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Empirical Analyses of Grazing Distribution 

General relationships have been observed between habitat char- 
acteristics and patterns of grazing use. Abiotic factors such as 
slope and distance to water can constrain grazing use of some 
areas (Senft et al. 1987, Smith 1988). Biotic factors such as 
species composition, plant morphology, productivity, and forage 
quality also affect grazing distribution. Large herbivores usually 
allocate time spent in diierent areas of a pasture or habitat based 
on the resource levels found there. Senft et al. (1987) applied the 
term “matching” to this proportional relationship between the 
time an animal spends in plant communities or large patches and 
the available quantity of nutrients. Matching is an aggregate 
response pattern that has been observed in several species includ- 
ing bison, cattle, feral horses, mule deer, sheep, and wapiti 
(Hunter 1962, Coppock et al. 1983, Duncan 1983, Hanley 1984, 
Pinchak et al. 1991). Senft et al. (1985a) described a matching 
response pattern in which the preference by cattle for plant com- 
munities could be predicted from relative quantities of preferred 
species and nutrient abundance. 

Multiple regression and other models have been used to predict 
grazing distribution patterns (Cook 1966, Senft et al. 1983, Gillen 
et al. 1984, Smith 1988), but success of these models has varied. 
Relationships between distribution patterns and environmental 
characteristics vary from location to location. Abiotic effects such 
as slope and distance to water are usually consistent and can be 
predicted more reliably than biotic factors. Many regression mod- 
els describe only the conditions at a particular site and cannot be 
transferred to other sites (Senft et al. 1985a). Regression models 
are limited by simplifying assumptions and do not consider actual 
mechanisms of foraging (Coughenour 1991). 

Management practices have been used successfully to improve 
grazing distribution. Practices such as water development 
(Valentine 1947, Cook 1966), placement of salt and supplement 
(Cook 1967), and fertilizer application (Hooper et al. 1969) can 
be used to enhance grazing by livestock and wildlife in undemti- 
lized areas. Herding and riding can be used to reduce concentra- 
tions of animals and introduce livestock to areas formerly receiv- 
ing little use (Skovlin 1957). Many benefits attributed to grazing 
systems are the result of improved grazing distribution (Laycock 
1983). Often fences are constructed and water is developed when 
grazing systems are implemented which increases the uniformity 
of grazing. Hart et al. (1993) showed that decreasing pasture size 
and reducing distance from water were more important for 
improving forage utilization patterns than implementing intensive 
rotational grazing systems. 

Scale and Foraging Hierarchies 

Identifying Spatial Patterns Significant to Large Herbivores 
Large herbivores clearly react to spatial patterns in topography 

and forage distribution, but we have a limited understanding of 
the relative importance of landscape elements that occur on dif- 
ferent spatial scales. The confusion that surrounds the identitica- 
tion and interpretation of spatial patterns has resulted in part from 
differences in the objectives of range scientists, population ecolo- 
gists, and landscape ecologists. Thus, an essential task is to link 
spatial attributes to specific biological functions (Turner 1989). 
To do so, heterogeneity needs to be defined by identifying envi- 
ronmental variance that results in a change in the function of 
interest (e.g., intake rate, movement rate, etc.). Different levels 

within a hierarchy of behaviors can be defined using differences 
in the rate of a behavior or process at different spatial and tempo- 
ral scales (Table 1; Senft et al. 1987, Kotliar and Wiens 1990, 
Kolasa and Rollo 1991). This functional heterogeneity can also 
be used to distinguish between spatial elements at the same level 
by a change in the rate of the function. 

Functional heterogeneity differs from statistical heterogeneity 
primarily because it is scaled to the species and process of inter- 
est. The distinction between statistical and functional heterogene- 
ity can be made clear by considering the definition of a patch. For 
a foraging herbivore, a patch can be defined as a spatial aggrega- 
tion of bites over which intake or movement rate remains rela- 
tively constant over a short period (e.g., 30 seconds). Thus, a 
patch might consist of a homogeneous area of grass, 1 shrub, or a 
group of shrubs in close proximity to each other. This definition 
differs from those frequently used in studies of herbivores 
(Astrom et al. 1990, Lundberg and Danell 1990) by focusing on 
the process first, and using the process to describe the spatial 
scale of interest. Often a patch is defined before the study and is 
assumed to be a specific aggregation of forage (a tree, bush, or 
area of grass). 

Kotliar and Wiens (1990) suggested a hierarchy of patch struc- 
tures. A grain was defined as the smallest unit to which an animal 
responded, and patches were built on successively higher levels. 
Patches are distinguished from each other or a background matrix 
by their contrast, and higher-level patches have characteristic lev- 
els of aggregation of grains (or lower-level patches). For studies 
of herbivores, a grain would consist of a single bite, a first-order 
patch would consist of a group of bites, and a second-order patch 
a group of first-order patches. Thus, a first-order patch could be a 
single bunch-grass or shrub, or it could consist of many grasses 
and/or shrubs. 

Hierarchy theory provides a conceptual framework for linking 
spatial attributes to biological functions at 1 or more scales (Senft 
et al. 1987), but this approach requires quantitative techniques to 
identify spatial properties of landscapes. Turner et al. (1991) pro- 
vided an extensive review of statistical procedures used in land- 
scape ecology, dividing methods into 2 broad categories. The first 
category includes techniques to detect the scale(s) over which a 
repeating pattern occurred. These techniques are generally based 
on variance measures, and include the use of blocking, auto-cor- 
relation, spectral analysis, and trend surfaces. The second catego- 
ry addresses methods for patterns that are irregular or may not be 
repeated. These techniques are used to assign square grid cells on 
a map to a particular patch (or group) of similar cells, and rely on 
changes in 1 or more characteristics across cell edges. Cullinan 
and Thomas (l992) tested 10 techniques for detecting an appro- 
priate scale for measurement or for detecting landscape hetero- 
geneity. Patch size was consistently estimated by only 2 tech- 
niques, Hills Method (Hill 1973) and Correlation versus Transect 
Length Segment (Carlile et al. 1989), and scale by one, Spectral 
Analysis (Ripley 1978). The authors concluded that no single 
measure is likely to capture all the important spatial attributes of 
a landscape, and multiple techniques are necessary for examining 
landscape elements. 

Foraging Scale Definitions 
For this discussion, we identify the following 6 spatial scales 

for large herbivores in a foraging hierarchy: bite, feeding station, 
patch, feeding site, camp and home range (Table 1). Each scale is 
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Table 1. Attributes of spatial and temporal scales used in this discussion to describe large-herbivore foraging. Each level are units that large herbi- 
vores may select among. 

Spatial level 

Temporal level 
Interval between 
decisions 

Defining behaviors or 
characteristics 

Some potential 
selectibn criteria 

Potential 
mechanisms that may affect 
grazing distribution patterns 

Bite l-2 seconds Jaw, tongue and neck 
movements 

Nutrient concentration, toxin 
concentration, secondary 
compounds, plant size 

Intake rate, diet selection and 
post-ingestive consequences 

Feeding 
station 

S-100 seconds Front feet placement Forage abundance, forage 
W-Y 
plant species. social interations 

Transit rate, intake rate, 
turning frequency 

Patch l-30 ruin Animal reorientation to a 
new location. A break in 
the foraging sequence. 

Forage abundance, forage 
quality plant species. social 
interactions, topography 

Transit rate, turning frequency, 
intake rate, optimal foraging 
tbmy and other rules of 
thumb, frequency of selection 
(spatial memory) 

Feeding site 14 hours Feeding bout Topography, distance to water 
forage quality, forage 
abundance, phenology, predation 

Frequency of selection (spatial 
memory) and roles of thumb 

CamP 

Home range 

14 weeks 

1 monthto 
Y- 

Central areas where 
anhualsdrinkandrcst 
between foraging bouts 
Dispersal or migration 

Water availability, forage 
abundance, phenology, cover 
thermomgulation, competition 
Water availability, forage 
abundance, phenology. 
competition, tbermorcgulation 

Transhnmance, migration, 
frequency of selection (spatial 
memory) 
Migration, disposal, 
uanshumance 

functionally defined based on characteristic behaviors that occur 
at different rates. These levels are associated with different tits 
of space that vary in absolute dimension with the body size and 
foraging strategy of the herbivore. The smallest scale is a bite and 
is clearly defined by a sequence of herbage prehension, jaw and 
tongue movements, and severance by head movement (Laca et al. 
1994b). Novellie (1978) defined feeding station as an array of 
plants available to a herbivore without moving their front feet. As 
discussed above, patch has been described many ways. Here, we 
define patch in a manner similar to Jiang and Hudson (1993). A 
patch is a cluster of feeding stations separated from others by a 
break in the foraging sequence when animals reorient to a new 
location. A feeding site is a collection of patches in a contiguous 
spatial area that animals graze during a foraging bout; it may con- 
tain 1 or more plant communities. Foraging bouts are defined by 
a change in behavior from grazing to resting, ruminating or 
behaviors other than foraging. A camp is a set of feeding sites 
that share a common foci where animals drink, rest, or seek 
cover. Typically, movements between camps involve the whole 
social unit and may occur every few weeks. Home ranges are col- 
lections of camps and are defined by fences, barriers, extent of 
migration, or traushumance. In some pastures and in other situa- 
tions, there may be only 1 camp within a home range. 

Although the scales described here are based on functional def- 
initions and do not correspond to scales based on soil types, 
assemblages of plant populations, and geomorphic features, there 
are some similarities to the hierarchical scales presented by Senft 
et al (1987). Camps and home ranges refer to behaviors and units 
of selection that occur within a regional scale, while patches, 
feeding sites, and camps refer to behaviors and units of selection 
that occur within a landscape scale. Bites, feeding stations, and 
patches refer to behaviors that Senft et al. (1987) classified as 
occurring at plant community scales. 

Consequences of Foraging Decisions at Different Temporal 
and Spatial Scales 

Foraging decisions at broader spatial and temporal scales can 
constrain choices at lower levels. For example, animals must 
decide where to begin grazing at the beginning of a bout. This 
decision has few consequences if the home range or pasture is 
small because the entire area is readily accessible. However, this 
decision limits the potential number of smaller scale choices if 
the home range or pasture is large. Distant plants and patches are 
not available during the current bout because of geographic isola- 
tion. Distant vegetation may not be visible, and animals would 
incur energetic costs for travel to other feeding sites. At a smaller 
scale, selection of a feeding station limits the potential number of 
plants that an animal may select. The herbivores must search and 
move if plants within the chosen feeding station are rejected. 
However, energetic costs required to move from 1 feeding station 
to the next are usually small and the consequences of selecting a 
feeding station are also small. Higher level decisions have poten- 
tially greater impacts to herbivores since they occur infrequently 
and can constrain lower level processes (Senft et al. 1987). 

Consequences of lower-level behaviors may be used to develop 
expectations of alternatives at higher levels. As animals forage, 
they make frequent decisions at lower levels (Table 1). For exam- 
ple, Scamecchia et al. (1985) reported that cattle consumed 
between 14,000 and 33,000 bites per day. Memory required to 
remember each bite or feeding station would be excessive. 
Herbivores must integrate information from lower level behaviors 
(bites, feeding stations, and patches) if they are to use those expe- 
riences to evaluate spatial alternatives at higher levels (feeding 
sites, camps, and home ranges). Herbivores may use intake rates 
or post-ingestive consequences (Provenza and Cincotta 1993, 
Provenza 1995) to integrate information obtained through diet 
selection. 

388 JOURNAL OF RANGE MANAGEMENT 49(5), September 1996 



Foraging Mechanisms 

We define a foraging mechanism here as a process or processes 
by which an aggregate grazing pattern occurs. There is an array 
of possible behaviors that may result in grazing distribution pat- 
terns that have been observed over landscapes and regions. 
Foraging models often use rules as mechanisms for predicting 
grazing patterns. Abiotic or non-interactive factors often act as 
constraints and modify grazing response patterns (Senft et al. 
1987). Body size, visual acuity, memory, and other factors can 
limit the possible processes that herbivores may use during forag- 
ing. Alternative foraging mechanisms and the constraints 
imposed by animal characteristics and abiotic factors are 
described below. 

Non-cognitive Mechanisms 
The following mechanisms do not require large herbivores to 

use memory during foraging, and they require little judgement 
from the animal (Fig. 1). These parsimonious mechanisms, how- 
ever, could result in observed grazing patterns when aggregated 
over a period of time. 

Foraging Velocity. The rate at which herbivores transit differ- 
ent portions of a landscape could affect aggregate grazing pat- 
terns. Slower movement through areas of greater nutrient abun- 
dance would ensure that herbivores spend proportionally more 
time in nutrient rich areas (ie., matching pattern). Wickstrom et 
al. (1984) reported a nonlinear decline in movement rate of elk 
and deer as forage abundance increased. Sheep spend less time at 
feeding stations with little palatable forage (Ruyle and Dwyer 
1985), indicating a faster foraging velocity. Animals move more 
slowly through areas with more abundant nutrients because they 
spend more time biting than moving, and it may take them longer 
to process the more abundant forage (Laca et al. 1994a). Bailey 
(1988) reported that biting rate was greater and that cattle spent 

) Foraging mfehanisms I 

4onqnitive 
nechanisms 

‘oraging velocity 

Turing frequency 
and angles 

. 

1' 
\ 

Cognitive 
mechanisms 

Foraging models 
based on rules 
and optimal 
foraging theory . 

Rule-based models 

intake rate 

Neck angle 

Gravity 

-earning model 
of foraging 

Momentary 
maxirnzation 

Frequency of 
feeding site 
selection 

Optimal foraging 
theory 

Fig. 1. Organization of foraging mechanisms. 
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less time with their head up when foraging velocities were lower. 
When palatable plants are apparent by contrast with other vegeta- 
tion, bighorn sheep move to the nearest plant (Gross et al. 
1995b). In such cases, herbivores should move slower through 
areas with higher densities of palatable plants. This foraging 
velocity mechanism may be more important where forage abun- 
dance varies greatly across the landscape (Mastel 1987). Bailey 
(1988) found that small changes in forage abundance (27%) did 
not affect foraging velocity of cattle when they had access to only 
one level of forage abundance at a time. However when cattle 
had a choice between 2 patches that differed in herbage mass by 
50%, they grazed 3.5 times longer in the better patches (Laca et 
al. 1993). 

Turning Frequency and Angles. When no environmental cues 
are obvious, spatial patterns in foraging may result because ani- 
mals respond to patterns of forage availability by changing tum- 
ing angles and turning frequency (Bell 1991, Smith 1974). If ani- 
mals turn more often in nutrient-rich patches or feeding sites as 
suggested by Crawley (1983), their twisting grazing pathway 
would result in proportionally more time spent in the nutrient-rich 
area. In a nutrient-poor area, however, the path would be less tor- 
turous, and animals would soon transit the area. This proposed 
turning frequency mechanism, however, conflicts with observed 
ungulate behavior (Senft et al. 1987, Ward and Saltz 1994). 
Ungulates often follow topographic contours while foraging 
(Arnold and Dudzinski 1978) and rarely turn at an angle of more 
than 60 degrees (Allen and Hoekstra 1992). Typically, grazing 
animals form herds and the extent that an individual turns while 
foraging may be restricted by other animals. within the herd. 
Turning upon an encounter with a desirable food while in a herd 
may result in exploration of areas already depleted by con- 
specifics, or it may cause an antagonistic response by neighbors 
(Thouless 1990). 

Intake Rate. Intake rate is another explanation for observed 
grazing patterns since it is at least indirectly related to forage 
availability (Forbes 1988). Higher intake rates that occur in nutri- 
ent-rich areas could account for the increased use predicted by 
the matching pattern for more productive sites. Under most graz- 
ing situations, short-term intake rate will be controlled primarily 
by bite size, which is not always related to forage biomass (Laca 
et al. 1992, Spalinger and Hobbs 1992, Gross et al. 1993a, 
1993b). Penning et al. (1994) found that grass swards with simi- 
lar heights but different structures (eg., leaf to stem ratios) result- 
ed in different intake rates and bite sizes. Although instantaneous 
intake rate varies and may be limited by forage availability, total 
daily intake may not be affected to the same extent. Within limits, 
herbivores can compensate for a low short-term intake rate by 
increasing grazing time, thereby maintaining daily intake (Allison 
1985, Demment and Greenwood 1988). 

Neck Angle. Changes in neck angle may provide a stimulus to 
initiate small scale movements between feeding stations (Jiang 
and Hudson 1993). As animals reach away from their forefeet, 
the shift in balance may trigger locomotion and selection of a 
new feeding station. 

Slope. Slope gradient is an important determinant of grazing 
distribution of large herbivores. Animals probably recognize 
changes in slope and use that information to remain on contours 
or to minimize changes in elevation while foraging. Several large 
herbivores such as cattle generally avoid grazing slopes over 10% 
(Mueggler 1965, Cook 1966). 
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Cognitive Mechanisms 
Cognitive processes may affect behaviors that occur at small 

and large scales. Learning and memory have been shown to affect 
diet selection and may be important in selecting feeding sites. 
The mechanisms discussed in the following section differ from 
the others in that they are based on learning and memory. 
However, they may include processes and learning that are non- 
cognitive. 

Learning Model of Diet Selection. Diets selected by herbi- 
vores are affected by post-ingestive feedback from nutrients and 
toxins (Provenza and Cincotta 1993, Provenza 1995). Herbivores 
associate food items with their nutritional consequences and track 
temporal changes in forage quality and toxin concentration. By 
using negative feedback, large herbivores can develop a condi- 
tioned aversion to novel food paired with a toxin (Burritt and 
Provenza 1991). Sheep can also associate positive nutritional 
consequences with specific foods. Lambs strongly preferred fla- 
vors paired with glucose to flavors paired with saccharin, a non- 
nutritive sweetener, even though initial preferences for glucose 
and saccharin were equal (Burritt and Provenza 1992). Provenza 
and Cincotta (1993) proposed a learning model of foraging based 
on a sampling and evaluation process referred to as hill climbing 
(Staddon 1983). Hill climbing can be explained by a simile of a 
blind man trying to reach the top of a hill. He samples a direction 
to step. If it is down or level, he tries a new direction. However, 
he steps in that direction if it is up. The learning model of forag- 
ing uses a similar process where animals learn to select diets 
through sampling, post-ingestive consequences, and learning. 
Foods with adverse post-ingestive consequences are avoided, and 
foods with positive-ingestive consequences are selected. This for- 
aging model may or may not result in an optimal diet. Local max- 
ima, positive feedback traps, and incomplete information may 
prevent animals from learning to select optimal diets. 

Momentary Maximization. Momentary maximization is a 
mechanism that can explain diet selection and movement along 
the grazing pathway (Senft et al. 1987). Momentary maximiza- 
tion is similar to hi climbing in that it assumes animals select 
the best available alternative at any given time (Staddon 1983, 
Provenza and Cincotta 1993). The most palatable plants or plant 
parts that are within reach are selected until palatability of 
remaining forage within the feeding station decreases to a thresh- 
old value. Animals then move to a new feeding station. 
Palatability in this mechanism is learned from maternal observa- 
tion, peer interaction, and post-ingestive consequences (Provenza 
1995) and is a function of forage quality and secondary com- 
pounds. The threshold is based on physiological-state and recent 
experience. The threshold of acceptance changes according to the 
palatability of plants encountered recently, presumably during the 
last few bouts. As animals encounter high quality plants, the 
threshold increases, and animals select higher quality diets. The 
threshold decreases as lower quality items are encountered. Thus, 
within 1 or 2 days, the threshold should drop so that herbivores 
maintain a minimum level of intake even if forage quality drops 
rapidly. Sheep select higher quality diets if they are not fasted 
(Edwards et al. 1994, Newman et al. 1994) or if they have recent- 
ly consumed high quality food (Jung and Koong 1985). The 
effect of recent experience on foraging selectivity has been 
demonstrated in starlings (Cuthill et al. 1990), chipmunks and 
squirrels @evenport and Devenport 1994), and bumblebees (Real 
1991). 

Optimal foraging patch residence models (Charnov 1976) also 
rely on a threshold value to determine when an animal should 
move based on the marginal value theorem. Animals should 
move to a new patch in marginal value theorem models when the 
marginal intake rate decreases below the average intake rate. 
Marginal intake rates of all available patches witbin a habitat are 
used to obtain the average intake rate threshold. However, 
momentary maximization models use only information obtained 
from recently visited areas to determine a threshold. 

Frequency of Patch and Feeding Site Selection. Large herbi- 
vores first must decide where to begin grazing at the beginning of 
each bout. In large pastures, the location of cattle near sunrise 
was found to be a good indicator of where a cow did most of its 
grazing during a 24hour period (Low et al. 1981). Bailey et al. 
(1989b) suggested that herbivores may return to nutrient-rich pro- 
ductive patches and feeding sites more frequently than to less 
productive patches and feeding sites. Over a period of a few 
weeks or months, animals would spend proportionally more time 
at productive sites since they graze there more often than at poor 
sites. 

Most foraging behavior studies have examined foraging deci- 
sions and behaviors that occur within a bout. Few studies have 
examined day to day (or bout to bout) movement patterns of large 
herbivores. Bailey et al. (1990) observed tbe location of cattle in 
relatively homogeneous pastures for periods of 5 to 42 days. Day- 
to-day movement patterns were not random, and the location of 
cattle during the early morning period was dependent on their 
location during the previous morning. Cattle were rarely observed 
in the same location for more than 2 consecutive days. Usually, 
they moved to an adjacent section of the pasture the following 
day. Apparently animals can remember and avoid undesirable 
areas. Bailey (1995) reported that cattle in a heterogeneous area 
did not return to a feeding site with lower forage quality for 21 
consecutive days and alternated among the remaining 2 feeding 
sites with higher quality forage. These studies suggest that the 
frequency with which large herbivores select feeding sites may be 
an important factor in determining grazing distribution patterns. 

The frequency of patch and feeding site selection mechanism 
assumes that animals can distinguish and remember relative dif- 
ferences in nutrient levels among different patches and/or feeding 
sites. This requires a long term memory because animals may not 
return to an area for days or weeks. Another assumption is that 
animals can remember where they grazed for at least a few hours 
(short term memory) so they can avoid recently depleted patches. 

Foraging Models Based on Rules and Optimal Foraging 
Theory 

Rule-based Models. Grazing mechanisms in some foraging 
models assume that the search for patches is random (Mime et al. 
1992), while other models use simplistic rules for locating patch- 
es and feeding sites within the animal’s habitat. Suitability, dis- 
tance from other patches, presence of other animals and the time 
since the last visit were 4 rules used by Hyman et al. (1991) to 
direct herbivore movements in a spatially explicit foraging 
model. Turner et al. (1993) also developed a spatially explicit 
model in which large ungulates moved among sites based on 1 of 
3 rules. Each rule assumed different cognitive abilities of the 
herbivore. The simplest rule was to move to the best adjacent site. 
The other rules were move to the nearest site with available 
resources and move in the best direction for the overall availabili- 
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ty of resource sites. Turner et al. (1993) reported that any rule 
would suffice if resources were abundant. If resources were 
scarce, discerning and moving to sites with higher resources 
reduced mortality. The second and thiid rules required herbivores 
to visually detect differences in sites that were distant from their 
present location. Importantly, there was little evidence to support 
the use of any one of these rules over another. 

Optimal Foraging Theory. Optimal foraging theory (Schoener 
1971, Pyke 1984) provides a functional approach for examining 
grazing behaviors, including diet selection, patch selection, and 
movements. Optimal foraging theory generally assumes that ani- 
mal fitness is related to foraging behavior, foraging behaviors are 
heritable, and that a currency (e.g., energy, protein) can be identi- 
fied to link foraging behavior with fitness (Pyke 1984). 
Relatively few optimal foraging theory studies have focussed on 
herbivores, primarily because of complications imposed by diges- 
tive constraints and the difficulty in defining discrete food items 
or quality. Belovsky’s linear programming models (Belovsky 
1978, 1981) provided one of the first approaches for incorporat- 
ing the multiple constraints faced by herbivores. Linear program- 
ming made clear the importance of digestive constraints and the 
tradeoffs related to forage characteristics. However, the actual 
solutions produced by Belovsky’s linear models resulted from 
bulk limitation constraints based on water content (a pivotal com- 
ponent of these models) that is not consistent with empirical stud- 
ies of intake of large herbivores (Hobbs 1990, Huggard 1994). 

Other forms of optimal foraging models have been less suc- 
cessful in quantitatively predicting diet selection by herbivores 
(Westoby 1974, Owen-Smith 1979, Stenseth and Hansson 1979, 
Owen-Smith and Novellie 1982), but the qualitative predictions 
of these models focussed attention on mechanisms that lead to 
observed behavior patterns. More recent optimal foraging theory 
models have failed, in part, because we simply do not understand 
the plasticity in what have traditionally been considered static 
constraints. Owen-Smith (1993a, 1993b, 1994) found that forag- 
ing behaviors of kudus were highly elastic, and increases in 
digestive capacity coupled with increased feeding activity largely 
compensated for seasonal declines in forage abundance. Static 
foraging models have difficulty coping with short-term changes 
in constraints such as gut fill, ingested food toxins, physiological 
state, and location (e.g., predation risk, proximity to water, etc). 

Stochastic dynamic programming (Mange1 and Clark 1986) 
may offer a technique for incorporating multiple, interacting con- 
straints, and provide a means for expressing these diverse con- 
straints in a “common currency”. This modelling technique per- 
mits the analysis of behaviors that respond to forage and environ- 
mental conditions, animal physiological state, and predation risk 
over short and long time periods. Newman et al. (1995) used sto- 
chastic dynamic programming to investigate diet selection and 
daily intake by combining a simple mechanistic model of forage 
intake and digestion with an optimal foraging theory approach. 
They developed their stochastic dynamic programming model for 
sheep grazing on a sward consisting of grass and clover and 
showed that a variety of behaviors could result from relatively 
small changes in environmental conditions. They predicted a 
mixed diet of grass and clover, with the proportions of each com- 
ponent changing within a day. The Newman et al. (1995) model 
predicted that even a small predation risk would influence forag- 
ing behavior. Predictions of this stochastic dynamic programming 
model were consistent with observations of sheep, and accounted 
for behaviors not adequately explained by highly detailed, purely 

mechanistic models (Thomley et al. 1994, Parsons et al. 1994). If 
simple models can be formulated, stochastic dynamic program- 
ming may provide an new approach for examining large-scale 
foraging decisions with short and long-term consequences. 

Patch selection and patch residence time by herbivores has 
been examined using approaches based on the marginal value 
theorem (Chamov 1976). Laca et al. (1993) showed that cattle 
optimized intake rates from patches that varied in height and 
spacing, consistent with marginal value theorem predictions. 
Cattle modified patch residence time in response to a factorial 
combination of 3 patch heights and 3 interpatch distances. Distel 
et al. (1995) observed that cattle selected feeding stations where 
intake rate was higher, and time allocated to various feeding sta- 
tions was at least qualitatively consistent with marginal value the- 
orem predictions. Jiang and Hudson (1993) reported that elk left a 
patch when short term cropping rates declined which is consistent 
with marginal value theorem predictions, and they also suggested 
that decisions of elk to leave feeding stations are based on differ- 
ent rules than decisions to leave patches. Wihnhurst et al. (1995) 
predicted that elk would prefer patches with intermediate herbage 
availabilities using optimal foraging models. The application of 
marginal value theorem and other optimal foraging theory 
approaches to herbivore foraging depends critically on identify- 
ing an appropriate scale and currency, but little information is 
available to guide these decisions. 

Optimal solutions to foraging problems are usually assumed to 
be implemented by rules-of-thumb because animals are con- 
strained in their ability to obtain and process information (Janetos 
and Cole 1981, Real 1991, Ward 1992). Rules-of-thumb provide 
solutions that are “optimal with constraints”, where the time or 
effort to obtain information is prohibitive. Simple mles-of-thumb 
frequently result in foraging decisions very similar to complex, 
“optimal” solutions (Green 1984, Gross et al. 1995b). For exam- 
ple, Ward and Saltz (1994) predicted that gazelles should select 
plants with more and larger leaves than randomly available and 
that they should concentrate foraging activity in areas with higher 
plant densities. 

Identifying how animals would implement solutions determined 
by optimal foraging models is important because often the under- 
lying behavioral mechanisms are poorly conceptualized (Senft et 
al. 1987). Mechanistic models attempt to identify the molecular 
processes that result in molar patterns. If the underlying behav- 
ioral mechanisms were known, robust models could be developed 
that predict grazing distribution patterns over a variety of land- 
scapes. Understanding the underlying behavioral mechanisms 
would also improve our ability to develop new, innovative man- 
agement practices for modifying grazing distribution patterns. 

Constraints Imposed by Herbivore Abilities 
Spatial Memory. Spatial memory is a critical assumption of 

the patch and feeding site selection mechanism discussed above 
and is essential when patches of food are distant or when topogra- 
phy and vegetation structure impede the use of visual and olfacto- 
ry cues. A simulation study by Benhamou (1994) showed that 
spatial memory would improve foraging efficiency of desert 
arthropods. Field studies using harvester ants (Johnson 1991) and 
fish (Noda et al. 1994) also suggest that spatial memory is used to 
improve foraging efficiency. Spatial memory which can last for 
more than 20 days, also increases the foraging efficiency of cattle 
(Laca 1995) and deer (Gillingham and Bunnell 1989). Spatial 
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memory has been incorporated into models that predict animal Working and reference spatial memory are useful at different 
movements during foraging (Saarermraa et al. 1988, Folse et al. levels of selection. Working memory can be important at feeding 
1989). These models simulate how large herbivores learn about station, patch and even feeding site levels. The use of working 
habitat structure and how they use that information in subsequent memory is limited if a long time elapses between decisions. 
foraging decisions. Reference memory can be used at larger levels, from patches to 

Spatial memory has been represented as a two-part code, refer- home ranges. The use of reference memory at smaller levels is 
ence and working memory @Ion& 1978, Olton 1978, Staddon limited by the large number of alternatives to be remembered. 
1983). Both types of memory are used in maze studies where the Perception. Herbivores must perceive differences among plant 
objective is to consume the food at each arm without reentering par&, plan&, and feeding stations so eat hey cm discrhinate 

any arms. Reference memory is the map-like representation of and select among alternatives. Livestock have acute perceptual 
the foraging environment. In maze studies, the configuration of and discriminatory abilities (Bazely 1990). Cattle, sheep, and 
the arms and the relative availabilities of food at the beginning of h orses 
a trial are stored in reference memory. Working memory is used 

can distinguish colors and shapes and associate these cues 
with the locations of foods (Edwards et al. unpublished manu- 

to remember which arms have been visited during a trial so that 
animals can avoid entering arms where food had already been 

script, Entsu 1989a, 1989b; Kidunda and Rittenhouse 1992, 

consumed. Working memory has value only during the current 
Espach et al. 1993). When grazing heterogeneous SW&S, cattle 

trial since food is replenished before the next trial. 
are able to readily distinguish feeding stations that differ from the 

Performance of cattle (Bailey et al. 1989a), rats (Beatty and 
background by less than 5 cm of height (Laca et al. 1993). 

Shavalia 1980) and pigeons (Roberts and Van Veldhuizen 1985) 
While it is known that grazing animals can perceive differences 

exceeds that expected by chance in radial mazes indicating an 
among feeding stations and small patches, it is not clear whether 
th 

accurate spatial memory. To Perform efficiently, animals use 
ey are able to directly perceive large units of spatial selection. 

both reference and working memory. Reference memory may fail 
Selection of feeding sites may be a result of information gathered 
at smaller sc,les. 

if locations containing food are not visually distinct. Rats perform 
poorly in parallel mazes because they cannot distinguish between 

Body Size and Interactions of Spatial and kemporal Scales. 
B o d 

arms (Staddon 1983). Bailey et al. (1989a) found that cattle made 
y size of the herbivore can affect the absolute size of impor- 

more mistakes in a parallel maze than a radial maze but perfor- 
tant spatial and temporal scales and may affect interactions that 

mance was above chance levels in both mazes. The parallel maze 
occur among scales. Linkages between spatial and temporal 

used for cattle was constructed in a pasture containing shrubs that 
scales can be imposed by physiological or mechanical processes 
th 

may have provided more visual cues to distinguish arms than are 
at occur on relatively fixed schedules or within clearly defined 

b oundaries 
available in the more homogeneous apparatuses used in laborato- 

(e.g., gut volume). Digestion and assimilation of 

ry studies with rats. Reference memory is also used to distinguish 
nutrients, gut constraints, or thermoregulatory needs can limit the 

amounts of food found at various spatial locations (Hulse and 
duration of an individual feeding bout, and thereby modify the 

O’Leary 1982). Bailey et al. (1989b) reported that cattle could 
connection between the spatial distribution of forage and feeding 

associate a spatial location with the relative amount of food there. 
patterns. Such morphological or physiological limitations also 

Cattle could remember locations with larger and smaller amounts 
restrict the distance that can be transversed during a foraging 

of food for at least 24 hours (time between trials) and probably 
bout. Distance traveled during a feeding bout is also determined 

much longer. It took 4 to 6 days for steers to modify their behav- 
in part by the size of forages and their spatial distribution. When 

ior when the amounts of food in each location were changed 
forages are sparsely distributed, the size of a feeding site will 

(Bailey et al. 1989b). Laca (1995) examined reference memory of 
increase as animals move more quickly between feeding stations 

cattle and found that they can remember for up to 20 days the 
(Collins et al. 1978, Ruyle and Dwyer 1985, Wickstrom et al. 

locations of 20 trays containing hidden food in a grid of 64 trays. 
1984). If short-term intake rate is low, the duration of a feeding 

The study conducted by Bailey et al. (1989a) evaluating persis- 
bout can increase, permitting an animal to move farther during a 

tence of spatial memory of cattle differs from that of Laca (1995) 
single feeding bout 

in that Bailey et al. tested the persistence of working memory 
Recent studies have focussed on identifying mechanisms that 

rather than reference memory. During each trial, cattle were 
regulate forage intake by herbivores and on incorporating these 

removed from a radial maze after consuming food in 4 of the 8 
mechanisms into predictive models (Ungar and Noy-Meir 1988, 

arms. Animals were returned to the maze after a delay interval. 
Spalinger and Hobbs 1992, Gross et al. 1993b, Demment and 

Animals were able to remember where they had foraged during a 
Laca 1994). These studies have shown the importance of fat-cor- 

trial after delays up to 8 hours. Cattle performed poorly, equiva- 
rected body size of animals in the regulation of forage intake. 

lent to chance levels, after a 12 hour delay. Cattle may not have 
Thus, the scaling of feeding behaviors with body size provides an 

been able to distinguish between trials with long delay intervals 
approach for making widely applicable, quantitative predictions 

and new trials, because trials were conducted on successive days 
of the effects of forage characteristics and spatial pattern on her- 

and because the delay interval (12 hours) within a trial was iden- bivore foraging behaviors. When herbivores of all sizes can read- 

tical to the time between trials. Rather than a failure of working 
ily obtain large bites, intake rate increases with body size at a rate 

memory after 12 hours, cattle in this study may have reset work- similar to metabolic requirements (Shipley et al. 1994). Bite size 

ing memory in anticipation of a new trial. All these empirical may be affected by plant traits (e.g., leaf size) and animal mor- 

studies show that ungulates and other species have accurate spa- phology (e.g., incisor breadth, Clutton-Brock and Harvey 1983, 

tial memories. Large herbivores can remember the locations and Janis and Ehrhardt 1988, Illius and Gordon 1990) or determined 

relative availabilities of food (reference memory) for at least 20 behaviorally. Large herbivores in natural situations crop bites 

days and can remember which locations have been recently smaller than those they are capable of consuming (Table 1 in 

depleted (working memory) for at least 8 hours. Gross et al. 1993a, Table 3 in Shipley et al. 1994); smaller bites 
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may increase diet quality. When vegetative conditions restrict 
maximum bite size, larger herbivores will invariably be more 
affected than smaller animals (Pig. 2). Large-bodied herbivores 
then must spend more time feeding than smaller ones (Illius and 
Gordon 1987, Owen-Smith 1988). This relationship occurs even 
though mass-specific metabolic requirements are greater for 
small than large herbivores (Pig. 6.4 in Owen-Smith 1988). 

s 0 I 9 I I 
0.0 0.5 1.0 1.5 2.0 

Bite Size (g dry matter) 

Fig. 2. Relationships between maximum intake rote and bite size for 
3 different body sixes. 

Scaling relationships provide important insights about con- 
straints and opportunities available to herbivores that differ in 
body size. Small-bodied herbivores, because they require less 
feeding time, have more flexibility than do large herbivores to 
sacrifice intake rate for search effort, and they may choose to 
spend relatively more time searching for high quality items, trad- 
ing a higher short-term intake rate for increased diet quality. In 
this situation, the spatial distribution of high-quality forages will 
more strongly influence the spatial patterns of foraging by selec- 
tive feeders, and forage availability as measured by short-term 
intake rate will determine patterns of foraging by bulk feeders 
(Jarman 1974, Hanley 1982, Demment and Van Soest 1985). 
Digestive constraints are thought to restrict diet quality of small- 
bodied herbivores more than large herbivores (Demment and Van 
Soest 1985). Digestive constraints will thus enhance effects relat- 
ed to the scaling of intake rates, and smaller herbivores are likely 
to be more selective in their choice of forages. As a result, small- 
bodied herbivores can spend more time selecting forages (in con- 
trast to actually cropping bites). When high quality forages are 
limited, smaller herbivores are therefore predicted to feed in areas 
where they can maximize diet quality, while larger herbivores are 
predicted to feed in areas where they maximize intake rates 
(Demment and Van Soest 1985). Sex-related differences in habi- 
tat use by sexually dimorphic herbivores (Charles et al. 1977, 
Shank 1982, Clutton-Brock et al. 1987, Gross et al. 1995a), 
where males and females differ less in body size than do cattle 
and sheep or goats, lend support to proposed consequences of 
body size on the spatial distribution of foraging. Because smaller 
herbivores are physically able to spend more time searching for 
foods, feeding behaviors may vary with body size. When forage 
quality is limiting, smaller herbivores can spend less time at a 
feeding station, consume smaller bites (to maximize diet quality), 

and move longer distances between feeding stations. Large herbi- 
vores must maintain intake rate and cannot afford to expend as 
much time selecting bites. 

If we consider animals with a similar feeding style, a general 
relationship that identifies the scale at which a herbivore responds 
to spatial heterogeneity emerges from the scaling of intake rate 
and movement patterns to body size (BW, kg) even in the 
absence of controls on bite size. If meal size is a constant fraction 
of total gut fill, then the amount of forage consumed during a 
feeding bout will be proportional to BW’” (Parra 1978, Demment 
1982). Because the maximum scaling exponent for intake rate is 
far lower (about Bp6’, Shipley et al. 1994), foraging bouts of 
large herbivores will be longer than those of small-bodied ones. If 
foraging travel rates are constant or increase with body size 
(Shipley et al. 1996), the area that a herbivore exploits during a 
feeding bout will increase at a rate proportional to at least Bw033. 

The relationships outlined above are nonetheless highly subject 
to the influences of forage distribution. If existing patches are 
smaller than those potentially exploited by a herbivore during a 
foraging bout, effects of forage distribution will overwhelm those 
imposed by animal morphology. The spatial extent of foraging 
behaviors and forage distribution can interact to reinforce exist- 
ing patterns, or to reduce heterogeneity in the environment. 

Abiotic Factors 
Abiotic factors such as slope and distance to water are primary 

determinants of grazing distribution patterns observed at larger 
scales (Senft et al. 1987). They act as constraints within which 
foraging mechanisms may operate. Areas located long distances 
from water and on steep slopes receive less use (Vallentine 1947, 
Mueggler 1965). Movement between camps and home ranges 
may be motivated by the need to find a new water source or avoid 
adverse climatic conditions. Microsite characteristics, such as the 
presence or absence of shade and wind, affect where animals rest 
and can affect where they graze (Senft et al. 1985b, Stuth 1991). 
Presence of pests and predators can also constrain grazing distrib- 
ution (Senft et al. 1987). Abiotic constraints must be combined 
with responses resulting from biotic factors (eg., forage quantity 
and quality) to adequately predict grazing distribution patterns 
(Senft 1989). 

Landscape Grazing Distribution Model 

We developed a conceptual model to demonstrate how cogni- 
tive foraging mechanisms can be integrated with abiotic factors to 
predict grazing patterns of large herbivores. It provides a frame- 
work for evaluating the merit of foraging mechanisms based on 
spatial memory. This individual-based model could also be used 
to evaluate site specific management practices a priori. The 
model focuses on processes that occur between grazing bouts or 
between days. The primary model output is feeding site selection 
by an individual animal. It is designed to apply to a variety of 
landscapes and can be modified to represent a variety of large 
herbivores. 

We focus on patch and feeding site processes because most 
land management problems such as overgrazing, habitat deterio- 
ration, and riparian area degradation are more related to larger 
scale grazing patterns (ie., grazing use of large patches, plant 
communities, and landscapes) than those that occur at finer scales 
(grazing use of individual plants and small patches). Problems 
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that occur at finer scales are more difficult to measure and more 
difficult for management to respond to. Except for stocking rate 
(Senft 1989), most range management practices probably have 
the greatest impacts on patch, feediig site, and camp selection 
behaviors. Subdividing pastures and implementing rotational and 
other intensive grazing systems can, in some cases, reduce and 
possibly eliminate feeding site selection by large herbivores. If a 
pasture is very small, animals may graze throughout the entire 
pasture during a bout. Fencing, water development, riding, and 
other range management practices have little, if any, effect on 
diet selection or feeding station processes. 

Model Description 
Our model simulates feeding site selection at the beginning of a 

bout by an individual large herbivore based on expectations from 
previous encounters with the habitat. The effects of abiotic fac- 
tors are integrated with forage quality, forage quantity, and sec- 
ondary compounds information obtained while foraging at each 
site. Memories of this information decay over time and the corre- 
sponding values, termed expectations, are used by the model to 
compare and select feeding sites (Fig. 3). 

0.12 

Ai an animal forages, it-perceives-a relative value for that feed- 
ing site. Ideally, this site forage value would be the instantaneous Fig. 4. Hypothetical site forage value rating as a function of the 

nutrient capture rate (eg., g N or joules of energy consumed mine’). 
standing nutrient availability (eg., g N rn- ) and secondary com- 

Unfortunately, this is extremely difficult to measure. Therefore, 
pound concentration. Site forage values would be calculated by 
species, and corresponding values for preferred species would be 
pooled using a weighted average. 

Rating for each encounter of each feeding site 

T-1 
Abiotic Factors 

-distance to water 

Perceived Site Value 
-an iniegratton of forage and abiotic 

factors encountered during a bout 

Deviation 

Reference Value 
for an encounter of a site 
-Moving average of Perceived Site 

Values that have been encountered 
during the 4 days before this visit 

-a relative rating of an encounter 
of a site based on expsriances 
during the past 4 days. 

Rating for all encounters of a feeding site 

Current rating of all 
encounters of a feeding site 
-Above process is used 

for all encounters of a s-m. 
- Current value is 

Current Reference Value 
-The Reference Value during the 

4 days prior 10 tha beginning of 

used as the selection 

the bout is used as a standard 

Fig. 3. Flow diagrams of the steps used in the conceptual landscape 
grazing distribution model for determining the rating for a single 
encounter of a feeding site and the expectation for a feeding site 
based on multiple encounters. 

site forage value will normally be a function of the relative abun- 
dance of nutrients (eg., g N ha’) and secondary compounds (Fig. 
4). The site forage value is multiplied by abiotic factor multipliers 
that vary between 0 and 1. Abiotic factors are similar to Habitat 
Suitability Indices and reflect factors such as distance to water, 
slope, prevailing winds, and probability of predation (U.S. Fish 
and Wildlife Service 1976). These factors adjust forage quality 
and quantity values of a site for the environmental conditions (abi- 
otic factors) in which the forage is found (Fig. 5). This ensures 
that sites located far from water and on steep slopes are less pre- 
ferred by herbivores such as cattle, even though they may have 
abundant forage. Abiotic factors are specific to a given herbivore 
species. For example, the factor for cattle on a steep slope would 
differ from the factor for goats. The product of the site forage 
value and the abiotic factors is termed the perceived site value. 

Perceived Site Value = Site Forage Value * Abiotic Factors (1) 
The perceived site value combines the effects of forage value 

and abiotic factors, but its absolute value is not useful. It must be 
compared to a standard. The reference value used in this model is 
a moving average of perceived site values. 

Reference Vahq = z (Perceived Site Values) 
n 

(2) 

The reference value on day i is the running average of perceived 
site values for all feeclmg sites encountered during the last 4 days, 
and n is the total number of sites visited during the previous 4 
days. A moving average is used as a standard of comparison so 
that it will reflect temporal changes in forage quality and quanti- 
ty. We use a moving average of perceived site values from all 
sites encountered in the last 4 days rather than a moving average 
from all sites. Using only recently visited sites as the reference 
value incorporates the effects of recent experience on foraging 
behavior (Cuthill et al. 1990, Devenport and Devenport 1994, 
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Fig. 5. Example of abiotic factor multipliers to adjust site forage val- 

ues for the effects of distance to water and slope. This example is 
specific to cattle and is adapted from Holechek et al. (1989). 

Real 1991). A Cday moving average is consistent with the time 
taken by cattle to respond to changes in forage availability 
(Bailey et al. 1989b). 

The difference between perceived site value and the reference 
value is defined as the deviation and describes the animal’s rating 
of a feeding site during an encounter of a particular site at a given 
time. 

Deviationj = Perceived Site Vduej - Reference Valuej (3) 

Deviation for the jth encounter of a site is the perceived site value 
minus the reference value at the time of the encounter. Memory 
of each foraging experience at a feeding site diminishes over time 
and, the cumulative effect of each encounter is reduced. A multi- 
plier simulates this memory decay. Expectation is the final index 
for each feeding site and is used as the selection criterion. 
Expectation on day i is calculated as follows: 

The jth deviation (Equation 3) is multiplied by the appropriate 
memory decay multiplier for each of the jth encounters of a feed- 
ing site. The resulting products for all m encounters with that site 
during the last 30 days are summed and added to the current ref- 
erence value on day i. Thus, the expectation for a site returns to 
the reference value within 30 days, unless the patch is resampled. 

Memory-decay multipliers are updated each day using the 
functions shown in Fig. 6. Memories of poor sites (negative devi- 
ations) decay more slowly than productive sites, because large 
herbivores respond more strongly to negative than to positive 
consequences (Bailey et al. 1989b, Grandin et al. 1994, Hosoi et 
al. 1995). Animals are risk-adverse and avoid the possibility of 
losses (Real 1991, Stephens and Rrebs 1986). The shapes of the 
decay curves are hypothetical but are based on experiences of the 
authors and a study conducted by Bailey (1995). In that study, 
cattle did not graze in 1 of 3 available patches, the patch with the 
lowest forage quality and higher forage quantity, for 21 consecu- 
tive days. All patches were similar with respect to topography, 
soils and vegetative composition, but forage quality and quantity 
differed. Shapes of the memory decay curves (Fig. 6) should be 
tested experimentally. 

Memory decay in this model can also be thought of as the 
reduction information value over time that an animal obtained 
while visiting a feeding site. When making decisions of where to 
forage in a variable environment, animals should weigh the most 
recent information more heavily because it is most certain 
@evenport and Devenport 1993, 1994). Immediately after visit- 
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Fig. 6. Memory decay multipliers for a desirable (positive deviation) 

and for an undesirable (negative deviation) site. Memory decay 
multipliers eventually increase or decrease deviations to the refer- 
ence value. 
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ing a feeding site., a herbivore’s expectation or rating of a feeding 
site will be more representative than after several weeks because 
forage regmwth or grazing by other herbivores can change fomge 
conditions rapidly. The result of either scenario, memory decay, 
or declining information value, is the smne. The model assumes 
that the influence of B single foraging experience on subsequent 
selections of feeding sites and patches declines over time. 

Before each bout, the expectation for each feeding site is com- 
pared to the current reference value (Fig. 7). Sites with expecta- 
tions that are lower than the current reference value are avoided. 
Sites with expectations above the reference value “re selected. 
Animals r&m to the sane site during consecutive bmlts if the 
expectation for that site is either above or near the reference 
value. Sites with expectations “ear the reference value are almost 
equally likely to be chosen or avoided, assuming the animal is at 
” central foraging location, such as water, where distances to 
feedings sites are accounted for by the abiotic factors. However, 
the spatial arrangement of feeding sites will affect selection if 
animals are not “ear a central foraging location at the beginning 
of a bout, and nearby sites will have higher probabilities of being 
selected if the expectations of those sites ar. similar. 

The model also contains a site giving-up rule. When animals 
sample and explore feeding sites within ” pasture or home range, 
they may choose a nutrient-poor site. If the site forage value is 
significantly below the reference value. animals will leave. (give 
up) and mwe toward the site with next best expectation. The 
result will be the same when the grazing reduces a” initially high 
expectation to well below the reference value. Tbe current gmz- 
ing bout ends when the animal gives up, stops grazing, and 
tnoves to a new site. A new bout and a new time step begin when 
grazing starts at the next feeding site. 

Ptdimimry Model Predicthms 
This model can predict ” variety of observed behaviors. 

Although undesirable areas me typically avoided, the model pre- 
diets periodic sampling of all patches within a pasture or home 
range. This prediction occurs because feeding site selection 
depends on comparisons to the reference value. Memories of 

I Rehuncevalw 

Foraging sites 

Fig. 7. Expstatiolls M the rsnkioge used for feeding site s&ctions 
at each time step. Each bar represents a separate feeding site. . 

encounters with very pcmr sites eventually decay t” the current 
reference value (Fig. 8). Once the expectation decays to ” level 
“ear the reference value. it will be selected. Sampling is also 
ensured because the reference value (a 4-day moving average of 
perceived site values) reflects the values of recently visited sites. 
If a herbivore selects only the best site, the reference value will 
eventually increase to a level equivalent to the best site and other 
sites appear equivalent (Fig. 8). 

This model is unique in that it predicts sampling of patches and 
feeding sites through cognitive mechanisms rather than by a” 
arbitrary random factor. Optimal foraging theory assumes that 
animals sample resource conditions throughout their home range 
(Stephens and Krebs 1986). The model predicts limited “se, 
rather than no use, of mugh topography and sites distant from 
water. Although forage “se of upland plant communities aver- 
aged less than 10%. cattle sign, including fecal dropping and hoof 
prints, were observed in virhwdly every part of mountain pastures 
in north-central Oregon (Gillen et al. 1984). 

This model predicts that animals alternate among similar feed- 
ing site alternatives. In a homogeneous area. perceived site values 
we near the reference value. Animals remain in the site until the 
expectation drops below the reference value. Animals will return 
to the same patch until palatable forage levels in the patch drop 
by 5 to 10%. Tbis is consistent with the findings of Bailey et al. 
(1990) where cattle were rarely observed in the sane location for 
m”re than 2 consecutive days. Usually cattle in this empirical 
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Merit-rich site 
(InmiPle visits) 

Ftg. 8. Prelbniolly simutations of expectations fmm a nmtrtent-rich 
and P nutrient-poor site. Iaitially, the animal has no expectations 
and selects the poor site. Recause the perceived site value is tow, 
only the productive site is selected for 20 days. Repeated encoun- 
ters reinforce expectations, causing the expectation for a feeding 
site to exceed the perceived site value for the tirst few days. The 
standard of comparison (reference value) increases and appmaeh- 
es the expectation kvel io a few days hecause it is P moving aver- 
age of perceived site values from encounters during the last 4 days. 
Repeated encounters with undesirable foraging sites occur rarely 
and are not reinforced. Within 20 days, memory of the encounter 
with the poor site decayed to level where the expectation for the 
poor site is approximately equal to the reference value, and the 
poor site is selected, beginning the next cycle. 
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study moved to another location after 3 to 9% of the standing 
crop, based on calculated forage intake levels (Fox et al. 1988), 
was consumed. 

The simplest prediction is that animals will avoid feeding sites 
with low forage quantity and/or quality. Anecdotal observations 
and the study conducted by Bailey (1995) support such predic- 
tions. The model also describes observed animal responses to abi- 
otic factors such as slope and distance to water. The model inte- 
grates the effects of forage quantity and quality with abiotic fac- 
tors. Sites with better forage conditions will be selected if slope, 
distance to water, and other abiotic factors are equal. 

