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Protein quality of cottontail rabbit forages following range- 
land disturbance 
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Abstract 

Seasonal changes in the botanical composition of diets and pro- 
tein quality of forages consumed by cottontail rabbits (Sylvilagus 
floridanus) were monitored on disturbed and undisturbed upland 
hardwood forest-tallgrass prairies in central Oklahoma Our pri- 
mary objective was to evaluate the seasonal dynamics of levels of 
selected amino acid nutrients in forages required for mainte- 
nance, growth, or reproduction, and explore how these changes 
respond to habitat disturbance resulting from the use of herbi- 
cides and fire. Microhiitological analyses of stomach digesta indi- 
cated that summer diets were dominated by Panicurn oligosan- 
thes Schultes, Croton spp., and Sporobolus asper (Michx.) Kunth; 
winter diets were dominated by Bromus spp., P. oligosanthes, and 
Antennariu spp. Differences in the botanical composition and 
quality of diets between disturbed and undisturbed habitats were 
of little biological significance. Changes in the concentration of 
essential amino acids due to plant maturity were minimal in both 
summer and winter. Estimated levels of nitrogen and essential 
amino acids in reconstructed diets (based on food habits) 
appeared to be low, especially for the sulfur-containing amino 
acids (methionine + cystine) in summer. 

Key Words: Sylvilagus jloriaknus, amino acids, brush manage- 
ment, diet quality, habitat quality, herbicides, prescribed burning 

Advances in the study of nutritional ecology of hares and 
jackrabbits have provided strong evidence that food availability 
and diet quality are primary factors regulating population abun- 
dance (Keith 1987, Sinclair et al. 1982). Availability of quality 
forage has been linked to alterations in the onset of breeding and 
fecundity in snowshoe hares (Lepus americanus) (Keith 1983, 
Vaughan and Keith 1981) and white-tailed jackrabbits (L. 
townsendii) (Rogowitz 1992), and juvenile survival in several 
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Oklahoma State University, Oklahoma Department of Wildlife Conservation, and 
Wildlife Management Institute, cooperating). Approved for publication by the 
director, Oklahoma Agricultural Experiment Station. 
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lagomorphs (Gibb 1977, Keith 1983, Pease et al. 1979). Although 
much of it is indirect, current evidence suggests that cottontail 
rabbit (Sylvilagus floridanus) populations also respond to chang- 
ing nutritional conditions in their habitat. This is supported by 
observations that food habits (Turkowski 1975), home range size 
(Anderson and Pelton 1976, Janes 1959, Trent and Rongstad 
1974), foraging effort (Allen 1984, Anderson and Pelton 1976, 
Chapman et al. 1982, Janes 1959, Trent and Rongstad 1974), 
breeding success (Bothma and Teer 1977, Chapman et al. 1977, 
Chapman et al. 1982, Pelton and Provost 1972, Trethewey and 
Verts 1971), and population density (King et al. 1991, Lochmiller 
et al. 1991) vary among habitat types. Despite these many obser- 
vations, our understanding of the proximate nutritional factors 
regulating these life history events remains elusive for this lago- 
morph. 

White (1978) proposed that protein, composed of amino acids, 
was the most limiting nutrient category for many wild herbivore 
populations. Dietary protein supplies amino acids that rabbits 
cannot synthesize (termed “essential”); therefore, the ability of 
dietary protein to supply a proper balance of these essential 
amino acids will largely determine the nutritional quality of that 
protein (Oser 1959). Assessments of protein quality in diets of 
several waterfowl (Krapu and Swanson 1975, Sedinger 1984, 
Thomas and Prevett 1980), upland gamebird (Peoples et al. 1994, 
Steen et al. 1988), songbird (Murphy and Pearcy 1993), and pri- 
mate (Oftedal 1991) species suggest that essential amino acids 
may be seasonally deficient relative to physiological require- 
ments for many wild herbivores. Diets of cottontail rabbits are 
characteristically high in monocots and low in digestibility and 
total nitrogen, indicating that essential amino acid limitations 
may frequently be encountered in the wild. As a result, Chapman 
et al. (1982) suggested that sulfur-containing amino acids may be 
important nutrients limiting cottontail populations. 

Our previous research studies on the impact to wildlife of using 
combinations of herbicides and fire to control woody vegetation 
encroachment onto prairie sites in the Cross Timbers showed that 
such brush management practices resulted in the following: 1) 
improved nutritional quality of selected herbaceous and woody 
plant species (Bogle et al. 1989, Soper et al. 1993) 2) increased 
primary production of woody (Stritzke et al. 1991) and understo- 
ry vegetation (Engle et al. 1991) 3) increased rabbit densities 
(Lochmiller et al. 1991), and 4) improved body condition of rab- 
bits (Lochmiller et al. 1995). These observations led us to 
hypothesize that forages in early growth stages and diets from 
disturbed (brush management) habitats would provide higher lev- 
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els of essential amino acids (higher protein quality) and more 
closely meet requirements of cottontail rabbits for growth and 
lactation than forages in late growth stages and diets from undis- 
turbed habitats. We elucidated seasonal changes in the essential 
amino acid composition of forage proteins consumed by cotton- 
tail rabbits from temperate, upland hardwood forests-tallgrass 
prairie habitat in central Oklahoma. Temporal changes in protein 
quality due to plant maturity were monitored for preferred for- 
ages consumed by cottontail rabbits, and food habit analyses 
were used to reconstruct diets to provide an overall estimate of 
essential amino acid concentrations in seasonal diets of rabbits in 
this study. 

Methods 

Study Area 
We examined changes in protein quality of forages in the diet 

of cottontail rabbits from 2 disparate habitat types, located 
approximately 11 km southwest of Stillwater, Oklahoma (36”2’ to 
36”4’ N, 97”9’ to 97”ll’ W). Disturbed and undisturbed study 
areas were arranged in a randomized complete block design with 
2 fenced 32.4-ha (0.42 X 0.83 km) replications of each habitat 
type. The study area encompassed land originally composed of 
upland forest with interspersed tallgrass prairie (Ewing et al. 
1984). The Cross Timbers vegetation type accounts for nearly 5 
million ha of rangeland in Oklahoma, Kansas, and Texas. 
Undisturbed upland forest habitats were dominated by Quercus 
marilandica Muenchh., Q. stellata Wang., and Juniperus virgini- 
ana L. in the overstory, and Comus drummondii Meyer, Celtis 
spp., and Symphoricarpos orbiculatus Moench. in the woody 
understory. Herbaceous ground cover was dominated by 
Schizachyrium scoparius Michx., Sorghastrum nutans (L.) Nash, 
P. oligosanthes Schultes, and Ambrosia psilostachya DC. 
Vegetation on tallgrass prairies was dominated by S. scoparius 
followed by S. nutans, and Andropogon gerardii Vitman. 

Disturbed habitats were maintained in an early seral communi- 
ty by removal of woody overstory vegetation with the herbicide 
Triclopyr (Dow Chemical Co., Midland, Mich.) applied aerially 
at 2.2 kg ha-’ in June 1983 and by burning in the springs of 1985, 
1986, 1987, and 1990. Disturbed habitats were dominated by 
Ulmus americana L. and J. virginiana in the overstory, S. orbicu- 
latus in the woody understory, and P. oligosanthes, Conyza 
canadensis (L.) Cronq., and a mix of annual forbs in the herba- 
ceous ground layer (Engle et al. 1991, Stritzke et al. 1991). 
Annual production of grass, forbs, and browse on undisturbed 
habitats was 2%, l%, and 20%, respectively, of that on disturbed 
habitats. Densities of cottontails were greater on disturbed than 
undisturbed habitat types (Lochmiller et al. 1991). All habitats 
were seasonally grazed by yearling cattle from early spring to 
early to mid-fall. 

Data Collection 
Key forages (arbitrarily determined to be all identifiable food 

items in the diet) in summer (July 1990) and winter (January 
1991) diets of cottontail rabbits were identified through microhis- 
tological analysis of stomach digesta (Davitt and Nelson 1980). A 
total of 10 digesta samples was obtained seasonally from stom- 
achs of animals harvested from each of the 2 habitat replications 
(5 animals per replicate). Cottontail rabbits were collected (shot- 

gun) at a distance of >75 m from boundary fences to minimize 
the chance that individuals were inhabiting both habitat types. 
Previous mark-recapture studies indicated that cottontail rabbit 
movement between habitat types was negligible (Lochmiller et al. 
1991). Digesta samples were individually dried to constant 
weight by lyophilization, ground to pass through a 20-mesh 
screen, and mixed and cornposited by habitat replicate (0.5 g 
stomach digests/rabbit/habitat replication). Cornposited digesta 
samples were used to identify key forages in the diet. Composites 
were bleached, soaked for 1 week in lactophenol blue, and rinsed 
with water. Six representative subsamples from each composite 
were mounted on microscope slides. All slides were permanently 
fixed in glycerin gel, covered with a cover slip, and sealed with 
fingernail polish. 

Botanical composition of each cornposited digesta sample was 
determined by (1) randomly locating 25 microscope fields on 
each of 6 microscope slides, (2) identifying the center-most plant 
fragment in each field at 100x by comparing with plant reference 
slides, and (3) counting the number of square microns of cover- 
age for each fragment (McMurry et al. 1993). Relative percent 
composition of each plant species in the diet was calculated by 
summing the total number of square microns of coverage per 
plant species and dividing by the total number of square microns 
counted per digesta composite. 

Key forages identified in 1990-1991 digesta samples were 
hand-collected a year later from each habitat replication during 
early (early-June or late-December) and late (mid-August or mid- 
March) growth stages within each season (summer and winter, 
respectively). Early and late growth stages did not necessarily 
represent immature and mature phenological stages of plants, but 
merely represented the phenological stage available at the begin- 
ning and end of a season (summer, winter). Herbaceous vegeta- 
tion was clipped to ground level; bark and leaves of woody mate- 
rial were collected at a height (< 30 cm) accessible to cottontail 
rabbits. Juniper berries were collected from the ground because 
these were generally the only ones available to cottontail rabbits. 
Forage samples were comprised of a minimum of 15 plants per 
species collected randomly from each habitat replicate. 
Herbaceous forages collected during summer and winter were 
actively growing (green) when collected. Collected forages were 
sorted to remove dead material and foreign debris, frozen, 
lyophilized to constant mass, and ground through a 20-mesh 
screen. Lipids were extracted from ground forage by using a 
Soxhlet apparatus and diethyl ether as a solvent (Williams 1984). 

Protein quality was assessed by measuring concentrations of 
individual essential amino acids in forage samples following fat 
extraction and acid hydrolysis in 6 N HCl at 110°C for 24 hours. 
Hydrolysates were precolumn derivatized with phenylisothiocy- 
nate and separated on a PICO-TAG reverse-phase column as pre- 
viously described by Peoples et al. (1994). Derivatized amino 
acids were detected spectrophotometrically and measured by 
comparing peak area of the sample against that of a standard 
solution of known concentration. Concentrations of 17 individual 
amino acids (11 of which are thought to be essential to cottontail 
rabbits) were determined in derivatized samples. Concentrations 
obtained for methionine and cystine were combined as were 
phenylalanine and tyrosine, because cystine and tyrosine spare 
their respective amino acid nutritionally (Lebas 1988). 
Tryptophan was not measured due to destruction by acid hydroly- 
sis (Gehrke et al. 1985, Sat-war et al. 1983). A casein reference 
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protein (from bovine milk, no. C-0376, Sigma Chemical Co., St. 
Louis, MO.) of known amino acid composition was hydrolyzed 
and analyzed with forage samples for determination of amino acid 
recovery efficiency. Sulfur-containing amino acid loss during acid 
hydrolysis averaged 25%; therefore, methionine + cystine concen- 
trations recovered were adjusted upward 25%. Amino acid con- 
centrations were recorded on a dry mass basis (mg g-’ dry mass). 

Nonextracted forage samples were analyzed for nitrogen (N) 
content with a Labconco Rapid Kjeldahl System (Labconco 
Corp., Kansas City, MO.) (Williams 1984). Nonprotein N concen- 
trations in forages were a measure of the difference between 
amino acid N (chromatography) and the total N (Kjeldahl analy- 
sis) pools. Nonprotein N was assumed to be all N not incorporat- 
ed into one of the amino acids recovered and was made up of a 
diverse group of compounds (Holt and Sosulski 1981, Maynard 
et al. 1979, Oka and Sasaoka 1985, Singh and Jambunathan 
1981). Unlike other measures of nonprotein N (Holt and Sosulski 
198 l), we did not include free amino acids (those amino acids not 
bound in protein) that were recovered during analysis. 

Data Analyses 
Differences in nutrient concentrations (including amino acids) 

of key forages between early and late growth stages were tested 
by one-way analysis of variance (PROC ANOVA; SAS 1988) by 
season. Differences in nutrient concentrations within a season 
between habitat types were examined by one-way ANOVA for 
those forages occurring in diets of rabbits from both disturbed 
and undisturbed areas. A few species occurring in small amounts 
in the diet were difficult to locate on our study areas during sam- 
ple collections; in these cases, samples from both early and late 
collections were composited by equal mass into 1 sample for 
nutrient analyses. Season and habitat type differences in overall 
quality of proteins in diets were evaluated qualitatively by com- 
paring calculated biological value estimates and extent of essen- 
tial amino acid deficiencies. All differences discussed are signifi- 
cant at the P < 0.05 level unless otherwise noted. 

Results 

Diet Quality Diet Selection 
Protein quality of seasonal diets was reconstructed from food 

habits data. Concentrations of each essential amino acid in the 
diet from each habitat type was calculated as the sum of the prod- 
ucts of the relative contribution of each identified forage item in 
the diet and its corresponding seasonal average (early, late) con- 
centrations of different amino acids. Seventy-five percent of the 
diets contained between 2% and 19% unidentified plant material 
that could not be specifically factored into profiles of diet quality, 
therefore, diet profiles were calculated with identified forages 
equalling 100% of the diet. 

Cottontail rabbit diets were dominated by P. oligosanthes, 
Croton spp., and Sporobolus asper (Michx.) Kunth in summer 
and P. oligosanthes, Bromus spp., and Antennaria spp. in winter 
(Table 1). Monocots comprised approximately 65% of the identi- 
fied forages in diets in summer and 72% in winter. Monocots 

Table 1. Diet composition (%) of cottontail rabbits (SyMugusj7ori&~u~) 
from disturbed and undisturbed upland hardwood forest-tallgrass 
prairie habitats during summer and winter. 

Published nutrient requirements for maintenance, growth, and 
reproduction do not exist for the cottontail rabbit, but are avail- 
able for domestic rabbits. Undoubtedly, nutrient requirements 
(amino acids) are not completely comparable for these two 
species. However, due to the similarity in muscle amino acid 
composition (the primary use of amino acids) and estimated total 
N requirements of the 2 species, it is possible to suggest those 
essential amino acids which might be limiting in seasonal diets of 
cottontail rabbits (Smith 1980, Zinn and Owens 1993). 
Consequently, we compared estimated dietary levels of amino 
acids of wild cottontail rabbits to amino acid requirements pub- 
lished for the domestic rabbit to derive a general idea of the nutri- 
tional adequacy of seasonal diets for cottontail rabbits. 

The overall quality of a protein in the diet depends on how well 
it meets essential amino acid requirements of the individual ani- 
mal. Many empirical techniques have been developed to evaluate 
the quality or biological value of dietary proteins based upon 
their essential amino acid composition. We modified the chemi- 
cal score technique (Mitchell and Block 1946) to compare the 
most limiting essential amino acid in each diet against growth 
requirements instead of against whole egg protein. Chemical 
scores have been demonstrated to have an inverse relationship 
with the biological value of a protein source (Mitchell and Block 
1946). Biological value of dietary protein was determined by 

Swcies 

Summer Winter 
Disturbed Undisturbed Disturbed Undisturbed 

habitat habitat habitat habitat 
Monocots -------(%)-...... ------(%)-~---- 

Andropogon gerardii 3.2 0 0 0 
Sporobolus asper 16.0 3.7 0 0 
Panicam oligosanthes 34.1 30.6 25.7 38.5 
Paspalum setaceum 5.3 0 0 0 
Sorghastlum nutans 0 7.0 0 0 
Poa spp. 0 0 2.0 1.7 
Bromus spp. 0 0 30.3 7.2 
Carex spp. 0 0 5.1 16.8 

Dicots 
Cocculus carolinas 
Croton spp. 
Plantago spp. 
Antennaria spp. 

