
houses, Bozeman, MT. Spring wheat, variety McNeal,
was grown in 13.3 by 13.3 by 14.6-cm pots in a mixture
of ÔSunshineÕ soil mix and sand mix (1:1 ratio) in a
greenhouse bay (32 m2). Plants were watered regu-
larly and fertilized twice per week with a 100 ppm mix
(Peters 20Ð20-20 General). Plants were maintained in
the greenhouse bay at 21 � 1�C, photoperiod of 14:10
(L:D) h and 40Ð50% RH for the duration of the study.
To increase light quality/intensity inside the green-
house, supplemental lighting, consisting of GE Multi-
Vapor lamps (MVR1000/C/U; GE Lighting; General
Electric, Cleveland, OH) was provided. The light in-
tensity in the greenhouse at the canopy level, under a
clear sky at midday, was 970 �mol photons/m2/s, re-
corded during photosynthetic measurements using a
quantum sensor (model LI-190; Li-Cor, Lincoln, NE).
Defoliation Impact onWheat Photosynthesis at Re-
productive Stage. The experimental design consisted
of a completely randomized design with Þve replica-
tions per treatment. Two experimental replications
were conducted for a total of 10 (5 by 2) replications
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per treatment. To impose WPPD treatments (con-
trol � 0%, low � 25Ð45%, medium � 50Ð75%, and
high � �75%), plants at grain-Þlling developmental
stage (i.e., Zadoks 58Ð59; Zadoks et al. 1974) were
artiÞcially defoliated using a pair of scissors. WPPD
treatments were imposed on the entire plant, includ-
ing tillers, during an interval of 3 d (one third total
defoliation per day). The fourth completely expanded
leaf from the top of the plant was left intact (unde-
foliated leaf).

Measurements of plant growth and development,
such as main stem height (from the base of the head
to the soil level), ßag-leaf and undefoliated-leaf areas
(calculated based on the measurements of the leaf
length [from the ligule to the apices] and width [at 1
cm from the ligule]), and number of tillers were re-
corded at 1 h, 24 h, 9 d, and 12 d after defoliation in
2004 and 1 h, 3 d, and 6 d after defoliation in 2005.

Measurements of wheat photosynthesis (Ps) and
closely related processes, such as transpiration (E),
stomatal conductance (gs), and intercellular CO2 (Ci)
rates were recorded from the ßag leaf and the unde-
foliated leaf on the primary stem on each plant using
a portable photosynthesis system (model LI-6400; Li-
Cor) at 1200 �mol photons/m2/s light intensity, 400
�mol/mol CO2 reference concentration at a constant
ßow of 500 �mol/s. Data were recorded when the
system was considered stable (i.e., photosynthesis
changes were �0.1 �mol/m2/s, and conductance
changes were �0.05 �mol/m2/s).

Additionally, in 2005, chlorophyll a ßuorescence
measurements were recorded from a subset of plants
within each treatment (n� 3) on the ßag leaf using a
leaf chamber ßuorometer (model LI-6400Ð40; Li-
Cor). We performed a kinetic test to determine the
photochemical efÞciency of photosystem II. The pa-
rameters measured were nonvariable ßuorescence
(Fo), overall photochemical quantum yield (Y), ap-
parent photosynthetic electron transfer rate (ETR),
and the quenching coefÞcients, nonphotochemical
quenching (qN), and photochemical quenching (qP).
Chlorophyll a kinetics were measured at 400 �mol/
mol CO2 concentration, 1200 �mol photons/m2/s
light intensity, measuring intensity 1 Int, measuring
modulation 0.25 kHz, measuring Þlter 1 Hz, measuring
gain 10 Gn, ßash duration 0.8 s, ßash intensity 7, ßash
modulation 20 kHz, and ßash Þlter 50 Hz.

All photosynthetic measurements were taken from
ßag leaves and from undefoliated leaves on the main
stem (two measurements per plant), and all chloro-
phyll a ßuorescence measurements were taken only
from ßag leaves at the same time interval described for
plant parameter measurements.
Defoliation Impact on Wheat Photosynthesis at
Vegetative Stage. WPPD was also imposed in early
developmental stages and to determine short- and
long-term effects of defoliation on wheat primary me-
tabolism. We imposed three defoliation treatments
(control � 0%, low � 25Ð50%, and high � 75Ð85%) on
plants at the tilleringdevelopmental stage(i.e.,Zadoks
22Ð23). Plants were artiÞcially defoliated using the
same procedures as described above. Photosynthetic

parameters were measured 1 and 24 h and 1, 2, and 4
wk after WPPD was imposed. The time intervals cor-
responded to tillering (Zadoks 22Ð23), stem elonga-
tion (Zadoks 31Ð32 and 32Ð33), and ßowering (Zadoks
64Ð65) developmental stages. Chlorophyll a ßuores-
cence parameters were measured from the main stem
ßag-leaf 1, 2, and 4 wk after WPPD. Two experimental
replications were conducted for a total of 10 (5 by 2)
replications per treatment.
Statistical Analysis. Analysis of variance (ANOVA)