Another model prediction is that it‘should take animals longer 
to change expectations for a feeding site than to develop the 
expectation. Initially, there are no previous expectations and ani- 
mals quickly develop preferences. Later, previous experiences 
may still influence the decision somewhat even if conditions have 
changed. The influence of previous foraging experiences on sub- 
sequent decisions declines over time because of memory decay 
(or decreasing information value). Empirical studies by Bailey et 
al. (1989b) and Hosoi et al. (1995) showed that cattle acquired 
behaviors more quickly than they changed them. 

Management Implications 

Grazing distribution patterns may be improved through training 
and selection (Roath and Krueger 1982, Walker 1995). Howery 
(1993) found that cattle generally remained within the same home 
range area of a mountain pasture on consecutive years and that 
heifers tended to use same home range areas as their dams. Only 
a few animals may need to be culled to change the grazing pat- 
terns of the herd. Bailey (1995) found that 1 or 2 steers consis- 
tently selected a patch to graze, and the remaining 3 steers fol- 
lowed the lead animal. Sato (1982) reported that cattle could be 
classified as either leaders, followers, or independent with 
regards to movement of a social group during grazing. High rank- 
ing animals in social dominance were usually leaders while low 
ranking animals were independent and did not always follow the 
group. Sato (1982) also suggested that the movement of the group 
was the cumulative result of active movement of high ranking 
animals and independent movement of low ranking animals. 

Naive animals may distribute themselves more evenly since 
their expectations of preferred areas are not as well developed as 
those of experienced animals. However, experienced animals 
may outperform naive animals. They may use nutrient-rich por- 
tions of the landscape more frequently because the expectations 
of these areas are more developed. Experienced animals may 
select a higher quality diet and avoid poisonous plants to a greater 
degree than naive animals (Provenza et al. 1992). 

Expectations of feeding sites are compared with the area sam- 
pled. Livestock should not be placed in preferred areas such as 
riparian areas when they first enter a pasture. They should be 
placed in other areas so that they do not develop high expecta- 
tions of sensitive areas immediately. Fences can be used to 
restrict feeding site alternatives. Feeding sites within a pasture or 
paddock should be as similar as possible to obtain uniform graz- 
ing use (Bailey and Rittenhouse 1989). Enclosing areas with 
divergent vegetation or variable topography within a pasture 
fence usually results in more uneven distribution than if a pasture 
encloses relatively uniform topography and vegetation. 

Conclusions 

Grazing distribution is an important facet of rangeland manage- 
ment. Multiple regression models and other techniques have been 
used to predict distribution patterns, but are usually specific to 
one area. Abiotic factors influencing distribution can be 
described, but few attempts to predict grazing patterns have been 
successful. If we understood the underlying behavioral mecha- 
nisms, we could improve our ability to predict grazing distribu- 
tion patterns and could develop new, innovative techniques to 
improve uniformity of grazing. 

Few studies have examined foraging behavior at multiple 
scales (Senft et al. 1985a, Ward and Saltz 1994, Wallace et al. 
1995), even though large herbivores appear to respond to hetero- 
geneity at multiple scales. Decisions made at larger temporal and 
spatial scales (eg., where to begin grazing) can constrain behav- 
iors that occur at smaller scales. Consequences of decisions made 
at small scales may be integrated and used to make decisions at 
higher levels. Diet selection, movement rates, and other mecha- 
nisms that occur at small scales can at least partially explain 
grazing patterns observed across landscapes and regions. Intake 
rate decreases and movement rate increases if forage availability 
is reduced appreciably. Selection of patches and feeding stations 
which occur at larger scales may also affect grazing distribution 
patterns. 

These foraging mechanisms may be more responsive to man- 
agement than mechanisms that occur at smaller scales. 
Herbivores select nutrient-rich sites more frequently than less 
productive sites in heterogeneous habitats, and they alternate 
among sites in homogeneous habitats. Spatial memory allows 
herbivores to select among patches and feeding sites and should 
improve foraging efficiency, especially at large scales. Empirical 
studies indicate that large herbivores have accurate spatial memo- 
ries. They can remember and avoid locations with little or no 
food. Animals can also remember patches that have been recently 
depleted. 

Several mechanisms that regulate forage intake are highly cor- 
related with body size. Smaller herbivores require less feeding 
time and can spend relatively more time selecting a higher quality 
diet. Larger herbivores may be forced to select lower quality diets 
to maintain intake when forage is limited. Abiotic factors such as 
distance to water and slope are the primary determinants of graz- 
ing distribution and act as constraints in which mechanisms based 
on forage characteristics operate. 

A conceptual model incorporating spatial memory of feeding 
sites and the effects of abiotic factors appears to explain grazing 
and movement patterns observed at larger scales. Continued 
development of this model may provide new insights in grazing 
behaviors of large herbivores and assist in development of innov- 
ative techniques to increase or in some cases decrease uniformity 
of grazing. 

Literature Cited 

Allen, T.F. and T.M. Hoekstra. 1992. Toward-a unified ecology. 
Complexity in Ecol. Sys. Series, Columbia Univ. Press, New York. N.Y. 

Allison, C.D. 1985. Factors affecting forage intake by range ruminants: a 
review. J. Range Manage. 38:305-311. 

Arnold, G.W. and M.L. Dudzinski. 1978. Ethology of Free-Ranging 
Domestic Animals. Elsevier Scientific F’abl., New York, N.Y. 

JOURNAL OF RANGE MANAGEMENT 49(5), September 1996 397 



Astrom, M, P. Lundberg, and K. DaneiL 1990. Partial prey consump- 
tion by browsers: trees as patches. J. Anim. Ecol. 59:287-300. 

Bailey, D.W. 1988. Characteristics of spatial memory and foraging behavior 
in cattle. Ph.D. Diss. Colorado State Univ., Fort Collins, Cola. 

Bailev. D.W. 1995. Daily selection of feeding areas by cattle in homogeneous 
and heterogeneous e.n&mments. Appl. A&. Behav. Sci. 45:183-i99. 

Bailey, D.W. and L.R Rlttenhouse. 1989. Management of cattle distribu- 
tion. Rangelands 11:159-161. 

Bailev. D.W.. L.R Bittenhouse. RH. Hart. and RW. Bichards. 1989a. ~“I 

Characteristics of spatial memory in cattle. Appl. Anim. Behav. Sci. 
23:331-340. 

Bailey, D.W., L.R. Rittenhouse, R.H. Hart, D.M. Swift, and R.W. 
Richards. 198913. Association of relative food availabities and locations 
by cattle. J. Range Manage., 42z480-482. 

Bailey, D.W., J.W. Walker, and L.R Bittenhouse. 1990. Sequential ansiy- 
sis of cattle location: day-today movement patterns. Appl. Anim. Behav. 
Sci. 25: 137-148. 

Barely, D.R 1990. Rules and cues used by sheep foraging in monocultures. 
D. 343-367. In: RN. Hughes (ed.). Behavioral mechanisms of food selec- 
iion. NATO AS1 Series G: E&l. Sciences, Vol. 20. Springer-Verlag. New 
York,N.Y. 

Beatty, WM. and D.A. Shavaiia. 1980. Spatial memory in rats: time course 
of working meomory and effects of anesthetics. Behav. Neural Biol., 
28~454-462. 

Bell, WJ. 1991. Searching behaviour. The behavioural ecology of fmding 
resources. In: D.M. Broom and P.W. Colgau (eds.) Chapman and Hall ani- 
mal behaviour series. Chapman and Hall, London. 

Belovsky, G.B. 1978. Diet optimization in a generalist herbivore: the moose. 
Theomtical. Population Biol. 14:105-134. 

Belovsky, G.E. 1981. Food plant selection by a generalist herbivore: the 
moose Ecol. 62:1020-1030. 

Benhamou, S. 1994. Spatial memory and searching efficiency. Anim. Behav. 
47:1423-1433. 

Blackburn, W.H. 1984. Impacts of graxing intensity and spcciaiixed grazing 
systems on watershed characteristics and responses, p. 927-993. In: 
Developing strategies for rangeland management. Nat. Res. CouncilMat. 
Acad. Sci. Westview Press, Boulder, Colo. 

Burrit, E.A. and F.D. Provenxa 1991. Abiity of lambs to learn with a delay 
between food ingestion and consequences given meals containing novel 
and familiar foods. Appl. Anim. Behav. Sci. 32179-189. 

Burrit, EA. and RD.-Proverma. 1992. Lambs form preferences for non- 
nutritive flavors pad with glucose. J. Anim. Sci. 70:1133-1136. 

CarIile, D.W., J.R Skaiski, J%. Barker, J.M. Thomas, and V.I. CuBinat~ 
1989. Determination of ecological scale. Landscape Bcol. 2:203-213. 

Charles, W.N., D. McCowaa, and K. East. 1977. Selection of upland 
swards by red deer (Cervm Ehphus L.) on Rhum. J. Appl. Ecol. 14%~64. 

Cbarnov, E.L. 1976. Optimal foraging. the marginal value theorem. 
Theoretical Population Biol. 9:129-136. 

Glutton-Brock, T.H, and P.H. Harvey. 1983. The fimctionai significance of 
variation in body sixe among mammals. p. 632663. In: J.F. Eisenberg, and 
D.G. Kleinman (eds.), Advances in the study of mammalian behavior. 
Spec. Publ. Amer. Sot. Mammology. 

Glutton-Brock, T.FL, G.R Iason, and F.E. Guinness. 1987. Sexual segre- 
gation and density-related changes in habitat use in male and female Red 
deer (Cervus eZq&r). J. Zoology, London. 211:275-289. 

Collins, W;B., PJ. Umess. and D.D. Austin. 1978. Elk diets and activities 
on different lodgepold pine habitat segments. J. Wildl. Manage. 
42z799-810. 

Conk, C.W. 1966. Factors affecting utilization of mountain slopes by cattle. 
J. Range Manage. 19:200-204. 

Cook, C.W. l967. Increased capacity through better distribution on mountain 
ranges. Utah Sci. 28:39-42. 

Coppock, D.L., J.E. Ellis, J.K. Detling, and ML Dyer. 1983. Plant-herbi- 
&e in~ractibns in a North Ameri&mixed-grass irairie. II. Responses of 
bison to modification of vegetation by prairie dogs. Oecologia 56:10-15. 

Corfield, T.F. l973. Elephant mortal&-in TsavoPark, Kenya. East African 
Wddl. J. 11:339-368. 

Cougbenour, M.B. 1991. Spatial components of plant-herbivore interactions 
in pastoral, ranching and native ungulate ecosystems. J. Range Manage. 
44~530-542. 

Coughenour, MB. and FJ. Singer. 1991. The concept of overgraxing and 
its application to Yellowstone’s northern range, p. 209230. In: R. Keiter 
and M. Boyce (eds.), The greater Yellowstone ecosystem: redefining 
America’s wilderness heritage. Yale Univ. Press, New Haven, Corm. 

Crawley, MJ. 1983. Herbivo& The dynamics of animai-plaut interactions. 
Studies in Ecology, Vol 10. Univ. of California Press, Berkeley, Calif. 

Cullinnn. V.L and J.M. Thomas. 1992. A comparison of ouantitative meth- 
ods for examining landscape pattern and scale.~Iandscape~Ecol. 2211-227. 

Cuthii. LC., A. Kacelnik, J.R Krebs, P. Haccou and Y. Iwasa. 1990. 
Starlings exploiting patches: the effect of recent experience on foraging 
decisio&. A&L B&v. 4Oz625-640. 

- - 

Demment. M.W. 1982. The scaling of ruminoreticulum size with body 
weight in East African ungulates. &can J. Ecol. 20:4%7. 

Demment, M.W. and G.B. Greenwood. 1988. Forage ingestion: effects of 
sward characteristics and body size. J. Anim. Sci. 662380-2392. 

Demment, MW. and E.A. J&a. 1994. Reductionism and synthesis in the 
grazing sciences: models and experiments, p. 6-16. In: Animal Production 
in Australia, Proc. Australian Sot. for Anim. Prod., Univ. Of Western 
Australia, Perth, Au&. 

Demment, MW. and PJ. Van Soest. 1985. A nutritional explanation for 
body-size patterns of ruminant and nonruminant herbivores. Amer. Natur. 
125&l-672. 

Devenport, J.A. and L.D. Devenporb 1993. Tie-dependent decisions in 
dogs (Canisfamiliaris). J. Comparative Pysch. 107:169-173. 

Davenport, L.D. and J.A. Devenport. 1994. Time-dependent averaging of 
foraging information in least chipmunks and golden-mantled squirrels. 
Anim. Behav. 42787-802. 

Distel, RA., E.A. Laca, T.C. Griggs and M.W. Demment. 1995. Patch 
selection by cattle: maximization of intake rate. in horixontally heteroge- 
neous pastures. Appl. Anim. Behav. Sci. 4511-21. 

Duncan. P. 1983. Determinants of the use of habitat bv horses in a 
Medi&rranean wetland. J. Anim. Ecol. 5293-109. - 

Edwards, G.R., J.A. Newman, A.J. Parsons and J.R Krebs. 1994. Effects 
of scale and spatial distribution of the food resource and animal state on 
diet selection: an example with sheep. J. Anim. Ecol. 63z816-826. 

Entsu, S. l989a. Discrimination between a chromatic colour and a achromat- 
ic colour in Japanese Black cattle. Japanese J. Zootechnical Sci. 
m632-638. 

Entsu, S. l989b. Shape dis crimination training for cattle with a Landolt ring. 
Japanese J. Zootechnical Sci. 60: 542-547. 

Espach, HE., KC. Faien, and L.R Bittenhouse. 1993. Discrimination of 
visual cues in the behavior of horses and sheep. Proc., West. Sec. Amer. 
Sot. Anim. Sci. 44:2X-219. 

False, LJ., J.M. Packard and W.E. Grant. 1989. AI modeling of animal 
movements in a heterogeneous habitat. Ecol. Modeling 4657-72; 

Forbes, T.D.A. 1988. Researching the plant-animal interface: the investiga- 
tion of ingestive behavior in graxing animals. J. Anim. Sci. 66:2369-2379. 

Fox, D.G., C.J. Sniffen and J.D. O’Connor. 1988. Adjusting nutrient 
requirements of beef cattle for animal and environmental variations. J. 
Anim. Sci. 66:1475-1495. 

Giien, R.L., W.C. Krueger, and RF. Miller. 1984. Cattle distribution on 
mountain ranaeland in northeastern Oregon. J. Range. Manage. 
37:549-553. - 

Giigham, M.P. and F.L. BmmeiL 1989. Effects of learning on food selec- 
tion and searchina behaviour of deer. Can. J. Zooloav 67:24-32. 

Grandin, T., KG.bdde, D.N. Schutx, and L.M. B&rns. 1994. The reluc- 
tance of cattle to change a learned choice may confound preference tests. 
Appl. Anim. Behav. Sci. 3921-28. 

Green, R.F. 1984. Stopping rules for optimal foragers. Amer. Natur. 
123:30-40. 

Gross, J.E., P.U. Aikon, and MW. Demment. 199%~ Grouping patterns 
and spatial segregation by Nubian ibex. J. Arid Environ. 30:inpress: 

Gross, J.E., N.T. Hobbs, and B.A. Wunder. 1993a Indencndent variables 
for predicting intake rate of mammalian herbivores: biomass density, plant 
density. or bite sire? Oiios 68:75-81. 

Gross, J.E., L.A. Shipley, N.T. Hobbs, D.E. Spalinger, and B.A. Wunder. 
1993b. Functional response of herbivores in food-concentrated patches: 
tests of a mechanistic model. Ecol. 74778-791. 

Gross, J.E., C. Zank, N.T. Hobbs, and D.E. Spaiinger. 199Sb. Movement 
rules for herbivores in spatially heterogeneous environments: responses to 
small scale pattern. Landscape Ecol. 9(3):in press. 

HanIey, T.A. 1982. The nutritional basis for food selection by ungulates. J. 
Range. Manage. 35:146-151. 

Hardey, T.A. 1984. Habitat patches and their selection by wapiti and black- 
tailed deer in a coastal montane coniferous forest. J. Appl. Ecol. 
21:423-436. 

Hart, RH., J. Biiio, MJ. Samuel, and J.W. Waggoner, Jr. 1993. Grazing 
systems, pasture size, and cattle grazing behavior and gains. J. Range 
Manage. 46~81-87. 

Hill. M.O. 1973. The intensitv of suatial nattem in dant communities. J. 
E&l. 61:225-235. 

396 JOURNAL OF RANGE MANAGEMENT 49(5), September 1996 



Hobbs, N.T. 1990. Diet selection by generalist herbivores: a test of the linear 
programming model. In: R.N. Hughes (rd.), Behavioral mechanisms of 
food selection. NATO AS1 Series G: Ecolo. Sci., Vol. 20. Springer-Verlag, 
New York, N.Y. 

Holecbek, J.L., RD. Peiper, and C.H. Gerbe. 1989. Range management 
principles and practices. Prentice Hall. Englewood Cliffs, NJ. 

Honig, W.K., 1978. Studies of working memory in the pigeon. p. 211-248. 
In: S.H. Hulse, H. Fowler and WK. Honig (eds.). Cognitive processes in 
animal behavior. Erlbaum, Hillsdale, NJ. 

Hooper, J.F. J.P. Workman, J.B. Grumbles and C.W. Cook. 1969. 
Improved livestock distribution with fertilizer: a preliminary economic 
evaluation. J. Range Manage. 22108110. 

Hosoi, E., L.R. Rittenhouse, D.M. Swift and R.W. Richards. 1995. 
Foraging strategies of cattle in a Y-maze: influence of food availability. 
Appl. Anim. Behav. Sci. 43:(m press). 

Howe?, LD. 1993. Social factors influence intraspecific differences in dis- 
tribuhon patterns among individuals in a cattle herd. Ph.D. Dis. Utah State 
univ. Lmzm. ut. 

Huggard, EJ: 1994. A linear programming model of herbivore foraging: 
imorecise. vet successful? Gecoloaia lOlk470-474. 

Hul&, S.H; &d D.K. O’Leary. 1582. Serial pattern learning: teaching an 
alphabet to rats. J. Exp. Psychology Anim. Behav. Processes 8:260-273. 

Hunter, RF. 1962. Hill sheep and their pasture: A study of sheep-graxing in 
south-east Scotland. J. Ecol. 50~651-680. 

Hyman, J.B., J.B. McAnlnch, and D.L. DeAngelis. 1991. An individual- 
based simulation model of herbivory in a heterogeneous landscape, p. 443- 
475. In: M.G. Turner and RH. Gardner leds.). Ouantitative methods in 
landscape ecology. Springer-Verlag, New Yo0rk’N.Y. 

Bhs, A.W. and IJ. Gordon. 1987. The allometry of food intake in grazing 
mminants. J. Anim. Ecol. 56989-999. 

llhs, A.W., and IJ. Gordon. 1990. Constraiots on diet selection and forag- 
inn behaviour in mammalian herbivores. D. 369-393. In: R.N. Hughes 
(I& Behavioural mechanisms of food selec%on. Springer-Verlag, Be&n. 

Janetos, A.C. and BJ. Cola 1981. Imperfectly optimal animals. Behav. 
Ecol. Socio. 9:203-209. 

Jan& CM. and D. Ehrbardt. 1988. Correlation of relative muzzle width 
and relative incisor width with dietary preference in ungulates. Zool. J. 
Liiaean Sot. 92267-284. 

Jarman, PJ. 1974. The social organization of antelope in relation to their 
ecology. Behaviour 58215-267. 

Jig, Z. and RJ. Hudson. 1993. Optimal graxing of wapiti (Cervus elu- 
phw) on grassland: patch and feeding station departure rules. Evolutionary 
Ecol. 7:488-498. 

Johnson, R.A. 1991. Learning, memory, and foraging efficiency in two 
species of desert seed-harvester ants. Ecol. 72:1408-1419. 

Jung, H.G. and LJ. Koong. 1985. Effects of hunger satiation on diet quality 
by graxing sheep. J. Range Mange. 38~302-305. 

KIdunda, RS. and L.R Rlttenhouse. 1992. Temporal selection of spatially 
seoarated Datches based on ~airhe of food and environmental cues. Proc.. 
West. Se& Amer. Sot. An& Sci.?3:408-410. 

KoIasa, J. and CD. RoUo. 1991. The heterogeneity of heterogeneity: a glos- 
sary. p. l-23. In: J. Kolasa, and S.T.A. Pickett (eds.), Ecological hetero- 
geneity. Springer-Verlag, New York, N.Y. 

Kotliar, N.B. and J.A. Wiens. 1990. Multiple scales of patchiness and patch 
structure: a hierarchial framework for the study of heterogeneity. Giios 
s59:253-2fzI __.-- --_. 

Laca, E.A. 1995. Spatial memory and foraging efficiency of cattle. Abstr., 
48th Annu. Meeting. Sot. Range Manage.. 1995, Phoenix. At-ix. 

Laca, EA., Rk Dlstel, T.C. Griggs, G.P. Dee and M.W. Demment. 1993. 
Field test of optimal foraging with cattle: the marginal value theorem suc- 
cessfully predicts patch selection and utilization. p. 709-710 In: Proc., 
KVII Int. Grassl. Congr. Rock Hampton, Queensland, Au&alla. 

Laca, E.A., RA. Diiel, T.C. Griggs, and M.W. Demment. 1994a. Effects 
of canopy structure on patch depression by grazers. Ecol. 75~760-716. 

Laca, EA., E.D. Ungar and M.W. Demment. l994b. Mechanisms of han- 
dling time and intake rate of a large mammalian grazer. Appl. Anim. 
Behav. Sci. 39:3-19. 

Laca, EA., E.D. Ungar, N. Seligman, and M.W. Demment. 1992. Bffects 
of sward height and bulk density on bite dimensions of cattle grazing 
homogeneous swards. Grass Forage Sci. 4291-102. 

Lacey, J.R, K. Jamtgaard, L. Riggle, and T. Hayes. 1993. Impacts of big 
game on private land in southwestern Montana: landowner perceptions. J. 
Range Manage. 46:31-37. 

Laycock, W.A. 1983. Evaluation of management as a factor in the success of 
grazing systems. USDA Forest Serv. Gen. Tech. Rep. INT-157. 

Low, W.A., R.L. Tweedie, C.B.H. Edwards, R.M. Hodder, K.W.J. 
MaIafant. and RB. Cunrdabam. 1981. The influence of environment on 
daily maintenance behavio; of free-ranging Shorthorn cows in central 
Australia. I. General introduction and descriptive analysis of day-long 
activities. Appl. Anim. Ethology 7~1 l-26. 

Lundberg, P.and K. DanelI. 1990. Functional response of browsers: tree 
exploitation by moose. Giios 58:378-384. 

Mangel, M., and C. W. Clark. 1986. Dynamic modeling in behavioral ecol- 
ogy. Princeton Univ. Press, Princeton, NJ. 

Mastel, K.L. 1987. The influence of range site on diet selection, nutrient 
intake, and grazing behavior of cattle. M.S. Thesis, Texas A&M Univ. 
College Station, Tex. 

Milne, B.T., M.G. Turner, J.A. Wiens, and A.R. Johnson. 1992. 
Interactions between the fractal geometry of landscapes and allometric her- 
bivory. Theoretical Population Biol. 41:337-353. 

Mueggler, W.F. 1965. Cattle distribution on steep slopes. J. Range Manage. 
18:255-257. 

Nielsen, D.B. and K. McBride. 1989. Losses on private land due to big- 
mme animals. Utah Sci. 50379-87. 

N&man, J.A., AJ. Parsons, J.H.M. Thomley, P.D. Penning, and J.R 
Krebs. 1995. Optimal diet selection bv a generalist araxina herbivore. 
Functional Ecol. 9:255-268. 

_ - - - 

Newman, J.A., P.D. Penning, J.A. Parsons, AJ. Harvey, RJ. Orr. 1994. 
Fasting affects intake behaviour and diet preference by grazing sheep. 
Anim. Behav. 42185-193. 

Noda, M., K Gushlma, and S. Kakuda. 1994. Local prey search based on 
snatial memorv and exuectation in the nlanktivorous reef fish. Chromis 
c~hrysurus (Pon&entri&). Anim. Behav:47:1413-1422. . 

Novellie, P.k 1978. Comparison of the foraging strategies of blesbok and 
springbok on the Transvalal highveld. South African J. Wildl. Res. 
8: 137-144. 

Olton, D.S. 1978. Characteristics of spatial memory. p. 341-373. In: S.H. 
Hulse, H. Fowler and W.K. Honig (eds.), Cognitive processes in animal 
behavior. Brlbaum, Hillsdale, NJ. - - - 

Gwen-Smith, N. 1979. Assessing the foraging efficiency of a browsing herbi- 
vore, the kudu. South African J. Wildl. Res. 9:102-l 10. 

Gwen-Smith, R N. 1988. Megaherbivores. Cambridge Press, New York, 
N.Y. 

Owen-Smith, N. 1993a. Evaluating optimal diet models for an African 
browsing rumhmnt, the kudu: how constraining are the assumed con- 
straints? Evolutionary Ecol. 1499-524. 

Gwen-Smith, N. 1993b. Assessing the constraints for optimal diet models. 
Evolutionaty Ecol. 7~530-531. 

Gwen-Smith, N. 1994. Foraging responses of kudus to seasonal changes in 
food resources: elasticity in constraints. Ecol. 75:1050-1062. 

Gwen-Smith, N. and P. Novellie. 1982. What should a clever ungulate eat? 
Amer. Natur. 119:151-178. 

Parra, R 1978. Comparison of foregut and hindaut fermentation in herbi- 
vores. p. 209-229 in: G.G. Montgomery @l&The ecology of arboreal 
folivores. Smithsonian Inst. Press, Washington, D.C. 

Parsons, A.J., J.H.M. Thornley, J. Newman, and P.D. Penning. 1994. A 
mechanistic model of some physical determinants of intake rate and diet 
selection in a two-species temperate grassland sward. Functional Bcol. 
8:187-204. 

Penning, P.D., A.J. Parsons, R.J. Orr, and G.E. Hooper. 1994. Intake and 
behaviour responses by sheep to changes in sward characteristics under 
rotational grazing. Grass Forage Sci. 49:476-486. 

Pinchak, W.E. MA. Smith, RH. Hart, and J.W. Waggoner, Jr. 1991. 
Beef cattle distribution patterns on foothill range. J. Range Manage. 
44~267-275. 

Provenxa, F.D. 1991. Viewpoint: range science and range management are 
complementary but distinct endeavors. J. Range Manage. 44~181-183. 

Provenza, F.D. 1995. Postingestive feedback as an elementary determinant of 
food selection and intake in nnninants. J. Range Manage. 482-17. 

Provema, F.D. and RP. Clncotta. 1993. Foraging as a self-organizational 
learning process: accepting adaptability at the expense of predictability, p. 
78-101. In: R.N Hughes (ed.), Diet selection. An interdisciplinary 
approach to foraging behavior. Blackwell Scientific Publ., Oxford. 

Provena, F.D., J.A. Pfirer, and CD. Cheney. 1992. Mechanisms of learn- 
ing in diet selection with reference to phytotoxicosis in herbivores. J. 
Range Manage. 45~36-45. 

Pyke, G.H. 1984. Optimal foraging theory: a critical review. Ano. Rev. Bcol. 
15~523-575. 

Real, L.A. 1991. Animal choice behavior and the evolution of cognitive 
architecture. Sci. 253:980-986. 

Ripley, B.D. 1978. Spectral analysis and the analysis of pattern in plant com- 
munities. J. Ecol. 66965-981. 

Richards, RT. and L. Huntsinger. 1994. Variation in BLM employee atti- 
tudes toward environmental conditions on rangeland. J. Range Manage. 
47:365-368. 

Roath, L.R. and W.C. Krueger. 1982. Cattle grazing and behavior on a 
forested range. J. Range Manage. 35~332-338. 

JOURNAL OF RANGE MANAGEMENT 49(5), September 1996 399 



Roberts, WA. and N. Van Veldt&m. 1985. Spatial memory in pigeons on 
the radial maze. J. Exp. Psychology Anim. Behav. Processes 11:241-260. 

Ruyle, G.B. and D.D. IDwyer. 1985. Feeding stations of sheep as an indicator 
of diminished forage supply. J. Anim. Sci. 61:349-353. 

Saarenmaa, H., N.D. Stone, LJ. False, J.M. Packard, WX. Grant, MR. 
Makela, and R.N. Coulson. 1988. An artificial intelligence modeling 
approach to simulating animal/habitat interactions. Ecol. Modeling 
44:125-141. 

Sato, S. 1982. Leadership during actual grazing in a small herd of cattle. 
Appl. Anim. Etho. 853-65. 

Scam- D.L., AS. Nastis, and J.C. MaIechek. 1985. Effects of forage 
availability on graxing behavior of heifers. J. Range Manage. 38:177-180. 

Schoener, T.W. 1971. Theory of feeding strategies. Ann. Rev. Ecol. Systems 
2:36m. 

Se&t, ILL. 1989. Hierarchical foraging models: effects of stocking and land- 
scape composition on simulated resource use by cattle. Ecol. Modelmg 
46%33-303. 

Senft, RL., MB. Coughenour, D.W. Bailey, LB. Kittenhouse, OR Sala, 
and D.M. Swift. 1987. Large herbivore foraging and ecological hierar- 
chies. BioScience 31789-799. 

Senft, RL., L.R Hittenhouse, and RG. Woodmansee. 1983. The use of 
regression equations to predict spatial patterns of cattle behavior. J. Range 
Manage. 361553-557. 

Se&, RL., L.R Rittenhouse, and RG. Woodmansee. 198%. Factors 
influencing patterns of cattle behavior on shortgrass steppe. J. Range 
Manage. 38:82-87. 

Sent& RL., L.R. Hittenhouse, and RG. Woodmansee. 198% Factors 
influencing selection of resting sites by cattle on shortgrass steppe. J. 
Range Manage. 38295-299. 

Shank, C.C. 1982. Agesex differences in the diets of wintering rocky moun- 
tain bighorn sheep. Ecol. 63627-633. 

Shipley, L.A., J.E. Gross, D.E. Spalinger, N.T. Hobbs, and B.A. Wunder. 
1994. The scaling of intake rate in mammalian herbivores. Amer. Natur. 
143:1055-1082. 

Shipley, L.A., D.E. Spalinger, J.E. Gross, and N.T. Hobbs, and B.A. 
Wunder. 1996. The dynamics and scaling of foraging velocity and 
encounter rate in mammalian herbivores. Functional Ecol. IO: (in press). 

Skovlin, J.M. 1957. Range riding- the key to range management. J. Range 
Manage. 10:269-271. 

Smitb, J.N. M. 1974. The food searching behaviour of two European thrush- 
em. II. The adaptiveness of the search patterns. Behav.. 49:1-61. 

Smith, M.S. 1988. Modelling: three approaches to predicting how herbivore 
impact is distributed in rangelands. New Mexico State Univ. Agr. Exp. Sta. 
Res. Rep. 628. 

Spalinger, D.E. and N.T. Hobbs. 1992. Mechanisms of foraging in mam- 
malian herbivores: new models of functional response. Amer. Natur. 
140:325-348. 

Staddon, JJLR. 1983. Adaptive behavior and learning. Cambridge Univ. 
Press, Cambridge, U.K. 

Stenseth, N.C. and L. Hansson. 1979. Optimal food selection: a graphic 
model. Amer. Natur. 113:373-389. 

Stephens, D.W. and J.R Krebs. 1986. Foraging Theory- Princeton Univ. 
Ress, Princeton, NJ. 

Stuth, J.W. 1991. Foraging behavior, p.65-83. In.- R.K. Heitschmidt and 
J.W. Stuth (eds.). Grazing management: an ecological approach. Tiiber 
Fvess, Portland, ore. 

Thornley, JJLM., AJ. Parsons, J. Newman, and PD. Penning. 1994. A 
cost-benefit model of grszing intake and diet selection in a two-species 
temperate grassland sward. Functional Ecol. 8%16. 

Thouless, CR 1990. Feeding competition between grazing red deer hinds. 
Anim. Behav. 40:105-111. 

Turner, M.G. 1989. Landscape ecology: the effect of pattern on process. 
Amm. Rev. Ecol. Sys. 20:171-197. 

Turner, M.G., Y. Wu, W.H. Romme and L.L. Wallace. 1993. A landscape 
simulation model of winter foraging by large ungulates. Ecol. Modeling 
69:163+X 

Turner, S.J., R.V. O’Neill, W. Conley, M.R. Conley, and H.C. 
Humphries. 1991. Pattern and scale: statistics for landscape ecology, p. 
1749. In: M.G. Turner and RH. Gardner @is.), Quantitative methods in 
landscape ecology. Springer-Verlag. New York, N.Y. 

Ungar, ED. and L Noy-Meir. 1988. Herbage intake in relation to availabii- 
ty and sward structure: graxing processes and optimal foraging. J. Appl. 
Eml. 25:1045-1062. 

U.S. Fish and Wildlife Service. 1976. Habitat evaluation procedures. Div. 
Bcol. Serv. 

Valentine, K.A. 1947. Distance from water as a factor in grazing capacity of 
rangeland. J. Forest. 42749-754. 

Vavra, M. 1992. Livestock and big game forage relationships. Rangelands 
1457-59. 

Waker, J.W. 1995. Viewpoint: grazing management and research now and 
in the next millennium. J. Range Manage. 48:35&357. 

Wallace, L.L., M.G. Turner, W.H. Romme, RV. O’Neil, and Y. Wu. 
1995. Scale of heterogeneity of forage production and winter foraging by 
elk and bison. Landscape Ecol. 10:75-83. 

Wnllace, MC. and P.R Krausmnn. 1987. Elk, mule deer, and cattle habi- 
tats in central Arizona. J. Range Manage. 40:80-83. 

Ward, D. 1992. The role of satisficing in foraging theory. Oikos 63312-317. 
Ward, D. and D. S&x. 1994. Foraging at different spatial scales: dorcas 

gazelles foraging for lilies in the negev desert. Ecol. 75:48-58. 
Westoby, M. 1974. The analysis of diet selection by large generalist herbi- 

vores. Amer. Natur. 108:290-304. 
Wickstmm, ML., C.T. Robbii, T.A. Hartley, DE. Spalinger, and SM. 

Parish. 1984. Food intake and foraging energetics of elk and mule deer. J. 
WM. Manage. 48:1285-1301. 

Williamson, I)., J. Williamson, and K.T. Ngwamotsoko. 1988. Wildebeest 
migration in the Kalahari. African J. Ecol. 26:269-280. 

Wilmhurst, J.F., J.M. Fryxell, and RJ. Hudson. 1995. Forage quality and 
patch choice by wapti (Cervus elaphlcs). Behav. Ecol. (m press). 

Yeo, JJ., J.M. Peek, W.T. Wittinger, and CT. KvaR 1993. Influence of 
rest-rotation cattle grazing on mule deer and elk habitat use in east-central 
Idaho. J. Range Manage. 46:245-250. 

400 JOURNAL OF RANGE MANAGEMENT49(5), September 1996 



J. Range Manage. 
49:401-406 

Habitat use by white-tailed deer on cross timbers 
rangeland following brush management 

DAVID M. LESLIE, JR., RODERICK B. SOPER, ROBERT L. LOCHMILLER, AND DAVID M. ENGLE 

Authors are unit leader, U.S. National Biological Service, Oklahoma Cooperative Fish and Wildlife Research Unit; for- 
mer research assistant and professor, Department of Zoology; and professor, Depatiment of Agronomy, Oklahoma State 
University, Stillwater, Okla. 74078. Present address for Roderick B. Soper: Phenir Environmental, Inc., 30 Broadway Suite 
207, Kingston, N.Y. 12401. Reprint requests should be sent to David Leslie 

Abstract 

Seasonal habitat use by white-tailed deer (Odocoihs virgini- 
anus Zimmerman) was monitored with radio telemetry in 
1988-89 to determine responses to experimental brush treat- 
ments, 5-6 years post-treatment, in the cross timbers region of 
central Oklahoma. The study area was a mosaic of brush treat- 
ments: tebuthiuron (N-[5-(l,l-dimethylethyl)-1,3,4-thiazol-2-y- 
l]-N,N’-dimethylurea) herbicide, tebuthiuron with an annual 
spring burn, triclopyr ([(3,5,6-trichlor-2-pyridinyl)oxy] acetic 
acid) herbicide, triclopyr with an annual spring burn, and no 
herbicide with annual spring burning. Control areas with no 
burning or herbicide applications also were evaluated. 
Herbicides were applied in 1983, and fib-es were initiated in 1985. 
Ammal home range (95% harmonic mean) averaged 99.9 ha, and 
no differences in size among seasons or between sexes were 
observed. Both sexes selected and avoided specific brush treat- 
ments throughout the year. Female deer selected or avoided 
more human-altered habitats in specific contrasts of main treat- 
ment groups (e.g., treated vs. control, herbicide vs. no herbicide, 
tire vs. no fire, etc.) than males. Both sexes selected fire treat- 
ments in summer and were most particular in their choice of 
main treatment groups in summer and fall. Habitat use between 
the sexes was most similar in winter and most disparate in fall. 
The mosaic of habitat types resulting from the variable herbicide 
and burn application pattern probably intluenced deer habitat 
use in the cross timbers region through combined effects of 
increased mid-story cover and forage production as they relate to 
reproductive activities and nutritional needs of female deer in 
particular. 

Key Words: wbite-tailed deer, Odocoileus virginlanus, herbicides, pre- 
scribed burning, habitat use, Oklahoma. 

The cross timbers is a western extension of the Ozark plateau, 
oak-hickory ecosystem and contains about 19 million ha of 
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upland hardwood forest-tallgrass prairie in the central United 
States (Garrison et al. 1977, Soil Conser. Serv. 1981). Livestock 
production in these oak-dominated rangelands is relatively low 
due to poor production of herbaceous forage (Scifres 1980). 
Brush management programs that selectively remove unwanted 
woody species and increase herbaceous forage production (e.g., 
herbicides and fire) can benefit both white-tailed deer and live- 
stock (Darr and Klebenow 1975, Scifres 1980, Rollins 1987). 

Habitat use by white-tailed deer after removal of woody over- 
story with herbicides and fire has not been examined in cross tim- 
bers rangeland. Our recent work there, however, suggested that 
(1) herbicide treatment can improve browse quality up to 6 years 
post-treatment (Soper et al. 1993a) and (2) concomitant increases 
in diet quality may influence physical condition of deer because 
they are heavier on treated areas than nontreated areas (Soper et 
al. 1993b). In other habitat types, initial improvements in browse 
and forb production have been demonstrated following applica- 
tions of 2,4,5-T ((2,4,5trichlorophenoxy) acetic acid), picloram 
(4amino-3,5,6-trichloropicoliic acid), 24-D ((2&dichlorophe- 
noxy) acetic acid), tebutbiuron (N-[5-(l,l-dimethylethyl)-1,3,4- 
thiazol-2-y-l]-N,N’-dimethylurea), triclopyr ([(3,5,6-trichlor-2- 
pyridinyl)oxy] acetic acid), and glyphosate (N-(phospho- 
nomethyl)glycine) (Scifres and Mutz 1978, Scifres 1980). 
Behavioral and populational responses of white-tailed deer to 
herbicide-induced vegetation changes vary considerably and 
appear to be partly dependent on habitat type and region (Davis 
and WinkJer 1968, Beasom and Scifres 1977, Quinton et al. 1979, 
Beasom et al. 1982, Jnglis 1983, Rollins et al. 1988, Fulbright 
and Garza 1991). 

Our objective was to evaluate habitat use by female and male 
white-tailed deer on areas treated with herbicides, prescribed fire, 
and both in the cross timbers. White-tailed deer generally respond 
favorably to such human-induced habitat alterations, which create 
edge and early succesional communities (Crawford 1984, Smith 
1991). Chemical and mechanical brush management techniques 
are used primarily to set back successional stages to increase pri- 
mary production (Scifres 1980). As a result, we hypothesized that 
white-tailded deer would selectively use herbicide-treated and 
burned cross timbers rangeland. We also hypothesized that 
female and male deer would use disparate treated habitats season- 
ally depending on their physiological and behavioral needs rela- 
tive to reproduction (Jet&s et al. 1994). 

JOURNAL OF RANGE MANAGEMENT 49(5), September 1996 401 



Study Area 

The Cross Timbers Experimental Range (CTER), located 11 
km southwest of Stillwater, Oklahoma (36”3’N, 97’1O’W), is a 
640-ha research area that was established in 1983 to evaluate 
responses of vegetation, livestock, and wildlife to management of 
woody vegetation. The CTER was divided into 20 fenced 32-ha 
pastures of 5 brush treatments in a completely randomized design 
with 4 blocks: (1) tebuthiuron; (2) tebuthiuron with ammal spring 
burn; (3) triclopyr; (4) triclopyr with annual spring burn; and (5) 
untreated controls. Two additional pastures with annual spring 
burns but no herbicide treatment and control areas with no burn- 
ing or herbicide applications adjacent to the Experimental Range 
also were included in this study. Each herbicide was applied aeri- 
ally at a rate of 2.2 kg a.i. ha-’ (tebuthiuron, Mar 1983; triclopyr, 
June 1983), and prescribed burning was done in April 1985 to 
1987. Therefore, habitat use by white-tailed deer of treatments 
was evaluated 5-6 years post-herbicide treatment. 

Upland hardwood forests were dominated by blackjack oak 
(Quercus marilandica Muenchh.) and post oak (Q. stellata 
Wangenh.) on coarse-textured soils; tallgrass prairie was inter- 
spersed throughout the (CTER) on fine-textured soils (Ewing et 
al. 1984, Gray and Star&e 1970); and bottomland forests were 
restricted to intermittent stream bottoms. Treatments were 
blocked by the soil and cover types of individual pastures to 
ensure thorough representation of upland/hottomland forests and 
prairie in the experimental design. Understory woody species 
were dominated by coralberry (Symphoricarpos orbiculatus 
Moench.), eastern redcedar (Junipems virginiana L.), poison ivy 
(Rhus radicans L.), roughleaf dogwood (Comus drummondi 
Meyer), redbud (Cercis canadensis L.), and American elm 
(Ulmus americana L.). Dominant herbaceous vegetation included 
little bluestem [Schizachrium scoparium (Michx.) Nash], indian- 
grass [Sorghastrum nutans (L.) Nash], western ragweed 
(Ambrosia psifostachya D.C.), and rosette panicgrass (Panicnum 
oligosanthes Schultes) (Ewing et al. 1984). 

Before treatment, upland forests varied from open hardwood 
over-stories with productive herbaceous forage to closed oversto- 
ries with negligible understory production (Lochmiller et al. 
1995). Tebuthiuron greatly reduced hardwood understory and 
overstory and increased herbaceous production (Engle et al. 
1991, Stritzke et al. 1991). Triclopyr reduced hardwood oversto- 
r-y, moderately increased herbaceous production, and produced a 
dense understory of resprouting and herbicide-resistant woody 
species. Tebuthiuron had a more consistent tree kill (52 to 99%) 
than triclopyr (8 to 100%) (Stritzke et al. 1987). Untreated habi- 
tats had a dense woody canopy, little herbaceous cover, and mod- 
erate amounts of woody under-story (Engle et al. 1991, Stritzke et 
al. 1991). Prescribed burning did not greatly alter woody vegeta- 
tion, but it reduced cover of eastern redcedar (Stritzke et al. 
1991), improved gains of stocker cattle (McColhun et al. 1987), 
and increased nutritional quality of selected herbaceous forages 
(Bogle et al. 1989). All experimental pastures were stocked with 
yearling cattle from early spring to fall with the goal of 50% uti- 
lization of annual forage production (Stritzke et al. 1991). 

Methods 

Deer were captured with a drop net (Ramsey 1968) or 
Stephenson box trap (Masters 1978); both were baited with whole 

kernel corn. Deer were ear tagged with numbered cattle tags and 
fitted with radio transmitters. Whenever possible, each animal 
was located during 4 activity periods/day (0600-0900, 
1200-1500,180&2100, and 2200-2400 hours) and 4 days/week 
during winter (Jan-Feb), spring (Apr-May), summer (Jul-Aug), 
and fall (Ott-Nov) 1988-89. Three-element Yagi antennae and 
portable receivers (Wildliie Materials, Inc., Carbondale, Ill.) were 
used to collect a minimum of 3 compass bearings/location 
(Heezen and Tester 1967). Compass bearings were taken at 38 
treatment intersections throughout the Cross Timbers 
Experimental Range (CTER) (Soper 199278). Locations were 
plotted in the field on enlarged 1:24,000 U.S.G.S. topographic 
maps with an overlay of the CTER to insure proper treatment 
assignment. 

Telemetry accuracy was determined with 13 stationary radio 
transmitters placed at various locations on the CTER that were 
unla-~own to observers. Bearing errors ranged from 0 to 17” and 
averaged 3”, and average distance from observer to radiocollared 
deer was < 0.8 km. Given these criteria, our error polygon aver- 
aged 1.2 ha. Therefore, if an observation was made > 120 m from 
a treatment border, observers walked toward the bearing intersec- 
tion to accurately determine which treatment the animal was in. 

Seasonal and annual home ranges were calculated with the 95% 
harmonic mean distance method (Dixon and Chapman 1980, 
Boulanger and White 1990) using McPAAL (M. Stuwe and C. E. 
Blohowiak, Conserv. Res. Center Natl. Zool. Park, Smithsonian 
Inst., Front Royal, Va.). A Zway analysis of variance (SAS Inst. 
1985) with sex and season as main effects was used to determine 
if home range diiered in size. 

Seasonal habitat use by sex was evaluated with chi-square 
analyses (Neu et al. 1974, Byers et al. 1984) by comparing the 
total number of locations observed within a treatment (use) to the 
total area of each treatment (availability) in composite seasonrd 
home ranges of each sex. Following Gould and Jenkins (1993), 
we pooled individual deer by sex seasonally for these analyses 
because we were interested in (1) populational rather than indi- 
vidual responses to treatments and (2) limited sample sizes in 
some seasons precluded a rigorous evaluation of individual vati- 
ability in habitat use. Individual deer were not noticeably dis- 
parate in their use of the CJ’ER. We analyzed seasonal habitat use 
by year and also pooled data between years because of small 
sample sizes in some seasons. When a significant (P < 0.05) dii- 
ference between habitat use and availability occurred, treatment 
selection or avoidance was inferred by calculating simuhaneous 
95% Bonferroni confidence intervals (Neu et al. 1974). Chi- 
square analyses also were employed for each sex to test specific 
contrasts that compared deer use of main treatment groups; i.e., 
fire vs. no fire, triclopyr vs. tebuthiuron, herbicide vs. no herbi- 
cide, and treated vs. control. 

ReSUltS 

Ten female 6 age = 3 yrs) and 7 male (2 yearlings and 5 ca. 8 
months old) deer were captured and marked from December 1987 
to February 1989. We obtained 3,042.relocation.s of marked deer 
with an average of 190 relocations per sex per season (female 
range = 141-388; male = 56-305). Annual home range of indi- 
vidual deer averaged 99.9 ha and ranged seasonally from 82.4 -F 
8.12 (SE) ha in summer to 122.89 2 21.61 ha in winter. Seasonal 
home range size did not vary (P > 0.05) among seasons or 
between sexes. 
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Considerable variation and differences between sexes existed in 
use of brush treatments by white-tailed deer (Table 1). For exam- 
ple, both sexes often selected or avoided a particular treatment in 
a given season in 1 year but not the other. Instances of seasonal 
selection or avoidance were least common (i.e., an indication of 
use in proportion to availability) on tebuthiuron and no herbicide 
+ fire treatments. Instances of seasonal avoidance were most 
prevalent on tebuthiuron + fire and non-treated areas, and 
instances of seasonal selection were most prevalent on triclopyr + 
fire treatments. Nevertheless, most treatments (68%) were used 
seasonally in proportion to their availability (Table 1). 

To minimize the effect of small sample size in some seasons 
and maximize our ability to detect significant populational pat- 
terns in treatment use by sex, we pooled each season by year. 
Again, the majority of treatments (56%) were neither selected or 
avoided in most seasons, but avoidance of non-treated areas by 
both sexes was apparent, particularly in summer and fall (Table 
2). Females selected triclopyr treatments in winter and spring, tri- 
clopyr + fire treatments in spring, and tebuthiuron -I- fire treat- 
ments in summer and fall. In contrast, males selected triclopyr + 
fire treatments in summer and fall, non-treated areas in winter, 
and tebuthiuron treatments in fall. Males were the most particular 
about treatment use in fall when they selected 2 and avoided 4 
treatments (Table 2). The seasonal percent similarity of observed 
use of treatments between sexes decreased linearly from winter 
through fall (winter = 89.4%, spring = 74.1%, summer = 64.3, 
and fall = 54.0%); i.e., 54.0% of the composite home ranges of 
females and males had the same treatments in common. 

Deer use of main treatment groups indicated that females 
selected or avoided main treatments in 12 of 16 contrasts, but 
males only selected or avoided treatments in 4 of 16 contrasts 
(Table 3). Females selected treated areas and avoided non-treated 
areas in spring, summer, and fall. Females selected tebuthiuron 
treatments over triclopyr treatments in summer and fall but dis- 
played the opposite in winter. Males did not select or avoid any 
main treatments in spring but selected fire and triclopyr treat- 
ments in fall and treated areas in winter. Both sexes selected fire 

treatments in summer and were most particular in their choice of 
main treatments in summer and fall. 

Discussion 

Vegetational changes on the Cross Timbers Experimental 
Range (CTER) have varied with specific brush management 
treatments and time since application, resulting in widely dis- 
parate habitat types (Engle et al. 1991, Stritzke et al. 1991). 
Wildlife responses to herbicides and prescribed burning on the 
CTER also have varied among the parasites (Boggs et al. 199Oa, 
1990b, 1991a, 1991b, Boren et al. 1993a), birds (Boren et al. 
1993b, Schulz et al. 1992a, 1992b), and mammals (Lochmiller et 
al. 1991, 1995, McMurry et al. 1993a, 1993b, 1994, Soper et al. 
1993a, 1993b) that we have been able to investigate 3 to 8 years 
post-treatment. In general, we have documented positive, nega- 
tive, and neutral effects of the multi-faceted brush management 
on the CI’ER to trophic, populational, and nutritional characteris- 
tics of individual wildlife species, which have altered parasite 
burdens, physical condition, and community composition. 
Because we did not evaluate habitat use by whit&ailed deer prior 
to brush treatment, we cannot conclude that patterns of observed 
use after treatment represented an overall change in landscape 
use; however, our observations suggest that some treatments 
could be of greater benefit to white-tailed deer than others. 

Tebuthiuron effectively controlled hardwood species, mini- 
mixed resprouting, and permitted release of monocot-dominated 
forage of potentially high seasonal nutritional value (Bogle et al. 
1989) to whim-tailed deer. However, such areas generally lacked 
cover preferred by deer (Crawford 1984, Smith 1991). Pooled by 
year, females selected tebuthiuron + fire treatments in summer 
and fall, and males selected them without fire only in fall. Forage 
quality declined markedly in late summer and early fall in 
untreated cross timbers, but tebuthiuron areas provided an abun- 
dant, high quality mix of browse, grasses, and forbs. Relative to 
pretreatment conditions in 1983, grass and forb production on 
tebuthiuron treatments increased 60% by 1987 compared to tri- 

Table 1. Seasonal use, as a percentage of total radio locations, by female and male whit&ailed deer of tebuthiuron (Teb) with and without tke, tri- 
clopy-r Qkic) with and without fire, no herbicides (Herb) with fire, and no brush treatment on the Cross Timbers Experimental Range, Oklahoma. 