6.8 0 0 0 
21.7 19.5 0 0 
0 4.8 0 0 
0 0 11.8 15.2 

W&Y 
Junipenrs virginiana 

berry 
leaf 
bark 
Rhus copallina bark 

unknowns 12.9 

0 
0 
0 
0 

34.4 

5.1 
1.2 
0 

0.3 
18.5 

14.0 
0.9 
2.2 
1.0 
2.5 

using a modification of the techniques described by Oser (1959). 
Briefly, we frst calculated an essential amino acid index by com- 
paring the concentrations of essential amino acids in each dietary 
protein to rabbit growth requirements, instead of their respective 
amounts in a reference protein. 

made up 67% of the diet in disturbed habitats and 63% in undis- 
turbed habitats in summer and in higher quantities Erom disturbed 
(78%) than undisturbed (66%) habitats in winter. Dicots (forbs) 
and woody browse (leaf, bark, berries) collectively comprised 
32% of the annual diet. Woody plants were not found in summer 
diets of rabbits but contributed approximately 13% to winter 
diets. Dicots contributed a larger portion to diets consumed by 
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Fig. 1. Total N and essential amino acid contents (% dry mass) of 
Andropogon gerurdii from disturbed and Sporobolus asper and 

Fig. 2. Essential amino acid contents (% dry mass) of Poa spp., 

Sorghastrum nutuns from undisturbed upland hardwood forest- 
Antennuria spp., and Curex spp. from undisturbed upland hard- 

tallgrass prairie habitats by growth stage (early, late) in summer. 
wood forest-tallgrass prairie habitats by growth stage (early, late) 

Also shown is histidine content of Panicum oligosanthes from 
in winter. Lysine contents for Antennario spp. are average values 

undisturbed habitats by growth stage in summer. All constituents 
for samples collected from both disturbed and undisturbed habi- 
tats, as levels of this essential amino acid varied by growth s&age 

shown varied significantly (P < 0.05) between early and late on both habitat types. All constituents shown varied significantly 
growth stage. (P < 0.05) between early and late growth stage. 

remained largely unchanged within a season (Figs. 1 and 2, Table 
2). No ubiquitous trends in nutrient composition of plant species 
were evident from our comparisons between early and late 
growth stages (overall means in Table 2). In general, alterations 
occurred more frequently on undisturbed than disturbed habitats. 
With summer maturity, concentrations of total N decreased in S. 
nuruns (32% decline) and S. asper (23% decline) on undisturbed 
habitats and A. gerardii (27% decline) on disturbed habitats (Fig. 

cottontail rabbits during summer (35%) than winter (15% of 
diet). Forages in diets from disturbed and undisturbed habitats 
differed to a greater degree in summer than in winter (5 of 8 for- 
age species differed between diets in summer compared to 1 of 9 
forage species differing between diets in winter). 

Differences in concentrations of either total N, nonprotein N, or 
fat between early and late growth stages were observed in only 7 
of 17 forages collected, indicating gross nutritional conditions 

JOURNAL OF RANGE MANAGEMENT 50(5), September 1997 453 



Table 2. Content (mean f SE) of fat, total N (x 6.259, and nonprotein N in 
selected forages in summer and winter diets of cottontail rabbits 
(Sylvilagus floridanus) from upland hardwood forest-tallgrass prairie 
habitat. 

Forage n Fat Total N Nonprotein N 

Summer 
Andropogon gerardii’ 
Cocculus carolinus’ 
Croton spp. 
Sporobolus asper 
Panicum oligosanthes 
Paspalum setaceum’ 
Sorghastrum nutan. 
Plantago qq2. 

Winter 
Poa spp. 
Bromus spp. 
Panicum oligosanthes 
Antennaria spp 
Carex spp. 
Juniperus virginiana 

hny’ 
leaf) 
bark’.’ 

Rhw copallina 
bark3 

(% DW) (% DW) (% of total N) 
2.4 f 0.17 4.9 f 0.45* 37.2 f 4.71 
2.1 f 0.23 9.1 * 0.83 40.7 f 0.20 
3.8 i 0.01 9.1 f 0.49 27.5 f 3.22 
1.9 f 0.14 4.5 f 0.33a 35.5 f 1.75 
4.5 f 0.25 6.8 f 0.35 31.4 f 2.82a 
2.2 f 0.16 6.1 i 0.50 44.7 zt 1.06 
2.6 f 0.28 4.9 i 0.56 27.0 zt 0.23 
3.6 f 0.45 7.7 f 1.40 31.4*0.47 

8 3.4 f 0.80 18.6 zt 1.58 25.4 i 3.05 
8 3.4 it 0.24 19.3 i 1.24 23.3 i 2.17 
8 2.2 i 0.22a 17.5 f 1.01 34.1 i 1.67* 
8 2.4 f 0.34 10.6 i 0.67 32.3 f 3.72a 
8 2.0 + 0.09a 14.8 i 1.01 28.2 f 2.79 

14.8 f 1.25 5.9 f 0.34 40.1 f. 4.26 
10.0 f 0.60 7.9io.11 33.4 f 2.22 
10.6 f 0.75 4.7 f 1.05 48.0 i 3.88 

8.8 f 0.59 4.8 kO.13 29.9 f 2.43 

kollected from disturbed habitat only. 
zCollected from undisturbed habitat only. 
%arly and late growth stages were cornposited prior to analysis. 
*Differed (P < 0.05) between collection periods on disturbed habitat. 
“Differed (P < 0.05) between collection periods on undisturbed habitat. 

1). Nonprotein N concentrations in P. oligosanthes from undis- 
turbed habitats increased 36% with summer maturity, but levels 
declined 19% on disturbed habitats in winter. Concentrations of 
nonprotein N declined 24% in Antennaria spp. from undisturbed 
habitats in winter. Fat content of Carex spp. declined 13% but 
increased 73% in P. oligosanthes with maturity during winter on 
undisturbed habitats. 

During summer, most of the forages eaten by rabbits showed 
phenological changes in only 2 2 essential ammo acids, except S. 
nutuns which varied considerably in composition (overall means 
in Table 3). Essential amino acid concentrations in S. nutuns from 
undisturbed habitats declined an average of 48% with maturity 
(Fig. 1). Changes in summer occurred most frequently for histi- 
dine concentrations (4 of 8 species). Andropogon gerurdii from 
disturbed habitats declined proportionately more in methionine + 
cystine (55%) and histidine (31%) contents than in total N con- 
tent (Fig. 1). On undisturbed habitats histidine concentrations 
were observed to decline 42% in S. asper and 33% in P. 
oligosanthes during summer. Phenological changes in essential 
amino acid concentrations were not observed during summer for 
Cocculus carolinus (L.) DC., Croton spp., and Paspalum 
setaceum Michx. Of all essential amino acids in forages exam- 
ined during summer, methionine + cystine, and to some degree 
histidine, were consistently present in the least quantity. 

Concentrations of essential amino acids tended to remain stable 
or increase with forage maturity during winter as opposed to 
changes during summer (Table 4). Arginine (60% increase) and 
threonine (70% increase) concentrations increased in Poa spp. 
with increasing maturity on undisturbed habitats (Fig. 2). 
Histidine and lysine increased 124% and 62% in Antennaria spp., 
and 119% and 74%, respectively, in Carex spp. with increasing 
maturity on undisturbed habitats during winter. Antennaria spp. 
on disturbed habitats had increases of 75% for arginine and 95% 
for lysine during the winter growing season. No differences in 
concentrations of essential amino acids were observed during 
winter for woody plant forages. 

For the 10 forages occurring in diets of rabbits from both dis- 
turbed and undisturbed habitats, only 3 showed differences 
between habitats. During summer, arginine and phenylalanine + 
tyrosine contents in S. asper averaged 60% and 49% greater in 
undisturbed than disturbed habitats. Content of phenylalanine + 
tyrosine in Curex spp. was 46% greater, and content of histidine 

Table 3. Content (% dry mass) of amino acids in selected forages consumed by cottontail rabbits (Sylvilagus floridanus) in summer. Values represent 
mean f SE content for plant samples collected during early and late growth stages from 2 disturbed and 2 undisturbed upland hardwood forest-tall- 
grass prairie habitats. 

Andropogon c0ccu1us Croton Sporobolus Panicum Paspalam Sorghastrum Plantago 
gerardii carolinus’ SPP. asper oligosanthes setaceum’ nutan.? spp.2,3 

Amino acid (n = 4) (n = 4) (n = 8) (n = 8) (n = 8) (n = 4) (n = 4) (n = 2) 

mntial amino acid --~~~~~~~~~.~~~~~.~~~~~~~~~~~~~~~~-~~~~~----(%)-.~~~~~~~~~~~~~~~~~~~~~~~~~~~-~-~-~-~~~~~~~~ 

Histidine 0.04 f O.OlP 0.12 + 0.02 0.11 f 0.01 0.04 f 0.01* 0.07 + 0.01* 0.05 + 0.01 0.05 + 0.01* 0.11 io.03 
Arginine 0.21 f 0.03 0.38 i 0.04 0.49 * 0.04 0.19 f 0.02” 0.31 * 0.03 0.23 * 0.02 0.23 f 0.05* 0.32 rt 0.07 
Threonine 0.14*0.01 0.22 + 0.02 0.31 f 0.03 0.14 f 0.02 0.23 i 0.02 0.14 + 0.03 0.18 + 0.02* 0.29 f 0.05 
Valine 0.28 f 0.04 0.44 f 0.03 0.54 f 0.05 0.26 f 0.02 0.39 f 0.03 0.29 + 0.03 0.32 + 0.06* 0.31 + 0.03 
Methionine + cystine 0.04 f O.OlP 0.04 f 0.01 0.05 f 0.01 0.03 f 0.01 0.05 f 0.01 0.04 f 0.01 0.04 * 0.01 0.06 + 0.03 
Isoleucine 0.21 f 0.03 0.38 i 0.03 0.47 f 0.04 0.20 f 0.02 0.31 f 0.03 0.22 + 0.03 0.25 f 0.05* 0.24 + 0.02 
Leucine 0.38 i 0.06 0.62 i 0.04 0.76 i 0.08 0.34 f 0.03 0.52 zt 0.04 0.39 f 0.05 0.43 i 0.08* 0.57 i 0.08 
Phenylalauine + tyrosine 0.34 f 0.06 0.63 i 0.05 0.72 f 0.08 0.28 i 0.03’” 0.47 It 0.04 0.35 i 0.05 0.35 + 0.07* 0.73 f 0.14 
Lysine 0.28 f 0.03 0.55 f 0.05 0.61 zt 0.07 0.25 i 0.02 0.41 f 0.03 0.33 f 0.02 0.33 f 0.04* 0.53 f 0.08 

Non-essential amino acid 
Aspartic acid 0.38 ct 0.05 0.67 LII 0.09 0.75 i 0.07 0.37 f 0.04a 0.56 i 0.04 0.40 f 0.04 0.44 f 0.07* 0.58 + 0.16 
Glutamic acid 0.47 f 0.06 0.72 f 0.06 1.01 f 0.09 0.44 * 0.04 0.75 f 0.07 0.51 + 0.05 0.56 f O.lO* 0.72 + 0.16 
Setine 0.09 It 0.03 0.14 + 0.03 0.27 zt 0.03 0.10*0.02 0.21 f 0.02 0.07 * 0.04 0.16 + 0.02 0.29 f 0.10 
Glycine 0.24 i 0.04 0.38 f 0.03 0.47 f 0.04 0.22 f 0.02 0.35 f 0.03 0.26 + 0.03 0.27 f 0.05* 0.32 i 0.05 
Alanine 0.30 f 0.04 0.42 i 0.02 0.52 e 0.05 0.29 zt 0.02a 0.43 f 0.03 0.32 + 0.03 0.34 f 0.05* 0.41 f 0.06 
Proline 0.23 f 0.03 0.40 f 0.02 0.42 zt 0.04 0.21 + 0.02a 0.34 + 0.03 0.26 + 0.02 0.24 + 0.04* 0.49 f 0.03 
’ Collected from disturbed habitat only. 
2Collected from undisturbed habitat only. 
3 Early and late growth stages were cornposited prior to analysis. 
* Differed (P < 0.05) between collection periods on undisturbed habitat. 
%iiered (P < 0.05) between disturbed and undisturbed habitat types. 
bffered (P < 0.05) between collection Periods on disturbed habitat 
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Table 4. Content (40 dry mass) of amino acids in selected forages consumed by cottontail rabbits (Sylvilagus jliwidknus) in winter. Values represent 
mean f SE content of plant samples collected during early and late growth stages from 2 disturbed and 2 undisturbed upland bardwood forest-tall- 
grass prairie habitats. 

Amino acid 

POCl 
SPP. 

(n = 8) 

Bromus 
SPP. 

(n = 8) 

Rhus 
Panicum Antemaria C0re.X copallina Junitwm viwiniana 

oIigosanthes SPP. SPP- bark” Bell-y’ Leaf’ Barki 
(n = 8) (n = 8) (n = 8) (n = 4) (n = 4) (n = 4) (n = 4) 

ssenhal ammo actd ______--_- 

HktidiIle 0.18 -to.02 
Argioine 1.04*0.10* 
Threonine 0.76 f 0.07* 
Valiue l.O6*0.09 
Methionine + 

cystine 0.30 f 0.02 
Isoleuciue 0.84 f 0.07 
Leuciue 1.48eO.13 
Phenylalanine + 

tyrosine 1.71 f 0.16 
Lysine 1.25 f 0.11 

Nonessential 
ammo acid 

Aspartic acid 1.56 i 0.14 
Gl&mic acid 2.08 f 0.24 
Serine 0.66 f 0.09 
Glycine 0.87 zt 0.08 
Alanine 1.19*0.11 
Proline 0.87 i 0.08 

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

0.23 f 0.030L 0.18 * 0.02 0.12 i 0.02* 0.161tO.O2* 0.04iO.01 0.04 f 0.01 0.07 f 0.01 0.03 f 0.01 
1.11 *O.lO 0.73 f 0.08 0.46 f 0.03 0.76 f 0.06 0.22 f 0.02 0.37 f 0.03 0.40 f 0.02 0.13 f 0.05 
0.83 zt 0.08 0.64 f 0.03 0.44 f 0.05 0.62 i 0.05 0.15 f 0.01 0.16 i 0.02 0.29 f 0.01 0.15 * 0.06 
1.11 ztO.08 0.73 i 0.04 0.52 i 0.06 0.71 f 0.07 0.24 f 0.01 0.20 f 0.03 0.37 f 0.02 0.17 io.06 

0.34 f 0.03 0.24 ct 0.01 0.10 i 0.01 0.20 i 0.01 0.01 f 0.01 0.02 f 0.01 0.02 f 0.01 0.03 * 0.02 
0.85 i 0.05 0.56 f 0.03 0.40 f 0.05 0.59 f 0.06 0.15 f 0.01 0.15 f 0.02 0.31 f 0.01 0.11 *to.04 
1.58 *0.12 1.12*0.06 0.79 f 0.09 1.13 f 0.09 0.26 i 0.01 0.30 f 0.03 0.58 f 0.02 0.27 i 0.06 

1.76i0.14 1.14iO.08 0.81 i 0.09 1.17 ~~0.11” 0.34*0.02 0.37 * 0.03 0.62 f 0.02 0.29 zt 0.06 
1.31 io.13 1.10*0.08 0.70 i O.O9*8 1.03 i 0.08* 0.42 zt 0.03 0.26 f 0.03 0.59 f 0.04 0.24 f 0.03 

1.79 i0.18 1.71 f 0.11 0.88 f 0.10* 1.42 i 0.14 0.28 ti.01 0.38 zt 0.02 0.52 i 0.03 0.16*0.06 
2.16iO.20 2.13 f 0.13 1.20 f 0.14* 1.64*0.11 0.42 f 0.03 0.63 i 0.04 0.7 1 * 0.03 0.30 f 0.12 
0.77 f 0.09 0.69 zt 0.02 0.48 f O&i* 0.57 f 0.04 0.19 f 0.01 0.26 f 0.02 0.28 zt 0.03 0.28 i 0.10 
0.99 f 0.07 0.73 f 0.02 0.50 f 0.05 0.68 f 0.05 0.16 i 0.01 0.23 i 0.02 0.33 f 0.02 0.18ztO.06 
1.24kO.11 0.94 f 0.05 0.56 f 0.05 0.85 f 0.06 0.19 f 0.01 0.23 i 0.02 0.41 f 0.02 0.25 f 0.07 
0.94 i 0.08 0.75 f 0.04 0.50 f 0.04* 0.66 f 0.05 0.30 f 0.01 0.26 f. 0.02 0.36 i 0.01 0.20 + 0.05 

’ Early and late growth stages were cornposited prior to analysis. 
’ Collected from undisturbed habitat only. 
* Differed (p < 0.05) behveen collection periods on undisturbed habitat. 
aDiffered (p < 0.05) behveen disturbed and undisturbed habitat types. 
BDiffered (p < 0.05) between collection periods on disturbed habitat 

in Bromus spp. was 59% greater on disturbed than undisturbed 
habitats in winter (Table 4). Habitat disturbance had no influence 
on concentrations of total N, nonprotein N, and fat in any forage. 

