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Responses of downy brome to nitrogen and water 

STEVEN 0. LINK, HARVEY BOLTON, JR., MICHAEL E. THIEDE, AND WILLIAM H. 
RICKARD 

h&m are respecrively. senior research scientist. senior research scientist. research scientist, and sraff scientisr, Eardt 
and Emirormenml Sciences Cenrer, Pacific Norhwest Laborarov, Richland, Wash. 99352. 

Abstract 

Downy brome (Brooms tectorum L.) is an alien grass that dom- 
inates disturbed ground in shrub-steppe ecosystems of the west- 
ern United States. Responses of downy brome to added nitrogen 
and water were evaluated using intact soil cores obtained from 
an old field. Gas exchange data were gathered at the leaf and 
canopy scales. Stomata1 conductance and net photosynthesis 
rates were greater at the leaf scale than at the canopy scale, 
decreased with time from germination, and were weakly affected 
by treatments. Water-use efficiency was weakly related to time 
from germination and treatments. Biomass was greater in the 
nitrogen-plus-water (7.4 g) treatment, compared with water (3.6 
g), nitrogen (4.5 g), and control (3.3 g) treatments. The leaf-area 
indes varied like biomass at the end of the esperiment. Shoot 
nitrogen was the same in the nitrogen (2.5%) and nitrogen-plus- 
water (2.5%) treatments, nearly twice the level in the control 
(1.5%) and water (1.3%) treatments. Nitrogen-use efficiency was 
highest in the control (67) and water (80) treatments and lowest 
in the nitrogen (41) and nitrogen-plus-water (43) treatments. The 
most significant conclusion of this work is that gas exchange was 
strongly related to the time from germination and little affected 
by water and nitrogen while growth characters were strongly 
affected only when water and nitrogen were added together. 

(Bromrrs tectorunt L.) have come to dominate resource-limited 
rangelands in the western United States (Klemmedson and Smith 
1964, Mack 1981, Billings 1990). Downy brome shoot and root 
biomass increased with additional nitrogen in the field (Hulbert 
1955). Biomass production was significantly related to stored soil 
moisture (Cline and Rickard 1973, Uresk et al. 1979). Cline and 
Rickard (1973) found that nitrogen was more limiting than soil 
water for shoot biomass production over several years of observa- 
tion in the field. Past studies have investigated the response of 
downy brome production to nitrogen and water, separately. There 
have been no studies investigating the interaction of nitrogen and 
water on the physiology and growth of downy brome. 

The purpose of this study was to investigate the growth and gas 
exchange response of downy brome to separate and combined 
additions of nitrogen and water. We examined growth and gas 
exchange responses to water and nitrogen as a function of the 
time from germination. Gas exchange observations were taken at 
leaf and canopy scales. 

Materials and Methods 

Study Area 

Key words: Bromas tectoram L., biomass, photosynthesis, con- 
ductance, water-use effkiency, nitrogen-use efficiency 

Plant resource use strategies in resource-limited ecosystems 
largely determine species composition (Tilman 1987). Species 
most efficient in nitrogen use dominated when nitrogen was most 
limiting in Minnesota (Tilman 1986, 1987). An understanding of 
resource-use strategies is relatively simple when only one soil 
resource is limiting, as in the above-mentioned studies in 
Minnesota. When more than one resource is limiting, such as 
water and nitrogen, as in the shrub-steppe, resource-use strategies 
become more difficult to understand. 

It is important to understand how various species use limited 
resources, especially when invasive species such as downy brome 

The study site is an old field on the U.S. Department of 
Energy’s Arid Lands Ecology Reserve of the Hanford Site in 
south-central Washington (119’ 43’ W, 46” 28’ N, 323 m.a.s.1.). 
The average annual precipitation is 16 cm, occurring mostly in 
the autumn and winter (Stone et al. 1983). The soil is classified as 
a Warden silt loam (Hajek 1966). and is more than 1 m deep. The 
site was used to grow wheat until 1943-45, when it was aban- 
doned. A few stray livestock were present until 1967. It continues 
to be dominated by downy brome, mixed with tumble mustard 
(Sisynbriwn altissintwn L.) and several other alien annual forbs. 
A few clumps of native Sandberg’s bluegrass (Poa sandbergii 
Vasey) have become established (Rickard and Vaughan 1988). 
The surrounding vegetation is sagebrush-bluebunch wheatgrass 
(Arternisia tridentata ssp.tridentata Nutt-Pselldoroegneria spica- 
ta (Pursh) A. Love) habitat as described by Daubenmire (1970). 

Research was funded by the U.S. Dep.ntment of Energy under Contract DE- 
AC06-76RL0 1830. 

Leaf Gas Exchange Esperiment 

Authors wish to thank J. Bernhard. J. L. Downs, hl. J. Harris, and D. Lettau for 
technical support. Discussions with Drs. L. E Rogers and G. W. Gee were invalu- 
able. We thank Drs. A. Hoffmann and J Xl Thomas for advise on statistical analy- 
ses. The suggestions of an anonymous rewewrr improved the manuscript. 

hlanuscript accepted 17 Oct. 199-L 

The top 15 cm of soil was collected from the old field and com- 
pletely mixed for use in the laboratory. The soil contained 3.2 
ppm N03, 5 ppm S, 11 ppm P, and 361 ppm K. Ten 3.8-liter pots 
were lined with plastic, filled with soil, brought to 20% soil mois- 
ture with distilled water, and seeded. Seeds were planted in 10 

290 JOURNAL OF RANGE MANAGEMENT 48(4), July 1995 



locations around the pot, with 5 seeds per hole. One week after 
planting, a nitrogen treatment was established by adding 0.9 g of 
NH,N03 in solution to each of 5 pots. Pots were well watered 
during the experiment. There mere 5 replicate pots in each of the 
nitrogen-plus-water and water treatments. Plants were grown in 
environmentally controlled chambers, with a light period of 16 
hours and a night period of S hours. Day and night temperatures 
were 24 and 15” C, respectively. Photosynthetically active radia- 
tion, measured with a LI-COR 190SB Quantum sensor (Li-Cor 
Inc.), during the day, was 350 pmol photons m-?-s-t. 

Gas-exchange data were collected at steady-state with a null 
balance system (Data Design Group, La Jolla, CA). This system 
controls the CO2 and water vapor concentration and temperature 
inside a cuvette that can accommodate several leaves. The experi- 
ment was conducted under steady-state cuvette conditions of 340 
ppm CO? in air (21 % Oz), leaf temperature of 2S”C, vapor pres- 
sure gradient of 2.5 @a, and a photosynthetically active radiation 
level of 550 prnol photons m-kt. Data were collected 21, 35, 
and 56 days after germination on several leaf tips (approximately 
7 cm long) at the top of the canopy. Plants remained in a vegeta- 
tive state without going to flower throughout the experiment. 
Leaf area is expressed as single-sided values, and was determined 
immediately after gas exchange analyses using a Li-Cor 3100 
leaf-area meter. 

Canopy Gas Eschange Experiment 
Twenty intact soil cores (microcosms) were taken from the old 

field on 4 Nov. 19X8. The microcosms were encased in polyvinyl 
chloride tubes that were 40 cm deep and 25 cm in diameter. The 
tubes were pounded into the soil to extract the microcosms and 
the bottoms were taped shut. The microcosms were randomly 
placed in a growth chamber with a light period of 12 hours, and 
periodically rearranged. Microcosms were periodically 
rearranged to minimize variation associated with light patterns 
inside the growth chamber. Photosynthetically active radiation in 
the growth chamber averaged 265 ltmol photons m”s-l. Air tem- 
perature was maintained at 20°C in the light and 15°C in the 
dark. Downy brome seeds germinated naturally. 

Four treatments were created, each using 5 microcosms. 
Treatments were the control (1 liter distilled water added at the 
beginning of the experiment), nitrogen (soil enriched with 10 g N 
m-2 added as NH,NO, fertilizer and 1 liter distilled water added 
at the beginning of the experiment), water (I liter distilled water 
added biweekly), and nitrogen-plus-water (soil enriched with 10 
g N m-2 added as NH,NO, fertilizer and 1 liter distilled water 
added biweekly). One liter of water saturated the microcosms, 
with the excess draining from the bottom. 

The gas exchange system is an open one similar to that of 
Caldwell et al. (19S1, 19S3), but has improved flow control and 
vapor pressure measurement sensors. Carbon dioxide concentra- 
tions were measured with an Analytical Development Co. 225 
AIKIII infrared gas analyzer. Water vapor concentrations entering 
and leaving the gas exchange chamber were measured with 
DEW- 10 (General Eastern) dew-point hygrometers. Dew-point 
temperature was measured with platinum resistance thermome- 
ters. Other temperatures, including those of leaf, chamber air, 
heat exchanger fin, and air in lines just ahead of the dew-point 
hygrometers were measured with fine-wire, copper-constantin 
thermocouples. Average canopy temperature was measured with 
4 thin-wire thermocouples randomly distributed in the canopy 

and placed in leaf mesophyll tissue. Under gas exchange condi- 
tions, light was provided by a 300-W quartz-halogen projection 
lamp (Field et al. 1989) suspended over the gas exchange cham- 
ber. 

The gas exchange chamber used for these experiments was a 
clear, acrylic plastic cylinder (65 cm tall and 30 cm in diameter), 
with a flat plastic top and a volume of 46 liters. The chamber was 
lined with clear fluorinated ethylene propylene (FEP) Teflon@ 
tape to minimize gas absorption by the acrylic plastic (Bloom et 
al. 1980, Dixon and Grace 19X1). The seal between the chamber 
and the polyvinyl chloride microcosm was made with an alu- 
minum ring having grooves lined with closed-cell foam. The alu- 
minum ring was also covered with Teflon tape. The chamber had 
an inlet for recirculating air 20 cm below a similar outlet port, 
each 6 cm in diameter. To reduce boundary layer resistance air 
was circulated with a fan, yielding an average wind speed of 2 m 
s-t. An air-conditioning unit was attached to the ports for temper- 
ature control. The air-conditioning unit housing was stainless 
steel and air tight. Temperature was controlled with Peltier chips, 
heat-exchange fins, and a circulating fan. The heat-exchange tins 
were made of nickel-plated copper. The heat exchanger and fan 
motor, located outside the air-conditioning unit, were water- 
cooled. 

Air was taken from above the roof of the laboratory by a com- 
pressor, and maintained at a pressure of, at least, ,276 kPa ahead 
of 2 air filters and a Tylan (FC-262) mass flow controller. The 
mass flow controller regulated flow to maintain a constant cham- 
ber dew-point temperature. All lines were of copper or Bev-A- 
Line tubing. Sample lines were diverted to measure the dew-point 
temperature and CO2 concentration of the air going into the 
chamber. Air was pumped out of the chamber through Bev-A- 
Line tubing for measuring dew-point temperature, and to the 
infrared gas analyzer for measuring CO, concentrations. 

Soil gas exchange processes were minimized by collecting data 
only when the soil surface was dry, and maintaining a positive 
overpressure of 5 to 13 cm of water (Leafe 1972). In previous 
experiments with this gas exchange system (Link et al. 1992) on 
similar downy brome microcosms, we observed a significant con- 
tribution of soil gases to system-level gas exchange data. An 
approsimate overprediction of 20% for canopy transpiration and 
an underprediction of 30% for canopy net photosynthesis was 
observed. These occurred with an overpressure of only 2.5 cm of 
water and with few plants (leaf-area index = 0.4). In these condi- 
tions, the contribution of soil gases can be significant. In the cur- 
rent experiment, overpressure was higher and leaf-area index was 
4 to 10 times greater, except for the initial observations. Thus, the 
error due to soil-gas exchange is estimated to be less than IO%, 
except for the initial observations when the plants were small. 

Gas exchange measurements were initiated 6 days after gerrni- 
nation. All microcosms were observed during a 3-day period; 
observations were repeated 3 and 5 weeks later. Microcosms 
were randomly chosen from the growth chamber for observation. 
Experimental conditions (chamber air temperature of 20°C. vapor 
pressure gradient of 1 .O kPa, photosynthetically active radiation 
at the top of the canopy of 925 pmol photons m-2s1, and a CO? 
concentration in the incoming air stream of 355 f 5 ppm) were 
held constant for all observations. Average canopy leaf tempera- 
ture was approsimately l.O”C cooler than chamber air tempera- 
ture. Before each observation, the infrared gas analyzer was cali- 
brated using a primary standard tank of 300 ppm CO,. Steady- 
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state conditions were achieved after about 45 min. Gas exchange 
variables were calculated using the equations of van Caemmerer 
and Faquhar (1981) as in Caldwell et al. (1983). For example, 
canopy conductance (g,) was computed as follows: 

gh = T, * ( I W, + wJW@q-w.3). 

where T, is the canopy transpiration rate, WI is the mole fraction 
of water in air (mol of H,O I mol of air) inside leaves with the 
assumption that this air is at 100% relative humidity based on the 
average canopy temperature, and w, is the mole fraction of water 
in air leaving the chamber. 

Leaf and canopy scale gas exchange measurements will differ 
due to differences in environment and plant characteristics within 
the 2 systems. Inside the leaf cuvette. leaf temperature, boundary 
layer resistance, light levels and age of plant material are all 
homogeneous. Within the canopy system, a more heterogeneous 
envimnment is derived from the entire canopy. Temperature was 
the average of readings collected from 4 randomly located posi- 
tions. Boundary layer resistance is greater at the bottom than at 
the top of the canopy and this variation is due to differences in 
wind speed. Light levels are lower at the bottom of the canopy 
than at the top. Plant material varies with younger tissue concen- 
trated near the base of the canopy and older tissue near the top. 
This variation is averaged into gas fluxes at the canopy scale and 
accounts for some of the differences between canopy and leaf gas 
exchange rates. 

The xylem pressure potential of leaves was measured with a 
pressure bomb (Scholander et al. 1965). During measurements 
certain precautions were followed: 1) a humid atmosphere was 
maintained in the chamber with a damp towel, (2) measurements 
were made immediately after cutting leaf material, and (3) the 
chamber was pressurized slowly and consistently for all observa- 
tions. 

Leaf area was estimated nondestructively with each gas 

exchange observation. Stem heights, stem widths, leaf lengths, 
and leaf widths were measured on 5 randomly selected individu- 
als in 3 size classes. Then the number of individuals were count- 
ed in each size class, and the single-sided leaf area was computed 
for the canopy. 

Biomass and total nitrogen content were measured at the end of 
the experiment. Oven-dried biomass was detemined after plants 
were dried in a convection oven at 55’C for 48 hours. The per- 
centage total nitrogen of shoots was measured by the Colorado 
State University Soil Testing Lab (Ft. Collins, Cola.) using the 
micro-Kjeldahl technique. Nitrogen-use efficiency was computed 
as the ratio of shoot biomass to shoot nitrogen. 

Data Analyses 
Data are presented as means ?l standard error of the mean. 

Repeated-measures analysis of variance was used to test for time, 
treatment, and time-and-treatment interaction effects. Repeated 
measures analysis was used because the experimental units were 
not independent in time. 

Linear regression models (Y = a + b*time; Y = c + d*time + 
e*time?) were used to estimate parameters over time. To avoid 
pseudoreplication, because the experimental units were not indc- 
pendent in time, we estimated linear regression parameters for 
each experimental unit. Mean parameter estimates (b and e) were 
then computed for differing treatments. Error terms for the mean 
parameter estimates are reported as the standard error of the 
Itlea”. 

Treatment comparisons within each period were made with 
Tukey’s studentized range test (HSD). Comparisons between leaf 
and canopy scales in the water and nitrogen-plus-water treat- 
ments in comparable time periods were also made with the HSD 
test. Hypotheses were tested at the P = 0.05 level. 

Fig. 1 The effects of the time from germination and water and nitrogen treatments on leaf (a) and canopy (b) conductance of downy bmme. 
Bars are il standard error of the mean. Differing letters indicate significant differences (P = 0.05) by Tukey’s student&d range test @SD). 

. 
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Leaf conductance decreased with the time from germination 0, 
= O.OOCOl) and was unaffected by treatments @ = 0.56 [Fig. la]). 
Canopy conductance was significantly related to the time from 
germination @ = O.OOOl), with B significant time by treatment 
interaction @ 2 0.01 [Fig. lb]). Canopy conductance decreased 
with the time from germination. Treatment effects became signif- 
icant with increasing time from germination at the canopy scale. 
but not at the leaf scale. At the canopy scale, no treatment effects 
were detected until 37 days after germination. Canopy conduc- 
tance was significantly greater in the water treatment than in the 2 
nitrogen treatments (Fig. lb). Leaf conductance was significantly 
greater than canopy conductance in the water and nitrogen-plus- 
water treatments for corresponding times. 

Leaf net photosynthesis decreased with the time from germina- 
tion (p = O.OOOOI) and was unaffected by treatments @ = 0.42 
[Fig. 2a]). Canopy net photosynthesis was significantly related to 
the time from germination @ = O.OOQl). Canopy net photosynthe- 
sis was unaffected by treatments or related to the time from ger- 
mination until the plants were 37 days old (Fig. 2b). At this time, 
canopy net photosynthesis rates were lower than the earlier obser- 
vations. Rates of net photosynthesis were lower in the 2 nitrogen 
treatments than in the water treatment (Fig. 2b). Leaf net photo- 
synthesis was also significantly greater than canopy net photo- 
synthesis in the water and nitrogen-plus-water treatments for cor- 
responding ages. 

The ratio of intercellular ppC0, to ambient ppC0, was signifi- 
cantly related to the time from germination @ = 0.0004). with a 
significant time-by-treatment interaction 0, = 0.04 [Fig. 31). The 
ratio decreased significantly with the time from germination in 
the control and water treatments (b = -0.00408 f 0.00114; n = 
IO). The ratio in the nitrogen and nitrogen-plus-water treatments 
decreased from days 6 to 22, then increased by day 37. The mean 
curvature parameter (e = 0.000572 2 0.000039; n = 8) was signif- 
icantly different from 0. On any day, there were no treatment 
effects. 

Water-use efficiency, defined as the net photosynthetic rate 
divided by the transpiration rate, was significantly related to the 
time fmm germination 0, = O.OOOl), with a signiticant time-by- 
treatment interaction 0, 5 0.03 [Fig. 41). Water-use efficiency 
increased significantly with the time from germination in the con- 
trol and water treatments (b = 0.0631 5 0.0181; n = IO). Water- 
use efficiency in the nitrogen and nitrogen-plus-water treatments 
increased from days 6 to 22, then decreased by day 37. The mean 
curvature parameter (e = -0.0112 f 0.000695; n = IO) was signiti- 
cantly different from 0. There were no treatment effects on days 6 
or 37. On day 22, water-use efficiency was greater in plants in the 
nitrogen-plus-water treatment than those in the water treatment. 

Xylem pressure potentials were not measured on day 6. Xylem 
pressure potential was significantly related to the time from ger- 
mination (I, = 0.01) and treatments 0, 5 0.03) by repeated-mea- 
sures analysis of varinnce. Xylem pressure potential decreased for 
all treatments except the water treatment with the time from ger- 
mination (Fig. 5). Treatment effects were similar on day 22. On 
day 37, xylem pressure potentials in plants in the nitrogen and 
nitrogen-plus-water treatments were lower than for plants in the 
water treatment by Duncan’s multiple range test. When the same 
comparisons were made with Tukey’s HSD test effects were not 
significant. This is an indication that the effect of water compared 
with the nitrogen treatments on xylem pressure potential is test 
dependent. Because the repeated-measures analysis of variance 
indicated a significant effect using all the data we conclude that 
there is an apparent effect of water on xylem pressure potential 
compared with the nitrogen effects. 

Growth as indicated by leaf-area index was significantly related 
to the time from germination 0, = 0.0001) and treatments @ = 
0.001). with a significant time-by-treatment interaction @ = 0.01 
[Fig. 61). Leaf-area index increased linearly with the time from 
germination @ = 0.0001). Treatment effects were similar on days 
6 0, = 0.9) and 22 0, = 0.08). but on day 37, leaf-area index was 
significantly greater for plants in the nitrogen-plus-water treat- 
ment than for plants in the control and water treatments. 

Fig. 2 The effects of the time from germination and water and nitrogen treatments on leaf (a) and canopy (b) net photosynthesis of downy 
brome. Bars are fl standard error of the mean. Differing letters indicate significant differences (I’ = 0.05) by Tukey’s studentized range 
test (HSD). 
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Table 1. Comparison of mean f 1 standard error (n - 5) biomass, nitm- 
gen content, and nitrogen-use effiriency of downy bmme shwts akr 
37 days of growth in different treatments. Diftering letters indicate sig- 
nificant dilferences (P = 9.05) between treatments by Tukey’s studen- 
tized range test (HSD). 

Biomass 

k) 

3.28 * 0.43 a 
4.54 * 0.17 a 
3.57 + 0.21 a 
7.36 * 0.44 b 

Responses 
Nitrogen-use 

Nitmge” &iCie”Cy 

(%I sbmt bimnass ,e, 
shoot iv (g) 

1.51 *o.o,a 65.7*3.ia 
2.53 ,z 0.22 b 40.5 * 3.2 b 
1.26 2 0.06 a 80.2 * 4.2 a 
2.46 t 0.29 b 42.7 * 4.6 b 

Shoot biomass was significantly greater for the nitrogen-plus- 
water treatment than for the other 3 treatments (Table 1). 
Nitrogen fertilization resulted in significantly greater percentage 
total nitrogen content. Percentage total nitrogen in the nitrogen 
and nitrogen-plus-water treatments were the same, as was per- 
centage total nitrogen in the control and water wsattnents. The 
highest nitrogen-use efficiency values were in the control and 
water treatments, and the lowest nitrogen-use efficiency values 
were in the additional nitrogen treatments (Table I). 

Factors related to gas exchange and growth in this experiment 
were the nitrogen and water treatments, the time from germi%+ 
tion, and canopy shading. Gas exchange processes were strongly 
related to the time from germination and only weakly related to 
additional water and nitrogen, whereas growth was strongly influ- 
enced only by the addition of both nitrogen and water. The effect 
of the scale of observation was that gas exchange rates were 

Fig. 3 The effects of the time from germination and water and nitm- Fig. 5 The effects of the time from germination and water and nitm- 
gen treatments on the internal CO2 ratio (pi/pa) of downy bmme. gen treatments on xylem pressure potential of downy bmme. Bars 
Bars are f 1 standard error of the mean. are k 1 standard error of the mean. 

Fig. 4 The effects of the time fmm germination and water and nitm- 
gen treatments on water-use effkiency of downy bmme. Bars are 
fl standard error of the mean. Differing letters indicate signiti- 
cant differences (P = 0.05) by Tukey’s studentized range test 
(MD). 

greater at the leaf scale than at the canopy scale. This is due in 
part to differing experimental conditions, but the lower rates at 
the canopy scale are most likely a result of canopy shading. The 
finding that growth was strongly influenced by the addition of 
both water and nitrogen suggests that both are limiting for downy 
bmme under these experimental conditions. 

Reductions in stomatal conductance have been observed with 
plant age (Kramer 1983), water stress, and nitrogen deficiencies 
(Sheriff 1979, Field 1987, van Keulen et al. 1989). In well- 
watered conditions, Evans (1983) found a decrease in stomata1 
conductance with age, but found that nitrogen had no effect on 

0 22 37 

The fwm germination (days) 
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Fig. 6 The effects of the time from germination and water and nitro- 
gen treatments on leaf-area index of downy brome. Ban are *1 
standard error of the mean. Differing letters indicate significant 
differences (P = 0.05) by Tukey’s studentized range test @SD). 

wheat grown in growth chambers, which agrees with our results 
at the single leaf scale. Morgan (1988) also found no effect of 
nitrogen on leaf conductance in field-grown wheat except on 1 
day out of 7 over a growing season. Similarly, Toft et al. (1989) 
found no effect of nitrogen on leaf conductance in 4 cold-desert 
species. We found no effect of nitrogen on canopy conductance. 
In contrast. van Keulen et al. (1989) report that there have been 
many reports of a positive correlation between nitrogen content 
and stomata1 conductance. Because of the variety of responses of 
stomata1 conductance to nitrogen, Van Keulen et al. (1989) con- 
clude that the relationship between nitrogen and transpiration is 
difficult to predict. The pattern of canopy conductance mirrored 
that of xylem pressure potential for 37-day-old plants, with plants 
in the water ueatment having the highest canopy conductance and 
xylem pressure potential. This pattern indicates that water status 
is a stronger determinant of canopy conductance than nitrogen 
status. Reductions in stomata1 conductance with age may be relat- 
ed to decreased hydraulic conductance to water through the roots, 
and consequent decreases in xylem pressure potential in downy 
bmme (Link et al. 1990, Downs 1990). The clearest effect of 
canopy shading on conductance was that rates were about twice 
as high at the leaf scale as at the canopy scale. We conclude, 
under these experimental conditions, that the time from germina- 
tion is the strongest determinant of conductance, followed by 
canopy shading (at the canopy scale), and plant water status in 
downy bmme. 

Net photosynthesis declines with leaf age, as does stomata1 
conductance (Field 1987, Henson et al. 1990). We observed 
reductions in net photosynthesis varying with the time from ger- 
mination, water. and nitrogen status at the canopy scale and vary- 
ing only with the time from germination at the leaf scale. We 
found a reduction in canopy net photosynthesis only by day 37. 
The reductions in canopy net photosynthesis on day 37 may be 
related to reductions in photosynthetic capacity due to tissue age 

and water stress. The pattern of xylem pressure potential mirrors 
the patterns in canopy net photosynthesis and canopy conduc- 
tance, suggesting that xylem pressure potential is correlated with 
canopy net photosynthesis and canopy conductance, at least for 
37-day-old plants. Plant age must account for some of the 
decrease in canopy net photosynthesis, because canopy net photo- 
synthetic rates declined in the water treatment from day 22 to day 
37. while xylem pressure potential increased and the leaf-area 
index was unchanged. 

Changes in net photosynthesis can be interpreted in terms of 
the changing ratio of intercellular ppCOz to ambient ppC0, 
(Field 1987). On day 22, lowered canopy conductance and &a- 
tively high values of canopy net photosynthesis were reflected in 
decreased ratio values, suggesting that stomata1 factors were 
dominant in limiting net photosynthesis. By day 37, ratio values 
continued to decrease in the control and water treatments, but 
increased in the nitrogen and nitrogen-plus-water treatments. This 
result suggests that nonstomatal factors are dominant in the nitro- 
gen treatments, and stomatal factors are dominant in the control 
and water treatments in limiting net photosynthesis (Field 1987). 
Evans (1983) found an increase in ratio values and a decrease in 
net photosynthesis in high and low nitrogen treatments in wheat 
as the plants aged. The effect of the additional nitrogen was to 
reduce the rate at which net photosynthesis decreased, compared 
with the low nitrogen treatment (Evans 1983). Leaf nitrogen is 
reduced as plants age (van Keulen et al. 1989), which may, in 
part, account for lower net photosynthetic rates on day 37 in the 
water treatment, as compared to rates on day 22. We measured 
leaf nitrogen only at the end of the experiment. We conclude, 
under these experimental conditions, that the time from germina- 
tion is a stronger determinant of net photosynthesis than either 
water or nitrogen St&s, though the effects of time may merely be 
manifestations of reduced nitrogen levels. 

Field (1987) reviewed the relationship between water-use efti- 
ciency and leaf age and found that, in some cases, the ratio of net 
photosynthesis to stomata.1 conductance remains constant as 
leaves age while in others the ratio varies with age. Field (1987) 
suggests that the lack of an age effect on water-use efficiency 
means that the stomata establish a consistent compromise 
between carbon gain and water loss. We found water-use effi- 
ciency to be variable with the time from germination in all treat- 
ments, suggesting that for downy brome at the canopy scale, 
stomata do not establish a consistent compromise between carbon 
gain and water loss. 

We observed lower nitrogen-use efficiency in the nitrogen 
treated plants than in the control and water treatments that agrees 
with the observation that nitrogen-use efficiency generally 
decreases with increasing nitrogen ccmtent (Vitousek 1982: 
Lajtha and Klein 1988). A high nitrogen-use efficiency indicates 
that more biomass has been produced per unit nitrogen (Chapin, 
III and Van Clew 1989). Percentage nitrogen, the inverse of 
lO@nitrogen-use efficiency, was the same in the nitrogen and 
nitmgen-plus-water treatments. The additional water in the nitro- 
gen-plus-water treatment allowed the plants to grow more, but 
had no effect on nitrogen concentration. 

Biomass responded only to the combination of water and nitro- 
gen, suggesting that both arc limiting. Nitrogen limitation to 
growth has been demonstrated in wheat (Law101 et al. 1988. 
Morgan 198X), in other Bromus species (Gamier et al. 1989, Hull 
and Mooney 1990). and in downy brome (Cline and Rickard 
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1973, Richard 19S5). Our observation that nitrogen is limiting 
agrees with previous studies. In the field, Cline and Richard 
(1973) concluded that 71% of growth could be explained by 
nitrogen and 12% by soil water in downy brome. Uresk et al. 
(1979) found only a weak relationship between soil water and 
growth rates. We observed that additional water alone had no 
effect on growth. The effect of additional nitrogen-plus-water on 
growth was more than could be explained by simple additive 
effects, implying a synergistic or nonlinear effect on growth. 
Additional water may facilitate the allocation of carbon to various 
organs thereby stimulating growth with additiona nitrogen 
(Kramer 1983). Under the conditions of this experiment nitrogen 
and water were both severely limiting to downy brome shoot bio- 
mass production. The addition of both is required to increase 
shoot production. 

While nitrogen is positively correlated with net photosynthetic 
rates (Field 1957, van Keulen et al. 19X9, Hull and Mooney 
1990). and biomass, there are exceptions to this association. No 
strong relationship has been observed between nitrogen applied 
in the field and net photosynthetic rates of wheat (Gregory et al. 
1981, Migus and Hunt 1980, hlorgan 19SS), even though bio- 
mass increased. This was attributed to self shading (Migus and 
Hunt 19SO. Robson and Parsons 1978) that reduces net photosyn- 
thetic rates of the additional foliage associated with additional 
nitrogen (Evans 19S3, Morgan 1988). A small gain in photosyn- 
thesis was found for nitrogen treatments in canopy studies of 
Fesruca armdinacea (Gastal and Belanger 1993). They also con- 
clude that self shading limited carbon gain. Additional nitrogen 
retarded senescence, which Evans (1983) indicated accounted for 
the difference between nitrogen treatments in that study. Thomas 
and Thorne (1975) showed that increased carbon gain by flag 
leaves of wheat high in nitrogen was from increased leaf longevi- 
ty and larger leaf area, and not from increased photosynthetic 
capacity. We feel that the addition of water to a high nitrogen 
treatment facilitates shoot growth, thereby increasing the total 
carbon gain of the plant, even when net photosynthetic rates are 
unaffected. Because of the greater leaf-area index in the nitrogen- 
plus-water treatment, the soil water reserve was more rapidly 
reduced compared with the water treatment, thereby reducing net 
photosynthetic rates through water stress. 

This study has relevance to shaded field conditions. Light lev- 
els in this experiment are similar to light levels experienced by B. 
tectorm in forested ecosystems in the Pacific Northwest (Pierson 
et al. 1990). Pierson et al. (1990) found that B. tecform plants 
grown in the shade were smaller, grew slower, and flowered later 
than plants grown in full sun. Their plants were grown in an 
unheated greenhouse without water and nitrogen limitation. We 
did not observe flowering in our experiments which supports the 
observation that low light delays inflorescence growth. The char- 
acteristics of slow growth and late flowering have been observed 
for numerous grass species grown in the shade (Langer 1979). 
Pierson et al. (1990) concluded that B. tectonan was unsuccessful 
in shaded forest habitats, in part, because it could not acclimate 
photosynthetically to low light, had low growth rates and high 
susceptibility to grazing stress. Our observation of lower shoot 
biomass with water or nitrogen stress suggests that B. tecform 
will be even less successful under normal levels of water and 
nitrogen in forested ecosystems than reported by Pierson et al. 
(1990). 

Conclusion 

Under the conditions of these experiments, downy brome gas 
exchange processes were strongly related to the time from germi- 
nation and only weakly related to added water and nitrogen while 
biomass was strongly influenced only by the addition of both 
nitrogen and water. Stomata1 conductance and net photosynthesis 
decreased with time. The effect of the scale of observation was 
that gas exchange rates were greater at the leaf scale than at the 
canopy scale, with the lower rates most likely a result of canopy 
shading, Leaf area index and biomass were greater in the nitro- 
gen-plus-water treatment than in the water, nitrogen, and control 
treatments. The finding that growth was strongly influenced by 
the addition of both water and nitrogen suggests that both are lim- 
iting for downy brome. An examination of the physiological and 
biochemical responses of B. tectorm to additional water and 
nitrogen will improve our understanding of how B. recrorm 
responds to limiting resources. 
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Abstract 

Alterations in shortgrass ecosystem structure and function fol- 
lowing long-term use of atrazine [6-chloro-N-ethyl-N’-(l- 
methylethyl)-1,3,5-triazine,Z,d-diamine] for increased secondary 
productivity raised concerns about sustainability of the practice. 
A microcosm approach was designed to 1) model the direction 
and temporal features of blue grama [Bo~&&~ua grucilis H.B.K.) 
Lag. es Steud.] biomass accumulation and tissue N, nitrate 
reductase activity, chlorophyll, total nonstructural carbohydrate, 
and phosphorus (P) levels following atrazine applications of 0.83 
and 2.25 kg ha-r and hydrosyatrazine (6-hydrosy-N-ethyl-N’-(l- 
methylethyl)-1,3,5triazine,2,4,-diamine) at 1.12 kg ha-r, and 2) to 
relate plant growth and metabolism changes to possible short- 
and long-term modifications of soil microbial abundance and 
activities associated with C and N transformations. Atrazine 
applied to dormant plant-soil microcosms reduced below-ground 
(crown plus root) biomass and shoot total nonstructural carbohy- 
drate levels during regrowth. Atrazine application increased 
shoot chlorophyll content, N levels, and nitrate reductase activi- 
ty, but not total plant N content. Decreased belowground bio- 
mass accumulation, and increased shoot N and nitrate reductase 
activity levels mere linked to decreased total nonstructural carbo- 
hydrate availability. Total plant P levels were highest at the 
intermediate atrazine rate. Differences in soil microbial biomass 
and activities, and chemical properties resulted primarily from 
presence of blue grama and duration of plant regrowth. Soil 
nitrifying activity was depressed in soil previously exposed to 
atrazine whether or not blue grama was present. Hydrosya- 
trazine was not identified as an important factor in observed 
plant or soil changes. Atrazine may alter shortgrass system struc- 
ture and function by immediate impacts on primary producers 
and long-term impacts on soil microbial processes. 

Key Words: blue grama, 6-chloro-N-ethyl-W-(1 methylethyl)- 
1,3,5triazine,2&diamine, hydroxyatrazine, sublethal effects, 
shortgrass steppe, long-term herbicide effects 

The s-triazine herbicide ntrazine (6-chloro-N-ethyl-W-( l- 
methylethyl)-1.35triazine,2,4-diamine) became an important 
range management tool after the rangeland label was obtained in 
1976. Atrazine in sublethal doses reportedly induces growth and 
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increases protein content of desirable plant species on California 
rangeland (Kay 1971) and shortgrass range dominated by blue 
grama [Bontelolra grucilis (H.B.K.) Lag. ex Steud.] in northeast- 
em Colorado (van der Sluijs 1972, Tapia 1973, Houston and van 
der Sluijs 197.5, Houston and Hyder 1976). Atrazine also report- 
edly reduces soil moisture depletion of blue grama sods and pro- 
tects blue grama from drought stress, when combined with N fer- 
tilization (Bra&en 1976, Hyder et al. 1976). A long-term study 
(1977-1985) established at the Central Plains Experimental 
Range, Weld County, Colo. demonstrated that increased blue 
grama yield and beef production were maintained after unwanted 
species were eliminated from blue grama sods and results from 
soil analyses suggest long-term atrazine application altered C and 
N cycling @hoop, personal communication)t. 

Controlled environmental investigations have shown that 
immediate soil N concentration changes accompany atrazine 
application but the changes are temporary, an indirect result of 
changes in aboveground plant growth and metabolism, not alter- 
ations in soil microbial processes (Morgan and Knight 1991, 
Knight et al. 1993). Although these studies have enhanced under- 
standing of atrazine effects on blue grama physiology and soil 
microbial processes, from the perspective of shortgrass ecosys- 
tem structure and function, several issues have not been investi- 
gated that influence whether or not repeated use of atrazine, or 
herbicides with similar mode of action, is a sustainable practice. 
These issues include 1) nature of belowground plant response and 
interaction with soil microbial processes, 2) relationship between 
timing of atrazine application and expression of the plant 
response, and 3) cumulative nutrient cycling impacts of repeated 
atrazine applications. 

We designed a controlled microcosm approach to simultane- 
ously study the relationship between aboveground and below- 
ground blue grama growth and development, and microbially- 
mediated soil N and C transformations in shortgrass soils. This 
relationship was studied for soil that had a history of long-term 
atrazine exposure and soil never exposed to the herbicide. Our 
hypothesis was that alteration in soil C and N status following 
repeated sublethal atrazine applications to blue grama sods results 
from an interaction between the plant and associated soil micro- 
bial community. Objectives of the study were 1) to model the 

‘Information from this communication recently published in Han et al. 1995. J. 
Range Management. 48:165-171. 
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direction and temporal features of alterations in blue grama bio- 
mass accumulation and C and N dynamics induced by sublethal 
atrazine applications to plant-soil microcosms and, 2) to relate 
these alterations to possible short- and long-term changes in soil 
microbial abundance and activities associated with C and N trans- 
formations. 

Table 2. Microcosm establishment, treatment, and harvest schedule for 
all blocks. 

Days ActiviIies/EnvironmenIal condhions 
l-74 -Microcosm establishment 

--I6 with 2.7 kg soil from treated pasture + I2 blue grama tillers 
--I6 with 2.7 kg soil from untreated pasture + 12 blue grama 

tillers 
Materials and Methods --Microcosms maintained in greenhouse 

75-99 
Esperimental Design 

Treatments were arranged factorially in a randomized com- 
plete-block design (Steel and Torrie 1980) in a plant growth 
chamber with a controlled environment. Treatments included 
plant-soil and soil-only microcosms treated with atrazine at 0, 
0.84, and 2.24 kg ha-t, and 1.12 kg ha-t hydroxyatrazine. Each 
treatment was applied to microcosms established from soil that 
had been previously treated with atrazine (treated soil) and soil 
that had no prior history of atrazine treatment (untreated soil). 
Treatments with plants present were harvested at 4 regrowth 
stages following atrazine application. Soil-only microcosms were 
studied at the first and last regrowth stages. Treatments were 
replicated over time in 4 blocks. 

-Growth chamber acclimation 
--Microcosms moved IO growth chamber on day 75 
--30/13”C day/night temperature cycle: IChour photoperiod: 

average 
photon flus density at top of canopy = 1,000 umol me2 s-1; 
irrigated at 3-day intervals with 355 ml water (MPa at 9 cm = 
-0.010 to -0.012) 

100-l I4 -Dormancy-induction period 
--day temperature decreased to 26°C on day 100 then by l”C/day 
--night temperature decreased to 10°C and photoperiod IO 

12hoursondaylOS 
115-133 

134-147 

Soil and Plant Collection 
Ascalon sandy loam (fine-loamy, mixed, mesic Aridic 

Argiustoll) soil samples were collected from adjacent atrazine- 
treated and untreated pastures at the Central Plains Experimental 
Range. Pastures were components of a long-term study concerned 
with the feasibility of N fertilizer use for increased beef produc- 
tion on shortgrass range. Atrazine was aerially applied to treated 
pastures at 1.12 kg ha-l in October 1976. 1978, 1979, 19X1, 1983, 
19X5, and 1987. An untreated pasture served as the control. 
Neither pasture had been fertilized. Both pastures were stocked 
on 1 June of each year with 12 to 15 month-old Hereford steers 
(Bos tams) with an average weight of 226 kg. The pastures were 
grazed until October of each year by which time the herbage level 
had been reduced to approsimately 400 kg ha-t. 

148-135 

-Dormancy period 
--WlO*C day/night temperature cycle 
--plants clipped to 5 cm on day 122 
--atrazine and hydrosyatrazine applied on day 129 

-Dormancy-release period 
--day/night temperature cycles reverse of dormancy induction 

period (above) 
-Regrowth period 
--30/13’C day/nigh1 temperature cycle 

186-246 -Destructive harvests 
-day IS6 = O-day harvest 
--day 206 =20-day harvest 
--day 226 =40-day harvesI 
--day 246 = 60-day harvest 

Soil collections were made on 4 Aug. 1987 and 4 Aug. 198X at 
sites equidistant and perpendicular to the fenceline of the 
atrazine-treated and untreated pastures; a different location along 
the fence was used for soil collection at each date. Soil was 
removed from each pasture to a depth of 20 cm, coarse-sieved 
through a j-mm mesh screen to remove surface plant material, 
air-dried and stored in polyethylene bags at 4°C. A sufficient 
quantity of soil was collected from each pasture at each date to 

establish blue grama greenhouse microsods (sixteen S-liter pots 
with 6 kg soil each) and microcosms (thirty-two 4-liter pots with 
2.7 kg soil each) for each of 2 treatment blocks. Chemical and 
physical soil analyses were performed each year (Table 1). 

Table 1. Properties of Ascalon Sandy Loam soil samples collected 4 Aug. 
1987 and 4 Aug. 1988 from long-term atrazine-treated and untreated 
pastures at Central Plains Experimental Range, Weld County, Colo. 

Uniform blue grama sods were collected from an exclosure at 
the Central Plains Experimental Range on the same days that soil 
collections were made. The esclosure had not been treated with 
atrazine. Microsods were established in the greenhouse by plant- 
ing 4s bare-root tillers obtained from the field sods into S-liter 
plastic pots that contained either the treated or untreated soil sam- 
ples. Microsods were planted in such a manner that division into 
quarters yielded 12 tillers for establishment of each microcosm. 
Microsods were placed in a greenhouse and exposed to a combi- 
nation of natural and artificial light and watered every 3 days 
until needed for microcosm establishment. 

Microcosm Establishment, Treatment, and Harvest 
Pasture 

AI-Ireared UnIreaIed 
Property 1987 198X 19s7 198s 
TesIure SLl SL SL SL 
pH,v (30 g soil:60 ml water) 7.2 7.1 7.0 6.S 
Organic carbon, g kg-l 7.2 9.0 7.8 9.4 
Tad niIrogen. g kg-1 0.63 0.76 032 O.&S 
Cation eschangc capacity. cmol kg-l 9.0 9.x 10.0 10.1 
ISL = sandy loam 

Microcosms were established, treated, and harvested according 
to the schedule outlined in Table 2. The schedule included incu- 
bation in a temperature regime designed to induce blue grama 
dormancy. Technical grade atrazine or hydrosyatrazine, dis- 
solved in 200 ml distilled water, were added to the microcosm 
soil surface to achieve atrazine application rates of 0.84 and 2.24 
kg ha-t and a hydroxyatrazine level of 1.12 kg ha-t; an equal vol- 
ume of distilled water was added to each control (0 kg ha-t) 
microcosm. Microcosms were destructively harvested by clipping 
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shoot regrowth at the soil surface and separating regrowth from 
stubble. Crown and root tissues were washed over a fine screen 
after separation from the soil; roots were removed from crowns 
immediately. Fresh weight was recorded for all tissues prior to 
storage in polyethylene bags at 4°C. Soils were stored without 
drying at 4°C in polyethylene bags. 

Plant Analysis 
At each harvest, fresh tissues were cut into 3-mm pieces within 

24 hours and subsampled for shoot dry weight (g per microcosm), 
and crown and root dry weights (g per microcosm); these were 
determined on samples oven-dried for 24 hours at 105°C. 
Chlorophyll a, chlorophyll b, and total chlorophyll concentrations 
(mg kg-t fresh weight) were estimated for fresh tissue as 
described by Hiscox and Israelstam (1979). Shoot and root nitrate 
reductase activities (mmol NOi-N kg-’ 2 hours-l) were calculated 
as the difference in activity measured in vivo for endogenous and 
induced substrates (Bar-Akiva et al. 1970) with the following 
modifications. Fresh tissues were infiltrated with a solution 
(Hunter et al. 19X2) containing 0.1 M phosphate buffer (pH 7.5), 
1.0% (v/v) propanol, and 0.1% Triton X-100 for the detennina- 
tion of endogenous nitrate reductase activity; the endogenous 
solution was made to 0.1 ~tl KNO, for the induced nitrate reduc- 
tase activity assay. Shoot and root tissues were incubated at 30°C 
in each substrate. Fresh tissues were oven-dried for 24 hours at 
6O”C, ground, and subsampled for further analyses. Tissue N and 
P concentrations (g kg-* dry weight) were determined by the 
micro-Kjeldahl method and as molybdovanadophosphoric acid, 
respectively. Total nonstructural carbohydrate concentrations (g 
kg-* dry weight) were assayed by extraction with 0.2 N H,SO, 
(Smith et al. 1964). An iodometric titration developed by Heinz 
and Mumeek (1949), but using modified reagents (Association of 
Official Analytical Chemists 1965). was then used to determine 
the extractable total nonstructural carbohydrate concentration, 
which was expressed on a glucose-equivalent basis. Nitrogen, 
phosphorus, total nonstructural carbohydrate, and chlorophyll 
concentrations were multiplied by the appropriate plant tissue 
weight to express tissue contents on a microcosm basis. 

