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Abstract 

Uneven distribution of grazing negatively impacts rangelands 
through over- and under utilization of resources. The goal of this 
study was to quantify the role of experience on search pattern 
and foraging efficiency of cattle. Steers (Bos taurus x B. indicus) 
were exposed once daily during 15-20 min. sessions to 3 food-dis- 
tribution treatments: VR (variable-random, food locations were 
changed randomly and daily), CR (constant-random, food loca- 
tions were randomly set at the beginning and remained the same 
throughout the experiment), and CC (constant-clumped, food 
locations were constant and clumped in groups of 5). Pelleted 
feed was available in 20 out of 64 feeders arranged in 8 rows and 
8 columns, with neighboring locations 5 m apart. Encounter rate 
of food locations was partitioned into search speed, total number 
of visits per unit distance walked, ratio of diierent (not previous- 
ly visited within the session) locations to total visits (including 
revisits), and ratio of food locations to different locations visited. 
Intake rate increased (P < 0.01) as animals gained experience, 
but more slowly in variable-random than constantclumped and 
constant-random. Residence time at food locations declined (P < 
0.01) with increasing experience. Intake rate was negatively 
affected (P < 0.01) by search time per food location, which in 
turn was determined by the steers’ ability to remember food 
locations. Steers in constant random and constant clumped used 
long-term spatial memory to return to food locations, and 
ignored areas where no food was found (P c 0.01). Conversely, 
steers in variable random used a strategy based on avoidance of 
locations already visited within sessions. Thus, in constant ran- 
dom and constant clumped food search was more efficient (P < 
0.01) and concentrated in certain areas, whereas in variable ran- 
dom it was less effbzient and more evenly distributed over the 
whole area. The results of this study suggest that impeding spa- 
tial memory could improve going patterns. 

Key Words: foraging behavior; grazing distribution; searching 
behavior; spatial learning. 

Many of the negative impacts of cattle (Bus taurus) grazing in 
rangelands are caused by poor spatial distribution of grazing pres- 
sure (Holechek et al. 1995). These effects occur even if stocking 

Research was funded by National Science Foundation Grant IBN-93 11463 and 
by the Department of Range, Wildlife and Fisheries Management of Texas Tech 
University. 

The author is grateful to Stan Bradbury, Gayle H&rich, Carlos ViMobos sod 
Kristin Wbittenburg, who greatly contributed to this project. M. Wallis De VI+%, 
D. I&t. J. Walker and 3 anonymous reviewers made helpful comments to improve 
the manuscript. 

Manuscript accepted 2 Nov. 1997. 

Resumen 

Una distribucibn no uniforme del pastoreo afecta negativa- 
mente al pastizal a traves de la sobre- y subutilizaci6n de 10s 
recursos. El objetivo de este estudio fue determinar el efecto de 
la experiencia sobre el pat& de bhueda y eliciencia de forra- 
jeo en vacunos. Novillos @OS tam-us x B. indicus) fueron someti- 
dos una vez por dia, durante 15-20 minutos por sesibn, a 3 
tratamientos de distribucibn espacial de alimento: VR (variable- 
al az.ar, posiciones con alimento cambiadas al azar diariamente), 
CR (con&ante-al azar, posiciones con aliment0 fueron determi- 
nadas al azar al comienzo del experiment0 y permanecieron con- 
stantes hasta el fmal), CC (con&ante-agrupado, posiciones con- 
&antes y en grupos de a 5). Aliment0 peleteado fue pucsto en 20 
de 10s 64 comederos dispuestos en 8 fdas y 8 columnas con 5 m 
entre posiciones adyacentes. La tasa de encuentros de posiciones 
con aliment0 se desgIos6 en velocidad de btisqueda, niunero de 
posiciones visitadas por unidad de distancia caminada, nirmero 
de posiciones distintas (excluyendo aquellas visitadas anterior- 
mente dentro de la sesibn) visitadas por visita (incluyendo posi- 
ciones ya vlsitadas), y nemero de posiciones con aliment0 visi- 
tadas por cada posici6n distinta visitada. La tasa de consumo 
aumenti (P < 0.01) a medida que 10s animales adquirieron expe- 
riencla, pero el aumento fue mas lento en VR que en CC y CR. 
El tiempo de residencia por posici6n con aliment0 disminuyb (P 
< 0.01) a medida que aument6 la experiencia. La tasa de con- 
sumo fue afectada negativamente (P < 0.01) por el tiempo de 
b*ueda por posici6n con alimento, lo que a su vez fue determi- 
nado por la habllidad de 10s novillos de recordar las posiciones 
con alimento. Los novillos en CC y CR usaron memoria espacial 
a large plaza para regresar a posiciones con aliiento, e igno- 
raron z&as donde el alimento no se encontraba (P < 0.01). En 
cambio, 10s novillos en VR usaron una estrategia basada en evi- 
tar 6reas recientemente visitadas en la misma sesibn. Por lo 
tanto, en CR y CC la btisqueda de alimento fue mas eticiente (P 
< 0.01) y se concentr6 en ciertas tieas, mientras que en VR la 
b6squeda fue menos eficiente y mL uniformemente distribuida 
sobre toda el Brea disponible. Los resultados de este estudio sug- 
ieren que 10s pa&ones espaciales de pastoreo se podrian mejorar 
medlante la obstrucc%n de la memoria espacial de vacunos. 

rates are moderate. Bailey et al. (1989a) suggested that cattle 
develop short and long-term memory of foraging locations in a 
pasture. Short-term memory may be used to avoid recently 
depleted food locations. A series of studies (Bailey 1988; Bailey 
et al. 1989a; Bailey et al. 1989b) demonstrated that cattle have 
excellent short-term memory. Cattle were able to remember 
depleted locations for up to 8 hours (Bailey et al. 1989a). New 
management techniques may emerge from the understanding of 
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the behavioral mechanisms that determine livestock selection of 
foraging areas (Bailey et al. 1996). Empirical evidence (Edwards 
et al. 1996) indicates that animals that are familiar with the food 
distribution should be more selective and concentrate more forag- 
ing effort at the best food locations. Computer simulations show 
that animals exhibiting spatial memory-based area-restricted 
search can obtain 1.6 times more prey items than by only using 
area-concentrated search, and up to 5 times more prey than by 
searching in a straight line (Benhamou 1994). Thus, if spatial 
memory is an important component of searching efficiency of 
cattle, modification of its role in grazing may affect grazing dis- 
tribution. 

The goal of this study was to quantify the role experience on 
search strategies and foraging efficiency of cattle. The following 
hypotheses were tested: (1) intake rate increases with experience 
as animals learn and return to locations where food was previous- 
ly found; (2) long-term spatial memory allows maximum search 
efficiency and intake rate; (3) food search patterns of cattle can 
be modified by manipulating the temporal and spatial distribution 
of highly palatable feeds. 

Materials and Methods 

This experiment had 2 phases. First, steers were allowed to eat 
from feeders (2.8~liter plastic oil pans) until they appeared to be 
accustomed to search for feed in the experimental arenas. During 
phase 1 animals were exposed to food distributions different from 
those used in subsequent phases. This phase took 2 to four 20- 
minute sessions per animal. In the second phase, each animal was 
allowed to forage in the experimental arena during 1 treatment 
session each day. This routine continued until each steer had been 
exposed 29 times to its treatment. These sessions were grouped 
into 6 periods and variables averaged within periods. Periods 1 to 
6 had 4,4, 5, 5, 5, and 6 days. Thus, period number is an indica- 
tor of level of experience. Animals, experimental arenas, treat- 
ments, measurements and analyses are described below in detail. 

Animals 
The 6 tamest individuals were selected from a group of 30 

yearling cross-bred (Bos taunts x Bos indicus) steers. Two steers 
were assigned to each of 3 treatments. Average animal mass was 
270 kg. While not being tested, experimental animals grazed 
freely with other animals in ca. 28 ha of Old World Bluestem 
(Bofhriochlou ischaemus (L.) Keng.). Steers were collectively fed 
ca. 1.1 kg feedMAlay, immediately after the experimental ses- 
sions. Feed was a mixture of forages, grains, molasses, minerals , 
and oils in l/2-inch pellets containing more than 12.5% crude 
protein, 2.2% crude fat, 17% crude fiber, 0.5% calcium, 0.3% 
phosphorus, 0.8% salt, 1% potassium, 5,000 IU/lb vitamin A, 9 
IU/lb vitamin E and 10 g/ton chlortetracycline. Water was avail- 
able ad libitum. Animal handling and care was approved by and 
followed guidelines of the Animal Care and Use Committee of 
Texas Tech University. 

Experimental Arenas and Treatments 
Three adjacent 50 by 50 m2 experimental arenas were fenced in 

an Old-World Bluestem pasture at the Texas Tech University 
Experimental Ranch, 15 miles south of Post, Tex. The area was 
almost flat and the same large-scale landmarks were visible from 

all arenas. The arenas simulated a 2-dimensional heterogeneous 
rangeland feeding environment in which a highly profitable 
resource (feeders with feed) was interspersed with a less prof- 
itable one (background pasture and empty feeders). Each arena 
had 64 locations arranged in 8 rows and 8 columns, with neigh- 
boring locations 5 m apart. Each location had a feeder and a stake 
with a visible label indicating row and column number. A handful 
of feed was placed around the bottom of each feeder where it was 
unavailable, so animals could not discriminate location of avail- 
able feed by smell. Before each session, 20 of the 64 feeders were 
loaded with ca. 150 g of feed each. Loaded feeders are referred to 
as food locations. 

Three treatments were applied by changing the spatial distribu- 
tion of food locations. In treatment VR (variable-random) food 
locations were changed randomly for each daily trial. In treat- 
ment CR (constant-random), food locations were randomly deter- 
mined once at the beginning of the experiment and remained the 
same thereafter. In treatment CC (constant-clumped), food loca- 
tions were also constant throughout the experiment, but they were 
in groups of 5 consisting of a center and the 4 nearest locations 
surrounding the center. A variable-clumped treatment was not 
included because of time and labor constraints. In order to allow 
rapid testing of all animals within a short time I used 1 experi- 
mental arena for each treatment. 

Feeding Sessions 
The first 28 sessions took place between 14 July and 20 

August. Session 29 took place on 4 September, after 15 days 
without any exposure to the treatments. Because values of mea- 
sured variables in session 29 fell within the range of the other 
sessions of period 6, it was included in this period. Sessions start- 
ed, on average, at 0841 hour (s.d. = 47 min, n = 29) and finished 
at 1147 hour (s.d. = 53 mitt, n = 29). Only 1 steer was observed at 
any given time and the same order of treatments and animals was 
used each day of the experiment: VR-CR-CC-VR-CR-CC. All 
animals were observed daily except during weekends for a total 
of 29 sessions each, The first 23 sessions for each animal lasted 
ca. 20 minutes. The duration of the last 6 sessions was reduced to 
15 minutes to avoid a ceiling effect resulting from the ability of 
steers to find most food locations in all treatments. 

Variables 
All foraging sessions were observed in their entirety from a 3.5 

m tower. The sequence of locations visited and food locations 
encountered, total time eating at food locations, and total session 
time were measured with a hand-held stopwatch. I considered 
that a location was visited or encountered if the animal walked 
within 0.5 m of the feeder and lowered its head. Table I describes 
all variables and their units. Total visits was the total number of 
locations visited in a session, regardless of whether the location 
had food or whether it had been previously visited within the 
same session. Total visits can be greater than 64. The total num- 
ber of different locations was the number of locations visited that 
had not been previously visited within a session. It can vary 
between 0 and 64. Number of food locations was the number of 
different locations encountered with food, and it can vary 
between 0 and 20. A map of the searching path of the animal was 
recorded on a scaled map of the foraging arenas. Total distance 
walked was calculated on the basis of the maps. Residual feed 
from food locations encountered was collected and weighed to 
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Table 1. Measured and calculated variables. 

Variable name Variable 
symbol 

Units Interpretation 

Intake rate R g/d Intake rate during a whole session 

Intake per food location encountered i g Average mass of feed consumed per location with food encountered in a session 

Residence time e min Average time spent eating per location with food encountered in a session 

Search time per food location encountered s mill Average time spent searching per location with food encountered in a session 

Search speed S m/min Average walking speed while searching 

Visits per meter walked V l/m Number of locations visited per unit distance waked in a session 

Locations per visit L Number of different locations visited per location visited n a session 

Food locations per different location visited F Number of locations with food encountered per different location visited in a session 

Number of visits n Total number of locations visited in a session, including revisits 

Number of different locations visited 0 Number of different locations visited in a session, excluding revisits 

Number of different locations available N Total number of locations in the arena; in this experiment N = 64 

Number of locations with food available A Total number of locations with food available af the beginning of a session; in this 
experiment A = 20 

Number of locations without food available B Total number of locations without food available at the beginning of a session; in this 
experiment B = 44 

determine quantity of food consumed. Overall intake rate (R) was 
calculated as mass of food consumed divided by total session 
time. Average intake per food location (i, g/food location) was 
total intake divided by number of food locations encountered. 
Average residence time (e, min) at locations with food was time 
spent eating within food locations divided by total number of 
locations with food encountered. Time searching per food loca- 
tion encountered (s, minlfood location), the reciprocal of 
encounter rate of food locations, was the difference between total 
session time and time spent eating at the food locations divided 
by total number of food locations encountered. Search speed (S, 
m/min) was calculated as total distance traveled divided by the 
difference between total session time and time spent at food loca- 
tions. 

For the analysis of behavioral components of intake rate and 
food search I partitioned intake rate and search time per food 
location as follows. Overall intake rate R was expressed as: 

R = i/(s+e) (1) 
where: 

measured directly and that quantify specific behaviors (for a simi- 
lar approach to the quantification of the effects of different fac- 
tors of rate of successful search see Gendron and Staddon 1983). 
Search speed (S) reflects the speed of locomotion while foraging. 
A low value of V indicates that the search path is directed 
towards a location where forage is expected, while locations 
along the path known to be empty are ignored. A high value of V 
indicates an expectation that food could be anywhere, so all loca- 
tions along the path are visited. L reflects the ability to avoid 
locations already visited within a session; its maximum is 1 .O and 
indicates that each location was visited only once. Short-term 
spatial memory of places already visited is a mechanism by 
which steers could achieve a high value of L. Finally, F repre- 
sents the ability to concentrate search on those areas where food 
locations are present. Long-term spatial memory is a mechanism 
by which steers in constant random (CR) and constant clumped 
(CC) could achieve high values of F. Other mechanisms are con- 
sidered in detail in the discussion. 

R = intake rate over the whole session (g/min). 
i = average intake per food location encountered (g/food loca- 

tion). 
s = time searching per food location encountered (min/food 

location). 
e = time spent eating per food location encountered (min/food 

location). 
Time searching per food location was expressed as: 

s=(SVLF)-1 

where: 
S = search speed (m/min). 

(2) 

The number of different locations visited in a session, until a 
certain total number of visits is completed, can be analyzed as a 
random variable @ resulting from a process of sampling with 
replacement, because locations remain in place and can be revis- 
ited without constraints (Till6 et al. 1996). Thus, following the 
notation of TillC et al. (1996), L equals Wn, where @ is the num- 
ber of different locations visited and n is the total number of vis- 
its, including revisits. Assuming that sampling is random, the 
expectation and variance of @In were derived from equations A2 
and A4 given by TillC et al. (1996): 

E[Wn] = (1 - (N-l)“/Nn) (N/n) 

V = total visits per unit distance walked (visits/m). 
L = ratio of different locations to visits (different locations/visit). 
F = ratio of food locations to different locations visited (food 

locations/different location), an index of food location den- 
sity within the area searched. 

V[Wn] = n-’ ((N-l)“/N”-’ + (N-l) (N-2)“/N”-’ - 
(N- 1)2”/N’“-2) 

where: 

(3) 

(4) 

E[Wn] = expected ratio of different locations to total visits 
within a session under the assumption of random 
search. 

These equations were chosen because they allow the partition- 
ing of intake rate and search time into a series of factors that were 

V[Wn] = variance of W/n. 
0 = number of different locations visited in a session, 

excluding revisits. 
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n = number of visits in a session, including revisits. 
N = population size (i.e., total number of different locations 

available; in this experiment N = 64. 
In the present experiment, the value of L could vary with peti- 

od or treatments because the total number of locations visited 
(visits) was not controlled and differed between sessions and 
treatments. Therefore, variance and expected value for L were 
calculated for each session under the assumption that searching 
was random with replacement, and L was standardized as 

Ls = (L - E[L])/V[L]iR) (5) 

where: 
Ls = standardized L within a session (no units). 
L = @In. 
Standardization should remove effects of changes in mean and 

variance resulting from differences in total number of visits that 
could not be attributed with certainty to treatment effects. Analysis 
of L without standardization would have confounded differences 
between treatments caused by behavioral mechanisms used to 
avoid locations already visited, and treatment differences caused by 
a difference in the total number of visits. A value of Ls significant- 
ly greater than 0 indicates that steers encountered significantly 
more different locations per visited location than expected under 
the assumption of random sampling with replacement. 

If one ignores the revisiting of food locations, the number of 
food locations (feeders with food) encountered as a proportion of 
the number of different locations visited (F) can be analyzed to test 
whether food locations were more abundant in the area searched 
than expected. Because revisits are ignored, the process is analo- 
gous to random sampling without replacement. Mean and variance 
of F were derived from equations 2 & 3 of Tie et al. (1996): 

E[F] = A/N 

V[F] = A B (N-@)/(@N2 (N-l)) 

where: 

(6) 

(7) 

E[Fj = expected value number of food locations encountered 
per different location visited. 

V[F] = variance of F. 
A = number of locations with food at the beginning of the ses- 

sion (A=20). 
B = number of locations without feed at the beginning of the 

session (B=44). 
Q = total number of different locations visited, excluding 

revisits. 
N = total number of different locations available (N-+4). 
F was corrected for differences in n across sessions and treat- 

ments. The theoretically expected value of F under the assump- 
tion of random search was a constant (20 food locations/64 loca- 
tions) but its variance changed because the number of different 
locations visited varied. Because the standardized value of F was 
highly correlated with F in the data set (&0.93) I analyzed and 
reported F, and not the standardized values. Values of F signifi- 
cantly greater than expected under the assumption of random 
sampling without replacement would indicate the presence of a 
behavioral mechanism that allowed steers to perform better than 
random. I predicted that if smell and visual cues were eliminated 
as intended, F would be significantly greater than expected in CC 
during period 1, before animals had sufficient experience to 
remember the location of food locations. This would be explained 
by a pre-existing ability to detect clumps of food locations and to 

perform an area-restricted search, learned as a result of expeti- 
ence grazing in natural rangelands. As steers in constant clumps 
(CC) and constant random (CR) learned the locations of food, F 
would increase and become similar in these 2 treatments, whereas 
it would remain near the value expected by random search in 
variable random (VR). 

The angles formed by the path leading to a location and the 
subsequent path leading away from the location were analyzed as 
a function of whether the locations contained food. Only respons- 
es seen in period 1 for treatments CR and CC, and all periods for 
VR were used. Because steers did not know food locations, path 
angles at the beginning of the experiment should have reflected 
any pre-established rule-of-thumb. If steers were able to detect 
clump boundaries, sharper turns should be more frequent after 
exiting clumps. Because trays were on a square grid, more than 
95% of the turns were 0,45,90, 13.5, or 180 degrees and turning 
angle was not a truly continuous variable. Thus, turning angles 
were classified into 5 categories with the following extremes: 0, 
23,68, 113, 158, and 180 degrees. Frequency of each category of 
turns was analyzed as a function of presence of food in the cur- 
rent and previous locations. Locations at the comers were exclud- 
ed because of the restriction on turn angles imposed. 

The experiment was analyzed as a completely randomized 
design with repeated measures over time. The variance among 
animals within treatments was used as error term to test for treat- 
ment effects, whereas residual variance was used to test for period 
and period by treatment effects. Because the total duration of each 
session was changed from 20 to 15 minutes during period 6, the 
analyses were separated into 2 parts: fast I tested for treatment, 
linear period, and linear period by treatment effects for periods 1 
to 5, then, treatment effects were tested for period 6. I compared 
CC vs. CR, and their average vs. VR in period 6. These contrasts 
were tested using the procedure for a split-plot design described 
by Steel and Tonic (1980). Pre-established contrasts were used to 
determine if the linear period effect of CC differed from CR, and 
if the average linear trend for CC and CR differed from VR. 

The importance of the different components of intake rate and 
encounter rate were studied by path analysis (Li 1975) and reported 
using the method described by Williams et al. (1990). Path analysis 
partitions the coefficient of multiple correlation into direct effects 
(standardized partial regression coefficients) of each explanatory 
variable on the dependent variable, and indirect effects of each 
independent variable through its correlation with other independent 
variables. The structure of associations among components of 
intake rate was studied by performing a MANOVA and analyzing 
the variance-covariance matrices (SAS Institute 1994). 

Results 

First I describe how intake rate, food location residence time 
and search time per food location responded to experience and 
food distribution treatments. The importance of each component 
of intake rate is assessed by path analysis. Second, I describe the 
effects of experience and food distribution on the components of 
search time per food location. Effects of experience and food dis- 
tribution on intake rate and search time per food location are 
traced to their behavioral components. 
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Pi. 1. Effects of experience (icreasing over periods) and food distribution on intake rate (A), food location residence time (B), search time 
per food location (C), and intake per food location by steers (D). 

Intake Rate and Its Components 
Intake rate (R) within sessions increased with increasing expe- 

rience (Fig. 1A and Table 2) in all treatments. The linear period 
X treatment interaction (P = 0.06) was further explored by prede- 
termined contrasts. The linear increase in treatments constant ran- 
dom (CR) and constant clumped (CC) was similar (P > O.lO), and 
their average was significantly greater than in variable-random 
(VR) (P = 0.02), where location of food was changed daily. 
Residence time per encountered food location (e) was not affect- 
ed by food distribution and declined significantly with increasing 
experience (Table 2, Fig. 1B). 

Average search time per food location within sessions (s) did 
not respond to experience or food distribution in the first 5 peri- 
ods (P > 0.50, Fig. 1C). In period 6, s in the treatments with con- 
stant food locations (CC & CR) was 57% of that in VR (P = 
0.03). Intake per food location (i, Fig. 1D) exhibited a significant 
linear increase over the first 5 periods (P = O.OOO), in spite of the 
decline in residence time. 

Path analysis (Fig. 2 and Table 3) showed that residence time 
was the variable that had the most important direct effect on 
intake rate, followed by search time per food location (s) and 
intake per food location (i). Residence time had the greatest cor- 
relation with intake rate, mostly by its significant direct effect (P 
c 0.0000). As residence time declined, intake rate increased. 

!&arch Characteristics and Movement Patterns 
Various patterns of response were found in the components of 

search time per food location. Search speed (S), the average speed 
at which the path between food locations was traveled, declined 
significantly with experience, mainly from period 1 to 2 (Fig. 3A 
and Table 2). No differences in S were detected among treatments. 

The number of location visits per m of path (V) exhibited a sig- 
nificant treatment by period interaction (P = 0.002, Fig. 3B and 

Table 2). V declined linearly in constant-random (CR) and con- 
stant clumped (CC), whereas it remained high in variable-random 
(VR). As steers in the treatments with constant food location 
locations developed mechanisms to concentrate their search in 
the areas where food was previously found, they progressively 
ignored other locations as they walked to known food locations. 
Steers in VR always visited most locations in their path. 

The standardized value Ls (Fig. 3C) is corrected for changes in 
expectation and variance of L, and therefore, departure from a 
value of 0 reflects a nonrandom search pattern. Where food loca- 
tions were constant and clumped (CC), L, did not differ from 
zero, regardless of the level of experience, indicating a pattern of 

Resldsncs llms 
par food lo~tlon 

psr food locatlon 

Fig. 2. Path analysis of intake rate as a function of its components. 
The total correlation between intake rate and each component is 
partitioned into direct and indirect effects. Double-headed 
arrows indicate correlations; single-headed arrows indicate 
dhect effects. Indirect effects are the product of a correlation and 
a direct effect. One and 2 asterisks indicate significance at 5 and 
1% , respectively. 
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Table 2. Probability values for error type I (a) for effects shown in 
Figures 1 and 3. R, intake rate; e, food location residence time; s 
search time per food location; i, intake per food location; S, search 
speed; V, food loeatious visited per meter walked; L,, staudardiaed 
number of diierent locations per visit; F, food locatioas encountered 
per different location visited; d, distance walked per unit intake. 

Variable 

Periods l-5 Period 6 
Period Treat. CR vs. CR&CC 

Treat. (Linear) x Per. cc vs. VR 

R- 0.929 
intake rate 

e 0.770 
residence time 

s 0.813 
search time 

i 0.914 
intake per 

location with 
food 
S 0.911 

search sped 
V 0.221 

locations visited 
per In walked 

Ls 0.156 
Standardized 

number of 
different 

locations visited 
per location 

visited 
F 0.132 

number of food 
locations per 

different 
location 

d 0.576 
distane walked 
per unit intake 

0.006 0.057 0.634 0.677 

0.000 0.055 0.939 0.635 

0.975 0.147 0.857 0.034 

0.000 0.357 0.190 0.712 

0.002 0.940 

0.000 0.002 

0.852 0.003 

0.465 

0.864 

0.073 

0.446 

0.444 

0.315 

0.002 

0.002 

0.000 

0.001 

0.000 0.000 

0.000 0.001 

search by which locations were revisited at random. The clump- 
ing of patches in CC may have motivated animals to return to 
locations around areas where food was previously found, thus 
increasing the chances to revisit locations. This interpretation 
implies that steers were able to detect clumps of food locations, 
which was not corroborated by the analyses of search paths and 
angles. Steers in CR and VR exhibited values of L, significantly 
greater than 0 (P < 0.01) reflecting an avoidance of locations 
already visited. While initial values of Ls were similar for VR and 
CR during period 1, Ls declined in CR and increased in VR with 
increasing experience, yielding a significant interaction (P = 0.03). 
This pattern of response is consistent with the similarity of treat- 
ments VR and CR before animals had learned food locations. 
When location of food is uncertain, steers seem to exhibit a pattern 
of search that prevents revisits. This may involve short-term spatial 
memory or, more simply, a tendency to walk in a straight line. 

The proportion of different locations visited that contained food 
(F) exhibited a clear treatment by period (experience) interaction 
(P < 0.0001, Fig. 3D and Table 2). Treatments CR and CC exhib- 
ited a linear increase of F over periods whereas VR remained 
constant at 0.36 (* 0.009), a value greater than the expected 0.31 
(P < 0.01). In period 1, when food locations were still unknown, 
steers in CC found more (P = 0.06) food locations within the area 
searched than those in VR and CR. This tendency is interpreted 
as evidence of a subtle mechanism to exploit the clumped distrib- 
ution of food locations not detected by the analysis of movement 

Table 3. Path analysis of intake rate (R) as a function of food location 
residence time (e), intake per food location (i), and time searching per 
food location (s). Values on the main diagonal are standardized partial 
regression coefftcients that indicate direct effects. The other values 
indicate the indirect effects of the row variable via the column variable 
and each is the product of the correlation between 2 explanatory vari- 
ables and a dhect path coefftcient. 

i S e Total r R2 ~-____ 

i 0.222 0.036 0.378 0.636 0.934 

S -0.024 -0.332 -0.198 a.554 
e -0.124 -0.097 -0.678 Xl.898 

characteristics, but also reflected in the low values of L, in CC 
during period 1. 

Although intake rate did not differ among treatments (P = 
0.93), the response of distance walked per unit of intake mirrored 
that of F (Fig. 3E). As a result of experience, steers in constant 
clumped (CC) and constant-random (CR) became more efficient 
at finding food than in variable-random (VR). 

Searching time per food location, s, was strongly determined by 
negative direct effects of number food locations enountered per 
different location visited, F, and search speed, S (Table 4 and Fig. 
4). Overall, F was the most important determinant of s because of 
its large direct effect and significant correlations with the rest of 
the components. Because S was negatively correlated with F (r= 
-0.345, P < 0.05), it had a positive indirect effect on s via F, and 
its total effect was weak. More than 80% of the negative covari- 
ante between F and S was a result of treatment effects, because 
steers in the treatment where food location locations were 
changed daily (VR) tended to search faster and were less efficient 
at finding food than those in the other 2 treatments. The other 
components, V, and Ls had minor negative direct effects on s. 

Movement Patterns 
No relationship was found between the success in finding food 

and the turning angle to the next location (P > 0.13). The pattern 
of turns and the tortuosity of the search path were not related to 
the sequence of failures and successes in the previous 2 or 3 loca- 
tions (P > 0.10). When food locations were unknown, steers 
exhibited a strong tendency to continue moving in the same 
direction, regardless of the sequence of failures and successes. 

Table 4. Path analysis of search time per food location (s) as a but&ion of 
search speed (s), number of locations visited per meter walked (V), shut- 
dardixed number of different locations per visit (Ls, an index of avoid- 
ance of recently visited locations), and ratio of food locations to different 
kxations visited (F, an ‘mdex of the ability to concentrate search effort m 
areas where food was located). Values on the main diagonal indicate 
dhect effects. The other values iudicate the indirect effects of the row 
variable via the column variable. Statistical meaning of numbers is as in 
Table 3. Coefftients allow comparison of direct etfects among variables 
and of direct and indirect effects within variables. 

S V b F Totalr R2 ~__- 
s -0.648 0.063 0.069 0.442 -0.340 0.894 
v -0.144 -0.285 -0.069 -1.044 0.545 
Ls -0.223 -0.098 -0.202 0.821 0.298 
F 0.224 0.232 0.129 -1380 -0.695 
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Fii. 3. Effezts of experience and food spatial distribution on the components of search time per food location and the dice walked per unit 
intake, an index of foraging efficiency. The horizontal dotted line in graph D indicates the value expected from random sampling without 
replacement. 

Discussion 

As a result of experience with the task, steers foraging in areas 
with constant food locations increased their ability to find food, 
decreased the distance walked per unit of intake, and increased 
intake rate. Steers foraging in areas with randomly varying food 
locations achieved intake rates not different from constant 
clumped (CC) and constant-random (CR) by walking faster and 
by establishing a systematic search pattern that resulted in more 
locations visited per m walked and fewer revisits. On average, 
steers in CC, CR and variable random (VR) found 16.7 (*lS), 
16.3 (*1.5), and 15.3 (+l.S) food locations per session during the 
last period of the experiment. 

If one views foraging by a large herbivore as the search for and 
partial depletion of acceptable food locations (Astrom et al. 1990; 
Dane11 et al. 1991; Laca et al. 1994), there are 2 behavioral mech- 
anisms by which intake rate and efficiency of foraging can 
increase. The forager can increase the rate at which food loca- 
tions are depleted once encountered and/or increase encounter 
rate of food locations. Encounter rate of food locations can be 
enhanced by concentration of search effort in areas where food 

locations are more abundant, avoidance of areas already depleted, 
and faster search speed. Steers were able to implement all mecha- 
nisms as they gained experience. There was strong evidence that 
when food locations were constant, long-term spatial memory 
was the most important factor determining encounter rate of food 
locations. 

Residence Time and Intake per Food Location 
Steers experienced a negative feedback between residence time 

and intake rate (R). Actual residence time did not differ among 
treatments, but declined significantly as a function of experience 
with the foraging task. I surmise that steers responded to this 
feedback, steadily reducing residence time and increasing intake 
rate as they became more familiar with the task. The fact that 
intake per food location actually increased with experience, in 
spite of the reduction in residence time, indicates that steers 
learned to consume the feed faster while at a food location. 

Role of Spatial Memory 
The ratio of number of food locations to number of different 

locations visited (F) was the most important factor determining 
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Fii. 4. Path analysis of search time per food location as a function of 
its components. Symbols are as in Figure 2. 

encounter rate of food locations. Even when food locations were 
randomized daily (VR), F was 16% greater (P c 0.01) than 
expected by random search. In the other 2 treatments, the ratio 
increased to more than 2.5 times the expected random search 
value. How did steers manage to find the food? I argue that spa- 
tial memory was a key mechanism. 

A value of F greater than expected may result from a series of 
mechanisms: observation of food placement while at the holding 
pen, perception of smell or other cues directly linked to the food, 
perception of trails or markings left during previous visits, rules- 
of-thumb or general algorithms, and long-term spatial memory 
(Olton 1978). With the exception of the first 2 mechanisms pro- 
posed, all mechanisms require that food locations be constant or 
have a certain spatial pattern on which an algorithm could work. 
None of these conditions were met in variable random (VR), so, 
in this treatment the slightly high value of F is attributed to per- 
ception of cues directly linked with the food such as odor, ability 
of steers to see whether trays contained feed from a distance 
greater than 0.5 m, or learning of locations by observing where 
feed was placed. Although I attempted to control for odor cues by 
placing a little unavailable food in all locations, the quantity of 
unavailable food was less than that in food locations, it was not 
equally exposed to wind, and it was not replenished daily. 
Therefore, it is possible that food locations had a more intense 
smell than empty locations. Yet, steers often walked near food 
locations but did not discover them, and very frequently put their 
noses into empty trays before realizing that they were empty. 
This suggests that the effects of smell and sight on detection of 
feed from distances greater than 0.5 m was limited. On the basis 
of the behavior of steers while at the holding pen and the distance 
and topography between holding pen and arenas I believe it is 
very unlikely that steers found feed by observing where we 
placed it. Because VR offered equal conditions of odor and visual 
cues, it was a control for constant random (CR) and constant 
clumped (CC). The effects in CR and CC beyond the value of F 

measured in VR must be attributed to mechanisms other than 
direct perception of cues associated with the food or ability to 
observe where food was placed. 

The results provide evidence that the increase in F observed in 
CR and CC resulted from spatial memory. This evidence is based 
on the elimination of the alternative mechanisms. The use of 
markings was very unlikely because it would have required the 
ability to facultatively mark food locations with lasting odor or 
visual cues. The experiment took 51 days over which significant 
rain storms and periods of high temperatures alternated, and the 
vegetation changed significantly in quantity and phenological 
stage. The use of trails was very unlikely because steers would 
not be able to distinguish a trail that led to an empty location 
from one that led to a food location. No trails between food loca- 
tions were visible in the experimental areas, and the pattern of 
transitions from one food location to the next evinced multiple 
pathways, not a fixed one. 

General algorithms for movement, such as increasing the fre- 
quency of turns upon finding food, did not seem to explain the 
high food-finding efficiency, either. The use of general algo- 
rithms would have been possible only in CC, where food loca- 
tions were clumped. In a clumped distribution the presence of 
food in a location changes the expectation of presence of food in 
neighboring locations, so a search algorithm that increases search 
effort around food locations leads to greater search efficiency. 
Nevertheless, except for period 1, F was essentially the same in 
CR and CC. The greater success of steers in CC during period 1 
may have been related to the clumping of food locations. Yet, 
turning angles were not related to the presence of food in recently 
visited locations as it would be expected if steers were able to 
recognize clump boundaries. Although an algorithm may have 
been used in the early periods, its effects were masked by the 
effects of spatial memory. 

This experiment strongly suggests that spatial memory is an 
important mechanism that determines foraging efficiency of cat- 
tle. It is likely that the importance of this and other mechanisms 
varies with the spatial scales at which the different foraging deci- 
sions operate (Bailey et al. 1996; Laca and Ortega 1996). Spatial 
memory requires the storage of a certain quantity of information 
per site or location. As the number of sites increases the accuracy 
of the memory declines (Olton et al. 1981). Thus, it is reasonable 
to hypothesize that grazers use the limited memory capacity for 
the most profitable and persistent resources, such as water, cover, 
or large areas with good forage. Long-term, reference spatial 
memory would not be relevant at small scale (bites, feeding sta- 
tions, food locations) because of the large number and frequency 
of decisions involved (Senft et al. 1987). Although cattle have the 
ability to develop short-term memory of patches visited within a 
feeding bout or feeding sites visited in previous grazing bouts 
(Bailey et al. 1989a) this may not be a very important mechanism 
in the avoidance of depleted food locations in rangelands because 
simple rules of thumb can accomplish the same results by sys- 
tematic search patterns. Thus, I hypothesize that foraging effi- 
ciency and spatial grazing patterns at the landscape scale are 
more directly linked to long-term spatial memory of cattle. 

Working and Reference Memory 
The present experiment differed from most of the classic (e.g., 

Olton 1978; Olton et al. 1981; Olton and Samuelson 1976) and 
more recent works on spatial memory of livestock (e.g., Bailey et 
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al. 1989a; Bailey et al. 1989b) in that I focused on long-term or be equivalent to current rotational grazing and supplementation 
reference memory. Additionally, I partitioned the effects on schemes because all grazing units could be stocked at any given 
intake rate into factors determined by short-term or working time, and no single set of locations would be used for supplemen- 
memory, such as avoidance of locations already visited, and fac- tal feeding. Finally, inhibition of spatial memory might result in 
tors determined by reference memory, such as the ratio of food lower animal performance, due to the lower foraging efficiency. 
locations to total different locations visited. From a production point of view, the magnitude of this effect 

Olton et al. (198 1) described 2 opposing strategies in relation to could counterbalance the potential improvements in grazing dis- 
spatial choice, “win-shift” and “win-stay,” to indicate that preda- tribution and should certainly be investigated. If negative effects 
tors have to opt between avoiding or returning to places where on productivity are not major, any tool that improves grazing dis- 
food was previously found. Cattle exhibit spatial strategies that tribution should make livestock production more compatible with 

conservation of rangeland resources. are significantly more complex than the behaviors potentially 
explained by the win-shift/stay dimension. In the present experi- 
ment steers exhibited the ability to use both strategies at different 
time scales. In the short term (within sessions), foraging efficien- 
cy was improved by using working memory to avoid locations 
already visited. This was reflected by L, values greater than 1 in 
variable random (VR) and constant random (CR). In the long 
term (between sessions), foraging efficiency was improved in 
treatments with constant food locations by returning to locations 
where food was found in previous sessions. This was reflected by 
values of F greater than expected by random search and which 
increased with experience. In principle, both strategies can be 
used simultaneously. However, the emphasis on one or the other 
strategy appeared to depend on the variability of food locations. 
When food locations were constant over time and clumped in 
space (CC), steers emphasized a long-term win-stay strategy 
based on spatial memory by returning to food locations found in 
previous sessions (Fig. 3), and performed an area-restricted 
search that resulted in a short-term performance (avoidance of 
locations visited within a session) not different from random (nei- 
ther win-shift nor win-stay). Conversely, when food locations 
were variable over time steers emphasized a short-term win-shift 
strategy and became progressively better at avoiding locations 
already visited within a session. 

Conclusions and Practical Implications 

The present results support the hypothesis that intake rate 
increases as cattle learn and return to locations where food was 
previously found. However, steers also used other behavioral 
mechanisms such as a systematic search pattern, that allowed 
similar increases of intake rate in the absence of spatial memory. 
As hypothesized, spatial memory allowed the highest foraging 
efficiency, measured as intake per unit distance walked. 
Contrasting search strategies resulted from exposing steers to dif- 
ferent temporal and spatial distributions of a high quality feed. 
This supports the hypothesis that search pattern can be manipulat- 
ed through management. 
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Abstract 

Diets of bison (Bison bison L.) were examined using microbii- 
tological fecal analysis in a 2-yr study on a tallgrass prairie site in 
northcentral Oklahoma. Graminoids comprised at least 98% of 
the diet across all seasons. Bin showed strong feeding selectivi- 
ty; grasses and sedges formed a significantly higher proportion 
of diets than was generally available in herbage on the landscape. 
Bin avoided forbs, which were 5 2 40 of the diet. Sedges were a 
large (17-4440) diet component in winter and spring but 
decreased substaintially during summer and fall (11-162). 
These changes in sedge use corresponded to seasonal variation in 
sedge availability. Our results confii that bison are primarily 
grazers in prairie habitats, potentially having a sign&ant role in 
shaping structure and function of tallgrass prairie. 

Key Words: Bison bison, grazing, bluestems, grasses, sedges, forbs. 

The American bison (Bison bison L.) is the largest native herbi- 
vore in North America. Estimates of historic populations range 
from 30 to 60 million (Shaw 1995), but overhunting late in the 
19th century virtually eliminated the species (Garretson 1938). 
Today, scattered populations of bison are confined to large 
fenced rangelands throughout the continent. Contemporary stnd- 
ies have been conducted on bison diets to understand the ecologi- 
cal role of bison grazing in the development and maintenance of 
central North American grasslands (Axelrod 1985). There are 3 
major types of grasslands in central North America: shortgrass 
prairie, mixed-grass prairie, and tallgrass prairie (Axelrod 1985, 
Risser et al. 1981). Bison diet studies have been conducted only 
on shortgrass (Peden et al. 1974, Peden 1976, Kautz and Van 
Dyne 1978, Schwartz and Ellis 1981) and mixed-grass (Wydeven 
and Dahlgren 1985, Plumb and Dodd 1993) prairies. Knowledge 
of dietary habits of bison on tallgrass prairie is lacking because 
most tallgrass prairie has been eliminated by conversion to farms 
and croplands (Risser et al. 1981). With continued efforts and 
interest in restoring and preserving this grassland ecosystem 
(Joem and Keeler 1994). a study on the diets of bison on a tall- 
grass site was needed. 
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In 1989, the Nature Conservancy, a private conservation orga- 
nization, established the Tallgrass Prairie Preserve in Oklahoma. 
As part of their efforts to restore a functioning tallgrass prairie 
ecosystem, 300 bison were released on the site in 1993. This pro- 
vided us the opportunity to conduct a baseline study on seasonal 
diet composition and feeding preferences of bison in a tallgrass 
pairie landscape. 

Study Area 

The study was conducted in 1994 and 1995 on the Nature 
Conservancy’s Tallgrass Prairie Preserve (TPP), a 15,342-ha tall- 
grass prairie in the Osage Hills of northern Oklahoma (36O5O’N, 
96’25’W). Vegetation of the area was dominated by big bluestem 
(Andropogon gerardii Vitman), indiangrass (Sorghastrum nutans 
[L.] Nash), switchgrass (Panicum virgatum L.), and little 
bluestem (Schizachyrium scoparium [Michx.] Nash). 
Subdominant species included tall dropseed (Sporobolus asper 
(Michx.) Kunth) and sedges (Carex spp.). Common forbs were 
western ragweed (Ambrosia psilostachya DC.) and annual 
broomweed (Gutierrezia dracuncufoides (DC.) Nutt.). Average 
monthly temperatures range from a low of -50” C in January to a 
high of 34.4” C in July. Average total annual precipitation is 877 
mm; with 70% occurring between April and September (Bourlier 
et al. 1979). Maintenance of tallgrass prairie is dependent on peri- 
odic burning (Collins and Wallace 1990), so preserve manage- 
ment included prescribed burning 20% of the area each year 
(Coppedge 1996). 

Three hundred bison were reintroduced into a fenced 1,973-ha 
part of the preserve in October 1993. Following natural herd 
recruitment and the release of 43 additional animals, the area 
allocated to bison was expanded by 292-ha in August 1995 to 
maintain a stocking density of 6-7 ha AU-’ during our study. 
Herd management was limited to annual roundups for inocula- 
tions, weighing, and culling. 

Methods 

Field work was conducted during 4 seasonal periods each; win- 
ter (15 Jan.-15 Feb.), spring (15 Apr.-15 May), summer (15 
Jul.-l5 Aug.), and fall (15 Oct.-15 Nov.). Six composite fecal 
samples were collected during each period. Each sample consist- 
ed of 10 g of fresh fecal material collected from 4-6 fecal pats 
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deposited by herd members; therefore, diets of 24-36 randomly 
selected animals were represented in each sampling. Because of 
potential diffemces in diets due to sexual segregation of adults 
(McHugh 1958, Main and Coblentz 1990), we analyzed fecal 
samples only from mixed groups of bison. These groups were 
composed of cows, yearlings, calves, and young (< 5 yrs. of age) 
bulls which comprised > 90% of the population. The remainder 
of the population was comprised of mature bulls (> 5 yrs. of age) 
that were usually segregated into bull-only groups except during 
the July mating season (McHugh 1958). 

Diet composition was estimated with microhistological fecal 
analysis conducted by the Composition Analysis Laboratory, Ft. 
Collins, Colo., following the methods of Sparks and Malechek 
(1968). Twenty fields were examined on each of 3 slides repre- 
senting each composite sample. Plant fragments were identified 
to the lowest possible taxon, which in most cases was to genus. 
Contribution of each item to bison diet composition was deter- 
mined by converting frequency of occurrence to relative percent 
density (Hansen et al. 1976). 

Composition of available current year’s standing crop was esti- 
mated for each seasonal period with the dry-weight-rank method 
(Gillen and Smith 1986) conducted along ten, 100-m transects 
distributed in areas frequently grazed by bison and where fecal 
collections were made. Herbage components estimated were 
grasses and grasslike (Poaceae and Juncaceae), sedges 
(Cyperaceae), and forbs (all non-woody Dicotyledonae). Because 
woody browse was a very minor part of the vegetation, it’s avail- 
ability was not measured. Rankings of 1, 2, or 3 were assigned to 
100, 0.1 m’ quadrats placed randomly along transects. A ranking 
of 1 represented the most abundant forage item by weight within 
the quadrat. When a quadrat did not contain 3 items, all ranks 

were still assigned according to abundance. For example, a forage 
group comprising 85% or more of the standing crop received 
both rank 1 and 2, with rank 3 being assigned to the second most 
abundant item. Cumulative rankings were converted to herbage 
composition with a series of standard multipliers (Gillen and 
Smith 1986). 

A diet selectivity index was calculated for each forage class as 
the ratio of each class percentage in the diet to its percentage 
availability in the herbage (Plumb and Dodd 1993). An index 
value of 1 .O indicated nonselective use of a forage class; values > 
1 .O or < 1 .O indicated grazing selectivity for or against a particu- 
lar class, respectively. Selectivity was tested by calculating a 95% 
confidence interval around each mean selectivity value following 
the formulae of Hobbs and Bowden (1982). Selectivity was sig- 
nificant when the interval did not contain the value 1.0 (Hobbs 
and Bowden 1982). Although Loehle and Rittenhouse (1982) 
criticized selectivity indices for their lack of predictive power in 
diet studies, Lechowicz (1982) concluded that such indices were 
appropriate when used as an assessment of general feeding pat- 
terns. Because our goal was to ascertain broad feeding prefer- 
ences of bison and not to make predictions of future diets, we 
considered this index suitable for our purposes. 

Results and Discussion 

Grasses formed the majority (5689%) of bison diets in all sea- 
sons (Table 1). Many of the dominant tallgrasses in the study area 
were indistinguishable in fecal samples; therefore, these grasses 
were grouped into a ‘bluestem’ category that was usually the sin- 
gle largest dietary component. Other common grasses in the diet 

Table 1. Relative percent composition (f f se) of bison seasonal diets on talJgtass prairie in Oklahoma, 19!24-1995, as determined from composite fecal 
samples. 

Grasses and Grasslike 
Bluestems’ 

Year 

: 

Season 
Winter Spring Summer Fall 

-_ 

32.9 -----‘----‘----.--2~~~----.-----(%).--------------.----..----.---- 2.1 2.8 44.7 2.1 43.9 1.5 59.7 63.6 2.2 1.4 47.9 2.0 
58.2 1.8 

Bromus : 4.3 1.1 0.4 0.3 
0.7 

0.3 
0.7 0.3 00:; 

Miscellanexx& : 4.5 1.0 5.5 1.1 7.6 1.9 5.3 2.0 3.5 1.5 7.1 2.1 2.5 1.2 
1.2 2.1 

Muhlenbergia : 11.0 0.6 0.9 0.3 3.1 0.3 3.3 
1.9 0.3 

0.6 
0.7 0.3 1.1 0.3 1.8 0.3 

Panicum : 3.8 1.7 3.1 1.0 6.5 0.6 5.0 
2.7 

1.2 
1.2 3.0 0.6 4. I 1.0 1.7 0.5 

Sporobolus 

TOTAL GRASSES 

Sedges 

Carex 

Eleocharis 
TOTAL SEDGES’ 

: :z 2.1 17.1 1.2 0.3 20.5 
0.8 

0.5 
13.2 1.2 it:!! 0.4 13.4 0.8 

: 82.4 3.3 55.8 4.5 87.2 1.7 
74.8 

84.6 2.0 
2.4 64.3 2.4 88.7 1.4 82.5 I .5 

: 15.5 2.4 34.3 2.4 8.9 
23.5 E 

13.4 I .7 
1.9 28.1 2.2 10.3 13.7 1.3 

; 1.6 1.0 
2.3 I.0 1.3 

1.0 0.7 96:(: 
I.0 

0.6 0.5 00:s 2.5 0.7 
: 17.3 3.3 43.9 4.3 11.3 1.6 14.7 

24.6 
2.0 

2.3 34.8 2.5 10.8 1.2 16.3 1.4 
Forbs 

TOTAL FORBS4 0.3 0.2 0.3 0.2 1.5 0.4 0.7 
0.6 

0.6 
0.2 0.9 0.2 0.5 0.3 1.2 0.6 

:Includes Andropogon, Parplaum. Sorghasrrum. Sorghum, and Schizachyrium. 
hTl.5 that did not exceed 3.0% in my diet; includes Agropyron, Agrortis, Arisrida, Boutelou~. Cynodon, EIymq Feauca. Juncus, ,~~to[om, pea. phleum, &r&a, T,idens, 

Tripscacum. and unknown grasses. 
41ncludes unknown sedges. 

Includes a negligible browse component. No single item exceeded I.096 in any diet; includes Anemisia. Croton. Lksmodium. Juniperus, Medicago, Me/iIorus, plantogo, @,ercus, 
and unknown forbs. 
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Table 2. Relative percent composition ( H f SE) of available standiig 
crop by season on tailgrass prairie in Oklahoma, 1994-1995, as deter- 
mined by the dry-weight-rank method (Gillen and Smith 1986). 

Season 
Forage Class Year Winter Spring Summer Fall 

---.--------------(%)------------------ 
GKISSCS 1 87.2 4.5 52.8 4.4 55.9 5.1 68.5 5.6 

2 77.0 6.0 38.5 3.9 46.1 3.7 58.5 4.8 

Sedges 1 6.0 1.1 17.8 1.3 5.6 0.1 5.1 0.4 
2 5.7 0.8 25.5 3.0 11.1 1.3 9.3 1.2 

Forbs 1 6.8 4.6 29.4 4.5 38.5 5.0 26.4 5.7 
2 17.3 5.9 36.0 2.2 42.8 3.5 32.2 5.2 

included Sporobolus, Muhlenbergia, and Panicum. Sedges, pri- 
marily Curex, comprised 174% of winter and spring diets but 
decreased substantially during summer and fall (1 l-16%). Forbs 
never comprised > 2% of any diet. 

Seasonal variation in composition of available forage was evi- 
dent. Grasses were most abundant during winter (77-87% of 
herbage) and fall (5969% of herbage), but decreased to 39-56% 
composition during spring and summer when forbs became more 
prevalent (Table 2). Sedges were most abundant during spring, 
comprising 18 to 26% of the herbage, but decreased to half these 
levels during winter, summer, and fall. 

Seasonal trends in bison diet selectivity were evident. Grasses 
were consumed either in equal proportion to or slightly above 
their seasonal availability in the herbage (Fig. 1). Sedges were 
strongly and consistently selected for by bison in all seasons. 
Forbs were a significant herbage component (Table 2) but were 
strongly avoided by bison during all seasons (Fig. 1). 

A diet composed primarily (98%) of graminoids is consistent 
with studies on bison grazing preferences in other prairie types 
(Kautz and Van Dyne 1978, Schwartz and Ellis 1981, Plumb and 
Dodd 1993). The single largest dietary item was the bluestem 
complex, composed of the warm-season tallgrasses and little 
bluestem. Previous studies of bison grazing behavior on tallgrass 
prairie in Kansas have shown that bison preferentially graze 
many of these species after recent burning (Hartnett et al. 1996, 
Vinton et al. 1993). Pfeiffer and Hartnett (1995) found that fire 
removed standing dead tillers of little bluestem that were avoided 
by bison and thereby exposed more individual plants to defolia- 
tion. However, repeated defoliation of tallgrasses by bison also 
can be detrimental to the grasses by reducing growth rates and 
cover and altering plant population structure (Vinton and Hartnett 
1992, Pfeiffer and Hartnett 1995). 

Preferential grass herbivory by bison does incidentally benefit 
some prairie vegetation. Ungrazed forbs often are released from 
competition with nearby grazed grasses, which increases their 
growth and productivity (Fahnestock and Knapp 1994). The pres- 
ence of bison grazing also results in a general increase in plant 
species diversity and spatial heterogeneity of vegetation due to 
bison-generated microsite diversity (Hartnett et al. 1996). Thus, 
the interaction between tire and bison grazing is an important 
influence on tallgrass prairie floristics because it alters both vege- 
tative structure and diversity (Hartnett et al. 1996). 

Consistent with studies conducted in other locations (Plumb 
and Dodd 1993, Van Vuren 1984, Peden et al. 1974), bison 
appear to avoid forbs in tallgrass prairie. Because forbs are gener- 
ally more digestible than grasses, many studies recommend that 

correction factors be used with microhistological analysis to cor- 
rect errors due to differential digestibility (Holechek et al. 1982). 
Other authors, noting that phenological variation in digestibility 
is often more significant than taxonomic variation, dismiss the 
use of corrective measures (Hansen et al. 1976). Because ours 
was a baseline study of seasonal food habits, we did not deter- 
mine nor use correction factors. Thus, forb contribution to bison 
diets may be slightly underestimated in our study. Despite this, a 
diet trend remains evident-bison preferentially graze graminoids 
and avoid forbs in tallgrass prairie. 

Bison showed some selectivity for grasses or consumed them in 
proportion to availability, but exhibited a consistent preference 
for sedges. Sedges are a major diet component for bison in north- 
ern areas of their range such as Yellowstone National Park 
(Meagher 1973). Canada (Reynolds et al. 1978, Larter and Gates 
1991), and Alaska (Campbell and Hinkes 1983). Sedges are also 
more digestible than grasses in some locations (Hawley et al. 
1981). However, a recent comprehensive study of mixed-grass 
prairie forages found only minor differences in digestibility 
between sedges (Carex sp.) and grasses in general (Plumb and 
Dodd 1993). Thus we do not believe the high composition of 
sedges in our study is the result of error during microhistological 
analysis. Instead, we believe bison may be using sedges because 
they are the most nutritious forage option available to them dur- 
ing winter, spring, and fall in southern tallgrass prairie. The study 
area is dominated by warm-season tallgrasses that have major 
vegetative growth during the late spring and summer portions of 
the growing season (Gillen and McNew 1987, Howe 1994). 
Tallgrasses are most nutritious during spring and early summer, 
but become coarse and rank during the remainder of the year 
(Wailer et al. 1972). Sedges are cool-season graminoids with pri- 
mary growth during cooler, wetter periods of the year (Howe 
1994), a pattern supported by our herbage availability estimates 
(Table 2). Bison use of sedges, therefore, may be linked to a sim- 
ple preference for green succulent forage during periods when 
warm-season grasses are either dormant or unpalatable. This 
would be especially important for lactating cows during late win- 
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Fig. 1. Mean selectivity index values and 95% confidence intervals 
for seasonal bison diets on tallgrass prairie in Oklahoma, 
1994-1995. Means with intervals that do not overlap 1.0 indicate 
selection (> 1.0) or avoidance (< 1.0) of the respective forage class 
(Hobbs and Rowden 1982). 
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ter and early spring (March-April), when bison calves are usually 
born in Oklahoma (Halloran 1968). In our study, calving and 
associated nutritional demands corresponded to a time when 
sedge availability was highest (spring), which was when the 
major seasonal shifts in diet composition occurred. We suggest 
that future studies should consider evaluating the seasonal nutri- 
tional properties of sedges relative to grasses in studies of herbi- 
vore ecology on tallgrass prairie. 
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Abstract 

The study determined the species components of the diets of 
small ruminants grazing mountain ranges of the Montseny 
Biosphere Reserve (Catalunya, NE Spain). Three mixed flocks of 
sheep and goats, led by shepherds, were monitored for a year. 
Aniials grazed a mountain rangeland composed of Quercus ilex 
woodland and CuUuna-Erica heathland during the day and were 
returned to their corrals every night. Diet selection was estimated 
using fecal analysis. Of the 111 species that were identified, 71 
were common to both sheep and goat. Of these, 23 were repre- 
sented in proportions of more than 1% of the annuai diet. Even 
though goats and sheep grazed together, their diets were signifi- 
cantly different (p < O.OOOl), the animal factor accounting for 
18% to 60% of the total variation among the main diet compo- 
nents. Variation between seasons was also a major (5% to 56%) 
highly significant factor, while differences between flocks 
accounted for a significant, but relatively small part (3 % to 10 % ) 
of the total variation in diet. The outstanding difference was the 
avoidance of the tree, Quercus ilex, by the sheep while the goats 
selected it throughout the year. Sheep selected graminoids 
throughout the year while goats tended to avoid them. For the 
rest there was substantial overlap in species composition between 
the diet of sheep and goats, especially when analysed over an 
entire cycle. 

Key Words: CuZZuna vulgaris, Ericu arborea, fecal analysis, 
microhistological analysis, Quercus i&x 

Interspecific dietary differences between sheep and goats on 
Mediterranean landscapes have been described in several studies 
(Cuartas and Garcia-Gonzalez 1992, Leoufre et al. 1989). In gen- 
eral, goats tend to graze higher vegetation strata than sheep 
(Pfister et al. 1988, Illius and Gordon 1990). This propensity 
could have been acquired by selection during domestication 
because wild goats show no such preference for woody species 
(Cuartas 1992). Foraging preferences can also reflect regionally 
determined feeding experience handed down by mothering 
(Provenza 1994). Goats from different regions when grazing 
together select different species from a herbaceous sward (Fedele 
et al. 1993). Different sheep breeds have different foraging habits 
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Resumen 

El objetivo de este trabajo fue determinar la composicibn 
especifica de las dietas de pequefios rumiantes que pastorean en 
las montaiias de la Reserva de la Biosfera del Montseny 
(Catalunya, NE Espafia). Durante un aiio se estudiaron tres 
rebatios mixtos de ovejas y cabras, conducidos por pastores. 
Estos rebaiios pastoreaban durante el dia en encinares de mon- 
tafta de Quercus ilex y en landas de Culluna-Etiu y cada noche 
volvian a su corral. La selection de la dieta se estimo a partir de1 
analisis fecal. De las 111 especies identificadas, 71 resulhron 
comunes en ovejas y cabras, y 23 aparecieron en proporciones 
superiores al 1% de la dieta total anual. A pesar de que ovejas y 
cabras pastoreahan juntas, sus dietas fueron signiticativamente 
diferentes (p < 0.0001). El factor animal contribuyo en un 18 a 
60% de1 total de la varianza entre 10s principales componentes 
de la dieta La varianza entre estaciones fuC tambien un factor 
altamente significativo (5% a 56%), mientras que-las diferencias 
entre rehaiios contribuyeron en una pequefia parte, atin signi- 
Bcativa (3 % a 10 %) de1 total de la varianza en la dieta. La prin- 
cipal diferencia fu& el rechazo de la encina por parte de Ias ove- 
jas en comparacibn con las cabras que la consumen durante todo 
el aiio. Las ovejas en camhio seleccionan especies graminoides a 
lo largo del aiio mientras las cahras tienden a rechazarlas. Para 
el rest0 de 10s componentes se ohservo un solapamiento sustan- 
cial en la composition especfica de la dieta de ovejas y cabras, 
especialmente al considerar globalmente el ciclo anual. 