Diet Composition and Quality 
Diets of cottontail rabbits from both disturbed and undisturbed 

habitats appeared to be limiting in some essential amino acids 
when compared to growth and lactation requirements published 
for domestic rabbits (Table 5). No essential amino acid met esti- 
mated requirements in summer, regardless of habitat type. 
Compared to growth and lactation requirements, apparent 
methionine + cystine deficiencies were as high as 92% in summer 
and 70% in winter, making sulfur-containing amino acids the 
most limiting group of amino acids in cottontail rabbit diets. 
Methionine + cystine deficiencies were suggested in both dis- 
turbed and undisturbed habitats during summer. In winter, plants 
in disturbed habitats appeared to provide 10% more of the dietary 
requirement for sulfur-containing amino acids than those in 
undisturbed habitats. 

Similar to individual forages, estimated nonprotein N content 
of cottontail rabbit diets was high, averaging 31% of the total N 
pool as determined by Kjeldahl analysis (Table 5). Calculated 
biological value of dietary proteins (based on essential amino 
acid composition) was 29% higher on undisturbed than disturbed 
habitats in summer. However, both calculated biological value 
and chemical score reflected extremely poor quality protein 
sources in the diets of rabbits from both habitats in summer. Diets 
of rabbits from disturbed habitats had biological values 43% 
higher than those from undisturbed habitats in winter. Biological 
value of winter diets was 163% higher than summer diets. 

Discussion 

Histidine appeared to be the second most limiting amino acid, 
with dietary limitations for growth estimated at 33% and 77% in 
disturbed habitats and 53% and 70% in undisturbed habitats in 
winter and summer, respectively. Levels of all essential amino 
acids (except methionine + cystine) in the diet of rabbits from 
disturbed habitats were lower compared to those from undis- 
turbed habitats in summer. Total N levels were 13% lower while 
essential amino acid contents averaged 16% lower on disturbed 
than undisturbed habitats in summer. The reverse was true for 
winter diets; diets of cottontails from disturbed habitats contained 
23% more total N and averaged 36% higher levels of essential 
ammo acids than those from undisturbed habitats. 

Diets of cottontail rabbits were dominated by grasses in both 
summer and winter, with variable amounts of forbs, browse, and 
cedar berries. Botanical composition resembled previously 
reported diets for this species in other locations (Korschgen 
1980). Use of browse and cedar berries by cottontail rabbits in 
winter suggested an inadequacy of herbaceous vegetation in 
meeting winter dietary requirements; browse and berries are gen- 
erally eaten during periods of food stress and high energy 
demands (Korschgen 1980). The seasonal dietary shift from sum- 
mer to winter was characterized by replacement of warm-season 
grasses with cool-season grasses in winter. 

Within seasons, forage quality did not change appreciably, 
indicating that plants matured by early summer or remained in a 
dormant, immature state throughout winter. This suggested that 
diet quality of rabbits in upland hardwood forest-tallgrass prairie 
remains largely unchanged over much of the summer and winter. 
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Table 5. Estimated nutritional quality (8 dry mass) of reconstructed 
diets consumed by cottontail rabbits (Sylvihgus floridanus) from 
upland hardwood forest-tallgrass prairie habitats, as influenced by 
habitat disturbance and season. 

Summer Winter 
Undisturbed Disturbed Undisturbed Disturbed Reauirements’ 

habitat habitat habitat habitat Growth Lactation 
_--  - - - - - - - - - - - - - - - - - (%)---- - - - - - - - - - - - - - . -  

Total N (x 6.25) 7.58 6.60 13.41 16.48 16.00 18.00 
Nonprotein N 

(76 total N) 28.93 34.45 34.68 27.80 0 0 
Fat 4.05 3.32 4.35 3.81 2 2 
Histidine 0.09 0.07 0.14 0.20 0.30 0.43 
Arginine 0.38 0.29 0.61 0.83 0.60 0.80 
Threonine 0.25 0.22 0.50 0.69 0.60 0.70 
Valine 0.41 0.36 0.60 0.83 0.70 0.85 
Methionine + 

cystine 0.05 0.05 0.18 0.24 0.60 0.60 
Isoleucine 0.38 0.30 0.46 0.63 0.60 0.70 
Leucine 0.62 0.50 0.91 1.24 1.10 1.25 
Phenylalauine + 

tyrosine 0.58 0.46 0.94 1.29 1.10 1.40 
Lysine 0.49 0.41 0.83 1.10 0.65 0.90 
EAAP 43 36 74 102 - - 
CBV’ 36 28 69 99 loo loo 
ccs* 92 92 70 60 0 0 

‘Requirements are based on the assumption that a high quality diet is fed (National 
Research Council 1977; Institute National de la Recherche Agmnomique 19&t). 
bEAAI= “,pm (Oser 1959); superscripts refer to dietary 

protein (p) and growth requirement (s); and n = 9 (histidine, &nine, threonine, valise, 
leucine, isoleucine, lysine, methionine + cyst&, and phenylalanine + tyrosine were 
included in all computations). 
‘Computed biological value = 1.09 @AAl) - 11 .J (Oser 1959). 
d Computed chemical score = the percent deficient of the most limiting essential amino 
acid for meeting growth requirements. 

More frequent and dramatic temporal changes in diet quality may 
be associated with seasons (spring and fall) when many plants are 
actively growing or producing seed. 

Summer diets dominated by warm-season grasses can present 
nutritional problems because grasses generally contain less high 
quality protein than forbs and decline in quality more rapidly 
with maturity than other forage classes (Bailey 1969, Bogle et al. 
1989). Young cottontails show a distinct preference for higher 
quality forbs compared to grasses (Bailey and Siglin 1966). 
Bogle et al. (1989) found that digestibility remained high in forbs 
but not in grasses throughout summer. Nutritionally, rabbits are 
able to efficiently utilize protein in fibrous forages (Crampton 
and Forshaw 1940, Miller et al. 1954, National Research Council 
1977, Schurg et al. 1977, Voris et al. 1940), but growth and sur- 
vival are impaired when total nitrogen and digestibility are both 
low (Bailey 1969). Considering nutritional needs for growth and 
high preference for forbs, Chapman et al. (1982) postulated that 
an abundant source of amino acids, particularly sulfur-containing 
amino acids, is critical to juvenile survival. Although Bailey 
(1969) reported that cottontail survival on diets of warm-season 
grasses was poor, cool-season grasses in our study contained 
much higher quality proteins and were probably adequate for 
meeting maintenance requirements of adults in winter. The lower 
quality of proteins in mature summer forages compared to imma- 
ture winter forages was the probable result of a dilutional effect 
from accumulated cell wall material such as lignin, cellulose, and 
hemicellulose (Lindroth et al. 1986). 

Nonprotein N in many plants is a result of the plant storing N in 
the form of toxic metabolites for protection against herbivory; 

this N is redistributed as amino acids when required for growth 
(Mooney et al. 1983). Phenological changes in nonprotein N con- 
centrations were not apparent in 14 of 17 forages we examined. 
Exceptions included P. oligosanthes from undisturbed sites in 
summer, which increased nonprotein N concentrations with 
maturity, and P. oligosanthes from disturbed sites and Antennaria 
spp. from undisturbed sites in winter, which showed decreased 
content of nonprotein N with maturity. Decreases in the nonpro- 
tein N component in P. oligosanthes and Antennaria spp. corre- 
sponded with increases in the content of certain amino acids, 
especially lysine, supporting the suggestion of Mooney et al. 
(1983) that some forages may store N for later plant growth. 
Although rabbits are coprophagous, they are not similar to rumi- 
nants and cannot efficiently utilize nonprotein N in forages 
(Lebas 1988). 

Another important nutritional consideration in the overall quali- 
ty of proteins for growth and reproduction is diet digestibility. 
Snyder et al. (1976) estimated that cottontail rabbits require 
1.92% digestible N (protein = 12%) for growth. All forages in the 
summer diet of rabbits had both total N levels well below this 
level. In contrast, winter cool-season grasses contained total N 
levels at or above the growth requirement before correcting for 
digestibility. Digestibility of commonly fed forages in commer- 
cial rabbit operations average 64% (National Research Council 
1977). Dry matter digestibility of forages used by cottontails is 
extremely variable among seasons and species (grasses 31X50%, 
legumes 61-89%, wild forbs 60-84%; Bailey 1969), but is typi- 
cally lowest in summer. Digestibility considerations indicate that 
summer forages and corresponding reconstructed diets were 
extremely deficient in all essential amino acids for all life 
processes. Although there is a paucity of digestibility information 
for winter forages used by rabbits, winter forages and diets were 
probably adequate with respect to most essential ammo acids for 
maintenance and growth on disturbed habitats; exceptions includ- 
ed histidine and the sulfur-containing amino acids. Winter diets 
of rabbits from undisturbed habitats probably provided most 
essential ammo acids for adult maintenance. Essential amino acid 
requirements for adult maintenance in the rabbit (cottontail or 
domestic rabbit) have not been published, but N requirements 
(corrected for protein digestibility) are 25% lower than those for 
growth (National Research Council 1977). 

If ammo acid requirements for domestic rabbits are an accurate 
representation of requirements for the cottontail rabbit, a para- 
doxical dilemma arises concerning how animals can reproduce 
and develop on natural forages of low biological value. Bailey 
(1969) clearly demonstrated the inability of young cottontails to 
survive on grass-dominated diets, especially in summer. Sinclair 
et al. (1982) proposed 3 alternative responses an individual may 
make to low diet quality: (1) maintain a constant rate of food 
intake by including more low quality forage; (2) increase the 
quantity eaten to compensate for the low quality of forage; or (3) 
selectively eat only high quality plants or plant parts, and 
decrease overall quantity eaten. The second option is widely 
thought to be a universal optimal foraging strategy of animals. 
However, a review of the literature on consumption rates in hares 
and rabbits suggests that intake of cottontail rabbits declines with 
declining protein quality of diets (Adamson and Fisher 1971, 
Bookhout 1965, Cheeke 1971, Gaman et al. 1970, McWard et al. 
1967, Sinclair et al. 1982). Snowshoe hares studied by Sinclair et 
al. (1982) showed no consistent decline in rate of intake as total 
nitrogen levels declined, but no animal studied increased intake 
with declining total nitrogen content. 
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Cottontail rabbits may adopt the first alternative above and 
maintain a constant consumption rate with seasonal declines in 
diet quality, and limit reproduction to seasons when adequate 
essential amino acid resources become available, as suggested by 
Ecke (1955). Reproductive status of adult rabbits harvested on 
our study area indicated that 41% of females (73 of 177) and 28% 
of males (40 of 144) were not reproductively active during July. 
Cottontail rabbits may compensate for periods of dietary protein 
deficiencies by storing protein in the form of muscle mass during 
periods of good nutrition and catabolizing protein reserves for 
critical amino acids during periods of nutritional stress. The evi- 
dence in support of such a strategy is limited; however, cottontail 
rabbit nutritional indices are known to peak one season prior to a 
period of nutritional stress (Chapman et al. 1977). Low mainte- 
nance requirements of adults permit them to endure periods of 
nutritional stress better than young, as indicated by greater juve- 
nile mortality in lagomorphs when diet availability or quality is 
low (Gibb 1977). Under the first and third foraging strategies of 
Sinclair et al. (1982). the nutritional status of cottontail rabbits 
could be expected to decline, leading to reductions in physical 
condition and reproductive activity. The existence of chronic 
nutritional deficiencies on our study site was suggested by 
observed reductions in population densities in recent years 
(Lochmiller et al. 1991). 

It remains likely that cottontail rabbits have the ability to forage 
more selectively than we could simulate via hand-collected 
plants, although, not to the extent necessary to compensate all 
essential amino acid deficiencies observed. Even though we exer- 
cised care in collecting and sorting (removal of dead stems and 
leaves) each forage sample for analysis, rabbits are thought to be 
efficient in selecting particularly nutritious plant parts (Chapman 
et al. 1982, Allen 1984). A second technical problem was that 
forages were hand-collected the year after they were identified as 
important food items in the diet. Diets consumed by cottontail 
rabbits probably change from year to year in response to avail- 
ability and quality of vegetation (Chapman et al. 1982). Even with 
some technical error in sampling, it remains clear, given the mag- 
nitude of the differences in observed diet levels and published 
requirements for domestic rabbits, that certain essential amino 
acid limitations do exist in winter and summer forages from both 
disturbed and undisturbed habitats. Our data support the proposi- 
tion of Chapman et al. (1982) that availability of sulfur-containing 
amino acids may be a critical determinant of juvenile survival and 
reinforces the need to consider the importance of protein quality in 
studies of nutritional factors regulating the dynamics of rabbit 
populations. The actual dietary requirements for growth and repro- 
duction should now be determined for the first and second most- 
limiting amino acids identified in this study to substantiate the 
comparability of domestic and cottontail rabbits. 
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Abstract 

The black-tailed prairie dog (Cynomys ludovicianus) is 1 of 5 
western prairie dog species, and the only species found on the 
Great Plains. Some authorities believe the black-tailed prairie 
dog may have been the most numerous of mammalian herbivores 
found on the plains-with some estimates placing their historic 
numbers as high as 5 billion. Due to a combination of factors 
including habitat destruction, hunting, plague, and poisoning 
programs, the black-tailed prairie dog may now be threatened 
with extinction across its entire range. In this paper, a tentative 
prairie dog conservation strategy consisting of core reserves, 
buffer areas, and corridors is proposed. 

Key Words: Great Plains, rangeland policy, extinction, prairie 
dog conservation strategy 

We tend to think of extinction as affecting only species that are 
numerically rare, with narrow habitat preferences, or limited dis- 
tribution. Yet, the black-tailed prairie dog (Cynomys 
ludoviciunus), a species that once numbered in the “billions” of 
individuals, and ranged from Mexico to Canada, may be heading 
toward extinction. Due to human-caused factors, black-tailed 
prairie dog populations are now highly fragmented, and isolated 
(Miller et al. 1994). Most colonies are small and subject to poten- 
tial extirpation due to inbreeding, population fluctuations, and 
other problems that affect long term population viability 
(Primack 1993, Meffe and Carroll 1994, Noss and Cooperrider 
1994). An additional threat is posed by sylvatic plague (Cully 
1989) which, combined with other human-caused mortality, may 
hasten the extirpation of the rodent from the Great Plains. Since 
the turn of the century, it is estimated that prairie dog numbers 
have been reduced by 98-99% of their former numbers across the 
West (Miller et al. 1994). Furthermore, the loss of the prairie dog, 
a keystone species, may accelerate the extinction of a host of 
other dependent species (Reading et al. 1989, Miller et al. 1994, 
Knowles and Knowles 1994). Even if small populations of black- 
tailed prairie dogs manage to persist, their ecological-evolution- 
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ary influence on grassland ecosystems is now greatly diminished. 
Although a number of studies document the ecological influence 
of prairie dogs upon grassland ecosystems (Coppock et al. 1983a, 
1983b, Hansen and Gold 1977, Koford 1958, Krueger 1986, 
O’Meilia et al. 1982, Whicker and Detling 1988, Reading et al. 
1989, Knowles and Knowles 1994), it is difficult to quantify how 
much the present decline in prairie dog numbers has negatively 
affected Great Plains ecosystem function in terms of nutrient 
cycling, and plant community structure. Given their past num- 
bers, prairie dogs must have been an ecological disturbance factor 
at least equal to that attributed to wildfire and bison. 

Noss and Cooperrider (1994) suggest that preventing “biological 
impoverishment” is the goal of biological diversity preservation. 
They define biodiversity as the variety of life and its processes. 
Biodiversity includes the variety of living organisms, the genetic 
differences among them, the communities and ecosystems in 
which they occur, and the ecological and evolutionary processes 
that keep them functioning, yet ever changing and adapting. 
Preservation of biodiversity emphasizes native species over 
exotics, and preservation of biodiversity is more than preserving 
some representative individuals of a species (Noss and 
Cooperrider 1994). Species must be protected in such numbers so 
as to ensure they can function and participate in maintaining evo- 
lutionary and ecological processes. By this definition of biodiver- 
sity, black-tailed prairie dog ecosystems are already endangered, 
and if current trends are not reversed, the potential even exists for 
the extinction of the species altogether. Clearly, then, the dimin- 
ishment of the rodent’s influence upon the Great Plains landscape 
is contributing to the biological impoverishment of these grassland 
ecosystems. To ensure the continuing ecological influence of 
prairie dogs upon grassland ecosystems, and long-term viability of 
black-tailed prairie dog populations and associated species, I pro- 
pose the establishment of a prairie dog reserve system network 
consisting of cores, buffers, and linkage corridors. 