procedures were performed to determine whether the
variances were different between the experimental
replications for each developmental stage by includ-
ing experimental replication in the ANOVA model
using PROC MIXED procedure (SAS Institute 2001).
Data were pooled when interactions between exper-
iment replication and treatments were not signiÞcant.
Because of limitations on precise determination of leaf
area with a nondestructive method, we treated defo-
liation levels as a categorical factor, such as control,
low, medium, and high for WPPD at reproductive
stage and control, low, and high for WPPD at vege-
tative stage experiments. To determine the WPPD
effects on the parameters of interest, data were ana-
lyzed using repeated measures (PROC MIXED; SAS
Institute 2001) with two factors: injured leaf (ßag leaf
or undefoliated leaf) and defoliation level. Means
were separated by t-test (� � 0.05).

Results and Discussion

When WPPD was imposed during vegetative stages,
none of the defoliation levels had a signiÞcant effect
on the number of tillers produced by individual plants.
There were also no signiÞcant interactions between
defoliation and time (i.e., days after defoliation treat-
ment). Conversely, we observed a signiÞcant increase
in the number of tillers produced by the wheat plants
over time (F� 127.74, df � 4,83, P� 0.0001). Similar
responses were observed for other plant parameters,
such as stem height and undefoliated leaf area. How-
ever, we did observe a signiÞcant effect of defoliation
treatments on the defoliated ßag-leaf morphology. A
signiÞcant reduction in leaf area was observed (F �
162.62, df � 2,21, P� 0.0001). Reductions of �34 and
68% were observed for low and high defoliation levels,
respectively (Table 1).

We observed a signiÞcant effect of WPPD on the
overall morphological parameters of plants defoliated
during the reproductive stages (58Ð59; Zadoks et al.
1974). Main-stem height was signiÞcantly taller for
plants with high defoliation levels (i.e., �75%) af-
fected by defoliation (F� 4.5, df � 3,59, P� 0.0065).
Defoliation did not have any signiÞcant effect on the
number of tillers of injured plants (F� 0.30, df � 3,59,
P � 0.9707; Table 2). We did not observe any signif-
icant interaction between time and the defoliation
treatments on any plant morphological parameter
measured (Table 2).

These results indicate that despite the differenti-
ated stem elongation on plants defoliated at repro-
ductive stages, WPPD during both vegetative and re-
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productive stages did not elicit growth of new
photosynthetically active tissue. Compensatory re-
sponses, by production of new foliage (McNaughton
1979, 1983a, b, Belsky 1986, Paige and Whitham 1987,
Crawley 1989, Ovaska et al. 1992), were not directly
related to wheat responses when challenged by levels
of WPPD. In other plant systems, however, an ele-
vated tolerance to partial defoliation caused by the
plantÕs ability to increase its source strength size
through production of new leaves after defoliation has
been observed. Potato, Solanum tuberosum, and the
citrus C. madurensis use this mechanism to avoid the
accumulation of assimilates in leaves, which could
result in inhibition of photosynthesis (Paul and Foyer
2001). Conversely, the wheat plants in our studies did
not respond in a similar manner. This difference in
plant response might be dependent on the develop-
mental background (McNaughton 1979) and/or on
the degree of injury imposed (Peterson and Higley
1993). For example, in a wheat plant at reproductive
versus vegetative stages, the metabolic allocation of
assimilates is not directed toward the development of
new photosynthetically active tissues. Instead, accel-
eration of grain Þlling by increased remobilization of
carbon reserves was observed on wheat plants coping
with water stress (Yang et al. 2004).

Plant defoliation elicited a signiÞcant alteration in
the overall photosynthesis of defoliated plants during

vegetative stages. We observed a signiÞcant enhance-
ment of photosynthesis of ßag leaves from plants with
high defoliation levels. Increases �41% (T � 2.92, df �
14, P� 0.0113) in photosynthesis rates were observed
in ßag leaves (Table 3). Interactions between WPPD
and time were not signiÞcant.

Similarly, WPPD signiÞcantly affected photosyn-
thesis of the remaining defoliated ßag leaf for wheat
plants at reproductive stage in both experiments (F�
3.44, df � 3,20, P � 0.0366). Plants with high defoli-
ation levels (i.e., defoliation �75%) had �21 and 20%
greater photosynthesis compared with control and
low defoliation level treatments, respectively. This
plant physiological response might not be directly
related to changes in stomatal conductance, as sug-
gested for other plant systems. In fact, our data show
that stomatal conductance for ßag leaves was not sig-
niÞcantly affected by WPPD (F� 0.10, df � 3,20, P�
0.9578). Interactions between WPPD and time were
not signiÞcant (F � 0.09, df � 6,40, P � 0.9967). In
addition, we did not observe a signiÞcant effect of
defoliation on intercellular CO2 concentrations or on
transpiration rates of remaining ßag leaf tissue. Pho-
tosynthetic rates of undefoliated leaves were not sig-
niÞcantly affected by defoliation in either experiment
(Table 3).