(Pfister et al. 1988, Warren et al. 1984) even though their nutri- 
tional requirements and digestive systems are very similar. As a 
result of different foraging styles, learned perception, and prehen- 
sile capabilities, diet selection is likely to differ between sheep 
and goats. However, the diets need not necessarily be very differ- 
ent nutritionally (Pfister and Malachek 1984, Wilson et al. 1975). 
There appears to be a trade-off between the extra handling time 
and the higher quality required to browse less accessible forage. 
These, and other, trade-offs give considerable ‘elasticity’ to most 
foraging constraints (Owen-Smith 1994). Furthermore, nutrient 
content in green leaves of most browse and forage species varies 
little. Consequently, different diets can be selected that meet the 
requirements of both animal species equally well. 

Among the many possible combinations of species and plant 
parts with similar forage value, a ruminant foraging in a heteroge- 
neous mixed species pasture must make many thousands of 
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choices every day (Blius and Gordon 1990), often between forage 
items of poor to moderate quality. Unless the ruminant suffers 
from a deficiency that causes a specific hunger, like sodium 
(Belovsky 1981), day-to-day criterion, or rule, for selection of 
sufftcient food for satisfaction of nutritional requirements must of 
necessity be simple, reliable, robust, and applicable to most vege- 
tation types. 

This study was undertaken to determine botanical composition 
of the diets of domestic sheep and goats grazing a Mediterranean 
woodland and an adjacent shrubby Atlantic heathland. The objec- 
tive was not only to give a detailed comparative description of 
goat and sheep diets in the study region but also to identify, over 
an annual cycle, the role of animal species, season, and site in 
determining diet selection by small ruminant herds managed in 
the traditional manner by local shepherds. This information is 
necessary to assess the environmental impact of current changes 
in animal husbandry practices following depopulation of rural 
areas and the consequent encroachment of scrub onto pastures. 

Materials and Methods 

Study Area 
The experimental area was situated in the Montseny Biosphere 

Reserve in Catahtnya, Spain, Long. 2“ 18’ to 2” 22, Lat. 41” 44 
to 41” 47’, altitude between 700 m and 1,300 m. The area has a 
humid Mediterranean climate with average rainfall varying 
between 800 and 1,000 mm, peaking mainly in the spring and in 
the autumn. Summers are hot and relatively dry (Fig. 1). The 
landscape is mountainous with Holm oak (Quercus ibex L. ssp 
ibex) woodland on the slopes at altitudes between 700 m and 
1,100 m, and heartlands on analtiplano (La Calma) at altitudes 
between 1,100 and 1,300 m. The woodland, Quercetum mediter- 
raneo-montanum (Bolos 1983) was coppiced heavily until about 
30 years ago, but much less since then. The canopy cover is 
almost continuous, but understory vegetation is relatively sparse 
and composed of shrubs and perennial forbs and grasses (mainly 
Erica arborea L. and Festuca spp.) Heath vegetation on the alti- 
plano is composed of varying combinations of 3 physiognomic 
sub-groups of 2 plant communities: Calluna vulgaris heath and 
Erica scoparia-Cytisus scoparius heath, (both of the Calluno- 
Ulicetalia community) and Festuca-Trifolium-Agrostis tenuis 
grasslands of the Festuco-Brometea community (Bolos 1983). 

This study was conducted on the rangeland of 3 separate farms 
(Boscas, Cortada and Molar), all situated within the Biosphere 
Reserve. Range area of each farm varied between 245 and 703 ha 
(Table 1). 

Botanical Composition of the Vegetation 
Distribution of the major species in the respective rangeland 

units was determined in the late spring (June-July) by measuring 
the cover of all species along 36 transects placed in representative 
sites. Of these, 27 line intercept transects (9 transects/farm), each 
60 m long, were in the very heterogeneous woodland habitats 
where cover of all species below 1.3 m above ground level was 
recorded, and 9 line point transects (3 transects/farm), each 30 m 
long, were placed in the more homogeneous heath sites. All 
species encountered by a vertical needle, placed every 10 cm, 
were recorded along the line point transects. 

Table 1. Range characteristics and animal numbers on the experimental 
sites. 

Flock 
Bose&s Cortada Molar 

Total range. area 

Vegetation types’ 
Festuco-Bromereu (grassland) 
Caflutw-Ulicetalia (heathland) 
Quercerum medirerraneo-montanu 

(woodland) 
Crops and sown pastures 
Livestock 
Sheep 
Goats 

Stocking rate 

_ _ _ _ _ _ _ _ _ (ha)  _ _ _ _ _ _ _ _ _ _ 

245 570 703 
---------(%)---------- 

5 1 1 
24 16 34 
57 79 63 

14 4 2 
- - - --(n”&@ - - - - - - - _ _ _ 

160 200 160 
50 70 100 

- - - (a&&/ha) _ - - - _ _ - - _ - _ _ 
0.86 0.47 0.37 

‘% of total rangeland area determined from aerial photographs. 

Livestock Management 
Three different flocks of sheep and goats were studied (Table 

1). Bach flock grazed the rangeland unit of the respective farms. 
There were only these 3 mixed flocks on this area. The livestock 
were commercial Ripollesa sheep (45 to 65 kg adult live weight) 
and Murciana goats (40 to 50 kg adult live weight). They were 
always herded by a shepherd, and were returned to home corrals 
every evening except during the summer months (July to mid- 
October) when they were corralled on the altiplano. As a rule, the 
flocks were taken through the woodlands up to the altiplano in 
the morning and down again in the afternoon, when they would 
be allowed to graze crop residues on the crop area, and in some 
cases, to graze a rationed area of sown ryegrass pasture for up to 
1 hour during the winter months. Adult animals were given a 
mineral supplement of salt, calcium, and phosphorus during most 
of the year and hay only when snow prevented grazing 
(Bartolomt and Franch 1992). 

Fecal Sampling and Analysis for Diet Estimation 
Diets were estimated by determining species composition of 

epidermal fragments in the feces. This method has the advantage 
of allowing collection of a representative sample of plant species 
ingested by many animals integrated over a number of days with- 
out interfering with animal behaviour. Its main disadvantage is a 
built in bias that stems from differences in specific leaf area and 
epidermal erodibility during the digestion process (Bartolome et 
al. 1995, Holechek et al. 1982). Forbs, in particular, tend to be 
underestimated. 

Fecal samples were taken once every month between 
September 1988 and September 1989. At each sampling date, 10 
to 20 separate samples of fresh fecal pellets in each flock were 
taken in the morning from about 10% of the sheep and goats. 
These samples were put in a freezer within 5 hours after collec- 
tion and kept there until used for slide preparation. After thawing, 
2 composite samples were made up, 1 of sheep pellets and 1 of 
goat pellets from each collection period and each flock. These 
were washed to remove extraneous material and then lightly 
ground in a mortar to separate out the epidermal fragments. From 
each composite sample, 10 g were placed in a test-tube with 5 ml 
of concentrated HN03 (Croker 1959, Stewart 1967, Chapuis 
1980, Garcia-Gonzalez 1984). Nitric acid (HNO$ was used 
instead of NaOH (Gross et al. 1983, Holechek and Gross 1982, 
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Vavra and Holechek 1980) because it gave a more complete 
digestion of non-epidermal tissue (R. Garcia-Gonzalez, personal 
communication). Test-tubes were placed for 1 minute in a bath of 
boiling water and samples were diluted with 200 ml of water. 
This suspension was then passed through 1.00 mm and 0.25 mm 
filters (Sparks and Malachek 1968, Garcia-Gonzalez 1984). The 
0.25 to 1.00 mm fraction was dispersed in 50% aqueous solution 
of glycerin. Samples of the suspension were spread on glass 
microscope slides to give a density that precluded any significant 
overlapping of fragments and left to dry overnight. Cover-slips 
(24 X 60 mm) were then fixed to the slides with DPX microhisto- 
logical varnish. Five slides were prepared from each composite 
sample. 

Fragment Identification 
Slides were examined under microscope at 100x magnification 

by viewing traverses, 2 mm wide and 60 mm long with 3 mm 
between traverses. All fragments in each traverse were recorded 
and counted until 400 fragments of leaf epidermis were identified 
from each sample. A key prepared by J. BartolomC (1991) was 
used to identify epidermal fragments. The observer was trained 
by identifying replicates of several samples which were not 
recorded. Unidentifiable leaf fragments were less than 1%. 
Epidermal fragments of floral parts, stems, petioles, and midribs 
were not registered because of the difficulty in identifying the 
species of these fragments. 

Preference Index 
Preference or rejection of a vegetation component is commonly 

expressed as a function of its occurrence in the diet and its avail- 
ability to the herbivore (Crawley 1983, Westoby 1974, Belovsky 
1981). Availability in the present study was estimated as the veg- 
etation composition accessible to the grazing animal weighted for 
the area of the different range or vegetation types (physiognomi- 
cal group) and the time spent in each type. During the summer 
grazing period, soon after the vegetation composition was deter- 
mined (in June-July), the flocks spent approximately twice the 
number of grazing hours on the heath and grassland than in the 
woodland. This was also taken into account when calculating 
average availability V’ik of each vegetation component on each 
range unit farm): 

(1) 

where, 
vikj is the % cover of the vegetation component i, on range 

typej, on range unit k 
A’k is the area of range type j, on range unit k 
1/. j IS the ratio of time spent daily on the respective range types 

j, in the months of June and July: Tj = 1 when j = woodland, 
otherwise Tj = 2 

Preference or aversion can then be estimated with an index, Sik, 
like the lvlev electivity index (Ivlev 1961) for each vegetation 
component, i, on each range unit, k. 

Dik - V’ik 
Sik = (2) 

Dik + V’ik 
where, Dik is the proportion of the component in the diet (during 
the summer months when the vegetation was sampled). The 
index indicates rejection when Sik > 0. 

Diet Overlap 
Overlap of a species i in the diets of sheep, D,, and goats, Dig, 

can be expressed as an index, Li, ranging between 0 and 1: 

Li=l- 
I Dis-Dig I 

(3) 
I Dis- + D’g I 

The overlap between diets of sheep and goats, L can then be 
written as: 

&IDis- Dir I 
L=l-i ” 

Xl Dix- + D’i,I (4) 
i 

This is equivalent to the commonly used Kulczynsky similarity 
index (Oostin 1958). 

Chemical Analysis 
Chemical composition of the leaves of the more common plant 

species was determined to identify nutritive factors that may 
influence species selection. Three replicates of plant material 
were sampled at random sites, dried at 60” C and ground to pass 
through a 1 mm screen. Samples were analysed in triplicate. Dry 
matter (DM) was determined by drying at 103 + 1 ’ C for 24 
hours and crude protein calculated as N X 6.25. by the Kjeldahl 
procedure on a Kjeltec Auto 1030 Analyser (Tecator) according 
to AOAC (1984). Neutral detergent fibre (NDF), acid detergent 
fibre (ADF) and acid detergent lignin (ADL) were determined by 
the method of Goering and Van Soest (1970) on a Fibertec 1030 
hot extractor (Tecator) and recorded as cell content (NDF-ADF), 
hemicellulose (DM-NDF) and lignin. 

Statistical Analysis 
The numbers of leaf epidermal fragments of each species were 

converted to percentages and subjected to arcsin (angular) trans- 
formation (Sokal and Rohlf 1969) before statistical analysis. 
Allocation of total sum of squares between factors was deter- 
mined by analysis of variance using SuperANOVA (Gagnon et 
al. 1990). Significant differences were determined by means of 
the Fischer Protected LSD method (Fischer 1949). 

Epidermal fragments were of species that were selected by the 
animals, and so rejected or highly non-preferred species are not 
represented in the following analyses. Three factors that could 
influence the composition of epidermal fragments were consid- 
ered: animal species (sheep, goats); season [defined as six, 2 
month periods: early winter (December-January), winter 
(February-March), spring (April-May), early summer 
(June-July), summer (August-September), autumn 
(October-November)]; and flock or range unit (3 flocks, each 
grazing its own range unit). These 3 factors are orthogonal, so 
that the variance allocation to each is a true reflection of its con- 
tribution to the total accounted for variance (R2). The variance of 
the total of 72 diet estimates-6 periods (2 samples each period) X 
3 flocks X 2 animal species-was analyzed as follows: 

Source d.f. 
Flock 2 
Animal sp. 1 
Season 5 
Flock X Animal sp. 2 
Flock X Season 10 
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Flock X Season 10 important component in the diets of both sheep and goats but 
Animal sp. X Season 5 much more so in the case of goats. The forbs were the smallest 
Flock X Animal sp. X Season 10 fraction of diets, but there may be a considerable negative bias in 
Error 36 their estimate because of their more fragile epidermal layers 
Total 71 (Bartolomt et al. 1995, Holechek et al. 1982). 

Quercus ilex, Erica arborea, Calluna vulgaris, and Festuca 
spp. each constituted more than 10% in either sheep or goat diets. 
Thus, diet data were aggregated for analysis into the following 
components: Quercus, Erica arborea; Calluna; other woody 
species; Festuca; other graminoids; and forbs (Table 3). 

Differences in fragment composition due to the animal factor 
were highly significant for all vegetative components (Table 3). 
This was the dominant factor in determining variance in total 
woody component (or in the complementary non-woody compo- 
nent), in Quercus ilex, in other woody species, and in the 
graminoid species, (53 to 60% of the total sum of squares). 
However, for the heath shrubs, and even to a greater degree for 
the nongramineous forbs, the period of the year accounted for 
more variance than differences between animal species. On the 
whole, differences between flocks were much smaller but usually 
significant. On the other hand, there were very few significant 

Results 

Over the whole annual cycle, a total of 111 species were identi- 
fied in fecal samples, 87 of which were found in samples from 
sheep and 95 from goats; 71 species occurred in both sheep and 
goat feces. Only 23 species occurred in amounts of at least 1% of 
the total number of fragments in the feces of either sheep or 
goats. These 23 species accounted for 90 to 95% of the fragments 
(Table 2). While there are no considerable differences in species 
composition of the diets between flocks, all the listed species in 
Table 2 occur in all 3 flocks of both sheep and goats, indicating a 
considerable degree of similarity between sites and overlap 
between sheep and goat diets. The woody species are the most 

Table 2. Average annual species composition of epidermai fragments in feces of 3 mixed herds of sheep and goats grazing in 3 farms in the Montseny 
Biosphere Reserve, Catalonya, Spain (lsS9/90). 

WOODY Spp. 
Calluna vulgaris L. 
Cistus salvifolius L. 
Erica arborea L. 
Hedera helix L. 

SheeD Goats 
Box& Cortada Molar average Boscls Cortada Molar average 

-----------.--------(%)-------------------- - - _ - - - _ - _ ---------(S)------------------ 

21.4 26.6 17.5 
1.5 3.4 4.2 

8.0 11.0 8.7 
0.2 0.1 (+) 
0.1 0.2 0.1 
0.1 2.6 0.6 
2.1 3.4 4.7 
3.2 2.5 2.1 

10.2 4.5 10.6 

21.8 
3.0 
9.3 
0.1 
0.1 
1.1 
3.6 
2.6 
8.4 

50.1 

10.8 10.9 10.3 10.7 
2.8 7.3 3.8 4.6 

27.3 20.4 16.9 21.6 
2.7 0.4 5.9 3.0 
0.8 5.6 0.9 2.4 
1.9 1.4 1.9 1.8 

12.8 25.0 18.0 18.6 
7.1 9.3 10.7 9.0 
9.1 6.1 7.5 7.6 

54.3 48.5 75.2 86.5 76 79.3 47.4 

Juniperus communis L. 
Lavandtda stoechas L. 
Quercas ilex L. 
Rubus spp. 
Sarothamnus scoparius L. 

Total 

GRAMINOIDS 
Agrostis capillaris L. 
Aira caryophyllea L. 
Carex caryophyllea Latour. 
Festuca spp. 
Holcus mollis L. 
Lolium multiflorum Lam. 
Vulpia spp. 

Total 

FORBS 
Galium maritimum L. 
Genista pilosa L. 
Helianthemum spp. 
Plantago subulata L. 
Ptetidium aquilinum L. 
Teucrium scorodonia L. 
Tnyolium spp. 

Total 

OTHERS’ 

WdY SPP. 
Graminoid spp. 
Forb spp. 

Total 11.1 9.2 10.2 5.8 

‘Includes 88 species. each of which constituted less than 1% of the epidermal fragments in both sheep and goat fecal samples. 
(+) <O.l 

3.2 2.6 2.8 
1.5 1.1 1.4 
3.2 3.1 3.1 

14.1 11.2 16.4 
2.2 1.2 1.8 
1.4 1.0 0.9 
3.9 3.2 2.9 

29.4 23.5 29.3 

2.9 
1.4 
3.1 

13..9 
1.7 
1.1 

3.3 

27.4 

0.1 0.1 0.1 
0.6 0.2 0.2 
0.3 0.3 0.3 
6.2 2.3 5.1 
0.7 0.1 0.1 
0.5 0.2 0 
0.9 0.5 0.5 

9.2 3.7 6.9 

0.1 
0.3 
0.3 
4.7 
0.3 
0.3 
0.6 

6.6 

0.7 
0.6 
2.5 
0.9 
3.2 
0.9 
4.0 

12.8 

0.0 
0.9 
2.2 
1.2 
2.9 
0.9 
2.9 

11.1 

1.2 
2.1 
1.9 
1.2 

0.6 
2.1 
3.8 

12.9 

0.6 1.1 
1.2 0.6 
2.2 0.3 
1.1 0.6 
2.2 2.9 
1.3 1.5 
3.6 2.9 

12.3 9.7 

1.0 
0.6 
1.0 
0.9 
1.4 
1.1 
1.3 

7.3 

2.1 
0.3 
0.7 
0.7 
1.6 
2.2 
1.7 

9.4 

1.4 
0.5 
0.7 
0.7 
1.9 
1.6 
2.0 

8.8 

0.9 
5.0 
4.5 

10.5 

1.7 1.7 1.4 2.6 1.0 5.5 3.0 
3.9 2.8 3.9 1.7 0.6 0.9 1.1 
5.5 4.7 4.9 1.5 0.9 1.3 1.2 

2.5 7.7 5.3 
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Fig. 1. Climate diagram for the El War de la Castanya station (700 
m a.s.L) in the Montseny Biosphere Reserve. Temperature month- 
ly meau for years 1985 to 1988. Rainfall monthly means for years 
1983 to 1992. Temperature (“C) - - - - - , rainfall (mm) --. 

interactions between factors, the most noteworthy being those 
between animal species X period, in the cases of Calluna and 
Quercus: Calluna varied with season more in goats than in sheep, 
while Quercus was consumed by sheep mainly in the winter and 
in much smaller amounts than goats (Figs. 2 and 3). Significant 
factors, including significant interactions, accounted for 68% to 
87% of total variation in fragment composition in the different 
components, leaving up to 32% unexplained variance. 

In accordance with previous studies (Leclerc 1985, Howe et al. 
1988, Bullock 1985, Bryant et al. 1979), goats selected mainly 
woody species while sheep selected both woody and herbaceous 
species more or less to the same degree. There were also large 
differences within the group of woody species selected (Table 2). 
All vegetation components in diets varied with season of the year 
but some more than others (Fig. 2 and 3). The proportion of 
Calluna vulgaris peaked in late summer to winter, and then 
dropped to lower levels in the summer and autumn. Forbs and 
‘other graminoid species’ fluctuated within a narrower band that 
peaked in the winter and dipped in the summer. Festucu remained 
fairly constant throughout the year. 

The site factor was notable especially in the Cortada flock 
where the proportion of woody species in diet was highest (Table 
2). This could have been caused by the greater proportion of 
woodland on the Cortada site (Table 1) where availability of 
Quercus ilex was high, while the availability of herbaceous 
species (including forbs) was correspondingly lower. 

Fig. 2 Annual diets of 3 sheep flocks grazing a mixed 
woodland/shruhland range. 

Interactions between animals and season relate mainly to 
Callunu and to Quercus (Table 3). Calluna is a major component 
in the diets of sheep in winter (Fig. 2) when it is a minor compo- 
nent of the diets of goats (Fig. 3). It is a low shrub, easily grazed 
by the sheep and is green in winter when there are few other 
alternative feed sources. Quercus is a negligible component of 
sheep diets except in winter, while it is an important component 
of goats’ diets throughout the year. Even when the flocks are 
based on the altiplano, the goats voluntarily entered the woodland 
to browse. In the summer, the sheep entered the woodland only 
for shade during the hot hours of the day, but did not browse, 
possibly because the young green Quercus leaves were too high 
to be comfortably grazed by animals that tend to graze with their 
head down. 

The Ivlev electivity index shows that the rejection rating of 
Quercus by sheep is very high (Fig. 4). Of the other components, 
Festuca and other graminoids, tend to be preferred by sheep and 
avoided by goats. Erica arborea is preferred by both animals, and 
forbs are lightly avoided by goats. Calluna and other woody 
species are more or less indifferent. These preferences cannot be 
generalized because preferences depend on the available choice 
of feed items. Other studies have produced different results. Clark 
et al. (1982) found that grasses were taken preferentially by both 
sheep and goats while clovers were preferentially grazed by 
sheep. 

Table 3. Allocation of variation in composition of epidermal fragments in feces between factors. Percent of total sum of squares calculated for each 
vegetation component separately. 

Factor 
Vegetation component Animal species Period Flock Animal x Period Animal x Flock Flock x Period R2 

_--- ----------------------------------------(%)------------------------------------------- 
Callma vulgaris 18*** 38*** 3 12*** 2 4 0.771 
Erica arborea 32*** 38*** 3* 1 3* 5 0.822 
Festuca sp. &-J*** 5 10*** 2 1 3 0.806 
Forbs-rest 18*** 56*** 1 2 0 1 0.776 
Graminoids-rest 59*** 19*** 3* 3 0 2 0.859 
Quercus ilex 55*** 10*** 4** lo*** 2* 7* 0.873 
Woody-rest 53*** 11** 6** 3 2 5 0.789 

Total woody spp. 59*** 24*** 3** 2 0 1 0.897 

*p < .05, **p < .Ol. ***p < ,001 
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Table 4. Mean chemical composition of leaves of browse and grass species in the experimental site in late spring, 1990. 

Species 

Quercus ilex 
En’ca arborea 
Cnllunn vulmris 

Crude Protein Cell content Cellulose Hemicellulose Lignin 

-----------------------------------(s)------------.-------------------- 
11.9zt0.72 46.7 * 3.3 23.4 i 0.8 17.0 f 0.9 12.9 + 2.1 

8.9 f 0.62 44.0 f 2.2 12.4 f 0.7 12.1 + 0.7 31.5 f 1.8 
8.0 f 0.52 54.6 zt 1.1 15.6 f 0.7 12.1 zt 0.6 17.8 * 1.2 ____.... - . .._... . 

Festuca ovina 8.0 f 0.42 26.2 zt 0.8 31.9 f I.0 36.5 f 1.2 5.4 f 0.9 

Compared to graminoids, the main browse species had higher The animals in this study behaved as opportunistic foragers 
soluble cell content and slightly higher protein content, but much with different foraging styles. Within a large group of acceptable 
higher lignin content (Table 4). High lignin in goat diets elicited species, they did not seem to fine-tune their species preferences. 
the hypothesis that goats may have a special mechanism that can They did not exhibit exceptional botanical discrimination and 
attenuate the undesirable effect of excess lignin (Howe et al. apparently did not need to because their selection criteria, the 
1988). But whatever the mechanism, there is a tradeoff between ‘currency’ that concerns them (Stephens and Krebs 1988). cuts 
the nutritional and anti-nutritional factors in the browse so that across many species at more or less equivalent phenological 
even the sheep consume it to a large extent. stages. 

Discussion 

Seasonal fluctuations in diets occur, but aggregation of diets 
throughout the year gives an assessment of resource utilization. 
Selection is primarily constrained by the species composition of 
the vegetation communities on the respective rangeland units, but 
within a community very different diets can be composed. The 
separate effects of availability and selection can be considered in 
greater detail to identify reasons for the differences (and similari- 
ties) in foraging behaviour. 

From Table 2 we can conclude that, faced with similar opportu- 
nities for choice, sheep and goats on the whole select fairly simi- 
lar species, but in different proportions. The dietary differences 
appear to follow from differences in foraging behavior. Goats 
were more agile and foraged with their heads raised while sheep 
tended to graze with less movement and with their heads down. 
This behavioral difference gave the goats an advantage in pre- 
hending more attractive but less accessible feed items in the 
woody vegetation while the sheep favored the feed items on the 
lower herbaceous vegetation. 

Woody species and graminoids are, on the whole, spatially sep- 
arated into woodland and heathland-grassland communities that 
occur in different proportions in the different rangeland units 
(Table 1). As commonly observed woody species are more 
prominent in the goat diet and graminoids in the sheep diet (Table 
2), but despite the differences, these species groups in both sheep 
and goat diets are related with their availability in the rangeland 
units (Fig. 4). The fact that the flocks grazed together meant that 
they spent similar periods in the different vegetation types but 
they still selected different diets. The high correlation between 
the occurrence of the main species groups in the sheep and goat 
diets (Table 5) reflects the fact that both sheep and goats selected 
according to the availability of these groups among the different 
rangeland units. Within these groups, difference in foraging 
bchaviour became dominant. Consequently, correlation between 
sheep and goat intake of individual species varied over the whole 
range from highly positive to highly negative. 
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Fig. 3. Annual diets of 3 goat herds grazing a mixed Fig. 4. Preference/aversion by sheep and goats of major vegetative 
woodland/sbrubland range. components of the range. 
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Fig. 5. Species overlap between the diets of sheep and goats grazing in mixed flocks. Mean and standard deviation of overlap indices of 3 
farms. 

The diets of the goats were more closely related to availability 
of major species than those of the sheep (Fig. 4). This suggests 
that the goats in this study were less selective than the sheep. 
Although the proportion of graminoids, and especially Festuca in 
the goat diet was closely related to their availability, they were a 
minor component compared to that of the sheep (Table 2), possi- 
bly because the goat preference for browse led them to tarry 
longer in the woodland than the sheep whenever there was an 
opportunity. Such opportunities arose when the flocks were in the 
transition zones between the woodland and the heathland on the 
altiplano and were of sufficient duration for the goats to ingest 
about double the amount of forage from woodland browse 
species. These included Quercus ilex, Erica arborea, Hedera 
helix, Rubus sp. (Table 2). Among the woodland species, Q. ilex 
appeared most frequently in the goat diet and was closely related 
to its availability (Fig. 4). E. arborea, was prominent in the diet 
(Table 2) and by the Ivlev electivity index would be regarded as a 
preferred species (Fig. 4) even though it seems inferior to Q. ilex 
by standard nutritional criteria (Table 4). On the rangeland unit 
where there was less Q. ilex, intake of E. arborea by goats was 
higher despite its low availability. On the other hand, where E. 
arborea was most abundant (Molar farm), it constituted the low- 
est proportion in the goat diet (Table 2). It seems as if selection of 
E. arborea was contingent on the availability of Q. ibex, possibly 
as a consequence of the lower lignin content of Q. ilex leaves. 

Erica scoparia, which is a prominent component of the heath 
vegetation, was completely avoided by both sheep and goats. In 
winter, when the herbaceous vegetation was sparse, the sheep 
selected Q. ilex even though they avoided it for the rest of the 
year. When little else is available, selection of woody species by 
sheep in winter is not unusual (Posse et al. 1996). 

The lower occurrence of browse species associated with the 
heathland, like Calluna vulgaris and Sarothamnus scoparius in the 
goat compared to the sheep diet seems to be related to the relative- 
ly shorter time the goats spent on the heathland. However, both 
sheep and goats were heavy browsers on the heathland, although 
the sheep did select relatively more graminoids (Table 2). 

There was moderate overlap of woody species and forbs in 
sheep and goat diets and lower overlap of graminoids (Fig. 5). 
The values are similar to those obtained in other studies 
(Martinez 1988, Bullock 1985, Bryant et al. 1980) and similar to 
the overlap between cattle and elk in different habitats (Kingery 
et al. 1996). Among the individual plant species, there is much 
variation with high overlap mainly between the species that dom- 
inate the diet. In other words, sheep and goats grazing together do 
exploit the vegetation differently, but there is also considerable 
utilisation of similar resources and potential competition for 
them. 

With optimization of species selection at the bite level most 
unlikely (Illius and Gordon 1990), the animals need a realistic 

Table 5. Correlation between mean annual speks occurrence in the diets of sheep and goats in 3 flocks (sheep/goats). 

1 

W&Y SPP r 

Junipencr communis 1.00 
Calluna vulgaris 0.90 
Sarothamnus scoparius 0.8 1 
Cistus salvifoius 0.43 
Quercus ilex 0.26 
Enka arborea -0.40 
He&ra helix -0.58 
Lavandula stoechas -0.98 
Rubus spp. -1.00 
W&Y SPP 0.99 

Graminoids spp r 

Lolium mulliflorum 0.98 
Vulpia spp. 0.96 
Festuca spp. 0.84 
Holcus mollis 0.80 
Aira caryophyllea 0.69 
Agrostis capillaris 0.00 

Graminoids spp 0.99 

Forbs spp r 

Teucrium scorodonia 0.93 
Galium moritimum 0.86 
Trifolium spp. 0.81 
Plantago subulata 0.76 
Pteridium aquilinum 0.48 
Helianthemum spp. -0.57 
Genista pilosa a.98 

Forbs spp 0.90 
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‘rule of thumb’ (Cassini 1994, Wallis de Vries and Schippers 
1994) to guide foraging behaviour that can ensure efficient utili- 
sation of foraging time, even though it could never be mathemati- 
cally optimal. Such a rule could be something like “keep moving 
until satiety and select from among whatever is immediately 
available, choose the greener, less coarse, bigger item unless it 
has a perceptible objectionable attribute”. A marginal value 
threshold could conceivably control rate of movement from one 
‘feeding station’ to the next (Stephens an Krebs 1988, Stuth 
1990) and signal ‘operational satiety’. By this criterion it seems 
inevitable that many choices in a mixed species, continually 
changing pasture must be sampling choices (Westoby 1978) or 
random choices between alternatives that are too similar of the 
trade-offs too complex for the animal to make a clear distinction 
between them. Diet prediction at the species level based on opti- 
mal foraging theory is therefore unlikely to be reliable in any but 
simple cases (Belovsky 1981, Owen-Smith and Novellie 1982, 
Owen-Smith 1993). Diet prediction at the level of a very small 
number of major species groups (or ‘food classes’) with similar 
preference attributes has been shown to be more tractable 
(Belovsky 1984). 

Conclusion 

From this study we can conclude that, faced with similar oppor- 
tunities for choice, sheep and goats on the whole select fairly 
similar species, but in different proportions. The animals behaved 
as opportunistic foragers with different foraging styles. Within a 
large group of acceptable species, they did not seem to fine-tune 
their species preferences. They did not exhibit exceptional botani- 
cal discrimination and apparently did not need to distinguish 
between many species with similar nutritional value at more or 
less equivalent phenological stages. 
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Abstract 

Shortgrass rangeland, dominated by blue grama (Bouteloua 
gracilis [H.B.K.] Lag. ex Steud), was grazed at 3 intensities, 
equivalent to mean stocking rates of 16.7, 23.0, and 36.5 beifer- 
days ha-‘, from 1939 through 1994. Few changes in plant commu- 
nities had been documented by the early 1970’s. In 1992-1994, 
frequency of occurrence, basal and foliar cover, and biomass at 
peak standing crop (PSC) were determined on the remaining 
pasture at each grazing intensity, and on 3 ungrazed exclosures. 
Blue grama and buffalograss (Buchloif dactyloides [Nutt.] 
Engelm.) increased, and western wheatgrass (Puwopyrum smithii 
[Rydb.] A. Love) and needle-and-thread (Spa coma&z Trin. & 
Rupr.) decreased, as grazing intensity increased. Redthree-awn 
(Aristiah longisetu Steud.) was most plentiful under light grazing. 
Basal cover and biomass of forbs were lower under grazing than 
in exclosures, but differences in biomass were not significant. 
Shrubs and half-shrubs decreased as grazing intensity increased. 
Frequency and cover of plains pricklypear (Opuntia polyacantha 
Haw.) were higher in the exclosures and under fight grazing than 
under moderate or heavy grazing; biomass was 4 to 6 times as 
high in the exclosures as under any grazing intensity, Heifer 
gains declined linearly with increasing grazing pressure index. 
Optimum (most profitable) stocking rate was about 20% higher 
than that under the moderate grazing intensity, under which bio- 
mass production was maintained and shrub and pricklypear 
remained at low levels. Returns to land, labor, and management 
were only slightly higher under the optimum stocking rate than 
under the moderate grazing intensity. The moderate grazing 
intensity appears to be both profitable and sustainable. 

Key Words: basal cover, frequency, foliar cover, herbage yields, 
plains pricklypear, plant community composition 

Introduction and Historical Perspective 

The shortgrass steppe evolved under intensive year-round graz- 
ing by large ruminant herbivores. Larson (1940) concluded that 
the shortgrass plains are a true climax, not a grazing disclimax, 
because bison and other wild herbivores were an integral part of 
the ecosystem as it developed 
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Wild herbivores stocked the shortgrass steppe to maximum car- 
rying capacity. Their numbers were controlled only by interac- 
tions of forage availability, extremes of weather, predators, and 
Native American hunters (Larson 1940, Hart and Norton 1988, 
Hart and Hart 1997). Growth and reproductive rates were just 
sufftcient, over the long term, to maintain a dynamic equilibrium 
between animal populations and controlling factors. 

With the removal of bison and elk and the reduction in prong- 
horn antelope, cattle became the primary consumers of forage on 
shortgrass. Most cattle producers strive for growth and reproduc- 
tive rates of their stock which maximize the profits from animals 
and animal products. It is essential, for profitability and sustain- 
ability of livestock enterprises, to determine the effects of stock- 
ing rate on rangeland vegetation and livestock performance. 

Selective grazing by livestock is usually held responsible for 
driving shifts in plant community composition. At the Central 
Plains Experimental Range (CPER) near Nunn, Colo., Vavra et 
al. (1977) found that cattle grazed 97% and 88% of the available 
western wheatgrass (Pascopyrum smithii [Rydb.] A. Love) 
under heavy and light grazing, respectively, but only 32% and 
16% of the available blue grama (Boureloua grucilis [H.B.K.] 
Lag. ex Steud). 

Milchunas et al. (1989) examined interactions of grazing, topo- 
graphic position, and current year precipitation after 47 years of 
grazing at CPER. They concluded that short-term weather had the 
greatest influence in shaping plant community structure, and 
topographic position had the least, while grazing effects were 
intermediate. Hyder et al. (1975) found that needle-and-thread 
(Sripu comata Trin. & Rupr.) generally decreased and pricklypear 
(Opuntia polynrantha Haw.) and blue grama increased under 
heavy summer grazing at CPER. However, they stated “...most of 
the significant effects of repeated heavy grazing were derived 
from isolated events-interactions between weather and grazing.” 

Launchbaugh (1957, 1967) agreed that weather could mask 
effects of stocking rate. In a very dry year in western Kansas, 
western wheatgrass disappeared from lightly- and moderately- 
grazed mixed prairie, temporarily converting it to typical short- 
grass steppe. When precipitation returned to normal, western 
wheatgrass returned to the same abundance recorded before the 
grazing experiment began. On the other hand, western wheatgrass 
nearly disappeared from the heavily-grazed pastures after 10 
years of grazing and never returned. Heavy, moderate and light 
stocking rates were 0.8, 1.4 and 2.0 ha steer-’ on this study. 

After 7 years of heavy vs. moderate stocking at the 
Southeastern Colorado Research Center near Springfield, Colo., 
“...the heavily-grazed pasture showed obvious symptoms of low 
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plant vigor...(and) more bare soil, along with dead and partially 
dead perennial forage plants” (Cook and Rittenhouse 1988). 

Undesirable plants (“weeds”) have been thought to increase 
under heavy grazing, but bottlebrush squirreltail, red three-awn 
(Aristida longiseta Steud.), fringed sagewort (Artemsia frigidu 
Willd.), and combleaf evening primrose (Oenothera coronopifo- 
lia Torr. & Gray), all opportunistic-colonizer species, increased 
under zero grazing at CPER (Milchunas et al. 1989). Milchunas 
et al. (1992) seeded kochia (Kochia scoparia [L.] Schrad.), 
Russian thistle (Sulsola iberica Senn. & Pau), Jim Hill mustard 
(Sisymbrium alrissimum L.), plains pepperweed (Lepidium densi- 
florum Schrad.) and Canada thistle (Cirsium arvense [L.] Stop.) 
into heavily grazed and ungrazed rangeland at CPER. None sur- 
vived on the grazed plots, but enough kochia and Russian thistle 
survived on the ungrazed plots to significantly increase the densi- 
ty of these species 1 year later. Both studies indicate that protec- 
tion from grazing, rather than grazing, increased susceptibility of 
rangeland to invasion by several weedy species. Milchunas et al. 
(1990) stated “... the lack of grazing promoted species characteris- 
tic of disturbances,” perhaps because disturbances by rodents 
were more frequent in the ungrazed exclosures. 

At the Central Plains Experimental Range, a grazing intensity 
study was begun on typical shortgrass rangeland in 1939 and con- 
tinues, in truncated form, to the present. This study presented a 
unique opportunity to examine the long-term effects of protection 
from grazing and grazing at different intensities on plant commu- 
nity composition and cattle gains. 

Site and Study Methods 

The Central Plains Experimental Range (CPER) is about 20 km 
northeast of Nunn, Colo.and 50 km south of Cheyenne, Wyo.; 
CPER headquarters is at about 104”40 W 40”40 N. Total annual 
precipitation ranged from 130 to 500 mm over the course of this 
grazing study, with 50 to 80% falling in May through September. 
Major soil types on the study pastures were Ascalon fine sandy 
loam (fine-loamy mixed mesic Aridic Argiustoll), Renohill fine 
sandy loam (fine montmorillonitic mesic Ustollic Haplargid), 
Shingle clay loam (loamy, mixed [calcareous], mesic, shallow 
Ustic Torriorthent), and Nunn loam and clay loam (fine, montmo- 
rillonitic, mesic Aridic Argiustolls). 

Vegetation was dominated by the warm-season shortgrasses 
blue grama and buffalograss (Buchloi! dactyloides [Nutt.] 
Engelm.), and red threeawn. The cool-season midgrasses western 
wheatgrass and needle-and-thread made up a small but significant 
component of the vegetation. Plains pricklypear, fringed sage- 
wort, scarlet globemallow, slimflower scurfpea (Psoralea tenui- 

flora Pursh), slenderbush eriogonum (Erogonum microthecum 
Nutt.), and scarlet gaura were abundant. 

In 1939, grazing began on 4 replications of a grazing intensity 
study at the CPER, but no data were taken until 1940. Between 
1950 and 1978, replicates were removed from the system until 
only a single pasture, of approximately 128 ha, remained at each 
intensity. Pastures were grazed each year by yearling Hereford 
heifers. From 1940 through 1964, light, moderate, and heavy 
grazing pastures were stocked and grazed to remove 20, 40, and 
60%, respectively, of the current year’s growth of grasses during 
a 6-month grazing season, May through October. From 1965 
through 1994, light, moderate, and heavy grazing were stocked to 

leave a total of 500, 335, and 225 kg ha-’ of ungrazed herbage at 
the end of the grazing season. This represented an increase in 
grazing intensities; removing 20, 40, and 60% of the average 
annual herbage production of 700 kg ha-’ would have left 560, 
420, and 280 kg ha-l, with more left in a year of above-average 
herbage production. 

Grazing began in May of each year and continued for a maxi- 
mum of 184 days under all 3 grazing intensities. In years of limit- 
ed forage production, the season was as short as 47 days under 
light, 89 days under moderate, and 48 days under heavy stocking. 
Animal numbers per pasture ranged from 6 to 22 under light, 11 
to 29 under moderate, and 14 to 45 under heavy stocking over the 
years 1939 through 1994. Cattle were weighed at the beginning 
and end of the grazing season; initial weights were 200 to 300 kg. 
Information on initial condition, breed, and how cattle were 
assigned to treatments was not recorded. 

In 1992 through 1994, detailed measurements of plant species 
frequency, cover, and peak standing crop (PSC) of above-ground 
biomass were made on the remaining replication of the grazing 
intensity study at CPER. Sixty permanent, systematically spaced, 
1.5 X 1.5 m plots were located in each pasture. Biomass esti- 
mates from cages on or near these plots were used to calculate 
grazing pressure index. Cages were moved a few meters each 
spring before plant growth started. In addition, 20 permanent 1.5 
X 1.5 m plots per pasture were located in a 0.4 to 0.8 ha exclo- 
sure and 20 more were located outside and adjacent to the exclo- 
sure. Data from these plots were used to estimate effects of graz- 
ing intensity, including zero grazing, on plant species frequency, 
cover, and biomass. 

Biomass production was estimated on the plots distributed over 
the pastures by the micro-unit forage inventory method (Shoop 
and M&vain 1963), a double-sampling technique using clipping 
and ocular estimation. Biomass production was estimated in two 
30 X 60 cm quadrats per plot; every fifth plot was clipped and 
weighed by species. Regression analysis of species weights on 
visual estimates in the clipped quadrats was used to adjust visual 
estimates of production if necessary. In nearly all cases, regression 
slopes not significantly different from 1.00 and intercepts not sig- 
nificantly different from zero indicated adjustment was not need- 
ed. Standing biomass of pricklypear was estimated by harvesting, 
drying, and weighing 100 pads of pricklypear and calculating the 
average dry weight. Pads were counted in each quadrat, and the 
average dry weight was multiplied by the number of pads. 

Frequency of occurrence was sampled on 200 quadrats in each 
plot area (Hyder et al. 1965). Blue grama frequency was estimat- 
ed within a 5 X 5-cm quadrat, nested in the 40 X 40-cm quadrat 
used to estimate frequency of other species. 

Basal and foliar cover (1993 and 1994 only) were estimated 
with a lo-point frame, placed at 5 locations near each of the plots 
inside and immediately outside the exclosures (Mueller-Dombois 
and Ellenberg 1974). This method is not directly comparable to 
the square-foot density method, which estimates a compromise 
between basal and aerial cover, but both provide estimates of the 
relative cover of each species among stocking treatments. 

Because of the variety of methods used to estimate plant com- 
munity composition, it was not possible to compare past results 
with those we obtained. However, past results were used to indi- 
cate that the initial composition of all 3 grazing intensities and the 
exclosures were essentially identical. 
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Table 1. Aboveground standing crop biomass and titter, 15 July 1970’, and root biomass, 2 July WO’, in ungrazed exclosures and in pastures grazed 
at 3 intensities, 1939-1970 (adapted from Sims et al 1971). 

Component 
Grazine inter&v Ungrazed 

Light Moderate Heavy exclosure 
----------------------------(kgha-’)---------------------------- 

Blue grama 464 f 252 397 i 18 
Total grasses 780 LIZ 55 705 i 58 
Forbs 501 i 107 310 i 130 
Shrubs 250 i 77 32*23 
Total forbs grasses, & shrubs 1,532 * 80 1,047 * 148 
Plains pricklypear 350 * 106 259 f 128 
Litter 1,564 zt 326 945 i 347 
RoOtS3 

O-10 cm 7,920 13,055 
0-6Ocm 14,168 19,803 

‘Approximate dates on which maximum standing crop was reached; biomass changed very little thereafter. 
? 0.05 contidence ntervd 

518 f 19 667 f 102 
588 + 18 855 f 101 
464 + 170 384 i 88 

0 66 i 33 
1.052 i 173 1,305 f 127 

421 i 169 279 f 88 
533 322 1.733 f 1,425 f 

9,400 7,245 
17.763 16,344 

3Coafidence intervals not reported. 

Statistical analysis was a problem because only a single replica- 
tion of each grazing intensity remained, but zero grazing was rep- 
resented by 3 exclosures which were considered as replications. 
AI1 plant data were subjected to analysis of variance for partially 
replicated designs, using a program developed previously (R. H. 
Hart, unpublished). Differences among years were significant (P 
I 0.05) in only 2 cases (shrub biomass and blue grama basal 
cover) and the years X intensities interaction was never signifi- 
cant. Therefore, we calculated significant differences (P I 0.05) 
between 2- or 3-year means of grazing intensities by the method 
of Goulden (1952) for unpaired observations with unequal sam- 
ple numbers (ungrazed vs. any grazing intensity) or equal sample 
numbers (among grazing intensities). 

Also in 1970, Mitchell (1971) found that the frequency of blue 
grama was higher and that of needleleaf sedge (Curex eleocharis 
Bailey) was lower on all the grazed treatments than in a 30-year 
exclosure (Table 2). The quadrat size used to determine frequency 
was not clearly defined. Frequency of scarlet gloKmallow and 
plains pricklypear was higher in the exclosure and under light 
grazing than under moderate or heavy grazing. Mitchell noted that 
pricklypear was highly clumped under heavy grazing and hypotb- 
esized that grazing increased temperature and dryness of surface 
soil, making it difficult for seedling cactus to establish and survive 
between established clumps. Under lighter grazing, pricklypear 
plants were numerous, producing a high frequency of occurrence, 
but tended to be smaller than in the heavy-grazed pasture, result- 
ing in a lower biomass. 

Results 

Forage Production and Species Composition 
Klipple and Costello (1960) reported that blue grama increased 

from 59% of herbage production in 1940-42 to 67% in 1952-53; 
increase was similar among 3 stocking levels and between grazed 
and ungrazed rangeland. Needle-and-thread averaged 0.23% of 
production in 1940-42, but in 1952-53 contributed 0.13% on 
heavy, 0.33% on moderate, 0.70% on light, and 1.61% on zero 
grazing. Western wheatgrass decreased from 1940-41 to 
1952-53 on all treatments; from 1.11 to 0.12% on heavy, 0.71 to 
0.22% on moderate, 1.97 to 0.82% on light, and 1.64 to 0.75% on 
zero grazing. Forb production decreased from 12.1% to 3.1% of 
total production, with no differences among treatments. The frac- 
tion of total production contributed by plains pricklypear showed 
little difference between periods or among treatments, with 
means of 6.4% in 1940-42 and 5.7% in 1952-53. One cool-sea- 
son grass, needle-and-thread, increased from 1940-42 to 
1952-53, while another, western wheatgrass, decreased. With the 
exception of these very minor constituents, few changes in vege- 
tative composition that could be attributed definitely to differ- 
ences in stocking rate were detected during the first 14 years of 
grazing. 

In 197 1, Moir and Trlica (1976) sampled canopy cover in each 
grazing intensity and in the exclosures in the lightly and heavily 
grazed pastures. They defined 7 plant communities that appeared 
frequently in the areas sampled, and 4 plant communities that 
appeared only once or twice. Plant communities in the 2 exclo- 
sures were quite different (Table 3) but which exclosure was 
located in which pasture was not specified. Moir and Trlica 
(1976) concluded “The influence of livestock grazing upon vege- 
tation composition is very slight” after 33 years of grazing. Two 
exceptions were noted. Cover of sedges was much higher in 
exclosure 1 than in exclosure 2 or in the grazed pastures. Under 
heavy grazing, cover of buffalograss was much higher on 1 plot 
than on the other 3 plots in that treatment or on any other treat- 
ment. 

In 1992-1994, frequency of occurrence (Table 4) of blue grama 
and buffalograss increased with increasing intensity of grazing, 

Table 2. Frequency of occurrence of selected plant species in 1970. In 
ungrazed exclosures and in pastures grazed at 3 intensities, 1939-1970 
(adapted from Mitchell 1971). 

Component 
Grazine intensitv Ungrazed 

Light Moderate Heavy exclosure 

In 1970, Sims et al. (1971) found that total biomass of grasses 
decreased with increasing grazing intensity (Table 1). Biomass of 
forbs and shrubs and total biomass of grasses, forbs, and shrubs 
were highest under light grazing. Litter was reduced under mod- 
erate grazing, but root biomass was higher than on any other 
treatment. 

---__--._______ (o/o) -98.; -  -  -  -  -  _ _ -  Blue 
grama 

93.1 94.3 86:1 

Needleleaf sedge 29.4 29.1 25.7 11.2 
Red three-awn 4.0 6.8 1.4 7.2 
Scarlet globemallow 16.5 4.0 7.2 18.1 
Plains P&klypear 11.6 5.0 6.2 18.0 
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Table 3. Canopy cover’, in 1971 of selected plant species in ungrazed exclosures and in rangeland pastures grazed at 3 intensities, 1939-1971 (adapted 
from Moir and Trtica 1976). 

Component Light 
Grazing intensity 

Moderate 
Unmazed 

Exclosure 1 Exclosure 2 

Blue grama 
----‘---‘-----.-----66.6-------‘---~~~)-----.‘.---‘;6,o----------.-‘---72.4. 

54.4 
Buffalograss 1.0 1.7 7.7 0.0 1.8 
Sedges 9.1 18.7 19.8 73.0 17.8 
Red three-awn 7.3 4.7 1.8 8.0 0.4 
Needleandthread 0.0 0.0 0.7 11.0 0.0 
Western wheatgrass 0.7 0.7 1.0 0.0 0.6 
Fringed sagewort 5.7 2.6 2.0 2.0 2.4 
Plains pricklypear 3.9 2.2 1.7 2.0 2.2 

‘Cover estimates an weinhted averaees of 5 transects (enclosures), 10 transects (lightly and moderately grazed pastures). and 16 transects (heavily grazed plasture). Data were not 

while frequency of western wheatgrass and needle-and-thread 
decreased. Red three-awn was much more frequent under light 
grazing than under any other treatment. Scarlet globemallow was 

less frequent under grazing than in the exclosures, with no differ- 
ences among grazing intensities. The half-shrubs slenderbush-eri- 
ogonum, broom snake-weed and fringed sagewort occurred more 
frequently under light grazing than in the exclosures, but 
occurred infrequently under moderate or heavy grazing. 

Conditions for seedling establishment and survival of pricklypear 
may have been improved by the absence of trampling and greater 
litter cover in the exclosures. Soil disturbance by rodents 
appeared to be more frequent in the exclosures and this may have 
favored establishment of pricklypear. 

Plant community composition appeared to represent a continu- 
um from no grazing to heavy grazing. We saw no indications of 
transitions to new steady states. 

Foliar and basal cover of the 5 grasses (Table 4) followed 
trends similar to the trends in frequency. Cover of individual forb 
or shrub species was very small so the cover data for each of the 
2 groups were. pooled for analysis, as was not possible for fre- 
quency data. Foliar cover of forbs showed no definite trend, but 
basal cover was much lower under grazing than in the exclosures. 
Shrub cover showed the same pattern as frequency; high in the 
exclosures and under light grazing, low under moderate or heavy 
grazing. The same was true of pricklypear. Although cover of 
individual components of the plant community changed with 
grazing intensity, total plant foliar cover did not. However, total 
plant basal cover increased with increasing grazing intensity. 
Litter cover decreased with increasing intensity of grazing, and 
the proportion of bare ground increased, although the latter did 
not differ among light, moderate, and heavy grazing. 

Biomass of warm- and cool-season graminoids (Table 4) did 
not differ among grazing intensities, but biomass of cool-season 
graminoids, including sedges, was much lower under grazing 
than in the exclosures. Biomass of warm-season graminoids was 
higher under moderate grazing than under any other treatment. 
Biomass of forbs did not differ among the 4 treatments. Total 
biomass of graminoids and forbs was higher in the exclosures and 
under moderate grazing than under light or heavy grazing, Shrub 
biomass (consisting mostly of the half-shrubs fringed sagewort, 
slenderbush eriogonum, and broom snakeweed) decreased 
markedly with increasing grazing intensity, reaching a maximum 
in the exclosures and diminishing to nearly nothing under heavy 
grazing. Plains pricklypear biomass also reached a maximum in 
the exclosures, nearly 4 to 6 times the biomass under grazing, but 
no differences were found among grazing intensities outside the 
exclosures. We found, as Mitchell (197 1) did, a high frequency 
but not a high biomass of pricklypear under light grazing. Under 
moderate or heavy grazing, pricklypear was strongly clumped, 
producing the same biomass but a lower frequency than under 
light grazing. In the exclosures, both numbers and biomass of 
pricklypear were larger than under moderate or heavy grazing. 

Heifer Gains 
In the early years of this study, Klipple and Costello (1960) 

reported seasonal heifer gains in 1940-1949 of 129.2, 122.6, and 
99.5 kg head-’ under light, moderate, and heavy stocking, respec- 
tively, and 13.0, 18.9, and 25.7 kg ha”. Bement (1969, 1974) used 
the data of Klipple and Costello (1960) plus additional data from 
CPER to develop a stocking rate guide. This guide, similar to the 
model of Hart (1978), predicts a constant gain of 0.66 kg head” 
day’ at stocking rates of less than 0.76 heifer mo ha-’ and gain 
head-‘day-’ (kg) = 0.993 - 0.437 (heifer mo ha-‘) at higher stock- 
ing rates. Bement (1974) predicted maximum return ha-’ when 
336 kg ha-’ of ungrazed herbage remained on shortgrass range- 
land at the end of a 6-month grazing season. 

However, the amount of residue at maximum return will differ 
from Bement”s figure if total forage production and cattle prices 
differ from the values used in his calculations. For example, gains 
on rangeland producing 1,000 kg ha-’ of forage will certainly be 
different from gains on rangeland producing 600 kg ha-’ of for- 
age, even though 336 kg ha-’ of residue is left on both. On the 
other hand, the regression of average daily gain (ADG) on graz- 
ing pressure index (GPI) can be used to calculate the GPI at 
which maximum return is achieved for any combination of forage 
production and cattle prices (Hart 1978). Grazing pressure index 
is defined as heifer-days Mg-’ (1,000 kg) of forage production at 
peak standing crop. Hart (1972) originally used the term “grazing 
pressure” to describe this ratio of animal-days to forage produc- 
tion, and grazing pressure was subsequently used in this way by 
McCartor and Rouquette (1977), Hart et al. (1976, 1983, 1988 a, 
1988 b), Guerrero et al. (1984), and others. However, 
Scarnecchia (198.5) re-defined grazing pressure as “animal 
demand per unit weight of forage at any instant” and defined 
grazing pressure index as “ratio of animal demand to forage over 
a period of time.” 

In the 44 years in which utilization was estimated, the target 
level of use was achieved in 86, 63, and 73% of the years under 
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Table 4. Frequency of occurrence, foliar cover, basal cover, and biomass of plant species and species groups in ungrazed exclosures and in pastures 
grazed at 3 intensities, 1939-1994, on shortgrass steppe rangeland. 

Component Light 
Grazine intensitv 

Moderate Heavy 
Ungrazed 

exclosure 

Sirmifkant differences P =c 0.05’ 
Exclosures Among 
vs. grazed grazed 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ (Frequency of~c~ence+ %. 1992-94) _ _ _. . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
Blue grama* 57.7 75.4 
Buffalograss 3.8 26.0 
Red three-awn 76.9 36.4 
Western wheatgrass 9.2 9.6 
Needle-and-thread 30.9 0.1 
Scarlet globemallow 52.5 41.6 
Slenderbush eriogonum 11.7 2.3 
Broom snakeweed 5.8 1.2 
Fringed sagewort 62.2 5.6 
Plains priclypear 77.3 46.2 

Blue grama 
Buffalograss 
Red three-awn 
Western wheatgrass 
Needle-and-thread 
Total graminoids 
Forbs 
Shrubs 
Plains pricklypear 
Total plant cover 

Blue grama 
Buffalograss 
Red three-awn 
Western wheatgrass 
Needle-and-thread 
Total graminoids 
Forbs 
Shrubs 
Plains pricklypear 
Total plant cover 
Bare ground 
Liner 

_ _ _ _ _ _ _ _ _______________ 
20.2 43.0 

0.0 4.0 
13.8 5.6 

0.5 0.2 
2.8 0.2 

31.6 51.6 
2.8 2.4 
9.4 0.3 
5.1 1.0 

60.0 63.6 
______ ______--_________ 

10.2 20.0 
0.1 2.4 
3.2 0.6 
0.0 0.1 
0.7 0.1 

15.2 24.4 
0.1 0.2 
1.7 0.3 
3.0 0.7 

23.5 27.8 
21.9 22.4 
54.7 50.2 

Warm-season graminoids 
Cool-season graminoids 
Forbs 
Graminoids + forbs 
Shrubs 

---------__---_________ 
386 462 

39 35 
23 34 

448 531 
188 80 

Plains pricklypear* 130 115 

81.1 52.4 3.9 13.2 
25.2 9.8 2.5 8.5 
37.2 33.6 5.0 17.0 

1.0 25.6 13.4 45.8 
4.7 31.8 19.0 64.7 

43.7 70.7 5.2 17.8 
0.4 6.0 1.3 4.6 
0.0 3.7 0.9 3.2 
I.0 51.7 2.7 9.2 

56.4 60.0 7.0 23.8 

_-__. (Foliarcover,%,1993-94) ____ --- ._______________________ 
41.4 22.3 5.3 19.7 

4.0 1.4 1.2 4.6 
2.2 5.2 2.4 8.9 
0.0 3.6 ns3 ns 
0.0 5.2 

46.1 42.7 6.: 2E 
6.6 4.5 1.4 
0.2 9.3 1.4 5:s2 
2.7 4.1 1.1 4.0 

63.2 58.4 ns ns 
---(&&c,,ver,%, 1$)92-94) ____ --- - -.__________...______ 

19.4 11.9 1.9 6.6 
1.7 0.8 0.3 1.2 
0.2 1.1 0.3 1.2 
0.1 0.4 l-IS 
0.0 1.3 0:s” 

22.4 18.1 1.8 6:“1 
0.2 2.7 
0.0 1.9 0:; Iti 
1.5 2.6 0.4 1.5 

33.1 23.9 1.4 4.7 
23.1 16.2 2.0 
43.9 59.9 1.5 5:“2 

--(Biomass,kgha“,%,1992-94)------- _______.______________ 
388 320 51 ns 

30 208 36 ns 
28 49 ns 

446 565 5ns 
8 243 29 loo”” 

180 675 216 ns 
‘Because of different numbers of replications, significant diierences are not the same for comparisons between exclosures and any grazed pasture and comparisons among grazed pas- 
turcs. 
~rcqueucy of blue grama mconled in 5 x 5 cm quadrats; other species in 40 x 4 cm quadrats. 

us = not significant. 
41993-94 only. 

heavy, moderate, and light grazing, respectively. Grazing was 
lighter than planned more often than it was heavier on the moder- 
ate and heavy pastures and heavier than planned more often than 
lighter on the light pastures. Some departures from planned levels 
of grazing appear to be inevitable, given the year-to-year variabil- 
ity of herbage production and the difficulty of estimating residual 
herbage. The large overlap in GPI among treatments indicated 
that the treatment called “heavy” actually covered almost the 
entire range of GPI during the study (Fig. 1). 

