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AbStWCt

The herbivore grasing optimixation hypothesis predicts an
increase in aboveground net primary productivity (ANPP) at a
moderate grnxing intensity. The hypothesis was tested by gruing
controlled densities (0 to 145 individuals/m2) of big-headed grasshoppers (Aukera &otti Thomas) for short time spans (7 to 13
days) on enclosed swards (0.7 mZ) of blue gramr [(Boutcloucr
gruc&j (Willd. ex H&K.) Lag. cx Griffithsl. ANPP of each of 257
experimental enclosures was esthtmted following regrowth by
using a standing crop index (the product of mean total blade length
per tiller and percent basal cover) after the grazing period and
clipping after the regrowth period. ANPP was not signiKcantly
reduced by graxing in any of the S short-dumtion grazing experiments. In 2 of the S experiments, ANPP increased significantiy
with graxing. In 1 of the other 3 experiments there was evidence for
the graxhtg optimization hypothesis.
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The herbivore-plant relationship may be considered as a special
case of the predator-prey system in which the logistic growth curve
is most appropriate to describe primary productivity (Nay-Meir
1975, Caughley 1976). One prediction of such a model is that as
herbivory reduces plant biomass from its maximum standing crop,
plant productivity will increase. The herbivore grazing optimization hypothesis (McNaughton 1979, Hilbert et al. 1981) states that
as grazing intensity increases, aboveground net primary productivity (ANPP) also increases up to some optimal grazing intensity,
then decreases to a level below that of ungrazed plants (Fig. 1).
Though commonly accepted for aquatic ecosystems (Carpenter
and Kitchell 1984, Carpenter et al. 1985), this hypothesis is currently controversial for terrestrial ecosystems (Belsky 1986, 1987;
McNaughton 1986).
Grasses are well adapted to regenerating biomass removed by
grazing. Among grasses, shortgrasses are particularly adapted to
grazing because their apical meristems are near ground level and
less accessible to grazing animals (Dahl and Hyder 1977). Blue
grama [(BouteZotuzgrucilis)(Willd. ex H.B.K.) Lag. ex Griffiths] is
a warm-season dominant species of the shortgrass prairie (Detling
1979) that increases in relative abundance in heavily grazed areas
and is adapted to extremes of environmental conditions. In thii
study, we evaluated the grazing optimization hypothesis for blue
grama by examining its response to short-duration grazing events
by big-headed grasshoppers (AuZocurue/ZiorfiThoms) at different
times during 2 different growing seasons.
Study Area
The study was conducted

on the western edge of the USDA-
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Fig. 1. l’he herbivore grazing optimization curve. A maximum value of
aboveground net primary productivity (A NPP)izpredictedat a moderate grazing intensity and a minimum value of ANPP at a high grazing
intensity.

ARS Central Plains Experimental Range in northcentral Colorado (40°49’N, 104°47’W). Elevation is 1,650 m, the topography is
gently rolling plains, and the soil texture is sandy loam (Dickinson
and Dodd 1976). Climate of the study area is continental with 82%
of the mean annual precipitation occurring from 1 April to 30
September. Mean annual precipitation over a 3 l-year period was
310 mm, with a range of 110 mm to 580 mm (Detling 1979). The
experiments were conducted within a fenced pasture from which
large herbivores had been excluded for the previous 10 years.
Dominant species on thii shortgrass prairie site were blue grama in
association with buffalograss [Buchl& uizctyloides (Nutt.) Engehn.].

Methods
Big-headed grasshoppers were chosen as the grazers because
they are native to the shortgrass prairie and, with an average dry
weight of 0.1 g, are an appropriate size for use in a large number of
small experimental units. In addition, they feed weU on blue
grama, survive well with handling, and are available for mass
collections as fourth or fifth instars or adults from early June (from
southern locations) through mid-August (Capinera and Sechrist
1981).
Wooden frame cages with inside measurements of 0.83 m by 0.83
m by 0.5 m high were covered with aluminum wire screen and
placed on all plots (including the controls) immediately preceding
each experiment. Placement sites were chosen randomly, except
for avoiding woody shrubs, buffalograss, or disturbances such as
ant mounds or rodent burrows. Prior to initial placement of the
cages, plant species other than blue grama (always less than 10% of
standing crop) were removed from the plot. Mean soil water content (2 readings from 3 access tubes) of the 15- to 6O-cm layer was
measured biweekly with a neutron probe. Water content of the O-to
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Fig. 2. Blue grama aboveground net primary productivity (ANPP) on
areas subjected to varying intensities of grasing during the periods (a)20
June to 18 July 1979, (b)24 July to22 August 1979, and(c)26August to6

October 1979. Dashed lines are means of controls; solid lines are linear
regressions.