In addition, WPPD did not impair any of the chlo-
rophyll a ßuorescence variables, such as nonvari-

Table 2. Mean � SEM values of plant morphological parameters at reproductive developmental stage (grain-filling) responses to
defoliation levels at 1 h and 1, 9, and 12d after defoliation

Morphological parameters
Defoliation levels

Control (0%) Low (25Ð45%) Medium (50Ð75%) High (�75%)

Stem length (cm) 55.88 � 1.7a 60.42 � 1.8b 56.36 � 1.8a 60.89 � 2.0b
Remaining ßag leaf area (mm2) 34.4 � 1.0a 17.85 � 3.18b 13.38 � 2.04c 9.75 � 2.8d
Undefoliated leaf area (mm2) 32.07 � 0.5a 26.2 � 0.6a 30.9 � 0.7a 29.7 � 0.4a
Number of tillers 3.3 � 0.50a 3.6 � 0.89a 3.7 � 0.55a 3.9 � 0.82a

Time (days after defoliation)

0 1 9 12

Stem length (cm) 55.8 � 1.8a 57.2 � 1.6a 59 � 2.0ab 60.6 � 1.8b
Remaining ßag leaf area (mm2) 17.1 � 1.0a 19.3 � 1.5a 19.6 � 2.0a 19.4 � 1.01a
Undefoliated leaf area (mm2) 29.7 � 0.40a 30.0 � 0.50a 29.9 � 0.30a 29.4 � 0.10a
Number of tillers 4.0 � 0.3a 3.9 � 0.2a 3.7 � 0.4a 3.8 � 0.3a

Means � SEM followed by different letters are signiÞcantly different at the 0.05 probability level.

Table 1. Mean � SEM values of plant morphological parameters at vegetative developmental stage responses to defoliation levels at
1 and 24 h and 1, 2, and 4 wk after defoliation

Morphological parameters
Defoliation levels

Control (0%) Low (25Ð45%) High (�75%)

Stem length (cm) 29.89 � 10.5a 31.25 � 12.1a 30.19 � 10.3a
Remaining ßag leaf area (mm2) 65.24 � 4.9a 42.66 � 7.1b 20.84 � 8.6c
Undefoliated leaf area (mm2) 27.79 � 12.8a 27.83 � 12.7a 26.81 � 12.8a
Number of tillers 4.97 � 2.9a 5.1 � 3.2a 4.68 � 3.0a

Time (h/wk after defoliation)

1 h 24 h 1 wk 2 wk 4 wk

Stem length (cm) 21.65 � 2.85a 21.65 � 2.86a 26.30 � 2.59b 35.26 � 7.77c 47.37 � 1.19d
Remaining ßag leaf area (mm2) 62.62 � 4.75a 62.61 � 4.72a 65.09 � 4.08a 68.56 � 5.1a 65.27 � 1.75a
Undefoliated leaf area (mm2) 32.85 � 1.5a 32.85 � 1.58a 33.24 � 1.48a 33.45 � 1.15a 5.0 � 2.58b
Number of tillers 2.75 � 0.5a 2.75 � 0.5a 4.0 � 0.75b 5.75 � 1.65c 9.26 � 0.31d

Means � SEM followed by different letters are signiÞcantly different at the 0.05 probability level.
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able ßuorescence, overall photochemical quantum
yield, apparent photosynthetic electron transfer rate,
and the quenching coefÞcients, nonphotochemical
quenching, and photochemical quenching of plants
defoliated during reproductive stages (Fo: F � 1.85,
df � 3,31, P� 0.158; Y: F� 1.35, df � 3,31, P� 0.278;
ETR: F� 0.23, df � 3,31, P� 0.872; qN: F� 2.62, df �
3,31, P � 0.068; qP: F � 1.52, df � 3,31, P � 0.229).
Plants defoliated during vegetative stages showed sim-
ilar responses (Fo: F � 0.39, df � 3,31, P � 0.6933; Y:
F� 0.22, df � 3,31,P� 0.8102; ETR:F� 4.75, df � 3,31,
P� 0.058; qN: F� 0.27, df � 3,31, P� 0.7711; qP: F�
3.44, df � 3,31, P � 0.1013).

Time (i.e., days after defoliation treatment) elicited
signiÞcant changes in photosynthesis in both the ßag
leaf (F � 6.93, df � 2,40, P � 0.0026) and the unde-
foliated leaf (F � 4.51, df � 2,40, P � 0.0171) from
plants during reproductive stages. We also observed a
signiÞcant effect of time on all closely related photo-
synthetic parameters, such as stomatal conductance,
intercellular CO2 concentrations, and transpiration
rates (gsÑßag leaf: F � 17.82, df � 2,40, P � 0.0001;
undefoliated leaf: F � 15.30, df � 2,40, P � 0.0001;
Ci—ßag leaf: F � 35.76, df � 2,40, P � 0.0001; unde-
foliated leaf: F � 18.08, df � 2,40, P � 0.0001; EÑßag
leaf: F� 35.76, df � 2,40, P� 0.0001; undefoliated leaf:
F� 41.55, df � 2,40,P� 0.0001). These results indicate
that the photosynthesis rates were signiÞcantly re-
duced as the plants senesced, which is commonly
observed for most plant species. We did not observe
any signiÞcant interaction between time and defolia-
tion.