Given the wide range of GPI on the heavily-grazed pastures, 
calculating mean gains for each grazing intensity would not be 
meaningful. A more useful approach would be to calculate the 
relationship between grazing pressure index (GPI) and heifer 

gain. Average daily gain (ADG) decreased linearly as GPI 
increased with no indication of a critical GPI below which ADG 
remained constant (Fig. 1). The predictive equation was 
ADG(kg) = 0.787 - 0.00364 GPI, in heifer-days Mg-’ peak stand- 
ing crop; ? = 0.45. Two points (GPI = 13.4, ADG = 1.20 and GPI 
= 48.8, ADG = 0.16) appear to be anomalous. Unfortunately, the 
original biomass and heifer weight data on which these and other 
points from the early years of this study are based are no longer 
available to check calculations of ADG and GPI. Grazing pres- 
sure index accounts for only about half of the variation in gain. 
Other factors include breed and initial weight and condition of 
the cattle; inter- and intra-year variation in nutrient concentra- 
tions in the forage; and weather- and health-related stresses on 
the cattle. 
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Fii. 1. Average daily gain (ADG) of heifers vs. grazing pressure index (GPI, heifer-days Mg-1 peak standing crop) on rangeland pastures 
grazed at 3 intensities, 1939-1994. 

On shortgrass range under continuous and 3-pasture rest-rota- 
tion grazing at the Southeastern Colorado Research Center from 
1969 through 1980, average daily gain in kg = 1.21 - 0.0106 GPI, 
when GPI = grazing pressure index in steer-days per Mg of for- 
age production; r* = 0.81 (Cook and Rittenhouse 1988). 
Maximum gain of steers was higher than that of heifers at CPER, 
and gain decreased more rapidly as GPI increased. 

Discussion and Conclusions 

When evaluating effects of grazing on plant communities, it is 
necessary to ask “In comparison to what?’ The use of ungrazed 
exclosures or relict areas as standards of comparison is suspect 
because such areas have rarely existed in nature. Milchunas et al. 
(1992) concluded that “ungrazed communities (at CPER) were 
more similar to disturbed communities than were grazed commu- 
nities.” 

Larson (1940) considered the shortgrass plains to be a true cli- 
max, not a grazing disclimax, because bison and other large her- 
bivores were an integral part of the ecosystem as it developed. 
With this evolutionary history, it is not surprising that total bio- 
mass of relatively palatable graminoids and forbs was as high 
under moderate grazing as in ungrazed exclosures, and biomass 
of less palatable shrubs and pricklypear was much lower. 
Furthermore, total plant basal cover increased under moderate 
and heavy grazing, although litter cover decreased. Milchunas et 
al. (1992) also reported that heavy grazing by cattle at the CPER 
increased total basal cover and basal cover of the dominant 
species and decreased abundance of native and exotic opportunis- 
tic species. They concluded “The unusual and apparently favor- 
able response of shortgrass plant communities has been explained 
by invoking evolutionary history.” 

The idea persists that profitable stocking rates may be too high 
to sustain range condition and production. This perception has 
been called the “blame-the-profit-motive fallacy“ (Workman 
1986). Tore11 et al. (1989) defined “dynamic optimal stocking 
rates” as those which were based on impacts to future herbage 
production as well as immediate profitability, and “myopic opti- 
mal stocking rates” as rates which were based only on immediate 
profitability. They tested the difference between dynamic and 
myopic optimal stocking rates, using the data of Sims et al. 
(1976). The area where the data were collected was not quite true 
shortgrass steppe; while dominated by blue grama, it also includ- 
ed significant amounts of prairie sandreed (Calamovilfa longifo- 
lia [Hook.] Scribn.), sand bluestem (Andropogon hallii Hack.), 
needle-and-thread, western wheatgrass, and sand sage (Artemisia 
filifolia Torr.). Tore11 et al. (1989) concluded that the profit 
motive of the cattle producer will not result in economically- 
based or myopic stocking rates high enough to significantly dete- 
riorate this range type. They calculated that, in the long run, mod- 
erate stocking would result in forage production about 15% less 
than that under light grazing, but this level of forage production 
would be sustainable and would produce higher profits than light 
grazing. The model of Milchunas et al. (1994) predicted a similar 
level of forage production, predicting that forage production in a 
wet and an average year, after 60% removal for 50 years, would 
be 5% and 18%, respectively, less than production under light 
grazing. 

The relation of gain to grazing pressure index can be used to 
calculate profitability under a range of stocking rates, forage pro- 
duction levels, and cattle prices (Hart 1978). The STEERISK 
spreadsheet (Hart 1991) developed on rangelands just outside the 
shortgrass steppe, is equally applicable to shortgrass rangelands. 
We calculated optimum stocking rates with STEERISK, using an 
initial heifer weight of 300 kg, purchase price of $1.87 kg-’ ($0.85 
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ib-I), selling price of $1.65 kg-’ ($0.75 lb-‘). interest rate of 12%, 
and grazing season of 170 days. Peak standing crop (excluding 
pricklypear) was set at 439, 640, and 841 kg ha-‘, equal to mean 
PSC over the 55 years of the study and mean f 1 standard devia- 
tion. Optimum stocking rates were 19.2, 28.0, and 36.8 heifer- 
days ha-‘, respectively, and estimated returns to land, labor and 
management were $5.05, $7.37, and $9.68. Mean stocking rates 
over 55 years at the low, moderate and high grazing intensities 
were 16.7, 23.0, and 36.5 heifer-days ha-‘, respectively. Although 
the average optimum stocking rate, as calculated by STEERISK, 
will shift somewhat with changes in cattle prices, generally it will 
be only slightly higher than the moderate stocking rate in this 
study. Plant community responses indicated that this rate should 
be both profitable and sustainable, with no reduction in total graz- 
able forage production and no marked increase in shrubs and 
pricklypear, but with some shift towards greater dominance of 
warm-season grasses. 

Just as wild herbivore grazing was sustainable for millennia 
(Larson 1940), profitable livestock grazing on the shortgrass 
steppe has been sustainable for over a century (Hart 1998). 
Climatic, atmospheric and economic changes may require com- 
pensating changes in grazing management to insure continued 
profitability and sustainability. 
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Abstract 

Old World bluestem (OWB; Bofhriocloa spp. ) are popular in 
the southern Great Plains but little is known about tbe relation- 
ships between forage characteristics and animal productivity. 
The inlbrence of differences in berbage mass and sward height of 
OWB on rate of gain during the summer grazing season was 
examined during 2 years at El Reno, Okla. Soils were line, silty 
Pachic Haplustolls of the Dale series. Swards of Caucasian [B. 
caucusica (Trin.) C. E. Hubb.] and ‘Plains’ [B. ischuemum var 
bchuemum (I.) Keng.] OWB were maintained at different levels 
of forage mass (low, medium, and high) by continuous variable 
stocking and were grazed from mid- May to late September by 
steers with an initial weight of about 225 kg. Weight gains were 
depressed in late August, but in 1985 gains recovered due to late 
season rains. Season-long gains averaged 0.61 kg day-’ in 1984 
and 0.69 kg day-’ in 1985. Daily gains of steers increased linearly 
with increased herbage mass (P < 0.05), but slopes were different 
due to a year X species interaction. Daily gains peaked at a 
herbage height of 41 cm in 1984, but increased linearly through- 
out the range of the data (75 cm) in 1985. Individual animal gains 
decreased linearly with increasing stocking rate such that maxi- 
mum gain per hectare was achieved at about 5 animals ha-’ (stan- 
dard 500 kg). The data suggest that maintaining higher herbage 
mass and height of OWB forage improves animal performance 
and support the practice of intensive early grazing and removing 
cattle by late July when rate of gain declines. 

Key Words: grazing pressure, herbage mass, herbage height, 
stocking rate, animal gains. 

Millions of hectares of the Asiatic or Old World bluestem 
grasses have been planted in the Southern Great Plains as altema- 
tives to native range, weeping lovegrass [Eragrostis curvula 
(S&ad.) Nees var. curvula Nees] and bermudagrass [Cynodon 
dactylon (L.) Pers.]. The Old World bluestems are perennial, 
warm-season bunch grasses with good productivity, persistence 
and drought tolerance (Taliaferro et al. 1972; Taliaferro et al. 
1984). In 2 out of 3 years, Old World Bluestem (OWB) produced 
more beef per ha than either native range grasses or bermuda- 

Reprint requests should be addressed to Samuel W. Coleman. 
Manuscript accepted 13 Sept.. 1997. 
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grass (Phillips and Coleman 1995) but at a higher cost than 
native range. In general, animal gains on all of the systems were 
moderate to poor (0.5 to 0.75 kg day-‘). ‘t Mannetje and Ebersohn 
(1980) stated that intake and animal production are asymptotical- 
ly related to total dry matter in the pasture where the herbage 
consumed is a constant proportion of herbage present. Forbes and 
Coleman (1993) reported that maintaining 1 Mg ha-’ of green leaf 
mass maximized intake of OWB forage dry matter and digestible 
organic matter. Data that define the relationship of herbage mass 
or stocking rate to animal productivity are very limited for pas- 
tures composed of the tall bunchgrasses common to the Southern 
Great Plains, either in native stands or in sown pastures. The 
objective of this experiment was to determine how herbage mass 
and height influence rate of gain of steers grazing OWB and total 
productivity of the pastures. 

Materials and Methods 

The study was conducted at the USDA-ARS Grazinglands 
Research Laboratory at El Reno, Okla., (35”33’ N, 98” 2’ W, 423 
m above sea level) during 1984 and 1985. Soils at the site were 
fine, silty Pachic Haplustolls of the Dale series. During each year, 
200 yearling commercial crossbred beef steers predominantly of 
Hereford and Angus breeding were obtained from producers in 
the area, dewormed, vaccinated for respiratory pathogens and 
allowed to acclimate for 2 weeks. They were then weighed full 
and a uniform set (227 -t 21 kg) by weight was selected for tester 
animals that were randomly assigned to pastures. 

Fourteen experimental pastures (1.6 ha each) were seeded to 
either Plains or Caucasian Old World Bluestem (OWB) in a com- 
pletely randomized design in 1979. All pastures were cut for hay 
in 1980 and were grazed in 1981. During 1982 and 1983, each 
pasture was grazed at a similar intensity as in the current experi- 
ment (Forbes and Coleman 1993). All pastures were burned 
about 1 March each year and fertilized immediately with 80 kg-’ 
N ha-‘. Six of the pastures (3 for each species) were divided in 
half to produce twelve 0.8 ha pastures that were randomly allo- 
cated within species to 1 of 3 levels of herbage mass, designated 
low, medium and high projected at 1.5, 3.0 and 4.5 Mg-’ herbage 
mass. The remaining 8 pastures (1.6 ha) were randomly assigned 
within species to the low or high herbage mass. Two tester ani- 
mals grazed each 0.8- ha plot and 4 testers grazed the 1.6- ha 
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plots throughout the grazing season. The target herbage mass was 
maintained by the use of ‘put and take’ animals. Decisions 
regarding addition or removal of animals were based on weekly 
estimations of herbage mass and sward surface height. 

Sward Measurements 
Herbage mass was determined weekly with a single probe 

capacitance meter (Vickery et al. 1980; Vickery and Nicol 1982) 
calibrated monthly by hand clipped samples. Each week, 15 read- 
ings were taken at random within each quarter of the 0.8-ha pas- 
tures and within each sixth of the 1.6 ha pastures. Before and 
after the 15 capacitance readings were taken, a reading was taken 
with the capacitance probe pointing into the air for correction 
(AIR). The capacitance taken with the probe in the herbage was 
subtracted from that in air for a corrected capacitance (Vickery 
and Nicol 1982). Calibration samples were clipped from two, 20 
X 50 cm quadrats in each pasture to crown level and were dried 
in a forced air oven at 65” C. Before clipping, 10 capacitance 
readings were taken from within the quadrat, starting 6 cm from 
the edge with an AIR correction before and after. Capacitance for 
the herbage was the difference between the 2 AIR readings X 5 
and the sum of the 10 readings taken from the herbage. Because 
the relationship of capacitance to dry yield was different each 
month, dry weight (Mg ha-‘) was regressed on capacitance within 
each month to obtain prediction equations. The equations were 
then used to calculate herbage mass for each of the individual 
capacitance measurements for each pasture. Sward height (cm) 
was measured at each spot for which a capacitance measurement 
was taken and was also averaged for each pasture. 

herbage species and level of herbage were fixed main effects. 
Pasture was the experimental unit and herbage and animal mea- 
surements were averaged within each pasture. This design 
allowed 20 pasture observations for season-long measurements 
each year. For seasonal trends, sampling date was treated as a 
continuous variable (co-variate) of days from the beginning of the 
grazing season to evaluate the patterns of plant and animal 
growth. Analysis of covariance was also conducted by regressing 
season-long animal response on season-long average herbage 
mass and height and on stocking rate. The GLM procedure of 
SAS (1990) was used for all analyses. 

Results and Discussion 

Weekly average minimum and maximum temperature patterns 
were typical of those during the past 25 years at the location (Fig. 
1). Annual precipitation was 8 cm less in 1984 and 13 cm greater 
in 1985 than the 25-year average (81 cm), although the number of 
measurable precipitation events was similar for both years. In 
1985, late season rains resulted from a hurricane that accounted 
for most of the precipitation above the 25-year average. 

The relationship between herbage mass and capacitance was 
linear for June through August, 1984 (Fig. 2a-2c) and quadratic 
in September 1984 (Fig. 2d). Slopes of the linear terms were dif- 
ferent (P c 0.05) among months and became steeper as the season 
progressed indicating that greater herbage mass was required for 
each increment of capacitance for the drier, more stemmy forage 
late in the season. In September, the curve resembled an expo- 

Animal Measurements 
All animals were weighed before and after each grazing season 

after an overnight fast without feed and water. Average rate of 50 
gain (shrunk) was calculated for each pasture as the final weight 
minus the initial weight divided by number of days. During the 
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experiment, each animal was weighed full at approximately 28- 30 
day intervals. Additional animals (put-and-take) could be added 20 
at weekly intervals. Put-and-take animals were weighed on and 
off each pasture they grazed to calculate forage demand based on 10 
total animal weight per pasture per day. ou 0 

In order to describe the pattern of gain over the grazing season 
unincumbered by treatment differences in fill, estimated shrunk 

g -10 
3 

weights throughout the grazing season were calculated by the fol- g 
lowing procedure. Full weights for each tester animal were g 40 
regressed on days on trial with cubic regression and full weights 
predicted for the initial .and final date, when actual shrunk 

f 30 
b 

weights were taken. Fill was calculated for the initial and final 
date as the difference between actual shrunk weight and predicted 
full weight. Weighted fill differences were calculated for each 
weigh date and shrunk weights were calculated by subtracting fill 
from full weight with the assumption that changes in fill were lin- 
ear over the grazing season. The calculated shrunk weights were 
regressed on days using cubic regression to obtain coefficients of 
growth through the grazing season. 
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Statistical Analysis 
The season-long response variables were analyzed by analysis 

of variance computed as a completely randomized experiment, Fii. 1. Minimum and maximum daily temperatures and amount of 
with 4 replicates of the low and high levels of herbage mass and 2 precipitation during 1984 (a) and 1985 (b). Vertical bars are 

replicates for the medium. Year was a random main effect, amount of precipitation each week of the year. 

400 JOURNAL OF RANGE MANAGEMENT 51(4), July 1998 



nential. In 1985, equations for all months 
had significant quadratic components (Fig. 
2e-2f), and the differences among months 
were less striking. The coefficients were 
similar (P > 0.05) during July and August. 
The shape of the curve in 1985 (negative 
quadratic term) was similar to that report- 
ed by Vickery and Nicol(l982). In gener- 
al, slopes were not as steep as in 1984, 
probably due to better control over the 
standing herbage mass. The slope differ- 
ences indicate the necessity of frequent 
recalibration and the use of double sam- 
pling. 

All variables describing the sward and 
animal response are shown in Tables 1 and 
2, and were different due to years and tar- 
geted herbage mass (P c 0.05). An interac- 
tion of year by targeted herbage mass was 
present (P < 0.05) for measured herbage 
mass, herbage height, adjusted stocking 
rate, and animal days (Table 1). Herbage 
mass ranged from 2.7 to 8.6 Mg ha-‘, high- 
er than the targeted levels of 1.5 to 4 Mg 
ha-‘. Herbage mass at the targeted high 
and medium levels was greater in 1984 
than in 1985, but pastures at the low levels 
of targeted herbage mass were similar for 
both years ( P > 0.05). In 1985, there were 
no differences in measured herbage mass 
between high and medium target levels. In 
an experiment where 1 of the controls 
(herbage mass) is a measured variable, it 
is impossible to truly replicate the treat- 
ment. Therefore, a better approach is to 
use the individual pastures as observa- 
tions, and use herbage mass or height as a 
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covariate to determine the input-output 
relationships between the sward character- 

istics and animal response. 
Herbage height was highly correlated 
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with herbage mass (r = 0.95), but the rela- 
tionship was slightly curvilinear and dif- Fig. 2. Relationship of capacitance from pasture probe and herbage mass for each month of 
fered between years (P < 0.01; data not the grazing season. 

Table 1. Season-long averages for berbage characteristics and animal performance by year and targeted level of herbage mass’. 

1984 
High* Item Medium 

Herbage mass, Mg ha-’ 8.64a 6.63’ 
Herbage height, cm 64.3* 41.8bc 
Average daily gain, kg 0.69b 0.62b 
Average stocking rate an ha-’ 3.0F 4.79b 
Average adjusted stocking rate 1.648 2.76b 

500 kg ha“ 
Animal days 341’ 601b 
Adjusted animal days, 500 kg 192= 360b 
Season-long gain, kg ha“ 234” 381b 
‘Least square means 
*High, medium. and low levels of target herbage mass; SE = standard error 
3Meaas in the same row with different superscripts are different (P < 0.05). 

LOW High 

2.89a 4.98b 
119 43.3c 

0.5 Ia 0.75* 
6.90’ 5.24b 
3.80’ 2.98b 

745= 612b 
416b 36Zb 
359b 450c 

1985 
Medium LOW SE 

4.6LIb 2.61a 0.21 
35.6b 14.1a 2.1 
0.79* o.54c 0.04 
5.41b 8.53* 0.28 
3.06b 4.78* 0.17 

624b 1065* 36 
37ob 620’ 22 
496* 582* 34 
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Table 2. Season-long averages for herbage characteristics and animal performance by species and targeted level of herbage mass’. 

Item High* 
Caucasian 
Medium Low High 

Plains 
Medium LOW SE 

Herbage mass, Mg ha-’ 6.65” 5.61b 
Herbage height, cm 54s 35.2b 
Average daily gain, kg 0.72b 0.81b 
Average stocking rate an ha“ 4.18* 5.03b 
Average adjusted stocking rate 2.32a 2.88b 

500 kg ha-’ 
Animal days 481a 617b 
Adjusted animal days, 500 kg 278= 366b 
Season-long gain, kg ha-’ 346a 517b 

;Lyst square means 
,Wgh. medium, and low levels of target herbage mass; SE = standard error 
Means in the same row with different supencripu are different (P < 0.05). 

2.54a 6.98’ 5.70b 3.03” 0.21 
11.5a 53.0c 42.2b 14.1a 2.1 
0.55” 0.71b 0.59b o.49a 0.04 
7Ikv 4.06” 5.16b 8.39d 0.28 
3.86’ 2.30a 2.94b 2.36d 0.17 

834’ 472a 614b 976d 36 
476b 278b 364b 560c 22 
499b 338a 366” 492d 34 

shown). Sward height of pastures increased (P < 0.05) with 
increasing levels of targeted herbage mass. Pastures maintained at 
high herbage mass were stocked with the minimum 2.5 steers ha-’ 
throughout the season in 1984 with very little change in stocking 
rate. As a result, these pastures were heavily ‘spot-grazed’ with 
much of the land area not being grazed at all. As the season pro- 
gressed, the grazed areas were heavily utilized and slowly expand- 
ed to provide additional forage as the growth rate subsided. All 
pastures were stocked heavier in 1985 than in 1984, thus, resulting 
in lower and more uniform herbage mass and height at the medium 
and high target levels. 

Herbage mass and height were quite variable during the course 
of the grazing season (Fig. 3 and 4, respectively). During both 
years, the pastures were similar at the start of the season because 
all animals were moved onto the pastures at the same time. In ret- 
rospect, a better alternative might have been to start those animals 
assigned to the pastures targeted for low herbage mass earlier, but 

weight gains and forage growth during that time would have been 
confounded. In 1984. herbage mass was already at 4.4 Mg ha-’ at 
the initiation of grazing and growth rate was very rapid. In 1985, 
grazing was initiated earlier with about 3.5 Mg ha-’ and growth 
occurred much more slowly with pastures at high and medium 
herbage mass exhibiting very similar growth patterns. The model 
GRAZE (Smith and Loewer 1983) predicted that the amount of 
accumulated above-ground dry matter that provides enough leaf 
area to support the maximum growth rate (Seman et al. 1995) was 
2.3 Mg ha-‘. Projected growth rate was 254 kg ha-’ day-’ (Coleman 
et al. 1995b) and represents the amount that could be harvested 
without diminishing growth rate. Thus the model suggests that 
grazing should be initiated when herbage mass reaches about 2.3 
Mg ha-’ with a harvest rate of 254 kg ha-’ day-‘. Linear and qua- 
dratic regression equations published by Dabo et al. (1987). upon 
whose data the model was parameter&d, indicated that only 56 
to 100 kg ha-’ day-’ forage would be produced. However, the 

1984 1985 
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Day ofyear 

- High - Medium - Low 
Fig. 3. Patterns of actual herbage mass over the grazing season as influenced by forage species and level of targeted berbage mass (high, 

medium, and low) ia 1984 (a and b) and in 1985 (c and d). Vertical bars represent standard deviations. 
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Pig. 4. Patterns of herbage height over the grazing season as influenced by level of targeted herbage mass (high, medium, and low) in 1984 (a 
and b) and in 1985 (c and d). Vertical bars represent standard deviations. 

regression equations would reflect an average growth rate over the 
13-week growing season, not the maximum rate. 

Herbage height was similar at initiation of grazing for both 
years. Swards with high and medium herbage mass increased 
rapidly in height and then declined due to harvesting by the ani- 
mals and decreasing rate of plant growth. The greater herbage 
mass, but not height, at the beginning of 1984, compared with 
1985, could be due to greater tiller number and weight as a result 
of the delayed start date for grazing. 

Averaged over the grazing season, daily gain was higher for 
pastures with high and medium levels of herbage mass than for 
those with low levels (Table 1). Caucasian supported higher gains 
than Plains in 1984 ( 0.69 vs 0.52 kg day-‘; P < 0.05; Table 2). 
Both species supported similar gains in 1985 (0.69 kg day-‘). 
Patterns of animal weight during the growing season are shown 
in Fig. 5 and 6 for 1984 and 1985, respectively. A 3-way interac- 
tion for intercepts among years, forage species, and herbage mass 
occurred, thus, separate analyses were conducted for each year. 
In 1984, weight patterns were typical of those produced by warm 
season perennial grasses, with an obvious summer slump during 
August (day 214-243). In 1985, weight patterns also demonstrat- 
ed the typical summer slump. but late season precipitation 
allowed short-term gains during the last weigh period. 

Instantaneous rate of gain for any given date can be determined 
from the first derivative of the fnnction describing weight with 
time. From this function, rate of gain in 1984 declined linearly 
during the grazing season and was 0 at 260 days (20 September) 
for all Caucasian and for Plains bluestem pastures with high and 
low herbage mass. Rate of gain was 0 by 241 days for Plains 
bluestem managed for medium herbage mass. In 1985, the late 
season surge in weight gain after 1 September (245th day) result- 
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ed in a cubic regression and salvaged the summer slump, but 
gains were minimal from day 200 (18 July) until September. 
During both years, gains were very rapid early in the season 
when forage supply was plentiful and nutritious. These data 
would support the suggestion that intensive early grazing would 
provide essentially the same total gain per animal as season-long 
grazing, but in a shorter time period and likely at a higher stock- 
ing rate. Utilizing the growth curves and current economic condi- 
tions such as seasonal livestock prices, producers could project 
the most profitable time to market. The use of regression to deter- 
mine patterns of gains over the season provides a better under- 
standing for grazing Old World Bluestem (OWB) and probably 
other warm season perennial grasses than season-long average 
daily gains alone. 

Season-long average daily gain (ADG) is plotted against aver- 
age herbage mass in Figure 7. A year X species interaction 
occurred for the slopes and intercepts, so separate analyses were 
conducted for each year. In 1984, Caucasian bluestem supported 
greater season-long gains and little change (P > 0.05) was noted 
from 2.5 to 6.5 Mg ha-’ in herbage mass. Rate of gain for Plains 
pastures, however, increased 0.054 kg day-’ for each Mg increase 
in herbage mass (3 = 0.76; P < 0.05). The difference between 
species may be a difference in growth form. Caucasian bluestem 
grows more upright, whereas Plains tends to be more prostrate, 
especially under close grazing (Forbes and Coleman 1993). At 
reduced herbage mass, individual tillers of Caucasian plants 
would be taller and grazing animals could more readily prehend 
and consume forage than from the more prostrate Plains plants. In 
1985, data from both species fit a common regression in which 
ADG increased 0.085 kg for each Mg in available herbage (3 = 
0.49; P < 0.05). Also, all gains were higher in 1985 than in 1984, 
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A Y=223 + 1.36X - 0.005qX2 
m Y=227 + 1.36X - 0.0054X2 
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(b) Plains 
200 ; 

. . 
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Day of year 

A High n Medium 0 Low 
Fig. 5. Patterns of animal weights over the 1984 grazing season for 

different targeted levels of herbage mass (high, medium, and low) 
for caucasian (a) and Ptains (b) Old World bluestem. Regression 
equations are based on days on test (23 May to 18 Sept.; 23 May = 
day 0 for the equations). R’ for the model = 0.75. 

primarily due to the late season recovery (see Fig. 5 and 6). 
Hodgson (1982a) showed that daily herbage intake and intake per 
bite of continuously stocked swards of ryegrass [Zdium pererme 
(L.)] increased with increasing herbage mass, up to 2 Mg ha-‘, the 
limits of the experimental conditions. ‘t Mannetje and Ebersohn 
(1980) suggested that when herbage consumed is not a fixed pro- 
portion of herbage present, such as when the pasture contains a 
seasonally variable amount of stem or dead material, intake or 
rate of gain (production) is asymptotically related to green 
herbage present. This situation should apply in the current study, 
but the proportion of green herbage was not measured. In an ear- 
lier study on some of the same pastures, Forbes and Coleman 
(1993) found that green leaf mass was more closely related to 
organic matter intake and digestible organic matter intake than 
other sward characteristics, primarily due to its influence on bite 
size. Dabo et al. (1987) reported that the leaf-to-stem ratio of 
OWB decreased from about 2 at 3 weeks regrowth to 0.5 at 13 
weeks regrowth. 

The relationship of season-long ADG to herbage height was 
different (P < 0.05) between species (Fig. 8a,b) and the intercepts 
were influenced by an interaction of species and years. The inter- 
cept and, therefore, overall gains were higher (P < 0.05) in 1985 
for Plains bluestem whereas there were no differences between 
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Fig. 6. Patterns of animal weights over the 1985 grazing season for 
different levels of targeted herbage mass (high, medium, and low) 
for caucasian (a) and Plains (b) Old World bluestem. Regression 
equations are based on days on test (9 May to 19 Sept; 9 May = 
day 0 for the equations). R2 for the model = 0.58. 

years for Caucasian. Though equations for both species contain a 
quadratic component, only the one for Caucasian was important 
for the range of the data in this study. Maximum gains for cau- 
casian occurred at 41.7 cm, slightly above the average height 
(35.2) of swards managed for medium herbage mass. Gains of 
steers grazing Plains bluestem continued to increase through the 
range of the data, influenced heavily by the lower and more linear 
relationship in 1984 than in 1985. Previous research from 
Scotland with perennial ryegrass (Hodgson 1982b; Penning 1985) 
and from Australia (Black and Kenney 1984) suggested intake of 
sheep was related asymptotically to herbage height. The work of 
Hodgson (1982b) indicated that intake increased with increasing 
herbage height up to 30 cm, but above 30 cm, no further increas- 
es were observed. The current data suggests a maximum at 41.7 
cm, slightly taller than that of Hodgson (1982b), but much taller 
than the 6 cm at which Penning (1985) observed no additional 
response. The differences probably reflect the contrasting grazing 
habits of sheep and cattle (Forbes and Hodgson 1985), differ- 
ences in the growth habits of perennial ryegrass and the Old 
World Bluestem (OWB) or to response differences of intake to 
height versus Average Daily Gain (ADG) to height. The OWB 
are tall, bunch grasses and the swards likely are different from 
perennial ryegrass in live- to-dead and leaf- to- stem ratios. Black 
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Fii. 7. Relationship of season-long average daily gain to season-long 

average berbage mass in 1984 (a) and 1985 (b). 

and Kenney (1984) noted that both sward height and tiller density 
influenced intake rate of artificial swards. They found that intake 
rate reached a maximum at 6 cm sward height with 26,000 tillers 
me2 but increased linearly to 20 cm with 1,600 tillers rn-‘. Stobbs 
(1973b) found that cows prehended a bite of maximum size when 
swards contained the highest proportion of accessible leaf. Stobbs 
(1973a) suggested that with tropical species, bite size could 
become so limiting that dairy cows could not consume enough 
digestible organic matter in a day to sustain production. Guerrero 
et al. (1984) showed that rate of gain on bermudagrass was 
asymptotically related to forage available per animal, but the 
curves were different for swards of different digestibility. The 
current data could be forced into an asymptotic equation with a 
resulting ? of 0.31 for all data. The quadratic equation presented 
for Caucasian in which gains were reduced when herbage height 
exceeded 42 cm could be explained by reduced forage quality at 
higher herbage height, or decreased leaf density (Stobbs 1973a). 
On the swards managed for high herbage mass, particularly in 
1984, the animals restricted themselves to small areas by patchy 
grazing and did not graze outside those areas late in the season 
when ungrazed plants had matured. Since our measurements were 
the average for an entire pasture, they included the taller 
ungrazed herbage, and did not necessarily reflect the height of the 
grazed horizon. 

The general lack of fit (low R*) between season-long ADG and 
average herbage mass or height can be attributed to variations in 
both dependent and independent variables over the course of the 
grazing season. For instance, all pastures produced excellent 
gains (-2 kg day-.‘) during the early part of the grazing season, 
but the production of forage and its quality declined during July 
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Fig. 8. Relationship of season-long average daily gain to average 
herbage height for caucasian (a) and Plains (b) bluestem. R2 for 
the model = 0.67. 

and August so that animal gains became zero. These limitations 
to grazing trials have long been known and are a good reason to 
develop measurements or predictors of performance that can be 
obtained over short periods of time. The use of bite size to esti- 
mate intake (Stobbs 1973a, 1973b) is such a measure but requires 
animals cannulated at the esophagus or rumen to collect samples 
of the diet over a prescribed period of time. More recent efforts to 
estimate intake (Coleman et al. 1989; Coleman et al. 1995a) and 
diet quality (Coleman et al. 1989; Lyons and Stuth 1992) include 
analysis of feces using near-infrared reflectance spectroscopy. 
This technique has the potential to provide frequent estimates of 
digestible dry matter intake of free ranging animals which can be 
used in decision aids for producers. 

Average stocking rate and total gain ha” for the season across 
years and levels of herbage mass are shown in Table 1 and across 
species and levels of herbage mass in Table 2. A 3-way interac- 
tion for year x species x herbage mass was present (P < 0.05) for 
stocking rate and adjusted animal days (data not tabulated). The 
interaction for stocking rate occurred because Caucasian pastures 
managed for low herbage mass averaged 5.5 animals in 1984 and 
8.6 in 1985 while Plains supported 8.4 animals in both years. 
Pastures managed for medium herbage mass averaged 5 animals 
ha-’ across years and species, whereas, those managed for high 
herbage mass supported 3 animals in 1984 and 5.2 in 1985. 
Adjusted animal days followed similar trends. The adjustment for 
stocking rate and animal days was to a standard 500 kg animal. 

There was a negative linear relationship between rate of gain 
and stocking rate (Fig. 9a). This function has previously been 
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If the function for ADG vs stocking rate (X) is assumed to be 
linear, then the function for total gain ha-’ (.G) can be obtained (if 

z 0.3 - ADG = a - bX, then G = X*ADG = aX-bX’; Mott 1960; Jones 

g 0.2 and Sandland 1974). Using this formula, the stocking rate calcu- 
I I 1 I I lated for these pastures achieved a maximum productivity per ha 

1 2 3 4 5 6 7 at about 5 standard 500 kg animals in 1984 and at 6 in 1985. The 

Stocking rate, 500 kg ha-’ d-’ 
actual data (Fig 10) indicate a maximum production at 5 animals 
in 1984, but in 1985, gain increased linearly throughout the range 

l 1984 H 1985 of the data. 

Fii. 9. Relationship of season-long average daily gain (a) and of total 
gain per hectare (b) to average stocking rate of a standard 500 kg 
animal. Y = 0.83 - 0.085 X for 1984 (R* = 0.51) and Y .05 - 0.48X 
for 1985 (R’ = 0.48). Dotted line represents 1984 data above 2.5 cm 
in height: = 1.76-0.58X+0.061X2 (R* = 0.46). 

described as a linear decline in ADG with increasing stocking 
rate (Jones and Sandland 1974; Sandland and Jones 1975), a 
curvilinear decline (Mott 1960) or a linear decline after a plateau 
at low stocking rates (Hart et al. 1988). For the current data, the 
quadratic expression was not significant (P > 0.05) and the inter- 
cepts for the equations were different for the 2 years. In 1984, 
however, gain appeared to plateau at about 0.7 kg day-’ from 1 
to.5 animals ha-’ (standard 500 kg animal), then declined hyper- 
bolicly (Fig. 9, dotted line). Hart (1978) gave good theoretical 
evidence for this type of relationship at an instantaneous moment 
during the grazing season. However, as the season progressed, a 
family of similarly shaped curves occurred, with those later in the 
grazing season shifted downward at lower rates of gain due to 
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Summary 

Old World bluestem forages are capable of supporting excel- 
lent gains early in the summer grazing season but that capability 
declines in late summer. Pastures should be managed for 5 or 6 
Mg herbage ha-‘, or about 40 cm in height. to optimize gain per 
steer. This will result in spot grazing and perhaps some ineffi- 
ciency of harvesting, but should optimize gain per steer and 
maintain good residual leaf area for plant regrowth. Residual for- 
age from spot grazing can be harvested by animals with lower 
targeted performance (such as dry cows) stocked at high rates. 
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Abstract 

Many studies have reported nitrogen (N) fertilization of range- 
land, but few have reported changes in botanical composition, 
which may be as important as changes in forage production, or 
were continued for as long as 14 years. We determined frequency 
of occurrence of over 90 plant species in 1976-1988 under rates 
of 0,22, or 34 kg N ha-’ applied in spring or fall to mixed-grass 
rangeland in southeast Wyoming; frequency of 23 species will be 
reported. We also determined total biomass production and pro- 
duction of major species and species groups in 1982-1988. Blue 
grama Bouteloua gracilis (H.B.K.) Griffiths] frequency 
decreased during years 5 through 7 because of the interaction of 
N and drought. The effects of long-term application of N decreased 
blue grama in year 12 and beyond. Nitrogen fertilization increased 
frequency of western wheatgrass [Puscopyrum smithii (Bydb.) A. 
Love] in alI years except the driest year of the study. Needleleaf 
sedge [Curex eleocharis Bailey] decreased because grazing had 
been removed from the study area; this occurred sooner and to a 
greater extent on fertilized than on unfertilized plots. Fourteen 
other perennial species were quite variable in response to the 3 
rates and the 2 seasons of application. Frequency of 6 annual 
species fluctuated greatly among years and treatments. Nitrogen 
fertilization did not increase average forage production enough to 
be profitable for cattle production. 

Key Words: Bouteloua grads, native forbs, Pascopyrum smithii, 
range fertilization, steer gains, stocking rate 

Increases in forage production have been reported from many 
studies of nitrogen (N) fertilization on native range in the central 
and northern Great Plains (Black 1968; Black and Wight 1979; 
Burzlaff et al. 1968; Goetz 1969; Houston 1971; Houston and 
Hyder 1975; Houston et al. 1973; Jacobsen et al. 1996; Klages 
and Ryerson 1965; Lorenz 1977; Lorenz and Rogler 1972, 1973a, 
1973b; Power 1980a, 1980b, 1985; Power and Alessi 1971; 
Power and Legg 1984; Rauzi 1978, 1979; Rauzi and Fairboum 
1983; Rogler and Lorenz 1966; Samuel et al. 1980; Smika et al. 
1965; Smoliak 1965; Wight 1975, 1976; Wight and Black 1979) 
and in the review of Rogler and Lorenz (1974). These studies 
included very low to very high N rates, usually applied for only a 
few years. 

Authors wish to thank Frank Rauzi and Merle L. Fairbourn for originating this 
study and laying out plots large enough for our sampling. We especially appreciate 
their early work on this study (197&1981). 
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Only a few reported botanical composition changes (Goetz 1969; 
Houston and Hyder 1975; Klages and Ryerson 1965; Lorenz 1977; 
Lorenz and Rogler 1972; Rauzi 1978, 1979; Rauzi and Fairboum 
1983; Wight 1975, 1976). On rangeland in southwestern North 
Dakota, application of 37, 74, or 112 kg/ha of N for 3 years 
reduced cover of blue grama [Boureloua gracilis (H.B.K.) 
Griffith’s] and increased cover and density of western wheatgrass 
[Puscopyncm smithii (Rydb.) A. Love] and Arfemisia spp. (Goetz 
1969). 

Lorenz and Rogler (1972) reported decreases in blue grama and 
increases in western wheatgrass after 11 years of annual applica- 
tions of 90 kg N ha-‘. Rogler and Lorenz (1974) increased the 
condition of depleted mixed-grass prairie rangeland from poor to 
excellent in 3 years, primarily by an increase in cool-season mid- 
grasses, by annual application of 45 kg N ha-‘. 

On overflow range sites in southeastern Montana, single fall 
applications of 33 or 101 kg N ha” increased western wheatgrass 
production by 100% and 125% and production of all perennial 
grasses by 75% and 1 lo%, respectively (Houston 1971). On other 
range sites, production increased only in the year after N applica- 
tion. Density of western wheatgrass culms increased from 331 to 
1,476 mm2 after application of 336 kg N ha-’ (Wight 1976). On the 
other hand, Wight and Black (1979) reported little difference in 
species composition between unfertilized mixed-grass rangeland 
in eastern Montana and rangeland fertilized with 45 kg N ha-’ for 
10 years. 

On mixed-grass prairie in southeastern Alberta, species compo- 
sition of the plant community was unchanged at low N rates 
(Smoliak 1965). At medium and high rates, blue grama, needle- 
andthread [Stipa comata Trin. & Rupr.], prairie junegrass 
[Koeleriu cristatu (L.) Pers.], and clubmoss [Seluginellu spp.] 
decreased while western and thickspike [Elymus lunceolutus 
(Scribn. & J.G.Smith) Gould] wheatgrasses increased, and weeds 
often invaded. Cosper and Thomas (1961). Hyder and Bement 
(1964) and Patterson and Youngman (1960) found that weeds 
often increased in response to N to the extent that desirable 
species could not compete. Cool-season weedy grasses, including 
annual bromegrasses [Bromus spp.], sixweeks grass [Vulpia 
octofloru (Walt.) Rydb.] and Kentucky bluegrass [Pou prutensis 
L.] were especially troublesome. 

In southeastern Wyoming, Rauzi (1978) reported significant 
changes in botanical composition after 672 kg N/ha was applied 
at 1 time or equally over 4 years. Only the increase in western 
wheatgrass was beneficial. Decreases in blue grarha and buffalo 
grass [Buchlol; dactyloides (Nutt.) Engelm.] and increases in 
annual forbs were considered undesirable. 
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Perennial grasses in pure stands differ widely in their growth 
response to N, particularly at low levels. At 4.5 kg N ha-‘, the effi- 
ciency of N use (increase in dry matter production per kg of N 
applied) was 5 1 for intermediate wheatgrass [Elytrigia intermedia 
(Host) Nevski], 43 for crested wheatgrass [Agropyron cristatum 
(L.) Gaertn.], 39 for western wheatgrass, and 22 for Russian 
wildrye [Psathrostachys juncea (Fisch.) Nevski] (Power 1985). 
In another study, at 56 kg N ha-‘, efficiencies were 37 for inter- 
mediate wheatgrass, 26 for crested wheatgrass, 17 for western 
wheatgrass, 21 for Russian wildrye, 12 for beardless wheatgrass 
[Agropyron inerme (Scribn. & Smith) Rydb.], 9 for green needle- 
grass [Stipa viridula Trin.], and 6 for thickspike wheatgrass 
(Jacobsen et al. 1996). These differences may be even greater 
when grasses grow in competition in mixed stands, where those 
that respond most strongly to N would be expected to increase at 
the expense of those that respond less strongly. 

Our objective was to determine the effect of yearly, low-rate N 
fertilization on the botanical composition of mixed-grass range- 
land. In addition, we intended to calculate whether the anticipated 
increase in forage production and the resulting estimated increas- 
es in cattle gains would be sufficient to make fertilization prof- 
itable. Cattle preference, herbage production, crude protein con- 
tent, mineral concentrations, and water use have been reported 
previously for the first 5 years of the study (Samuel et al. 1980, 
Rauzi and Fairboum 1983). 

Study Area and Methods 

The study site is within a 4-ha exclosure on the High Plains 
Grasslands Research Station approximately 8 km west of 
Cheyenne, Wyo. The topography is rolling hills of mixed-grass 
prairie at approximately 1,940 m elevation. The soil is Altvan 
loam, a mixed, mesic Aridic Argiustoll (Stevenson et al. 1984). 
The 114 year average precipitation was 371 mm with 73% falling 
between 1 April and 30 September (NOAA 1871-1988). 

The experimental design was a randomized block with 5 treat- 
ments in 24 X 30 m plots and 3 replications. Nitrogen in the form 
of ammonium nitrate was applied annually at rates of 22 and 34 

kg N/ha in late October (F) or late March (S); the fifth treatment 
was a 0 N check. Fertilization started in the fall of 1974 and con- 
tinued through the spring of 1981. Nitrogen was not applied in the 
fall of 1981 or spring of 1982. Fertilization was reinstated in the 
fall of 1982 and continued through the duration of the study. Plots 
were not grazed, except for a few days each year in 1975-1979 
during a grazing preference study (Samuel et al. 1980). 

Frequency of occurrence was used to determine changes in 
botanical composition. Nested quadrats, 5.1 and 40.6 cm2, were 
located 25 times along each of 10 transects within each experi- 
mental plot (Hyder et al. 1965). Plots were sampled in June of 
each year starting the second year of fertilization (1976) through 
the 14th year (1988). The 5.1 cm2 quadrats were used to deter- 
mine frequency of the major species: blue grama, western wheat- 
grass, and needleleaf sedge. The 40.6 cm’ quadrat was used to 
determine frequency of all other species. Common perennial 
species were scarlet globemallow [Sphaeralcea coccinea (Pursh) 
Rydb.], needleandthread, fringed sagewort [Artemisia frigida 
Willd.] and Geyer larkspur [Delphinium geyeri Greene]. Minor 
perennial species are listed in Table 2. Annual species present at 
significant frequencies were common sixweeksgrass, slimleaf 
goosefoot [Chenopodium leptophyllum Nutt.], bluebur stickseed 
[Lappula redowski (Homem.) Greene], and those listed in Table 
1. Approximately 60 additional species were uncommon or rare 
on these plots. 

Beginning in 1982, above-ground biomass was sampled at 
approximately the time of peak standing crop, in late July or early 
August. Five 0.178-m2 quadrats were placed at random along 1 
diagonal of each plot. Vegetation was clipped to ground level; 
separated into blue grama, western wheatgrass, needleleaf sedge, 
other grasses, annual forbs, and perennial forbs (annual and 
perennial forbs were not separated in 1982 and 1983); dried at 
50-60” C and weighed. 

Vegetative height of 100 plants per plot of blue grama and west- 
em wheatgrass were measured for study during years 10 through 
13. Blue grama seed heads were counted in years 10 and 12. 

Frequency of occurrence and biomass data were subjected to 
analysis of variance; where significant differences were detected, 
Tukey’s highest significant differences (Tukey 1953) were calcu- 

Table 1. Frequency of minor forb species on unfertilized plots compared to average frequency on the 4 nitrogen fertilization treatments; generalized 
reactions, 1976-1988. 

Species 

!&ag& 
Combleaf evening primrose [Oenorhero coronopifolia 

Torr. & Gray] 

(%) 
C29 

-----------.-----.------Years,l9----------------------------- 

76 77 78 79 80 81 82 83 84 85 86 87 88 

--------------------(Frequencyresponse')-------------------- 

ns “S ns ns +* ns +* +* +* +* +* +* +* 

Low fleabane [Erigeron pumilus Nutt.] O-25 ns ns ns ns = = ns + +* +* +* +* +* 
Plains wallflower [Erysimum asperum (Nutt.) DC.] O-26 ns ns ns ns ns ns ns +* + + ++ + 
Drummond milkvetch [Astragalus drummondii Dougl.] I-11 ns ns ns + + ns ns + + + + + +* 
Scarlet gaura [Gaura coccinea Nutt. ex Pursh] l-15 + ns ns + ns ns + + +++++ 
Rush skeletonplant [Lygodesmiajunceae (Pursh) D. Don] 2-33 + ns + ns ns ns ns = = = = 
Lanceleafbluebells [Mertensia lanceolata (Pursh) A. DC.] l-26 = ns =“” = n”s” = = = = = = = = 
Lambstongue groundsel [Senecio integerrimus Nutt.] O-24 ns ns ns ns = - _ - - _ _ - - 
Textile onion [Allium textile Nels. & MacBr.] O-35 ns ns “S ns - ns ns + ns ns ns ns 
Annuals 
Creeping draba [Draba replans (Lam.). Fem.] CM8 ns ns ns - - ns = - - + + + 
Plixweed tansymustard [Descuroino sop&a (L.) Webb.]. O-54 ns ns ns + + ns ns = ns ns ns = - 
Prairie pepperweed [Lepidium densiflorum Schrad.] O-27 ns = = = - - ns - - ns - = - 

rF~ueacy on 0 N was: +*. significantly higher than on all N treatments: +, higher than on all N treatments, one or more significantly so; =, higher than on some N ueatrnenu, tower 
than sot% -, lower than on all N treatments, one or more significantly so; ns, not significantly different from my N ueatment, 
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lated at the P < 0.05 level; all differences mentioned in the text 
are significant unless otherwise described. Plant heights and seed 
head numbers were subjected to analysis of variance and means 
were separated with Tukey’s w procedure (Steel and Torrie 1960). 

Results and Discussion 

Major Perennial Species 
Blue grama 

Blue grama frequency decreased under all fertilizer treatments 
in 1979-81 and 1987-88 (Fig. 1), and under 34F in all years 
except 1976. Blue grama is a warm-season (C4) species; all the 
major competing species (western wheatgrass, needleleaf sedge 
and scarlet globemallow) are cool-season (C,) species (Dickinson 
and Dodd 1976). When temperatures warm in the spring, the N 
from 34F was available for these cool-season species. Nitrogen in 
the spring applications may not have been as available in all years 
because there may not have been enough time and/or precipita 
tion for incorporation of the N into the system after application in 
late March. 

Dickinson and Dodd (1976) studied the phenology of short- 
grass prairie species at 3-day intervals during 1972 at a site about 
55 km southeast of our site. When they started their observations 
on 1 April, the same C3 species that are in our study were already 
growing, but blue grama didn’t start growth until 30 April. 

Cool-season species may start growth even earlier than normal 
because of the extra N and utilize even more of the soil moisture. 
Lorenz and Rogler (1973a) reported earlier growth of mixed 
prairie vegetation in the presence of 45 kg N/ha. Therefore, when 
the weather was warm enough for blue grama to grow, moisture 
may have been more limiting on some of the N plots. 
Boryslawski and Bentley (1985) found that N fertilization 
increased competitiveness of western wheatgrass with blue grama 
at day/night temperatures of 20/15” C but not at 30/15” C. Hyder 
et aI. (1975) found that N fertilization increased the severity of 
drought on blue grama. 

Although 1979 was the driest year during our study (Fig. 2), 
blue grama frequency under N fertilization (mean of 4 treat- 
ments) was not the lowest until 1980. Frequency sampling was 
done in early June, but blue grama makes most of its growth dur- 
ing the warmer weather after that. Therefore, the full effect of the 
1979 reduction in precipitation on blue grama frequency was not 
seen until 1980. The differences seen in 1979-81 may have been 
responses to the interaction of N and dry conditions; these differ- 
ences became smaller during the following normal and wet years. 

In 1987 and 1988, long-term addition of N to the system con- 
tributed to a precipitous decline in the frequency of blue grama 
despite normal precipitation. Lorenz and Rogler (1972) reported a 
decrease in blue grama basal cover from 34 to 25% during 8 
years in which 45 kg N ha“ were applied each fall. Hyder et al. 
(1975) reported a decrease in blue grama frequency after 2 years 
of fall application of 22 kg N-l, but this followed a record dry year 
with only 35% of normal rainfall. Rauzi (1978) reported little 
change in the percentage of total composition contributed by blue 
grama, forbs, and dryland sedges in the first 2 years of applying 
180 kg N ha”, but western wheatgrass increased and buffalograss 
decreased in the first and second years of fertilization. In the third 
and succeeding years, blue grama decreased and forbs increased, 
but needleleaf sedge showed no consistent response to N fertiliza- 
tion. On the other hand, Wight and Black (1979) applied 45 kg N 

ha-’ to mixed-grass prairie in Montana, and found few significant 
effects on botanical composition in any of the IO years of their 
study. 

Blue grama biomass followed much the same pattern as fre- 
quency, with 2 exceptions. Biomass on the 0 N check was signifi- 
cantly lower than that on any N treatment in 1985, when there 
were no differences among treatments in frequency. In 1987 and 
1988, there were no differences in biomass among treatments, but 
frequency on 0 N plots was higher than that on all N treatments. 
Biomass can be regarded as a product of frequency of occurrence 
times vigor or size of individual plants; therefore frequency alone 
is not a reliable indicator of biomass production. 

Vegetative height of blue grama was greater in the N plots than 
on the 0 N plots across all 4 years when height was measured 
(Table 2). Height varied among years more than among treat- 
ments, because of variable climatic conditions, but we found no 
significant year X treatment interactions. 

The number of blue grama seedheads, counted in 1984 and 
1986, did not differ among N levels (Table 2). There were more 
seedheads in 1984, following a wet year, than in 1986, following 
a dry year. Seedheads numbers were not large enough to count in 
1985 and 1987. Seed head production is dependent on adequate 
precipitation (Dickinson and Dodd 1976). 

Western wheatgrass 
Frequency of western wheatgrass was higher on all N treat- 

ments than on the check in every year except for the dry year, 
1979. when frequency on 22s was no higher than on 0 N (Fig. 1). 
Frequency on 34F was higher than on 22s or 22F in 1976-78, but 
there were no differences among N treatments in any later year. 
Both frequency and biomass of western wheatgrass reached a max- 
imum in 1983, the wettest year in the study. Biomass on most or all 
N treatments was higher than on 0 N in all years but 1985, when 
there were no significant differences among treatments. 

Houston (1971) found that fertilization with 34 kg N ha” 
increased western wheatgrass production by 35% in 1958 and 
143% in 1959; 34 kg N ha-’ increased the proportion of western 
wheatgrass in total perennial grasses from 66 to 76% in 1958 and 
from 80% to 94% in 1959. Smika et al. (1965) reported. “At the 
close of the study, western wheatgrass was the predominant species 
on the plots receiving heavy applications (90 or 180 kg ha-‘) of N.” 

Table 2. Fertilizer rate and year effects on vegetative heights of blue 
grama and western wheatgrass, years 1984-1987, and number of blue 
grama seedheads, 1984 and 1986. 

Heieht 
Blue Western Blue 

Treatment, year grama wheatgrass gfama 

(cm) (heads me*) 
Treatments 

Unfertilized 6.9 y 21.9c 6.3 a 
22 kg ha-‘, fall 10. I 23.8 hc 13.05 a 
22 kg ha-‘. spring 10.0 x 25.1 ab 13.25 a 
34 kg ha-‘, fall 10.4 x 26.2 a 15.95 a 
34 kg ha-‘, spring 10.3 x 25.7 ab 16.95 a 

Years 
1984 8.4 z. 26.2 a 24.8 a 
1985 9.2 y 21.3~ - 
1986 10.5 x 24.5 b 1.4b 
1987 10.0 x 26.6 a - 

a.b,x.y etc.; Means in the same column. within ‘Treatments” or “Years” sections. fol- 
lowed by the same letter. are not significantly different (P < 0.01). 
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Blue grama 

Western wheatgrass 

leedleleaf sedge 

Fig. 1. Frequency (5.1 cm’ quadrats), 1976-1988, and biomass, 1982-1988, of blue grama, western wheatgrass, and needkaf sedge; response 
to rate and season of annual N application. 

Lorenz and Rogler (1972) reported that, across the 8 years of their 
study, western wheatgrass density averaged 50 stems mm2 on unfer- 
tilized rangeland vs. 3 14 stems mm2 on plots fertilized at 45 kg N/ha. 

Western wheatgrass vegetative shoots were taller on 22S, 34s 
and 34F N than on the other treatments (mean of 1984-87; Table 
2). Shoot height varied with years and appeared to be closely cor- 
related with precipitation in the 12 months before sampling (Fig. 
2). The responses of western wheatgrass frequency and shoot 
height to N rate were not the same because height and frequency 
reflect different ecological processes and therefore react differ- 
ently to the same input (Addicott et al. 1987). 

Needleleaf sedge 
Needleleaf sedge decreased greatly during the 14 years, espe- 

cially with N fertilization. Since 1979, frequency of needleleaf 
sedge was lower on all N treatments than on 0 N (Fig. 1). Grazing 
was excluded from the fertilized plots except for a grazing behav- 
ior study conducted for a few weeks each during 1975 through 
1977 (Samuel et al. 1980). Needleleaf sedge is an increaser under 
grazing by cattle (Stevenson et al. 1984) and might be expected 
to decrease when grazing is excluded. 

Biomass of needleleaf sedge was highly variable among treat- 
ments and from year to year, and no conclusions can be drawn 
relative to the general effect of N fertilization. Needleleaf sedge 
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Fii. 2. Total precipitation, July-June, in 12 months before sampling. 

is a minor component compared to blue grama and western 
wheatgrass. 

Other perennial species 
Needleandthread is a decreaser under grazing. Because the 

grazing pressure was removed from the plot area, needleand- 
thread frequency increased from a mean of 10% across all treat- 
ments in 1976 to 23% in 1988 (Fig. 3). From 1976 to 1980, fre- 
quency was higher on 22F than on other treatments; thereafter 
differences among treatments were few and inconsistent. 

Frequency of prairie junegrass was low initially, then increased 
greatly on 22s and 22F in 1985-1988, and on the 0 N check in 
19861988 (Fig. 3). This increase may reflect reduced competi- 
tion from blue grama, which decreased in the same years. 
Frequency of prairie junegrass remained low on 34s and 34F. 

Fringed sagewort frequency did not differ among treatments 
1976-1978 (Fig. 3). From 1979 through 1983, frequency on some 
N treatments was higher than on the 0 N check, but thereafter fre- 
quency was higher on the check. Frequency of fringed sagewort 
increased in 1983 with high precipitation and in later years, per- 
haps with decreased competition from blue grama. 

Scarlet globemallow was the dominant forb in the study area. 
Frequency on the 0 N check was always higher than on 22s and 
higher than on 22F in 1976, 1981 and 1988 (Fig. 3). Frequency 
on 34s seldom differed from that on the check, but frequency on 
34F was lower than that on the check in most years after 1983. 
Hyder et al. (1975) reported increases in frequencies of scarlet 
globemallow when 22 kg N ha-’ was applied in the fall, but that 
was on grazed rangeland. 

Major Annual Species 
Sixweeks grass 

No differences among N treatments appeared until 1980 (Fig. 
3). From 1980 through 1983, frequency on the treatments gener- 
ally ranked 22s > 34s = 34F > 22F > 0. No differences were seen 
among 22F, 34F and 34s after 1983, but frequency on 22s was 
higher than on the other N treatments 1986-1988, and frequency 
on the check was highest of all in 1987. The 1983 and 1987 peaks 
corresponded with above-average precipitation in those years, 
and the 1981 peak followed a year of above-average precipita- 
tion. Increases or decreases from the same rate of N during differ- 
ent years were also reported by Hyder et al. (1975) during their 8 

year study. They concluded that climatic conditions were more 
important in population dynamics of this species than was soil 
fertility. 

Sudden increases in populations of annual species may occur 
following a year of heavy seed production and/or in a year in 
which conditions are optimum during the short period of seed 
germination and seedling establishment. Favorable conditions for 
germination and establishment may occur even though total pre- 
cipitation for the year is only average or less than average. 
Therefore it is difficult to explain population shifts from aggre- 
gated weather data, or from data on individual rainfall events 
when the period of germination and establishment is not known. 

Slimleaf goosefoot 
Peaks in slimleaf goosefoot frequency sometimes occurred in the 

same years as those of sixweeks grass and sometimes not (Fig. 3), 
illustrating the difficulty of explaining year-to-year shifts in the 
populations of annual plant species by shifts in total annual precipi- 
tation. Both species increased in 1983, but goosefoot also peaked 
in 1979 when frequency of sixweeks grass approached zero. 
Goosefoot frequencies peaked in 1987, but frequency of sixweeks 
grass increased sharply only on 22s and 0 N. Except in 1981 and 
1984, goosefoot frequency was higher under 34s and 34F than 
under 0 N; in 1979 and 1986-1988, frequency also was higher 
under 22s and 22F. Hyder et al. (1975) reported fluctuations of 
slimleaf goosefoot frequency were enhanced by N fertilization. 

Bluebur stickseed 
Frequency of bluebur stickseed appeared to follow the same 

pattern under all treatments (Fig. 3). Frequency was higher on all 
N treatments than on the 0 N check in the peak years of 1980 and 
1983 and in 1981, but in the peak year of 1987 only 22F showed 
higher frequency than the check, which showed higher frequency 
than 34F or 34s. This reversal of check vs. N is similar to that 
seen for another annual, sixweeks grass. Hyder et al. (1975) 
reported an increase in bluebur stickseed with N fertilization in 
only 4 of the 8 years of their study, but populations were low 
with frequencies from 0 to 8%. 

Other Forb Species 
Frequency of Geyer larkspur remained nearly the same on all 

treatments until 1987, when it began to increase on the 0 N 
check. Mean frequency of larkspur was 13.3 in 1977 and 13.9 in 
1986, with no differences among treatments. In contrast, frequen- 
cies were 24.1 on the check vs. a mean of 13.2 across all N treat- 
ments in 1987 and 33.7 and 14.3, respectively, in 1988. 

