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Effects of Defoliation on Net Photosynthesis 
and Regrowth of Western Wheatgrass 
E.L. PAINTER AND J.K. DETLING 

Abstract 

Net photosynthesis (PN) and regrowth of 60-day old Agropyron 
smithii Rydb. plants were examined over a lo-day period following 
defoliation to simulate grazing. Plants grown hydroponically in 
full strength Hoagland’s solution were moderately defoliated (l/2 
tillers clipped at 5 cm), heavily defoliated (3/4 tillers clipped at 5 
cm), or left as unclipped controls. Thirty minutes after clipping, PN 
rates of the youngest fully expanded leaf of a remaining undam- 
aged tiller had declined by 6%7oj, in both groups of defoliated 
plants. Rates of PN were subsequently monitored on the same 
leaves at 2-day intervals. By Day 2, PN (per unit of leaf area) of both 
defoliated groups had increased to rates 5-10% higher than those 
preceding treatment, while PN of control plants had decreased 
about 6%. From Day 2 through Day 10, PN rates of control plants 
averaged 90% of their preclipping PN rates, while PN rates of 
moderately and heavily defoliated plants averaged 106% and 114% 
of their preclipping rates, respectively. Defoliation had no signifi- 
cant effect on tiller production over this lo-day period. While total 
new biomass production of controls was almost twice that of either 
of the defoliated groups, the proportion of the new growth allo- 
cated to shoots, crowns and roots did not differ among the three 
groups. 

In most terrestrial ecosystems, herbivores remove less than 10% 
of the annual aboveground net primary production (Chew 1974), 
but they may consume 50% or more of the annual aboveground 
production of grasslands (Chew 1974, McNaughton 1976). To 
achieve better understanding of grassland ecosystem function, it is 
essential to understand how these herbivores cause departures 
from the linear transfers of energy depicted in most models (Chew 
1974). For example, in addition to reducing leaf biomass, grazing 
may potentially alter energy flow in the system by changing photo- 
synthetic or respiratory rates, growth rates, and carbon allocation 
patterns. 

Following partial defoliation, photosynthetic rates in remaining 
undamaged leaves frequently increase or decline less rapidly with 
age than do those in equivalent leaves on nondefoliated plants 
(Gifford and Marshall 1973, Hodgkinson et al. 1972, Hodgkinson 
1974, Detling et al. 1979b, 1980). By contrast, Ryle and Powell 
(1975) reported slightly reduced photosynthetic rates in remaining 
leaves of partially defoliated uniculm barley (Hordeum Kindred 
Culm 97) plants. Net photosynthesis was also reduced in remaining 
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tissue of individually damaged leaves (Hall and Ferree 1975, 1976; 
Detling et al. 1979a). Carbon allocation and growth patterns also 
change following defoliation. Ryle and Powell (1975) found that 
the proportion of photosynthetically fixed 1% translocated from 
leaves to roots was markedly reduced, while the proportion used in 
regrowth of new leaf tissue increased, following defoliation of 
uniculm barley. Similarly, leaf blade growth accounted for over 
half of the total new growth of defoliated blue grama (Bouteloua 
gracilis) plants, but only one-third of the total growth of control 
plants, over the initial 10 days after clipping (Detling et al. 1979b). 

Relatively few studies have been conducted to evaluate the 
photosynthetic responses of North American prairie grasses to 
defoliation (Detling et al. 1979a, b, 1980). The purpose of this study 
was to examine the effects of simulated grazing on rates of net 
photosynthesis (PN) and regrowth of western wheatgrass (Agro- 
pyron smithii Rydb.), an important component of the North 
American shortgrass and mixed-grass prairies. It is a Cs species 
(Williams and Markley 1973) and is a preferred food of several 
species of grasshoppers (Hewitt 1978), of ungu!ates such as bison 
and domestic cattle (Peden et al. 1974, Peden 1976), and of small 
mammals such as the black-tailed prairie dog (Summers and 
Linder 1978). 

Methods and Procedures 

Western wheatgrass seedlings selected for uniformity were cul- 
tured hydroponically in full strength Hoagland’s solution in a 
growth chamber with 14-hr photoperiods and 20/ 15OC day/night 
temperatures. quantum irradiance (PAR) at midcanopy height 
was 450 PE l m- l s-l. Experimental plants were maintained under 
these conditions for the duration of the experiments. Estimates of 
PN were made by measuring C& exchange of a single leaf blade 
with Beckman 3 15 infrared gas analyzer, utilizing an open system 
and methods described by Williams and Kemp (1978). The cuvette 
was cooled by circulating water from a controlled-temperature 
water bath. Air in the cuvette was mixed by a magnetic stirring bar 
to maintain low boundary layer resistance. Air temperature in the 
cuvette was maintained at 20” C f 0.5”) measured with a shaded 
YSI thermister. Quantum irradiance within the cuvette was 1200 
PE l me2 l s-l. 