Time also had a signiÞcant effect on all chlorophyll
a ßuorescence parameters measured (Fo: F � 8.59,
df � 3,31, P� 0.0003; Y: F� 3.95, df � 3,31, P� 0.017;
ETR: F� 6.89, df � 3,31, P� 0.001; qN: F� 4.38, df �
3,31, P � 0.011; qP: F � 5.11, df � 3,31, P � 0.005).

Additionally, we observed a signiÞcant effect of
time on chlorophyll a parameters from ßag leaves of
plants during vegetative stages (Fo: F � 22.15, df �
2,11, P� 0.0001; Y: F� 8.89, df � 2,11, P� 0.005; ETR:
F � 33.32, df � 2,11, P � 0.0001; qN: F � 13.56, df �
2,11, P� 0.0011; qP: F� 25.68, df � 2,11, P� 0.0001).
In general, we observed a signiÞcant increase in non-

variable ßuorescence and nonphotochemical quench-
ing as plants senesced. An opposite trend was ob-
served for the remaining parameters, overall
photochemical quantum yield, apparent photosyn-
thetic electron transfer rate, and the photochemical
quenching, which decreased as plants senesced. No
signiÞcant interactions were observed between defo-
liation and time.

Our results indicate that primary physiology of
wheat was not negatively affected by whole plant
source-sink manipulation. Defoliation was responsible
for appreciably altering the relative source activity for
a short period of time, with a transient increase in
photosynthetic capacity. Although wheat source
leaves had photosynthesis enhancement after defoli-
ation, we did not observe any signiÞcant alteration in
photochemical activity. In addition, we did not ob-
serve a signiÞcant enhancement in source leaf stoma-
tal conductance. The lack of alteration of stomatal
conductance values indicates that carboxylation efÞ-
ciency and ribulose 1,5-bisphosphate regeneration
may have been enhanced shortly after WPPD. This
hypothesis is supported by previous studies (Thorne
and Koller 1974, Koller and Thorne 1978, DeJong 1986,
Tschaplinski and Blake 1989, Layne and Flore 1992,
Peterson et al. 2004). Tschaplinski and Blake (1989)
suggested that when enhancement of photosynthesis
occurs after defoliation, it indicated that source leaves
were operating below their maximum photosynthetic
potential before defoliation. Layne and Flore (1992)
found that photosynthetic enhancement of individual
leaves to leaf-area reduction was caused by increased
photochemical and carboxylation efÞciencies and rib-
ulose1,5-bisphosphate regeneration rateondefoliated
sour cherry trees, Prunus cerasus. They also observed
enhanced stomatal conductance, which contributed
to the observed photosynthetic response. Similar re-
sults were reported by Tschaplinski and Blake (1989)
on leaves after decapitation of coppice shoots and by
DeJong (1986) on fruiting peach trees, Prunus persica.
Alterations in both stomatal and mesophyll conduc-
tance of soybean leaves after source-sink manipula-
tion also have been reported (Thorne and Koller 1974,
Koller and Thorne 1978).

Table 3. Mean � SEM wheat gas exchange responses, including photosynthesis (Ps), stomatal conductance (gs), intercellular CO2 (Ci),
and transpiration (E), to defoliation levels and days after defoliation was imposed at the vegetative and reproductive stages

Physiological parameters
Wheat plants at vegetative stage (defoliation levels)

Control (0%) Low (25Ð45%) Medium (50Ð75%)a High (�75%)

Ps (�mol CO2/m2/s) 14.2 � 5.7a 17.29 � 3.8a - 20.15 � 2.9b
gs (mol H2O/m2/s) 0.186 � 0.02a 0.164 � 0.04a - 0.224 � 0.03a
Ci (�mol CO2 mol/air) 201.2 � 23.0a 182.5 � 24.0a - 229.1 � 23.2a
E (mol H2O/m2/s) 2.24 � 0.23a 2.01 � 0.30a - 2.54 � 0.10a

Wheat plants at reproductive stage (defoliation levels)

Control (0%) Low (25Ð45%) Medium (50Ð75%) High (�75%)

Ps (�mol CO2/m2/s) 15.97 � 4.5a 16.33 � 3.1a 17.66 � 3.6a 19.69 � 2.7b
gs (mol H2O/m2/s) 1.45 � 1.12a 1.91 � 1.1a 2.28 � 1.0a 2.09 � 1.13a
Ci (�mol CO2 mol/air) 166.7 � 82.3a 146.8 � 90.6a 299.5 � 62.1a 265.3 � 52.1a
E (mol H2O/m2/s) 2.73 � 0.45a 2.88 � 0.56a 3.11 � 0.40a 3.57 � 0.86a

Means � SEM followed by different letters are signiÞcantly different at the 0.05 probability level.
a There was no medium defoliation level for the exp with plants at vegetative stage.