The generalized responses of 9 perennial and 3 annual forbs on 
the unfertilized check compared to those under N fertilization are 
shown in Table 1. Combleaf evening primrose frequencies on the 
check were higher than on all N treatments in 1980 and 
1982-1988, indicating a cumulative negative response to N or to 
increased competition from other species which responded more 
favorably to N. Hyder et al. (1975) reported that combleaf 
evening primrose was nonresponsive to 22 kg N ha1 applied in 
the fall but that was under grazed conditions. Low fleabane fre- 
quencies on the check were higher than on all N treatments in the 
last 5 years of the study. 

Plains wallflower, Drummond milkvetch and scarlet gaura 
showed higher frequencies on the check than on the N treatments 
as the study progressed, although differences were not always 
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Prairie junegrass 
Needleandthread 

Sixweeks grass 

Scarlet globemallow 
,m I I 

Fringed sagewort 

Slimleaf Goosefoot 

Fig. 3. Frequency (40.6 cm2 quadrats), 1976-1988, of needleandthread, prairie junegrass, sixweeks grass, fringed sagewort, scarlet globemal- 
low, slimleafgoosefoot, and bluebur stickseed; response to rate and season of annual N application. 

significant for every N treatment. Hyder et al. (1975) reported a Frequency was lower on 0 N plots than on some N plots during 
decrease in scarlet gaura when 22 kg N ha-’ was applied in fall for 1978 and 1981. Onion frequency became higher on the check 
7 years. As our study progressed, frequencies of rush skeleton than on some N plots in 1984, which was a wet year, but not in 
plant and lanceleaf bluebells became higher under some N treat- 1980 and 1983, which were even wetter. The increase in 1984 
ments and lower under others. Frequency of lambs tongue may reflect a favorable year for establishment, following a favor- 
groundsel was significantly lower on the check than on some N able year for seed production. Textile onion probably reacted to 
treatments. favorable climate more than to N level. 

Textile onion is a perennial but showed large yearly changes in 
frequency because it reproduces by seed in favorable years. 

Creeping draba and flixweed tansy mustard did not react con- 
sistently to N and probably reacted more to climatic variables. 
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Frequency of prairie pepperweed in 0 N plots was the same or 
lower than in some fertilized plots in years when there were dif- 
ferences. Hyder et al. (1975) reported increases in prairie pepper- 
weed when 22 kg N ha-’ were applied in fall. They concluded that 
pepperweed populations increased over those on 0 N treatment 
because of N accumulation. No cumulative effects of N fertiliza- 
tion were seen in the present study. 

Total Above-ground Biomass (Peak Standing Crop) 
Total biomass 1982-1988 (Fig. 4) was very closely related to 

total precipitation in the 12 months before sampling (Fig. 2). 
Both were very high in 1983, average in 1982 and 1985, and 
above average in 1984 and 1986-1988. Biomass was higher on 
all N treatments than on the 0 N check in all years except 1982, 

Total biomass 

I- &I I I I I I I 
1982 1984 I986 1988 

Perennial forbs 

when it was higher only on 22F and 34F. Significant differences 
among N treatments were seen only in 1983, when biomass was 
higher on 34F than on the other treatments, and 1988, when bio- 
mass was higher on 34s and 34F than on 22F. 

Contributions of grasses other than blue grama and western 
wheatgrass, perennial forbs, and annual forbs (Fig. 4) to total bio- 
mass varied greatly from year to year. Other grasses responded 
strongly to N, except in 1984 when only 34F produced more bio- 
mass of other grasses than the check, and in the dry years of 1982 
and 1985 when no N treatment produced more biomass than the 
check. Biomass of annual forbs increased greatly with N fertiliza- 
tion only in 1986-1988, with production higher on 34F and 34s 
than on 22F and 22s. Response of perennial forbs was extremely 
variable among N treatments, years, and replications; no signifi- 
cant differences among years or treatments could be detected. 

0 ther grasses 

1984 lY86 
Year Year 

l Check + l:dl 22 0 Ibll34 
A Spring 22 X Spring34 

Fig. 4. Biomass, 1982-1988, of other grasses, aMUd forbs, perennial forbs, and peak standing crop; response to rate and season of annual N 
application. 
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Estimated Animal Response 
Rogler and Lorenz (1966) stocked mixed-grass prairie fertilized 

with 0. 45, and 90 kg N ha“ at 60.8, 119.8, and 153.9 steer-days 
ha”, respectively, and achieved near-maximum gains averaging 
0.86 kg day-’ at all 3 N rates. Forage production averaged 2,215, 
3,304 and 4,190 kg ha-‘. Stocking rates were never high enough 
to permit calculation of the optimum stocking rate, defined as the 
stocking rate which maximized return to land, labor and manage- 
ment (Hart 1978). 

We used the STEERISK spreadsheet (Hart 1991) to calculate 
optimum stocking rates and return to land, labor and management 
in years of this study with good, average and poor forage produc- 
tion (Table 3). Parameters were initial steer weight of 275 kg, pur- 
chase price $1.87 and selling price of $1.65 kg-’ ($0.85 and 0.75 
lb-‘), interest rate of 1 l%, and grazing season of 150 days. 
STEERISK calculated an optimum stocking rate of 80.7 steer- 
days ha-’ at forage production of 2,500 kg ha-‘; Rogler and Lorenz 
(1966) stocked at only 60.8 steer-days ha-’ at forage production of 
2,215 kg ha-‘. Fertilization is profitable only if the cost of purchas- 
ing and applying N is less than the returns from increased animal 
production associated with increased forage production. We have 
called the cost at which this occurs the break-even cost of N. In a 
good year, at the steer costs shown in Table 3, N fertilization 
would be profitable if N cost less than $0.40 to 0.46 kg-‘, but the 
break-even cost drops to $0.21 to 0.22 in an average year and 
$0.14 to 0.16 in a poor year. At present N costs $0.75 to 0.90 kg-‘, 
which does not include application costs, greatly exceeding the 
break-even cost of N even in a good forage year. 

Applying 34 kg N ha-’ increased forage production by 954 kg 
ha-’ in a good forage year but only 340 kg ha” in a poor year 
(Table 3). The site used in this study is more productive than 
average. Thirteen-year minimum, mean, and maximum estimates 
of forage production, averaged over a variety of unfertilized 
range sites at the High Plains Grasslands Research Station, were 
540, 1,120, and 1,740 kg ha-’ (Manley et al. 1997); comparable 
figures in this study were 1,039, 1,45 1 and 1,794 kg ha-‘. 

Nitrogen fertilization of mixed-grass rangelands nearly always 
increased forage production, and sometimes increased cool-sea- 

Table 3. Peak standing crops, optimum stocking rates, returns to land, 
labor and management (LLM)’ and break-even N costs* under fertil- 
ization with 0,22, and 34 kg N ha-’ in years with good, average and 
poor forage pnxiuction. 

Peak Optimum 
Forage standing stocking Return Break-even 
production crop rate to LLM N cost 

(kg ha-‘) (kg ha.‘) (steer-day ha.‘) ($ ha“) 6 kg-‘) 
Good 0 1794 57.9 $25.58 

22 2500 80.7 35.64 $0.457 
34 2748 88.7 39.19 0.400 

Average 0 1451 46.8 20.70 - 
22 1793 57.9 25.57 0.221 
34 1949 62.9 27.79 0.209 

Poor 0 1039 33.5 14.82 - 
22 1289 41.6 18.38 0.162 
34 1379 44.5 19.66 0.142 

‘Calculated with STEERISK (Hart 1991). Initial steer weight 275 kg, purchase price 
$1.87 kg“, selling price $1.65 kg-‘. ($0.85 and 0.75 lb.’ respectively), interesr rate 
11 %,on pasture 150 days. 
%ost of purchasing and applying N must be less than break-even cost for rehuns on N- 
fertilized rangeland to exceed returns on unfertilized rangeland. 

son grasses, which make up the major fraction of cattle diets 
(Samuel and Howard 1982). However, the increase in forage pro- 
duction is unlikely to increase cattle gains enough to be profitable, 
although N fertilization might increase cattle gains slightly because 
of increases in the proportion of preferred cool-season forage grass- 
es. Nitrogen fertilization has been shown to increase grazing on 
areas under-utilized because of distance from water or topographic 
barriers (Samuel et al. 1980), but larger increases are likely to be 
achieved by fencing and water development (Hart et al. 1993). 
Nitrogen fertilization of mixed-grass prairie rangelands grazed by 
cattle is not profitable at present fertilizer and cattle prices. 

Literature Cited 

Addicott, J.F., J.M. Aho, M.F. Antolin, D.K. Padilla, J.S. 
Richardson, and D.A. Loluk. 1987. Ecological neighborhoods: scal- 
ing environmental patterns. Oikos 49:34&346. 

Black, A. L. 1968. Nitrogen and phosphorus fertilization for production 
of crested wheatgrass and native grass in northeastern Montana. 
Agron. J. 60:2 13-2 16. 

Black, A. L. and J. R. Wight. 1979. Range fertilization: nitrogen and 
phosphorus uptake and recovery over time. J. Range Manage. 
32:349-353. 

Boryslawski, Z. and B. L. Bentley. 1985. The effect of nitrogen and 
clipping on interference between C3 and C4 grasses. J. Ecol. 
73:113-121. 

Bunlaff, D. F., G. W. Fick, and L. R. Rittenhouse. 1968. Effect of 
nitrogen fertilization on certain factors of a western Nebraska range 
ecosystem. J. Range Manage. 21:21-24. 

Cosper, H. R. and J. R. Thomas. 1961. Influence of supplemental nm- 
off water and fertilizer on production and chemical composition of 
native forages. J. Range Manage. 14:292-297. 

Dickinson, C.E. and J.L. Dodd. 1976. Phenological pattern in the short- 
grass prairie. Amer. Midl. Natur. 96:367-378. 

Guetz, H. 1969. Composition and yields of native grassland sites fertil- 
ized at different rates of nitrogen. J. Range Manage. 22:384-390. 

Hart, R. H. 1978. Stocking rate theory and its application to grazing on 
rangelands, p. 550-553. In: D. N. Hyder (ed.) Proc. First Intl. 
Rangeland. Congress. Sot. Range Manage., Denver, Cola. 

Hart, R. H. 1991. Managing livestock grazing for risk: the STEERISK 
spread sheet. J. Range Manage. 44:227-231. 

Hart, R. H., J. Bissio, M. J. Samuel, and J. W. Waggoner Jr. 1993. 
Grazing systems, pasture size, and cattle grazing behavior, distribution 
and gains. J. Range Manage. 46:81-87. 

Houston, W. R. 1971. Range improvement methods and environmental 
influences in the Northern Great Plains. USDA-ARS Prod. Res. Rep. 
130. US Govt. Print. Off., Washington, DC. 

Houston, W. R. and D. N. Hyder. 1975. Ecological effects and fate of 
N following massive N fertilization of mixed-grass plains. J. Range 
Manage. 28:5&60. 

Houston, W. R., L. D. Sabatka and D. N. Hyder. 1973. Nitrate-nitro- 
gen accumulation in range plants after massive N fertilization on short- 
grass plains. J. Range Manage. 26:54-57. 

Hyder, D. N. and R. E. Bement. 1964. Sixweeks fescue as a deterrent to 
blue grama utilization. J. Range Manage. 17:261-264. 

Hyder, D. N., R. E. Bement, E. E. Remmenga, and D. F. Hervey. 
1975. Ecological responses of native plants and guidelines for manage- 
ment of shortgrass range. USDA Tech. Bull. 1503. 

Hyder, D. N., R. E. Bement, E. E. Remmenga, and C. Terwilliger, Jr. 
1965. Frequency sampling of blue grama range. J. Range Manage. 
18:9&93. 

Jacobsen, J. S., S. H. Lorbeer, H. A. R. Ho&on, and G. R. Carlson. 
1996. Nitrogen fertilization of dryland grasses in the Nonhem Great 
Plains. J. Range Manage. 49:34C-345. 

KLages, M. G. and D. E. Ryerson. 1965. Effect of nitrogen and irriga- 
tion on yield and botanical composition of western Montana range. J. 
Range Manage. 57:78-8 1. 

JOURNAL OF RANGE MANAGEMENT 51(4), July 1998 415 



Lorenz, R. J. 1977. Changes in root weight and distribution in response 
to fertilization and harvest treatment of mixed prairie. p. 63-71 In: J. 
K. Marshall (ed.) The Belowground Ecosystem: A Synthesis of Plant- 
Associated Processes. Range Sci. Dept. Sci. Ser. 26, Colorado State 
Univ. 

Lorenz, R. J. and G. A. Rogler. 1972. Forage production and botanical 
composition of mixed prairie as influenced by nitrogen and phospho- 
rous fertilization. Agron. J. 64:244-249. 

lmenz, R J. and G. A. Rogler. 1973. Growth rate of mixed prairie in 
response to nitrogen and phosphorus fertilization. J. Range Manage. 
26:365-368. 

Lorenz, R. J. and G. A. Rogler. 1973. Interaction of fertility level with 
harvest date and frequency on productiveness of mixed prairie. J. 
Range Manage. 2650-54. 

Manley, W. A., R. II. Hart, M. J. Samuel, M. A. Smith, J. W. 
Waggoner Jr., and J. T. Manley. 1997. Vegetation. cattle and eco- 
nomic responses to grazing strategies and pressures. J. Range Manage. 
50:638-646. 

National Oceanic and Atmospheric Administration (NOAA). 1871- 
1988. Climatological Data, annual summary, Cheyenne, Wyo. 
National Climatic Data Center, Asheville, N.C. 

Patterson, J. K., and V. E. Youngman. 1960. Can fertilizers effectively 
increase our rangeland production? J. Range Manage. 13:255-257. 

Power, J. F. 1985. Nitrogen- and water-use efficiency of several cool- 
season grasses receiving ammonium nitrate for 9 years. Agron. J. 
77:189-192. 

Power, J. F. 1980. Response of semiarid grassland sites to nitrogen fer- 
tilization: 1. Plant growth and water use. Agron. J. 44:545-550. 

Power, J. F. 1980. Response of semiarid grassland sites to nitrogen fer- 
tilization: II. Fertilizer recovery. Agroo. J. 44:550-555. 

Power, J. F. and J. Ales& 1971. Nitrogen fertilization of semiarid 
grasslands: plant growth and soil mineral N levels. Agron. J. 
63:277-280. 

Power, J. F. and J. 0. Legg. 1984. Nitrogen- 15 recovery for five years 
after application of ammonium nitrate to crested wheatgrass. Soil Sci. 
Sot. Amer. J. 48:322-326. 

Rauzi, F. 1978. High rates of nitrogen change composition of shortgrass 
rangeland in southeastern Wyoming. I. Range Manage. 3 1:366-370. 

Rauzi, F. 1979. Residual effects of phosphorus and high rates of nitrogen 
on shortgrass rangeland. J. Range Manage. 32:470-474. 

Rauzi, F. and M. L. Fait-bourn. 1983. Effects of annual applications of 
low N fertilizer rates on a mixed grass prairie. J. Range Manage. 
36:359-362. Rogler, G. A., and R. J. Lorenz. 1974. Fertilization of 
mid-continent range plants, p. 231-254. In: D. A. Mays ted.) Forage 
Fertilization. Amer. Sot. Agron., Madison, Wise. 

Rogler, G. A. and R. J. Lorenz. 1966. Nitrogen fertilization of natural 
grasslands in the northern plains of the United States. Proc. 9th Intl. 
Grassl. Congr. 1327-1330. 

Samuel, M. J. and G. S. Howard. 1982. Botanical composition of sum- 
mer cattle diets on the Wyoming High Plains. J. Range Manage. 
35305-308. 

Samuel, M. J., F. Rauzi, and R. A. Hart. 1980. Nitrogen fertilization of 
range: yield, protein content, and cattle behavior. J. Range Manage. 
33:119-121. 

Smika, D. E., H. J. Haas and J. F. Power. 1965. Effects of moisture 
and nitrogen fertilizer on growth and water use by native grass. Agron. 
J. 57:483486. 

Smoliak, S. 1965. Effects of manure, straw and inorganic fertilizers on 
Northern Great Plains ranges. J. Range Manage. 18:11-15. 

Steel, R. G. D. and J. H. Torrie. 1960. Principles and procedures of sta- 
tistics. McGraw-Hill, New York. 

Stevenson, A., R. E. Baumgartner, and G. E. Schuman. 1984. High 
Plains Grasslands Research Station, Cheyenne, Wyoming--Detailed 
soil survey. Wyoming Agr. Exp. Sta. Pub. l-84/lC/ 3.62. 

Tukey, J. W. 1953. Some selected quick and easy methods of statistical 
analysis. Trans. New York Acad. Sci. Ser. 2 16:88-97. 

Wig& J. R. 1975. A summary of range fertilization research conducted 
by the Northern Plains Soil and Water Research Center. p. l-6 In: 
Proc. Range Fert. Symp. Montana Agr. Exp. Sta. Res. Rep. 70. 

Wight, J. R. 1976. Range fertilization in the Northern Great Plains. J. 
Range Manage. 29: 180-185. 

Wight, J. R. and A. L. Black. 1979. Range fertilization: Plant response 
and water use. J. Range Manage. 32:345-349. 

416 JOURNAL OF RANGE MANAGEMENT 51(4), July 1998 



J. Range Manage. 
51:417-422 July 1998 

Using a grazing pressure index to predict cattle damage of 
regenerating tree seedlings 

MICHAEL D. PITT, BEG F. NEWMAN, PHIL L. YOUWE, BRIAN M. WIKEEM, AND DEE A. QUINTON 

Authors are associate professor, Department of Plant Science, University of British Columbia, Vancouver. Canada V6T 124; assistant range scientist, 
British Columbia Ministry of Forests, Research Branch. Kamloops. Canada VZB 8A9; range resource agrologist. British Columbia Ministry of Forests, 
Kamloops, Car&a VZC Z7: research scientist, Bn’tish Columbia Ministry of Forests, Research Branch, Kamloops, Canada VZB 8A9; and range management 
scientist, Agriculture Canaaiz, Kamloops, Cam& VZB 8A9. 

Abstract 

This research investigated the potential for using cattle grazing 
pressure (AU Mg-‘ti’) and stocking rate (Animal Unit Days ha-‘) 
for predicting basal scarring and browsing of lodgepole pine 
(Pinus contortlz Dougi.) seedlings on cutblocks in southern British 
Columbia from 1989 to 1992. Cattle browsing on lodgepole pine 
seedlings occurred almost exclusively during the fast 2 years of 
grazing. Browsing increased (I’ < 0.05; 2= 0.71) with increasing 
stocking rate only during the first year of grazing. Browsing 
increased with increasing grazing pressure in 1989 (P < 0.05; 8= 
0.38) and 1990 (P < 0.05; If = 0.39). Basal scarring peaked during 
the second year of grazing, but was correlated (P < 0.05; 8 = 0.79) 
with stocking rate only during the first year of grazing. Increasing 
grazing pressure was associated with higher (I’ < 0.05) basal sear- 
ring during all 4 years of the study, and likely better predicts 
trampling damage than does stocking rate, particularly during 
the first year of grazing. Basal scarring during 1989 generally 
increased to > 10% of sample trees when grazing pressure exceed- 
ed 12.0 AU Mg“ ha-‘. This threshold grazing pressure value of 
12.0 AU Mg-’ ha-‘, however, cannot likely be extrapolated directly 
to other sites. Grazing pressure values and associated basal scar- 
ring are unquestionably influenced by many factors (e.g., pasture 
size, kind of grazing animal, forage species, tree height, water 
availability, topography, and weather patterns during the grazing 
period). Nonetheless, our work provides evidence that grazing 
pressure provides a useful index for predicting the potential for 
trampling damage of lodgepole pine seedlings by cattle. 

Key Words: British Columbia, cutblocks, forest grazing, lodge- 
pole pine 

An increasing proportion of cattle grazing in British Columbia 
occurs on cutblocks (e.g., clearcuts) seeded to domestic forages 
(Pitt 1989). Virtually all these cutblock seedings intend to pro- 
vide only temporary grazing opportunities for the Provincial beef 
industry until canopy closure reduces forage production. 
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A major argument against cattle grazing of seeded cutblocks is 
that trampling and browsing damage contribute significantly to 
regenerating areas being classified as Not Satisfactorily 
Restocked (NSR). If this classification exists 7 years following 
logging, then forest licensees become liable for reduced annual 
timber harvest (Province of British Columbia 1995). Moreover, 
the forest licensees are also responsible for replanting cutblocks 
classified as NSR. 

Foresters are, therefore, often reluctant to accept forage seeding 
or cattle grazing on regenerating cutblocks until trees reach the 
“free-growing” stage. In British Columbia, this stage usually 
occurs 12-15 years following either tree seedling planting or natur- 
al regeneration (Province of British Columbia 1995). Trees are 
then considered to be sufficiently well-established that competition 
from seeded forages and damage from cattle grazing become negli- 
gible; unfortunately, the optimal time for successful forage estab- 
lishment and cattle production has already passed. Continued, suc- 
cessful integration of cattle production on cutblocks in British 
Columbia, therefore, remains feasible only if grazing management 
minimizes damage or mortality to tree seedlings. 

McLean and Clark (1980) documented that cattle damage to 
naturally regenerating lodgepole pine (Pinus contortu Dougl.) and 
Engelmann spruce (Picea engelmannii Parry) was negligible 
where numbers and movements of cattle were strictly controlled. 
Similarly, Nordstrom (1984) concluded that where extensive cattle 
damage had occurred in regenerating forests in British Columbia’s 
southern interior, poor cattle management was usually at fault. 
Both authors also noted that most damage to young trees occurred 
from inadvertent trampling rather than from direct browsing. 

In a review of cattle/tree interactions in southern British 
Columbia, Pitt (1989) reported that specific grazing management 
suggestions varied from intense grazing with high forage use for 
short grazing periods, moderate forage use for short grazing peri- 
ods, and moderate forage use for extended grazing periods. Much 
disagreement remains, and new research is required to establish 
optima1 grazing management programs on regenerating cutblocks. 

Previous research on forest grazing in British Columbia has 
isolated either stocking density (Animal Units ha-‘) or stocking 
rate (Animal Unit Days ha-‘) to determine potential impacts on 
regenerating conifers (Pitt 1989). Stocking density, however, 
simply describes the animal-to-land relationship at an instant of 
time (Booysen 1967), and likely does not provide an effective 
prediction of trampling or browsing damage throughout grazing 
periods of variable duration. 
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Grazing pressure (AU kg-’ of available forage) describes the 
ratio of animal demand per unit mass of forage at any instant in 
time (Scamecchia 1985). Scamecchia et al. (1985) showed that 
grazing time of heifers increased dramatically as forage availabil- 
ity declined. Presumably, grazing pressure also increased as for- 
age availability declined. Increased grazing time also implies that 
animals spend more time walking through the pasture searching 
for forage. On regenerating cutblocks, more trees may suffer 
trampling damage as forage supply diminishes, followed by 
increased grazing pressure, and increased foraging time. 
Compared to stocking rate, therefore, grazing pressure may pro- 
vide a more useful prediction or measure of the potential impacts 
of cattle grazing on tree seedling damage. 

This study, then, tests the hypothesis that grazing pressure pro- 
vides a better index than does stocking rate for predicting conifer 
tree seedling browsing and trampling damage. If this hypothesis is 
true, then cattle damage of conifer tree seedlings will positively cor- 
relate with increasing grazing pressure. Specifically, there will be a 
threshold of grazing pressure, beyond which trampling damage will 
increase substantially. Alternatively, tree browsing and trampling 
damage will not correlate significantly with stocking rate. We 
assessed this general theory within a broader study that investigated 
the relationships among cattle grazing intensity (50 and 80% forage 
use), forage seeding rates (0,3, and 12 kg ha-‘), and the growth and 
survival of lodgepole pine (Wikeem et al. 199 1.) 

Study Area and Methods 

The study was conducted in 6 pastures in the Very Dry Cool 
Montane Spruce (Lloyd et al. 1990) biogeoclimatic subzone 
(MSxk) at Tunkwa Lake (50” 33’ N, 120” 56’ W), near 
Kamloops, British Columbia. Annual precipitation at Highland 
Valley (50” 31’ N, 121” 1’ W; 1,554 m), 5 km southwest of the 
site, averages 355 mm, with peaks in December (45 mm) and 
June (36 mm). Highest mean daily maximum temperatures occur 
in July (20.5” C); lowest daily minimum temperatures occur in 
January (-12.6“ C) (Atmospheric Environment Service 1990). 
May-October weather data recorded at the site over the course of 
the study showed mean daily temperatures of 9.0” C (CR21 
Micrologger; Campbell Scientific Inc.; Logan, Utah). 

The site occurred at 1,400 m elevation with a NW aspect and a 
5-10% slope. The area was clearcut and windrowed in October 
and November 1986. The windrows were burned in November 
1987, and then drag-scarified to achieve 25% mineral soil distur- 
bance. Before logging, the forest overstory consisted of lodgepole 
pine and Engelmann spruce in approximately equal proportions. 
Pinegrass (Calamagrostis rubescens Buckl.), heart-leaved amica 
(Arnica cordifolia Hook.), and birch-leaved spirea (Spiraea 
betu~ifolia Pall.) characterized the understory. Soils are predomi- 
nantly dystric bnmisols (cryochrepts), with luvisols (cryoboralfs) 
occurring in more moist areas. 

The cutblock was aerially seeded in May 1988 to a forage mix 
that included (by weight) 35% orchardgrass (Dactylis glomerata 
L.), 5% timothy (Phleum pratense L.), 40% alsike clover 
(Trifolium hybridum L.), and 20% white Dutch clover (T. repens 
L.). Two strips, approximately 10 ha each, were seeded at 3 and 
12 kg ha-‘, respectively; a lo-ha control strip remained unseeded. 
These variable seeding rates comprised part of the larger study 
(Wikeem et al. 1991.). For the grazing pressure component of the 
study, these variable seeding rates have no relevancy, but serve 

simply to identify and distinguish among the research pastures. 
The cutblock was planted primarily with lodgepole pine in May 

1988 at a stocking of 1,400 stems ha-‘, at 2.7-m spacings. 
Seedlings were l-year-old nursery-grown stock lodgepole pine 
from a common seedlot. At the beginning of the grazing pressure 
study in 1989, tree seedlings averaged 22.4 cm in height, and 5.2 
mm in diameter. 

In June 1988, each seeding treatment was fenced in half to pro- 
duce six, 5-ha pastures (100 X 500 m) for grazing, with the longi- 
tudinal axis parallel to the slope. A 0.5-ha exclosure was con- 
structed in the middle of each seeding treatment to provide 
ungrazed controls. Ten 50-m transects were systematically locat- 
ed in each pasture parallel to slope contours. Transects were cen- 
trally located and spaced 25 m apart to produce a buffer strip of 
not less than 30 m between the transects and the enclosure fences. 
Within the 0.5-ha grazing exclosures, 50-m transects were spaced 
5 m apart to provide a 12.5-m buffer strip on 2 sides of the exclo- 
sure, with a 10-m buffer strip on the other 2 sides. 

Grazing Pressure 
Ten pine seedlings were randomly selected adjacent to each of 

the 10 transects in each experimental unit (n = 100 pasture-‘). The 
following parameters were measured to determine the relation- 
ships between grazing pressure, stocking rate, and seedling dam- 
age: available standing crop (kg ha-’ of current annual plant 
growth) immediately before cattle turnout; numbers and extent of 
trees damaged (basal scarring and browsing) immediately before 
cattle turnout; available standing crop during the period of cattle 
grazing (7, 14,21, and 30 days); and numbers and extent of trees 
damaged (basal scarring and browsing) during the period of cattle 
grazing (7, 14,2 1, and 30 days). 

Browsing included terminal leaders and lateral branches. For 
basal scarring, we measured percent of stem circumference and 
length of scar. We also recorded position of the scar on the stem 
to distinguish between new and old scarring between sample peri- 
ods. Basal scarring by cattle trampling left ragged scar margins 
and slightly exfoliating bark. This kind of wound was easily dis- 
tinguished from scarring by rodent gnawing, which tended to 
leave beveled scar margins without exfoliating bark. Except for 
rodents, we attributed all browsing and scarring during the graz- 
ing period to cattle. 

Available standing crop was determined within ten, l-m X 50-m 
macroplots located along the 10 transects within each pasture. At 
each of the 5 sample dates year’, one, l.O-m2 plot was randomly 
selected from each macroplot and clipped to a 5-cm stubble 
height. No plot was sampled more than once during the study. Ten 
1.0-m’ plots were also clipped to a 5-cm stubble height in the 
ungrazed exclosure. Available standing crop was oven-dried to a 
constant weight at 70” C, and weighed to the nearest 0.1 g. Forage 
use within each successive sampling period was determined by 
comparing available standing crop between the grazed and 
ungrazed areas. 

Grazing pressure was also determined at 0, 7, 14, 21, and 30 
days during the grazing period. Grazing pressure was expressed 
as AUs relative to available forage (AU Mg-’ ha-‘). 

Cattle Numbers 
Crossbred Herefords (Beef Booster; Alberta, Canada) were 

grazed from mid-July to mid-August from 1989 to 1992. Cow- 
calf pairs (AUs) were established annually to achieve 50 and 80% 
use of available forage in each pasture, based on an estimated 
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dry-matter consumption plus trampling of 15 kg day-’ for each Table 1. Animal units (AUs), grazing pressure, and number of damaged 

cow-calf pair. ‘lhe number of cow-calf pairs in each pasture var- trees in pasture 1 (4.95 ha), 1989-1992, at Tunkwa Lake, Kamloops, 

ied annually from 3 to 32, according to available standing crop British Columbii (Projected forage use = 50% ; Seeding rate = 3.0 kg/ha). 

before cattle turnout, estimated forage growth during the grazing 
period, and desired use. Cow-calf pairs were adjusted downward 

Grazing Interval AUs Grazing Pressure Trees Damaeed 
SCd Browsed 

during the grazing period in 3 pastures in 1990 to prevent actual 
forage use from exceeding desired forage use. All cows had pre- 

_ _ _ _ _ (No) _ _ _ _ _ 
------------------------1989------------------------- 

vious experience grazing on cutblocks. Weights of cows and o-7 days 4 3.3 4 1 
calves at the beginning of the grazing period averaged 476 kg and 8-14 days 4 6.1 7 0 

133 kg, respectively. 15-21 days 4 5.7 4 2 
22-30 days 4 6.8 17 0 

Statistical Analysis 
The 6 pastures, with seeding and grazing treatments allocated 

within a randomized complete block design, represented distinct, 
point estimates of tree damage and grazing; consequently, graz- 
ing pressure and stocking rate were derived separately for all 6 
pastures for each of the 4 years. The relationships between tree 
damage (browsing and basal scarring), grazing pressure, and 
stocking rate were evaluated with linear regressions. Grazing 
pressure increased between grazing intervals; consequently, 
regressions with scarring and browsing were based on data for 
each grazing interval within the 6 pastures. Because AUs general- 
ly remained constant between grazing intervals within the 6 pas- 
tures, regressions of scarring and browsing on stocking rate were 
based on the entire 30-day grazing period. 

Grazing pressure, browsing, and scarring were sampled from 
multivariate populations. Linear relationships among these para- 
meters may not necessarily describe repeatable predictions for 
other sites in other years. We have, therefore, presented these 
relationships as scatter diagrams rather than regression equations. 
These scatter diagrams also more effectively describe thresholds 
of grazing pressure and stocking rates beyond which tree seedling 
damage increases substantially. 

7 A w 

P 6-- 

g 2 s-- 
n 
f 4-- 
2 
g 3-- 0 

z f 2-- 

1 l-- 0 

0 

------------------------1990------------------------ 
o-7 days 10 10.1 13 1 
8-14 10 8.2 6 1 

15-21 days 10 10.7 22 0 
22-30 days 10 29.1 32 0 
------------------------1991------------------------ 

O-7 days 4 4.0 4 0 
8-14 days 4 12.9 7 0 

15-21 days 4 9.1 5 0 
22-30 days 4 11.9 8 0 
------------------------1992------------------------ 

O-7 days 6 33.8 3 0 
8-14 days 6 23.4 7 0 

15-21 days 6 32.4 0 0 
22-30 davs 6 37.9 10 n 

Results 

Browsing 
Browsing occurred almost exclusively during the first 2 years 

of grazing (Tables l-6). Twenty-three of 600 sample trees were 
browsed in 1989, and 14 were browsed in 1990. Only 1 of 500 
sample trees suffered browsing in 199 1. No browsing occurred in 
1992. Browsing increased (P c 0.05; ? = 0.71) as stocking rate 
increased only during the first year of grazing (Fig. 1). 

In the 11 pasture-year combinations where browsing occurred, 
browsing correlated (P c 0.05) with grazing pressure on only 5 

Table 2. Animal units (Ah), grazing pressure, and number of damaged 
trees iu pasture 2 (4.85 ha), 1989-1992, at Tunkwa Lake, Kamloops, 
British Columbia. (Projected forage use = 80%; seeding rate = 3.0 kg&a). 

Grazing Interval AUS Grazing Pressure Trees Damaped 
scarred Browsed 

_ _ _ _ _ (No) _ _ _ _ _ 
------------------------1989------------------------ 

O-7 days 7 8.2 3 0 
8-14 days 7 14.2 5 3 

15-21 days 7 16.9 18 1 
22-30 days 7 28.2 14 1 
----_----------__--_---- 1990------------------------ 

O-7 days 17 23.4 20 0 
8-14 days 17 20.9 18 0 

15-21 days 17 30.4 25 0 
0 I 22-30days l7 125.6 11 1 

------------------- 1991(da~mjssing) ______-____________ 
0 20 40 60 80 O-7 days 

8-14 davs 

Stocking rate (19891 15-21 dais 
22-30 days 

Fig. 1. Relationship (P < 0.05; r*= C7 8-14 days 9 20.9 0.71) of rate (Animal 3 
stocking 

0 
Days ha-‘) and 

9 
Unit 20.9 number of 100 sample days 6 0 

trees browsed at 
Tunkwa Lake, Kamloops, British Columbia (1989). 

15-2 1 days 9 33.0 0 0 
22-30 days 9 125.6 5 0 
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Table 3. Animal units (AUs), grazing pressure, and number of damaged 
trees in pasture 3 (4.85 ha), 1989-1992, at Tunkwa Lake, Kamloops, 
British Columbt (Projected foqe use = 50% ; Seeding rate = l2.0 kg/ha). 

Grazing Interval AUs Grazing Pressure Trees Damaeed 
scarred Browsed 

_ _ _ _ _ (No) _ _ _ _ _ 
------------------------1989------------------------ 

Cb7 days 8 5.7 5 0 
8-14 days 8 8.4 6 3 

15-21 days 8 11.5 17 2 
22-30 days 8 12.5 12 2 
------------------------1990------------------------- 

O-7 days 19 18.4 16 I 
8-14 days 19 23.2 28 0 

15-21 days 19 34.6 25 2 
22-30 days 19 110.9 33 2 
------------------------l~l------------------------ 

O-7 days 4 2.0 4 0 
8-14 days 4 10.2 4 0 

15-21 days 4 6.3 1 0 
22-30 days 4 14.3 7 0 
------------------------1992------------------------ 

O-7 days 6 30.8 4 0 
8-14 days 6 16.4 3 0 

15-21 days 6 19.1 0 0 
22-30 days 6 21.6 5 0 

Table 5. Animal units (AUs), grazing pressure, and number of damaged 
trees in pasture 5 (4.95), 1989-1992, at Tunkwa Lake, Kamloops, 
British Columbia. (Projected forage use = 50%; No seeding). 

Grazing Interval AUs Grazing Pressure Trees Damaeed 
scarred Browsed 

_ _ _ _ _ (No) _ _ _ _ _ 
------------------------1989------------------------ 

O-7 days 3 5.1 2 0 
8-14 days 3 6.5 8 0 

15-21 days 3 7.9 5 0 
22-30 days 3 7.4 6 0 
------------------------1990-------------------------- 

o-7 days 9 34.0 9 0 
8-14 days 9 41.5 9 1 

15-21 days 6 40.7 8 0 
22-30 days 2 34.0 20 0 
--___________----------- 1991------------------------ 

O-7 days 4 12.3 4 0 
8-14 days 4 20.8 8 0 

15-21 days 4 23.0 6 1 
22-30 days 4 87.1 15 0 
------------------------1992-------------------------- 

O-7 days 3 21.9 4 0 
8-14 days 3 14.6 3 0 

15-21 days 3 24.0 0 0 
22-30 days 3 18.6 3 0 

occasions (Table 7). When averaged over all pastures within years, 
browsing increased with increasing grazing pressure in both 1989 
and 1990 (P < 0.05) (Pig. 2). The regression equations, however, 
accounted for only 38% and 39% of the variation, respectively. 

Basal Scarring 
Greatest basal scarring occurred during the first 2 years of graz- 

ing. An average of 42 and 70% of trees per pasture were scarred 
in 1989 and 1990, respectively, compared to only 23% in 1991 
and 13% in 1992. 

When averaged over the entire 30-day grazing period, basal 
scarring increased (P < 0.05; 8 = 0.79) as stocking rate increased 

Table 4. Animal units (AUs), grazing pressure, and number of damaged 
trees in pasture 4 (4.95 ha), 1989-1992, Tunkwa Lake, Kaudoops, British 
Columbii (Ft-ojectal forages use = 80% ; Seeding rate = 12.0 k&ha). 

Grazing Interval AUs Grazing Pressure Trees Damaeed 
scarred Browsed 

_ _ _ _ _ (No) _ _ _ _ _ 
------------------------1989------------------------ 

O-7 days 13 9.2 7 I 
8-14 days 13 13.5 25 0 
15-21 days 13 22.0 14 4 
22-30 days 13 25.5 22 2 
------------------------1990-------------------------- 

O-7 days 32 23.4 20 0 
8-14 days 32 31.7 18 0 

15-2 1 days 29 77.4 6 0 
22-30 days 10 172.9 12 5 
------------------------1991------------------------ 

O-7 days 6 10.1 5 0 
8-14 days 6 7.2 1 0 

15-21 days ‘6 22.0 2 0 
22-30 days 6 31.3 3 0 
------------------------1992------------------------ 

O-7 days 9 39.6 1 0 
8-14 days 9 24.8 2 0 

15-21 days 9 49.2 0 0 
22-30 days 9 108.2 1 0 

only during the first year of grazing (Fig. 3). Within each pasture, 
however, basal scarring was not affected by stocking rate. Tree 
damage varied greatly among the 4 grazing intervals in all 6 pas- 
tures even though stocking rate per pasture generally remained 
constant between sampling periods (Tables l-6). 

Basal scarring was related more to grazing pressure than to 
stocking rate. Basal scarring increased (P < 0.05) with grazing 
pressure in all 6 pastures during the first year of grazing (Table 
7). In 1989, greatest basal scarring (68%) occurred in pasture 4 
(Table 4), in association with the third highest peak grazing pres- 
sure (25.5 AU Mg-’ ha”). Highest peak grazing pressure (38.0 
AU Mg-’ ha”) occurred in pasture 6 (Table 6). which also pro- 

0 

0 I 

150 

Grazing pressure (1989-l 9901 

200 

Fig. 2. Relationship (P < 0.05) of grazing pressure (AU Mg-’ ha-‘) and 
number of 100 sample trees browsed at Tunkwa Lake, Kamloops, 
British Columbia in 1989 (2 = 038) and 1998 (rf = 039). 
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Table 6. Aniial units (AUs), grazing pressure, and number of damaged 
trees in pasture 6 (5.05 ha), 1989-1992, at Tunkwa Lake, Kamloops, 
British Columbia. (Projected forage use = 80 % ; No seeding). 

Grazing Interval AUs Grazing Pressure Trees Damaeed 
SCi3lTed Browsed 

_ _ _ _ _ (No) _ _ _ _ _ 
------------------------1989------------------------ 

O-7 days 5 11.0 9 0 
8-14days 5 11.4 6 0 

1%21days 5 25.8 14 1 
22-30days 5 38.0 20 0 
------------------------1990------------------------- 

O-7 days 12 48.8 19 0 
8-14days 12 82.0 17 0 

1s21days IO 92.8 28 0 
22-30days 8 176.2 5 0 
------------------------1991------------------------ 

O-7 days 5 12.8 3 0 
8-14days 5 13.9 11 0 

15-2ldays 5 40.8 8 0 
22-3Odays 5 104.7 15 0 
------------------------1992------------------------ 

o-l days 4 32.5 2 0 
8-14 days 4 26.1 15 0 

15-21 days 4 39.0 0 0 
22-30days 4 20.7 1 0 

0 

0 

0 00 

0 0 

0 

0 

0 
2-0 

*: 
0 

0 

0 10 20 30 

Grazing pressure (1989) 

40 

Fii. 4. Relationship (P < 0.05; $ = 0.81) of grazing pressure (AU Mg-’ 
ha-‘) and number of 100 sample trees scarred at Tunkwa Lake, 
Kamluops, British Columbia (1989). 

remained below 12 AU Mg-’ ha-’ for 15 of the 24 pasture grazing 
intervals during 1989 (Tables l-6). For most of these instances 
(13 of 15), less than 10% of the trees suffered basal scarring. In 1 
of the 2 exceptions when more than 10% of the trees were scarred 
by cattle trampling, grazing pressure equaled 11.5 AU Mg-’ ha-‘. 

After the initial year of grazing, however, grazing pressure pro- 
vided less consistent relationships with basal scarring (Table 7). 
Although basal scarring increased with grazing pressure in 1990 
(P c 0.05) the relationship explained only 39% of the variation. In 
1991, basal scarring also increased (P < 0.05; r* = 0.69) with 
grazing pressure, although the relationship resulted primarily 
from 2 extreme data points. Cattle trampling scarred 15% of the 
trees per pasture when grazing pressure equaled 87.1 and 104.7 
AU Mg-’ ha-‘. For the remaining pasture grazing intervals, graz- 

duced the second highest percentage (49) of scarred trees. In con- 
trast, the lowest percentage (21) of trees scarred by cattle 
occurred in pasture 5 (Table 5), where peak grazing pressure 
reached only 7.9 AU Mg-’ ha”. Lowest peak grazing pressure (6.8 
AU Mg-’ ha-‘) in 1989 occurred in pasture 1 (Table 1). where the 
second lowest percent (32) of trees suffered basal scarring. 

The percentage of trees scarred by cattle in 1989 generally 
increased (P < 0.05; ? = 0.81) substantially whenever grazing 
pressure exceeded approximately 12 AU Mg-’ ha-’ (Fig. 4). For 
example, grazing pressure exceeded 12 AU Mg-’ ha-’ for 9 of the 
24 pasture grazing intervals in 1989. With only 1 exception, 
between 12 and 25% of trees per pasture were scarred whenever 
grazing pressure surpassed this threshold. Grazing pressure 
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Stocking rate (1989) Grazing Pressure (1989 - 1992) 

Fig. 3. Relationship (P < 0.05; $ = 0.79) of stocking rate (Animal Fig. 5. Relationship (P < 0.001; 2 = 0.36) of grazing pressure (AU 
Unit Days ha-‘) and number of 100 sample trees scarred at Mg-’ ha-‘) and number of 100 sample trees scarred at Tunkwa 
Tuakwa Lake, Kamloops, British Columbia (1989). Lake, Kamloops, British Columbia (1989-1992). 
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Table 7. Coeffkients of determination and levels of significance for 
regressions of tree damage on grazing pressure, 1989-1992, at Tunkwa 
Lake, Kamloops, British Columbia. 

Y%U Scarring During Interval With Browsing During Interval With 
Grazing Pressure During Interval Grazing Pressure During Interval 

________-.____---- _ _ _ _ _ pasture , - - _ - - - _ - _ _ _ - _ _ _ - - - - - - - _ 
1989 0.80; P = 0.02 0.34; P = 0.22 
1990 0.94; P = 0.00 O.lS;P=O.45 
1991 0.97; P = 0.00 no browsing 
1992 0.63; P = 0.06 no browsing 
-------------------.---pasture2----------------------- 
1989 0.84; P = 0.01 0.52;P=O.11 
1990 0.34; P = 0.22 0.89; I’ = 0.00 
1991 data missing data missing 
1992 0.54; P = 0.10 no browsing 
-----------------------pasture3----------------------- 
1989 0.93; P = 0.00 0.80; P = 0.02 
1990 0.76; P = 0.02 0.74; P = 0.03 
1991 0.83; P = 0.01 no browsing 
1992 0.77; P = 0.02 no browsing 
_ _ _ _ - - _ - - - _ _ _ _ - - - - - - - - - pasture 4 - - _ _ - - - - - - - - - - - - - - - - - - - 
1989 085; P = 0.01 0.75; P = 0.03 
1990 0.38; P = 0.19 0.80; P = 0.02 
1991 0.52; P = 0.01 no browsing 
1992 0.40; P = 0.18 no browsing 
_ _ _ _ _ _ _ - _ _ _ _ _ _ _ - - _ - - - - - pasture 5 - _ _ _ _ - - - - _ _ _ _ _ _ - - - - - - - _ 
1989 0.88; P = 0.00 no browsing 
1990 0.80; P = 0.02 0.30; P = 0.26 
1991 0.93; P = 0.00 0.06; P = 0.64 
1991 0.64; P = 0.06 no browsing 
____________________--- Pasture6 ______ - --_______ - 

1989 0.99; P = 0.00 0.28; P = 0.28 
1990 0.47; P = 0.13 no browsing 
1991 0.80; P = 0.02 no browsing 
1992 0.28; P = 0.28 no browsing 

ing pressure ranged between 2.0 and 40.8 AU Mg-’ ha-‘. No con- 
sistent pattern existed with basal scarring, which ranged between 
one and 11% of the trees per pasture. Basal scarring ranged from 
zero to 15% of trees pasture-’ in 1992. No consistent pattern exist- 
ed with grazing pressure, which varied between 14.6 and 125.6 
AU Mg-’ ha-‘. 

Basal scarring and grazing pressure summarized for all pastures 
over the 4-year study (Fig. 5) indicates that less scarring occurred 
with lower grazing pressure (P < 0.001; ?=0.36). Nonetheless, 
low basal scarring was occasionally associated with high grazing 
pressure. Similarly, high basal scarring was commonly associated 
with comparatively low grazing pressure. 

Discussion 

Cattle browsing on lodgepole pine seedlings peaked during the 
first year of grazing. This confirms a belief, based on experience, 
popularly held by British Columbia resource managers. Browsing 
increased with increasing stocking rate and with increasing graz- 
ing pressure. Stocking rate explained 71% of the variation in 
browsing damage, compared to only 38% for grazing pressure. 

Basal scarring, resulting from trampling by cattle, peaked dur- 
ing the second year of grazing, and declined throughout the 
remaining 2 years of the study. This decline in trampling may 
have occurred as the trees grew taller, and became more visible to 
the cattle. Average tree height in 1989 (22.4 cm) increased to 
29.6, 36.3, and 45.3 cm in 1990, 1991, and 1992, respectively. 

Indeed, basal scarring significantly correlated with stocking rate 
only during the first year of grazing. 

Grazing pressure (AU Mg-’ ha-‘), however, significantly corre- 
lated with basal scarring during all 4 years of the study, and likely 
provides a better predictor of trampling damage than does stock- 
ing rate (Animal Unit Days ha-‘). During the peak year of tram- 
pling damage, stocking rate failed to provide a significant rela- 
tionship with basal scarring. 

Grazing pressure provided the most consistent explanation for 
basal scarring during the first year of grazing. Basal scarring gen- 
erally increased to more than 10% of the sample trees when graz- 
ing pressure exceeded 12.0 AU Mg-’ ha-‘. This value compares 
favorably to the observations of Hart et al. (1988), who showed 
that average daily gains of steers in Wyoming declined when 
grazing pressure reached 29.0 steer days Mg-’ ha-‘. Presumably, 
as forage availability declines, cattle spend more time searching 
for forage (Scamecchia et al. 1985), with increased probability 
that trampling of trees occurs. Eventually, forage availability rel- 
ative to animal demand becomes so restricted that declines in 
average daily gain also occur. 

The threshold grazing pressure value of 12.0 AU Mg-’ ha-’ 
reported here for the first year of grazing cannot likely be extrap- 
olated directly to other sites. Grazing pressure values, and associ- 
ated basal scarring, are unquestionably influenced by many fac- 
tors (e.g., pasture size, kind of grazing animal, forage species, 
tree height, water availability, topography, and weather patterns 
during the grazing period). Nonetheless, our work supports the 
observations of Scamecchia et al. (1985) that forage availability 
and grazing pressure provide a useful conceptual framework for 
predicting the potential for trampling damage of lodgepole pine 
seedlings by cattle. 
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Abstract 

A 1 year survey was developed to identify conflicts and solu- 
tions to contlicts between hunters and ranchers. A questionnaire 
was mailed to randomly selected groups of 1,000 hunters and 989 
ranchers in Montana. One-third of the questionnaire was dfler- 
ent for the 2 groups and consisted of questions relating to back- 
ground information. The other two-thirds was identical between 
the groups and presented questions related to perceived problems 
and solutions, big game populations, importance of private and 
agricultural land to wildlife and hunter/rancher representation. 
Thirty-five percent of the hunters and 42% of the ranchers 
responded to the survey. The top 3 cordlicts between hunters and 
ranchers as identified by hunters were too little access to private 
land, driving off roads, and trespassing. The top 3 solutions select- 
ed by hunters were greater consideration and appreciation by 
ranchers, better communication between groups, and better 
boundary identification. The top 3 problems identified by ranch 
ers were driving off roads, trespassing, and too many hunters. 
The top 3 solutions selected by ranchers were stiffer penalties for 
violators, better communication between groups, and greater con- 
sideration and appreciation by hunters. Both hunters and ranch- 
ers ranked driving off roads and trespassing in their top 3 proh 
lems and ranked better communication and greater consideration 
and appreciation in their top 3 solutions. Hunters and ranchers 
have different (P < 0.01) views of who represents them in 
hunter/rancher related issues. Forty-seven percent of the hunters 
responding believe they represent themselves or have no repre- 
sentation; whereas, 57% of the ranchers responding indicated 
they are represented by livestock producer groups. Results of this 
survey indicate that hunters and ranchers have similar concerns 
and better communication will help alleviate conflicting interests. 

Key Words: questionnaire, survey, problems, solutions, hunter 
conflicts, rancher conflicts. 

Livestock production in Montana is a one billion dollar indus- 
try (Montana Agr. Stat. Serv. 1994). Hunting in Montana pro- 
vides 333 million dollars of the 2.5 billion dollar tourism industry 
(Brooks 1988a, Brooks 1988b, Christensen et al. 1995). The land 
area of Montana is 37.6 million ha and over 24.3 million ha are 
agricultural lands. The state of Montana is comprised of 62% PI+ 
vately owned lands, 30% federal lands, 6% state lands, and 2% 
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tribal lands. Of the 24.3 million ha of agricultural lands, the aver- 
age privately owned farm or ranch size is 1,000 ha (Montana Agr. 
Stat. Serv. 1994). Privately owned agricultural lands are impor- 
tant to Montana’s economy and recreational opportunities. 

Montana hunter/rancher relations have become increasingly 
strained over the past several years (Peterson 1992). Hunters are 
concerned about diminishing access to private and public land for 
hunting opportunities. Ranchers are concerned about increasing 
wildlife populations and feel their contributions to wildlife habi- 
tat are overlooked. 

Conflicts between hunters and ranchers in Montana have been 
escalating in recent years. This is a trend occurring throughout 
the United States (Swan 1995, Peterson 1992). A survey conduct- 
ed in New Mexico by Knight et al. (1987) found that one obstacle 
between better hunter/rancher relationships was negative attitudes 
that a small number of hunters and ranchers had towards each 
other. Peterson (1992) reported problem solving between hunters 
and ranchers had become more confrontational and oriented 
towards single issues. 

In order to address hunter/rancher conflicts and solutions, it is 
first necessary to identify perceived problems and possible solu- 
tions. Three different methods to collect information have been 
utilized and all have inherent shortcomings. Advocacy group 
membership surveys are often used to identify problems because 
members are available and readily give their views. 
Unfortunately, little effort has been made to determine if they 
reflect the views of the population as a whole or just the views of 
an active segment (Sudman and Presser 1981). Public hearings 
and meetings is another method of identifying problems. Johnson 
et al. (1993) found that meeting attendees stated more extreme 
views than the general population. The use of questionnaires has 
been an effective way of getting input representative of an entire 
population, but because surveys have been aimed at a single 
group they have not been useful in identifying commonalities 
between groups (Knight et al. 1987). 

The objective of this study was to identify perceived problems 
and possible solutions between hunters and ranchers in Montana. 

Materials and Methods 

A questionnaire designed to identify perceived problems and 
possible solutions to hunter/rancher conflicts was mailed to 1 ,ooO 
Montana resident big game hunters and 989 Montana ranchers. 
Identification of stakeholders in the hunter/rancher issues was 
determined to develop appropriate mailing lists. The stakeholders 
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for hunters were determined to be avid resident Montana sports- 
man. The stakeholders for ranchers were determined to be people 
depending upon agriculture for their livelihood. Hunters were 
randomly selected from the Montana Fish, Wildlife, and Parks 
database of deer (Odocoileus spp. Rafinesque and Zimmerman@, 
elk (Cervus elaphus Nelsoni [L.]) and antelope (Antilocupra 
americana [Ord.]) 1994 hunting permit purchasers. One thou- 
sand hunters purchasing a resident combination license for deer 
and elk and who drew an antelope special permit were selected 
from the database. Rancher names were randomly selected from 
lists obtained from county extension agents. County extension 
agents in Montana were sent letters requesting the names of 25 
ranchers, who controlled a minimum of 404 ha, and who in the 
opinion of the county agent, had views on hunter/rancher related 
issues representative of the county. 

The survey consisted of a cover letter, the questionnaire, and a 
map outlining designated hunting regions within the state. The 
cover letter explained how names for the mailing lists were 
obtained, who was sponsoring the project, and the purpose for 
conducting the survey. The Montana Fish, Wildlife and Parks 
regional map was included on the back of each letter for ques- 
tions pertaining to regional data. 

A portion of the survey consisted of questions that were specif- 
ic to each of the 2 groups (past hunting experience, years hunted, 
locations of ranch, present hunting allowed, etc.). These ques- 
tions were designed to determine background characteristics of 
hunters and ranchers. Questions related to perceived conflicts and 
possible solutions, perceived trends in game populations, impor- 
tance of agriculture and private lands contribution to wildlife, and 
representation were asked in identical format of both hunters and 
ranchers. Survey questions were written in a closed response for- 
mat, limiting the number of possible responses. A follow-up tele- 
phone survey was conducted after the return of the mail survey to 
obtain information from non-respondents. Possible non-respon- 
dent bias was addressed using twenty-five people, randomly 
selected from both the hunter list and the rancher list, who did not 
respond to the mail survey. 

Problems and solutions were analyzed individually and com- 
pared between groups. The survey responses 1 through 6 were 
grouped to strengthen the low and high responses. The problems 
were grouped as 1 and 2 being no problem, 3 and 4 as a problem 
and 5 and 6 as a major problem. The solutions were grouped as 1 
and 2 having little possibility as a solution, 3 and 4 as potential 
solutions and 5 and 6 as high potential solutions. Problems and 
solutions comparisons between hunters and ranchers were ana- 
lyzed using the t-tests procedure of SAS (1992). Analysis of 
variance was used to evaluate hunter/rancher conflicts and solu- 
tions by region using the GLM procedure of SAS (1992). Hunter, 
rancher, region, and all two-way interactions were fitted as main 
effects in the model. 

Results 

Thirty-five percent of the hunters and 42% of the ranchers 
responded to the mail survey. Sixty-five percent of the hunters 
responding to the survey had more than 10 years of hunting expe- 
rience, which tits the description of the defined group of hunting 
stakeholders. Sixty percent of the ranchers responding to the sur- 
vey owned or managed property from 404 to 4,084 ha, matching 
the rancher stakeholder description. 

Table 1. Ranking of contlicts (1-14) that hunters (N = 349) and ranchers 
(T+J = 395) classii as a major problem. 

conflict Hunter Rank Rancher Rank 

Damage to property by hunters 8’ 4b 
Litter from hunting 6 6 
Too many hunters 5 3 
Damage to roads 13 8 
Driving off roads 2’ lb 
Too little access P 12b 
Lack of proper maps ia 9b 
Damage to livestock 14p lob 
Unclear property postings 4” lib 
Trespassing 3a 2b 
Negative public statements by hunters 11 5 
Negative public statements by ranchers 9” 13b 
Abuse of land by hunters 10 7 
Abuse of land by ranchers 12a 14b 

*valuc.~ within the same row with different superscripts differ (P < 0.01). 

Hunters and ranchers were asked to identify perceived conflicts 
between the 2 groups and were given 14 choices. The respon- 
dents were asked to rank each conflict from 1 to 6, with 1 mean- 
ing it is not a problem and 6 meaning it is a major problem. 
Conflicts that scored as a major problem were ranked for both 
hunters and ranchers (Table 1). The top 3 conflicts ranked as a 
major problem by hunters were too little access to private land, 
driving off roads, and trespassing (Figure 1, 2, and 3). The top 3 
conflicts ranked by ranchers as a major problem were driving off 
roads, trespassing and too many hunters (Figure 2, 3, and 4). 
Although these items were ranked by both hunters and ranchers 
as the top 3 major problems there were some differences between 
the 2 groups. Ranchers ranked driving off roads and trespassing 
as greater (P < 0.01) problems than hunters. Too little access to 
private land was ranked as more (P < 0.01) of a problem by 

Fll. 1. Hunter/rancher response when asked if driving off roads was 
a problem. 

70 
60 ~Ranehers IH unters 
50 r-l 

Fig. 2. Hunter/rancher response when asked if trespassing was a 
problem. 
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Fig. 3. Hunter/rancher response when asked if too little access was a 
problem. 

~Ranchers mH unters 

Fii. 4. Hunter/rancher response when asked if too many hunters was 
a problem. 

hunters than ranchers. Too many hunters was ranked as a major 
problem by both hunters and ranchers. 

Identifying perceived conflicts which hunters and ranchers 
rated as no problem is as important as conflicts which are identi- 
fied as major problems. Three choices that hunters perceived as 
no problem include damage to livestock, abuse of land by ranch- 
ers, and damage to roads. Ranchers identified choices that they 
perceived as no problem as abuse of land by ranchers, too little 
access, and unclear property postings. Hunters and ranchers both 
agreed that abuse of land by ranchers is not a problem but ranch- 
ers ranked it lower (P < 0.01) than hunters. Too little access was 
considered a major problem by hunters but not a problem by 
ranchers (P < 0.01). Other choices, which were ranked as no 
problem and were different (P < 0.01) between hunters and 
ranchers include lack of proper maps and negative public state- 
ments by ranchers. 

Ten choices for possible solutions to conflicts were asked of 
both hunters and ranchers. The respondents were asked to rank 
each possible solution from 1 to 6, with 1 having low potential as 
a solution and 6 having high potential as a solution. Solutions 
having a high potential were ranked for both hunters and ranchers 
(Table 2). Hunters ranked greater consideration and appreciation 
by ranchers, better communication between hunters and ranchers, 
and better boundary identification as having the highest potential 
as solutions (Figure 5, 6, and 7) to hunter/rancher conflicts. The 
top 3 solutions to hunter/rancher conflicts as identified by ranch- 
ers were stiffer penalties for violators, better communication 
between hunters and ranchers, and greater consideration and 
appreciation by hunters (Figure 6,7, and 8). 