Basic Ecology and Description 

The black-tailed prairie dog is a burrowing rodent that feeds 
primarily on grasses. It is 1 of 5 prairie dog species in North 
America. The 4 other species include the Mexican prairie dog 
(Cynomys mexicanus), white-tailed prairie dog (Cynomys leucu- 
rus), Gunnison’s prairie dog (Cynomys gunnisoni), and Utah 
prairie dog (Cynomys pan&fens). Of the 5, the black-tailed 
prairie dog is the only one found on the short and mid-grass 
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plains east of the Rockies. Black-tail prairie dogs avoid areas 
with tall grass, heavy sagebrush, and other thick vegetative cover 
which interfere with detection of predators (Krueger 1986, Clark 
and Stromberg 1987). Historically, the species ranged from the 
southern Alberta and Saskatchewan in Canada south through the 
plains states to northern Mexico (Clark and Stromberg 1987). 

Black-tailed prairie dogs live in family groups, protecting indi- 
vidual group territories within a larger colony matrix. Although 
most prairie dogs are somewhat colonial, black-tailed prairie dogs 
form the largest colonies, and achieve the highest densities of the 
5 species (Knowles and Knowles 1994). 

Burrows are the key to prairie dog survival. They provide pro- 
tection from weather, predators, and a den for young. Most social 
interactions center on burrows. Burrows tend to be regularly 
spaced within a colony (Knowles 1982). Prairie dog burrows are 
also an extremely valuable resource for other species including 
swift fox (Vulpes v&x), black-footed ferret (Musrelu nigripes), 
burrowing owl (Athene cunicularia), among others, providing 
shelter from weather and protection from predators. Indeed, the 
occurrence of prairie dog burrows may be a key element for the 
survival of many other species (Knowles and Knowles 1994). 

Historical Accounts 

Early historical records suggest black-tailed prairie dogs may 
have been the most abundant mammals in North America at the 
time of first Euro-American explorations of the West. In 1805, 
while skirting the Missouri River near its confluence with the 
Marias River, Meriwether Lewis, crossed a town of “barking 
squirrels” or prairie dogs more than 7 miles wide. The expedition 
leaders described prairie dog numbers encountered along their 
journey as “infinite” (Coues 1893). Messiter (1890), traveling 
through northern Montana, recorded a prairie dog colony he esti- 
mated to be 3&40 miles long. One colony in the Texas panhan- 
dle reported by Vernon Bailey of the U.S. Biological Survey was 
an estimated 250 miles long by 100 miles wide, and may have 
been home to more than 400 million prairie dogs (Davis 1974). 
Merriam calculated that prairie dogs occupied some 700 million 
acres of the West in the late 1800’s (Cully 1989). Seton (1929) 
judged that the combined North American population of all 
prairie dogs exceeded 5 billion individuals. As late as 1900, 100 
million acres were occupied by prairie dogs (Knowles and 
Knowles 1994). 

Whether all of these estimates are accurate is not important. 
Almost no one disputes that prairie dogs were once extremely 
common, and found throughout the plains. And today, in many 
parts of the West you can survey hundreds of miles of potential 
prairie dog habitat, and never see a single individual. 

Relationships to Other Herbivores 

Prairie dogs are considered “pests” by some agricultural inter- 
ests. They qualify as “varmints” in nearly all states where they are 
found, and most states provide no legal protection. Thus far, 2 of 
the 5 prairie dog species have achieved some protection under the 
Endangered Species Act, but only after they had approached the 
brink of extinction. 

Ever since Merriam (1902) estimated that prairie dogs reduced 
range productivity X&75%, there has been a perception among 

livestock producers that prairie dogs compete with domestic live- 
stock for forage (Clark 1989). Areas in and around prairie dog 
colonies often look “overgrazed” with an abundance of bare soil, 
little litter, and a carpet of short, heavily cropped vegetation. 
Long term occupancy on a site by prairie dogs can shift vegeta- 
tive communities from dominance by climax perennial grasses to 
early serial stages characterized by forbs and annuals. This con- 
tributes to the impression among livestock operators that prairie 
dogs degrade rangelands (Knowles and Knowles 1994). 

Ironically, heavy grazing by livestock, as well as some facets of 
livestock production, can lead to an expansion in prairie dog 
numbers (Knowles 1985, Knowles 1986a). The shorter grasses 
and bare dirt that result from heavy grazing favors prairie dog 
colony enlargement by removing tall vegetation which otherwise 
limits the rodent’s ability to see predators (Coppock et al. 1983a, 
1983b). 

However, even where prairie dog numbers do increase, they 
may not pose a threat to livestock production as presumed. 
Continual cropping by prairie dogs, particularly on recently colo- 
nized sites, tends to maintain high forage quality, and produces 
plants with greater palatability than non-prairie dog sites 
(Krueger 1986, Whicker and Detling 1988). Such sites are attrac- 
tive to cattle as well as a host of other grazing species such as 
bison (Bison) elk (Cervus e&&us), and antelope (Antilocupra 
americana) (Coppock et al. 1983a, 1983b, Knowles 1986a, 
Krueger 1986). 

Whether or not prairie dogs are actually competitors with 
domestic animals, there is overlap in diet. Under normal circum- 
stances, prairie dogs consume 18-37% of the vegetation in the 
immediate vicinity of their colonies (Hansen and Gold 1977, 
O’Meilia et al. 1982, Knowles 1986a), although there are a few 
cases where herbivory can reach 80% vegetation loss by the end 
of the summer (Knowles and Knowles 1994). In extreme cases, 
cattle herbivory, combined with cropping of plants by prairie 
dogs, can remove a substantial portion of the vegetation on small 
vegetation patches, achieving a utilization level of 90% by the 
end of a growing season (Knowles 1986a). Other studies have 
shown that forage consumption of 300 prairie dogs equal that of 1 
cow and calf (Miller et al. 1994). Hansen and Gold (1977) con- 
cluded prairie dogs within a short grass ecosystem may depress 
habitat suitability for cattle grazing. Although there may be less 
forage left on a prairie dog town, the higher nutritional level typi- 
cally results in no net loss of weight or decline in weight gains 
among livestock utilizing such areas (O’Meilia et al. 1982). 

In a review of prairie dog literature, Knowles and Knowles 
(1994) could find no documented evidence that prairie dogs com- 
pete with domestic livestock under densities typically encoun- 
tered on the Great Plains (~10% of the area occupied), and they 
conclude that competition in rangeland situations would be 
minor. 

Whatever forage competition may exist between prairie dogs 
and domestic livestock must be balanced against the fact that the 
plains once supported an untold number of bison, antelope, elk, 
deer (Odocoileus sp.), and bighorn sheep (Ovis cunudensis sp.), 
not to mention other smaller herbivores, in spite of, or perhaps 
because of, the presence of billions of prairie dogs. 

Prior to their eradication from the plains, there appears to have 
been a mutually beneficial relationship between bison and prairie 
dogs, and to a lesser degree, antelope (Krueger 1986), and elk 
(Knowles 1986a). Bison tend to forage on the edges of active 
prairie dog towns (Krueger 1986) where they focus grazing on 
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the succulent, nutritious growth found there (Coppock et al. 
1983b), while antelope selected the centers of dog towns 
(Krueger 1986), thus spatially dividing up forage resources. The 
grazing of coarse tall grasses by bison on the fringes of colonies 
increased prairie dog habitat and aided dispersal (Coppock et al. 
1983b). There is even evidence that suggests the decline of bison 
brought about a reduction and even extirpation of some prairie 
dog colonies in tall grass locations (Osbom and Allan 1949). 
However, on short-grass plains, prairie dogs persist even in the 
absence of cattle or bison. 

Trampling and grazing of taller vegetation by livestock can aid 
dispersal and expansion of prairie dog colonies (Knowles 1985, 
Knowles 1986a). Livestock are not, however, an ecological ana- 
logue for bison under most conditions. Bison utilize the land- 
scape in profoundly different w,ays than cattle. Bison move more 
frequently (Norland 1984). and are less likely to spend time in 
riparian areas (Van Vuren 1984). Bison originally ranged in huge 
herds over vast areas, thus distributing grazing pressure different- 
ly than continuous, confined grazers can. Bison tend to utilize dry 
uplands-the preferred habitat of prairie dogs-more than cattle, 
and wander further from water supplies (Plumb and Dodd 1993, 
Peden et al. 1974, Lott 1991). Hence, bison may create more 
prairie dog habitat than water-dependent cattle in the prairie dog’s 
preferred short-grass environment as well as aid in creation of 
dispersal corridors. A shifting mosaic of disturbed habitat patches 
created by the interaction of periodic wildfires, often combined 
with intense localized grazing by bison and prairie dogs most 
likely existed in the pre-settlement era (Coppock and Detling 
1986) that is not emulated by most current livestock grazing sys- 
tems. 

Factors Responsible for Prairie Dog Decline 

There are 3 major factors implicated in prairie dog decline 
across their range: rodent poisoning programs, habitat loss, and 
sylvatic plague. In many areas, all 3 work synergistically to place 
prairie dog populations at risk. 

Control Programs 
The widespread perception among livestock operators that 

prairie dogs compete with domestic animals for forage has led to 
control programs throughout their range for nearly a century. The 
primary control mechanism is poisoning, however, there is evi- 
dence to suggest such control programs are not cost-effective 
(Collins et al. 1984). 

In the past the favored control method was the use of grain 
soaked in strychnine. Between .1903 and 1912, strychnine soaked 
grain reduced Colorado’s prairie dog population by an estimated 
91% (Clark 1989). But that was just the beginning of extermina- 
tion efforts. Clark (1989) recounts that ranchers in Colorado dis- 
tributed enough poison between 1912 and 1923 to kill an addi- 
tional 31 million prairie dogs. More than 400,ooO ha of prairie 
dog colonies were poisoned in eastern Wyoming between 1915 
and 1927 (Clark 1989). 

The favored poison of today i.s zinc phosphide. After treatment 
with zinc phosphide, a 95% reduction in active prairie dog bur- 
rows was achieved in one South Dakota study (Apa et al. 1990) 

and in Montana Knowles (1986b) reported an 85% reduction in 
prairie dog numbers after poison treatment. 

In some states such as Nebraska and Kansas, landowners are 
forced to carry out control efforts or suffer fines. Poisoning is 
usually carried out under supervision of Animal Damage Control 
(Animal Damage Control Program 1990). Control is pursued on 
both private lands as well as federal holdings. Prairie dog extirpa- 
tion efforts are not confined to multiple use BLM and Forest 
Service lands. Poisoning is also common on Indian reservations, 
wildlife refuges, and in some national parks. For example, 
between 1980 and 1984 some 185,600 ha of prairie dog towns on 
the Pine Ridge Indian Reservation in South Dakota were poi- 
soned (Hansen 1988). Poisoning programs are also an on-going 
effort in national park units such as Wind Cave, Devil’s Tower, 
and others (NPS personal comm. 1994). Prairie dogs were poi- 
soned in Badlands National Park until 1993-the year prior to the 
recent reintroduction of the black-footed ferret (Wilkinson 1994). 

Habitat Losses 
The plowing of millions of acres of the plains for wheat and 

other grain production has also destroyed prairie dog colonies 
(Knowles and Knowles 1994). For example, in Montana approxi- 
mately 18 million acres, much of it former grassland, is reported 
as cropland (Montana Ag. Statistics 1992). Similar habitat losses 
have occurred in other Great Plains states as a consequence of 
farming. 

Sylvatic Plague 
A third factor contributing to population decline has been syl- 

vatic plague (Yersinia pestis). Fleas carry the bacterial disease 
and spread it through prairie dog colonies. Deer mice, among 
other species, are suspected to be the maintenance host for the 
disease (Cully 1989). 

The disease was first documented in the United States in 1899 
(Cully 1989). Prairie dogs are highly susceptible to the plague 
(Lechleitner et al. 1968). Even isolated colonies can suffer sub- 
stantial declines as a consequence of plague (Zeveloff and Collett 
1988, Clark 1989, Cully 1989). There appears to be little or no 
immunity to the disease among prairie dogs and mortality is near- 
ly 100% (Knowles and Knowles 1994). 

Consequences of Population Fragmentation and 
Potential Extinction 

Not only is the long term viability of black-tailed prairie dog in 
jeopardy, but due to the close dependency of a host of other 
species, the demise of the prairie dog could bring about the 
reduction or even extinction of many associated species 
(Knowles and Knowles 1994, Biodiversity Legal Foundation 
1994, Miller et al. 1994). 

Many other species are dependent upon prairie dogs and their 
burrow systems for habitat (Clark et al. 1982). Clark (1989) 
reports that more than 163 vertebrate wildlife species depend on, 
or are found in close association with prairie dog colonies. No 
one has yet attempted to determine how many invertebrate 
species also depend upon prairie dog ecosystems, although 1 
study concluded that harvester ants appeared to be slightly 
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favored by the presence of prairie dogs (O’Meilia et al. 1982). 
Grasslands ecosystems with prairie dogs had higher numbers of 
small mammals, more terrestrial predators, higher avian species 
diversity, and higher avian density than found on grasslands with- 
out (Hansen and Gold 1977, O’Meilia et al. 1982, Reading et al. 
1989, Miller et al. 1994). Thus the documented extirpation and/or 
decline of prairie dog populations across the West has resulted in 
a significant biological impoverishment and loss in the biological 
diversity of grasslands ecosystems. 

Of even greater concern, is the mounting evidence that prairie 
dogs are a “keystone species”. Their decline and potential extinc- 
tion may cause secondary extinctions among other species whose 
existence hinges on maintaining viable prairie dog populations 
throughout its range (Knowles and Knowles 1994, Miller et al. 
1994). 

Among the most endangered of prairie dog dependent species 
is the black-footed ferret (Mustela nigripes), classified as an 
endangered species and 1 of the rarest mammals in the world. 
Today fewer than 400 ferrets remain. To give an indication of 
how severe the decline in ferrets has been, Clark (1989) estimates 
that given the population densities found in relict wild popula- 
tions in the early 1980’s, as many as 1 million ferrets may have 
lived on the plains at the turn of the century. 

The ferret is intricately tied to prairie dogs. Prairie dogs make 
up 90% of the ferret’s diet (Knowles and Knowles 1994). Equally 
important for black-footed ferret survival are the availability of 
prairie dog burrows as shelter from the weather and as escape 
cover. The ferret is totally dependent upon a high density of bur- 
rows for escape from other predators (Clark 1989). 

A similar decline has occurred in swift fox, once common on 
grasslands throughout the plains. The fox is now extinct in 
Montana, and rare in much of its former range (Knowles and 
Knowles 1991). Poisoning programs aimed at coyotes (Canis 
latruns), along with the conversion of native habitat to croplands, 
are likely the major factors originally responsible for the foxes’ 
decline (Knowles and Knowles 1991), but the loss of prairie dogs 
has had ecological consequences for the fox as well. Foxes con- 
sume prairie dogs, and rely upon the abundance of burrows to 
hide from predators such as coyotes. In areas where prairie dogs 
or other burrowing animals are absent, reintroduced swift foxes 
have never successfully maintained themselves (Knowles and 
Knowles 1994). 

Burrowing owls also depend upon prairie dogs not only for 
food, but their burrows for shelter. Early travelers on the Great 
Plains continuously remarked about the abundance and close 
association between these small owls and prairie dog colonies. 
Owl numbers have declined significantly throughout the region 
where prairie dogs have disappeared (Knowles and Knowles 
1994). 

Mountain plover (Charudrius montunus), currently a candidate 
for listing under the Endangered Species Act (ESA), relies upon 
prairie dogs for creation of the short grass nesting habitat 
(Knowles and Knowles 1994). Knowles and Knowles (1984) 
found that the continued existence of the mountain plover in 
Montana was dependent upon availability of native grasslands 
with areas of low growing vegetation such as that afforded by 
prairie dog towns. There also may be a relationship between the 
insects this bird consumes and dog colonies. Some scientists 
speculate that insect abundance is greater, or insects are more 
easily captured by mountain plover due to high visibility on 
prairie dog colonies (Olson 1985). 

The ferruginous hawk (Buteo regalis) is another ESA category 
2 candidate species linked to prairie dogs. The hawk specializes 
in hunting ground dwelling rodents including prairie dogs. The 
hawk sits next to a burrow waiting for an animal to emerge and 
then captures it (Knowles and Knowles 1994). 

Current Status of Prairie Dogs 

The most southerly species is the Mexican prairie dog 
(Cynomys mexicanus). It is distributed south of the border in 
Mexico. Little is known of its status. 

The Utah prairie dog (Cynomys parvidens), found only in 
southwest Utah, historically had the most restricted distribution. 
In 1920 there was an estimated population of 95,000 of this 
species. However by 1976 poisoning programs, along with dis- 
ease, had reduced them to only 3,500 individuals (Zeveloff and 
Collett 1988). 

Gunnison’s prairie dog (Cynomys gunnisoni), has a center of 
distribution located in the Four Comer’s region of New Mexico, 
Colorado, Utah and Arizona. Due to poisoning programs and 
plague, their numbers also have declined precipitously (Zeveloff 
and Collett 1988). 