Soil Analysis 
All analyses were performed or incubations initiated within 4 

days of soil collection except for pH and nitrate reductase activity 
measurements that were made using air-dried soil. Gravimetric 
soil water content (g kg’) was determined for samples dried to 
constant mass (1OYC). Soil microbial biomass C (mg C kg-‘) and 
biomass N (mg N kg-‘) were determined by chloroform fumiga- 
tion-incubation (Jenkinson and Powlson 1976). The equations of 
Jenkinson and Powlson (1976) and Voroney and Paul (1984) 
were used to calculate biomass C and biomass N, respectively 
with k, = 0.45 (Shari-Min et al. 1987) and k, = 0.41 (Paul and 
Clark 19S9). Soil respiration rates (pmol CO2 kg-’ hour-t) were 
measured for samples after 6- and I?-day incubations (Anderson 
19S2). Potential N-mineralization (mg NH;-N kg-t) was deter- 
mined as the difference between NH;-N concentration at the end 
of a 14-day incubation (water-logged conditions at 30°C) and the 
initial NH;-N concentration in the soil before incubation (Keeney 
19S2). Potential rates of nitrification (pg NOi-N kg-t hour-*) 
were determined using the chlorate inhibition technique described 
by Berg and Rosswall (19S7). Soil nitrate reductase activity (mg 
NO--N kg-’ 24 h-l) was determined by the procedure of 
Abdelmagid and Tabatabi (1987). The modified Griess-Ilosvay 

method (Keeney and Nelson 1952) was used to determine accu- 
mulated NO;-N for both the nitrification and nitrate reductase 
activity procedures. Ammonium-N and nitrate-N concentrations 
(mg kg-t) were determined with a Lachat Flow Injection 
Autoanalyzer (Lachat Instruments, Mequon, Wise.) for 2 1ci KC1 
soil extracts. Soil pH in water (pH,) was obtained electrometri- 
tally (McLean 19S2) for 30 g soil:60 ml distilled water. Detailed 
descriptions of all protocols are found in Miller (1990). 

Data Analysis 
Data were analyzed using multivariate analysis of variance pro- 

cedures (SPSS-X User’s Guide 198X). For both plant and soil 
parameters, orthogonal polynomials were used to partition the 
atrazine application rate treatment sum of squares into linear, and 
quadratic components; interactions were partitioned and analyzed 
separately for atrazine and hydroxyatrazine. For plant parameters, 
the harvest day treatment sum of squares was partitioned into lin- 
ear, quadratic, and cubic components. Orthogonal polynomial 
equations were developed with multiple regression to summarize 
the variables responsible for significant plant parameter responses 
and to facilitate 3-dimensional illustration of these responses. 
Since our purpose in using regression techniques was for trend 
summary and description rather than to find the ‘best possible tit’ 
of the data for predictive purposes (Mosteller and Tukey 1977), 
regression models were developed through the use of main 
effects, orthogonal polynomials, and interaction effects with sig- 
nificant (P<O.O5) F test values following multivariate analysis of 
variance. Separate models were developed when effects caused 
by previous soil exposure to atrazine were significant for a partic- 
ular plant parameter. 

Results and Discussion 

I Plant Parameters 
Regression models developed from main effects were highly sig- 

nificant (kO.001) in all cases except for root P content (P cO.05) 
(Table 3). These models allowed concise summary and illustration 
of key plant responses to atmzine application rate and harvest date 
or both. Previous soil exposure to atrazine was rarely identified as 
an important factor in modeling the plant responses. 
Proportionate reduction in error sums of squares (@) were gener- 
ally lowest for parameters that involved crown tissue measure- 
ments and highest for shoot tissue measurements. Histograms and 
normal probability plots of the standardized residuals approxi- 
mated normal distributions for all parameters studied. 

Hydrosyatrazine had no significant effect on any measured 
plant parameters. Plants treated with hydroxyatrazine appeared 
morphologically similar to plants in control microcosms. Eastin 
and Davis (1967) applied hydrosyatrazine to 3 atrazine-tolerant 
species and found no consistent effect on plant dry weight or any 
of several plant N fractions studied. Leaf blades of atrazine-treat- 
ed plants appeared longer and thinner than those of control or 
hydroxyatrazine-treated plants, and this effect was most pro- 
nounced at the 2.24 kg ha-l rate. Van der Sluijs (1972) reported a 
similar effect for atrazine-treated blue grama grown from seed in 
a greenhouse study. 

Biomass 
Blue grama shoot dry weight was not significantly affected by 

increasing rate of applied atrazine (Table 3). In contrast, root 
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Table 3. Regression models, F-test statistics, coefficients of determination (Rz) and standard errors (SE) for biomass, nitrogen (N), chlorophyll (CRL), 
nitrate reductase activity (TVRA), phosphorus (P), and total nonstructural carbohydrate (TNC) contents or concentrations of blue grama tissue 
grown in atrazine-treated microcosms hanested at 4 regrowth stages (0,20,40, and 60 days). 

3 Regression model* F R* SEy.s 

TISSUE CONTENT 
Bionms, g Dlt’ 

Shoot 
Crown 

N, n1g DIV 
Shoot 
Crolrn+root 
Total 

Shoat N:cr6IIw+R601 N 

ShOOt Th’C:N 

P. 1ng Dll’ 
Shoot 
Root 
Total 

TISSUE CONCENTRATION 
N. ,q kg-’ DW 

Crown 
Root, U-Soil 

NRA, nnnol (kg FW)-’ (2 II)-* 
Shoot 

CHL, nq kg-’ RI’ 
CHL a 
T-Soil 
U-Soil 

+= I 89+0,0383HD 
+= J.75-0.3702AT+O.O150HD 

?= 26.7+3.98AT 
?= 48.3+0.30HD 
f= 78.7+0.3 1 HD 

+= 534+91.3AT-2.29HD 

?= 8.46-2.66AT+O.O221 lHD+O.O3803ATHD 

+= 6.29-0.5 127AT+O.O7242HD 
?= X59+1 .03AT-0.5459AT2+0.01 150HD 
+= 13.7+2.6S(AT)-1.55AT2+0.0900HD+0.0010ATHD2 

+= 6.71+0.8587AT-0.00675ATHD 
+= 8.06+0.60SSAT-0.00375HD2+0.00006HD3 

+= 446+5-!.0AT-14.7HD+0.14S7HD2 

+= 840+606AT-9.S2HD+0.0363HD2-20.4ATHD+0.1S61ATHD2 
$= 1013+%7AT-22.7HD+O.21 lOHD*-3.SOATHD 

lO7*,““” 
S.594”” 

,S.9”“1 
,5.4”“Z 
*4.2*** 

s).lS”::* 

22.6”“” 

36.7%9:” 

4.67* 
9.,9”4’ 

7.59”“” 
9.32”‘“” 

21.9”“” 

154.7”‘:” 
65.4%“” 

0.62 0.732 
0.20 1.01 I 

0.22 7.07 
0.20 16.1 
0.19 16.4 

0.23 209.7 

0.46 2.47 

0.53 l.S2 
0.20 0.745 
0.41 2.57 

0.14 1.62 
0.28 1.63 

0.55 lS3.2 

0.96 125.1 
o.ss 164.S 
o.s3 X2.5 CHLb Y= 443+lJSAT-S.66HD+0.0747HD’-2.12ATHD lO3.0*;“” 

1 Weigh& ailhout dmominaron refer ICI lotal microcosm convent. DVkdry weight. Rkfresh weight, T=soil with previous atmzine esposurr. U=soil with no previous exposure IO 

? HD=dav* ukr B-day regro\,.th period: AT=ntrumr application rare, kg ha-l. 
ztfS ‘&Iilicant a1 the 0.001 and 0.05 prob;lbiliIy Ir\ela. respectirely. 

(Fig. la) and crown (Table 3) dry weight decreased linearly with 
increasing atrazine rate. This reduction in root and crown bio- 
mass influenced total microcosm biomass throughout the 
regrowth period for treated and untreated soil (Fig. lb). All bio- 
mass components were significantly affected by harvest date. 
There were linear increases in shoot and crown dry weights with 
harvest date (Table 3). while the root biomass response was qua- 
dratic (Fig. la). Variation included in response models for all 
fresh weight biomass measurements were similar to those for dry 
weight (data not shown). 

Crown and root biomass accumulations of blue grama treated 
with 2.24 kg atrazine ha-1 were reduced to 61% and 73% of the 
control, respectively, at the earliest harvest date. Total crown plus 
root biomass accumulation, however, recovered to 90% of the 
control by the do-day harvest date. Atmzine-induced disruption in 
below-ground biomass accumulation during early regrowth has 
important implications for long-term use of this herbicide on 
semi-arid shortgrass range. These perennating structures are 
important to plant vigor and competitive ability, especially in 
response to drought and grazing. Maintenance of a large root sys- 
tem for competitive ability may not be critical, since atrazine kills 
competing forbs and cool-season grasses. However, a deficiency 
in early-season root biomass could lead to critical reductions in 
both root esudates and sloughing which provides substrates for 
rhizosphere microorganisms (Biondini et al. 19SS). Root exudates 
that maintain a rhizosphere microflora of low C:N are thought to 
be a controlling factor of nitrogen-cycle dynamics in the short- 

grass ecosystem dominated by blue grama (Milchunas et al. 
1985). Reduced root C inputs in grazed grasslands decrease N 
immobilization and increase net N mineralization and can limit C 
availability to decomposers (Holland and Detling 1990). This link 
may explain the 2-fold increase in ammonium- and nitrate-N con- 
centrations in shortgrass soil and lower soil organic C levels 
observed following long-term atrazine application to blue grama 
pastures @hoop, personal communication). 

Nitrogen and Total Nonstractural Carbohydrates 
Atrazine application increased shoot N concentration (Fig. lc). 

Shoot N concentration responses changed through time; the 
greatest difference from the control occurred at the first harvest 
date. Crown N concentration increased with increasing rate of 
applied atrazine during early regrowth (Table 3). Root N concen- 
tration was not influenced by atrazine applied to soil with previ- 
ous exposure to atrazine, but increased with increasing atrazine 
rate during early regrowth in soil that had never been esposed to 
the herbicide (Table 3). 

When plant N dynamics were examined for the microcosms, 
shoot N content was positively linearly related to atrazine rate 
while crown plus root N content increased with harvest date 
(Table 3). Increased shoot N content elevated total plant N con- 
tent approsimately 9% above the control with 2.21 kg atrazine 
ha-t. However, since crown plus root biomass was depressed by 
increasing atrazine rate, and shoot biomass was not significantly 
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?=2.85-0.2774AT+O.O51 8HD-0.00072HD2 

R2=0.37; SE,~0.605 

a. 

A 
Y=l0.8+5,66AT-O.O709HD-0.1542ATHD+0.00123ATHD2 
R2=0.80; SE,~2.47 

$=lO.l-0.7600AT+O.O620HD 

R’=O.Sl ; SE,x=1.61 

+=91.6-l 3.6AT-0.5034HD+0.3169ATHD 

R2=0.24; SE,,=14.2 

Fig. 1. Response surface models for prediction of the effect of atrazine rate (AT), harvest date (HD), and atrazine rate s harvest date interaction 
(ATBD) on blue grama a. root biomass: b. total biomass; c. shoot N concentration, 

* d. total nonstructaral carbohydrate (TNC) concentration. 
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affected, the increase in total plant N content was not significant 
(fiO.13). Total plant N content responded linearly to harvest date 
only, and increased shoot N content was explained by atrazine- 
induced alteration of the aboveground to belowground ratio of 
plant N (Table 3). The 2.24 kg ha-t atrazine rate increased total 
plant N aboveground 33% compared to the control. Further evi- 
dence of aboveground N accumulation was increased nitrate 
reductase activity in shoots of atrazine-treated plants (Table 3). 
This may be esplained by continued N uptake and increased 
nitrate accumulation in the shoots. 

Forage crude protein has traditionally been calculated from 
total shoot tissue N concentration. This study supports previous 
evidence that total shoot N may not be an accurate indicator of 
protein content in atrazine-treated blue grama or other atrazine- 
tolerant forages because the N accumulates as mineral forms in 
leaf tissue, particularly during early regrowth. Kay (1971) mea- 
sured increases in the protein fraction of range forage treated with 
atrazine at 1.12 kg ha-t but not following treatment with atrazine 
at 2.24 kg ha-t. However, plant nitrate concentration increased 
after treatment with atrazine at 2.24 kg ha-’ to near-toxic levels 
for livestock (Kay 197 1). 

Atrazine-induced elevation in shoot N content was coincident 
with changes in plant carbohydrate status. Atmzine depressed 
blue grama shoot total nonstructural carbohydrate concentration 
(Fig. Id). However, a significant atrazine rate x harvest date 
interaction occurred with an increase in shoot total nonstructural 
carbohydrate concentration with maturity in plants treated with 
the highest atrazine rate (Fig. Id). Total nonstructural carbohy- 
drate contents decreased at the O- and 20-day harvests and 
increased at 40 and 60 days in plants receiving 2.24 kg ha-t of 
atmzine versus the control (Table 4). Even with these increases, 
the ratio of shoot total nonstructural carbohydrate to shoot total N 
(Table 3) decreased in relation to increasing atrazine rate because 
shoot N content or concentration was elevated throughout the 
regrowth period. Atrazine-induced inhibition of photosynthetic C 
fixation is the likely cause of reduced total nonstructural carbohy- 
drate availability, and, subsequently, reductions in crown and root 
biomass accumulation. Morgan and Knight (199 1) observed 

depressions in carbon exchange rates of greenhouse-grown blue 
grama 9 days after application of 0.32 and 0.64 kg atrazine ha-l 
to 60-day old seedlings but did not quantify the impact on below- 
ground biomass. 

Changes in chloroplast anatomy, morphology, and biochem- 
istry accompany changes in N metabolism following partial inhi- 
bition of photosynthesis in atrazine-tolerant species such as blue 
grama (Ebert and Dumford 1976). Chlorophyll a and chlorophyll 
b concentrations increased with increasing rates of atrazine and 
decreased with harvest date. This age-related decrease was decel- 
erated as atrazine rate increased and was further modified for 
chlorophyll a concentration by previous soil atrazine exposure 
(Table 3). For example, on the first harvest day, the response for 
plants grown in soil with previous exposure to atrazine applica- 
tions was a 1,333 mg chlorophyll a kg-t mean difference between 
the 0 and 2.24 kg ha-t atrazine rates. This difference was 530 mg 
chlorophyll a kg-t for plants grown in the soil with no previous 
atrazine treatment. Total chlorophyll content (chlorophyll a t- 
chlorophyll b) of blue grama treated with O.S4 and 2.24 kg ha-t 
increased 1.5 and 2 times, respectively, over that of the control. 
Total microcosm chlorophyll content was negatively linearly 
related to harvest date (Fig. 2). There was no significant atrazine 
rate effect on the chlorophyll a: chlorophyll b (data not shown). 

Atrazine rate effects on shoot, and root and total phosphorus 
content were dominated by negative linear and negative quadratic 
responses, respectively (Table 3). Highest total plant phosphorus 
content occurred at the 0.84 kg ha-t rate. Phosphorus status of 
atrazine-treated plants has not been investigated as intensively as 
photosynthesis and N metabolism. Low-level atrazine applica- 

+=6.46+1.06(AT)-O.O6283(HD) 

R2=0.46; SE, ,=2.05 

Table 4. Crown and root total nonstructural carbohydrates (TNC) con- 
centrations and contents and total plant TNC content of blue grama as 
affected by atnzine rate (AT) and harvest date (I-ID). 

TNC Concentration TNC Content 
AT HDI Crown Root Crown Root Total 

kg ha-’ -(g@)- - - - -(g microcosm-‘) - - - - 
0 0 sl.l 23.s 0.409 o.oss 0.792 

20 67.6 41.5 0.386 0.152 0.799 
40 62.0 29.5 0.319 0.100 0.646 
60 59.9 25.0 0.284 0.071 0.619 

0.M 0 77.3 24.7 0.336 o.oss 0.636 
20 61.2 34.x 0.289 0.164 0x02 
40 62.1 24s 0 277 O.OS6 0.63s 
60 59. I 30.s 0.302 0.091 0.640 

2.24 0 69.5 20.0 0.275 0.056 0.517 
20 61.7 35.5 0.266 0.110 0.665 
40 65.7 29.0 0.319 0.126 0.766 
60 65.2 33.6 0.306 0.09 1 0.666 

LSDO.05 (n&i 15.7 S.-i 0.116 0.03s 0.191 

FUT~HD) 4,32” 6.26” 5.10* 4.1s* 5.97” 

‘HD: hnrve\r d31e = days after end of%day regrowh period. 
3 Signilicant at P 4J 05. 

Fig. 2. Response surface model for prediction of the effect of atrazine 
rate (AT) and harvest date (HD) on blue grama total chlorophyll 
(CHL) content. 
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tions are known to stimulate metabolic activity in tolerant plants 
(Janjic et al. 1979). Quadratic response of total plant phosphorus 
to atrazine rate (Table 3) may reflect increased rates of phosphate 
uptake associated with higher metabolic activity at the O.S4 kg 
ha-t rate. 

II Soil Parameters 
Imndi~te Response 

Alterations in soil microbial biomass and activities, and chemi- 
cal properties resulted primarily from variation in harvest date 
and presence of blue grama. Hydroxyatrazine application 
increased mean microbial biomass C from 40s to 463 mg C kg-l 
(J-SD,,,- -37; n= 3 1). No other chemical treatment had immediate 
(PsO.05) effects on microbial biomass C or any other microbial 
or chemical property of the soils. An immediate soil microbial 
response to s-triazine herbicides has been absent in several stud- 
ies (Freney 1965, Theodorou and Sands 19S0, Knight et al. 
1993). Thus, plant growth alterations appear to be a direct result 
of s-triazine herbicide effects on plant metabolism and not attrib- 
utable to any immediate impact the chemical may have on soil 
microbial activities. 

Lack of soil microbial response to rate of atrazine in this study 
was unespected given the alterations in plant growth and metabo- 
lism (Figs. 1 and 2). particularly decreases in below-ground blue 
gmma growth. Due to lack of significance, data were pooled over 
chemical application rates to simplify presentation of blue grama 
and harvest date effects on soil microbial processes and chemical 
properties (Table 5). In general, soil microbial biomass was 
greater at the O-day than the 60-day harvest, and microbial activi- 
ties mere greater when blue grama was present. Concentrations of 
soil mineral N mere not influenced by harvest date but blue 
grama presence increased ammonium-N levels between 26 and 
51% and decreased soil nitrate-N levels to between 2 and 5% of 
levels in unplanted microcosms. 

Long-term Response 
Soil nitrification rates and pH, of atrazine-treated microcosms 

varied with the presence of blue grama and harvest date, but dif- 
ferences were also detected in response to previous soil esposure 
to atrazine (Table 6). Trends in nitrification rates and soil PH,~ 
were generally the same for hydrosyatrazine-treated microcosms 
(data not shown). Nitrifying activity at the 60-day harvest was 
higher in unplanted microcosms than in microcosms with blue 
grama. At both harvests, soil pH, was lower in unplanted micro- 
cosms for soil never exposed to atrazine prior to this study. In 
contrast, when blue grama was present, pH, reduction did not 
occur. Soil PH,~ levels were also lower in unplanted microcosms 
within a harvest date, regardless of previous soil esposure to 
atrazine. 

Immediate inhibition of nitrification by atrazine was not detect- 
ed in our study. However, nitrification rates were depressed in 
soil with long-term atrazine exposure versus soil with no previous 
atrazine exposure at the O-day harvest whether or not blue grama 
was present. Simon-Sylvestre and Fournier (1979) reported 
depressed nitrification after 1 atrazine application to soil, and oth- 
ers after repeated applications (Voets et al. 1974) to soil. Thus, 
responses of microbial nitrifier populations to atrazine may be 
cumulative in this soil, and inhibition may only be detected after 
repeated herbicide application. A cumulative inhibitory effect of 
atrazine on nitrifier populations after repeated soil treatment may 
decrease losses of NOj-N by delaying production early in the 
season as blue grama breaks dormancy and initiates growth. This 
is a period when increases in microbial activity, especially 
ammonification and nitrification, accompany increases in soil 
temperature and favorable soil moisture conditions. Potential for 
loss of NOj-N by denitrification is high during this period for the 
soil studied (Knight et al. 1993). 

We could not link alterations in nitrifier activity to soil NOj-N 
level changes since neither immediate nor long-term atrazine 
treatment resulted in significantly different mineral N levels in 
this study. However, when averaged over all chemical rates, an 
interesting, but nonsignificant trend was observed that indicated 
lower NOj-N in long-term atrazine treated soil compared to soil 
never exposed to the herbicide (1 X.9 versus 23.S mg kg-t, respec- 
tively). This trend supports our suggestion that long-term atrazine 

Table 5. Soil microbiological and chemical properties of atrazine- and hydtoxyatrazine-treated microcosms as affected by harvest date and presence of 
blue grama. 

Pronertv 
Microbial 

H?llY&1 Blue gnmn hiomasc Rewiration Nitrate reductase Potential N Mincnl N 
Date’ PresunceZ C N C:N 6-day l2-day activity mineralization NH:-N NO j-N 

_-__- (mg&-l)----- (pmolC02 kg-’ hour’) (mgNO,--N kg-t 24 hours-‘) (AmgNH$-N kg-‘) - - (mg kg-‘) - - 

O-day 

60-day 

O-day 

60-day 

w 400 
WlO 431 
w 373 

W/O 397 
‘-0.05 36 

n 2-1 

!V 449 
W/O 460 
1” 423 

W/O 409 
‘-0.0s NS 

n 16 

47.9 9.3 43.0 
47.6 9.3 19.9 
41.5 9.0 46.2 
39.1 10.3 20.6 

3.2 0.s 6.3 
21 21 20 

49.6 10.0 49.6 
48.6 9.S2 lS.9 
44.2 9.5 4s.5 
JO.6 10.5 21.6 

4.3 NS 7.0 
I6 16 14 

Atnzine-treated Microcosms 
24.4 1.44 10.5 
13.1 1.10 10.7 
38.1 1.51 12.0 
14.X O.S6 11.2 

6.0 0.20 NS3 
IS 24 24 

Hvdrnwatnzine-treated Microcosms 
25.1 1.4s 11.4 
12.1 1.06 IO.1 

42.7 I.55 13.5 
16.5 0.90 12.1 
7.6 0.19 2.0 

12 16 16 
t days niter X-d+ rsgrowthlincubation perwl 
2 w. n/n = tbith and wthout blur gnmn prewx~. rqwtively. 
3 NS = no signiticnnt diiferencr\ detected. 

1.54 1.0 
0.77 34.3 
I.64 2.60 
1.13 47.6 
0.46 6.S 

24 24 

I .46 0.7 
o.so 36.3 
1.57 2.3 
1.16 45.5 

0.55 7.4 
16 16 
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Table 6. Soil nitrifying activity and pH,, of atrazine-treated microcosms 
as affected by harvest date, blue grama presence, and previous soil 
esposure to atrxzine. 

Harvest Date’ 
O-DW 6%Dav 

With Without With Without 
Pnmmekr Blue gnma Blue grama Blue gnma Blue grama 
Nitrifying Activity 
(pg NO-N kg-’ hour-l) 

Treated so# 35.3 36.7 50.7 9S.6 
Untreated soil 75.6 59.3 49.0 so.4 
LSDO.05 (~7) 29.7 

Treated soil 7.1 7.0 7.2 7.0 
Untr<nted soil 7.1 6.7 7.2 6.7 
LSDo.05 (n=7) 0.2 

1 Hwcest dnte = daya elier 38&y regrontldincub.&on period. 
2 Tre.ited soil = soil a ith previous long-term atwine exposure; untreated soil = soil with 
no previous esposur? 10 alnzine. 

application may produce cumulative effects on soil microbial 
processes not detectable immediately following one application. 
In contrast, Knight et al. (1993) reported a significant, but tempo- 
rary increase in NOj -N levels of an Ascalon soil 16 days follow- 
ing application of 0.64 kg ha-t to 60-day old blue grama 
seedlings grown in a greenhouse, but no NOj -N increase for lab- 
oratory-incubated soil. The authors linked increase in soil NOj-N 
levels to alterations in blue gmma leaf tissue N status. However, 
given reported severe reductions in blue grama seedling survival 
associated with soil-applied atrazine at 1.1 kg ha-1 (Bahler et al. 
19&l), and our finding that atrazine application immediately sup- 
presses blue grama root biomass, we cannot link nitrification 
depression solely to immediate, atrazine-induced shoot responses. 
Furthermore, we observed depression of nitrification rates in soil 
with long-term atrazine esposure whether blue grama was present 
or not. 

III Relationship to Long-term Field Study 
Reported increases in end-of-season blue grama above-ground 

standing crop (Shoop, personal communication) appear related to 
atrazine-induced delay of senescence observed in this study. 
Atrazine-treated plants remained green longer with higher shoot 
total nonstructural carbohydrate concentrations, and chlorophyll, 
shoot N, and total plant P contents than the control plants. 
Differences in above-ground biomass may have been apparent if 
harvest periods were estended, because untreated plants had 
senesced by the 60-day harvest. Delays detected in senescence of 
blue grama plants grown in microcosms might help explain the 
2S% increase in steer grazing days reported for pastures treated 
with 1.12 kg ha-t atrazine at the Central Plains Experimental 
Range and the 53% increase in beef production noted for those 
pastures (Shoop, personal communication). 

Estimates from this study suggest atrazine applications of 1.12 
kg ha-1 may delay early-season crown and root biomass prolifera- 
tion compared with untreated plants. Blue grama vigor was not 
adversely impacted by applications of 1.12 kg ha-t atrazine in the 
fall of alternate years as long as grazing was closely managed 
(Shoop, personal communication). However, indirect, delayed, or 
cumulative impacts of atrazine-induced alterations in blue grama 
biomass distribution and metabolic function may take longer to 

detect in the field. Mineralization of easily decomposable organic 
N compounds from root exudates, exfoliates, and short-lived 
unsuberized roots is one of 4 important N-supplying mechanisms 
in the shortgrass system (Clark 1977). The loss of these more 
labile sources of N may cause an imbalance in N cycle dynamics 
through a decrease in ‘fast’ versus ‘slow’ substrate decomposition 
pathways (Biondini et al. 198X) thus linking reduced root inputs 
to changes in soil mineral N levels. 

Connections between elevated mineral N levels in soil treated 
repeatedly with atrazine and atrazine impacts on soil microbial 
processes in microcosms remain less apparent. We did not detect 
soil mineral N level changes following atrazine application to 
dormant plant-soil or soil-only microcosms. However, depression 
of nitrification rates following dormancy in the long-term treated 
soil with or without plants present suggests that NOj-N accumu- 
lation may be the result of protection from loss, particularly from 
denitrification. This protection may partially explain increased 
soil mineral N levels observed following repeated atrazine appli- 
cations to shortgrass pastures dominated by blue grama. 

Conclusions 

Modeled changes in blue grama growth and development, and 
modifications of microbial activities observed in this study indi- 
cate that, despite measured benefits for secondary production, 
repeated atrazine application could result in alteration of short- 
grass system structure and function. Chronic atrazine-induced 
belowground biomass reduction at the individual plant level 
could result in changes at the ecosystem level through modifica- 
tion of interactions among plants and between plants and the 
edaphic environment (Levin and Kimball 1984). Depressed nitri- 
fication rates during early blue grama regrowth in soils from pas- 
tures repeatedly treated with atrazine may be associated with such 
changes. Subtle changes in soil processes are of great concern 
because they are more difficult to detect before widespread, irre- 
versible changes have occurred (Weinstein and Birk 1989). This 
is especially true in agroecosystems such as rangelands where 
monitoring is more estensive in nature than is characteristic of 
intensive crop monocultures. 

The rangeland label was removed from atrazine in the late 
1980s and will not likely be renewed. Nor is it likely that a label 
would be obtained for forage quality and quantity improvement 
on shortgrass range. However, these results have increased under- 
standing of possible risks to shortgrass ecosystem structure and 
function that could occur when unknown or undetectable effects 
of intensive management practices have chronic effects on domi- 
nant plant physiology or soil microbial activities. 
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Abstract 

Comparisons of vegetation dynamics of riparian plant commu- 
nities under livestock use and esclusions over a 10 year period 
were quantified in a Northeastern Oregon riparian zone. We 
measured species frequency, richness, diversity, evenness, and 
livestock utilization in 8 plant communities. Livestock grazed the 
study area from late August until mid September at a rate of 1.3 
to 1.8 ha/AUM. Utilization varied from > 70 % in dry meadow to 
c 3% in cheatgrass dominated stands. Ungrazed dry and moist 
meadow communities had significantly lower (2’ 10.1) species 
richness and diversity when compared to grazed counterparts. In 
the most heavily grazed communities, ruderal and competitive 
ruderal species were favored by grazing disturbance. In esclo- 
sures of the same communities, competitive or competitive stress 
tolerant species were favored. Both height and density of woody 
riparian species were significantly greater in ungrazed gravel bar 
communities. Our results indicate that influences of herbivory on 
species diversity and eveness varies from 1 community to another 
and basing management recommendation on 1 component 
ignores the inherent complexity of riparian ecosystems. 

Key Words: riparian, grazing, community succession, species 
diversity, disturbance 

Riparian areas are important linkages between instream aquatic 
and terrestrial ecosystems. This is demonstrated by the influence 
of riparian vegetation on: a) the structure and stability of stream 
banks (Platts 1979, Swanson et al. 1982. Harmon et al. 1986, 
Robison and Beschts 1990); b) solar energy inputs through shad- 
ing (Meehan et al. 1977); c) nutrient and energy dynamics 
through litterfall, denitrification. and sediment retention (Green 
and Kauffman 19S9). In addition, vegetation associated with 
intact riparian areas decreases overland sediment inputs into the 
stream (Brown 19S3, Cooper et al. 19X7, Heede 1990). Riparian 
areas also influence nutrient dynamics of stream ecosystems 
(Triska et al. 19S2, Peterjohn and Correll 1984, Hussey et al. 
1985, Green and Kauffman 19S9). 

Livestock grazing in western rangelands have had a dramatic 
influence on riparian ecosystem structure and function and 
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improved management strategies is an important environmental 
concern today (Bryant 19S5, Elmore 1992). Many livestock graz- 
ing strategies have been discussed for riparian area rehabilitation 
or maintenance (Elmore 1992). In a review of 17 grazing strate- 
gies Platts (1989) stated that fisheries habitat was negatively 
affected by increasing livestock use. Results of studies conducted 
in uplands and riparian ecosystems indicate that, utilization of use 
is of greater importance than the specific grazing scheme utilized 
(Van Poolen and Lacy 1979, Skovlin 1984, Clary and Webster 
1989). 

Few studies have quantified variation in vegetation response 
over many years in different plant communities within the same 
riparian system. This is important as the impact of grazing on 
plant communities and species is expected to differ due to differ- 
ential resource availability, regrowth opportunities, and pressure 
exerted by livestock on each species. 

The objective of this study was to quantify changes in vegeta- 
tion species composition and over 10 years of 8 grazed and 
ungrazed riparian plant communities. 

Study Site 

The study site is located in the Wallowa Mountains of north- 
eastern Oregon at an elevation of 1,030 m. The riparian area is 
approximately 100 ha in size, and extends for approximately 3 
km along Catherine Creek. Average discharge is 3.4 m%ec and 
peak flows greater than 14.3 m%ec commonly occur from April 
to early June (USGS 1987). Mean annual precipitation for the 
study site is 600 mm, the majority of which falls as snow during 
the winter months. Precipitation in 1980 and 1989 was 5.8 and 
1.2 mm above average, respectively. Precipitation in 1979, 19X7. 
and 1988 was 4.5, 102, and 57 mm below average. 

Kauffman (1982) subjectively segregated the study area into 
256 stands of vegetation representing 60 plant communities in the 
Catherine Creek riparian area. Plant communities were selected 
to provide a continuation of the study conducted by Kauffman 
(1982 and Kauffman et al. 1983) and represent the S most widely 
occurring plant communities in the study area. These communi- 
ties are: Poa pratensis L.-PhIem pratense L. Career spp.-mixed 
dicot (moist meadow communities), Poa pratensis-mixed dicot 
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(dry meadow communities), Bronm fectorm L. (cheatgrass 
communities) located on severely disturbed sites, Pinm pon- 
derosu Dougl. Es Loud./Pon prutensis (ponderosa pine commu- 
nities), Popdm trichocurpa T. & E. Ex Hook-mixed conifer 
(black cottonwood communities). Alnus incunu (L.) Moench./ 
Pan prutensis (thinleaf alder communities), Cruruegns clo~gfusii 
Lindl./Pon prutensis (Douglas hawthorn communities), and Sulk 
spp.-mixed dicot (gravel bar communities). 

Method 

In 1975, five livestock esclosures were constructed that occupy 
approsimately one half of the riparian area within 50 meters of 
the stream. Since 1978, grazing has begun in late August and 
continued for 3 to 4 weeks. Stocking rates ranged from 1.3 to 1.8 
ha/ AUM. 

We quantified species changes by measuring frequency in thir- 
ty 25x25 cm plots in 6 stands of each community. One half of the 
replications were in the grazed areas and the other half of the 
replications were located in the exclosures. Frequency sampling 
was done from late June to early July when most perennial 
species were in a phenological stage that would facilitate identifi- 
cation. Following the grazing period, utilization was visually esti- 
mated in 15 microplots in each sampled stand. 

Values for plant species diversity and evenness were calculated 
from frequency data using the AIDN program (Overton et al. 
1987). We selected Shannon’s index (H’) (Shannon and Weaver 
1949) to evaluate species diversity as it provides an intermediate 
weighing of rare species compared to Simpson’s index (A) and 
Hill’s first number (Nl) (Peet 1974). Pielou’s J’ was selected to 
evaluate eveness (Pielou 1975). Eveness expresses how species 
abundances are distributed among the species. A community with 
a large number of species would have a lower eveness than a 
community with the same number of species, but not dominated 
by any one species. Species richness is defined as the total num- 
ber of species in the community (Ludwig and Renolds 1988). 
Minor differences in values of species richness, diversity, and 
eveness between this paper and earlier reported values (i.e. 
Kauffman 19S2, Kauffman et al. 1983, Kauffman et al. 19SS) 
reflect consolidation of certain species in the 1979 and 1980 data 
sets. 

We measured shrub density, height, and composition in ten l- 
x l-m plots in each community. Six replicate stands located on 
gravel bar communities were sampled with one half of the repli- 
cations located in grazed areas and the other half located in exclo- 
sures. Gravel bar communities were the only communities that 
contained significant numbers of establishing woody riparian 
species. 

Changes in individual species frequency between years and 
treatments were tested using a 2x-l factorial design (Steele and 
Tonie 1980). Factors included treatments (grazed and exclosed) 
and years ( 1979, 19S0, 1987, and 1989). Data were arcsine trans- 
formed where necessary to meet statistical assumptions (Ahrens 
et al. 1990). 

Nonparametric analysis of variance (Km&al-Wallis procedure) 
(Zar 1984) was used to detect changes in species richness, species 
diversity, and evenness between communities within years and 
treatments. When a significant change occurred in species rich- 
ness, species diversity, or evenness, a nonparametric Turkey mul- 
tiple comparison test were used to separate differences (Zar 

1984). Significance limits for all tests were set at PSO.1 due the 
highly heterogeneous nature of riparian ecosystems. 

Differences between years within treatments and between treat- 
ments within years for shrub densities, were tested using 
Student’s test (Steele and Torrie 19X0). 

Results 

Meadow Communities 
Dry meadow communities were the most highly utilized com- 

munities by livestock. Utilization of dry meadow communities 
ranged from 4X to 70 percent in grazed stands (Fig. 1). 

In the exclosures, species richness was significantly higher in 
1989 than in 1979 (Table 1). Significant differences within years 
and between treatments also occurred. For all years studied, 
species richness was significantly lower in the exclosed areas of 
dry meadow communities. 

During the course of the study, community species diversity 
increased significantly in exclosed and grazed areas. For all 
years, species richness and species diversity were significantly 
lower in the exclosed areas. In grazed areas evenness increased 
significantly from 0.75406 to 0.86805 from 1979 to 1989, indi- 
cating increasingly even distribution of species abundances. 
Between treatments, significant differences occurred for eveness 
in 1987 and 19S9 where the grazed treatment had a higher eve- 
ness than the esclosed treatment (Table 1). 

Species composition of grazed dry meadows displayed little 
change over the study period with the abundance of species such 
as Achilleu rnillefolim L. and Pou prutensis remaining almost 
constant at 70.8% and 100.0% respectiveIy. Within escIosures 
Achilleu ntillefolimn was significantly less frequent than the 
grazed treatment in 1979, 19S7, and 1989. The alien species, 
Bronzrrs nrollis L. increased dramatically, from 1.7% to 47.5%, in 
the grazed treatment from 1979 to 1989 while at the same it dis- 
played a declining trend in the exclosures. 

Levels of livestock utilization in moist meadow communities 
were comparable to dry meadow communities. Significantly 
higher species richness occurred in the grazed than exclosed 
treatments of moist meadow communities in 19S9 (Table 1). No 
significant differences for species diversity were detected within 
treatments between years. Species diversity was significantly 
higher in grazed moist meadow communities than ungrazed treat- 
ments in 1989. Within year treatment comparisons revealed high- 
er eveness in the exclosed treatment (O.Sl624) than the grazed 
treatment (0.7892 1) in 1979; other comparisons were not signifi- 
cant. 

Livestock had significant impacts on species composition in 
moist meadows for example, the frequency of PhIem prutense. 
an exotic species, decreased significantly in the exclosed treat- 
ment from 33% in 1979 to 3.3% in 1989. Pou prutensis declined 
in the exclosures, but this decline was not significant. Runnncnhu 
ucris L. also an exotic species declined significantly in abun- 
dance in the exclosures (55.5% in 1979 to 12.2% in 1989) while 
remaining relatively constant in the grazed treatment. 

Cheatgrass Communities 
Utilization of Cheatgrass communities by livestock never 

exceeded 2% (Fig. 1). This is most likely due to the dry and dor- 
mant vegetation of this community when cattle were present. 
This low rate of utilization in an extremely perturbed ecosystem, 
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contributed to few changes occurring over time in this communi- 
ty* 

The relative abundance of exotic species in cheatgrass commu- 
nities was higher than all other communities. Exotic species 
accounted for 50% of total species encountered in 1979 and 57% 
in 1989 in exclosures. In grazed communities, exotics accounted 
for 46% of the species composition in 1979 and 61% of total 
species in 1989 (Table 1). 

Douglas Hawthorne Communities 
Livestock utilization appeared to be inversely related to the 

canopy cover of Douglas hawthome. Utilization was the highest 
of any tree or shrub dominated community; although it was lower 
than the dry and moist meadow communities (Fig. 1). 

The abundance of exotic species declined from 1979 to 19S9 in 
both treatments (Table 1). Species richness was significantly 
lower in the exclosed treatments than the grazed treatments in 
1980. Species diversity was not significantly different between 
years within treatments, however species diversity was signifi- 
cantly lower in the exclosed treatments in 1980 compared to the 
grazed treatment (3.0209 vs 3.3251). 

Despite levels of utilization lower than meadow communities, 
significant changes in species frequency occurred in Douglas 
hawthome communities. Addlea rnillefoliurn was significantly 
more abundant in exclosures than grazed areas, 58.4 vs 17.5 in 
19S7 and 67.5 vs 22.5 in 1989. Similar to dry meadow, thin leaf 
alder and ponderosa pine other communities, the abundance 
Tarasncunt oflicinale Weber declined significantly from 54.2% 
in 19SO to 10.1% in 1989. Poa prutensis had significantly lower 
frequencies in 1987 and 1989 when grazed. 

Tree-Dominated Communities 
Livestock utilized tree-dominated communities primarily as 

100 

90 

80 

I -  

,  

shade and resting cover. Utilization of ponderosa pine communi- 
ties ranged from 10 to 27% (Fig. 1). Despite the relatively low 
level of utilization, significant changes did occur for some com- 
munity parameters. Significant differences occurred between 
treatments within years with lower species richness in the 
exclosed treatment in 1989 (Table 1). Species richness in the 
exclosures of ponderosa pine communities was lowest of the tree 
dominated communities ranging from 31 to 37 species. Total 
species diversity was significantly higher in the grazed treatment 
in 1980 and 1989, possibly reflecting the effects of livestock 
grazing. 

Species composition in ponderosa pine communities changed 
significantly over the study period. Elymus glaucus Buckl., a 
native graminoid increased significantly from 0 to 47.8% in the 
exclosures. Increases of Elynus glaucus in the grazed areas (6.7 
to 28.9%) were not significant. Frequencies of Ranunculus act-is 
and Poa pratensis, both exotic species, were significantly higher 
in grazed than exclosed areas in 19X9 (0.0 vs 19.6% and 61.6 vs 
95.6%, respectively). The relative abundance of Poa prutensis in 
the exclosures declined significantly from 9X.9% in 1979 to 
61.1% in 1989. Montia per$oliata (Dorm) How. showed signifi- 
cant increases in 1989 from 0.0 to 46.6% in exclosures and from 
1 .l to 34.5% in grazed treatments. 

Livestock utilization in black cottonwood communities ranged 
from 9 to 15% and 14 to 16% in thinleaf alder communities (Fig. 
1). There were no significant changes in species richness (Table 
1). Species richness in the grazed treatments of alder communi- 
ties ranged from 45 to 56, the highest of the tree dominated com- 
munities. The percent of exotic species was in thinleaf alder com- 
munities slightly higher on average in the grazed areas (30 vs 
25%). In black cottonwood communities eveness values in 1987 
were significantly higher in the grazed areas. Species diversity 
was significantly higher in grazed areas when compared to 
exclosed areas of thinleaf alder communities in 1987 (Table 1). 

0 Ulilmdion Range 

lifi M"iSt DOW+X brow, Ponderoco Tl,mlr.‘,l 6%~ k Cheulyross 
!.!I adon k!eu*nw HlJWlhCNW? Bars PlW AIda: i”llbmWOO4 

Plant Community 

Fig. 1. Range of mean livestock utilization from 1978 to 1989 for 8 plant communities at the Catherine Creek study site. 
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Table 1. Species richness (S), percent exotics, species diversity (H’) species eveness (J’), and percent utilization for all species in grazed (G) and 
esclosed (E) plant communities along the Catherine Creek study site. 

Year 
1979 19so 1987 19x9 

E G E G E ci E G 

S 
Pcrcmt Esotic2 
H 
J 

S 
krccnt Esotic 
H 
J 

------------------------------------------DryMeado,v------------------------------------------ 
23a' 44 33ab” 57 32W 66 3Sb” 60 
57 34 45 39 71 3s 47 37 

2.21223* 2.763263 2.7902ab* 3.285Sab 2.6589ab* 3.4986ab 2.8S24b* 3.5541b 
0.7055 0.75416a 0.8034 0.8127ab 0.7672' 0.8292ab 0.7679" 0.86S2b 

-----------------------------------------MoistMeadow------------------------------------------ 
29 48 49 52 53 46 55* 66 
37 41 31 27 2s 33 35 27 

2.7485 3.0552 3.2041 3.314s 3.4104 3.2554 3.5026" 3.5541 
0.X162* 0.7892 0.8233 0.8349 0.8613 0.8551 o.s740 0.8453 

------------------------------------------Cheatgnss------------------------------------------ 

S 1s 26 23 26 22 26 23 23 
Percent Exotic 50 46 57 50 59 5s 57 61 
H 2.2122 2.4394 2.8540 2.3414 2.5617 2.X511 2.5867 2.5494 
J 0.7254 0.7255a* 0.7289 0.7 186ab 0.8350 0.7922ab 0.8496 0.8131b 

---------------------------------------DooglasHa\vthome--------------------------------------- 
S 47 53 49" 59 50 51 60 57 
Pcrcmt Esotic 36 36 35 29 36 33 32 26 
H 2.9821 3.295 1 3.0209* 3.3251 3.2915 3.2212 3.4777 3.4707 
J 0.7745 0.7792 0.7846 0.8260 0.8414 0.8193 0.8217 0.85X4 

----------------------------------------ponderosapine------------------------------------------ 
S 33 46 37 44 32 50 31* 51 
Percent Esotict 42 35 35 34 34 32 35 29 
H 3.0031 3.0349 2.6679" 3.0077 2.8667 3.3665 2.8038" 3.3394 
J 0.8380 0.7973 0.73ss* 0.7948 0.8272 0.8589 0.8165* 0.8633 

----------------------------------------BlackCottonwood---------------------------------------- 
S 35 37 41 43 44 43 40 33 
Pcrccnt Esotic 26 22 27 35 30 37 33 30 
H 2.8391 2.4-!30 2.9802 2.9502 3.1356 3.2563 3.1614 3.0280 
J 0.7985 0.7483 0.5025 0.8170 0.8286" 0.8657 0.8570 0.X660 

------------------------------------------ThinleafAlder------------------------------------------ 
s 40 48 55 45 43 56 4s 49 
Pcrccnt Esotic 23 31 25 22 26 34 27 33 
H 2.7485 3.2216 3.1285 3.1285 2.9859* 3.4074 3.2239 3.4291 
J 0.8538 0.8322 0.8218 0.8218 0.7939 0.8465 0.X328 0.X81 1 

------------------------------------------Grave]B~s------------------------------------------ 
s 53 4s 59 62 54 63 -1 71 
Pcrccnt Esotic 30 3s 34 37 31 30 - 31 
H 3.1497 3.0561 3.4736 3.4347 3.4893 3.6739 - 3.7214 
J 0.8120 0.8299 OS519 0.8355 O.S747 0.5867 - 0.8730 
t Data in the same row follosed by a different letter are signiticantly different within treatment (P <O.l). 
2 The percentage of lotal species encountered that are exotic or aliens. 
* Signiticnnt diiierences between treatments wthin year (Ml.1). 

Gravel Bar Communities 
Lateral channel movement during the spring of 1989 removed 

all grave1 bar community sampling sites located in exclosures. 
There were no significant differences for values of evenness or 
species diversity for any comparison within the gravel bar com- 
munities. 