Hunters ranked greater consideration and appreciation by 
ranchers as having higher (P < O.Ol), potential for a solution than 
ranchers. Stiffer penalties for violators was ranked as having 
higher (P < 0.01) potential as a solution by ranchers than by 

Table 2. Ranking of solutions (l-10) that hunters (N = 349) and ranchers 
(N = 395) clasaiied as having high potential. 

Conflict Hunter Rank Rancher Rank 

Better communication between the 2 groups 3 2 
Stiffer penalties for violators 9 
More involvement by state and federal agencies 9 ;: 

Less involvement by state and federal agencies 6 5 
Shorter hunting seasons IO” 6b 
Longer hunting seasons I= 10b 
Better boundary identification of public land 4& 7b 

private lands 
More game wardens 8 8 
Greater consideration for the concerns of the ia 4b 

other group 
Greater appreciation for the contributions of the 2’ 3b 

other group 
~bvalues within the same row with different superscripts differ (P < 0.01). 

hunters. Hunters and ranchers agreed that better communication 
between the 2 groups has high potential as a possible solution to 
hunter/rancher conflicts. 

It is important to identify possible solutions that hunters and 
ranchers feel have no potential to resolve conflicts. Choices that 
hunters rank as having no potential as a solution include shorter 
hunting seasons, longer hunting seasons, and more involvement 
by state and federal agencies. Choices that ranchers feel have no 
potential as possible solution to conflicts are shorter hunting sea- 
sons, longer hunting seasons, and more involvement by state and 
federal agencies. More game wardens and less involvement by 
state and federal agencies were ranked by hunters and ranchers as 
having low potential as a possible solution. 

Hunters and ranchers were asked a series of questions relating 
to trends in big game populations, hunting pressure, and access 
(Table 3). The survey also contained questions pertaining to the 
importance of private lands and agriculture to wildlife and their 

LOW POtL”tl.1 H ibh 
Potenttat Potent*., 

Fii. 5. Hunter/rancher response to the potential of greater consider- 
ation and appreciation for the other group as a solution to 
hunter/rancher conflicts. 

Fii. 6. Hunter/rancher response to the potential of better communi- 
cation between groups as a solution to hunter/rancher contlicts. 
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Fig. 7. Hunter/rancher response to the potential of better boundary 
identification as a solution to hunter/rancher cotdlicts. 

habitats. Hunters and ranchers responding to the survey believe 
deer and elk populations have increased in the last 5 years in 
Montana. Fifty-six percent of the hunters and 68% of the ranchers 
feel deer populations have increased, while 50% of the hunters 
and 68% of the ranchers believe that elk populations have 
increased. Pronghom antelope populations were viewed different- 
ly (P c 0.01) by hunters and ranchers. Hunters opinions on prong- 
horn antelope populations were split, with 30% of the hunters 
responding that antelope populations have increased, and 30% of 
the hunters responded that antelope have decreased. Forty-three 
percent of the ranchers feel antelope populations have increased 
in the last 5 years. 

Hunters and ranchers responses were similar when asked about 
hunting pressure and access to private lands. Eighty-four percent 
of the hunters and 69% of the ranchers stated that hunting pressure 
has increased in Montana in the last 5 years. In contrast to this, 
78% of the hunters and 66% of the ranchers stated that access to 
private lands in Montana has decreased in the last 5 years. 

Hunters and ranchers were asked to rate the effect private lands 
and agriculture have on wildlife habitat. Their choices were very 
positive, positive, no effect, negative and very negative. Seventy - 
three percent of the hunters and 92% of the ranchers rated private 
lands and agriculture as having a positive or very positive effect 
on wildlife and their habitat. 

The last question on the survey asked hunters and ranchers who 
they felt represented them on hunter/rancher related issues. Forty- 
seven percent of the hunters responding to the survey stated they 
represent themselves or have no representation in hunter/rancher 
related issues. Ranchers responded that 57% were represented by 
a producer group of some kind in these issues. 

The non-respondent survey was not different (P > 0.8) between 
hunters and ranchers who responded to the written survey and 
those telephoned during the non-respondent survey. Non-respon- 
dent data were not combined with the mail response data. 
Telephone data were only used to test for differences between 
respondents and non-respondents of the mail survey. 

Fii. 8. Hunter/rancher response to the potential of stiffer penalties 
for violators as a solution to hunter/rancher contlicts. 

Discussion 

Hunters and ranchers indicating there were conflicts between 
the groups ranked driving off roads and trespassing as major 
problems. In a survey of wildlife administrators throughout the 
United States, Wright and Kaiser (1986) found that trespassing 
and property damage were major problems landowners faced. It 
is important to identify issues that both groups feel are no prob- 
lem, especially when looking to identify common ground issues 
between the groups. Issues that could be important for wildlife 
managers focus are those that hunters and ranchers feel very dif- 
ferently about. This survey found these issues to include damage 
to property by hunters. damage to roads, too little access, unclear 
property postings, and negative public statements. Many of these 
areas of conflict can be resolved through improved communica- 
tion between the groups. 

The identification of conflicts may be important, but often 
hunter and rancher opinions to solutions to conflicts are disre- 
garded. It is important to realize that people involved in conflicts 
have possibly thought of ways to resolve the problem. Literature 
rarely focuses on positive aspects of hunter/rancher relations. 
Elliot (1992) proposed that hunters and landowners can work out 
conflicts through better communication and education. Knight et 
al. (1987) reported that most hunters and ranchers had a sincere 
desire to improve relationships. 

Responding hunters and ranchers ranked better communication 
between groups and greater consideration and appreciation of the 
other group as 2 of their top 3 solutions. Both of these potential 
solutions require more communication and education for both 
groups. Solutions which hunters and ranchers recognized as hav- 
ing little potential to resolve conflicts include shorter hunting sea- 
sons, longer hunting seasons, and more involvement by state and 
federal agencies. Both hunters and ranchers indicated that 
changes in present management of hunting seasons is not a posi- 
tive solution to resolving conflicts. 

Table 3. Percentage* of hunter (N = 349) responses to big game populations, bunting, pressure, and access. 

Items ter Ranch 
Increased Decreased Same Increased rkcr~ Same 
------------------------------------------(%).----------------~-------------------- 

Deer 55 13 25 66 11 18 
Elkb 49 11 20 57 3 5 
AntelOpe 35 30 23 39 13 21 
Hunting pressure 82 0 11 66 3 22 
Access to private land? 6 71 9 1 65 15 
)yentages do not add up to 100 because ‘don’t know” response is not included. 

tnd~cates differences of P < 0.01 behveen hunters and ranchers. 
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Hunters and ranchers both agree that hunting pressure has 
increased in the last 5 years. The popularity of hunting continues 
to grow, especially in the western United States. As hunting pres- 
sure increases, there is an increased demand for access by 
hunters. Both hunters and ranchers report that access to private 
land for hunting has decreased in the last 5 years. Cook and Cable 
(1992) claimed that decreases nationwide in the public’s partici- 
pation in hunting could be blamed on decreased access to land. 

Private land provides important habitat for wildlife species 
throughout Montana. Hunters and ranchers agree that private land 
has a positive effect on wildlife in Montana. Most large blocks of 
private land that provide habitat for big game are also under some 
kind of agricultural management. Both hunters and ranchers 
responded that agriculture in Montana has a positive effect on 
wildlife. It is important to recognize that both groups appreciate 
private property and agriculture and its effects on wildlife and 
wildlife habitat. This identifies an important common ground 
issue between the 2 groups. 

In order to promote positive ideas and educate hunters and 
ranchers, ideas must be widely and clearly disseminated to the 
public. Forty-seven percent of the hunters responding to the sur- 
vey believe they represent themselves or have no representation 
on hunter/rancher related issues. In contrast to this, 57% of the 
ranchers believe they are represented by a producer group (i.e., 
Montana Stockgrowers, Farm Bureau or Montana Wool 
Growers) on hunter/rancher related issues. This gives ranchers an 
advantage on being more educated on issues and events which 
could affect both groups. Beucler et al. (1994) found a major con- 
cern of Idaho hunter groups was organization and public rela- 
tions. Hunter groups need to build stronger ties with both the 
hunting and ranching communities if conflicts are going to be 
alleviated in the future. 

This study points out some important information about 
Montana hunters and ranchers. Results indicate that hunter and 
rancher opinions in areas of possible conflict and solution are 
similar. This information could be used to establish common 
ground issues between the groups and help promote the idea of 
hunters and ranchers working together on wildlife issues. One 

key point of this study is the issue of representation. Better repre- 
sentation by both groups is a vital link to establishing better com- 
munication between Montana hunters and ranchers. 
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Abstract 

Better management of riparian areas has been promoted by 
public agencies for almost 2 decades. Recently, however, efforts 
have been intensified because serious conservation concerns 
remain. To achieve mandated conservation goals for water quali- 
ty and wildlife will require widespread acceptance and applica- 
tion of recommended riparian practices. Success of riparian pro- 
grams in the Great Plains will require recognition of differences 
between the interests of public agencies and those of private 
landowners, and the development of an approach to riparian 
management that can accommodate both. 

Key Words: guidelines, management, stream protection, water 
quality 

The Public Interest in Riparian Buffers 

The issue of riparian land management is driven primarily by 
public interests reflected in 2 federal laws: the Clean Water Act 
of 1977 (and as amended in 1987) with its mandate to restore and 
maintain fishable, swimmable waters, and the Endangered 
Species Act of 1973 that mandates preservation of biological 
diversity. The goals and requirements of these 2 laws frequently 
converge on riparian areas where land management directly influ- 
ences both water quality, and habitat suitability for numerous ter- 
restrial and aquatic species. In response, public policy has 
focused attention directly on riparian management through pro- 
grams such as the Riparian-Wetland Initiative for the 1990’s 
(USDI-BLM 1991), the Grazing Lands Conservation Initiative 
for Private Grazing Lands (USDA-NRCS 1996), and most recent- 
ly a USDA outreach effort called the National Conservation 
Buffers Initiative (Max Schnepf, NCBI National Coordinator, 
pas. comm.). 

The term “riparian buffer”, as I will use it in this discussion, is 
a riparian area that is managed differently than other portions of 
the landscape. In applying riparian buffers, perennial vegetation 
is managed primarily to provide conservation benefits, such as 
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Resumen 

Las agencias pirblicas han promovido el mejoramiento de1 
manejo de las areas riberefias desde hate casi 2 dkadas. 
Sinembargo, recientemente, 10s esfuerzos se han intensificado 
debido a que todavia subsisten serias preocupaciones rela- 
cionadas con su conservaci6n. Para alcauzar lo estatuido en mate- 
ria de conservacibn de vida silvestre y calidad del agua, se 
requiere de Ia aceptaci6n y aplicaci6n masiva de las przkticas 
recomendadas para el manejo de las areas de ribera. El 6xito de 
10s programas de ribera en las Planicies requeriridel 
reconocimiento de las diferencias de intereses entre las agencias 
pliblicas y 10s propietarios privados, y de encontrar propuestas de 
manejo para las areas de ribera que satkfagan a las dos partes. 

filtering runoff and improving habitat. Other common terms, such 
as streamside management zone, stream protection zone, riparian 
management area, and riparian buffer strip. vary somewhat with- 
in the same riparian buffer concept. A riparian buffer is a man- 
agement tool that may be used to address goals and requirements 
of the public interest. 

Riparian buffers are applied differently across the U.S. because 
they are tailored to specific conservation issues that dominate in 
each region. For example, in the northwest, buffers are employed 
primarily to restore and protect salmon and trout habitats (Belt, et 
al. 1992, Elmore and Kauffman 1994). in the arid southwest, 
buffers improve habitat for more numerous at-risk aquatic and 
terrestrial species (Krueper 1996). In the east, buffers emphasize 
reduction of nutrients and sediment that reach streams and estuar- 
ies (Welsch 1991, Chesapeake Bay Program 1994). In the 
Midwest, buffers are used to stabilize stream banks, reduce pollu- 
tant runoff, and restore habitat for fish and wildlife in extensively 
cultivated landscapes (Schultz et al. 1995). This variety of appli- 
cations is testimony to the flexibility of riparian buffers to 
address numerous and varied conservation concerns. 

Riparian buffers have a role to play on rangelands of the Great 
Plains, as well. Traditional grazing management has reduced veg- 
etation cover and altered plant communities along many of the 
region’s streams, contributing to erosion and degradation of ter- 
restrial and aquatic habitat (Boldt et al. 1979, Chaney et al. 1990; 
USEPA 1995). Riparian restoration through special grazing man- 
agement can reverse these problems in many cases (Kinch 1989, 
Chaney et al. 1990. 1993, Lauenroth et al. 1994). 
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Meeting public goals to produce cleaner water and adequate 
habitat, however, may require development of some form of 
riparian buffer along a major extent of the streams in the Great 
Plains. Degraded riparian areas appear widespread (USEPA 
1995). Furthermore, public land and natural resources manage- 
ment agencies have recognized that management of entire water- 
sheds is often necessary to maintain ecological functions that pre- 
vent degradation of water quality and endangerment of some 
species. Accordingly, widespread acceptance of riparian buffers 
by land managers is necessary to achieve public goals. 

Landowner Resistance to Management for Public Goals 

The most outstanding feature that affects management of ripari- 
an areas in the Great Plains is the dominance of private owner- 
ship (Table 1). Each ranch is an independent business, and ranch- 
ers make independent land management decisions. A common 
thread in the grazing industry is low-input management, where 
low profit margins rely on limiting investments and optimizing 
economic and ecological constraints for forage production. 

Table 1. Extent and ownership of grazing lands in the United States 
(adapted from Holechek 1989). 

Rangeland Type 

Western desert and woodlands 
Great Plains grasslands 
Eastern woodlands and pasture 

Area 

(million ha) 

188 
85 

197 

Non-federal 
ownership 

(%) 

32 
89 
94 

The approach used by public agencies to promote riparian 
buffers among the region’s private landowners will be critical to 
achieve widespread acceptance and application. Special manage- 
ment of riparian areas for water quality and wildlife habitat 
requires additional investment of money, time, and effort, and 
there is substantial risk for lost revenue. There is an understand- 
able reluctance among private landowners to change from tradi- 
tional management schemes that have served production goals for 
generations to a conservation practice perceived as a risky busi- 
ness option. 

The problem for public agencies remains: How to achieve 
widespread, voluntary application of riparian buffers on private 
rangelands? 

An Approach for Accommodating Both Private and 
Public Interests 

Table 2. Potential benefits from riparian buffers at 2 different landscape 
scales: Installation at a site and installation throughout a watershed, 

Site Watershed 

Stabilize eroding banks 

Filter runoff 

Flood damage protection 

Debris and shade for fish 
Wildlife cover and food 
Better fishing and game hunting 
Wind protection and shade 

for livestock 
Produce wood and forage 

Stabilize stream meanders and 
incision 

Promote bedload deposition and 
raise water table 

Even water supply and reduce 
peak floods 

Cleaner water 
Lower water temperature 
Wildlife migration corridors 
Productive fisheries and game 

habitat 
More extensive habitat for at-risk 

fish and wildlife species 
More diverse community economy 
Visually diverse landscape 

private rangelands and indirectly achieve public goals. Creating 
this win-win scenario, however, will not be as simple as market- 
ing riparian buffers differently. Tools must be available to design 
buffers that focus on the needs of landowners. The design of a 
buffer should show its boundaries and identify the vegetation that 
it should contain so that the buffer produces an acceptable level 
of desired benefits. Several management practices may then be 
used to achieve and maintain this target condition (e.g., Kinch 
1989). 

Buffers can vary in size, vegetation types, species composi- 
tions, and spatial arrangements. For example, grasses, shrubs, and 
trees have different capabilities to provide site-specific benefits 
(Table 3). Width of the buffer controls the level of each benefit 
that can be achieved (Table 4). Each combination of vegetation 
and width will be more effective at providing certain benefits 
than others. Management needs will also vary from 1 location to 
another. Any one landowner will likely have different site prob- 
lems and management needs from other landowners across the 
Great Plains region, and buffer designs which satisfy those needs 
may or may not substantially promote public benefits. An ideal 
design tool should optimize combinations of landowner and pub- 
lic goals. 

A key ingredient, then, to successfully promote riparian buffers 
to private landowners is a guideline for riparian buffer design that 
is flexible enough to (i) allow for buffers that are specific to the 

Table 3. Relative effectiveness of different vegetation types for providing 
site-specific benefits (adapted from Dosskey et al. 1997). 

Benefit 
Grass 

Vegetation Tvoe 
Shrub Tree 

Both private and public interests can benefit from riparian Stabilize eroding banks low high high 

buffers of healthy, perennial vegetation. A private landowner 
Filter sediment high low low 

often gains improved forage production, greater land and live- 
Filter dissolved pollutants medium low medium 
Debris and shade for fish low 

stock protection, better fishing and hunting, and other site-specif- 
medium high 

Wildlife cover and food 
ic benefits (Table 2). If extensive enough, the public can gain grassland species high medium low 
improved water quality, healthy populations of at-risk fish and forest species low medium high 
wildlife species, and other watershed-scale benefits. Promoting Economic products medium low medium 
buffers to landowners for benefits to their ranching operations, Livestock protection Iow medium high 

rather than public benefit, should facilitate wider acceptance on Flood damage protection low medium high 
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Table 4. Estimated range of minimum buffer widths for providing specif- 
ic benefits in the Chesapeake Bay (eastern U.S.) region (adapted from 
Palone and Todd lm. 

Benefit Width Range 

Cm) 

Wildlife habitat 10 to 75+ 
Flood control 25to60 
Sediment filtration 15 to 45 
Nutrient removal 10to40 
Stream bank stabilization and aquatic food web 6to 15 
Water temperature moderation 5 to 20 

needs of each site and rancher, (ii) allow design adjustments, if 
necessary, to strengthen ecological functions providing critical 
watershed (public) benefits, and, (iii) produce acceptable results 
across an ecologically diverse region from Texas to North Dakota. 

Guidelines for Designing Riparian Buffers 

There are 3 prominent systems used in the U.S. to design ripari- 
an buffers: Proper Functioning Condition developed by the USDI 
Bureau of Land Management (Prichard et al. 1993); Riparian 
Forest Buffers developed by the USDA Forest Service and the 
Chesapeake Bay Program (Welsch 1991; Palone and Todd 1997); 
and Conservation Practices developed and used by the USDA 
Natural Resources Conservation Service (USDA-NRCS 1997). 
Each of these systems has a different degree of flexibility for 
identifying riparian buffer boundaries and target vegetation, 
among other characteristics important for delivery to private 
landowners. 

The Proper Functioning Condition system is an ecological 
assessment system originally designed for application to the 
Bureau of Land Management’s public grazing lands in the west. 
Its focus is on natural ecosystem health and integrity, and its use 
emphasizes restoration of aquatic habitat functions. As a design 
tool, it implicitly considers the entire riparian zone as a special 
management area. Target vegetation is identified as the natural 
plant community of the appropriate successional stage that maxi- 
mizes ecological value, but adjustments can be made toward ear- 
lier or later successional stages which have greater potential for 
other benefits as well, such as forage production. While this pro- 
vides some flexibility, prescriptions remain focused on whole 
ecosystems and watershed goals. Using this tool may be compli- 
cated, as experts with technical ecology skills may be required to 
identify the appropriate design, and most of the supporting scien- 
tific information is limited to the western U.S. 

The Riparian Forest Buffer system is more utilitarian. It origi- 
nated on the east coast primarily to reduce nonpoint-source water 
pollution from agricultural lands. This system assumes that a strip 
of riparian forest provides a basic acceptable level of all ecologi- 
cal functions. Additional ecological, production, and aesthetic 
benefits are obtained by adjusting other aspects of the design. As 
a design tool, this system sizes buffers according to site-specific 
problems and needs, but normally a minimum width for the forest 
strip portion is established according to the size of stream being 
protected or its floodplain. Accordingly, the boundaries may not 
include the entire riparian zone or may include the entire riparian 
zone plus part of the adjacent uplands, as well. Target vegetation 
must always include a dominant component of trees (forest), and 

any management disturbance immediately adjacent to the stream 
or lake is generally prohibited. An important innovation of this 
system is the attempt to disassemble the various ecological func- 
tions of buffers and associate optimal buffer size and vegetation 
characteristics to each of them. This effort facilitates design of 
buffers for specific uses. However, specific recommendations 
from the current system are clearly intended for eastern condi- 
tions (forest), and most of the supporting scientific information 
pertains to that region as well. 

The Natural Resources Conservation Service has developed 
several conservation practices which can be used to design ripari- 
an buffers nationwide. Each practice specifically addresses a sub- 
set of conservation problems, such as stream bank stability, ero- 
sion control, and wildlife habitat (Table 5). As a design tool, veg- 
etation and size are entirely functions of necessity to solve site- 
specific problems. A high degree of flexibility is achieved by 
combining individual conservation practices, each with its own 
flexible design features, into 1 riparian prescription. This “com- 
bined practices” method, however, compromises simplicity to 
facilitate administration of financial assistance. Technical assis- 
tance from the agency is also necessary to develop an acceptable 
design. Watershed function and ecosystem health, however, are 
considered only to the extent that such goals are attained as 
cumulative site problems are addressed. 

Table 5. Conservation Practice Standards of the USDA Natural 
Resources Conservation Service applicable to riparian buffer design 
(USDA-NRCS 1997). 

Title Practice Code 

Riparian Forest Buffer 
Filter Strip 
Streambank and Shoreline Protection 
Stream Channel Stabilization 

391 
393 
580 
584 

Clearly, the ideal design system for marketing buffers to pri- 
vate ranchers in the Great Plains has yet to be developed. 
Examination of 3 prominent existing systems provides examples 
of desirable features, although not all equally expressed in any 
one of them. Each system achieves a different balance between 
attention to public and private goals. Each system sacrifices some 
flexibility in order to simplify administration. Each system would 
require collection of scientific information to produce acceptable 
and effective buffer designs across the Great Plains. 

Conclusion 

I have argued that a landowner goal-oriented approach to ripar- 
ian management coupled with a flexible buffer design system, 
would improve prospects for achieving public conservation goals 
on rangelands in the Great Plains. My reasoning is based on 
recognition of a difference between public and private goals, and 
that buffers can be designed to accommodate both and be pro- 
moted within the business constraints of ranching operations. 
Direct attention to site-specific problems of interest to private 
land owners would appeal directly to the broadest group of land 
managers in this region. and provide a more compelling reason 
for voluntary change from traditional management schemes. 
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Some compromises will likely be necessary to make this 
approach work. Private landowners may have to accept some lim- 
itations to design flexibility, to facilitate technical and financial 
assistance by public agencies. Such assistance will be important 
to reduce financial risk to landowners and to ensure that riparian 
buffer designs incorporate characteristics favorable to critical 
wildlife and water quality (Wiebe et al. 1997). Public agencies 
must accept that this approach may not achieve maximum public 
benefits, since it optimizes attainment of both public and private 
goals. Such compromises, however, should be viewed as a cost of 
achieving broad, voluntary acceptance and widespread applica- 
tion by private landowners in the Great Plains. 
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Abstract 

Greenhouse and field experiments were conducted to evaluate 
the effect of hand defoliation of honey mesquite (Prosopis glandu- 
Iosu Tot-r) before herbicide application on herbicide efficacy. In 
the greenhouse, the monoethanolamine salt of clopyralid, the 
butoxyethyl ester of triclopyr, and 1: 1 mixtures of clopyralid plus 
triclopyr were applied as foliar sprays at 140 g ha“ each on 2- 
year-old single-stemmed plants averaging 50 cm tall. In the field, 
the same. herbicides were applied as broadcast sprays at rates of 
280 g ha-’ on multistemmed trees 1 to 2 m tall. Plants were defoli- 
ated prior to herbicide application at 0,25, and 50% of original 
foliage. Defoliation at 25 or 50 % did not reduce herbicide effka- 
cy compared to nondefoliated plants in the greenhouse or field. 
The clopyralid:triclopyr mixture was sometimes synergistic in 
controlling honey mesquite in the greenhouse and field. 

Key Words: clopyralid, triclopyr, Prosopis glandulosa; 

Honey mesquite (Prosopis glandulosa Torr.) is an important 
woody legume and a significant weed problem in southwestern 
U.S. rangelands (Jacoby and Ansley 1991). The 
monoethanolamine salt (MEA) of clopyralid (3,6-dichloro-2- 
pyridinecarboxylic acid) and the butoxyethyl ester (BEE) of tri- 
clopyr ([(3,5,6-trichloro-2-pyridinyl)oxy]acetic acid] mixed at 
low rates is one of the most effective hormone-like herbicide 
treatments available for control of honey mesquite (Bovey and 
Wbisenant 1991, 1992). The I:1 mixture of clopyralid:triclopyr 
produces a synergistic response. 

Clopyralid applied alone as a foliar spray is the most effective 
herbicide for late summer or fall treatment, provided there is suf- 
ficient leaf cover to intercept and absorb the herbicide (Meyer 
and Bovey 1986, Bovey and Meyer 1987, Jacoby et al. 1991). 
When control of honey mesquite was obtained in fall applications 
(Meyer and Bovey 1986). clopyralid concentrations were high in 
upper and basal stem phloem and xylem (Bovey et al. 1986). 

When applied as foliar sprays, addition of triclopyr, picloram or 
surfactants to clopyralid spray solutions enhanced its absorption 
into leaves by 4 hours after treatment and enhanced its movement 
into the upper stem phloem by 1 day after treatment (Bovey et al. 
1988a). There is strong evidence that optimal uptake of clopy- 
ralid in honey mesquite is through leaves but not stems or roots. 

Manuscript accepted 20 Sept. 1997. 
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Resumen 

Se realizaron ensayos de campo e invemadero para evaluar la 
eticacia de herbicidas en mesquite (Prosopis glandulosa Torr.) 
luego de una defoliation manual. Plantas de dos aiios de edad, 
tallo simple y 50 cm de altura promedio fueron tratadas en 
invemadero (rociado foliar; 140 g ha“) con mono-etanol-amina 
de clopyralid, butoxi-etil-ester de triclopyr y una mezcla 1:l de 
clopyralid y triclopyr. Los mismos herbicidas fueron rociados en 
condiciones de campo sobre k-boles de 1 a 2 m de altura y tallos 
multiples a razon de 280 g ha-‘. Las plantas fueron defoliadas 
antes de la aplicacion de herbicida a 0,25 y 50% del follaje origi- 
nal. Tanto a campo coma en invernadero, defoliaciones de 25 y 
50% no redujeron la eficacia de1 herbicida en comparacion con 
plantas no defoliadas. La mezcla clopyralid:triclopyr exhibio 
alghn sinergismo en el control de mesquite en invemadero y a 
campo. 

Leaves absorbed high amounts of foliar applied clopyralid, as 
indicated by concentrations of 10 pg g-’ fresh wt or more in basal 
stem phloem by 4 days after treatment (Bovey et al. 1988b). 
Small quantities of clopyralid (<I pg g-‘) were detected in basal 
stem phloem after spray applications of clopyralid to defoliated 
plants or roots treated by soil application. When applied to foliat- 
ed plants, clopyralid killed 60% or more plants. but none were 
killed when clopyralid sprays were applied to defoliated plants or 
when 2.2 kg ha-’ of clopyralid were applied to the soil. 

Current suggested application time for clopyralid and/or tri- 
clopyr is late spring to midsummer after leaves have turned dark 
green and soil temperature reaches 24” C at 30 cm deep (Welch 
1995). Few data are available on the response of honey mesquite 
to herbicides after plants become partially defoliated. Natural 
events such as drought, insect or hail damage, grazing by live- 
stock or wildlife may cause partial defoliation. 

The objective of this study was to determine the influence of 
partial hand defoliation of honey mesquite on the efficacy of 
clopyralid, triclopyr, and clopyralid:triclopyr mixtures applied as 
foliar sprays to greenhouse-grown and natural stands of honey 
mesquite using conventional spray application techniques in late 
spring to midsummer applications. We hypothesized that because 
foliage appears to be the main route of clopyralid entry, that a 
reduction in foliage should reduce herbicide uptake and subse- 
quent activity. 
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Materials and Methods 

Greenhouse Experiment 
Honey mesquite plants were grown from seed in the green- 

house in pots (12.7-cm in diameter and depth) containing a mix- 
ture of Bleiberville clay (fine montmorillonitic Udic Pellusterts), 
sand, and peat moss 1:l:l by vol. from March 1991 to May 1993. 
Daytime temperature was 30 to 35” C, and night temperature was 
20 to 25” C. Day length averaged 14 hours during the experiment 
with 800 pE rn*sec-’ photosynthetically active radiation (PAR) at 
midday during sunlight. Two plants were grown per pot, and each 
had a single woody stem with an average height of 50 cm and 15 
leaves plant’ when treated in May 1993. Pots were watered daily. 
A commercial fertilizer (13-13-13) was applied at 0.8 g per pot 
every 6 wk. 

Immediately before herbicide application plants were defoliat- 
ed by clipping the appropriate leaf petiole near the main stem. 
For the 25% defoliation, every fourth leaf was removed by sever- 
ing the petiole close to the main single stem the length of the 
stem. The 50% defoliation removed every other leaf from the 
stem. The controls had no defoliation. 

Foliar sprays of the MEA of clopyralid or the BEE of triclopyr 
were applied alone at 140 g ha-’ or in mixtures at 140 g ha-’ each. 
Applications were made in water diluent in a laboratory spray 
chamber at an equivalent spray volume of 93 liter ha-’ (Bouse and 
Bovey 1967) to pots containing 2-yr-old honey mesquite. 
Surfactant X-77 (alkylarylpolyethylene glycol, free fatty acid, 
and isopropanol) was added at 0.1% by vol. of the spray solution. 
Rates of herbicide were selected to bracket 50% kill of stem tis- 
sue (Bovey and Whisenant 1991). Plants were returned to the 
greenhouse after treatment in mid- or late May 1993 and watered 
after 24 hours and daily thereafter. 

Three months after spraying, the response of treated plants to 
herbicides was evaluated by visually estimating percentage of 
dead stem tissue on each plant. Plants with no live stem tissue 
and no regrowth were considered dead. Five replicates (pots) 
were used in a randomized complete block design. Data were 
subjected to analysis of variance and means were compared using 
Fisher’s Protected LSD at the 5% level. The experiment was 
repeated and the data were pooled because the date by treatment 
interaction was not significant. 

Field Experiments 
Honey mesquite plants 1 to 2 m tall growing in a Wilson clay 

loam (fine, montmorillonitic, thermic Vertic Ochroaqualfs) near 
Bryan, Tex., grew vigorously, usually multistemmed, on an area 
mowed several years before. Plants were numbered with metal 
tags in groups of 5 for each of 3 replicates. Plants were >l m 
apart within the groups arranged in a randomized complete block 
design, Plants were sprayed between 0600 and 0800 hours with 
air temperatures of 25 to 30” C and relative humidity of 90 + 5%. 
Spraying ceased at wind velocities of 5 km hour’. 

Within 48 hours before herbicide application each hand defoli- 
ated tree had 25 or 50% of the leaves removed from the entire 
plant. When defoliated 25%. every fourth leaf was removed by 
severing the petiole close to each stem the length of the stem. The 
50% defoliation removed every other leaf on each stem. 
Nondefoliated trees were fully foliated and showed no evidence 
of natural defoliation from drought or insect damage. 

Foliar broadcast sprays of the MEA of clopyralid or the BEE of 
triclopyr were applied alone at 280 g ha-’ or in mixtures at 280 g 
ha-’ each. On each honey mesquite tree, applications were made 
with a hand-carried 3 nozzle boom sprayer in water diluent at 190 
liter ha-’ operated at a pressure of 210 kPa. Applications were 
made in 1993 and 1994 in mid-June and mid-July. Two locations 
were used in 1993 separated by about 3 km. The entire experi- 
ment was repeated in 1994 at only one location. 

Herbicide treatments were visually evaluated after 1 yr by esti- 
mating percent canopy reduction and mortality of each tree. Trees 
were considered dead if they were completely defoliated and had 
no living tissue or resprouts. Canopy reduction and mortality data 
were subjected to analysis of variance. Means were separated by 
Fisher’s Protected LSD Test at the 5% level. Data for the July 
experiments were presented separately due to the significant 
treatment by location interaction. 

Results and Discussion 

Greenhouse Experiment 
Herbicide activity on honey mesquite was not reduced after 25 

or 50% leaf removal before herbicide treatment compared to foli- 
ated plants (Table 1). Clopyralid killed 22% of the stem tissue 
with foliated plants and 17% when 50% of the leaves were 
removed before spraying. Triclopyr was equally effective as 
clopyralid except when 50% of the leaves were removed and 
53% of the stem tissue was killed. More stem tissue was killed 
with both herbicides when 25% of the leaves were removed com- 
pared to foliated plants. Possibly leaf defoliation at 25% 
improved coverage and penetration of the herbicide sprays into 
the canopy and resulted in greater exposure and retention of the 
herbicide on plant surfaces. 

Table 1. Percent dead stem tissue of 2-year-old greenhouse+own honey 
mesquite 3 months after foliar application of clopyralid, triclopyr and 
1:l clopyralid:triclopy mixture on plants receiving 3 hand defoliation 
treatments immediately before herbicide applicatioa 

Herbicide’ Hand defoliation Dead stem tissue 
____ ---------.(%)-------------- 

Clopyralid 0 22 
25 47 
50 17 

Tticlopyr 0 32 
25 61 
50 53 

Clopyralid + Triclopyr 0 100 
25 97 
50 90 

Untreated 0 I 

LqO.05) I8 
‘Herbicides applied at 140 g ha.’ each alone or in mixture as the monocthanolamine salt 
of clopyralid and the butoxyethyl ester of triclopyr in mid- and late May 1993. Data 
pooled for 2 experiments. 

By mixing clopyralid and triclopyr at 140 g ha-’ each, the high 
percentage of dead stem tissue indicated the synergistic activity 
of these 2 herbicides (Table 1). Synergism is the phenomenon 
whereby the effect of 2 substances acting together is greater than 
the sum of their individual effects. Clopyralid plus triclopyr 
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Table 2. Percent canopy reduction and mortality of 1 to 2 m tall honey 
mesquite trees 1 year after foliar application of clopyralid, triclopyr 
and 1:l clopyralid:triclopyr mixture on plants receiving 3 hand defoli- 
ation treatments immediately before herbicide application. 

Herbicide’ 
Honev mesouite control 

Hand defoliation Canopy reduction Mortality 

Clopyralid 0 
‘ 25 

50 

Triclopyr 0 
25 
50 

Clopyralid + Triclopyr 0 
25 
50 

Untreated 0 
25 
50 

LSD(O.05) 

(o/o) ______-_______ 

88 47 
90 62 
83 49 

54 7 
49 7 
55 13 

95 59 
98 87 
96 76 

4 0 
5 0 
4 0 

8 26 

‘Herbicides applied at 280 g ha-’ each alone or in mixture as the monc&anolamine salt 
of clopyrahd aad the butoxyethyl ester of tticlopyr at 3 locations in June 1993 and 1994. 

killed all stem tissue with no hand defoliation and 90% or more 
when hand defoliated. The data support previous reports regard- 
ing the synergistic action of clopyralid plus triclopyr (Bovey and 
Whisenant 1991,1992). 

Field Experiments 
Similar to greenhouse-grown plants, efficacy of mid-June 

applications of clopyralid and triclopyr were not reduced on field- 
grown trees when defoliated at 25 or 50% (Table 2). Clopyralid 
alone at 280 g ha-’ caused 88% canopy reduction and killed 47% 
of the foliated plants. When defoliated by 50%, clopyralid pro- 
duced 83% canopy reduction and 49% mortality. Combining 
clopyralid plus triclopyr increased percent canopy reduction and 
mortality over the sum of both herbicides applied alone, but was 
not significantly different than clopyralid applied alone. Greater 
mortality was obtained when 25% of the leaves were removed 

When applied in mid-July, clopyralid caused more canopy 
reduction than triclopyr at locations 1 and 2 but not location 3 
(Table 3). Less than normal rainfall in July 1994 may have influ- 
enced results at location 3 (Table 4). Abundant rainfall in June 
1993 at location 1 and 2 may have provided a more favorable 
environment for herbicide activity in July 1993 compared to July 
1994. At location 1, clopyralid plus triclopyr was no more effec- 
tive than clopyralid applied alone but was significantly more 
effective than triclopyr applied alone. At location 2 the mixture 
was more effective than either herbicide applied alone but was 
not synergistic. At location 3 when hand defoliated at 25 and 
50%, the mixture was more effective than either herbicide 

Table 3. Percent canopy reduction of 1 to 2 m tall honey mesquite trees 1 Table 5. Percent mortality of 1 to 2 m tall honey mesquite trees 1 year 
yearr after foliar application of clopyralid, triclopyr and 1:l clopy- after foliar application of clopyratid, triclopyr and 1:l clopyralid:tri- 
ralid:triclopyr mixture on plants receiving 3 hand defoliation treat- clopyr mixture on plants receiving 3 hand defoliation treatments 
ments immediately before herbicide application. immediitely before herbicide application. 

Honev mesauite control 
Herbicide’ Hand defoliation Location 1 Location 2 Location 3 

----------------(%) _________________ 
Clopyralid 0 73 71 27 

25 79 75 I5 
50 74 79 23 

Triclopyr 0 19 45 25 
25 19 51 30 
50 37 46 19 

Clopyrafid + Triclopyr 0 78 100 35 
25 89 99 60 
50 75 99 60 

Untreated 0 2 10 1 
25 9 11 2 
50 4 12 2 

LSD(0.05) 17 17 24 

‘Herbicides applied at 280 g ha-’ each alone or in mixture as the monoethaaolamine salt 
of clopyralid and the butoxyethyl ester of triclopyr at location I and 2 in July. 1993 and 
location 3 in 1994. 

Table 4. Rainfall near the experimental sites from 1 Jan. 1993 to 30 Dec. 
1994.’ 

1993 1994 
Dev. from Dev. from 

Month Rainfall normal Rainfall normal 
----------------(cm) ___--____________ 

January 15.27 8.28 6.05 -0.69 
February 5.03 0.42 6.83 0.18 
March 11.71 5.16 5.79 -0.76 
April 9.80 1.22 4.42 -4.17 
May 18.44 6.25 13.92 1.73 
June 28.24 18.90 9.30 -0.05 
July 0.00 -5.82 0.28 -5.54 
August 0.20 -5.94 12.73 6.58 
September 5.81 -7.19 9.50 -2.87 
October 12.60 2.92 47.68 m 
November 7.70 0.30 2.18 -5.82 
December 6.09 -1.12 27.23 20.04 
Total 120.24 20.98 145.90 m 

‘Data taken from “Climatological Data” U.S. Dep. Commerce. NatClimatic Center. 
Fed. Bldg., Ashville. N.C. as collected at College Station, Tex. 

compared to no defoliation with clopyralid plus triclopyr. 
Triclopyr at all levels of hand defoliation reduced the canopy 
about 50% with <14% mortality. 

Honev mesouite control 
Herbicide’ Hand defoliation Location 1 Location 2 Location 3 

-----------.--.-(%)------__----_____ 
Clopyralid 0 33 13 0 

25 40 20 0 
50 27 33 7 

Triclopyr 0 0 0 0 
25 0 0 0 
50 7 0 0 

Clopyralid + Triclopyr 0 33 100 0 
25 53 93 13 
50 27 93 20 

Untreated 0 0 0 0 
25 0 0 0 
50 0 0 0 

LSD(O.05) 30 29 13 
‘Herbicides applied at 280 g ha-’ each alone or in mixture as the monoethanolamine salt 
of clopyralid and the but&ethyl ester of tticlopyr at location I and 2 in July. 1993 and 
location 3 in 1994. 
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applied alone. Hand defoliation did not reduce percent canopy 
reduction of honey mesquite in any herbicide treatment. 

Mortality of honey mesquite was not reduced by hand defolia- 
tion in any herbicide treatment or location (Table 5). At location 
2 the herbicide mixture was synergistic and killed 93% or more 
of the plants regardless of hand defoliation level. Mortality was 
very low in all herbicide treatments at location 3 but defoliation 
prior to spraying increased mortality if treated with clopyralid 
plus triclopyr. Typically clopyralid and especially triclopyr 
decline in effectiveness on honey mesquite in mid- to late July 
compared to earlier treatments (Meyer and Bovey 1986). 
Herbicide efficacy in late summer on honey mesquite is related to 
a less favorable growth environment and initiation of senescence 
(Meyer et al. 1971). 

Leaf removal up to 50% prior to herbicide treatment did not 
appear to reduce herbicide effectiveness on greenhouse-grown or 
natural field-grown honey mesquite trees provided treatments 
were made under a favorable time of year (June) and environment. 
In some situations leaf removal increased herbicide activity possi- 
bly due to improved canopy penetration and spray retention on 
leaf and stem surfaces. After 50% hand defoliation, enough leaf 
area apparently exists to intercept the spray and absorb enough 
herbicide for lethal activity compared to no defoliation. Bovey et 
al. (1988b) found that the main mode of clopyralid uptake by 
honey mesquite was via leaves since no plants were killed and 
extremely low clopyralid concentrations were found in basal stem 
phloem after treating hand defoliated plants or the soil under foli- 
ated plants. Data in this report indicate that the grower should 
obtain good control of honey mesquite even if some natural defo- 
liation has occurred because of insect or weather damage or 
removal by grazing animals provided treatments are applied under 
favorable growing conditions during spring and summer months. 
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Abstract 

Native warm-season grass mixtures have been established on 
the Southern Plains under the USDA Conservation Reserve 
Program. We studied responses to N fertilizer on such pastures 
in western Oklahoma over a 4-year period. Experimental pas- 
tures were previously cultivated fields with loamy soils seeded to 
a mixture of native warm-season grasses. Fertilizer treatments 
were 0 and 35 kg N ha-’ year-’ as ammonium nitrate. Pastures 
were intensively grazed from early June to early August over 4 
years. Stocking rates averaged 52 and 104 AUD ha-’ for the 0 and 
35 kg N ha“ treatments, respectively. These stocking rates are 
heavy for seasonal grazing in this region. Responses measured 
included forage mass and nutritive value before and after grax- 
ing, plant basal area, and livestock performance. Precipitation 
was variable but generally favorable over the study period. Peak 
forage mass was increased by N fertilization (2,480 versus 4,030 
kg ha-‘; P < O.Ol), producing 45 kg forage per kg N applied. 
Nitrogen fertilization increased crude protein concentration in 
June (8.2 versus 10.3 % ; P < 0.05) and August (4.1 versus 4.6% ; P 
< 0.05), but had inconsistent effects on in vitro dry matter 
digestibility. Total vegetative cover and basal cover of blue 
grama (Boutelow gmdis (B.B.K.) Lag. ex Griffith@ increased in 
the fertilized pastures. Average daily steer gain was not different 
between treatments (0.96 versus 1.02 kg hd-’ day-‘) even though 
stocking rates were substantially higher on fertilized pastures. 
Steer gain ha-’ was increased by fertilization (83 versus 176 kg 
ha-‘, P < 0.01). This resulted in a fertilizer N use efftciency of 2.7 
kg steer gain per kg N applied. Nitrogen fertilization combined 
with intensive summer graxing provided a net return of 80.65 to 
$0.94 per kg N applied. 

Key Words: revegetation, Southern Great Plains, Bouteloua, 
nutrient management, livestock production 

Native warm-season grass mixtures have been established on 
the Southern Plains under the USDA Conservation Reserve 
Program. These plantings were largely on marginal farmland cul- 
tivated for 50 to 100 years. Haas et al. (1957) found that cultiva- 
tion and erosion greatly reduced N and organic matter in soils 
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farmed for many years in the Great Plains. Substantial yield 
increases from N fertilization of native grasses reestablished on 
farmland were found in clipping studies in western Kansas 
(Launchbaugh 1962) and Oklahoma (Berg 1995). Nitrogen fertil- 
ization is a common practice on introduced pastures in the 
Southern Plains (Dahl and Cotter 1984, Berg and Sims 1995), 
however; native grasslands are seldom fertilized. Fertilization of 
‘WW-Spar’ Old World bluestem (Bothriochloa ischaemum (L.) 
Keng. var. ischuemum (Hack.) Celarier and Harlan) at 34 kg N 
ha-’ year’ in western Oklahoma increased steer gain from 112 to 
220 kg ha-’ year’ for an average N fertilizer use efficiency of 3.2 
kg steer gain per kg N applied (Berg and Sims 1995). 

The objective of this study was to determine the effect of N fer- 
tilizer on a livestock-forage system based on native warm-season 
grasses established on retired cropland. We studied the impact of 
annual fertilization on forage production, forage nutritive value, 
plant species composition, and livestock production. 

Materials and Methods 

This study was conducted from 1993 through 1996 at the 
USDA-ARS Southern Plains Range Research Station near 
Woodward in northwestern Oklahoma (36”27’N, 99”23’W, elev. 
625 m). The experimental site was cultivated and cropped annu- 
ally for about 90 years since the original mixed-grass prairie was 
plowed. The soils were a complex of Enterprise fine sandy loam 
and Woodward loam (coarse silty, mixed thermic Typic 
Ustochrepts) on slopes of 3 to 8% that were contour terraced. Soil 
samples taken to 15 cm averaged 5.5 g organic C kg-’ (Mebius 
method; Nelson and Sommers 1982), 0.58 g N kg-’ (kjeldahl pro- 
cedure; Bremner 1996), and pH 6.9 (1:l; wt:wt). Extractable 
nitrate (KC1 extraction, Cd-reduction; Mulvaney 1996) tested low 
at 0.8 mg N kg-‘. as did extractable ammonium (steam distilla- 
tion; Kenney and Nelson 1992) at 2.4 mg N kg-‘. Extractable P 
and K (Mehlich 3 extract; Mehlich 1984) were adequate averag- 
ing 35 mg P kg-’ and 255 mg K kg-‘. 

A mixture of ‘Hachita’ blue grama (Boureloua grucilis (H.B.K.) 
Lag. ex Griffiths), ‘El Reno’ sideoats grama (B. curtipendulu 
(Michx.) Torr.), ‘Cimarron’ little bluestem (Schizuchyrium sco- 
parium (Michx.) Nash), ‘Woodward’ sand bluestem 
(Andropogon h&ii Hack.), ‘Cheyenne’ indiangrass (Sorghastrum 
nutuns (L.) Nash) and ‘Blackwell’ switchgrass (Panicurn virga- 
turn L.) was seeded in May 1990 at a total rate of 209 pure live 
seeds rne2. The relative species composition of the seed mixture 
was: blue grama 29%. sideoats grama 18%, little bluestem 29%. 
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sand bluestem lo%, indiangrass 8%, and switchgrass 5%. An 
October 1990 establishment inventory within 1,000 random 
placements of a 0.5 m2 quadrat indicated the following plant den- 
sities (plants me2): blue grama 3.5, sideoats grama 2.1, little 
bluestem 1.5, sand bluestem 0.3, indiangrass 0.2, and switchgrass 
0.3. The planting was not grazed or cut for hay through 1992. The 
residue was burned in March 1993. In subsequent years, the after- 
math was mowed in March to a height of about 6 cm and dropped 
in place. 

The experimental area was fenced into 8 pastures, each 1.34 ha 
in size. The long axis of the pastures, averaging 210 m, was gen- 
erally perpendicular to the terraces and crossed an average of 7 
terraces. A randomized complete block design was used with 4 
blocks each containing 2 pastures. Pasture treatments were no 
fertilizer N or 35 kg N ha-’ year’ applied as ammonium nitrate. 
Fertilizer was applied in April from 1993 to 1996 with a drop 
spreader. Treatments were repeated on the same pastures in suc- 
cessive years. 

field. A sub-sample was also weighed in the field and oven dried 
for calculation of dry matter. Ungrazed forage mass, assumed to 
be peak forage mass, was determined on the same date in five, 
2.4 X 4.9 m exclosures within each pasture. The same harvest 
methods were used to sample exclosures. The exclosures were 
moved to new locations each year. Forage sampling areas were 
midway between terraces. 

The forage sub-samples were ground to pass a l-mm screen and 
analyzed for N (kjeldahl procedure; Bremner and Breitenbeck 
1983) and in vitro dry matter digestibility (IVDMD; Tilley and 
Terry 1963, as modified by White et al. 1981). Nitrogen concen- 
tration was multiplied by 6.25 to estimate crude protein. 

Grazing was initiated when grass was 15 to 20 cm tall. Grazing 
was terminated when forage mass in the unfertilized pastures was 
visually estimated to be 50% of the forage mass in unfertilized 
exclosures. Average starting and ending dates were 7 June and 4 
August for a 58&y grazing period. 

Grazing management consisted of set stocking with 2 yearling 
steers per unfertilized pasture and 4 steers per N-fertilized pas- 
ture. The cross-bred steers were produced by Hereford or Angus 
cows and Simmental, Limousin, or Brahman bulls. Steers were 
blocked into treatment groups on the basis of body weight. Initial 
steer weights averaged 255 kg. To calculate stocking rate, steer 
weights were converted to animal units using the formula: 
AU=(initial body weight)0~75/5000~7’ (Forage and Grazing 
Terminology Committee 1991). The stocking rate over years 
averaged 52 and 104 animal-unit-days (AUD) ha-’ for unfertilized 
and fertilized pastures, respectively. A moderate stocking rate for 
steers grazing rangeland in this region is 49 AUD ha-’ over a lO- 
month grazing season, resulting in steer gain of 45 to 50 kg ha-’ 
(Shoop and McIlvain 1971). 

Steers were weighed prior to the start of grazing and again 
when removed from the pastures. Steers were held for 18 hours 
without feed or water before each weighing. The steers grazed 
dormant native pastures of similar species composition to the 
experimental pastures from January until June and were implant- 
ed with Synovex’ in May. Steers had unlimited access to block 
salt and were not supplemented during the study period. There 
was no animal mortality during the course of the study.* 

Forage mass at the start of the annual grazing trials was deter- 
mined by hand clipping all vegetation in ten, 0.5 m2 quadrats to a 
7-cm stubble height within each pasture, drying to a constant 
weight at 57” C and weighing. At the 6 June 1995 sampling, 
cool-season annual grasses were clipped separately from warm- 
season grasses. At the end of the grazing period, total forage mass 
representing residual vegetation in each pasture was determined 
by using a sickle bar mower to harvest five, 1.3 X 4.0 m plots at a 
7-cm height. The total clipped vegetation was weighed in the 

Species composition and ground cover in the pastures were 
determined by point sampling. In August 1993, points were sys- 
tematically sampled along 200-m pace transects. Fifty points were 
distributed along 4 transects for a total of 200 points per pasture. 
The plant species intersected at ground level was recorded for each 
point. If no plant base was intersected, the nearest plant to the point 
was recorded. Point data were summed for each species and divid- 
ed by the total number of points to calculate relative species com- 
position. In October 1996, 100 points were systematically sampled 
along the 200-m pace transects for a total of 400 points per pasture. 
At each point, we recorded whether the point intersected a plant 
base, litter, or bare ground. If a plant base was intersected, we 
recorded the plant species. Point data were summed for each cate- 
gory and divided by the total number of points to calculate relative 
cover for vegetation, litter, and bare ground. Plant species data 
were summed individually and divided by the total number of plant 
hits to calculate relative species composition. 

The experiment was analyzed as a randomized complete block 
design with repeated measures. The main treatment was N fertil- 
izer application and the repeated factor was year. Pastures were 
the experimental unit for all analyses. Response variables were 
forage mass, forage quality, livestock gain per head, and live- 
stock gain per ha. For forage mass and nutritive value, dates with- 
in year were analyzed separately. Species composition and 
ground cover were analyzed as a randomized complete block 
design with years analyzed separately because methods were 
changed over years. The protected LSD was used to assess differ- 
ences among treatment means (01= 0.05). 

Results and Discussion 

Annual precipitation was generally favorable over the study 
period (Table 1). Only 1994 was below the 85-year average. 
Precipitation from April through July ranged from 91 to 171% of 

Table 1. Annual and seasonal precipitation (mm) at Woodward, Okla., 
mu-1996. 

Per&d 
YW Arlllual’ April-July 

- - - - - - - - - - - (mm)--- - - - - - -  

‘Names are necessary to report factually on available data; however, the USDA 
neither guarantees nor warrants the standard of the product, and the use of the 
name by USDA implies no approval of the product to the exclusion of others that 

1993 640 264 
1994 445 269 
1995 825 498 

ma? also + suitable. -- - 
All ammal care procedures followed USDA-ARS Directive 130.4 and met reg- 

1996 906 459 

ulations of the Animal Welfare Act of 1966 and subsequent amendments. 85year average 601 292 

‘Calculated from Oct. through Sept. 
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Fig. 1. Forage mass of an ongrazed native grass mixture in early June and early August as affected by N treatment, 1993-%. ** Indicates difference 
between means (P < 0.01). 

average. Seasonal precipitation in 1996 was poorly distributed treatments. This reflects the lack of precipitation in the early portion 
with 174 mm for April-June and 258 mm in July. This followed a of the 1996 growing season. Utilization levels increased over years 
record dry period from October 1995 through March 1996 when in both treatments. The average utilization level of 70% in the N- 
precipitation was 36% of average. fertihzed pastures is considerably higher than the 50% utilization 

recommended for unfertilized native rangelands in this region. 
Forage Mass 

Forage mass in June was increased by 60% with N fertilization Forage Nutritive Value 
(Fig. 1; P < 0.01) and resulted in a fertilizer N use efficiency of Percentage crude protein was consistently higher in the N-fer- 
14 kg forage produced per kg N applied. Ungrazed forage mass tilized forage in early June when grazing was initiated (Fig. 3; P 
in August was increased 63% with fertilization (Fig. 1; P < 0.01) c 0.05). Crude protein concentration in the forage was still higher 
and resulted in a fertilizer N use efficiency of 45 kg forage per kg in the N-fertilized pastures at the end of the grazing trial although 
of N applied. This N fertilizer use efficiency at peak forage mass the difference was smaller than in June (P < 0.05). Crude protein 
is much higher than the 12 to 27 kg forage per kg N reported concentration was not different in the exclosures. Previous stud- 
from other reseeded pastures (Launchbaugh 1962, Rehm et al. ies have shown that similar increases in crude protein concentra- 
1972, Rehm 1984). tion of forage are common with N fertilization (Rehm et al. 1972; 

There were no treatment by year interactions for ungrazed for- Pettit and Deering 1974; Samuel et al. 1980; Rehm 1984). A 
age production. The lack of interaction is surprising given the diminishing impact of fertilization as plant phenology advances 
variation in seasonal precipitation. Such responses confirm that was also reported by Burzlaff et al. (1968) and Houston and Van 
native grasses are well adapted to climatic extremes and response Der Sluijs (1975). There was no fertilizer by year interaction for 
to N over these extremes is consistent. crude protein for any date-grazing combination. 

Our stocking rates were designed to use about one-half of the Nitrogen fertilizer had small and inconsistent effects on 
forage on the unfertilized pastures and to leave comparable IVDMD of forage. Nitrogen fertilizer increased IVDMD in June 
amounts of forage on both treatments at the end of the grazing (P < 0.05; Fig. 3). Averaged over years, the IVDMD of forage in 
period. Averaged over years, this objective was met with 1,240 June was 60.0% and 62.9% in unfertilized and fertilized pastures, 
and 1,230 kg ha-’ of residual forage in the unfertilized and fertil- respectively. In August, IVDMD did not differ between treat- 
ized pastures, respectively. However, there was a treatment by ments for grazed pastures (Fig. 3). In the exclosures, IVDMD 
year interaction for forage mass in the pastures at the end of the was slightly higher in the unfertilized pastures than in the fertil- 
grazing period (Fig. 2; P c 0.01). Forage mass did not differ ized pastures in August (Fig. 3; P < 0.05). There were no treat- 
between treatments in 1993 or 1994. In 1995, forage mass was ment by year interactions for IVDMD for any sampling date. 
higher in unfertilized pastures. In 1996, forage mass was higher Fertilization with N also had no impact on IVDMD of reseeded 

in fertilized pastures. native grasses in Nebraska (Rehm et al. 1972; Rehm 1984). 

Forage utilization was consistently higher in fertilized pastures 
for 1993-1995 (Fig. 2; P < 0.05) since residual forage levels in Plant Species Composition and Ground Cover 
fertilized pastures were equal to or greater than those in unfertil- Relative composition of the major plant species was similar 
ized pastures and total forage production was higher in fertilized among treatment pastures in 1993 when the study was initiated 
pastures. In 1996, forage utilization was about 75% in both (Table 2). The only changes in individual species composition 

between N treatments over the study period were increases in 
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Table 2. Relative composition (46) of plant species bawd on basal cover as affected by N fertilizer treatment. 

Component 

Blue grama 
Sideoats grama 
Little bluestem 
Sand bluestem 
Indiangrass 
Switchgrass 
Sand dropseed* 
willdmi11grass 

1993 
. Fertdrzer treatment 

None 35 kg N ha-’ 

---------(S)--------- 

49.5 49.6 
24.5 24.5 

9.9 9.7 
3.9 4.2 
- - 
7.0 6.1 
- - 
- - 

SE 

1.2 
1.8 
0.6 
0.5 
- 
1.8 
- 
- 

1996 
Fertilizer treatment 

None 35 kg N ha-’ 

---------(S)--------- 

38.6* 47.5 
39.6 29.7 

7.9 3.1 
1.4 0.1 
2.3 1.0 
4.2 1.4 
1.8 4.9 
3.3* 9.6 

SE 

1.5 
2.6 
2.0 
0.5 
0.3 
0.7 
0.8 
0.8 

Other grasses 5.3 

*Indicates difference within a year aad row (P < 0.05). 
2sporobolus clyptandm wxt.) Gray 

5.8 1.4 1.0 2.1 0.5 

blue grama and windmillgrass (Chloris verticillutu NW.) with N 
fertilization. When sand bluestem, indiangrass, and switchgrass 
were pooled into a single category of tallgrasses, this group 
declined with fertilization (7.9% versus 2.5%. P c 0.05). We can 
not completely separate the effects of fertilization and grazing on 
species composition changes. While forage mass increased 60% 
with fertilization, stocking rates were increased 100% on the fer- 
tilized pastures. Forage utilization rates were also higher on fertil- 
ized pastures. In previous studies, blue grama increased in 

2500 

0 

80 

response to both N fertilizer (Berg 1995) and heavy stocking rate 
(Launchbaugh 1957). Windmillgrass is generally considered to 
be a weedy grass and increases with heavy stocking rates while 
the tallgrasses decrease (Sims and Dwyer 1965). On the other 
hand, increases in weedy grasses have also been reported after N 
fertilization (Pettit and Deering 1974, Rehm 1984). 