SElSOll 

Observed use 
Radimllared Radio NoHerb+ No 

Sex Deer LocatiOnS Teb Teb+Fii Tric Tric+Fm Fire Treatment 

Winter 1988 

Spring 1988 

Summer 1988 

Fall 1988 

Winter 1989 

Spring 1989 

Summer 1989 

Fall 1989 

W.) 
F 8 
M 3 
F 6 
M 3 
F 4 
M 2 
F 6 
M 2 
F 5 
M 5 
F 5 
M 5 
F 5 
M 4 
F 5 
M 3 

(No.) - 
141 
107 
174 
67 

203 
85 

211 
56 

168 
204 
209 
170 
388 
305 
342 
212 

- - - - - - - - - - - 
9.9 

12.1 
9.8 

14.9 
9.4 

14.1 
6.2 

46.4 
29.8+ 
29.9 
15.7 
16.5 
19.6 
15.4 
26.3 
11.4+ 

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

9.2-l 38.3 
11.2 38.3 
11.5- 24.7 
9.0 31.3 

20.2 23.6 
15.3 9.4 
20.4 21.3 
5.4- 1% 

16.7 19.Ot 
5% 15.7- 

20.6 35s 
9.4 21.8 

29.4+ 21.1+ 
8.0 12.5 

31.3+ 15.2 
3.3 0.9- 

------------ 
25.5+ 
20.6 
14.4+ 
34.3 
15.3 
40.0 
2% 

42.9+ 
5% 

14.2 
4.3 

25.3 
4.1 

22.2+ 
7.6 

28.3+ 

------------- 
2.2 14.9 
4.7- 13.1- 

23.5 16.1 
1.5- 9.0 

17.7 13.8 
0 21.2 

13.8 35.5 
0 3.5 
3.0 25.6 
0.5 18.4+ 
4.8 18.7- 
0.6 26.4 
3.1 22.7- 
0.3 41s 
2.6 17.0- 
0.9- 55.2- 

&niticant s&ctioo (+) or avoidance (-) of treatments relative to availabiity from simultaneous 95% Bonferroni confidence intervals (Nue et al. 1974). 
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Table 2. Seasonal use (1988 and 1989 pooled), as a percentage of total radio locations, by female and male white-tailed deer of tebuthiuron @eb) with 
and without fire, triclopyr (Tric) with and without fue, no herbicides (Herb) with fire, and no brush treatment on the Cross Tiibers Experimental 
Range, Oklahoma. 

Observed use 
Radiocollared Radio NoHerb+ No 

season Sex Dee? LocatiOnS Teb Teb+Fm Tric Ttic+Fire Fire Treatment 

VW (No.) ------_------_--------------- (46)- ----------- - ---------------_ 
Winter F 5-8 309 20.7 13.3 27.8+* 14.9- 2.6 20.7 

M 3-5 311 23.8 7.7- 23.5 6.4 1.9 26.7+ 
SPt% F 5-6 383 13.1 16.4 30.8+ 8.9+ 13.3 17s 

M 3-5 237 16.1 9.3 24.5 7.8 0.8- 21.5 
Sumtuer F 4-5 591 16.1 26.2+ 22.0 8.0 8.1 19.6 

M 2-4 390 15.1 9.5 11.8 26.1+ 0.3 37.2- 
Fall F 5-6 553 18.6 27.1+ 17.5 5.8- 6.9 24.1- 

M 2-3 268 18.7i 3.7- 1.1- 31.4+ 0.7- 44.4- 
&ge of radiowUamd deer io combined seasons. 

S@icant .sele&oo (+) or avoidance (-) of treatments relative to avaihbiity from simoltanwus 95% Bonfcrroni contidence intervals (Neu et al. 1974). 

clopyr treatments and 7,000% compared to control areas (Engle 
et al. 1991, Stritzke et al. 1991), which coupled with low forage 
quality on other parts of the CTJZR likely attracted deer to them. 

Triclopyr was less effective at removing woody overstory 
species than tebuthiuron and was ineffective at controlling 
resprouting, which resulted in abundant browse production with 
concomitant suppression of herbaceous forage production @ngle 
et al. 1991). We speculated that triclopyr-treated areas would be 
particularly attractive to deer because of the increased midstory 
vegetation, which would provide abundant (Stritzke et al. 1991) 
and nutritious (Soper et al. 1993a) browse and dense horizontal 
cover (Schulz et al. 1992a). Pooled by year, female deer selected 
triclopyr treatments, sometimes in combination with prescribed 
burning, in winter and spring, and males selected them in summer 
and fall. Selection of triclopyr treatments by females coincided 
with gestation when nutrition and protective and thermal cover 
are important (Dusek et al. 1989, Smith 1991). In contrast, males 
selected triclopyr treatments during antler growth in summer 
when nutrition was critical (Hesselton and Hesselton 1982). 

Prescribed burning, with or without herbicides, did not com- 
pletely control regrowth of woody overstory species because of 
insufficient fuel loads, but it did increase seasonal gains in body 
mass of cattle by 24% compared to 8% improvement in gains on 
unburned herbicide-treatments (McColhnn et al. 1987). Because 
of (1) that positive nutritional influence to cattle, (2) prolonged 
forb production when burning and herbicides were used together 
(Engle et al. 1991), and (3) positive effects of brush treatment on 
weights of deer (Soper et al. 1993b), we speculated that deer 

-would select burned areas, at least seasonally. Pooled by year, 
female deer selected burned treatments, sometimes in combina- 
tion with herbicides, in spring, summer, and fall, but males 
selected them only in summer. Any nutritional gaiu obtained by 
females during late gestation (spring), lactation (summer), and 
prior to breeding (fall) from burned treatments would be advanta- 
geous. Similarly, male deer could have derived benefit during 
antler growth in summer and prior to rut on burned treatments. 

Our analyses of main treatment groups supported our hypothe- 
sis that deer would select treated areas over untreated areas; how- 
ever, females were considerably more selective of human-altered 
habitats than males. Females selected fire treatments in 2 of 4 
seasons and herbicide treatments in 3 of 4 seasons, and they 
avoided control areas in 3 of 4 seasons. In contrast, males only 
selected fire treatments in 2 of 4 seasons and avoided control 
areas in 1 of 4 seasons. No clear pattern of selection or avoidance 
of triclopyr and tebuthiuron treatments was apparent for either 
sex. The disparities in selection and avoidance of main treatment 
groups by male and female deer supported our hypothesis of dif- 
ferential habitat use between sexes. The greatest percent similari- 
ty in composite home ranges occurred in winter (89.4%), and the 
least occurred in fall when 54% of habitats in.respective ranges 
were disparate. McCullough et al. (1989) also observed the high- 
est overlap between female and male white-tailed deer in 
Michigan in January (ca. 65%), but it was lowest (40.8%) during 
fawning in May. The considerably higher peak overlap in winter 
in our study compared to McCullough et al. (1989) probably was 
due to our radiocollared sample of males that was dominated by 

Table 3. Seasonal contrasts of main treatment groups, as a percentage of total radio locations, by female and male white-tailed deer on the Cmss 
Timbers Experimental Range, Oklahoma, 1988-1989. 

season Sex Fm vs. No Eke. 
Contrasts of observed use 

Herbicide vs. No Herbicide Tric vs. Teb Treated vs. Control 
---- ----------__----_------------ (%) _-__---___r-____: ---_- ----- T--i7 

Winter F 30.7~/69.3+’ 76.7123.3 55.7+144.3- 79.3 l20.7 
M 26.0 ri’4.0 71.4128.6 55.8 144.2 73.3+/26.7- 

Spring F 43.9+/56.1- 69.2+l30.8- 57.4 142.6 82.5+117.5- 
M 38.0 162.0 77.6 R2.4 67.4 t32.6 78.5 Rl.5 

Summer F 42.3+/57.7- 72.2427.8- 41.~/58.6+ 80.4+/19.6- 
M 35.9+164.1- 62.6 137.4 60.6 139.4 62.8 L37.2 

Fall F 39.8 160.2 69.1+l30.9- 33.8~166.2+ 75.9+LM.l- 
M 36.5+/63.5- 54.8 145.2 59.2+140.8- 55.6 144.4 

‘Significant selection (+) or avoidance (-) of treatment contrasts mlative to availability from simultaneous 95% Bonferoni confidence intervals (Nu et al. 1974). 
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individuals < 2 years old; yearling males probably were still using 
areas of, or associating with, their natal family groups (Hirth 
1977, Dusek et al. 1989). Nevertheless, sexual segregation in 
white-tailed deer occurs seasonally and theoretically minimizes 
intersexual competition (McCullough et al. 1989). 

Females selectively used the mosaic of herbicide and burned 
treatments on the Cross Timber Experimental Range (CTER) to a 
considerably greater extent than males and demonstrated some 
degree of selection in all seasons, coincident with major periods 
of reproduction. Although we did not observe increased produc- 
tion of fawns on the CTER compared to a nearby non-treated area 
(Soper et al. 1993a), it is possible that survival of offspring was 
enhanced due to human-altered habitats on the CTER. Males may 
benefit nutritionally on the CTER.as they grow antlers and ready 
themselves for rut, but they were not particularly selective of spe- 
cific treatments. Because our sample of males was small and 5 of 
7 mdiocollared males were < 2 years 014 we view these conclu- 
sions as tentative. We concur with Soper et al. (1993b) who con- 
cluded that the mosaic of habitat types resulting from a variable 
herbicide and bum application pattern enhances cross timbers 
rangeland for both white-tailed deer and livestock and thereby, 
has the potential to increase economic returns to landowners 
(Bernard0 and Engle 1990, Bernard0 et al. 1992). 
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Abstract 

Broom snakeweed [Gutierrezia surothrae (Pursh) Britton and 
Rushy] destruction by 1, 3, or 5 snakeweed grasshoppers 
[Hesperotettix viridis (Thomas)] per plant was quantified and 
compared with forage gain the year of and the year after her- 
hivory. Grasshoppers were caged (6.25m2 cages) in 1991 and 
1992 over dense stands of broom snakeweed growing in associa- 
tion with shortgrass rangeland near Corona and Folsom, New 
Mexico. A significant negative relationship between grasshopper 
feeding pressure in each cage and broom snakeweed biomass was 
found. The dry weight of broom snakeweed herhage removed per 
grasshopper per day was 45 mg at FoIsom and 85 mg at Corona. 
Feeding by grasshoppers stocked at 5 per plant killed 91% of the 
broom snakeweed resulting in a 75% reduction in biomass. 
Mortality varied between sites and years; however, 3 grasshop- 
pers per plant killed about 69% of the broom snakeweed and 
reduced biomass by 61%. One grasshopper per plant killed 53 % 
of the broom snakeweed and reduced biomass an average of 
39%. In 1991, removal of post broom snakeweed by the high 
density of grasshoppers increased standing crop of grasses 23% 
at the end of the treatment year and 44% one year after treat- 
ment compared with grasshopper-free cages at the 2 sites. 
Feeding by low and medium densities of grasshoppers did not 
increase grass biomass in most situations. The increase in grass 
biomass only after grasshoppers removed most of the broom 
snakeweed is similar to the response observed from other meth- 
ods of broom snakeweed removal such as hand thinning, chemi- 
cal control, and burning. Preferred host plants such as broom or 
threadleaf snakeweed must be present for “specialist” snakeweed 
grasshoppers to occur. However, if snakeweed grasshoppers are 
present, care should he taken to ensure their survival. 

groups are adiaphorous or beneficial because they feed on unde- 
sirable plants (Joem and Gaines 1990, Lockwood 1993a, 1993b, 
Carmthers and Onsager 1993). The snakeweed grasshopper, 
Hesperotettix viridis (Thomas), is an example of a ‘beneficial’ 
grasshopper that forages almost exclusively on the 2 major 
species of snakeweed, broom snakeweed [Gutierrezia sarothrae 
(Pursh) Britton and Rusby] and threadleaf snakeweed 
[Gutierreziu microcephalu (DC) Gray]. These shrubs are consid- 
ered undesirable by livestock producers because they are poiso- 
nous and unpalatable to large herbivores (McDaniel and Sosebee 
1988) and will cause a decrease in the growth of associated 
herbage (McDaniel et al. 1993). The snakeweed grasshopper 
occurs with other grasshopper species but its specialist feeding 
behavior, primarily on Gutierrezia spp., allows it to forage with 
little interspecific competition. Thompson et al. (1995) found that 
most broom snakeweed plants were completely defoliated and 
eventually killed when more than 8 snakeweed grasshoppers 
were caged on individual broom snakeweed plants. 

Several studies have examined the complementary effect that 
removal of broom snakeweed has on associated herbage (Ueckert 
1979, McDaniel et al. 1982), however, benefits from the removal 
of this shrub by snakeweed grasshopper herbivory have not been 
studied. Therefore, we attempted to quantify broom snakeweed 
destruction by snakeweed grasshoppers at 2 shortgrass rangeland 
sites in New Mexico. Reductions in broom snakeweed biomass 
were compared with forage gain the year of and year after snake- 
weed grasshopper attack. 

Materials and Methods 

Key Words: biological control, consumption, forage production, 
insect herbivory, Hesperotettix viridis, Orthoptera, Gutierrezia 
sarothrae 

Certain groups of grasshoppers have long been considered 
competitors with livestock and wildlife for forage, whereas other 
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Studies were conducted from 1991 to 1993 on native shortgrass 
rangeland near Corona and Folsom, New Mexico. The Corona 
site (TlN R15E SW l/4 Sec. 29) was located 3.3 kilometers (2 
miles) north and 20 kilometers (12 miles) east of Corona on the 
New Mexico State University Experimental Ranch at an eleva- 
tion of 1,880 m. The area averages 403 mm annual precipitation 
and soil is a Dean loam (fine, carbonatic, mesic Ustollic 
Calciorthid). The Folsom site (T3lN R28E NE l/4 Sec. 29) was 
located 6.5 kilometers (4 miles) west and 8.3 kilometers (5 miles) 
north of Folsom. Precipitation at the Folsom site averages 427 
mm, elevation is 2,050 m, and soil is a Torrean silty clay loam 
(fine montmorrillonitic mesic Aridic Argiustoll). These sites were 
selected because of their similar flat terrain and vegetation domi- 
nated by broom snakeweed and blue grama [Bouteloua gracilis 
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(H.B.K.) Griffiths]. At Corona, 75% and 18% of the aboveground 
biomass was broom snakeweed and blue grama, respectively; at 
Folsom, 60% and 25% of the aboveground biomass was broom 
snakeweed and blue grama, respectively. Few forbs were present 
at the Corona site but other grasses included purple threeawn 
(Aristida purpurea Nutt.), mat muhly (Muhlenbergia arenicola 
Buckl.), and vine mesquite (Panicum obtusum H.B.K.). Other 
common grasses and forbs at the Folsom site were western 
wheatgrass [Elymus smithii (Rydb.) Gould], longleaf squirreltail 
[Elymus longifolius (Smith) Gould], western ragweed (Ambrosia 
psilostachya D.C.), prairie coneflower [Ratibida tagetes (James) 
Barnhart], various locoweeds and vetches (Astragalus spp.), and 
sunflowers (Helianthus spp.). At each study site a l-ha area was 
fenced with barbed wire to prevent cattle from disturbing 
grasshopper cages placed inside. A portable battery-powered 
weather station was installed near the center of each exclosure to 
record daily precipitation, humidity, wind speed and direction, 
and air temperatures. Twenty caged plots, each measuring 2.5m 
by 2.5m, were enclosed with aluminum insect screening. Cage 
walls were 90 cm high and were topped with tin flashing that 
extended 20 cm inside and outside the perimeter of each cage to 
prevent grasshoppers from crawling out of or into the cages. 
Snakeweed grasshoppers usually walk or hop between host 
plants, and although adults have functional wings, they generally 
resort to flight-assisted hops only in response to disturbance 
(Parker 1984). Flights from plant to plant are of short duration, 
nearly horizontal, and rarely exceed the average canopy height of 
broom snakeweed. Even under pursuit with an insect net, snake- 
weed grasshoppers rarely fly farther than 10 m. These behaviors 
allowed use of open topped cages (except for the flashing) to con- 
fine the insects. To prevent bird predation, 1 layer of 25 mm 
mesh netting was secured over the top of all cages. 

In an earlier study we collected snakeweed grasshoppers from 
the indigenous population near each site (Thompson et al. 1995). 
At the beginning of this study, snakeweed grasshopper densities 
were less then 1 grasshopper/100 plants, making collection near 
each site too difficult. Therefore, in early July, about 2,500 fourth 
instar snakeweed grasshoppers were collected from a dense nat- 
ural population (12 and 9 grasshoppers/plant in 1991 and 1992, 
respectively) on the Buenos Aires Wildlife Refuge near Sasabe, 
Ark, and transported to our study sites. After randomly assign- 
ing high, medium, and low density treatments to the cages, we 
stocked the high density cages with 5 snakeweed grasshoppers 
per broom snakeweed plant, the medium density cages with 3 
grasshoppers per plant, and the low density cages with 1 
grasshopper per plant. Untreated cages (no grasshoppers) were 
also included. Density treatments were replicated 5 times at each 
site. In 1991, grasshoppers were placed in the cages on 3 July at 
Corona and on 10 July at Folsom. In early June 1992 we marked 
the comers of each caged plot and moved all cages about 10 m to 
a new area within the exclosure to repeat the experiment. In 1992, 
grasshoppers were placed in the cages on 10 July at Corona and 
on 16 July at Folsom. 

Before placing snakeweed grasshoppers into the cages, the 
number of herbaceous, photosynthetic stems greater than 7 cm 
long on each broom snakeweed plant were counted and above- 
ground biomass of each snakeweed plant was estimated using 
double sample techniques (Thompson et al. 1995, Bonham 1989). 
Plants were grouped into 4 size classes based on total number of 
herbaceous stems and plant biomass: seedling (1 herbaceous 
stem; <2 g dry weight), small (2 to 50 herbaceous stems; 2 to 10 

g dry weight), medium (51 to 100 herbaceous stems; 11 to 75 g 
dry weight), and large (> 100 herbaceous stems; > 75 g dry 
weight). After all plants were characterized, 1 randomly chosen 
broom snakeweed plant from each size class and all seedlings in 
each cage were marked with wire flags before grasshoppers were 
introduced. 

After introduction, grasshoppers on each marked plant were 
visually counted biweekly from outside the cages. Each plant was 
probed with a long pole to insure that all grasshoppers had been 
counted. Grasshoppers were counted until few remained in the 
cages, which was about 90 days after they were introduced. 
Relative feeding pressure was estimated by calculating grasshop- 
per feeding days (Hewitt et al. 1976). Onsager (1984) and Quinn 
et al. (1993) state that 1 grasshopper feeding day is equal to 1 
grasshopper feeding for 1 day on a 1.0 m* area. Average pressure 
per plant was calculated by graphing grasshopper densities per 
plant over time in each cage and integrating under the resulting 
survival curve. Final grasshopper feeding days were calculated by 
multiplying the average pressure per plant by the number of 
plants in each cage and dividing by the area of each cage (6.25 
m*). 

To compare grasshopper herbivory from both 1991 and 1992 
experiments, standing crop of vegetation in all cages was estimat- 
ed in early October of each year by placing 4 nonoverlapping 
quadrats (0.25 m’) at least 0.5 m inside the edge of each cage. 
Each quadrat was permanently marked using nails and flagging 
and all herbage was clipped to ground level, divided into 4 
groups (broom snakeweed, blue grama, other grass, and other 
forbs), dried at 60°C for 96 hours, and weighed to estimate dry 
matter. Standing crop in each treatment was determined the year 
after herbivory from the marked but not caged plots that experi- 
enced little, if any, additional grasshopper herbivory. Four new 
quadrats (0.25 m”) at least 0.5 m inside the edge of each cage and 
at least 0.5 m from the boundaries of the previous years quadrats 
were harvested in early October 1992 and 1993. 

Because of differences in the biomass estimates and snakeweed 
size class distributions between sites and years (PcO.05) the data 
were analyzed separately. Vegetation measurements (density and 
biomass) were compared among treatments before and after her- 
bivory by analysis of variance using GLM (SAS 1990) with a 
randomized complete block design with 5 replications and 4 nest- 
ed subsamples within each treatment. Where differences occurred 
(P<O.O5), means were separated by least significant difference 
(L.S.D.). Regression analysis was used to examine relationships 
between cumulative grasshopper feeding days and snakeweed 
biomasss. Standard errors (SEM) are included following the 
mean unless otherwise indicated. 

Results and Discussion 

Grasshopper Population Dynamics and Damage Potential 
After the initial introduction, a few snakeweed grasshoppers 

were later counted in nonstocked control cages suggesting some 
movement may have occurred between cages or perhaps some 
indigenous grasshoppers comprised a minor portion of the caged 
population. Grasshopper numbers were generally unchanged in 
low and medium density cages for the first 20 days, but in high 
density cages grasshoppers declined rapidly soon after introduc- 
tion (Fig. 1). Our data agrees with Hewitt et al. (1976) who 
observed grasshopper mortality from thiid instar through adult 
stages as generally linear, but the rate of decline was related to 
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Fig. 1. Snakeweed grasshopper densities estimated by averaging the mu nber of grasshoppers found on 1 large, 1 medium, and 1 small plant in 
each of 5 cages per treatment per year at Corona and Folsom, N.M. 

iutraspccific competition. Grazing pressure exerted by each of the 
grasshopper densities was related to the longevity of the insects, 
available food source, and the cumulative number of grasshopper 
feeding days. 

The relative grazing pressure by the high density of grassbop- 
pers during both 1991 and 1992 experiments was similar and 
averaged 63% (1,767 grasshopper feeding days) and 41% (1,149 
grasshopper feeding days) above the low density treatment (1,107 
and 471 grasshopper feeding days) at the Corona and Folsom 
sites, respectively. As expected, grazing pressure by the medium 
density treatment was intermediate to the other treatments and 
averaged 1,377 and 891 grasshopper feeding days at Corona and 
Folsom, respectively when measured across years. The negative 
relationship between grasshopper feeding days and broom snake- 
weed biomass at each site is shown in Figure 2. The slopes of the 
regression lines are different as indicated by the significance of a 
site dummy variable included to measure differences in the inter- 
cept (PcO.001) and slope (P = 0.014) between sites. Snakeweed 
grasshoppers destroyed more snakeweed per grasshopper feeding 
day at Corona (85.3 + 12.2 mg dry forage per grasshopper feed- 
ing day) than at Folsom (45.6 + 7.3 mg dry forage per grasshop- 
per feeding day). Large (40% of total) and medium plants (43% 
of total) comprised most of the plants in cages at Corona, wbere- 
as small plants (55% of total) were most abundant at Folsom 
(Table 1). Preference for a particular plant size by the grasshop- 
pers was not consistent between years and sites. The snakeweed 
destruction rate from Corona (85 mg per grasshopper feeding 
day) was very high, and is similar to forage destruction rates of 
other larger grasshopper species (Hewitt and Onsager 1982). 
Snakeweed grasshoppers removed most of the leaves and 
stripped the photosynthetic tissues off of the herbaceous stems of 
broom snakeweed leaving only the woody stem bases. 
Snakeweed is a perennial, suffrutescent shrub on which the 
woody stem bases make up a larger percentage of the total plant 

biomass as plant height increases. Thus, at Corona where plants 
were larger, broom snakeweed was killed although much of the 
biomass was not consumed, resulting in increased snakeweed 
destruction rates. 

Broom Snakeweed Density and Biomass 
Total broom snakeweed density in untreated control cages was 

similar both years and averaged 5.4 + 0.6 plants/m* at the Corona 
site, and 7.2 of: 0.9 plants/m* at the Folsom site (Table 1). Few 

;;4250 ;;4250 

4 
-200 
9 a ;-; -. _ -. 
-2 150 - --A, Y = 195.7-0.0853X 
a l . -w r2= 0.89, df = 7 

A -. -. 14 A -. 

Cumulative grasshopper feeding days . 
Fig. 2. Relationship between available broom snakeweed and 

grasshopper feeding days averaged across 2 years at Corona and 
Folsom, N.M. The slope of each line is an estimate of the grams of 
broom snakeweed (dry weight) destroyed by each snakeweed 
grasshopper feeding for 1 day. The data from the high treatment 
at Corona in 1991 (*) was considered an outlier and eliminated 
from the estimation resulthtg in a more conservative estimate of 
the damage potential at Corona. 
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Table 1. Mean density @lants/mz) of live broom snakeweed after snakeweed grasshopper herbiiory near Corona and Folsom, New Mexico in 1991 and 
1992. 

Grasshopper Density Seedling 
Treatment’ SlMll 

Broom Snakeweed Density by Plant Size 

Meditlm Large Total 
Change3 

Corona - 1991 
Control 

LOW 
Medium 
High 

Corona - 1992 
ConmJl 

LOW 
MdiULO 

I%3 
Folsom - 1991 

Control 
LOW 

Medium 
w$ 

Folsom - 1992 
Control 

LOW 
Medium 

_ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ (pl~&/m’)- _ _ _ - _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ ---- (46) ----- 

O.Oa 
O.Oa 
O.Oa 
O.Oa 

0.2 a 

0.1 a 0.0 a 
0.0 a 

0.3a 
0.4a 
OSa 
O.Oa 

1.4a 

0.7 a 0.7 a 
0.3 a 

1.6a 
1.2ab 
OSbC 
O.lc 

3.0 a 

1.8 ab 1.1 b 
0.6 b 

2.3a 
1.5a 
0.7b 
O.lb 

2.0 a 

1.2 ab 0.7 b 
0.8 b 

4.2a 
3.0a 
1.4b 
02b 

6.6 a 

3.7 b 2.4 b 
1.7b 

- 
-29 
-67 
-95 

- 

2 
-74 

0.5 a 2.9 a 3.4a 1.2a 7.9 a 
0.0 a 0.7 ab 1.1 b 0.2 b 2.0 b 
0.0 a 1.0 ab 0.9 b 0.3 b 2.2 b 
0.0 a 0.0 b 0.0 c 0.0 b 0.0 c 

0.2 a 5.3 a 1.0 a 0.4 a 6.9 a 
0.1 a 1.8 b 0.6 a 0.0 b 2.4 b 
0.0 a LOb 0.3 a 0.2 ab 1.4b 

- 
-75 
-72 

-100 

as 
-77 

0.3 b 0.0 a 0.0 b High 0.0 a 
‘Control = 0 grasshopperslplant; Low = 1 grasshopper/plant; Medium = 3 grasshopperslplant; High = 5 grasshopperslplant. 
%eans whbin a colmm by site and year followed by the same letter are not different (Fz= 0.05). 
3p crcentage of total brwm snakeweed plants alive compared to the control in each site and year. 

0.3 c -96 

broom snakeweed seedlings were present at either site during the 
study but those found before introduction of grasshoppers were 
usually eaten later. Parker (1982) noted snakeweed grasshoppers 
to prefer threadleaf snakeweed seedlings to other plant sizes, 
especially seedlings growing in the open away from a mature 
shrub or within grasses. We observed grasshoppers to cut the 
seedling off near ground line or to pull the plant down and 
remove all leaf material. Feeding by grasshoppers stocked at 5 
per plant killed most of the broom snakeweed (91% average) irre- 
spective of location, year, or plant size. Broom snakeweed mor- 
tality was not different (P> 0.05) either year at Folsom when den- 
sities of 1 or 3 grasshoppers per plant were placed in the cages 
(71% average mortality). The low density treatment of grasshop- 
pers caused less plant destruction than the medium density treat- 
ment at Corona in 1991. 

grasshoppers on broom snakeweed were observed feeding mostly 
on photosynthetically active leaves or stems, and occasionally on 
tissue that had been cut off and dropped on the ground. As noted 
by Parker (1985b) defoliated plants may respond to defoliation by 
producing new leaves from axillary buds. However, if plants are 
severely defoliated or unable to produce new tissue after defolia- 
tion they are likely to die during the ensuing winter (Thompson et 
al. 1995). The decrease in broom snakeweed biomass in the high 
density cages from the first to second clipping at both sites in 
1992 (Fig. 3 and 4) suggests defoliation pressure was beyond the 
plants ability to compensate for loss of photosynthetic material. 
Conversely, defoliation pressure by low and medium densities of 
grasshoppers was probably not severe enough to directly influ- 
ence plant survival 1 year after defoliation. 

Broom snakeweed biomass the first year of the 1991 experi- 
ment was reduced to below 110 kg ha-’ at both locations by the 
high grasshopper density (Fig. 3A and 4A), and this reduction 
was similar after the second growing season pig. 3B and 4B). 
Broom snakeweed biomass was not different between the low 
and medium densities after the fmt or second years at either site. 
In these treatments broom snakeweed biomass remained above 
1,000 kg ha-’ at Corona both years, and averaged 263 and 612 kg 
ha-’ after the first and second clippings at Folsom. 

Herbage Standing Crop 

Broom snakeweed biomass as determined the first year of the 
1992 experiment indicated a similar negative relationship 
between increasing grasshopper numbers and decreasing bio- 
mass, but difference between low, medium, and high densities 
and the control was only significant at Folsom (Fig. 3C and 4C). 
Our estimates of broom snakeweed biomass excluded loss of 
plant material that was consumed, clipped but not eaten, or died 
after defoliation. According to Parker (1982,1984,1985a) snake- 
weed grasshoppers feed on the stem cortex, leaf margins, and 
flower buds of threadleaf snakeweed of all sizes. In our study, 

The first clipping of the 1991 study showed that removal of most 
broom snakeweed in the high density treatment increased (PcO.05) 
grass biomass by 24% at Corona and 22% at Folsom compared to 
grasshopper-tree cages (Fig. 3 and 4). Blue grama was the most 
abundant grass species at both locations and accounted for most of 
the increase. Grass biomass was unchanged the first year where less 
broom snakeweed was removed by the low and medium densities of 
snakeweed grasshoppers compared with the control cages. 
Reduction in grass production due to the feeding by graminivorous 
grasshopper species [primarily: Aulocaru elliotti (Thomas), 
Amphitomus coloradus (Thomas), and Ageneotettix deorum 
(Scudder)] on the rangeland near each site and in the cages was neg- 
ligible because densities never exceeded 0.3 grasshoppers/m* at 
either site during the experimental period. Forbs other than broom 
snakeweed were not affected by snakeweed grasshopper herbivory 
as they neither increased with broom snakeweed removal nor 
decreased as a result of grasshoppers using them as alternate hosts. 
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Fig. 3. Aboveground biomsas (kg bed) of bmom snakeweed, blue 
grama, other grasses, and other forbs fmm 4 density hvatments of 
srmkmed grasshoppers near Corona, NM. Each bar represents 
the mean biomass estimated from 5 cages (four 0.25 mz 
samples/cage). Graphs A (1991) and C (1992) are estimates taken 
the year of the grasshopper herbivory, and graphs B (1992) and D 
(1993) are estimates fmm the same plots the year after herbivory. 
Lines above each bar nre SEM. Means within a plant category 
with the same letter are not different (P>O.O5). 

Grass and fcnb biomass generally increased the year following 
snakeweed defoliation at both locations (Fig. 3 and 4). The 
increased biomass may be atibuted to rest fmm livestock graz- 
ing and cages trapping snow during the winter in addition to the 
grasshopper treatments. Precipitation and snowfall was similar to 
long-term averages at both sites except during 1993 at Corona 
when only 40% of normal summer moisture was recorded. Where 
the high density of grasshoppers had fed there continued to be a 
significant competitive advantage for grass (36% kg ha-’ and 52% 
kg ha-’ above the control at Corona and Folsom, respectively). 
However, grass biomass in the low and medium treatments 
remained the same as tbe con@01 which likely reflects btterspecif- 
ic competition from the remaining bmom snakeweed biomass. 
This would be expected given tbe overstay-understory relation- 
ship defined for broom snakeweed by McDaniel et al. (1993) 
which determined that for broom snakeweed-blue grama ranges 
in eastern New Mexico, broom snakeweed must be reduced 
below 400 kg ha-’ before substantial increases in grass biomass 
will he observed. In this study, bnwrm snakeweed biomass gener- 
ally remained above 400 kg hh’ in all treatments except the high 
density of grasshoppers. thus the observed lack of herhage 
response would be expected. 

B 
i 

j. 
I 

/ 
! 

1 1 High Medium Low conm 

Grasshopper Density Treatments 

Fig. 4. Abovegmrmd biomass (kg ha-‘) of broom snakeweed, btme 
gram, other gmmea, and other forha fmm 4 density treatmads of 
snakeweed gmmhopprs near Folwm, N.M. Fach bar represents 
the mean biomass estimated from 5 cages (4 - 0.25 m’ 
samples/cage). Graphs A (1991) and C (1992) am estimates taken 
the year of grasshopper herbivory, and graphs B (1992) and D 
(1993) are mtimntes from the same plots the year after herbivory. 
Lines above each bar are SEM. Means within a plant category 
with the same letter are not different (P>O.O$ 

Management Implications 
Oms biomass increased only after grasshoppers bad removed 

most of tbe broom snakeweed. This is similar to the response 
observed from other methods of bmom snakeweed removal such 
as hand thinning (Ueckert 1979, McDaniel et al. 1982). chemical 
control (Sosebee et al. 1981, McDaniel and Duncan 1987, 
McDaniel et al. 1993), and burning (Hart 1992). Thus, control 
strategies with high overstory mortality are of greatest benefit to 
understory production (McDaniel et al. 1993). Parker (1985~1) 
stated it is unlikely that snakeweed grasshoppers alone will he 
responsible. for large scale biological control of brwm snake 
weed. However, snakeweed grasshoppers and other invertebrate 
cohorts can account for substantial destruction of broom snake- 
weed under certain circumstances. 

Carrutbers and Onsager (1993) reported that snakeweed 
grasshoppers are uttcommon and densities greater than 1 per ma 
have never been observed in the northern half of the western 
United States. However, data from USDA-APHIS (undated) indi- 
cate snakeweed grasshoppers are ccnnm~n in the southwestern 
United States, especially when bmom snakeweed grows in ass* 
ciation with blue grama. For example, in 1987, snakeweed 
grasshoppers were present in more than 50% of the survey sat- 
pies taken and densities as high as 30 snakeweed grasshoppers/m’ 
have been recorded in New Mexico (USDA-APHIS undated). 
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In our experiments, snakeweed grasshoppers were initially 
stocked at densities of 4.4, 13.2, and 22 rn-* at Corona and 10.2, 
30.6, and 51 rn-’ at Folsom in the low, medium, and high treat- 
ments, respectively. As in other studies using caged grasshoppers 
(Thompson et al. 1995, Quinn et al. 1993), snakeweed grasshop- 
per survival rates appear to be density dependent and can change 
rapidly through time (Fig. 1). The initial grasshopper densities 
used in Corona are within the range of densities recorded from 
New Mexico populations (USDA-APHIS undated). Because of 
the large number of broom snakeweed plants per cage, the snake- 
weed grasshopper densities used in Folsom were high, although 
still below the maximum densities observed by the senior author 
(Unpublished data: 62 snakeweed grasshoppers/m2 the summer of 
1991 at the Buenos Aires National Wildlife Refuge in Sasabe, 
Al-b.). 

Preferred host plants such as broom or threadleaf snakeweed 
must be present for “specialist” snakeweed grasshoppers to occur. 
If snakeweed grasshoppers are present, care should be taken to 
insure their survival. Because broad scale insecticide spray pro- 
grams are generally nonselective, eliminating both potential pest 
and beneficial insects, understanding the species composition of a 
local grasshopper population and the feeding behaviors of its 
members before starting a control program is very important The 
effects of large-scale rangeland grasshopper control programs 
conducted over the past 30 years in eastern New Mexico are 
largely unknown. However, broom snakeweed infestations, while 
cyclic, have reportedly increased, especially on grasslands domi- 
nated by blue grama (Pieper and McDaniel 1989). 
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Abstract 

Grazed and ungrazed sites subjected to different fre frequen- 
cies were sampled on the Konza Pralle Research Natural Area 
in northeast Kansas after 4 years of bison grazing (1987-1991). 
The objective was to study effects of bison grazing on plant 
species composition and diversity components (plant species rlch- 
nesq equitability, and spatial heterogeneity) in sites of contrast- 
ing fire frequency. Cover and frequency of cool-season 
gramlnoids (e.g. Poa pratensis L., Agropyron smithii Rydb., Carex 
spp.) and some forbs (e.g. Aster ericoides [A. Gray] Howell, and 
Oxalis stricta L.) were consistently higher ln sites grazed by bison 
than in ungrazed exclosures, whereas the dominant warm-season 
grasses (Andropogon gerardii Vitman, Sorghastrum nutans &.I 
Nash, Panicum virgatum L., Schizachyrium scoparium michx.] 
Nash) and other forbs (e.g. Solidago missouriensis Nutt.) 
decreased ln response to bison. Plant species diversity (H’) and 
spatial heterogeneity in all areas sampled were significantly 
increased by bison. Increased heterogeneity and mean species 
richness ln grazed prairie (40 species per sample site) compared 
to ungrazed prairie (29 species per site) were likely a result of 
greater microsite diversity generated by bison, whereas preferen- 
tial grazing of the dominant grasses and concomitant increases in 
subordinate species resulted in an increase in equitability of 
species abundances. Species/area relationships indicated greater 
effects of bison on plant species richness with increasing sample 
area. Increases in plant diversity components associated with 
bison grazing were generally greater in annually burned than ln 
4-year burned sites. Effects of ungulate grazers on floristic diver- 
sity have important implications given recent evidence that plant 
species diversity and the compositional and production stability 
of grassland plant communities are positively rellted. 

Key Words: biodiversity, plant communities, species diversity 

In North America tallgrass prairie, large ungulate grazers and 
periodic fire historically have had major roles in shaping plant 
community structure and the evolution of its component species 
(Axelrod 1985, Dyksterhuis 1958, Risser et al. 1981, Weaver 
1968). Although effects of fire and cattle grazing have been 
esamined (Collins 1987, Collins and Wallace 1990, Gibson and 
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Hulbert 1987, Herbal and Anderson 1959, Kucera 1956), the 
influence of native grazers on tallgrass prairie plant community 
structure has not been studied. Furthermore, few studies on 
responses to grazers have examined the multiple taxonomic, spa- 
tial, and structural components of grassland biodiversity. Recent 
evidence suggests that biodiversity components strongly influ- 
ence structural and functional attributes of grassland ecosystems 
(Archer and Smeins 1991, Tihnan and Downing 1994, Frank and 
McNaughton 1991), yet the factors affecting these different com- 
ponents of biodiversity in rangelands remain poorly understood 
(West 1993). 

Both selective and non-selective grazing or soil disturbance 
associated with grazer activity can potentially increase or 
decrease plant species diversity (Huntly 1991). Theoretical mod- 
els (e.g., Milchunas et al. 1988) predict greater plant species 
diversity under moderate grazing than under ungrazed conditions 
in sub-humid grasslands. Furthermore, grazers may interact with 
other processes operating at different spatial and temporal scales, 
such as fire, drought, or other species interactions (Coppock and 
Detling 1986, Grime et al. 1987), resulting in scale-dependent 
effects. For example, fire-induced spatial and temporal variation 
in vegetation composition may determine both the pattern of 
grazing (Coppock and Detling 1986, Vinton et al. 1993) and plant 
species responses following defoliation (Collins 1987, Pfeiffer 
and Hartnett 1995). 

The objective of this study was to assess the effects of bison 
grazing on the composition and biodiversity (plant species rich- 
ness, equitability, and spatial heterogeneity) of tallgrass prairie 
plant communities in sites of contrasting prescribed fire regimes 
and topographical positions. Based on theoretical predictions for 
sub-humid grasslands and greater annual use of recently burned 
as compared to unburned tallgrass prairie by bison (Vinton et al. 
1993), we hypothesized that floristic diversity would be greater 
under moderate bison grazing than in ungrazed prairie and that 
this enhancement in floristic diversity would be greater in annual- 
ly burned than in less frequently burned prairie. 

Materials and Methods 

The study was conducted on the Konza Prairie Research 
Natural Area, a 3,487 ha tallgrass prairie in the northern Flint 
Hills region of northeastern Kansas (39”05’N, 96”35W). Average 
monthly temperature ranges from a January low of -2.7” C to a 
July high of 26.6” C. Average annual total precipitation is 835 
mm with 75% falling during the growing season (Bark 1987). 
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The Flint Hills region encompasses over 1.6 million ha extending 
throughout much of eastern Kansas from near the Kansas- 
Nebraska border south into northeastern Oklahoma, and contains 
the largest remaining areas of unplowed tallgrass prairie in North 
America. 

The vegetation of Konza Prairie is dominated by warm-season 
perennial grasses, i.e., big bluestem (Andropogon gerardii Vit.), 
indiangrass (Sorghastrrum nuruns [L]. Nash), little bluestem 
(Schizuchyti~m scoparium ~chx.] Nash-A&-opogon scopur- 
ius Michx.), switchgrass (Punicum virgutum L.), with numerous 
subdominant C, and Cd grasses, composites, legumes, and other 
forbs (Kuchler 1967, Freeman and Hulbert 1985). A few woody 
species such as leadplant (Amolpha cunescens Pnrsh), buckbrush 
(Symphoricurpos orbiculutus Moench.), New Jersey tea 
(Ceunothus herbuceous Raf.), and smooth sumac (Rhus glubru 
L.) are locally common. The vascular flora of Konza includes 
over 500 species representing over 60 families (Freeman and 
Hulbert 1985). The residual soils are Chase silt loams and silty 
clay loams derived from Permian limestones, shales, and cherty 
limestones (Clayey-skeletal, montmorillonitic, mesic, Udic 
Arguistolls, and Fine mixed, mesic, Pachic Arguistolls). 
American bison (Bison bison) were the dominant large native 
herbivore in this region until European settlers established cattle 
grazing as the primary land use in the latter half of the nineteenth 
century. 

Fii bison were stocked in a 469-ha portion of Konza Prairie 
in 1987 at 9 ha AU’. The stocking rate gradually increased to 5 
ha AU’ by 1992 through natural herd growth. The area grazed by 
bison was expanded to include an additional 480 ha in May 1992. 
The animals are free to move among 10 watersheds (avg. size = 
100 ha) that are subjected to prescribed burning in April at I-yr, 
2-year, 4-year, or 20-year intervals. Before 1987, the watersheds 
had not been grazed since the late 1960’s and had been subjected 
to their prescribed burning intervals since the mid-1970’s. Before 
the bison re-introduction in 1987, 8 permanent 5 m X 5 m exclo- 
sures were erected at different sites within each of the grazed 
watersheds. The exclosures were randomly located but stratified 
between upland (shallow Florence cherty silt loam) and lowland 
(Tully silt clay loam) topographical positions. 

made by individuals of species x/total number of pin-contacts of 
all species) was calculated for each plant species, and the maxi- 
mum species cover value attained among the 3 sample dates was 
retained for analyses. Canopy cover reflects effects of current 
herbivory on each species in the plant community. Species fre- 
quency is much less sensitive to year-to-year climatic variability 
and current grazing, and thus is a better integrated measure of 
changes in species composition over time. Thus, frequency (per- 
centage of lo-pin-frames in which species x was encountered) 
was estimated for each plant species in addition to its cover and 
both were used in the analyses. Both the stratified random place- 
ment of exclosures and pre-treatment vegetation sampling within 
each site conducted in 1986 (Konza LTER program data set 
PVC02, unpublished) confirmed no initial differences in vegeta- 
tion composition between exclosures and nearby grazed transects 
within each watershed. 

The 6 sites were the experimental sampling units in this study. 
The experimental design included 6 replicate grazed transects and 
ungrazed exclosures within each large watershed, but no replica- 
tion of the annually burned or 4-year burned watersheds. At each 
site, the sampling (number of pin frames and their spacing) was 
the same for each exclosure and its adjacent grazed area. Some 
species occurred at only upland or only lowland topographical 
positions within each watershed. Thus, differences in the abun- 
dance of each plant species between grazed and ungrazed sites 
were analyzed via a separate one-way ANOVA for each topo- 
graphical position within each watershed. 

For this study, we sampled grazed and ungrazed vegetation at 6 
exclosure sites in an annually burned watershed and 6 sites in a 
watershed burned at 4-year intervals. The sites were sampled 3 
times during the 1991 growing season (early June, mid-July, and 
late September), the fourth year following stocking with bison. 
Thus, our sampling assessed the cumulative effects of 4 years of 
absence or presence of bison grazing. Sampling at 3 times 
throughout the season was necessary because the plant species 
vary in their growth and flowering phenology and a single sam- 
pling would introduce significant bias in abundance estimates 
against those species not growing actively during the sampling 
period. 

Plant species richness (S = number of species encountered per 
unit area) and evenness or equitability of species’ relative abun- 
dances (E = H’/JnS) were calculated for grazed and ungrazed sites 
in each watershed. Species diversity, which includes both rich- 
nesss and evenness components, was calculated for grazed and 
ungrazed sites using the Shannon index (H’ = - Cpi*Inpi), where 
pi = relative frequency [or cover] of species i (Magurran 1988). 
Spatial diversity (heterogeneity) of the plant community was cal- 
culated for each grazed and ungrazed site following the method 
of Collins (1992) as the mean % dissimilarity in species composi- 
tion for all pairwise comparisons of 1 m* quadrats at each sam- 
pling site within each watershed. Percent dissimilarity was 
defined as 1 - Czeckanowski’s similarity index [2x min (xij, 
X&E(~j = x*)1, where xi] and xk are the frequencies of species i 
in quadratsj and k respectively (Collins, 1992). Rank transforma- 
tions of these diversity components were analyzed using 
ANOVA (Conover and Jman 1981), with grazing as the main fac- 
tor and topographic position as a blocking factor. Statistical dif- 
ferences in S, E, H’ and heterogeneity between grazed sites (n = 
6) and exclosures (n = 6) within each watershed were further 
assessed with a Mann-Whitney U-test (Sokal and Rohlf, 1981). 

Results 

At each of the 6 replicate sites, vegetation was sampled within Differential plant species responses to bison grazing were 
the 5 m X 5 m permanent exclosure and along a nearby randomly clearly evident at all sample sites (Fig. 1). Several species were 
placed transect within the surrounding grazed vegetation. Four l- more frequent on grazed transects, some showed higher frequen- 
mz quadrats were located within each exclosure and along each cy in ungrazed exclosures, some showed no response, and others 
nearby transect. Within each quadrat, the cover and frequency of varied in their responses between topographical positions and fire 
each plant species was estimated using a modified point-frame regimes (Fig. 1, Tables 1 and 2). Among the dominant rhizoma- 
method (Cook and Stubbendieck 1986). A IO-pin frame was tous grasses, the frequency of big bluestem did not differ among 
placed systematically at 4 locations (each 25 cm apart) within treatments, whereas the frequencies of indiangrass and switch- 
each 1 m* quadrat (4 frames = 40 pins per m2 quadrat). From the grass were greater in ungrazed then grazed sites (Fig. 1). The 
pin-contact data, the relative cover (total number of pin-contacts cover of big bluestem, indiangrass, switchgrass, and rough 
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Fig. 1. Mean frequency (%) of plant species in grazed and ungrazed sites in upland and lowland topographical positions in annually burned 
and 4-year burned prairie. Each data point represents a species. 0 = CT, annual grass. H = C, perennial grass. 0 = C4 annual grass. 
perennial grass. A =i annua1 forb. A perennial forb. + = 

0 = C4 
shrub. Selected species numbered on the figure include: 1 = big bluestem 

(Andropogon gerardii), 2 = switchgrass (Panicurn virgatum), 3 =Indiangrass (Sorghastrum nufans), 4 = whorled milkweed (Asclepias verticil- 
la@, 5 = prairie goldenrod (Solidago missouriensis), 6 = white aster (Aster ericoides), 7 = sedges (Carex spp.), 8 = white sage (Artemisia 
Zudoviciunu), 9 = Kentucky bIuegrass (Poaprutensis), 10 = leadplant (Amorpha canescens), 11 = sideoats grama (Bouteloua curtiipendula), 12 
= western ragweed (Ambrosia psilostachyu), 13 = little bluestem (Schi.chytium scoparium), 14 = rough dropseed (Sporobolus asper), 15 = 
western wheatgrass (Agropyron smithif), 16 = Scribner’s dichanthelium (Dichanthelium oligosanthes var. scribnerunium). 17 = yellow wood 
sorrel (0x& sfricta). 

dropseed (Sporobolus asper Flichx.1 Kunth) decreased consis- 
tently in response to bison grazing Vables 1 and 2). However, in 
the annually burned watershed this negative effect of bison on the 
cover of tallgrass species was greater in upland sites for most 
species Fable l), whereas in the 4-year burned watershed effects 
of bison were greater in the lowland sites for most species (Table 
2). Tbe bunchgrass little bluestem showed a significant response 
to bison only in the 4-year burned lowland sites where its cover 
and frequency were greater in grazed sites (Table 2, Fig. 1). The 
mid-grass sideoats grama and the cool season graminoids 
Kentucky bIuegrass and western wheatgrass, increased in cover 
and frequency in response to bison, and more significantly in the 
Cyear burned watershed than in the annually burned watershed 
(Tables 1 and 2, Fig. 1). Forb species that showed increased 
cover in response to bison included Ieadplant, white aster (Aster 
ericoides L.), western ragweed (Ambrosiu psilostachyu DC.), yel- 
low wood sorrel @alis strictu L.), fringeleaf ruellia @Ruelliu 

humilis Nutt.), and prairie ground cherry (Physulis pumilu NW.). 
Leadplant, white aster, and yellow wood sorrel also showed 
greater frequency in grazed sites than in ungrazed sites (Fig. 1). 
For many of these forbs, the magnitude and statistical signifi- 
cance of thy increase in cover in grazed areas differed between 
the 2 fire regimes (Tables 1 and 2). The only forb that decreased 
in cover and frequency in response to bison was prairie goldenrod 
(Solidago missouriensis Nutt.) on upland prairie sites (Table 1, 
Fig. 1). Canada goldenrod (Solidago cunudensis L.) showed a 
similar trend in lowland sites but its abundance was too variable 
to detect an effect of bison grazing. Responses of several other 
grass and forb species to grazing were significant, but their pat- 
terns differed depending upon topographic position. 

The analysis of variance of each of the plant diversity components 
(S, E, H’) revealed a significant main effect of grazing (psO.05) and 
a significant grazing X topography interaction (p I 0.05). Thus, the 
means for diversity components in grazed versus ungrazed sites are 
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Table 1. Canopy cover (mean + 1%) of plant species on upland tallgrass prairie sites. Probabiity values shown are for comparison of grazed vem 
ungrazed quadrats. 

Species Annuallv Burned 
Grazed Ungrazed 

----------(o/o)---------- 
Prob. 

CYear Bum 
Ungrazed 

----------(%)---------- 
Prob. 

big bluestem 34.X3.9 
Indiaoglass 3.7~1~1.2 
rough dropseed 15.3ti.7 
little bluestem 3.7*1.0 
side oats grama 1.6M.9 
Kentuch- bluegrass 1.2zto.7 
Scribner’s dicanthelium 3.5iO.4 
sedges 7.5d.4 
leadplant 6.0&l 
white aster 11.8zt2.3 
western ragweed 0.6zto.2 
yellow wood sorrel 0.9ti.8 
Pitcher’s sage 2.3k1.6 
prairie ground cherry 0.04LtO.03 
western ironweed l.lro.4 
phIltahlS 0.04LtO.04 
prairie goldenrod 0.4i0.4 
fringeleafmellia 0.7LtO.3 
buckbrush 0.1iO.1 
las = not si8niticant at the p 5 0.1 level. 

55.1zt4.5 0.01 37.7zt1.7 47.9zt3.5 0.02 
13.4k4.9 0.09 4.ktl.O 5.9Lt1.4 n 
6.4kl.O 0.01 8.7il.l 8.1tt1.3 ns 
2.4zt0.7 Id 3.6Lt0.4 4.2&S 
0.6ztO.2 ns 3.5m.9 0.9iO.3 :03 
0.2CtO.l rls 7.9rt1.8 6.7tt1.7 ns 
2.8i0.8 IIS 3.2i0.5 2.6zt0.5 
4.9A.6 

ii6 
2.5HI.8 l.OkO.2 :I 

1.3i0.6 0.8iO.2 0.8iO.4 ns 
4.9zt2.3 0.05 9.oztl.5 10.8zt2.5 
0.8H.2 ns 7.5sEl.3 4.7zt0.6 :05 

O.OSiO.03 ns 1.7~1~0.6 0.2iO.l 0.04 
0.7~tO.6 ns 2.3d.l 0.4iO.2 ns 

1 JMtO.04 0.05 0.3ztO.3 0.om.0 ns 
0.8ti.5 lls 0.07zJxm o.om.0 IlS 

o.oLto.0 ns 0.04iO.04 o.l-ko.0 
0.6iO.3 

ro5 
0.01ztO.1 0.7ti.2 :05 

0.02m.01 0.12iO.1 0.07-+0.06 ns 
o.om.0 ns 0.06kO.03 o.om.0 ns 

reported for lowland and upland topographical positions separately 
(Table 3). In both the annually burned and 4-year bum watersheds, 
mean plant species diversity (IT) was consistently higher @ 5 0.05) 
in grazed areas relative to nearby exclosures. Mean plant species 
richness also was higher (p < 0.05) for grazed sites (38 species per 
transect) than for ungrazed areas (28 species per exclosure). The 
increase in species richness associated with bison was generally 
greater in the annually burned watershed, and greatest in the low- 
land sites (54% increase). The smallest increase in floristic diversity 
due to bison grazing occurred in the upland sampling sites in the 4- 
year burn watershed (19% increase). The evenness of species abun- 
dances was greater (p 5 0.05) in grazed relative to ungrazed prairie 
in all except lowland sites in the annually burned watershed (Table 
3). These diierences in species richness, evenness, and H’ between 

grazed and ungrazed sites are evident in the species,relative abun- 
dance distributions (Fig. 2). In all sites, the relative abundance dis- 
tributions indicated strong dominance by a few species (with big 
bluestem the most dominant in all sites) and a significant number of 
ram and subdominant species. In all sites studied, the abundance- 
rank curves indicate reduced abundance of the dominant species 
(greater evenness) and increased species richncrs in grazed prairie 
compared to ungrazed areas, but the general shape of the distribu- 
tions did not vary visually (Fig. 2). 