Experimental plants were 60 days old and each had four tillers 
with from one to four fully expanded leaves. The tiller used for PN 
measurements was not clipped and it had two fully expaned leaves 
and one emerging leaf blade. All COZ exchange measurements 
were made on the youngest fully expanded leaf. Plants were 
clipped 5 cm above the crown, at two intensities. Six plants were 
moderately defoliated by clipping one-half of all tillers over 5 cm 
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tall. Six others were heavily defoliated by removing three-quarters 
of any tillers over 5 cm tall. Thus, PN rates were determined on 

25 
r - Control 

similarly aged leaves of comparably developed undamaged tillers 
remaining after defoliation. Likewise, COZ exchange was mea- 
sured on similar leaves of seven untreated plants which served as 
controls. On the day of treatment (Day-O), PN was measured 
immediately before and 30 minutes after clipping. Rates of PN were 
subsequently determined on the same leaves of defoliated and 
control plant every other day over the next 10 days. All data were 
normalized by expressing PNasa percentage of the preclipping PN 

rate of that leaf. 
Regrowth of western wheatgrass was analyzed in another exper- 

iment-utilizing 108 plants. Plants were treated as before, and dry 
weights determined for shoots, crowns, and roots of 9 plants of 
each treatment on Days 0, 2, 6, and 10. Total tiller number and 
number of tillers with expanded leaves were also recorded on those 
days. 

Results and Discussion 

Immediately prior to treatment on Day 0, PN rates $t 1 SE) were 
24.1 f 1.9, 24.8 f 2.2, and 22.9 Z!I 0.8 mg CO2 - dm- * h-r for the 
controls, moderately defoliated, and heavily defoliated plants, 
respectively. These rates are similar to those found by Detling et al. 
(1979a), for soil-grown western wheatgrass plants transplanted 
from the field. Over the ten days of the experiment (Fig. l), PN of 
the controls decreased 10% to 2 1.6 mg CO, * dme2 - h-' . This decline 
also corresponds closely to results of Detling et al. (1979a) and is 
typical in aging leaves (Jewiss and Woledge 1967). 
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Fig. 1. Rates of net photosynthesis (expressed as % ofpreclipping rate) in 
youngest fully expanded leaf on an undamaged tiller. Each point 
represents the mean of 6-7 plants. Vertical bars represent f I SE. 

The mean PN rates of the two groups of clipped plants dropped 
6-7% by 30 minutes after treatment, but this decline did not occur 
in control plants (Fig. 1). Results of Duncan’s new multiple range 
test indicated that this decrease was significant atp = 0.10 andp 
= 0.05 for the moderately and heavily defoliated plants, respec- 
tively. A similar response was found by Ryle and Powell (1975). 
Van Sambeek and Pickard (1976) reported that injury to a single 
leaf could affect gas exchange of an entire shoot, and net Co2 
uptake decreased in as little as 20 s. They hypothesized that this was 
related to metabolic changes caused by the release of unidentified 
substances from damaged cells into the transpiration stream, and 
suggested that some of these changes might be involved in later 
responses of plants to damage by pathogens, herbivores, and phys- 
ical factors. 

By Day 2, PN rates in both clipped groups had increased to rates 
higher than those preceding treatment (Fig. 1). Analysis of var- 
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Fig.2. Total tiller production and production of tillers with at least one 
expanded leaf. Each point represents the mean of 9 plants. Standard 
errors (omitted for clarity) averaged 9% of the mean values shown and 
did not exceed 13%. 

iance of data from Days 2-10 indicated that there was not a 
significant time by treatment interaction (p = 0.16), but that there 
was a significant treatment effect @ = 0.0 1). Results of the Student 
Newman Keuls test indicated that PN rates of both the moderately 
(p = 0.05) and heavily (p = 0.01) defoliated plants were signifi- 
cantly greater than those of the controls. However, PN rates 
between the two treatment groups did not differ significantly @ > 
0. IO). 