Livestock browsing had significant effects on the density and 
height of woody species. A total of 16 woody species were 
encountered in shrub density and height transects in gravel bar 
communities. Five of the most commonly occurring species were 
selected for detailed analysis. These were: Alnhus incana. 
Populm trichocarpa, Salis bebbiann var. perrustrata (Rydb.) 
Schneid., Su1i.r exigua Nutt., and Sulix rigida (Hook.) Cronq.. 
Mean heights of all species were significantly greater in the 
ungrazed than grazed areas in 1988 (Fig. 2). Comparisons 
between years indicated significant increases in height in 

exclosed gravel bar communities for all species. For example, 
mean height of Poprdus trichocarpn in exclosures increased from 
15 cm in 1978 to 101 cm in 1988. Conversely in grazed areas 
Populus trichocarpa height was 12 and 26 cm in 1978 and 1988 
respectively. 

After 10 years of no grazing the density of woody species was 
significantly greater (Fig 3). In 1988, stem densities of Alnm 
incana, Salk bebbima, and Salk rigida were significantly higher 
where ungrazed. For example, mean stem density in exclosures 
for Alnus incana increased from OS/m* in 1979 to 3.7/m’ in 
1988. In grazed areas Alms incana density was 0.4 to 0.3/m’- in 
1978 and 1988 respectively (Fig. 3). Between years within the 
exclosed treatment, only Populr~s trichocnrpn failed to show a 
significant increase in stem density. Significantly higher stem 
densities were measured for Salk esigua and Salk rigidu within 
grazed stands between 1978 and 1988. 
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Fig. 2. fifean height (cm) for 5 commonly occurring woody species of gravel bar communities in 1978 and 1989 at the Catherine Creek study 

Discussion 

We found livestock disturbance and ecosystem response to be 
highly variable among communities. This is not surprising as 
livestock utilization in the grazed riparian zone ranged from 3 to 
73% in the sampled communities. In addition, community struc- 
ture ranged from relatively simple annual grasslands (cheatgrass) 
to structurally diverse black cottonwood- mixed conifer commu- 
nities. The 8 plant communities sampled were comprised of over 
250 species; more than 400 vascular plant species have been 
identified in the 3 km reach of Catherine Creek (Green 1991). 
Each species would be expected to respond to grazing in a differ- 
ential manner as response will vary from one community to the 
next. Pon prutensis declined in abundance in grazed cottonwood 
communities while its abundance remained constant in dry mead- 
ow communities. 

In the absence of livestock utilization, species richness, and 
species diversity decreased in dry and moist meadow communi- 
ties. Reduction of species richness in exclosures also occurred in 
riparian meadows in Idaho (Hayes 1978). New Zealand (Dobson 
1973) and Nevada (Clary and Medin 1990). This appears to be 
due to declines in disturbance created by livestock that facilitated 
establishment of alien or weedy species. After 10 years of non- 
grazing in dry meadows the exotic, Poa protensis has remained 
as the most dominant species while the abundance of Bromrrs 
mollis declined from 6 to less than 1%. in addition, many exotic 
dicot species also declined. In ungrazed moist meadow communi- 
ties a native sedge, Cares rostmtn Stokes was the dominant 
species in 19S9. Conversely, frequency of grazing-tolerant aliens 

significantly decreased in the exclosures (Green 1991). For exam- 
ple, the abundance of Rnnuneulus acris declined from 55% in 
1979 to 12% in 1989 and Pldermt pratense declined from 33 to 
3% over the same time period. Taraxocum officinde, another 
introduced grazing-tolerant species also had declined in abun- 
dance from 52% in 1979 to 17% in 1978. 

The shift in species composition and dominance appears to fol- 
low a similar pattern to competition models presented by Grime 
(1979). These models indicated that competitive-ruderal species, 
(i.e., those adapted to resource abundant habitats with moderate 
disturbance such as the grazing regime of this study) are dis- 
placed by competitive species with decreasing disturbance. For 
example, the alien annual Bromru moflis possesses ruderal char- 
acteristics such as vigorous production by seeds and establish- 
ment capabilities in open disturbed sites. In ungrazed dry mead- 
ow communities, Pon protensis would be considered the compet- 
itive species replacing Bronurs mollis because of its ability to pro- 
duce large amounts of persistent litter and vegetative reproduc- 
tion by tillers and rhizomes. In moist meadow communities, 
Phleurtr prtrtense with a strategy intermediate between stress tol- 
erant and competitive rudenl. and Rmumchrs ncris. a competi- 
rive-stress-tolerant strategist (Grime et al. 19SS) were maintained 
by grazing. When ungrazed. these species were displaced by the 
more competitive Cares rostmta. Competitive characteristics of 
C0re.r rostratcl include early and rapid growth, a tall, dense 
growth form, vegetative reproduction, and production of copious 
amounts of persistent litter. 

The litter layer in ungrazed dry and moist meadow communi- 
ties was approximately twice that of their grazed counterparts in 
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Fig. 3. Mean density (stems/m2) for 5 commonly occurring woody species of gravel bar communities in 1978 and 1989 at the Catherine Creek 
study site. 

19S7 (Green 1991). This may have resulted in increased amounts 
of nutrients immobilized in the litter pool as well as changes in 
microclimate (e.g. soil temperature) and therefore a more com- 
petitive environment. Litter accumulation may also change soil 
temperature and moisture regimes, and decrease light availability 
for seedlings and species with a prostrate growth strategy. 

other animal disturbances (e.g. trampling), points to the difficulty 
of generalizing the response of a key species to herbivory when it 
occurs in a variety of plant communities. 

The influences of herbivory on species composition differed in 
communities with tree and shrub overstories in comparison to 
meadow communities. This may be due to differing competitive 
relationships between species, conditions for regrowth, and pat- 
terns of herbivory which differed between communities (Louda et 
al. 1990). Poa prurensis. a commonly occurring species in every 
plant community sampled, (except cheatgrass communities) var- 
ied in its response to herbivory depending upon plant communi- 
ties. The abundance of Pon pratensis did not change in moist or 
dry meadow communities in response to grazing, however, the 
abundance of Poa prntensis did decline significantly when grazed 
in Douglas hamthorne and black cottonwood communities, 
despite widely varying levels of utilization between these com- 
munities (Fig. I). Likewise the frequency of Pm prntensis 
declined in ungrazed moist meadow, ponderosa pine, and black 
cottonwood communities, while in ungrazed dry meadows, and 
thinleaf alder communities no change occurred. 

Density and height of establishing riparian tree species (i.e. 
Alnus incunn, Popalm trichocnrpa, and Sali.\- spp.) dramatically 
increased in exclosures (Figs . 2 and 3). Mean height of all woody 
species selected for analysis exceeded 1 m in the esclosures 
while in the grazed gravel bar communities, mean height was less 
than 0.5 m (Fig. 2). Shorter heights of woody species were the 
result of livestock browsing. Densities of woody species were 
greater after 10 years of no grazing for all species except for .Sulh 
rigida (Fig. 3). Utilization of woody species by livestock did not 
occur until the latter part of the grazing season when herbaceous 
forage appeared to become less available (personal observation). 
Other studies have also reported increases in height and density 
of riparian woody species following cessation of grazing 
(Gunderson 1968, Leege et al. 1981, Davis 1982, Schulz and 
Leininger (1990). 

Conclusions 

Morphology of Pm prntensis differed between forested com- 
munities and those with an open canopy. Compared to meadow 
communities, Poa prcrtensis in forested communities had larger, 
thinner leaves characteristic of shaded plants attempting to cap- 
ture limited sunlight resources (Taylor and Pearcy 1976, 
Boardman 1977). Additionally, height growth, tillering, and dry 
matter accumulation by different ecotypes of Pm pratensis are 
strongly correlated to temperature and photoperiod at their place 
of origin (Aamlid 1992). The interactions of factors such as sun- 
light availability, mulch accumulation, temperature, grazing and 

Late season grazing likely results in less disturbance to vegeta- 
tion compared to season long or other livestock management sys- 
tems commonly employed in adjacent riparian areas. Many of 
these other grazing systems result in greater utilization or selec- 
tivity of key riparian species. 

In our study, disturbance from grazing and other livestock 
activities created conditions suitable for exotic and ruderal 
species. Species diversity was relatively stable in grazed stands of 
the plant communities studied. However structural diversity of 
woody plant communities was affected through declines in the 
density and growth of riparinn obligate tree species. Heights of 
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woody species were significantly less in grazed as compared to 
ungrazed stands and never was reproduction and establishment in 
grazed gravel bar communities as vigorous as ungrazed areas. We 
feel by suggesting blanket recommendations for livestock utiliza- 
tion to maintain riparian zones, many investigators and managers 
have ignored the inherent complexity of riparian ecosystems (e.g. 
Clsry and Webster 19X9, Bryant 198.5). These recommendations 
cdl1 for a uniform level of utilization and or herbaceous stubble 
height after grazing to maintain riparian values however, each 
plant community responds differently to grazing. The restoration 
and maintenance of riparian ecosystem functions and values will 
depend not on general grazing prescriptions, but on developing 
grazing prescriptions for specific riparim areas. 
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Abstract 

The sequence of species selection over the grazing period 
directly determines the effectiveness of different grazing systems. 
Knowledge of this sequence is also important in understanding 
the plant-animal interface. The sequence of tiller defoliation by 
cattle and sheep was compared for 7 range grasses at 4 different 
sites in South African sourveld. Defoliation frequency and height 
was monitored daily over a 6-day grazing period at each site. 

The sequence of species selection was the same for cattle and 
sheep although the acceptability of some grasses varied between 
animal species. Preferred species were always grazed fust along 
with some (<20%) utilization of species of intermediate accept- 
ability. When about 60% of the tillers of the preferred species 
had been defoliated, regrazing of these tillers commenced and the 
rate of utilization of intermediate species increased. Only after 80 
to 100% of the tillers of preferred and intermediate species had 
been defoliated were tillers of the least-preferred species grazed. 
Sheep were more selective and tended to graze the least-pre- 
ferred species later in the grazing period than did cattle. There 
was no difference between cattle and sheep in the frequency of 
tiller defoliation over the grazing period but tillers were defoliat- 
ed to a lower height (P < 0.01) and more tissue removed (RO.01) 
under sheep grazing. Cattle and sheep are therefore likely to dif- 
fer in their potential impact upon rangeland. 

Key Words: defoliation frequency, defoliation height, grazing 
management 

Animals on rangeland commonly encounter a diversity of plant 
species of widely varying acceptability. Although the factors 
which determine why species are selected have frequently been 
investigated, relatively little is known about how species are 
selected, particularly under conditions of changing forage avail- 
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ability. This is of particular importance under rotational grazing 
where the relative availability of different plant species changes 
rapidly over the period of occupation in a paddock. Animals are 
thus confronted with a series of foraging decisions about when to 
stop rejecting and start consuming species of lower acceptability 
when encountered. This is manifested as a sequence of species 
selection over the grazing period as animals progressively include 
species of lower and lower acceptability in their diet. 

Knowledge of this sequence is necessary to determine the 
effectiveness of different grazing systems and to predict their 
potential impact on rangeland. Many currently recommended 
grazing systems assume patterns of species selection which are 
largely untested (O’Reagain and Turner 1992). Such systems 
may, therefore, be incapable of achieving stated objectives, possi- 
bly resulting in range degradation. 

The sequence of species selection over the grazing period has 
been investigated for cattle (Daines 1980; Danckwerts et al. 
1983; G’Reagain and Mentis 1989) and for cattle and sheep graz- 
ing together (Stoltsz and Danckwerts 1990). Generally, preferred 
species, and to a lesser extent, those of intermediate acceptability 
are grazed first, but less-preferred (avoided) species are only con- 
sumed after the more-preferred species in the sward have been 
extensively regrazed. The extent to which this sequence applies 
to sheep is, however, unknown and warrants investigation. The 
primary objective of this study was to compare the sequence of 
species selection by cattle and sheep over the grazing period. 

The frequency and intensity of tiller defoliation is also impor- 
tant as it directly affects plant growth and survival. Sheep are 
considered to be particularly detrimental to rangeland as they 
reputedly defoliate tillers more frequently and severely than do 
cattle (G’Reagain and Turner 1992). However, while this aspect 
has been investigated separately for cattle (e.g. Gammon and 
Roberts 1978b; Gillen et al. 1990) and sheep (e.g. Hodgson 1966; 
Hodgson and Ollerenshaw 1969) no direct cattle-sheep compari- 
son appears to exist. The assertion that sheep defoliate tillers 
more frequently and severely&an cattle is therefore untested. 

The second objective of the study was to test the hypotheses 
that, (i) the frequency and (ii) the severity of tiller defoliation are 
greater under sheep than under cattle grazing. These hypotheses 
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were rejected if a significant (PrO.05) difference was not detect- 
ed between the 2 animal species. 

Procedure 

Study Area 
The experiment was conducted at the Dljhne Agricultural 

Development Institute (32”3l’S, 27”28’E, elevation 899 m) near 
Stutterheim, South Africa. Mean annual rainfall is 752 mm (40- 
year mean), falling mainly in summer (October-March). Mean 
maximum and minium air temperatures are 25 and 14°C respec- 
tively in summer, and 18 and 7*C respectively in winter. The 
vegetation is an open grassland termed the DGhne Sourveld 
(Acocks 1988) and consists of a dense, perennial grass communi- 
ty of medium height. Forbs are generally rare or absent. 

Experimental Design 
Four different rangeland sites, varying widely in species com- 

position, were used in the investigation (Table 1). These were an 
area dominated by Eragrostis plana Nees (eragrostis site), an 
area dominated by Tristachya leucothrix Nees (tristachya site), an 
area dominated by Themeda triandra Forsk and T. 1eucothri.y 
(themeda site), and a secondary grassland community dominated 
by Hyparrhenia hirta (L.) Stapf (hyparrhenia site). Nomenclature 
follows Gibbs Russell et al. 1990. All sites were burnt in 
September 1990 to remove residual herbage and divided into 6 
blocks measuring 24 x 50 m. Thereafter, blocks were grazed peri- 
odically by cattle and sheep as part of another research program, 
reported elsewhere (O’Reagain 1994). 

In January 1992, two blocks of similar height and species com- 
position were selected at each of the 4 sites. At each site 1 block 
was grazed by cattle and the other by sheep. Blocks were stocked 
with 18 Diihne Merino wethers (mean mass 35 kg) or 3 
Bonsmara steers (mean mass 400 kg). It was assumed that 6 
sheep provide a similar stocking pressure in terms of metabolic 
mass (masse.75), to 1 steer (Meissner 1982). 

Blocks were grazed for 6 consecutive days (5 for the hyparrhe- 
nia site) from 0630 hours on Monday (day 1) to 1500 on Saturday 
(day 6). Grazing began on 3 February (tristachya site), 24 
February (eragrostis site), 16 March (hyparrhenia site) and 30 
March (themeda site) 1992. An attempt was made to simulate a 
period of occupation in a rotational grazing system as this is the 
recommended form of grazing management in South Africa 
(O’Reagain and Turner 1992). When the present trial was con- 
ducted, no signs of previous grazing were evident. 

All animals were sourveld raised and familiar with the grasses 
investigated. Animals were supplemented with a salt-phosphate 
lick as is common practice in the area. Between experimental 
periods, animals grazed together on veld similar to the study 
areas. 

Plant Measurements 
At each site, 3 tussock grasses were selected, which, on the 

basis of earlier work (O’Reagain and Mentis 1989; Stoltsz and 
Danckwerts 1990; O’Reagain 1992) were taken to represent pre- 
ferred, less-preferred and avoided species in terms of the prefer- 
ence exhibited for them by cattle and sheep. In order of decreas- 
ing preference, species chosen were Andropogon appendiculatus 

Nees, T. leucothrix and Alloteropsis semialata subsp. eckloniana 
(Nees) Gibbs Russell (tristachya site), A. appendiculatus, T. 
triandra and E. plana (eragrostis site), T. triandra, T. leucothrix 
and A. semialata (themeda site), and H. hirta, Heteropogon con- 
tortus (L.) Roem and Schult and E. plana (hyparrhenia site). 

In each block, a single transect was laid out for each of the 3 
species, with 25 tussocks of the species located at regular inter- 
vals along the transect. Transects ran parallel to each other, about 
2 m apart. Due to the small paddock (block) size, it was assumed 
that the frequency and intensity of tiller defoliation would be 
independent of transect location. 

Tussocks were identified using numbered, colour-coded, wire 
tags inserted into bare ground about 10 cm from each tussock. In 
each, 1 intact, vegetative, green tiller was selected and tagged at 
its base with a plastic-coated wire ring. This gave a total of 25 
marked tillers for each of the 3 species in each block. Tillers were 
chosen at random from all possible locations within a tussock and 
varied in height within a species. 

Immediately before grazing, the extended height of the tallest 
leaf of each marked tiller was measured. Tillers were thereafter 
inspected daily at 1400 hours and the presence and height of any 
defoliation recorded. The grazed tips of defoliated tillers were 
marked with typist’s correcting fluid to distinguish subsequent 
defoliations. Correcting fluid does not appear to effect subsequent 
tiller selection (Gammon and Roberts 1978a; Danckwerts et al. 
1983). On each day, and at the end of the grazing period, the total 
number of tillers which had been defoliated once, twice, three 
times or which were undefoliated, was computed for each 
species. The percentage (%) of tiller removed was calculated 
according to the formula: 

% Tiller removed = (Initial tiller height-Final defoliation 
height/Initial tiller height) x 100. (1) 
The few tillers which were only partially defoliated, i.e. only 1 
leaf grazed, were not included in this calculation. All defoliations 
could be directly attributed to experimental animals as indigenous 
ungulates were absent. 

Statistical Analysis 
The study was not replicated per se as it was considered more 

important to repeat the experiment at sites of different species 
composition rather than to repeat it a number of times under iden- 
tical conditions. Data for each site were analyzed separately. The 
sequence (order) of species selection by cattle and sheep, was 
analyzed using logistic regression (GENSTAT 1984). As tillers 
were either grazed or ungrazed, data were binomially distributed 
necessitating the using of the logit link function (Sokal and Rohlf 
1981; p. 764) which provides the log-odds that a subject will 
have a characteristic relative to any other characteristic. 

The model was based on the total number of tillers of each 
species defoliated on each day of a grazing period. The general 
form of the model is: logit (Xi) = cx + ZBiXlj where logit (pi) is the 
logit link function, given as In (ni/-ni). Equivalently, 

Xi = exp (CC + ~BjXij)/t + exp (a + CBjXji) (2) 
where Ki is the probability that the ith tiller will be defoliated, a is 
a constant, Xji is the set of j explanatory variables used to predict 
the logit of Ki and Bj are the coefficients of these variables 
(Pagnano and Gauvreau 1993). 

The following explanatory variables were included in the mod- 
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els. ‘Day’ refers to the probability that any tiller will be defoliat- 
ed with time and measures the degree of utilization through the 
grazing period. A significant, positive coefficient indicates that 
the probability of defoliation increases with time. ‘Animal’ refers 
to animal type, i.e. cattle or sheep. Sheep were chosen as the 
baseline so a significant positive coefficient for this variable indi- 
cates that cattle are more likely to defoliate tillers than sheep. 
Conversely, a negative coefficient indicates that sheep are more 
likley to defoliate tillers than cattle. ‘Grass species’ gives the 
probability that a particular grass will be defoliated relative to the 
baseline species at that site. Baseline species were T. triandra 
(themeda and eragrostis sites), H. hirta (hyparrhenia site) and T. 
1eucothri.r (tristachya site). A significant positive coefficient indi- 
cates that the species is more likely to be defoliated relative to the 
baseline species while a negative coefficient indicates the reverse. 

The ‘day x animal’ interaction accounts for differences in the 
probability of tiller defoliation over time by cattle and sheep. As 
sheep are the baseline, a significant, positive coefficient here 
indicates that tillers are more likely to be defoliated by cattle later 
in the grazing period than by sheep. ‘Animal x grass’ gives the 
probability that a particular species will be defoliated by cattle 
relative to defoliation of the baseline species by sheep. Here, a 
significant positive coefficient indicates that cattle are more like- 
ly than sheep to defoliate a grass in preference to the baseline 

Themeda sw-sheep 

Eragrostis site-sheep 
tm 

I 

Themeda site-cattle 

7 

Eragrostis site-cattle 
ml 

Fig. la. Percentage of tillers grazed once (solid line), twice (dashed 
line) or 3 times (dotted line) over a dday grazing period by cattle 
and sheep at the themeda and eragrostis sites (Aa = A. appendicu- 
latus, As = A. semialata, Ep = E. pfana, Hc = H. contortus, Hh = H. 
hirta, Tl = T. leucothrix, Tt = T. triundra). 

species while the reverse applies for a negative coefficient. 
Significance of model coefficients are based on Student’s t-test. 

Overall goodness of fit of the model is based on an analysis of 
deviance, where the residual deviance is a measure of the varia- 
tion in the response not explained by the model. The residual 
deviance has an approximate chi-squared distribution with 
degrees of freedom corresponding to the residual degrees of free- 
dom. If the residual deviance is not significant, the model is a 
good fit. 

The total frequency of tiller defoliations, i.e. the number of 
tillers defoliated 1, 2, or 3 times, for each grass species over the 
grazing period under cattle and sheep grazing was analyzed using 
loglinear analysis (SAS 1991) which primarily tests for the pres- 
ence of interactions in the data (Sokal and Rohlf 1981). Grass 
species and animal type were used as ‘state’ (independent) vari- 
ables while the number of tillers in each defoliation class, were 
used as ‘fate’ (dependent) variables (Caswell 1989 p. 34). The 
null hypothesis tested was that the frequency of tiller defoliation 
at each site was independent of grass species or animal type. 

Due to the relatively small sample sizes the possibility existed 
of significant cattle-sheep differences being obscured in the gen- 
eral loglinear analyses. The log-likelihood ratio or G2-test (Sokal 
and Rohlf 1981) was therefore used to compare the frequency of 
tiller defoliation (1) for individual grasses under cattle and sheep 

Hyparrhenia site-sheep 
Irn 

Tristachya site -sheep 

Hyparrhenia site-cattle 
lea 

Tristachya site -cattle 
9 

Fig. lb. Percentage of tillers grazed once (solid line), twice (dashed 
line) or 3 times (dotted line) over a dday grazing period by cattle 
and sheep at the hyparrhenia and tristachya sites. Species codes as 
for Fig. la. 

316 JOURNAL OF RANGE MANAGEMENT 48(4), July 1995 



Table 1. Proportional species compositions of the eragrostis @rag), 
tristachya (Tris), themeda (Them) and hyparrbenia (Hypr) sites in 
the Diihne sourveld, South Africa. 

Species Ew 
Site 

Tris Them HYPE 
Moteropsis semialata 
Andropogon appendicularzzs 
Cwodon dactylon 
Ejionztrzrs mz&cus 
Eragrosris capensis 
Eragrodis chloromelas 
Eragrosris czrrvzrla 
Eragrosris plana 
EragrosGs racemosa 
Harpochloa faLr 
Hereropogon contortus 
Hyparrlzenia hirta 
Microchloa caffra 
Sporobolzis africanus 
Tlzemeda n-iandra 
Tristaclzya leucoUzrk 

4 
19 

4 

6 
3 

37 

3 5 
1 8 

5 
15 

3 

13 
10 

1 

1 

7 
2 

10 
43 

6 
12 

11 
3 
2 2 

2 
8 

5 9 
2 
4 
3 13 

46 

A 9 
27 
29 

TOTAL 100 100 100 100 

grazing and (2) for different grass species at the same site under 
cattle and sheep grazing, respectively. 

Comparison of the height of tiller defoliation and the percent- 
age of tiller removed under cattle and sheep grazing was based on 
a factorial design using ‘animal’ as a treatment and grass species 
as a factor (GENSTAT 1984). Individual tillers were used as 
replications and, consequently, the trial is pseudo-replicated 
(Hurlburt 1981). Where necessary, percentage data were trans- 
formed using an angular transformation (Sokal and Rohlf 1981). 

Results 

Sequence of Species Selection 
At the themeda site, sheep first selected T. triundru and T. leu- 

Table 2. hiodel t-values for variables in the logistic regression of the 
sequence of species selection by cattle and sheep at 4 sites in the Diihne 
sourveld. Site codes as for Table 1. (Themeda site: baseline species = ?‘. 
triandra, species 2 = A. semialala, species 3 = T. leucofhrix. Eragrostis 
site: baseline species = T. triandra, species 2 = A. appendicufatus species 
3 = E. plana. Hyparrhenia site: baseline species = H. lzin’a, species 2 = 
H. contortus, species 3 = E. plana. Tristachya site: baseline species = T. 
leucofhrix, species 2 = A. semialata, species 3 = A. appendiculatus). See 
tex% for details. 

Species Them Emz 
Site 
Ww Tris 

Constant 
Day 
Animal kattle’ 
Gnus-species 2 
Grass-species 3 
Day x animal 
Animal X species -2 
Animal x species-3 
Residual deviance 

-3.1 
8.2 

-3.3 
-8.0 

-i:Y 
7.9 

-3.0 
31.2 

-4.4 -4.0 -7.2 
6.1 8.1 8.3 
4.2 2.6 -1.7 
3.2 -1.1 -5.4 

-7.3 -8.7 4.6 
-3.5 -2.7 0.7 
-3.6 -1.8 5.2 
3.5 2.8 -0.8 

11.0 16.1 36.7 

[I(,-,o~) 28 df = ;?.CUS] 
[‘(oc,,) 2Sdf=2.7631 
~~2~,30s, 28 df = J I .33] 
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Table 3. Probability values for loglinear analysis of the dependence of 
tiller defoliation (Def.) frequency on grass species, animal species, and 
an animal-grass species interaction at 4 sites in the DBhne sourveld, 
South Africa. (Site codes as for Table 1). 

Species Them Emg 
Def. x grass 0.096 0.238 
Def. x animal 0.008 0.389 
Def. x Animal x grass 0.004 0.677 

Site 
Wpr 
0.207 
0.062 
0.1x3 

Tris 
0.293 
0.141 
0.293 

cothrix, defoliating more than 70% of these tillers in the first 2 
days of grazing (Fig. la). Thereafter, many of these tillers were 
regrazed but A. semialata was only really utilized after day 3 
when the majority of T. triandra and T. lezrcothrix tillers had been 
defoliated 1 or more times. With cattle, all 3 grass species experi- 
enced similar rates of utilisation although A. semiuluta appeared 
to be the most preferred of the 3 grasses. Regrazing of tillers 
occurred from day 3 onwards. 

Tillers of all species were less likely to be defoliated under cat- 
tle than under sheep grazing as indicated by the negative ‘animal’ 
term in the logistic model (Table 2). Overall, T. leucothrir was 
likely to be defoliated in preference to T. triandra while the latter 
grass was likely to be defoliated in preference to A. semialuta. 
Despite this, cattle were more likely to choose A. semialata, but 
less likely to choose T. leucothrix, over T. triandra, than sheep. 
Sheep selectivity for individual species was also more pro- 
nounced than that of cattle. Overall, the logistic model showed a 
good fit to the data, as it did at all sites, as indicated by the non- 
significance of the residual deviance (Table 2). 

At the eragrostis site, both cattle and sheep selected strongly for 
A. appendiczzlatus and T. triandra (Fig. la) with many of these 
tillers being subsequently regrazed. Eragrostis pluna was largely 
avoided and only grazed near the end of the 6 day grazing period. 
The negative ‘day x animal’ term in the model indicates that 
sheep were more likely to graze tillers near the end of the grazing 
period than cattle (Table 2). This indicates that sheep were more 
likely to resist grazing avoided species such as E. pluna. There 
were large differences in preference for different species with E. 
plana having a significantly (&O.Ol) lower probability of being 
grazed than the baseline species, T. triundru. Nevertheless, cattle 
were more likely to choose E. plana over T. triandra, than were 
sheep (Table 2). 

At the hyparrhenia site sheep first grazed H. hirta and H. con- 
tortus (Fig. lb). Regrazing of both species then occurred with 
sheep defoliating E. plana tillers last. Cattle also selected strongly 
for H. hirta and, to a lesser extent, for H. contortus, but con- 
sumed E. plana earlier in the grazing period than did sheep. 
Amongst all grass species, tillers were more likely to be defoliat- 
ed under cattle than under sheep grazing but, conversely, were 
more likely to be defoliated near the end of the grazing period by 
sheep (Table 2). There were big differences in preference for the 
different grasses, with animals far more likely to graze H. hirtu 
and H. contortzzs tillers than those of E. plana. However, as 
before, cattle were more likely to consume E. plana than were 
sheep. 

At the tristachya site, sheep first selected A. appendiculatus fol- 
lowed by T. leucothrix. Regrazing of A. appendiculutus was 
extensive and more than 60% of these tillers were grazed 2 or 
more times over the 6-day grazing period (Fig. lb). Sheep avoid- 



ed A. semialata and grazed only a small proportion of these 
tillers. Cattle defoliated A. appendiculatrrs tillers in preference to 
those of A. semialata which, in turn, were defoliated in prefer- 
ence to T. leucothrix. Despite these differences, the 3 species 
were defoliated at roughly similar rates, with regrazing of all 
species occurring in the latter half of the grazing period. Overall, 
tillers had an almost equal probability of being defoliated under 
cattle and sheep grazing (Table 2). Differences in preference for 
species were highly significant (PsO.01) with A. semialata and A. 
appendiculatas having a lesser and greater chance respectively, 
than T. leucothrix of being defoliated. Differences between ani- 
mal types were again marked with cattle being far more likely to 
choose A. semialata over T. leucathrix, than sheep. 

For both cattle and sheep, the utilisation of any species was 
strongly dependent upon the extent of utilisation of the most-pre- 
ferred species present (Fig. 2). In most cases a 2 stage response 
was evident. In stage 1, when the degree of utilisation of the pre- 
ferred species was relatively low and ungrazed tillers of this 
species were available. Utilisation of less-preferred species was 
low, or in the case of avoided species, virtually non-existent. 
However, as the utilisation of the preferred species increased, a 
threshold was crossed to stage 2 where utilisation of less pre- 
ferred or avoided species increased dramatically (Fig. 2). 
Generally, the greater the difference in preference between the 

Themeda site Eragrostis site 

preferred and the next most preferred species, the higher the 
threshold and the lower the pre-threshold utilisation of the less- 
preferred species. Where 2 species were of a similar preference 
ranking, utilisation of the 2 species was fairly similar (Fig. 2). 

Frequency of Tiller Defoliation 
The majority of tillers at all sites and under both cattle and 

sheep grazing were defoliated at least once and some cases 2 or 3 
times by the end of the grazing period (Fig. 3). Based on the log- 
linear analysis, the frequency of tiller defoliation was, with the 
exception of the themeda site, independent of grass species and 
animal type at all sites (Table 3). On an individual grass species 
basis, the frequency of tiller defoliation was dependent on animal 
type in 5 out of 12 comparisons. However, the results were incon- 
sistent (Fig. 3) in that in 2 cases the frequency of tiller defoliation 
was higher under cattle than under sheep grazing, while in the 
remaining 3 cases the reverse occurred. This inconsistency and 
the general lack of significance of the overall analysis indicates 
no real difference between cattle and sheep in the frequency of 
tiller defoliation. 

Under sheep grazing, the frequency of tiller defoliation 
was strongly dependent on grass species at all sites (Table 
4) highlighting the selective nature of these animals. In 
contrast, under cattle grazing the frequency of tiller defo- 
liation was only dependent upon species at the eragrostis 
(P<O.Ol) and hyparrhenia (P50.05) sites. 

Hypanhenia site Tristachya site 

Fig. 2. The relation between the percentage of tillers of preferred 
species defoliated and the percentage of tillers of other species 
grazed by cattle solid line) and sheep broken line) at 4 sites in the 
Diihne sourveld. Species codes as for Fig. la. 

Table 4. G-values for the dependence of tiller defoliation frequency on 
grass species under cattle and sheep grazing at 4 sites in the Dijhne 
sourveld, South Africa. 

Site 

Themeda 
Eragrostis 
Hyparrhenia 
Tristachya 

Animal 
Sheep Cattle 

21.43** 8.15 
61.64*** 24.10*** 
21.19*** 12.64* 
28.79** 0.781 

*Significant P&OS 
**Significant P&O1 
***Significant P~.OOOl 

Severity of Tiller Defoliation 
Sheep defoliated tillers at a significantly (PsO.05) lower height 

than cattle (Table 5) with this difference being consistent across 
all sites and all grass species. Mean differences in defoliation 
height between the 2 animal species ranged from 1 cm for T. 
triandra (themeda site) to 3.2 cm for A. appendiculatrts (tris- 
tachya site). 

Differences in the percent of total tiller length removed were 
also significant (P10.05) with sheep consistently removing a 
greater percentage of tiller length than cattle (Table 6). This dif- 
ference was also consistent across all sites and species and ranged 
from 0.48% for A. semialata (themeda site) to 16.57% for H. can- 
tortus (hyparrhenia site). 

Discussion 

The sequence of species selection over the grazing period could 
be divided into 3 distinct stages. In the first stage, animals select- 
ed the most preferred species in the sward with some utilisation 
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Table 5. Mean height (cm) of tiller defoliation by cattle and sheep for dif- 
ferent grass species at 4 sites in the Diihne sourveld. Statistical com- 
parisons are for cattle versus sheep at each site. (Site codes are as for 
Table 1). 

Site Species Cattle vs sheep 
-_ - --__------- (%) -______--___-- 

Them A. semiulata T. rriandra T. leucothrk 
Cattle 5.70 5.28 4.27 ** 
Sheep 4.52 4.28 2.84 

Emg A. appendiculntus T. triandra E. plana 
Cattle 7.26 5.03 7.50 ** 
Sheep 4.63 3.12 6.00 

HYPE H. hirta H. conforrus E. plana 
Cattle 7.42 4.06 4.96 ** 
Sheep 4.76 2.50 3.54 

Tris A. appendicrrlatus A. semialara T. lerrcothrix 
Cattle 11.25 8.58 7.62 * 
Sherp 7.97 8.00 5.57 

*Significant P&.05 
**Significant Pdl.01 

of less-preferred species also occurring. The second stage 
occurred when about 60% of the tillers of the preferred species 
had been defoliated and was characterized by regrazing of these 
tillers coupled with increased utilisation of less-preferred species. 
The third and final stage commenced when SO-100% of tillers of 
the preferred and less-preferred species had been defoliated at 
least once and grazing of previously avoided species was finally 

These results corroborate the general sequence of species selec- 

initiated. This sequence of species selection was essentially the 

tion reported by Daines (1980) and Danckwerts et al. (1983), for 
cattle grazing Dtihne sourveld and semi-arid grassveld, respec- 

same for both cattle and sheep, although the preference shown for 

tively. Similar results have also been reported by O’Reagain and 
Mentis (1989) for cattle on a secondary grassland community and 
by Stoltsz and Danckwerts (1990) for cattle and sheep grazing 

different grasses varied somewhat between the 2 animal species. 

together on DShne sourveld. A feature common to all studies, 

Sheep were also more selective and tended to delay grazing 

was that animals consistently selected previously defoliated tus- 
socks of preferred species rather than graze the undefoliated, 
avoided species in the sward. 

avoided species until later in the grazing period than did cattle 
(Fig. 1). 

The overall consistency of these results suggests that this gen- 
eral sequence of species selection is of fairly wide applicability in 
rotational grazing systems having relatively short periods of 
occupation. However, the extent to which this sequence operates 
where periods of occupation are longer, is unclear. Possibly, 
where grazing periods are sufficiently long, and conditions suit- 
able for rapid growth, preferred species may regrow sufficiently 
to allow animals to return to such regrowth before being forced to 
graze less-preferred species. Interestingly, animals at high stock- 
ing densities still select preferred species first, but are forced to 
consume avoided species sooner than under light stocking 
(Daines 1980; Stoltsz and Danckwerts 1990), simply because the 
availability of preferred plants is depleted more rapidly. Stocking 
density therefore appears to affect only the ‘rate’ at which the 
sequence proceeds and not the order of selection per se. 

A basic prediction of optimal foraging theory is that as food 
availability declines, dietary breadth should be widened (Emlen 
1966) with foods being added to the diet in the rank order of their 

Table 6. Mean % tiller length removed by cattle and sheep for different 
grass species at 4 sites in the DLihne sourveld. Statistical comparisons 
are for cattle versus sheep at each site. (Site codes are as for Table 1). 

Site Species Cattle vs sheep 

Them 
Cattle 
Sheep 

Emg 
Cattle 
Sheep 

HYPE 
Cattle 
Sheep 

Tris 
Cattle 

_- - ----------- (%) ----- 

A. semialata T. triandra T. lectcothti 
63.6 64.8 61.1 
64.0 69.2 72.1 

A. appendiculancs T. triandra E. plana 
69.1 71.4 70.4 
79.9 80.3 77.8 

H. hirta H. contortus E. plana 
69.9 64.9 77.3 
73.8 81.5 81.6 

A. appendicrrlaius A. semialata T. leucothrix 
64.0 52.1 56.6 

** 

** 

** 

* 
Sheep 73.2 

*Significant &0.05 
**Significant PsO.01 

61.9 71.2 

utility to the animal (Pyke et al. 1977). Assuming that animals 
forage optimally and preference is a function of utility, then the 
observed sequence of selection was in broad agreement with this 
prediction. Both sheep and cattle only consumed less-preferred 
species to any marked degree later in the grazing period when 
herbage availability had been depleted. Once a new food has been 
included in the diet it should always be consumed when encoun- 

The decision to eat a lower-ranking food (species) should also 
depend upon the abundance of more-preferred foods and should 

tered (Krebs and McCleary 1984), i.e. an all-or-nothing response. 

be independent of its own abundance (Pyke et al. 1977). This 
occurred in the present study where the consumption of less-pre- 

However, while an obvious step-function was evident in some 

ferred species was strongly dependent upon the extent of defolia- 
tion and, therefore, the availability of more-preferred species. A 

situations, e.g. E. plana at the eragrostis site (Fig. 2), in others the 

threshold effect (Fig. 2) was evident at all sites with utilisation of 
less-preferred species being low or non-existent when ungrazed 

utilisation of less-preferred grasses was simply increased from 

tufts of preferred species were readily available. Once the avail- 
ability of such tufts had been depleted, utilisation of less-pre- 
ferred species increased sharply. 

low to high levels, indicating that these species were seldom 
totally excluded from the diet. 

The regrazing of tillers of preferred species when other, 
ungrazed species were available is unexpected. The major pro- 
portion of a tiller (>60%) is removed in the first defoliation 
(O’Reagain; unpublished data) so regrazings are likely to yield 
very small bites which are also likely to be of relatively poor 
quality as regrazings often extend below the leaf collar (pers. 
obs.) into the tough, fibrous tiller bases. Although the more-pre- 
ferred species may be of higher overall quality, it is difficult to 
accept that a second bite from a previously grazed tiller could be 
of a superior value to a fresh bite from an undefoliated, albeit 
slightly lower quality, species. This suggests that the regrazing of 
tillers is suboptimal. However, over longer time periods, where 
tiller regrowth is possible, the high quality of such regrowth may 
outweigh its small potential bite size, making the regrazing of 
preferred tillers an evolutionary stable strategy. 

The sequence of species selection over the grazing period is of 
direct relevance to rangeland management. For example, non- 
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Fig. 3. Total percentage of tillers defoliated 1,2, or 3 times over the grazing period under cattle and sheep grazing at 4 sites in the Dahne 
sourveld. @-values refer to cattle-sheep comparisons for each grass species, * (PzO.OS), ** (PsO.01). 

selective (Acocks 1966) or high-utilization (Booysen 1969) graz- 
ing is based on the assumption that heavy stocking densities can 
be used to force animals to utilize avoided species in the sward. 
This allegedly decreases the relative abundance of such species as 
they are supposedly relatively intolerant of grazing (Acocks 
1966; Booysen 1969; Edwards 1981). However, the results 
reported here, and in other studies (Daines 1980; Danckwerts et 
al. 1983; O’Reagain and Mentis 1989), suggest that the basic 
concept of non-selective grazing is flawed, and is in practice, 
largely unattainable. Furthermore, the damage resulting to pre- 
ferred species in trying to achieve such an objective is likely to 
outweigh any potential benefit arising from the utilisation of the 
less desirable species in the sward. 

A basic management recommendation for the Dohne sourveld 
is that animals should be removed from a paddock when SO-90% 
of the tufts of the preferred species have been grazed (Barnes 
1989). However, the present results indicate that at this stage 
extensive regrazing of preferred species has already been initiated 
(Fig. l), suggesting that this recommendation could possibly 
result in excessive utilisation of these species. It is therefore sug- 
gested that if a primary objective is to prevent the excessive defo- 
liation of the preferred grasses, then animals be removed from a 
paddock when about 60-70% of these plants have been defoliat- 
ed. 

In general, the frequency of tiller defoliation was similar under 
cattle and sheep grazing. Although significant differences in 
defoliation frequency were apparent for certain species (Fig. 3), 
these were inconsistent, apparently reflecting differences in pref- 
erence between the 2 animal species, i.e. both cattle and sheep 
tended to repeatedly defoliate preferred species. Accordingly, the 
hypothesis that sheep defoliate tillers more frequently than cattle 
during a grazing period is rejected. However, given the relatively 
small sample sizes used, the possibility of a Type II error cannot 

320 

be discounted. More importantly, defoliation frequency was mea- 
sured over a relatively short period (6 days), and thus did not con- 
sider defoliation of regrowth which would be of relatively greater 
significance to the plant. Consequently, the present results are 
inconclusive and further investigation using larger sample sizes 
and longer grazing periods is suggested. 

The severity of tiller defoliation was, however, greater under 
sheep than under cattle grazing; sheep always grazed tillers at a 
lower height, removing a greater proportion of the tiller than did 
cattle (Tables 5 and 6). The hypothesis that the severity of tiller 
defoliation is greater under sheep than under cattle grazing is 
therefore accepted. The consistency of the above observation at 
all sites and across 7 grass species, some of which had a very low 
preference ranking for sheep, suggests that this finding is robust 
and likely of wide applicability. 

Cattle and sheep tended to defoliate different species to differ- 
ent degrees, suggesting that their relative impacts on species 
composition in sourveld are likely to be different. Further, the 
impact of sheep on rangeland might be expected to be relatively 
more detrimental for 2 reasons. First, although the difference 
between the proportion of tiller removed by cattle and sheep 
appears relatively small (&lo%), on an average of 4-6 defolia- 
tions per season (Gammon and Roberts 1978a), the cumulative 
difference in tissue loss for an individual plant is likely to be sig- 
nificant. Second, sheep appear to concentrate on a narrower range 
of species, so that at equivalent stocking densities preferred 
species are likely to experience a greater intensity of defoliation 
than under cattle grazing. On this basis, the present study sup- 
ports the general contention (O’Reagain and Turner 1992) that 
sheep have a greater potential to cause rangeland degradation 
than cattle. 
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Abstract 

Beaver (Castor can&e&s Kuhl) and willow (Sulk spp.) are 
important components of riparian restoration on degraded west- 
ern rangelands. Land managers need quantitative information to 
evaluate carrying capacity and potential habitat quality for 
beavers in riparian-willow systems. Our objectives were to deter- 
mine the best model to predict biomass components of coyote mil- 
low (S. exiguu Nuttall) from basal stem diameters and compare 
model predictions to diameter class averages. The study was con- 
ducted in a shrub-steppe ecosystem of northwestern Colorado. 
We estimated oven-dried weights of annual and total beaver food 
and total live biomass by diameter class from a sample of 160 
willow stems. Several variants of a logistic function were fit with 
nonlinear least squares regression to select a model that best pre- 
dicted mean biomass by stem diameter. A four-parameter logis- 
tic model provided the best fit for all 3 stem components. 
Predicted biomass estimates of beaver food and total live biomass 
had smaller standard errors than sample means for all 10 stem 
diameter class midpoints. Percentage of stem weight that was 
beaver food varied from 93.6% for the smallest stems to 12.2% 
for the largest. We concluded that the logistic model provided 
reliable estimates of beaver food biomass and could be used with 
food consumption rates and stem density data to evaluate carry- 
ing capacity for beaver or test assumptions in the beaver habitat 
suitability indes model. 

Key Words: Castor cunudensis, coyote willow, Sulix exiguu, logis- 
tic model, nonlinear least squares regression. 

As rangeland reform accelerates the pace of riparian restoration, 
land managers will need better data on the relations between 
beaver (&star canudensis Kuhl) and willow (Salk spp.). 
Beavers serve as a keystone species by altering both landscape 
form and function. Beaver dams alter watersheds by trapping sed- 
iment, storing water, modifying flow regimes, and expanding the 
estent and dynamics of riparian zones (Naiman et al. 19X8). 
Dams also increase duration of moist soil and provide exposed 
sediment for willow establishment. Stem cutting by beavers, 
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which normally occurs when willows are dormant, promotes 
suckering and rapid growth (Kindschy 19X9). These characteris- 
tics have prompted land managers to use both beaver and willow 
as tools for riparian restoration (Apple et al. 1985, Conroy and 
Svejcar 1991). However, in high elevation shrub-steppe ecosys- 
tems, willows may be the only winter food and limit beaver pop- 
ulations (pers. obs., B.W. Baker). Because of the fear that beavers 
may overharvest willows, many managers are reluctant to include 
beavers in restoration efforts until abundance of willows is suffi- 
cient to support a beaver population. 