Spatial diversity (community heterogeneity) was significantly 
greater in grazed sites of both the annually burned and Cyear 
burned watershed than in ungrazed sites, with the exception that 
there was no significant effect of bison on heterogeneity in the 
lowland sites in the 4-year bum watershed (Table 3). The highest 

Table 2. Canopy cover (mean + 1SE) of plant species on lowland tat&ass prairie sites. Probability values shown are for comparison of grazed versus 
tutgrazed quadrats. 

Species Annuallv Burned 
Grazed Ungrazed 

----- * ---- (%) ---------- 
big bluestem 22.5zt3.4 23.5ct4.2 
indiangrass 15.4rt7.3 9.7&l 
little bluestem 2.2Ltl.O 2.kQ.7 
sideoats grarna 15.6i4.1 lO.li3.7 
switchgrass 8.4i2.7 31.5zt5.2 
Kentucky bluegrass 0.34iO.23 0.03iO.03 
western wheatgrass 0.11iO.11 o.om.0 
sedges 1.7*1.0 0.3iO.l 
western ragweed 2.8ztl.4 1.8~0.5 
white aster 3.311.0 0.06kO.04 
violet wood sorrel 0.15iO.10 0.03&0.03 
prairie ground cherry l.SM.4 0.5kO.3 
fringeleaf mellia 0.55kO.35 o.om.0 
prairie wild rose 0.7ztO.3 0.om.0 
‘ns = not significant a! the p 5 0.1 level. 

Prob. 

ns’ 
lls 
ns 
lls 
0.01 
ns 

;:I 

iSO1 
0.01 
0.05 
0.1 
0.05 

4-Year Bum 
Grazed Ungrazed 

---------- (%) ---------- 
33.kt2.1 59.kt7.9 
0.34Ltl.7 2.9*1.1 
2.1zt7.4 0.5ti.2 
0.8iO.3 0.1ztO.1 
1.3rt1.3 9.7Lt3.7 

14.9k3.1 5.8Al.9 
0.6ktO.21 o.om.0 
2.4d.4 0.5ti.2 
9.1&l 2.8i0.7 

16.4rt1.9 3.7ztl.O 
0.04kO.04 0.om.0 
0.19LtO.15 0.17iO.10 
0.28~to.16 0.22io.10 
0.3rto.2 0.om.0 

Prob. 

0.01 
0.05 
0.05 
0.04 
0.05 
0.02 
0.02 
0.01 
0.02 
0.01 
ns 
IlS 

iis1 
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Fig. 2. Rank-abundance diigrams for plant communities in annually burned and 4-year burned tallgrass prairia Open symbols = grazed by 
bison. Closed symbols = ungrazed sites. 

community heterogeneity (0.82) occurred in the grazed sites of 
the annually burned watershed, whereas the minimum hetero- 
geneity (0.40) was measured in ungrazed lowland sites in the 4- 
year bum watershed. 

Increased species richness associated with bison grazing was 
greater with increasing sample area (Fig. 3). A similar pattern in 
species-area relationships was evident in the annually burned and 
rtyear burn watersheds; however, the effects of bison on cumula- 
tive species richness at larger spatial scales were generally greater 
in the annually burned watershed (Fig. 3). 

Discussion 

Consistent differential plant species responses to bison grazing 
occurred in both the annually bnmed and 4-year burn prairie. The 
dominant perennial tallgrasses were reduced in abundance in the 
grazed sites, whereas several of the shorter-statured subordinate 
grasses, sedges, and some forbs showed greater relative abun- 
dance in grazed sites. The changes in species abundances 
observed here in response to bison were consistent with “increas- 
er”, “decreaser”, and “invader” species responses to livestock . 

Table 3. Plant diversity components in tallgrass prairie sites. Grazed = sites grazed year-round by bison. Ungr. = ungrazed sites. S = specks richness 
(mean number of specks per sampling site). E = evenness index = H’/H’, = H’/InS) H’ = Shannon species diversity index @I’ = -Xpi . In pi, where 
pi = the relative cover of species i). Heterogeneity = spatial diversity = mean percent diiimilarity in species composition among plots within a site 
(see text for details). 

S E 
Ungr. Grazed Ungr. Grazed 

Annually burned prairie 
upland sites 27 35 0.42 0.53* 
lowland sites 28 43* 0.51 0.49* 
4-year bum prairie 
upland sites 27 32* 0.53 0.59* 
lowland sites 29 41* 0.38 0.50 
* = significantly different from urgmzed sites at the p <O.OS level (Mann Whitney U test). 

IT Heterogeneity 
Ungr. Ungr. 

1.40 1.s7* 0.41 0.44 
1.70 1.82* 0.48 0.59* 

1.76 2.03* 0.33 0.38* 
1.29 1.85 0.40 0.39 
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Fig. 3. Species-area relationships for plant communities on annually burned and 4-year burned watersheds on the Konza Prairie Research 
Natural Area. Open symbols and dashed lines = ungrazed sites (exclosures). Closed symbols and solid lines = sites grazed by bison. Vertical 
bars= f1SE. - 

grazing in tallgrass prairie @yksterhuis 1958, Voigt and Weaver 
1951, Weaver and Hanson 1941, Weaver 1968). These workers 
interpreted these changes as resulting from preferential grazing of 
the palatable dominant grasses and decrease in their cover, con- 
comitant competitive release and increased abundance of unpalat- 
able subordinate species, and eventual colonization by ruderal 
species with prolonged or severe grazing (Weaver 1968). In the 
present study, however, many species could not easily be separat- 
ed into these distinct classes, because their response to bison 
grazing differed between watersheds and topographical position. 
For example, little bluestem, classified as a decreaser under live- 
stock grazing, showed increased abundance with bison grazing in 
the 4-year bum watershed, and no significant response to bison in 
the annually burned prairie. This response is consistent with 
recent studies on Konza Prairie that showed that bison avoid 
grazing little bluestem relative to neighboring warm-season tall- 
grasses in unburned prairie, but that they grazed it in equal fre- 
quency to these neighboring grasses in burned prairie (Pfeiffer 
and Hartnett 1995). Also, the patterns of species responses to 
bison grazing are infhrenced by the ways in which the abundance 
data were collected. For many species, estimation of both canopy 
cover and frequency indicated similar effects of bison on changes 
in abundance. For a few species, however, significant differences 
in cover but not frequency between grazed and ungrazed sites 
indicate an effect of current year’s level of herbivory on the 
aboveground canopy but no significant longer-term population 
change. Because frequency estimates were based on occurrence 
of a species contact with the pin frame rather than rooted plant 
frequency, they may also be influenced by effects of current 
year’s herbivory on plant size. However, sampling was done on 
multiple dates beginning early in the growth period of the domi- 
nant grasses and, for each species, the maximum relative frequen- 
cy value for the 3 sampling dates was used in the analyses. Thus, 
any potential influence of current year’s herbivory on species fre- 
quencies was minimized. 

The net effect of these differential plant species responses was 
a significant increase in several components of plant diversity on 
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sites grazed by bison over the Cyear period. In both watersheds, 
plant species richness, evenness, species diversity, and spatial 
diversity (heterogeneity) were higher in grazed compared to 
ungrazed areas. Greater plant species diversity on sites moderate- 
ly grazed by bison relative to ungrazed sites supports specific 
predictions of the intermediate disturbance hypothesis and the 
generalized model of Milchunas et al. (1988) for grasslands. In 
the absence of grazing, a few tallgrass species dominate the com- 
munity, whereas moderate grazing results in a more species rich 
mosiac pattern of shortgrasses, tallgrasses, and forbs and a mosa- 
ic pattern of canopy structure (Milchunas et al. 1988). These 
models make further predictions concerning the form of relation- 
ship between grazing intensity and plant species diversity, how- 
ever, our study included only a pairwise moderately 
grazed/ungrazed comparison and was unable to test these specific 
relationships for tallgrass prairie. 

Studies in different grasslands have documented significant 
effects of large grazers on plant species diversity (Cid et al. 1991, 
Dyer et al. 1982, Heady 1967, Noy-Meir et al. 1989, Whicker and 
Detling 1988). In a short-term experiment in Oklahoma tallgrass 
prairie, Collins (1987) found higher plant species diversity in 
sites grazed seasonally by cattle, and a significant interaction 
between grazing and fire effects on species diversity. In contrast, 
(Kucera 1956) found decreased plant species diversity in 
Missouri tallgrass prairie sites that were grazed intensively for 
many years, and a significant drought-grazing interaction affect- 
ing trends in plant community composition. Smart et al. (1985) 
showed that long-term exclusion of grazers from east African 
grasslands resulted in a floristically poor plant community heavi- 
ly dominated by just 2 grasss species. 

Although lack of replication of annually burned and 4-year 
bum watersheds precluded statistical examination of tire X bison 
grazing interactions in our study, consistent patterns among repli- 
cate sites in each watershed suggest that plant community 
responses to bison are influenced by fire frequency. Bison caused 
greater increases in species richness and heterogeneity in the 
annually burned watershed than they did in the 4-year bum 
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watershed. This is likely the result of the greater use of annually 
burned sites by bison on Konza Prairie (Vinton et al., 1993), and 
relatively larger shifts in the competitive balance between the 
dominant grasses and subordinant species in annually burned 
prairie where, in the absence of grazing, the tallgrasses typically 
exert stronger competitive effects. 

Herbivores can influence the composition and diversity of plant 
communities via a variety of mechanisms (Huntly 1991). The 
species’ relative-abundance distributions indicated that bison 
increase both the evenness and richness components of plant 
species diversity, however, similar shapes of the distributions in 
grazed versus ungrazed sites suggests that moderate bison graz- 
ing does not significantly alter the fundamental processes orga- 
nizing tallgrass prairie plant communities. The increase in species 
evenness or equitability is a result of the preferential grazing and 
reduced dominance of big bluestem, resulting in an increase in 
the relative abundances of several subordinate species that 
receive little grazing pressure and experience competitive release 
from the effects of big bluestem (Fahnestock and Knapp 1993). 
The increase in species richness and spatial diversity components 
is likely due to the generation of greater habitat heterogeneity. 
The mosaic of habitat patches generated by bison grazing and 
non-grazing activities likely increase the diversity of colonization 
and establishment opportunities for several species that are other- 
wise excluded from the community by the strong competitive 
dominance of the matrix grasses. 

Native ungulate grazers and cattle may differ in their effects on 
tallgrass prairie vegetation composition and biodiversity. 
Although both bison and cattle display generalist food habits, 
bison select almost exclusively graminoids (Krueger 1986, Peden 
et al. 1974, Plumb and Dodd 1993, Schwartz and Ellis 1981) and 
thus may reduce dominance by matrix grasses and increase 
species equitability to a greater degree than cattle. Furthermore, 
bison display other behaviors such as wallowing, they are capable 
of grazing nearer to the ground than cattle, and their spatial and 
temporal patterns of grazing activity differ from cattle (e.g. 
Reinhardt 1985, Polley and Collins 1984). Thus, bison may differ 
from cattle in their effects on plant species richness and spatial 
heterogeneity components of grassland biodiversity. 

Differences in management may also contribute to differences 
in vegetation responses to cattle and bison. In tallgrass prairie 
managed for livestock production, grazing is often seasonal, 
whereas systems managed with native ungulates such as the 
Konza Prairie typically involve year-round grazing with minimal 
grazing management. Thus the temporal and spatial patterns of 
defoliation may differ considerably. For example, the lack of sig- 
nificant increase in the abundance of cool-season C3 grasses 
observed in this study compared to their increase under cattle 
grazing is likely due to greater cumulative grazing pressure C3 
grasses experience under year-round compared to seasonal graz- 
ing. Also, many practices employed in the management of 
domestic cattle on tallgrass prairie, such as intensive-early stock- 
ing or other high intensity-short duration grazing systems are 
designed partially to reduce spatial heterogeneity in grazing 
intensity, which will affect vegetation spatial diversity. Collins 
(1987) showed that seasonal cattle grazing at moderate stocking 
rates increased local plant species richness by 2 to 15% in 
Oklahoma tallgrass prairie. In our study, moderate year-long 
bison grazing increased local plant species richness by 19 to 54%. 
This further suggests that native and domestic grazers managed in 

different ways may differ significantly in their influence on tall- 
grass prairie plant community structure and biodiversity. 

Results of this study clearly indicate that bison grazing increas- 
es various components of floristic and spatial diversity in tall- 
grass prairie. Increasing empirical evidence indicates that 
increased floristic diversity confers greater ecological stability in 
grasslands, including greater year-to-year stability in the net pri- 
mary productivity and species composition in response to drought 
or other stresses (Frank and McNaughton 1991, Tilman and 
Downing 1994). Thus, effects of native and domestic ungulate 
grazers on components of grassland biodiversity have important 
potential implications for grassland ecosystems and range man- 
agement. 
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Abstract 

This paper is an analysis of general principles involved in 
designing concepts for range science. It discusses the diversity of 
conceptuality in range science, from dimensional units to vari- 
ables to simple models to more complex decision-aiding models. 
It examines how considerations of abstraction, confounding, and 
generalization allow development of multi-objective concepts 
needed in a range management science of many variables, inter- 
actions, and models. Examples related to each principle are pro- 
vided. The paper discusses the importance of avoiding internal 
confounding within concepts and the necessity that such con- 
founding be avoided in order to allow clear analyses. Ad hoc 
indices are characterized as inadequate substitutes for explicit 
models of more complex concepts such as preference and diet 
selection. Design efforts emphasizing multiple objectives will pro- 
duce concepts of general use in range management science. 

Key Words: abstraction, confounding, terminology 

“The artist was right all the time. Nature is conceptual.” 
-R. Buckminster Fuller, Synergetics (1975). 

As a management science of many variables, complex interac- 
tions, and multiple objectives, range science is a rich landscape 
for examining conceptuality and concept design. But apart from 
some special cases, concept design in range science has histori- 
cally been neglected as an area of work In many cases, ad hoc 
concepts, often with origins in obscure specialized reports of field 
research, have become standards for the science without rigorous 
evaluation of their general utility. Inadequate conceptual develop- 
ment has contributed to a weak identity for range science 
(Scamecchia 1995). 

The goal of this paper is to examine the importance and the 
principles of concept design in management science in general 
and in range management science in particular. Specific objec- 
tives are to (1) discuss the broad interpretation of conceptuality as 
it applies to range science and generally to natural resource sci- 
ences, (2) discuss basic principles related to concept design, 
including ones such as abstraction and confounding, and (3) pro- 
vide examples of the importance of these principles in designing 
concepts in range science. 

hlmwaipt accepted 22 October 1995. 
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Concepts and Conceptuality 
A concept is a mental image generalized from special case 

instances. This definition is chosen as a composite consensus of a 
number of sources. It includes 3 characteristics of concepts 
important to this paper. First, as a mental image, a concept is 
inherently abstract; conceptualization involves abstraction. 
Second, because a concept is developed from special case 
instances, conceptualization involves experience. Third because 
special cases must be generalized to develop concepts, conceptu- 
aliition involves generalization. 

These 3 characteristics of concepts are interrelated. For exam- 
ple, greater generalization usually results from greater abstrac- 
tion. More experience can allow increased abstraction, which 
results in greater generalization. 

The above definition of concept, considered in the case of 
range science, implies that range science concepts come in a 
spectrum of forms, from simple experimental dimensional units, 
to independent variables, to modeled variables, to comparatively 
complex, integrative models to apply theories. Figure 1 shows a 
related hierarchy of some range science concepts in which com- 
plexity increases outward from the center. To have clear mean- 
ing, each concept should be clearly defined in quantitative terms 
as a mathematical variable, or as a constrnct of minimally con- 
founded variables. A well designed concept based on clear objec- 
tives should be expressable in clear mathematics, but poorly 
designed concepts are often expressable in elegant mathematics 
as well. In the latter case, subsequent interpretation of the elegant 
mathematics is usually unclear. 

Intuitively, the proposed hierarchical, rigorous approach to con- 
cept development may seem reductionist and counterproductive 
in addressing the synergies of range science. But rigorous, uncon- 
founded concepts are necessary in analyzing partial behaviors of 
systems, and understanding the partial behaviors of systems is 
essential to recognize synergies where they occur. Briefly stated, 
to recognize that the whole is greater than the sum of the parts, 
one must know the sum of the parts. 

To develop general, effective, interactive concepts for range 
management science, principles of design within and among con- 
cepts must be considered, including abstraction, and avoidance of 
confounding. How, when and where to apply these principles 
depends on the objectives of concept design. 

Developing Objectives 
As a management science, range science’s identity comes from 

its core of interactive concepts used in analysis, planning, and 
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Fig. 1. Concentric arrangement of 6 range science concepts with the 
simplest concept in the center and concepts of increasing complex- 
ity toward the periphery. Concepts range in complexity from a 
simple dimensional unit to a comparatively complex decision-aid- 
ing concept involving objectives and management options. 
Abstraction of the animal-unit as a unit of demand allows its 
unconfounded use in analyses involving all of the outer concepts. 

management (Scarnecchia 1995). Because concepts are tools, i.e., 
artifacts designed for a purpose, any objective of concept design 
has a claim to legitimacy. But concepts designed as part of the 
core of a management science should have general applicability. 
They should be as explicit as achievable, and leave as little 
implicit as possible. Their designs should reveal their design 
objectives and functions. They should conceptually incorporate 
only other explicit concepts. They should be heuristic, i.e., they 
should aid in future discovery and research design. They should 
be compatible with a multiple-objective management science and 
with systems science in general. 

The design objectives stated above can be achieved by suffi- 
cient abstraction of concepts and by avoiding conceptual con- 
founding. 

Abstraction 
Abstraction is relevant to concept design in management sci- 

ence in at least 2 senses. In the fust sense, as discussed previous- 
ly, conceptualization inherently involves abstraction, so that any 
concept is inherently abstract. In the second sense, the question is 
whether the entity about which a concept generalizes is itselfreal 
or abstract: i.e., is a concept an abstraction of reality or an 
abstraction of an abstraction. 

An example from range science will demonstrate the differ- 
ence. If an animal-unit (Fig. 1) is defined as a unit of intake, the 
animal-unit is an abstraction of a real, measurable variable. But if 
the animal-unit is defined as a unit of animal demand, i.e., non- 
interactive requirements (Scamecchia and Gaskins 1987), the ani- 
mal-unit is an abstraction of an abstract variable, because animal 
demand is itself not directly measurable. Intuitively, defining the 
animal-unit as a unit of intake would seem to make more sense, 
because intake is real while demand is abstract, In fact, the choice 
of how to define it depends on the objectives the developer has 
for the concept. Jf interested in using animal-units only to sum 
intakes of mixed herds of livestock, why not define it as a unit of 
intake? But in range management science in general, the para- 
mount objective should be the suitability of the concept to meet 
multiple objectives in the science. Greater flexibility and greater 
power generally require greater abstraction, A concept of an 
abstraction (i.e., an animal-unit of demand) makes a more useful 
multiple-objective, animal-unit concept which can be used to 
express stocking variables (Scarnecchia and Gaskins 1987), ana- 
lyze grazing dynamics, and express carrying capacities 
(Scamecchia 1990). 

The demand-based design of the animal-unit exemplifies a 
basic principle of concept design. The design of general multi- 
objective concepts ofren requires that you first work backward to 
more basic concepts of abstractions, then use these concepts to 
move forward to concepts of reality. Limiting, by abstraction, the 
animal-unit to a unit of demand greatly expands the eventual util- 
ity of the concept within conceptual hierarchies (Fig. 1.) and 
within other more complex concepts. This power of abstraction is 
related to its effect of reducing confounding among and within 
concepts. 

Coufoundmg 
Although seldom written about or discussed, inadvertent con- 

founding is a major problem in the natural resource sciences. 
Explicit confounding among variables within experimental 
designs is the most familiar kind, and in statistical parlance, such 
confounding is the circumstance in which individual treatment 
effects are not separated from combined effects (Kendall and 
Buckland 1960). Such explicit confounding is especially common 
in natural resource sciences, e.g., range management science, 
because, as management sciences of natural systems, they 
involve large numbers of variables whose actions are not easily 
separated. Where compound variables are derived from simpler 
ones, explicit confounding often cannot be eliminated, although 
techniques are available to minimize it (Scamecchia 1988). 

Such explicit statistical confounding is a problem, but inadver- 
taut, internal conceptual confounding, in which confounding is 
internalized within complex concepts when they are derivedfrom 
confounded simpler concepts, is a more insidious problem. 

The previous example of making the animal-unit a unit of 
intake leads to an example of conceptual confounding. Figure 2 is 
a familiar graph of animal intake versus stocking level. This 
graph has clear meaning only if the animal-unit used in express- 
ing stocking level is not itself a unit of intake. Otherwise, the con- 
founding between stocking level and intake makes the figure dif- 
ficult to interpret. If the animal-unit is abstracted as a unit of 
demand, the confounding in the relationship (Fig. 2) disappears 
because the animal-unit is no longer confounded with intake, and 
no longer dependent on all the other variables which affect 
intake. 

Such conceptual confounding is a pervasive problem among 
range science concepts. Many complex range. science concepts 

Intake 
(Kg/Day) 

StOCkhg LeVel (AWNHa) 

Fig. 2. Hypothetical relationship between animal intake and stocking 
level. This relationship is internally confounded and difficult to 
interpret if the animal-unit used in calculating stocking level is 
defmed as a unit of intake. 
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are internally confounded because more basic concepts used to 
derive them are confounded with each other. Sufficient abstrac- 
tion of the basic variables is essential in preventing confounding. 
In the previous example, abstraction of the animal-unit allows it 
to be used all the way up the hierarchy of conceptual complexity 
in Fig. 1. The basic principle of concept design here is that the 
more confounded a concept, the more immediately useful it 
appears, but the fewer applications it actually has. 

The temptation, originating in management, is to try to con- 
dense too much information into single concepts-to practice a 
kind if primitive holism by integrating within concepts rather 
than integrating unconfounded concepts in formal analyses. Once 
a concept is conceived as an aggregate of many variables, it usu- 
ally cannot be precisely related to other concepts in analyses. 
Range management science needs unconfounded basic concepts 
to use in analytical models, and even to explain simple relation- 
ships such as that in Fig. 2. 

Other Considerations in Concept Design 
The character of a designed concept should reflect the objec- 

tives for its use. For example, the rangeland condition concept is 
best designed as a modular concept (Scarneccbia 1995) to give it 
a discrete identity, and simultaneously to allow it to apply ecolog- 
ical theories whose appropriateness vary in space and time. Its 
discreteness as a model of rangeland values apart from ecological 
theories provides its generality and simultaneously contributes to 
the much needed identity of range science. Rangeland condition 
is an example of a conceptual model that should be used in more 
complex models as a complete submodel rather than being woven 
piecemeal throughout another model as a simple variable might 
be. 

Some concepts are no more than simple variables, and such 
variables, whether measurable or abstract, can be useful as indi- 
cators to assess more conplex concepts, as, for example, readily 
measured soil or plant variables can serve as indicators of range- 
land condition. Some variables, such as those a modeler might 
encounter, can represent important concepts even though they are 
not directly measurable or their utility is as yet unknown. Just 
because a variable does not have immediate physical meaning 
does not mean it cannot eventually have great conceptual value, 
either alone or when applied with other variables. 

Concepts and Definitions in Range Science 

“‘Definition requires conceptual&” 
-R. Buckminster Fuller, Synergetics (1975). 

Recent years have seen several large committees attempt to 
develop definitions related to range science. Such committees 
have been much concerned with standardization of terminology. 
The problem of inadequate terminology in range science is really 
a symptom of inadequate basic concepts. Rather than attempting 
to define terms, attention would be better directed at concept 
design and development; a definition of a well-designed concept 
falls out naturally. But a poorly designed concept, (i.e., one that 
is inadequately abstracted, internally confounded, or based on ad 
hoc objectives) defies clear definition and/or general application. 

A glossary of terminology is usually a list of verbal definitions. 
A glossary of concepts would be more meaningful, and would be 
a detailed framework of variables, approaches and models, based 
on explicit objectives of design, constituting the core of range 

management science (Scamecchia 1995). An objective-driven 
annotated glossary, it would have explanations of design and 
application to go with the definitions. In a management science 
like range science, a glossary of terms is of less value than in a 
technical science. A glossary of concepts would be of immense 
value to range management science. 

An Exercise in Concept Design 
The concepts of palatablity, preference, and diet selection are 

familiar to range scientists and are a challenging exercise in con- 
cept design. 

According to the first edition of Range Management by 
Stoddart and Smith (1943), palatability was originally used to 
describe the avidity with which an animal ate a plant. At that 
time, those authors abandoned the term palatability and suggested 
instead that the tertu preference should refer to the taste an ani- 
mal “displays” for a plant. Over time, palatability has come to 
refer to plant characteristics and preference to animal reactions, 
as described by Heady and Child (1994). If interpreted rigorous- 
ly, this distinction requires that palatability be defined indepen- 
dently of any animal, and that preference be defined without ref- 
erence to any plant. This distinction seems reasonable because if 
the interaction of palatability and preference is to be a clean 
plant-animal interaction (e.g., actual diet selection), one of the 
concepts must be a plant concept, and the other must be an ani- 
mal concept. A second alternative is to design palatability and 
preference as mutually dependent, which amounts to defining a 
single interactive preference-palatability concept which is 
species-specific on both the plant and animal sides. This single, 
interactive concept is closer to reality, i.e., to real, measurable 
species-specific diet selection. In the first alternative, the distinct 
concepts of plant palatability and animal preference are both sig- 
nificantly abstracted from real, measureable diet selection and 
are more abstract than the interactive preference-palatability con- 
cept. In this alternative, plant palatability and animal preference 
are in fact independent of animal or plant species, respectively. 
Which alternative is preferable? 

The answer depends on the objectives of design. If the only 
design objective is to be able to document case by case diet selec- 
tion, then the interactive palatability-preference concept is conve- 
nient. But abstracted, independent concepts of palatability and 
preference are generalized to work independently in any situa- 
tion, i.e., in any model, and for any of multiple objectives. So the 
approach shown in the first 2 rows of Table 1 is the superior gen- 
eral approach for range management science. Over time, the trend 
among scientists working with these concepts has been to work 
backward, often reluctantly or imperfectly, to discrete, abstract 
concepts of palatability and preference for use in models to pre- 
dict diet selection and for other objectives. This exemplifies a 
general principle that either explicitly through design or pragmat- 
ically to increase utility, in management sciences, concepts tend 
to evolve to accomodate multiple objectives. The evolution of the 
concepts of carrying capacity (Scamecchia 1990) and rangeland 
condition (National Research Council 1994; Scamecchia 1995) 
are examples of this principle. When concepts originate from 
management in the absence of systematic design, their evolution 
to abstracted, multi-objective concepts can be slow and difficult. 

The abstracted concepts of palatability and preference in Table 
1 are models of a number of plant and animal variables, respec- 
tively. Each could be visualized, for example, as a matrix of plant 
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or animal variables contributing to the larger model/concept. As 
abstract concepts, the 2 models can be used intact in diet selec- 
tion models (Table 1) or individual variables can be extracted 
from either matrix and used individually. In either case, the 
palatability and preference concepts and the contributing vari- 
ables are more abstracted, less interactive, less confounded, and 
of greater analytical value. 

Table 1. Summary of characteristics of the concepts of palatability, pref- 
erence and diet selection. Although concepts are inherently abstrac- 
tions, column 1 refers to whether the concept is abstracted from the 
real world or further abstracted from an abstraction. Column 2 
describes whether the concept is directly measurable. Column 3 indi- 
cates whether each has been conceptualized as a plant concept, as an 
animal concept, or as an interactive concept. These general character- 
istics of abstraction, measurabiity, and interactivity are interrelated. 

Concept 
Real (R) or Directly Plant (P) - Animal (A) 

Abstract (A) Measurable ? or Interactive 0 

Palatability A 
Preference A 
Diet Selection R 

No P 
No A 
YeS I 

Indices 
Limiting concepts by abstraction requires that more analysis be 

done through explicit modeling and less through calculating ad 
hoc indices. For example, easily calculated selectivity indices are 
often used to relate diet selection to some concept of availability 
and thereby rank forages. Such an approach was reviewed by 
Heady and Child (1994). They cited earlier research (Loehle and 
Rittenhouse 1982) which described analytical inadequacies of 
selectivity indices, saying in essence that attempts to condense all 
of the variables and variability of diet selection into a single 
index had been unsuccessful. In another paper, this author 
(Scamecchia 1986) described major conceptual inadequacies in 
interpreting and applying indices of dietary overlap. Such indices 
have numerous conceptual weaknesses, including that they (1) 
are usually derived from interactive, real concepts and so are seri- 
ously confounded, (2) defy clear interpretation because they are 
confounded, (3) are impossible to use and interpret in subsequent 
calculations without even further confounding, and (4) are incom- 
patible with abstract concepts of palatability and preference as 
defined by Heady and Child (1994), and as shown in Table 1. 

The general principle here is that ad hoc indices derived from 
interactive vuriables are not substitutes for explicit, rigorous 
models of unconfounded concepts. Some indices may have spe- 
cific situational uses, but they have little general use in range 
management science. 

Looking Ahead 
The future development of range science depends on having 

well designed concepts to meet the multiple objectives and multi- 
ple interactions of a management science. The principles outlined 
in this paper relate abstraction, confounding, and generalization 
in concept design. They serve as a guide to the development and 
application of future concepts, from the simplest dimensional 
units and variables to the most integrative models. 

Without well designed concepts, range science will remain a 
science of weak identity (Scamecchia 1995). Effective concepts 
that are consistent with a management science, a systems science, 
will lead to a range science of stronger individual identity and 
will also make range science more compatible with supporting 

basic sciences and with other natural resource sciences. So work 
on conceptuality in range management science is a win-win activ- 
ity. The quality of design of its underlying concepts will help 
determine whether range management science fragments into its 
surrounding sciences or contributes to a unified natural resource 
science of the future. 
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Abstract 

Fifteen collections of 10 native and exotic grasses were germi- 
nated at constant 2S°C, and at gradual and abruptly alternating 
temperature regimes characteristic of wet seedbed temperatures 
in the southwest desert grassland in summer, winter, and spring. 
All species but bristlegrass (Setaria macrostachya &B.K and S. 
Zeucopila Schum.) had high total germination under summer and 
spring temperatures (mean= 60 % and 67 %, respectively) and all 
but bristlegrass and bush muhly (Muhlenbergia porteri Scribn.) 
had relatively high total germination under winter temperatures 
(mean=53 8). In general, total germination percentage was simi- 
lar for gradual and abruptly alternating temperature regimes 
within a season. Constant 25OC and abruptly alternating temper- 
ature germination percentages were similar enough to those at 
more realistic gradually alternating temperatures for most 
species to permit use of these tests to calculate estimates of sum- 
mer bulk seeding rates. Time to 50% germination (D50) was 
slightly less for gradual than abruptly alternating summer tem- 
peratures, but was generally shniir for these regimes under win- 
ter and spring temperatures. To determine if germination 
responses to constant temperatures could be used to estimate 
responses to dynamic temperatures, 12 collections of 8 species 
were tested for germination at constant temperatures of 5.4,10, 
20,25,30,35,40, and 45OC. Total germination and rate of germi- 
nation (l/D50) increased and decreased as third-order polynomi- 
al functions of temperature. Polynomial regression estimates of 
l/D50 were used to calculate estimates of D50 for diurnally alter- 
nating temperatures that were within an average of 0.6 and 1.3 
days of measured values for summer and spring temperatures, 
respectively. Linear regression estimates of l/D50 for suboptimal 
to optimal temperatures were simiirly used to estimate D50 for 
dynamic winter temperature regimes that averaged within 3.6 
days of measured values for most of the species. Differences 
between estimated and measured D50 for bush muhly under win- 
ter temperatures, and for Lehmann lovegrass (Eragrostis 
Zehmanniana Nees) collections under winter and spring tempera- 
tures, indicate sensitivity of these species to extreme tempera- 
tures in addition to accumulated heat. Simii measured and esti- 
mated D50 for most of the collections for summer, winter, and 
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spring temperatures indicates that these species are primarily 
responding to cumulative heat effects. Even though most of the 
species have high germination percentages for winter or spring 
temperatures, field seedling emergence is much less likely in win- 
ter and possibly less likely in spring than in summer. Slower ger- 
mination rates during these cooler seasons would require long 
periods of soil water availability at the surface to allow germina- 
tion. 

Key Words: revegetation, modeling seedling establishment, semi- 
desert grasslands, Bothriochloa, Bouteloua, Dig&G, Eragrostis, 
Heteropogon, Leptochloa, Muhlenbergia, Setaria. 

Laboratory germination tests are used to calculate pure live 
seed percentages and bulk seeding rates, as well as to understand 
establishment requirements of rangeland species. The standards 
set forth by the Association of Official Seed Analysts (Yaklich 
1984) recommend constant or abruptly alternating temperatures 
for germination trials, depending on the species. However, field 
seedbed temperatures diurnally rise and fall gradually (Roundy et 
al. 1992b). Differential germination responses to laboratory and 
actual field temperature patterns may lit the use of laboratory 
data for predicting or understanding seedling establishment under 
field conditions. Field germination responses may be important in 
understanding why certain exotic species, such as Lehmann and 
Cochise lovegrass (Eragrostis lehmanniana Nees and E. lehman- 
niana Nees x E. trichophora Coss and Dur.) are more easily 
established than some southwestern native grasses (Roundy and 
Biedenbender 1995). 

Temperature patterns affect germinability of dormant seeds as 
well as the germination rate of nondormant seeds. Temperature 
alternations stimulate germination of many dormant seeds 
depending on the timing, number of cycles, extremes, and ampli- 
tude ofthe alternations (Murdock et al. 1989, Probert et al. 1986, 
Totterdell and Roberts 1980). Early (Wilson 1931, Little 1937, 
Bridges 1941) and more recent research (Munda 1993, 
Livingston 1992) has shown many native southwestern warm- 
season grasses to have high germination percentages and limited 
dormancy. Exceptions include plains lovegrass (Eragrostis inter- 
media Hitchc.), which had increased germination when exposed 
to alternating temperatures (Roundy et al. 1992c), and bristle- 
grass (Setaria macrostachya H.B.K., S. Zeucopila Schum.), which 
may require scarification to decrease seed coat dormancy (Tapia 
and Schmutz 1971). Collections of Lehmann lovegrass seed have 
dormancy that decreases with time, scarification, exposure to 
light, or various moisture and temperature pretreatments (Knipe 
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and Herbel 1960, Brauen 1967, Haferkamp et al. 1977, 
Hardegree and Emmerich 1991, Roundy et al. 1992a, 1992c). 

Germination rate at suboptimal temperatures increases linearly 
with increasing constant temperatures for nondormant seeds of 
many species (Hegarty 1972)This relationship has led to the use 
of accumulated thermal units above a base temperature to predict 
germination in time (Roberts 1988, Probert 1992), and is the 
basis for modeling seedling establishment in relation to periods of 
water availability (Brar et al. 1992). Following this approach, 
Jordan and Haferkamp (1989) used linear regression of constant 
temperatures on the reciprocal of days to 50% germination to 
estimate minimum germination temperatures of 7.8 to 13.7”C for 
native and exotic grasses common to southern Arizona. They cal- 
culated thermal units required to reach 50 % germination by sub- 
tracting these minimum temperatures from each constant or mean 
daily temperature to determine thermal units/day. 

However, germination rates estimated from thermal units based 
on seed germination at constant or average temperatures could 
vary with those of seeds exposed to field temperature altema- 
tions. Garcia-Huidobro et al. (1982) found that nondormant seeds 
of pearl millet (Pennisetum typhoides S.&H.) required fewer ther- 
mal units to reach 50% emergence when the amplitude of temper- 
ature alternations was increased. Germination rates of seeds 
exposed to abrupt alternations between diurnal extremes, as is 
common with laboratory tests, might be negatively affected by 
the longer daily exposure of seeds to supraoptimal temperatures 
than would occur with the gradual temperature alternations of 
field conditions. Ellis et al. (1987) demonstrated a predictable 
decreasing germination response of faba bean (Viciu faba L.) to 
increasing temperatures above the optimal temperature for germi- 
nation. Similar responses have been shown for other species 
(Roberts 1988). The purpose of our research was to compare ger- 
mination responses of warm-season grasses at abruptly and grad- 
ually fluctuating temperatures and to determine if response to 
constant temperatures can be used to predict germination rates 
under dynamic temperature regimes. 

Methods and Materials 

Fifteen native and exotic warm-season perennial grass collec- 
tions of 10 species (Table 1) were tested for total germination 

percentage and days to 50% germination of germinating seeds 
(D50) in relation to 7 temperature regimes. These regimes includ- 
ed constant 25’C; abruptly alternating temperatures between 20 
and 40, 2 and 33, and 1 and 16”C, representing minimum and 
maximum wet seedbed temperatures in summer, spring, and win- 
ter, respectively, in the desert grassland in southern Arizona. Also 
tested were gradual diurnal fluctuating temperatures for these 
ranges, representing measured temperature patterns in wet field 
seedbeds (Fig. 1). Field seedbed temperatures for summer were 
measured by Sumrall et. al (1991), Roundy et al. (1992b), and in 
the current study for summer, winter and spring on a sandy loam 
upland range site using thermocouples attached to microloggers. 
Abruptly alternating trials were conducted in incubators set at the 
cooler temperature for 16 hours and the warmer temperature for 8 
hours. Gradually fluctuating trials were held in a ramping temper- 
ature incubator, programmed to simulate diurnal measured field 
temperatures. In addition, germination percentage and D50 were 
measured for 12 collections of 8 species in constant temperature 
incubators at temperatures of 5.4, 10, 20, 25, 30, 35, 40, and 
45°C. 

For all germination tests, 4 replications of 25 seeds of each col- 
lection were placed in petri dishes lined with Watman #2 filter 
paper. Germination was recorded and dishes rotated in the incu- 
bators daily for up to 21 days, then every 3 days for up to 42 
days. Seeds were counted as germinated when the radicle 
emerged l-2 mm. 

Analysis of variance was used to determine significance of col- 
lection, season, and temperature regime in relation to total germi- 
nation percentage and D50. Collection and temperature regime 
means were separated by the Tukey HSD test. Germination per- 
centages and the inverse of D50 were statistically fit to constant 
temperatures using linear and polynomial regression. Regression 
equations for each collection were used to estimate hourly values 
for the inverse of D50 for gradual and abruptly alternating tem- 
perature regimes. The inverse of progress toward 50% germina- 
tion (l/PTG) for each hour was calculated by: 

l/PTG/hour = estimated l/D50 /24 

Daily VPTG was calculated by summing the hourly l/PTG’s for 
24 hours. Estimated D50 was then calculated as the inverse of the 
daily l/PTG for each collection and temperature regime. 

Table 1. Species list for laboratory germination study of warm-season grasses including seed source and year collected. 

Common name 
Cane beardgrass 
Sideoats grama 
Arizona cottontop 
Plains lovegrass 
Lehmann lovegrass 

Cochise lovegrass 

Tanglehead 
Green sprangletop 
Bush muhly 

Bristlegrass 

Scientific name and lot # Seed source and year 

Bo~hriochloa barbinodis Herter TPMC’; harvested 1990.1992 
Boureloua curripendula @Ii&x.) Torr.‘Vaughn’ Lot 9221 Native Plants, Inc., Arizona; collected by 1986 
Digifaria calijkica (Benth.) Chase Lot 11175 Grade Seed Co., Utah; Arizona orig.;collected by 1991 
Eragrosris intermedia Hitchc. Native Plants, Inc., Arizona; collected 1991 
Eragrostis Iehmanniana Nees Lot 2814 
Lot 917s 

Native Plants, Inc., Arizona; collected by 1987 

Lot 9247 
Native Plants, Inc., Arizona; collected by 1986 
Native Plants, Inc., Arizona; collected by 1987 

E. lehnumniuna Nees x E. trichophora Coss and Dur. 
Lot 9366 

uakuowa origin 
Native Plants, Jnc.,Arizona; collected by 1988 

Heteropogon contortus (L.) Beauv. TPMC; harvested 1991 
Leprochloa dubia (H.B.K.) Nees Lot 113669 Granite Seed Co.; Texas orig.; collected by 1992 
Muhlenbergiaporteri Scribn.-Arizona Collected Tucson, Arizona; 1990 
New Mexico Collected Jomada Expt. Range, New Mexico; 1991 
Seturiu leucopila Schum. TPMC, harvested 1991 

Plains bristlegrass Setariu mnchrostuchya H.B.K. Lot 11639 
‘T PMC = Natural Resource Conservation Service. Tucson Plant Materials Center. 

Granite Seed Co., Utah, Texas orig.;collected by 1992 
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Fig. 1. Summer, spring, and winter wet seedbed temperatures in the 
desert grassland of southeastern Arizona. 

Results 

Response to Gradual and Abrupt Temperatures 
The interaction of species, season, and temperature regime was 

significant (~~0.05) for total germination percentage and D50. In 
general, total germination was similar for constant 25”C, gradual, 
and abrupt temperature regimes for summer and spring tempera- 
tures (10 and 9 of 15 collections, respectively) (Table 2). Total 
germination responses to winter temperatures varied with species 
and collection. Constant, gradual, and abrupt temperature regimes 
had similar germination for 5 of 15 collections, while germina- 
tion in abrupt and gradual temperatures was similar for 6 of 15 
collections. Abruptly alternating winter temperatures stimulated 
germination of Lehmann lovegrass 9247 compared to constant or 
gradual temperatures. Germination in abrupt winter temperatures 

was less than that in gradual temperatures for 2 species, cane 
beardgrass and Arizona cottontop. Except for *bristlegrass at all 
temperatures and bush muhly under winter temperatures, all 
native species had high germination percentages. 

In general, germination was faster in gradual than in abrupt 
temperature regimes for summer temperatures (8 of 15 collec- 
tions), but was similar for these temperature regimes for winter 
and spring temperatures (10 and 9 of 15 collections, respectively) 
(Table 3). As expected, germination was faster at a constant 25°C 
than in gradual and abruptly alternating winter temperature 
regimes for all collections. D50 was similar among most species 
and collection within gradual and abrupt summer temperature 
regimes. Germination was especially fast for summer gradual 
temperatures, with 50% germination occurring within 1.4 to 3.7 
days of wetting. For winter temperatures, bush muhly and the 
Lehmann lovegrass collections had slower germination than the 
other collections. Germination rate was similar for all collections 
but bristlegrass under spring gradual temperatures. Under gradual 
temperatures, D50 was about 2 to 3 times longer under spring and 
4 to 18 times longer under winter temperatures as under summer 
temperatures. Many native species had a trend toward faster ger- 
mination than Lehmann lovegrass under spring and winter tem- 
peratures. Bush muhly was especially sensitive to cold tempera- 
tures. 

Response to Constant Temperatures 
Total germination percentage and l/D50 increased with 

increasing constant temperatures to a point and then decreased. 
This response was best statistically modeled by third order poly- 
nomial regression equations (Fig. 2, Table 4). Optimum tempera- 
ture for total germination for most collections was about 2O”C, 
but was 30°C for plains lovegrass and bush muhly. Sideoats 
grama [&wteZoua curtipendula (Michx.) Torr.] had highest total 
germination at the temperature extremes of 5.4 and 45”C, but 

Table 2. Total germination percentage for 15 warm-season grasses under constant, gradual, and abruptly alternating temperatures representative of 
wet seedbed conditions in a southeastern Arizona desert grassland. 

Species Constant’ 
Summer 
Gradual Abruptz ConstaDt 

Winter 
Gradual Abrupt Constant 

Soline 
Gradual Abrupt 

Cane beardgrass 
Sideoats grama 
Arizona cottontop 
Tanglehead 
Green sprangletop 
Bush muhly 

Arizona 
New Mexico 

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

ssaA3 8OaAB 76aA-C 93aA 92aA 56bA-C 93aA 86abA 69bA-C 
SlaA-c 62bBE 48bD-F SlaA-c SO&l3 77aA 79aA-c 74aA-c 69aA-C 
64aCD SlabCE 32bF 64aCD 47aCD 23bD 6laB-D 56aB-D 56aC 
7&B-D 40bEF 8la A-C 6&B-D 66aBC 62aA-C 85aAB 79aAB 77aA-c 
7&B-D 76aAB 69aB-D 70aB-D 67aBC 62aA-C SkiA-c 72aA-c 69aA-C 

64aDE 
83aA-c 

66aBD 6laB-E 
77aAB 9224 

48aDE 
84aA-c 

ObH 
1cGH 

1bF 
16bDE 

73aA-c 
92aA 

36bD 
8labAB 

57abC 
73bA-C 

Bristlegrass 12aF l1aG 8aG 1laF 1SaEF 1bF 12aF 7aEF l&D 
Plains bristlegrass 5aF OaG 4aG 8aF 15aFG 4aEF 12aF 5aF 7aD 
Plains lovegrass 87aAB 89aA 84aAB 87aAB 46bCD 62bA-C 87aAB 86aA 92aA 
Lelunann lovegrass 

2814 63aCD 52aC-E 7OaB-D 62aCD SlaB-D 68aA 52aC-E 72aA-c 86aAB 
917s 48aEF 28bFG 58aC-E 28aEF 21aDF 39aB-D 34bD-F 47bCD 75aA-c 
9247 38aF IObG 4oaEF 17bF 9bPH 66aAB 24bEF 29bD SOaA-c 

Cochise lovegrass 
6308 s7aA-c 73aA-c 73aB-D 82aA-c 41bC-E 63aA-C 75aA-c 7oaA-c 65aBC 

9366 57aDE 45aD-F 43aEF 5laDE 23bD-F 35abCD 58aCD 26bDE 48abC 

‘Constant tempemture was 25°C. 
*Abruptly alternating temperature regimes remahxd et the cooler temperature for 16 hours and at the warmer temperature for 8 hours. Summer tempentmes were 20-40; winter I-16; 
and spring 2-33°C. 
‘Germination means among tempenture regimes within a season for each seed collection followed by the same lower case letter and among seed cokctions within a column followed 
by the same upper case letter are. not significantly different (pcO.05) by the Tukey HSD test. 
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TEMPERATURE(C) TEMPERATURE (C) 

Fig. 2. Total germination and germination rate of warm-season grasses as third-order polynomial regression functions of constant tempera- 
tnre. 

most native species had little or no germination at these tempera- 
tures. The Lehmann lovegrass collections had decreasing germi- 
nation from 20 to 35 or 4O”C, and then increased slightly at 45°C. 
Arizona cottontop’s [Digitaria culijhicu (Be&.) Chase] low 
germination percentage in the constant temperature trials may 
have been associated with loss of viability associated with seed 
age. 

Most collections had rapid germination (greatest l/DSO) at 30 
to 35°C and then decreasing germination rate at higher tempera- 
tures (Fig. 2). Sideoats grama had rapidly increasing germination 
rate with increasing temperature from 5.4 to 20°C and relatively 
constant germination rate at 20% to 45°C. The introduced love- 
grasses all had most rapid germination at 35°C. Optimum temper- 
atures for total germination were generally 5 to 10°C cooler than 
those for maximum germination rate for native grasses and 15 to 
20°C cooler for the introduced lovegrasses. 

Estimating Germination Time 
All polynomial regressions of l/D50 on constant temperatures 

were significant (pcO.OOl), but standard errors of the estimate 
were relatively large flable 4). Nevertheless, D50 estimates from 
this statistical model were similar to measured values for summer 
and spring temperature regimes for most collections (Fig. 3). For 
summer gradual temperatures, absolute differences between mea- 
sured and estimated values ranged from 0.11 days for sideoats 
grama to 2.6 days for Co&se lovegrass 9366, and averaged 0.7 
days. Estimated and measured values of D50 were more similar 
for abrupt than gradual summer temperatures. Differences 
between measured and estimated values for this regime averaged 
only 0.4 days. For summer temperature regimes, the model gen- 
erally overestimated D50 for gradual temperatures and underesti- 

mated D50 for abrupt temperatures. Differences between estimat- 
ed and measured D50 for gradual spring temperatures ranged 
from 0.06 to 2.9 days and averaged 1.1 days. Differences 
between estimated and measured D50 for abrupt spring tempera- 
ture regimes ranged from 0.02 to 5.8 days and averaged 1.4 days. 
The model underestimated D50 for gradual spring temperatures 
for cane beardgrass (Bothriochloa burbinodis Herter), Arizona 
cottontop, and green sprangletop [Leptochlou dubiu (H.B.K.) 
Nees] while overestimating D50 for all other grasses. The model 
underestimated D50 for abrupt spring temperatures for all the 
lovegrasses and overestimated D50 for the other grasses. 

A linear regression model estimated l/D50, and consequently 
D50, more accurately than the polynomial model for winter tem- 
peratures. The linear model of l/D50 on constant temperature 
was constructed using only suboptimal and optimal temperatures 
and omitting supraoptimal temperatures (Table 4). Minimum esti- 
mated temperatures for germination from this linear model 
ranged from 7.1 to 11.3”C and averaged S.lT for the 12 collec- 
tions tested. The linear model underestimated D50 of bush muhly 
by 25 to 30 days for gradual winter temperatures. Absolute differ- 
ences between estimated and measured D50 for gradual winter 
temperatures for the other 10 collections averaged only 2.8 days. 
The model tended to slightly overestimate D50 for most native 
grasses and Cochise lovegrass and underestimate D50 for 
sideoats grama and the Lehmann lovegrass collections for this 
temperature regime. The linear model underestimated D50 of the 
bush muhly and Lehmann lovegrass collections by 17 and 11 
days, respectively, for abrupt winter temperatures. The model 
underestimated D50 of the other collections by an average of 4.3 
days for this temperature regime. 
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Table 3. Time to 50% germination (days) for 15 warm-season grasses under constant, gradual and abruptly alternating temperatures representative of 
wet seedbed conditions in a southeastern Arizona desert grassland. 