15cm layer was not included because of the unreliability of this
method at shallow depths.
A nondestructive technique was used to estimate the aboveground standing crop of blue grama immediately before and after
grazing. A square wood frame with an inner grid comprised of 16
strings set at IO-cm intervals along both axes of the frame was
placed 4 cm above the ground. Basal cover of tillers was measured
to the nearest millimeter along each string, for a total of 13.3 m of
line measurements per quadrat. At alternate intersections of 2
strings, the nearest blue grama tiller was selected, and length (mm)
of each blade was recorded. Vegetation on calibration plots was
measured for blade lengths and basal cover, clipped at ground
level, and oven dried at 600 C for 72 hours. Calibrations of the
standing crop index (percent basal cover l mean total blade length
per tiller) vs. plant biomass were obtained by using a least squares
fit of a zero-intercept linear regression. This methodology is more
fully described and representative calibration plots are given in
Williamson et al. (1987).
Treatments were assigned randomly to the experimental units
and consisted of caged and ungrazed (controls) or caged and
grazed plots. In 1979, we utilized 6 control plots and 5 plots each of
8 levels of grazing intensity. Grazing intensities were based on
stocking densities of 5, 10, 15,20,40,60,80,
or 100 grasshoppers
per cage. Based on analysis of the 1979 data, the experimental
design for 1980 was modified to increase the number of control
plots to 13. The treatment with I5 grasshoppers per cage was
150

eliminated in the June 1980 experiment and, in addition, the treatment with 5 grasshoppers per cage was eliminated in July 1980.
Because weather-dependent
grasshopper mortality occurred
during the grazing period, a grazing intensity index, grasshopper
feeding days, was computed as the product of length of the grazing
event (days) and average number of grasshoppers in the cage
during that period. Average number of grasshoppers per cage was
determined by counting grasshoppers as they were placed on and
removed from the plots, and assuming a linear decrease in density
for those which disappeared by the time of removal. This was
considered a reliable index of grazing intensity (or pressure) within
an experiment but not between experiments. Use of this index
assumes a linear correlation between total grasshopper feeding
days and blue grama biomass removed, although this assumption
may not be true at very high grasshopper densities (Hewitt et al.
1976).
Only 1 grazing event was conducted on each plot. The chronology of each experiment included: (1) nondestructive biomass measurements before grazing; (2) a 7-to 13day grazing period, which
was terminated when the most intensely grazed plots were 95%
denuded; (3) nondestructive biomass measurements 2 to 7 days
after grazing; (4) a 13-to 4lday regrowth period; and (5) a destructive biomass measurement. Grazing periods in the 5 experiments
were: 10 to 17 June 1979; 12 to 20 July 1979; 11 to 24 August 1979;
15 to 26 June 1980; and 22 to 3 1 July 1980. Biomass harvests at the
end of the regrowth periods were made on: 16 to 2ClJul’y 1979; 16 to
31 August 1979 (interrupted by cold, wet weather); 6 to 7 October
1979; 23 to 26 July 1980; and 13 to 14 August 1980. Mean ANPP
(mass l area-’ l time-‘) was calculated as in Hunt (1978) by dividing the change in biomass by the number of days in the regrowth
period.
Since the presence of a parabolic curve was hypothesized (Fig.
1), response surface techniques were adopted to better define the
actual response curve (Gstle and Mensing 1975). Individual linear
regression analyses were conducted in which tests for differences
between treatment means were followed by tests of the slope of the
best fit least squares regression line. Before conducting the analyses, the data were examined for homogeneity of variance. Mean
ANPP in each treatment and experimental data were compared.
Student’s t-test was used to test for individual differences between
graphically identified treatment means (Gstle and Mensing 1975),
using (Yq 0.05 as the significance level. Finally, ANPP was plotted
against grasshopper feeding days for each experiment, and the
graphs were examined for lack of goodness of tit of a zero-slope
line whose intercept was the mean value of the ungrazed plots.