Coyote (also known as sandbar) willow (S. exigm Nuttall) is a 
widespread riparian species on western rangelands (Dom 1977, 
Brunsfeld et al. 1991). Although much of its former habitat has 
been degraded, it is a key component of healthy riparian ecosys- 
tems and is vital to their restoration. Willows are important to 
riparian function because they provide structure that traps sedi- 
ment, roots that bind the soil and reduce erosion, shade that cools 
streams,. and food and cover that maintains regional biodiversity. 
Past research on beaver food production by woody plants is limit- 
ed and was conducted in forested riparian habitats, especially 
aspen (Populus trernuloides Michaux). Belovsky (19&l) and 
Fryxell and Doucet (1991) used stem diameter to predict oven- 
dry weights of summer beaver food (leaves, bark, and twigs) pro- 
duced by several species of eastern hardwoods in their studies of 
beaver foraging strategies. Aldous (193X) and O’Brien (1938) 
peeled the bark and leaves from aspen to estimate beaver food as 
a function of stump diameter. Pearson (1977) calculated the 
amount of willow used as beaver food by multiplying the bio- 
mass estimates of Aldous (1938) by 3 to account for vigorous 
sprouting of willow (Hall 1960). MacDonald (1956) estimated 
air-dried biomass (pers. comm., D. MacDonald, U.S.F.W.S., 
Washington, D.C.) of beaver food for 3 diameter classes of wil- 
low stems. He used these, in combination with biomass estimates 
of aspen from Aldous (1938), to evaluate beaver carrying capaci- 
ty in a mountain aspen-willow riparian community in northern 
Colorado. 
Several studies have shown that biomass of browse can be pre- 

dicted from stem dimensions, including diameter (Telfer 1969, 
Brown 1976, Oldemeyer 19S2, Ruyle et al. 1983, Alaback 19S6a, 
Roundy et al. 19S9). MacCracken and Van Ballenberghe (1993) 
used data-splitting procedures to validate regression models that 
predicted biomass of moose (Alces &es gigas Miller) browse 
[willow, alder (Ahs spp.)] from stem diameter and other met- 
l-iCS. 
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Allen (19X3) developed a habitat suitability index (HSI) model 
for beaver that uses canopy cover and height of hydrophytic 
woody vegetation (e.g., willow) to rate habitat quality for beaver. 
This model assumes cover and height are directly correlated to 
winter food availability, but offers no empirical data for support. 
Before this assumption can be tested, reliable estimates of beaver 
food production must be available. The purpose of our study was 
to predict biomass of beaver food produced by coyote willow. 
Specifically, we asked the following questions: 1) How much 
biomass is produced by willow stems of various diameters? and 
2) How well do statistical models, such as the logistic function, 
predict these relationships? 

Methods 

Study Area 
Data were collected from northwestern Colorado as part of a 

larger study to evaluate interaction among cattle, beaver, vegeta- 
tion, and birds in the Douglas Creek watershed, Rio Blanc0 
County (Baker et al. 1992). We collected coyote willow samples 
from elevations of 1,900 to 2,050 m along East Douglas Creek, a 
highly eroded drainage where over 10 years of cooperative 
restoration by the Bureau of Land Management (BLM) and the 
permittee has increased cover and extent of willow, widened the 
floodplain, and aggraded the channel (pers. comm., E. Hollowed, 
BLM, Meeker, Colo. and unpubl. data, B.W. Baker). This chan- 
nel cuts through the alluvial deposition of the drainage basin that 
supports dense stands of big sagebrush [Artentesiu tridentutu tri- 
dentutu (Nuttall)] and black greasewood [Surcobatus verndculu- 
tus (Hooker) Torrey] contained by steep ridges of pinyon-juniper 
[Pinus edulis Engelmann-Jloriperus osteospemlu (Torrey) Little] 
and mountain shrub (Vories 1974). Coyote willow was the only 
willow present and dominated the riparian channel (Baker et al. 
1992). Cattle grazed the allotment spring-fall and mule deer 
[Odocoileus henCows (Rafinesque)] and elk (Cervus elupltus L.) 
were present all year. Beaver densities increased dramatically 
during restoration, from scattered colonies to continuous occupa- 
tion, resulting in 34 winter territories and 334 dams in the 23-km 
section of stream studied (unpub. rep. 1990 and pers. comm., E. 
Hollowed, BLM, Meeker, Colo.). 

Willow Sampling 
We estimated biomass components from a random sample of 

160 coyote willow stems collected from East Douglas Creek. 
Willows were cut and peeled in October and November 1991, 
following leaf fall. We cut stems at 10 cm above ground, the 
approsimate height cut by beavers on the study area. Collected 
stems were grouped into 10 classes based on their diameter (mm) 
at the cut: O-2.5, 2.5- 5.0, 5- 10, lo- 15, 15-20, 20-25, 25- 
30.30-35.35-40, and 40- 60. Interval widths were less for the 
first 2 classes to capture more detail at smaller diameters (whips), 
which dominated upper East Douglas Creek. Stems between 40 
and 60 mm were grouped into 1 class for analysis because few 
occurred at these larger diameters. We estimated age by counting 
annual growth rings, using multiple readings of > 1 radii, a hand 
lens, observing the entire ring circumference, or diagonal cuts to 
ensure false rings were not counted and actual rings were not 
missed. Stems were recorded as either browsed by ungulates or 
cut by beaver if 1 or more branches on a stem had been damaged. 

Willow samples were oven-dried at 65” C until weights of the 
larger stems stabilized, which took several days. 
We estimated oven-dried biomass of 4 stem components: annual 

food, total food, total live, and dead. Before peeling, we first sep- 
arated current annual growth and dead material from the main 
stem. Following O’Brien (1938) and MacDonald (1956), we 
defined beaver food (both current annual and previous years’ 
growth) as entire twigs <3 mm in diameter and peeled bark (bark, 
phloem, and cambium layers) from the remaining stem. Peeled 
stems > 3 mm in diameter (woody part of stem often used by 
beaver to build dams) were weighed separately and added to total 
food to estimate total live biomass. Total food and total live bio- 
mass were computed by summing values for current annual and 
previous years’ growth. Dead branches, which included only 
those still attached when collected, were also oven-dried and 
weighed. 

Data Analysis 
We first estimated sample means and standard errors of biomass 

for each of the 10 stem diameter classes. In addition, we plotted 
observations of annual food, total food, and total live biomass of 
willow by diameter class midpoint. These plots indicated that a 
logistic function could be used to model biomass as a function of 
diameter class. Several variants of a logistic function were fit 
with nonlinear least squares regression (Bates and Watts 1988). 
We selected the best model based on smallest Akaike Information 
Criteria (AIC) statistics, which provides a parsimonious choice of 
parameters balancing model bias and fit (Sakamoto et al. 1986), 
residual plots, an F-test for lack-of-fit (Bates and Watts 19X8), 
and standard errors of predicted biomass compared to the sample 
estimates at each diameter midpoint. An acceptable model had 
predicted means from the nonlinear model and sample class 
means within 2 standard errors of each other at all stem diame- 
ters. The following models were considered: 

Pn y=------* and (2) 
1 + e [PI - pI? In Xl 

where Y is biomass, s is diameter class midpoint, and Pa, pt. &, 
and p3 are parameters to estimate. 
We used the Gauss-Newton procedure in SAS (SAS Institute 

Inc. 1987) to estimate model parameters and to predict means and 
standard errors at diameter midpoints. A derivative-free quasi- 
Newton procedure in SYSTAT (Wilkinson 1990) was used to 
explore initial model fits and to obtain starting parameter esti- 
mates. Because variance appeared to increase as a multiplicative 
function of diameter class midpoint, we modeled error variance 
of biomass as: 0: = o’- * (si)c, where .ri is diameter class midpoint 
for the ph class. We estimated c from slopes of a linear regression 
(n = 10) of In ($) on In (Si) (McClure and Czaplewski 1987, 
Parresol 1993). Residual plots showed linear regression provided 
a good fit on the In scale. Slope coefficients were rounded to 
nearest 0.5 to use as exponents for weights, l/(diameter class 
midpoint)c, in the nonlinear estimation procedures. 
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Fig. la-c. Nonlinear least squares regressions of annual and total beaver food and total live biomass of coyote willow using a logistic model. 

in growth form. In contrast, Fryxell and Doucets’ (1991) esti- 
mates of total beaver food were similar to ours at the smaller 
stem diameters, but were approximately 10 times greater than 
ours at the larger (60 mm), perhaps because the proportion of bio- 
mass from leaves differed by diameter. 

Our biomass estimates represent unprotected, wild plants grow- 
ing in a grazed willow community. Biomass of beaver food may 
be affected by length of the growing season, soil-moisture rela- 
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tions, competition with other plants for light and nutrients 
(Alaback 1986b), parasitism by insects, and utilization by beaver, 
livestock, and native ungulates. Repeated browsing by livestock, 
deer, or elk, especially in the growing season, can reduce leader 
production and result in a “hedged” appearance, affecting esti- 
mates of biomass. In our study, 58% of the sampled stems had 
some evidence of browsing by ungulates and 7% showed evi- 
dence of cutting by beaver on 1 or more leaders (note these are 
not synonymous with utilization rates). However, the general 
appearance was of a vigorous willow community with little evi- 
dence of any browsing effects. 

Management Implications 

Our research shows the logistic model provides reliable esti- 
mates of beaver food and total live willow biomass for a coyote 
willow community in Colorado. Assuming willow is limiting as 
winter food, managers could use these or similar data to evaluate 
carrying capacity or habitat suitability for beaver. For example, 
available beaver food (kg ha-t) could be estimated for a riparian 
area by multiplying the predicted biomass of beaver food (by 
diameter class) by the density of willow stems (by diameter 
class). Willow stem density could be estimated by a variety of 
plot or plotless sampling schemes (Bonham 19X9). Carrying 
capacity for beavers could then be computed using estimates of 
annual food consumption for individual beavers or colonies. 
Although these data may not be available for oven-dried willow, 
Aldous (193X) provided some crude estimates for aspen (e.g., 
232.8 kg yrt; wet, air-dried, or oven-dried not specified). Based 
on behavioral observations during the summer months, Belovsky 
(1984) estimated that beaver consumed 5.51 g dry weight day-* of 
hardwood leaves, bark, and twigs, as well as, 69.0 g day-t of 
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Table 3. Means and standard errors1 for coyote willow variables using 
the sample data by stem diameter class. 

Diameter 
class 
midpoint n Age 
(mm) o’n) 

1.25 20 l.O*O.O 
3.75 20 1.3 kO.1 
7.50 20 2.3 c!z 0.2 
12.5 20 3.8 f 0.3 
17.5 20 5.2 i 0.3 
22.5 20 5.6 I 0.2 
27.5 IO 6.2 ‘- 0.2 
32.5 10 6.7 f 0.4 
37.5 10 6.4 + 0.2 
50.0 IO s.2 + 0.7 
I Degrees of freedom equals n-l. 

Total 
food” 
KS) 

93.6 k 3.2 
65.8 * 3.2 
41.0 * 1.7 
31.9k2.0 
25.5 + 1.2 
24.8 -F 0.8 
18.8 + 1.9 
16.4 r 1.4 
14.8 + I.8 
12.2 + 1.8 

2 Percent of total stem wright that was beaver food. 
3 Percent of total slem weight that tw dedd. 

Dead3 

@no) 

6.4 k 3.2 
3.2* 1.2 
5.5 f 1.2 

12.6 f 3.9 
11.5 -c 1.4 
8.2 + 1.4 

13.7 2 4.4 
15.6 f 4.4 
20.5 + 5.4 
27.8 f 5.9 

herbaceous aquatic plants. In addition, willow might also be 
important to beaver for reasons other than providing food (i.e., 
dam-building material) and factors other than willow availability 
might also limit carrying capacity of beaver. Because we did not 
replicate samples across the geographical range of coyote willow, 
statistical inference to other areas is not appropriate and biologi- 
cal inference should be judicious. 
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Abstract 

We esamined the diets of reintroduced tule elk (Cerws elaphus 
nannodes Merriam) and resident Columhian black-tailed deer 
[Odocoileus hemionus columbianzls Richardson) inhabiting the 
coastal prairie-scrub mosaic of Tomales Point, the northernmost 
portion of the Point Reyes Peninsula, Calif., during 1979-81. The 
elk diet differed behveen years whereas the deer diet did not. The 
pattern of seasonal quality of elk and deer diets, as measured by 
fecal nitrogen (FN) was similar between species and years. This 
was achieved although botanical composition differed behveen 
herbivores in some seasons. Dietary overlap was lowest in the wet 
winter months when fecal nitrogen was highest and vegetative 
standing crop was lowest. Conversely, dietary overlap was high- 
est in the dry summer months when fecal nitrogen was lowest 
and vegetative standing crop highest. Both herbivore species 
showed selection and avoidance of certain plant species in June 
of both years. These findings are compared to other cervid-habi- 
tat systems. 

Key Words: Tule elk, Cerrws elaphus nannodes, Columbian 
black-tailed deer, Odocoileus hemionus cohmzbianus, food habits, 
dietary overlap, dietary quality, coastal prairie-scrub mosaic, 
California 

Tule elk (Cenas elaphw nannodes Merriam) and Columbian 
black-tailed (Odocoileus hemionus colrm~bia~zrrs Richardson) deer 
mere sympatric throughout much of central-coastal California 
including the Point Reyes Peninsula in prehistoric times. Tule elk 
were extirpated from most of their range by the 1860s 
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(McCullough 1969). Deer densities have varied since that time in 
response to market hunting, habitat modification, and introduc- 
tion of exotic plants and domestic stock. They are believed to be 
higher now than in pristine times (Longhurst et al. 1952, 1976). 
Since the mid-1970s, joint federal and state efforts to increase 
tule elk numbers by reintroductions to areas within the original 
range have resulted in these sympatric species sharing historically 
modified habitats throughout portions of their prehistoric ranges 
(Fowler 1985, Clark 1986). The 1978 reintroduction of tule elk 
and 1979 removal of livestock from a coastal prairie-scrub mosa- 
ic on the Point Reyes Peninsula provided an opportunity to exam- 
ine cervid-range interactions while tule elk mere at low numbers. 
However, we judged the nutritional condition of the reintroduced 
elk to be poor as indicated by copper deficiency and adult mortal- 
ity (Gogan et al. 19X9), antler anomalies (Gogan et al. 1988). and 
a zero growth rate for the herd between 1979 and 1981 (Gogan 
and Barrett 1986). Such characteristics are more descriptive of an 
elk herd utilizing limited forage resources rather than one where 
forage resources are abundant. Hence, we hypothesize that com- 
petative constraints between elk and deer were pronounced 
throughout the life of this study. 

Interspecific competition is an important factor in shaping both 
niche dimensions and the geographic distribution of species 
(Wiens 1979). The role of dietary overlap as a measure of the 
degree of competition between sympatric species remains unclear 
(Martin 1993). Dietary selection has been considered an ecosys- 
tem process directly influencing community structure and interac- 
tions within the biotic community (Ellis et al. 1976). Limited 
resources may decrease foraging options and thereby promote 
increased interspecific or intraspecific competition. Alternately, 
high dietary overlap may reflect a lack of competition which per- 
mits common utilization of resources (Strong 1983). Putman 
(1986) found that dietary overlap among 5 sympatric species of 
large grazing herbivores was greater than overlap in habitat use 
or activity pattern but that overlap indices were reduced when all 
factors were considered rather than diet alone. We examine our 
findings relative to the hypotheses that 1) dietary overlap is least 
at times of low forage abundance and greatest at times of high 
forage abundance (Hobbs et al. 1983, Schoener 1986) or 2) that 
overlap decreases as forage biomass increases and, conversely, 
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overlap increases as forage biomass decreases (Westoby 1974, 
Nudds 19SO). 

Study Area 

The study was undertaken on the Point Reyes PeninsuIa 65 km 
NW of San Francisco, Calif. A 2.5-m drift fence limits tule elk to 
approximately 1,030 ha of Tomales Point. a ridge surrounded by 
salt water at the northern end of the Point Reyes Peninsula. The 
north-south oriented ridge ranges in elevation from 0 to 160 m, 
sloping westward toward the Pacific Ocean and eastward toward 
Tomales Bay. East-west oriented valleys open from the east side 
of the ridge to Tomales Bay at sea level. 

Tomales Point supports a species-rich mosaic of coastal prairie 
and coastal scrub common to much of the coastline of northern 
California (Barbour et al. 1973, Kuchler 1977). Many exotic 
plant species have become established in the past 200 years 
(Heady et al. 1977). Coastal prairie on Tomales Point is charac- 
terized by exotic grasses such as silver hairgrass (Aim cutyophyl- 
lea L.), soft chess (Brontus mollis L.), ripgut brome (B. rigihs 
Roth), brome fescue (Festucu dertonauis All.), annual ryegrass 
(Lolim mdtijlorrm Lam.), and perennial ryegrass (L. pererrrte 
L.) along with the native grasses meadow barley (Hordem 
bruchynrtherm Nevskii) and purple needlegrass (Stipu pdclzru 
Hitchc.) (Gogan 1956). Common forbs include the native peren- 
nial cow parsnip (Heruclem lunutum Michx.) and exotic English 
plantain (Pluntugo lu~rceolufu L.). The coastal prairie is inter- 
spersed with stands of coastal scrub characterized by bush lupine 
(Llrpimrs arborem Sims.) and coyote bush (Bucclturis piluluris 
DC.). Miner’s lettuce (Montiu perfdiutu Donn) is common 
beneath the bush lupine. 

Dense stands of coastal scrub on the eastern side of Tomales 
Point are characterized by sparse occurrence of grasses and forbs 
escept cow parsnip and the presence of woody species such as 
poison oak (Rhrs dirersilobu T. 8: G.) and wax-myrtle (Myricu 
cdifornicu Cham. Br Schlecht.). Coast sagebrush (Artemisiu pyc- 
nocephulu DC.) is limited to south-facing slopes. Sandbar willow 
(Sulk hidsiam Benth.) occurs adjacent to springs and seeps, 
particularly at the mouths of streams flowing into Tomales Bay. 
Stands of Monterey cypress (Chpressus snrgenrii Jeps.) and euca- 
lyptus (E~rculyprus spp..L’Herr.) were planted at 2 ranch com- 
plexes in the latter 1 SOOs and mid- 1930s. respectively. More than 
290 plant species have been recorded on Tomales Point (Lathrop 
and Gogan 19X5). 

The Mediterranean-type climate of the central California coast 
is characterized by year-round moderate temperatures, summer 
fog and northwesterly winds, and fall and winter rains. Mean 
daily temperatures average 11.4”C and vary from 12.1OC in July 
to O.O”C in January, although winter storm patterns are often 
interspersed with periods of 1 to 2 weeks of temperatures above 
15°C and calm winds (U.S. Department of Commerce 1942, 
Howell 1970). Mean annual rainfall for 1926-83 at Inverness on 
the Point Reyes Peninsula is 952 mm (Gogan 1986). Advective 
fogs from May through August provide additional moisture. 
Shrubs at Tomales Point may be capable of collecting fog drip 
comparable to the 304 mm gathered by fog intercept screens in 
open grasslands 22 km from the coast in Humboldt Co., Calif. 
(Azevedo and Morgan 1974). Hence, total precipitation at 
Tomales Point may be considerably higher than indicated by rain- 
fall records alone. 

Plant phenology is linked to precipitation patterns with herbs 
and grasses beginning to tiller following the onset of the fall rains 
and beginning to flower in early spring. Most herbaceous vegeta- 
tion is dry by mid-August, with the exception of English plantain. 

A drought occurred in California in 1976 and 1977 with precip- 
itation at Inverness approximating 33% and 66%, respectively, of 
the 1926-S3 average (Gogan 19S6). Precipitation was at or above 
average from 197s through 1951 (Gogan 19S6). Range condi- 
tions were judged to be in fair to good condition in winter 197s 
based upon plant species composition and forage value and per- 
cent cover (Dougherty et al. 197X), although they deteriorated 
during the remainder of that year (Gogan 1986). Range condi- 
tions, as judged by species diversity and standing crop, improved 
during this study (Gogan 19X6). 

Ten adult tule elk were translocated from Merced County, 
Calif., to Tomales Point in March 1978. The 2 adult male and S 
adult female elk were acclimated in a 1.2-ha holding pen and pro- 
vided alfalfa hay as a dietary supplement until September 1978 
when the adult elk and 7 calves born in the holding pen were 
released to become free-ranging on the northern most 1.030-ha of 
Tomales Point. Barbed wire livestock fences limited the move- 
ments of the newly released elk within this area (Ray 1981) until 
they were dismantled in November 1979. Elk movement south is 
prevented by a 2.5-m drift fence. By the spring of 1979, the elk 
exhibited signs of nutritional stress. Two adults died of copper 
deficiency in July 1979 (Gogan et al. 19X9). Both adult male elk 
exhibited antler anomalies (Gogan et al. 19SS). The remaining elk 
consumed the approximately 16 kg/day (wet weight) of fresh 
alfalfa, alfalfa feed, and commercial livestock feed supplements 
provided daily between mid-September 1979 and early February 
1980 (1 kg/animal/day) and on alternate days thereafter through 
April 19SO (0.5 kg/animal/day), when they ceased taking it. Only 
a few deer took the supplements. The rate of population growth 
for the reintroduced elk for 197S-19S1, coincident with this 
study, was 0, but approximated the maximum potential from 
19S1 to 1984 (Gogan and Barrett 19X6). Population size has con- 
tinued to increase through 1994 (W. Shook, pers. comm.). Thus, 
we consider the range conditions to be sufficiently poor through- 
out this study to characterize the elk herd as comparable to one at 
ecological carrying capacity. 

The released elk used only the southern half of the study area 
from September through December 1978 (Ray 1981), prior to 
provision of dietary supplements. They continued to use only the 
southern portion of the study area from July 1979 through 
September 1981, or for some 17 months after cessation of supple- 
mental feeding (Gogan 1986). Our observations of elk at Point 
Reyes from 1982 through 1986 indicate that the elk used both the 
southern and northern portions of the study area subsequent to 
this study. Beef cattle were stocked at 0.4/ha until November 
1979, when they were removed. Resident black-tailed deer 
occurred at a relatively high density of 0.3Ara (Gogan 1986). 

Methods 

Diets and Dietary Quality 
Diets of elk and deer were determined by microhistological 

identification of plant epidermal fragments in fecal material 
(Sparks and Malechek 1965, Vavra and Holechek 1980). A fresh 
composite fecal sample (2 10 pellets from 2 10 pellet groups) was 
collected in the middle of each month by observing animals until 
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they defecated for the 13 to 17 elk from October 1979 through 
September 1981. Composite fecal samples for deer (2 10 pellets 
from 2 15 pellet groups) were collected from the ground in the 
middle of each month from the southern half of Tomales Point 
from December 1979 through September 19X 1. 

Fecal samples were frozen until analyzed, at which time they 
were oven-dried and ground through a 1 -mm screen. Each sample 
was bleached until white (2-4.5 hours) and stained with hema- 
tosylin and safranine prior to mounting on microscope slides in a 
gum arabic-Karo syrup medium (Truman el al. 1983). Twenty- 
five fised fields on each of 5 slides were examined through a 
compound microscope at 100s. Frequency of each plant species 
was converted lo an estimate of percent composition by dry 
weight (Hansen et al. 1977). Portions of the pooled and ground 
monthly fecal samples from elk and deer used to determine food 
habits were analyzed for nitrogen content by the Kjeldahl method 
(Horowitz 1980). 

Dietary Overlap 
Dietary overlap was measured for elk and deer at the plant 

species level by use of a simple overlap index (Hurlbert 1978, 
Schoener 19S6), i.e., the sum of the proportions of each plant 
species common to both species’ diets (Schoener 1970). The 
index may vary from 0 to 100%. This index was recommended 
by Abrams (1980) and has been used in various studies of dietary 
overlap in sympatric large herbivores (Anthony and Smith 1974, 
Leslie et al. 1984, Elliott and Barrett 1985). 

Forage Abundance and Preference 
A l-km2 universal transverse mercator (UTM) grid of Tomales 

Point was further subdivided into d-ha cells. Each cell was classi- 
fied to 1 of 1 vegetative cover types: open grassland, lupine 
grassland, Baclzarris grassland, and thick scrub. Plant species 
availability was determined in 1 S cells randomly selected from a 
total of some 300 (Gogan 1986). One transect oriented east-west 
and another north-south were centered on each cell. One hundred 
intercept sampling points along each transect were determined 
using the step-point method (Evans and Love 1957); points were 
located 1 pace (ca. lm) apart. All plant taxa contacting the pin 
were recorded. Sampling was limited to June to optimize the abil- 
ity to identify plant species as the greatest number of forbs and 
grasses flower in mid-June (Barbour et al. 1973). A weighted 
botanical composition of the range was calculated as the product 
of the percentage of all a-ha cells assigned to each vegetative 
cover type and the mean occurrence of a plant species in the sub- 
sample of the 1 S, a-ha cells in that cover type. In some instances, 
plant tasa could not be identified beyond genus; thus, the number 
of tasa was a minimum. 

Preference was assessed for all plant types and for all plant taxa 
contributing ~5% to the weighted botanical composition of the 
range or the diet of either herbivore species during June 1980 and 
19Sl. Preference for specific dietary items was quantified by a 
linear food selection index (Strauss 1979). The index ranged from 
-1 to +I; positive values suggested preference and negative val- 
ues suggested avoidance or inaccessibility. 

Availability of herbaceous biomass was determined at the same 
1s sites sampled for species composition. The aerial portion of all 
herbaceous vegetation was clipped within a 0.093-m* wire frame 
using hand clippers with blades held flush to the ground. Two or 
3 samples were clipped at each site. The biomass of other forage 

classes was not measured. Sample periods approximated the end 
of the wet season (February), early dry season (June), and late dry 
season (October). The clipped material was dried to a constant 
weight. 

Diets and Dietary Quality 
A minimum of 24 plant species, of which 50% were grasses, 

each made up 2 5% of the elk diet in 2 2 sample periods (Table 
1). The dietary supplements of alfalfa and pelleted livestock feed 
provided to elk between mid-October 1979 and mid-April 19SO 
were not identified in the diet. Shrubs were eaten more in the fall 
and winter of 1979-80 than at any other time (Fig. 1). Elk fed 
more on grasses in fall-winter and forbs in the spring-summer of 
19SO-Sl than 1979-80. The majority of forbs eaten in both years 
was English plantain and miner’s lettuce, with the former con- 
sumed predominantly from March to September and the latter for 
the relatively short period of March through May in both years 
(Table 1). Coast sagebrush was consumed in the winter months of 
1979-80, but not at other times. Bush lupine was the only other 
shrub consumed by elk (Table 1). Sandbar willow was used in the 
drier months of June-October of both years, and Monterey 
cypress was used in November 1979 (Table 1). Grass intake 
increased from October to December 1979, and again from 
October 1980 through March 1981. There was a rapid transition 
from grasses to forbs between March and April 1961 (Fig. 1). 
There was a distinct difference between years in the elk diet; 
shrubs were common in the winter 1979-80 diet and virtually 
absent from the winter 19SO-81 diet. 

A minimum of 25 plant species each made up 2 5% of the deer 
diet in 1 2 or more sample periods (Table 1). Use of forbs 
declined from a peak in the spring to a low in the autumn with a 
concurrent increase in shrub use that peaked in autumn (Fig. 1). 
English plantain was consumed from March to September and 
miner’s lettuce from March through May in 1980 and 1981 
(Table 1). Yarrow (Addlea borealis Bong.) was consumed in all 
months with peaks in February of both years and a second peak 
in August-September of 19X1, but sorrel and dock (R!rme.r spp. 
L.) were only eaten in June-July of borh years (Table 1). Thistles 
(Cirsiunr spp. Mill.) were eaten only in 19SO. Among shrubs, 
bush lupine was taken predominantly from August 1980 through 
February 19Sl. Other shrubs such as poison oak were consumed 
sporadically. Three tree species were eaten in the autumn and 
winter. There was no obvious between-year variation in the deer 
diet. 

Elk and deer both exhibited parallel seasonal patterns of fecal 
nitrogen with a peak in the wetter months of January through 
April, declining during the drier months of May through 
December in both years (Fig. 2). Elk fecal nitrogen was lowest in 
October 1979. 

Dietary Overlap 
Elk and deer diets were most similar in December 1979, 

August and October 1980, March 1951, and May through July 
19X1; dietary overlap was highest in May 1981 (Fig. 3). Overlap 
was least in February 1980 and November 19SO through February 
19X 1. Dietary overlap was greatest when elk and deer simultane- 
ously consumed forbs, primarily English plantain, sorrel and 
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Table 1. Recent composition of tasa making up 2 5% of elk diet in any 2 sample periods. The elk diet was sampled monthly from October 1979 
through March 1980 and bimonthly from April 1980 through September 1981. 
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dock, and unknown forbs in 1980, and miner’s lettuce and 
English plantain in 1981 (Table I). Dietary overlap was minimal 
in February 1980 when elk ate chiefly grasses and coast sage- 
brush and deer ate forbs and bush lupine (Table 1). Another low 
in dietary overlap in September 1980 (Fig. 3) resulted from heavy 
use of dock and grasses by elk versus selection of shrubs and 
forbs other than dock by deer (Table I). Dietary overlap remained 
low from November 1980 through February 1981 (Fig. 3) when 

1979 l9m 1991 
- YEARlPYEAR2 - 

Fig. 1. Elk and deer use of forage classes at Tomales Poini deter- 
mined for elk by monthly samples from October 1979 through 
September 1981 and for deer by monthly samples from December 
1979 through September 1981. 

the elk diet was 80-90% grasses and the deer diet 75% shrubs and 
forbs (Table I). 

Forage Abundance and Preference 
Plant species were recorded at a total of 11,083 and 17,916 

intercept points in June of 1980 and 1981, respectively. Grasses 
were the predominant phmt cover. Forbs increased their portion 
of the plant cover from 1980 to 1981. Herbaceous standing crop 
was at its lowest and highest in February and June, respectively, 
of each year; October 1980 was intermediate (Fig 4). Standing 
crop increased from 1980 to 1981. Dietary selection was exam- 
ined during June 1980 and 1981 when forbs predominated in the 
diets of both cervid species (Fig. 1). Only English plaintain was 
preferentinlly selected by either herbivore in June 1980 or 1981 
(Table 2): Elk selected this forb only in 1981 whereas deer select- 
ed it in both years. Both herbivores avoided bromes (Bromus spp. 
L.) in both years and perennial ryegrass in 1980. 

Discussion 

The value of fecal sample analysis to determine herbivore food 
habits has been scrutinized by a number of investigators. 
Holechek et al. (1982) concluded that fecal analysis tends to 
underestimate the proportion of forbs in the diet of a variety of 
ruminants, although some studies have reported this not to be the 
case (Todd and Hansen 1973, Anthony and Smith 1974, Kie et al. 
1980). Leslie et al. (1983) reported seasonal variation in 
digestibility of plant species of the Olympic Peninsula, 
Washington, resulting in fecal analysis consistently underestimat- 
ing the proportion of forbs and shrubs in the diet. We assumed 
bias in determining botanical composition of elk and deer diets at 
Tomales Point was consistent between herbivore species and 
tended to underestimate preference for forbs. This pattern may 
have contributed to the failure to detect in fecal samples the alfal- 
fa and pelleted feed provided to elk from mid-September 1979 
through April 1980 (Table 1). Another contributing factor may 
have been the small volume of supplements (0.5 kg/animal/day 
wet weight) relative to total dietary intake (4 kg/animal/day dry 
weight) (Nelson and Liege 1982). Biases in estimating range 
species composition with the step-point method are considered 
small when only direct contacts with the pin are recorded (Strauss 
and Neal 1983) as w’as done for this study (Gogan 1986). 
However, the number of large plants, in this study shrubs, may be 
overestimated (Strauss and Neal 1983). 
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Table 2. Elk and deer preferences and standard errors (SE) for plant species making up ~5% of either herbivore diet for June 1980 or 1981. 
Preference indes is relative use minus relative availability (Strauss 1979); asterisks indicate preferences different (P c 0.10) from 0. 

Tason 

Elk 
1980 19SI 

Pmf. SE Pref. SE 

Deer 
19SO 19Sl 

Pref. SE Pref. SE 

FORBS 
Erodimn “pp. 
PIar1rqo lflilceolnrfl 
Runm “pp. 
GRASSES/SEDGES 
Ayosris diqoensis 
Aira catyvoplyllea 
Brorrms spp. 
Fesraca derronennsis 
Lolim perenne 
Polypogon ntonsprliensis 

SHRUBS 
Lark-era spp. 

0.11 0.01 0.06 
0.06 0.02 0.26* 

-0.03 0.01 -0.03 

0.11 
-0.07 
-O.lS^ 
-0.14 
-0.19” 
- 

- 

0.01 - 
0.01 -0.01 
0.02 -0.17= 
0.0’ -0.08 
0.02 -0.09 
- 0.05 

- 0.03 

0.01 
0.02 
0.01 

- 
0.01 
0.02 
0.02 
0.01 
0.01 

0.01 

Tule elk at Tomales Point feed mainly on forbs and grasses. 
The high use of forbs by elk at this site is somewhat atypical as 
elk are generally considered grazers (Nelson and Leege 19S2). 
Tule elk in the Owens Valley, Inyo County, Calif., however, also 
consumed forbs extensively in the spring and summer 
(McCullough 1969). Shrubs were a major component of the elk 
diet during the fall and winter of 1979-80, but less so during the 
same period of 19SO-8 1. Willows were eaten only in the summer 
months. In contrast. tule elk in the Owens Valley fed on shrubs in 
the summer and willow in the winter (McCullough 1969). Elk at 
Tomales Point consumed grasses year-round, but primarily dur- 
ing winter. Grasses made up >SO% of the year-round diet of tule 
elk reintroduced to the Diablo Range, Santa Clara County, Calif., 
(Phillips 1985) and of Roosevelt elk at Prairie Creek Redwoods 
State Park, Humboldt County, Calif. (Harper et al. 1967). 
Roosevelt elk in forests on the Olympic Peninsula, Wash., 

- - 0.00 0.01 
0.64' 0.02 0.56" 0.02 
0.17 0.02 -0.05 0.01 

- - - - 
-0.07 0.01 0.04 0.01 
-0.19” 0.02 -0.1 s* 0.02 
-0.15 0.02 -0.11 0.01 
-0.19” 0.02 -0.09 0.01 

- - 0.10 0.01 

showed pronounced seasonal shifts in the utilization of grasses, 
but consumed a maximum of only 26% in the fall (Leslie et al. 
1984). 

The high consumption of forbs and shrubs by black-tailed deer 
at Tomales Point is consistent with its classification as an inter- 
mediate feeder (Anderson and Wallmo 1984). Black-tailed deer 
on Tomales Point consumed far more shrubs (Fig. 1) than those 
immediately to the south where much of the coastal scrub has 
been cleared and seeded to grasses and forbs (Elliott and Barrett 
1985). Similarities in dietary patterns between black-tailed deer 
in both areas include maximum consumption of grasses in the 
winter months and maximum consumption of forbs in the sum- 
mer (Fig. 1, Elliott and Barrett 1985). Dietary patterns of deer in 
inland areas of central California are characterized by heavy 
reliance on browse throughout the year with some intake of forbs 
in the late winter and spring (Taber and Dasmann 1958, 
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3.4 - 
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Fig. 2. Percent nitrogen content of elk and deer fecal samples determined for elk by monthly samples from October 1979 through September 
1981 and for deer by monthly samples from December 1979 through September 1981 at Tomales Point. 
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Fig. 3. Monthly dietary overlap of elk and deer from December 1979 through September 1981 at Tomales Point. 

Longhurst et al. 1979). Similarly, black-tailed deer of the 
Olympic Peninsula, Wash., used browse extensively year-round 
but consumed forbs primarily in the summer months (Leslie et al. 
1984). 

Elk fecal nitrogen (FN) levels were consistently lower than 
those for deer with the esception that deer also had low levels in 
June of both years (Fig. 2). However, such differences between 
species need not reflect differences in dietary quality (Leslie and 
Starkey 1987) but may be modified by differences in rates of 
ingestion of plants containing tannins, such as shrubs or forbs 
(Hobbs 1957). The elk fecal nitrogen levels were consistent 
between years (Fig. 2) in spite of the between-year differences in 
dietary composition (Fig. 1). However, elk fecal nitrogen levels 
for winter 1980 may have been elevated by the high tannin levels 
found in shrubs (Hobbs 1957). An ability to maintain nutritional 
homeostacy by varying dietary intake has been reported previous- 
ly for Rocky Mountain elk (C. e. nelsoni Bailey) (Hobbs et al. 
1981). The general fecal nitrogen patterns for both elk and deer 
indicated dietary quality was highest in the winter wet season 
(Fig. 2). Similarly, fecal nitrogen levels for Roosevelt elk at 
Prairie Creek Redwoods State Park, Humboldt County, Calif., 
were highest in the winter months of January through April and 
lowest in the late summer and fall months of September through 
November (Gogan and Barrett 1994). In contrast, fecal nitrogen 
levels in Roosevelt elk and black-tailed deer on the Olympic 
Peninsula, Wash., were low in winter highest peak in the spring 
and summer. Such differences in fecal nitrogen levels likely 
reflect differences between peak forage production in the 
Mediterranean climate of coastal California relative to the tem- 
perate climate of the Olympic Peninsula. Similarly, fecal nitrogen 
levels of black-tailed deer in interior northern California were 
highest in the summer months when forage conditions peaked 

(Kie and Burton 1984). 
Low fecal nitrogen in tule elk at Tomales Point in October 

1979 (Fig. 2) is below the minimal nutritional value for mainte- 
nance as calculated by Nelson and Leege (1982). It occurred con- 
currently with clinical signs of copper deficiency in the elk dur- 
ing the summer and fall of 1979 (Gogan et al. 19X9), including 
antler anomalies in both adult males present at the time (Gogan et 
al. 19SS). Comparable calculations for Roosevelt elk on the 
Olympic Peninsula, Wash., based upon fecal nitrogen levels 
reported by Leslie and Starkey (1985) indicate that these animals 
were more severely nutritionally stressed in 2 consecutive winters 
than were the tule elk at Tomales Point in October 1979. Yet no 
overt signs of nutritional stress were reported in Roosevelt elk. 

We interpret differences in diets between elk and deer at 
Tomales Point, and positive and negative forage preference index 
values for both herbivores (Table 2), as indicative of dietary 
selection. The lowest dietary overlap between elk and deer 
occurred during the winter wet season when plants were relative- 
ly nutritious as indicated by fecal nitrogen levels (Fig. 2). but 
standing crop biomass was low (Fig. 4). The greatest dietary 
overlap occurred in the summer dry season when fecal nitrogen 
levels were low, but standing crop was high. Similarly, within 
each year the greatest dietary overlap (Fig. 3) corresponded to 
lowest dietary quality (Fig. 2) and highest plant biomass avail- 
ability (Fig. 4). Also, between years, dietary overlap was greater 
when plant biomass was greatest (Fig. 4) in the spring-summer of 
1981 relative to 1980 (Fig. 3). In summary, dietary overlap 
between elk and deer at Tomales Point is greatest, i.e., competi- 
tive interactions are relaxed, during periods of abundant low 
quality forage, and overlap is least, i. e., competitive interactions 
are intensified, during periods of less abundant, high quality for- 
age. Thus, our results support the hypothesis of lower dietary 
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Fig. 4. Mean and standard error (vertical bar) of herbaceous standing crop within the grassland type at Tomales Point from December 1979 
through June 1981. Parentheses enclose sample size for each sample period. 

overlap during periods of limited forage availability (Hobbs et al. 
1983, Schoener 1986) and are not consistent with the hypothesis 
of lower dietary overlap in periods of forage abundance (Nudds 
1980, Westoby 1974). 

Our findings for tule elk and black-tailed deer in a prairie-scrub 
mosaic in coastal California contrast to the results of a parallel 
study of Roosevelt elk and black-tailed deer in the old-growth 
forest of the Olympic Peninsula, Wash., where dietary overlap 
was greatest in the winter months (Leslie et al. 1984), coincident 
with low forage quantity (Leslie 1983) and quality (Leslie and 
Starkey 1985). However, in both our California study and in 
Washington (Leslie et al. 1984, Leslie and Starkey 1985), dietary 
overlap was greatest when fecal nitrogen was lowest, suggesting 
that forage quality rather than forage abundance alone influences 
levels of dietary overlap. This study raises this issue rather than 
resolves it. 

Levels of dietary overlap between tule elk and black-tailed deer 
in summer and fall of both years at Tomales Point were compara- 
ble to those for Roosevelt elk and deer on the Olympic Peninsula 
(Leslie et al. 1984) in spite of the low elk density at Tomales 
Point during this study. Undoubtedly, range conditions induced 
by high cattle stocking rates and a drought in 1978-79 influenced 
forage availability throughout the life of this study. Nevertheless, 
levels of dietary overlap and dietary quality were quite similar in 
19SO and 19X 1 in spite of increased amounts of available forage 
in 1981. The tule elk suffered from copper deficiency in 1979, 
but this had been alleviated by 1980 (Gogan et al. 1989). 
Numbers of tule elk at Tamales Point failed to increase during 
this study. but subsequently increased at a rate approximating the 
maximum potential from 1981 to 1984 (Gogan and Barrett 1986). 
They have continued increasing from 1984 to 1994 (W. Shook, 
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pers. commun.). Deer densities have not been determined since 
1981. 
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Abstract 

We investigated the effects of grasshopper control methods on 
breeding bird populations in western rangelands. We estimated 
bird densities on 13 treated and 11 untreated sites before and 
after grasshopper control operations. Four different treatments 
were used in these applications: malathion, sevh&oil, carbaryl 
bait and Nosenra locustue bait. There were few differences among 
the 4 treatments in their effects on bird community parameters 
(total bird density, and species richness, diversity, or evenness). 
Bird community parameters did not differ between spray and 
bait applications but sample sizes were small for bait treatments. 
When data from all treatments were combined for analysis, there 
was no difference in any of the bird community parameters 
between pre- and post-treatment samples. Densities of western 
meadowlarks (Sttwnellu neglecta), however, were significantly 
lower on treated than untreated sites 10 and 21 days after treat- 
ment. We found no relationship between changes in bird num- 
bers 21 days post-treatment and either the size of the area treat- 
ed or the date of treatment (i.e., early or late in nesting season). 
Malathion is an acetylcholinesterase (AChE) inhibitor, but brain 
AChE levels in birds collected on sites treated with malathion 
showed no significant inhibition. These results suggest that 
grasshopper integrated pest management treatments generally 
have little effect on breeding bird communities but some insectiv- 
orous bird species may decline on rangeland treated with broad- 
spectrum insecticides because of reduction in food base. Pesticide 
applications that have adverse impacts on birds and other non- 
target wildlife that prey on grasshoppers may be eounterproduc- 
tive to longterm integrated pest management goals. 

Key Words: acetylcholinesterase, birds, carbaryl, indirect effects, 
malathion, Noserna locustae, pesticide 

Large areas of rangeland in the we\tem United States are treat- 
ed with insecticides each year to control grasshopper outbreaks. 
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Many of these control programs are conducted by the USDA- 
APHIS (U.S. Department of Agriculture-Animal Plant Health 
Inspection Service) in cooperation with other federal agencies, 
state departments of agriculture, and local land owners. The large 
extent of some treated blocks (often > 40,000 ha) and application 
of pesticides to environmentally-sensitive areas have caused con- 
cern over the potential impacts on nontarget vertebrates (USDA- 
APHIS 1987). 

Under current regulations liquid formulations of malathion, 
carbaryl, and acephate and bait formulations of carbaryl, and 
Noserna Zocustcle (a biological control agent) may be used to con- 
trol grasshoppers on rangeland. The low insecticide application 
rates that are used on rangeland generally result in low to moder- 
ate insecticide concentrations in insect prey that may be ingested 
by birds (McEmen et al. 1972). However, pesticide applications 
during the nesting season may indirectly affect bird populations 
by reducing arthropod prey which are an important part of the 
diet of young and adult birds (Grue et al. 1983, McEwen 1987, 
Johnson and Boyce 1990). The objectives of this study were to 
examine the direct and indirect effects of grasshopper control 
programs on breeding bird populations on rangelands in the west- 
ern United States. 

Study Area and Methods 

Bird Surveys 
We conducted bird surveys on 13 areas treated for grasshoppers 

and 11 untreated sites in 5 western states from 19S7-1990 (Table 
1). In 2 cases, we used a single untreated area as a control for 2 
treatments. We surveyed all grasshopper treatments conducted by 
the USDA-APHIS within the grasshopper integrated pest man- 
agement demonstration area in McKenzie County, N.D. We also 
conducted surveys on 6 grasshopper treatments in Utah, 
Colorado. Wyoming, and Idaho. Treatments were selected and 
applied following USDA-APHIS regulations (USDA 19X7). 
Because treated areas were selected by USDA-APHIS personnel 
for range grasshopper control, the treatments were not randomly 
assigned and therefore represent quasiesperiments (Cook and 
Campbell 1979). However, given the difficulty of conducting 
large-scale experiments and the possible scale dependence of 
treatment effects (Carpenter 1990), me feel an analysis of these 
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Table 1. Loention and description of treatments. 

Ylzir County. State Pesticide Arca Date of 
(ha) Application* 

lYY7 bIOff~1. Cola. carbaryl br1n2 I.300 1 July 
lYS7 Uintah. Utah sevin-4oil3 I.100 20 June 
l9S7 hlcKenzie. N.D. malathion” s.900 5 July 
lYS7 McKenzie. N.D. malathion 15,000 S July 
lYS7 McKenzie, N.D. IV. Innalrlr” IO.700 24 June 
IYSS hlcKenzie. N.D. cnrbnryl bait6 2.100 20 June 
IYSY Shoshone, Ida. malathion 600 3 June 
lYS9 Bighorn. Wyo. malathion 2,900 I3 June 
I990 Bighorn. Wyo. sevin--l-oil 2.600 I3 May 
I990 Bighorn. Wyo. sevin-l-od 5.300 I5 May 
1990 Shobhone. Ido. mnlathion 500 S June 
1990 McKenzie. N.D. malathion I .700 3 July 
1990 hlcI&nzie. N.D. mnlathion 3.100 8 July 
tD& trerrrmmt opplird. or if treetmenr WJ\ qphrd o\er wenl days, data that applice- 
rion Q’S linkhrd. 
15% cnrhxyl (mm1 nhrar hnn bait applied .a 11 2 kg/ha 110 Ihzkc). 
~Cxharyl (win) applied m oil fomxkuion 31 Cl 65 g/h.r (9.6 w/x). 
%d~lhion applied .II 0.65 Lg/h/hn (9.6 ozlac) m .m u11r.1 low volume (ULV) formulalion. 
5X~~wuz fwxww spore\ applied in shut br.m ~.III at I 12 k@hha (I lb/x) (2.47 x IO’ 
\p0WJlM. 
‘24 cnrbql (e\m) nhear bran barr applird a1 I 68 k&t (I.5 lb&c). 

data is warranted. 
Bird densities were estimated using line transects (Emlen 1977) 

and point counts (Reynolds et al. 1980). At 12 locations we estab- 
lished, 4-l 1 km of line transects in both the treated and untreated 
areas. We used point counts (n=20) on 1 treatment and untreated 
area in 19SS because rough terrain was unsuitable for use of line 
transects. Tmnsects and points were 2400 m apart. Complex jus- 
taposition of land ownership, land uses, and cover types preclud- 
ed random location of transects on treated and untreated sites. 
Consequently, we selected large blocks (r0.5 km’) of contiguous 
habitat (misedgrass prairie in North Dakota and sagesteppe vege- 
tation elsewhere) and land use within treated and untreated areas 
for location of transects or points. We began transects 100 m 
from the nearest road and proceeded perpendicular to it. 