Species Collstalltl 
S mme 

Gi.d”i Abrupt’ 
Winte 

Collstant Grad; Abrupt Collstant 
sp- g 

GraiEl Abrupt 

Canebeardgrass 
Sideoats grama 
Arizona cottontop 
Tanglehead 
Green spmngletop 
Bush mubly 

AliZOM 

New Mexico 
BristlegrasS 
Plains bristlegrass 
Plains lovegrass 
Lehmann lovegrass 

2814 
9178 
9247 

Cocbise lovegrass 
6308 
9366 

-------------------------------~~eto50%ge~~on(&y~)----------------------------- 

1 .7abE3 1.4bC 2.3aA L5hE 12.6aDE 17.0aC-F l&B 2.7aB 2.7sF 
L8abE 1.4bC 1.9aA L5bE 13SaDE 12.8aF 1.6cB 3.3aB 2&F 
3.4aC-E 2.3bBC 3.labA 2&C-E 17.5bC-E 26.7aA-E 2.8bB 4.9aB 4.3aC-F 
2.2aDE 1.6bC 1.6bA 1.6hDE 10.4aE 9.8aF l&B 3.oaB 23bF 
2.7bC-E 3.lbAB 3.8aA 2.lcC-E IZWDE 14.oaEF 2.6bB 5.6aB 5.8aB-D 

2.7abDE 2.3bBC 3.2aA l&DE 92 33.9aAB 1.7bB 6.6aAB 3.4bD-F 
LSabE 1.6hC 2.3aA 1.5cE 36.6aAB 19.4bB-F 1.2bB 4.7aB 2.7bE-F 
6.3aBC 3.6bA S.OabA 3.4bBC 24.9aB-D 37.laA 6.laAB 9.6aAB lO.OaA 

16.6aA - 14.oaA 6.ObA 26.9aBC 36.4ah 15saA 17.6aA 10.9aA 
3.4aB-D 2.3bBC 3.2aA 2.8bB-D 19.0aC-E 19.8aJ3-F 3.OcB 6.3aAB SJbB-D 

5.4aB 3.7bBC 2.lcA 3.8cB 24.2bB-D 27.4aA-E 4.3cAB 8.laAB 5.9bBC 
6.OaB 3.2bAB 4.2bA 4.lbB 29.oaBc 30.9aA-D 4.ObAB 8.4aAB 7.4aB 
7.0aDE 2.2cBC 3.9bA 1.7bDE 26.2aBC 323aA-C 4.3bAB 8.3aAB 65abBC 

2.6aDE 1.7bC 2.7aA L7bDE 12.9aDE 12.9s 2.2bB 5.m 5&B-E 
2.7aDE 1.7bc 2.6aA LSbDE 11.4aB 15.3aD-F 2.ObB 5.m 4.7aC-F 

'Constant temperatore was 25°C. 
zAbruply alkmatiag temperalum regimes remained al the cooler temperature for 16 hours and at the warmer tcmpexalure for 8 hours. Summer temperatures were 20-40, winter l-16; 
and spring 2-33’C. 
%aos of time to 50% germination among tempcmlum regimes within a season for each seed cokction followed by the same lower case letter and among seed cokctions within a 
colmm~ followed by the same upper case let&r are. not significaatly different (~~0.05) by the Tukcy HSD test. 

Discussion 

Laboratory germination percentages under conditions of unlim- 
ited moisture were high for most of these warm-season grasses 
under a variety of temperatures. These results are. consistent with 
previous studies (Wilson 1931, Little 1937, Bridges 1941, Frasier 
et al. 1985, Ellem and Tadmor 1966, Livingston 1992, Roundy et 
al. 1992c). For most of the grasses, the constant 25°C and abmpt- 
ly alternating temperature regimes produced similar total germi- 
nation percentages and germination rates to the gradually fluctu- 
ating temperature regimes characteristic of wet summer seedbeds. 

Warm-season grasses are typically planted in the southwestern 
U.S. in the summer prior to the onset of the summer rainy season. 
For most of these species, a constant 20 to 25°C or abruptly alter- 
nating germination test should be adequate to estimate bulk seed- 
ing rates of nondormant seeds. Exceptions include some colkc- 
tions of Lehmamr lovegrass. Two collections in this study, 9178 
and 9247, had lower total germination under gradual summer 
temperatures than under constant or abrupt temperature regimes 
(Tables 2 and 3). The 3 Lehmann lovegrass collections in this 
study also had much slower germination under constant 25°C 
than under gradual or abrupt summer temperatures. 

Table 4. Coefficients of determination for linear (3) and third-order polynomial (R*) regressions of constant temperature (“C) on germination rate 
(days to 50% germination) and total germination (%) for 12 warm-season gnxses. Linear and polynomial regressions apply to s&optimal and sub- 
optimal to supraoptimal constant temperatures for germination, respectively. SEE=standard error of estimate. All regressions were significant at 
pco.001. 

Species 

Canebeardgrass 
Sideaats grama 
Arizona cottontop 
Green sprangletop 
Bush muhly 

Arizona 
New Mexico 

Plains lovegrass 
Lebmim lovegrass 

2814 
9178 
9247 

Cochise lovegrass 
6308 
9366 

Linear reeression for eermination rate 

lJ SEE 
0.90 0.073 
0.80 0.159 
0.53 0.130 
0.67 0.143 

Temperature thre shold N!1 
Millimllm MaximlUll 

7.8 30 
6.7 25 
9.9 35 
8.6 35 

0.88 0.113 7.1 35 
0.89 0.108 7.3 30 
0.95 0.052 7.4 35 

0.93 0.067 !I: 40 
0.83 0.085 40 
0.73 0.148 11.3 40 

0.95 0.060 6.3 35 
0.96 0.055 6.7 35 

Polvnomial reeression 
Germination rate Germination (%1 

R* R* SEE 
0.83 o”z3 0.85 9.8 
0.85 Oil2 0.70 17.4 
0.53 0.142 0.61 7.3 
0.83 0.105 0.82 13.8 

0.93 0.085 0.93 11.6 
0.91 0.097 0.89 10.9 
0.92 0.067 0.93 10.6 

0.86 0.091 0.64 17.3 
0.79 0.094 0.48 12.8 
0.70 0.153 0.38 24.0 

0.93 0.067 0.75 16.2 
0.91 0.082 0.80 12.6 
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Fig. 3. hfeasured days to 50% germination for gradual and abruptly 
ff uctuatiug temperature regimes compared to estimates from lin- 
ear (winter) and third-order polynomial (summer and spring) 
regressions of germination rate (l/days to 50% germination) on 
constant temperature. Warm-season grasses were CB, cane beard- 
grass; SG, sideoats grama; AC, Arizona cottontop; GS, green 
sprangletop; BM AZ, NI’tf, bush muhly collected iu Arizona and 
New Mexico, respectively; PL, plains lovegrass; LL 2814, 9178, 
9247, Lehmann lovegrass collections; CL 6308 and 9366, Co&se 
lovegrass collections. 

Bristlegrass was the only species that did not germinate well in 
this study (Table 2). Toole (1940) encountered similar diiculties 
and was able to improve germination by prechilling and scarifica- 
tion with sulfuric acid to break the hard seed coat. Alternating 
temperatures were insufficient to break dormancy of these 
species in this study. 
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Optimum constant temperatures for maximum total germina- 
tion ranged from 20 to 30°C for native grasses and from 15 to 
20°C for introduced lovegrasses (Fig. 2). However, optimum con- 
stant temperatures for germination rate, expressed as 1/D50, were 
5 to 10°C higher for native grasses and 15 to 20°C higher for 
introduced lovegrasses (Fig.2, Table 4). For these species, most 
seeds germinate at cooler temperatures, but the fastest germinat- 
ing seeds germinated at higher temperatures. Higher optimum 
temperatures for germination rate than for total percent germina- 
tion is typical for many species (Roberts 1988). 

Most of these species exhibited a typical response of total ger- 
mination and germination rate to constant temperature; increasing 
to an optimum temperature, then decreasing quickly with 
supraoptimal temperatures (Roberts 1988). One exception was 
sideoats grama which maintained high total and rate of germina- 
tion between 20 and 45°C temperatures (Fig. 2). This adaptation 
to a wide range of temperatures may, in part, contribute to the 
wide ecological amplitude of this species from warm desert 
grasslands to cooler northern plains grasslands. The classical and 
predictable germination responses of these species to constant 
temperatures permitted reasonable estimates of D50 for most of 
the species tested for diurnally dynamic, seasonal temperature 
regimes characteristic of the southwest desert grassland. 

When model estimates of D50 are similar to measured D50 for 
both gradual and abrupt temperature regimes, cumulative temper- 
ature effects are indicated. This was the case for most of the col- 
lections. Differences between estimated and measured D50 could 
be associated with lack of precision in the model for some collec- 
tions which can limit accuracy of specific estimates. Such diier- 
ences could also be associated with germination responses which 
vary with seed age. This may be the case with Arizona cottontop 
which evidently was beginning to lose viability and had lower 
germination when constant temperature experiments were con- 
ducted. 

Deviations between model-estimated and measured D50 could 
also indicate other physiological responses to temperature vari- 
ability. Temperature extremes, cycles, and the rate of temperature 
change may induce or break dormancy of some seeds and alter 
the time required for seeds to germinate. Overestimation of D50 
for gradual, and underestimation of D50 for abrupt summer tem- 
peratures, respectively, suggests that the summer gradual temper- 
ature curve had a stimulating effect on germination rate in addi- 
tion to cumulative temperature effects (Fig. 3). Underestimation 
of D50 for the Lehmann lovegrass and bush muhly collections for 
both gradual and abrupt winter temperatures indicates sensitivity 
to cool temperature extremes for these species. 

Model overestimation of D50 for the Lehmann lovegrass col- 
lections under gradual and abruptly alternating spring tempera- 
tures indicates that germination may be stimulated by extreme 
temperature alternations. Roundy et al. (1992c) found that collec- 
tions of Lehmann lovegrass had higher germination when 
prechilled, or incubated at cool minimum temperatures (0 and 
2°C for 16 hours) abruptly alternating with 20 and 30°C maxi- 
mum temperatures (8 hours), than under warmer minimum tem- 
peratures. Low temperatures are effective in breaking dormancy 
of many species which then germinate at higher temperatures 
(Bewley and Black 1982). Roundy et al. (1992c) suggested that 
the relatively long warm period of abrupt laboratory temperature 
alternations may allow germination to proceed while the low cold 
period temperature helped to break dormancy for the lovegrasses 
they studied. For 2 of the lovegrass collections in the current 
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study, an abruptly alternating spring temperature regime pro- 
duced higher total germination than did a constant 25°C or a 
gradual temperature alternation (Table 2). Abrupt alternating 
temperatures may have broken dormancy for some seeds of these 
collections. 

Total germination percentages of most of these warm-season 
grasses were high enough for field germination in summer, 
spring, or winter in the southwest desert grassland. Seedling 
establishment for these species is usually observed after summer 
rainfall. Emergence of many of these species in the winter is 
unlikely because surface soil water would have to be available for 
2 to 3 weeks to achieve 50% germination. Similarly, soil mois- 
ture would have to be available for about a week to allow germi- 
nation of some of these species under spring temperatures. High 
germination percentages and rates of the native grasses make 
them good candidates for rangeland revegetation and restoration 
projects under conditions of adequate soil moisture. Hourly field 
seedbed temperature averages could be used to estimate D50 and 
model seed germination when water is available for most of these 
species. 

Literature Cited 

Bewley, J.D. and M. Black. 1982. Physiology and biochemistry of seeds 
in relation to germination. Vol. 2. Springer-Verlag, Berlin. 

Brar, G.S., J.L. Steiner, P.W. Unger, and S.S. Pribar. l.992. Modeling 
sorghum seedling establishment from soil wetness and temperature of 
drying seed zones. Agron. J. 84:905-910. 

Brauen, S.E. 1967. Seedcoat histology, germination, dormancy and 
seedling drought tolerance of Lehmann lovegrass, Erugrostis lehman- 
niana Nees. Ph.D. Dissertation. University of Arizona, Tucson, Adz. 

Bridges, J. 1941. Reseeding trials on arid range land. Bull. 278. 
Agricultural Experiment Station, State College, N. M. 

EUem, SJ. and NH. Tadmote. 1967. Germination of range plant seeds 
at alternating temperatures. J. Range Manage. 20:72-77. 

Ellis, RH., G. Simon, and S. CovelL 1987. The influence of tempem- 
ture on seed germination rate in grain legumes III. A comparison of 
five faba bean genotypes at constant temperatures using a new sereen- 
ing method. J. Exp. Bot. 38:1033-1043. 

Frasier, G.W., J.R Cox, and D.A. WooRiser. 1985. Emergence and 
smvivrd response of seven grasses for six wet-dry sequences. J. Range 
Manage. 38:372-377. 

Garcia-Euidobro, J., J.L. Monteith, and G.R Squire. 1982. Time, 
temperature and germination of pearl millet (Pennisetum typhoides S. 
t&H.). J. Exp. Bat. 33:297-302. 

Haferkamp, MB., G.L. Jordan, and K. Matsuda. 1977. Physiological 
development of Lehmann lovegrass seeds during the initial hours of 
imbibition. Agron. J. 69:295-299. 

H&degree, S.P. and W.E. Emmerich. 1991. Variability in germination 
rate among seed lots of Lehmann lovegrass. J. Range Manage. 
44:323-326. 

Hegarty, T.W. 1972. Temperature relations of germination in the field. 
p. 411-432. In W. Heydecker (ed.) Seed ecology. Pennsylvania State 
Press, University Park, Penn. 

Jordan, G.L. and M.R Haferkamp. 1989. Temperature responses and 
calculated heat units for germination of several range grasses and 
shrubs. J. Range Manage. 42:41-45. 

Knipe, D. and C.H. HerbeL 1960. The effects of limited moisture on 
germination and initial growth of six grass species. J. Range Manage. 
13:297-302. 

Little, E.L. 1937. Viability of seeds of southern New Mexico range 
grasses. USDA For. Serv. Southwestern Forest and Range Experiment 
Station Note 6. 

Livingston, M. 1992. Factors influencing germination and establishment 
of Arizona cottontop, bush muhly, and plains lovegrass in southern 
Arizona. Ph.D. Dissertation. University of Arizona, Tucson, Ariz. 

Murdock, A.& 1989. A model for germination responses to alternating 
temperatures. Annals Bat. 63:97-l Il. 

Munda, B.D. 1993. Germination characteristics of two yellow 
bluestems, Bothriochlon ischaemum (L.) Keng. M.S. Thesis. 
University of Arizona, Tucson, Ariz. 

Prober-t, R.J. 1992. The role of temperature in germination ecophysiolo- 
gy. p. 285-325. In M. Fenner (ed.). The ecology of regeneration in 
plant communities. Redwood Press, Ltd., Melshaw. UK. 

Probert, RJ., RD. Smith, aud P. Birch. 1986. Germination responses 
to light and alternating temperatures in European populations of 
Dactylis glomerata L. New Phytol. 102133-142. 

Roberts, E.H. 1988. Temperature and seed germination. p. 109-132. In 
S.P. Long and F.I. Woodward (ed.) Plants and temperature. Society for 
Experimental Biology, The Company of Biologists L.hnited, University 
of Cambridge, Cambridge. 

Roundy, B.A. and S.H. Biedenbender. 1995. Revegetation in the desert 
grassland. p. 265-303. In: M.P. McClaran and T.R. Van Devender 
(ed.). The desert grassland. University of Arizona Press, Tucson, Ariz. 

Roundy, B.A., RB. Taylorson, aud L.B. SumralL 1992a. Germination 
responses of Lehmann lovegrass to light. J. Range Manage. 4581-84. 

Rouudy, B.A., V.K. Winkel, H. Khalifa, and AD. Matthias. l992b. 
Soil water availability and temperature dynamics after one-time heavy 
cattle trampling and land imprinting. Arid Soil Res. & Rehab. 6X3-69. 

Rouudy, B.A., J.A. Young, L.B. Sumraii, aud M. Livingston. 1992c. 
Laboratory germination responses of 3 lovegrasses to temperature in 
relation to seedbed tempemtures. J. Range Manage. 45:306-311. 

Sumrall, L.B., B.A. Roundy, J.R. Cox, and V.K. Winkel. 1991. 
Intluence of canopy removal by burning or clipping on emergence of 
Eragrostis lehmanniana seedlings. Int. J. Wildland Fire 1:35-40. 

Tapia, C.R and EM. Schmutz. 1971. Germination response of three 
desert grasses to moisture stress and light. J. Range Manage. 
24292-29s. 

Toole, V.K. 1940. Germination of seed of vine-mesquite, Punicum 
obtusum, and plains bristlegrass, Setaria mucrostachya. J. Amer. Sot. 
Agron. 32503-512. 

Totterdell, S. and E.H. Roberts. 1980. Characteristics of alternating 
temperatures which stimulate loss of dormancy in seeds of Rumex 
obtusifolius L. and Rumex crispus L. Plant, Cell Environ. 3%12. 

W&on, C.P. 1931. The artificial reseeding of New Mexico ranges. 
Agricultural Experiment Station, State College, New Mexico, Bull. 
#189. 

Ynkllch, RW. 1984. Association of official seed analysts. Rules for test- 
ing seeds. J. Seed Tech. 630-51. 

JOURNAL OF RANGE MANAGEMENT 49(5), September 1996 431 



J. Range Manage. 
49:4324x3 

Crested wheatgrass-cheatgrass seedling compe- 
tition in a mixed-density design 

MARK G. F’RANCIS AND DAVID A. PYKE 

Authors are atension associate, Rangeland Resources Depament, Utah State University, Logan, Utah 84322-5230; and 
senior rangekmd ecologist, USDI, National Biological Service, Forest and Rangeland Ecosystem Science Center, 3200 SW 
Jefferson Way and Depamnt of Rangekmd Resources, Oregon State University, Corvallis, Ore. 97331. 

Abstract 

Plant competition experiments have historically used designs 
that are difficult to interpret due to confounding problems. 
Recently, designs based on a ‘kesponse function” approach have 
been proposed and tested in various plant mixture settings. For 
thii study, 3 species were used that are important in current 
revegetation practices in the Intermountain West. ‘Nordan’ 
(Agropyron desertorum Fish. ex Lii] Shult.) and ‘Hycrest (A. 
cristatum L.] Gaertn. x desertorum) crested wheatgrass are com- 
monly-used revegetation species on rangelands susceptible to 
cheatgrass (Bromus tectorum L.) invasion, although little quanti- 
tative data exist that compare their competitive abilities. We 
evaluated the competitive ability of Hycrest and Nordan 
seedlings in 2-species mixtures with cheatgrass in a greenhouse 
study. Linear and nonlinear models were developed for a range 
of densities (130420 seeds m”, for each species to predict medi- 
an above-ground biomass and tiller numbers and to further test 
the usefulness of this design for evaluating species to rehabiitate 
raugelands. In both experiments, increasing Hycrest and Nordan 
densities reduced their own biomass and tiller production while 
increasing Hycrest densities reduced cheatgrass biomass and 
tiller production. Nordan did not affect cheatgrass biomass and 
tiller production. However, increasing cheatgrass densities 
reduced Hycrest and Nordan biomass and tiller production, and 
its own biomass and tiller production. The competition index i.e. 
substitution rate, indicated that Hycrest seedlings were better 
competitors with cheatgrass than Nordan, although in all mix- 
tures, cheatgrass plants were the superior competitors. Further 
field research using this design, where environmental inputs are 
less optimal and diverse, is needed to validate these results and to 
further evaluate the use of this approach in examhring effects of 
intra- and interspecific competition. 

Key Words: competition index, mixture ratios, ‘Hycrest’, 
‘Nordan’, aboveground biomass, tiller production 

The need for successful revegetation practices to control the 
spread of undesirable plants has motivated ecologists to under- 
stand intra- and interspecific interactions among plants. Recent 
criticism of competition designs (Firbank and Watkinson 1985, 
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Connolly 1986a, 1986b, Snaydon 1994) has led to alternative 
techniques that relate yield to density in mixtures (Connolly and 
Nolan 1976, Firbank and Watkinson 1985, Connolly 1987, Law 
and Watkinson 1987, Connolly et al. 1990, Menchaca and 
CoMolly 1990). 

To test this approach, a seedling competition study was con- 
ducted using 3 species that often interact during revegetation of 
rangelands in the western U.S. (Pellant and Monsen 1993). One 
of these, cheatgrass (Bromus tectorum L.), is a competitive amm- 
al from Eurasia (Hulbert 1955, Klemmedson and Smith 1964, 
Harris 1967, Pyke 1987). To help counter this plant, crested 
wheatgrasses (Agropyron desertonrm Fish. ex Lii] Shult. and 
A. cristatum L.] Gaertn.) are sown in most revegetation projects. 
The commonly sown cultivars include ‘Nordan,’ a natural 
tetraploid of A. desertorum, and ‘Fairway,’ a natural diploid of A. 
cristatum (Asay et al. 1985a). ‘Hycrest,’ the first commercially 
released interspecific hybrid between A. cristatum and A. deserto- 
rum, produces a greater amount of aboveground biomass than 
either parent (Asay et al. 1985b). Initial seeding trials with 
Hycrest provided qualitative observations concerning its apparent 
superior ability to compete with highly invasive annuals such as 
cheatgrass and halogeton (Halogeton glomeratus Meyer.) (Asay 
et al. 1985a). 

We compared the ability of Hycrest and Nordan to compete as 
young plants with cheatgrass. Aboveground biomass and tiller 
numbers were used as yield parameters for comparing among 
these plants using mixed-density regression models. This study 
also provides a useful comparison of Connolly’s (1987) indices 
for competitive interactions as they relate to revegetation. 

Materials and Methods 

Hycrest seeds were harvested in 1987 from USDA-ARS plots 
located in Logan, Utah, U.S.A. (41” 48’ N, 111” 51’ W), while 
Nordan seeds were purchased the same year from a local seed 
company. Cheatgrass seeds were collected in 1987 from the Utah 
State University Tintic Research site, 8 km south of Eureka, Utah 
(39” 2’ N, 112” 8’ W). 

This study was conducted in a controlled, glasshouse environ- 
ment. Experimental units were large fiber pots (33-cm upper 
diameter X 30-cm lower diameter X 36-cm depth). Ground fritted 
clay was used as the growth medium because of its excellent 
water- and nutrient-holding capacity (van Bavel et al. 1978). 
Each fritted clay-filled pot was rinsed with water to remove 
impurities and establish available water content for imbibition. 
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A preliminary germination study was conducted to establish 
seeding rates to achieve the desired seedling densities. 
Differences in densities persisted without thinning throughout the 
experiment and were used in developing multiple regression 
equations. Four approximate densities were established for each 
species, 12, 24, 36, and 48 Pure Live Seed (PLS) species” pot’, 
equivalent to 130,260,390, and 520 seeds rn-*. The recommend- 
ed seeding rate of the crested wheatgrass species is approximately 
260 seeds nr* (Asay et al. 1985b). 

Seeds were sown between 11-15 October 1989. All species in 
an individual pot were sown on the same day. Crested wheatgrass 
seeds were hand sown in a 2-cm deep furrow extending across 
the diameter of the pot’s soil surface and running north-south to 
minimize shading from adjacent plants. Seed was distributed 
evenly across the furrow and covered to simulate drilling. To fur- 
ther simulate naturally-occurring conditions, cheatgrass seeds 
were hand sown randomly across the soil surface, including the 
area of the furrow where the crested wheatgrass seeds were sown. 
Cheatgrass seeds were covered with approximately 1 cm of clay 
to insure adequate contact with the clay and available water. 

The experimental design was a randomized-complete-block 
using 4 blocks (replicates) with 44 pots (treatments) block-‘, for a 
total of 176 pots, Treatments included monocultures of all 3 
species at each density, and mixtures of Hycrest or Nordan and 
cheatgrass at all 4 densities for each species in the mixture (16 
combinations). 

Naturally occurring photoperiods were used through the 176- 
day experiment that extended from 11 October 1989 to 4 April 
1990. Glasshouse day/night temperatures were maintained at 24l7 
“C. Soil water was maintained near field capacity throughout the 
experimental period. A commercial fertilizer, Peter’sTM 20-20-20 
(N-P-K), was applied in water at 2.4 g fertilizer liter-’ of water, 
yielding 0.5 mg ma of N, P, and K. Fertilizer solution (0.95 liter) 
was applied to each pot 3 times during the experiment: 16, 38, 
and 70 days from the date of seeding. In February 1990, 1 appli- 
cation of Ortho Malathionm’was applied to plants in all pots to 
control aphids. Seedling emergence was monitored to determine 
densities and no adjustments were necessary. 

Plants were harvested in April and May 1990. Aboveground 
biomass of each plant was harvested and stored in envelopes. 
Tiller counts for each plant were recorded at the same time. 
Plants were dried at 70” C for 48 hours. Aboveground biomass 
for each plant was recorded to the nearest 0.1 mg. Because cheat- 
grass seed production was limited due to phenological variability, 
seed weight was not recorded, but was included as aboveground 
biomass. Roots were not quantified because roots of individual 
plants could not be separated. Aboveground biomass and tiller 
counts exhibited skewed distributions for each species. Median 
values were used as the measure of central tendency since log and 
square root transformations did not normalize the data. 

Based on Connolly’s (1987) ‘response function’ approach, sev- 
eral multiple regression equations were fitted to the data cable 
1). The adequacy of fit of each model was tested using both its 
resulting R* value and Mallow’s Cp statistic, which measures the 
sum of the squared biases plus the squared random errors in Y at 
all N data points (Daniel and Wood 1980). Additionally, the abil- 
ity to explain biologically the parameters of each model was 
important in the selection process. 

A substitution rate, i.e., a competition index, was calculated 
from the selected model for each variable to evaluate the effects 

Table 1. Models tested for a-species mixZures where yield(Y) is a function 
of the densities (X) of Hyerest or Nordan crested wheatgrass (i) and 
cheatgrass (i), and where B1, Bz and BJ are density coefficients and A, 
C, D and W are competition coeflicients. 

Model Tested Source 

Yi = Bg + BtXi + B2Xj Standard 
l/yi = BO + BtXi + B2Xj + B3or,*Xj) Wright 1981; Spitters 1983; 

Firbank and Watkinson 1985; 
Menchaca and Connolly 1990, 

Yi = XiWi/(l + CiXi + qAuXj) Law and Watkinson 1987 
Yi = X.W’/(l + ~ + A..X.)~) 
Yi = X:Wl(* + Xi’+ AijtjiE 

Law and Watkinson 1987 
Law and Watkinson 1987 

Yi = XiWi/(l + Cixi + CiAgX$Di Law and Watkinson 1987 
yi = x;w;/(I + x.m + xpij, 1 I Law and Watkinson 1987 

of species interactions and densities. The substitution rate (S) is a 
quantitative, model-dependent measurement comparing the 
degree of influence that 1 species has on another species relative 
to its influence on itself. At mixed density (d,, dz), the substitu- 
tion rates S 1 and S,, are: 

s1 = (6f@i2) / (6f,/8d,) 
and 

s2 = (8f#d$ / @f@d~), 
(1) 

where 8fi/6dj is the partial derivative of the model (fi) explain- 
ing the yield of species i with respect to the density of species j 
(dj) (Maynard Smith 1974). When linear or inverse linear models 
were used, substitution rates were calculated following the form 
of Menchaca and Connolly (1990), while the form put forth by 
Law and Watkinson (1987) was followed when nonlinear models 
were used. This index was calculated across mixtures and densi- 
ties if the necessary information was provided by the selected 
model and graphed to evaluate their trend with changing densi- 
ties. This index is used as a competition coefficient, sensu 
Firbank and Watkinson (1985), and was not interpreted in a fit- 
ness sense. 

Results 

An inverse linear model best described biomass of all species 
in the 2 mixture experiments (Table 2). The combined densities 
of the crested wheatgrass and cheatgrass infhrenced the biomass 
of Hycrest or Nordan grown in mixtures with cheatgrass and they 
influenced the biomass of cheatgrass grown in mixtures with 
Hycrest. Cheatgrass biomass was explained by changes in 
intraspecific density alone when grown in mixtures with Nordan. 

In contrast, a nonlinear model best described tiller production 
for both Hycrest and cheatgrass in mixture and for Nordan in 
mixture, and a linear model best described cheatgrass mixed with 
Nordan (Table 2). Although slightly lower in their explained vari- 
ation (R* value) than several linear models, the nonlinear models’ 
Cp values equaled those of their linear counterparts. These non- 
linear models demonstrated that numbers of tillers of both species 
in a mixture were reduced when densities increased regardless of 
the species. Lastly, a linear model best described the tiller count 
data for cheatgrass in the Nordan and cheatgrass mixture, indicat- 
ing tiller production was affected only by changes in intraspecific 
density. 
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Table 2. Best-tit models for individual plant biomass and tiller production (Y) for each species in a mixture where D represents density (plants per pot) 
of Hycrest or Nordan (i) grown in a mixture with cheatgrass (j). 

Coefficient 
Determination 

Mixture & Species Variable Best-fit Model (R’> 
Hycrest X cheatgrass 

Hycrest Biomass lrri = -0.22 + 0.2Di + 0.12Dj - 0.002D: 0.72 
Cheatgrass Biomass lrrj = 0.35 + O.OlDj + 0.007Df + 0.00@2Dj2 0.70 
Hycrest Tiller number Yi = Di22.61/(1+ Dfts2 + Dj”‘“, 0.67 
cheatgrass Tiller number Yj = Dj68.64/(1+ DjtJ6 + Dp”‘) 0.50 

Nordan X cheatgrass 
Nordan Biomass l/Yf = 5.37 + 0.14Di + 0.64Dj 0.67 
Cheatgass Biomass 1Rj = 0.2 + 0.03Dj - O.O002D? 
Nordan Tiller number Yt=Dt51.15/(1 +Dil.‘+Dji~~ 

0.59 
0.84 

Cheatgrass Tiller number Yj = 21.28 - 0.43Dj + 0.004Dj’ 0.58 
“‘Total squared error” - measures the sum of the squared biases plus the sqrrared random errors in Y at all N data points @a&l and Wood 1980). 

Maboys 
% 

2.5 
3.5 
2.9 
2.9 

1.3 
2.0 
2.9 
0.4 

Both Hycrest and cheatgrass densities influenced the biomass 
plant’ of Hycrest (Fig. IA) and cheatgrass (Fig. 1B). While 
Hycrest and cheatgrass biomass plant’ were both highest at the 
lowest monoculture and mixture densities (Fig. 1A and lB), bio- 
mass area” exhibited opposite trends for the 2 species (Fig. 2A 
and 2B). Tiller numbers of Hycrest (Fig. 3A) and cheatgrass (Fig. 
3B) exhibited different trends from the biomass data. Although 
increases in cheatgrass density reduced tiller numbers of both 
species, the reduction was the greatest at the lowest Hycrest den- 
sities and diminished as Hycrest density increased (Fig. 3A). At 
low cheatgrass densities, low Hycrest densities allowed Hycrest 
tiller numbers to increase. As cheatgrass densities increased, a 
threshold density for Hycrest (24 plants pot’) appeared where 
tiller numbers were maximized for both species. In contrast, 

A. Hycrest with cheatgrass 
0.6 -1 

C. Nordan with cheatgrass 
0.6 i I 

B. Cheatgrass with Hycrest A. Hycrest with cheatgrass B. Cheatgrass with Hycrest 

changes in Hycrest densities had smaller effects on cheatgrass 
tiller numbers (Fig. 3B). 

Trends in biomass (both on a plant-’ and area-’ basis) and tiller 
numbers (plant’) for mixtures of Nordan and cheatgrass showed 
similar response figures to mixtures of Hycrest and cheatgrass, 
yet they differed in magnitude (Figs. 1, 2, and 3). On a plant-’ 
basis, Nordan generally produced less biomass than Hycrest with 
increasing cheatgrass densities (Fig. 1A and 1C). Cheatgrass bio- 
mass was not influenced by increasing Nordan densities (Fig. 
lD), whereas increasing Hycrest densities reduced cheatgrass 
biomass when cheatgrass densities were low (Fig. 1B). As cheat- 
grass densities increased, cheatgrass yielded similar biomass 
regardless with which cultivar of crested wheatgrass it was 
grown. 

2.0 

1.5 

1.0 

0.5 

D. Cheatgrass with Nordan 
2.0 

Density (plants pot?) 
Density (plants pot-‘) 

Fig. 1 Modeled biomass per plant for Hycrest (A), Nordan (C) and Fig. 2 Modeled biomass per area for Hycrest (A), Nordan (C) and 
cheatgrass (B and D) in 2-species mixtures of Hycrest or Nordan cheatgrass (B and D) in 2-species mixtures of Hycrest or Nordan 
with cheatgrass. with cheatgrass. 
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Fig. 3 Modeled tiller production per plant for Hycrest (A), Nordan 
(C) and cheatgrass (B and D) in 2-species mixtures of Hycrest or 
Nordan with cheatgrass. 

Tiller counts for Hycrest and Nordan were similar at lower den- 
sities (6.1 vs. 6.9 plant’), but Hycrest produced more tillers at the 
higher densities (2.4 vs. 1.6 plant’), indicating a greater effect of 
cheatgrass on Nordan at higher densities than on Hycrest (Fig. 3A 
and 3C). Response surfaces for cheatgrass tiller numbers were 
similar in shape in the Hycrest and Nordan mixtures, providing 
further evidence that intraspecific competition has the greatest 
effect in determining tiller production for cheatgrass (Fig. 3B and 
3D). 

Substitution rates for Hycrest based on biomass increased as a 
result of increasing Hycrest density, demonstrating that cheat- 
grass individuals were increasingly more influential than Hycrest 
individuals in the mixture (Fig. 4A). In an opposite effect, cheat- 
grass substitution rates decreased with increases in cheatgrass 
density indicating that the influence of Hycrest individuals over 
individuals of cheatgrass was decreased as cheatgrass densities 
increased (Fig. 4B). 

Substitution rates for Nordan remained constant as each cheat- 
grass individual had an effect equivalent to 4.6 individuals of 
Nordan (Fig. 4C). This result was due to the parameters of the 
selected model which produced a constant rate. For cheatgrass in 
the mixture with Nordan, a substitution rate could not be calculat- 
ed due to model constraints indicating that cheatgrass was not 
affected by Nordan. 

For Hycrest and cheatgrass tiller production, substitution rates 
ranged from 0.16 to 0.34 for Hycrest and from 0.01 to 0.03 for 
cheatgrass, with the lowest rates for Hycrest and cheatgrass 
occurring at the 48 Hycrest and 12 cheatgrass plants pot’, and at 
the 48 Hycrest and 48 cheatgrass plants in mixtures, respectively 
(Fig. 5A and 5B). For both Hycrest and cheatgrass, substitution 

C. Nordan with cheatgrass 

Density (plants pot-‘) 

Fig. 4 Biomass substitution rates for Hycrest (A) and cheatgrass (B) 
for the Hycrest and cheatgrass mixtire, and for Nordan (C) in the 
Nordan and cheatgrass mixture. 

rates decreased as intraspecific densities increased. Conversely, 
as interspecific densities increased, substitution rates increased 
for Hycrest and decreased for cheatgrass (Fig. 5A and 5B). In the 
Nordan and cheatgrass mixtures, substitution rates for tiller pro- 
duction could only be calculated for Nordan, which ranged from 
0.51 to 0.97 (Fig. 5C), since cheatgrass tiller production was not 
influenced by Nordan. Results for tiller production substitution 
rates for all 3 species were less than 1, regardless of densities and 
mixture ratios, indicating that each species was more influenced 
by its own individuals than by the other species within the mix- 
ture. Thus, intraspecific competition was the main influence in 
tiller production for all species. 
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A. Hycrest with cheatgrass 

B. Cheatgrass with Hycrest 

C. Nordan with cheatgrass 

Density (plants pot-‘) 
Fig. 5 Tiller number substitution rates for Hycrest (A) and cbeat- 

grass (Fi) for the Hycrest and cheatgrass mixture, and for Nordan 
(C) in the Nordau and cheatgrass mixture. 

Discussion 

Previous work evaluating competition between crested wheat- 
grass and cheatgrass produced varied results with most citing 
cheatgrass as the dominant competitor (Evans 1961, Hull 1963, 
Harris 1967, Harris 1977, Young and Evans 1985, Buman et al. 
1988, Aguirre and Johnson 1991b). However, problematic in 
each of these studies is the provision for ranges of densities and 
mixture ratios of each species. Real plant populations exhibit 
varying densities and mixture ratios of species, and a more realis- 

tic evaluation across a range of population densities and mixture 
ratios is required (Call and Roundy 1991, Pyke and Archer 1991). 

Comparative results for Hycrest or Nordan competition with 
cheatgrass from other work is very limited and hard to apply 
since most have the same design problem. However, results of 
the current study are consistent with field studies by Rummel 
(1946) and Hull (1963), who found that as cheatgrass density 
increased, crested wheatgrass (pre-Hycrest era) shoot weight 
decreased. Results are also consistent with greenhouse results of 
Aguirre and Johnson (1991a, 1991b), who found young cheat- 
grass was superior to Hycrest in several seedling characteristics at 
1:l and 1:4 mixture ratios. In contrast, Buman et al. (1988) found 
that 6-week-old Hycrest seedlings were equal to cheatgrass 
seedlings in shoot biomass when competing in a 1:l mixture. 
Reasons for the greater competitive ability of cheatgrass over 
other grasses including cultivars of crested wheatgrass include 
morphological and physiological characteristics such as: 1) a 
more efficient root system in exploiting soil moisture (Evans 
1961, Harris 1967, Melgoza and Nowak 1991); 2) earlier branch- 
ing of the primary root, a greater number and order of branching 
of seminal roots, and earlier elongation and branching of adventi- 
tious roots; 3) greater total root length and root dry weight at 
higher cumulative growing degree days; 4) faster leaf and tiller 
development; 5) greater leaf area (Aguirre and Johnson 1991a); 
and 6) greater efficiency (per unit of biomass) in producing leaf 
area and root length (Svejcar 1990). 

Given this information, some have suggested that lower densi- 
ties of aggressive perennials may enable the perennials to better 
compete with invasive annuals such as cheatgrass (Buman et al. 
1988, Pyke and Archer 1991). This premise rests in the ability of 
fewer individuals having access to more resources by reducing 
the amount of intraspecific competition. While limited, results of 
this study support this suggestion with quantifiable evidence 
using a design that allows for natural population variations with 
ranges of mixed densities and mixture ratios. This ability to quan- 
tify competition among species provides more diverse and usable 
information for understanding plant interactions. 

Hycrest and Nordan appear to have a greater chance for 
exploiting resources in less crowded populations. Comparisons of 
maximum biomass and tiller production as measured on a indi- 
vidual-’ and area“ basis demonstrated opposite trends, with all 3 
species maximizing biomass production area-’ at the highest 
crested wheatgrass-cheatgrass mixtures. Although it appears that 
plant densities compensate for lower individual plant biomass at 
the higher densities, what is not known is how many of these 
individuals survive to the next year. In addition, how environ- 
mental inputs, i.e. soil types, precipitation regimes, microsites, 
etc., at field sites will affect both survival and competitive rela- 
tionships between species should be further investigated. Thus, 
the important relationship to seek out through additional research 
is how the plant-to-plant relationship relates to individual estab- 
lishment and survival with a diversity of environmental inputs. 

While the modeled data provided important insight and evi- 
dence for seeding Hycrest and Nordan at lower densities for 
increased competitive ability, the substitution rate provided the 
means to evaluate the competitive interactions as densities and 
mixtures ratios changed. It became evident from this index that 
lower densities of the crested wheatgrasses allowed it to compete 
better with cheatgrass. In all cases, lower densities of Hycrest and 
Nordan are less affected by cheatgrass as a competitor. However, 
as crested wheatgrass and cheatgrass densities increase, the com- 
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pounding effect of intra- and interspecific competition led to 
cheatgrass becoming more competitive. Thus, the morphological 
and physiological advantages of cheatgrass in crowded stands of 
mixed species allow it to exploit resources more effectively than 
the crested wheatgrass. 

Since neither Hycrest nor Nordan appears to effectively sup- 
press cheatgrass at any of the examined densities during the first- 
year establishment phase, recommendations for appropriate seed- 
ing rates will require field oriented studies conducted under a 
variety of environmental inputs, and extended beyond 1 year. 
Recognizing these limitations, however, results of this experi- 
ment provides a view of the role of intra- and interspecific com- 
petition on fust-year growth of these crested wheatgrasses. As 
such, comparison of the 2 crested wheatgrasses demonstrated that 
Hycrest was more competitive than Nordan when grown with 
cheatgrass. 

Given these results, establishment of a perennial grass seedling 
such as crested wheatgrass, can be enhanced by producing multi- 
ple-tillered individuals because of the multiple buds for daughter 
tiller production in the following year. Thus, sowing crested 
wheatgrasses at densities that maximize tiller production as well 
as biomass may prove beneficial in subsequent years. One possi- 
ble negative outcome of this decision may entail a more intense 
seedbed preparation regime to help offset the risk of seedling 
establishment failure. Thus, inherently important to this process 
is the season of sowing. This experiment used a autumn-winter- 
spring growing season rather than the typical spring growing sea- 
son for crested wheatgrass. Recognizing that cheatgrass may ger- 
minate in autumn, some of these seedlings could be displaced 
during a late-autumn seeding process (e.g., using deep-furrow 
drills). Klomp and Hull (1972) demonstrated that crested wheat- 
grass stand ratings were highest using a deep-furrow drill after 
autumn germination of cheatgrass. Regardless, real populations 
of interacting individuals of cheatgrass and crested wheatgrass 
are likely to germinate in the same season (e.g., late winter). 
Given this reality, perennial grasses should be managed to give 
them the greatest advantage. In this case, in order for Hycrest to 
achieve optimum growth in the first year as the better competitor, 
it would seem more advantageous to prescribe Hycrest seeding 
rates at or below recommended densities (approximately 260 
seeds m-3 when cheatgrass is present. This in turn may allow 
Hycrest to better exploit available resources, reduce intraspecific 
competition, and reduce the compounding effect of*interspecific 
competition. 

The ultimate goal of seeding competitive perennials on cheat- 
grass-dominated rangelands is to reduce cheatgrass abundance 
while simultaneously establishing perennials that remain green 
later in the summer to reduce the threat of wildfires that are com- 
mon on cheatgrass rangelands (Pellant 1990). If lower seeding 
rates of crested wheatgrass can ultimately maintain their competi- 
tive advantage into subsequent years, then cheatgrass densities 
may decline quicker than with current seeding rates; however 
most studies document the establishment of the perennial, but 
rarely determine the long-term impact on cheatgrass densities. 
Hull and Stewart (1948) provide some evidence for effective 
reductions of cheatgrass when crested wheatgrass is sown in late- 
autumn, after cheatgrass germination, using a deep-furrow drill. 
In a broader context, these results emphasize the need for knowl- 
edge of seed pool sizes of undesirable species as well as the 
diverse environmental inputs and their affects in the competitive 

relationships. With this knowledge, seeding rates can be better 
calculated to help increase establishment and growth of desirable 
species in subsequent years. 

In addition to producing insight into the interactions of these 2 
wheatgrasses with cheatgrass, the results of this study also pro- 
vide evidence supporting the use of this approach in other plant 
competition studies, whether in desirable-undesirable or desirable 
multiple-species mixtures. When concerned with the latter type of 
mixture, especially when formulating seeding rates, this experi- 
mental design provides information on overlap in plant resource 
requirements and acquisition strategies that can help determine: 
1) which species are likely to directly compete and therefore be 
inherently incompatible; 2) which species may effectively parti- 
tion site resources to minimize competitive extilusion and there- 
fore promote coexistence and diversity; and 3) which species may 
modify site characteristics to facilitate succession and establish- 
ment of additional species (Pyke and Archer 1991). While 
answers to these questions are both important and vital in attain- 
ing a successful revegetation strategy, this design also helps pro- 
duce a clearer understanding of various plant interactions that 
occur not only among species, but also through time, 

While revegetation technology apparently has progressed more 
rapidly than revegetation science over the past decades (Call and 
Roundy 1991), steps are being taken to establish the science 
involved in the revegetation process. The goal for future work 
should involve determining requirements and positive character- 
istics of different species (Aber 1987, Call and Roundy 1991), 
while simultaneously preparing for potential secondary problems 
such as undesirable plant invasions (Pyke and Archer 1991). 
Plant competition is a vital and important factor in any revegeta- 
tion effort and nontraditional approaches for the design and quan- 
tification of interactions can provide information needed to pro- 
duce stable and diverse plant communities for the future. 
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Abstract 

Induced and natural tetraploids have been proposed as 
promising sources of germplasm in breeding programs to 
improve Russian wildrye [Psathyrostachys juncea (Fisch.) 
Nevski]. Studies were conducted under semiarid conditions to 
evaluate the potential of tetraploid (2n=4x=28) Russian wildrye 
germplasm recently obtained from Kazakhstan. The tetraploids 
had siguificautly heavier seeds, greater seedling vigor, and they 
were signilicantly taller, and had longer and wider leaves than 
standard diploid (2n=2x=14) cultivars. Carbon isotope diirimi- 
nation, which has been negatively correlated with water-use effi- 
ciency in cool-season grasses, was significantly lower in the 
tetraploid accessions than the diploid cultivars. Dry matter and 
seed yield of these unselected tetraploid accessions were superior 
to the diploid cultivar Vinall and equivalent to more recently 
developed diploid cultivars, Bozoisky-Select and Syn-A. In gener- 
al, relative phenological development and forage quality of the 
tetraploid populations did not differ significantly from the 
diploid cultivars; however, water content, which has been associ- 
ated with greater succulence, was significantly higher in the 
tetraploid accessions. Significant variation was found among 
entries within ploidy levels for most characters indicating that 
genetic variability is available for additional improvement 
through selection. Results indicate that these tetraploid acces- 
sions can be used in the development of promising breeding pop- 
ulations and support earlier conclusions that tetraploid 
germplasm should receive emphasis in future Russian wildrye 
breeding programs. 

Key Words: Psathyrostachys juncea, carbon isotope discrimi- 
nation, water-use efficiency, seed yield, seedling vigor, forage 
quality, forage yield 

Russian wildrye [Psuthyrostuchys juncea (Fisch.) Nevski], a 
cool-season bunchgrass, provides excellent grazing for livestock 
aud wildlife on rangelands of the Northern Great Plains and the 
Intermountain Region of North America. The species is native to 
the steppe and desert regions of Eurasia and, although introduced 
into the USA in 1927, its potential in range seeding programs was 
not recognized until the 1950s (Hanson 1972). Russian wildrye is 
valued as a source of forage during the early spring, and its dense 
basal leaves also retain their nutritive value better than those of 
most other temperate range grasses during the late summer and 
fall (Knipfel and Hetichs 1978). It is resistant to drought and 
persists under adverse range conditions; however, it has poor 
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seedling vigor and satisfactory stands are often difficult to obtain. 
Seedling vigor has been positively correlated with individual seed 
weight, and screening procedures based on seed weight and 
emergence from deep seedings have been effectively used in 
breeding programs to improve seedling vigor in Russian wildrye 
(Asay and Johnson 1980, Berdahl and Barker 1984, Lawrence 
1979). 

Bingham et al. (1994) proposed that increased vigor of 
tetraploid alfalfa compared to diploid forms may be associated 
with greater complementary gene interaction (nonallelic gene 
interaction or epistasis) at the tetraploid level. Dewey (1980) 
reviewed the effects and significance of ploidy level in plant 
breeding programs. He concluded that induced polyploidy usual- 
ly results in increased cell size and reduced fertility and suggest- 
ed that polyploid breeding would be most appropriate in species 
with a low chromosome number and those that are harvested pri- 
marily for their vegetative parts. It follows that many perennial 
forage crops would be well suited to polyploid breeding. As a 
perennial forage grass with a typical chromosome number of 2n = 
2x = 14, Russian wildrye appears to be an excellent candidate for 
polyploid breediig, and findings to date offer some basis for opti- 
mism. Induced tetraploids of Russian wildrye reportedly have 
larger seeds and better seedling vigor than their diploid counter- 
parts (Berdahl and Barker 1991, Lawrence et al. 1990). 
Tetraploid breeding populations have been developed through 
induced polyploidy and plant exploration by USDA-ARS breed- 
ing programs at Logan, Utah (Asay 1992), and Mandan, North 
Dakota (Berdahl and Barker 1991), and by Agriculture and Agri.- 
Food Canada at Swift Current, Saskatchewan (Lawrence et al. 
1990). The tetraploid cultivar Tetracan was developed from 
induced tetraploid germplasm and licensed in 1988 by 
Agriculture and Agri.-Food Canada at Swift Current. In evalua- 
tion trials in the Northern Great Plains, Tetracan had larger spikes 
and seeds and wider leaves than diploid cultivars (Lawrence et al. 
1990). Tetracan also was found to produce fewer but larger tillers 
and longer roots than diploid cultivars in the seedling stage of 
development (Jefferson 1993). 

Water-use efficiency is prerequisite of a productive grass on 
arid and semiarid rangelands. Evaluation of grass germplasm for 
water-use efficiency on the basis of actual determinations of dry 
matter produced per unit of water transpired is extremely labori- 
ous and is not feasible for large breeding populations. Carbon iso- 
tope discrimination has been negatively correlated with water-use 
efficiency in several C3 species (Farquhar et al. 1989) and has 
been proposed as a criterion for evaluating genetic variation for 
water-use efficiency in cool-season grasses (Johnson et al. 1990). 
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Ten tetraploid accessions of Russian wildrye, recently obtained 
from Kazakhstan, were compared with the tetraploid cultivar 
Tetracan and standard diploid cultivars. Objectives were to deter- 
mine the potential of these germplasm resources in a breeding 
program to improve the seedling vigor, productivity, water-use 
efficiency, and forage quality of Russian wildrye. 

Materials and Methods 

Plant Materials 
Ten tetraploid accessions originally from Kazakhstan were 

obtained from the N.I. Vavilov Institute of Plant Indnstry (VIR), 
St. Petersburg, Russia. The accessions were entered in the 
National Plant Germplasm System (NPGS) and assigned PI num- 
bers 565063 to 565072. The tetraploid cultivar Tetracan was 
released in 1988 by Agriculture and Agri.-Food Canada, Swift 
Current, Sask. Two diploid cuhivars, Bozoisky-Select and Vinall, 
a diploid experimental strain (Syn-A) and a common diploid 
strain were included as checks. Bozoisky-Select was released by 
the USDA-ARS in 1984 in cooperation with the Utah 
Agticultural Experiment Station and USDA-NRCS (Asay et al. 
1985). Vinall was developed by USDA-ARS at Mandan, N.D. 
and released for seed increase in 1960 (Rogler and Schaaf 1963). 
The experimental strain, Syn-A, was developed by the USDA- 
ARS at Logan, Utah largely on the basis of improved seedling 
vigor under drought. The diploid strain, Common, was of obscure 
Oligill. 

Field Design 
Two studies were conducted on a site 2 km south of Logan, Utah 

(41° 45’ N, 11 lo 48’ W) at an altitude of 1,350 m. The first experi- 
ment (Experiment A), which was established in April 1989, con- 
sisted of 3 tetraploid accessions that had been recieved from 
lbzakhstan at that time, Tetracan, BozoisQSelect, Vmall, Syn-A, 
and Common. Experiment B was established in an adjacent field 
site in April 1990 and consisted of 7 additional tetraploid acces- 
sions received after Experiment A was established and the same 
diploids with the exception of Common. Soil for both experiments 
was a Nibley silty clay loam that was classified as a fine, mixed 
mesic Aquic Argiustoll. The plots received an annual autumn 
application of 45 kg N ha-‘, and no supplemental irrigation was 
added. Precipitation received from October through September was 
334,408, 330, and 558 mm in 1989-90, 1990-91, 1991-92, and 
1992-93, respectively. Seedlings were established in the green- 
house prior to transplanting in the field. Plots consisted of 10 plants 
on l-m centers, and both experiments were arranged in a random- 
ized complete block design with 4 replications. 

Evaluation Criteria 
Eyeriment A 

In 1990, 1 year after transplanting, determinations were made 
of carbon isotope discrimination (A), seed yield, lOO-seed weight, 
and seedling vigor. For determinations of A, the 2 most fully 
expanded leaves were sampled from separate tillers on each plant 
at the heading stage of plant development. Samples were sealed 
in a paper envelope, and dried at 70°C for 36 hours. The dried 
leaves were bulked within plots and ground to pass through a 0.5 
mm screen in a Wiley mill, and values for A were determined 
with an isotope ratio mass spectrometer (SIRA 10; Fisons 
Instruments, Valencia, Calif.), as described by Read et al. (1992). 
Seed yield and loo-seed weights were obtained in 1991 and 

1992. Seedling vigor was evaluated on seed produced in 1991 
and 1992 based on emergence from a 7.6-cm depth as described 
by Asay and Johnson (1980). 

Experiment B 
In 1991, 1 year after transplanting, determinations were made 

of dry matter yield, leaf width, leaf length, plant height, forage 
quality, and A. Plots were harvested for determination of dry mat- 
ter yield on 23 May (first 5 plants in each plot) and 17 June (sec- 
ond 5 plants) 1991, 22 June 1992, and 15 June 1993. With the 
exception of the first harvest in 1991, which was made at the boot 
stage, all harvests were made at the post-anthesis stage, and dry 
weights were expressed as kg ha’. Samples for evaluation of for- 
age quality were taken during the 1992 and 1993 harvests, dried . 
at 60” C and ground first in a Wiley mill and then a cyclone mill 
to pass through a l-mm screen. Neutral detergent fiber (NDF), 
acid detergent fiber (ADF), dry matter digestibility (IVDMD), 
and crude protein were determined by neat-infrared-reflectance 
spectroscopy (NIRS) according to procedures described by 
Marten et al. (1989). Leaf width and leaf length were determined 
from the second oldest leaf of a tiller at the heading stage of plant 
development. Five leaves from each of 10 plants per plot were 
measured. Width was determined at the widest point on the leaf, 
and length was measured from the collar to the tip of the leaf. 
Determinations of A were made on leaf samples in 1992 and 1993 
as described under Experiment A. 