1706 ENVIRONMENTAL ENTOMOLOGY Vol. 35, no. 6



Hudson et al. (1992) suggested that stomatal func-
tion is independent of total Rubisco activity. It might
be a result of alterations in carbon pools, in which
carbohydrate storage in source leaves decreases while
phloem activity increases to retain the carbon supply
to sink tissue. This has also been suggested as an
important plant adaptation to defoliation in C4 grass
(Dyer et al. 1991). However, the intensities of defo-
liation in our study did not elicit similar responses,
which indicate that short-lived enhanced photosyn-
thetic capacity might not be related directly to sto-
matal dynamics.

In other insectÐplant systems, delayed senescence
has been observed on remaining tissue after defolia-
tion, which most likely was a consequence of increases
in resources available to the remaining tissue. Delayed
senescence is characterized by the maintenance of
high photosynthetic rates and a delay in the normal
progressive senescence pattern (Nowak and Caldwell
1984, Wallace et al. 1984, Mariko and Hogetsu 1987,
Higley 1992, Peterson et al. 1992, Higley et al. 1993,
Peterson and Higley 1993, Haile et al. 1998, Meyer
1998). The occurrence of delayed leaf senescence may
depend on a series of factors, such as level of injury,
timing of injury, and environmental resources (Ham-
mond and Pedigo 1981, Pedigo et al. 1986, Haile et al.
1998). In our study, WPPD did not seem to result in
any physiological modiÞcation of wheat senescence.
Our data suggest that defoliation levels as much as 75%
were not sufÞcient to elicit similar results observed in
previous studies (Nowak and Caldwell 1984, Wallace
et al. 1984, Mariko and Hogetsu 1987, Senock et al.
1991, Higley 1992, Peterson et al. 1992, Peterson and
Higley 1993, Haile et al. 1998, Meyer 1998).

Based on our Þndings in this study, it seems that
whole plant source-sink manipulation of wheat by
WPPD during either of the major plant developmental
stages (i.e., vegetative and reproductive) did not elicit
any signiÞcant long-term modiÞcations to growth,
morphological, or primary physiological characteris-
tics. Conversely, short-lived photosynthetic enhance-
ments of plants with high levels of defoliation were
observed for both vegetative and reproductive stages.
However, such enhancement could not be related
directly to modiÞcations of other photosynthetic pa-
rameters, such as changes in photochemical efÞciency
or CO2 uptake as reported by previous studies.

Acknowledgments

Support for this project was provided by a USDA, CREES,
Special Research Grant entitled, “Novel Semiochemical-and
Pathogen-based Management Strategies for the Wheat Stem
Sawßy,” the Montana Agricultural Experimental Station, and
Montana State University.

References Cited

Alderfelder, R. G., and C. F. Eagles. 1976. The effect of
partial defoliation on the growth and photosynthetic ef-
Þciency of bean leaves. Bot. Gaz. 137: 351Ð355.

Aoki, S. 1981. Effects of plucking of young tea plants on
their photosynthetic capacities in the mature and over-
wintered leaves. Jpn. J. Crop Sci. 50: 445Ð451.

Baysdorfer, C., and J. A. Bassham. 1985. Photosynthate sup-
ply and utilization in alfalfa. A developmental shift from
a source to a sink limitation of photosynthesis. Plant
Physiol. 77: 313Ð317.

Baldwin, I. T. 1990. Herbivory simulations in ecological re-
search. Trends Ecol. Evol. 5: 91Ð93.

Belsky, A. J. 1986. Does herbivory beneÞt plants? A review
of evidence. Am. Nat. 127: 870Ð892.

Bidart-Bouzat, M. G., S. Portnoy, E. H. DeLucia, and K. N.
Paige. 2004. Elevated CO2 and herbivory inßuence trait
integration inArabidopsis thaliana.Ecol. Lett. 7: 837Ð847.

Boote, K. J., J. W. Jones, G. H. Simerage, C. S. Barfield, and
R.D.Berger. 1980. Photosynthesis of peanut canopies as
affected by leafspot and artiÞcial defoliation. Agron. J. 72:
247Ð252.

Buntin, G. D., and L. P. Pedigo. 1985. Development of eco-
nomic injury levels for last stage variegated cut-worm
(Lepidoptera: Noctuidae) larvae in alfalfa stubble. J.
Econ. Entomol. 78: 1341Ð1346.

Burkness, E. C., W. D. Hutchison, and L. G. Higley. 1999.
Photosynthetic response of ÔCarolinaÕ cucumber to sim-
ulated and actual striped cucumber beetle (Coleoptera:
Chrysomelidae) defoliation. Entomol. Sin. 6: 29Ð38.