This enhancement of photosynthesis in undamaged leaves 
remaining following partial defoliation is consistent with the 
results of several others (Wareing et al. 1968, Gifford and Marshall 
1973, Hodgkinson 1974, Detling et al. 1979b, 1980). The physio- 
logical basis for this response was not investigated in this study. 
Results of defoliation studies with alfalfa (Medicago sativa) 
(Hodgkinson et al. 1972, Hodgkinson 1974) and ryegrass (Lolium 
spp.) (Gifford and Marshall 1973, Deinum 1976) suggest increases 
in PN rates result largely from decreases in mesophyll resistance to 
COZ diffusion. In addition, Wareing et al. (1968) proposed that 
increases in RuDP carboxylase (in Ca plants) or PEP carboxylase 
(in ch plants) activity may occur following defoliation because of 
increased enzyme synthesis. This might result from decreased com- 
petition by remaining leaves for mineral nutrients, metabolites or 
cytokinin supplied by the roots. This explanation is consistent with 
increased RuDP carboxylase activity observed in soybean (G/y- 
tine max) source leaves following shading of remaining leaves and 
pods (Thorne and Koller 1974). 

The regrowth experiment parallelled the photosynthesis experi- 
ment. By the end of 10 days, there was little variation in tiller 
number among the clipped and unclipped plants (Fig. 2). Controls 
had a mean of 8.6 tillers with expanded leaves, moderately defol- 
iated plants had 9.1, and heavily defoliated plants had 8.3. There 
was also little difference in total tiller number. On Day 10, control 
plants had 21.9 tillers, moderately defoliated plants had 20.2 and 
heavily defoliated plants had 19.9. Apparently few apical 
meristems were removed by clipping, since less than 20% of the 
clipped tillers failed to regrow. These results differ from those of a 
number of other investigators. Defoliation without removal of 
shoot apices usually depresses tillering (Y oungner 1972, Youngner 
et al. 1976, Ackerson and Chilcote 1978), while tiller production is 
usually enhanced when defoliation removes shoot apices 
(Youngner 1972). Detling et al. (1980) found that tillering of 
hydroponically-grown blue grama decreased with increasing levels 
of defoliation for the first 4-6 weeks following treatment, but that 
these differences had disappeared by 10 weeks after defoliation. 

Total new growth of the clipped plants was significantly @ = 
0.01) lower than that of control plants over the lo-day period (Fig. 
3), but the proportional distribution of this new growth did not 
differ perceptibly among the three groups of plants (Table 1). This 
differs markedly from other studies (Ryle and Powell 1975; Detling 
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Table 1. Growth and dry matter accumulation of various plant parts ofA. 
smithii over 10 days following defoliation. SHOOT 

Total 
new New shoot New crown New root 

growth growth growth growth 

Treatment mg mg % of mg % of mg % of 
total total total 

Control 898 707 79 52 6 140 15 
Moderately defoliated 488 386 79 24 5 79 16 
Heavily defoliated 474 364 77 26 5 85 18 

et al. 1979b, 1980), in which there was proportionately less dry 
weight gain in the roots of the defoliated plants than in those of the 
controls. The slight decrease in dry weight of the roots of both 
clipped groups on Day 2 (Fig. 3) is consistent with results of 
laboratory experiments of Ryle and Powell (1975) and Detling et 
al. (1979b). This suggests that insufficient photosynthate was 
translocated to the roots to meet respiration demands, or that 
root-to-shoot translocation exceeded downward translocation 
during this time. By six days after clipping, root growth had 
apparently resumed (Fig 3). Collectively, these results suggest that 
athough PN rates increased significantly in undamaged leaves 
remaining following partial defoliation, these increases were insuf- 
ficient to compensate completely for reduced photosynthate 
production resulting from decreased leaf area. 

CROWN 
210 

180 

Earlier, Detling et al. (1979b) concluded that the response of 
blue grama plants to grazing was a rapid restoration of their 
carbon gain capacity caused by increased PN rates as well as an 
increase in the proportion of photosynthates allocated to synthesis 
of new leaf blades. Our results indicate that while PN of remaining 
leaves of western wheatgrass increased following defoliation (Fig. 
I), photosynthate allocation patterns were not substantially 
altered (Table 1). This might partially explain why western wheat- 
grass is less grazing tolerant than blue grama (Ellison 1960), since 
carbon allocation patterns may be as important as photosynthetic 
rates in determining primary productivity (Mooney 1972, Detling 
et al. 1979~). 

_V IO 

TIME FROM CLIPPING (days) 

Fig. 3. Growth (mg) of A. smithii over 10 days following defoliation. Each 
pomt represents the mean of 9 plants. Vertical bars represent f I SE. 

production in grassland grazing systems. 
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