The white-tailed prairie dog (Cynomys leucurus), is the largest 
of the prairie dogs. It sports a short, white-tipped tail that looks as 
if it were “dipped in paint.” The white-tailed prairie dog inhabited 
much of western Wyoming and adjacent portions of northeast 
Utah and northwest Colorado. A small part of its range also 
extended into southern Montana just south of Billings, Montana 
(Zeveloff and Collett 1988). 

Status of the Black-tailed Prairie Dog by State 

Arizona 
The black-tailed and Gunnison’s prairie dogs both inhabited 

Arizona. Historically, the black-tailed prairie dog ranged from the 
Sulphur Springs Valley to the Mexican border in the southeast 
comer of the state. Black-tailed were completely extirpated from 
the state by 1938. The Arizona Game and Fish has considered 
reintroduction of the species, but thus far has been stymied in its 
efforts by opposition from the livestock industry (Biodiversity 
Legal Foundation 1994). 

Colorado 
Colorado was one of the few western states to have 3 of the 5 

species of prairie dogs recorded within its borders. The white- 
tailed prairie dog was found in the northwest part of the state, 
Gunnison’s was distributed in the southwest comer, and black- 
tailed prairie dogs were found on the eastern plains (Zeveloff and 
Collett 1988, Clark 1989). 

According to Clark (1989) poisoning efforts were widespread 
and successful in Colorado. In 1903 an estimated 1.2 million ha 
of the state’s plains were inhabited by black-tailed prairie dogs. 
By 1912, the prairie dogs were reduced by 91%. There are no 
current state-wide population estimates, although it is thought 
that prairie dog numbers are significantly reduced from earlier 
estimates (Biodiversity Legal Foundation 1994). 

Colorado still allows recreational and competition shooting of 
prairie dogs, and provides directions to prairie dog towns 
(Biodiversity Legal Foundation 1994). Poisoning efforts continue 
in the state as well (Miller et al. 1994). 
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KaIlS3.S 
Prairie dogs once ranged across most of western Kansas. 

However their numbers have been severely reduced. Vanderhoof 
and Robe1 (1992) report: “Lantz (1903) estimated that prairie dog 
towns covered 1 million ha of Kansas in 1902 whereas 
Henderson and Little (1973) estimated that only 15,000 ha of 
prairie dog towns existed in Kansas in 1973. Despite this decline 
some Kansas counties still conduct mandatory control programs 
(Kansas Dept. Wildlife and Parks 1994). 

Montana 
In Montana the black-tailed prairie dog was once found 

throughout the high plains east of the Continental Divide. 
Populations have been significantly reduced throughout the state, 
although there are no current estimates of numbers. The largest 
prairie dog complex in the state lies north of the Missouri River 
on the Charles M. Russell National Wildlife Refuge, and adjacent 
BLM lands. However, the recent spread of plague throughout the 
state has led to documented declines in affected colonies 
(Knowles and Knowles 1994). 

Nebraska 
Prairie dogs once ranged across most of Nebraska and today 

are found in the western half. Prairie dogs are found in 60 of 
Nebraska’s 93 counties (Nebraska Game and Parks Commission 
1993). Conversion of lands to crops, as well as poisoning efforts, 
have drastically reduced their numbers. 

New Mexico 
Both the Gunnison and black-tailed prairie dog are found in 

New Mexico. The Gunnison is confined to the northwest comer, 
while the black-tailed was found across the eastern and southern 
portions of the state and was particularly numerous east of the 
Rio Grande River. In 1908, Vernon Bailey, working for the US 
Biological Survey traveled between Deming and Hachita, by way 
of the Animas and Playas valleys, and reported encountering 1 
continuous prairie dog town. Bailey estimated the town contained 
6.4 million animals (Findley 1987). In numerous trips through the 
region between 1955 and 1972, biologists working for the 
Museum of Southwestern Biology failed to record a single prairie 
dog (Findley 1987). 

The species is still found in northeastern New Mexico in small 
numbers, but has apparently been extirpated from southwestern 
New Mexico due to poison programs (Biodiversity Legal 
Foundation 1994). 

North Dakota 
Prairie dogs once were numerous across North Dakota. Control 

efforts began in the early 1900’s and have continued into the pre- 
sent. Bishop and Culbertson (1976) conducted a study of prairie 
dog town size in the western part of the state between 1933 and 
1972 using air photos and reported an 89% decline during this 
period. The largest prairie dog populations are centered on the 
Little Missouri National Grassland and adjacent parts of 
Theodore Roosevelt National Park. 

Oklahoma 
Prairie dogs once ranged throughout the western half of the 

state, although today most towns are in the panhandle region. 
Conversion of lands to crops, along with poisoning programs and 
plague, are the main threat to prairie dogs in the state (Oklahoma 
Dept. of Wildlife Conservation 1993). 

South Dakota 
Prairie dogs once occupied millions of hectares in South 

Dakota and currently occupy about 100,000 ha in the state (South 
Dakota Dept. of Game, Fish and Parks 1993). The largest 
colonies are found on the Buffalo Gap National Grassland and 
adjacent parts of Badlands National Park. Sizable colonies also 
exist on the Pine Ridge Indian Reservation. 

In South Dakota, prairie dogs are classified as a “pest” and if a 
colony expands onto adjoining lands, the owner of the spreading 
colony can be forced to poison the prairie dogs (Biodiversity 
Legal Foundation 1994). 

Texas 
Prairie dogs were found across the Trans Pecos, Edwards 

Plateau, and Panhandle regions of Texas. Vernon Bailey recorded 
a nearly continuous prairie dog town at the turn of the century 
that stretched for 100 miles by 250 miles that had an estimated 
400 million inhabitants (Davis 1974). In total, Bailey thought 
there might be 800 million of the rodents in Texas (Biodiversity 
Legal Foundation 1994). By 1975 approximately 2.2 million 
black-tailed prairie dogs were estimated to remain in Texas. 

Wyoming 
The original range of the black-tailed prairie dog in Wyoming 

encompassed most of the eastern portion of the state. Cheyenne is 
built on an old prairie dog colony (Clark and Stromberg 1987). 
According to the Bureau of Land Management, the black-tailed 
prairie dog still occurs throughout its historic range but in signiti- 
cantly reduced numbers (Biodiversity Legal Foundation 1994). 
Clark and Stromberg (1987) estimated that black-tailed prairie 
dogs had been reduced by 80% across their Wyoming range. The 
largest prairie dog colonies are found on the Thunder Basin 
National Grassland. The state of Wyoming manages the black- 
tailed prairie dog as a regulated non-game species. 

Protection Efforts 
Some biologists are speculating that without remedial action, 

the black-tailed prairie dog may be headed towards extinction 
(Miller et al. 1994). In late 1994, the Biodiversity Legal 
Foundation, and wildlife biologist Jon Sharp, filed a petition with 
the U.S. Fish and Wildlife Service to list the black-tailed prairie 
dog as a category 2 Candidate species under the Endangered 
Species Act (Biodiversity Legal Foundation 1994). The USFWS 
recently rejected the petition listing, however, the petitioners plan 
to challenge the finding in court (Per. corn. Biodiversity Legal 
Foundation 1996). 

The black-tailed soon may join the fate of the other 4 prairie 
dog species, which are already so reduced in numbers and distrib- 
ution that both the Mexican and the Utah prairie dogs are listed 
under the Endangered Species Act, and some biologists believe 
the white-tailed and Gunnison’s also qualify for listing 
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(Biodiversity Legal Fund 1994). Even if the species doesn’t dwin- 
dle to extinction, given their past influences upon grasslands 
ecosystems, it can be argued that the dramatic decline of black- 
tailed prairie dogs across their formal ranges has already led to 
biological impoverishment of the grassland ecosystem. 

Conservation Strategies 
Traditionally we have focused our wildlife conservation efforts 

on too small temporal and spatial scales. This wasn’t a problem 
when human influences on the ecosystem and wildlife numbers 
were minimal. However, human impacts now limit the number 
and size of prairie dogs populations. Many barriers prevent dis- 
persal. This, coupled with continued prairie dog control, has 
resulted in population fragmentation that now threatens black- 
tailed prairie dog viability across its historic range (Miller et al. 
1994). 

Small, isolated populations are more susceptible to a variety of 
extinction factors, including decreased genetic variability 
(Wilcove et al. 1986, Schonewald-Cox and Bayless 1986, Noss 
and Cooperrider 1994, Meffe and Carroll 1994). Small popula- 
tions, because of random variability in demographics are more 
likely to become extinct than larger populations (Meffe and 
Carroll 1994). The cumulative effects of all these variables 
increases the likelihood of extinction (Noss and Cooperrider 
1994). 

At present there is no coordinated effort to preserve prairie 
dogs. Indeed, most current public policy can be characterized as 
detrimental to the long-term viability of prairie dog ecosystems. 
An important immediate research need is the development of 
population viability analysis for prairie dogs, as well as depen- 
dent species like the black-footed ferret (Meffe and Carroll 
1994). Determination of a “minimum dynamic area” (Noss and 
Cooperrider 1994) defined as the smallest area which maintains 
internal recolonization sources, should be defined for colony 
complexes. 

It would be prudent to develop a system of biological reserves 
across the prairie dog’s historic range modeled after Noss and 
Cooperrider (1994). A reserve system of prairie dog colony com- 
plexes may reverse the downward decline of black-tailed prairie 
dog populations, avoiding ecological “train wrecks” in the future. 
Implementation of such a reserve system would be a pro-active 
response to the current threats to the species population viability, 
and may preclude future listing of the black-tailed prairie dog 
under the ESA. 

Core Reserves 
A conservation strategy for black-tailed prairie dog should 

include protected core reserves as described by Noss, (1992) con- 
sisting of several interconnected prairie dog colony complexes. 
Core reserves must be of sufficient size to maintain viable popula- 
tions of prairie dogs as ecologically and evolutionary functional 
units over a time frame of at least a hundred years (Meffe and 
Carroll, 1994.) Core areas should be maintained in their natural 
state with natural disturbance events permitted or mimicked 
through management (Noss and Cooperrider 1994). This will 
require core reserves large enough to maintain a minimum dynam- 
ic area of continuously shifting patches of disturbance associated 
with wildfire, heavy grazing by large herbivores like bison, prairie 
dog colony abandonment, expansion, and colonization. 

Size and density of colonies is critical. Large colony complexes 
should be encouraged. Research has demonstrated a direct corre- 
lation between species richness among associated vertebrate 
species and colony size. Regional colony density also influences 
the abundance of prairie dog associated species (Reading et al. 
1989). For example, more bird species were sighted on larger 
colonies than smaller ones, and among higher density colony 
complexes (Reading et al. 1989). 

Core reserves should be located within national parks, wildlife 
refuges, BLM lands, National Forest lands, National Grasslands, 
and other federal and state holdings. Coordination and coopera- 
tion between various agencies will be necessary. 

Given the reciprocal relationship between prairie dogs and larg- 
er native herbivores, reintroduction of associated ungulates like 
bison, elk, and antelope should be given serious consideration. 
By definition the absence of these important ecological processes 
and species from most grasslands equates to a loss in biodiversity 
(Noss and Cooperrider 1994). 

We should eliminate all poisoning programs or other human- 
caused sources of mortality until populations recover to viable 
levels for prairie dogs and dependent species. 

The needs of dependent species such as the black-footed ferret 
must be considered. Colony complexes large enough to maintain 
metapopulations of prairie dogs, may not be of sufficient size to 
maintain viable populations of predators like black-footed ferrets. 
Predators occur at much lower densities than herbivores like 
prairie dogs, and maintaining viable populations may require core 
areas much larger than all but a few remaining natural grassland 
ecosystems in the West. 

Buffer Areas 
Core areas should be surrounded by appropriately managed 

buffer zones (Noss and Cooperrider, 1994). Some human-activi- 
ties, such as limited livestock production, oil and gas develop- 
ment, and other human resource use may be permitted in buffer 
zones, but should be compatible with the long term viability of 
prairie dog populations and native biodiversity concerns. Under 
certain circumstances, grazing by livestock may be used as a tool 
to enhance prairie dog colony expansion (Knowles 1986b). 

Noss (1992) identified 4 major functions for buffer zones. 
1. Ameliorate physical and biotic edge effects. 
2. Protect core reserves from hunting, poisoning, and other 

harmful human activities that would otherwise be intense 
near reserve boundaries. 

3. Provide supplementary habitat to native species to increase 
population size and viability. 

4. Provide connectivity for movement among reserves. 
Even within buffer zones, prairie dog control efforts and other 

negative human intrusions should be limited. 

Connecting Linkages 
Corridors are designed to provide dispersal and movement 

between core areas. They may also provide critical habitat require- 
ments. Prairie dogs typically use trails, roadways, and other linear 
pathways for dispersal (Knowles 1985, Knowles 1986b). Ideally, 
some corridors will be maintained by native species such as bison 
whose trails historically facilitated movement between prairie dog 
colonies. However, roadways with mowed right-of-ways may also 
serve as functional dispersal corridors. 
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Table 1 Potentially suitable for black-tailed prairie dog core reserve 
complexes. 

A. 

B. 

C. 

D. 

E. 

F. 
G. 
H. 
I. 

J. 
K. 

L. 

Little Missouri National Grasslands and Theodore Roosevelt 
National Park, North Dakota. 
Buffalo Gap National Grassland, Badlands National Park, and Pine 
Ridge Indian Reservation, South Dakota. 
Wind Cave National Park, Custer State Park, Black Hills National 
Forest, South Dakota. 
Thunder Basin National Grasslands, Black Hills National Forest, 
and Devil’s Tower National Monument, Wyoming. 
Oglala National Grassland and Nebraska National Forest in 
Nebraska. 
Pawnee National Grassland, Colorado. 
Comanche National Grassland, Colorado. 
Cimarron National Grassland, Kansas. 
Kiowa National Grassland, Colorado and Rita Blanca National 
Grassland, Texas. 
Black Kettle National Grassland, Oklahoma. 
Charles M. Russell National Wildlife Refuge, adjacent BLM lands, 
and Fort Belnap Indian Reservation in central Montana. 
Ashland District of Custer National Forest, adjacent BLM lands, 
Crow Indian Reservation, and Northern Cheyenne Indian 
Reservation in Southeast Montana. M. Wichita Mountains National 
Wildlife Refuge, Oklahoma. Cooperation of individual Indian 
Tribes would he necessary on reservation lands. 

Major highways and interstates present a significant barrier to 
dispersal. At present, the amount of traffic on most of the region’s 
interstate highways may not hinder movement by rodents. 
Nevertheless, it is possible that the day will come when even the 
wide-open spaces of the plains will experience increased traffic. 
The placement of bridges over suitable natural habitat may permit 
continued movement, despite the barrier posed by highways as 
has been done in Florida to allow for movement of the Florida 
panther and other wildlife. However, in some areas it may be nec- 
essary to physically transport prairie dogs across such barriers to 
facilitate genetic exchange between metapopulations. 

While linkages between major prairie dog colonies is generally 
desirable, corridors can also facilitate the transfer of sylvatic 
plague from colony to colony. Thus, maintaining some physically 
isolated colonies within core reserves and buffer zones may be 
desirable. There is also value in maintaining some isolated popu- 
lations which may have genetic and evolutionary significance for 
the species (Noss and Cooperrider 1994). 

In order to create such a reserve network, all existing public 
and private lands should be inventoried for the existence of 
prairie dog colonies, and/or their potential ability to support 
viable prairie dog populations. Suitable buffer zones and corri- 
dors should be mapped and protected. Since concerns over the 
effect of prairie dogs upon private lands is a major driving force 
behind control programs, checkerboard ownership patterns of 
mixed public and private lands hinder conservation efforts. 
Acquisition of critical private holdings within or adjacent to large 
public land by trade or from willing sellers should be pursued. 

All of this will require a change in current prairie dog manage- 
ment including the elimination of most poisoning programs, a 
reduction in hunting, and protection of suitable habitat in core 
and buffer areas from further destruction by agriculture, highway 
construction, and other unsuitable development. 

There is evidence that some other rodent species have devel- 
oped resistance to plague (Cully 1989). It may be possible to has- 
ten the evolution of plague-immune prairie dogs through labora- 
tory intervention and captive breeding programs. Due to the rapid 
reproduction capacity of prairie dogs, the introduction of geneti- 
cally immune individuals into prairie dog populations would 
eventually confer a degree of resistance to this disease to prairie 
dog populations throughout the West. This, more than any other 
factor, might be key to protecting the long-term viability of 
prairie dog ecosystems in the West. 