Total cover of live vegetation was higher in N-fertilized pas- 
tures in 1996 (Table 3). This coincides with the shift to sod-form- 
ing grasses indicated by the species composition results. Litter 

NS 

94 95 96 

Year 
Fig. 2 Forage mass and percent utilization of a native grass mixture in grazed pastures in early August as affected by N treatment and year. Within 

y-9 * and ** indicates difference at P < 0.05 and P c 0.01, respectively. 
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Fig. 3. Crude proteiu concentration and in vitro dry matter digestibility (lVDhSD) of a native grass mixture as affected by N treatment and date, 19!23- 
96. Within year, * and ** indicates diierence at P < 0.05 and P c 0.01, respectively. 

cover and bare ground were not affected by N fertilization in 
1996. Ground cover was not measured in 1993 so results con- 
cerning ground cover components can not be strictly attributed to 
fertilizer treatment. However, the species composition data from 
1993 suggest that the pastures were similar at the start of the 
study. Warnes and Newell (1969) and Rehm et al. (1972) report- 
ed reductions in bare ground on reseeded fields with the addition 
of 34-45 kg N ha-’ in small plot studies. 

Downy brome (Bromus tectorum L.) contributed 24% of the 
forage mass on N-fertilized pastures when grazing began on 7 
June 1995 as compared to 5% of the forage mass on unfertilized 
pastures. Downy brome. a cool-season annual, was mature when 
grazing began and little of the bromegrass was grazed. Cool-sea- 
son annual grasses increased with N fertilization of native grass 
plantings in Kansas (Launchbaugh 1962). It should be expected 
that winter annual grasses will increase with spring application of 
N fertilizer in native warm-season grass pastures. Grazing these 

Table 3. Ground cover (%) in 19% as affected by N fertilizer treatment. 

Component None 35 kg N ha-’ SE 

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

Live vegetation 46* 51 1.0 
Litter 36 36 0.7 
Bare ground 18 13 1.6 

*Indicates difference within a year and row (P < 0.05). 

winter annual grasses from early spring into the early May head- 
ing period may offer some control while also providing a high- 
quality forage until the warm-season grasses are ready for graz- 
ing. Spring burning is another option to control winter annuals in 
warm-season pastures (Gillen et al. 1987). 

Kochia (Kochia scopariu (L.) S&ad.), a warm-season annual 
forb, was present in all pastures the first grazing season (1993) 
and was readily grazed. In 1995 after a moist fall and winter, 
marestail (Conyza cunadensis (L.) Cronq.), an annual forb, was 
abundant in all pastures. We estimated individual marestail plants 
to be 2 to 3 times heavier in the N-fertilized pastures. There was 
limited grazing on the marestail. Annuals were virtually absent 
from the experimental pastures in 1996 following the severe win- 
ter-spring drought. 

Livestock Performance 
Averaged over years, average daily gain (ADG) was 0.96 and 

1.02 kg head-’ day-’ for unfertilized and fertilized pastures, 
respectively. Average daily gain of steers was not different 
between treatments. Stocking rates were lower on the unfertilized 
pastures and average forage allowance was higher on the unfertil- 
ized pastures, 2,550 versus 1,580 kg AU”. The greater forage 
allowance in the unfertilized pastures probably allowed greater 
grazing selectivity and apparently negated the increase in forage 
crude protein with N fertilization. Donart et al. (1978) and Hart et 
al. (1995) reported no differences in gain per head between unfer- 
tilized and fertilized blue grama grasslands. 
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Because steer gain per head was equal but stocking rates were 
doubled on the fertilized pastures, steer gain per hectare increased 
significantly with N fertilization (P < 0.01) on these previously 
farmed soils. Steer gain averaged 83 and 176 kg ha-’ for unfertil- 
ized and fertilized pastures over the 4 study years. Fertilizer N use 
efficiency over the 4-year study averaged 2.7 kg steer gain per kg 
N applied. This ratio is considerably higher than those found for 
native blue grama grasslands. Donart et al. (1978) reported 0.6 kg 
steer gain per kg N applied in central New Mexico. In northeast- 
em Colorado, fertilization produced 1.2 kg gain per kg N applied 
(Hart et al. 1995). Annual precipitation at these 2 sites, 396 and 
3 12 mm, is considerably less than at our study location. The N use 
efficiency in our study is similar to, but slightly less than, the 3.4 
kg steer gain per kg N applied on intensively grazed ‘WW-Spar’ 
Old World bluestem pastures in this region (Berg and Sims 1995). 
These Old World bluestems were also growing on soils that were 
previously cropped for long periods. 

Based on current contract grazing rates, steer gain is valued at 
$0.55 to 0.66 kg”. The cost of fertilizer N (urea) is $0.55 kg-’ plus 
a $0.29 kg-’ application cost. The N use efficiency of 2.7 kg steer 
gain per kg of N appIied indicates a favorabie economic return of 
$0.65 to 0.94 per kg of N applied. Urea is a less expensive dry N 
source than ammonium nitrate, which was used in this study. 
However, N volatilization loss can be substantial with broadcast 
urea application on pastures. Delaying N application until late 
April on a warm-season grass planting in western Oklahoma 
resulted in similar forage production response from urea and 
ammonium nitrate (Berg 1993). 

Intensive summer grazing of N-fertilized native grass plantings, 
as was done in this study, could be used in a sequence grazing 
system with earlier and later season grazing on rangeland or 
introduced grass pastures. Under intensive grazing it is important 
to allow sufficient forage growth before grazing begins. If graz- 
ing is started too soon, forage consumption will out-pace forage 
growth. Forage mass will then decline rather than remain con- 
stant or increase. This will result in reduced forage production 
and a shortened grazing period. We began grazing when approxi- 
mately 1,000 kg ha-’ of forage had accumulated. This criterion 
was based on earlier studies with Old World bluestem (Berg and 
Sims 1995) and also seemed to work well on the native grass 
planting. Nitrogen fertilization of native warm-season grasses 
enhanced growth of winter annual grasses and annual forbs in 
some years. This must be recognized when considering N fertil- 
ization of warm-season grass plantings in the Southern Plains. 
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Abstract 

A study on Conservation Reserve Program (CRP) land was 
established in southeastern Nebraska to determine the effect of 
dormant-season management on subsequent-year growth rates 
and yields of tallgrasses. The purpose of the management prac- 
tices was removal of standing dead material and litter that nega- 
tively impact plant growth and grazing efficiency. Treatments 
consisted of a control with no residue manipulation and 5 residue 
manipulation practices including (1) October shredding and 
leaving residue; (2) October haying; (3) October intensive graz- 
ing; (4) March intensive grazing; and (5) spring prescribed bum- 
ing. The study was conducted in 1994195 and 1995/96 on a 
switchgrass (Panicum v&turn L.) monoculture and mixed stand 
of warm-season tallgrasses dominated by big bluestem 
(Andropogon gerardii Vitman) and little bluestem [Schizachyrium 
scoparium (Michx.) Nash]. The manipulation treatments effec- 
tively removed standing dead material without reducing yields in 
the growing season following application. Marked switchgrass 
tillers on the control plots increased (P < 0.1) in height at a more 
rapid rate than switchgrass on other treatments until late sum- 
mer ln both years. Rate of morphological development was simi- 
lar (P > 0.1) for all treatments in 1995 and 1996. Rate of height 
increase and morphological development in big and little 
bluestem on the mixed grass site generally was comparable or 
slower on the manipulation treatments than the control in both 
years; however, big and little bluestem tillers grew relatively 
rapidly at the end of the 1995 growing season. Because the 
manipulation treatments generally did not increase tiller growth 
rates of the dominant grass species, potential harvest dates would 
be similar to those of untreated areas. 

Key Words: Conservation Reserve Program, prescribed burning, 
mowing, high-intensity grazing 
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About 3.8 million ha of marginal cropland were seeded to 
perennial grasses in the northern Great Plains since 1985 as a 
result of the Conservation Reserve Program (CRP) (Osbom et al. 
1995). Even with contract renewals, a significant amount of CRP 
land will come out of retirement in the next several years and as 
much as 30% of it may remain in grass for livestock grazing or 
hay production (Osbom et al. 1994). Many of these grass stands, 
however, will not be ready for grazing or haying the first year fol- 
lowing contract expiration because little or no vegetation man- 
agement (e.g., prescribed burning or grazing) has been applied to 
these grasslands during the 10 years of retirement. 

Long-term nonuse of perennial grass stands commonly results 
in excessive accumulation of dead plant material and decreased 
tillering, production, and percentage ground cover (Weaver and 
Rowland 1952. Tueller and Tower 1979). Methods of rapidly 
returning such stands to a productive state appropriate for grazing 
or haying may include prescribed burning, mowing, and (or) 
intensive grazing. Each method stimulates tillering in warrn-sea- 
son grasses and reduces accumulated plant residue when properly 
applied (Holechek 1981, McNaughton 1983, Scifres and 
Hamilton 1993). Application of these residue manipulations mod- 
ify the growing conditions of the site and potentially affect the 
growth rate and appropriate harvest dates of warm-season grass- 
es. Numerous studies report that warm-season grasses respond to 
spring bums by starting growth earlier and growing faster early in 
the growing season because of increased surface light, soil tem- 
peratures, and nutrient availability (Curtis and Partch 1950, 
Ehrenreich 1959, Hulbert 1988). Effect of dormant-season mow- 
ing and grazing on the growth rate of warm-season grasses 
through the growing season is not well documented (Hulbert 
1988). Knowledge of growth rate response of warm-season grass- 
es to residue manipulations is valuable in planning harvest strate- 
gies, particularly the initial harvest date. 

The purpose of the study was to determine the growth response 
of warm-season tallgrasses to specific residue manipulations 
applied in the dormant season prior to the first growing season of 
use. The objectives were to (1) determine growth rates of switch- 
grass (Panicum virgatum L.) in monocultures and big bluestem 
(Andropogon gerardii Vitman) and little bluestem 
[Schizachyrium scoparium (Michx.) Nash] in mixed grass stands 
in response to burning, mowing, and grazing in the dormant sea- 
son and (2) determine the effect of the manipulation treatments 
on accumulated plant residue and current-year biomass yields. 
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Study Area 

The study was initiated in August 1994 on 2 sites of CRP land 
about 5 km south of Virginia, Gage County, Nebr. Average annu- 
al precipitation is 824 mm with 75% of the precipitation coming 
as rain during the growing season. Annual precipitation in 1995 
and 1996 was 927 and 906 mm, respectively. Precipitation from 
April through September was 8 18 mm in 1995 and 667 mm in 
1996. In both years, mean temperature for the growing season 
was about 1” C higher than the long-term average of 17.2” C. Site 
1 was seeded to switchgrass in 1988. The monoculture was vigor- 
ous in 1994 with large, scattered switchgrass plants and small 
amounts of invader species such as common sunflower 
(Helianthus ~RRUUS L.) or velvetleaf (Ah&on theophrusri 
Medic.). The dominant soil is Judson silt loam (fine silty, mixed, 
mesic Cumulic Hapludoll) with 3 to 5% slopes. Site 2 was seeded 
in 1987 to a 5-way mixture of big bluestem, little bluestem, indi- 
angrass [Sorhasfum nutans (L.) Nash], switchgrass, and sideoats 
grztr~ [Bouteloua curfipendulu (Michx.) Torr.]. In 1994, the site 
was a mixture of the 5 seeded species and a number of cool-sea- 
son grasses and forbs, including smooth bromegrass (Bromus 
inermis Leyss.), red clover (Trifulium pretense L.), and yellow 
sweetclover [Melilotus o~cinalis (L.) Pall.]. Big bluestem and 
little bluestem were co-dominants and accounted for 60% of 
aboveground yields in August 1994. The site is terraced and soils 
are Shelby and Burchard clay loams (fine loamy, mixed, mesic 
Typic Argiudolls) with 8 to 12% slopes. 

Methods 

Each site was divided into 2 sets of 3 blocks, with slope as the 
block criterion. Each of 6 treatments were applied randomly to 
plots within each block. Treatments consisted of a control with no 
residue manipulation and 5 residue manipulation practices includ- 
ing (1) October shredding with residue left on the soil surface 
(shred); (2) October mowing with removal of plant material to 
simulate an end-of-season hay harvest (hay); (3) high-intensity 
grazing with cattle in October (graze October): (4) high-intensity 
grazing with cattle in March (graze March); and (5) prescribed 
burning in late April (burn). Treatments were applied to 1 set of 
plots at each site in 1994/1995 and to the other set of plots at each 
site in 1995196. Dimensions of the plots were 12 X 15 m, except 
for the grazed plots which were 24 X 15 m. 

Mid-October shred and hay treatments were selected to match 
that date when landowners could first harvest forage from CRP 
land. Shredding was accomplished using a tractor mounted shred- 
der. Plant material was cut into about 20-cm segments and left on 
the plots. Haying was conducted using a flail harvester which col- 
lects the plant material in removable bags. Contents of the bags 
were discarded on an adjacent area. Cutting height for the 2 treat- 
ments was about 12 cm above ground level. 

The graze October treatment also occurred shortly after the 
time when landowners would have been able to first graze their 
CRP pasture. A March grazing period coincided with calving for 
many livestock producers in Nebraska. Tallgrass stands are 
viewed favorably as calving pasture because of the cover they 
provide. Grazed plots were fenced and stocked with 3 to 4 dry 
cows (sz 550 kg) for 3 to 5 days. Livestock remained on the plots 
until the standing vegetation was reduced by about 80%. High 

stocking density (about 100 AU ha-‘) was used as a means of 
approaching even distribution of defoliation, trampling,. and 
manure. Cumulative herbage allowance on the mixed grass site 
was 2.4 kg dry matter per 100 kg live weight for a 3-day period. 
For the switchgrass site, cumulative herbage allowance was about 
5.1 kg dry matter per 100 kg live weight for a 4.5-day period. The 
cows had free access to water but no mineral or supplemental 
feed was available to them while they were on the plots. 

The bum plots were mostly backfired to ensure control of the 
fire. Prescribed bums were conducted on 27 April 1995 and 1 
May 1996. Fine fuel loads for the switchgrass site were 18,500 kg 
ha-’ (S.E. = 2,900 kg ha-‘) in 1995 and 12,000 kg ha -’ (S.E. = 
1,150 kg-‘) in 1996 whereas fuel loads for the mixed grass site 
were 6,000 kg ha-’ (SE. - 960 kg ha”) in 1995 and 6,700 kg ha-’ 
(S.E. = 1,500 kg ha-‘) in 1996. 

Growth rates of the dominant grass species at both sites were 
estimated in both years for each treatment. Twenty-five tillers of 
switchgrass in each plot at the switchgrass site and 25 tillers each 
of big bluestem and little bluestem per plot at the mixed grass site 
were randomly located and marked with colored wire at the 
beginning of the growing season. The height of each tiller was 
measured and stage of growth (Moore et al. 1991) was deter- 
mined initially in mid-May and at l- to 2-week intervals through 
the growing season. 

Above-ground biomass yields were estimated at the end of the 
first growing season (early September) following application of 
treatments by collecting all plant material in randomly placed, 
0.25-m’ quadrats. Eight quadrats were sampled in each of the 
grazed plots and 4 quadrats were used in each of the other plots. 
Standing vegetation was clipped at ground level, hand-separated 
into current-year growth and standing dead, oven-dried at 60” C 
until weight was constant and weighed to the nearest 0.1 g. Litter 
in each quadrat also was gathered, dried, and weighed. Standing 
dead material included dead leaves and stems produced in previ- 
ous years and remaining upright among current-year growth. 
Litter included all dead leaves and stems on the soil surface. 
Baseline data on yields of current-year growth, standing dead, 
and litter also were collected in September of each year prior to 
application of treatments. 

Analysis of variance of the baseline standing crop data in each 
year indicated few differences among experimental units. 
Furthermore, the baseline standing crop data used as a covariate 
was not significant (P > 0.1) in the analysis of variance of the 
above-ground biomass yields in 1995 and 1996. Analysis of plant 
height and stage of growth was conducted using regression (SAS 
1985) on mean plant height and morphological index for each 
experimental unit over time. Above-ground biomass and coeffi- 
cients from regression analysis for plant height and morphologi- 
cal index were analzyed by analysis of variance (SAS 1985). 
Yield data and regression coefficients for each stand type were 
tested for homogeneity of variance over years to determine if sta- 
tistical analysis could be conducted on data combined over the 2 
years of study. Yield data were combined over years because 
variances were homogeneous. Variances of the regression coefft- 
cients were not homogeneous between years; therefore, regres- 
sion coefficients were analyzed separately. Means were separated 
using a Fisher’s protected LSD (Steel and Torrie 1980) and they 
were considered statistically different at P < 0.1. 
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Results and Discussion 

Standing Dead Material and Litter 
All manipulation treatments effectively removed standing dead 

material from the switchgrass and mixed grass stands (Table 1). 
Standing dead material on switchgrass control plots represented 
27% of the total standing herbage, but was less than 3% of the 
total on the manipulated areas. Standing dead on control plots at 
the mixed grass site was about 15% of the total standing herbage, 
and less than 2% of the total on the manipulated areas. 

Litter distribution within the plots was extremely variable and 
standard errors generally were very high at both sites. Only the 
bum and hay treatments reduced the amount of litter below (P < 
0.1) control levels on the switchgrass site (Table 1). Fire con- 
sumed most of the litter and hay removed the standing vegetation 
which would have added to the litter. Litter amounts were 
reduced (P < 0.1) by the bum, hay, and graze treatments on the 
mixed grass site. Hoof action on grazed areas incorporated most 
of the litter into the soil, and also fragmented the dry litter which 
could have increased the rate of decomposition. 

Growth Rates 
Table 2 presents fitted polynomial coefficients for each species 

and treatment for tiller height and growth stage during the 1995 
and 1996 growing seasons. Linear and quadratic effects were sig- 
nificant (P < 0.1) in most cases for both height and growth stage 
in 1995 and 1996. Figures 1 through 3 show growth stage and 
height changes for each species over the 1 I- to 1Zweek sampling 
period in each year. 

Switchgrass tillers on control plots increased in height more 
rapidly in both years than on other treatments until late summer 
when growth in height of switchgrass was relatively slow for the 
control (Fig. 1). Switchgrass tillers on the control plots were 10 to 
20 cm taller than tillers on manipulated plots by late June in both 
years. The mechanism(s) controlling this growth response on the 
control plots was not determined but it is possible that light flux 
and quality characteristics within the dense canopy of standing 
residue played a role in eliciting the response. Plant shoots grow- 
ing in low light intensity commonly are tall and spindly because 
of accelerated cell division and elongation (Noggle and Fritz 
1983). Numerous studies also implicate light quality as a mecha- 
nism affecting morphological development, such as tiller elonga- 
tion rate (Ballare et al. 1991, Casal et al. 1985, 1987). Plant pho- 
toreceptors related to tiller elongation appear to respond to differ- 
ent levels of blue, red, or far-red h-radiance. Tiller elongation rate 

Date 

Fii. 1. Fitted carves for height and growth stage index of twit&grass 
tillers in response to various stand manipulation practices. Tiers 
were first measured on 11 May 1995 and 21 May 1996. 

in grasses is stimulated in dense canopies because of low blue 
light irradiance (Ballare et al. 1991) or low red:far-red ratios 
(Casal et al. 1985,1987). 

Switchgrass on the manipulation treatments generally increased 
in height at a similar rate except in 1996 when growth rates were 
slower during the first part of the growing season for the graze 
October and hay treatments than for the other treatments (Table 
2). Reasons for slow growth on the graze October and hay treat- 
ments were not evident. Growth stage index of switchgrass was 
similar for all treatments in both 1995 and 1996 (Table 2, Fig. 1). 

Growth rate response of big bluestem to treatments was not 
consistent over the 2 years (Table 2). In 1995, big bluestem on 
the burn treatment increased in height at a comparable or slower 
rate than on the other treatments during the early part of the 
growing season, but grew at a relatively rapid rate toward the end 
of the season (Table 2, Fig. 2). Big bluestem tillers on the burn 
treatment in 1995 also developed to an advanced stage of growth 
more rapidly than they did on the other treatments. Rate of height 
increase and development of big bluestem in 1996 was similar for 
all treatments. In both years, average end-of-season height of big 

Table 1. Meao yields of components of above-ground plant material in September for the switchgrass and mixed grass sites near Virginia, Nebr. aver- 
aged over 1995 aad 1996. 

Switcws site Mixed mass Site 
Treatment standing Litter Current-year Standing Litter Current-year 

dead growth dead growth --__ 
----------------------------------------(kgha)--------------------------------.------- 

Shred 
$I 

6.900” 9,590* ob 2,610* 2.820b 

Hay 2,850ed 12,090s 2ob 2,150k 2,960b 
Graze October 120b 5,230* 9,760* IOb 1,640c 3,190b 
Graze March 320b 4,480” 9,990* 50b 1,610’ 2,650b 
BURI Ob 7706 10,520* Ob 340d 4,234 
Control 2,870” 5,800* 8,150b 430* 3,4908 2.520b 

MMeans with same letters within columns are not significantly different (P < 0.10). 
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Table 2. Linear and quadratic regression coefficients for tiller height and growth stage index for indicated species and stand manipulation practice 
when sampled io 1995 and 1996. 

Heieht Index 
1995 1996 1995 1996 

Grass species Treatment x 2 R2 x x2 R* x x2 R2 x x2 R2 

Switchgrass shred 11.354b -0.298a 0.95 23.658bc -1.18Oab 0.99 
Hay 12.634b -0.32Oa 0.98 21.407~ -0.819a 0.97 
Graze Ott 
GrazeMa 
BWtl 
Control 

Big bluestem Shred 
Hay 
Graze Ott 
Graze Mar 
Bum 
Control 

Little bluestem Shred 
Hay 
Graze Ott 
GGU.CMar 
Burn 

11.476b -0.244a 
11.258b -0.227a 
12.629b -0.274a 
19.435a -0.756b 

7.096ab -0.293bc 
8.086ab -0.361cd 
7.077ab -0.305bc 
6.638bc -0.249b 
5.413c -0.025a 
8.283a -0.417d 
2.151a -0.033b 
2.696a -0.05 lb 
2.825a -0.096b 
2.277a -0.047b 
1.459a 0.112a 
3.203a 4.093b 

0.99 
0.98 
0.94 
0.98 
0.97 
0.97 
0.84 
0.92 
0.96 
0.91 
0.93 
0.88 
0.93 
0.71 

0.94 

21.116~ -0.835a 0.99 
25.776b -1.376b 0.97 
25.817b -1.268b 0.98 
35.49Oa -2.355~ 0.97 

11.977a -0.793a 0.76 
12.565a -0.974a 0.75 
11.327a -0.865a 0.91 
13.717a -1.122a 0.87 
13.438a -1.032a 0.76 
12.820a -1.030a 0.78 

3.425bc -0.108a 0.74 
3.957abc Xk134ab 0.53 
3.798bc -0.115ab 0.80 
2.406c 0.015a 0.79 
6.163a -0.396~ 0.77 
4.989ab -0.334bc 0.53 

%eans with same letters within columns and grass species are not significantly different (P < 0.10). 

bluestem was between 40 and 50 cm for each treatment except 
for the bum treatment in 1995 when mean height of the marked 
big bluestem tillers was 65 cm. Mean stage index of big bluestem 
tillers on the bum treatment in 1995 was nearly 2.1 at season’s 
end whereas it was less than 1.6 for other treatments. We were 
not able to identify factors causing differential growth rates in 
1995 for big bluestem tillers from the bum treatment compared to 
other treatments. Growing conditions were favorable for plant 
growth during the last part of the 1995 growing season because 
air temperatures and rainfall in July and August 1995 were above 

1995 1996 
70 70 

63, / 60 I 

Fig. 2. Fitted curves for height and growth stage index of big 
bluestem tillers in response to various stand manipulation prac- 
tices. Tillers were first measured on 17 May 1995 and 21 May 
1996. 

0.23b -0.006a 
0.26Ob -0.006a 
0.264b -0.006a 
0.235b -0.005a 
0.25Ob -0.005a 
0.351a -0.01 lb 
0.048bc O.OOOb 
0.059a -0.002b 
0.045bc O.OOOb 
0.044hc O.OOOb 
0.036c 0.004a 
0.082a -0.004~ 

-0.012a 0.007a 
-0.017a 0.007a 

0.022a 0.003a 
-0.01 la 0.006a 
-0.023a O.OlOa 
-0.018a 0.007a 

::;t 
0.95 
0.96 
0.94 
0.96 
0.79 
0.86 
0.82 
0.91 
0.94 
0.83 

0.95 
0.88 
0.88 
0.76 
0.93 
0.93 

0.485b -0.022a 
0.46Ob -0.020a 
0.467b 4019a 
0.50lb -0.023a 
0.485b -0.021a 
0.588a -0.026a 
0.201a 4.012a 
0.178a -O.OlOa 
0.209a -0.018a 
0.146a -0.006a 
0.16Oa -0.OE6a 
0.186a -0.015a 
0.057a 0.004a 
0.09Oa 0.004a 
0.109a O.OOOa 
0.084a O.OOla 
0.202a -0.016a 
0.131a XWO6a 

E! 
0.98 
0.99 
0.98 
0.99 
0.72 
0.69 
0.65 
0.73 
0.69 
0.72 

0.59 
0.53 
0.60 
0.62 
0.59 
0.62 

the long-term averages for Virginia, Nebr. Favorable conditions, 
however, were comparable for all treatments. 

Little bluestem tillers on the bum plots increased in height dur- 
ing the last part of the 1995 growing season, whereas tiller height 
did not increase on the other plots (Fig. 3). Height of little 
bluestem on the bum treatment increased more rapidly than on 
the graze and shred treatments during the early part of the 1996 
growing season; however, height increment dropped off more 
sharply toward the end of the season for the bum treatment than it 
did for the other manipulation treatments. Mean stage index of 
little bluestem was not affected by treatment in either year of this 
study. Little bluestem plants appeared to be damaged by pre- 
scribed burning as they initiated growth later in the spring than 
did plants on the other treatments; however, once they recovered, 
they increased in height relatively rapidly during the first part of 
the growing season in both years. 

None of the 3 species responded to late-spring prescribed bum- 
ing by initiating growth earlier or by increasing rates of morpho- 
logical development and height increment. Hulbert (1969) report- 
ed similar results when comparing big bluestem growth on undis- 
turbed sites and burned areas in Kansas; however, most studies 
report earlier and more rapid growth of warm-season tallgrasses 
on burned sites (e.g., Daubenmire 1968, Old 1969). Common rea- 
sons given for early and rapid growth are increased light intensity, 
soil temperature, and nutrient availability. Hulbert (1988) suggests 
that there are a number of interacting variables related to plant 
residue removal and soil surface modification which affect growth 
rate of grasses on recently burned areas, and each combination of 
variables influence the timing and rate of growth differently. 

Yield of Current-Year Growth 
Dormant-season application of the manipulation treatments at 

the 2 sites either did not affect end-of-season yield relative to the 
control or resulted in higher yields (Table 1). Without periodic 
removal of standing dead material and litter, tiller recruitment 
and biomass production of perennial grass stands commonly 
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I Gm7.e Graw I 

Fig. 3. Fitted curves for height and growth stage index of little 
bluestem tillers in response to various stand manipulation prac- 
tices. Tillers were first measured on 17 May 1995 and 21 May 
1996. 

decline (Weaver and Rowland 1952, Tueller and Tower 1979). 
High variances associated with the yield estimates of current-year 
growth on the switchgrass site may have masked actual differ- 
ences between the manipulation treatments and the control. Only 
the hay treatment had a higher ((P < 0.1) yield of current-year 
growth than the control, although yields were not different (P .> 
0.1) among manipulation treatments. The reason for the relatively 
high yields for the hay treatment is not readily apparent. Relative 
to the control on the mixed grass site, yield responded to burning 
(P < 0.1) but not to the other manipulation treatments. High 
yields of current-year growth for the burn treatment were largely 
due to relatively high yields of big bluestem. The favorable 
response of big bluestem to late-spring burns is well-documented 
(Towne and Owensby 1984, Hulbert 1986). Lack of yield 
response to the other manipulation treatments indicates that yield 
of the mixed grass site was not affected by removal of standing 
dead material and a 50% reduction of litter. 

In conclusion, application of manipulation treatments generally 
did not increase the growth rate of marked tillers; therefore, 
potential harvest dates, either by grazing or haying, would be 
similar to untreated areas. Each treatment would be effective in 
removing standing dead material and improving potential utiliza- 
tion of forage by grazing animals in the first growing season fol- 
lowing termination of CRP contracts. High-intensity grazing 
proved to be a promising practice and was as effective as the 
mowing and burning treatments in removing accumulated plant 
residue. The manipulation treatment selected by landowners to 
prepare CRP grasslands for future grazing or haying would 
depend largely on their resources and goals. 

Literature Cited 

Casal, J.J., V.A. Deregibus, and R.A. Sanchez. 1985. Variations in 
tiller dynamics and morphology in Lolium multiflorum Lam. 
Vegetative and reproductive plants as affected by differences in 
red/far-red irradiation. Ann. Bot. 56:553-559. 

Casal, J.J., R.A. Sanchez, and V.A. Deregibus. 1987. Tillering 
responses of Lolium multiflorum plants to changes of red/far-red ratios 
typical of sparse canopies. J. Exp. Bot. 38:1432-1439. 

Curtis, J.T. and M.L. Partch. 1950. Some factors affecting flower pro- 
duction in Andropogon gerardii. Ecol. 3 1:488-489. 

Daubenmire, R. 1968. Ecology of tire in grasslands. Adv. Ecol. Res. 
5:209-266. 

Ehrenreich, J.H. 1959. Effect of burning and clipping on growth of 
native prairie in Iowa. J. Range Manage. 12: 133-l 37. 

Holechek, J.L. 1981. Livestock grazing impacts on public lands: a view- 
point. J. Range Manage. 34:25 l-254. 

Hulbert, L.C. 1969. Fire and litter effects in undisturbed bluestem 
prairie in Kansas. Ecol. 50~874-877. 

Hulbert, L.C. 19%. Fire effects on tallgrass prairie. In: G.K. Clamhey 
and R.H. Pemble (ed.), Proc. Ninth North Amer. Prairie Conf. Tri- 
College Press. Fargo, N.D. 

Hulbert, L.C. 1988. Causes of fire effects in tallgrass prairie. Ecol. 
69:46-58. 

McNaughton, SJ. 1983. Compensatory plant growth as a response to 
herbivory. Oikos 40:329-336. 

Moore, K.J., L.E. Moser, K.P. Vogel, S.S. Wailer, B.E. Johnson, and 
J.F. Pedersen. 1991. Describing and quantifying growth stages of 
perennial forage grasses. Agron. J. 83:1073-1077. 

Noggle, G.R. and G.J. Fritz. 1983. Introductory plant physiology. 
Prentice-Hall, Inc. Englewood Cliffs, N.J. 

Old, S.M. 1%9. Microclimate, fire, and plant production in an Illinois 
prairie. Ecol. Monogr. 39:355-3&l. 

Osborn, C.T., F. Llacuna, and M. Linsenbigier. 1995. The 
Conservation Reserve Program: enrollment statistics for signup periods 
1-12 and fiscal years 1986-1993. Nat. Res. Env. Div., Econ. Res. 
Serv., USDA. Stat. Bull. No. 925. Washington, DC. 

Osborn, C.T., M. Schnepf, and R. Keim. 1994. The future use of 
Conservation Reserve Program acres: a national survey of farm owners 
and operators. Soil and Water Conservation Society, Ankey, Iowa. 

SAS Institute, Inc. 1985. User’s guide: Statistics. SAS Institute, Gary, 
N.C. 

Scifres, CJ. and W.T. Hamilton. 1993. Prescribed burning for brush- 
land management. Texas A&M Univ. Press, College Station, Tex. 

Steel, RG.D. and J.H. Torrie. 1980. Principles and procedures of statis- 
tics. McGraw-Hill Co. Inc., N.Y. 

Towne, G. and C. Owensby. 1984. Long-term effects of annual burning 
at different dates in ungrazed Kansas tallgrass prairie. J. Range 
Manage. 37:392-397. 

Tueller, P.T. and J.D. Tower. 1979. Vegetation stagnation in three- 
phase big game exclosures. J. Range Manage. 32:258-263. 

Weaver, J.E. and N.W. Row&u& 1952. Effects of excessive mulch on 
development, yield, and structure of native grassland. Bat. Gaz. 114: l-19. 

Ballare, C.L., A.L. Scopel, and R.A. Sanchez. 1991. Photocontrol of 
stem elongation in plant neighborhoods: effects of photon fluence rate 
under natural conditions of radiation. Plant Cell Environ. 1457-65. 

448 JOURNAL OF RANGE MANAGEMENT 51(4), July 1998 



J. Range Manage. 
51 A4749 July 1998 

Prediction of leaf:stem ratio in grasses using near infrared 
reflectance spectroscopy 

ALEXANDER J. SMART, WALTER II. SCHACHT, JEFFREY F. PEDERSEN, DANIEL J. UNDERSANDER, AND 
LOWELL E. MOSER 

Authors are, research technologist, associate professor. Univ. of Nebraska, Agronomy Dept. 279 Plant Sci. Lincoln. Nebr. 68583; research geneticist, 
USDA-ARS. 344 Keim Hall. Univ. of Nebraska, Lincoln, Nebr. 68583; associate professor, Univ. of Wisconsin, 1575 Linden Dr., Madison. Wise. 53706: and 

professor. University of Nebraska, Agronomy Dept. 279 Plant Sri. Lincoln, Nebr. 68583, respectively. 

Abstract 

Leaf:stem ratio of grass stands is an important factor affecting 
diet selection, quality, and forage intake. Estimates of k&stern 
ratios commonly are based on a labor intensive process of hand 
separating leaf and stem fractions. Near infrared reflectance 
spectroscopy (NIRS) has been used successfully to predict forage 
quality and botanical composition of vegetation samples. The 
objective of this study was to evaluate the use of NIRS to predict 
leaf:stem ratios in big bluestem (Andropogon gerurdii Vitman), 
switchgrass (Punicum virgatum L.), and smooth bromegrass 
(Bromus inermis Leyss.). A total of 72 hand-clipped samples of 
each species was taken from seeded monocultures in eastern 
Nebraska throughout the 1992,1993, and 1994 growing seasons. 
Leaf:stem ratio was determined first for each sample and then 
the entire sample was ground. Samples were scanned by a 
Perstorp model 6500 near infrared scanning monochromator. 
Three calibration equations were developed based on using 18, 
36, and 54 (l/4, l/2, and 3/4 of total samples, respectively) sam- 
ples. These 3 calibration equations were used to determine the 
number of samples necessary to achieve an 3 of 0.70 or higher 
for each data set. Big bluestem and switchgrass had coefficients 
of determination (3) of 5 0.69 for all calibration equations except 
for the equation using only 18 samples of big bluestem $ = 0.60). 
Smooth bromegrass had a 8ranging from only 0.06 to 0.14 for 
the calibration equations regardless of the number of samples 
used. Near infrared reflectance spectroscopy was a rapid means 
of estimating leafistem ratios in monocultures of big bluestem 
and switchgrass but it was not suitable for smooth bromegrass. 

Key Words: NIRS, big bluestem, switchgrass, smooth 
bromegrass 

Architecture of a grass canopy affects ingestive behavior of 
grazing livestock. Leakstem ratio is a component of canopy 
architecture that is an important factor determining diet selection 
and forage intake in tropical grasses (Chacon and Stobbs 1976, 
Chacon et al. 1978). Green leakstem ratio was the single most 
important component determining forage intake of old world 
bluestems (Bothriochloa spp.) (Forbes and Coleman 1993). 

Published as journal article 11742, Agriculture Research Division, University of 
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Resumen 

La relaci6n hoja:tallo en poblaciones de plantas forrajeras es 
un factor importante que afecta la selecci6n de la dieta calidad y 
consume del forraje. La determinacibn de la relaci6n hoja:tallo 
estP basada comirnmente en un proceso que demanda mucho 
trabajo manual para separar las fracciones de hojas y tallos. La 
espectroscopia de refleetaneia del infrarojo cercano (NIRS) ha 
sido usada con exit0 para predecir la calidad de forraje y la com- 
posicibn botinica en especies vegetales. El objetivo de este estu- 
dio fue el evaluar el uso de NIRS para predecir la relaci6n 
hoja:tallo en popotillo gigante (Andropogon grurdi Vitman), 
zacate switchgrass (Punicum virgatum L.), y bromo (Bromus 
inermis Leyss.). Un total de 72 muestras de cada especie 
cosechadas manualmente , se colectaron de monocultivos sem- 
brados en el Este de Nebraska, EE.UU durante largo 10s perio- 
dos de crecimiento de 1992, 1993, y 1994. Primer0 se determind 
la relaci6n hoja:tallo para cada muestra y luego la totalidad de la 
muestra fue molida. Un barredor electrbnico Perstorp modelo 
6500 infrarojo cercano moncromPtico fue usado para analizar 
las muestras. Se desarrollaron tres ecuaciones de calibraci6n 
ba.Gndose en el uso de l&36,54 del total de las muestras, y (l/4, 
l/2, y 3/4), respectivamente. Las tres ecuaciones de calibraci6n 
fueron usa das ron para determinar el nbmero de muestras nece- 
sarias para alcanzar un 8 de 0.70 o mayor para cada set de 
datos. Popotillo gigante y zacate switchgrass tuvieron un coefi- 
ciente de determinaci (8) IO.69 para todas las ecuaciones de cal- 
ibraci6n except0 para la ecuacibn que us6 sol6 18 muestras de 
popotillo gigante (2 = 0.60 ). Bromo tuvo un 8 con un raugo 
entre 0.06 a 0.14 para las ecuaciones de calibracibn independi- 
ente de1 ntimero de muestras usadas. El uso de NIRS fue til para 
calcular la relaci6n hoja:tallo en monocultivos de popotillo 
gigante y zacate switchgrass pero no asi para bromo 

Although 1eaf:stem ratio is an important measurement, grass 
stands are infrequently characterized in terms of leafistem ratios 
because separation by hand is time consuming and expensive. 

Near infrared reflectance spectroscopy (NIRS) has been used 
successfully to predict forage quality components (Barton 1989, 
Barton and Windham 1988, Norris et al. 1976) with considerable 
savings in time and expense. In addition, NIRS has been used to 
estimate species composition of mixed pastures (Coleman et al. 
1985, Moore et al. 1990, Peterson et al. 19S7, Pitman et al.1991). 
Using NIRS to predict percentages of anatomical components of 
forages has not been fully investigated. Hill et al. (1988) predict- 
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ed percentage leaf in artificial mixtures of alfalfa leaf and stem by 
NIRS, but research has not been conducted using NIRS to predict 
leafstem ratios in grasses. The objective of this study was to 
evaluate the use of NIRS to predict leafstem ratios in monocul- 
tures of big bluestem (Andropogon gerurdii Vitman), switchgrass 
(Panicum virgatum L.), and smooth bromegrass (Bromus inermis 
Leyss.). 

Materials and Methods 

Hand-clipped samples of big bluestem, switchgrass, and 
smooth bromegrass were taken from seeded monocultures in 
1992 and 1993 at the University of Nebraska Agriculture 
Research Development Center at Mead, Nebr. and in 1994 at a 
University of Nebraska research site in Lincoln, Nebr. The grass- 
es were clipped at weekly intervals from the vegetative through 
reproductive stages in each of the 3 years. A total of 72 samples 
of each species was collected over the 3 years and 2 sites. 

Grass plants were clipped at ground level within 2 randomly- 
placed quadrats (0.1 m2) for each species on each collection date. 
The entire sample was separated into leaf blade and stem frac- 
tions. The stem fraction potentially included stems, leaf sheaths, 
and inflorescences. Each fraction was dried separately in a 
forced-air oven at 60” C, after which they were weighed to deter- 
mine leafistem ratios. The 2 fractions were reconstituted and 
ground in a Wiley mill (Arthur Thomas Co., Philadelphia, Penn.) 
to pass a 1.0 mm screen and further ground through a cyclone 
mill (Udy Analyzer Company, Boulder Colo.) with a 1.0 mm 
screen. Samples were stored in plastic bags at room temperature 
prior to NIRS analysis. 

Ground forage samples were scanned using a Perstorp model 
6500 near infrared scanning monochromator (NIRSystems, Inc., 
A Perstorp Analytical Co., Silver Spring, Md). The NIRS soft- 
ware program SELECT normally is used to randomly select sam- 
ples from the entire set to generate a calibration equation. We did 
not use SELECT because each sample was ground entirely after 
ledstem ratio was already determined. Three calibration equa- 
tions were developed based on using l&36, and 54 (l/4, l/2, and 
314 of total samples, respectively) sampIes. Outliers were omitted 
as determined by the NIRS2 (ISI by NIRSystems, Inc., Silver 
Springs, Md) software using the partial least squares method to 
develop calibration equations. These 3 calibration equations were 
used to determine the number of samples necessary to acheive an 

Table 1. LeAstem ratios, range, and standard deviation (SD) of big 
bluestem, switchgrass, and smooth bromegrass samples determined by 
hand separation. 

Grsss species N Mean Range SD 

Big bluestem 72 1.76 0.27-3.97 0.77 
Switchgrass 72 1.16 0.14-3.10 0.65 
Smooth bromegrass 72 1.87 0.73-4.38 0.62 

12 of 0.70 or higher for this data set. Different curve fitting math 
treatments were screened to improve calibration by running an 
NIRS software option that determines the highest spectral corre- 
lation with the predicted variable (1eaf:stem ratio). Calibration 
equations resulting in an P of 0.70 and a level of accuracy of 
81.7% were considered reasonable prediction equations. Stepwise 
multiple regression was also tried but did not predict leafistem 
ratio as well as partial least squares methods. Samples not in the 
calibration sets were used to validate the calibration equations for 
each species. Equations were validated by simple linear regres- 
sion analysis comparing hand-separated values with NIRS-pre- 
dieted values. 

Results and Discussion 

Leafistem ratios based on separation by hand for the 3 grass 
species are shown in Table 1. Vegetation characteristics of each 
sample set varied greatly and provided a broad range of 1eaf:stem 
ratios. Ratios were generally above 2:l during the vegetative 
stage of growth. Leafistem ratios declined with maturity and were 
the lowest for switchgrass, especially in later stages of maturity. 
Within date of collection and species, leafistem ratios of the sam- 
ples were consistent. 

The equations for big bluestem and switchgrass had higher rZ 
and lower standard error of cross validation than equations for 
smooth bromegrass (Table 2). Statistical parameters varied 
among equations within grasses. Equations developed using 18, 
36, or 54 samples had higher 12 and lower standard error of pre- 
diction for big bluestem and switchgrass than for smooth 
bromegrass [Table 3). Prediction of 1eaf:stem ratio for big 
bluestem improved moderately each time 18 more samples were 
added to the calibration equation, whereas use of more than 18 
samples with switchgrass only slightly improved predictability. 

Table 2. Calibration statist&t 3 equations for near infrared reflectance spectroscopy determination of leakstem ratio of big bluestem, switchgrass, 
and smooth bromegrass. 

Grass species N C MeZlll Range SEC R2 SECV OR Math 

Big bluestem I8 I8 2.03 0.62-2.95 0.16 0.94 0.37 0 l,4,4,1 
36 34 1.70 0.27-2.74 0.23 0.88 0.32 2 1,4,4,f 
54 54 I.87 0.27-3.97 0.34 0.78 0.46 0 2,441 

Switchgrass I8 17 1.10 0.3 l-2. I4 0.25 0.81 0.29 I 3,4,4,l 
36 34 1.00 0.14-2.80 0.23 0.86 0.27 2 4,4,4, I 
54 52 1.09 0.14-3.10 0.25 0.96 0.25 2 SW, I 

Smooth bromegrass 18 I8 1.88 I X9-2.5 I 0.18 0.75 0.37 0 3,4.4, l 
36 33 I .78 0.87-2.77 0.18 0.83 0.76 3 I .4.4. I 
54 52 1.76 0.73-2.77 0.30 0.52 0.65 2 1,4:4; I 

t.Screening values: T = 2.5. H = IO, maximum number of outliers removd per pass = 2. 
N = the number of samples used for calibration. C = the number of samples uSed for calibration after outhers o&ted, SEC = the star&ad error of calibration, R2 = m&j”&& cmff,- 
cieot of determination, SECV = ~taodd error of cross validation, OR= number of wtlien removed, amI Math= derivative, gap, smooth. and smooth 2. 
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Table 3. Validation statistics of 3 equations for near infrared reflectancespectroscopy determination of leafxtem ratio of big bluestem, switchgrass, 
and smooth bromegrass. 

Grass species N C ? Slope SEP Bias ~- 
Big bluestem 18 18 0.60 0.86 0.53 -0.17 

36 34 0.69 1.03 0.43 0.01 
54 54 0.75 0.94 0.39 -0.08 

Switchgrass 18 17 0.69 1.20 0.37 0.00 
36 34 0.73 0.95 0.34 0.01 
54 52 0.75 0.87 0.34 0.05 

Smooth bromegrass 18 18 0.06 0.46 0.63 -0.01 
36 33 0.14 0.53 0.61 0.03 
54 52 0.13 0.59 0.77 0.10 ~~- ~__- __~ 

N = the number of samples used for calibration, C = number of samples used for calibration after outliers removed, rL = coefficient of determhtion, 
-~- 

$33’ = the sta&& error of pm- 
diction 

Smooth bromegrass had a poor fit between NIRS-predicted and 
hand-separated 1eaf:stem ratios for all equations. Thirty-six sam- 
ples were adequate for big bluestem and 18 samples were ade- 
quate for switchgrass to develop calibration equations to achieve 
an r2 ~0.69 between NIRS-predicted and hand-separated 
leafistem ratios. 

The relationship between MRS-predicted and hand-separated 
leakstem ratios varied by species. In principle, NIRS can be used 
to estimate leakstem ratio because chemical properties (e.g., neu- 
tral detergent fiber or N) and resulting spectral characteristics of 
leaf blades and stem tissue differ. Leaf sheaths, however, are 
included as part of the stem fraction in most studies in which 
leakstem ratios are estimated. Inclusion of the leaf sheath may 
obscure the spectral differences that exist between stems and leaf 
blades in some plant species because chemical properties of the 
leaf sheaths differ from that of stem tissue. Concentrations of 
neutral detergent fiber (NDF) in leaf sheaths and stem tissue are 
different in smooth bromegrass (Sanderson and Wedin 1989) 
indicating the NIR spectra of the stem fraction may be affected 
by the inclusion of the leaf sheath. In switchgrass, NDF and N 
concentrations of leaf sheaths are similar to that of stem tissue but 
different than leaf blades (Twidell et al. 1988) suggesting that the 
spectral properties of the stem fraction may not be significantly 
affected by inclusion of leaf sheath. The spectral correlations of 
big bluestem and switchgrass showed many peaks with high cor- 
relations throughout the entire visible and infrared bands, which 
corresponded to the major bond categories of C-H, O-H, and N- 
H. Smooth bromegrass did not show high correlations at any 
wavelength. We hypothesize that the use of NIRS to predict 
1eaf:stem ratios may be limited to those grass species which have 
leaf sheaths and stems of similar spectral characteristics. 
Although the NIRS method was an effective means of estimating 
leakstem ratios in the 2 C, grasses, there is not sufficient evi- 
dence to conclude that the NIRS method is better suited to C, 
than Cg grasses (e.g.,smooth bromegrass). 

Conclusions 

In conclusion, NIRS could be used effectively to predict 
1eaf:stem ratios of such species as big bluestem and switchgrass 
in studies involving canopy characterization. The MRS method 
provided rapid, inexpensive prediction equations (9 >0.69) for 
leakstem ratios in big bluestem and switchgrass when using a 
closed population and double-sampling technique. Use of NIRS 

could substantially reduce the number of samples requiring sepa- 
ration by hand. Application of NIRS for predicting leakstem 
ratios may be limited to monocultures or simple mixes in which 
the spectral characteristics of the plant fractions (e.g., leaf blade 
and stem) are consistent and distinctly different. 
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Abstract 

Research on diet selection is limited by inadequate techniques 
for determining botanical composition of diets. Our objective was 
to determine if near infrared reflectance spectroscopy (NIRS) of 
fecal material could be used to quantify the percentage leafy 
spurge (JZu&&iu es& I.) in the diets of sheep (&k arks) and 
goats (capm hircus). Fecal material representing diets of known 
percentage leafy spurge was obtained from feeding trials conduct- 
ed in 1992 and 1994. In 1992, diets containing 87.5,75,60,45,30, 
and 15% leafy spurge were fed to 20 sheep and 20 goats. In 1994 
10 sheep and 10 goats were fed alfalfa hay (Medicugo safiva L.) at 
0.5% of their body weight and ad libitum access to leafy spurge 
hay. Thus, the percent leafy spurge in the diet varied daily. 
Microhistological amdysis was performed on fecal samples from 
the 1992 trial for comparison with NIRS predictions. Near 
infrared reflectance spectroscopy evaluations were performed 
with a scanning reflectance monochromator. Calibrations were 
done separately for sheep and goats. Samples were divided into 
ralibration and validation sets. Data from the 1994 feeding trial 
were analyzed to determine the appropriate lag time between diet 
consumption and fecal spectral characteristics that provided the 
best prediction. The average of the diet composition 48 and 72 
hours prior to the fecal sample provided the best predictions for 
the 1994 trial. The effect of spectral outiiers on prediction accura- 
cy was also evaluated. Spectral outliers were predicted with equal 
or better accuracy compared to samples that were spectrally simi- 
lar to the ones from which calibration equations were derived. 
The NIRS predictions were more accurate than microhistological 
estimation of leafy spurge in the diet. The fina calibration equa- 
tion had coeffkients of simple correlation for validation samples 
of 0.91 and 0.93 and standard errors of prediction of 4.6 and 4.8 
for goats and sheep, respectively. The results of this study showed 
that NIRS of fecal material can be used to screen large numbers 
of animals for phenotypic differences in diet selection and for 
making treatment comparisons. 

Key Words: spectral analysis, sheep, goat, microhistological, 
botanical composition, near infrared reflectance spectroscopy 
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Resumen 

La investigackn sobre selecckk de dietas se ha timitado al use 
de ttknicas inadecuadas para determinar su composici6n bot- 
8nica. Nuestro objetivo fue determinar si la Espectroscopia 
Infrarroja de Reflexi6n (EIR) de material fecal podoa ser usada 
para cuantilicar el porcentaje de Euforbio Frondoso (Euphorbiu 
es& L.) en la dieta de borregos (Ovis aries) y cabras (Capra 
ircus). Se obtuvo material fecal representative de animales ali- 
mentados con porcentajes conocidos de Euforhia Frondoso en 
experimentos conducidos en 1992 y 1994. En 1992,20 borregos y 
20 cabras se alimentaron con dietas conteniendo 87.5,75,60,45, 
30 y 15% de Euforbio Frondoso. En 1994, 10 horregos y 10 
cabras se alimentaron con paja de alfalfa (Medicago sufivu L.) a 
raz6n de 0.5% de peso corporal y se les dio acceso a paja de 
Euforhia Frondoso ud fibifum. De esta forma el porcentaje de 
Euforhia Frondoso en la dieta vario diariamente. En la prueba 
de 1992 se reaiizo un an&lisis microhist6Iogico en muestras de 
materia fecal para comparar Ias predicciones de esta prueba con 
las de la EIR. Las evaluaciones de la EIR se llevaron a cab0 con 
un scanner de reflexi6n monocromirtica. Las calibraciones se 
hicieron en forma separada para borregos y cabras. Las mues- 
tras se dividieron en grupos de calibracibn y validacibn. Los 
datos de la prueba de 1994 se analizaron para determinar el 
tiempo de rezago entre ei consume y la aparicion de caracteristi- 
cas fecales que proporcionaran la mejor predicci6n. El promedio 
de la composici6n de la dieta 48 y 72 horas antes de1 muestreo 
fecal proporcionaron las mejores predicciones para la prueba de 
1994. Tambikn se evaIu6 el efecto de 10s valores extremes sobre 
la exactitud de la prediccibn. Los valores extremes se predijeron 
con Ia misma o mejor exactitud que Ias muestra cuyo espectro 
era similar a aquellas muestras con Ias que se hiio la calibracibn. 
Las predicciones de1 contenido de Euforbio Frondoso en la dieta 
fueron mas precisas cuando se use EIR que cuando se uso la esti- 
maci6n microhistol6gica. La ecuaci6n de la calibraci6n final 
para la validaci6n de muestras tuvo coeficientes de correlaci6n 
simple de 0.91 y 0.93 y en-ores estindares de predicck de 4.6 y 
4.8 para cabras y borregos respectivamente. Los resultados de 
este estudio muestran que el examen de materia fecal con EIR se 
puede usar para estudiar diferencias fenot6picas en la seIecci6n 
de dietas y pat-a hater comparaciones entre tratamientos cuando 
se requiere usar un gran mimer0 de animales. 

Diet selection is a key process affecting both the grazing ani- 
mal’s nutrient status and successional processes in plant commu- 
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nines. By preferring some plants and avoiding others, ruminants 
have a profound effect on the competitive interactions of plants 
and consequently on the structure and function of ecosystems 
(Archer and Smeins 1991, Belsky 1992). Most of the effect of graz- 
ing livestock on plant communities is directly attributable to what 
and where they graze. A major purpose of grazing systems is to ame- 
liorate the adverse effect of selective grazing. However, long term 
manipulation of diet selection by livestock will depend upon genetic 
manipulation of the animals or their microbial symbionts (Walker 
1995). This is presently done when the dietary habits of the livestock 
species are matched to the characteristics of the rangeland resource. 
Livestock 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. 

Near infrared reflectance spectroscopy (NIRS) may provide the 
tool needed to make possible genetic selection for desired botanical 
dietary selection by ruminant livestock. NIRS has been used to cor- 
rectly determine the species composition of forage mixtures 
(Coleman et al. 1985, 1990, Petersen et al. 1987, Garcia-Ciado et al. 
1991). root samples (Rumbaugh et al. 1988) and esophageal extrusa 
(Volesky and Coleman 1996). NIRS has also been used to predict 
dietary nutrient content of free ranging ruminants based on spectral 
characteristics of their fecal samples (Brooks et al. 1984, Coleman et 
al. 1989, Lyons and Stuth 1992, Leite and Stuth 1995). However, 
NIRS has not been used to predict botanical composition of ruminant 
diets based on spectral characteristics of fecal material. Our objective 
was to determine if NIRS of fecal material could be used to quantify 
the percentage leafy spurge (Euphorbia esula L.) in the diets of 
sheeps and goats. 

Materials and Methods 

This research was conducted at the U.S. Sheep Experiment 
Station located in Duhois, Ida. Fecal material, representing diets 
of known percentage leafy spurge, was obtained from feeding tri- 
als conducted to investigate factors affecting intake and prefer- 
ence for leafy spurge. 

1992 Feeding Trial 
In addition to producing fecal samples for development of 

NIRS equations, this trial was conducted to compare preference 
and intake of leafy spurge by sheep (Ovis aries) and goats (Cupra 
hircus). This was a 10 day trial that provided ad libimm access to 
a ground forage diet consisting of leafy spurge mixed with either 
alfalfa (Medicago s&vu L.) or a grass and straw mix. There were 
2 animals of each species on each of 10 diets, for a total of 20 
sheep and 20 goats. Diets consisted of 6 levels (87.5, 75, 60, 45, 
30, and 15%) of leafy spurge. The 60,45,30, and 15% concentra- 
tions of leafy spurge were formulated by mixing spurge hay with 
either alfalfa (representing a high quality dicot) or a low quality 
monocot (a mix of smooth brome (Bromus inermis Leys.) and 
barley (Hordeum vulgure L.) straw) for a total of 8 diets. Since 
the leafy spurge hay used in this trial consisted of only 75% leafy 
spurge, the 87.5% spurge diet was formulated by adding pure 
leafy spurge to the spurge hay. Animals were fed twice daily at 
0700 and 1500 hours. Refusals were removed and fecal samples 
collected once daily at 0700 hours. Fecal samples from the last 3 
days of the trial were composited for individual animals for scan- 

ning and microhistological analysis. Fecal material was analyzed 
for percent leafy spurge using microhistological procedures by 
the Habitat Analysis Laboratory at Washington State University. 
Two slides were prepared for each sample and 25 fields were 
viewed per slide for a total of 50 fields. Microhistological esti- 
mates of percent leafy spurge in the diet were compared to esti- 
mates from NIRS prediction equations. 

1994 Feeding Trial 
This trial was conducted to determine preference by sheep and 

goats for leafy spurge from different origins. Leafy spurge hays 
used during the study were from 2 sources, Idaho (approximately 
80% leafy spurge) and North Dakota (approximately 50% leafy 
spurge). The feeding trial consisted of a 6 day period when intake 
of leafy spurge hay from a single source was measured followed 
by a 4 day period when animals had access to leafy spurge hay 
from both sources. 

During the first 6 days of the trial, 10 head each of sheep and 
goats were individually fed chopped alfalfa hay at 0.5% of body 
weight and ad libitum chopped, leafy spurge hay in separate feed- 
ers. Five animals of each species were fed Idaho leafy spurge hay 
and 5 animals of each species were fed North Dakota leafy 
spurge hay. In addition, 1 animal of each species was fed either 
Idaho or North Dakota leafy spurge hay with no alfalfa. Animals 
were offered the leafy spurge hay and alfalfa in adjacent feeders 
at 0800 hours each day with the position of the 2 feeds (right vs. 
left feeder) altered daily. Additional leafy spurge hay was fed at 
1600 hours if over one half of the leafy spurge hay from the 
morning feeding was consumed. Feed refusals were collected 
each morning, weighed and oven dried at 60” C for 48 hours for 
dry matter determination. Fecal samples were collected at 0800 
and 1600 hours each day and oven dried at 60” C for 48 hours. 

At the end of the 6 days, 8 animals of each species were offered 
both leafy spurge hays in separate feeders for 3 days but no alfal- 
fa hay. Feeds were offered and refusals and fecal samples collect- 
ed in the same manner as for the first 6 days. 

Percent leafy spurge in the diets was calculated daily for each 
animal based on the amount and composition of the leafy spurge 
hay offered, amount and composition of leafy spurge hay refused 
and amount of alfalfa hay consumed. The percentage of leafy 
spurge in the fed and refused leafy spurge hay was predicted 
using near infrared reflectance spectroscopy (NIRS). A calibra- 
tion equation (n = 167, R* = 0.95, standard error of calibration 
(SEC) = 7.16, terms = 5) was developed from samples of known 
percentages of leafy spurge mixed with other background forages 
(e.g., alfalfa, grass, straw). The calculated composition of the diet 
was used as the laboratory reference value for developing NIRS 
prediction equations. The laboratory data for this trial appear to 
be less accurate than the 1992 trial because the calculated percent 
leafy spurge in the diet included error associated with the predic- 
tion equation and measurement of intake and refusal. 

The 1600 hour fecal sample for each animal was composited 
with the following morning’s 0800 hour fecal sample to represent 
the fecal output for the previous day. Since passage rate was 
unknown, fecal samples for each day were assigned to the per- 
centage of leafy spurge in the animal’s diet for the 24,48, and 72 
hours prior to when the fecal sample was collected. Averages for 
the 24- and 48-, 48- and 72-, and 24-, 48, and 72 hour leafy 
spurge percentage were calculated to provide a total of 6 depen- 
dent variables for each fecal sample. 
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Table 1. Effect of lag time behveeo diet consumption and fecal collection on validation statistics for percentage leafy spurge in diets versus feud near 
hfrared reflectance speh-oscopy (NUN)-predicted percent dietary lea6 spurge for the 1994 feeding trial. 