Crawley, M. J. 1989. Insect herbivores and plant population
dynamics. An. Rev. Entomol. 34: 531Ð564.

Culy, M. D. 2001. Yield loss of Þeld corn from insects, pp.
43Ð72. In R.K.D. Peterson and L. G. Higley (eds.), Biotic
stress and yield loss. CRC, Boca Raton, FL.

Davidson, J. L., and F. L. Milthorpe. 1966. The effect of
defoliation on the carbon balance in Dactylis glomerata.
Ann. Bot. 30: 185Ð198.

DeJong, T. M. 1986. Fruit effects on photosynthesis in
Prunus persica. Physiol. Plant. 66: 149Ð153.

Detling, J. K., M. I. Dyer, and D. T. Winn. 1979. Effects of
simulated grasshopper grazing on carbon dioxide ex-
change rates of western wheatgrass leaves. J. Econ. En-
tomol. 72: 403Ð406.

Dyer, M. I., M. A. Acra, G. M. Wang, D. C. Coleman, D. W.
Freckman, S. J. McNaughton, and B. R. Strain. 1991.
Source-sink carbon relation in two Panicum coloratum
ecotypes in response to herbivory. Ecology 74: 1472Ð1483.

Gifford, R. M., and C. Marshall. 1973. Photosynthesis and
assimilate distribution inLoliummultiflorumLam follow-
ing differential tiller defoliation. Aust. J. Biol. Sci. 26:
517Ð526.

Grant-Petersson, J., and J.A.A. Renwick. 1996. Effects of ul-
traviolet-B exposure ofArabidopsis thaliana on herbivory
by two crucifer-feeding insects (Lepidoptera). Environ.
Entomol. 25: 135Ð142.

Haile, F. J., L. G. Higley, and J. E. Specht. 1998. Soybean
cultivars and insect defoliation: yield loss and economic
injury levels. Agron. J. 90: 344Ð352.

Hall, A. J., and C. J. Brady. 1977. Assimilate source-sink
relationships in Capsicum annuum II. Effects of fruiting
and deßoration on the photosynthetic capacity and se-
nescence of the leaves. Aust. J. Plant Physiol. 4: 771Ð783.

Hall, F. R., and D. C. Ferree. 1976. Effects of insect injury
simulation on photosynthesis of apple leaves. J. Econ.
Entomol. 69: 245Ð248.

Hammond, R. B., and L. P. Pedigo. 1981. Effects of artiÞcial
and insect defoliation on water loss from excised soybean
leaves. J. Kans. Entomol. Soc. 54: 331Ð336.

Higley, L.G. 1992. New understandings of soybean defoli-
ation and their implications for pest management, pp.
56Ð65. In L. G. Copping, M. B. Green, and R. T. Rees

December 2006 MACEDO ET AL.: WHEAT PHOTOSYNTHETIC RESPONSES TO SIMULATED INSECT DEFOLIATION 1707



(eds.), Pest management in soybean. Elsevier, London,
UK.

Higley, L.G., J. A. Browde, and P. M. Higley. 1993. Moving
towards new understandings of biotic stress and stress
interactions, pp. 749Ð754. In D. R. Buxton (ed.), Inter-
national crop science I. Crop Science Society of America,
Madison, WI.

Hudson,G. S., J. R. Evans, S. VonCaemmerer, Y.B.C. Arvids-
son, and T. J. Andrews. 1992. Reduction of ribulose-1,
5-bisphosphate carboxylase/oxygenase content by anti-
sense RNA reduces photosynthesis in transgenic tobacco
plants. Plant Physiol. 98: 294Ð302.

Ingram, K. T., D. C.Herzog, K. J. Boote, J.W. Jones, andC. S.
Barfield. 1981. Effects of defoliation pests on soybean
CO2 exchange and reproductive growth. Crop Sci. 21:
961Ð968.

Kliebenstein, D., D. Pedersen, B. Barker, and T. Mitchell-
Olds. 2002. Comparative analysis of quantitative trait
loci controlling glucosinolates, myrosinase and insect re-
sistance in Arabidopsis thaliana. Genetics 161: 325Ð332.

Koller, H. R., and J. H. Thorne. 1978. Soybean pod removal
alters leaf diffusion resistance and leaßet orientation.
Crop Sci. 18: 305Ð307.

Layne,D. R., and J. A. Flore. 1992. Photosynthetic compen-
sation to partial leaf area reduction in sour cherry. J. Am.
Soc. Hort. Sci. 117: 279Ð286.

Layne, D. R., and J. A. Flore. 1993. Physiological responses
of Prunus cerasus L. to whole plant source manipulation.
Leaf gas exchange, chlorophyll ßuorescence, water rela-
tions, and carbohydrate concentrations. Physiol. Plant.
88: 44Ð51.

Layne, D. R., and J. A. Flore. 1995. End-product inhibition
of photosynthesis in Prunus cerasus L. in response to
whole-plant source-sink manipulation. J. Am. Soc. Hort.
Sci. 120: 583Ð599.