Every 100 m markers were placed on the transect line and 10 
and 25 m perpendicular to the line to aid in estimation of bird dis- 
tances. We surveyed birds along transects 1 to 7 days before 
treatments and approximately 21 days posttreatment. Birds were 
surveyed along most of the transects approximately 2 and 10 days 
posttreatment. 

We trained all field assistants in bird identification and distance 
estimation for l-2 weeks before surveying. We assigned 
observers randomly to transects on treated and untreated areas to 
reduce observer bias. Birds were surveyed from approximately 15 
min before sunrise (~0545 hour) until 0930-1030. During 
19S7-19S9 each transect was surveyed independently by 2 
observers on the same morning. In 1990, each transect was sur- 
veyed only once during a given period. The perpendicular dis- 
tance from the transect line that each bird was seen or heard and 
the manner in which the bird was detected (singing, visual, call- 
ing, both visual and auditory, or flying over) were recorded as the 
observer slowly walked the transect (=2 km/h). Similar data were 
collected for 7 min at each stop on the point transects. We 
grouped detection distances into categories: O-10 m. 1 l-25 m, 
26-50 m, 51-100 m, 101-150 m, and 151-200 m. 

We computed a relative density index by computing a detection 
distance for each species (see Reynolds et al. 19SO) and dividing 

the area sampled by the number of detections. Because pesticide 
applications may affect singing behavior (Grue and Shipley 
19X1), we computed relative densities for (1) all detections and 
(2) for detections of singing birds only. We recorded 38 species 
of grassland or shrubsteppe birds in sufficient numbers to esti- 
mate densities at 11 area (Appendix 1). All of the species record- 
ed at an area were used to calculate community measures (total 
density, and species richness, diversity, and evenness). We per- 
formed separate analyses on the 5 most abundant species: moum- 
ing doves (Zennida nwcrozrru) horned larks (Eremopkila 
alpestris), Brewer’s sparrow (Spizella breweri), vesper sparrows 
(Pooecetes grumhew) and western meadowlarks (Stm~ella 
neglecta). Other species occurred too infrequently for separate 
statistical analysis. 

We computed total density by summing the densities of all of 
the species that were counted in an area. Species richness was the 
number of species detected along the transect. We computed 
species diversity as the inverse of Simpson’s index, Nz = 
I/C(pt)‘* where pi is the proportional density of species i. 
Evenness was calculated using the formula E = N2/Nl, where Nt 
= exp -1PiInpiJ as suggested by Hill (1973). We classified species 
that fed primarily on insects during the summer months as insec- 
tivores, species that relied on seeds, fruit, or vegetation for most 
their diet (>50%) for some or all of this period were classified as 
noninsectivores. Diet was determined from analysis of crop, 
proventriculus, and gizzard contents of birds collected on or near 
the study areas or from the literature (Martin et al. 1951, 
Rotenberry and Wiens 1950). Guide classification for each 
species is listed in Appendix 1. 

Brain Acetylcholinesterase (AChE) 
We collected common bird species with shotguns on treated 

and untreated areas I-21 days after treatment in North Dakota in 
19X7 and in Wyoming in 1989. At each location, we collected 
individuals of the same species on treated and untreated areas (>l 
km from treated sites) on the same day. hiIost birds were immedi- 
ately placed on solid CO? in the field and were kept frozen until 
they were put in a laboratory deep freeze. Some specimens were 
placed on ice in the field and later frozen. Brain AChE activity 
was determined with procedures described by Ellman et al. 
(1961) as modified by Hill and Fleming (1982). We analyzed 
samples from treated and untreated sites alternately with the same 
equipment. The AChE values were expressed in pmol/min/g wet 
wt of brain tissue. 

Grasshopper Counts 
We estimated grasshopper densities by counts of grasshoppers 

flushed from 0.25 m2 hoops placed along the bird transects. Four 
hoops were placed at each of 10 points (100 m apart) for a total 
of 40 hoops/transect. At each point, hoops were placed 5 m apart 
and 10 m to either side of the transect. We put out hoops the 
evening before the transects were surveyed and counted 
grasshoppers immediately after the bird surveys. Grasshopper 
densities were only estimated on the transects in North Dakota. 
Because there were no replicates of the carbaryl bait and N. 
locrrstrre treatments in North Dakota, only data from malathion 
treatment areas were used in the analyses of the grasshopper den- 
sities. 
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Statistical Analyses 
The effects of treatment type (i.e. malathion, sevin-4-oil) on 

bird density and community measures (species richness, diversi- 
ty, evenness, and guild density) were compared with repeated 
measures analysis of variance (ANOVA) (Milliken and Johnson 
1954). Because bird densities differed greatly between sites, we 
used density ratio (treated/treated + untreated) rather than actual 
densities in the analyses (Eberhardt and Thomas 1991). Ratios 
were normalized with arcsine transformations for analysis. It has 
been suggested that bait applications may have less of an impact 
on nontarget wildlife than sprays (George et al. 1992), therefore, 
we tested for differences in density ratios among spray and bait 
applications between pre- and post-treatment surveys with linear 
contrasts (Dowdy and Wearden 199 1). Because surveys were not 
conducted at several sites 2 and 10 days after treatment, including 
these periods in the analyses reduced sample sizes. Therefore, 
ANOVAs were computed for all data and for only the pre- and 21 
day post-treatment ratios. Changes in bird density and community 
measures between pre- and post-treatment were tested with 
paired t-tests. We divided the level of significance (a=O.O5) by 
the number of comparisons being made to control the experi- 
ment-wise error rate for multiple t-tests (Rice 1990). We comput- 
ed the statistical power of detecting a 5% difference between the 
treated and untreated sites for the bird community variables using 
the empirical variances and the actual sample sizes. We tested for 
effects of treatment area (ha) and date on bird abundance, using 
linear correlation. We used Pearson product moment correlations 
because the variables used in the analyses were normally distrib- 
uted and there was no evidence of heteroscedasticity (Dowdy and 
Wearden 1991). The effects of treatment type and period on 
grasshopper densities were also tested with repeated measures 
ANOVA. We tested for differences in grasshopper densities 
between treated and untreated areas for each period with t-tests. 
All statistical tests were done with PC-SAS (SAS 1988). 

Brain AChE of birds collected on treated and untreated sites 
were compared separately for each species and treatment area 
using a t-test. There was no difference (P>O.2) in AChE levels 
from birds collected at different periods post-treatment so all 
post-treatment samples were combined for analysis. Brain AChE 
activity >20% below or >2 sd below (whichever was lower) the 
mean of untreated birds was considered indicative of exposure to 
an AChE inhibiting chemical (Ludke et al. 1975). We determined 
the number of individuals in this category for each species-treat- 
ment combination. 

Results 

Bird Densities 
The ratio of total density (treated/treated + untreated) differed 

among treatments for all birds (F= 6.95, P= 0.01) and for singing 
birds (F = 5.13, P = 0.02) for pre- and post-21 day surveys (Fig. 
1); however, no period or period x treatment interactions were 
found. There also was no significant period x bait vs spray inter- 
action nor were there any differences among the linear contrasts 
between pre- and post-treatment surveys. Thus, there was no evi- 
dence of a change in the ratios among treatments between the 
pre- and post-treatment surveys. Density ratios did not differ 
among treatments on the pre-treatment surveys but the carbaryl 
bait treatment was higher (PcO.05) than the other treatment types 
21 days after treatment. Because there were no consistent differ- 
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Fig. 1. Changes in density ratio (treated/treated + untreated) of total 
bird density on malathion, sevin-4oil and carbaryl bait treatments 
pre- and post-treatment. Data were plotted separately for all birds 
detected, and for all singing birds. Vertical bars are 2 se, the hori- 
zontal line at 0.5 indicates equal numbers on treated and untreat- 
ed areas. 

ences in density ratios among the treatments and because the 2 
treatments that were the most divergent had the smallest number 

* of replicates, this difference likely resulted from a type I error 
consequently we combined the data from all treatments for subse- 
quent analyses. The results did not differ when these data were 
excluded from the analyses. 

No differences in main effects of interaction terms were found 
for species richness or species diversity for either singing birds or 
all detections. The period x treatment interaction was significant 
for species evenness for all detections (F= 9.7, P < 0.00-l) but not 
for singing birds. The significant interaction term was due to an 
increase in evenness on the malathion treatment areas between 
pre- and post-21 day surveys (PcO.01). 

When treatments were combined, there were no differences 
between the pre- and post-treatment ratios for any of the bird 
community variables (Fig. 2). The results were similar when all 
birds or only singing birds were considered. The lack of signifi- 
cant differences was not due to low statistical power of the tests. 
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ALL BIRDS owlarks were both lower 21 days post-treatment, we tested the 
same relationship for these groups. None of the correlations was 

- TOTAL DENSITY significant (P> 0.1). We also found no relationship between treat- 

0.7 1 
TREATMENT ........s SPECIES RICHNESS ment date and density ratio 21 days post-treatment for total bird, 
APPLIED - - - - - SPECIES DIVERSITY insectivore, or western meadowlark density (P > 0.1) for all com- 

: -..-..- SPECIES EVENNESS parisons). 
0.6 

s s o.6 

LT 

Brain Acetylcholinesterase 
Brain AChE levels of birds collected on treated and untreated 

areas did not differ significantly for any of the species-treatment 
comparisons (P>O.l) (Table 2). One homed lark collected on a 
malathion treatment area showed evidence of AChE inhibition. 
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Fig. 2. Changes in ratio (treated/treated + untreated) of total density, 
species richness, species diversity, and species evenness pre- and 
post-treatment. Data were plotted separately for all birds detected, 
and singing birds. The vertical bars are 2 se, the horizontal line at 
0.5 indicates equal numbers on treated and untreated areas. 

The power of detecting a 5% difference between pre- and 21 day 
post-treatment ratios was greater than 98% for species diversity, 
richness, evenness, and total density for all detections. 

There was no difference in the density of noninsectivores or 
insectivores between the pre- and post-treatment surveys. The 
density of western meadowlarks declined on the treated areas at 
10 and 21 days post-treatment when all detections were consid- 
ered (P = 0.005, N = 8, t = 3.46: P = 0.02, N = 13, t = 2.29, l- 
tailed paired r-tests) (Fig. 3). No differences were found when 
only singing birds were considered. Sample sizes for singing 
birds were lower, however, which reduced the power of the tests. 
No differences were found for the other 4 species that we ana- 
lyzed separately. Unlike the meadowlark, however, none of these 
species was recorded on all of the treatment sites and therefore 
the power of the tests for these species was reduced. 

We found no relationship between bird density ratio 21 days 
post-treatment and the size of the areas treated for total bird den- 
sity (P>O.l). Because numbers of insectivores and western mead- 

Grasshopper Counts 
Grasshopper densities were depressed on the treated areas com- 

pared with the untreated sites in the post-treatments counts (Fig. 
4). There was no treatment effect but there was a treatment x 
period interaction (F2.t t =4.49, P = 0.03X). Grasshopper densities 
were higher on the treatment areas before applications and were 
lower after. 

Discussion 

We found little evidence of differences in bird population 
response among all treatments or between bait and spray applica- 
tions. Our sample of bait applications was small, however, and 
therefore we cannot make strong conclusions regarding their lack 
of impacts on bird populations. We postulate that integrated pest 
management bait treatments have less impact on nontarget 
wildlife because less chemical is applied, there is no dermal or 
inhalation exposure, and the animal and plant food is not coated 
with pesticides as with liquid sprays. Therefore baits would be 
preferable to sprays in environmentally sensitive situations. 

Declines in bird density likely resulted from reduced food 
availability for insectivorous birds rather than direct toxic effects. 
No declines were found until 10 and 21 days after treatment. If 
declines were related to direct toxicity, effects likely would be 
observed within a few hours to a few days after treatment 
(Moulding 1976, Grue and Shipley 1981, Grue et al. 1983). 
Further, we found little evidence of depressed acetyl- 
cholinesterase activity in birds collected on the treatment areas 
and declines in grasshopper numbers on the treatment areas were 
consistent with indirect effects. 

Grue and Shipley (1981) asserted that observations of declines 
in birds numbers on areas treated with organophosphate (OP) 
pesticides may be confounded by behavioral changes of birds 
exposed to pesticide. They found that activity and vocalization of 
male starlings (Sturws w&ark) declined 2-4 hours after the 
birds received oral doses of organ phosphates but returned to nor- 
mal by 26-28 hours after dosing. They suggested that these 
behavioral changes may reduce the detectability of birds that 
have been exposed at sub lethal levels. Avian surveys during that 
period could lead to the erroneous conclusion that bird numbers 
declined on treated areas. We feel it is unlikely our results were 
confounded by these kinds of behavioral changes. Bird numbers 
did not decline significantly until 10 and 21 days after treatment, 
which was well beyond the times noted by Grue and Shipley 
(1981). Secondly, there was little difference in results when all 
detections were used or only singing birds. 
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Table 2. Summary of brain acetylcholinesterase (AChE) activity (/lmol/min/g, wet wt) in birds collected on malathion treatment and nontreatment 
areas. 

hlcK.anzie Co., N.D. July I%7 
Tmatment) Nontreatment 

Species %2se (N) %2se (N) 
Fdco spnrvcrim 29.9+2.1(S) 29.%2.2(6) 
Ermnplrilin dprsrris 19.7~1.1(16) 19.4~0.7(20) 
Sfrmrella nrglL!cro 31.9+l.S (13) 19.7+;1.6( 17) 

Bighorn Co., Wyo. June 19S9 
SIlrmrlla ne&ml 27.k3.4 (6) 2S.Qr2.S (I I ) 
Poorccles ~rflmirtem 5O.ok3.8 (17) 42.2el.5 (24) 

Ible~n AChE actwily of bird\ collrc~ed on treatment urea Birds were collected between I and 21 days po\t treatment. 
?Birds nlth XhEnc11\11y >204 below or>3 \d bclo~ (xhichewr wa~1 lower) the mean of untreated birds. 

Number of birds with 
depressed AChE levels2 

0 
I 
0 

0 
0 

The decline in numbers of western meadowlarks on the treat- 
ment areas could be due either to increased mortality, decreased 
productivity, or emigration. When birds experience increased 
mortality or reduced productivity, the negative impact may affect 
the species of concern as well as predatory species such as the 
peregrine falcon (Fnlco peregrinus). 

mine the impact that this may have on wild bird populations. 
Johnson and Boyce (1990) found that captive sage grouse 
(Centrocercrrs wophasianus) chicks ~21 days old requires 
insects in the diet for survival and development, whereas older 

Most research on the effects of grasshopper treatments on non- 
target wildlife has focused on direct effects. Investigations of the 
direct toxic effects of Ultra Low Volume malathion and carbaryl 
applications on nontarget wildlife populations in the field have 
generally shown little if any effect on common bird species (Hill 
et al. 1971, McEwen et al. 1972, DeWeese et al. 1979, Richmond 
et al. 1979, McEwen 1982, Stromborg et al. 19X4, Kucera 19X7, 
George et al. 1992). However, evidence is conflicting on the indi- 
rect impacts of carbaryl and malathion treatments on bird popula- 
tions. McEwen et al. (1972) found no reduction in bird numbers 
between small (16-65 ha) replicated plots treated with malathion 
or carbaryl. George et al. (1992) also found no reduction in bird 
numbers on a large area (2,060 ha) treated with carbaryl bait. 
McEwen et al. (1972) and McEwen (19X2), however, observed 
declines in bird numbers on some areas treated with carbaryl and 
malathion and suggested that birds may emigrate from treatment 
areas under some condition. Moulding (1976) observed a statisti- 
cally significant decline in forest song bird densities over several 
weeks following 2 experimental treatments of carbaryl at 1.12 
kg/ha. He interpreted the gradual decline as evidence of an indi- 
rect effect on the birds of reduced food supply but he did not 
compare brain acetylcholinesterase activity or food availability 
between the treated and untreated site after the spray. DeWeese et 
al. (1979) suggested that declines in numbers of ruby-crowned 
kinglets (Regulars calerrMa) after experimental treatments of 
trichlorfon and carbaryl on forests in Montana resulted from indi- 
rect effects. The data were not analyzed statistically, however, 
and therefore it is not clear if the observed declines were greater 
than espected by chance. Several others studies have shown no 
effect of ultra low volume, malathion or carbaryl applications on 
bird populations (Hill et al. 1971, James 1987, Richmond et al. 
1979. McEwen and Ells 1975). These studies had few or no repli- 
cates, however, and therefore the ability to detect small treatment 
effects was low. Our results have shown that the effects may be 
rather subtle and limited to a subset of species within the commu- 
nity. It may be difficult, therefore, to detect treatment effects 
unless applications are sufficiently replicated or experiments are 
carefully designed. 

ALL BIRDS -- - - - OMNIVORE 
TREATMENT 

- INSECTIVORE 
. . . . . . . . . WESTERN 

MEADOWLARK 

o’, I I I 
PRE POST POST POST 

2 DAYS 10 DAYS 21 DAYS 

SINGING BIRDS 

TREATMENT 
0.8 1 APPLIED II 
0.7 

0.6 

o 0.5 

2 0.4 

0.3 

0.2 

0.1 

0-I 
PRE POST POST POST 

2 DAYS 10 DAYS 21 DAYS 

CENSUS PERIOD 

Although me documented a significant decline in grasshopper 
density on the malathion treatment areas, it was difficult to deter- 

Fig. 3. Changes in density ratio (treated / treated + untreated) of 
insectivorous and noninsectivorous bird species, and western 
meadowlark densities pre- and post-treatment. Data were plotted 
separately for all birds detected, and singing birds. The vertical 
bars are 2 se, the horizontal line at 0.5 indicates equal numbers on 
treated and untreated areas. 
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Fig. 4. Density of grasshoppers on malathion treatment and non- 

treatment sites in Nnrth Dakota. An asterisk indicates a significant 
difference between treatment and nontreatment sites for a partic- 
ular period. 

chicks needed insects to achieve maximum growth rates. These 
results suggested that sage grouse chicks and possibly other 
insectivorous birds may be sensitive to reductions in insect bio- 
mass. However, field studies have shown little effect of carbaryl 
or malathion applications on nestling growth and fledging suc- 
cess (James 19X7, Adams et al. 1994, Howe 1993). More infor- 
mation is needed on the impacts of these treatments on the pro- 
ductivity of wild bird populations. 

We failed to find a relationship between size of treatment area 
and changes in bird numbers on treatment sites although the trend 
was negative. None of our treatments exceeded 15,000 ha, there- 
fore, we cannot make conclusions regarding impacts from larger 
spray programs. We also found no relationship between treatment 
date and changes in bird numbers. Several of the treatments were 
applied early in the breeding season when Johnson and Boyce 
(1990) suggested that the treatments may be most detrimental. 
We could not detect effects on productivity with the methods we 
used. 

Birds have been shown to significantly reduce grasshopper 
densities in rangelands and may play an important role in main- 
taining grasshopper populations at endemic levels (Joern 19S6, 
hlcEwen I9S7, Fowler 1991. Bock et al. 1993). Pesticide applica- 
tions that have adverse impacts on grasshopper predators may be 
counterproductive to long term integrated pest management 
goals. For this reason, it is important to incorporate birds and 
other grasshopper predators into any integrated pest management 
approach to grasshopper control. 
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Appendix 1. Lit of bird species used in density analyses. Classification into feeding guild was based on diet information from Martin et al. 
1951 and from analyses of stomach (crop and proventriculus) contents of birds collected on or near treatment sites. 

Common name 
American kestrel 
chukar 
sage grouse 
sharp-tailed grouse 
killdcer 
upland sandpiper 
long-billed curlew 
mourning dove 
common nighthawk 
gray flycatcher 
Say’s phoebe 
Western kingbird 
Eastern kingbird 
homed lark 
black-billed magpie 
American crow 
rock wren 
western bluebird 
mountain bluebird 

Scientific name 
F&o spnrverirrr 
Alecloris clmkar 
Cenfrocfrcus wophnsirmirs 
T.wpflmrclms plrtrsitmell~rs 
Clmrdriirs vocifents 
Bnrtromin loirgicrmdn 
Nmnenius nmericamrs 
Zermih mncroma 
Cl~ordeiles minor 
Empidonns wrighrii 
Sowniis sqx 
?)rminns verhxlis 
~w7mws fyfmmrs 
Eremoplriln nlpestris 
Picfl pica 
Conws bmcl~yhyelros 
Strlpiuctes obsolerus 
Sifllia me.hmn 
Sifllin currircoitles 

Dietary guild] 

N 

Common name 
American robin 
sage thrasher 
Sprague’s pipit 
loggerhead shrike 
common yellowthroat 
green-tailed towhee 
chipping sparrow 
clay-colored sparrow 
Brewer’s sparrow 
field sparrow 
vesper sparrow 
lark sparrow 
sage sparrow 
lark bunting 
Baird’s sparrow 
grasshopper sparrow 
Western meadowlark 
Brewer’s blackbird 
Brown-headed Cowbird 

Scientific name 
Twdvs migrntorius 
Oreoseoptes monfcmus 
Anflms sprqueii 
L&ifs lirrlovicim~ics 
Geothlypis rriclms 
Pipilo cldorm-us 
Spizelln passerina 
Sptelln pnllida 
Spkelln breweri 
Sptello pusillfl 
Pooecetes gramiiierls 
Clionrlesles grflmmnciis 

Amphispiw belli 
Cnlamospi:a melanocotys 
Ammodramrrs bairdii 
Anrmodrmmrs snwnm7nrm 
Strrnielln neglecta 
Euplqus cyanocepphnlrrs 
MololIinrs nter 

Dietary guild* 

I 

I 
I 

I 
I 

‘Dietary guild ~3s classified as follows. I- In,ecri\ore. > SOW of the diet is composed of arthropod> during the summer monlhs. N- Noninsectvore. ~50% of the diet is composed of 
arthropods during the summer monlhq. 
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Effects of carbachol administration in cattle 
grazing tall larkspur-infested range 
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Abstract 

Tall larkspur (Delphinium barbeyi L. Huth.) toxicosis of cattle 
is a serious problem on western USA mountain rangelands. 
Manipulating the ruminal environment may decrease the suscep- 
tibility of cattle to larkspur intoxication. The cholinergic drug 
carbachol can greatly increase salivary flow and fluid passage 
rate in ruminants. Our objectives were to: (1) determine if 
chronic administration of carbachol altered ruminal fluid pas- 
sage rate, ruminal pH, or water intake in grazing cattle, and (2) 
evaluate mineral salt supplementation as a prophylactic proce- 
dure for cattle grazing larkspur-infested rangelands. The study 
was conducted during summer of 1990 and 1991 near Yampa, 
Colo. Twelve heifers were divided randomly into 3 treatment 
groups: (1) carbachol administered at 0.01 mg*kg-**day-l via 
subcutaneous osmotic minipumps; (2) mineral-salt supplement 
dosed intraruminally at 0.25 g*kg-‘*day-l; and (3) controls. 
Administration of carbacbol either had no effect or a negative 
effect on ruminal fluid passage rate, ruminal pH, saliva produc- 
tion, and water intake compared with the controls. Carbachol 
had few consistent effects on serum electrolyte concentrations 
compared to the controls. Treatments did not influence cattle 
diet selection; cattle ate no larkspur during 1990, but selected 
larkspur for 16% of their diets during August, 1991. There was 
no indication that supplementation with mineral salt would 
attenuate larkspur toxicosis through increased dilution rates, or 
decreased larkspur consumption. Our results indicate that nei- 
ther carbachol nor mineral supplementation will reduce animal 
susceptibility to larkspur toxicosis. 

Key Words: cholinergic, Delphiniwn barbeyi, diet selection, alka- 
loids, animal nutrition, toxic plants, rate of passage 

Tall larkspur (Delpkikon bnrbqi L. Huth.) poisoning is a 
major cause of death in cattle grazing on mountain ranges in the 
western U.S. (Ralphs et al. 1988). Tall larkspur contains many 
diterpenoid alkaloids (Manners et al. 1992), but the most toxic 

We thank Kermit Price. Tracey \Vcber. Jeff SIOUI and Greg Houston for valu- 
able a~rktance dring the study. We appreciate the assistance of Nancy Peterson, 
DVhl. This protocol was approved by the Inswutional Animal Care and Use 
Committeei Lhah State University. Logan WC al\o thank Drs. hfike Galyean and 
Ken Olson for their helpful reviews of an earher draft of the manuscript. 

hlanuwipt accepted 1S Nov. 1994. 

major alkaloid is methyllycaconitine (MLA; Manners et al. 
1993). Methyllycaconitine blocks post-synaptic acetylcholine 
receptors in the central and peripheral nervous systems (Dobelis 
et al. 1993), leading to eventual respiratory failure. An oral dose 
of about 11 mg MLAkg of body weight causes collapse in cattle 
(Pfister et al. 1994a). Tall larkspur alkaloids are soluble over a 
pH range of 4.5 to 6.6 (Manners et al. 1993); thus, ruminal pH 
may affect absorption and eventual toxicity. 

There is a family of drugs (termed acetylcholine receptor stim- 
ulants) that may directly (Pfister et al. 1994b) or indirectly miti- 
gate MLA toxicity; one such drug is carbachol (carbamylcholine 
chloride’). It is a long-acting cholinomimetic drug that activates 
cholinergic receptors at both nicotinic and muscarinic sites 
(Taylor 1990). Carbachol administration results primarily in 
increased gut motility (Gerring 1989, Croom et al. 1990). 
Weidmeier et al. (1987) found that carbachol administration to 
dairy cattle increased ruminal pH, fluid dilution rate, and rate of 
particulate passage. Many effects of carbachol have been attrib- 
uted to increased salivary flow (Croom et al. 1990). Carbachol at 
higher doses also affects skeletal muscle as a result of agonistic 
effects at nicotinic receptor sites (Taylor 1990, Davis 1993). 

Carbachol has not been used in grazing livestock; hence, our 
first objective was to determine if chronic administration of car- 
bachol would alter ruminal pH, fluid passage rate, water intake, 
and serum electrolyte concentrations in grazing cattle. We rea- 
soned that if carbachol provoked measurable increases in saliva- 
tion, ruminal fluid passage rate, and ruminal pH in grazing ani- 
mals, the drug might alter larkspur intoxication through changes 
in solubility or dilution of larkspur alkaloids. 

Severe larkspur losses have caused many livestock producers to 
try various preventive measures, including the widespread use of 
mineral-salt supplementation (Pfister and Manners 1991). This is 
an important issue due to the high cost of these special mineral- 
salt supplements. We postulated that if mineral supplements 
decrease cattle losses as some claim (Anderson 19S2), this effect 
may result from increased ruminal dilution rates and water intake; 
however, a 2-year study found few ruminal effects from mineral 
supplementation (Pfkter and Manners 1991). Our second objec- 
tive was to confirm and extend our previous findings on effects ’ 

‘Sigma Chemical, St. Louis, hlo. 
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(or lack thereof) of mineral salt supplement in cattle grazing lark- 
spur-infested rangelands. 

Materials and Methods 

Study Site 
The study was conducted during summer, 1990 (Trial 1) and 

1991 (Trial 2) on the U.S. Forest Service North Hunt Allotment 
near Yampa, Colo. A 15ha pasture was delineated with electric 
fence during both years. Cattle grazing was discontinued on the 
allotment for 3 years before our study began because of high loss- 
es from tall larkspur (C. Clementson. personal communication). 
hclore than one-half of the pasture had a forested overstory that 
consisted primarily of aspen (Pop&s rrenznloicles Michx.) and 
douglas fir (Pserrdofsrrga menziesii [hlirbel] France). Some domi- 
nant forb, shrub, and grass species were tall larkspur (Delphinirnn 
barbeyi L. Huth), false hellebore (Verntrum californicum 
Durand). cow parsnip (Heruclerm~ lonatwn Michx.), meadowrue 
(Thulictrm~~ fenderi Engelm.), sweet cicely (Osmorhizcr occiden- 
talis [Nutt.] Torr.). snowberry (Symphoricarpos oreophihs 
Gray), and mountain brome (&+om~rs ccrrinntrrs Hooker & Am.). 

Esperimental Procedures 
Twelve ruminally cannulated Hereford x Angus x Charolois 

yearling heifers (mean body weight of 286 f. 24 kg) were used 
initially and during the second year. Each year, animals were 
assigned randomly to 1 of 3 treatments: (1) carbachol adminis- 
tered via osmotic minipumps; (2) mineral-salt supplement at 0.25 
g l kg body weight-t l head-* day-t; and (3) controls. 

Cattle on the carbachol treatment were surgically implanted 
with osmotically controlled subcutaneous pumps* (Theeuwes and 
Yum 1976) calibrated to deliver 0.01 mg carbachol l kg-t day-t 
for 28 days (Weidmeier et al. 1987). Pumps were 5.1 cm in 
length, and had a reservoir volume of 2 ml. Cattle on the mineral- 
salt treatment were given 0.25 g mineral salt l kg body weight-t 
day-t via ruminal cannulae. Composition of the mineral-salt mix- 
ture is given by Pfister and Manners 1991; the dose given was 
near the maximum amount consumed daily by grazing cattle 
(Pfister and Manners 1991). All animals had free access to water 
in a corral, and mineral was dosed when animals came in to drink 
each day or at midday. The control heifers had no access to min- 
eral-salt supplement. 

Trial 1 
Cattle grazed on the larkspur-infested range from June 21 to 

August 7. 1990. Larkspur phenology was used to to define 4 
grazing periods: bud stage (21 to 30 June), early flower (1 to 10 
July), full flower (11 to 21 July). and pod stage (22 July to 7 
August). During each period. most larkspur plants were in each 
phenological stage. In the bud stage, larkspur plants had not elon- 
gated reproductive racemes; during early flower most racemes 
had elongated but flowers had not opened. 

Thirty, 0.25-m’ plots were clipped at the beginning and the end 
of the grazing trial to measure standing crop. Ten plots were 
placed along each of 3 transects: clipped material was separated 
into larkspur, other forbs, and grasses, then dried and weighed. 
The grass and larkspur clipped samples (forb samples were lost) 
from 6 August were composited, subsampled, and analyzed for 
Ca, Co. K, Mg, Na, and P concentrations using inductively cou- 
pled argon plasma spectrometrya in an analytical laboratory at 
Utah State University. 

Ruminal fluid passage rate (c/o hour’) and ruminal pH were Tall larkspur was collected periodically for analysis of methyl- 
quantified on 3 dates during the study: 22 June, 11 July, and 7 lycaconitine (MLA) and 14-deacetylnudicauline (14-DAN). The 
August. All animals were dosed intraruminally at 0700 hours material was analyzed for MLA and 14-DAN as outlined in 
with 500 ml of cobalt ethylenediaminetetraacetate (Co-EDTA; Manners and Pfister (1993); results were reported by Pfister et al. 
Uden et al. 1980), and allowed to graze thereafter. The Co-EDTA (1994c). 

2 hlodrl2hlLJ. Alza Co.. Palo Alto. Cnlit 9-130-l. 

doses contained 2,280, 2,279, and 2,401 mg Co liter-t for the 3 
dates, respectively. Ruminal samples were taken at 0. 4, 8, 12, 
and 24 hours after dosing. Ruminal pH was determined immedi- 
ately on each sample using a portable pH meter with combination 
electrode, after which samples were frozen at -20” C. After cen- 
trifugation at 10,000 x g for 20 min, the supematant fluid was fil- 
tered with a 0.2 pm membrane filter. Cobalt concentrations were 
determined using atomic absorption spectrophotometry with an 
air-plus-acetylene flame, and fluid passage rate was calculated by 
regressing the natural logarithm of Co concentration on time. The 
reciprocal of the slope gave turnover time (hours). Ruminal vol- 
ume (liters) was calculated by dividing Co dose by ruminal Co 
concentration extrapolated to time 0. Fluid outflow rate (liters 
hour-t) was calculated as turnover time x fluid passage rate. The 
mineral-salt mixture contained Co, but ruminal fluid contained 
only 0 to 0.5 mg Co/liter before dosing. 

Water intake was measured over 2 consecutive days on 23 and 
24 June, 13 and 14 July, and 2 and 3 August. Cattle could only 
drink in the corral, and on the day before water intake was mea- 
sured, cattle were denied access to water at 1300 hours. On the 
subsequent 2 days, animals were confined at 1230 hours and indi- 
vidually given two, 5-min opportunities to drink while consump- 
tion was measured. Total water consumption over 2 days was 
divided by 2 to obtain a daily average. Saliva production was cal- 
culated as the difference between water intake and fluid outflow 
from the rumen (Jacques et al. 1989), and was not corrected for 
free water contained in consumed forage. 

Blood samples were taken on 1 July, 19 July, and 6 August. 
After blood had clotted, serum was separated by centrifugation 
and frozen at -20” C. A standard chemistry panel was done at a 
medical center (Logan Regional Hospital) using established pro- 
cedures and reagents. 

Daily bite counts were used to determine animal diets (Pfister 
et al. 1988a,b; Pfister and Manners 1991). Individual animals 
were focally sampled in a predetermined random order. 
Beginning at daybreak, each animal was observed in turn for 5- 
min before observing the next animal. After all animals had been 
observed, the process was repeated continually during all active 
grazing periods until dark. Bites were categorized as grasses, 
shrubs, other forbs, and larkspur bud, flower, pod. leaf, or leaf 
and stem. We defined an individual bite as a single cropping 
motion, always indicated by a head jerk, often accompanied by a 
visible sweep of the tongue, and independent of chewing 
motions. 

-‘Jnrrell-Ash ICAP 9000 Plasma Spectrometer. 
-.-- 
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Trial 2 
Larkspur phenology was used to define 4 grazing periods dur- 

ing 1991: 26 June to 5 July (bud stage), 6 to 1s July (early 
flower). 19 July to 1 August (full flower), and 2 to 14 August 
(pod). The 2-year old heifers weighed 372 + 39 kg at the begin- 
ning of the trial. 

Ruminal fluid passage rate and associated measures, including 
ruminal pH, were determined on 29 June, 17 July, and 13 August. 
Procedures were identical to those described above for Trial 1. 
except that Co was dosed at 2,180, 2,114, and 2,042 mg/liter for 
the 3 dates. respectively. Water intake and saliva production were 
measured as described for trial 1 on 1 and 2 July, 22 and 23 July, 
and 10 and 11 August. Blood samples were taken on 1 July, 19 
July, and 14 August, and processed as described for Trial 1. Daily 
bite counts also mere taken during all daylight hours when cattle 
were grazing. 

Standing crop was determined on 28 June and 13 August 1991, 
by clipping 30 plots as described for Trial 1. Forb, grass, and 
larkspur samples mere composited for each plot by plant group, 
and ground to pass a l-mm screen in a Wiley mill. Five randomly 
chosen samples for each plant group and date were analyzed for 
Ca. Co, K, Mg, Na, and P concentrations (n=30) using inductive- 
ly coupled argon plasma spectrometry as noted above. 

Statistical Analyses 
A repeated measures ANOVA was used to analyze fluid pas- 

sage rate and related variables, animal diets, water intake, and 
serum mineral concentrations. The model included treatment, ani- 
mal nested within treatment as the error term for treatment, date, 
and the date s treatment interaction. Specified contrasts were 
used to test for differences in carbachol vs. controls, and mineral- 
salt vs. controls. Contrasts also were used to compare individual 

periods (dates) if there was a significant (PcO.05) main effect for 
period. Significant interactions were examined using the LSD 
procedure. Ruminal pH also was analyzed using a repeated mea- 
sures ANOVA, except that an additional term for sampling hour 
was included in the model. A 2-way ANOVA (forage class and 
date) was used to analyze mineral concentrations in harvested 
plant samples from 1991. Significant F tests (PcO.05) for forage 
class or date were followed by the LSD procedure to separate 
means. 

Results 

Trial 1 (1990) 
There was a treatment x period interaction for fluid passage 

rate and turnover time. During July, the carbachol group had a 
lower fluid passage rate and higher turnover time than the con- 
trols (Table 1). During August. the controls differed in fluid pas- 
sage rate from both carbachol and mineral-salt treatments: the 
mineral-salt treatment increased and the carbachol treatment 
decreased fluid passage rate. There were no differences in vol- 
ume between the mineral-salt treatment or carbachol and the con- 
trols (Table 1). There were period effects, but no period x treat- 
ment interactions for volume or fluid outflow rate. The carbachol 
treatment had lower fluid outflow rate than did the controls, but 
no difference was noted between the mineral-salt treatment and 
the controls (Table 1). 

There was a period effect on ruminal pH, a period x sampling 
hour (data not shown) and a period x treatment interaction, but no 
period x treatment x hour interaction (Table 2). During June, 
ruminal pH was greater for controls than for either the mineral- 
salt or carbachol treatment groups. 

Table 1. Ruminal fluid passage rate (I/hour), volume (liters/kg of body \\eigbt), turnover time (hours), and fluid outflow rate (liters/hour) for cattle 
receiving carbacbol or minerat during 1990 and 1991. 

Trcatmenta PeriodC 
MN CARB Contrastb MSE I 2 3 Contnstb 

Trial I - 199n 
Fluid passage rate (%/hour) 

22 Jun. 11.8 12.2 11.2 NS 1.3s 
1 I Jul. 13.4 12.3 11.3 2” 2.27 
7 Aug. 9.8 l2.S s.l 1,2” 1.33 

Turnover time (hours) 
22 Jun. S.6 8.3 9.0 NS 1.03 
I1 Jul. 7.6 3.2 9.4 2” l.S‘l 
7 Aug. 10.5 7s 12.4 NS 1.39 

Volume d (liter&g of b.w.) 
0.20 0.22 0.16 NS 0.05 0.16 0.26 0.17 ],2” 

Fluid flow ntrd (liter&our) 
6.7 7.6 4.9 2” I .53 5.2 9.0 5.0 1.2” 

Trial 2 - 1991d 
Fluid rate (B/hour) passa_ce 10.9 10.9 11.0 NS 1.22 10.5 12.5 9.s 1,2-. 

Turnover time (hours) 9.4 9.4 9.3 NS 1.00 9.6 s.l 10.4 1.2” 
Volume tlitersilx of b.w.) 
Fluid flow rate (krslhour) 

0.22 0.21 0.20 NS 0.02 0.21 0.21 0.2 1 NS 
s.5 X.6 s.l NS 1.17 S.1 9.4 7.6 ] ,y 

“COW= ccmtrol~. hlIN=K!$ g minmlkg 01’ hod) vierfhrlday. CARB=O.OI mg cnrbacholkg of body weighUdayy: Ihere WJ~ n treatment I period interaction during 1990 tbr tluld 

F 
.~~qx rate and tumnlrr trme. 
CONT V.LL compsred IO hoIh MN Icontra I) .md CARB lconInsl2) Irealmentx Period I MF compared LO Period 1 lconrnnt I) and Period 2 nrs compared IO Period 3 lconrmsr 

21 NS=not 4gniticnnt: 
i: vgnrlic‘.mt contra<t :1 P < 0 05. 
cDq that EDTA V:LL doed- in 1990.6/X, 7/l I. ;md W7. m 1991.6/29.7/17 and S/13. 
JY I o trwIment x pxind m1rrxIions. therefore. onl) Irrlment and period mean\ are given. 
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Table 2. Ruminal pH, daily water intake (liters/kg of body weight), and saliva production (liters/day) for cattle receiving carbacbol or mineral during 
1990 or 1991 in western Colorado. 

Item/Date 
Trial 1 - 1990 
Ruminal pH 

Jun. 22 
Jul. 1 I 
Aug. 7 

Water intake (liters/kg 0fb.w.) 

Saliva production tliterslddy) 

CONT 

6.52 
6.57 
6.99 

0.055 

146.2 

Treatment” Period” 
MIN CARB Contrastb MSE 1 2 3 Contnstb 

6.30 6.37 I ,2” 0.18 
6.62 6.67 NS 0.19 
6.96 6.90 NS 0.1s 

0.045 0.047 1.2” 0.007 0.053 0.030 0.065 1,2” 

168.6 103.0 2= 36.3 109.7 206.X 101.4 1.2’ 
Trial 2 - 1991” 
Ruminal oH 6.62 6.65 6.6s NS 0.20 6.21 6.91 6.S3 ] 
Water imake (liters/kg of b.w.) 

J.” 
0.034 0.036 0.035 NS 0.007 0.025 0.020 0.060 28 

Saliva production (liters/day) 191.1 I so.7 192.5 NS 26.7 155.2 215.3 160.S * ,p 

JCONT= control\. hIIN=0 25 g mineral&g of body weight/day, CARB=O.OI mg cnrbachollkg body weight/day; there wbs a treatment x period intenction during 1990 for rumirul pH. 
kONT ~‘a compared to both MN tcontmst 1) and CARB (contrast 2) treatments: Period 1 was compared IO Period 2 (contrast I) and Period 2 was compared to Period 3 (contrast 
2) NS=not signiticnnt, a ci,gniticanr at P < 0.05. 
‘For rumirul pH. 1990 prnodz correspond to 6/22,7/l 1, and S/7: 1991 periods correspond to 6129,7/17 and S/l 1. For saliva production and water intake, 1990 periods correspond to 
683-2-l. 7113-11. and W-3: 1991 periods correxpond to 7/l-2,7/22-23. and S/IO-I 1. 
dNo treatment x period interactions. therefore, only treatment and period means are given. 

There was a period effect, but no period x treatment interaction 
for water intake and saliva production. Water intake for the con- 
trols was 13% greater than for the carbachol group and IS% 
greater than for mineral-salt treatment (Table 2). Saliva produc- 
tion was greater in the controls than in the carbachol group (Table 
2). 

had numerically higher concentrations of all measured minerals 
(Table 5). 

Trial 2 (1991) 

There were no period x treatment interactions for serum vari- 
ables. Serum Na and K concentrations were less for the controls 
than for the carbachol group, but the controls did not differ from 
the mineral-salt group (Table 3). No treatment effects were noted 
for Cl, Ca or Mg. Period effects were noted for Na and Mg. 

There were no treatment x period interactions for ruminal fluid 
variables, and no differences among treatments were found dur- 
ing 1991 (Table 1). Period effects were noted for all variables 
except for volume. Similarly, we noted no period x treatment 
interactions or treatment effects for ruminal pH, water intake, or 
saliva production (Table 2). There were period effects for ruminal 
pH, water intake, and saliva production. 

Cattle ate no larkspur during summer, 1990 (Table 4), although No treatment x period interactions were noted for serum vari- 
larkspur was abundant in the pasture (Table 5). There were no ables (Table 3). The carbachol treatment decreased serum K 
period x treatment interactions for bites of grasses, forbs, or about 15% compared with the controls, whereas the mineral-salt 
shrubs. Diets consisted mainly of forbs (57%) and grasses (42%) treatment had decreased calcium concentrations compared with 
(Table 4). Compared with grass, larkspur plant material in August the controls. Except for Na, serum mineral concentrations on I 

Table 3. Serum electrolyte concentrations (mgldl: Ca, hlg; meq/liter: Cl, K, Na) in cattle receiving either carbacbol or mineral during 1990 or 1991 in 
western Colorado. 

Treatmenta PeriodC 
be&Date CONT MIN CARB Contrastb MSE I 2 3 Co”tnstb 
Trial 1 - 199nd 
Sodium (meq/litor) 140.X 141.9 143.2 2” 1.79 143.2 137.5 144.9 1,2” 
Porassiumtmeq/liter) 4.4 4.6 4.8 2” 0.30 4.6 4.6 4.7 NS 
Chioridc(meqlliter) 99.0 99.1 99.2 NS 0.23 99.1 99.0 99.2 NS 
Calcium tmg/dl) 9.6 9.5 9.7 NS 0.20 9.7 9.6 9.5 NS 
Magnesium (mgldl) 2.3 2.2 2.3 NS 0.17 IS 2.2 2.7 , t 

Trial 2 - 1991d 
Sodium (meqflitrr) 137.6 137.5 136.8 NS 2.54 136.5 137.5 137.9 NS 
Potnssiumtmeqllitcr) 4.1 4.3 3.5 2” 0.32 4.3 3.6 3.9 , :: 
Chloridctmeqfliter) 102.s 103.2 103.x NS 1.26 102.1 103.7 103.9 ]” 
Calcium (mg/dl) 9.6 9.3 9.6 ]’ 0.2s 9.7 9.5 9.3 ]” 
hlagncsium (mg/dl) 2.7 2.5 2.s NS 0.1s 2.3 2.s 2.9 ** 

o CONT= controla. BlIN=O 25 g minenl/hg body vieight/day. CARB=O.OI mg carbncholKg body weighllday. 
b CONT ws compxsd IO both MN (contrast I) .znd CARB tcontnsr 2) treatments: Period 1 was compared Bith Period 2 (contrast 1) and Period 2 was compared with Period 3 (con- 
tmxt 2). NS=not Ggmticnnt; f signiticnnt at P < 0 05 
c 1990 periods corwpond IO 7/l. 7/19. and S/6; 1Y91 perrods correspond to 7/l. 7/1S and S/14. 
d No treatment x period interactions. therefore. only treatment nod period mennr are given. 
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Table 4. Cattle diets (% of bites) during 1990 and 1991 in western Colorado. 