Given the current status of the black-tailed prairie dog, failure 
to act will likely result in the extirpation of the species across 
most of its range, not to mention the extinction of numerous 
dependent species. A pro-active establishment of a reserve net- 
work can reverse this trend, and ultimately provide for the preser- 
vation of the Great Plains Ecosystem. 
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Abstract 

A new typology shows that the notion of rangeland carrying 
capacity has considerable ambiguity even under conditions of 
high environmental certainty. When those environmental condi- 
tions are highly uncertain, rangeland carrying capacity must be 
reconceived as a Hahn equilibrium in order to be useful for 
rangehmd development and management. A Hahn equilibrium is 
a state of affairs which does not cause decision-making agents to 
change the (meta-)theories which they hold or the (meta-)policies 
which they pursue in their decision malting. 

Key Words: carrying capacity, stocking rate, range management, 
uncertainty, Hahn equilibrium, knowledge generation 

At a time when the planet’s limited carrying capacity seems 
increasingly obvious, the rationale and measures of rangeland 
carrying capacity are increasingly criticized. 

Say the carrying capacity recommendation is 1 livestock unit 
(equivalent to 450-500 kilograms) per 10 hectares in a dry range 
area-a not uncommon recommendation. It has been a fairly easy 
matter to throw doubt on that sort of stocking rate recommenda- 
tion for some time (Roe and Fortmann 1982). First, dry areas may 
have key resources-such as localized swamps, marshes, and 
other spaces that enable a higher stock rate-so that the recom- 
mendation of 1 livestock unit per 10 hectares could never be a 
universal one, notwithstanding those countrywide maps stipulat- 
ing livestock stocking rates that suggest otherwise. Second, the 
negative relationship between carrying capacity and “bush 
encroachment” (the number of shrubs and bushes) assumed by all 
those range scorecards belies the fact that browsing of such 
species forms a substantial portion of the livestock diet in many 
dry areas. Thiid, cattle grazed on extensive range do not average 
between 450 and 500 kg-in fact, they may be half that size, if 
not smaller, in parts of the Third World. Fourth, the carrying 
capacity concept all too often makes little short-term economic 
sense for many herders, and it is such economics which drive so 
much of the herder’s stocking rate. Finally, the recent literature 
on rangeland disequilibrium models and state-and-transition 
models calls into question any specific measure of carrying 
capacity, whether the range is stocked or unstocked, managed or 
unmanaged (see also Scoones 1994). 
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Ideally, such objections can be taken into account for any indi- 
vidual carrying capacity estimate, by accepting that it has to be 
determined on a case-by-case basis in the field. Once you know 
the size of the grazing and browsing animals, and once you know 
the biomass production of the area, the pattern of livestock move- 
ments and watering, and so on, you can-so this argument 
goes-produce a site-specific carrying capacity estimate for the 
range area under consideration. Indeed, this is what is done in 
practice (Tore11 et al. 1991). 

The case-by-case estimation of carrying capacity seems all the 
more sensible in light of the apparent obviousness of the the car- 
rying capacity concept itself. Surely, there must be a finite limit 
to the population of any given area, indeed the planet as a whole, 
holding constant other factors such as technological change. 
Surely, you cannot pack livestock into a given rangeland, without 
at some point deteriorating that range demonstrably. Surely, bio- 
mass production is going down on rangelands precisely because 
carrying capacity has been exceeded for so long, even taking into 
account factors such as drought and climate change. 

Such appeals will not do. Even under environmental conditions 
of great certainty, the notion of carrying capacity would still be 
ambiguous and confused. Moreover, since environmental condi- 
tions are highly uncertain for the dry rangelands of the world, 
current understanding of carrying capacity turns out to be all the 
more questionable. There is no workable, practical equation for 
carrying capacity, nor could there ever be. Fortunately, however, 
there is an alternative formulation of carrying capacity, which is 
considerably more realistic-if not more useful-than even the 
case-by-case variety. 

Methods and Results 

Carrying Capacity Under Conditions of Certainty 
Fairly recent reviews of the notion of carrying capacity have 

concluded that it is very much a vague notion (e.g., Dhondt 
1988). As Dhondt puts it, carrying capacity “has lost a precise 
meaning” as a tenn and instead “has been used with so many dif- 
ferent meanings” that it is now irretrievably “a confusing con- 
cept.” That said, it is important to underscore that the confusion 
would remain even if the meanings were precise and few in num- 
ber. Assume in this section that the definition of carrying capacity 
as the maximum stocking rate possible without inducing damage 
to vegetation or related resources is clear and unambiguous. Ask 
yourself then, just what is this carrying capacity a case of? Of 
what is carrying capacity an instance? What kind of case are we 
analyzing when talking about “carrying capacity” in this way? 
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Charles Ragin (1992) has developed a 2-by-2 typology that and the environment in which the population lives. I feel there- 
addresses the question of “What is a case?“‘. The 2 dimensions fore that speaking of a [concept like] ‘carrying capacity of the 
are (1) whether the “cases” you are analyzing are taken to be environment’ should be avoided at all costs.” 
emuirical units in the real world or theoretical constructs that are (4) Cases as general theoretical constructs. Here, carrying 
a consequence of the theories you hold or analytic frameworks capacity is the result of the combined effort of range scientists, 
you use, and (2) whether these “cases,” in turn, are taken to be which shapes and constrains the way they undertake their science 
specific in that they were developed during the course of your and research. “Finally, in the fourth quadrant,” writes Ragin, 
analysis or general in that they were pre-existing categories exter- “researchers see cases as general theoretical constructs, but nev- 
nal to that analysis. Each of the resulting 4 types of cases can be ertheless view these constructions as the product of collective 
seen at work in our understanding of rangeland carrying capacity: scholarly work. .A researcher, for example, might conduct 

(1) Cases as soecific emoirical units. Here, carrying capacity is 
to be found “out there” in reality. “In the first quadrant,” accord- 
ing to Ragin, “researchers see cases [e.g., of rangeland carrying 
capacity] as empirically real and bounded, but specific. They 
must be identified and established as cases in the course of the 
research process” (Ragin 1992). Carrying capacity, according to 
Dhondt (1989), “is often used as if it were a property of the envi- 
ronment that can be measured” for any given specific habitat. 

(2) Cases as peneral empirical units. Here, carrying capacity is 
an already known, objective category used in the objective world. 
“In the second quadrant, researchers also view cases [of range- 
land carrying capacity] as empirically real and bounded, but feel 
no need to verify their existence or establish their empirical 
boundaries in the course of the research process. . .These 
researchers usually base their case designations on existing delin- 
itions present in the research literatures,” in Ragin’s words 
(1992). The assumption in many range management textbooks, 
for instance, is that carrying capacity exists, whether or not one 
has procedure for delineating it precisely in empirical terms. Such 
a position is taken up by Dasmann (1964), among many others. 
“In all habitats we find a limitation on the number of game ani- 
mals of any 1 species that can be maintained. This limitation is 

research on ‘industrial societies’ [or rangeland carrying capacity], 
recognizing that the assignment of empirical cases to this theoret- 
ical category is problematic and that the theoretical category itself 
exists primarily because of collective scholarly interest’ (Ragin 
1992). This type of carrying capacity is most visible when mem- 
bers of the range science community question it and propose 
instead a new paradigm, such as “state and transition models” or 
“ecosystem resilience,” or some other alternative theoretical con- 
struct. 

Several results follow from this four-fold typology. First and 
foremost, we should not be surprised-nor, for that matter, even 
bothered-by the fact that very different types of “carrying 
capacity” are at work when people seek to manage stocking rates 
through setting rangeland carrying capacity limits. No 1 of the 4 
“cases of carrying capacity” is a priori more useful than the oth- 
ers. More to the point, range managers and scientists cannot be 
expected to privilege just 1 type. There will always be textbooks, 
shifting paradigms, and interactive research processes-and 
unavoidably so. There is, in other words, no single true carrying 
capacity for any real system, because the real system in question 
is never just the range.3 

Thus, it is wrong to believe that one is advancing knowledge 
known as carrying capacity,” adding, though, that “it is best to simply by finding that, e.g., rangeland carrying capacity is more 
leave it [the notion of carrying capacity] to be used in a general complex in the field than in a textbook like that of Stoddart, et al. 
rather than in a specific sense” (see Scarnecchia 1990 for a simi- (1975). All you are doing is confusing different types of carrying 
lar parallel between general and specific cases).2 capacity. Nonetheless-and this is the crucial point-some con- 

(3) Cases as specific theoretical constructs. Here, what you fusion is inevitable, even under conditions of environmental cer- 
interpret as carrying capacity depends on the interaction of the tainty with precise and limited number of carrying capacity defin- 
theories you hold and the research process you undertake. itions, and it must be expected that range managers and scientists 
“Researchers in this quadrant see cases [of rangeland carrying will from time to time talk at cross-purposes around the same 
capacity] as specific theoretical constructs which coalesce in the table. These differing cases would remain even if resource man- 
course of the research. Neither empirical nor given, they are grad- agers and scientists did not entertain different theories. The prob- 
ually imposed on empirical evidence as they take shape in the lem is not that some experts subscribe to, e.g., range succession 
course of the research. . .Interaction between ideas and evidence theory and others to state-and-transition models. Even if everyone 
results in a progressive refinement of the case conceived as a the- subscribed to the same theory, the cases of rangeland carrying 
oretical construct” (Ragin 1992). This interactive refinement is at capacity would still differ as long as the experts did not agree on 
work in the recognition that the concept of carrying capacity how to balance empirics and theory and the general and specific 
makes sense only when actual carrying capacity estimates are in the understanding and management of carrying capacity. 
developed and worked through at specific sites. For example, in If carrying capacity is necessarily a constellation of different 
the view of Dhondt (1988), “if an equilibrium density [of ani- cases and conventions over just what carrying capacity is a case 
mals] is reached, its exact value for any particular population or instance of, then it should come as no surprise that managing 
depends on the interaction between the animals in the population carrying capacity is more likely to be effective when it legiti- 

mates these differing understandings rather than obscures, avoids, 

*Ragin is not the only one to focus on the questions, “What is this case of?“. Rosenau 
or forces us to choose among them. One such way to legitimate 

and Durfee (1995) recommend that “one must be predisposed to ask about every event, 
the co-existence of multiple cases of carrying capacity is to insist 

every situation, or every unobserved phenomenon, ‘Of what is it an instance?“’ For that the identification of rangeland carrying capacity is as much 
another application of Ragin’s typology, see Roe (1996). evolutionary as it is case-by-case: Range managers start with the 
%ven where the focus of estimation is on swcific carwina capacities, the estimates can 
be cast in general terms. In their textbook, &lechek et al. (19i9) define carrying capaci- 
ty as follows: “although actual stocking rates may vary considerably between years due 
to fluctuating forage conditions, grazing capacity is generally considered to be the aver- 
age number of animals that a particular range will sustain over time”. 

3 
Accordingly, a kind of systems thinking is required here, though its elements (text- 

books, paradigms, interactive research processes) are considerably more open-ended 
(i.e., looselyioupled and complexly interactive) than many systems thinkers would like. 
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expectation that the carrying capacity is out there waiting to be 
identified, realize once in the field that there are problems in 
delineating carrying capacity features, later acknowledge that 
such problems arise in part because what is out there depends 
crucially on how what “it” is they are looking for is defined in the 
first place, and then end up in better understanding that what 
works best in any particular situation is a function of tailoring 
theory and practice to meet the specific objectives agreed upon in 
the identification of rangeland carrying capacity, again case by 
case. 

In summation, even if carrying capacity were not vague and 
were easily definable and identifiable, there can never be 1 and 
only 1 definition and identification to be made. If carrying capac- 
ity is a moving target, it is always-repeat, always-moving sev- 
eral ways at once. 

Carrying Capacity Under Conditions of Uncertainty 
Unfortunately, environmental certainty with precise and few 

definitions is by no means guaranteed, thus problematizing the 
notion of carrying capacity even further. The above typology, for 
example, assumes that, even when cases of carrying capacity are 
multiple, advocates of each case are asking the right kinds of 
questions and getting the right kinds of answers for that case they 
call “carrying capacity”. Uncertainty, in contrast, means there are 
times when we do not know what the right questions or answers 
are, let alone the “case” being analyzed. To see how this affects 
our conception of rangeland carrying capacity, consider the fol- 
lowing thought experiment. 

Assume that 2 groups, i range experts and j laypersons, are 
each characterized by a unique question-asking and answering 
function, Qi and Qj, respectively, 

(Q-function)i = f(OB; atiQ1, a2iQ2, a3iQ3. ...siQ”> 
(Q-functidj = f(OA; aljQ1, a2jQ2, a3jQ3,...GjQn) 

where (OA, OB) are constants (more in a moment), Qr...Q, are 
the types of questions asked and answers given, and al..+, are the 
weights assigned to each type of question and answer in the Q- 
function. As specified, the presence or absence of different types 
of questions and answers, along with the different weights 
assigned to each, set the 2 groups apart from each other. For 
schematic purposes, this multidimensional situation is reduced to 
a two-dimensional space, with our 2 homogeneous Q-functions 
drawn as in Figure 1A.4 Assume that the only questions and 
answers which matter to i experts and j laypersons are those 
about a given range’s carrying capacity. 

Those familiar with supply and demand analysis will interpret 
Figure 1A as showing that, at Qe, i, and j are willing and able to 
ask OY questions and receive OX answers. This would be incor- 
rect. Q, represents 1 point that generates 6 associated values, not 
just the 2 of OY and OX. 

In this construction, i and j are each associated with 3 specific 
values at Qe, namely, a specific number of questions that are 
answered, a specific number of questions that go unanswered, 
and a specific number of answers given to questions never really 
asked or that have already been answered. At C& the j laypcrsons, 
in order that their AY questions about range carrying capacity are 
satisfactorily answered, are willing to accept OA questions to go 

%he assumption of linearity is not mandatory: the positive slopes indicate only the net- 
essay condition that the men-e questions asked the more answers expected. 

y ------ 
Questions 

Asked 

I I 
0 B X 

Questions Answered 

Fig. 1A. Static two-person relationship between questions asked and 
answered. 

unanswered by i range experts and (OX - AY) answers to ques- 
tions i mistakenly imputes to j or irrelevant answers by i to j’s 
AY questions. Similarly, at Q, the i experts are willing to accept, 
in order that i may ask and be answered correctly BX questions 
about carrying capacity, (OY - BX) of their questions to go unan- 
swered and OB “answers,” either imputed to but not actually 
asked by i or irrelevant answers to BX questions. Thus, the inter- 
change as a whole between i range experts and j laypersons can 
be described by a level of “acceptable uncertainty” that i and j put 
up with, consisting of (OA + OY - BX) unanswered questions 
and (OB + OX - AY) answers to questions never asked--both of 
which however may be crucial to the determination of the carry- 
ing capacity of the range in question. 

For example, the questions i experts and j laypersons answer to 
each other’s satisfaction, AY and BX, may reflect agreement by 
the 2 that indeed biomass of the range concerned has declined 
over time, that the stocking rates of livestock and human popula- 
tions have increased on the rangeland, and that these populations 
have contributed to the decline in biomass production. The con- 
clusion that stocking rates exceed the range’s carrying capacity 
is, however, not warranted for several complicating reasons. 
First, there are the questions that have not been and may never be 
satisfactorily answered: e.g., to what extent have biomass 
changes been due to climate change unrelated to human and live- 
stock use of the area under question? Second, there are the 
answers to questions never asked: e.g., air photos and satellite 
images, stored out of sight somewhere, may in fact show that bio- 
mass production has actually been increasing in the area as the 
area’s population increased-something that has happened in 
several prominent cases recently (see, for example, Tiffen et al. 
1994; Fairhead and Leach 1995). 

Several results follow from the simple model. First, the most 
banal yet imperative: What is actually going on in reality with 
respect to stocking rates and carrying capacity may or may not be 
reflected in any of the exchanges of questions and answers, 
whether those answers were asked for, given even if unasked for, 
or implied in the questions left unanswered’ Less banal, the more 
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groups involved in the question asking and answering exercise, 
the more likely that the actual conditions will be reflected in the 
answers given-if simply because the more groups, the wider the 
range of answers, other things being equal (remember, none of 
these values are 0). Simply put, the more people are uncertain in 
different ways, the more likely it is 1 or more of them is talking 
sense, other things being equal. 

There is a more important result. One response to Figure 1A is 
to insist that all this question asking and answering would eventu- 
ally lead those concerned closer to the actual carrying capacity of 
the range in question. After all, so the argument goes, such ques- 
tioning and answering could embody trial and error learning, 
where what would be learned should lead us, if not closer to the 
truth, then closer to knowing what is false.6 Thus, we would 
expect that over time (and again ceteris paribus) not only would 
the values of (AY and BX) change, but that the answers they 
reflect would eventually be driven closer to the true answer, 
namely, the range’s actual carrying capacity. 