Hours between diet consumotion and fecal collection 
Validation 
statistics 24 

Sinele Diets 
48 72 

Averaae Diets 
24 &48 48 & 72 24.48 & 72 

SEP 
Slope 

Bias 

; 
SEP 
Slope 

Bias 

-- . . - - ----------------------------------Goats------------------ . - ---------------------  

23 24 22 20 I9 15 
0.04 0.54 0.15 0.34 0.77 0.35 

10.43 1.02 14.65 7.09 4.60 7.48 
0.32 0.68 0.39 0.75 1.06 0.62 

-1.09 0.25 -5.13 -1.25 0.26 -0.53 
--.-------------------------------------p---------------------------------------- 

26 0.68 29 0.81 27 0.77 23 0.89 25 0.95 20 0.80 
11.90 8.91 9.28 6.34 4.18 8.59 

0.92 0.89 1.12 0.97 0.98 1.06 
4.69 3.11 3.11 3.00 1.96 3.75 

n= Number of observations with outliers excluded. 
?= Coefficient of simple correlation between predicted and actual. 
SEP= Standard error of prediction. 

Equation Development 
Near infrared reflectance spectroscopy evaluations were per- 

formed on all samples using a NIR Systems, Inc. (Silver Spring, 
Md.)’ model 6500, scanning reflectance monochromator. Each 
sample was packed into sample cells with a near-infrared trans- 
parent quartz cover glass and scanned 32 times. Prior to scanning 
all samples were ground in a cyclone mill to pass a l-mm screen. 
Reflected energy (log l/R) was measured, averaged over 32 scans 
and recorded at 2-nm intervals from 400 to 2,500 run. A personal 
computer, interfaced to the monochromator, used ISI NIRS2 ver- 
sion 3 software (Infrasoft International, Port Matilda, Penn.) to 
collect spectra, develop calibration equations, and evaluate per- 
formance of the calibration equation. 

Calibration equation development was done using stored NIRS 
spectra from fecal samples as independent variable reference data 
and percent leafy spurge in 1992 trial diets, or calculated percent 
leafy spurge in diets of the 1994 trial for the dependent variables. 
Calibrations were done separately for sheep and goats. Stepwise 
regression based on addition of individual wavelengths that maxi- 
mize R* was used because preliminary analysis indicated this 
method resulted in lower standard errors of prediction (SEP) than 
other regression methods. Model development was accomplished 
by evaluating 60 combinations of first through fourth derivative 
math treatments; wavelength selection from every 4th to every 
16th in increments of 4; and scatter corrections of none, standard 
normal variate and detrend, and weighted multiplicative scatter 
correction were evaluated for each of the calibration and valida- 
tion data sets. Equations were evaluated based on minimization 
of SEP. Standard error of prediction was chosen for equation 
selection criteria because, as shown below, laboratory reference 
methods for validating NIRS predictions may be less accurate 
than NIRS predictions. Thus, in practical application, the oppor- 
tunity to add additional laboratory reference data will be rare. 
Similarly, SEP was not corrected for bias because the presence of 
bias will not be known. 

Data sets from each trial were split into calibration and valida- 
tion sets to compute SEP. The 1992 samples were divided into 2 
data sets each set consisting of data from one of the replicate ani- 
mals for each of the 10 diets. The 2 data sets were used for recip- 
rocal calibration and validation. The 1994 data set was divided 
into thirds (by selecting every third sample) and analyses per- 
formed on all possible combinations of using two-thirds of the 
samples for calibration and one-third for validation (i.e., first and 
second set were used to predict the third set, etc.).‘ 

NIRS prediction equations were calculated following a 4 step 
procedure to develop and evaluate the equations. First, data from 
the 1994 trial were tested to determine the appropriate lag time 
between percentage leafy spurge consumed and fecal spectral 
data. This lag time was used in subsequent analysis. Next, the 
NIRS predictions were evaluated for accuracy in predicting an 
independent internal validation set (i.e., from the same feeding 
trial that was used to develop the equation), an external validation 
set, and compared to prediction accuracy of the microhistological 
technique. Third, the accuracy of prediction of spectral outliers 
was evaluated. Finally, data from both feeding trials were com- 
bined to make a final equation. 

Lag Time 
Data from the 1994 feeding trial were first analyzed to deter- 

mine which lag time between diet consumption and fecal spectral 
characteristics provided the best prediction (Table 1). The depen- 
dent variable with the lowest SEP from this analysis was used for 
subsequent analysis of NIRS spectra equations. 

Equation Validation 

‘Mention of a trademark or proprietary product does not constitute a guarantee 
or warranty of the product by the USDA and does not imply its approval. 

Data for percentage leafy spurge in diets for the 1992 feeding 
trial were considered most accurate because it did not require 
estimates of the percentage leafy spurge in fed and refused mater- 
ial. In addition, the same rations were fed for the entire trial so 
there was no temporal variation in diets. Estimates of percentage 
leafy spurge in the 1992 diets obtained from microhistological 
analysis, 1992 feeding trial NIRS prediction equations and 1994 
feeding trial NIRS prediction equations were compared to the 
actual percent leafy spurge in the 1992 diets by regression analy- 
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sis to compute the coefficient of simple correlation (r*), slope, 
and bias. The predicted values from the 1992 NIRS equations 
were computed using the reciprocal calibration validation method 
discussed above so that predicted samples were not a subset of 
samples used in calibration development. 

Spectral Outliers 
The effect of spectral outliers was analyzed by dividing sam- 

ples from the 1992 trial into 2 subsets. Samples were grouped 
into subsets based on the spectral distance of each sample from 
the average spectrum of feces from the 1994 feeding trial. The 2 
groups of samples represented samples that were spectrally simi- 
lar to the 1994 calibration samples (i.e., Mahalanobis distances 
(H) less than 3 standard deviations from the mean of the 1994 
calibration data set) or spectral outliers (i.e., H greater than or 
equal to 3 standard deviations from the mean of the 1994 sam- 
ples). Equations from the 1994 trial were used to predict the per- 
cent leafy spurge in the 1992 diets. Validation statistics to com- 
pare predicted and actual percent leafy spurge in the ration were 
calculated for the 2 groups and compared between these groups 
to determine if accuracy was affected by differences in spectral 
characteristics. 

Final Equations 
Final prediction equations for use in predicting percentage leafy 

spurge in the diets of sheep and goats were developed by combin- 
ing the data from both trials and using the reciprocal calibration 
validation procedure described previously to determine the math 
treatments that minimized the SEP. The final equation used the 
best math treatments on the entire data set. Data for both sheep 
and goat were. combined to compute and evaluate an equation for 
use when making comparisons between species of animals. 

Table 2. Comparison of validation statistics for percentage leafy spurge 
in diets from 1992 feeding trial based on predictions from microbisto- 
logical and 2 fecal near infrared reflectance spectroscopy (NIRS)-pre- 
diction equations. 

Prediction method 
Validation 
statistics Microhistological NIRS 94a NlRS 92b 

_ 

: 

SEP 
Slope 

Bias 

i 
SEP 
Slope 
Bias 

.___________ 
20 

0.22 
21.72 

0.90 
7.15 

19 
0.32 

20.23 
1.02 
7.64 

- _ _ Goats- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

20 20 
0.83 0.96 

20.98 4.75 
1.33 0.96 

18.66 -0.94 
---Sheep ________________ 

19 19 
0.89 0.96 
9.91 5.01 
1.30 1.06 

4.02 0.73 
n= Number of observations used to calculate validation statistics. 
r2= Coeffkient of simple correlation between predicted and actual. 
SEP= Standard error of prediction. 
“NtRS 94=Equation developed from average percentage leafy spurge in diet 48 and 72 
hours before collection of fecal samples from 1994 feeding trial 
%lRS 92= Equation developed from percentage leafy spurge in diet from 1992 feeding 
trial. Validation samples were not used in calibration data set. 

100 

80 

5 60 .- 
-0 
c 

‘a, 
P 

40 

ii 
21 20 

75 
a, 
D 0 
E 
8 
tii 

80 
a 

73 
l$ 60 
E .- 

2 40 

0 20 40 60 80 100 

Percentage leafy spurge in actual diet 

Fig. 1. Percentage leafy spurge in the 1992 diet fed vs. estimated per- 
centage leafy spurge in the diet by microbistological analysis (B), 
NIRS prediction equation from 1994 feeding trial (+), and NIRS 
prediction equation from 1992 feeding trial (*) for goats and 
sheep. Solid line represents 1:l relationship. 

Results and Discussion 

Lag Time 
The effect of time on internal validation of the 1994 feeding 

trial is shown in Table 1. For both sheep and goats the best cali- 
bration results for single day diets were found between NIRS pre- 
diction equations of feces and percent spurge in diets consumed 
48 hours earlier. Lyons et al. (1995) reported that NIRS equations 
of feces collected 72 hours after cattle entered a pasture predicted 
dietary crude protein and digestible organic matter most accurate- 
ly. However, their (Lyons et al. 1995) results showed little differ- 
ence in coefficients of simple determination and SEP between 48 
and 72 hours, but slopes were closer to 1 and biases were closer 
to 0 after the longer lag time. When diet composition was aver- 
aged across days validation statistics were best for the average of 
diets consumed 48 and 72 hours prior to collection of feces. 
Averaging diets improved the validation statistics compared to 
diets based on a single day. Coefficients of simple correlation for 
the regression of percent leafy spurge in the diet and fecal NIRS 
predictions increased 0.23 and 0.14 percentage units for sheep 
and goats, respectively and SEP was reduced by about half. 

Validation With 1992 Trial 
The precision and accuracy of microhistological analysis and 

NIRS prediction equations is shown in Table 2. Microhistological 
analyses were less accurate than either of the NIRS based predic- 
tions for both sheep and goats. We believe this difference was 
due in part to a lack of readily identifiable features in the epider- 
mis of leafy spurge (Bruce Davitt personal communication) and 
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Table 3. Effect of spectral outliers on validation statistics derived 
from prediction of percentage leafy spurge in the diets from 
1992 feeding trial using prediction equations developed using 
fecal samples from the 1994 feeding trial. 

Mahalanobis distance 

He3 H>3 --___ 

> 
SEP 
Slope 
Bias 
H 

----------------Goats---------------- 

7 13 

.84 .82 
10.5 10.9 

1.42 1.47 
18 17 

2.19 6.87 

----------------Sheep---------------- 

> 
SEP 
Slope 
Bias 
H 

13 6 

.85 .97 
10.2 5.8 

1.34 1.20 
-3 -7 

1.47 5.10 __---- 
n2= Number of observations used to cakulate validation statistics. 
I = Coefficient of simple comhtion between predicted and actual. 
SEP = Standard error of prediction. 
H = Standardized Mahahobis distance from average spectrum of calabration data set 

the difference might not be as great for species that are more 
readily identifiable by microhistological analysis. The 1992 NIRS 
equation was developed from fecal samples obtained from the 
same trial as the validation lab data that was predicted. In con- 
trast, the 1994 NIRS equation was developed using fecal samples 
from a different trial that used different sources of leafy spurge, 
different sources of other forages, and was conducted in a differ- 
ent manner than the 1992 trial. As expected, the 1992 NIRS equa- 

tions showed improvements in all measures of precision and 
accuracy compared to the 1994 NIRS equations. The large bias 
(18 percentage units) observed when the 1994 NIRS equation 
was used to predict the 1992 goat diets resulted in a large SEP 
even though the rZ (i.e., 0.83) was relatively high. This indicates 
the importance of evaluating equations based on SEP when 
developing equations to predict the composition of samples that 
normally are not available for laboratory analysis. It further 
shows that NIRS equations may be more accurate at predicting 
treatment differences than absolute values of the dependent vari- 
able. We believe accuracy of these 2 equations represents the 
upper and lower limits for the use of NIRS equations developed 
from fecal samples to predict diet composition of leafy spurge. 

Spectral Outliers 
When samples are spectral outliers it is recommended that stan- 

dard laboratory procedures be preformed on the samples to verify 
the NKRS predicted value. However, when the spectral character- 
istics of fecal material are used to predict botanical or chemical 
composition of diets the material being predicted is normally not 
available for laboratory analysis. Table 3 shows the effect of 
spectral outliers on prediction of percent leafy spurge in diets fed 
to sheep and goats. Accuracy of predicted leafy spurge in the diet 
was the same for goat fecal samples that were spectral outliers 
compared to samples that were spectrally similar to the calibra- 
tion data set. For sheep, predictions were better for those samples 
that were spectral outliers compared to spectrally similar samples. 
The 8 was increased over 10 percentage points and the SEP was 
decreased about half for sheep samples that were spectral outliers 
compared to ones that were similar. This indicates that NIRS 
equations for the prediction of percentage leafy spurge in the diet 
are robust relative to the spectral characteristics of the sample. 

Table 4. NIRS prediction equations using fecal spectra from 1992 and 1994 feeding trials tn predict percentage leafy spurge in diets. 

N Math -~__ 

Calibration Validation 
h F SEC R2 n SEP Bias Slope 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Goats-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

55 2nd 2344 40 10.7 0.82 loa 5.4 0.96 
19b 

-2.0 0.90 
1708 22 4.2 0.86 2.0 0.79 
1132 114 
2248 89 

-------------------------------------------------Shee~--------------------------------------------- 
63 2nd 648 54 6.1 0.90 9c 6.0 0.98 

2020 89 24d 
A.8 1.06 

4.4 0.90 0.9 0.87 
2092 31 
2380 327 

;;g-----.---..---.--‘-------------------------SheepandGoats----------------------------------------------- 
2nd 1812 64 6.4 0.85 1Oa 6.2 0.95 3.4 1.00 

708 108 19b 5.8 0.65 0.9 0.75 
744 113 4.7 0.97 0.9 1.08 

2388 253 4.6 0.89 - 0.7 0.84 .__ 
N= Number of samples used to calculate calibration statistics. 
Math= 2nd derivative of log (I/R) spectra. 
SEC= Standard error of calibration. 
R2= Coefficient of determination. 
SEP= Standard error of prediction. 
n= Number of observations used to calculate vaildation statistics. 
? - Coeffcient of simple correlation. 
a-Goat 1592 
b-Goat 1994 
c - Sheep 1992 
d-Sheep 1994 
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Final Equations 
The final equations using samples from both feeding trials are 

shown in Table 4. Calibration statistics were better for the sheep 
equation than the goat equation. Samples from sheep and goats 
were combined to determine the ability of a single equation to 
predict leafy spurge in the diet of both species. The combined 
equation was intermediate to the sheep and goat equations for 
calibration statistics. 

Validation statistics were calculated for each data set, i.e., goat 
1992, goat 1994, sheep 1992, and sheep 1994. Validation r2 
showed that NIRS prediction of percent leafy spurge in the diet of 
animals from the 1992 trial accounted for about 10 percentage 
units more of the variation and had slopes nearer to unity than 
when the same equation was used to predict composition of the 
1994 diets. We believe that accuracy of prediction of the 1994 
data is limited by the accuracy of the lab data for this trial as dis- 
cussed previously. The SEP and absolute value of bias were 
slightly lower for the 1994 data because the data used for the 
final calibration contained about twice as many samples from the 
1994 trial. Validation statistics for the combined sheep and goat 
equation showed similar validation statistics for all data sets 
except that 8 was lower for the 1994 as discussed above. There 
was no apparent systematic bias between species using this equa- 
tion. Thus the combined equation would be preferred for compar- 
ing diets in a study with the objective of making comparisons 
between sheep and goats 

Conclusions 

We interpret these results to show that NIRS analysis of fecal 
material can be used to predict percent leafy spurge in the diet of 
sheep and goats and that this technique is more accurate than 
microhistological techniques for this plant. The prediction of 
dietary botanical composition based on fecal material compared 
favorably to previously published results on predicting botanical 
composition based on the spectral characteristics of the samples. 
Previously published values for SEP and fi describing the rela- 
tionship between predicted and actual botanical composition of 
above ground herbaceous material (Garcia-Criado et al. 1991), 
roots (Rumbaugh et al. 1988) and esophageal masticate (Volesky 
and Coleman 1996) were generally between the values for 1992 
feeding trial validated against subsets from the same trial and the 
1994 feeding trial validated against the equation developed from 
the 1992 trial (Table 2). Furthermore, within the range of this 
data set, NIRS predictions of percentage dietary leafy spurge 
from fecal samples were not affected by spectral outliers with 
mean H values greater than 5. The greatest limitation of NIRS 
prediction of diet composition from fecal samples is the potential 
for large bias as was seen when the 1994 goat calibration equa- 
tion was validated with the 1992 samples (Table 2). This indi- 
cates that caution should he used when making comparisons that 
rely on different equations. When interspecific comparisons must 
be made it would be best to use an equation that predicts both 
sheep and goat diets. 

We believe that NIRS of fecal material can be calibrated to pre- 
dict other plant species in addition to leafy spurge. Furthermore, 
this would be an appropriate procedure for screening large num- 
bers of animals for phenotypic differences in diet selection and 
for making treatment comparisons. 
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Abstract 

Morphological development of grasses has numerous impli- 
cations to rangeland management including the timing and 
amount of herhivory. The objective of this study was to quan- 
tify the developmental morphology of prairie sandreed 
[Calamovilfa longifoZiu (Hook.) Scrihn.] and sand bluestem 
[Andropogon gerurdii var. paucipilus (Nash) Fem.] tiller pop- 
ulations. Tier populations of these 2 grasses were studied for 
2 years in the Nebraska Sandhills. Plant development was 
evaluated using a growth staging system which quantifies the 
development of tiller populations. A morphological growth 
index for each species was calculated from either the weight- 
ed average of tiller numbers reported as mean stage count 
(MSC) or tiller weight reported as mean stage weight (MSW) 
and correlated with the independent variables of growing 
degree days (GDD) and day of year (DOY). Correlation coef- 
ficients with the independent variables were greater than 0.97 
for MSC and MSW within years and greater than 0.90 
between years. Greater rainfall and warmer temperatures in 
1991 increased the number of tillers in the more advanced 
morphological stages in prairie sandreed, but tiller weight 
rather than tiller number increased in more advanced stages 
of sand bluestem. A majority of the harvested tillers were 
vegetative throughout the sampling period but by the end of 
the growing season, a wide range of morphological stages 
were present. The use of grazing to prevent the formation of 
cuhned tillers in these grasses may be u~ecessary because of 
the high proportion of vegetative tillers and the wide range of 
morphological stages available for selection by livestock 

Key Words: phenology, tiller populations, mean stage count, 
mean stage weight, Culamovilfu longifoliu (Hook.) Scribn., 
Andropogon gerurdii vurpuucipilus (Nash) Fem. 

Prairie sandreed [Calamovilfa longifolia (Hook.) Scribn.] is the 
most uniformly distributed and abundant species in the Nebraska 
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Resumen 

El desarrollo morfol6gico de 10s pastos tiene numerosas 
implicaciones en el manejo de praderas incluido el tiempo de 
pastoreo y la carga animal. El objetivo de este estudio fue la 
cuantificaci6n del desarrollo morfoMgico de la poblacibn de 
hijuelos de prairie sandreed [Cakzmovilfa longifoliu (Hook.) 
Scribn.], del grupo de 10s zacatones, y popotillo arenoso 
[Andropogon gerardii var. paucipilus (Nash) Fern.]. La 
poblacibn de hijuelos de estas dos especies fueron estudiadas 
por dos ties en las Sandhills de Nebraska. El desarro 110 de las 
plantas fue evaluado usando un sistema de estados de desar- 
rollo, el cual cuantifica el desarrollo de la poblacibn de hijue- 
10s. Un indice de erecimiento morfol6gico para cada especie 
fue calculado a partir de1 promedio ponderado de1 ntimero de 
hijuelos reportados coma media de cada estado contado 
(MSC) o peso de 10s hijuelos reportado coma peso promedio 
de cada estado (MSW) y fue correlacionado con las variables 
independientes grad0 de crecimiento en dii (GDD) y dii de1 
aiio (DOY). Los coeficientes de correlaci6n con las variables 
independientes fueron mayores que 0.97 para MSC y MSW 
dentro de adios, y mayor que 0.90 entre adios. Las mayores 
pluviometrias y las temperaturas mb c5lidas de 1991 incre- 
men&u-on el ntimero de hijuelos en 10s estados morfohjgicos 
mL avanzados en prairie sandreed, pero el peso de 10s h@e- 
los, mk que el nemero de &tos, increment6 en 10s estados 
nubs avanzados de popotillo arenoso. A lo largo de1 period0 de 
muestreo, la mayoria de 10s hijuelos fueron cosechados en 
estado vegetativo, pero al final de1 period0 de crecimiento se 
present6 un amplio rango de e&ados morfohjgicos. El uso del 
pastoreo para prevenir la formaci6n de hijuelos en estado 
reproductive en estas especies no seria necesario debido a la 
alta proporcidn de hijuelos en estado vegetativo y al amplio 
rango de estados morfolbgicos disponibles para la selecci6n 
por parte de1 ganado. 

Sandhills and sand bluestem [Andropogon gerardii var. paucip- 
ilus (Nash) Fem.] is an important co-dominant (Burzlaff 1962). 
These 2 grasses along with little bluestem [Schitachyrium sco- 
parium (Michx.) Nash] make up 60% of the upland plant com- 
munity in the Nebraska Sandhills. Prairie sandreed develops 
rapidly in May and June and flowers from July to September 
(Tolstead 1942). Prairie sandreed also produces some biennial 
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tillers which are initiated in the summer and resume growth early 
the following spring (Brejda et al. 1988). Sand bluestem begins 
growth in May and flowers from the first week of July to 
September. The extent of reproductive growth in sand bluestem is 
determined by the amount of rainfall (Tolstead 1942). Sand 
bluestem may develop lateral inflorescences but usually these 
occur later than the terminal inflorescence (Sims et al. 1973). 
Tillering in sand bluestem appears to be under strong control of 
the parental tiller and is usually limited unless the parent tiller is 
defoliated or senesces (Sims et al. 1973, Brejda et al. 1988). 

In grasses, developmental morphology determines plant archi- 
tectural organization, influences accessibility and palatability to 
herbivores, and affects regrowth following defoliation (Briske 
1991). Developmental processes are affected by both genetic and 
environmental variables. Air temperature was found to be the pri- 
mary environmental variable regulating morphological develop- 
ment in western wheatgrass [Puscopyrum smithii Rydb.(Lilve)], 
blue grama [Boureloua gracilis (H.B.K.)Lag. ex. Griffiths], 
needleandthread (Stipa comata Trin. and Rupr.), and prairie june- 
grass [Koeleria pyramidata (Lam.)Beauv.] (Frank and Hofmann 
1989). However, day of the year predicted leaf development as 
well as accumulated growing degree-days in little bluestem and 
big bluestem [Andropogon gerurdii Vitman] (Gillen and Ewing 
1992). Both growing degree day (GDD) and day of the year 
(DOY) appear to be valuable predictors of grass morphological 
development. 

Indices used in previous research on grass morphological 
development, often did not evaluate actual tiller populations. 
Moore et al. (1991) developed a system of growth staging that 
quantified the morphology of tiller populations rather than indi- 
vidual tillers or a selected group of tillers. By examining tiller 
populations, this system evaluates a more representative sample 
and should predict the morphology of available forage more 
accurately than previously used growth staging systems (ie. Haun 
1973; Simon and Parks 1983). 

The objective of this study was to quantify the developmental 
morphology of tiller populations of prairie sandreed and sand 
bluestem relative to GDD and day of year using the growth index 
described by Moore et al. (1991). These grasses are major com- 
ponents of the vegetation of the region and heavily utilized by 
grazing animals (Northup 1993). Knowledge of grass morpholo- 
gy is essentitial for designing grazing systems and understanding 
the impact of grazing on vegetative communities occurring in the 
Nebraska Sandhills. 

Materials and Methods 

Prairie sandreed and sand bluestem tiller populations were 
studied for 2 years at the University of Nebraska Gudmundsen 
Sandhills Laboratory (GSL) near Whitman, in the Nebraska 
Sandhills. The soil was a Valentine fine sand (mixed, mesic 
Typic Ustipsamment) and study areas were dominated by prairie 
sandreed and sand bluestem. These 2 grasses made up greater 
than 70% of the biomass in the study areas. A mixture of forbs 
and other grasses, including little bluestem, prairie junegrass and 
switchgrass (Panicurn virgatum L.), comprised the remaining 
vegetation. The study areas were in good range condition. 
Average annual precipitation at the laboratory site is 5 14 mm. 

In April 1990, 12 blocks, ranging in size from 20 X 20 m to 30 
X 50 m, were located within a 2-km radius. Block size was deter- 
mined by the species composition and terrain homogeneity. All 
blocks were located on sands range sites that were not grazed 
during the sampling period. In April 1991, 8 similar ungrazed 
blocks were located on sands sites within a 2 km radius. 
Sampling began on 15 May 1990, and continued at approximate- 
ly lo-day intervals until 24 Aug. 1990. Sand bluestem was not 
sufficiently developed for sampling at the first date in 1990 but 
was sampled on subsequent harvest dates. Sampling started 20 
May and continued, at lo-day intervals, until 21 Aug. 1991. 

At the start of each season, 12 transects were permanently 
marked, within each block, to aid in sample location. Samples 
were located by randomly choosing a transect and a random point 
along the transect. A l-m* quadrat was placed on the random 
point and all tillers of a target species within the quadrat were 
clipped leaving a 3 cm. stubble. This procedure was repeated, 
within a block, until approximately 20g (fresh weight) of a target 
species were collected. This was usually 40 to 60 tillers. 
Complete quadrats were clipped even if the minimum tiller num- 
ber was reached prior to completion of clipping. After a quadrat 
was sampled, the area was marked so it would not be resampled 
at a later harvest. Each of the target species was sampled in this 
manner in all blocks at all dates. This sampling regime was car- 
ried out in both years, although in 199 1, a minimum of 2 quadrats 
was harvested even if the minimum tiller number was reached in 
the first quadrat. Because of the variable number of quadrats 
needed to obtain the minimum quadrat and tiller numbers for 
each species, not all the transects were sampled on each harvest. 
A range of 5 to 10 transects was usually sampled within each 
block during each harvest. 

Developmental morphology of the tiller population was esti- 
mated using the mnemonic scale described by Moore et al. 
(1991). The system categorizes the life cycle of individual grass 
tillers into 5 primary growth stages: 0) germination, 1) vegetative, 
2) transition, 3) reproductive, and 4) seed ripening but the germi- 
nation growth stage was not applicable in our study. Each prima- 
ry stage contains substages that describe specific events common 
to most grasses. An individual growth stage consists of a primary 
and substage and has a mnemonic and numerical index associated 
with it. This growth staging system is described in greater detail 
in Moore et al. (1991). 

If more than 50% of a leaf was dead, it was not included when 
determining morphological stages (Moore et al. 1991). Events 
were recorded in the elongation stage only if the nodes were pal- 
pable in the field. Node determination in prairie sandreed 
required peeling back the leaf sheaths because the large, thick 
sheaths obscured the nodes. Sand bluestem nodes were more 
exposed and were easily located. 

Some prairie sandreed inflorescences emerged from the side of 
the sheath while the tops of the seedheads were still wrapped in 
the flag leaf. Once the seedhead emerged from either the side or 
the top of the sheath, the tiller was considered to be in the inflo- 
rescence emergence stage. Since sand bluestem had multiple 
inflorescences, the stage of development was based on the most 
advanced inflorescence which was generally the terminal inflo- 
rescence. Seed ripening stages (SR) were difficult to classify 
especially in the smaller seeded prairie sandreed. 

Tillers of each stage were counted and placed in separate sacks 
in the field and later dried at 55” C. The quantitative growth 
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indices (Moore et al. 1991) were computed at the conclusion of 
the growing season by determining the total number of morpho- 
logical events in the vegetative and transition stages. The mean 
stage by count (MSC) was calculated using the following work- 
ing formula: 

Msc=ig +l s. X N. 

Where: 
Si = growth stage, 0 to 4.9 
Ni = number of tillers in stage Si 
C = total number of tillers 
The mean stage weight (MSW) value is calculated by replacing 

N with the dry weight of tillers in stage Si and C with the total 
dry weight of all the tillers. 

The standard deviation of the mean stage by count (S,,,), 
which estimates the amount of variation around the MSC, was 
estimated using the following equation: 

(2) 

me %, is useful in interpreting the variability in maturity that 
exists within a grass stand (Moore et al. 1991). If the tiller num- 
bers in an advanced sub-stage of the vegetative or elongation 
stages were less than I % of the total tillers collected in that stage, 
the tillers were then included in the next lower substage. 

Daily growing degree days (GDD) were calculated as [(Trnax + 
T,, )/Z] - TB where Tmax was the maximum daily air tempera- 
ture , and Tmin was the minimum daily air temperature with a 
lower limit of 10” C and T, was equal to 10” C. Accumulated 
GDD were calculated by summing daily GDD from 1 January of 
each year. This formula is similar to the formula proposed by 
Russelle et al. (1984) but without the maximum temperature limit 
of 30” C. Morphological development of switchgrass in response 
to cumulative GDD has been evaluated without an upper temper- 
ature maxima (Sanderson and Wolf 1995a,I995b). We felt the 
assumption of a broad temperature maxima was also appropriate 
for the 2 C4 grasses we studied. Weather data were collected 
electronically at laboratory headquarters, which was located with- 
in 2 km of all the plots. Thirty-year averages were taken from the 
closest U.S. Weather Bureau station, which was located 20 km 
northeast of the research site. Correlation coefficients were calcu- 
lated using the correlation procedure in the SAS (1985) statistical 
program on the means for each sampling date 

Precipitation and Growing Degree Days 
Precipitation for 1990 was 351 mm which was 64% of normal. 

Precipitation during the sampling period of May, June, July, and 
August was 251 mm or 76% of the normal for that period. In 
1991, the annual precipitation was 526 mm or 95% of normal. 
Precipitation for the sampling period of May through August was 
353 mm or 110% of normal. Valentine fine sands have low water 
holding capacities (0.18-0.23 cm cm-t) which makes frequency 
of precipitation more important than total amount. Although 1990 
was drier than 1991, rain showers that did occur were minimal 
but more frequent throughout the growing season in 1990 (Fig. 
1). 

40 

OG‘ 35 

w 
5 

30 

t- 

2 

25 

w 20 

; 15 
F 

10 

5 

DATE 

May May Jgz June July 
1 21 

Di:E 
20 

Ay $g 

Fig. 1. Precipitation and daily high temperatures from 1 May to 1 
Sept. in 1990 (a) and 1991 (b) for the Gudmundsen Sandhills 
Laboratory, Whitman, Nebr. 

Fewer growing degree days (GDD) had accumulated up to start 
of sampling in 1990 than in 1991 (382 vs. 538 GDD) and each 
sampling date in 1991 had greater accumulated GDD than equiv- 
alent dates in 1990. In both years, accumulated GDD at the start 
of sampling, was greater than normal (302 GDD) 

Results and Discussion 

Prairie sandreed started growth earlier and had more rapid early 
season development than sand bluestem in both years (Figs. 2, 
3). This is consistent with earlier reports from the Sandhills 
(Tolstead 1942). Morphological development (MSC and MSW) 
for each species was strongly correlated with GDD and DOY in 
both years (Table l), but MSW increased at a faster rate than 
MSC (Figs. 2, 3). The MSW index, averaged over both species 
and years, increased 0.125 index units every 10 days compared to 
a 0.07 index unit increase in the MSC index. Differences between 
the 2 indices were especially pronounced later in the growing 
season. After elongated tillers were detected, the MSW index 
increased 0.15 index units and the MSC index increased 0.08 
index units every 10 days compared a 0.08 and 0.06 index unit 
increase every 10 days prior to tiller elongation for MSW and 
MSC respectively. The heavier tillers in the more advanced 
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Table 1. Correlation coeffkients (r) of the growth indices, mean 
stage by count (MSC) and mean stage by weight (MSW), with 
growing degree day (GDD) and day of the year @AY) for prairie 
sandreed and sand bluestem in 1990, 1991 and combined over 
both years. 

Species Growth Index 
r 

GDD DOY -- 

Sand Bluestem 

Prairie Sandreed 

E!% 
Sand Bluestem 

Prairie Sandreed 

1990-1991 
Sand Bluestem 

Prairie Sandreed 

MSC 0.98 0.99 
MSW 0.98 0.98 
MSC 0.99 0.98 
MSW 0.97 0.97 

MSC 0.99 0.99 
MSW 0.99 0.98 

MSC 0.99 0.99 
MSW 0.99 0.99 

MSC 0.98 0.98 
MSW 0.98 0.96 
MSC 0.96 0.91 
MSW 0.98 0.94 

growth stages made up an increasingly greater percentage of the 
biomass as the season progressed (Figs. 4B, 4D, 5B, 5D) and 
therefore influenced MSW more than MSC. Although MSW pro- 
gressed at a faster rate than MSC, both indices were highly corre- 
lated with each other (r = .99) for both species in both years. 

The strong correlation of morphological development with both 
accumulated GDD and DOY is supported by Gillen and Ewing 

Prairie Sandreed 
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Fig. 2. Mean Stage by Count (MSC), Mean Stage by Weight (MSW) 
growth indices and standard deviation of MSC (S,) related to 
day of the year (a) and accumulated growing degree days (b) for 
prairie sandreed in 1990 and 1991. 
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Fig. 3. Mean Stage by Count (MSC), Mean Stage by Weight (MSW) 
growth indices and standard deviation of MSC (Smsc) related to 
day of the year (a) and accumulated growing degree days (b) for 
sand blue-stem in 1990 and 1991. 

(1992) who found that DOY predicted leaf development as well 
as GDD in big and little bluestem. Although GDD and DOY had 
similar correlation coefficients, increased GDD accumulation and 
greater precipitation resulted in the MSW growth index of both 
species being more advanced at the end of the season in 1991 
than in 1990 (Figs. 2, 3). In prairie sandreed especially, the more 
advanced end of season growth indices in 1991 were determined 
more by a higher initial growth index than by faster development 
during the growing season. Over the 1991 sampling period, 
prairie sandreed developed at the same rate as in 1990 per 100 
GDD (MSC = 0.04 index units, MSW = 0.07 index units) and at a 
similar rate of development per 10 calendar days (1990 MSC = 
0.07 index units, MSW = 0.12 index units; 1991 MSC = 0.08 
index units, MSW 0.14 index units). However, the initial growth 
indices for prairie sandreed were higher in 1991 than in 1990 
(1990 MSC = 1.11, MSW = 1.14; 1991 MSC = 1.27, MSW = 
1.31). 

Growth indices have been used to evaluate morphological 
development and determine the grazing readiness of grasses. For 
example, Frank and Hoffman (1989) related grazing readiness, as 
determined by the Haun scale (1973), to GDD and developed a 
practical method for predicting grazing readiness of native grass- 
es in the Northern Great Plains. In the Nebraska Sandhills, warm- 
season grass utilization generally begins around 1 June (P. Reece 
personal communication). Development in sand bluestem prior to 
1 June was more consistently related to DOY than GDD. By 30 
May 1990, sand bluestem had a MSC growth index of 1.15 which 
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1990 1991 

Mean Stage Count Mean Stage Weight Mean Stage Count Mean Stage Weight 

Sand Biuestem 6: P Sand Bluestem E A 

Prairie Sanhed Prairie Sanckeed 

Fig. 4. Percent of harvested tillers in the vegetative, elongated, repro- Fig. 5. Percent of harvested tillers in the vegetative, elongated, repro- 
ductive and seed ripening growth stages that contributed to Mean ductive and seed ripening growth stages that contributed to Mean 
Stage Count (A) and Mean Stage Weight (B) in sand bluestem and Stage Count (A) and Mean Stage Weight (B) in sand bluestem and 
Mean Stage Count (C) and Mean Stage Weight (D) in prairie Mean Stage Count (C) and Mean Stage Weight (D) in prairie san- 
sandreed in 1990. dreed in 1991. 

was similar to the MSC growth index (1.17) on 29 May 199 1. 
However, accumulated GDD prior to 1 June was 140 GDD more 
in.1991 than in 1990 (1991 GDD = 678, 1990 GDD = 536). 

In contrast, development of prairie sandreed prior to 1 June was 
not consistently related to DOY. Prairie sandreed had a MSC 
growth index of 1.19 on 30 May 1990 compared to 1.33 on 29 
May 199 I. Faster accumulation of GDD and increased precipita- 
tion during the first half of April 1991 would have contributed to 
the more rapid development of prairie sandreed in 199 1. 
Although increased GDD accumulation apparently contributed to 
more rapid early season development in prairie sandreed, accu- 
mulated GDD could not be consistently related to individual 
MSC values later in the season. For example, prairie sandreed 
took an additional 200 GDD to reach an MSC value of 1.27 in 
1990 than in 1991. The relationship between GDD and early sea- 
son development was inconsistent for both species and more 
research is needed to determine the grazing readiness of these 
grasses. The growth index designed by Moore et al. (1991) pro- 
vided a fast and accurate assessment of the morphological devel- 
opment of tiller populations of these 2 grasses. These attributes 
make it an excellent tool for evaluating morphological status rela- 
tive to grazing readiness, forage quality, or environmental influ- 
ences on development. 

The growth indices stabilized during the interval between the 
last 2 harvests in 1990 (Figs. 2, 3) because of increased leaf 
senescence. The period 13-21 Aug. 1990 was characterized by 
several days of high temperatures (daily high temperatures > 33” 
C) which combined with decreased August precipitation (72% of 
normal) to increase leaf senescence. Both mean stage count 

(MSC) and mean stage weight (MSW) only use leaves present on 
the stem when it is harvested and so it is possible for the growth 
indices to stabilize or decline when leaf sensence is high. This is 
especially true when there are large numbers of vegetative tillers 
as with the populations of these 2 species. The more succulent 
leaves of sand bluestem may be more sensitive to stress and 
senesce more readily than prairie sandreed leaves. In 1990. the 
MSC index for sand bluestem did not increase from 800 to 1,150 
GDD (approximately late June 1990) (Fig. 3) reflecting increased 
leaf senescence. Daily high temperatures during this period (> 
32” C), including several days in excess of 38’ C (Fig. 1 A), com- 
bined with low precipitation (5 mm) to increase leaf senescence 
in sand bluestem more than in prairie sandreed. 

Both species responded differently to the increased precipita- 
tion and more rapid GDD accumulation in 1991 compared to 
1990. Prairie sandreed had a larger proportions of tillers in 
advanced substages in 1991 (Figs. 4C, 5C) but the advanced 
tillers had lower mean individual tiller weights than in 1990 
(1990 = 1.05 g tiller-‘, 1991 = 0.76 g tillers’). Higher numbers of 
smaller tillers in the more advanced growth stages caused both 
growth indices for prairie sandreed to be IO to 15% higher at the 
end of the season in 1991 compared to 1990. In contrast to prairie 
sandreed, the MSC index for sand bluestem was relatively con- 
stant between years (Fig. 3) indicating there was a similar propor- 
tion of tillers in all growth stages in both years. Sand bluestem 
responded to improved growing conditions in 199 1 by increasing 
tiller weights in the more advanced growth stages. This interpre- 
tation is supported by a more advanced MSW index in 1991 than 
in 1990 (Fig. 3). a declining contribution of vegetative tillers to 
biomass in the MSW index in 1991 compared to 1990 (Figs. 
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4B,5B) and increased mean tiller weights for the elongated tillers 
in 1991 (1.05 g tiller“) compared to 1990 ( 0.91 g tiller-‘). 

The improved growing conditions in 1991 resulted in some 
morphological stages being observed in 1991 that were either not 
present in 1990 or occurred earlier in 1991 than in 1990. For 
example, prairie sandreed tillers in the elongation stage were 
observed approximately 2 weeks earlier in 1991 and their num- 
bers increased more rapidly than in 1990 (Figs. 4C, SC). 
Improved growing conditions in 1991 may have accelerated 
development and caused a faster rate of growth in internodal 
intercalary meristems and therefore an earlier detection of culm 
elongation. It should be noted, however, that detection of palpa- 
ble nodes does not indicate initiation of culm elongation but 
rather the point when culm elongation is readily detectable. 
Better growing conditions in 1991 also resulted in some sand 
bluestem tillers entering the seed ripening stage of development 
in 1991 (Fig. SA) but not in 1990 (Fig. 4A). 

Although there were differences in morphological development 
between species, a majority of the harvested tillers were vegeta- 
tive (growth index 1.0-2.0) in both years (Figs. 4A, 4C, 5A, 5C). 
This was apparent in sand bluestem where, even late in the sea- 
son, approximately 80% of the tillers collected were in the vege- 
tative stage (Figs. 4A, 5A). Tiller populations for prairie sandreed 
had a smaller percentage of vegetative tillers late in the growing 
season, but still more than 50% of the tillers were vegetative 
(Figs. 4C, SC). However, the contribution of vegetative tillers to 
biomass was more limited. In prairie sandreed, vegetative tillers 
contributed about 25% to the MSW index by the end of the sea- 
son in 1991 (Fig. 5D). This trend was also apparent in sand 
bluestem, although vegetative tillers still contributed more than 
40% to MSW (Fig. 5B). Still, tillers with 3 nodes or less con- 
tributed a majority of the weight in the elongated growth stage in 
both species. When combined with the weight of the vegetative 
tillers, a majority of the biomass, even late in the season, was 
comprised of vegetative tillers or elongated tillers in the early 
stages of development which are readily grazed by livestock 
(Figs 4B, 4D, 5B, 5D). 

Forage availability to livestock may be affected by the differ- 
ences in species responses to growing conditions. Morphological 
advancement of prairie sandreed in 199 1 resulted in a higher per- 
centage of culmed and reproductive tillers compared to 1990 
(Fig. 4C, 5C). Greater numbers of reproductive tillers have been 
identified as a grazing avoidance mechanism in caespitose grass- 
es (Ganskopp et al. 1992, Truscott and Cm-tie 1989, Willms et al. 
1980) although this does not seem to be true for the rhizomatous 
prairie sandreed. Prairie sandreed in this area has previously been 
reported to be selected at a high and consistent level by yearling 
steers (Northup 1993) despite its relatively low nutritive value 
(Hendrickson et al. 1997). Abundance, availability and frequency 
of encounters may result in the relatively high selection of prairie 
sandreed (Northup 1993) and culmed tillers may not be concen- 
trated enough to deter herbivory. 

A wide range of morphological stages influences animal selec- 
tion. In the growth staging system developed by Moore et al. 
(1991), s,,, estimates the morphological diversity in a tiller pop- 
ulation. The S,sc increased as morphological development 
advanced which indicated morphologically advanced tiller popu- 
lations for these 2 species contained a wide variety of morpholog- 
ical stages (Figs. 2, 3). The first sampling date generally had 
about 4 separate sub-stages but at the end of the growing season 
as many as 20 separate sub-stages were present in some popula- 

tions. The wide range of morphological stages (high S,,,) would 
allow livestock to select a diet high in vegetative tillers even rela- 
tively late in the growing season. 

The reproductive stage (seed head development) occurred at 
approximately the same date (mid-July) in both years and 
species. Onset of the seed ripening occurred sooner in 1991 than 
in 1990 for prairie sandreed (Fig. 4C, 4D, 5C, 5D). In 1990, no 
sand bluestem tillers reached the seed ripening growth stage; 
however, some tillers reached this stage in 1991 (Figs. 4A, 5A). 
In prairie sandreed, only 40 growing degree days (GDD) separat- 
ed the timing of seed ripening between years. Sand bluestem 
entered the seed ripening stage at the same time as prairie san- 
dreed in 1991. The timing of these 2 events was consistent with 
the previously reported development of these species in the 
Nebraska Sandhills (Tolstead 1942) but occurred earlier than for 
reports for sand bluestem from Colorado (Sims et al. 1973). 

The number of tillers in the seed ripening stage was relatively 
small in both years. Only the final harvest date in 1990 and the 
final 2 harvest dates in 1991 had appreciable numbers of tillers in 
the seed ripening stage and these comprised less than 5% of the 
tillers collected in those harvest periods (Fig. 5). Early reports 
(Tolstead 1942) indicated seed production rarely occurred in 
mature stands of these species such as those present at the 
research site. The lack of reproductive development in these 
grasses is consistent with investigations into seed banks of North 
American grasslands which have demonstrated a lack of corre- 
spondence between composition of seed banks and aboveground 
vegetation (Johnson and Anderson 1986, Coffin and Lauenroth 
1989, Kinucan and Smeins 1992). Vegetative reproduction 
appears to be the primary method of propagation in perennial 
grasses in these systems. 

Both GDD and day of year (DOY) were equally related to mor- 
phological development of the tiller populations of these 2 grass- 
es within a year. Accumulated GDD would incorporate tempera- 
ture variations and theoretically should have a better relationship 
over several years. Data from prairie sandreed supports this con- 
clusion. Each species responded differently to improved plant 
growth conditions in 199 1. Prairie sandreed increased the number 
of tillers in the more advanced stages while sand bluestem 
increased tiller weights in the more advanced stages. In both 
species, more than 50% of the end of season biomass was com- 
prised of tillers in the vegetative and early elongation stages. 
Since morphological advancement has a relatively limited influ- 
ence on leaf nutritive value (Hendrickson et al. 1997) and most 
tillers in these grasses had not advanced past the early elongation 
stage, increasing grazing pressure to prevent these 2 species from 
forming culmed tillers may not be needed on rangelands dominat- 
ed by these grasses. 
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Abstract 

Three species of rough fescue, alpine rough fescue (Festuca 
al&&a Trin.), mountain rough fescue (F. campestris Rydb.), and 
plains rough fescue (F. h&ii (Vasey) Piper) were grown for 12 
weeks under 5 temperature regimes - 7:3,12:8,17:13,22:18, and 
27~23’ C - and defoliated 3 times to 3.5 cm at 4-weekly intervals 
in a growth cabinet study. Final plant dry mass and harvestable 
biomass production were greatest at 17:13’ C for alpine rough 
fescue and plains rough fescue, and at 12:8’ C for mountain 
rough fescue. Harvestable biomass plateaued or declined at the 
final harvest in all species for temperatures above 12:8 ‘C. Tiller 
numbers increased at successive harvests. Biomass per tiller 
declined markedly at the final harvest of alpine rough fescue at 
all temperatures. Regrowth in alpine rough fescue was markedly 
reduced at temperatures either above or below the optimum. The 
results indicate that mountain rough fescue and plains rough fes- 
cue are better able to regrow following defoliation at tempera- 
tures below or equal to their optima, than at temperatures above 
their optima. This provides greater understanding of field 
responses in both species where frequent defoliations are more 
deleterious after the April/May period when temperatures are 
above optimal. 

Key Words: Festuca hallii, Festuca campestris, Festuca alcaica, 
defoliation, management, persistence, biomass, tillering 

The rough fescue complex consists of mountain rough fescue 
[Festuca campestris Rydb.], plains rough fescue [F. hallii 
(Vasey) Piper], and alpine rough fescue [F. altaica (Trin.)]. In 
Alberta, mountain rough fescue is found above 1,000 m elevation 
in southern and south western Alberta. Presently, about 450,000 
ha remain uncultivated on hills east of the Rocky Mountains, the 
Cypress Hills, and on more fragmented areas in east-central 
Alberta. Plains rough fescue is distributed over about 1.54 M ha 
in the Alberta parklands while alpine rough fescue is found most- 
ly in Alaska and the Yukon Territories in Montane and Subalpine 
regions and only in a few locations in Alberta. Although the 
species are ah part of the rough fescue complex, genetic charac- 
teristics are clearly distinct with alpine rough fescue having the 
same number of chromosomes (n = 28) as plains rough fescue 
while mountain rough fescue has twice that number (2n = 56). 

The overlapping but distinct distributions of the 3 species can be 
explained partly by differences in their physiological adaptation 

Research was funded in part by the Alberta Environment Research Trust. 
Manuscript accepted 12 Oct. 1997. 
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(Hill et al. 1995). Plains rough fescue and mountain rough fescue 
are thought to have evolved under the intermittent grazing pres- 
sure imposed by a nomadic buffalo herd (Moss and Campbell 
1947). Both species are tufted although plains rough fescue is 
capable of producing short rhizomes (Pavlick and Looman 1984). 
Under similar growing conditions, alpine rough fescue produces 
fewer larger tillers with broader lamina (Ring et al. 1995). Plains 
and mountain rough fescue are sensitive to summer grazing 
(Johnston 1961, McLean and Wikeem 1985b). The response of 
alpine rough fescue to grazing has not been documented. 

The objective of this study was to gain a better understanding 
of the regrowth response of 3 rough fescue species grown at a 
range of temperatures. Such information, while adding to our 
understanding of environmental factors that influence the distrib- 
ution of the 3 species, could also help to elucidate the basis for 
the documented sensitivity of mountain and plains rough fescue 
to defoliation during their period of active growth (Willms 1991, 
Gerling et al. 1995). 

Materials and Methods 

Plains rough fescue seeds were collected at the University of 
Alberta ranch (53” 00’ N, 111” 36’ W), mountain rough fescue 
seeds were collected at Stavely, Alberta (50” 12’ N, 113” 54’ W), 
and alpine rough fescue seeds were collected near Mayo, Yukon 
(63” 35’ N, 135” 54’ W). Seeds of each species were germinated 
on moist sand in Petri plates at 20” C in the light and transplanted 
into pots when the first leaf was approximately 2-cm long. Three 
seedlings of the same species were established in each 15-cm 
diameter pot. The growing medium was a mix of equal parts 
loam, sand, and peat. The plants were maintained in a greenhouse 
at a temperature of 18” C and a 16-hour photoperiod for 10 
weeks. The plants were then cut back to a height of 3.5-cm and 6 
pots of each species were randomly assigned to each of 5 grow- 
ing environments. The pots for this experiment formed a sub-set 
of a larger experiment described in King et al. (1995). The 
growth cabinets (Controlled Environments Ltd., Winnipeg, Man.) 
were set on an 18-hour photoperiod and temperature regimes of 
7:3, 12:8,17: 13,22: 18, and 27:23” C (lightdark). Photosynthetically 
active radiation (PAR, 400-700 nm), measured with a quantum sen- 
sor (Li-188SB. LI-COR Inc., Lincoln, Nebr. ) at canopy level, 
averaged 330 umol l m2 l sec.‘. The pots were arranged randomly 
within each cabinet and watered daily. The assumption must be 
made that the environmental conditions (other than temperature) 
were similar. Cabinets were the same (size and lighting) and 
maintained to the same standards. Nitrogen, phosphorous and 
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potassium were supplied through the irrigation system every 2 
weeks. 

The plants were harvested 3 times to a stubble height of 3.5cm 
(harvestable biomass), at 4 week intervals. At the first 2 harvests 
tiller number per plant, dry mass of harvestable biomass, and leaf 
area were recorded. After the final harvest, plants were removed 
from the pots and the soil was washed from the roots. Tiller num- 
ber per plant, leaf area (above 3.5 cm), harvestable dry mass, root 
dry mass, and crown mass (tiller base, below the 3.5cm cutting 
height) were recorded. Shoot mass (crown plus harvestable bio- 
mass), percent harvestable biomass (harvestable biomass as a per- 
cent of total plant biomass) and harvestable biomass per tiller 
were calculated. 

Harvestable biomass was measured from 6 replicates, for each 
species, for each of the 3 harvests. Roots were measured for tire 6 
replicates after the final harvest. For tiller number and biomass per 
tiller, 6 replicates were measured at the first 2 harvests but only 3 
replicates were measured at the final harvest due to time con- 
straints. Leaf area was measured at the fust and final harvests for 
only 3 replicates, due to time constraints, and at the second harvest 
for 6 replicates. The 3 replicates measured at the first harvest were 
not the same as the 3 replicates measured at the final harvest. 

Analysis of variance were made for data having a balanced 
design. Therefore, tiller number and harvest biomass tiller-’ were 
analysed by the first 2 harvests and the third harvest while leaf 
area was analysed by individual harvests. 

Where harvest was a factor in the experimental design, the data 
were analysed across harvests as a split plot factorial design with 
temperatures split for species and harvests. The Box’s 
Conservative Correction was applied according to Miliken and 
Johnson (1984) where harvest, a repeated measure, was a factor. 
Data were subject to analysis of variance and differences between 
means tested using Fischer’s (protected) least significant differ- 
ence (P < 0.05) 

Results 

Harvestable Biomass 
There were significant temperature by harvest and harvest by 

species interactions for dry mass of harvested material (Table 1). 
Harvestable biomass was greater at the second and third harvests 
than at the first harvest for all species at all temperatures except 
at 27:23” C (Fig. 1). At growing temperatures below 17:13”C 
there was a further increase in harvestable biomass at the third 
harvest, while at 17:13” C or above the harvestable biomass was 
equal to or less than that at the second harvest. Harvestable bio- 
mass could be ranked: mountain = plains > alpine rough fescue at 
12:8” C, plains > alpine > mountain rough fescue at 17: 13” C and 
plains = mountain = alpine rough fescue at 22: 13” C. 

Harvestable Biomass Accumulation and Biomass Partitioning 
At the end of the defoliation sequence, accumulated harvestable 

biomass was greatest at 17: 13” C for alpine and plains rough fes- 
cue, and at 12:8” C for mountain rough fescue (Table 2). 
Harvestable biomass of alpine rough fescue was always less than 
that of the other 2 species. At 7:3” C, the dry mass of alpine 
rough fescue shoots was less than half that of mountain or plains 
rough fescue. Harvestable biomass at the third harvest, as a per- 
centage of total harvest, was greatest at 17: 13” C and least at 7:3” 
C in mountain and plains rough fescue, but more variable in 
alpine rough fescue. Overall, the percent biomass removed at the 
thiid harvest was significantly less in plains rough fescue than in 
mountain or alpine rough fescue (Table 2). 

Root mass of alpine and plains rough fescue increased (P < 
0.05) with increasing temperature to a maximum at 17:13” C and 
then declined at higher temperatures (Fig. 2). In contrast, root 
mass of mountain rough fescue was similar (P > 0.05) at tempera- 
tures of 7:3” C to 17: 13” C but decreased at higher temperatures. 
Allocation of dry matter to roots was ranked: mountain > alpine = 

Table 1. Analyses of variaace on data for harvestable biomass, tiller number and harvestable biomass per tiller of Feshrca ahka, F. campestris aad F. 
h&i at 5 temperature regimes (7:3,12:8,17:13,22:18, aad 27:23O C) aad 3 harvests. 

Source 

Temp Cr) 
Error 
Harvest (H) 
TxH 
Error 
Species (S) 
TxS 
Error 
HxS 
TxHxS 
Error 
CV3 (T x H x S) 
LSD4 (P 4.05) 
T 
H 
TxH 
S 
TxS 
HxS 
TxHxS 

Harvested Tiller number Harvested biomass Tiller number Harvest biomass 
biomass (HI, W per tiller (Hl, H2) (H3) per tiller (H3) 

Df’ Mean square Df Means square Mean square Df Means square Mean square 

4 4,509,293*** 4 5,106*** 490-s 4 5.404*** 2.057** 
25 
2(l)* 
8(4) 

50(25) 
2 
8 

50 
4(2) 

W8) 
99(49) 

59,754 25 195 
7,453,712*** 1 21,293*** 
1,428,212*** 4 1,036*** 

33,200 25 29.4 
173,448 2 7,040*** 
244,726 8 740 
124,724 50 369 

78,949* 2 480** 
42,360 8 134* 
20,065 49 35.6 

28.1(4.6) 14.7 (6.0) 

25 
25 
25 
50 
50 
49 
49 

96.9 25 
56.0 25 

125.1 25 
tlS6 50 

lzI.5 
50 
49 

ns 49 

6.8 
1.7 

7.1 
7.1 

7?; 
15.2 

18.1 
139 
130 

5.7 
787*** 

40.0 
28.8 
47.4*** 

7.6 
6.1 

24.7(8.7) 

2.1 
0.7 
2.3 
2.0 
2nSI 

ns 

10 

2 
8 

20 

116 

5,735*** 
895* 
381 

26.4(14.4) 

11.3 
na5 
na 
14.9 
31 
na 
na 

‘220 

1,506** 
197 
178 

33.9(10.5) 

15.6 
na 
na 
10 
ns 
na 
na 

;, **, l ** Significant F Test for P < 0.05; P < 0.01; P < 0.001. 
Box Correction applied. 

%e grees of freedom shown in 1 column also pertains to the next column where they are not given. 
‘CV for anaylsis of transformed data are given in brackets, 
%SD may be used for appropriate comparisons in the Figure; LSD’s are not shown for all comparisons. 
‘Effect not tested. 
%ffect not signiticant (P > 0.05). 
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Fig. 1. Effects of temperature and harvests representing repeated 
regrowth periods on the harvestable biomass of 3 rough fescue 
species (Festucu spp). LSD’s are given in Table 1. 

plains rough fescue at 7:3” C; alpine > plains > mountain rough 
fescue at 17: 13” C; and alpine = plains = mountain rough fescue 
at all other temperatures (all comparisons were based on P = 
0.05). Percent of biomass allocated to roots at the final harvest 
was: 31.1% at 7:3” C, 31.1% at 12:8” C, 32.2% at 17:13” C, 
20.6% at 22:18” C and 19.7% at 27:23” C averaged across 
species. Percent allocation was similar (P > 0.05) among the first 
3 temperature regimes and between the last 2 temperature 
regimes, but differed (P < 0.05) between the 2 groups. Alpine 
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Fii. 2. Biomass partitioning between shoot and root for 3 rough fes- 
cue species (Festuca spp.) at the third harvest. The LSD’s are for 
the temperature x species interaction which is significant (P < 
0.05) for root and leaf weights but not crown weights (P > 0.05). 
The ligbhdark temperatures represented by the means are: 5 -7:3, 
10 - 12:8,15 - 17:13,20 - 22:18, and 25 - 27:23’ C. 

rough fescue allocated the greatest (PC 0.05) percentage of mass 
to roots (33.7%) followed by a similar (P > 0.05) proportion by 
plains (24.9%) and mountain rough fescue (22.4%). The response 
to temperature was not affected (P > 0.05) by species. 

Maximum cumulative harvestable biomass for mountain rough 
fescue was at 12:8” C and at 17:13” C for the other species, giv- 
ing a significant temperature by species interaction (Table 2). At 
22: 18” C and 27:23” C, the cumulative harvestable biomass of 
alpine rough fescue was significantly greater than mountain or 
plains rough fescue. 

Tiller Number and Dry Mass Per Tiller 
Tiller number increased (P < 0.05) from the first to the second 

harvest for all species and temperatures (Table 1, Fig. 3); this 
trend appeared to persist to the third harvest (Fig. 3). Tiller num- 
bers were always least in alpine rough fescue. Plains rough fescue 
bad higher (P c 0.05) tiller numbers than mountain rough fescue 
at 17:13” C and 22:18” C. The tillering response to any variable 
was modified by another as shown by significant (P ~0.05) inter- 
actions of temperature by harvest, harvest by species and temper- 
ature by harvest by species (Table 1). 