Treatment” PeriodC 
1wTlfDare CONT MIN CARB Contrastb MSE 1 2 3 4 Contnstb 
Trial I - 199nd - _ _ _ _ _ _ -Q ofbitcq)- _ _ _ _ - - - _ _ ________. -_____-__ 
Larkspur 0 0 0 0 is(~ofbifes)i 0 
GtXUZS 42 42 42 NS 7.6 45 37 37 50 2,3* 
Other Forbs 57 57 57 NS 7.6 55 63 63 49 2,3* 
Shrubs cl Cl <l NS 0.3 Cl 41 <1 <I NS 
Trial 2 - 1991d 

Larkspur 5 NS 3.0 0 Cl Cl 16 1.2.3” 
Grasses 43 42 46 NS 6.2 46 46 41 43 NS 
Other Forbs 47 47 44 NS 4.7 53 50 50 29 1,2,3’ 
Shrubs 5 7 5 NS 2.5 <I 3 S 11 1.2.33 
3 CONT= controls, hlPkO.25 g minenlkg of body wetghllday, CARB=O.Ol mg carbncholkg ofbody weight/day. 
b CONT ws compared 10 bolh hllN (contrast I) and CARB (contrast 2) treatments: period I was compared with period 4 (contrast 1). period 2 was compared with period 4 (contrast 
2). and period 3 arc; compared with period 4 (contrast 3): NS=not signiticant; * signilicant nt P < 0.05. 
c 1990 periods correspond to 6/21-30.7/l-10. 7/11-21, and 7122 to 8/7: 1991 periods correspond to 6/26 10 7/S, 7/6-IS. 7/19 to S/l. and SR-14. See test for Idrkspur phenological 
sragek. - 
d No trentment x period interactions. therefore, only treatment and period means are given. 

July were different from concentrations in samples taken several 
weeks later (Table 3). 

There was a distinct period effect for larkspur consumption, as 
cattle consumed little or no larkspur until August, when larkspur 
matured into the pod stage (Table 4). Neither period x treatment 
interactions nor treatment differences in cattle diets were found 
for any diet variable. Consumption of shrubs increased late in the 
trial, whereas forb consumption (other than larkspur) decreased 
by over 40% (Table 4). 

There were no date x forage class interactions for any mineral 
variable. The Ca and Mg concentration of forage classes ranked 
larkspur > other forbs > grass (Table 5). The K concentration of 
larkspur and forbs did not differ, and was greater than for grass. 
Forage class had no influence on Na concentration. Phosphorus 
concentration tended (P=O.O6) to be greatest in other forb sam- 
ples and least in grass. Calcium concentration increased 55 to 
95% in all forage classes during the summer, whereas P concen- 
tration decreased 15 to 40% in all forage classes (data not 
shown). 

Discussion 

Carbachol administration either had no effect (1991) or 
decreased ruminal fluid passage rate, fluid flow rate, saliva pro- 
duction, and water intake (1990) compared with controls. These 

findings contrast those of Weidmeier et al. (1987), who found 
that carbachol administered to dairy cows increased saliva pro- 
duction and fluid rate of passage. Possible effects of carbachol on 
water intake have not been studied. 

Overall, ruminal pH for controls in the study of Wiedmeier et 
al. (1987;6.53) was similar to the pH we found in the controls in 
June (6.52), indicating the highly fermentable nature of the for- 
age. Contrary to results of the Weidmeier et al. (1987) study, car- 
bachol-treated animals in our study had a lower pH (6.37) than 
controls, another indication of decreased salivary flow and 
buffering in the rumen. 

Carbachol has been used to overcome ruminal stasis, and the 
recommended dose is 0.009 mgkg of body weight (i.e., 4 
mg/day; Davis 1993). Carbachol can have negative effects on 
rumen motility if larger doses are used (Davis 1993). Our daily 
dose of 0.01 mglkg was slightly higher than the recommended 
dose, but it seems unlikely that this increase would result in 
decreased ruminal motility. 

Dietary differences likely were a major factor in differences 
between our study and that of Wiedmeier et al. (1987). The cows 
used by Wiedmeier et al. (1987) were fed 50% concentrate diets. 
Increased concentrate levels often slow passage rate (Goetsch and 
Galyean 1982), whereas diets consisting entirely of roughage 
may increase passage rate (Owens and Isaacson 1977). The rela- 
tionship between diet and passage rate is complex, and it may be 
difficult to consistently manipulate passage rate in grazing ani- 

Table 5. Standing crop (kg/ha + SE) and mineral content (air-dry basis) of composite clipped forage samples during summer, 1990 and 1991 on lark- 
spur-infested rangeland in western Colorado. 

Samrdine Pertod Mineral 

Item Begind End Ca K a P 

1990 - ___ _ _ --(kg&) _ _ _ - _ __ _ ------------------(%o)------.----------. 
Grwes 43x+ 55 324+ 45 0.35 1.31 0.12 0.15 
Forbse 942+ Xl 521+120 
Larkspur 59oi219 386+214 2.92 1.71 0.35 0.33 
lclgl 
Grasses 4002 53 350&108 0.4sc 1.12b 0.13c 0.25b 
Forbs 112&116 272% 72 l.llb 1.45” o.2P 0.313 
Larkspur 7292230 200-l&726 1.4s” 1.57” 0.2s” o.wb 
d.bc hleans in the same column with different wprrcnpt\ differ (P ~0.05). 
d The 1990 study began on Jun. 21 and ended Aug 7. the 1991 study began Jun. 26 and ended Aug. 14. 
e Forb umplrs were inadvertently discarded. 

Ntl 

mk) 
540 

840 

3003 
3303 
360” 

JOURNAL OF RANGE MANAGEMENT 48(4), July 1995 347 



mals (Estell and Galyean 1985). 
Serum electrolytes were generally not affected by carbachol 

treatment, except for K. Carbachol administration increased K 
concentration during the first trial, but decreased K concentration 
during the second trial. Wiedmeier et al. (1987) also found that 
serum electrolytes were unaffected by carbachol. Serum values 
for all electrolytes were within normal ranges, indicating that ani- 
mals were within homeostatic limits. 

nutritional needs, not to protect livestock against effects of tall 
larkspur. 
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Abstract 

Livestock have been a key factor in the development of civiliia- 
tion, hut what will their role be in the future and how should the 
science of rangeland management change to meet the challenges 
of the future? In this paper I look at current grazing manage- 
ment in the contest of paradigm shifts and scientific revolution. 
The impact of livestock on rangelands occurs primarily because 
livestock selectively defoliate the available herbage rather than 
indiscriminately consuming herbage according to its availability. 
Grazing management via the use of traditional grazing systems 
does not appreciably affect selective foraging behavior. Trends of 
the future that will affect societal demands and available tech- 
nologies include: 1) no lack of resources or food; 2) increased 
concern for environmental quality; 3) greater demand for open 
space values of rangelands; and 4) geometric increase in the 
availability of technologies from molecular biology to solve man- 
agement problems. The 4 principles of grazing management i.e., 
1) timing, 2) distribution, 3) kind/class of livestock, and 4) stock- 
ing rate, will not change. Stocking rate is the most important 
variable in grazing management. If stocking rate is not near the 
proper level then regardless of other grazing management prac- 
tices employed objectives will not be met. The ability to deter- 
mine the proper stocking rate will be hindered by the inability to 
determine carrying capacity as it varies over time. To change the 
grazing habits of the animals we must work directly on the genet- 
ics of the animal. However, the way we manipulate and manage 
grazing animals will improve, and our ability to monitor the 
impact of grazing must also improve. In addition to commodity 
production, livestock grazed on natural plant communities will 
also have to simultaneously impact these communities to provide 
the types of habitat demanded by society. The most important 
emerging technology for the management of grazing livestock 
will be genetic manipulation using both classical selection proce- 
dures and genetic engineering. New technologies for monitoring 
impact of livestock on the rangeland resource and for setting and 
adjusting stocking rates will also be critical. Interdisciplinary 
research must be encouraged to meet the future demands. 
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Livestock were domesticated 10,000 to 11,000 years ago in the 
Neolithic (New Stone Age) period (Cambell and Lasley 1969, 
Pearse 1971). Domestication of herbivores ranks as one of the 
most significant occurrences of history (Langer 1952). This event 
was not only responsible for the development of civilization but 
shaped it as well (Bronowski 1973). The wheel and the plough 
were invented only in societies that domesticated draught ani- 
mals. Thus, in the Americas where draught animals were not 
domesticated the wheel and plough did not exist (Bronowski 
1973). The present challenge is to predict the role of ruminant 
livestock in future food production systems and the role of the 
science of rangeland management in developing technologies for 
livestock production that are compatible with societal goals. The 
objectives of this paper are: 1) review the current state of grazing 
management; 2) review predicted trends in science and technolo- 
gy for this decade and the next century; and 3) predict how this 
will affect grazing management and research in the future. While 
the thoughts and predictions expressed in this paper were not 
arrived at lightly, no claim of their accuracy is made. If this effort 
does no more than stimulate critical analysis of the state of range 
livestock production it will have served its purpose. 

In beginning this attempt to recommend future directions for 
range livestock production research I will begin with a few pre- 
cautionary notes. Kates et al. (1990) described the management 
of the Harvard Forest which was established at the turn of the last 
century as a pioneer research and education program and an early 
American center for experiments with new notions of sustainable 
yields and multiple use in forestry. These authors (Kates et al. 
1990) drew the following conclusions from the history of the 
management of that resource. “The very best scientist of any time 
may only poorly understand the fundamental processes governing 
nature, society, and the relationships between them; in this case, 
which trees are edaphic, how species composition changes, how 
demand for species changes, and how catastrophic surprise can 
occur. Our attempts to understand the current transformation of 
the earth and the various transformation trajectories will surely 
offer many examples of failure to understand process or to antici- 
pate surprise.” 

In reviewing the history of range livestock research and man- 
agement I will try to interpret it considering Thomas Kuhn’s 
(1970) theories of normal science and scientific revolution. I will 
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try to detemline if grazing management and the theories that sup- 
port it are accumulating sufficient anomalous information to war- 
rant a paradigm shift. 

In looking toward the future I will briefly review some predic- 
tions of futurists such as John Naisbitt and Eric Drexler, because 
the future of range livestock production and research will be 
directed by the social. political. and economic norms of the time. 
Then based on my esperience and my insight into technology that 
should be available in the future I will paint a picture of how I 
believe grazing livestock will be managed in the future and what 
direction research should take to get us there. 

Normal Science and Scientific Revolution 

Kuhn’s (1970) view of how science operates is that most 
research is conducted within the context of normal science. 
Scientists are trained to be highly competent puzzle-solvers who 
will be content to work within the agreed framework of rules and 
theories i.e., the current paradigm, governing normal science. 
Because new theories demand large-scale paradigm destruction 
and major shifts in the problems and techniques of normal sci- 
ence, the emergence of new theories are generally preceded by a 
period of pronounced professional insecurity. As one might 
expect, insecurity is generated by the persistent failure of the puz- 
zles of normal science to come out as they should. Failure of 
existing rules is the prelude to a search for new ones (Kuhn 1970, 
p. 67-68). The transfer of allegiance from paradigm to paradigm 
is a conversion experience that cannot be forced. Lifelong resis- 
tance, particularly from those whose productive careers have 
committed them to an older tradition of normal science, is not a 
violation of scientific standards but an index to the nature of sci- 
entific research itself (Kuhn 1970, p. 151). While there is much 
debate among philosophers of science over Kuhn’s thesis (see 
Lakatos and Musgrave 1970), many prominent practitioners of 
science seem to support Kuhn’s view of how science is conduct- 
ed. Albert Einstein stated “It is the theory which decides what we 
can observe.” This indicates there are no neutral observations and 
all data are theory laden. Nobel physicist. Max Planck said “New 
theories rarely get accepted by rational persuasion of the oppo- 
nents-one simply has to wait until the opponents die out.” 

As I review the current paradigm of grazing management and 
range livestock research it will be in the context of trying to dis- 
cover if our profession is changing paradigms; or if we can go 
into the future by solving increasingly complex and technical 
puzzles derived from the current paradigm. I recognize this 
attempt is limited in that it pursues a reductionist left brain linear 
solution to the questions. This is a result of personal limitation 
rather than skepticism that right brain emergent systems with 
chaotic properties may ultimately provide a more satisfactory 
solution (Gleick 19S7, Waldrop 1992). 

Paradigm Shifts and Grazing Management 

Grazing management is important because this is where theory 
is put into practice. Principles of grazing management and graz- 
ing systems should embody our knowledge of animal require- 
ments, foraging behavior, and plant ecology into a unified system 
to obtain management goals. Therefore, the degree to which a 

prescribed grazing management practice meets management 
objectives should reflect the level of understanding of the basic 
principles of grazing management. 

Proper grazing management involves much more than complex 
systems of rotation, but for this paper I will address the issue pri- 
marily in terms of rotational grazing because this seems to be the 
cornerstone of much government agency policy (Malechek 
1984). Sanford’s (I 9X3) statement about western-trained grazers 
and scientist becoming “obsessed with implementing grazing 
rotations” (emphasis added) supports the view that rotational 
grazing systems are considered the cornerstone of grazing man- 
agement. Although biological processes affected by the principles 
of grazing systems may not be agreed upon by all practitioners I 
believe it is safe to conclude there are 2 presumed benefits to 
rotational grazing: I) it affects patterns of defoliation, and 2) 
plant community composition improves with planned rest. The 
second issue is outside the scope of this paper but paradigms of 
species constant climas and linear successional change are being 
overthrown and a new paradigm of nonequilibrium theory is 
replacing it (Walker 19SSa Br 19SSb, Westoby et al. 19X9, Friedel 
1991, Laycock 1991, George et al. 1992, Johnson and Mayeus 
1992, National Research Council 1994, West et al. 1994). In sim- 
ple rotation systems defoliation is affected temporally by control- 
ling the presence or absence of livestock in a pasture. However. 
in intensive rotation systems an initial hypothesis was that con- 
centration of animals would decrease selective grazing (Malechek 
and Dwyer 19S3, Gammon 19S4, Kothmann 19164). This hypoth- 
esis has been rejected in many studies (Gammon and Roberts 
197Sa; 19SSb. Taylor et. al 1980, Long et al. 1982, Walker et al. 
19SSa; 19SXb; 19X8 Taylor et al. 1993). 

Humans have unsuccessfully attempted to manipulate patterns 
of defoliation by livestock since antiquity. Sheep herding some- 
times called the “second oldest profession” represents the long 
standing attempt by man to control the grazing behavior of live- 
stock for his benefit. Herding is the most intensive form of graz- 
ing management known. Some of the worst cases of overgrazing 
are in areas of the world where herding has always been the pre- 
dominant form of grazing management (e.g., sub-Saharan Africa, 
Middle East; Pearce 1971). One might assume the problem of 
controlling patterns of defoliation is related to insufficient knowl- 
edge of principles of grazing management. However, the basic 
principles of the most intensive grazing systems were recorded 
long ago (see Anderson 1777). Furthermore, it is naive to believe 
that cultures that have lived in a close symbiotic relationship with 
their livestock for generations would not have developed a keen 
understanding of the principles of grazing management 
(Mahoney 1966, Pearse 1971). During the past 20 years there has 
been a strong effort to engineer grazing systems that will increase 
carrying capacity and livestock performance. The basic principle 
of these grazing systems was to control the frequency and intensi- 
ty of defoliation of individual plants (Heitschmidt and Walker 
1983). However, Barnes (1982) stated “The weight of evidence, 
therefore, is that accurate control of defoliation patterns in 
savmnn by means of rotational grazing is an unattainable ideal” 
(emphasis added). This suggests that while controlling defoliation 
(i.e., diet selection of the grazing animal) was the objective, graz- 
ing systems do not substantially affect this process in most cases. 
The inability to control selective grazing is typically ignored 
however when the management of rangelands is planned 
(Malechek 19S4). 
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Obtaining the appropriate stocking rate is the most important Foraging Behavior 
principle of grazing management (Holechek et al. 1989, Heady 
and Child 1991). Carrying capacity is the maximum stocking rate 
possible which is consistent with maintaining or improving vege- 

Selective grazing is demonstrated in all herbivores from insects 

tation or related resources (Society for Range Management 
to livestock. In this paper diet selection refers to the hierarchical 

1989). Thus obtaining the appropriate stocking rate is dependent 
model that considers all processes from landscape selection to 

upon estimating the carrying capacity of the resource. Carrying 
bite selection as part of the foraging process (Senft et al. 1987). 

capacity depends on both the production potential of the resource 
D. let selection is a key process affecting both the grazing animal’s 

and the management practices in place. For instance fencing that 
nutrient status and successional processes in plant communities. 

improves livestock distribution (Hart et al. 1993) or multi-species 
By preferring some plants and avoiding others, ruminants have a 

grazing (Cook 1954) that improves uniformity of defoliation can 
profound effect on the competitive interactions of plants and con- 

increase carrying capacity. Management inputs will not amelio- 
sequently on the structure and function of ecosystems (Archer 

rate the effect of over stocking because by definition over stock- 
and Smeins 1991, Belsky 1992). Much of the adverse environ- 

ing implies forage demand exceeds carrying capacity regardless 
mental impact of grazing livestock on plant communities is 

of the effect of other management options on carrying capacity. If 
directly attributable to what and where they graze. Generally it is 

stocking rate exceeds carrying capacity it generally results in a 
thought that animals selectively graze to acquire particular nutri- 

change in plant community composition to one that is less pro- 
ents and avoid other food components (e.g., toxins). This is based 

ductive or of lower value as livestock forage. This occurs because 
on the idea that the forager would not acquire sufficient amounts 

selective grazing places preferred plants at a competitive disad- 
of nutrients for survival or would acquire excess amounts of 

vantage to other plants in the community (Briske 1991). 
detrimental components if the forager simply selected foods at 

Hardin (1968) argues that exceeding the carrying capacity is a 
random (Belovsky and Schmitz 1991, Rogers and Blundell 

social problem and cannot be remedied by new technology. 
lggl) 

* . 
Overgrazing occurs when animals are owned by individuals but 

Relative to its impact on plant community structure, diet selec- 

grazing land is held in common (i.e., the tragedy of the com- 
tion is by far the most important aspect of foraging behavior. 

mons). This occurs because the benefit to the individual of 
Initial studies on diet selection were primarily descriptive and the 

increasing animals numbers is greater than the cost that is shared 
emphasis was on differentiating preference (the observed diet 

by all individuals grazing the common. The solution to this prob- 
selection in the current environment) from palatability (the com- 

lem according to Hardin is the privatization of agricultural land. 
bination of plant characteristics that stimulates animals to prefer a 

Unfortunately, there is ample evidence that this does not elimi- 
forage; Heady 1964). As implied by the separation of palatability 

nate overgrazing. There are 2 reasons for this, one is social and 
as a plant characteristic from preference as the interaction of the 

the other is technological. The social problem arises, in part, 
animal with its grazing environment (i.e., plant-animal interface) 

because the future is also a common. This allows individuals to 
certain physical properties of plants were thought to elicit prefer- 

receive full benefit from over stocking while the cost is shared 
ence or avoidance as an innate animal response. 

with succeeding generations. This is particularly true when the 
Diet selection can be grouped into 2 categories namely, innate 

present tenants lack a long term (i.e., multiple generation) com- 
or learned. As with many dichotomies the one between innate and 

mitment to the resource. The need for a long term commitment is 
learned behavior is not mutually exclusive, e.g., the ability to 

reflected in a proverb attributed to many cultures “Treat the earth 
learn is innate. However, these categories provide a framework 

well. It was not given to you by your parents. It is lent to you by 
for discussing the processes affecting diet selection. Identifying 

your children.” 
diet selection processes that are under innate verses environmen- 

The technological problem associated with overgrazing is the 
tal control suggests whether efforts to affect the process should 

inability to accurately determine carrying capacity (Holechek 
be directed at the genetic or the environmental influences on an 

19X8, Vallentine 1990, Walker 1993). This is caused by the 
organism. 

tremendous spatial diversity of rangelands compounded by cli- 
Learning as a mechanism that esplains foraging behavior is 

matic variation and the impact of management practices. One 
flexible and adaptive to most conceivable foraging challenges 

consequence of this variability is that proper stocking rate varies, 
encountered by ruminants (Provenza and Balph 1990). If learning 

not only over time and space, but also as a function of manage- 
is the primary causal mechanism controlling diet selection, it 

ments goals related to risk and catastrophe. Higher stocking rates 
might appear to have the added advantage of being readily 

result in greater economic returns, but they also result in a higher 
manipulated, just as dogs can learn to do many tricks. The basic 

probability of encountering catastrophic losses (Conner 1991). 
tenet of the learning model is the frequency of a behavior increas- 

Thus a great need for proper grazing management is monitoring 
es if it is followed by positive consequences and the frequency 

and modelling techniques that will accurately determine the rela- 
decreases if it is followed by a negative consequence. 

tionship between level of stocking and carrying capacity in real 
Furthermore, in nature, learning is adaptive, i.e., it contributes to 
the fitness of the individual. 

time. 
The challenge facing grazing managers is ameliorating the 

Within their sensory capabilities to cognitively recognize a for- 

antagonistic relationship between increasing the efficiency of 
age plant and detect its contribution to their fitness, animals can 

nutrient harvest by livestock and the efficiency of energy capture 
presumably make appropriate diet selection choices. Failure of 

by primary producers (Briske and Heitschmidt 1991). This will 
animals to select an appropriate diet (e.g., consumption of poiso- 

not be done within the paradigm of designing a better grazing 
nous plants) is thought to occur when the range of food items 

system but will require a new perspective for this age old prob- 
exceeds the physiological and sensory capabilities of the animal, 

lem of manipulating diet selection. 
not the inadequacy of the learning model (Provenza et al. 1992). 
Manipulation of diet selection by affecting the learning process is 
apparently limited to enhancing the rate of learning that would 
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occur by trial and error learning. This is because any behavior 
that is modified by altering the cue consequence feedback loop 
with diet training should be estinguished when the cognitive cues 
of the food item no longer accurately predict its postingestive 
consequence. This occurs because of an active process of leam- 
ing known as estinction. Learning is a mechanism that relates 
cognitive properties of a food item to its post-ingestive conse- 
quences. However, learning does not affect these consequences. 
Therefore, in the long run, animals can only be taught to prefer 
plants that inherently provide positive consequences for them or 
avoid plants that inherently provide negative consequences. 

Long-term manipulation of diet selection by livestock will 
depend upon genetic manipulation of the animals or their micro- 
bial symbionts. This is already done when the dietary habits of 
the livestock species is matched to the characteristic of the range- 
land resource. Unfortunately, this factor is only rarely considered 
when grazing management decisions are made. Although it is 
recognized that individual variation (i.e., the basis for genetic 
selection) in diet selection exist (Dove 1935, Marten 197S, 
Arnold and Dudzinski 197s. Marinier and Alexander 1991), I am 
aware of no research that attempted to directly select for diet 
preference in livestock. The potential success for selection as a 
tool to modify foraging behavior to meet human needs is demon- 
strated in domestic dogs (Fox 1978). Stock dogs have been 
selected to bite either the head or heels of livestock (Lithgow 
19S7). This could be considered analogous to breeds of cattle that 
graze either leaves or stems. Furthermore, Marinier and 
Alexander (1991) have shown foraging behavior in horses is 
related to genetic lineage and different lines appear more prone to 
plant poisoning. In fruitflies (Dmsophilr melunognster), prefer- 
ence for high protein or high energy diets was affected by genetic 
selection (Wallin 19SS). Foraging behavior has not been directly 
selected for in the past because an adequate screening procedure 
for determining diet selection on large numbers of individuals has 
not been available. 

I have discussed 2 major problems in the management of range 
livestock, namely overgrazing and the inability to influence diet 
selection. Both problems were related in part to inadequate tech- 
nology. Range livestock research has been hindered by inade- 
quate technology since its inception. 

The Future 

Before I address the topic of range livestock production and 
research in the 21st century it is important to develop an idea of 
just what the 21st century will be like socially, politically, cultur- 
ally, and economically. This is important because we do not pro- 
duce commodities or information in a vacuum. The value of the 
products of rangelands and range research will only be as great as 
the demand for the product. Therefore, it behooves the profession 
and producers to do some market research to determine the 
demands of consumers in the future. This is particularly impor- 
tant with the long production cycles of red meat and new research 
ideas. 

N&bitt and Aburdene (1990) predict an economic boom in the 
1990’s. “The global boom of the 1990’s will be free of the limits 
on growth we have known in the past. There will be an abun- 
dance of natural resources throughout the 1990’s from agricultur- 
al products and raw materials to oil. Everything that comes out of 

the ground will be in oversupply for the balance of this century 
and probably much longer. We will need fewer raw materials, as 
we have been moving away from material-intensive products for 
decades. A prototypical example of the shift away from the mate- 
rial intensive is fiber-optic cable. Just seventy pounds of fiber- 
optic cable can transmit as many messages as 1 ton of copper 
wire. Equally important, those 70 pounds of fiber-optic cable 
require less than 5% of the energy needed to produce 1 ton of 
copper wire. There will be no energy crisis to impede the 1990’s 
global boom. Each year since 1979 the United States has used 
less energy than the year before.” 

The only food problems today are distribution and political 
problems. Brian Walker (19X8) stated “we need to question the 
long-term objective of rangeland production. Is it simply to pro- 
duce more meat or wool? If so, who wants it? The projected 
world food crisis seems to get further away each year, as more 
and more countries achieve self sufficiency.” The major agricul- 
ture production problem in the U.S. today is competition for 
world export markets. Since the early 1970’s the United State’s 
share of world agricultural exports have fallen from 29% to 20%, 
while the European Common Market’s share has risen from 13 to 
19% (Kilman 1992). Avery (1992) stated “The danger is that our 
farm industry could get left on the sidelines even as the world 
triples its farm demand due to a larger and richer population.” 

Looking past the year 2000, Dresler et al. (1991) state that nano- 
technology will allow “the human race to feed itself with ordinary, 
naturally grown, pesticide-free foods while returning more than 
90% of today’s agricultural lands to wilds.” If these trends con- 
tinue, it means if agricultural research is to maintain its credibility 
it cannot use gloom and doom predictions that have been in use 
since Malthus (177X) to justify future research. 

As part of this economic boom Naisbitt and Aburdene (1990) 
predict a new attentiveness to the environment. “The world’s pre- 
occupation with defense and the cold war, which is receding, is 
being replaced by concerns about the destruction of our natural 
environment, now our most important common problem.” The 
wealth of nature has come to include nature as a value in itself 
(Rolston 19S9). Consequently, greater wealth has begun to mean 
cleaner, greener wealth (Dresler et al. 1991). Range scientists and 
managers can take pride in a tradition of viewing range manage- 
ment as a sustainable process that must be conducted within eco- 
logical constraints of fragile environments. Considering the 
importance the public will continue to put on environmental qual- 
ity, it is critical that maintaining environmental quality is the cor- 
nerstone of future research. This does not imply that range man- 
agers can ignore the importance of commodity production, but 
that commodity production must be considered as only one of the 
products of rangelands. 

Naisbitt and Aburdene (1990) predict a new electronic heart- 
land. “Linked by telephones, fax machines, Federal Express, and 
computers, a new breed of information worker is reorganizing the 
landscape of America. Free to live almost anywhere, more and 
more individuals are deciding to live in small cities and towns 
and rural areas. A new electronic heartland is spreading through- 
out developed countries around the globe, especially in the 
United States. Quality-of-life rural areas are as technologically 
linked to urban centers as are other cities. This megatrend of the 
next millennium is laying the ground work for the decline of 
cities.” In agreement with Naisbitt and Aburdene (1990). Swasy 
(1994) stated: “Today’s white-collar boom towns were yester- 
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day’s cow pastures.” Since most natural resources managers and 
agriculturalists were lead to their vocation at least in part because 
of life style considerations this should be no surprise. In the 
future this will only mean greater demands on rangelands. 

The other prediction pertinent to the topic of this paper is the 
1990’s will be the age of biology. We will have the ability to cre- 
ate organisms by genetic engineering to produce whatever prod- 
uct society demands (Naisbitt and Aburdene 1990). Scientists 
involved in genetic engineering are echoing this prediction. Boyd 
and Samid (1993) state: “The amazing pace of discovery within 
the field of molecular biology has expanded the understanding of 
as well as the potential for genetic engineering in laboratory and 
domestic animals. The future of the planet Earth and the species 
that inhabit it can be significantly affected by these technologies. 
The use of transgenic animals is limited only in the human imagi- 
nation.” 

Range Livestock Production and Research in the Future 

The first question that must be answered concerning range live- 
stock production in the future is where and how these commodi- 
ties will be produced. In doing this I will assume that at least until 
the end of my career that ruminant livestock will be produced 
using the basic principles of nutrition and husbandry that have 
been used traditionally. This is in contrast to the increased devel- 
opment of animal factories predicted by some. But, technological 
innovations may influence the location and resources used in pro- 
duction. For instance, in 1960.79% of the calf crop was fed con- 
centrates, and by the early 1970’s this proportion had risen to 
95% (Reimund et al. 1981). This affected the geographic area 
where cattle were finished and slaughtered. Joyce (19S9) predict- 
ed that by the year 2040, demand for red meat would increase 
56% above 1985 levels. This will result in an increased forage 
demand of 54%. Most of this additional forage demand will be 
supplied by production from deeded nonirrigated range and pas- 
ture land and will require an increased production of 7 1% to meet 
the demand. Joyce (19S9) suggest that 150 existing and potential 
technologies will be available by the year 2000 to increase forage 
production. However, capital requirements for these new tech- 
nologies will probably cause them to be used primarily on pasture 
and forage crops. Thus, the greatest potential for increased pro- 
duction will presumably be on improved pasture and forage crops 
rather than rangelands. 

The total cost of using extensive rangelands for livestock pro- 
duction is often greater than it appears and rangeland forages may 
not be competitive with forage from improved pasture (Glimp 
1991). In Oklahoma beef production per unit land area was 
increased 5 fold on improved pasture compared to rangeland 
(Glimp 1991). Joyce (19X9) predicted a reduction in the number 
of livestock operations that depend on public land grazing. 
Technologically driven, economic increases in forage production 
and utilization systems on irrigated lands or improved pasture 
land in humid regions could further shift red meat production 
from rangelands. However, this does not imply that rangelands 
will be an insignificant resource for livestock production. The 
fact remains that rangelands occupy about 50% of the land area 
and grazing is the only use of rangelands that converts solar ener- 
gy captured on rangelands to commodities, useful to mankind. 
We simply cannot ignore such a vast resource. Though range- 
lands will continue to be important for livestock production, they 

will not be the growth areas in the next century. 
Shifts in the types of lands where forage for livestock produc- 

tion will likely occur and predicted increases in demands for 
recreation and nonconsumptive use of rangelands will provide the 
impetus and direction for the future of range livestock research. 
Future research on grazing animal ecology should be directed 
toward manipulating diet selection and foraging efficiency but 
the objective of new technologies will depend upon the type of 
land upon which new technologies are applied. If red meat pro- 
duction is concentrated on improved pastures the obvious objec- 
tive of the new technology will be increasing economic returns. 
This will require technologies that improve the efficiency of for- 
age harvest and conversion to livestock products. Potential tech- 
nologies will include manipulation of rumen micro flora and 
fauna to digest forages more efficiently and selection of animals 
with high biological efficiency for converting forages to livestock 
products (Robinson and McEvoy 1993). Efforts are currently 
underway to develop grazing strategies that will increase the effi- 
ciency of harvest of highly productive forages (Volesky 1990). 

On rangelands the objective of grazing management will place 
greater emphasis on manipulation of plant communities. 
However, the production goal will continue to be maximization 
of long term economic return. For as Ainesworth (1989) stated 
“The only sustainable agriculture is profitable agriculture.” 
Commodity production will still be important but all classes of 
livestock will be considered dual product animals i.e., commodity 
production and vegetation manipulation, just as sheep are current- 
ly thought of as dual purpose animals. The challenge for 
researchers and extension personnel will be making an orderly 
transition from single objective livestock production to dual 
objective livestock production. 

Society has many environmental concerns that rangeland scien- 
tists can address. These concerns include global climate change, 
biodiversity, and sustainable agricultural production systems. As 
scientists we are more comfortable developing theories and 
hypothesis than recommending solutions to agricultural and envi- 
ronmental problems. One reason curriculums in conservation 
biology and environmental restoration are emerging is because 
the old disciplines of range science, wildlife science, and forestry 
did not rise to meet these challenges. Now and in the future natur- 
al resource scientists are going to be involved in developing land 
use policy, and management plans will be evaluated in the legal 
courts rather than the peer reviewed literature (Murphy and Noon 
1991). As Barker (1994) wrote regarding forest management in 
the Pacific Northwest: “While hundreds of scientists can debate 
whether Clinton’s plan meets his promise to use good science, 
only Dwyer (U.S. District Judge) will decide whether it meets the 
law.” 

Possible Scenarios for Grazing Management in the Future 

How will grazing be conducted on extensive rangelands in the 
future? Successful grazing management will be based on the abil- 
ity to accomplish 3 objectives: 1) control what animals graze, 2) 
control where they graze, and 3) monitor the impact on both the 
environment and the animal. The following is one possible sce- 
nario. 

The idea of livestock as large generalist herbivores may be a 
thing of the past. Rather livestock will be genetically manipulated 
to select diets that are most appropriate for the environment and 
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management goals of the grazier. Genetic manipulation will come 
in several forms. It may be provided using classical selection and 
animal breeding techniques or it may result from inserting a spe- 
cific gene into a breed producing an enzyme required to break 
down a specific phytotoxin found in the environment. The case of 
tansy ragwort (Seneciojucobaea L.) is an excellent candidate for 
the latter approach. Sheep already have enzymatic systems that 
allow them to detoxify this plant (Wachenheim et al. 1992). If the 
genes responsible for this system were identified and inserted into 
cattle, they could turn this poisonous plant into a source of nutri- 
ents. 

Potential for genetic modifications are closer than many realize. 
For esample 38 gene constructs have been integrated into the 
genomes of farm animals since the first transgenic modification 
of livestock was reported in 1985 (Purse1 and Rexroad 1993). In 
addition to modifying the animal, microbial symbionts may also 
be genetically manipulated. Ruminant livestock will be inoculat- 
ed with a suite of microorganisms tailored for the animal’s forag- 
ing environment. Among other things, this will include rumen 
microorganisms that can digest lignin (Robinson and McEvoy 
1993) which will prove to be of great benefit to forage breeders 
who must balance the antagonistic relationship between high pro- 
duction and high levels of structural carbohydrates. Dosing rumi- 
nants with DHP-degrading bacteria to ameliorate toxicity of leu- 
caena (Leucnenn leucopephela Lam.) is already a common prac- 
tice (Jones and Megarrity 19S6, Pratchett et al. 1991). If environ- 
mental concerns related to livestock grazing are of greater impor- 
tance than increased efficiency of production then we should 
work with genetic engineers to encode traits we believe to be 
important into livestock. Control of livestock distribution will be 
accomplished electronically without the use of fences. Prototypes 
have already been designed and are commercially available 
(Quigley et al. 1990, Rose 1991). I envision systems that use 
implantable electric stimulators (Rose 1991) linked to geographic 
positioning systems to precisely control the location of grazing 
animals. Furthermore, composition and utilization of range vege- 
tation will be accurately monitored by remote sensing. This infor- 
mation will be used by a systems model to determine the location 
these electronically controlled and genetically engineered animals 
will graze. 

Education and research will be part of the solution to the prob- 
lem of large scale conversion to dual objective grazing manage- 
ment strategies. While it is generally well recognized that grazing 
livestock can adversely impact native plant communities and 
result in range retrogression it is less commonly acknowledged 
that the same process, i.e., selective grazing can positively impact 
plant communities. Research is necessary to enhance control of 
diet selection and producers need to be educated in the potential 
value of selective grazing so they can manage and charge accord- 
ingly for this capability. Plantation grazing to remove competing 
herbaceous vegetation and enhance timber production is an 
example of the positive effect of selective grazing, In other situa- 
tions the value of livestock grazing is not yet fully appreciated. 
For instance, although grazing with sheep and goats can reduce 
amount of leafy spurge (Euphorbia esrrlo L.) by over 90% in 4 
years (Johnson and Peake 1960), this method of leafy spurge con- 
trol is only recommended for “worst case” situations that are 
beyond the economic use of herbicides (Fay 19S9). It seems 
counter productive to recommend the use of herbicides to control 
undesirable plants at a cost that may exceed the value of the land 

when livestock can be used to accomplish the same goal at a net 
economic return. 

Research Strategies 

While a vision of the future is important (i.e., you have to know 
where you are going if you ever hope to get there) the vision 
described above is only one possibility and many others could be 
proposed that would be equally valid. For scientists the more 
important question is how will research in natural resource ecolo- 
gy and management be conducted in the future. This is the para- 
digm with the greatest potential for real change in the future. The 
greatest need in rangeland research today is the development of 
integrated research teams that concentrate on solving manage- 
ment problems. In the past when scientists have called for an 
upgrading of the quality of science they have suggested a more 
rigorous application of the scientific method. Following articles 
by Platt (1964) and Romesburg (1981) a plea for greater use of 
deductive logic and the design of experiments based on falsifiable 
hypotheses was heard in the academic community. Following 
Hurlbert’s (1984) paper on pseudoreplication, scientists learned a 
new word for an old habit and the standard for publication in sci- 
entific journals was raised. Without detracting from the important 
contribution these papers made to improving the quality of range- 
land and other natural resource sciences, in Kuhn’s philosophy on 
scientific revolution and the conduct of normal science, these 
seminal papers represent only very nice jobs of putting fancy 
pieces into the old puzzles. Furthermore, I believe they received 
such wide spread attention and focus by the academic community 
because they allowed us to clean up our act without making the 
difficult changes that will be necessary to provide for societal 
need in the future. 

Drexler et al. (1991) offer insight into the problem with current 
natural resources research programs. “In academic science, inter- 
disciplinary work is productive and praised, but is relatively rare. 
Scientists don’t need to cooperate to have their results fit togeth- 
er: they are all describing different parts of the same thing- 
Nature-so in the long run, their results tend to come together 
into a single picture, Engineering, however, is different. Because 
it is more creative (it actually creates complex things), it demands 
more attention to teamwork. If the finished parts are going to 
work together, they must be developed by groups that share a 
common picture of what each part must accomplish. They will 
either learn to think like engineers and work in teams. or they will 
be eclipsed by colleagues who do.” Stuth et al. (1990 and 1991) 
show the benefits that can accrue to natural resource management 
when the goal of effective interdisciplinary research is achieved. 

The reason there is little management oriented interdisciplinary 
rangeland research is related to 2 interrelated principles enumer- 
ated previously. The first is that frequency of a behavior increases 
if it is followed by positive consequences and frequency decreas- 
es if it is followed by negative consequences. The second princi- 
ple is related to Maslow’s (19.54) hierarchy of needs and how 
they relate to effective rewards. Research is a learned behavior 
and the lack of quality interdisciplinary research reflects a lack of 
meaningful rewards associated with this activity. This does not 
deny the existence in academic institutions of recognition for 
team research; however, it does suggest interdisciplinary research 
awards are either too few or ineffective. Furthermore, among the 
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many awards sponsored by the Society for Range Management 
there are none for team research. The most prominent needs of 
scientists are esteem and self-actualization and relevant rewards 
will fulfill these needs. Unfortunately, these needs must be met 
on an individual basis and by giving acknowledgement to a team 
the rewards are diluted relative to a colleague that receives an 
individual accomplishment reward, even though the effort 
required to work successfully on a productive team may be much 
greater. 

Conclusion 

Stocking rate is still the number one problem of grazing man- 
agement and our ability to overcome this problem will in part be 
hindered by ability to determine proper carrying capacity, If we 
want to change the grazing habits of the animals we must work 
directly on the genetics of the animal. The 4 principles of grazing 
management i.e., : 1) timing, 2) distribution, 3) kind/class of live- 
stock, and 4) stocking rate will not change. However, the way we 
manipulate and manage them will, and our ability to monitor the 
impact of grazing must also increase. 

I will end this essay where it began, with a quotation from 
Kates et al. (1990). “Many of one generation’s great fears are 
remembered by the nest generation, if they are remembered at 
all, as quaint curiosities.... Predictions are not falsified only 
because the concerns were ill-founded or the hypothesized rela- 
tionships were wrong. On the contrary, the gloomiest of forecasts 
may not be realized because society takes them seriously and acts 
upon them.” Thus if our successors are challenged with a differ- 
ent set of problems than we face today it may indicate the prob- 
lems were successfully solved. 
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Abstract 

Grazing distribution and grass utilization was evaluated in 
intensively managed fields in the southern Aspen Parkland near 
Kirriemuir, Alberta. Three fields, 130 ha in size (with dimensions 
.4 x 3.2 km) were grazed by 1,000 cow/calf pairs for S days each. 
Stock water was accessible only from one end of each field. 
Grazing distribution was evaluated by monitoring grass utiliza- 
tion daily during grazing and after grazing at 0.1, 0.8, 1.6, 2.4, 
and 3.1 km from water. Final utilization did not differ within 
fields, escept for a decline at the maximum distance from water 
(3.1 km). Temporal utilization patterns existed and could best be 
described as a wave, with defoliation beginning near the water 
source on day 1 of grazing and proceeding outward from water 
until the ends of the fields were grazed on day 5. Final utilization 
was uniform; selective grazing of areas close to water was not 
removed by intensive management, but was masked by a rapid 
rate of defoliation. 

Key Words: Alberta, stock density, short duration grazing, graz- 
ing distribution 

Slope length and inclination, distance from water, and the pres- 
ence of brush have been identified as f&tom affecting livestock 
distribution (Mueggler 1965, Cook 1966, Roath and Krueger 
1982, Gillen et al. 1984). It is difficult to separate the factors and 
evaluate them individually (Cook 1966). Gillen et al. (1954) 
found cattle preferred areas within 200 m of water and avoided 
areas farther than 600 m away from water. A change from contin- 
uous grazing to deferred-rotational grazing did not appreciably 
change the grazing pattern. Roath and Krueger (1982) speculated 
that when other factors influencing livestock distribution were 
not limiting, distance from water ultimately controlled the outer 
limits of vegetation utilization. They found utilization approached 
0 at distances of about 1,900 m from water on relatively level 

_-_..-____- -.. -- .-. -.--._____ 
Research wa1r funded by Alberta Department of Advanced Education and 

NOVA Corporation of Alberm. 
hkmuscript accepted 11 Nov. 1991. 

rangeland. Recently, the use of short duration grazing (SDG) has 
become popular as a method to distribute grazing pressure even- 
ly. Traditional theory proposes that increased stock density is 
associated with more uniform utilization in intensively managed 
grazing systems (Kothmann 1980). Recent studies indicate that 
increased stock density alone does not necessarily lead to more 
uniform grazing distribution (Walker et al. 1989, Kirby et al. 
1986). In some cases increased stock density may even be associ- 
ated with an increase in selective grazing (Walker et al. 1989). It 
has been suggested that reduced pasture size and shorter distances 
to water that usually accompany increases in stock density are 
responsible for improvements in grazing distribution (Hart et al. 
1993). 

The purpose of this study was to determine if grazing distribu- 
tion was uniform throughout intensively managed fields. 
Temporal utilization patterns in relation to distance from water 
were also examined. Temporal utilization pattern refers to 
changes in utilization that occur with time during the grazing 
period. The central hypothesis was that grazing distribution 
would be uniform in intensively managed fields. A secondary 
hypothesis was that temporal patterns of grazing would exist, 
illustrating livestock selectivity. 

Study Site 

The study site was located in the Neutral Hills, north of 
Kirriemuir, Alberta at 52”lS’N. 1 lO”l5”W (400 km southeast of 
Edmonton). The climate of the study site is continental, charac- 
terized by long warm summer and bright, cold winter days 
(Wyatt and Newman 193X). Mean precipitation (20 year average) 
was 340 mm, 70% as rain during the growing season (May- 
September) and 30% as snow during the dormant season 
(October-April) (Environment Canada 1982). 

The Neutral Hills are located on the boundary between the 
Mixed Prairie and Aspen Parkland vegetation associations. 
Vegetation in the Neutral Hills consists of Fesrtfca-Stipa grass- 
lands (Looman 198 1, Coupland 1961) on south facing slopes and 
flat areas interspersed with aspen groves on north facing slopes. 
Festma-Stipa grasslands are dominated by Festlrca hallii (Vasey) 

358 JOURNAL OF RANGE MANAGEMENT 48(4), July 1995 



I 
0.4 km 

[Water I 

A Field 3 (1991) 
I 
I 
e Field 1 (1990) 
Y 

Field 2 (1990) 

3.2 km 

Fi g. 1. Field Layout. 

Piper (Pavlick and Looman 1984) (plains rough fescue) on 
ungrazed sites, with Stipa curtiseta (A.S. Hitchc.) Barkworth 
(western porcupine grass) as a co-dominant on grazed areas. 
Herbage production in the study area was dominated by grasses, 
which contributed about 85% of the current annual growth, the 
remaining 15% was made up of perennial forbs (Irving 1992). 
hIajor perennial forbs were Tlternzopsis rhornbifolia (Nutt.) 
Richards (buffalo bean), Cerastium arvense L. (chickweed), 
Altelnoite patens L. (crocus), and Artemisia jZgida Willd. (pas- 
ture sage). 