Results and Discussion
The mean biomass (Et1 SD) prior to grazing on all experimental plots from the June, July and August 1979 and June and Ju_ll
1980 experiments was 49.8 (It18.9) g l me2, 71.8 (f21.9) g l m ,
33.9 (f14.8) g l mw2, 105.8 (f17.3) g l me2, and 136.6 (f26.2)
g . mw2,respectively. No significant effect of grasshopper grazing
on ANPP of blue grama was found in the June and August 1979
sampling periods (Fig. 2a and 2~). In the latter case, cool weather
apparently retarded feeding. In the two 1980 experiments, ANPP
across all grazing intensities was significantly greater than ANPP
of the ungrazed controls (Fig. 3).
In the case of the July 1979 experiment (Fig. 2b), there was
evidence for the hypothesized (Fig. 1) grazing optimization curve.
In this experiment, only 2 observations in the range of 100 to 300
grasshopper feeding days (corresponding to 20 and 40 grasshoppers per cage) were below the mean ANPP of controls, while 9
values were above the controls. In the range of 300 to 800 grasshopper feeding days (60,80 and 100 grasshoppers per cage), only 3
values were above the mean control ANPP, and 8 values were
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Fig. 3. Blue grama aboveground net primary producriviry (ANPP) on
areas subjected lo varying intensities of grazing during rheperiodr (a)28
June to24 July 1980, and(b)31 July to 13 August 1980. Doshedlinesore
means of conrrols; solid lines ore linear regressions.

below it. The means of these 2 sets of values were significantly
different from each other (t = 3.36,23 d.f., KO.01). As with the 2
other 1979 experiments, ANPP across all grazing treatments did
not differ significantly from that of the ungrazed controls.
The accuracy and precision of measurements of ANPP depend
not only on changes in biomass but on length of the regrowth
period. Thus, when determining mean daily rates of change, if
some factor such as soil water or temperature is limiting, the
calculated rate may be unrealistically reduced by including a time
period when little or no growth is occurring. In the experiment with
the longest regrowth period (41 days), and including a time period
when temperature limited growth, ANPP was low with noticeably
less treatment variability (Fig. 2c).
The within-year and between-year variability of ANPP (Figs. 2
and 3) indicates that weather effects should be considered when
evaluating grazing effects. Soil water content in the IS- to 6O-cm
depth varied significantly within and between growing seasons
(Fig. 4). Soil water content of the 15-to 6ocm section decreased
from approximately 21% (95 mm) to 13% (60 mm) during the
regrowth period in both the June and August 1979 experiments
(Fig. 4, lines a and c). During regrowth in the July 1979 experiment
(Fig. 4, line b), soil water content increased from 12% (55 mm) to
21%(95 mm). In the regrowth periods following both 1980 experiments, soil water content remained relatively constant at 16Yo(70
mm) and 14% (65 mm), respectively (Fig. 4, lines d and e).
Understanding the interactive effects of soil water content and
grazing intensity is essential to understanding the relationship of
grazing intensity and blue grama ANPP. Similar results between
the June and August 1979 experiments and between the June and
July 1980 experiments may be attributable to similar soil water
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Fig. 4. Soil water confenffrom neutron probe measurements in the IS- lo
HkmsoilsecHonfor rhe 19790nd 1980growingseasons. Lineso. b, and
c represent rhe duration of the regrowrhperiodfollowing rhe June, July,
and August 1979 grazing experiments. Lines d ond e represent the
duration of the regrowrhperiodfollowing rhe JuneandJuly 198Ograzing
experiments.

content patterns in the respective regrowth periods. Maximization
of productivity with a moderate amount of grazing may occur
under certain soil water conditions. Hodgkinson ( 1976) found that
Danthonia caespitosa plants which were completely defoliated
once during the summer and no! irrigated increased shoot yield,
but similarly defoliated plants which were irrigated decreased
shoot yield compared with undefoliated plants. After precipitation
following dry conditions, production on lightly to moderately
grazed areas frequently exceeds that on ungrazed or heavily grazed
areas (McNaughton 1976, Heitschmidt et al. 1982). Thus, herbivore grazing optimization of shortgrass ANPP appears most likely
to occur during recovery from a dry period.
Although this experimental work is based on a single grass
species and a single herbivore species, it has broader ecological
implications. In none of 5 experiments did a shortduration
grazing event reduce ANPP of blue grama compared with ungrazed
areas. When soil water content was moderate and constant
through the regrowth period, all intensities of grazing resulted in
equivalent ANPP that was significantly greater than ungrazed
areas. This was an unexpected and interesting variation of the
herbivore optimization curve. Following summer drought, tight to
moderate levels of grazing resulted in a significantly greater ANPP
than did heavy levels of grazing.
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