Li, J., and T. A. Proctor. 1984. Simulated pest injury effects
[sic] photosynthesis and transpiration of apple leaves.
HortScience 19: 815Ð817.

Mariko, S., and K. Hogetsu. 1987. Analytical studies on re-
sponse of sunßower (Helianthus annuus) to various de-
foliation treatments. Ecol. Res. 2: 1Ð18.

McNaughton, S. J. 1983a. Compensatory plant growth as a
response to herbivory. Oikos 40: 329Ð336.

McNaughton, S.J. 1983b. Physiological and ecological im-
plications of herbivory, pp. 657Ð677. In O. L. Lang, P. S.
Nobel, C. B. Osmond, and H. Ziegler (eds.), Encyclope-
dia of plant physiology. New series, vol. 12C. Springer,
New York.

McNaughton, S. J. 1979. Grazing as an optimization process:
Grass-ungulate relationships in the Serengeti. Am. Nat.
113: 691Ð703.

Meyer, G. A. 1998. Mechanisms promoting recovery from
defoliation in goldenrod (Salidago altissima). Can. J. Bot.
76: 450Ð459.

Nowak, R. S., and M. M. Caldwell. 1984. A test of compen-
satory photosynthesis in the Þeld: implications for her-
bivory tolerance. Oecologia (Berl.) 61: 311Ð318.

Ostlie, K. R. 1984. Soybean transpiration, vegetative mor-
phology, and yield components following simulated and
actual insect defoliation. PhD dissertation, Iowa State
University, Ames, IA.

Ostlie, K. R., and L. P. Pedigo. 1984. Water loss from soy-
beans after simulated and actual insect defoliation. En-
viron. Entomol. 13: 1675Ð1680.

Ovaska, J., M. Walls, and P. Mutikainen. 1992. Changes in
leaf gas exchange properties of cloned Betula pendula
saplings after partial defoliation. J. Exp. Bot. 43: 1301Ð
1307.

Paige, K. N., and T. G. Whitham. 1987. Overcompensation
in response to mammalian herbivory: the advantage of
being eaten. Am. Nat. 129: 407Ð416.

Paul, M. J., and C. H. Foyer. 2001. Sink regulation of pho-
tosynthesis. J. Exp. Bot. 52: 1383Ð1400.

Peet, M. M., and P. J. Kramer. 1980. Effects of decreasing
source/sink ratio in soybeans on photosynthesis, photo-
respiration, transpiration and yield. Plant Cell Environ. 3:
201Ð206.

Pedigo, L. P., S. H. Hutchins, and L. G. Higley. 1986. Eco-
nomic injury levels in theory and practice. An. Rev. En-
tomol. 31: 341Ð368.

Peterson,R.K.D. 2001. Photosynthesis, yield loss, and injury
guilds, pp. 83Ð97. In R.K.D. Peterson and L.G. Higley
(eds.), Biotic stress and yield loss. CRC, Boca Raton, FL.

Peterson, R.K.D., and L. G. Higley. 1993. Arthropod injury
and plant gas exchange: current understandings and ap-
proaches for synthesis. Trends Agric. Sci. Entomol. 1:
93Ð100.

Peterson, R.K.D., andL.G.Higley. 1996. Temporal changes
in soybean gas exchange following simulated insect de-
foliation. Agron. J. 88 550Ð554.

Peterson, R.K.D., S. D. Danielson, and L. G. Higley. 1992.
Photosynthetic responses of alfalfa to actual and simu-
lated alfalfa weevil (Coleoptera: Curculionidae) injury.
Environ. Entomol. 21: 501Ð507.

Peterson, R.K.D., L. G. Higley, and S. M. Spomer. 1996.
Injury by Hyalophora cecropia (Lepidoptera: Saturni-
idae) and photosynthetic responses of apple and
crabapple. Environ. Entomol. 25: 416Ð422.

Peterson, R.K.D., C. L. Shannon, and A. W. Lenssen. 2004.
Photosynthetic responses of legume species to leaf-mass
consumption injury. Environ. Entomol. 33: 450Ð456.

Peterson, R.K.D., S. E. Sing, and D. K. Weaver. 2005. Dif-
ferential physiological responses of Dalmatian toadßax,
Linaria dalmatica (L.) Miller, to injury from two insect
biological control agents: implications for decision-mak-
ing in biological control. Environ. Entomol. 34: 899Ð904.

Poston, F. L., L. P. Pedigo, R. B. Pearce, andR. B.Hammond.
1976. Effects of artiÞcial and insect defoliation on soy-
bean net photosynthesis. J. Econ. Entomol. 69: 109Ð112.

Ramachandran, S., G. D. Buntin, and J. N. All. 2000. Re-
sponse of canola to simulated diamondback moth (Lep-
idoptera: Plutellidae) defoliation at different growth
stages. Can. J. Plant Sci. 80: 639Ð646.