Phenological differences were recorded at the boot, head, and 
inflorescence stages of plant development in 1994 using a rating 
scale of 1 to 5, where 1 = early and 5 = late. The phenology index 
was computed as the sum of ratings across stages of plant devel- 
opment. 

Data were analyzed within and across years using a general lin- 
ear model (GLM, SAS Institute, Cary, NC.). Because the plot 
randomization of these perennial grasses was not changed each 
year, mean squares for year and ploidy X year were tested with 
the replication X year and replication X ploidy X year mean 
squares, respectively. The Waller-Duncan test was used to sepa- 
rate means of all entries in Experiment A, and single degree of 
freedom contrasts were used in Experiment B to compare 
tetraploid means with each of the diploid entries. 

Results and Discussion 

Experiment A 
Significant differences were found among entries for all traits 

measured during 1990 through 1992 (Tables 1 and 2). Based on A 
values, the tetraploid accessions had significantly better water- 
use efficiency than the diploids. The A values ranged from 18.1 to 
18.3 %O in the tetraploid accessions compared to a range of 19.5 
to 20.0 %O in the diploids. Although Tetracan had a significantly 
higher A than the tetraploid accessions, A for this tetraploid culti- 
var was significantly lower than the diploid entries. 

Seed yield of the Russian wildrye entries differed significantly 
(P < 0.01); however, no consistent trend was evident for the 2 
ploidy levels. One diploid strain, Common, produced significant- 
ly more seed than all tetraploid entries. The tetraploid entries had 
significantly heavier seed (loo-seed weight) than the diploids, 
although seed of 2 accessions, AJC 539 and AJC 538, was lighter 
than Tetracan. Differences in seed weight were reflected in 
results from seedling vigor trials. All tetraploids had a higher rate 
of emergence than the diploids, and the 3 tetraploid accessions 
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Table 1. Mean squares from analyses of variance for carbon isotope dis- 
crimination (A), seed yield, lOO-seed weight, and rate of seedling emer- 
gence of Russian wildrye diploid and tetraploid strains and cuhivars, 
Experiment A. 

Seed loo-seed Rate of 
Source Df AT yield weight emergence* 

( w km? (13 (Seedlings d-‘) 
Entry 7 2.175** 7818** 0.740** 5.559** 
Y&T 1 719 0.033* 2.634 
EnlryXYear 7 692 0.004 4.443* 
t In JZxperlment A. A w= determined in 1990, whereas seed yield, IOO-seed weight, and 
rate of emergence were determined in 1990 and 1991. 
# Seedling emergence was from 7.6-cm depth and rate of emergence determined accord- 
ing to Maguire (1962). 

were equivalent to Tetracan in this regard. The entry X year inter- 
action was significant (P < 0.05) for rate of emergence; however, 
this was due to the wide fluctuation of one diploid strain, Syn-A, 
across the 2 years. 

Experiment B 
As in Experiment A, entries differed significantly for carbon 

isotope discrimination, and differences were relatively consistent 
across years as indicated by the nonsignificant entry X year inter- 
action (Table 3). The mean A value for the 10 tetraploid acces- 
sions was significantly (P < 0.01) lower than each of the 3 diploid 
cultivars during each year and in the analysis of the data com- 
bined across years. For example, in the data combined across 
years, A ranged from 16.8 to 17.7 %O and averaged 17.2 %O for the 
10 tetraploid accessions compared to mean values of 17.9 %O for 
Bozoisky-Select and 18.1 %O for Syn-A and Vinall. The A value 
for the tetraploid cultivar Tetracan was not significantly different 
from the tetraploid accessions. 

Differences among grass entries for dry matter yield were non- 
significant except in 1993 (Table 3). The entry X year interaction 
was significant (P < 0.05), therefore only dry matter yield data 
from within each of the 3 years are presented. In 1993, single 
degree of freedom contrasts revealed that dry matter yield of the 
tetraploid accessions was significantly greater than the diploid 
cultivar Vmall (p < 0.01) but similar to the other 3 check entries 
included in the study (Table 4). The range in dry matter yield 

Table 2. Carbon isotope dkrimination (A), seed yield, lOO-seed weight, 
and rate of seedling emergence of Russian wildrye diploid and 
tetraploid strains and cultivars, Experiment A. 

Entry Ploidy At 
Seed 
yield 

loo-SWd 
weight 

Rate of 
emergence 

(%d @mm’) 65) (Seedlings d-” 
AK538 4x 18.1 d$ 26.78 c 0.50 c 5.69 abc 
Ax539 4x 18.3 d 36.45 bc 0.54 b 6.25 ab 
AJc540 4x 183 d 44.03 b 0.56 ab 6.37 ab 
Tetracan 4x 18.8 c 36.93 be 0.57 a 6.67 a 
BozoisLy 2x 19.6 b 45.15 b 0.34 e 4.61 c 
common 2x 19.6 b 61.66 a 0.41 d 4.84 c 
Syn-A 2x 19.5 b 38.72 bc 0.37 e 5.26 bc 
vmall 2x 20.0 a 47.02 ab 0.35 e 4.57 c 
tin Experiment A, A was determined in 1990, whereas seed yield, IOO-seed weight, aad 
rite of emergence were determined in 1990 and 1991. 
$ Seedhg emergence was from 7.6-cm depth and rate of emergence. determined accord- 
lag to Maguire (1962). 
5 Values in c~lutnas followed by same letter are not significant at 0.05 probability level 
according to Wallcr Duncan. 
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among the tetraploid accessions (2,889 to 3,953 kg ha-‘) indicated 
that substantial variation was available to select for genetic 
improvement in this trait. 

The tetraploid accessions were signiticantly taller and had signif- 
icantly (P < 0.01) wider and longer leaves than the diploid entries 
(Tables 3 and 4). In the analyses of data across 3 years, mean plant 
height of the tetraploid accessions was 123 cm compared to 117 
cm for Bozoislq-Select, 117 cm for Syn-A, and 105 cm for Vinall. 
Plant height of the tetraploid accessions also was significantly 
greater than Tetracan (114 cm). Differences in leaf width and 
length were particularly noteworthy in 1993, where mean values 
for the tetraploid accessions were significantly (P < 0.01) greater 
than each of the diploid and tetraploid check entries. 

Although phenological differences among entries were signifi- 
cant, differences were not consistent between the tetraploids and 
diploids. The tetraploid accessions were significantly later than 
the diploid cultivar Vinall and the tetraploid cultivar Tetracan, 
but phenological development of the tetraploid accessions was 
similar to Bozoisky-Select and Syn-A (data not shown). 

Differences between the tetraploid accessions and the diploid 
check entries were generally nonsignificant for NDF, ADF, pro- 
tein content, and IVDh4D (data not shown). The tetraploid acces- 
sions, however, had significantly higher water content than the 
diploid accessions in most comparisons made within each of the 
3 years and in the combined analysis of the data. Water content 
has been positively associated with increased ploidy levels in for- 
age grasses (Sullivan 1944) and may be indicative of greater suc- 
culence. 

Implications 
The objectives of this study were primarily to evaluate the 

potential of new sources of tetraploid germplasm in Russian 

Table 3. Mean squares from analyses of variance for carbon isotope dii 
crimmation (A), dry matter yield, plant height, leaf width, and leaf 
length, Experiment B. 

Entry Yi%X Entry X Year 

Carbon isotope discrKnation (%0) 
1992 0.686* 
1993 o.sso** 
1991-92 1502** 

Dry matter yield (kg ha-‘) 
1991 7524 
1992 584276 
1993 901430** 
1991-93 717476 

Plant height (cm) 
1991 126&I** 
1992 25o.s2** 
1993 205.83** 
1991-93 480.86** 

Leaf width (cm) 
1991 0.0069** 
1993 0.0145** 
1991-93 o.o1s3** 

Leaf length (cm) 
1991 14.103** 
1993 23.334** 
1991-93 34.174** 

3.859 0.064 

289343785** 387878* 

1617** 

0.4514*.* 

51.31 

0.0031* 

830.04** 3.2627* 
l ,** Maa square signitiuat at 0.05 and 0.01 level of probability, respectively. 



Table 4. Carbon isotope discrimination (A), dry matter yield, plant height, leaf width, and leaf length of 10 tetraploid (4x) accessions and 4 strains and 
cultivars of Russian wildrye, Experiment B. 

4x Accessions Cultivar means 
YW MeZlll Raw Tetracan Bozoisl;y Syn-A Vinall 

Carbon isotope discrimination (%0) 
1992 17.1 16.7-17.7 16.8 17.7* 17.9** 1’1.s** 
1993 17.4 16.9-17.8 17.4 1s.2** 1s.3** 1s.3** 
1992-93 17.2 16.S-17.7 17.1 17.9** 1s.1** 1s.1** 

Dry matter yield (kg ha-‘) 
1991 495 454-577 545 523 454 4OS* 
1992 5004 4402-5495 4655 5368 5195 443s 
1993 3520 2889-3593 3045 3467 3191 2251** 

Plant height (cm) 
1991 118 112-127 114 113 114 103** 
1992 130 120-137 121 117** 122 109** 
1993 122 117-130 109** 120 116* 103** 
1991-93 123 118-131 114** 117** 117** 105** 

Leaf width (cm) 
1991 0.710 0.65S-O.785 0.655* 0.610** 0.690 0.665 
1993 0.852 0.8 13-0.903 0.790** 0.733** 0.760** 0.690:s 

Leaf length (cm) 
1991 16.48 14.88-17.58 12.65** 15.05 14.13** 11.35** 
1993 22.26 20.03-24.15 18.38** 18.5’0** 1s.93** 15.s5** 
*#**Strain or cultivar mean significantly different fmm mean of 10 tehaploid accessions at 0.05 and 0.01 pmbabiity level, respectively. using single degree of freedom contrasts. 

wildrye with less emphasis on evaluating the effects of induced 
polyploidy per se. However, when considered with previous find- 
ings by Berdahl and Barker (1991) and Lawrence et al. (1990), it 
is evident that tetraploids have distinct advantages compared to 
diploids in Russian wildrye, and tetraploid germplasm should be 
given high priority in future breeding programs with this species. 
Our results indicate that tetraploid accessions have larger seeds 
and better seedling vigor than presently available diploid culti- 
vars, and that additional screening and selection within this 
germplasm pool should generate cultivars that are easier to estab- 
lish on range sites. Although the drought response of these plant 
materials is yet to be fully assessed, our results based on carbon 
isotope discrimination indicate that tetraploids make more effi- 
cient use of water than the diploids included in our studies. This 
is an extremely important consideration in water-limited environ- 
ments where Russian wildrye is most often used. The tetraploid 
accessions did not offer any consistent advantages over the 
diploids in terms of dry matter yield. It is noteworthy, however, 
that the diploid check entries were all improved cultivars, and it 
is likely that selection within the tetraploid germplasm pool 
would be effective in improving dry matter yield. 

Until recently, no natural tetraploids of Russian wildrye had 
been introduced into North America. The exact origins of the 
entries included in this study are somewhat obscure; however, 
they are reportedly natural tetraploids. Natural tetraploids were 
also collected by 2 of the authors (Asay and Johnson) on range- 
land sites in Kazakhstan in 1992. Tetraploid germplasm will be 
prominent in future Russian wildrye breeding programs, and 
research is needed to determine the relative frequency and distrib- 
ution of diploid and tetraploid ecotypes in their natural settings. 
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Abstract 

Grass shoots after defoliation can be supplied with the nitrogen 
required for regrowth by either root uptake or remobilization of 
stores. Whilst it is accepted that after a single defoliation inhibi- 
tion of root uptake and remobilization from roots occurs, it has 
not been established how the capability of roots to supply nitro- 
gen by uptake and from storage is affected with differing severi- 
ties of regular defoliation, as experienced by grazed swards. The 
objective was to examine this question using Agrosfis castellana 
Boiss et Reut, Festuca rubra L., L&urn perenne L. and Poa frivi- 
alis L., grasses associated with sites of differing fertility, grown in 
sand culture and defoliated weekly at a height of either 4 or 8 cm. 
Nitrogen was supplied as NH~NOJ in a complete nutrient solu- 
tion. The use of ‘?I as a tracer allowed the nitrogen supplied to 
the shoot by root uptake and remobilization to be discriminated 
over a 35 day period. An increased severity of defoliation result- 
ed in decreased root mass, and increased nitrogen uptake per 
unit root weight for all species. Increased severity of defoliation 
did not affect uptake on a per plant basis for A. castelha, 0.54 
mg N (plant)’ (week)’ and F. rubra, 0.40 mg N (plant)” (week)“, 
whilst mg N (plant)“ (week)’ decreased from 0.54 to 0.14, and 
0.54 to 0.34 for L. perenne and P. trivialis respectively. For plants 
clipped at 4 or 8 cm, over 88% and 77% respectively of uptake 
appeared in the shoot. Nitrogen was remobilized from roots to 
the shoot for A. castelhna and F. rubra when clipped at 4 cm, 
and for A. castellana, L perenne and I? trivialis when clipped at 8 
cm. Uptake by roots was more important than remobilization 
from roots in supplying nitrogen to the shoot. The ability to 
maintain the supply of nitrogen by uptake and remobilization to 
the shoot with increased severity of defoliation was species 
dependant. 

Key Words: clipping height, pasture species, root uptake, remo- 
bilization, nitrogen 

Grasses are often defoliated repeatedly by grazing herbivores 
(Curl1 and Wilkins 1982). Carbohydrate reserves are mobilized in 
response to defoliation and play a role in regrowth of plants 
(Bahrani et al. 1983, Gonzalez et al. 1989, Danckwerts 1993). 
However, carbohydrate reserves are not always correlated to 
regrowth ability after defoliation (Davidson and Mihhorpe 1966a, 
Richards and Caldwell 1985) and nitrogen availability is consid- 
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ered to be at least equally important (Ourry et al. 1994). After 
defoliation, roots of grasses can potentially supply nitrogen for 
laminae regrowth by uptake from the soil solution and remobi- 
lization from stores. On defoliation of previously uncut grass, 
nitrogen is remobilized from roots (Ourry et al. 1988, 1990, 
Thornton and Millard 1993), however root uptake is inhibited 
(Clement et al. 1978). What is less clear is how the capability of 
roots to supply nitrogen by absorption or mobilization from stor- 
age alters with differing height of repeated defoliation, as experi- 
enced under differing grazing intensities (Curl1 and Wilkins 
1982). 

We selected 4 grass species for this work Lolium perenne L. 
and Poa trivialis L. which are associated with higher fertility 
sites, and Agrostis castellana Boiss et Reut and Festuca rubra L. 
which are usually found on poorer sites (Grime et al. 1988). We 
used r5N to discriminate root uptake from remobilization of nitro- 
gen. The hypothesis that an increased severity of repeated defoli- 
ation reduces N availability for shoot growth, from both uptake 
and from storage, was then tested. 

Materials and Methods 

Sixty pots, 8cm diameter, each containing a mixture of sand 
and limestone chips, were sown with seed of either Agrostis 
castellana Boiss et Reut. cv. Highland; Festuca rubra L. cv. 
Boreal; Lolium perenne L. cv. Aurora or Poa trivialis L. cv. Erte, 
and germinated in environmental cabinets, as described by 
Thornton et al. (1993), with a 16-hour photoperiod (250 pm01 mV2 
s’) beginning 7 days after germination. The seedlings were 
watered to field capacity 3 times each week with a complete 
nutrient solution containing 3 mol mJ NH4NO3 at natural abun- 
dance. Details of the solution used are given in Thornton et al. 
(1993). Pots were thinned to 20 seedlings 14 days after germina- 
tion. Plants in 30 pots for each species were clipped to 4-cm 
height, and the remaining plants were clipped to S-cm height ini- 
tially 22 days after germination and weekly thereafter. 

After the sixth clipping plants were transferred to a tbermostati- 
tally controlled greenhouse with additional lighting of 140 pmol 
rns2 s-r at plant height from high pressure sodium lamps (G.E.C. 
HPS.Ull, 4OOW) to provide a 16-hour photoperiod. The temper- 
ature of the greenhouse (day or night) remained in the range 20 2 
5” C except for a few occasions at night when temperatures down 
to 10” C were recorded. Pots were laid out in a randomized block 
arrangement of 5 replicate blocks with treatments randomly 
applied within each block. 
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Immediately after the fifteenth weekly clipping, the unlabelled 
nutrient solutions were washed from the pots with 2 additions of 
75 cm3 deionized water, then 3 additions of 75 cm3 nutrient solu- 
tion, identical except that the nitrogen was labelled with “N 
enriched to 5 atom %. Pots were then watered with the “N 
labelled solution 3 times weekly. 

Five pots, 1 from each block, of each of the 8 treatment combi- 
nations of 4 species X 2 clipping heights, were destructively har- 
vested immediately (day 0) and after 7, 14,21,28, and 35 days. 
At harvest plants were clipped to the appropriate height. The 
material removed by clipping after day 0 was referred to as leaf 
top. The root system was washed free from the sand limestone 
mixture onto a series of l-mm mesh sieves resulting in minimal 
root loss. Plants were then separated into leaves plus psuedostem 
below the clipping height, referred to as leaf base, and root mater- 
ial. Unharvested pots were clipped to the appropriate height as 
usual on days 7,14,21, and 28. 

All plant material was weighed fresh and after freeze drying, 
then milled prior to analysis. The total N and “N concentrations 
in all samples were determined using an ANA-SIRA mass spec- 
trometer (VG Isogas, Middlewich, Cheshire, England). The “N 
calculations used have been described previously in Millard and 
Neilsen (1989). Briefly, the weight of “N present in the subsam- 
ple analysed by the mass spectrometer C (pg) was calculated 
using the equation C=15AB/(14OO+B) where A = weight of total 
N in subsample aualysed (pg) and B = “N atom per cent in the 
sample. Values of C were corrected for the natural abundance of 
“N in the plant material which was taken to be 0.37 atom per 
cent, The weight of N in a tissue derived from uptake of labelled 
solution from day 0, W (mg), was then calculated from 
W=CED/A where D = N content of the tissue (mg) and E = fertil- 
izer equivalent (gNg“ “N). Subtraction of the root uptake from 
the total N content gave a measure of unlabelled N content, 
assumed to be that present in the leaf base and roots on day 0. 

The total N content of clippings, and the labelled N uptake into 
the whole plant (including material removed by clipping) provid- 
ed estimates of nitrogen losses and total N uptake respectively. 
Relative nitrogen loss over the 35-day labelling period was calcu- 
lated as defined by Berendse et al. (1992), i.e. nitrogen loss as a 
percentage of total nitrogen uptake. 

Analysis of variance (ANOVA) was conducted to assess 
whether differences were significant using Genstat 5 release 2.2 
(Lawes Agricultural Trust, Rothamsted Experimental Station, 
England). Analyses were performed after log transformation of 
dry weight data and angular arcsine transformation of percentage 
data, in order to stabilize the variance. 

Uptake of labelled N per unit root weight was greater in all 
species for plants clipped at 4 compared to 8 cm (P < 0.001; Fig. 
1A). Clipping height did not affect N uptake (plant)“ by A. castel- 
ha and F. rubra, but L. perenne and P. trivialis plants took up 
more N when clipped to 8 cm than to 4 cm (Fig. 1B). The 
increased uptake per dry weight root with the more severe defolia- 
tion (Fig. 1A) was, therefore, sufficient to mitigate the effect of 
increased defoliation on root mass (Table 1) for A. castellana and 
F. rubra, but not for L perenne and P. trivialis. For plants clipped 
to 4 cm, 88% of labelled N taken up by the plant subsequently 
appeared in the shoot, compared with 77% in plants clipped to 8 
cm (Figs. lB, 1C). The effects of increasing severity of defoliation 
upon N uptake and translocation to the shoot and upon total N 
uptake per plant were similar, except for F. rubra where the 
amount of N translocated to the shoot was greater (P c 0.05) at the 
more severe defoliation (Fig. 1C). 

The unlabelled N content on day 0 and day 35 was similar in 
whole plants, which included clipped material removed over the 

150 
A T 0 4cm Iz1 8cm 

At the second destructive harvest clipping to 4 cm had reduced 
both the biomass of root and leaf base of all grass species, com- 
pared with those clipped to 8 cm (P < 0.001 in each case, Table 
1). When clipped to 4 cm L. perenne produced less root material 
than the other species, but plants produced similar amounts of 
root material when clipped to 8 cm (P ~0.05). The amount of leaf 
base produced decreased in the species order A. castellana, F. 
rubra, P. trivialis, and L perenne when clipped to 4 cm, however 
when clipped to 8 cm only A. castellana produced significantly 
more than any other species (P < 0.001). For leaf tops an interac- 
tion between species and clipping height (P < 0.001) meant that 
clipping at 4 compared to 8 cm reduced the dry weight of L. 
perenne and P. trivialis plants only (Table 1). 

Fig. 1. Labelled N contents, over a 35 day period from changing to 
nutrient solutions containing labelled N, including material 
removed by clipping. A: Total plant content mg N (g dry wt root)-‘. 
B: Total plant content mg N (plant)-‘. C Shoot content mg N 
(plant)“. Unhatched histograms are plants clipped to 4 cm, and 
hatched histograms are plants clipped to 8 cm. Values are means of 
5 replicates f SE, except for L perenne clipped to 4 cm which is the 
mean of 3 replicates. 
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Table 1. Dry weight of the root, leaf base and leaf top of plants 7 days 
after changing to labelled N nutrient solutions. 

Tissue Clipping Agrostis. Fesruca Lolium Pus 
height custelhna rubra perenne trivialis 

(cm)- -____--------- (mglplaot)--------------- 
Root 4 25.3 (4.3)a 36.0 (18.5) 5.3 (0.8) 20.0 (6.2) 
Root 8 68.5 (16.0) 86.0 (24.0) 60.7 (7.4) 76.8 (13.6) 

L.ezifbase 4 100.6 (10.8) 49.4 (7.0) 7.4 (1.9) 26.7 (4.6) 
Leafbase 8 172.1 (14.7) 113.4 (8.5) 85.0 (6.8) 107.9 (18.1) 

Leaftop 4 9.1 (0.8) 7.3 (1.1) 1.0 (0.4) 5.5 (0.6) 
Leaftop 8 9.0 (1.7) 6.9 (0.5) 10.7 (0.4) 11.4 (0.8) 

‘hiem (SE) of 5 replicates. 

35day period beginning when labelling was initiated (P > 0.05, 
Table 2). This indicates there was no carry-over of unlabelled N 
when the N supply was changed to labelled N, and there were no 
significant losses of unlabelled N by root turnover or exudation. 
Loss of unlabelled N from roots over the 35&y period, tbere- 
fore, represents remobilization from these structures to shoot 
material. The unlabelled N content of roots on day 0 at the start 
of the labelling period was greater for plants clipped at S-cm 
height than with those clipped at 4-cm (PcO.001, Fig 2). The 
reduction of unlabclled N in the roots with time was significant 
when considered over all species and clipping heights (P < 0.001, 
Fig. 2). An interaction indicated that significant reductions from 
day 0 to day 35 (PcO.05) only occurred for A. castellana and F. 
rubra when clipped at 4 cm, and for A. castellana and P. trivialis 
when clipped at 8 cm. Unlabelled N was also reduced in roots of 
L perenne plants clipped at 8 cm, though in this instance it was 
from days 7 and 14 to day 28 (Fig. 2). 
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Fig. 2. Unlabelled N contents (mg pIa&) remaining in root material 
of plants clipped to 4 cm 0, or 8 cm W. Values are means of 5 
replicates * SE, except 4 cm L perenne on day 35 which is a mean 
of 3 replicates. 

Table 2. The unlabelled N content of whole plants over a 35-day period 
from the time of changing to nutrient solutions containing labelled N, 
including material removed by clipping where appropriate. 

Clipping height 
Unlabelled N content 

Day 0 Day 35 
--------(mg/p]ant)-------- 

4cm 
A. castelhna 1.73 (0.06)” 1.67 (0.06) 
F’. rubra 1.42 (0.08) 1.21(0.05) 
L. perenne 0.27 (0.02) 0.39 (0.08)b 
P. Hvialis 0.73 (0.03) 0.8 1 (0.08) 
8cm 
A. caste&ma 2.64 (0.11) 2.43 (0.14) 
F. rubra 2.42 (0.16) 2.34 (0.19) 
L perenne 1.70 (0.07) 1.76 (0.08) 
P. trhialis 2.07 (0.08) 2.08 (0.08) 

ahfean (SE) of 5 replicates except b which is a mean of 3 replicates. 

The relative N loss for all species was greater when clipped at 4 
compared with 8 cm (P < 0.001, Fig. 3). An interaction between 
species and defoliation height (P < 0.01) indicated that when 
clipped at 4 cm the relative N loss of L perenne was only greater 
than that of F. mbra, whilst when clipped at 8 cm it was greater 
than P. trivialis and A. castellana, which in turn were greater than 
F. rubra (Fig. 3). 

Discussion 

Defoliating plants reduces root growth (Davidson and 
Milthorpe 1966b, Chapin and Slack 1979) which can be mani- 
fested as reduced root number (Richards 1984, Karl and 
Doescher 1991). A reduction in roots can potentially affect both 
root uptake and storage capabilities. In the present study root 
growth was reduced with increasing severity of defoliation. 

g 120 

:: 
o 80 - 

z 

g 40 .- 
s 
5 
lx 

0 

0 4cm m 8cm 

Fig. 3. Relative nitrogen loss (nitrogen loss in clippings as a percent- 
age of total nitrogen uptake) over a 35 day period from the time of 
changing to nutrient solutions containing Iabelled N. Unhatched 
histograms are plants clipped to 4 cm and hatched histograms are 
plants clipped to 8 cm. Values are means of 5 replicates + SE, 
except for L. perenne clipped to 4 cm which is the mean of 3 repli- 
cates. 
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A single defoliation caused a rapid, almost complete cessation 
of NO3- uptake by L. perenne roots, lasting at least 2 days 
(Clement et al. 1978). In contrast, Polley and Detling (1989) 
observed increased N uptake on a root weight basis in repeatedly 
defoliated Agropyron smithii Rydb. compared with undefoliated 
control plants. With a high N supply the increased uptake post 
defoliation per unit of root in A. smithii failed to offset a decrease 
in uptake caused by concomitant decline in root biomass. With a 
low N supply increased N uptake per unit of root balanced 
decreases in uptake caused by defoliation-induced decline in root 
biomass (Polley and Detling 1989). We found that N uptake 
increased on a root weight basis in response to an increased 
severity of repeated defoliation in all the species we studied. 
Increased N uptake per unit of root offset the effect of root mass 
decreases on plant uptake in A. castellana and F. rubra but not in 
L. perenne or P. trivialis. Mechanisms of this response are 
unknown. In the sedge Eriophorum vaginatum L., Chapin and 
Slack (1979) found both a linear decrease in root weight per unit 
length with increasing number of defoliations and an increased 
uptake of phosphate on a root weight basis with defoliation. Root 
hairs are thought to facilitate root uptake by increasing the area 
available for uptake (Robinson and Rorison 1983). Species from 
infertile sites respond to a decreased N supply by increasing root 
hair density and length to a greater degree than species from fer- 
tile sites (Boot and Mensink 1990). The possibility exists that A. 
castellana aud F. rabra, associated with lower fertility (Grime et 
al. 1988), respond to increased severity of defoliation with greater 
changes in root morphology than L perenne and P. trivialis. 

Alternatively, species differences in canopy architecture may 
have led to the observed uptake differences. Uptake of NO3- 
requires active transport (Macklon et al. 1990) and depends on 
the level of radiation incident on the shoot in L. perenne 
(Clement et al. 1978). In Lolium multifroram Lam. Hansen (1980) 
found a close relationship between the diurnal variations of N03- 
uptake and root respiration, suggesting NO3- uptake was in part 
dependant on photosynthate. In the present study L perenne aud 
P. trivialis were the more erect species which would have lost 
proportionally more shoot material with the more severe clipping 
regime (Table 1). In turn, this may have restricted their ability to 
maintain NOg- uptake to a greater extent than A. castelluna or F. 
rubru. 

After a single defoliation of L perenne, stubble material pro- 
vided the major source of remobilized N for several days. 
However, remobilization from roots occurs (Ourry et al. 
1988,199O). Decreases in soluble protein and increases in pepti- 
dase enzyme activity of both stubble and roots after a single defo- 
liation also indicate both compartments supply N (Ourry et al. 
1989). Remobilization of N from roots of L. perenne plants regu- 
larly defoliated to 6-cm height has previously been reported 
(Millard et al. 1990). We found remobilization from roots of reg- 
ularly clipped L perenne is dependant on the severity of defolia- 
tion, and the effect of defoliation severity differs between grass 
species. Our finding that repeatedly defoliated grass species, 
uptake by roots was more important in supplying N to the shoot 
than remobilization from roots, agrees with previous work on L 
perenne receiving a single defoliation (Ouny et al. 1990). 

In the short term, immediately following defoliation, remobi- 
lization and root uptake are independent of each other, as the total 
amount of N remobilized is unaffected by changing the N supply 
(Ourry et al. 1990). In the long term, the 2 processes are obvious- 
ly related, since stored N must ultimately be derived from root 

uptake. In this context it is worth noting that both A. custellana 
and F. rabru were able to maintain whole plant N uptake with 
increased severity of defoliation and remobilize N from roots at 
the more severe defoliation. Also, with the less severe defolia- 
tion, F. rubra was the only species not utilizing remobilization 
from roots, and had the lowest relative N loss. In this instance, 
remobilization from stubble alone and/or root.uptake may have 
been sufficient to supply N for regrowth. 

In conclusion, uptake by roots was more important in supplying 
N to the shoots of repeatedly defoliated grasses than remohiiia- 
tion from roots. The hypothesis that increased severity of repeat- 
ed defoliation reduces the supply of N from both root uptake and 
remobilization to the shoot was proved to be incorrect, both 
sources increased or decreased dependant on the species. This 
species dependency will have implications for grass plants suh- 
ject to grazing in the field. 
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Abstract 

Old World bluestems (Bothriochloa spp.) are extensively used 
throughout the Southern Plains. Interseedmg these stands with 
persistent nitrogen-fixing legumes could reduce N fertilizer 
input, extend the grazing season, and enhance diet quality. The 
objective of this study was to evaluate production and persistence 
of ‘Overton R18’ and TXR20 rose clover (Trzfolium hirtum All.) 
and hairy vetch (Vicia villosa Roth) when interseeded into Old 
World bluestem. Treatments included these lnterseeded annual 
legumes and bluestem + 100 k@ha N fertilizer. Both rose clover 
and vetch produced a measurable quantity of forage by early 
spring before bluestem began to grow. Crude protein and in 
vitro dry matter digestibility were higher in legume treatments 
when legumes were actively growing. Total season forage pro- 
duction was similar (6,460 kg/ha; P > 0.05) between rose clover 
and bluestem + N treatments except during 1991 when produc- 
tion under the Overton RI8 treatment was less than bluestem + 
N or TXR20 rose clover. Average rose clover seed production (26 
kg/ha) was greater than vetch (2 kg/ha; P < 0.05) resulting in 
greater rose clover forage compared to vetch during natural 
reseeding years. Rose clover plant counts 4 years after the orlgl- 
nal seeding showed an average of 22 plants/m*. Both rose clover 
entries appear to have excellent potential over previously avall- 
able germplasm because of improved cold tolerance and the abil- 
ity to produce substantial quantities of seed for natural reseeding 
even after close defoliation. 

Key Words: Bothriochloa ischuemum L., persistence, production, 
Trifolium hirtum All., forage, Vicia villosa Roth, Southern Great 
Plains 

Old World bluestems (Bothriochloa spp.) are the primary 
grasses being grown for improved warm-season pastures in the 
Southern Great Plains and have also been established extensively 
on marginal lands as part of the USDA Conservation Reserve 
Program (Berg 1990). Nitrogen fertilization is needed to realiie 
the forage production potential of Old World bluestem; however, 
it is a significant input cost, an environmental concern, and can 
be inefficient due to volatilization (Berg 1993). Absent in Old 
World bluestem pastures are persistent N-fixing legumes that 
might decrease the need for fertilizer N and offer other attributes 
such as extending the grazing season or enhancing diet quality. 

Research has generally shown that, if initial legume establish- 
ment is successful, interseedings fail because of winter injury, 
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summer drought, or poor self-reseeding mechanisms. Denman et 
al. (1961) evaluated 1,300 entries of 200 legume species in 
Oklahoma between 1951 and 1959 and reported that most clovers 
(Trifolium spp.) and medics (Medicago spp.) failed to survive 
winter stress. They concluded that only alfalfa (Medicago sativa 
L.) and some vetches (Vicia spp.) were of merit. Christiansen and 
Svejcar (1989) evaluated 22 medics and 8 subclovers (Trtfoolium 
subterraneum L.) in central Oklahoma and did not find any with 
significant forage production potential that would survive more 
than 1 year. Kneebone (1959) found little justification to use 
native legumes for interseeding in this region. 

Rose clover (T. hirtum All.), a winter-annual legume intro- 
duced into California in 1944 has become an important forage 
species in mild winter climatic zones (Drake et al. 1989). 
Because of a high percentage of hard seed, many stands have per- 
sisted for 4 decades in various soils, enduring drought and other 
stresses (Love 1985). Hard seed produced by rose clover become 
permeable to water at a slower rate than hard seed produced by 
subclovers or crimson clover (T. incamatum L.) (Williams and 
Elliott 1960). This persistent hard seed character in rose clover 
builds a soil seed bank and contributes to long-term stand mainte- 
nance and reliability in spite of drought and other environmental 
stresses (Love 1985). 

Plantings of rose clover in the Southern Great Plains have con- 
sistently failed because of poor cold tolerance. Smith et al. (1986) 
initiated a rose clover breeding program with the objectives of 
developing productive rose clover varieties with late maturity, 
improved cold tolerance, and high levels of hard seed. Rose 
clover germplasm was produced that expressed these characteris- 
tics when compared with standard varieties. ‘Overton R18’ rose 
clover was released in 1991 by the Texas Agricultural 
Experiment Station in cooperation with the Soil Conservation 
Service (Smith et al. 1992). TXR20 is an experimental 
germplasm. Evers (1995) has successfully interseeded Overton 
R18 rose clover into bermudagrass sod [Cynodon dactylon (L.) 
Pers.] in northeast Texas but no information is available on inter- 
seeding into Old World bluestem. The objective of this research 
was to evaluate production and natural reseeding potential of 
these rose clovers and hairy vetch (Vicia villosa Roth) when 
intersceded into grazed bluestem stands. 

Materials and Methods 

The experiment was conducted during 1989 through 1993 at 
the USDA-ARS Grazinglands Research Laboratory near El Reno, 
Okla. (35”40’ N 98”O’ W; elevation = 450 m). Soil type for the 
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experiment was a Dale silt loam (fine-silty, mixed, thermic, Udic 
Paleustolls). Mean annual precipitation is 810 mm, of which 
about 70% is received from April through September. Annual 
precipitation in 1990, 1991, 1992, and 1993 was 877,744, 941, 
and 948 mm, respectively. In 1989, the seeding year, tempera- 
tures decreased to record lows during much of December with a 
minimum of -27°C. 

Three legume-interseeded treatments and 1 grass + N treatment 
were imposed on established stands of ‘Plains’ Old World 
bluestem [Bothriochloa ischaemum (L.) Keng]. Inoculated seed 
of Overton R18 and TXR20 rose clover and hairy vetch was 
planted in 18 cm rows at rates of 12 and 20 kgiha for the rose 
clovers and vetch, respectively. Planting was done with a no-till 
drill on 13 October 1989. Nitrogen fertilizer (100 kg N/ha) was 
broadcast on the bluestem + N treatment during late April of 
1990, 1991, and 1992. Because of dry fall conditions, 33 and 38 
mm of irrigation water were applied in October of 1989 and 
1990, respectively. 

All plots (5 X 18 m) were grazed for 1 week with steers begin- 
ning 7 May, 29 May, 16 July, and 22 August 1990; 18 April, 16 
May, 18 June, and 22 July 1991; and 22 April, 19 May, and 17 
July 1992. Phenologically, legume growth stage at the first graz- 
ing was vegetative. At the second grazing, legumes were at early 
bloom and the bluestem was vegetative; and at later harvests the 
legumes were senescent and the bluestem was at boot stage or 
headed. Stubble height after grazing averaged 6.4 cm. 

Forage production was measured in 3 randomly selected 0.25 
m* quadrats per plot before each grazing event. Forage was hand- 
clipped to ground level and dried in a forced-air oven at 65°C for 
2 days. Forage from quadrat samples was hand separated to quan- 
tify legume and bluestem proportions. Components were recom- 
bined and then ground in a shear mill to pass a 2-mm screen. A 
100-g subsample was reground in a centrifugal mill to pass a l- 
mm screen; then analyzed for digestibility using an in vitro 
rumen fermentation procedure developed by Tilley and Terry 
(1963) and modified by Monson et al. (1969). Nitrogen content 
was determined using a LECO CHN-1000 Elemental Analyzer’ 
and crude protein expressed as N X 6.25. 

Legume seed production was measured by hand harvesting 
three 0.25-m* quadrats per plot when seed was ripe in 1990, 
1991, and 1992. All plots were periodically grazed during 1993 
without any sampling except plant counts (six 0.25-m* 
quadrats/plot) made of the legumes in November. 

All treatments were replicated 3 times. Data were subjected to 
repeated measures analysis of variance @AS Institute Inc. 1985). 
Years were considered a fixed effect and treated as a split-plot in 
time. Where needed, LSD (P < 0.05) was used for treatment mean 
separation. 

Results and Discussion 

Forage Production 
The year by treatment interaction for early spring forage produc- 

tion was significant (P < 0.01) with legume production declining 
over years (Fig. 1). Average forage production in the legume treat- 
ments at the first grazing in 1990 was 1,750 kg/ ha. Both rose clovers 

‘LECO Corporation, 3000 Lakeview Ave., St. Joseph, Mich. 490852396. 
hlention of trade names or propriety products does not indicate endorsements by 
the USDA, and does not imply its approval to the exclusion of other products that 
may also be suitable. 
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and vetch increased early spring forage yields (P ~0.05) over the 
bluestem + N treatment. Among legumes during 1990, vetch produc- 
tion was greater than either of the rose clovers (P < 0.05). By 1991 
however, production under the vetch treatment dropped to 270 kg/ha 
and to 30 kg/ha in 1992 due to the failure of vetch to naturally 
reseed. lKR20 rose clover production was significantly greater than 
Overton R18 only during 1991 (P ~0.05). Ever-s (1995) reported dry 
matter production of Overton RI8 rose clover to be about 2,660 
kg/ha in northeast Texas using the same seeding rate as in this study. 

Forage produced at the first grazing was generally above 80% 
legume with the remainder primarily annual cool-season grasses 
(Fig. 2). At the second grazing, bluestem had begun growth and 
represented about 50% of the forage biomass except in the vetch 
treatment during 1991 and 1992 when vetch growth was depen- 
dent on natural reseeding. Biomass from third and fourth harvests 
was greater than 90% bluestem across treatments. 

The year by treatment interaction for total season forage pro- 
duction was also significant (P ~0.01; Fig. 3). Total forage pro- 
duction in 1990 was similar among legume treatments (P > 0.05); 
however, vetch production was significantly greater than that of 
bluestem + N (P < 0.05). Bluestem + N and TXR20 rose clover 
treatments had total forage production greater than Overton RI8 
and vetch during 1991. During 1992, total forage production was 
similar between both rose clovers and the bluestem + N treatment 
but greater than the vetch treatment (p ~0.05). 

Legume Persistence 
The hairy vetch and both rose clovers appeared adapted to this 

environment and did not succumb to cold or other stress. All 
legumes were readily grazed by the steers and no grazing prefer- 
ences were observed. 

Rose clover exhibited an advantage (P x0.05) in forage produc- 
tion during the second and third years through natural reseeding 
compared with vetch (Fig. 1 and 2). Second and third year stands 
of vetch declined in production as a result of that species failing 
to naturally reseed under our grazing management. Only a small 
number of vetch plants were observed flowering and setting seed 
between grazing events. Rose clover growth, however, after the 
second grazing (mid-May) included many seed heads borne 4 to 

0 Overton R18 
n TxR20 
A Vetch 
v Bluestem+N 

1990 1991 1992 

YEAR 

Fig. 1. Early spring (legume vegetative) forage production during 
1990, 1991, and 1992. Year by treatment interaction was signifi- 
cant at P cO.01. 
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Fig. 2. Legume percentage (+ SE) of the available forage at the 2 
spring grazing dates during 1990,1991, and 1992. 

8 cm from the soil surface. At the third grazing date, seed heads 
were generally under the grass canopy and not selected by steers. 
Most rose clover plants matured and began to drop seed from 
mid- to late June. 

Rose clover seed production averaged 40,37, and 0.5 kg/ha in 
1990, 1991, and 1992, respectively. Dry conditions during April 
and May of 1992 may have contributed to the lower seed and 
spring forage production that year. The seed averaged 87% hard 
seed, which indicates about a 5 kg/ha natural seeding rate the first 
year after production. A substantial number of rose clover plants 
were present in 1993 following the poor seed production year of 
1992, indicating regeneration through hard seed. Plant counts in 
November 1993 showed 21.6 plants/m2 with no significant differ- 
ences (P > 0.05) between Over-ton R18 and TXR20 rose clovers. 
Plant counts of vetch at this date indicated only 2.4 plants/m2. 

Seed produced from rose clover contains at least 80% hard seed 
that will not germinate for at least a year (Young et al. 1973). 
Ripe rose clover seed, when ingested by cattle and then passed, 
have remained viable in the manure for 23 years, with some seeds 
germinating each year when conditions were right (Helphinstine 
et al. 1983). 

Vetch seed production was lower (P ~0.05) than rose clover 
and averaged 2 kg/ha across years. Vetch would need to be man- 
aged to produce a seed crop periodically or have to be sown 
annually. In this study, management for a seed crop was not an 
objective. For an annual legume to persist in most grazing situa- 
tions, seed production under close grazing would be beneficial. 
For rose clover, which has seedling vigor described as poor 
(Ever-s 1993), its abiity to produce a large seed crop with a high 
percentage hard seed would be advantageous. 

Forage Nutritive Value 
Significant year by treatment interactions existed for both crude 

protein and iu vitro dry matter digestibility (Table 1; P<O.Ol). Crude 
protein of available forage in legume treatments at the first grazing 
(legume vegetative) in 1990 was siguificantly higher (P < 0.05) than 
that of bluestem + N treatment. Low crude protein in the bluestem + 
N treatment could be attributed to a higher proportion of aftermath 
from the previous season. Crude protein of forage in the vetch treat- 
ment at the initial sampling was also higher than rose clover. In 1991 
and 1992, treatment differences at the tirst grazing were not as pro- 
nounced. An abundance of cool-season annual grasses in the 
bluestem i- N treatment probably enhanced crude protein, but the 
quantity of early spring forage was small in that treatment (Fig. 1). 
By the second grazing period (legume flowering/hluestem vegeta- 
tive) in all 3 years, differences in crude protein among treatments 
were generally small. 

The presence of legumes enhanced in vitro dry matter digestibil- 
ity of available forage, particularly during the first grazing period 
in 1990 (Table 1). Digestibility during the first grazing period on 
legume treatments averaged 76.5%, compared with only 46% on 
the bluestem + N treatment (P ~0.05). Within years, differences in 
digestibility at the second grazing were less among treatments 
even though the forage biomass varied considerably in percent 
legume. At this time the bluestem was vegetative and nearly equal 
in digestibility to the legume. Digestibility at later grazing dates 
declined but was not different among treatments (F > 0.05). 
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Year by treatment interaction was significant at P c 0.01. I 
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Table 1. Crude protein (CP) and in vitro dry matter digestibility (lVDMD) of available forage at the first and second grazing periods. 

Treatment 

First mzzine neriod’ 
Bluestem + N 
Overton RI8 
TXR20 
Vetch 

1990 1991 1992 
CP IVDMD CF IVDMD CP Ivohm 

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

6.7~ 46.0b 16.Sb 60.8b 12.Oc 56.lb 
16.9b 76.3a 1923 69.3a 15.3b 77.7a 
17.lb 77.3a 2O.Oa 69.7a 14.9b 78.0a 
25.0a 75.Sa 21.0a 58.6b 20.6a 57.2b 

Second erazine berind 
Bluestem + N 14.3c 64.7b 21Sa 68.5 13.3 60.9b 
Overton RI8 16.lb 68.0a 18.lb 66.6 
TXR20 16.6b 673a 17.2b 66.5 
Vetch 19.la 69.7a 21.9a 68.2 

‘L.egumcs vegetative during fmt grazing period. 
‘Legumes flowering and bluestem vegetative during second grazing period. 
?Vitbin years and grazing, treatment means of CP or IvDhlD with unlike superscripts significantly differ (P < 0.05). 

12.6 61.6ab 
11.5 63.7a 
12.5 57.4c 

The overall nutritive value of the forage tested in this study 
compares well to early bloom alfalfa which normally will range 
from 60 to 65% digestibility (Matches et al. 1970). Enhancement 
in forage quality primarily occurred when the legumes were pro- 
ductive in the spring. Rose clover and vetch had minimal effect 
on the quality of the forage once bluestem began growth. 

Conclusions 

The vetch and rose clovers evaluated in this experiment offered 
increased early spring forage production of high nutritive value 
when interseeded into Old World bluestem pasture. Both rose 
clovers appear to have excellent potential over previously avail- 
able cultivars because of improved cold tolerance and the ability 
to produce seed for natural reseeding even after close defoliation. 
Grazing management to periodically produce a seed crop or 
reseeding may be beneficial to regenerating rose clover; however, 
it appears these practices are mandatory for vetch. 

Total season forage production was similar between rose clover 
and bluestem + N treatments during all 3 years with the exception 
of Overton R18 during 1991. The bluestem + N treatment did 
produce more summer forage than legume treatments. Nitrogen 
fixation or water use trends were not investigated in this study 
and early season soil water use by the legumes could have limited 
bluestem production. Bluestem persistence was excellent under 
all treatments. Dense legume canopies can shade out bluestem as 
it begins growth and consequently reduce bluestem stand vigor. 
This emphasizes the need for grazing management strategies that 
will effectively utilize the legume forage during the spring and 
reduce the shading effect. Direct annual legume and bluestem 
competition is eliminated in early summer when the legumes die. 
This is an advantage in drier climates compared to perennial 
legumes that would compete for nutrients and soil water through- 
out the growing season. As a reseeding annual, rose clover 
appears well suited to the drier areas of the Southern Plains, pri- 
marily because its spring growth coincides with the period likely 
to have the greatest precipitation. Fall growth of rose clover 
seedlings, however, was slow and many had a weak appearance, 
particularly during extended dry periods. October and November 
precipitation was 45 and 54% of the long-term average in 1989 
and 1990, respectively. The irrigation water that our treatment 
plots received in October 1989 and 1990 was of the amount that 
any deviations from the long-term average were nearly eliminat- 
ed. Further work is needed without fall irrigation to extend our 
findings. 
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Abstract 

Cattle exclusion induced dramatic changes in the plant com- 
munity and modifications in nutrient cycling in grazed native 
grasslands of the Flooding Pampa (Argentina). The study was 
carried out to analyze the effect of grazing on the status and spa- 
tial variability of soil organic matter, nitrogen and phosphorus. 
Sampling was performed in the late summer and early spring. 
Geostatistical methods were used to study the spatial dependence 
of these soil properties. 

Organic carbon (OC) and total nitrogen (TN) showed spatial 
structure only in the ungrazed area with a similar range of depen- 
dence (39 m and 36 m respectively). The occurrence of litter in this 
area lead to a large and spatially homogeneous C input to the soil, 
which would be the key factor of the spatial structure of organic 
carbon and total nitrogen. Mineral nitrogen content [(NO3-)-N + 
(NHd+)-N] was higher in the ungrazed area on both sampling 
dates. The mineral N content showed a large short-range variahili- 
ty (nugget variation) independent of grazing history. 

A significant decrease in the extractable P (Bray & Kurtz #l) 
in the grazed area was found. The extractable P exhibited spatial 
structure only in the ungrazed area. However, its spatial pattern 
was different from those of organic carbon and total nitrogen: 
the range of dependence was higher (57 m) and the spatial struc- 
ture exhibited a great irregularity. The differences between C, N, 
and P variability were possibly related to their dynamics in the 
soil. No evidence of effects of animal excreta on nutrient content 
or spatial variability was found. 

Key Words: grassland, organic carbon, nutrients, geostatistics, 
grazing. 

Grazing affects the flux of nutrients in grasslands in different 
ways (trampling, consumption, excreta deposition, redistribution, 
export). The export of nutrients through calf production, is a 
major factor affecting soil nutrient status (Bauer et al. 1987). The 
literature dealing with the effects of grazing on soil organic mat- 
ter and nutrient status is sometimes contradictory (Elauer et al. 
1987; Dix 1959; Dormaar et al. 1989; Graetz and Tongway 1986; 
Johnston et al. 1971; Risser et al. 1981; Smoliak et al. 1972; 
Thomley and Verbeme 1989). It is a reflection of different envi- 
ronments, soils and grazing management. Therefore, a definitive 
description of soil organic matter and nutrient behaviour in 
grazed unfertilized grasslands is diicult to ascertain. Currently, 

hbmmipt sccrpted 23 Oct. 1995. 
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increases of nitrogen and extractable phosphorus are related to 
excreta returns, and losses are related to net export of nutrients or 
erosion. These processes are a function of the stocking density 
and the initial nutrient status of the soils. 

The Flooding Pampa region of Argentina is devoted mainly to 
the cattle industry on natural grasslands (Soriano 1991). Large 
native herbivores were scarce before the arrival of the Spaniards 
(Sala 1988); during the 19th century livestock production was 
established on large ranches, which are still found in the region. 
Grazing changed these grasslands (Sala 1988; Soriano 1991). 
Compared with ungrazed areas, a few large perennial tussocks 
were replaced by short and mid grasses, some annual grasses, 
exotic dicots and planophiles. In ungrazed exclosures, aerial bio- 
mass accumulated as standing dead and as litter (Sala 1988). In 
addition, Chaneton and Ledn (1989) and Facelli et al. (1989) 
found that whilst in ungrazed exclosures the grassland comprised 
several defined patches of vegetation, in the grazing areas grazing 
impedes the spatial segregation of species and discrete patch dif- 
ferentiation. The effect of grazing on the nutrient status in these 
grasslands is unknown. It is possible that changes in the inputs 
and outputs of C and major nutrients in response to cattle exclu- 
sion markedly modify their spatial distribution pattern (Facelli 
and Pickett 1991; West et al. 1989). Chaneton et al. (1996) found 
that the N added from rainfall (around 7 kg/ha year) is enough to 
cover N export for meat production. In contrast, a net continuous 
loss of 0.4 kg P/ha year occurs in these no P-fertilized grassland. 

It has been postulated that good management of the natural for- 
age resource is more sustainable than to change it to a seeded 
pasture (Soriano 1991). Among the management practices, the 
increase of nutrient availability of the grassland system is viewed 
as a key factor. Undoubted, fertilization and increasing stocking 
rates will have a large effect on the soil organic matter and nutri- 
ent dynamics. The analysis of soil variables sensitive to changes 
in the grazing system is an appropriate way to detect changes in 
the soil-plant relationship and help to avoid the unfavorable evo- 
lution of the system. On the other hand, a knowledge of the struc- 
ture of the spatial dependency of soil organic matter and nutrients 
is important to carry out soil fertility studies and proper fertiliza- 
tion trials. Several workers have studied the spatial variability of 
soil properties using geostatistical methods (e.g. Bramley and 
White 1991; Davidoff and Selim 1988; Trangmar et al. 1985; 
Vieira et al. 1983). These methods allow the quantification of the 
spatial dependence among sampling points for a given variable. 
For instance, using geostatistical analysis, West et al. (1989) 
found that grazing markedly affected the pattern of spatial vari- 
ability of C, N, and P. However, each of the nutrients showed a 
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different spatial distribution as a consequence of differential 
effects of animal excreta 

The objective of this research was to investigate the effects of 
different grazing histories on both the amount and spatial vari- 
ability of soil organic matter and major nutrients (N and P). The 
study was performed in grazed and ungrazed areas because they 
represent 2 extreme conditions to determine how cattle manage- 
ment affect soil properties. 