Methods 

Site Selection 
The study site was located on a private ranch (Rutledge 

Ranching) that consisted of about 13.000 ha of deeded and lease 
land. Continuous (season-long) grazing was the main grazing sys- 
tem employed on the ranch prior to 1988. In 19SS, grazing man- 
agement on the ranch was intensified, and an extensive fencing 
and stock water development program (wells) was initiated. At 
the end of 19S9, most of the ranch had been cross fenced into 130 
ha fields, each with a supplied water source. Livestock manage- 
ment consisted of sequentially moving a herd of about 1,000 
cow/calf pairs through a series of fields (5 days stay in each 
field). This management yielded a stocking rate of 1.3 AUM/ha 
and a stocking density of 7.7 AU/ha. Usually, fields were only 
grazed once per year. 

An anomaly of management occurred in an isolated area of the 
ranch. A bank of hills (rising about 100 m above the rest of the 
ranch) occurred on the northern boundary of the ranch. The only 
source of stock water was a cluster of 3 shallow wells. located in 
a natural saddle in the hills. To maintain field sizes similar to 
those of the rest of the ranch the area serviced by the wells (1.6 x 
3.2 km) was fenced into four 130-ha fields, each 0.4 x 3.2 km 
(Fig. 1). Paddocks not directly attached to the water source were 
accessed by cattle via an alleyway. 

1 .6 km 

Data Collection and Analysis 
Two fields were studied in 1990 and 1 field was studied in 

1991. Standing crop of grass was sampled at 0.1, OS, 1.6, 2.4. 
and 3.1 km from the water source, or from the alleyway leading 
to the water source. Standing crop was estimated before and after 
the grazing period by hand clipping to about 1 cm, 4 randomly 
located quadrats (0.5 x 0.5 m) at each distance. Each sample site 
was individually identified with a numbered stake. All samples 
were oven dried for 4X hours (70°C) and weighed. Utilization 
was calculated as the percent difference between standing crop 
before and after grazing. 

Temporal (within grazing period) utilization patterns were esti- 
mated visually. On each day of the grazing period, ocular esti- 
mates of grass utilization were made at the same sampling sites 
used for clipped utilization estimates. Utilization was visually 
estimated as 0, 1-15 %, and thereafter in 10% classes (16-25, 
26-35, etc.). 

Means and standard errors of standing crop before grazing, 
final clipped utilization, and temporal visual utilization were cal- 
culated. Standard errors are indicative of between field variation. 

Results 

Standing crop of grass prior to grazing and percent utilization 
after completion of grazing are shown in Table 1. Standing crop 
among distances within fields varied, but not significantly. 
Clipped utilization was uniform within fields to distances of 2.4 
km, but decreased at a distance of 3.1 km. Visual utilization esti- 
mates followed similar patterns as clipped utilization but were 
always less, especially at higher levels of utilization. 

Although there was no difference in final utilization, except at 
the farthest ends of the fields, there were temporal utilization pat- 
terns (Fig. 2). Areas closer to water were utilized early in the 
grazing period (day 1 and 2). while areas farther than 1.6 km 
away from water were grazed in the latter half of the grazing 
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Fig. 2. Utilization (% visually estimated) by time and distance to 
water. Lines are averages of 3 fields. 

period (days 3,4, and 5). Areas further away from water than 1.6 
km were not grazed until areas closer than 1.6 km were approach- 
ing N-50% utilization. 

Discussion 

If the fields in this study had been examined for utilization pat- 
terns only after the grazing period was complete, the conclusion 
would have been that utilization was relatively uniform, except in 
the far ends of the fields. However. when temporal grazing pat- 
terns were examined, the conclusion was quite different. 
Temporal grazing patterns can best be described as a wave of 
defoliation, starting closest to water and proceeding outward from 
it. As areas closer to water became depleted of forage, livestock 
ranged farther into the field. The wave of defoliation proceeded 
through the field until such time as utilization was uniform, when 
the livestock mere moved to the next field. High levels of utiliza- 
tion close to the mater source had to exist before utilization was 
achieved farther from the water source. Selectivity for areas close 
to water was not removed by high stock densities, but was 
masked by the speed at which the defoliation wave progressed. If 
fields had been large enough and regrowth rapid enough, cattle 
might have begun grazing regrowth near water before or instead 
of grazing the far ends of each field, or it might have been neces- 
sary to remove cattle before they grazed to the far end. 

Temporal grazing patterns may be of importance where inten- 
sive management is used in an attempt to distribute grazing even- 
ly across favored and avoided communities. Kirby et al. (1986) 
found intensive management did not result in more uniform graz- 
ing of 5 plant communities. Intensive management may actually 
increase selective grazing behavior (Walker et al. 19S9). 
Traditional theory has held that increased stock density is associ- 
ated with more uniform utilization in intensive management sys- 
tems. It is possible that intensive systems simply mask grazing 
behaviors (such as selectivity for areas close to stock water) that 
are evident under less intensive systems. In this study, what 
appeared to be uniform grazing after a 5 day grazing period was 
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Table 1. Standing crop (k&a) and utilization (%) by distanee within the 
fields. 

Distance 
km 
0.1 
0.s 
1.6 
2.4 
3.1 

Before Grazing Final Utilization 
Standing Crop Clip Method Visual Method 

G&h/ha) (5) (Q) 
600 67 60 
X60 77 50 
so0 7s 60 
900 72 50 
730 50 40 

SE 70 5 5 

actually the culmination of a wave of defoliation that ended on 
the fifth day. Hart et al. 1993 has postulated that improvements in 
grazing distribution that are associated with intensive mnnage- 
ment are usually a result of water development and smaller fields 
and are not necessarily caused by increases in stock density. The 
temporal grazing patterns documented in this study would seem 
to support this hypothesis. 

The peculiar shape (0.4 x 3.2 km) of the fields examined in this 
study was a result of limitations of economically available stock 
water. The finding of temporal grazing patterns is of interest from 
a research point of view. However, at the end of the 5 day grazing 
period utilization was fairly uniform, accomplishing a primary 
management goal. If final herbaceous utilization is relatively uni- 
form and falls within the moderate range (M-60%), temporal uti- 
lization patterns are probably not of significance from a manage- 
ment point of view, unless livestock performance is detrimentally 
affected by excessive travel (Anderson and Kothmann 19X0, Hart 
et al. 1993). In this study distance to water was less than 1.6 km 
for 2.5 days and more than 1.6 km for 2.5 days. The cattle never 
experienced a prolonged period of long distances to water. The 
effect of long distances to water on livestock performance may be 
ameliorated by limiting the time period and offsetting it with 
exposures to short distances to water. Cattle in this study ranged 
3.2 km from water (and would have probably gone further), and 
at the end of a 5 day grazing period, grass utilization was relative- 
ly uniform. 

Visual estimates of utilization in this study were consistently 
15-20% less than clipped estimates. Visual estimates are general- 
ly considered inferior to clipped estimates because of observer 
bias. However, clipped estimates may also contain a considerable 
level of potential error or bias. In the vegetation of this study, 
stubble heights after grazing were less than 2-3 cm. With short 
stubble, and frequently windy days, residual material can be shot- 
tered and lost before or during clipping. This causes underestima- 
tion of residual plant material and overestimation of utilization, 
using the before and after clipping method. Also, variation in 
rangeland vegetation can occur in very short distances. This can 
result in large errors in clipped utilization estimates simply 
because of large differences in standing crop between 2 adjacent 
clip plots. 

Conclusions 

Livestock utilization within intensively managed fields is not 
evenly distributed. Although utilization at the end of grazing peri- 
ods may be uniform, temporal grazing patterns exist. Livestock 
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distribution in this study was similar to that in previous work, but 
the size of the livestock herd was much larger. Little manage- 
ment-scale evaluation of utilization has been done previously on 
intensive management systems. 
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Abstract 

Understanding the effect of defoliation frequency and N fertil- 
ization on plant growth, forage yield, and quality of RS-2, a 
quackgrass [Ef#rigiu repens (L.) Nevski.] x bluebunch wheat- 
grass [Psettdoroegneriu spicatn (Pursh.) Love] hybrid, will help 
promote efficient use of this hybrid in livestock production sys- 
tems. Plants were fertilized with 0, 112, or 224 kg N ha-1 in 
spring 1988 and 1989, or with a 112+112 kg N ha-l split in spring 
and summer. One set of plants was unmowed or mowed to a 5 
cm stubble height once in July or August in 1988 and another set 
was mowed initially in May, June, July, August, September, or 
October 1989 and monthly thereafter through October. Peak 
standing crop of unmowed plants was 3,470 kg ha-* in 1988 and 
5,850 kg ha-l in 1989. In 1989 yields of fertilized plants exceeded 
those of unfertilized plants by 1,000 kg ha-l. In 1988, crude pro- 
tein exceeded 12% in unmowed forage and in 1989 varied from 
20% in May to 8% in August. After fertilization, crude protein 
was increased by 2 to 4 percentage units in 1988 and by 2 per- 
centage units in 1989, but fertilization had no effect on in vitro 
digestible organic matter. Regrowth contained more crude pro- 
tein (E-22%) and digestible organic matter (29-40%) than 
unmowed forage. Sequential harvesting enhanced quality of 
regrowth, but standing crops did not exceed 350 kg ha-l; except 
in June 1989. Sixty percent of the accumulated yield was harvest- 
ed with the first mowing during May through August. Plots har- 
vested initially in September and October were only harvested 
once. Our findings indicate an increase in forage yield potential 
and forage quality of RS-2 after harvesting and fertilizing the 
RS-2 hybrid. 
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Key Words: forage, irrigation, protein, digestibility, ‘NewHy’, 
Northern Great Plains 

The RS-2 hybrid of quackgrass [Elytrigiu repens (L.) Nevski] 
and bluebunch wheatgrass [Pseudoroegneria spicata (Pursh.) 
Love] was developed by the USDA-ARS Crops Research 
Laboratory, Logan, Ut. It is particularly noted for its productivity 
on slightly saline or alkaline semi-arid range sites. The plant is 
moderately rhizomatous and is an earlier generation of ‘NewHy’ 
(Asay et al. 1991). NewHy is adapted in temperate semi-arid 
rangelands which receive more than 330-mm precipitation. 

RS-2 has persisted with irrigation since 19Sl at Fort Keogh 
Livestock and Range Research Laboratory, Miles City, Mont. 
Currie et al. (1986) compared forage yield and quality of RS-2 to 
‘Prairieland’ Altai wildrye (Leynns angttstrts [Trin.] Pilger), 
‘Vinall’ Russian wildrye (Psathprosrachys jttncea [Fisch.] 
Nevski), and ‘Garrison’ creeping foxtail (Alopercttrtts arrtndi- 
nacetts Poir.). RS-2 forage yield exceeded all other species and 
averaged 5,400 kg ha-l in June or July. Forage quality of RS-2 
was lower than all other species, when cut once in the growing 
season. 

Yield and quality can be manipulated with mowing, grazing, or 
fertilization. Frequent quackgrass defoliation may inversely 
impact yield and delay maturity of subsequent cuttings, increase 
crude protein and in vitro digestible dry matter, and decrease neu- 
tral detergent fiber (Shaeffer et al. 1990). However, split-N appli- 
cation may enhance quackgrass forage quality (Schoper et al. 
1979). 

Our objective was to determine fertilization and mowing fre- 
quency effects on forage growth, yield, and quality of irrigated 
RS-2. This information will provide management options and 
efficiently integrate RS-2 use with native range. 

Materials and Methods 

Experiments were conducted on plots located in an RS-2 pas- 
ture at Miles City, Montana (-16°22’30”N;36”50’00”W) in 1988 
and 19S9. The experiments in 19SS and 1989 were on separate 
places within the same pasture. 
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Location Description 
Soil is a Havre loam, Ustic Torrifluvents, fine loamy, mixed 

(calcareous). No soil-N analyses were performed before the 
study, but residual N (NO3 was determined in soil samples col- 
lected in the surface 30 cm of soil from each plot in fall 19X9. 
During both years irrigation was used to supplement rainfall (Fig. 
IA). Data in Fig. 1A represent on site precipitation and irrigation, 
as well as, precipitation received at a weather station located at 
Frank Wiley Field near h4iles City (National Oceanic and 
Atmospheric Administration 1988-1989). Additional data are pre- 
sented for the readers convenience to indicate growing conditions 
of the surrounding area before and after the study and during 
August 19SS when the study location received no moisture from 
precipitation or irrigation. Soil water was not determined in 1988, 
but was determined gravimetrically 12 times between 1 June and 
6 Oct. 19S9. Average monthly temperatures recorded at Frank 
Wiley Field were obtained from National Oceanic and 
Atmospheric Administration (1988-1989) (Fig. 1B). General 
plant development was defined by recording plant phenology. 

Treatments 
During 1988, 3 mowing treatments included an unmowed con- 

trol and mowing to a 5-cm stubble height on either 11 July or 24 
August. During 1989, 6 mowing treatments were imposed with 
initial mowings on 25 May, 2X June, 25 July, 23 August, 20 
September, or 19 October 19S9. Regrowth was mowed on each 
of the previously mowed plots on the remaining harvest dates. 
Esceptions included the plots mowed initially in September and 
October 1989 where regrowth was not mowed. 

Ammonium nitrate was applied at 0, 112, and 224 kg N ha-t on 
5 June 19SS plus 2 applications of 112 kg N ha-* on 5 June and 
13 September 198s. Initial N application in 1989 was on 2 May 
with the second application in the split-N treatment on 1 August. 

Measurements 
Yield 

Standing crop was harvested at 5-cm in three 30-by 60-cm 
quadrats per subplot on 29 June, 13 July, 28 July, 11 August, 24 
August, 7 September, and 13 December 1988; and 25 May, 28 
June, 5 and 25 July, 24 August, 20 September, and 19 October 
1989. Samples were oven dried at 60°C for 48 hours and 
weighed. Carry-over effect of the 1989 mowing and fertilization 
treatments was estimated by measuring standing crop in 3 
quadrats in each subplot in spring 1990 when RS-2 plants were 
30 cm tall and inflorescences emerged. 

Representative forage samples were clipped at ground level 
from borders of plots on 20 and 29 June, 29 July, 24 August. 29 
September, 26 October, 9 November, and 16 December 1988; 
and 25 May, 2s June, 25 July, 24 August, 20 September, and 19 
October 19S9, were dried for 48 hours at 60°C and weighed. Leaf 
blades and stems (which included leaf sheaths) were then separat- 
ed and weighed to determine leafistem ratios and forage quality. 

Samples were ground through a l-mm screen and analyzed for 
total nitrogen (organic matter basis) with a Technicont Auto 

‘Tmde names and company names are included for the benefit of the reader. 
and imply no endorsement or preferential treatment of the product by USDA. 
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Fig. 1. (A) Precipitation and irrigation mater received on the 2 
research areas or in the general vicinity during May to October 
1988 and 1989. Long-term averages denoted by solid line. (B) 
Average monthly (1988 and 1989) and long-term temperatures for 
Frank Wiley Field. 

Analyzer (Technicon Industrial Systems 1977). Data are present- 
ed as crude protein (N ‘$ 6.25). In vitro digestible organic matter 
was determined using a modified Tilley and Terry (1963) tech- 
nique (White et al. 1981). 

Experimental Design and Statistical Analyses 
Treatments were imposed in a randomized-complete-block 

design with a split-plot arrangement of treatments with 4 replica- 
tions. Whole plots (14 by 14 m) were mowing dates, and subplots 
(3.5 by 14 m) were fertilization treatments. Regression analyses 
were used to determine relationships between standing crop, sam- 
ple dates, and fertilization rates (0, 112, and 224 kg N ha-t) for 
1988 and 1989 unmowed controls and plots mowed on 11 July 
1988. Differences were reported as significant at P < 0.05. 

Main effects and interactions of mowing date, N fertilization, 
and plant part on crude protein and digestibility were evaluated 
with analysis of variance. In each instance, 2 analyses were 
required: 1) compared mowing effects (19S8-unmowed control, 
11 July mowing, and 24 August mowing; 19X9-first, second, and 
third harvests) and N fertilization (198X-0, 112 and 224 kg N ha-t; 
19S9-0,112,224 and 112+112 kg N ha-t) within common sample 
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Results 
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Fig. 2. Actual and predicted standing crop of unmowed and July 
mowed RS-2 stands in 1988, X = day of year beginning with 29 
June 1988 as day 90, and actual and predicted standing crops of 
unmowed RS-2 stands in 1989, X = day of year beginning with 5 
May 1989 as day 65. 

dates, and 2) compared the effects of sample date within each 
mowing and N fertilization treatment. Two analyses were neces- 
sary since sampling dates were not the same for all mowing 
regimes. Analysis of variance was also used to determine signifi- 
cance of main effects and interactions of mowing sequence and N 
fertilization on forage regrowth and accumulated yields in 19S9 
and of standing crop in spring 1990. All tests were conducted 
with the appropriate error term required for a split-split-plot 
design, or with pooled residual error when the separate error 
terms were not significant (P 2 0.10) (Petersen 1985). If there 
was a significant F-test, differences were reported as significant 
at Ps 0.05, and means were separated by FLSD,a,. 

Environment and Plant Development 
Irrigation began later than usual for the dry spring of 1988 due 

to flood damage that occurred in August 1987 (Fig. IA). 
Irrigation water was not applied after July 1988 because of equip- 
ment break-down and September rains. In 1989, irrigation began 
in July after above average precipitation in May and June and 
continued through September. Soil water in the 0- to 30-cm depth 
ranged between 18.6 and S.0 g kg-l the amount held at -0.03 MPa 
and -1.5 MPa during the sample period from 1 June to 6 October 
1989. Water in the 30- to 60-cm and 60- to 90-cm depths was 
generally greater than lS.6 g kg-l the amount held at -0.03 MPa. 
Average temperatures during April, May, June, July, August, 
September, and October were higher in 1988 than in 1989, and 
1988 temperatures were higher than the long-term average in all 
months except September (Fig. 1B). These environmental differ- 
ences between the 2 years contributed to year differences in plant 
phenological development and plant response to mowing and fer- 
tilization. 

During 1988, plants developed slowly and remained vegetative 
for most of the growing season. Leafxtem ratios ranged from 4.5 
to 1.4 and remained relatively constant (Table 1). During 1989, 
plants were in the 4-to S-leaf vegetative stage in late May, anthe- 
sis in June, and dough stage in late August. Leaf:stem ratios 
declined from 1 in May to less than 1 as plants matured (Table 1). 
Leafistem ratios increased to 26.1 following mowing in July 1988 
and then decreased to 4.3 in November (Table 1). Leakstem 
ratios averaged 1 .O or less prior to mowing in 1989 and increased 
2 to 3 fold in regrowth of plants mowed initially in May and 13 to 
30 fold for plants mowed initially in June, July, or August (Table 
1). 

Table 1. Means + 1 standard error for 1eaf:stem ratios of RS-2 plants 
growing on esperimental mowing and fertilizer plots at Fort Keogb 
during 1988 and 1989. 

Date (198s) 
hlowiw 

Unmowed Control July Mowed 

29 Jun. 
29 Jul. 
24 Aug. 
29 Sep. 
26 Oct. 
09 Nov. 
16 Dec. 

_ - - - _ _ _ - - - leakstem _ _ _ _ - _ _ _ _ _ 

I .4+0.0X 
3.2kO.35 26.159.82 
2.6H.33 13.6k3.39 
4.5+0.54 25.3k3.36 
2.050.26 5.8&l A4 
2.tiO.15 434.46 
2.69.10 5.39.12 

Mowinrz 

(1989) hlay Jun. Jul. Aug. Sep. Oct. 

- -- - - _ - - - - - _ _ _ - - _ _ _ _ le&,tem- - - - - - - _ - - - - _ _ - - - - _ 
May 1.0+_0.06 3.050.26 2.59.32 3.79.14 3.OkO.22 
Jun. 0.3&0.02 10.5+1.01 6.120.39 3.320.13 
Jul. 0.2kO.01 9.59.94 4.1+0.22 
Aug. 0.220.02 2.9&0.3S 
Sep. 0.4*0.03 
Oct. 0.4~0.02 
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5/25- 6/28- 
7105 7125 

1989 

LLr 
7/25- 8/23- 
8123 9/20 

Fig. 3. hleans and + 1 standard error for initial rate of growth of RS-2 plants mowed initially in May, June, July or August 1989. 

Forage Yield 
U1m0w%?d 

Standing crop of unmowed plants peaked at 3,740 kg ha-t dur- 
ing 198s and 5,X50 kg ha-* in 1989 (Fig. 2). Regression analyses 
showed standing crop of unmowed forage was not significantly 
related to N fertilization at 0, 112, or 224 kg N ha-l in 198s or 
1989 (data not shown). Analysis of variance, however, showed 
standing crops were increased 1,000 kg ha-l by N (112, 224, and 
112+112 kg N ha-t) in 19X9 but not in 198X. 

plants were initially mowed in June and July, intermediate when 
mowing occurred after July (Table 2). and least when plants were 
mowed initially in May and October. Nitrogen fertilization 
increased accumulated forage yield 990 kg ha-’ when averaged 
across all N levels. 

1990 

Mowed 
Prior to mowing on 11 July 1988 standing crop averaged 1,400 

kg ha-t, and regrowth averaged 1,400 kg ha-t by December 19X8 
(Fig. 2A). In 19S9, initial regrowth was greatest for plants mowed 
in May 19S9 (Table 2, Fig. 3), but second period regrowth was 
similar for plants mowed initially in May, June, and July (Table 
2). Regrowth was less for plants mowed later in the growing sea- 
son. Prior to mowing on 24 August 1988 standing crop averaged 
2,500 kg ha--‘, and regrowth averaged 300 kg ha-* by December. 
In August 19X9, standing crop averaged 4,858 kg ha-*, and 
mowed plants regrew only 164 kg ha-t by September (Table 2). 
Plants mowed initially in September or October produced stand- 
ing crops averaging 5,093 and 3,784 kg ha-t, but no measurable 
regrowth occurred between September and October. Nitrogen fer- 
tilization did not stimulate the growth of plants mowed in July 
1985 (data not shown), but in 1989 initial and second period 
regrowth averaged 210 kg ha-* without N fertilization and was 
significantly increased to 342 kg ha-t with 224 and 112 + 112 kg 
N ha-*. 

Mowing in 1989 did not affect standing crops during spring 
1990. Application of 112 and 224 kg N ha-t increased standing 
crops by 23% and 51%. Residual soil NO, was 2, 12, 30, and 48 
mg kg-t for the 0, 112, 112 + 112, and 224 kg N ha-t fertilization 
treatments, respectively. Yellow sweet clover [ilfee[ilorrrs officci- 
n&s (L.) Lam.] growing with RS-2 produced 380 kg ha-t with- 
out N fertilizer, 129 kg ha-t with 224 kg N ha-t, and 217 kg ha-* 
with 112+112 kg N ha-t. 

Forage Quality 
Crude Protein 

Timing of mowing affected both regrowth and accumulated 
yields in 1989. Accumulated forage yields were greatest when 

Crude protein of unmowed forage remained greater than 12% 
all year in 198X (Fig. 4A) and greater than 10% in 19X9 (Fig. 
5A). Crude protein averaged 20% in May 1989, but the concen- 
tration declined to 13.5% by June and remained between 10.4 and 
11.7% for the remainder of the year (Fig. 5A). Mowing stimulat- 
ed regrowth, and crude protein of regrowth exceeded that of 
unmowed forage or older regrowth produced from earlier mow- 
ings in both 1988 (Fig. 4A) and 1989 (Fig. 5A). Regrowth pro- 
duced during the same time period in July and August 1989 con- 
tained more crude protein after the initial than the second mow- 
ing (Fig. 5A). Crude protein was greater in leaves than stems of 
unmowed forage and regrowth in both 19X8 (Fig. 4C and 4E) and 
1989 (Fig. 5C and 5E). 
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Fig. 4. Means and + 1 standard error for crude protein (A and B) and in vitro digestible organic matter (G and IT) concentration in RS-2 
herbage collected from unmowed control plots, those mowed initially in July or August and fertilized mith 3 rates of N in 1988. Crude pro- 
tein (C, D, E, and F’) and in vitro digestible organic matter (I, J, K, and L) concentrations of RS-2 leaves and stems collected from unmowed 
control plots, those molred initially in July and fertilized with 3 rates of N in 1988. 

Crude protein increased after N fertilization in unmowed forage noticeable during October and November (Fig. 4B). Application 
in 1988, and the significant although small increase was most of 224 kg N ha-1 increased crude protein in unmowed leaves and 
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Fig. 5. Means and + 1 standard error for crude protein (A and B) and in vitro digestible organic matter (G and I-I) concentration in RS-2 
herbage rollected from unmowed control plots and following the first (first regrowth) and second harvest (second regrowth) and all fertil- 
ized with 4 N treatments in 1989. Crude protein (C, D, E, and F’) and in vitro digestible organic matter (I, J, K, and L) concentrations of 
RS-2 leaves and stems collected from unmowed control plots and following the first harvest (first regrowth) and all fertilized with 4 rates of 
N in 1989. 

stems from September through December 198X (Fig. 4D). leaves and stems after July (Fig. 4F). During 19X9, N fertilization 
Fertilization did not, however, affect crude protein in regrowth consistently increased crude protein in leaves, stems, and forage 
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by 3 to 6 percentage units (Fig. 5B. 5D. and 5F) in unmowed and 
regrowth samples. Consistent differences were, however, not 
detected between the 112, 224, and 112+112 kg N ha-t treat- 
ments. 

III vitro Digestible Organic Mntter 
Regrowth digestibility was greater than that of unmowed for- 

age and greater for leaves than stems of unmowed forage during 
both 19SS and 19S9 (Fig. 4G, 41, 5G, and 51). Differences in 
digestibility between leaves and stems of regrowth were not as 
consistent in unmowed forage (Fig. 4K and 5K). Nitrogen fertil- 
ization significantly increased in vitro digestible organic matter a 
small percentage in unmowed forage in 198X, and this increase 
occurred during October and November (Fig. 45). During 1989, 
N fertilization had little effect on digestibility of unmowed forage 
or regrowth after the initial harvest (Fig. 5H, 5J, and 5L), but 
increased digestibility 7 percentage units in September regrowth 
produced after the second harvest (data not shown). Digestibility 
of unmowed forage was 76%. 

Discussion 

Although irrigated, the quantity of water applied did not appear 
adequate for optimum plant growth in 19X8, and the amount was 
often less than the amount usually received as rain in the area 
(Fig. ]A). Standing crop of unmowed controls in 1989 ranged 
from 6 to 1.5 times greater than those produced in 19SS on simi- 
lar dates in July. Lack of precipitation and elevated temperatures 
in spring 198X were undoubtedly the dominant factors reducing 
forage yields that year. Once established RS-2 plants persist in 
relatively dry environmental conditions similar to those in 19X8. 

Although standing crops were larger in June and July 19S9 than 
July 19SS, considerably more regrowth was produced after the 
first harvest in 19X8 than 1989. Probable causes for this variation 
between years include: 1) plants were vegetative in 198s com- 
pared with reproductive in 19X9. 2) considerably less forage was 
removed with the initial harvest in 198X compared with 19S9, and 
3) total available water was less in June and July 1989 than 1988. 
However, a complete explanation for this variation in forage 
regrowth is difficult because it is difficult to separate the impact 
of plant phenological stage, environmental conditions (tempera- 
ture and water), and time of mowing with potential regrowth. 

During June, crude protein of the RS-2 hybrid was generally 
greater than 9%. or the level required for a 500&g cow consum- 

ing 2 kg forage per 100 kg body weight, and an average milking 
ability during 90 to 120 day postpartum (NRC 1954) but was less 
than 9% from late July through late September 19S9. When less 
than 9% the majority of the crude protein was available since acid 
detergent insoluble nitrogen averaged less than 2% (Haferkamp 
et al. 1993). Crude protein was consistently greater than 9% in 
regrowth from June through September, but there was often less 
than 300 kg ha-t available forage. 

Both mowing and N fertilization increased crude protein, but 
the increase due to fertilization was usually less than 3 percentage 
units. The importance of fertilizer may be minimal, since non-fer- 
tilized plants contained more than 13% crude protein averaged 
across mowing treatments in both 1988 and 19X9. When forage 
from the unmowed controls in 198s and 1989 is compared, it is 
apparent that forage and leaf quality were greater in 198X than in 
1989, particularly in July and August. This finding was not total- 
ly unexpected since the hot-dry conditions during 19SS limited 
forage yields and delayed plant phenological development. 

High quality RS-2 forage in 1988, spring 1989, and in all 
regrowth contained a large amount of leaves (Table 1). Murray 
(1984) reported a high percentage of leaves in RS-2 forage. 
Perez-Trejo et al. (1979) reported regrowth produced from July to 
September (43% of accumulated yield) was mostly high-quality 
vegetative material. 

Management Implications 

The RS-2 hybrid produced high quality forage during spring 
and early summer and following mowing. Intermediate sized 
yields (>5,000 kg ha-l) and good regrowth (> 500 kg ha-t) were 
produced by plants mowed in early and mid-summer 19S9. 
Although repeated mowings produced higher quality forage, 
environmental conditions were not always conducive for rapid 
regrowth. Thus, forage managers must set management objec- 
tives and then choose harvest dates and N fertilization treatments. 
Additional research will be needed to define the most efficient 
system for forage production with this hybrid. This study indi- 
cates large amounts, 6,000 kg ha-‘, of high quality forage can be 
harvested from pastures of RS-2 in the Northern Great Plains 
when managed by harvesting in mid-summer, resting, and then 
mowing or grazing again in fall or early winter. This is particular- 
ly true where the irrigation water supply is inadequate to provide 
consistent soil water levels throughout the growing season. 
However, the lack of a complete explanation for variation in 

Table 2. Standing crops and accumulated yields for the 6 mowing treatments applied to RS-2 in 1989 at Fort Keogh. 

Date hlay Jun. Jul. 
Mowing 

Aug. Sep. Oct. Accumulated 

hlay 
Jun. 
Jul. 

--------------------------------------------~gha-l------------------------------------------ 

2,026’ 5672 2843 297 222 3,396~~ 
5.450 202 31.5 293 6.2603 

5,597 25s 32s 6.1S3a 
Aug. 
sup. 

4,sss 164 5,022b 
5,093 5,093b 

Oct. 
‘Values appwirq on thr dlqonal rqrs~~ the unmo\red control. 
%e second ~dur in each row is the gronlh produced during rhe tirst regroath period. 
jThe third value in each row is the growh produced during the second regrowh period. 
4hiectns followed by cimilar leners nre nor +nlficanrly diMerent P >O.OS. 

3,784 3.7s.k 
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regrowth prevents us from making management recommenda- 
tions at this time. 
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Estimating forage intake and quality in grazing 
cattle: A reconsideration of the hand-plucking 
method 
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Abstract 

The hand-plucking method for estimation of bite size 
and nutritive quality was tested for steers grazing at low 
stocking rates on heathland and in riverine grassland. 
Vegetation height, standing crop, and cover of distinct 
plant categories were determined in 13 sampling periods 
over 2 years. In each period bite size was estimated with 4 
esophageally fistulated steers. Bite counts on different 
plant categories were made during sampling. The plant 
categories were sampled separately by hand-plucking and 
weighed to determine plucking size. Extrusa and hand- 
plucked samples mere analyzed for concentrations of 
nitrogen and calcium. 

Vegetation height was a more accurate predictor of 
plucking size than standing crop. A curvilinear relation- 
ship was derived between plucking size and bite size. The 
nutritive quality of estrusa and hand-plucked samples was 
not significantly different. 

It is concluded that the application of the hand-plucking 
method appears successful when a stratified sampling 
approach to hand-plucking is followed. Future studies 
should esamine operator-biases and horn these can be min- 
imized. 

Key Words: bite size, diet quality, hand-plucking 

Diet selection, food intake, and diet quality of herbivores can 
be estimated by simulation of the observed diet by hand-pluck- 
ing. The method is rapid, inexpensive, and simple. It often is the 
only feasible method to investigate the diet of free-ranging or 
wild herbivores in heterogeneous environments. Unfortunately, it 
is subject to a mostly unknown bias as the simulation of the graz- 

This paper forms o part of a Ph.D. [hew,. I would like to thank Prof. H.H.T. 
Prim. Prof. L. ‘I hlannrtje and 3 anonymow referees for the constructive criticism 
on the manuwipt. Johan Scheele and Teuz Bleyenherg. Department of Agronomy, 
provided inwlwble hrlp in taking cnre of the ti\rulated steers. I am furthermore 
very much indebted to hlaurits Gleichmnn. Department of Terrestrinl Ecology and 
Nature Consmdtion. for hi\ great contribution IO the field work. 

Paper accepted I 1 Nov. 1931. 
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ing animal is likely to be imperfect. The hand-plucking method 
can be evaluated by comparing hand-plucked estimates of bite 
size and nutritive quality with data from esophageally fistulated 
animals. 

Fistulated animals are widely used in studies of diet selection, 
as the extrusa samples offer the opportunity to assess bite size 
(Forbes 19SS) and the botanical composition of the diet 
(Holechek et al. 19S2a). However, biases may arise in the assess- 
ment of dietary quality, which limits the use of extrusa to certain 
constituents. Salivary contamination considerably raises the con- 
tents of ash, sodium, and phosphorus so as to preclude any accu- 
rate estimation of these constituents in the diet (Holechek et al. 
1982b, Langlands 19X7). Contents of nitrogen are altered by sali- 
vary contamination but do not differ on an organic matter basis 
(Little 1972, Pinchak et al. 1990). Concentrations of some miner- 
als, calcium in particular, do not appear to be different in extrusa 
samples (Little 1975, Pinchak et al. 1990). The organic matter 
digestibility of extrusa samples is generally considered to be sim- 
ilar to the feed on offer, but several experiments have revealed 
significant differences between the 2 (Langlands 1966. Holechek 
et al. 1982b, Burritt et al. 19X7. Armstrong et al. 1989). Thus, the 
estimates of dietary quality from estrusa samples are least biased 
for nitrogen and calcium. 

A number of experiments have been conducted to test the hand- 
plucking method. Edlefsen et al. (1960) compared the composi- 
tion of hand-plucked forage with extrusa from esophageally fistu- 
lated sheep under range conditions. Differences in nitrogen and 
cellulose contents were not significant. A number of other con- 
stituents (ash, lignin, carbohydrates minus cellulose, gross ener- 
gy, and phosphorus) were significantly different but this was at 
least partly due to contamination with saliva. Kiesling et al. 
(1969) found that hand-plucked samples from one technician 
contained significantly less silica, ash, protein, ether extract, 
detergent fiber, and lignin than extrusa samples from steers. 
Langlands (1974) determined that hand-plucking underestimated 
digestibility and nitrogen content of sheep diets for low herbage 
quality and overestimated nutritive quality when herbage quality 
was high. Also, nutritive quality of hand-plucked samples varied 
between operators. Van Rees (1984) collected hand-plucked and 
extrusa samples from 2 steers on 3 consecutive days in high-qual- 
ity grassland. No significant difference in organic matter 
digestibility was found between the 2 sample types. Even though 
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the nutritive quality of the estrusa samples themselves may some- 
times have been biased, these finding suggest that hand-plucking 
may lead to additional biases in the estimate of dietary quality. 
Yet, better resulrs might be obtained by careful elaboration of the 
hand-plucking procedures. 

Earlier experiments reported by Wallis de Vries (1990), indi- 
cated that hand-plucking underestimated nutritive quality of cattle 
diets when an average pasture sample of about 100 simulated 
bites was compared with an estrusa sample. However, a refine- 
ment of the method closely predicted diet digestibility. The 
refinement consisted of sampling different plant categories sepa- 
rately and estimating diet digestibility as a mixture weighted 
according to bite counts of these categories. This paper presents a 
more estensive test of the applicability of an elaborated hand- 
plucking method to assess both bite size and nutritive quality of 
cattle diets. 

Materials and Methods 

Grazing trials were conducted in 2 widely different vegetation 
types in a heathland and a riverine area in the Netherlands. The 
heathland area, the formerly ungrazed Doorwerthse Heide (50 
ha), was dominated by Desc1zanq.h j7emosa and Cclll~nn wl- 
Saris. It was divided into 2 compartments, 1 grazed year-round 
(0.1s steers/ha) and 1 with winter grazing only (0.23 steers/ha 
from December to March). The riverine area, the Renkumse 
Benedenwaarden, is a river foreland of the Rhine river with a 
long history of pasture use. The vegetation was dominated by 
Agrostis stolonijera. Lolim perenae, and Elynu~s repens. The 
area was also split into 2 compartments, I grazed year-round 
(0.57 steers/ha) and 1 with summer grazing only (0.96 steers/ha 
from April to November). 

E~perin~entcrl Design 
Thirteen esperimental periods were planned at 2 month-inter- 

vals over 2 years, from May 1989 till May 1991. On each occa- 
sion 2 plots of 40 x 50 rnz mere sampled in all 3 currently grazed 
areas. Sampling plots were fenced with electric wire on the sam- 
pling day. Four esophageally fistulated steers (aged ca. 13 months 
and weighing ca. 300 kg at the start of the first experiment) were 
used to collect samples from the selected diet. The animals were 
allowed to graze the area at least 3 days before experimentation. 
They were fasted ca. 4 hours prior to sampling to increase their 
willingness to graze. Samples were caught in a small bucket, with 
soft plastic wings, strapped to the animal. Food recovery was 
ensured by fitting a foam plug in the animal’s esophagus. 
However, in 2 steers with a particularly large fistuia the plug 
mostly fell out and was therefore not used in these 2 animals; 
there was no evidence that this reduced the amount of food recov- 
ered. Each estrusa sample (50-250 g dry matter) required 5-10 
minutes of grazing. On average 3.2 samples were collected per 
plot. 

Like in most rangelands, the vegetation structure in the sam- 
pling plots was heterogeneous. As a result, the extrusa samples 
consisted of a misture of bites from short, tall, and flowering 
(‘stemmy’) grasses and some other conspicuous species. These 
plant categories were therefore distinguished (see Table 1) and 
used for recording biting frequencies and for sampling the avail- 

Table 1. Plant categaries distinguished on heathland and in riverine 
grassland. 

Both areas: 
Short grass : leafy sward < 7 cm high 

Tall grass : leafy sward > 7 cm high 

Stemmy grass : ward with > 2 flowering stemsldm2 

Heathland only: 
Short dWirrin : hlolirria coenrlea c 20 cm high 
Tall Mohtia : AJolinia caerdea 7 20 cm high 
Other grasses : Various short broad-leaved gnminoids 

Short CrilIur~n : Crrlltrrm wrlpYs < 20 cm high 

Tall Cnllrrrrn : Ctrllrrrm vu/~~ris > 20 cm high 
Erica Erica rerralk 

Riverine grassland only: 
Plralflris : Phalaris nrrrntlinncea 
Blllorllrrs : B~~romrs umh~llanrs 
Cirsim : Cirhn ameme 
Rwnex : Rmex obfcts$Xrs + R. crisprrs 

able forage. The plant categories were sampled by hand-plucking 
(50-100 pickings for each category) by the same person over the 
entire experiment. The samples were plucked between the thumb 
and a backward-bent forefinger, simulating the steers’ grazing as 
closely as possible. The grazing behavior of the animals was 
observed during sample collection after prior familiarization, 
using the OBSERVER 2.0 computer programme (Noldus 1991). 
These data provided a weighted estimate of average bite size and 
nutritive quality for the extrusa samples, which could be com- 
pared with the measured values as explained below. 

In each experimental period the vegetation height and available 
standing crop for the 3 grass categories (i.e. short, tall, and stem- 
my grass) were measured on 50 points within 2 (riverine grass- 
land) or 3 (heathland) plots, including the sampling plots for the 
fistulated steers. The 50 points were laid out systematically in 5 
equidistant lines, with 1 point every 5 meters. At every point the 
plant category was recorded and vegetation height was measured 
with a tempes disc (ca. S g, 10 cm diameter) which was gently 
lowered onto the vegetation along a measuring-rod. The standing 
crop was sampled every fifth point by clipping an area of 25 x 25 
cm2 from a single grass category down to a height of 2 cm or to 
the level of litter and dead plant material. At least 4 samples were 
clipped for each grass category (not enough stemmy grass was 
available for clipping in May 199 1 on heathland). 

Sample Analyses 
The samples were stored in polythene bags at -20°C. Estrusa 

samples were first freeze-dried to prevent Maillard browning 
reactions, whereas hand-plucked and standing crop samples were 
oven-dried in a force-draught oven at 65°C. All samples mere 
weighed to determine respectively average bite size per sample 
(total number of bites divided by sample dry weight), plucking 
size or standing crop. Due to a limited processing capacity, sam- 
ples from only I full year (6 periods: May, July, September, and 
November 19S9, and January and May 1990) were selected for 
chemical analysis. After grinding through a 1 mm sieve the 
extrusa and hand-plucked samples were analyzed for concentra- 
tions of total nitrogen (N on organic matter basis) and calcium 
(Ca on dry matter basis) to provide an estimate of nutritive quali- 
ty according to Walinga et al. (I9S9). N and Ca were chosen 
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because these constituents appear to be least affected by salivary 
contamination. 

Data Analysis 
The data were pooled for the different vegetation types and 

compartments within the heathland and the riverine area, as these 
produced similar results. Since both areas differed widely in veg- 
etation height and plant texture, which could influence the rela- 
tion between plucking size and bite size, the data for heathland 
and riverine grassland were analyzed separately with respect to 
these parameters. Data on nutritive quality on the other hand, 
were pooled for both areas. This offered the possibility to extend 
the comparison between grazed and hand-plucked samples over a 
wider range of nutrient content. Moreover, there was no reason to 
assume that the comparison would differ between areas. All sta- 
tistical analyses were carried out with the SAS (1985) computer 
package. Regression analysis was conducted to determine the 
effect of vegetation height and standing crop on plucking size. 

Bite size was expressed relative to an estimated biting area to 
account for animal growth during the experiment. Biting area was 
chosen because it represents a crucial interface between the ani- 
mal and the forage (Illius and Gordon 1987). It was calculated as 
a circle with the diameter of the incisor arcade breadth. This 
appears to be a realistic assumption for grassland vegetation of 
medium height (Illius 1989). The arcade breadth of the fistulated 
animals (measured in late April of 1989 to 1991) increased lin- 
early with live weight, although individual variation was apparent 
(Fig. 1). This relation allowed a separate estimation of arcade 
breadth for each individual on the basis of live weight, which was 
measured at each sampling period. An average plucking size cor- 
responding to each extrusa sample was calculated by a weighted 
mean of plucking size for the different plant categories in accor- 
dance to their proportion in the bite count. The sample values and 
sample estimates of the different animals were averaged to give 
one data pair per plot. Regression analysis was carried out for 
both vegetation types separately to determine the relation 
between plucking size and bite size. The regression line was 
forced through the origin, as it was assumed that cattle bite size 
and plucking size are 0 under similar conditions. 

100 
I 

In order to assess a possible bias in the estimate of nutritive 
quality by hand-plucking, plot averages for the nutritive quality 
of extrusa samples and their estimates from hand-plucked sam- 
ples were compared by regression analysis. The estimate of the 
nutritive quality of an extrusa sample based on hand-plucked 
samples was calculated as follows: 

%NQ = C (Ni BSi %NQi)/~ (Ni BSi) 

where 
%NQi = nutritive quality (N or Ca) of plant category i 

(in % of dry matter) 
Ni = the number of bites on plant category i 
BSi = bite size of plant category i (estimated from 

regression equation of bite size on plucking 
size) (in mg/cm*) 

Results 

Standing Crop and Vegetation Height of Plant Categories 
Standing crop and vegetation height were generally lower on 

heathland than in the riverine area (Table 2), especially during the 
growing season. Vegetation height and standing crop showed 
high linear correlation coefficients in both heathland (r=O.866, 
d.f.=48, P ~0.001) and riverine grassland (r=O.921, d.f.=96, P 
~0.001). The variation in plucking size, however, was better 
explained by vegetation height than by standing crop (Table 3). 
Due to the strong correlation between height and standing crop 
the bulk density (i.e. standing crop divided by height) did not 
show any significant correlation with plucking size. 

Bite Size Estimation 
The regression analysis revealed a close fit for a curvilinear 

relation between plucking size (PS, g; with 95% confidence inter- 
vals for parameters) and bite size per unit biting area (BS, 
mg/cm*) (Fig. 2): 

Heathland: BS = 47.98Q8.11) PS-28.39k17.17) PS* 
R*=O.779, d.f.=22, P <O.OOl 

Riverine: BS = 34.87W.48) PS - 17.53b7.57) PS* 
R*=O.803, d.f.=26, P ~0.001 

The quadratic term in the regression equation was significant 
for both heathland and rive&e grassland (P co.01 and P <O.OOl 

-200 300 400 500 600 700 800 900 

-m- 82 --t- 88 --+- 503 ‘. k,. 506 

Fig. 1. Incisor arcade breadth as a function of live weight in 4 
esopbageally ftiulated steers (numbered 82,88,503, and 506). 

Table 2. Average and range (minimum-maximum) for standing crop and 
vegetation height from different plant categories on heathland 
(Deschampsiaflexuosa type) and in riverine grassland (Loliumperenne 
type) over 13 study periods in 1989-1991. Differences in standing crop 
and vegetation height between plant categories were significant 
(PcO.05) in all periods. 

Standing crop Vegetation height 

(g/m2) (cm) 
Heathland 
Short grass 87.6 (58.1-l 14.3) 5.2 (3.9 6.0) 
Tall grass 187.8 (146.3-266.1) 9.6 (8.6-10.8) 
Steamy grass 297.4 (186.5-406.7) 15.8 (12.8-19.5) 

Riverine grassland 
Short grass 110.1 (64.0-198.7) 5.3 (4.0-6.2) 
Tall grass 246.5 (130.6-498.4) 13.1 (8.4-25.5) 
Stemmy grass 3fX2(157.2-691.5) 18.6 (6.0-35.9) 
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Fig. 2. Bite size per unit biting area of esopbageally fistulated steers in relation to plucking size on a) heathland and b) riverine grassland 
(dots represent plot means, the line shows the regression equation given in the tex?). 

respectively). Without the quadratic term the explained variation 
decreased respectively to 66.1% and 63.1%. 