But to what extent are the values of (AY and BX) likely to 
change? That depends in large part on whether or not Q, repre- 
sents an equilibrium position in the 6 associated values. That is, 
would i and j accept any other set of values than those reflected in 
Q? Assume in Figure 1B that j decides position Qr is preferred 

Questions 
Asked 

l I I 
I I I 

0 B VR T 

Questions Answered 

Fig. 1B. Dynamic two-person relationship between questions asked 
and answered. 

rather than Q,. Remember, the quid pro quo operating here is “I 
will answer (some of) your questions, if you answer (some of) 
mine.” Now, at Qt i could respond by generating the different set 
of values reflected at Qi or Q,, namely, i deciding that it wanted 
BT or BR of its questions answered. Say that i chooses the (U, R) 
mix by moving to Q,. At Qr or Q,, j wants AU of its questions 
answered, but i will only answer j AM questions if i is to get BR 
questions correctly answered (i gets BR questions answered 
whether j has AU or AM of its questions answered). Yet if j is 

‘As has long been pointed out, anwws are implied in the sense that to ask a question 
entails one would know what would qualify as an answer to it. 
%ut aside for the moment that what we would be movine to. even under conditions of 
environmental certainty. is a set of multiple cases of carr$g capacity as in the previous 
section. 

restricted to AM satisfactorily answered questions it will respond 
by allowing i BV (rather than BR) answered questions. However, 
if i is restricted to BV answered questions, it will in turn restrict j 
to only AN (rather than AM) questions that it will answer. . and 
so on until they arrive at Q,. In short, there is strong pressure in 
this construction for both i and j to move to and stay at C&. 

Discussion and Conclusions 

General 
As such, Q is an excellent example of what has been called a 

“Hahn equilibrium”. For the economist Frank Hahn, “an econo- 
my is in equilibrium when it generates messages which do not 
cause agents to change the theories which they hold or the poli- 
cies which they pursue” (Hahn 1984). Accordingly, agents could 
be in equilibrium even when markets have not cleared or wages 
are rigid, as long as the theories and policies that are held allow 
for these disparities. The most interesting feature of a Hahn equi- 
librum, for our purposes, are those conditions that lead to stability 
in the agents’ theories and policies. For Hahn “equilibrium states 
[are] those in which agents learn nothing new” (Hahn 1984). One 
important way in which this occurs is that environmental condi- 
tions may be so uncertain that there is nothing new for agents to 
learn, as in the case of Q, above. 

Rather than being an instance where Q, and its associated val- 
ues are moving over time closer to the ‘true’ value of the carrying 
capacity through constant trial and error (question asking and 
answering), Q, reflects instead those (admittedly arbitrary and 
local) theories and policies that allow agents to make decisions in 
the face of what seems to them to be continuing and intractable 
uncertainty. More formally, the policies and theories enable the 
agent to stabilize the assumptions for decision making under con- 
ditions of high uncertainty. Decisions have to be made, even 
when learning is not possible, and Q, reflects those theories and 
policies that allow the agents in question to decide, at least for a 
time. 

That said, another economist, Brian Loabsy, suggests that we 
should 

“add another level to Hahn’s system, a level in which agents 
have theories about the generation of theories, and policies 
for the formulation of policies. Such meta-theories and meta- 
policies cannot be precisely specified, because it is logically 
impossible for the content of new knowledge to be predicted 
in advance or, what comes to the same thing, to be specified 
as the output, determinate, or probabilistic, of a well-defined 
process.” (Loabsy 1991) 

This suggestion has intuitive appeal, as all readers know of 
instances where local theories and policies do change, even when 
learning is not taking place nor causing those changes. Do such 
instances mean agents are out of equilibrium? Not necessarily, 
and herein lies this article’s alternative formulation of rangeland 
carrying capacity. Even when local theories and policies are 
changing, the system in question still may be in equilibrium in 
the wider sense that the changes in question are guided by broad- 
er (meta-)theories and policies governing innovation in the 
knowledge base upon which the more local changes in theories 
and policies are founded. More formally, a system is in equilibri- 
um when these meta-theories and me&policies enable the agent 
to continue to make decisions under high uncertainty, even 
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though his or her more local policies and theories governing deci- 
sion making are themselves changing or in flux at the time. 

If the notion of rangeland carrying capacity is to make any 
sense under conditions of high environmental uncertainty, it has 
to be at this meta-equilibrium level, where the notion of range- 
land carrying capacity is, in effect, a meta-theory about how the 
capacity of a rangeland to carry a population changes over time, 
without however being able to predict what that carrying capacity 
will be in any specific instance or at any specific time. If this is 
so, then carrying capacity is really a theory of knowledge genera- 
tion and change over a rangeland population and area. 

In this view, the conception of carrying capacity is as much 
about biological and technological innovation as it is about bio- 
mass increases or decline in that area and population. Like all 
meta-theories that cannot predict the unknown in advance, it is 
more at home and on much sounder ground in identifying what 
makes for change (e.g., more livestock, changes in their technolo- 
gy) than it is in forecasting what is ahead for that area and that 
population. As a meta-theory of knowledge change in the face of 
high uncertainty (and to paraphrase Loabsy), carrying capacity 
has no business-repeat, no business-in specifying “outputs’ 
such as all those estimates of a range’s specific “carrying capaci- 
ty.” Such site-specific estimatles are only warranted on the 
grounds of long experience and familiarity with the site con- 
cemed-which is simply another way of saying the range man- 
agers operate under considerably ‘less uncertainty and have a tied 
and tested theory about what drives carrying capacity there. 
Moreover, it is that theory (and the more encompassing theories 
governing that local theory’s change) which are the real objects 
of interest, not the specific estimates per se. 

Specific 
What specifically does carrying capacity as theory of knowl- 

edge generation look like as a Hahn meta-equilibrium? Many 
models are possible, but start with the oft-noted observation that 
more and more people, including range managers, knowingly 
make decisions on the basis of information which they also know 
will be obsolete by the time those decisions are implemented.’ 
Assume then the following relationships exist for any individual 
range manager concerned with carrying capacity (Fig. 2). Three 
variables are of interest for the range manager in question: the 
obsolescence of knowledge (ranging from 0 to high) he or she 
uses in dealing with carrying capacity issues (including those of 
stocking rates), the certainty of that knowledge (from 0 to high), 
and the urgency of the important decisions to be made by the 
manager on the basis of this knowledge (ranging as well from 0 
to maximum). For expository purposes, the relationships are por- 
trayed as in Figure 2. Note the “knowledge” in question has 2 
parts: the manager’s first-order, local policies and theories gov- 
erning his or her movement along the curves and the second- 
order, meta-policies and theories governing the shape of the 
curves in question. Moreover, this knowledge need not just be 
explicit, but could as well be tacit, as with ranchers who have 
long experience and familiarity with their range. 

First, consider the relationship between the urgency of decision 
making about carrying capacity issues and the certainty of the 

%lGle workable, practical definitions of carrying capacity are not possible, much more 
could be done in developing simple models of range manager decision making as is done 
here. (see also Tore11 et al. 1991). 
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Fig. 2. Manager response curves for obsolescence of knowledge, cer- 
taiuty of knowledge, and urgency of important decisions. 

knowledge upon which that decision is made (UU’ in Fig. 2). As 
drawn, the most urgent decisions are those for which little or no 
certain knowledge exists; on the other hand, important decisions 
always have some urging, no matter how certain the knowledge is 
on which they are based. Now consider the relationship between 
the obsolescence of knowledge and the certainty of that informa- 
tion (00’ in Fig. 2). As drawn, increased knowledge is rarely 
obsolete, when overall certainty is low; in these instances, what 
little knowledge the range manager gains typically has high time- 
liness and salience. On the other hand, there is a point at which 
the more certain the knowledge, the more likely it has become 
mundane, widely known, and of little further use. To put it anoth- 
er way, the more uncertain the information, the more that the 
decision to be made is an urgent one requiring up-to-date knowl- 
edge; in contrast, the more certain the knowledge, the more likely 
that this information has lost its currency. Again, the actual rela- 
tionships vary empirically. 

Where UU’ and 00’ cross yields 3 values of relevance for the 
individual decision maker: U*, 0*, and C*. The 3 values reflect 
the only point where the range manager’s sense of urgency inter- 
sects his or her perception of the obsolescence of the knowledge 
upon which his or her decision about carrying capacity issues is 
made. It is here (at D in Fig. 2) where the individual range man- 
ager is most comfortable in making carrying capacity decisions. 
In banal terms, the 3 values illustrate that the agent: avoids taking 
the most urgent carrying capacity decisions, recognizes that deci- 
sions have to be taken in the face of uncertainty, and acknowl- 
edges that some decisions are based on knowledge that is already 
well out-of-date. 

Less banally, Figure 2 explains why range managers are always 
ready to convert policy decisions into administrative, bureaucrat- 
ic ones (for more, see Roe 1996). Policy decisions are all too 
often those of high urgency, requiring timely knowledge in the 
face of extreme uncertainty. Diagrammatically, this situation 
reflects the decision space to the left of the intersection of UU’ 
and 00’ in Figure 2, particularly the widening gap between the 2 
curves as they approach the axes. If the intersection point D rep- 
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resents both a preference on the part of the range manager and a 
model of what are the “right” kinds of decisions about carrying 
capacity, then there is enormous pressure to transform any deci- 
sions to the left of D into decisions that can be treated as if they 
were of U* urgency, C* certainty, and 0* obsolescence. 

What is insufficiently recognized is the gap to the right of D in 
Figure 2. While the pressure to transform policy into bureaucracy 
has long been recognized, this same transformation ensures that 
the decisions to be taken are: still more urgent than others, less 
mundane than they could be, and based on knowledge that is 
more uncertain than other information-based decisions. If policy 
is all too easily turned into administration, then bureaucratizing 
issues of carrying capacity and stocking rates (e.g., into offtcial 
scoring procedures and stocking maps) is in the same instant the 
way range managers resist trivializing those carrying capacity 
policies further. 
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Knowledge about carrying capacity is, in other words, generat- 
ed in this model by the range manager’s forging a pathway across 
a three-dimensional terrain of urgent decisions, uncertain knowl- 
edge, and obsolescent information relevant to what he or she 
takes to be the carrying capacity (and stocking rate) issues of 
interest. What makes this pathway possible depends on the ability 
of the range manager to ensure that relevant theories and policies 
can be transformed into bureaucratic and institutional methods 
and procedure for assessing the relevant issues of interest (see 
Joyce 1993). More formally, the manager’s ability depends on the 
extent to which second-order meta-policies and meta-theories 
(namely, those that govern the shape of his or her 00’ and UU’ 
curves and their stability over time) allow for the creation of first- 
order administrative procedures (namely, those more local theo- 
ries and policies) under which the range manager can stabilize his 
or her day-to-day operations, even under great uncertainty. If sta- 
bilization of decision making does take place in this way, then D 
in Figure 2 is a Hahn equilibrium. 
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In brief, one way to generate knowledge is to transform it into 
new modalities that seek to stabilize the assumptions for decision 
making in the face of admitted uncertainty, and the history of car- 
rying capacity and stocking rate estimations is precisely just such 
a history of transformation, from textbooks in the classroom to 
scorecards in the field and from an eminently commonsensical 
idea in theory to transects and stocking rate maps on the ground. 
Moreover, this transformation will continue into the future, as 
long as uncertainty remains the key variable around which deci- 
sion making pivots. Here too a mixing of categories and resulting 
confusion has been inevitable and should be expected to contin- 
ue. It is not just that carrying capacity has become a confusing 
term; more practically, it will always be so, when the primary 
way we reduce uncertainty is to generate knowledge that cannot 
always be predicted in advance. 
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Abstract 

Non-traditional, collaborative public participation approaches 
such as coordinated resource management have been proposed to 
improve the public participation process used in public land 
planning on rangelands. Either implicitly or explicitly, most 
advocates of such non-traditional approaches to public participa- 
tion seem to embrace a participatory democracy model of gover- 
nance. Whether or not thii model for decision-making can prac- 
ticably be implemented, given our current institutional and legal 
frameworks for public lands management, has not been closely 
examined. Criticisms of the traditional public participation 
process are categorized into 5 main issues: efficacy; representa- 
tion and access; information exchange and learning; continuity 
of participation; and decision-making authority. We use these 
categories to evaluate the feasibility of implementing participato- 
ry democracy-based decision-making in public lands planning. 
Although there is some statutory and regulatory authority for 
participatory democracy in public land planning, there are a 
number of logistical, legal, and even philosophical challenges to 
its application that warrant further consideration. 

legal authority underlying collaborative processes should be 
examined carefully. For example, what changes to the traditional 
public participation process are required, what logistical prob- 
lems will be encountered, and what legal authority is available for 
a collaborative planning process? To shed some light on these 
questions, we review the evolution of public land planning and 
the traditional approach to public participation. We then present 
criticisms of the traditional approach, organized into 5 issues: 
efficacy; representation and access; information exchange and 
learning; continuity of participation; and decision-making author- 
ity. Either implicity or explicitly, many of these criticisms and 
recommendations for change are based in participatory democra- 
cy theory. We use these categories as the framework to examine 
participatory democracy approaches to public participation, par- 
ticularly their authority in statute and regulation and their logisti- 
cal demands. We intend for this analysis to illustrate some of the 
ramifications of decisions based in participatory democracy theo- 
ry and instigate further discussion and debate over the applicabili- 
ty and appropriateness of participatory democracy in public land 
planning. 

Key Words: accountability, collaborative planning, coordinated 
resource management, decision-making, public participation, 
representation 

Non-traditional, collaborative public participation processes 
such as coordinated resource management have been proposed to 
improve the public participation process in public land planning 
on rangelands (Cleary and Phillippi 1993, Floyd 1988, Krueger 
1992, Swanson 1994, Tore11 1993). Coordinated resource man- 
agement, for example, utilizes teams of agency representatives, 
landowners, interest group representatives, and members of the 
general public to collectively determine acceptable management 
practices (Memorandum of Understanding 1987). Although these 
collaborative approaches have, for the most part, been favorably 
received and their application advocated (Anderson and Baum 
1987, Swanson 1994), some have encountered legal and philo- 
sophical barriers (Southern Utah Wilderness Alliance 1994, Amy 
1990, Meidinger 1997). We suggest that the political theory and 
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Administrative Authority for Public Participation in 
Public Land Planning 

Beginning with the Administrative Procedure Act of 1946 
(APA), Congress has placed increasingly demanding statutory 
requirements for public participation in federal agency decision- 
making. By enacting APA, Congress essentially limited federal 
agency discretion by providing for specific procedures for public 
input to and oversight of administrative decision-making process- 
es. Yet APA limited the public role in administrative decision- 
making to an adversarial one: the primary opportunities provided 
for public input were the appeals and adjudication processes 
(Bryner 1987). 

Increased public participation in governance was stimulated in 
the 1960s by a general dissatisfaction with the expansion and 
centralization of government and widespread mistrust of the sci- 
entific bases of administrative decisions (Achterman and Fairfax 
1979, Reich 1985, Wengert 1976). Amendments made to APA in 
the 1960s and early 1970s reflect these sentiments: Congress 
passed the Government in the Sunshine Act, the Freedom of 
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Information Act, and the Federal Advisory Committee Act to makes its final decisions, and publishes the final plan. Once the 
encourage open public meetings with balanced public representa- final plan has been published, citizens can influence it only 
tion and public disclosure of federal agency records. through formal appeals and adjudication. 

In the 1970s new approaches to agency planning and adminis- 
tration shifted participation methods away from adversarial 
processes and toward involvement in agency planning (Daneke 
1983). The National Environmental Policy Act of 1969 @EPA), 
National Forest Management Act of 1976 (NFMA), and Federal 
Land Planning and Management Act of 1976 (FLPMA) provided 
for public participation at specific points in the administrative 
planning process. This moved public participation in public land 
planning beyond access to appeals and litigation to a more proac- 
tive involvement in agency planning and decision-making. 
Beyond the specific requirements for hearings and document 
review periods, however, these statutes permit considerable dis- 
cretion in the approach to public participation agencies choose to 
adopt (Achterman and Fairfax 1979, Daneke 1983). 

Agencies are free to utilize other forums of public participation, 
such as field trips, workshops, and advisory councils. In practice, 
however, the public participation methods utilized by the public 
land management agencies are typically limited to the public 
hearings and formal comment periods required in the regulations 
(Blahna and Yonts-Shepard 1989, Feller 1991, Wondolleck 1985, 
1988). 

Criticisms of the Traditional Process and Participatory 
Democracy Alternatives 

Criticisms of the traditional public participation process in fed- 
eral land planning center on the observation that agencies have 
chosen to stress rational planning and technical discretion over 
more open and sustained public participation. Most critics of the 
traditional public participation process believe “the criteria for 
evaluating policy in a democratic process are the accessibility to 
the process and/or the responsiveness of the policy to those who 
are affected by it, rather than efficiency or rationality of the deci- 
sion” (Kweit and Kweit 1987). 