Material and Methods 

Area and Study Site Characteristics 
The “Flooding Pampa”, located in the province of Buenos 

Aires (Argentina), is nearly flat. The region has a temperate and 
subhumid climate (mean temperatures are 85°C in winter and 
21.5”C in summer and annual rainfall ranges from 850 to 1,050 
mm). Most years have periods of water excesses followed by 
periods of water deficits (Lavado and Taboada 1988). Soils 
remain water saturated in winter. Since runoff is almost negligi- 
ble, any excess of rain-water accumulates on the soil surface 
causing waterlogging (Taboada and Lavado 1988). In excessively 
rainy years there are floods, which usually last from July to 
November (spring). In summer, water losses by evapotranspira- 
tion are usually very high and when rainfall is low, severe 
droughts occur. The area has a high water table, so halo-hydro- 
morphic soils prevail (INTA 1990). 

The study site was located at the middle of the region (38 30’S, 
58” 3O’W), in a ranch near the town of Casalins, which has been 
engaged in cattle breeding since the end of the last century. The 
stock rate for the region is lower than 1.2 AUY/ha. The grassland 
community is characterized by Piptochaetium montevidense 
(Spreng.) Parodi, Eclipta bellidioides (Spreng.) Sch. Bip., 
Ambrosia tenuifolia Spreng., Briza subaristata Lam. and Mentha 
pulegium L., with the absence of native or exotic legumes 
(Burkart et al. 1990). The soil is the moderately saline phase of 
the General Guido series Typic Natraquoll (INTA 1990), that has 
never been ploughed. The plant community and the soil are repre- 
sentative of those from the center of the region (Burkart et al. 
1990; Lavado and Taboada 1988). The soil profile includes: Ah 
horizon, loamy (clay 23.6%), electrical conductivity episodically 
higher than 2 dS mm’ and Sodium Adsorption Ratio (SAR) aver- 
aging 8; Bt horizon, clayey (clay 64%) and a SAR averaging 25. 
The soil is well supplied with nutrients such as potassium and 
sulphur (Lavado and Taboada 1985; 1988). 

Soil Sampling and Laboratory Analysis 
Sampling was performed on 2 areas of the above described 

grassland community. 

i) Grazed area: a 800 ha plot, continuously grazed for about 100 
years with a stock rate around 0.5-1.0 AUY/ha. The grassland is 
representative of the present status of the natural vegetation in the 
studied region. Approximately 50% of the soil surface is bare. 

ii) Ungrazed area: a 4-ha fenced exclosure located in the middle 
of the grazed field, where cattle grazing had been excluded for 13 
years. The grasslands of the enclosure show some attributes 
resembling the ungrazed original system (Soriano 1991). The soil 
is fully covered by tussocks or litter. When the exclosure was 
established no perceivable differences were found with the rest of 
the plot. 
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In each area, soil samples were systematically taken every 3 m 
along a 150 m long transect (50 soil samples) (Fig 1). The Ah 
horizon (0.15 m depth) was sampled at each site, using a 8 cm 
diameter soil auger. Soil samples were taken on 2 dates represent- 
ing the main seasonal extremes of environmental conditions: late 
summer (February), after the period of the summer drought (mid 
December, January), and early spring (October), after the usual 
winter period of water excess (mid July, August, September). 

Soil samples were analyzed for organic carbon (OC) by the 
Walkley and Black method, total nitrogen (TN) by the Kjeldahl 
method, nitrate by the hydrazine reduction method, ammonium 
by the phenol-nitroprusiate method and extractable phosphorus 
(extractable-p) by the Bray and Kurtz #l method (Page et al. 
1982). All results are expressed on an oven-dry (105”C, 24 hour) 
weight basis. 

UNGRAZED AREA 

GRAZED AREA 
1 

200m 300m 

200m 
1 

Fig. 1. Experimental design, showing distances among transects 
and among samples. 

Statistical and Spatial Variability Analysis 
Experimental data were subjected to classical statistical analy- 

sis to obtain descriptive statistics, means and standard deviation. 
The Kolmogorov-Smimov method was used to test the frequency 
distribution of all the variables. Analysis of data using classical 
statistical methods requires independence between samples. If 
spatial correlation exists those methods are not appropiate for 
analysis and a geostatistical approach must be used (Vieira et al., 
1983). To determine the degree of spatial correlation, sample 
semivariograms were constructed as described by Vieira et al. 
(1983). Cross-semivariograms were performed to analyze the 
spatial correlation between variables. The sample semivariance 
(7 (h)) is given by 

5 00 - CIz (0 _ z (i + h)l* 2;(h) (1) 

Where z(i) is the value of the variable z at sampling site i and z 
(i-+-h) is the value of the variable z at sampling site i+h, h is tbe 
distance between sampling points. N(h) is the number of pairs of 
observations separated by a distance or lag vector h. The sample 
semivariogram is plotted with h as the abcissa and ? (h) as the 
ordinate, the y Q points may be then fitted with theoretical mod- 
els (e.g. linear, spherical, exponential). Characteristics of semi- 
variograms, such as nugget (y -intercept), sill (point of leveling 
off) and range (distance at which points become independent), 
are useful in explaining the spatial structure of a given variable. 
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In the present study, when spatial structure was observed, the 
spherical model provided the best fit of the sample semivariance 
data. The equation is (Davidoff et al. 1986a): 

q 0-1) = Co + (Cl _ Co) [ 1 b -$(\ )‘I 0 cka (2a) 
po=c, h>a (2b) 

Where Co is the nugget variance and represents the variability 
over distances smaller than the sampling distance and sampling 
error, “a” is the range of dependence; “Cl” is the sill of the semi- 
valiogram. 

The sample cross-semivariogram (Vieira et al. 1983) is estimat- 
ed by: 

P 12 00 = 1 X ([q(i) _ q(i+h)l {qO+h)l) 
2NW 

(3) 

Where zdri) and z#) are observations for variables zz and z2 at 
location i, ZL(i+h) and Z2(i + h) are observations with separations 
of h from i. If there is a positive spatial correlation between the 
variables, then T 1,2 (h) increases as a function of h (or it decreas- 
es if the correlation is negative). 

Semivariogram analysis requires stationarity of the variance; 
that is, constant expectancy of the variance of the observations 
along the transect line. Thus, the presence of a significant drift in 
the observations may give erroneous results. The occurrence of 
drift was examined using the experimental drift function D estab- 
lished by Davidoff et al. (1986b). 

WW) = NWI“ C tz,(i+h)l (4) 

Where C is a complete set of all the possible pairs of observa- 
tions, provided that each of them is used only once in the calcula- 
tion of D for each distance h, z,(i) and z,(i+h) are a pair of obser- 
vations of lag h in the complete set C and N (h,C) is the number 
of pairs in C. To determine the level of significance of D, the 
Davidoff et al. (1986b) test was used. 

RC%.dtS 

The test of frequency distribution showed that all the variables 
were normally distributed, independent of the sampling date and 
grazing history (Table 1). There were no significant differences 
(p < 0.05) for organic carbon (OC) and total nitrogen (TN) 
between grazing conditions. The C/N relationship (10.7) was nor- 
mal for the soils of the region (INTA 1990; Lavado and Taboada 
1885). The extractable P was slightly but significantly (p c 0.05) 
lower in the grazed area. 

Mineral nitrogen comprised about 3-8 times more NHb+ than 
N03- (Fig. 2), a common ratio found in humid and temperate 
grassland soils (Clark and Paul, 1970). On both sampling dates, 
the mineral nitrogen content [N03--N + NI-Ia+-NJ was higher in 

Table 1. Organic Carbon, Total Nitrogen, and Extractable phosphorus in 
grazed and ungrazed grassland. Means and coefficients of variation. 

Treatment Variables ’ 
oc TN P 

(W (B) GWk4 
Non-gmzcd 3.05 (20) 0.275 (18) X2(27) 
Gnzed 3.09 (19) 0.285(19) 4.6(28) 

.  I  .  _  _  

‘Each value is the avenge of the 2 sampling date (n= SO), because no significant differ- 
ences @ < 0.05) hehveen sampling dates were found. Coefficient of variation (%) are 
shown in brackets. 

UNGRAZEIJ GRAZED UNGRAZED GRAZED 

LATE SUMMER EARLY SF’RING 

Fig. 2. Soil mineral N content in the ungrazed and grazed areas, for 
both sampling dates. The number within the square compartments 
are the coeffkient of variation (n=50). See text for statistical com- 
parison. 

the ungrazed area. This N pool was the most variable soil para- 
meter. It is well known that local soil variations produce a great 
spatial variation in nitrate and ammonium content (Biggar 1978). 
The soil water content in the late summer was low (11% w/w), 
showing no difference between treatments. In early spring the 
water content was significantly higher in the ungrazed treatment 
(16.3% w/w) as compared with the grazed treatment (10.8% 
w/w). 

Under grazing conditions, and for both sampling dates, all the 
variables had pure nugget variation (Vieira et al. 1983) (Fig. 3). 
That is, the observations for all the variables were independent at 
the scale of sampling used in this study. From these results it may 
be assumed that short-range variability (~3 m) is the major cause 
of spatial variability in the grazing area. 

Pure nugget variation was also observed for N03-N, NHd-N, 
(NO, + NH4)-N and water content in the ungrazed treatment. 
However, in this area OC, TN, and extractable P had spatial 
structure on both sampling dates. If the semivariograms of each 
sampling date are approximately equal to sill and range of depen- 
dency, an average semivariogram may be calculated for each 
variable having spatial structure (Miller et al. 1988). Sill and 
range values did not strongly differ between sampling dates 
(Table 2), thus 1 average semivariogram was computed for each 
variable as proposed by Nash et al. (1988) (Pig. 4). The sill was 
reached at 13 lags (39 m) for OC, 12 lags (36 m) for TN and 19 
lags (57 m) for extractable P. Nugget variation, as obtained from 
the y-intercept (Vieira et al. 1983; Davidoff and Selim 1988) rep- 

Table 2. Parameters of the semivariograms for Organic Carbon, Total 
Nitrogen, and Extractable phosphorus, in the non-grazed treatment 
for both sampling dates. 

Variable 
sampling TN oc P 
date a1 sill* a sil a sill 

1 17 0.0026 14 0.43 22 2.5 
2 13 0.04x3 13 0.38 18 1.8 
‘The range a is expressed ia Isg (1 lag= 3 m) 
*sill is expressed in the same units as the respective verkmce. 
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Fig. 3. Semivariograms with pure-nugget variation: a) NO& b) 
NH& and c) (NO3 + NE&N corresponding to the second sam- 
pling date in grazed area (1 lag -3 m). 

resented 58% of the total variation of OC, 54% of TN and 42% of 
the extractable P. The semivariograms of OC and TN showed 
dips at simiIar distances (7 and 15 Iags approximately, Figs. 4 a 
and 4 b). The occurrence of such dips might indicate a trend or a 
periodic behaviour or both (Davidoff et al. 1986a; 1986b). 
However, the test performed to verify this (Eiq. 4) indicated that 
neither OC nor TN showed the presence of trends in the original 
data. 

Note the spatial correlation of OC, TN, and extractable-P in the 
ungrazed area. This implies that the estimated variance of these 
variables is biased because the assumption of independence was 
violated. This is not the case in the grazed area because of the 
lack of any spatial dependence. According to Vieira et al. (1983), 
the sill of the semivariograms is approximately equal to the sam- 

lo- 
0 S IO 15 20 

LAG(h) 

Fig. 4. Average semivariograms for ungrazed area: a) organic car- 
bon; b) tota nitrogen; and c) extractable phosphorus (1 Iag= 3 m). 

ple variance. However, considerable discussion exists on this 
topic (Bramley and White 1991). In the context of the present 
work, it may be admitted that the CV presented in Table 1 repre- 
sents approximately the actual variability of OC, TN, and 
extractable-P because of the large nugget variation observed in 
these variables. 

The spatial correlation between OC and TN (Pig. 4) was calcu- 
lated by an average cross-semivariogram for each area. There 
was a high spatial correlation between OC and TN in both treat- 
ments (Fig. 5). In the ungrazed area the range of dependence was 
7 lags (21 m), with a nugget variation of 48%, in the grazed treat- 
ment the range was 6 lags (18 m), and the nugget effect was nil. 
Then, whilst in the grazed area the cross-semivariogram indicated 
a spatial correlation between OC and TN, their semivariograms 
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0. 
0 5 10 lag(h) 15 20 25 

Fig. 5. Average cross-semivariogram between organic carbon and 
total nitrogen in a) ungrazed area and b) grazed area. 

indicated pure nugget variation. Similar results were found by 
Vieira et al. (1983) for these soil properties. The results obtained 
in the grazed area differ from those of West et al. (1989). They 
found that the return of nutrients via animal excreta caused spa- 
tial divergence of OC and TN and consequently, no spatial corre- 
lation between both variables was observed. They attributed these 
results to the different C-N composition of the animal excreta. 
Cross-semivariograms between NO,-N and NH4-N showed pure 
nugget variation. 

Discussion 

Organic Carbon and Total Nitrogen. 
At the same site sampled in the present study, Chaneton et al. 

(1995) determined that the accumulation of soil surface litter was 
equal to 36.7 g rn” in an 8 year old enclosure and 7.0 g/m’ in the 
grazed area. Also on this study site, Sanchez (1987) observed that 
fungal flora degrading litter in an enclosure was more efficient 
than under grazing. Thus, in the ungrazed area, a higher C input 
would be counter-balanced by a higher rate of debris decomposi- 
tion. 

The differences bet\veen grazed and ungrazed areas in the spa- 
tial structure of OC and TN would be mainly related to changes 
in the grassland structure. Whilst the C return in the ungrazed 
area is spatially homogeneous because of the occurrence of litter, 
the patches of bare soil (around 50%) and the uneven distribution 
of the scarce litter in the grazed area could induce a higher het- 
erogeneity of the C returns. 

Organic carbon (OC) and total nitrogen (TN) showed a similar 
spatial pattern in the ungrazed area, principally noted in the range 
of the semivariogram and the relative importance of the nugget 
variation. However, spatial correlation between OC and TN was 
obseved in both areas with a similar range. This fact implies that 
the spatial continuity of these variables is independent of the 
treatment. This result is a very interesting finding. Whilst the spa- 
tial distribution and amount of C input may induce a different 
spatial structure in both variables (spatial dependence in enclo- 
sure, pure nugget variation in the grazed area), it seems that the 
spatial correlation between them was not affected by changes in 
C input. This result suggests that the turnover of each element 
was affected in a similar way by grazing. From these results we 
assumed that in both areas there was a basic link between OC and 
TN. This could be accredited to the absence of external gains of 
N, except those provided by rainfall (Chaneton et al. 1995): nei- 
ther N-fertilization nor legumes occur in this grassland. 

Mineral Nitrogen 
As discussed above, the higher mineral N content in the enclo- 

sure on the 2 sampling dates, might partially reflect the higher 
biological activity in this area. In spring when the C input and 
microbial activity is greater (Chaneton et al. 1995), litter and 
standing dead material check the evaporative water losses and 
induce a higher water content (Lavado and Taboada 1987; 
Sanchez 1987) in the ungrazcd area which might contribute to its 
higher rate of N mineralization. The lack of any spatial structure 
and spatial correlation of NOs-N and NH,-N might be related to 
several factors affecting them at different spatial-scales (leaching, 
NH4 sorption, N inmobilization, nitrifiers inhibition, etc.). In 
agreement with our results, Bramley and White (1991) observed 
that any spatial dependence of mineral N is principally short- 
ranged. 

Phosphorus 
The decrease of extractable-P in the grazed area (Table 1) is 

related to low but irreversible P exportations (Chaneton et al. 
1996) and the lack of P-fertilization. Annual losses of P are very 
low but could be very important in the long run. Tests showing 
grasslands responses to P fertilization (Ginzo et al. 1982; Lavado 
et al. 1993) confirm the slow losses of P from the system. 

The semivariogram of extractable P in the ungrazed treatment 
deserves special consideration because of the irregularity of g Q 
in the first lag. This irregularity may induce serious error in the fit 
of the g (h) data. Several workers have emphasized the impor- 
tance of P recycling through plant debris decomposition in P-lim- 
ited but unfertilized grassland soils (Blair and Boland 1978; 
Friesen and Blair 1988; McLaughlin et al. 1988). In this condi- 
tion, the P released from plant residues is quickly recycled into 
soil inorganic P-components (Friesen and Blair 1988). Therefore, 
it is possible that the spatial distribution of C input in the grazed 
area induced the observed spatial dependence of extractable P. 
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Conclusions and Implications of Findings 
Neither treatments were replicated for estimating the effect of 

grazing unambiguously. However, we cautiously extended our 
interpretations from previous knowledge of this soils and grass- 

land. Besides, the stock rate in the ranch, the plant community 
and the soil are representative of those of the region. With such 
limitation we were able to establish: 

The spatial pattern of the 7 studied variables allowed their clas- 
sification into 2 groups. The first included the variables which 
showed pure nugget variation, independent of the treatment and 
sampling date. They are NOs-N, NHd-N, (NOs+NH&N and soil 
water content. The second group, the more temporal stable vari- 
ables, corresponds to OC, TN, and extractable-P which had spa- 
tial structure in the ungrazed area and pure nugget variation in the 
grazed area. The analysis of spatial variability established the 
effect of grazing and detected the soil variables sensitive to graz- 
ing. Organic carbon (OC), total nitrogen (TN), and extractable P 
presented a different pattern of spatial structure among areas. 
This is in agreement with the great spatial heterogeneity of vege- 
tation found in the grassland commuuity of the ungrazed enclo- 
sure, while in the grazing area the vegetation composition was 
spatially less variable. 

In the present research, the apparent lack of excreta effect on 
the spatial variability may be attributed to the low livestock stock 
density in this grassland, the size of the lot (800 ha) and the dis- 
tance from the study site to the water source (1,200 m). All these 
conditions would “dilute” the effect of animal excreta in the 
grazed area. 

After 13 years of protection from grazing significantly lower 
extractable-P was found in the soil of the grazed area than in the 
ungrazed area. This indicates a non steady-state situation for this 
nutrient under grazing. To achieve a sustained level of forage 
production from the natural vegetation, we suggest P fertilization. 
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Abstract 

Prescribed burning and mowing are management practices 
commonly used on grasslands even though there is limited 
knowledge of long-term effects on soil quality. The influences of 
mowing and burning on soil quality were determined on 2 
reestablished tallgrass sites in eastern Nebraska dominated by 
silty clay loam soils. Burn treatments included seasonal (i.e., 
October, May, or July) prescribed burning at either l-year or 4- 
year intervals. Mow treatments included seasonal mowing at 4- 
year intervals. Both burn and mow treatments have been 
imposed at Site 1 since fall 1981. Only the burn treatments have 
been applied at Site 2 since fall 1979. Soil quality measurements 
were made at both sites in summer 1994. Season of application of 
the mow and burn treatments and season X treatment interac- 
tions were not signitlcant. Infiltration rates at Site 1 for the mow 
and annual burn treatments were slower than for the control, 
whereas infiltration rate was comparable for the 4-year burn 
treatments and the control. Unliie Site 1, the l-year and 4-year 
bum treatments at Site 2 had similar infiltration rates, and the 
bum treatments had slower infiltration rates than the control. 
Generally, soil bulk density, pH, electrical conductivity, total 
nitrogen content, and organic matter content were similar for all 
treatments. Results demonstrate that repeated burning or mow- 
ing treatments can detrimentally impact infiltration rates on silty 
clay loam sites; however, soil properties other than those mea- 
sured would need to be studied to explain infiltration response. 

Key Words: infiltration rate, soil bulk density, soil organic mat- 
ter content, soil nitrogen content, soil pH. 

Prescribed burning is a commonly recommended low-cost 
method of sustaining the vigor and productivity of warm-season 
grasslands. Not only does it remove growth-inhibiting litter and 
invigorate desirable grass species but it also can be used to con- 
trol undesirable target species (Scifres and Hamilton 1993). 
Although prescribed burning has been the topic of numerous 
studies, most prescribed burning research in the Great Plains has 
dealt with above-ground response (e.g., Owensby and Anderson 
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1967, Schacht and Stubbendieck 1985) largely ignoring the long- 
term effects periodic burning might have on physical and chemi- 
cal properties of the soil. In the only long-term study conducted 
in the Great Plains, Owensby and Wyrill (1973) compared soil 
characteristics of winter- and spring-bum plots to a control at a 
site in the Kansas Flint Hills. Results indicated that soil chemical 
properties were affected by frequent burning, but soil bulk densi- 
ty was not altered and water infiltration rate was not measured. 
Related studies (Vogl and Scborr 1972, Ueckert et al. 1978) con- 
ducted in other rangeland types have been short-term and the 
results have been variable and inconclusive. Most studies, how- 
ever, suggest that changes in soil chemical and physical proper- 
ties in response to fire are temporary and return to pre-bum levels 
within several years post-bum (Ueckert et al. 1978, Scifres and 
Hamilton 1993). 

Mowing treatments are being investigated ‘as alternatives to 
burning as means of increasing or maintaining the productivity 
and vigor of warm-season grasses on tallgrass prairie sites 
(Unpublished data, Bragg and Stubbendieck). Properly-timed 
mowing treatments may serve as an alternative to burning, or 
grazing, when vegetation removal is necessary for improvement 
or maintenance of warm-season grasslands. A limited amount of 
research has been conducted to quantify vegetation and soil 
responses to periodic mowing on upland sites of the tallgrass 
prairie. Research results indicate that periodic mowing has limit- 
ed effects on species composition (McCarty et al. 1974) or 
decreases the frequency and vigor of some perennial forbs (Kline 
1986). The response of soil properties to mowing, however, was 
not measured in either study. 

As grassland managers become increasingly concerned about 
the sustainability of management practices, soil response to such 
management tools as prescribed burning and mowing must be 
quantified. The objective of this study was to determine the 
effects of different regimes of prescribed burning and mowing on 
selected chemical and physical properties of upland soils of seed- 
ed warm-season grasslands. 

Study Sites 

The study was conducted in eastern Nebraska on 2 upland sites 
dominated by mixtures of cool- and warm-season grasses. Site 1 
is located 52 km northeast of Lincoln at the Agricultural 
Research and Development Center, University of Nebraska- 
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Lincoln. Average annual precipitation is 760 mm with 75% of the pocket within a ring and an amount of water equivalent to 2.5 cm 
precipitation coming as rain during the growing season. Soils of was poured into the cavity. At initiation of an infiltration mea- 
the 4.5-ha study site developed from loess parent material. The surement, the plastic wrap was pulled from the ring allowing the 
dominant soil is Yutan silty clay loam (fine-silty, mixed, mesic water to enter the ring with minimum disturbance to the soil sur- 
Mollic Hapludalfs), with a Tomek silt loam (fine, montmoril- face. Infiltration was considered complete when there was no free 
lonitic mesic Pachic Argiudolls) running through the middle of standing water on the soil surface. Two successive measurements 
the site. Both soils are very deep and well drained with moderate- of infiltration were made in each ring. The first measurement rep- 
ly slow permeability. The site was seeded in the late 1960’s to a resented the amount of time required for 2.5 cm of water within 
mixture of warm-season grass species, including big bluestem each ring to infiltrate the soil. Immediately following the infiltra- 
(Andropogon gerardii Vitman), indiangrass [Sorghastum nutans tion of the first 2.5 cm of water, infiltration time was measured 
(L.) Nash], switchgrass (Panicum virgatum L.), sideoats grama for a second 2.5 cm of water which represented ponded infiltra- 
[Bouteloua curtipendula (Michx.) Torr.], and sand lovegrass tion. We utilized this “ponding” approach because there were dif- 
[Eragrostis trichoides (Nutt.) Wood]. After establishment, the ferences in soil water content at different locations within a plot. 
site was harvested annually for hay through the 1970’s. By 1981, Natural depressions were common in the plots where water 
the site was still dominated by warm-season grasses, primarily would occasionally accumulate and affect soil moisture and per- 
big bluestem, but a cool-season grass, smooth bromegrass meability. At Site 1, water infiltration was initially measured in 
(Bromus inermis Leyss.), had become a significant component of late April 1994. The same sampling procedure was repeated dur- 
the plant community. ing a second data collection period in late July 1994. Over the 2 

In September 1981, the study area was divided into 3 blocks, sampling periods, infiltration rates were measured at a total of 6 
based on soil and slope. Within each block, 13 O.l-ha plots were different locations in each plot. Infihration rate was measured at 
randomly allocated to 1 of 13 treatments to evaluate plant and Site 2 in late July. 
soil response to both periodic mowing and burning. Prescribed 
burning included 6 treatments: (1) fall burn every fourth year; (2) Bulk Density 
spring bum every fourth year; (3) summer bum every fourth year; Soil bulk density was determined at both sites in late July. One 
(4) annual fall bum; (5) annual spring burn; and (6) annual sum- soil core @-cm diameter) was taken to a depth of 7.6 cm from 
mer burn. Mowing included 6 treatments applied every fourth each ring on the day following measurement of water infiltration. 
year: (7) fall mow and remove residue; (8) spring mow and Each core WEIS placed in an airtight container, transported to the 
remove residue; (9) summer mow and remove residue; (10) fall laboratory, and bulk density determined (Blake and Hartge 1986). 
mow and leave residue; (11) spring mow and leave residue; (12) 
summer mow and leave residue. No disturbance or removal of 
plant tissue occurred on the control (13). Each treatment was 

Chemical Properties 

replicated 3 times in a randomized complete block design. Fall 
Twelve vertical, undisturbed soil cores, 1.75 cm in diameter 

application of treatments occurred shortly after the first killing 
and 30 cm in length, were taken from each plot in late April at 

frost (mid to late October); spring treatments were applied shortly 
Site 1 and in late August at Site 2. The cores were taken with a 

before initiation of warm-season growth (early May); and sum- 
step-down probe and divided into 3 depth increments: 0-7.5,7.5- 

mer application of treatments took place in mid-July. Three 
15, and 15-30 cm. The subsample cores within each plot were 

cycles of the 4-year treatments had been completed by the time 
composited, oven dried at lOO”C, and ground in a mortar to a fine 

sampling was conducted in the spring and summer 1994. 
powder. Samples from each composited increment were used to 

Site 2 is located 20 km northwest of Omaha at the Allwine 
prepare a 1:l soil-water mixture with 10 g of soil and 10 g of 

Prairie Preserve, University of Nebraska-Omaha. Average annual 
water. Soil reaction of the mixture was determined using a pH 

precipitation is 721 mm with 75% of the precipitation coming as 
meter. Electrical conductivity (EC) of the same mixture also was 

rain from April through September. The study site was seeded in 
measured to give an indication of soil salt levels. 

1970 to a mix of big bluestem, indiangrass, switchgrass, little 
Total soil nitrogen (N) of a subsample was determined for each 

bluestem [Schizachyrium scoparium (Michx.) Nash], and sideoats 
composited depth interval using a FP-428 nitrogen determinator 

grama on a Marshall silty clay loam with a 7 to 11% slope (fine- 
system 601-700-300 (Leco Corporation, St. Joseph, MO.) Soil 

silty, mixed, mesic Typic Hapludolls). Marshall silty clay loams 
organic matter content of each depth interval also was determined 

form in loess and are found on lower hillsides. They are deep, 
using the Walkley-Black Method (Schulte 1988). 

well drained soils, and permeability is moderate. By 1979, the 
site was still dominated by warm-season grasses, particularly lit- 
tle bluestem. 

Statistical Analysis 
Data from the 2 sites were analyzed separately. Treatments 

were compared by analysis of variance procedures for a random- 
ized complete block design with 3 replications. Infiltration rate 
data at Site 1 were analyzed by analysis of variance in a split-plot 
design. Sampling date was the main plot and treatment was the 
subplot. Soil chemical properties at each site were analyzed using 
a split-plot model. Treatment was the main plot and depth was 
the subplot. Data analysis of the mow and bum treatments, with- 
out the control, indicated that season of implementation of the 
mow and bum treatments and season X treatment interactions 
were not significant. Treatment means were subsequently com- 
bined by treatment group (i.e., mow, mow/rake, annual bum, and 

Methods 

Infiltration 
Ponded, falling-head infiltration measurements were made 

using single-ring infiltrometers. Ponded, falling-head infiltration 
is an effective method for routine measurements and treatment 
comparisons (Radke and Berry 1993). Three aluminum rings 
(14.9-cm inside diameter) were randomly positioned in each plot. 
To measure infiltration, plastic sandwich wrap was formed into a 
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Table 1. Means &?.E.) of soil bulk density and time (min) required for the second 2.5 cm of water to intiltrate soils by treatment at 2 grassland sites in 
eastern Nebraska. 

Treatment 

Control 
Annual bum, fall 
Annual bum, spring 
Annual bum, summer 
4-year bum, fall 
4-year bum, spring 
4-year bum, summer 
Mow. fall 
Mow. spring 
hfow, summer 
hlowlrake, fall 
Mow/rake, spring 
hlowhke summer 

Intiltration 
time 
b-m 

6.9 (1.2) 
13.3 (1.6) 
12.8 (2.1) 
14.5 (2.8) 
6.1 (1.7) 
6.5 (1.1) 
8.5 (2.2) 

18.3 (4.0) 
11.6 (3.1) 
11.5 (2.5) 
12.2 (2.3) 
13.3 (2.5) 
11.6 (2.6) 

Site 1 Site2 
Bulk Infiltration Bulk 

density time density 
MY& (fin) @Wm3) 

1.10 (0.04) 8.3 (1.8) 1.27 (0.03) 
1.10 (0.03) 23.9 (5.0) 1.28 (0.02) 
1.15 (0.04) 25.3 (4.8) 1.18 (0.05) 
1.11 (0.05) 15.9 (3.5) 1.18 (0.04) 
0.96 (0.04) 25.0 (6.6) 1.26 (0.03) 
1.11 (0.05) 13.6 (4.5) 1.20 (0.04) 
1.13 (0.06) 42.7 (9.3) 1.22 (0.04) 
1.17 (0.07) 
1.04 (0.04) 
1.14 (0.05) 
1.18 (0.06) 
1.08 (0.03) 
1.14 (0.05) 

Cyear bum) and specific contrasts were used to compare varia- 
tion in physical and chemical properties of the soils within treat- 
ment categories (e.g., control vs. annual bum, mow vs. bum, 
annual bum vs. Cyear bum). The Statistical Analysis System 
(SAS 1987) was used for all statistical procedures. Means were 
considered statistically different at PcO.1. 

RWllt.5 

Infiltration Results 
Infiltration times for the second 2.5 cm of water (ponded) var- 

ied among treatments at both sites (Table 1). At Site 1, sampling 
date did not affect inf&ration time. Sampling date had a similar 
effect on infiltration for each of the treatments as the sampling 
date X treatment interaction was not significant. Infiltration rates 
at Site 1 for the mowing treatments and annual burning were 
slower than for the control (Table 2). Burning on a Cyear sched- 
ule did not affect infiltration rate when compared to the control. 
Infiltration rates were more rapid for the 4-year bum than the 
other burning and mowing treatments. Unliie Site 1, infiltration 
rates at Site 2 were slower for the Cyear bum treatment than the 
control (Table 2). Infltration rates for the annual burn treatment 
were also slower than the control and similar to the 4-year burn 
treatment at Site 2. Infiltration times for the first 2.5 cm of water 
were generally 2 to 4 times less than the second 2.5 cm of water 
for most treatments at both sites. 

Bulk Density 
Soil bulk density differed only between the annual bum and 4- 

year burn treatments at Site 1 and between the control and annual 
burn treatments at Site 2 Fable 2). The soil bulk density for the 
annual bum treatment (1.12 Mg/m3) was higher than for the 4- 
year burn treatment (1.07 Mg/m3) at Site 1. Bulk density for the 
soils of the control (1.27 Mg/m3) was higher than the annual bum 
treatments (1.21 Mg/m3) at Site 2. 

Chemical Properties 
Soil pH, EC, total N content, and organic matter content of the 

top 30 cm of the soil profile were generally not affected by treat- 
ment at either site (Tables 3 and 4). Soil pH was higher for burn 
treatments than the mow treatments at Site 1. Depth had a signifi- 
cant effect on all soil properties measured. Soil pH, EC, total N, 
and organic matter content generally declined from the O-7.5 cm 
interval to the 7.5-15 cm interval. Soil pH, EC, and total N con- 
tent did not show a further decline with the 15-30 cm interval. 
Organic matter content in the 15-30 cm interval was greater than 
for the 7.5-15 cm interval because of the greater volume of soil, 
but the percentage of organic matter in the 15-30 interval was 
lower than in the other intervals. Depth had a similar effect on the 
4 soil properties for all treatments as the treatment X depth inter- 
actions were not significant. 

Table 2. Means for soil quality for 2 grassland sites in eastern Nebraska that were burned or mowed periodically. Specific contrasts made from 12 
bum or mow treatments and a control. 

Soil quality 
Infiltration (n-h) 

Bulk density (Mg/m3) 

Site 
1 
2 
1 
2 

Specific contrasts ’ 
Control vs Annual burn Control vs 4-yr burn Control vs Mod Annual bum vs 4-yr bum 
6.9 13.5 6.9 13.1 13.5 7.0 
8.3 21.7 8.3 27.1 

1.12 1.07 
1.27 1.21 

‘Each p.xir of mfxn.s for a soil quality index end site combination is signiticantty different (PcO.1). 
%cIudes both mow treabnent groups(mow and mowlrake); soil quality indices did not differ between the 2 mow treatment groups. 
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Table 3. Mean @SE.) soil pH, electrical conductivity (EC), total nitrogen (IV), and total organic matter (OIM) in the top 30 cm of soil at Site 1. 

Treatment PH EC N OM 

Control 
Annual bum, fall 
Annual bum, spring 
Annual bum, summer 
4-year burn, fall 
4-year bum, spring 
4-year bum, summer 
Mow, fall 
Mow. spring 
blow. summer 
hfowhke, fall 
hlowhke, spring 
hlowhke, summer 

6.04 (0.17) 
6.14 (0.13) 
5.95 (0.10) 
6.12 (0.12) 
5.83 (0.07) 
5.94 (0.10) 
6.00 (0.04) 
5.96 (0.12) 
5.86 (0.15) 
5.83 (0.07) 
5.74 (0.11) 
5.98 (0.11) 
5.81 (0.09) 

(dS/m) 
0.4 (0.03) 
0.4 (0.03) 
0.3 (0.04) 
0.4 (0.05) 
0.5 (0.05) 
0.4 (0.06) 
0.4 (0.07) 
0.4 (0.02) 
0.5 (0.03) 
0.4 (0.03) 
0.3 (0.04) 
0.5 (0.02) 
0.4 (0.03) 

Crma) 
6.1 (0.9) 
4.5 (0.8) 
9.2 (2.4) 
4.6 (0.8) 
6.3 (0.3) 
5.1 (0.7) 
5.5 (0.1) 
5.7 (0.4) 
6.0 (0.6) 
5.6 (0.9) 
7.3 (0.8) 
3.8 (1.0) 
5.7 (0.9) 

CT/ha) 
101.0 (16.7) 

98.5 (7.6) 
100.6 (11.0) 

87.4 (15.5) 
108.0 (11.3) 

81.3 (15.4) 
108.4 (3.8) 
113.1 (10.3) 

11.4 (16.7) 
107.8 (17.2) 

96.3 (23.7) 
76.1 (19.0) 

107.3 (18.8) 

Discussion 

Results of our study indicate that changes in the physical and 
chemical properties of grassland soils in response to burning are 
usually either minor or shortlived. Compared to the control, nei- 
ther annual burning nor burning on a 4-year interval affected the 
chemical properties measured. There are mixed reports on the 
effects of prescribed burning on chemical properties of grassland 
soils. Soil pH and salt levels usually do not change or are 
increased only slightly following burning of g-rasslands (Vogl and 
Schorr 1972, Ueckert et al. 1978), and changes induced by bum- 
ing are generally temporary (Scifres and Harniltonl993). Basicity 
is potentially promoted by reduction in organic acids and the 
increase in bases after release of salts of calcium, potassium, 
magnesium, and sodium. Burning is also often reported to 
decrease total soil N because of N volatilization during the fire 
and accelerated use of N by soil microorganisms and higher plant 
life-forms after the fie (Heady 1975, Vallentine 1989). Results of 
other studies (Aldous 1934, Ebrenreich and A&man 1963, Nimir 
and Payne 1978), however, show no N response to burning. 
Annual bums have been shown to reduce humus content of sur- 
face soil by preventing mulch accumulation (Anderson 1965). 
Time for the surface mulch load to be replaced is variable but it 
appears that 2 to 15 years are required, depending on precipita- 
tion, plant community, and harvesting (Blaisdelll953, McAtee et 
al. 1979). Even annual removal of aboveground plant biomass by 
fne did not affect organic matter content of the soils in our study, 
indicating that origin of most of the soil organic matter was roots. 

On Site 1, water infiltration was negatively impacted by annual 
burning but burning on a less frequent basis, a 4-year interval, did 

not affect infiltration rates (Table 2). These results are similar to 
the findings of a shorter-term study in western Texas (Ueckert et 
al. 1978) in which most fire effects were minimal and return of 
the soil properties to control levels occurred within 3 to 5 years 
after burning. 

Annual consumption of litter by fire leaves the soil surface rel- 
atively bare and removes a significant amount of organic matter 
that might otherwise be incorporated into the soil. Organic matter 
plays a critical role in the formation and stabilization of soil 
aggregates which provide for the pore space favorable for rapid 
water infiltration. In our study, however, soil surface litter did not 
directly impact our estimations of infiltration r&s, because when 
litter was present (e.g., on the control plots), we removed most of 
the litter from the sample area before ring placement and infiltra- 
tion measurement. Furthermore, organic matter content of the soil 
on the annual bum plots was equal to that of the control plots, 
indicating that annual removal of most of the aboveground plant 
tissue did not affect soil organic matter content. Soil bulk density 
was also similar between the control and bum treatments. The 
slow infiltration rates of the annual bum plots may have been 
related to a surface condition that we were not able to detect or 
measure. Observations (Hanks and Anderson 1957, McMurphy 
and Anderson 1965) of frequently-burned rangeland in the 
Kansas Flint Hills indicated annual burning reduced infiltration 
rates. Similar to our results, Owensby and Wyrill(1973) reported 
that soil bulk densities of burned and control sites were compara- 
ble. They proposed that some physical changes occurred during 
burning, but the changes were so slight that they could not be 
detected by the bulk density measurements used. Irdiltration rate 
differences could be related to the effect of fire on noncapillary 
porosity of the uppermost portion of the soil profile (Ueckert et 

Table 4. Meau &S.E.) soil pH, electrical conductivity (EC), total nitrogen (N), and total organic matter (OM) in the top 30 cm of soil at Site 2. 

Trtitment 

Control 
Annual bum, fall 
Annual bum, spring 
Annual burn, summer 
4-year bum, fall 
4-year bum. spring 
4-year bum, summer 

PH 

5.60 (.18) 
5.48 (.20) 
5.65 (.20) 
5.66 (.15) 
5.53 (.13) 
5.49 (.22) 
5.46 (.l 1) 

EC 
(dS/m) 
.27 (.05) 
.33 (.07) 
.31 (.15) 
.30 (.12) 
.32 (.08) 
.41 (.12) 
.34 (JO) 

N 
CT/ha) 

3.99 (.39) 
3.74 (.62) 
5.31 (.24) 
4.42 (.59) 
4.89 (.73) 
5.53 (25) 
3.47 (.38) 

OM 
cr/h4 

101.6 (8.2) 
96.5 (12.) 

116.3 (6.6) 
103.6 (7.0) 
110.7 (11.8) 
109.9 (5.0) 

94.3 (7.7) 
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Table 5. Mean canopy cover (5) (*SE) of the major plant species by treatment in 1994 at 2 grassland sites in eastern Nebraska? 

Site 1 Site 2 
Treatment 

bh&Ern 
Sideoat 

sa,ot Erng2 
Big Little Carex 

bluestem bluestem 
Kentucky 

grama SPP. bluegrass 
_______----------------~- (%)------------------------- 

Control 5952.9 1752.7 60Lt3.3 46i1.3 84kl.l 7zt2.4 12.zt3.0 4kt6.1 
Annual burn, fall 88zk1.5 l&1.7 38zt3.3 6H.8 58i1.4 5ktl.7 21~1~0.6 3kl.2 
Annual bum, spring 77tt2.3 2iO.8 28i4.0 ktO.6 61i2.0 62zt2.1 lOi1.5 0 
Annual bum, summer 76zt2.0 2i1.2 24ti.4 23io.1 39i2.3 64il.l 15+1.0 0 
4-year bum, fall 68~1~1.4 6*1.6 69i1.6 2Oi1.3 63zt3.2 29rt2.8 2Ozt1.7 46G.3 
4-year bum, spring 46ik2.4 11&O 55Lt4.0 16*1.8 61rt2.3 50&l 28M.9 8~1~2.0 
4-year bum, summer 48i2.2 5ztl.3 84i0.6 20zt1.6 79rt1.4 16k1.7 3M.6 27ti.3 
Mow, fall 5732.9 1 li2.4 44fi.8 24i2.6 
Mow, spring SM.9 18zQ.9 4632.9 46G.3 
Mow, summer 48d.4 25k3.3 6014.2 6W.5 
hfowbke, fall 47i1.5 2843.3 55i4.0 28i2.9 
hfow/r&e, spring 62&O 16Zt2.1 4kt3.7 33k2.1 
hfowlnlrc, summer 7052.9 27&X6 436.5 4413.6 
‘Total canopy cover by treatment exceeds 100% because of canopy overlap. 

al. 1978), crumb structure or aggregate size at the soil surface 
(Owensby and Wyrill 1973, Ueckert et al. 1978), or the develop- 
ment of water-repellent soil surfaces from hydrophobic com- 
pounds of plant residue (DeBanco et al. 1976, Scifres and 
Hamilton 1993). Other factors reported to affect infiltration rates, 
such as frost action and soil biological activity (Achouri and 
Giiord 1984, Tricker 1981), are seasonal and their level of activ- 
ity are assumed to have been comparable on all plots. 

Data from Site 1 indicate that burning at a 4-year frequency 
does not affect soil quality to the point of negatively impacting 
water infiltration. At Site 2, however, infiltration rates were slow- 
er than the control for both the annual burn and 4-year bum treat- 
ments (Table 2). None of the other soil quality properties mea- 
sured would indicate why infiltration was relatively slow for the 
Cyear burned plots. Although the soils at the 2 sites are similar, 
Site 2 is located on terraces which were constructed prior to seed- 
ing. Terracing can result in localized removal of topsoil and 
exposure of subsoils which could partially explain the high vari- 
ability in mean estimates at Site 2 and the relatively high infiltra- 
tion times and soil bulk densities measured at Site 2 in compari- 
son to Site 1. 

There was no clear pattern relating canopy cover of the major 
plant species (Table 5) (unpublished data, Bragg and 
Stubbendieck) to infiltration rates, or any other soil property mea- 
sured. Annual burning appears to have a negative effect on the 
canopy cover of cool-season grasses, regardless of the season of 

Table 6. Average rainfall intensity and duration patterns for event 
return periods of 1 to 100 years for the 2 study sites in eastern Nebraska 
(Hershfield (l%l). 

Return period 

1 
2 
5 

10 
25 
50 

100 

Rainfall durations fminutesj 
30 60 120 

--------- (cm)--------- 
2.64 3.43 3.91 
3.25 4.11 4.59 
4.24 5.25 6.19 
4.92 6.29 7.23 
5.79 7.28 8.40 
6.12 8.20 9.49 
7.11 9.22 10.54 

application. Most plots in the other treatments, however, had sim- 
ilar mixtures of plant species at the time of soil sampling at both 
sites. It does not appear that the minimal differences in species 
composition of plant communities on the different plots could 
affect soil quality. 

Mowing treatments reduced infiltration rate compared to the 
control at Site 1 (Table 2), but the treatments did not affect the 
other soil properties measured. Infiltration rates and soil organic 
matter content were similar for the 2 groups of mow treatments 
(mow vs. mow/rake treatments) indicating that periodic removal 
of aboveground plant material on the mow/rake treatments was 
not a major cause of reduced infiltration rates relative to the con- 
trol. This conclusion agrees with the discussion in the burning 
section. Bulk density was not affected by the mowing treatments 
indicating that machinery used in the mowing and (or) raking 
processes did not cause sufficient soil compaction to increase 
bulk density. Similar to frequent burning, periodic mowing 
apparently affects the soil surface, or a related soil property, in 
such a way to impede water infiltration. 

Even though infiltration rates of the silty clay loam soils of our 
study sites were affected by the management practices, the inten- 
sity of rainfall events on the study areas infrequently exceed the 
capacity of the bum or mow plots to absorb water (Table 6). For 
the burn and mow plots, the summation of the infiltration times 
for the first and second 2.5 cm of water was about 30 minutes or 
less in all but 1 case. Long-term averages for the 2 sites show that 
rainfall events approaching 5 cm in 30 minutes occur only once 
every 10 to 25 years (Table 6); therefore, the increased infdtra- 
tion times measured on the burn and mow plots probably do not 
represent an environmental hazard. Our observations support this 
conclusion as there were no signs of erosion or sediment move- 
ment on the plots at the 2 sites. Furthermore, results of other stud- 
ies (Emmerich and Cox 1992, Simanton et al. 1991) demonstrat- 
ed that surface runoff and sediment production on grasslands was 
not affected by burning or clipping treatments. The decline in 
infiltration time caused by burning or mowing, however, may be 
greater on other sites with different soils, steeper slopes, or differ- 
ent soil surface conditions. In some cases the resulting infiltration 
rates could be exceeded by rainfall intensity resulting in runoff 
and sediment production. Future research should be designed to 
determine the effect of burning on infiltration-related properties 
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of the upper levels of the soil profile, such as aggregation and 
macroporosity. Grasslands could be more effectively managed 
with a better understanding of how management practices and 
soil properties interact to affect water infiltration. 
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Abstract 

Decision support software has evolved in a number of disci- 
plines to facilitate efficient allocation of resources. Such tools are 
especially useful where the response of complex systems to 
human activity are diicult to predict. Decision support systems 
empower managers to rapidly analyze the ecological and eco- 
nomic implications of alternative management strategies. The 
Grazingland Alternative Analysis Tool (GAAT), has been devel- 
oped to estimate the economic efficiency of a wide range of graz- 
ingland production systems. Systems that can be analyzed, either 
individually or in combination, include livestock, wildlife, leased 
grazing, gram and forage crops, wood products and other non- 
forage crops. The planning horizon, discount rate, available for- 
age, consumption by class of animal, herd management practices, 
product yields, product and input prices, and improvement 
investments must be specified by the user. The GAAT program 
calculates the resulting annual forage balance for all enterprises 
being analyzed and the net present value and internal rate of 
return for the specified management interventions during the 
planning period. Two examples are presented to demonstrate the 
flexibility of GAAT for analyzing the economic efficiency of graz- 
ingland production systems. The fmt example analyzes the use of 
prescribed burning to control Ashe juniper (Juniper ashei 
Buckholz) and the second determines the economic effect of 
changing a dairy from a concentrate-dependent to a grazing- 
dependent system. 

Key Words: economic analysis, improvement investments, inter- 
nal return rate, net present value. 

The range, quantity, and quality of animal-based products that 
can be produced from grazinglands depends on the diversity and 
productivity of plant communities and the existence of animal 
species to exploit these communities. However, managing com- 
plex ecosystems for pre-selected levels of animal production and 
attainment of economic goals is difficult (Conner 1991). 

Uncertainty and the dynamic, interactive nature of management 
effects on complex ecosystems has led to the development of 
computer-based analysis tools for estimating the ecological sensi- 
tivity and economic efficiency of alternative management inputs 
(Stuth and Lyons 1993). Such decision support systems range 
from computer models to expert and geographic information sys- 
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tems (Stuth and Stafford-Smith 1993) and have been applied to 
integrated forage/livestock systems, vegetation manipulation, and 
development policy issues in several parts of the world (Stuth 
1991). 

The Resource Systems Planning Model-RSPM (Stuth et al. 
1990) and the resulting Grazing Land Applications software, 
known as GLA (Stuth et al. 1991), are important examples of an 
evolving integrated decision support software developed to facili- 
tate rangeland management planning. One part of GLA consists 
of a simple economic analysis tool called ECON (Conner et al. 
1990). It facilitates estimating returns to investments in range 
improvement and/or grazing management practices over a 20- 
year period. The principles for integrating economics into deci- 
sion support software to manage grazinglands are discussed by 
Conner (1993). 

The need for using computer-based economic analysis tools 
and the analytical principals incorporated in such tools are dis- 
cussed herein. A description of the structure and operation of one 
such tool called GAAT (Grazingland Alternative Analysis Tool) 
that was recently developed at Texas A&M University, comprises 
the bulk of the presentation. Finally, 2 applications are described 
to illustrate the versatility of GAAT for use by ranchers, public 
land managers, extension specialists, and other rangeland man- 
agement professionals to estimate the comparative economic effi- 
ciency of grazingland management alternatives. The first exam- 
ple compares mechanical and fire treatment of juniper and the 
second compares concentrate and grazing-dependent dairy pro- 
duction. 

Economic Analysis 

To be relevant, economic analyses must be directed towards 
questions that will help people decide on a course of action 
(Workman et al. 1986). In order to facilitate efficient use of limit- 
ed resources, the analyses frequently entail comparison of the rel- 
ative return to alternative investment opportunities. The specific 
reasons for applying economic analyses to grazingland manage- 
ment practices may include efficient land management planning, 
risk analysis, and analysis of policy effects, among others. For 
example, the long-run versus short-run economic optimum stock- 
ing rates for alternative livestock production systems may be of 
primary concern (Tore11 et al. 1991). Alternatively, if ecosystem 
response to herbivory is uncertain, economic analyses may be 
used to estimate the sensitivity of profit estimates to alternative 
animal production systems (Kreuter and Workman 1994a). 
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government policy on the allocation of rangeland resources to throughout the planning horizon by varying purchase, birth, 
various animal production systems (Kreuter and Workman sales, culling, death, and replacement rates. 
1994b) or for assessing the economic impacts of climate change 3. Allow forage resources (specified in AUMs) allocated to each 
on grazinglands (Conner 1994). enterprise to be changed throughout the planning horizon. 

Regardless of the purpose for which economic analyses are 4. Provide detailed specification of operating revenues and costs 
conducted, certain concepts are central to all such analyses. Due by allowing changes through time of product prices and expen- 
to their subjective time preference, most people ascribe greater diture on individual cost items. 
value to uresent rather than future consumotion of resources 
(Workm& 1986), though the extent of such time preference 
varies. In economic analyses, future benefits and costs should 
therefore be discounted by the opportunity cost of using resources 
to reflect human time preference. There is, however, no universal 
consensus about the opportunity cost of using biological 
resources, such as grazinglands. Workman (1986, pp. 198-206) 
discusses the selection of a “suitable” discount rate for conduct- 
ing benefit/cost analyses of investments in natural resources and 
emphasizes using real rates (e.g., nominal interest rate net of risk 
and inflation). In addition to the discount rate, benefit/cost analy- 
ses also require specification of the likely longevity of invest- 
ments or, alternatively, a relevant time horizon for the analysis. 