Harvestable biomass per tiller of alpine rough fescue was 
greater (P c 0.05) at the second harvest than the first at all tem- 
peratures above 7:3” C and was always greater, within a harvest 
and temperature regime, than for the other species (Table 1, Fig. 
4). However, at the third harvest it was similar to, or less than, 
that of the other species. There were significant temperature by 
harvest and harvest by species interactions for the first 2 harvests 
(TabIe 1). At 27:23” C, dry mass per tiller of mountain and plains 
rough fescue declined at each subsequent harvest. 
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Table 2. Harvestable biomass at third harvest (regrowth) as a percent of 
total plant biomass and totat accumulated harvestable biomass from 3 
barvests (n = 6). 

Temperature Alpine Mountain 
(light:dark) rough rough 

fescue fescue 

Plains Mean 
rough 

fescue 
___-_ 

I:3 
12:8 

17:13 
22:18 
27123 

Mean 
1 sd (temperature) 
Isd (species) 
Isd (t x s) 

7:3 
12:8 

17:13 
22:18 
27123 

Meall 
lsd (temperature) 
lsd (species) 
lsd(txs) 

(harvestable biomass - % of total)- - - - - - - - 
19.7 12.4 9.3 13.8 
16.5 19.4 16.9 17.6 
18.1 23.9 20.3 20.8 
23.5 23.6 15.8 20.9 
22.4 15.5 13.7 17.2 
20.3 18.9 15.2 

2.9’ 
2.9 
6.0 

- -(cumulative regrowth (mg)- - - - - - - - - - 
661 630 470 587 

1,682 2,015 2,044 1,914 
2,830 1,841 3,135 2,602 
2,047 1,759 I.609 1,805 

818 605 576 
1,608 1,370 1,567 

267 
ns2 
428 

‘Effect is significant (P < 0.05). 
*Effect is not significant (P > 0.05) 

LeafArea 

Leaf area per plant was greatest at 17:13” C in all species 
except at the first harvest when maximum leaf area occurred from 
17: 13 to 22: 18” C (Table 3). Alpine rough fescue had a similar (P 
c 0.05) leaf area to plains rough fescue at the first and second 
harvests. At the third harvest, alpine rough fescue had a greater (P 
< 0.05) leaf area than either mountain or plains rough fescue. The 
leaf areas of mountain and plains rough fescue tended to be simi- 
lar (P > 0.05) at all harvests (Table 3). 

Discussion 

Species differentiation 
The 3 rough fescue species exhibited differences in growth and 

morphology that may reflect an adaptation to their environment. 
The lower optimal temperature for biomass production exhibited by 
mountain rough fescue, than either plains or alpine rough fescue, 
may be in response to conditions in the eastern foothills of Alberta 
where soils warm slowly and soil moisture availability is greatest in 
the spring (Strong 1991). For alpine rough fescue, a slow growth 
rate at cool growing temperatures is an advantage in northern envi- 
ronments where spring frosts and snow storms are common and 
moisture availability remains limited until the soil thaws. The faster 
tillering rate, at high temperatures, by plains rough fescue can result 
from rhizome development and may represent an adaptation to 
opportunistic growth following summer storms. 

Plains and alpine rough fescue allocated more biomass to roots 
under optimal growing conditions than did mountain rough fes- 
cue. The proportion of total plant biomass allocated to roots, and 
total root mass was considerably less under defoliation (20-30%) 
than was observed in undefoliated plants (30-50%; King et al. 
1995). These different allocation patterns may partially explain 
the decline in persistence of mountain rough fescue plants when 
defoliated repeatedly during the season when compared with a 
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Table 3. Effects of temperature on the leaf arw of 3 rough fescue species 
at 3 harvests representing repeated regrowth periods. 

Harvest Temperature Alpine Mountain Plains Mean 
(1ight:dark) rough rough rough 

fescue fescue fescue 

1 (n=3) _______ -  ____________-___.._ (  cm2 l plant.‘) ____ - -____-.___-_____- 
713 10.6 5.5 7.5 7.9 

12:8 12.3 23.1 20.9 18.8 
17:13 53.0 22.0 44.2 39.8 
22:18 43.1 30.8 37.0 37.0 
27123 30.1 18.2 23.8 24.0 
Mean 29.8 19.9 26.7 

1 sd (temperature) 10.6’ 
Isd (species) 
Isd(txs) ns F2 

2 (o=,5) ________ - _____..______-___._ (cm2 . plant-‘) ___.__________________ 
713 19.7 16.0 14.4 16.7 

12:8 75.5 88.5 85.0 83.0 
17:13 146.3 76.7 160.7 127.9 
22:18 92.0 69.5 74.2 78.6 
27123 38.4 17.6 15.0 23.1 
Mean 74.4 53.7 69.9 

Isd (temperature) 17.5 
lsd (species) 17.0 
lsd(txs) ns 

3 (n=3) ________ - __---___--.___--____. (& . planf’) __-____--_____.___-__ 
7:3 22.5 27.8 21.7 27.4 

12:8 141.6 98.6 87.6 109.3 
17:13 177.0 158.5 168.2 167.9 
22:18 85.6 54.9 44.9 61.8 
27~23 20.9 11.3 11.1 14.4 
Mean 89.5 72.2 66.7 

I sd (temperature) 31.5 
1 sd (species) 13.6 
lsd (t x s) ns 

G&t is significant (P < 0.05). 
___- 

Sffect is not significant (P > 0.05). 

single defoliation at the end of the growing season (McLean and 
Wikeem 1985b; Willms 1991). Frequent defoliation may lead to 
“grazing induced drought” caused partly by reduced rooting 
depth (Johnston 1961). 

The presence of fewer but larger tillers and leaves of alpine 
rough fescue allows the plant to develop leaf canopy rapidly in 
spring to optimize photosynthesis during the short growing sea- 
son. Since carbon stored in tillers is used for regrowth (Briske and 
Richards 1995), an investment in tiller mass would provide a stor- 
age buffer that could be used to support rapid redevelopment of 
the canopy following removal. However, this strategy makes the 
plant vulnerable to frequent defoliation since residual leaf area fol- 
lowing defoliation is generally low and redevelopment of the 
canopy depletes carbohydrate reserves in tiller bases. Such species 
are usually intolerant of continuous grazing or frequent defoliation 
regimes. The greater investment in individual tiller mass in alpine 
rough fescue may be positively related to flower development, 
since alpine fescue produces seed annually (King, unpublished 
data) while seed production in plains and mountain fescue is infre- 
quent and unpredictable (Johnston and McDonald 1967). 

In this study, the optimum temperature for regrowth of alpine 
rough fescue of 17: 13” C was more marked than that for undefo- 
liated primary growth (King et al. 1995). Allocation of biomass 
to roots was similar in regrowth and primary growth at this tem- 
perature, but was reduced in regrowth compared with primary 
growth for temperatures on either side of the optimum (King et 
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al. 1995). This suggests that alpine rough fescue is more tolerant 
to defoliation under optimum growing conditions in an early 
alpine/boreal summer, but less tolerant when defoliated in early 
spring or at higher temperatures in late summer. 

Jitcreased tolerance to defoliation through rapid Meting (Richards 
et al. 1988) does not seem to favor plains and mountain rough fes- 
cue over alpine rough fescue. Plains and mountain rough fescue are 
thought to have evolved under infrequent dormant season grazing 
by bison (Adams et al. 1993), and such grazing pressure would not 
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necessarily favor a rapid tillering rate. The rapid tillering rate in 
these species, coupled with narrow involute leaf blades, may result 
more from a need to increase canopy size while controlling transpi- 
rational losses in environments with frequent summer droughts, 
rather than a response strategy to tolerate grazing. 

Response to temperature 
Regrowth of the 3 rough fescue species appear to be less affect- 

ed by temperatures at, or below, their optimum temperature. 
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Carbon loss by respiration increases dramatically with tempera- 
ture (Coyne et al. 1995) leading to an amplified stress when har- 
vesting is imposed. On the other hand, as temperatures decrease 
more carbon remains available for regrowth thereby reducing 
stress due to defoliation. Under field conditions the stress due to 
high temperature responses may then interact with the onset of 
summer moisture deficits to increase plant mortality and reduce 
sward condition (McLean and Wikeem 1985a). 

All 3 species had lower vigor as indicated by reduced har- 
vestable biomass, tillering rate, and root biomass when defoliated 
more than twice at temperatures above 17:13” C. The current 
management recommendation for mountain and plains rough fes- 
cue in Alberta is to defer grazing until July when the plants have 
completed their growth and entered summer dormancy which 
avoids stressing the plants during the spring when growing condi- 
tions are optimum. Summer dormancy appears to be triggered by 
moisture stress since in this experiment, where water was non- 
limiting, none of the plants entered dormancy, even at 27:23” C. 

While the results from this study clearly indicate that the 
species are less resilient to defoliation at above-optimal tempera- 
tures, it is probably a complex interaction between temperature 
sensitive plant growth processes, reduced root production, and 
the development of moisture deficits in mid-summer which com- 
bine to reduce vigor and persistence in all species when frequent- 
ly defoliated under field conditions. 
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Abstract 

Depth to a root restricting layer atfects both soil moisture and 
nutrient availability, resources strongly correlated to plant cover 
and production. We evaluated the potential of 2 electromagnetic 
induction meters (EM38 and EM31) for nondestructively assess- 
ing soil depth to bedrock in 2 long-term seasonal sagebrush 
steppe sheep grazing treatments with different vegetational com- 
positions. Apparent conductivity readings, measured with the 
EM38 and EM31 in both the horizontal (IL) and vertical (V) 
dipole orientations, were positively related to soil depth. 
Apparent conductivity measured with the EM31H (3 = 0.78) and 
EM38V (2 = 0.75) were the best predictors of depth. Soil depth 
distributions were similar between grazing treatments based on 
Kolmogorov-Smirnov (K-S) tests of the EM38H apparent con- 
ductivity (P = 0.47) and EM38V apparent conductivity (P = 0.56). 
In con&a&, K-S tests for the EM31H apparent conductivity (P = 
0.09) and EM31V apparent conductivity (P < 0.01) indicated the 
fall-grazed treatment had a larger area in which soil depth 
exceeded 150 cm. Because less than 2% of each grazing treat- 
ment was predicted to have soils deeper than 150 cm, however, 
overall site differences between the 2 treatments appeared to be 
minor. Therefore, the vegetational differences between the treat- 
ments have probably resulted more from differences in the sea- 
sonality of grazing rather than ecological site characteristics as 
reflected in soil depth. Maps of soil depth indicated both treat- 
ments consisted of intermittent shallow and deep soils, created by 
several parallel basalt pressure ridges. Results suggest electro- 
magnetic induction can effectively assess the spatial variabiity of 
soil depth and could aid in selecting sites for rangeland monitor- 
ing or manipulation. 
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erogeneity 

Research was funded in largest part by the Utah Agricultural Research Station, 
of which this is Journal Paper No. 4977. 

Authors wish to thank the U.S. Sheep Experiment Station for logistical support, 
particularly John Walker, Jim Dobrowolski for providing access to software, Susan 
Durham for assistance with the statistical analysis, and Richard Joost along with 2 
anonymous reviewers for their comments on improving the manuscript. K. 
Dootittle, J. Forbush, C. McGrath, C. Meyers, N. Peterson, H. Swenson, and R. 
Winward helped with data collection. Mention of any products or trade names 
does not constitute endorsement or guarantee of the product by NRCS, the Utah 
Ag. Exper. Stat., or the authors, and does not imply its approval to the exclusion of 
other products that may also be suitable. 

Manuscript accepted 29 Nov. 1997. 

JOURNAL OF RANGE MANAGEMENT 51(4), July 1998 

Resumen 

La profundidad de las capas duras en el suelo que impiden el 
desarrollo radical, afectan tanto el contenido de humedad de un 
suelo asi coma la disponibilidad de nutrimentos, recursos que 
esMn fuertemente correlacionados con la production y la cober- 
tura de las plantas. En este trabajo, evaluamos el potential de 
dos medidores de induction electromagnetica (EM38 y EM31) 
que permiten realixar una evaluation no destructiva de la pro- 
fundidad del suelo desde la superficie hasta el lecho rocoso 
rocoso. Esto se reali durante muchos adios en una pradera de 
Artemisa, bajo dos tratamientos con diferente composition de 
plantas y con pastoreo en primavera y ototio de ganado ovino . 
La mediciones de conductividad aparente (AC), realixadas con el 
EM38 y EM31 en orientaciones bipolares horizontal (H) y verti- 
cal (V), fueron relacionadas positivamente con la profundidad 
del suelo. Las mediciones de AC realiidas con el EM31H (r’ = 
0.78) y EM38V (8 = 0.75) fueron las mejores para la prediction 
de profundidad. La distribution de profundidad del suelo fue 
similar para ambos tratamientos de pastoreo. El analisis fue 
basado en las pruebas de Kohnogorov-Smirnov (K-S) para la AC 
en hts mediciones EM38H (P = 0.47) y EM3lV (P = 0.56). En con- 
traste, las pruebas K-S de AC para lass mediciones de EM31H (P 
= 0.09) y EM31V (P < 0.01) indican que 10s tratamientos de pas- 
toreo en otofio presentan una superficie mayor en la cual la pro- 
fundidad del suelo excede de 10s 150 cm. Solamente en menos del 
2% de cada tratamiento de pastoreo se hicieron predicciones de 
profundidades de suelo mayores de 150 cm, sin embargo, las 
diferencias generales del sitio entre 10s dos tratamientos son 
aparentemente menores. A pesar de esto, las diferencias de veg- 
etacion presentadas entre 10s dos tratamientos probablemente 
result6 mas de diferencias en la estacionalidad del pastoreo que 
de las caracteristicas ecologicas del sitio reflejadas coma profun- 
didad del suelo. Los mapas de profundidad de suelo elaborados 
indican que ambos tratamientos presentan intermitencia en sue- 
10s profundos y someros, causados por la existencia de crestas 
paralelas de basalto. Los resultados obtenidos nos indican que la 
induccidn electromagnetica puede efectivamente evaluar la vari- 
abilidad espacial del suelo y puede ayudar en la selection de sitos 
para el monitoreo y manipulation de 10s pastixales. 

Variability in the amount and type of vegetational cover on 
rangeland landscapes reflects both ecological site heterogeneity 
and disturbance history (Miller et al. 1994) occurring at various 
spatial scales (Brown and Smith 1993). This variability is particu- 
larly accentuated in arid and semiarid rangelands because of the 
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limited water and nutrients available for plant growth (Tueller 
1987). To successfully evaluate the relative influence of perturba- 
tions (e.g., grazing) on rangeland vegetation, the variability in 
ecological site conditions must be detected and quantified. 

Monitoring the impact of livestock grazing has traditionally 
involved a comparison of grazed areas to ungrazed benchmarks 
(National Research Council 1994). Numerous problems, howev- 
er, have been identified with the reliability of using benchmarks 
for rangeland condition assessment, one of which is their envi- 
ronmental uniqueness (West 1991, Tausch 1996). As a result, 
livestock grazing impacts can only be assessed in those situations 
where the rangelands under comparison are similar with respect 
to important ecological site characteristics, including soil proper- 
ties such as depth, fertility, and texture (National Research 
Council 1994). Soil depth is a particularly important considera- 
tion across the western U.S. because many rangelands are domi- 
nated by shallow and spatially heterogeneous soils. 

Rather than assuming that ecological sites are similar, it may be 
more practical to determine the relative areas of shallow, moder- 
ately-deep, and deep soils within each of the areas being com- 
pared. Furthermore, knowing the location and distribution of the 
various soil depths could be important for subsequently establish- 
ing benchmarks or other monitoring stations that can then be used 
to reliably evaluate vegetation change due to livestock grazing. In 
some situations, unconfounded comparisons may not be possible, 
averting the waste of time and resources. Detailed, objective 
information on soil depth could also provide more effective strati- 
fication for localized rangeland inventory sampling procedures. 
Unfortunately, conventional means of examining soil characteris- 
tics (i.e., from soil coring or pits) are destructive, time consum- 
ing, and expensive, especially for monitoring features deep with- 
in the soil profile (e.g., depth to bedrock). 

Electromagnetic induction (EM) technology may enable range- 
land scientists and managers to quickly and non-destructively 
evaluate the soil depth component of ecological site heterogene- 
ity. Electromagnetic induction has been used to map natural sub- 
surface features such as geologic strata (Zalasiewicz et al. 1985, 
Brus et al. 1992), permafrost layers (Kawasaki and Osterkamp 
1988), sand deposits (Kitchen et al. 1996), soil salinity (Cannon 
et al. 1994, Hendrickx et al. 1992). groundwater (Cook et al. 
1989, McNeil1 1991), clay deposits (Palacky 1987), claypans 
(Doolittle et al. 1994), petrocalcic layers or cahche (Boettinger et 
al. 1997), as well as soil electrical conductivity profiles (Cook 
and Walker 1992). 

In this study, EM techniques were used to map and quantify 
soil depth to bedrock on 2 grazing treatments within a semiarid 
sagebrush steppe rangeland. These treatments have pronounced 
differences in vegetation that have been directly attributed to dif- 
ferences in the seasonality of sheep grazing (fall vs spring) since 
1924 (Mueggler 1950, Laycock 1967, Bork et al. 1998). The 
study area has high ecological site heterogeneity, however, pri- 
marily because it consists of soils formed in variable depths of 
unconsolidated loess and alluvium overlying basalt bedrock. The 
EM investigations facilitated an evaluation of the extent to which 
soil depth rather than grazing, may have influenced the previous- 
ly documented differences in vegetation between the treatments. 
The objectives of this study were to, (1) establish calibrated 
empirical relationships between soil depth and the EM data, (2) 
evaluate the use of EM for mapping soil depth at the landscape 
scale, and (3) determine whether the long-term fall-grazed and 
spring-grazed treatments had similar soil depth distributions. 

Methods 

Study Site 
Research was conducted within the long-term seasonal fall and 

spring grazing treatments at the U.S. Sheep Experiment Station 
headquarters near Dubois, Ida. (44”14’44” N. Lat; 112”12’47” W. 
Long.). The headquarters are situated at 1,650 m elevation (5,449 
ft.), in the northeastern portion of the intermountain sagebrush 
steppe (West 1983). This vegetation type is the largest ecosystem 
type within the temperate semi-desert region of North America, 
and has been heavily altered by the cumulative impact of distur- 
bances such as wildfire, insect irruptions, and the introduction of 
livestock and cultivation practices (Miller et al. 1994). The cli- 
mate is semiarid with cold winters and warm summers, averaging 
325 mm of precipitation annually (NOAA 1993). 

Vegetation in the study area is dominated by three-tip sage- 
brush (Artemisia tripartita Rydb.), bluebunch wheatgrass 
(Pseudoroegnariu spicatu [Pursh.] A. Love), and arrowleaf bal- 
samroot (Bulsumorhizu suggifutu [Pursh.]) (Laycock 1963; with 
current names following Kartesz [ 19941). The 2 treatments were 
established in 1924 to differentiate between the impact of annual 
sheep grazing in fall versus spring. Since then, the spring-grazed 
paddock has changed from vegetation co-dominated by native, 
perennial herbs, to domination by perennial shrubs and annual 
(mostly non-native) herbs (Craddock and Forsling 1938, 
Mueggler 1950, Laycock 1967, Bork et al. 1998). In contrast, 
regular fall grazing decreased shrubs, resulting in a mixed, semi- 
open plant community with a diverse understory of perennial 
herbs. More detailed species compositional information within 
the 2 grazing treatments can be found in Mueggler (1950), 
Laycock (1967), and Bork et al. (1998). 

Geologically, the parent material in the area consists of loess, 
mostly 0.5 to 2 m thick, but occasionally to 3 m, overlying rnid- 
to late-Pleistocene age basalt rock (Scott 1982). Soils are formed 
primarily in loess with lesser amounts of residuum and alluvium 
on &12% slopes, and are dominated by tine-loamy, mixed, frigid 
Calcic Argixerolls (Natural Resources Conservation Service 
1995). In addition, there is considerable variation across the land- 
scape of soil properties, including the degree of argillic and calcic 
horizon expression and the thickness of a subsurface cobble line. 
Soil depths within the study area range from very shallow (< 25 
cm) to very deep (> 150 cm), making it difficult to stratify the 
study area for vegetation sampling and interpretation. Soil depth 
was the focus of this investigation because it determines nutrient 
and water-holding capacity, and thus, influences plant cover and 
productivity. 

Data Collection 
Electromagnetic induction measures the apparent conductivity 

of earthen materials, Apparent conductivity is a weighted average 
measurement of electrical conductivity within a columu of earth- 
en materials to a specified observation depth (Greenhouse and 
Slaine 1983). and is expressed in millisiemens per meter (mS/m). 
Apparent conductivity (AC) depends on at least 4 factors: soil 
water content, type and concentration of ions in solution, amount 
and type of clay minerals, and temperature of the substrate 
(McNeil1 1980). Increases in soil water content, cation exchange 
capacity, and clay content tend to increase AC (Rhoades et al. 
1976, Kachanoski et al. 1988). as does depth to a less-conductive 
restrictive layer (e.g., bedrock or a cemented horizon). 
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Electromagnetic induction techniques are most effective when 
only 1 of the aforementioned factors varies across the landscape 
while the others remain relatively constant (Cook et al. 1989). 

Long-term fall- and spring-grazed paddocks, each 12.5 ha in 
size, were sampled during the third week of July, 1995, using EM 
techniques. The spring-grazed paddock was situated north of the 
fall-grazed paddock. A 30-m systematic sampling grid imposed 
across both treatments produced 156 sampling points per treat- 
ment. Apparent conductivity was measured at each gridpoint 
using EM38 and EM31 meters (both made by Geonics Limited), 
in both the vertical (V) and horizontal (H) dipole orientations. 
Most measurements were made within 0.5 m of each gridpoint 
however, some were made up to 4 m from the gridpoint to avoid 
interference from fences and other unmovable metal objects, 
which greatly increase AC. Both meters were calibrated prior to 
and during sampling (McNeil1 1986, Geonics Limited 1992). 

The depth of observation for each meter depends on intercoil 
spacing (unique to each meter), the transmission frequency, and 
the dipole orientation. The theoretical observation depths for the 
EM38 meter were approximately 1.5 and 0.75 m in the vertical 
and horizontal dipole orientations, respectively, when measure- 
ments were made at the soil surface. The EM31, which was held 
at waist height (about 1 m) above the ground while sampling, 
resulted in theoretical observation depths of about 5 and 2 m in 
the vertical and horizontal dipole orientations, respectively. 

To determine the quantitative relationships between soil depth 
and AC, soil depth was measured at 64 points from 3 gridlines in 
the spring treatment and 2 gridlines in the fall treatment. 
Gridlines were selected to cover the range of measured AC. Of 
the 64 points, 2 were eliminated because they were located within 
a solitary vernal pool. The unusually high salt content of the ver- 
nal pool could have distorted the soil depth-AC relationship. 
Three other points were discarded because they occurred in soils 
heavily disturbed by animals (e.g., marmots or badgers). 

At the remaining 59 gridpoints, soil pits were dug and the max- 
imum soil depth measured. For deeper soils, where pits were 
impractical, depth to bedrock was measured using an auger; sev- 
eral holes were bored to ensure bedrock had been found rather 
than just an isolated stone. Although the maximum depth mea- 
sureable using this technique was about 160 cm, bedrock was 
reached on all but 2 points. 

For mapping purposes, a ‘Rockwell Precision Lightweight GPS 
Receiver (PLGR)W with 1 meter precision was used to determine 
the geographic location of each treatment paddock comer and the 
sampling grid. Elevations for all gridpoints were measured with a 
laser transit level. 

Initially, the apparent conductivity (AC) data from the fall- (N 
= 24) and spring-grazed (N = 35) treatments were tested for 
homogeneity using the Proc GLM procedure (SAS Institute Inc. 
1988) because data were collected from each paddock on separate 
days. Differential weather conditions may have altered AC read- 
ings between days, creating potential for a grazing treatment by 
AC interaction. Once the possibility of an interaction was ruled 
out, the data from both paddocks were combined (N = 59) for soil 
depth-AC calibration. Simple linear regressions established 4 pre- 

‘Rockwell International Corp. Collins Avionics Communication Division 350 
Collins Road NE Cedar Rapids, Ia 52498. 

2Golden Software Inc.. 809-14th St.. Golden. Cob 80401. 

dictive relationships between soil depth and AC (i.e., measured 
with the EM38 and EM3 1, in both the horizontal [H] and vertical 
dipole orientations [VI). 

A Kolmogorov-Smimov (K-S) chi-square test (Steel and Torrie 
1980) was used on paired frequency histograms of AC (in 0.5 
mS/m intervals) to determine if the distributions were similar 
between the 2 grazing treatments. Cubic convolution kriging 
within a geo-mapping software program, SURFERN, was used 
to draw isodepth lines of soil depth based on AC.Complete maps 
were used to calculate the relative area of each treatment within 
consecutive depth classes (37.5 cm intervals). A 3-dimensional 
map of soil depth was overlaid on the elevational data, enabling 
interpretation of the pattern of soil depths across the landscape of 
both treatments. 

Results and Discussion 

Soil Depth - AC Relationships 
Apparent conductivity data from each grazing treatment was 

found to be homogeneous (i.e., no treatment interaction) for both 
the EM38 and EM31, in the horizontal (P = 0.98 and P =0.58, 
respectively) and vertical orientations (P =0.38 and P = 0.70, 
respectively). As a result, soil depth-AC calibration was done 
with data from both treatments. Apparent conductivity was posi- 
tively correlated with soil depth (8 = 0.62 to 0.78, depending on 
the EM meter and dipole orientation; Fig. 1). 

l -. . 
- Depth=-6.2+11 (EM38H 

.  .  l 0. 

th=-8.7+14(EM31\ 

Apparent Conductivity (mS/m) 
Fig. 1. Regressions predicting soil depth from apparent conductivity 

measured with the EM38 and EM31 in both the horizontal (H) 
and vertical (v) dipole orientations (N = 59). 
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Fii. 2. Map of predicted soil depth within the fall-grazed (bottom) 
and spring-grazed (top) treatments based on apparent condoctivi- 
ty measured with the EM31H. 

Apparent conductivities (AC) measured all 4 ways were highly 
correlated with one another (r = 0.898 to 0.964). As a result, the 
regressions for soil depth and AC measured with the EM31H and 
EM38V, which had the greatest coefficients of determination (9 of 
0.78 and 0.75, respectively), were used for mapping soil depth. 
Only the map derived from the EM31H will be discussed here (Fig. 
2). &depth lines were drawn at 37.5 cm intervals beginning at 0 
cm, with the 75, 150, and 225 cm depths representing the approxi- 
mate observation depths of the EM38H, EM38V, and EM31H. 
respectively. Three-dimensional contour maps of the treatments 
depicting soil depth across the landscape were similar for the 
EM3 1H and EM38V, with the EM3 1 H map provided here (Fig. 3). 

Despite the number of variables capable of influencing AC 
(e.g., moisture, salt, clay, and depth to a restrictive layer), AC 
was a good predictor of soil depth in this semiarid sagebrush 
steppe rangeland. Overall, the effectiveness of the regressions 
may have been limited by several factors, including the difficulty 
in accurately measuring soil depth (i.e., due to the irregular depth 
of contact between soil and rock or the variable cobble layer). 
Spatial variability in the thickness and degree of development of 
the argillic and calcic horizons in soils of the study area may also 
have limited the fit of the regressions, because the clay and car- 
bonate accumulations associated with these horizons directly 
affect AC. 

The EM31H and EM38V data had the strongest association 
between AC and depth, suggesting the type of electromagnetic 
induction (EM) meter and orientation used also influenced the 
potential utility and interpretability of the predictive relation- 
ships. The similiar 12 between the EM38V and EM31H soil depth- 
AC regressions was not unexpected because each has a similar 
theoretical observation depth (150 and 200 cm, respectively). 

These observation depths approximately coincided with the maxi- 
mum depth to bedrock in this landscape (Scott 1982). and likely 
account for why only a small proportion of the study area was 
mapped at depths greater than 150 cm (Fig. 2). The poorer pre- 
dictability of the EM38H soil depth-AC regression may be attrib- 
uted to the limited theoretic observation depth of this sampling 
procedure, which would fail to properly measure AC in areas with 
soils deeper than 75 cm (i.e., > l/3 of the study area). Conversely, 
the effectiveness of the EM3 IV, measuring AC to 5 m depth, was 
probably limited by the common occurrence of basalt below 150 
cm. Basalt bedrock is a poor conductor of electromagnetic energy 
and would restrict AC regardless of soil depth. The use of EM 
technology could help range scientists and managers by allowing 
spatial variability in soil depth to be assessed. The practical appli- 
cations of this information on rangelands are numerous. For exam- 
ple, where variability is high the stratification of grazing treat- 
ments for vegetation sampling is critical during rangelaud invento- 
ry, particularly if limited sample sizes are employed across the 
landscape. Stratification based only on visible aboveground char- 
acters (i.e., elevation, slope, exposure, vegetation, surface soil tex- 
ture) is unlikely to be as reliable and objective as with the use of a 
subsurface mapping tool such as EM. 

Another important application of this technology is for conduct- 
ing rangeland condition assessments. When establishing bench- 
marks for monitoring range condition, EM could be used to map 
and subsequently screen prospective sites by determining whether 
rooting opportunities are uniform among the sites from which com- 
parisons will be made (or inferred). Electromagnetic induction 
(EM) therefore has the potential to ameliorate the fundamental 
problem of off-site to benchmark comparisons (West 1991, Tausch 
1996). Electromagnetic induction could be used on any rangeland 
with relatively thin loess, till, or alluvial deposits over bedrock, to 
verify that surticial vegetational changes are due to surface-based 
environmental disturbances (e.g., livestock, fire, insects, weather, 
etc.) rather than soil variability. Detailed subsurface mapping of 
rangelands could also allow investigators to quantitatively compen- 
sate for non-uniform site conditions by using apparent conductivity 
(AC) data as a covariate. This information can be tied into a GIS 
system to directly interpret vegetation patterns occurring over larg- 
er spatial scales (e.g., Stroh et al. 1993). 

One of the major disadvantages of using EM techniques is that 
this process does require intensive ground-tmthing, which must be 
repeated on any new area examined. In addition, AC data for 
quantitative site assessment are most effective when only a single 
response parameter varies across a site. Anomalies such as vernal 
pools, or other conditions where salts, clays, or excessive moisture 
may be present, can confound the soil depth-AC relationships 
obtained as well as the resulting maps of soil depth. An example 
of this was evident with the vernal pool at the north end of the 
spring-grazed paddock, which was measured at less than 85 cm 
depth but was incorrectly mapped up to a maximum of 225 cm. 
Both the EM38 and EM3 1 meters seem practical for investigating 
small to medium sized areas (such as done here), because individ- 
ual readings take a minimal amount of time to complete (15 to 30 
seconds). Although the equipment costs of these instruments are 
not excessive, particularly for the EM38 (e.g., purchase costs are 
about $6,850 and $16,695 for the EM38 and EM31-MK2 [a com- 
parable model to the EM31 used here], respectively), labor costs 
may prevent their routine use on very large areas. Automated pro- 
cedures are being developed, however, to improve the efficiency 
with which these data are collected (e.g., Kitchen et al. 1996). 

472 JOURNAL OF RANGE MANAGEMENT 51(4), July 1998 



Depth Legend (cm) 

Fig. 3. Three-dimensional contour map depicting the distribution of predicted soil depth within the spring-grazed (left) and fall-grazed (right) 
treatments based on apparent conductivity measured with the EM3lH. 

Despite the potential drawbacks, EM could represent a signifi- 
cant cost-benefit to users in the long-term, relative to both the 
costs of manual soil sampling and the risks associated with incor- 
rect interpretation of other (e.g., vegetational) data because of 
confounding soil depth conditions. Perhaps the most notable limi- 
tation at this point has been the lack of testing for common appli- 
cations in rangeland environments. 

Comparison Between Grazing Treatments 
Results of the K-S tests for symmetry in the frequency distribu- 

tion of the apparent conductivity (AC) data between grazing 
treatments varied, depending on the meter and dipole orientation 
used (Table 1). For example, the EM38H and EM38V readings 
indicated AC distributions were comparable between grazing 
treatments. In contrast, the EM31 H and EM3lV data indicated 
AC distributions differred significantly (P < 0.10) between the 
same treatments. 

Despite the above differences, the area mapped within each 
predicted soil depth class was relatively similar between the fall- 
grazed and spring-grazed treatments (Table 2). In particular, the 
areas mapped by the EM31-H and EM38-V data were very simi- 
lar within each treatment and depth class (Table 2). For all 4 data 
types, the most abundant soil depth class was that from 37.5 to 75 
cm. About 90% of the total study area had predicted soil depths < 
113 cm. Only about 2% of the area had predicted soil depths > 
150 cm (Table 2, Fig. 2). 

Table 1. Results of the Kolmogorov-Smirnov equivalence tests of the 
apparent conductivity frequency distribution data from the fall and 
spring-grazed treatments, by meter and dipole orientation. 

Meter & Dipole Theoretical Depth of K-S Test Reds: 
Qrientation Observation D-Statistics P-Value - 

(cm) 
EM38H 75 0.0962 0.47 
EM38H 150 0.0897 0.56 
EM38H 225 0.1410 0.09 
EM38H 500 0.205 1 P<O.Ol -__ -. 

This study appears to be the first direct comparison of a quan- 
tifiable subsurface rangeland characteristic, soil depth, between 2 
grazing paddocks with unique management histories. Soil depth 
maps based on the EM31-H and EM38-V AC data (Fig. 2) 
showed that both the long-term fall- and spring-grazed treatments 
contained considerable heterogeneity, with pockets of deeper (> 
75 cm) soils interspersed among numerous shallower (< 75 cm) 
ones. In addition, a pattern of alternating strips of deep and shal- 
low soils (oriented SW to NE) was evident throughout the com- 
bined length of both treatments (Fig. 2). This pattern was likely 
produced by underlying parallel basaltic pressure ridges, separat- 
ed by depressions with deeper soils. Although the shallowest 
soils (< 38 cm) were often found on topographic highs, this was 
not always the case (see Fig. 3), indicating that topographic posi- 
tion alone is not a good indicator of soil depth. 

The relative areas of each of the 4 most common depth classes 
(< 150 cm) were similar between the 2 grazing treatments (Table 
2). Because these depth classes make up about 98% of the area 
within each treatment, the relative abundances of plant species 
within each treatment were probably determined by factors other 
than soil depth. These results therefore support the proposition 
that the vegetational differences between the treatments are the 
result of differences in long-term seasonal grazing (Mueggler 

Table 2. Proportion of the fall- and spring-grazed treatments mapped in 
various depth categories, as predicted by the EhS31H and EM38V AC 
measurements. 

EM31H EM38V 
Depth interval Fall Spring Fall Spring ___ 
(cm): (% of area) (% of area) 

O-38 20.44 19.69 17.97 17.18 
38-75 41.97 50.70 44.30 52.55 
75-113 25.63 22.62 29.14 26.55 

113-150 8.43 5.42 6.76 3.07 
150-188 2.17 1.39 1.83 0.30 
188-225 I .36 0.18 0.0 0.18 
225+’ 0.0 0.0 0.0 0.17 

‘The area within the spring treatment is partly attributable to an isolated vernal pool. 
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1950, Laycock 1967, Bork et al. 1998) rather than a difference in 
soi depth. Unlike the soils shallower than 150 cm, the deepest 
soils (> 150 cm) were distributed non-uniformly between the graz- 
ing treatments. This pattern was particularly apparent at the great- 
est AC observation depth (i.e., the EM31V data), with the fall- 
grazed treatment having a greater area of these soils (Fig. 2). 
Although the deepest soils make up only a very small proportion 
of the entire study area, this information remains important 
because localized vegetation sampling strategies falling within 
them may distort data intended for inference to the entire grazing 
treatment. 

Conclusion 

Most remote sensing tools have addressed the synoptic assess- 
ment of visible rangeland characters such as vegetation or soil 
surface properties (Tueller 1989). This study indicates that EM 
offers a rapid, non-invasive, and efficient tool for quantifying and 
mapping soil depth and thus, rangeland site quality, particularly 
in areas where the depth to bedrock is less than 2 m. In the 
process, this technology has shown the potential to affect future 
rangeland management by influencing mapping, sampling, and 
monitoring procedures. 
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Abstract 

This paper de-analyses a recent paper by Roe (1997, J. Range 
Manage., SOS7-472) entitled Viewpoint: On Rangeland Carrying 
Capacity. This response to that paper: (1) examines and demon- 
strates the importance of defming objectives and boundaries in 
management, science, management science and art, (2) reafthns 
an earlier, objective-based concept of carrying capacity applica- 
ble to general systems and to models of them, and (3) implores 
minimal use of unnecessary jargon in range management science. 

Key Words: grazing capacity, stocking level, range manage- 
ment science 

Some science involves analysis, some involves synthesis, and 
some involves what might be termed de-analysis. The purpose of 
this brief viewpoint is to de-analyse the recent paper by Roe 
(1997, .I. Range Manage., 50:467472) entitled Viewpoint: On 
Rangeland Carrying Capacity. Specific objectives of this 
response paper are to: (1) examine and demonstrate the impor- 
tance of defining objectives and boundaries in science, manage- 
ment science, and art, (2) reaffirm an earlier, objective-based 
concept of carrying capacity applicable to general systems and to 
models of them (Scamecchia 1990). and (3) implore minimal use 
of unnecessary jargon in range management science. 

Objectives and boundaries are essential in management, in sci- 
ence, in management science, and in art. To paraphrase G.K. 
Chesterton, (Reader’s Digest Association 1996) management, 
and management science, like art, consists of drawing the line 
somewhere. The absence of clearly stated objectives in Roe’s 
paper is consistent with the absence of clear objectives, and 
boundaries, of the concept of carrying capacity in the paper’s 
analyses. Specifically, Roe: (1) initially distinguishes among past 
concepts of carrying capacity but, lacking the direction of rigor- 
ous objectives of application, “constellates” them into a vague 
notion for the paper’s analyses, (2) is unwilling to attach any 
boundaries to the “range” or its “environment”, so that his con- 
cept of carrying capacity inevitably explodes into an unbounded, 
infinite environment of uncertainty where carrying capacity is 
related to everything, and (3) because of (1) and (2), inevitably 
uses the terms “conception,” “notion,” “theory,” and “meta-theo- 
ry” loosely in the absence of any scientific structure in this uncer- 
tain environment (universe). The author’s elementary philosophy 
lacks objectives, and his needlessly complex, if fashionable, 
socioeconomic and uncertain@ analyses leave the concept of car- 
rying capacity technically vague, philosophically infinite, and, 
more or iess, useless. 
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With respect to (1) above, Roe asserts that “If carrying capacity 
is necessarily a constellation of different cases and conventions 
over just what carrying capacity is a case or instance of, then it 
should come as no surprise that managing carrying capacity is 
more likely to be effective when it legitimates these differing 
understandings rather than obscures, avoids, or forces us to 
choose among them.” Such an accommodating approach better 
meets the objectives of conflict resolution in social science that 
concept design in range management science. Sociological appli- 
cations notwithstanding, the only way such differing concepts can 
technically be “legitimated” is by examining the objectives 
behind each distinct concept’s origins and applications separate- 
ly, and if possible, abstracting a general concept for application to 
specific objectives within specified boundaries. They cannot be 
“legitimated’ by “constellating” them into a vague “notion” that 
can be neither clearly applied, nor be clearly communicated, 
because it has no clear conceptual boundaries to give it a single 
identity. This aspect of Roe’s uncertainty surrounding the defini- 
tion and communication of carrying capacity can be eliminated 
by rigorous, objective-based concept design, and in fact must be 
eliminated for meaningful, technical applications to be possible. 

Roe’s conclusion is that carrying capacity is generated in “this 
model by the range manager’s forging a pathway across a 3- 
dimensional terrain of urgent decisions, uncertain knowledge, and 
obsolescent information relevant to what he or she takes to be the 
carrying capacity (and stocking rate) issues of interest.” This pic- 
turesque description is as close as the paper comes to an applica- 
tion in range management science. But what can be the applica- 
tion of Roe’s expansion “notion” of carrying capacity, when he 
concludes that: “If the notion of rangeland carrying capacity is to 
make any sense under conditions of high environmental uncer- 
tainty, it has to be at this meta-equilibrium level, where the notion 
of rangeland carrying capacity is, in effect, a meta-theory about 
how the capacity of a rangeland to carry a population changes 
over time, without however being able to predict what that carry- 
ing capacity will be in any specific instance or at any specific 
time. If this is so, then carrying capacity is really a theory of 
knowledge generation and change over a rangeland population 
and area.” 

Such lofty jargonizing propounds the trivial, even while 
obscuring it. We need to take a deep breath and remember that 
the concept of carrying capacity is a human concept, not a univer- 
sal truth. An earlier paper defined carrying capacity generally as 
“the optimum number of individuals or units to achieve specific 
objectives given specified management options.” (Scamecchia 
1990). The heuristic advantages of such a definition were dis- 
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cussed, e.g., that as we more clearly define objectives and more 
thoroughly understand a modeled system, the more accurate and 
meaningful our estimates of carrying capacities become. Carrying 
capacities can be conceptualized for real systems, but to use the 
conceptual tool, carrying capacity must be a model of limited 
complexity based on specified objectives, because we may visu- 
alize, but cannot otherwise apply a concept of infinite complexity 
in an environment of infinite uncertainty. The objectives, vari- 
ables and boundaries of application of functional models are 
designed to meet the objectives of the modeler or user. The ade- 
quacy of these model objectives, relevant variables and model 
boundaries determine the adequacy of a model in simulating or 
adequately predicting a system carrying capacity. A model is val- 
idated if it meets defined standards as determined by experience 
andlor the indicators either measured or estimated. The inherent 
uncertainty of natural systems per se (the other major aspect of 
Roe’s uncertainty) is just an element of model validation. 

But without certain, defined boundaries to a model or system, 
the concept of currying capacity itself expands to till the universe 
as a function of an infinite number of variables, replete with 
uncertainty of several dimensions. Roe fills 5 pages with dense, 
varied jargon, including a topology analysis by Ragin (1992), and 
an equilibrium analysis of Hahn (1984), to show that an integra- 
tive concept, (i.e., carrying capacity, but also, for example, 
rangeland health), without defined boundaries can involve the 
universe and become a theory of knowledge generation and 
change. Four pages might have been saved by remembering that 
the trip from the back 40 to the edge of the universe is mostly 
empty space. 

In fact, without specified objectives and limited boundaries, 
any object, any variable, any model explodes into a useless, 
amorphous theory of knowledge generation and change, and any 
unbounded “notion” (further abstracted concept) of them 
becomes a meta-theory of how that theory changes over time. 

Why not the average cow, for example? The average cow has a 
certain vague inscrutability. Like Roe’s carrying capacity, a cow 
on planet Earth “is always-repeat-always moving several ways 
at once.” (It is moving even more ways if it’s actually moving.) In 
fact, a cow, in the abstract, and in the absence of objectives of 
description, is a veritable infinite mass of uncertainty, in an 
uncertain environment. Adopting the reasoning of Roe, it seems 
that “tf the notion of a [a cow] is to make any sense under condi- 
tions of high environmental uncertainty, it has to be at this meta- 
equilibrium level, where the notion of [a cow] is, in effect, a 
meta-theory about how [the cow] changes over time, without 
however being able to predict what [the cow] will be in any spe- 
cific instance or at any specific time. If this is so, the [a cow] is 
really a theory of knowledge generation and change over a 
rangeland population and area. 

Of course, since the “real system in question is never just the 
range,” (Roe, Pg. 468). uncertainty remains as to exactly what 
“rangeland population and area” carrying capacity, or the cow, is 
a theory of knowledge generation and change over. In an 
inevitably uncertain environment devoid of specific objectives, 
defined boundaries, and simplifying models, the concept of carry- 
ing capacity is a functionally infinite, and infinitely unmanage- 
able part of range management science. 

Still, intuitively, I like the creative aspects of the abstract 
“notion” of a cow as a me&theory of how the cow changes over 
time, and of a cow as a theory of knowledge generation and 
change. But I hope other authors will resist the temptation to 
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develop a meta-meta-theory about the meta-theories and theories 
of such knowledge generation and change in uncertain environ- 
ments. Even though such a meta-meta theory would have no 
obvious applications in range management science, certainly it 
can be developed, and adorned with some superfluous, extra-dis- 
ciplinary analyses. Then it could be sent to a jargonophilous ref- 
ereed journal. It’s a matter of finding the right one. 
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First, the charge of unnecessary jargon. Have you ever noticed 
that when social scientists and policy analysts use their technical 
language and terms of art, they are accused of excessive jargon, 
but when natural scientists run on with sentences like 

“A systematic approach to the animal-unit concept logi- 
cally leads to concepts of livestock carrying capacity and 
livestock substitution ratios compatible with the multiple 
objectives and multiple management options characteristic 
of range livestock systems” (Scarnecchia 1990) 
they think they are not talking jargon! The double standard is 

obvious: When I use “conception” and “theory” I am criticized 
for being vague; when Scamecchia uses “conceptualized” and 
“variables” he thinks he is being crystal clear. He is unhappy with 
“meta-theory,” yet readily commends “de-analysis.” All of this is 
understandable, I suppose, as he seems more upset by jar- 
gonophilous journals that by the social science phobia and disci- 
plinary hubris coursing through his Viewpoint (Scarnecchia 
1998). 

Second, let us look more closely at his terminology. What he 
“recommends are “defining objectives and boundaries,” “clearly 
stated objectives,” “ specific objectives within specified bound- 
aries,” and “rigorous, objective-based concept design.” To appre- 
ciate what really is being recommended, allow me to introduce 
another useful social science typology. 

The well-known sociologist, Charles Perrow (1984), has devel- 
oped a framework that improves our understanding of how to 
manage any system (ecological, social, technological). The typol- 
ogy’s dimensions are two-fold: coupling and interaction. A tight- 
ly-coupled system is (I) highly time-dependent in not allowing 
for delays or unexpected contingencies; (2) fairly invariant in 
terms of the sequence of activities required (i.e., B depends upon 
A having happened first); (3) by and large inflexible in the way 
its objectives are achieved (not only is the sequence of specific 
activities restricted, but there is only one way to achieve the over- 
all goal desired); and (4) characterized by little slack and 
resources available to tolerate delays, stoppages and the unex- 
pected when they do occur. In loosely-coupled systems, delays 
are not only possible, but common; sequences of activities are by 
no means invariant (e.g., it does not much matter in a university 
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when some course requirements are met before getting a degree); 
many ways to achieve a common goal are available; and suffi- 
cient slack exists to tolerate a degree of waste without imperiling 
system survival in the process. Both tightly- and loosely-coupled 
systems are, in turn, complexly or linearly interactive. Complexly 
interactive systems are those with unfamiliar, unplanned, or 
unexpected sequences of activities that often are not visible or 
comprehensible. The sequences in a linearly interactive system 
are by contrast more familiar and expected and are quite visible 
and comprehensible, even if unplanned or unintended. The 
dimensions of coupling and interaction produces a typology of 4 
cells. 

Interaction 
Linear Complex 

Tight 1 2 
Coupling 

Loose 3 4 
Many range managers and scientists find themselves in Cells 2 

and 4 situations, thinking they really are in the good old days of 
Cell 1. And there is no better example of Cell 1 thinking in a 
Cells 2 and 4 world than the linear, tightly-coupled thinking that 
drives Scarnecchia’s (“Just-draw-the-line!“) Viewpoint. No 
amount of Cell 1 hankering for clear and defined objectives and 
borders is going to change one scintilla the fact that range scien- 
tists and managers are working in a world where range ecosys- 
tems are complexly interactive (i.e., causality is not at all clear) 
with all manner of dynamic loosely- and tightly-coupled process- 
es, ecological and otherwise. Persistent failure to realize specific 
objectives and designs because of increasing complexity are met 
by Cell 1 thinkers with calls for ever more specific objectives and 
“rigorous” designs. In this way, Cell 1 thinkers have been caught 
up in a race to outdistance their own shadows. Once a great spec- 
tator sport on the back 40, but no longer. 

So, what should we be attending to instead? Clearly, we must 
have more appropriate ways of thinking about range ecosystems 
as they really are, which is what I was trying to do in my 
Viewpoint (Roe 1997). Scamecchia recommends models; I go 
further. In Cells 2 and 4 situations, you need a very wide range of 
quantitative and qualitative methods in order to triangulate on 
and build your confidence about what is happening in the range 
ecosystem and management under study (Roe 1998). 

You also need new theories to recast old concepts in a more 
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timely light as well as to explain those new range developments 
which the old concepts were never intended to explain. Which 
leads me to Scamecchia’s disparagement of recasting carrying 
capacity as a theory of knowledge generation and change. Not 
only is such a theory possible, it already exists. The “high-relia- 
bility” approach to carrying capacity is developed and applied in 
several up-coming publications, including one in the Journal of 
Arid Environments (Roe et al. forthcoming; see also Roe forth- 
coming and Roe et al. forthc0ming.a.). 

Finally, I confess I was initially befuddled by Scarnecchia’s 
driving a herd of cows into my paragraph. Did he really think that 
my argument implies a theory of the cow? Was this one more 
case of natural science condescension? A labored attempt at 
humor? But then I figured it out. It was just another instance of 
Cell 1 thinking at work. To see this, everywhere you read “cow” 
in his Viewpoint, substitute his “Draw-the-line-somewhere!” 
What a perfect example of reducing the complex to the simple. 
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Book Reviews 

The Arizona Diary of Lily Fremont 1878-1881. Edited by 
Mary Lee Spence. The University of Arizona Press, Tucson, 
Arizona 85721. US $35.00 hardbound. ISBN O-8165-1449-6. 
Being a daily journalist myself, I was anxious to look into this 

historical diary. So getting through the Introduction was the most 
difficult part of reading The Arizona Diary of Lily Fremont 
1878-1881. In the Introduction, Ms. Spence presents Elizabeth 
Benton Fremont to the reader from an insert in a diary written on 
October 4, 1878. It takes place 2 days before she reached 
Prescott, Arizona with her family. Lily, as she was known, had a 
sense of humor. She was the daughter of John Charles Fremont, 
who had been the Republican Party’s first presidential candidate 
in 1856. He was appointed as territorial governor of Arizona. She 
had suggested that Gov. [John Philo] Hoyt and her father should 
meet on barges in the middle of the river, Each man should stand 
on a broad plank in Date Creek & discuss the territorial affairs. 
She was recalling a similiar activity by the warring emperors 
Alexander I of Russia and Napoleon Bonaparte of France. 
Naturally this meeting of the 2 governors was not a war-time 
meeting, but a meeting discussing peace-time territorial affairs of 
Arizona. Her humorous way of recounting such an event gives 
insight into her view of life. 

The following section is the diary. Lily Fremont, at the age of 
36, begins with an account of her first Christmas in Prescott. In 
flashbacks of writing she continues to describe such events as: 
her father’s appointment as Territorial Governor of Arizona; the 
gathering of the Fremont family in New York prior to their depar- 
ture; their preparation for the trip; their packing and sorting of 
things to be left, stored, or brought; and finally, and importantly, 
the farewell to family and friends. 

Lily’s entries then go on to include: the train journey through 
Chicago, Omaha, San Francisco, and Los Angeles; the travelling 
experiences in 3 ambulances pulled by 6 fine mules; the arrival in 
Prescott; the purchasing of silver and gold mines by her father; 
the departure of her mother, Jessie, to return to the East to work 
on mining details; the social life in Prescott; the everyday life of a 
woman surviving alone, while family and friends were far away; 
the funny stories of Thor, the family dog who tended to venture 
off on his own; her brother Frank, the maid Mary and the Chinese 
cook Ah Chung; and just normalities, then as today, of living. 

The next part of the book continues with a short letter from 
Lily to her friend Ella Haskell Browne. The original letter is 
housed in Bancroft Library in the Fremont Papers. The book fin- 
ishes with Notes, a Bibliography, and References. 

I found The Arizona Diary of Lily Fremont 1878-1881 to be 
interesting. There are numerous historical photos selectively 
placed throughout the book. Even though over a hundred years 
have passed, it is interesting to know that things really haven’t 
changed that much. There are still problems in the political sys- 
tem today as there were then. People still spend considerable time 
caring for others. With our fast-paced world of computers and e- 
mail today we spend much of our time in communication with 
others, as did Lily Fremont in her days of visiting her neighbors 
of Prescott. 

For its insights on the past and relevance to the present, I rec- 
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ommend this book for anyone who is interested in reading about 
day-to-day life in Arizona close to the turn of the last century.- 
Patty Rich, Denver, Colorado. 

Ecology and Management of North American Savannas. 
By Guy R. McPherson. 1997. The University of Arizona 
Press, Tucson. 208~. US $35.00 hardbound. ISBN O-8165- 
1624-3. 

Are 50 million hectares of savannas in the United States really 
being overlooked by land managers and researchers? If foresters 
focus mainly on trees and range scientists concentrate on grass- 
lands, then savannas appear to need more current research and 
more updated texts. Maybe the problem is not the lack of infor- 
mation on savannas, but the need to compile the data into one 
useful text. Guy R. McPherson addresses this issue in his savanna 
summary the Ecology and Management of North American 
Savannas. 

The Introduction of the book familiarizes the reader with the 
importance and extent of savannas. The author defines savannas 
as “ecosystems with a continuous grass layer and scattered trees 
or shrubs.” This ecosystem provides many resources: recreation; 
wood products; wildlife habitat; and livestock grazing. The 
author discusses the seven major types of savannas found in the 
United States. The distinguishing characteristics are described for 
each of the different savannas types. These include (1) distribu- 
tion, (2) climate, geology, and soils, (3) vegetation structure and 
function, and (4) land use. 

Chapter 2 focuses on the interactions between overstory and 
understory. The effects of woody plants on the physical and bio- 
logical environment, and the effects of herbaceous plants on 
woody plants are discussed. Additional analyses of the oversto- 
ry/understory, relationship, savanna genesis, and maintenance are 
provided in Chapter 3. An examination of herbivory, fire, cli- 
mate, and soil conditions, and how these factors affect the pro- 
portion of woody plants and grasses is covered. 

The historical aspects of the North American savannas are pre- 
sented in Chapter 4. The impact of urban development, agricul- 
tural practices, and closed-canopy forests on savannas are 
explored. Current trends and future projections for savanna’s 
management and protection are Chapter 5’s topic. 

Once land managers define the goals and objectives for savan- 
na preservation, appropriate management of the savannas can 
begin. Applying ecological knowledge (best management prac- 
tices) is the focus of Chapter 6. At the present time, information 
on savanna ecology is incomplete. More research is needed to 
develop these best management practices. 

The final chapter of this book discusses the need for more 
research. The author’s recommendations for improving current 
research and for investigating new areas are relevant not only for 
savanna study, but also for other ecosystems. 

This text is a valuable source of generaIized information for 
those interested in North American savannas. A basic understand- 
ing of natural resources and ecology is helpful for total compre- 
hension, but the layperson will also find this work worth reading. 
At the end of each chapter is a useful summary highlighting the 
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main points presented. Many of the management practices 
described in this book do not apply to savannas alone, and thus 
make this text a good supplemental reading for range manage- 
ment or ecology courses.-Jennifer E. Scott, Washington State 
University, Pullman, Washington. 

Runoff, Infiltration and Subsurface Flow of Water In Arid 
and Semi-arid Regious. Edited by Arie S. Issar and Sol D. 
Resnick, with 12 text contributors. 1996. Kluwer Acad. Pub., 
Dordrecht, The Netherlands. Available in the USA through 
Kluwer Acad. Pub., Not-well, MA. 181 p. US $97.00 hard- 
bound. ISBN O-7923-4034-5. 
Throughout the world, numerous different climatic variants 

exist. They range from wet, warm, tropical regions to dry, hot 
desert-like environments, with every variant in between. 
Throughout time, humans have struggled to manage the environ- 
ment that they occupy to benefit their existence. A major chal- 
lenge has been the struggle for clean and available water. Using 
an holistic approach to the hydrological cycle, the authors and 
editors of this book address water dynamics in semi-arid regions 
of southern Arizona, and the arid regions of the Israeli desert. 

The terms arid and semi-arid refer to environments where 
water is the limiting factor for the biological systems of the area. 
Within these regions, a major priority is meeting the increasing 
demand for water. Several uses of water, including agriculture 
and livestock production, are secondary to the increasing 
demands from the human population. Proper watershed manage- 
ment requires the balance of water uses for the entire watershed 
as well as for each part of it, and involves matters of both water 
quantity and quality. The book contains 4 diverse chapters that 
cover topics including cloud seeding, reuse of treated sewage 
effluents, evaporation, suppression, seepage control, and the 
desalination of water. 

The researchers chose 2 regions to be used as the typical sites 
within their respective climatic regions. These areas where the 
Sonoita Creek watershed located in southern Arizona as the semi- 
arid region, and the Avedat watershed located in the Negev 
Desert in Israel as the arid site. The first chapter deals with a gen- 
eral description of both of the watersheds. It includes information 
such as the geology of the sites and their associated soil types, 
rainfall and groundwater underflow in the watershed, watershed 
precipitation, evapotranspiration, groundwater outflow, ground- 
water recharge, and runoff. 

Of major concern was the water quality at each site. Four vari- 
ables were assessed to judge the quality of the water at each site. 
These variables included (1) the discharge rate, (2) odor, (3) oxy- 
gen concentrations, and (4) whether the major chemical con- 
stituents of the stream exceed the maximum amounts set for each 
region by the Environmental Protection Agency. 

Chapter 2 deals with the runoff and erosion control in Israel. It 
is divided into 8 different sections covering different important 
variables. The first section discusses rainfall patterns. The second 
section deals with the effects of physical properties of the soil on 
infiltration rates, including information on decreases in the 
hydraulic gradients and the formation of soil crusts. The third sec- 
tion covers the effects of some chemical properties of the soil on 
water intake. mainly soil sodicity and salinity. The fourth section 
is a basic description of the soils found at the testing areas. This 
section is followed by soil and water conservation strategies uti- 
lized in soil tillage management, a section on phosphogypsum as a 
soil amendment in Israel, and a summary and conclusions section. 

Chapter 3 covers the quantitative prediction of runoff events in 
the Negev Desert. This chapter briefly addresses the hydrologic 
processes in the Negev Desert while focusing more on runoff 
management strategies within the region. These strategies must 
be utilized in order to preserve enough water for human uses such 
as immediatety usable drinking water, agricultural irrigation, and 
ground water recharge for future use. The authors describe a 
model to help predict what will happen during rainfall events. 
With this tool, they can better deal with the limited rainfall and 
better utilize this precious commodity. 

The final chapter of 6 sections addresses soil sealing, infiltration 
rates and runoff that is often associated with the drier regions of 
the world. Arid zones are often characterized by large areas of 
bare ground due to low annual precipitation rates, but high rainfall 
intensities with high kinetic energies. This process generally cre- 
ates a crust on the soil surface allowing rain to run off instead of 
infiltmting the soil and recharging groundwater. In order to break 
this disadvantageous cycle, human intervention is necessary. 
Models are presented to aid the prediction of the overland flow. 

The book should be of interest to researchers, managers and 
informed laypersons interested in the role of water on our arid 
and semi-arid rangelands.-Craig Tranmer, Washington State 
University, Pullman, Washington. 
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