SAS Institute. 2001. SAS userÕs guide: statistics, version 8e.
SAS Institute, Cary, NC.

Satoh, M., P. E. Kriedemann, and B. R. Loveys. 1977.
Changes in photosynthetic activity and related processes
following decapitation in mulberry trees. Physiol. Plant.
41: 203Ð201.

Senock, R. S., W. B. Sisson, and G. B. Donart. 1991. Com-
pensatory photosynthesis of Sporobolus flexuosus
(Thurb.) Rydb. Following simulated herbivory in the
northern Chihuahuan Desert. Bot. Gaz. 152: 275Ð281.

Shelton, A. M., C. H. Hoy, and P. B. Baker. 1990. Response
of cabbage head weight to simulated Lepidoptera defo-
liation. Entomol. Exp. Appl. 54: 181Ð187.

Stewart, J.G., andM.K. Sears. 1988. Economic threshold for
three species of lepidopterous larvae attacking cauli-
ßower in southern Ontario. J. Econ. Entomol. 81: 1726Ð
1731.

Stewart, J. G., K. B.McRae, andM. K. Sears. 1990. Response
of two cultivars of caulißower to simulated insect defo-
liation. J. Econ. Entomol. 83: 1499Ð1505.

Stotz, H. U., B. R. Pittendrigh, J. Kroymann, K. Weniger, J.
Fritsche, A. Bauke, and T. Mitchell-Olds. 2000. Induced
plant defense responses against chewing insects. Ethyl-

1708 ENVIRONMENTAL ENTOMOLOGY Vol. 35, no. 6



ene signaling reduces resistance of Arabidopsis against
Egyptian cotton worm but not diamondback moth. Plant
Physiol. 124: 1007Ð1018.

Syvertsen, J. P., andC.W.McCoy. 1985. Leaf feeding injury
to citrus by root weevil adults: leaf area, photosynthesis,
and water use efÞciency. Fla. Entomol. 63: 386Ð393.

Thorne, J.H., andH.R. Koller. 1974. Inßuence of assimilate
demand on photosynthesis, diffusive resistance, translo-
cation, and carbohydrate levels of soybean leaves. Plant
Physiol. 54: 201Ð207.

Tschaplinski, T. J., and T. J. Blake. 1989. Photosynthetic
reinvigoration of leaves following shoot decapitation and
accelerated growth of coppice shoots. Physiol. Plant. 75:
157Ð165.

Tung, H. F., W. J. Broughton, and F. Lenz. 1973. Effects of
fruit on ribulosedisphosphate carboxylase activity in Cit-
rus madurensis leaves. Experimentia 29: 271.

Von Caemmerer, S., and G. D. Farquhar. 1984. Effects of
partial defoliation, changes of irradiance during growth,
short-term water stress and growth at enhanced p(CO2)
on the photosynthetic capacity of leaves of Phaseolus
vulgaris L. Planta 160: 320Ð329.

Wallace, L. L., S. J. McNaughton, and B. Coughenour. 1984.
Compensatory photosynthetic responses of three African
graminoids to different fertilization, watering, and clip-
ping regimes. Bot. Gaz. 145: 151Ð156.

Wang, Q., Y. Niu, and X. Zhang. 1996. Effects of altered
source-sink ratio on canopy photosynthetic rate and yield
of maize (Zea mays L.). Photosynthetica 32: 271Ð276.

Wareing, P. F., M. M. Khalifa, and K. J. Treharne. 1968.
Rate-limiting processes in photosynthesis at saturating
light intensities. Nature (Lond.) 220: 453Ð457.

Weinig, C., J. R. Stinchcombe, and J. Schmitt. 2003. Evolu-
tionary genetics of resistance and tolerance to natural
herbivory in Arabidopsis thaliana. Evolution 57: 1270Ð
1280.

Welter, S.C. 1989. Arthropod impact on plant gas exchange,
pp. 135Ð150. In E. A. Bernays (ed.), Insect-plant interac-
tions, vol. 1. CRC, Boca Raton, FL.

Welter, S. C. 1991. Responses of tomato to simulated and
real herbivory by tobacco hornworm. Environ. Entomol.
20: 1537Ð1541.

Williams, J.H.H., and J. F. Farrar. 1988. Endogenous con-
trol of photosynthesis in leaf blades of barley. Plant
Physiol. Biochem 26: 503Ð509.

Yang, J., J. Zhang, Z. Wang, Q. Zhu, and L. Liu. 2004. Ac-
tivities of fructan- and sucrose-metabolizing enzymes in
wheat stems subjected to water stress during grain Þlling.
Planta 220: 331Ð343.

Zadoks, J.C., T.T.Chang, andC.F.Konzak. 1974. A decimal
code for the growth stages of cereals. Weed Res. 14:
415Ð421.

Received for publication 20 June 2006; accepted 25 Septem-
ber 2006.

December 2006 MACEDO ET AL.: WHEAT PHOTOSYNTHETIC RESPONSES TO SIMULATED INSECT DEFOLIATION 1709