Various parameters can be used to measure the economic efft- 
ciency of investments providing long-term benefits and/or costs 
(Workman 1981). The net present value (NPV) is often the mea- 
sure of choice because it provides a monetary value of the esti- 
mated returns from an investment, facilitating comparison of 

* alternative investment options. It is the difference between the 
cumulative discounted benefit and the cumulative discounted cost 
of an investment. If it is greater than 0, then, at the selected dis- 
count rate, the investment is economically efficient. However, 
since selection of an appropriate discount rate may not always be 
easy, some analysts prefer estimating the internal return rate 
@RR) to estimate the economic efficiency of an investment. It is 
the interest rate that forces a future stream of net benefits to equal 
the investment needed to produce the flow of returns (Workman 
1986). When the internal return rate exceeds the opportunity cost 
of making the investment (i.e., the yield of the next best invest- 
ment), the investment is considered economically efficient. Since 
hand calculation of the economic efficiency parameters of long- 
term investments is laborious, particularly when investment envi- 
ronments are dynamic or when benefits and costs are sporadic, 
computer-based economic analysis tools have been developed to 
facilitate calculation. GAAT was developed by the Ranching 
Systems Group, Texas A&M University, to rapidly estimate the 
economic efficiency of a wide array of animal and non-animal 
production systems and grazingland improvement practices. It 
calculates both the NPV and IRR of practices or investments 
under consideration. 

Grazingland Alternative Analysis Tool - GAAT 

Purpose of GAAT 

Structural Framework 
GAAT is a Windowsm’-based decision support tool written in 

Microsoft@ Access@ 2.0, a relational database management sys- 
tem. It is comprised of hiemrchical input modules, encapsulated 
in cascading windows with pull-down operating menus. The 3- 
segment, hierarchical structure of GAAT and the various levels 
of input modules in each part are illustrated in Figure 1. 

GAAT was designed to estimate the economic feasibility of 
investments aimed at increasing forage quantity, quality and 
availability, animal productivity and product value, and to allow 
changes in the herd structure and mix of animal and non-animal 
enterprises within the specified management unit over a 25 year 
planning horizon. GATT has the following specific objectives: 
1. Accommodate the economic analysis of a wide mnge of animal 

enterprises, including extensive livestock systems, dairy and 
wildlife, and non-animal enterprises, including lease grazing, 
wood products, grain forage crops and other non-forage crops. 

2. Allow herd structure in each livestock enterprise to be changed 

I AUEJF~a]sAllocaUon 
I 
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Fig. 1. Internal structure of GAAT. 

Central to GAAT’s structure is the Case Information segment. 
In this, the user must specify the management unit representing 
the physical bounds of the grazingland area to be analyzed. A 
specific data set assigned to a management unit is referred to as a 
“Case” and several cases may be considered per management 
unit. 

The other 2 segments in GAAT are the profile and animal 
attributes segments. The profile segment is used to specify gener- 
ic grazing and feedstuff capacity as well as improvement invest- 
ment information. A user is thus able to change case information 
independent of the profile database or a user may, for example, 
change the improvement investment component of the analysis 
without changing herd dynamics. The animal attributes segment 
also allows the user to exogenously specify and label the age and 
sex classes of each animal species to be incorporated in the cases 
under consideration. 
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Data Entry 
Understanding the data entry procedure is facilitated by refer- 

ence to Figure 2, and is described in detail in the GAAT User 
Manual (Kreuter et al. 1993.). The first step is to create the case 
to be analyzed. Next, the animal attributes and the grazing, feed- 
stuff, and improvement investment profiles to be used as the basis 
for the specified case or a series of associated cases should be 
defined. Finally, the user enters production and price statistics 
pertinent to the enterprises specified for a case. 

The planning horizon (maximum 25 years), the discount rate to 
be used, and the enterprise categories to be included in a case are 
specified in the Case Information module (Figure 3). Each case 
may consist of 1 or more separate animal and nonanimal enter- 
prises, each with its own set of inputs (forage/roughage alloca- 
tions, variable costs, product yields and prices, etc.). The com- 
plexity of the input structure is greater in livestock enterprises 
than the wildlife and 4 nonanimal enterprise categories. This 
allows a user to differentiate between “intensively” managed 
livestock production systems and extensively managed livestock, 
wildlife, and non-animal enterprises. For example, a beef produc- 
tion system for which individual animal class data are available, 
would be defined under the livestock enterprise category while 
animal production systems where class specific information is not 
available can be included under the “wildlife” enterprise catego- 
rY. 

Production and price data associated with each specified enter- 
prise are entered in a sequence of cascading windows. For exam- 
ple, in the livestock enterprise, information about animal invento- 
ry, forage allocation, animal husbandry and products must be 
specified and product prices can be entered for 6 types of prod- 
ucts, including live and slaughter sales, milk products, fiber, 
antler/horn, and manure. Production and price values can be 
changed over time. Changes can be made at 1 point in time by 
specifying a goal value and the year in which the goal is to be 
reached. Alternatively, parameter values can be changed annually 
by using the view/edit response box. The initial and modified 
parameter values are shown graphically within the view/edit box 
(Fig. 4). 

Output Reports 
After entering the data pertaining to the case to be analyzed, a 

user may generate several reports both for individual and com- 
bined enterprises. Enterprise level reports provide data sum- 
maries for the individual enterprises in a case for each year in the 
planning horizon. They include livestock inventory, annual rev- 
enue and cost, and actual and discounted annual net cash flow. 

Case level reports combine the production and price statistics 
from all the enterprises in the case. They include investment cash 
flows and forage supply, demand and balance reports. The latter 
set of reports are provided both in tabular and graphic form. 
Perhaps the most important case level report is the NPV/IRR 
report which enables the user to determine the economic effrcien- 
cy of the financial/management investments and production/price 
variable data specified for the case. The relative economic effr- 
ciency of a series of cases with different financial/management 
investments, production/price characteristics, and/or enterprise 
mixes can thus be compared using the NPV/IRR generated for 
each case. 

The effectiveness of any computer decision support system in 
facilitating such comparisons is dependent upon the accuracy of 
inputs. The reliability of any NPV/IRR estimate of grazingland 

I Create Animal Attributes database 
I 

I Create profiles I 

q--Hy-l~I Grazing Capacity Feedstuff Capacity 

I 
I 

1 

1 Create enterprises 1 

Livestock Wildlife 

Leased Grazing 

Wood Products I lher Non-Forage 

Fig. 2. Data entry procedure for preparing GAAT database. 

improvement investments is directly dependent upon the user’s 
ability to account for enterprise revenue and cost streams, annual 
livestock carrying capacity, improvement investment costs, 
investment life, and salvage value. 

Two Applications of GAAT 

GAAT is capable of providing an economic analysis of almost 
any kind of investment aimed at improving grazingland produc- 
tion for which relevant input data are available. The kinds of 
information that must be supplied will depend upon the applica- 
tion for which the software is to be used. In addition, GAAT also 
allows the user to play “what if’ games by changing investment 
schemes, input costs, or production and revenue streams. To 
illustrate how it can be used to compare the economic efficiency 
of alternative. investment options, 2 examples emphasizing the 
program’s versatility are presented. 

The first example compares different Juniper control options 
and represents a low-data application of GAAT while the second 
describes the use of the software to analyze the change in the feed 
base of intensive dairy production and represents a high-data 
application. Both examples use numerical information from case 
studies and are not intended to represent rigorous research trials. 
The emphasis here is to demonstrate the diverse application 
potential of GAAT for grazingland management issues and not to 
draw conclusions about the feasibility of the illustrative improve- 
ments. 
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Fig. 3. Case specficatiou panels showing the sequence of GMT d&a entry windows for a livestuck euterprlse. 

Me&mica1 and Fke Treatment of Juniper 
Juniperus species have become a problem on much of the 22 

million acres which it inhabits in Texas (Owens and Schliesing 
1995). In 1 example, GAAT was used to estimate the economic 
effects of various mechanical and tire control options on Ashe 
juniper (Juniperus oshei Buckholz) in the Edwards Plateau of 
Texas (Rowun and Conner 1994). In order tu calculate livestock 
carrying capacity, this example required information about the 
encmachment rate of juniper and the relationship between per- 
cent canopy cover and herbaceous phytomass production. Four 
initial juniper canopy covers were assumed (4%, 16%,32%, and 
100%) and, based on the herbuceouslcanopy cover relationship 
from Fuhlendorf (1992) and data from Blomquist (1990) and 
Darrell N. Uekert (pas. comm. 1993). carrying capacities were 
calculated over a 12 year planning horizon with and without 
juniper cont?ol. Figure 5 represents the pmjected herbaceous pro- 
duction and livestock carrying capacity under un initial juniper 
canopy cover of 4% and the change in carrying capacity both 
with and without prescribed burning. 

A simple way to determine the net present value and internal 
return rate for w&rush control techniques is to assume that all 
forage pmductiun arising fmm investments in such techniques is 
leased on an animal-unit-month (AUM) basis. This requires only 
a single entry in the enterprise revenue input module (assuming 
no variable costs for the leasing operation), which is much easier 
than if the increased herbaceous production is marketed through 
livestock production. However, if the user wishes to reflect 

increased herd performance (e.g.. calving percentage, weaning 
weights, etc.) due to herbaceous phytomass improvements result- 
ing from brush/weed contml, GAAT allows such changes to be 
incorporated into the herd structure modules. If opportunity costs 
are to be assigned to either pm- or post-treahnent deferment, such 
custs may either be entered as variable costs to the livestock 
enterprise or added as part of the improvement investment pro- 
tile. 

The improvement investment profile should &count for all iui- 
tial improvement costs and any periodic costs for maintaining the 
improvement during the planning horizon. Other information 
needed includes the year within the plunning horizon in which the 
investment is initiated, units of each improvement item (e.g., 
hectares, kilometers, days, etc.), cost per “nil, and the longevity 
and salvage value of each item. 

In our example of prescribed burning of immature juniper 
stands, the prescribed tire was initiated in year 2 (deferred in year 
1) at an assumed average cost of $11.12 ha-’ ($4.50 acre-‘) for 
equipment, fuel, and labor requirements to clear fire lanes and 
bum an area of 405 ha (1,000 ac). The bum was assumed to have 
0 salvage value after 10 years of the 12 year planning horizon. 
The opportunity cost of deferring leased grazing during year 1, in 
order to accumulate a tine fuel load for a tire, was estimated by 
converting expected pre-treahnent forage growth to AUMs and 
charging $8.33 AIJM’ for u 6 month period. 

In the example shown in Figure 5, the herbaceous layer under the 
juniper canopy (4%) would pmduce about 2,242 kg ha” F’ (2,ooO 
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Fii. 4. Example of a view/edit window attached to each parameter 
field to view and edit initial, goal and intermediate parameter val- 
ues. 

lb ad yf’) air-dry herbage (Dye et al. 1995). If left untreated, less 
than 1,794 kg ha-’ yr’ (1,600 lb ac-’ ~‘) of herbage would be pro- 
duced by the end of the 12 year planning horizon and the juniper 
canopy coverage would have increased from 4% to about 29% 
(Blomquist 1990, Fuhlendorf 1992). Carrying capacity over the 
planning horizon would have correspondingly decreased from 54 
to less than 42 animal unit years (AUY) per 405 ha. 

In analyzing the investment in prescribed burning, a real dis- 
count rate of 8% was used. It was also assumed that the fire treat- 
ment halts further invasion of juniper in the short-term and results 
in full potential herbaceous phytomass production after year 3. 
Based on these data and assumptions, the net present value of 
investment in prescribed burning was estimated to be -$663.39 
(IRR = 5.70%) when Federal Government cost-share subsidies 
for juniper treatment were included. In this case, prescribed burn- 
ing was found to be economically unprofitable. However, if pre- 
treatment grazing deferment of the rangeland is an integral part of 
an annual grazing rotation scheme, it would be reasonable to 
assume that the &ferment of forage to build up a fuel load has no 
opportunity cost. In this case, GAAT calculated a net present 
value of $1,742 (RR = 17.98%) indicating that investment in a 
prescribed burn to control juniper would be economically effi- 
cient. 

Changing a Concentrate-Dependent Dairy To A Grazing- 
Dependent Dairy 

Due to increasing concerns about point-source pollution, the 
environmental impacts of confmement dairies have received con- 
siderable attention. One possible method for reducing the waste 
disposal problems associated with confined animals is to spread 
those wastes over a larger area by using a grazing system that 
allows in situ nutrient cycling and reduces nutrient importation. 
Changing from concentrate-dependent milk production in a con- 
fined area to a grazing-dependent dairy operation is, however, 
also likely to result in reduced milk production per cow and 
reduced herd size. Economically, the key question would be 
whether the reduced variable costs, associated with the dimin- 
ished use of purchased concentrates (Williams et al. 1987) would 
be sufficient to off-set the investments required to produce forage 
for cattle and the reduced revenue per cow due to lower per ani- 
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mal production (Parker et al. 1992). 
The necessary information for analyzing such a change with 

GAAT are herd structure and dynamics (e.g., death loss and con- 
ception and replacement rates), forage requirements and milk 
production per $ow, price of dairy products, and variable costs 
per cow (e.g., on- site produced forages, purchased concentrates 
and veterinary services). Such information is required for both 
the concentratedependent confinement system and the grazing- 
dependent system. In addition, an improvement investment pro- 
file must be defined for converting the area used for producing 
harvested forages and concentrates under the confinement system 
to grazeable forages. This should include sufficient purchased 
feed for feeding animals during the establishment period for seed- 
ed forages and machinery required to produce fodder. 

The example presented here is based on information from sev- 
eral field studies conducted by Dr. Joe Outlaw in 1994 in East 
Texas (pers. comm. 1994). A 9OO-cow confinement dairy operat- 
ing on 260 ha (640 acres) used for hay and grain production was 
changed to a grazing-dependent through a 4-year phased estab- 
lishment period by using a high-quality pasture, such as orchard- 
grass (Weiss and Shockey 1991), fencing land into numerous 
3.24 ha (8 acre) paddocks, and developing watering facilities in 
each paddock. Total improvement investment costs were estimat- 
ed at $192,640 spread equally over the first 4 years of a IO-year 
planning horizon. The herd structure was changed over a 5-year 
period from one in which all replacement cows were purchased, 
to one in which replacement heifers were kept and transferred to 
the milking herd after initial calving at 26 months of age. 
Variable operating costs were estimated to be $2,364 (Parker et 
al. 1992) and $1,239 cow-l (Joe Outlaw, pers. comm. 1994) for 
the confinement and grazing-dependent operations, respectively. 
To off-set deferment of land-use during pasture establishment, 
feed costs during years one to four were estimated to increase by 
an average of $267 cow“. Assuming the use of 1 bull per 25 cows 
at $1,433 bull-‘, the purchase cost of bulls in the first year was 
estimated to be $56 cow“. Additional feed required for replace- 
ment heifers increased the variable costs per breeding cow by 
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Fig. 5. Herbaceous production and livestock carrying capacity under 
initial canopy cover of 4% and the change in carrying capacity 
both with and without prescribed burning. 
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$101 in the fifth year. The average daily milk production per cow 
was assumed to decrease from 26.3 kg (58 Ibs) in the concen- 
trate-dependent dairy to 19.5 kg (43 lbs) in the grazing-dependent 
dairy. 

The supply and demand of hay and concentrates were equalized 
throughout the planning horizon. This ‘balancing capability” in 
GAAT is made possible through estimates of annual nutritional 
needs of the dairy herd based on the specified operational 
changes and by allowing the user to make improvement invest- 
ments to meet changing feed demands during the planning hori- 
zon. 

A different discount rate is used in this example to reflect 
potential differences in nominal interest rates, inflation factors 
and investment risk factors used to calculate a discount rate. 
Based on the preceding information and a discount rate of 7%, it 
was found that changing from a confinement dab-y to a grazing- 
dependent dairy would result in a net present value of $59,930 
(RR = 8.17%) by the end of the 10 year planning horizon. Thus, 
if the opportunity cost of investing in the operational change is 
less than 8.178, then the change would be considered economi- 
cally efficient. 

Advantages and Limitations of GMT 

GAAT is user-friendly decision support system that provides 
the planner with the ability to define and economically analyze a 
wide range of dynamic single enterprise or multi-enterprise graz- 
ingland production systems. The juniper control example repre- 
sents a relatively simple improved forage production scenario 
with no livestock component. At the other end of the complexity 
scale is the example of transforming a confinement dairy to a 
grazing-dependent dairy. The structure of individual enterprises 
and the mix of enterprises can be changed throughout the speci- 
fied planning horizon. 

One of the few aspects that is not automated in GAAT is the 
transfer of animals between separate enterprises. For example, 
transfers of weaner steers from a cow/calf enterprise to a stocker 
operation must be done manually on an annual basis. This is an 
inconvenience that is to be eliminated in the next version. In 
addition, herd production parameters such as mortality loss, ani- 
mals bought, sold and consumed, and offspring information such 
as weaning rates must be specified as a percentage of the total 
number of animals in each animal class within an enterprise. 
Unless these percentages are calibrated, the number of animals in 
each class or in the whole enterprise may fluctuate or change at 
unrealistic rates. In the next version, the user will be able to spec- 
ify these parameters either as percentages or as whole numbers of 
animals. Finally, GAAT ignores tax issues. 

Given the complexity of many ecosystems, the increasing con- 
cerns about the relative environmental effects of alternative graz- 
ingland-based production systems, and the dynamic nature of ani- 
mal production systems based on grazinglands, the use of com- 
puter-based decision support software is becoming increasingly 
important. Despite its current limitations, GAAT currently pro- 
vides one of the most dynamic decision support systems for use 
by planners, economic analysts, and policy makers interested in 
the use and management of grazingland resources. 
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Abstract 

Selaginella densa Ryd. is a shallow-rooted spikemoss that 
grows on sparsely vegetated short and mid-grass prairie. It cov- 
ers a proportion of bare soil which may rival that covered’by 
grasses. Not a forage plant, it is treated in agronomic research as 
background to the edible plants. Even when it appears to the eye 
as dry and without active chlorophyll, its spectral reflectance 
resembles more closely that of forage plants than that of soil 
background. It is distinguishable from dense stands of chloro- 
phyll-rich forbs and grasses using the normalized differential 
vegetation index, but S. densa in all cases resembles sparse grass- 
es. Its presence must be considered when estimating range condi- 
tion using remote sensing techniques. 

Key Words: remote sensing, clubmoss, reflectance, midgrass 
prairie 

Various small soil-covering plants contribute to measured 
reflectance in remote sensing studies, but cannot be separated 
from plants that are the object of research interest. Mosses and 
lichens have been explicitly lumped with soil background in 
rangeland (Jaques, 1982) and shrubland (Graetz and Gentle 
1982). Smith et al. (1990) noted the effects of lichen on desert 
soil reflectance. Studies of lichens themselves are limited to a dif- 
ferent ecozone: Vogehnau and Moss (1994) examined the spec- 
tral reflectance of Sphagnum sp., which contributes to the signal 
received from boreal forest areas. Sims (1983) looked at arctic 
caribou rangeland. Tueller (1989, 1992) repeatedly pointed out 
the need to study these lichens. 

Selaginelfa densu Ryd., commonly called “little clubmoss”, is a 
member of the fern phylum. It forms a mat-lie covering on 
prairie soils, and occasionally on dry, usually calcareous, rocks 
(Looman and Best 1987; Vitt et al. 1988). The plant is only a few 
centimeters tall, and its matlike geometry is such that it casts no 
shadows. On dry prairie, S. densa may cover as much soil as do 
the various grass species. The basal area of S. densa has been 
measured at 6.5% in the Stipu-Bouteloua faciation, where total 
vegetation cover is only 12.2% (Smoliak et al. 1990). It maintains 
a very shallow root system, enabling it to respond rapidly to 
infrequent rainfall and to dry rapidly after using available surface 
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moisture. It is usually dry during cloudless weather when satellite 
images are acquired. Because it is not eaten by domestic stock, S. 
densu is rarely mentioned in rangeland studies, and then only as 
possibly inhibiting either grass establishment or erosion 
(Coupland 1950). 

A proportion of the reflectance of grassland and cropland 
results from non-plant surfaces. To distinguish between plant and 
background, various vegetation indices rely on a high reflectance 
from chlorophyll in near infrared wavelengths and corresponding 
high absorption in visible wavelengths. Since dry S. densa does 
not appear to contain active chlorophyll, its reflectance pattern 
might be presumed to resemble that of non-plant material. If this 
is the case, remote sensing could treat S. densa as background to 
the plants of interest, as does agronomy. The questions are: Do 
spectral measurements see S. densu as vegetation or as soil? If the 
latter, does its spectrum differ from typical soils in any recogniz- 
able way? If the former, can it be distinguished spectrally from 
forage grasses and forbs or from senescent vegetation? Finally, 
how can results from this study using a small instrument footprint 
of 16 cm be extrapolated to typical satellite sensor footprints of 
from 10 to 8Om? 

Methods 

Measurements were taken in the field over a period of several 
days in late July, 1993, on northern midgrass prairie in 
Grasslands National Park, Saskatchewan, Canada. All measure- 
ments were made between 1100 and 1330 hours on cloudless 
days. An Exotech radiometer (model lOOBX-T, Exotech Inc., 
Gaithersburg, Md.) measured reflected light using filters simulat- 
ing both Multispectral Scanner (MSS) bands 1 to 4 and Thematic 
Mapper m bands 1 to 4. The sensor was fixed at a height of 60 
cm viewing vertically; the 15” view angle targets a circle 16 cm 
across. An eyepiece allows visual pinpointing of the target. 
Reflectance was calculated using a BaS04 reference surface. 

Percentages of green material in S. densa clumps were estimat- 
ed visually and divided into 3 classes: ~20% green 20-40% 
green, and >40% green. All clubmoss clumps contained much 
senescent material, and none had more than 60% green surface. 
Reflectance was measured of live and dead grasses ((Agropyron 
crisrutum (L.) Gaertn.) alone, both green and dry; A. dusys- 
tuchyum (Hook) Scribn., Boutelouu grucilis (HBK.) Lag.), and 
Stipu comatu Trin. & Rupr., separately and mixed); of bare soil; 
of sparse grasses growing on bare soil; and of several forbs. A. 
cristutum, au introduced species, almost always occurs in nearly 
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pure, dense seeded stands. Field of view was selected so that no 
material other than the target plant(s) themselves, or soil where 
indicated, was present. 

The study area soil is a Chemozem (dry brown subdivision) 
according to Canadian soils nomenclature. The United States sys- 
tem would call it Mollisol (Roehm 1992). These soils do not have 
the high iron sesquioxide content that creates problems with veg- 
etation indices due to its red reflectance (Huete and Tucker 
1991). 

Results 

Figures 1 and 2 show S. densa spectral reflectance (N=27), at 
sites where S. densa occupied the entire field of view. There are 
no significant differences (a = 0.05) among any of the greenness 
groups in any of the bands. In all cases the mean for all S. densa 
measurements can be taken as representative. 

0.36 ’ I 
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Fig. 1. Mean and 1 std dev, all S. densa measurements 

Figure 3 compares S. densa with pure stands (no bare soil) of 
several other plants, and with bare soil. Compared to the high- 
chlorophyll actively growing grass and forbs, S. densa shows 
lower band 4 reflectance, as expected. However, S. densa’s 
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Fig. 2. S. densa by percent area of green material 
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Fig. 3. Comparison of S. densa with soil and complete covers 

reflectance in bands 2 and 3 resembles these green plants much 
more closely than it resembles the senescent grass or bare soil. 
Thus we would predict that using ratio vegetation indices, all S. 
densa should be distinguishable from both dry plants and from 
bare soil. The index comparisons presented in Figures 5 and 6 
confirm this. Thus we have the answer to the first question posed 
above: spectral measurements see S. densa ns part of the vegeta- 
tion rather than as low-brightness soil. It may also be distin- 
guished from dense stands of senescent vegetation (hay). 

Figure 4 compares S. densa reflectance to that which would be 
observed in typical rangeland situations, namely soil partially 
covered by various grasses and forbs. None of the targets includ- 
ed S. densa. The graph presents means of between 5 and 10 
observations of each type; plant cover ranges from 10 to 20% of 
soil surface area. The lush green forbs are distinguished, even as 
partial cover, by high reflectance in band 4. No readings were 
obtained of partial cover of very green grass: in late July, even in 
rain-soaked 1993, the only lush green grass is in seeded and irri- 
gated fields, where it completely obscures the soil. There is no 
difference in spectral pattern among the grasses, nor between 
them and S. densa or lichen. The reflectances of S. densa plus 
bare soil are within a one standard deviation envelope of all S. 
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Fig. 4. Comparison of S. densa with incomplete soil covers 

JOURNAL OF RANGE MANAGEMENT 49(5), September 1996 471 



densa measurements. From spectral reflectance alone, it would 
not be possible to distinguish approximately equal covers of S. 
densa and native grasses. 

Vegetation indices have been developed to identify p‘articular 
types of vegetation, distinguish them from other features, or 
extract parameters such as leaf area index and total biomass 
(Dusek et al. 1985). The NDVI (Normalised Difference 
Vegetation Index) is: 

NDVI = (Ri-Rr)/(Ri+&) 

where Ri = reflectance in the sensor’s photographic 
infraredrange, band 4 for TM data 

Rr = reflectance in the sensor’s red range, band 3 
for TM data 

The NDVI is functionally equivalent to other ratio indices that 
use wavelengths of 450-900nm, in other words TM bands 1 
through 4 (Dusek et al. 1985). In figure 5, the NDVI of S. densa 
and that of partial grass cover fall in the middle of the range of 
measured reflectances. As expected, bare soil has a very low 
NDVI value, and green grasses or forbs which cover the soil have 
a high NDVI value. 

Vegetation indices involving linear band combinations have 
been developed to separate plant from soil reflectance when 
viewing areas having partial soil cover. The indices differ in their 
assumptions about the reflectance of the underlying soils. Elvidge 
and Lyon (1985) give a summary of these indices. 

Of these linear indices, the GVI (greenness vegetation index) 
calculated here is the second component of the Kauth and 
Thomas (1976) tasselled cap transformation. It measures the per- 
pendicular distance of a given measurement from the “soil line.” 
This line connects variously-illuminated bare soil points in band 
3 versus band 4 feature space. The slope of the soil line in 
Grasslands Park, determined from bare soil pixels in a Landsat 1 
image, is very close to that measured by Kauth and Thomas 
(1976), and so their coefficients were used. A similar transforma- 
tion using Thematic Mapper (TM) bands could not be produced 
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Fig. 5. NDVI of various plants. BS = bare soil; S + G = soil+very 
sparse grass; ACH=senescent Agropyron cristatum; SDD = S. 
densa, ‘20% green material; SDG = S. densa, >40% green materi- 
al; MG = mixed grasses + senescent material; ACG = lush green 
Agropyron crislatum; FO=green forbs 
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Fig. 6. GVI of various plants. BSW=bare wet soil; G+H=mixed 
grasses+sencscent material; SDD = S. densa, ‘20% green material; 
SDG=S. densa, >40% green; ACG=lush green Agropyron 
cristutwn; FO = green forbs 

because the Exotech instrument used does not simulate TM bands 
5 and 7. The calculated Greenness Vegetation Index values in fig- 
ure 6 represent 2 readings each and should be considered tenta- 
tive unless they can be replicated. Figure 6 compares Greenness 
Vegetation Index values for several ground covers. Once again 
the forbs stand out, but the Greenness Vegetation Index is less 
efficient than is Normalized Difference Vegetation Index at dis- 
tinguishing S. densa from other ground covers. 

Discussion and Conclusions 

Both spectral reflectance and commonly used vegetation 
indices fail to distinguish between ground cover containing S. 
densa and common prairie grasses in late July. This study does 
not attempt to correlate reflectance with Leaf Area Index, but it 
would predict that an equal partial soil cover of grass and of S. 
densa would be indistinguishable. 

Footprints of the most commonly used satellite-borne sensors 
range from 10m for panchromatic images obtained by the French 
SPOT satellite, through 30m for Thematic Mapper and 80m for 
Multispectral Scanner. Typically an ordinary image would 
include grass and clubmoss mixed within the sensor footprint. 
Since pure S. densa and pure grass stands are not distinguishable 
on the basis of their spectra, these mixed pixels would not enable 
range managers to tell if they are looking at forage or the undesir- 
able clubmoss. Under the condition of mixed pixels, the only way 
to extract the required information is to model the typical pixel 
(Woodcock and Strahler 1987). This requires knowledge of the 
percent ground surface occupied by the spe.cies in question. 
While this has been done for the forage species at various range 
sites and conditions, range studies have not systematically col- 
lected the ground cover percents of S. densa at the various range 
sites. 

Most remote sensing studies of grasslands use reflectance and 
values derived from it to classify areas according to biomass for 
grazing management (Hanson et al. 1992; Tueller 1989 and 
1992). This method assumes that the biomass present is com- 
posed of forage species. S. densa is not eaten by ruminants; it 
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may be removed by trampling. S. densa increases under light 
grazing as opposed to either heavy grazing or no grazing 
(Smoliak 1965). As long as S. densa can be treated as background 
to plants of agricultural interest, these scattered reports provide 
all the information necessary. However, if reflectance, usually 
from satellite imagery, is to be a surrogate for biomass, and S. 
densu reflects as sparse grass, more needs to be lrnown about the 
occurrence and abundance of clubmoss. Only with information 
on typical S. densa ground cover by range site and condition 
could satellite images be used for an accurate estimation of grass- 
es of use to domestic livestock. Of course, the same problem 
exists in relation to unpalatable grasses and herbs, but this ques- 
tion has been addressed (though not entirely solved) in range 
studies. Range managers have some idea of the proportions of 
such plants expected on different sites (Abougnendia 1993). They 
do not have similar knowledge of S. densa proportions. 

When using remotely sensed data to estimate green biomass, 
range condition or leaf area index, the possible presence of S. 
densu must be taken into account. On some sites, nearly half of 
tbe vegetation reflectance may be produced by clubmoss. Studies 
that use optical remote sensing data to classify range condition 
and biomass should acquire data on the presence and percent 
basal cover of S. densa as part of ground trntb. More generally, 
estimates of expected percent S. densu ground cover under vari- 
ous grazing regimes and in various range sites would be useful. 
Failure to consider S. densu can lead to overestimation of usable 
biomass when these estimates are derived from reflectance mea- 
surements. 
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Abstract 

We measured the grazing preference of 3 castrated male 
Rocky Mountain elk (Cervus elaphus nelsoni) for 2 crested 
(Agropyron desertorum Fischer ex Link] Schultes), 5 thickspike 
(Elymus lanceolatus ssp. Zanceohztus [Scribner & J.G. Smith] 
Gould), 3 Snake River (proposed name E. lanceolatus ssp. 
wawawaiensis), and 2 bluebunch wheatgrass (Pseudoroegneria 
spicata mrsh] A. L5ve) entries. Number of bites and visits were 
highly correlated in early May ($=0.77) and late May (9=0,83). 
‘Critana’ and ‘Elbee’ thickspike and ‘Hycrest’ and ‘Nordan’ 
crested wheatgrasses can be recommended for seedings for elk 
spring grazing where these grasses are adapted. 

Key Words: palatability, bluebunch wheatgrass, crested wheat- 
grass, thickspike wheatgrass, northern wheatgrass, Snake River 
wheatgrass. 

Forage preferences of Rocky Mountain elk (Cervus elaphus 
nelsoni) are malleable (Kufeld 1973, Nelson and Leege 1982). 
Elk will consume primarily grass on grasslands and shrubs on 
shrublands, but prefer grass when both are available. Grasses and 
sedges can constitute over 85% of the diet in the spring. High uti- 
lization of grass may continue through the summer or grass may 
be supplemented or replaced in the diet by forbs, shrubs, or other 
woody plants. For example, elk in the Rocky Mountain region 
often prefer forbs during summer (Collins and Umess 1983). 

Dietary selection by Rocky Mountain elk has been evaluated 
primarily in uncontrolled field settings. The literature reviews of 
Kufeld (1973) and Nelson and Leege (1982) report that elk prefer 
crested wheatgrasses (Agropyron cristatum p.] Beauv., A. deser- 
forum Fischer ex Link] Schultes) and bluebunch wheatgrass (A. 
spicatum = Pseudoroegneria spicata [Pursh] A. Love) to thick- 
spike wheatgrass (A. dasystachyum = Elymus lanceolatus ssp. 
Zanceolatus [Scribner and J.G. Smith] Gould), although tbick- 
spike wheatgrass was evaluated only by Klrsch (1963). However, 
these comparisons might be misleading because they could not 
consider differences in preference among ecotypes within a 
species or control the relative abundance or availability of species 
(Kufeld 1973). 

We know of no published work concerning elk preferences of 
grass taxa in a controlled setting. This type of study is preferred 
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to determine which plants are desirable for elk habitat (Kufeld 
1973, Schwartz and Hobbs 1985). A controlled setting makes it 
possible to select plant materials, equalize plant density, and rank 
preference inferred directly from bite-count data. Obtaining and 
utiliing captive animals discourages researchers from employing 
this experimental approach. 

We conducted a controlled preference trial with Rocky 
Mountain elk involving 12 entries of 4 important wheatgrass 
taxa: the introduced crested wheatgrass, and the natives thick- 
spike wheatgrass, Snake River wheatgrass (proposed name E. 
lanceolatus ssp. wawawaiensis), and bluebunch wheatgrass. The 
results will indicate which grass varieties might be preferred for 
seeding disturbed lands spring-grazed by elk. 

Materials and Methods 

Plants of 12 wheatgrass entries (named varieties or numbered 
experimental populations) were transplanted to a west-facing 
slope on a foothill site in Logan, Utah. The soil was a Sterling 
gravelly loam (loamy-skeletal, mixed, mesic Typic Calcixerolls 
[lo-20% slope]). Crested wheatgrasses were ‘Nordan’ and 
‘Hycrest’. Thickspike wheatgrasses were fElbee’, ‘Sodar’, 
‘Critana’, ‘Bannock’, and T-38 (Tuscarora, Nev.). Snake River 
wheatgrasses were ‘Secar’, K27 (Riggins, Ida.), and D38. 
Bluebunch wheatgrasses were the diploid ‘Whitmar’ and the 
tetraploid P7845 (Winchester, Ida.). All taxa are bunchgrasses 
except thickspike wheatgrass, which is highly rhizomatous. 

Plants were established on l-m centers and were arranged so 
they could be separated by fences into 4 paddocks. Within each 
paddock were 18 blocks with 12 positions each. Each of the 12 
positions in a block was randomly assigned to a plant of a specif- 
ic entry. Thus each of the 4 paddocks consisted of 18 X 12 = 216 
spaced plants (216 m*) surrounded by a fence and a border of 
Secar. We used 3 castrated male elk ranging in age from 8 to 15 
years that had not been used in other experiments for 4 years. 
They had previously grazed on various sagebrush-grass sites, 
lodgepole pine and aspen forest types, and mountain brush com- 
munities at various locations in northern Utah. 

Spring is the season when grass is consistently the most impor- 
tant portion of the elk’s diet. Paddocks were grazed at 2 periods, 
early (l-3 May) and late May (21-23 May 1991), with 6 and 4 
grazing sessions in each period, respectively. Our objective at the 
3-day early May grazing period was to gather enough data to sta- 
tistically separate entry means. Continued grazing exceeding 3 
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days would alter the entries’ morphology and forage availability, 
biasing data collection at the late May grazing period. Including 
several plants of each entry in each paddock and controlling 
length of the grazing period precluded bias because of differences 
in forage availability resulting from differential elk preference. 
Favorable weather conditions allowed the plants to grow quickly 
in this competition-free setting. Weather data were collected at 
the Utah State University weather station 1.6 km from the study 
site. Moisture totaling 45 mm was recorded 12 of the first 21 days 
of May. Three storm systems accounted for most of the precipita- 
tion during these 3 weeks, 28% (13 mm) on 3-5 May, 52% (23 
mm) on 9-12 May, and 13% (6 mm) on 15-19 May. During this 
time the daily high and low temperatures averaged 15OC (range 4 
to 26OC) and 4OC (range 0 to 9OC), respectively. 

Each of the 4 paddocks was grazed at least once in each graz- 
ing period, generally with 3 animals. Grazing sessions were con- 
ducted in the morning, afternoon, or evening, and averaged 63 
min. A grazing session ended when the animals ceased to graze 
and began to ruminate. Observers assigned to each animal count- 
ed and recorded the number of bites taken from a particular plant. 
If the animal returned to the first plant after grazing another, the 
number of bites was recorded as an additional visit. To calculate 
the number of bites per plant, we determined the total number of 
bites taken from a particular entry by a single animal in a session. 
This number was divided by the number of extant plants of the 
entry (maximum of 18). Number of visits per plant was calculat- 
ed as the number of discontinuous times an animal grazed an 
entxy divided by the number of extant plants. 

Each grazing session (mean of all animals in session) was con- 
sidered a replication. Replications within grazing period (error a) 
were used to test for differences between grazing periods, the 
whole-plot effect, in a split-plot design. The residual error (error 
b) was used to test differences among entries, the split-plot effect, 
and the entry X grazing period interaction. Entry means were 
separated by the Bayes LSD. (Wailer-Duncan k-ratio t test) with 
k ratio=100 (Smith 1978). 

Table 1. Bites per animal per session of 12 crested (CWG), tbickspike 
(TSWG), Snake River (SRWG), and bluebunch (BBWG) wheatgrass 
entries at early (l-3 May) and late hlay (21-23 hlay 1991) grazing 
perkxls~ 

Early May Late May 

Entry Bites/Session Enhy Bites/Session 
- - (no./phlt) - - - - (no./pht) - - 

Critana TSWG 2.9 ab Critana TSWG 3.6 a 
Elbee TSWG 2.0 b Nordan CWG 3.1 ab 
Sodar TSWG 1.6bc Elbee TSWG 3.1 ab 
Bmock TSWG 1.4 bed Hycrest CWG 2.7 bc 
T-38 TSWG 1.1 cde Sodar TSWG 2.2 bc 
Hycrest CWG 1.1 cde BarmockTSWG 1.9c 
Nordan CWG 1.0 cde Whitrnar BBWG 0.8 d 
Whitmar BBWG 0.8 cde K27 SRWG 0.7 d 
I127 SRWG 0.7 de Secar SRWG 0.7 d 
I’7845 BBWG 0.4 e p7845 BBWG 0.5 d 
D38 SRWG 0.4 e T-38 TSWG 0.5 d 
Secar SRWG 0.3 e D38 SRWG 0.5 d 

Bayes L.S.D. 0.8 1.0 
‘Grazing pcrhd X entry intcnction signiticaot (lkO.01). Numbers of replications n=17 
pd n=12 for early and late grazing periods, respectively. 

Values within a column not followed by the same letter are significantly different 
according to the Wailer-Dunwn k-ratio t test (I ratio=lOO). 

Table 2. Visits per animal per session of 12 crested (CWG), thickspike 
(TSWG), Snake River (SRWG), and bluebunch (BBWG) wheatgrass 
entries at early (l-3 May) and late May (21-23 May 1991) grazing 
periOdSa. 

Early May Late May 

Entry Visits/Session Entry Visits/Session 

Critana TSWG 
Elbee TSWG 
Hycrest CWG 
Nordan CWG 
Barmock TSWG 
Sodar TSWG 
T-38 TSWG 
K27 SRWG 
Whitmar BBWG 
Secar SRWG 
P7845 BBWG 
D38 SRWG 

- (IloJplant) - - 
0.35 ab 
0.29 ab 
0.25 abc 
0.23 bc 
0.21 bed 
0.20 bcde 
0.18 bcde 
0.17 bcde 
0.16 cde 
0.10 de 
0.08 e 
0.08 e 

-- (no./plant) - - 
Nordan CWG 0.54 a 
Hycrest CWG 0.51 ab 
Critana TSWG 0.48 ab 
Elbee TSWG 0.43 be 
Baanock TSWG 0.34 cd 
Sodar TSWG 0.28 de 
K27 SRWG 0.22 ef 
p7845 BBWG 0.18 ef 
Semr SRWG 0.18 ef 
Whitmar BBWG 0.17 ef 
T-38 TSWG 0.13 f 
D38 SRWG 0.12 f 

Bayes L.S.D. 0.12 0.11 
*Gmaiog period X entry interaction significant (pco.01). Numbers of replications n=17 
Fd ~12 for early and late grazh~g periods, respectively. 

Values within a column not followed by the same letter are significantly different 
according to the Wailer-Duncao k-ratio t test (1; ratio=lOO). 

Results and Discussion 

Over 4,000 bites were recorded in 6 early May grazing sessions 
as well as 4 late May grazing sessions. Grazing period interacted 
with entry for number of bites (P<O.Ol), so results for the 2 graz- 
ing periods are presented separately. Elk preferred Critana thick- 
spike wheatgrass at the early May grazing period, but Elbee 
thickspike and Nordan crested wheatgrasses were as preferred as 
Critana during late May (Table 1). Animals exhibited consider- 
able selectivity, e.g., Critana received 10 and 7 times the number 
of bites of the least preferred entry at the early and late May graz- 
ing periods, respectively. 

Number of visits was highly correlated with number of bites 
across entries (&0.77 for the early May and ?=0.83 for the late 
May grazing periods). Again, there was a significant interaction 
between grazing period and entry (P<O.Ol), so results for the 2 
grazing periods are presented separately (Table 2). Critana and 
Elbee thickspike wheatgrasses received the most visits at the 
early May grazing period, while Critana and the 2 crested wheat- 
grasses received the most visits at the late May grazing period. 
The highest-ranking Snake River or bluebunch wheatgrass entry 
never significantly exceeded the lowest-ranking entry in the test 
for number of bites or number of visits. 

Perhaps the most noteworthy difference between the 2 grazing 
periods was that the 2 crested wheatgrasses were as preferred in 
number of bites as Critana and Elbee thickspike wheatgrasses at 
the late May, though not at the early May grazing period. This 
difference in preference may be due to differing phenological 
development of these 2 taxa. Thickspike wheatgrass matures con- 
sistently earlier than crested wheatgrass. Phenological differences 
would be accentuated at the late May grazing period. There was 
little reproductive growth at the early May grazing period relative 
to the late May period. Thus the greater number of bites taken of 
crested wheatgrass relative to Critana and Elbee at the late May 
grazing period was probably related to crested wheatgrass’ rela- 
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grazing period was probably related to crested wheatgrass’ rela- 
tively vegetative state. Even though Critana and Elbee thickspike 
wheatgrasses were more mature at the late May grazing period, 
they were both still as preferred as at least 1 of the crested wheat- 
grasses. 

Of the 10 native entries, elk preferred Critana and Elbee thick- 
spike wheatgrasses for spring grazing. Critana is a bulk collection 
from north-central Montana and Elbee was developed from 
clones collected in the adjacent Canadian provinces of Alberta 
and Saskatchewan (Asay 1995). Hycrest and Nordan crested 
wheatgrasses were also preferred in late May. A mixture of thick- 
spike and crested wheatgrasses for revegetation projects may be 
feasible. Differences in the maturity of these 2 grasses could 
facilitate a more uniform availability of forage through the 
spring. Furthermore, thickspike wheatgrass is rhizomatous 
and can spread into areas of poor initial establishment. 

Literature Cited 

Asay, K.H. 1995. Wheatgrass and wildryes: the perenial Triticeae, p. 
373-394. In: RF. Barnes, D.A. hliller. and C.J. Nelson (eds.) Forages-an 
introduction to grassland agriculture (vol. 1). 5th ed. Iowa State Univ. 
Press, Ames, Iowa. 

CoBIns, W.B. and PJ. Urness. 1983. Feeding behavior and habitat selection 
of mule deer and elk on northern Utah summer range. J. Wildl. Manage. 
47646-663. 

Khsch, J.B. 1963. Range use, relationship to logging, and food habits of the 
elk in the Little Belt Mountains, Montana. Unpublished thesis, Montana 
State Univ., Bozeman, Mon. 44 pp. 

Kufeld, R.C. 1973. Foods eaten by the Rocky Mountain elk. J. Range 
Manage. 26:106-l 13. 

Nelson, J.R. and T.A. Leege. 1982. Nutritional requirements and food 
habits, p. 323-367. In: J.W. Thomas and D.E. Toweill (eds.) Elk of North 
America: ecology and management. Stack&e Books, Harrisburg, Penn. 

Schwartz, C.C. and N.T. Hobbs. 1985. Forage and range evaluation, p. 
2541. In: R.J. Hudson and RG. White (eds.) Bioenergetics of wild herbi- 
vores. CRC Press. Boca Raton, Fla 

Smith, C.W. 1978. Bayes least significant diierence: a review and compari- 
son. Agron. J. 70:123-127. 

I --- II 

granite 
&SFFr) 

I/ II 
l Pasture & Range 
l Erosion Controi 
l Alfalfa 
l Custom Seed Blends 
l Over 300 Species in Stock 
l Fast, professional service 

Call or Fax for our Catalog (801) 531-1456, Fax (801) 768-3967 
Granite Seed Co., P.O. Box 177, Lehi, Utah 84C143 

/I 
I ‘I 

476 JOURNAL OF RANGE MANAGEMENT 49(5), September 1996 



Book Reviews 

The Lords Of The Valley. By LaVerne Hanners 
including the complete text of Our Unsheltered 
Lives, by Ed Lord. 1996. University of Oklahoma 
Press, Norman. 166~. US$22.95 cloth. ISBN O- 
8061-2804-6. 
Two intertwining voices, one male and one female, tell the 

story of life in and around a tiny, remote ranching community 
on the Oklahoma-New Mexico border from the 1890s through 
the 1930s. LaVeme Hanners’ commentary is woven through 
the unaltered text of Ed Lord’s Our Unsheltered Lives, a curt, 
no-nonsense account of his life as a cowpuncher, freighter, 
and storekeeper in Kenton, Oklahoma. Hanners also was a 
long-time resident of Kenton. 

LaVeme Hanners moved to the Valley in the mid 1920s. 
The family traveled the southern flats of Colorado jolting over 
the rough road that parallels the Dry Cimarron River. They 
came into the Valley through Tollgate Canyon riding in style 
in a brand new Model-T. The team and wagon were driven by 
Fred Claflin and loaded with all the family possessions. 

Ed Lord came into Kenton, Oklahoma at the turn of the cen- 
tury riding on horseback from Protection, Kansas. Ed’s book 
Our Unsheltered Lives sat on shelves or molded in attics for 
nearly 40 years before his daughter-in-law Isabel Lord gave 
Hanners a copy with her wishes that something be done with 
it. The Lords of the Valley contains the entire text of Our 
Unsheltered Lives along with annotations by Hanners. 

The Lord family moved to Kansas in 1893 and Ed came to 
Kenton a few years after that. Lord describes being left alone 
at a young age to trail cattle in Indian Territory. Sixteen seems 
pitifully young to be so far away from home, broke, and hun- 
gry, yet necessity often required such things. Lord and 
Hanners both describe a way of life that demanded toughness, 
stoicism, commitment, and humor when possible. Lord writes 
there were saloons in Kenton because the men “had to have a 
place to drink and fight .” Hanners explains that many saloons 
mysteriously burned to the ground. Lord tells how his first 
baby was killed and Hanners thinks of a number of other chil- 
dren buried in the Kenton cemetery. 

When Lord suffered from a toothache his father told him to 
have the blacksmith make an instrument to pull the tooth. 
Lord writes, “that was the achinest tooth I or anyone else ever 
had. He came by our tent and left our supplies and the tooth 
puller and told us he would be back the next day and would 
pull that tooth hisself. He, the barber and the blacksmith 
talked it all over down at Kenton and they concluded they 
would give me enough whiskey so I wouldn’t hurt so bad 
when he pulled it out. They couldn’t decide how much of it to 
give me so he told father I should sit on a box until I had taken 
enough that I would fall over then I would be ready.” Lord’s 
stories are not only descriptive, but colorful. His writings 
explain everyday life and the people he met. He writes affec- 
tionately about his wife Zadia. 

Although this book relates past events within a limited geo- 
graphical area, it documents and humanizes that period in 
Oklahoma, and American culture of that time. Only the tough 
and determined could survive and prosper. Complete with 
photographs and maps, The Lords of the Valley and Our 
Unsheltered Lives give a good historical account of the area 
and times.-Jan Wiedemann, Texas Section, Society for 
Range Management, Vernon, Texas. 

Ecosystem Geography. By Robert G. Bailey. 
1996. Springer-Verlag, Inc., New York. 204~. 
US$69.95 cloth, $34.50 softcover. ISBN O-387- 
94354-4 cloth, o-387-94586-5 softcover. 
A systems approach to analysis and classification of ecosys- 

tem geography is the subject of Robert G. Bailey’s Ecosystem 
Geography. The organizational framework of the book was 
developed from the author’s training program for a course in 
multiscale ecosystem analysis for the U.S. Forest Service. 

Systematic in philosophy and hierarchical in structure, the 
approach to analysis in Ecosystem Geography focuses on con- 
siderations of scale in pursuit of a system of integrated classi- 
fication suitable for multiple applications. The book is orga- 
nized into 11 chapters. The first 3 chapters present appropriate 
background in ecosystem analysis and classification, matters 
related to scale, and a discussion of boundary criteria. Chapter 
4 examines the role of climate in ecosystem differentiation. 
Variables involved in macroclimatic differentiation are dis- 
cussed in Chapter 5, and this discussion serves as a basic for a 
survey of the ecoclimatic zones of the world in Chapter 6. 
Chapter 7 focuses on the ecoregions of the United States at the 
hierarchical levels of domain and division. The mesoscale 
variables determining landform differentiation are analyzed in 
Chapter 8; the variables associated with edaphic-topoclimatic 
differentiation on a microscale are then examined in Chapter 
9. Chapter 10 examines applications of the ecosystem geogra- 
phy approach, and includes discussions of its role in planning 
inventories and monitoring. A brief summary and some gener- 
al conclusions make up Chapter 11. A short appendix examin- 
ing ecoregions of the oceans completes the text. A useful glos- 
sary is included covering many of the terms and concepts 
from the text. The bibliography is extensive, and the index is 
thorough. A fold-out color map of ecoregions of the conti- 
nents is included in a sleave inside the rear cover. The book 
contains graphics of above-average sophistication, some 
tables, and some visually impressive black and white pho- 
tographs of example landscapes. 

The book properly emphasizes the importance of the con- 
cepts and analytical processes involved in ecosystem geogra- 
phy rather than the classification scheme itself. It serves as a 
good example of the importance of integrated hierarchical 
structure in attempting to analyze complex systems. 
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Decidedly didactic in style and presentation, Ecosystem 
GeogrupIzy is easily understandable reading for the educated 
non-specialist. A major challenge in writing a book on classi- 
fication would seem to be avoiding literary tedium, and Bailey 
does it through a combination of (1) carefully designed orga- 
nization, (2) slick graphics, (3) a cavalier willingness to gener- 
alize freely without verbal mincing, and (4) general brevity. 
This book will likely be an important standard for ecosystem 
analysts for some years, but students, managers, planners and 
policy-makers involved with ecosystems will benefit from its 
disciplined, instructional approach.-David L. Scamecchiu, 
Washington State University, Pullman, Washington. 

The Complete Horseshoeing Guide. Second 
Edition. By Robert F. Wiseman. 1995. University 
of Oklahoma Press, Norman. 312 p. US$16.95 
paper. ISBN O-8061-2719-8. 
Written by a former range conservationist, The Complete 

Horseshoeing Guide is a highly readable treatment of the 
modem farrier’s art. Compared with books on many other 
subjects, books on blacksmithing and horseshoeing are few, as 
smiths and farriers, it seems, have not been prolific writers. 
According to the author, this book has been written for both 
the professional farrier and for the pleasure-horse owner who 
wants to do his own shoeing. 

Those comparatively few earlier writers established a tradi- 
tion of treating the subjects of smithing and horseshoeing 
comprehensively, a tradition continued in this book In addi- 
tion to chapters on basic subjects such as care of tools, metal- 
work and shoeing, The Complete Horseshoeing Guide con- 
tains chapters on topics as diverse as horse behavior, dealing 
with customers, handling rough horses, handmade shoes, spe- 
cial shoeing, physical disorders and gait defects, and horse 
injuries and diseases. The book even has a short chapter on 
horse trading savvy. A reasonable bibliography, a glossary, 
and an index are provided. The text contains some black and 
white photographs and some drawings. 

Experience shoeing is not necessary to be able to follow the 
well written text of this book. And even an experienced farrier 
could likely benefit from the basic techniques, practical advice 
and entertaining anecdotes of the author. 

Of course, the smith’s and farrier’s trades are full of tradi- 
tions, lore and romantic charm, digressions which this book 
pursues in moderation compared with some of its predeces- 
sors. Still, page 262 reads “Under a spreading chestnut tree, 
The village smithy stands; . . .” Well, Pm sure you get the 
idea.-David L. Scamecchia, Washington State University, 
Pullman, Washington. 
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