Nutritive Quality 
The estimated contents of nitrogen and calcium (with 95% con- 

fidence intervals for parameters) were similar to the contents in 
the diet selected by the tistulated steers (Fig. 3): 

N-diet = 0.97(@.20) N-est. + 0.11 &-OS 1) 
R2=0.75 1, d.f.=30, P <O.OOO 1 

Ca-diet = 1.14&0.14) Ca-est. - 0.04Q-O.06) 
R2=0.906. d.f.=29, P <O.OOOl 

For both regressions the intercept was not significantly differ- 
ent from 0 (& 0.05) and the regression coefficients were not sig- 
nificantly different from unity (P >0.05). Therefore, the estimate 
of nutritive quality by hand-plucking showed no significant bias. 

Table 3. Regression equations describing the relation between plucking 
size (PS, g) and vegetation height (H, cm), and behveen plucking size 
and standing crop (SC, dm2) for Deschumpsiaflex~osu-vegetation on 
beatbland and for riverine grassland (95% confidence intervals for 
parameten indicated between brackets). 

Heathlnnd 
PS = 0.0825(+0.0257) H - 0.00216&0.00110) Hz - 0.229w.128) 

(R2=0.880, d.f.=32, P 4.0001) 
PS = 0.00269@MIOO94) SC - 2.71 K&1.69 lo-$ SC2 - 0.076S@l.l1 I) 

(T&0.773. d.f.=32, PcO.0001) 

Riverine grassland 
PS = 0.0820&0.0135) H - 0.00126@MHJO39) H2 - 0.220@.091) 

(R2=0.8M,d.f.=98, PcO.0001) 
PS = 0.00426($MOO89) SC - 3.59 10-6&l .25 lo++ SC2 - 0.235&0.122) 

(Ra.765, d.f.=95, P cO.0001) 

Discussion 

General Remarks 
The results of this experiment show that hand-plucking can be 

used as a method to assess bite size and diet quality. This con- 
trasts the findings of Kiesling et al. (1969) and Langlands (1974). 
The applicability of the hand-plucking method relies on sub-sam- 
pling of different plant categories and recording bite counts to 
adjust for diet selection, rather than taking a mixed sample of dif- 
ferent plant categories. Furthermore, extensive familiarity with 
the grazing habits of the animal is a prerequisite. In this respect, 
cattle will be easier to simulate than sheep, which are more selec- 
tive grazers (Grant et al. 1985 and 1987). This may have proved a 
handicap in the experiment by Langlands (1974). This author also 
pointed to the problem of differences between operators. This 
aspect was not tested in the present study as the data were collect- 
ed by one person only. However, calibration of the estimation of 
bite size and diet quality is advisable whenever possible, espe- 
cially in heterogeneous vegetation. 

Vegetation Structure Versus Botanical Composition for the 
Estimation of Diet Selection 

Within a certain study area, the botanical composition needs to 
be taken into account to differentiate between vegetation types. 
Within a botanically defined grassland type, distinction of the 3 
plant categories on the basis of vegetation structure-short, tall, 
and stemmy grass-appears a useful and practical method to quan- 
tify diet selection. It may seem more appropriate to distinguish 
separate plant species, even within a grassland type. This is prob- 
ably true in cases where species are easily distinguished and pre- 
sent clear differences in nutritive quality, such as in arid range 
with low vegetation cover. However, in dense grassland swards 
the estimation of bite size would become much more difficult 
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Fig. 3. Comparison of diet quality as estimated by hand-plucking (expected) and as determined in estrusa samples from esophageally fiitulat- 
ed steers (observed) for a1 nitroeen CM and bb calcium (Cal. Dots represent plot means from heathland and riverine grassland. The line 

_  . I  .  I  

shows the values for equality of obsened and espected values. 

with bite counts on a species basis. In addition, the difference in 
nutritive quality between grasses of different growth stage is of 
the same magnitude as between different grass species on the 
same site (Hacker and hlinson 198 1. Ulyatt 19S1, Norton 1982, 
Koorevaar 19S6). Distinction between species would therefore 
not necessarily result in a more accurate estimate of diet quality. 
This supposition was not specifically tested in this study, but 
some inferences can be made from additional data. In the riverine 
area, changes in botanical composition between years were sig- 
nificant for Elwm repens and Agrostis sfolonifera (Wallis de 
Vries, unpubl.). Yet, there was no significant correlation between 
the cover of either of these species and changes in nutritive quali- 
ty for nitrogen, phosphorus, calcium. sodium. and organic matter 
digestibility. In contrast, an ANOVA revealed a significant dif- 
ference between grass categories for all 5 nutrients examined 
(RO.05, although the difference for calcium was only marginal: 
P<O.lO). Thus, the distinction of grass categories appears more 
important than the differentiation between species. A practical 
argument in favor of the present approach is that cattle do not 
appear to discriminate actively between grassland species grow- 
ing in a fine mixture (Grant et al., 1985). It certainly is difficult 
for the observer to distinguish individual plant selection. 

reached at a similar sward height (ca. 3 cm when extrapolating 
the regression between vegetation height and plucking size). 
Conversely, with increasing herbage availability cattle would 
tend to take relatively larger bites, favored by the broader dental 
arcade and an extension of the reach by a sweep of the tongue, in 
comparison to the relatively small span of around half the size of 
a forefinger. With a further increase in ward height, selectivity 
and a decrease in bulk density would become of greater impor- 
tance, leading to a smaller bite size (Forbes 198s) and, hence, a 
convergence of bite size and plucking size. The calibration of 
plucking size is more important for an accurate estimate of intake 
than for the assessment of nutritive quality. When plucking size 
instead of estimated bite size was used the additional error in the 
estimate of nitrogen or calcium content was less than 5%. sug- 
gesting that pluck size may be used directly with little effect on 
the nutritive estimate. 

Conclusion 

- Heathland ----- Rwerme 

Extrapolation of the regression equations of bite size versus 
plucking size and plucking size versus vegetation height reveals a 
curvilinear increase of bite size with vegetation height (Fig. 4). 
The relationship is markedly similar for heathland and riverine 
grassland. This further emphasizes the impact of vegetation struc- 
ture on bite size and indicates the possibility to estimate bite size 
from vegetation height. 

20 L 1 

Crmiliirerrrity benveen Pluckiq Size cm1 Bite Size 
The relation between plucking size and bite size found in this 

study was curvilinear. It may be argued that this type of relation 
could have a more general applicability. The curvilinearity results 
mainly from the choice of 0 intercept. This seems justifiable on 
the ground that the allometric coefficient for bite weight declines 
on very short swards (Illius 1989). The ability of cattle and a 
hand-plucking human to harvest grass then would converge, and 
it seems a fair assumption that the point of a 0 harvest would be 

0 5 10 15 20 25 

Veqetatm Heqht kml 

Fig. 4. Bite size in relation to vegetation height in heathland and 
riverine grassland, as extrapolated from the regression equations 
between plucking size and vegetation height and between bite size 
and plucking size. 
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The hand-plucking method offers potential for determining bite 
size and nutritive quality of grazing herbivores. The incorporation 
of stratified sampling of different plant categories in combination 
with observations on the selection between categories appears an 
essential improvement. The method should prove especially valu- 
able in heterogeneous and sparsely grazed vegetation, where ani- 
muls can demonstrate great selectivity. Moreover, hand-plucked 
samples are free from the contaminants precluding reliable analy- 
ses for a number of parameters for nutritive quality in esophageal 
esttusa or rumen samples. However, the method relies heavily on 
a calibration between operators and the study animal. Future 
studies should investigate the variation between operators and its 
minimization through the development of standard procedures. 
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Abstract 

Weed competition is a major factor causing warm-season grass 
seeding failures in rangeland and cropland. With a limited num- 
ber of herbicides available for weed control, grazing may reduce 
competing vegetation in seedings and serve as an alternative to 
herbicides. Many immature needy forbs and grasses are palat- 
able to cattle and contain high nutrient levels. Research was con- 
ducted (RCBD, 4 reps) comparing grazing by yearling cattle with 
chemical suppression [atrazine (6-chloro-N-ethyl-N’- 
(methylethyl)-1, 3, S-triazine-2, 4-diamine)] for weed control in 
big bluestem (Andropogon gerardii var. gerurdii Vitman) 
seedlings at Mead, Nebr. on a Sharpsburg silty clay loam (fine, 
montmorillonitic, mesic Typic Argiudoll) soil. Big bluestem was 
seeded at 220 PLS m-2 on 8 May 1987 and 25 April 1988. Weed 
control practices were mob grazing, continuous stocking, early- 
season mob and continuous stocking, chemical suppression with 
atrazine (2.2 kg a.i. ha-l), and a control. Paddocks mere mob 
grazed 4 times in 1987 and 2 times in 1988. Paddocks were con- 
tinuously stocked from 10 June to 22 July 1987. Continuous 
stocking was not attempted in 1988 because nitrate (NO33 levels 
in redroot pigweed (Amaranfl~us retrojlexus L.) exceeded tosic 
levels ( 23,400 to 55,600 mg kg-1 NO,-) throughout the season. 
Acceptable big bluestem stands developed in 1987 and 1988, 14 
and 6 plants m-2 respectively, on areas treated with atrazine. 
Density and frequency of big bluestem seedlings were lower on 
the atrazine-treated plots in 1988 due to higher levels of weed 
competition and reduced precipitation. Grazing treatments 
resulted in inadequate stands (cl.0 plant m-2) of big bluestem in 
both years. Grazing is not a suitable alternative to chemical sup- 
pression for weed control for big bluestem establishment in sub- 
humid and humid environments where high weed populations are 
common. 
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toxicity 

Weed competition is a common reason for failed seedings of 
forage grasses (Bovey et al. 1986, King 1987). Grazing was a 
popular method of managing weeds in the first half of this centu- 
ry but was replaced with herbicides starting in the 1950’s (Decker 
and Taylor 1985). Weed competition can be effectively reduced 
using herbicides (Martin et al. 19X2, Bahler et al. 19S4). 
Application of atrazine (6-chloro-N-ethyl-N’-(methylethyl)-1, 3, 
5-triazine-2, 4-diamine) was a very effective weed control prac- 
tice in the establishment of big bluestem (Andropogon gerardii 
var. gerardii Vitman) and switchgrass (Particm virgatm L.) 
(Martin et al. 19S2). Chemical methods of weed control, howev- 
er, are often expensive and may be potentially harmful to the 
environment. 

Weeds vary considerably in palatability. Studies have indicated 
that some weed species have high forage quality (Ivlarten et al. 
19X7, Bosworth et al. 19X0, Bosworth et al. 19S.5). Nitrate (NOj-) 
accumulation, however, is often associated with certain weed 
species and poses a problem for grazing livestock. Redroot pig- 
weed (Amaranths retraflesrts L.). a common weed species in 
Nebraska, is a N03- accumulator (Osweiler et al, 1985). The 
objective of this study was to compare grazing strategies to an 
effective method of chemical weed suppression in a big bluestem 
seeding. 

Materials and Methods 

Study Site 
The study was conducted at the Agricultural Research and 

Development Center near Mead, Nebr. on a Sharpsburg silty clay 
loam (fine, montmorillonitic, mesic Typic Argiudoll) soil. The 
annual precipitation averages 690 mm with approximately 75% 
falling during the growing season (April-September). The frost 
free period is about 16s day yr*. Precipitation from October 
19S6 through September 1957 was above normal (124%). 
Precipitation was only 65% of normal from October 19S7 
through September 19SS and the spring was particularly dry. 

The research area was a smooth brome (Brontrrs inermis 
Leyss.) pasture (9 ha) that had received moderate manure appli- 
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cations for several years. The study site was tilled and planted to 
corn (2~ mnw L.) in 1985 and 1986. ‘Pawnee’ big bluestem was 
seeded (200 PLS m-‘1 on 8 May 1987 on one-half of the area fol- 
lowing a double dishing of the corn residue. The other half 
remained in corn until it was tilled and planted to Pawnee big 
bluestem (220 PLS m-2 on 25 April 1988. 

First Seeding Year 
In the 1987 seeding, 6 weed control practices (artazine applica- 

tion, continuous stockingt, early-season continuous stocking, 
mob grazing, early-season mob grazing. and no weed control) 
were applied to paddocks in a randomized complete block design 
with 4 replicates. The early-season grazing treatments were com- 
parable to a pre-emergent weed control while the other grazing 
treatments were similar to pre- and postemergent. Atrazine was 
applied on 1-l May at 2.2 kg a.i. ha-’ (313 liters ha-’ water at 207 
kPu) before grass seedling emergence. Atrazine was selected to 
improve big bluestem establishment because it controls a broad 
spectrum of weeds. hlartin et al. (1982) reported that big 
bluestem was tolerant to spring-applied. pre-emergent atrazine up 
to 3.4 a.i. kg ha-t. Atrazine is no longer approved for grass estab- 
lishment or rangeland renovation. One exception is in Nebraska 
where ntrazine has been granted a special local needs registration 
for use on land enrolled in the Conservation Reserve Program 
and in warm-senfon grass seed production fields. 

Three cages ( 1.2 x I .5 x 0.6 m) were randomly placed in each 
grazed paddock before grazing to determine establishment with- 
out weed control. Yearling dairy heifers (275 kg) were used to 
apply the grazing treatments. Continuous stocking (5 yearlings 
0.20 ha-t) occurred from 10 June to 22 July 1987. Hay was fed as 
needed in the continuously stocked paddocks and water was pro- 
vided. Cattle were removed from paddocks during wet conditions 
to prevent trampling damage to grass seedlings. Three additional 
cages were randomly placed in each continuously stocked pad- 
dock on 29 June 1987 to simulate the early-season, continuously 
stocked treatment. Mob grazing ( 10 yearlings 0.05 ha-*) was 
accomplished 4 times (IO. 16, 22 June and 20 July) in less than 
24 hours per occupation. The early-season mob grazing treatment 
was created by randomly placing 3 cages on 29 June 1987 in the 
mob-grazed paddocks. Forage was grazed to a 5-cm stubble 
height or until excessive trampling occurred in each grazed pad- 
dock. 

extremely high NO,- levels. Osweiler et al. (1985) indicated that 
NO,- concentration was generally greater in the stalk compared 
to the leaf. However. increased stock density for a short time 
period decreased stalk grazing and also reduced forage intake per 
animal. Consequently. a grazing strategy was designed to mini- 
mize stalk grazing. Grazing was restricted to less than 5 hours 
day-t and stocking density was increased to respond to the shorter 
grazing period. Yearling cross-bred steers [(345 kg) (28 head 
0.05 ha-*)] were used during the first mob grazing (28 June). 
Yearling cross-bred heifers I(325 kg) (24 head 0.05 ha-t)] were 
used during the second mob grazing (7 July). 

Cages (I .2 x 1.5 x 0.6 m) were randomly placed in all grazed 
paddocks to determine establishment without weed control. Three 
more cages were placed in the mob-grazed paddocks on 29 June 
to create the early-season mob grazing treatment. 

Sampling 
Redroot pigweed was sampled each year during the study to 

monitor NOi levels. Plant material (500 g) representative of 
available forage (escluding the lower 15 cm based on observed 
animal preference) was randomly collected across all treatments 
and composited at each sample date in 1987. Due to high N03- 
levels and leaf stripping by cattle, leaves and stems were sampled 
separately in 1988. Samples were collected 6 times in 1987 (11, 
16, 23 June and 6, 16. 22 July) and 5 times in 1988 (11, 20, 28 
June and 7, 25 July). Multiple replicates were sampled when 
stage of growth varied across block. The NO,- ion was deter- 
mined using a NO; electrode (Carlson and Paul 1969). Weed 
density was sampled on 2 June 1988 to determine plant density 
and frequency. Fifteen samples (30 x 60 cm) were sampled in 
each paddock. 

Big bluestem seedling density (p!ants m-‘) was determined by 
randomly placing a l-m rod parallel to the drill row and counting 
the number of seedlings along the rod. Seedling success was 
ranked according to the following scale: failure (4 seedlings m-‘), 

Table 1. Density (seedlings mm2) and frequency (%) of big bluestem seed- 
ed near Mead, Nebr. on 8 May 1987 or 25 April 1988 and sampled fall 
1987 and 1988, respectively. 

Treatment 
Dw,itv Freoucncv 

‘9S7 ‘9SS ‘9S7 ‘9SS 

Second Seeding Year 
Four treatments (atrazine application, mob grazing, early-sea- 

son mob grazing, and no weed control) were applied in a random- 
ized complete block design with 4 replicates in 1988. Atrazine 
was applied (2.2 kg a.i. ha-‘) (213 liters ha-t water at 207 kPa) on 
6 May 1988. before grass seedling emergence. 

There was limited rainfall during the growing season of 1988, 
which appeared to enhance NOj) accumulation in certain weedy 
species (Osweiler et al. 1985). Continuous stocking was not 
attempted due to potentially toxic NO,- levels (>lO,OOO mg kg-1 
NO,-) (Osweiler et al. 1985) in redroot pigweed and mob grazing 
was imposed only twice. 

Management of the mob grazing plots was altered due to the 

L-~------.., 
-TTrrmmology foFgrazmg trrntmcnr~ fo’lo~rz Ihr recommendations of the 
For.qr and Cmzing Terminology Committee (1991). 

- - - (secd’ings m-?) - - --___(Q)-- _ _ _ 
Atrazine (ATZ) 13 6 4.4 
Continuously 

23 
<I -I cl - 

stocked KS) 
Early-season 0 - 0 - 
continuously 
stocked (KS) 
Mob <I <I <I 2 
grazed (MC) 
Early-season 0 0 0 0 
mob grazed (EMG) 
Conrrol (CTL) <I 0 0 0 

- - - - Single degree of freedom contrasts (PDF)- - - - 
ATZ vs CS. MG1 <O.O’ <O.O’ 
hlG vs CS 0.73 0.72 
ATZ \‘s CTL <O.O’ <O.Ol <O.Ol <O.O’ 
CTL 1’5 RIG 0.54 0.53 
AT2 vs hlG co.01 <O.O’ 

‘Treatment nor applied in 1988. 
kompnriwn oCIhr atnrinr urntmrnt to Ihr aver@ reqx~nrr ofcontinuou~lg stocked 
(CS) and the mob grazed (MC) treatments. 

JOURNAL OF RANGE MANAGEMENT 48(4), July 1995 377 



marginal (S-10 seedlings m-z), successful (>lO seedlings m-z), 
(Launchbaugh 1966. Launchbaugh and Owensby 197s). Seedling 
frequency was determined by dividing the l-m rod into 20-cm 
segments. Frequency (percentage of segments occupied by at 
least 1 big bluestem seedling) indicated seedling distribution 
along the drill row. Number of samples was determined using 
Stein’s two-stage sample (Steel and Torrie 1980). Sampling of 
the 1957 seeding was completed on 27 September 19S7 (54 sam- 
ples) and 9 June 1988 (70 samples). The 19SS seeding was sam- 
pled (70 samples) on 2s October 1988 and 6 June 19S9. Data was 
converted into seedlings m-2 and tested for normality of distribu- 
tion (Stroup et al. 19X6). Selected single degree of freedom con- 
trasts were used to determine treatment differences. 

Results and Discussion 

Past cultural practices resulted in a dense population of redroot 
pigweed, annual foxtails {giant foxtail (Setaria faberi Herrm.), 
yellow foxtail [S. lurescens (Weigel) Hubb.], bristly foxtail [.S. 
verticillata (L.) Beauv.], and green foxtail [S. viridis (L.) 
Beam.]], velvetleaf (Abutdon rheophrasri Medic.), and common 
ragweed (Ambrosia artemisifolia L.). Redroot pigweed and the 
fostails were palatable, and crude protein (CP) and in vitro dry 
matter disappearance (IVDMD) levels were similar to early-vege- 
tative smooth brome or early-bloom alfalfa @ledicago sarivu L.) 
hay (Lawrence et al. 1989). However, redroot pigweed accumu- 
lated N03- above toxic levels. Velvetleaf and common ragweed 
also had similar CP and IVDMD values, but low palatability 
restricted utilization. 

First Seeding Year 
Big bluestem seedling density and frequency at the end of the 

seeding year were higher (P c.0 1) (Table 1) in the atrazine treat- 
ment than in the other treatments. Foxtails were suppressed by 
atrazine until mid-summer, after big bluestem had established. 
Big bluestem seedling establishment on the atrazine-treated plots 
was successful (>I0 seedlings m-2) Overwinter survival of 
seedlings in the atrazine-treated paddocks was acceptable (9 
plants m-2) compared to 13 seedlings m-2 at the end of the seed- 
ing year. 

Big bluestem stands were poor (~5 plants m-‘) in all grazing 
treatments at the end of the seeding year (Table 1). Weed compe- 
tition was not effectively reduced by grazing. Yearling heifers 
grazed annual foxtails and redroot pigweed but did not graze vel- 
vetleaf and common ragweed. There was no evidence of acute 
NO,- poisoning even though whole-plant NO,- concentrations in 
redroot pigweed were above the potentially toxic level (10,000 
mg kg-t NO,-). 

Cattle were removed from paddocks for a 9-day period after a 
heavy rain in late June. Regrowth of annual foxtails and redroot 
pigweed and emergence was so rapid during this period that cat- 
tle could not reduce weed competition when grazing resumed. 
Cattle did not trample velvetleaf in mob grazing treatments, 
resulting in a tall, weed canopy that shaded the soil surface. This 
increased the time required to dry the soil surface and delayed the 
return of livestock. There was no difference in plant density 
between the end of the seeding year and following spring for con- 
tinuously stocked, mob grazed, or control paddocks (cl plant m-2). 

Second Seeding Year 
Seedling density in the atrazine treatment was marginal (5 to 10 

plants m-2) (Table 1). Frequency data indicated a more discontin- 
uous stand than in 19S7. Below normal rainfall for the entire sea- 
son contributed to the low seedling density and frequency of big 
bluestem in the 1988 atrazine treatment compared to 19S7. Also, 
atrazine apparently did not control early germination of foxtails 
as effectively as in 19X7. There was no measurable overwinter 
stand loss in the atrazine-treated paddocks with 6 big bluestem 
plants m-2 in 1989. 

Seedlings failed to establish in either the control or the early- 
season mob grazing treatment while the mob-grazed treatment 
was not significantly different from the control (Table 1). There 
were no established plants identified in 19X9 on the early-season 
mob grazed or the control. The mob-grazed paddocks had <l big 
bluestem plant m-2 in the spring of 19X9. 

Redroot pigweed was the dominant forage species and total 
weed density was high in grazed paddocks (129 plants m-2). 
Velvetleaf and common ragweed were not as abundant in 1958 as 
in 1987. Nitrate accumulation prevented timely grazing in 19SS. 
Initial grazing was delayed because of the potentially tosic NO,- 
level in redroot pigweed. 

The importance of weed control for the successful establish- 
ment of warm-season grasses in a humid-subhumid environment 
was evident from this study. Grazing with cattle was not an 
acceptable alternative to chemical suppression. Density and bio- 
mass of weed populations were too great to be suppressed by 
grazing. Apparent differential palatability of weed species cou- 
pled with a light to moderate stocking rate resulted in selective 
grazing and ineffective weed control. 

The timeliness of weed defoliation was often influenced by 
excessive soil surface moisture and N03- accumulations in palat- 
able weed species interferred with timing of grazing. It was not 
possible during this 2-year trial to maintain consistent and effec- 
tive grazing pressure. Cattle had to be removed when wet condi- 
tions increased potential for damaging seedlings by trampling. 
Weed biomass increased beyond the grazing capacity during this 
period of nonuse. Redroot pigweed was a preferred species that 
also accumulated N03-. Nitrate toxicity is a common problem 
with most weed populations that is aggravated by dry conditions. 
During 19SS, cattle had to be removed several times due to 
excessive NO,- levels in the weeds. These characteristics limit 
the use of cattle grazing as an alternative weed control practice in 
humid and subhumid areas, even if species have high palatability. 

Weed control is important for big bluestem establishment. 
Chemical suppression of weeds resulted in acceptable stands in 
both a wet and a dry growing season. Grazing did not provide an 
effective alternative to reduce weed competition for big bluestem 
establishment. The presence of redroot pigweed. a palatable NO,- 
accumulator, compromised the ability to graze with cattle for 
weed control. Surface soil moisture also influenced grazing, often 
jeopardizing the timeliness of weed defoliation. Effective, envi- 
ronmentally sound herbicides must be developed to provide ade- 
quate weed suppression in warm-season grass seedings. 
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Abstract 

Seven trials, independent of data used to develop fecal near 
infrared reflectance spectroscopy (NIRS) equations, were con- 
ducted to validate previously developed fecal NIRS equations for 
prediction of forage diet crude protein (CP) and in vivo-correct- 
ed digestible organic matter (DOM) under field conditions. For 
both crude protein and digestible organic matter, strong rela- 
tionships existed behveen conventional chemistry values of diet 
samples collected with esophageal-fistulated steers and NIRS 
predictions from fecal samples collected from intact, mature, 
Brahman x Hereford cows at 72 hour after grazing was initiated 
in trial pastures. 

Key Words: crude protein, digestible organic matter, near 
infrared reflectance spectroscopy 

Recent studies have indicated potential for using fecal near 
infrared reflectance spectroscopy (NIRS) analysis to predict for- 
age diet quality of free-ranging herbivores (Brooks et al. 1984, 
Coleman et al. 19X9, Lyons and Stuth 1992). The objective of 
this study was to validate forage diet quality predictions of free- 
ranging cattle using previously developed fecal NIRS equations 
(Lyons and Stuth 1992). Grazed forages represented a wide range 
of forage quality and included both native forage species and an 
introduced, complementary, cool-season forage typically used in 
the study region. 

Study Area and Methods 

This study was conducted at the Native Plant and Animal 
Conservancy near College Station, Tex. (30” 37’ N, 96” 21’ W). 
Native vegetation at this location was characterized (Olson 1984) 
as having a post oak (Qzzerczzs stellntn Wang.) overstory with a 
herbaceous component dominated by little bluestem 
(Sdzizaclzyrizzzzz scopnrizrnz Michx.) and brownseed paspalum 
(Pmpalzzzzz plicotzthtzzz Michs.). Available vegetation was repre- 
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Agricultunl Ehprriment Station. Tans A&M Umvrrsity as TA-31174. 
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sented by a broad array of species comprised of perennial and 
annual C3 and Cj grasses and forbs as well as deciduous and 
evergreen woody species. All major phenological stages were 
represented in the study. 

Seven trials were conducted in August, September, and 
December of 1990 and in February, March, April, and July of 
1991. All trials were independent of data used to develop NIRS 
calibration equations (Lyons and Stuth 1992). Trials were con- 
ducted in 4 different native pastures and 1 fertilized Gulf Coast 
ryegrass (Ldizznz perezzzze L.) pasture. Average pasture size was 4 
ha. 

In each trial, forage diet samples were collected using 3, non- 
fasted, esophageal-fistulated steers. Following diet sample collec- 
tion, eight non-cannulated, mature Hereford x Brahman cows 
grazed trial pastures for 72 hours. Fecal grab samples were taken 
from these cows as they entered trial pastures (0 hour) and at 12- 
hour intervals from 24 to 72 hours. Both esophageal-fistulated 
steers and intact cows had been in residence on adjacent pastures 
for 1 year before beginning this study. 

Extrusa samples were analyzed for percent crude protein (CP) 
on a dry matter basis (Hach 1987) and digestibility (Tilley and 
Terry 1963, Van Soest and Wine 1967). Duplicate digestibility 
estimates were obtained for each steer sample and expressed as 
percent in vivo-corrected digestible organic matter (DOM) as 
described by Lyons and Stuth (1992). Fecal samples were stored 
frozen, dried in forced-air ovens at 60” C, and moisture stabilized 
(Lyons and Stuth 1991) before NIRS scanning. Fecal NIRS spec- 
tra were used to predict diet crude protein and digestible organic 
matter using fecal NIRS equations developed with cattle (Lyons 
and Stuth 1992). 

Linear regression (SAS 19SS) was used to analyze the data. 
The relationship between mean diet wet chemistry analyses and 
fecal NIRS predictions for individual cows was determined for 
each fecal collection period from O-72 hours. Data was also ana- 
lyzed according to the monitoring procedure suggested by She& 
et al. (19X9) to determine the existence of 1) a significant bias 
and 2) a significant increase in unexplained error. 

Results and Discussion 

Conventional chemistry crude protein content for the 7 valida- 
tion trials ranged from 5.4% to 27.1% (Table 1) and digestible 
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Table 1. Mean estrusa sample crude protein (CP) and in vivo corrected-digestible organic matter (DOhl) and mean 72-hour fecal near infrared 
reflectance spectroscopy (NIRS)-predicted CP and DOM by trial. 

CP DOM 

Trid E~trusa SD” NIRS SDb 

Aug. 1990 S.6 1.15 9.6 0.49 
Sep. 1990 7.6 0.12 8.1 0.45 
Dec. 1990 5.9 1.24 5.3 0.77 
Feb. 1991 5.4 1.98 6.3 0.57 
Mar. 1991 27.1 0.90 27.3 1.56 
Apr. 1991 14.4 1.96 12.7 0.69 
Jul. 1991 11.5 2.62 9.5 0.55 
-‘SD = Standard detiarron for ew-os~ sample CP and WM. n=3. 
bSD = Sundsrd dewtion for fecal NfRS-predicted CP dnd DOhl. n=3 selected at random. 

Estrusa SD” NIRS SDb 
57.4 2.63 59.9 0.46 
58.1 1.05 59.6 0.74 
57.3 1.25 54.9 0.24 
50.4 4.61 53.8 0.43 
14.1 0.67 77.0 4.60 
63.9 1.32 60.2 0.20 
57.0 1.70 59.4 0.27 

organic matter ranged from 50.4% to 74.1% (Table 1). Lowest 
values for both CP and DOM occurred in February, 1991 with 
dormant, native forage. Highest values for both CP and DOM 
occurred in March, 1991 with fertilized ryegrass. The data range 
for the calibration samples upon which the fecal NIRS equations 
were based were from 4-17% and 54-67% for CP and DOM, 
respectively. The range of the current data therefore exceed that 
for the calibration samples, a rigorous test for the equations. 
Mean 72-hour fecal NIRS predictions ranged from 5.3% to 
27.3% for CP and from 53.S% to 77% for DOM. In general, vari- 
ation among extrusa samples for animals within individual trials 
tended to be greater than variation among fecal NIRS-predicted 
values for both CP and DOM (Table 1). 

Using the monitoring procedure suggested by Shenk et al. 
(1989). observed bias between NIRS predictions and reference 
samples and unexplained error associated with predictions were 
calculated for both crude protein (CP) and digestable organic 
matter (DOM). Bias for both CP and DOM was within acceptable 
limits, while unexplained error for both was near the limits. 
Observed bias for CP was 0.24 compared to the calculated bias 
confidence limit of 20.48. Unesplained error for CP was 1.22 
compared to an error limit of k1.17. Observed DOM bias was 
0.01 compared to a kO.90 confidence limit and unexplained error 
was 1.9s compared to a 22.10 limit. 

Coefficients of simple determination (rz) for the regression of 
diet crude protein content and fecal NIRS predictions increased 
from a low (r2 = 0.18) at the O-hour sampling period to a high (r2 
= 0.98) at 72 hours (Table 2). Standard error of prediction (SEP) 
decreased from 1.25 at 0 hour to 0.49 at 72 hours. Intercept 
decreased from 8.2 at 0 hour to -0.1 at 72 hours and was not dif- 

Table 2. Mean estrusa sample crude protein (CP) versus mean fecal near 
infrared relleetance spectroscopy (NIRS)-predicted forage CP by sam- 
pling hours across the 7 validation trials. 

Hour 9 SEPJ Intercept Probabiliryb Slope Probabilityc 
0 0.1s 1.25 s.2 0.0200 0.19 <0.005 

24 0.53 1.06 7.0 0.0190 0.36 <0.005 
36 o.ss 0.6s 4.7 0.0159 0.60 <0.005 
4s 0.97 0.49 2.2 0.0618 0.82 co.025 
60 0.96 0.57 1.5 0.2-81 0.89 70.100 
72 0.9s 0.49 -0.1 0.9’83 0.9s >0.250 
“SEP = andard error of predlcrion. 
hProb3bility Ihat the mtercept I\ not difierent from 0 
‘Probability char the \lope is not different from 1. 

Hour 9 SEP” Intercept Probribilityb Slope ProbabilityC 
0 0.02 1.60 55.2 0.011s 0.07 co.005 
24 0.29 1.39 43.2 0.0172 0.29 <O.OlO 
36 0.75 1.01 26.4 0.0320 0.5s co.025 
4s 0.87 OS9 14.9 0.1171 0.77 >o. 100 
60 o.s7 1.10 5.3 0.6090 0.92 70.250 
72 o.s7 1.12 2.4 0.8157 0.97 70.250 
?%P = standard error of prediction. 
bProbabiliry that the intercept is not different from 0. 
CProbability that the slope ih not different from 1. 
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ferent from 0 at the 60-hour 0, = 0.248 1) or 72-hour (p = 0.7688) 
sampling periods. Slope increased from 0.19 at 0 hour to 0.9s at 
72 hours and was not different from 1 at 60 (p > 0.100) or 72 
hours @ > 0.250). 

The r2 for the regression of diet digestible organic matter and 
fecal NIRS predictions rose from a low (r2 = 0.02) at 0 hour to a 
high (r2 = 0.87) at 72 hours (Table 3). A decrease in standard 
error of prediction (SEP) (Table 3) occurred from 0 hour (1.60) to 
48 hours (0.89). Intercept declined from 55.2 at 0 hour to 2.4 at 
72 hours, and was not different from 0 at 4s @ = .1771), 60 @ = 
0.6090), or 72 hours @ = 0.X157). Slope increased from 0.07 at 0 
hour to 0.97 at 72 hour and was not different from 1 at the 48 @ > 
O.lOO>, 60 @ > 0.250), or 72-hour @ > 0.250) sampling periods. 

Considering all parameters for crude protein (CP) (r’ = 0.9X, 
SEP = 0.49, intercept = -0.1, slope = 0.98) and digestible organic 
matter (DOM) (r2 = 0.87, SEP = 1.12, intercept = 2.4, slope = 
0.97), the 72-hour sampling period appears to provide the closest 
relationship between diet CP and DOM and NIRS-predicted CP 
and DOM. Although intercept and slope were not different from 
0 and 1 at 60 hours and 4X hours for CP and DOM predictions, 
respectively, probabilities for these hypotheses were greatest at 
the 72-hour sampling period. 

Trends in fecal NIRS predictions by collection period are 
shown for 1990 and 1991 trials in Figure 1. Because of similarity, 
August 1990 and July 1991 were combined into summer trials 
and December 1990 and February 199 1 trials were combined into 
winter trials. Also in Figure 1, the April 1991 trial is designated 
as spring, the September 1990 trial is designated as fall, and the 
March 1991 trial is designated as ryegrass. The most dramatic 
change in predictions from the 0 hour to 72 hours was in the rye- 

Table 3. Mean estrusa sample in vivo-corrected digestible organic matter 
(DOhl) versus mean fecal near infrared reflectance spectroscopy 
(NIRS)-predicted forage DOhl by sampling hour across the 7 valida- 
tion trials. 



30 * sprmo -F summtr 9 ml 8 wm!er 
s 

d25 
0 I--- la / 
P 
Q) 20 ,’ 
‘; .- 
z 14 
li 
cn 
K 9 
f 

4 

$80 f I 

: 62 
2 
P 
2 56 

250 i I 
0 20 40 60 80 

Sampling Hour 

Fig. 1. NIRS-predicted crude protein (CP;la) and in vivo corrected- 
digestible organic matter (DOhl;lb) for Spring (April 1991), 
Summer (August 1990 and July 1991), Fall (September 1990), 
Winter (December 1990 and February 1991), and Ryegrass 
(March 1991) trials by sampling period. The Ryegrass trial 
reflects a transition from early spring native vegetation to fertil- 
ized ryegrass. 

grass trial conducted in a fertilized, cool-season, monoculture. In 
this trial, crude protein predictions increased from about 10% at 0 
hour to 27.3% at 72 hours. Likewise, digestible organic matter 
predictions in this trial increased from about 56% at 0 hour to 
77% at 72 hours. Differences between 0 hour and 72 hours pre- 
dictions for other trials were less dramatic because cows were 
grazing native forages before and during trials. Available forages 
in pastures during these trials were similar in species composition 
and phenological stage to pre-trial areas in which cows were 
grazing. 

Results of this study lend further support to the feasibility of 
using fecal NIRS monitoring to estimate forage diet quality of 
free-ranging cattle. Equations tested here appear to have utility 
over a wide variety of herbaceous vegetation and beyond the 
range of data used to develop the equations. However, caution 
should be esercised when using these kinds of equations outside 
their data range and in forage types drastically different from cal- 
ibration data sets. Significant deviations in forage types or quality 
ranges may necessitate development of specific-use equations, 
such as, for small grain forages with high rumen-degradable pro- 
tein or for exclusive legume hay. 
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Book Reviews 

The World’s Savannas. Economic driving forces, ecological 
constraints, and policy options for sustainable land use. 
Edited by M. D. Young and 0. T. Solbrig, with 1X test con- 
tributors. 1993. UNESCO, Paris, and the Parthenon 
Publishing Group, Carnforth, UK. Available in the U.S. 
from the Parthenon Publishing Group Inc., Pearl River, N.Y. 
350 p. US$6S.O0 cloth. ISBN 92-3-102750-6. 
With the development of recommendations for sustainable land 

use and sustainable production as a goal, this book examines the 
interplay of economic and political forces. and ecological con- 
straints, operating on the world’s savannas. The book discusses 
details of the ecology of savannas as they relate to matters of land 
use. economics and policy. It is an output of an international 
workshop held in Nairobi, Kenya in January, 1991, with the 
theme of Economic Driving Forces and Ecological Constraints 
in Savanna Land Use. The emphasis of the workshop was to 
develop policy recommendations at national and international 
levels. 

Tire World’s Savannas is organized into 6 major sections. The 
first section broadly surveys the economic and political forces 
affecting tropical savannas, and the ecological constraints operat- 
ing on them. Section 2, organized under the heading of policy 
principles, contains a chapter on ecological constraints to savanna 
land use and their relation to policy. a chapter on land tenure for 
pastoral communities. another on land tenure for private and 
rnised property communities, and a chapter on policies related to 
national production and international trade. The 2 chapters of 
Section 3 esamine common-property grazing systems; they are 
case studies of the Barabaig and the Maasai, respectively. Section 
4 consists of case studies of dual common-property and private- 
property grazing systems, with individual chapters on Zimbabwe, 
South Africa, Botswana and India. Private-property grazing sys- 
tems are examined in Section 5 through case studies from 
Venezuela, Australia and the Brazilian Cerrados. The single 
chapter of Section 6 is an overview by the editors directed at 
“providing an environmentally sustainable, economically prof- 
itable, and socially equitable future for the world’s savannas.” 
The book has a detailed general index. 

The Workl’s Savannas is more socioeconomic than ecological 
in emphasis, but the contributors and the editors are effective in 
integrating ecological considerations about savannas into the dis- 
cussions. Many of the editors’ generalizations and recommenda- 
tions in the introductory and summary chapters are based on cited 
observations in the contributed chapters. The editors’ opening 
and closing chapters attempt to give the book balance in content 
and focus in message. In all respects the book is skillfully edited. 

Interestingly diverse in their particulars, perspectives and eval- 
uations, the contributed chapters are ostensibly more pragmatic 
that ideological. The values, constraints and other details of graz- 
ing domestic livestock are prominent in a number of chapters. 

The editorial contributions are more consistently politically 
correct with respect to domestic livestock and other matters. The 
ecological sustainability and cultural values of the nomadic pas- 
toralism of many native graziers are properly recognized. The 
past role of contmercial livestock ranching in equitable, sustain- 

able land-management systems is judged less favorably, and 
more importantly, one finds curiously little mention in the edi- 
tors’ closing synthesis of its relative merits in sustainable systems 
of the future. 

Politically, the editors consistently recommend a devolution of 
managerial responsibility from centralized entities, but not down 
to the level of the sovereign individual. The closing synthesis by 
the editors optimistically walks a fine line between encourage- 
ment of individual initiative and collective (if local) control of 
what it would consider socially undesirable individual activities 
and social inequity, on both private and common properties, all in 
an environment of increasing human population and product 
demands. The implication in the editor’s synthesis that equitable 
balances among divergent social, political, and economic objec- 
tives can be agreed upon and achieved may be the most idealistic 
aspect of the book. 

Individuals involved in development projects involving range- 
lands should find The World’s Savannas of great interest. Also, 
those interested in government policy on these lands mill appreci- 
ate its worldwide coverage, thoughtful analyses and readable test. 
- David L. Scarnecchia, Washington State University, Pullman, 
Washington. 

Climate Changes and Its Biological Consequences. By 
David M. Gates. 1993. Sinauer Associates, Inc., Sunderland, 
Massachusetts. 2SOp. US$19.95 paper. ISBN 0-87893-224-O. 

David M. Gates summarizes the current information and ideas 
related to human-caused global climatic change. The book is well 
written by an authority who has published material related to cli- 
mate for over 25 years. The data presented are drawn primarily 
from research on North American ecosystems. The volume is 
divided into S chapters that summarize evidence for climatic 
change, effects and causes of climatic change during the 
Pleistocene, effects on plants, animals, vegetation and ecosys- 
tems, predictions of climate and forest simulation models, and 
effects on agriculture. 

This book gives the reader a relatively jargon-free (at least as 
free as possible, considering the subject) gathering of the issues, 
theories and data that surround the global climate change sce- 
nario. He initially discusses the supporting evidence for the 
occurrence of climate change and then summarizes the most like- 
ly changes that will occur within the nest century as predicted by 
the most recent global climate models. He develops an argument 
for a warmer climate in the furture and some biological changes 
that are nearly a certainty in his view. 

The nest section discusses the earth’s past climates, particularly 
during the Pleistocene epoch. I found this section to be one of the 
more interesting ones because it summarized the latest findings 
on the causes of climatic variation during this period. This chap- 
ter was then linked to how past climatic variation affected vegeta- 
tion patterns and how these conditions may still be reflected in 
the vegetation we currently observe on the landscape. The effects 
of environmental change as predicted by several forest gap mod- 
els such as JABOWA. FORET and FORENA are reviewed. The 
chapters on vegetation simulation models and predicted effects of 
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future climates assume a 100% increase in pre-industrial atmos- 
pheric CO? concentrations and focus primarily on forested vege- 
tation or agricultural systems. This is probably natural because 
the majority of simulations models are developed for these kinds 
of systems. 

Escept for the Arctic tundra, little information is given con- 
cerning predicted changes in arid and semi-arid systems, and 
from my perspective, this was a major weakness. However, one 
can develop an appreciation of the complicated nature of the 
problem from the examples illustrating the various influences on 
plant distribution. It is also clear that vegetation will probably 
not remain intact and move as a unit. Rather individual species 
will react to climatic change in their individual way as they have 
during previous glacial advances and retreats. The author also 
emphasizes that each ecosystem will react to the changes differ- 
ently. He states that “The responses of one ecosystem to rising 
temperatures, increasing or decreasing precipitation, increasing 
CO2 concentration, acid deposition, or other environmental 
impacts may be quite different from that of another ecosystem.” 

One of the final chapters summarizes the effects of the predict- 
ed climate change on US agricultural production. These effects 
are based on crop production models and focus on a few of the 
major agricultural crops, namely wheat, corn and soybeans, and 
the resultant agricultural demand for irrigation water. He attempts 
to separate regional differences because the limiting factor for 
agricultural production varies among areas and crops. 

This book is an easily read summary of the state of the art in 
predicting the effects of climate change on vegetation and ecosys- 
tem processes. Figures and tables, while not abundant, are well 
organized and easily understood. I recommend this book to those 
who are interested in learning about some of the recent develop- 
ments related to this estremely complicated resource, economic 
and social issue.-Srephen C. Bunring, University of Idaho, 
Moscow, Idaho. 

Playas. Jewels of the Plains. By Jim Steiert. Photographs by 
Wyman Meinzer. 1995. Texas Tech University Press, 
Lubbock. 134 p. US$37.50 cloth. ISBN 0 89672 335 6. 
Readers with an interest in the history, ecology or aesthetics of 

the Southern High Plains mill appreciate Playas, a verbal and 
visual review of the ephemeral lakes and their roles in and around 
the Llano Estacado (usually translated as the “staked plains”). 
Written in the style of a mass-market nature documentary and 
printed in a glossy coffee-table format, the book is technically 
and aesthetically satisfying. 

Following a brief introduction, the 7 chapters of Playus begin 
with a history in Chapter I, which includes a discussion of the 
possibility that the Llano Estacado may actually owe its name to 
the playas as a corruption of Llrlrra entoncado meaning “plain of 
many ponds.” Chapter 2 esamines the historic role of the playas 
on the Llano. after which Chapter 3 focuses on the historic and 
current relationships between the playas and both the agriculture 
and petroleum industries. Chapter 4 surveys issues and regula- 
tions concerning the playas and the Southern Plains. The playa 
ecosystem is examined in Chapter 5. Chapter 6 discusses past and 
current efforts to protect and enhance the playas, and Chapter 7 
examines their future in ecological, economic and political con- 
texts. The book draws on a considerable bibliography that is cited 
by number in the text. 

The fine color photographs in Ployns are appropriate in number 
and diverse in subject. They are professionally understated 

images of an inherently understated landscape. 
Much of the test is beautifully understated too, except in parts 

of the introduction and final chapter, and sporadically throughout 
the book. In those places, the author, a hunting guide by profes- 
sion, in trying too hard to evoke the spirituality of the playa 
region, gushes lofty imagery and metaphors like a West Tesas oil 
well. He is much better when he just describes all the stark reali- 
ties of the plains, and lets the imagery take care of itself. As a 
hunting guide, he certainly knows that some things are better left 
unsaid.-David L. Scurnecchiu, Washington State University, 
Pullman, Washington. 
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