These critics generally espouse alternatives based in participa- 
tory democracy, a political theory in the republican tradition ini- 
tially advocated by Rousseau (1987) which has regained promi- 
nence in recent years. The central premise of participatory 
democracy is that active participation by all citizens is required to 
foster the collective governance required for democracy 
(Bachrach and Botwinick 1992, Held 1987, Pateman 1970). 
Hierarchical forms of government are rejected because they 
impede public discourse (Meidinger 1997, Tipple and Wellman 
1989). This is in contrast with representative democracy, the pre- 
dominant democratic theory in the 20th century, which is exem- 
plified in the “one person, one vote” electoral process (Bachrach 
and Botwinick 1992, Pateman 1970, Stanley 1990). 

We organize criticisms of the traditional public participation 
process into 5 issues, and present the participatory democracy 
response to each. The first issue-efficacy-relates to the desired 
results of public participation. The other 4-representation and 
access, information exchange and learning, continuity of partici- 
pation, and decision-making authority-relate to the means of 
achieving those results (Table 1). 

The Traditional Public Participation Process 

Public administration in the 20th century has been character- 
ized by its adherence to the rational model of bureaucratic plan- 
ning and decision-making, in which efficiency, not representa- 
tion, is the goal (Kweit and Kweit 1980, Reich 1990a,1990b, 
Shannon 1990a, 1992a, Wondolleck 1987). In the rational model, 
planning and decision-making are the exclusive domain of tech- 
nical experts, who develop decision-making criteria and consis- 
tently apply them to a range of alternatives in order to select the 
best decision (Cubbage et al. 1993). Agency adherence to this 
planning model is evident in the Bureau of Land Management 
(BLM) regulations, which state that: 

The objective of resource management planning by the Bureau of 
Land Management is to maximize resource values for the public 
through a rational, consistently applied set of regulations and proce- 
dures which promote the concept of multiple use management and 
ensure participation by the public, state, and local governments, 
Indian tribes, and appropriate federal agencies (43 C.F.R. 1601.0-2 
(1994)). 

However, also evident in this statement of objectives is a tension 
between the rational expectation of technical competency and 
efficiency and more recent demands for broadened public partici- 
pation in the land management planning process (Fortenbery and 
Harris 1983). The federal land management agencies have 
responded to this tension by adapting the broad congressional 
directives for public participation to lit specific steps in the ratio- 
nal planning models developed in the 197Os, resulting in what we 
term the “traditional” public participation process. 

The traditional public participation process is outlined in the 
implementing regulations for NEPA, FLPMA, and NFMA (40 
C.F.R. 1500 (1994); 43 C.F.R. 1600 (1994); 36 C.F.R. 219 
(1994)). Public participation is initiated at the start of the plan- 
ning process, during scoping, when the public is contacted 
through mailings and/or public hearings to help identify issues of 
concern. After scoping, public participation is virtually nonexis- 
tent during plan development, which includes selection of plan- 
ning criteria, baseline environmental studies, development of 
alternatives, and selection of a preferred alternative. After publi- 
cation of the draft plan, public input is again solicited during the 
formal 90-day comment period, when the draft plan is displayed 
in public places and mailed to all who request it. Typically, pub- 
lic hearings are also held on the draft plan. After the 90-day pub- 
lic comment period, the agency considers the comments received, 

Effkacy 
The efficacy of a public land management planning process is 

reflected in public acceptance of the resultant plan. Critics of the 
traditional public participation process in public land planning 
and decision-making point to the public’s extensive use of 
appeals and lawsuits as evidence that the rational planning 
approach fails to produce decisions that address the concerns of 
all affected interests (Wondolleck 1985). In a study of the Forest 
Service (FS) planning and decision-making process, for instance, 
Wondolleck (1985) found that “when the process used was one 
relying on professional expertise to assess values and make the 
inevitable judgmental tradeoffs, the outcome was mistrust and 
dissatisfaction on the part of affected interest groups, leading to 
administrative appeals and lawsuits.” The vast number of appeals 
and lawsuits has delayed plan implementation to the extent that 
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Criteria 
Efficacy 

Representation 
& Access 

Information 
Exchange & 
Learning 

Continuity 
of Participation 

Table 1. Criticisms of the Traditional Public Participation Process and Participatory Democracy Solutions 

Criticisms of tbe Traditional 
Public Participation Process 
Laud use plans do not reflect 
the needs, concerns, and values 
of their affected publics. 
Appeals and lawsuits delay plan 
implementation. 
There is a tendency toward 
interest group domination of 
participation forums. Formal 
procedures provide few 
opportunities for direct public 
input. Public access is limited 
by financial and time barriers 
and format format. 
Participation is not interactive: 
no opportunity for dialogue and 
no way for tbe public to correct 
misunderstandings. Agencies 
ignore public input. 
Public participation is confined 
to a few points in tbe decision- 
making process. There are. few 
opportunities for public 
participation prior to latter 
stages of decision-making (after 
publication of draft plan). 

Participatory Democracy 
Solutions 
Resolving conflicts through the 
planning process will result in a 
sense of shared ownership and 
collective acceptance of the 
plan. 
Involve nonrepresented, non- 
activist, general public-not just 
key interests. Provide 
alternative, less formal modes 
of access to agency 
representatives and open access 
to information. Modify agency 
attitudes to encourage public input. 
Encourage all interested parties 
to articulate needs, concerns, 
values. Encourage informal, 
multi-directional dialogue and 
information exchange. 
Maintain public participation 
throughout planning and 
decision-making processes 
through a continuous network of 
formal and informal 
interactions. 

Decision-making 
Authority 

Agency representatives maintain 
broad discretionary authority. 
Public is not involved in 
decision-making. 

Share authority and 
responsibility for planning 
decisions among all 
participants-agencies give up 
some discretion. 

the efficacy of the entire planning process has heen questioned 
(Behan 1990). 

A participatory democracy approach, on the other hand, 
involves all citizens in a process of social discourse over the plan- 
ning issues, not just experts and representatives of key interests 
(Kemmis 1990, Shannon 1992a). These characteristics of partici- 
patory democracy are said to improve plan implementation by 
resolving conflicts during the planning process, rather than delay- 
ing implementation of completed plans while decisions are 
reviewed through appeals and adjudication (Blackburn 1988, 
Pateman 1970, Susskind and Cruikshank 1987). 

Representation and Access 
A primary goal of public participation in public land planning 

is to ensure that plans accurately reflect the knowledge and con- 
cerns of the public. In other words, public participation should 
elicit participation from as representative a sample of the citizen- 
ry as possible (Shannon 1992b). Furthermore, citizens want 
access to the decision-making process to ensure that their inter- 
ests are represented, whether or not government actions are con- 
sidered to be ‘in the public good’ (Amstein 1969, Achtennan and 
Fairfax 1979, ACIR 1979). 

Critics of the traditional public participation process contend, 
however, that agency procedures tend to limit participation by the 
general public. Facaros (1989) criticized the Forest Service (FS) 
for focusing its public involvement process on disseminating 
information to “target groups,” essentially eliminating others 

from participation. By purposely including organized interest 
groups, an agency may inadvertently exclude other interests 
(Shannon 1990b). Yet 1 comparative survey found the general 
public to be more moderate than either a natural resource agency 
or interest groups (Knopp and Caldbeck 1990). In another survey, 
Lyden et al. (1990) found that participants in FS planning who 
did not identify with specific interest groups had more moderate 
views and a more realistic impression of agency biases than those 
who did. 

One reason why the traditional public participation process is 
perceived as unrepresentative is lack of public access to agency 
decision-making. The formal public participation procedures uti- 
lized by the FS and Bureau of Land Management (BLM) have 
been criticized repeatedly for limiting public access to agency 
planning processes. Formal statements at public hearings and 
written comments on draft plans, 2 established methods of elicit- 
ing public comment, exclude people uncomfortable about public 
speaking or formal letter-writing. The financial and time require- 
ments of public participation are frequently cited as barriers, as 
well. Interest groups and individual citizens are at a disadvantage 
if they must take time off from work and pay for their own trans- 
portation to meetings and hearings, while agency and industry 
employees are often compensated, as participation in these 
forums is considered part of their jobs (Carpenter and Kennedy 
1988). 

A primary tenet of participatory democracy is broad involve- 
ment by the general, non-activist public in public participation 
procedures. Blahna and Yonts-Shepard (1989) stress that “‘repre- 
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sentative’ public involvement means ‘working closely with lead- 
ers of key interests’, while ‘participatory’ public involvement 
requires the involvement of nonrepresented members of the pub- 
lic.” Furthermore, participatory democracy theory explains that 
what appears to be public apathy toward administrative gover- 
nance is actually citizens’ rational evaluation of the costs and ben- 
efits of participating in traditional planning processes (Kathlene 
and Martin 1991, Pateman 1970). Specifically, the citizens find 
attempts at meaningful participation in public land planning to be 
hampered by the class bias and technical bias typical of agency 
officials, and the traditional public hearings dominated by unrep- 
resentative interest groups (Kathlene and Martin 1991). 
Therefore, they advocate both alternative forums for public 
access and a revision of professional attitudes to encourage public 
access. The primary role of the administrator under participatory 
democracy is to facilitate learning and public deliberation 
(Shannon 1990b, 1992a, Reich 1990). 

Information Exchange and Learning 
Information exchange and learning are critical to informed pub- 

lic land planning. This aspect of public participation is important 
both to inform the public regarding the agency’s planning 
process, and to inform the agency regarding the public’s needs, 
concerns, and knowledge. 

Yet a number of studies of the Forest Service (FS) planning 
process have found that the most frequently used public participa- 
tion techniques are ‘one-way’ communications, such as formal 
statements at hearings and written correspondence (Blahna and 
Yonts-Shepard 1989, Cheng et al. 1993, Wondolleck 1985, 
1988). Such techniques preclude dialogue and support the 
impression that administrators consider learning to be something 
that the public needs, and that the agency has to offer. 
Wondolleck (1985) found “there is seldom opportunity for affect- 
ed groups and individuals . . to clarify or expand their concerns, 
or to correct inappropriate responses to the issues they raised.” 
Other studies corroborate this finding, and indicate that citizens 
who do become involved in administrative planning are frequent- 
ly frustrated by the lack of evidence that their opinions have been 
heard (Lyden et al. 1990, Shannon 1990b, Blahna and Yonts- 
Shepard 1989). One study found that “both Utilization-oriented 
and Preservation-oriented respondents failed to understand the 
positions taken by the [agency] on many of the policy issues. 
This may explain why the public respondents were dissatisfied 
with their participation” (Lyden et al. 1990). 

From a participatory democracy perspective, “full and free 
interchange between the people and their elected representatives, 
as well as between the people and appointed administrators, 
clearly is essential to responsible and well informed public deci- 
sion-making and to responsive government” (ACIR 1979). 
Active dialogue that encourages the needs and concerns of each 
interested group and individual, including the agency, to be artic- 
ulated and addressed in the planning process allows the various 
participants to gain an understanding of each other’s values, inter- 
ests, and concerns, as well as legal constraints on agency deci- 
sion-making (Wondolleck 1985, 1988). In addition to improving 
the information base upon which decisions are made, such infor- 
mation exchange is said to aid participants in the revision and 
refinement of their values and interests (Bachrach and Botwinick 
1992, Reich 1985). 

Continuity of Participation 
Planning involves constant re-evalution and analysis as new 

information becomes available. During this process, alternatives 
may be added or eliminated, and tradeoffs are made. Therefore, 
continuity of public participation during the planning process is 
considered critical to ensure that the decisions made are represen- 
tative of and acceptable to the public. 

In the traditional public participation process, however, public 
participation often occurs exclusively at scoping meetings and 
during review periods for draft planning documents. Studies of the 
Forest Service (FS) planning process have found that public 
involvement in the identification of issues, development of alter- 
natives, and evaluation of alternatives is extremely limited 
(Shannon 1990b, Blahna and Yonts-Shepard 1989). Furthermore, 
implementation, monitoring, and evaluation of plans are not 
included in the formal public participation process (Facaros 1989). 
In practice, therefore, public participation is generally limited to a 
few points in the planning and decision-making processes. 

Under a participatory democracy model, however, public par- 
ticipation is “not a one-shot affair but a continuing network of 
interaction with others” (Bachrach and Botwinick 1992). 
Continuous feedback from participants ensures that their evolving 
interests are adequately reflected in policy decisions (Bachrach 
and Botwinick 1992, Pateman 1970). To ensure that the evolving 
needs and concerns of the public are addressed in the planning 
process, participation should therefore be initiated at the begin- 
ning of the process and maintained throughout, including during 
the development of and selection among alternatives and during 
plan implementation, and “especially when key decisions are 
being made” (Blahna and Yonts-Shepard 1989). Thus, “public 
involvement becomes a continuous process, no longer a series of 
discrete events” (Behan 1988). 

Decision-making Authority 
Public access to decision-making is a basic goal of public par- 

ticipation, intended to ensure that the public interest is being met. 
The traditional public participation process, however, keeps pub- 
lic input well removed from administrative decision-making, 
thereby protecting the agencies’ administrative discretion. This is 
in keeping with the rational, progressive ideal of neutral public 
administration and positive science (Reich 1985). In this ideal, 
“public policies are generally perceived as being best pursued 
through broad discretionary authority to implement policies in the 
most efficient and effective manner possible,” particularly where 
the decisions to be made involve technical or scientific analyses 
(Bryner 1987). This is one reason why public participation is gen- 
erally not found in some of the most discretionary steps in the 
planning process, such as criteria selection, development of and 
selection among alternatives, and plan evaluation. Yet critics of 
traditional public administration contend that public policy deci- 
sions are ultimately social value choices, which the government 
cannot effectively make without significant public participation 
(Paelke 1987, Shannon 1992b, Wondolleck 1987). 

Critics of the traditional approach maintain that the public 
should actually participate in the making of the final decision, not 
just be given the opportunity to comment on proposed decisions 
(Amstein 1969, Kweit and Kweit 1987, Selin and Chavez 1995, 
Shannon 1990a). A participatory democracy approach therefore 
requires that administrators give up some discretion, and agree to 
share decision-making authority with other participants (Hoover 
and Shannon 1995, Kweit and Kweit 1987). 
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Administrative Authority for Participatory Democracy 

A comparison between the tenets of participatory democracy 
theory and administrative law indicates that while the law may 
support some aspects of participatory democracy, it limits others 
(Table 2). The Administrative Procedures Act (APA) and its 
amendments both support and hinder participatory democracy in 
public land planning. The legal directives for public participation 
found in NEPA, FLPMA, NFMA, and the FS, BLM, and Council 
on Environmental Quality (CEQ) implementing regulations gen- 
erally support the participatory democracy approach to represen- 
tation and access and continuity of participation. Legislative sup- 
port for open information exchange and learning and shared deci- 
sion-making authority is less clear. There is no legal directive 
explicitly relating to efficacy, the desired product of public par- 
ticipation. 

Table 2. Administrative Authority for Application of the Participatory 
Democracy Model 

Criteria Administrative Authority 
Efficacy 

Representation 
& Access 

None. 

“Tbe public” includes all affected or interested individ- 
uals, organizations, business entities, and other special 
interest groups as well as government officials. 
Provide for public input to rule making,and make 
agency decisions and policy statements available for 
public inspection. Provide the public with opportunity 
to meaningfully participate in planning and comment 
on draft plans. Provide public access to the agency 
decision-making processes. 

Information 
Exchange & 
Learning 

Broaden the information base for planning. Ensure that 
the agency understands the needs, concerns, and values 
of the public. Ensure thal the public is informed of and 
understands proposed and final agency plans. Provide 
for public participation in formulation of standards and 
criteria for plans. Make planning information available 
to the public. Consider and respond to public com- 
ments. Make sure all meetings comply with the open 
meeting and public disclosure requirements of the 
Federal Advisory Committee Act. 

Continuity of 
Participation 

Decision-making 
Authority 

Encourage public participation throughout the plan- 
ning process and in plan implementation. 

Agency officer is responsible for approving the plan. 
Each citizen has a responsibility to contribute to the 
preservation and enhancement of the environment. 

Representation and Access 
Neither the CEQ’s NEPA implementing regulations nor the FS 

regulations define the public(s) that are to be involved in plan- 
ning, although the CEQ regulations do state that 

as part of the scoping process the lead agency shall invite the partici- 
pation of affected Federal, State, and local agencies, any affected 
tribe, the proponent of the action, and other interested persons 
(including those who might not be in accord with the action on envi- 
ronmental grounds) (40 C.F.R. 1501.7(a)(l) (1994)). 

The BLM regulations, on the other hand, define the public quite 
broadly as 
affected or interested individuals, including consumer organizations, 
public land resource users, corporations, and other business entities, 
environmental organizations and other special interest groups and 

officials of State, local, and Indian tribal governments (43 C.F.R. 
1601.5(h) (1994)). 

Thus, no regulatory guidance discourages broad representation, 
and the CEQ and BLM regulations would seem to support it. 

The APA provides basic public access to agency decision-mak- 
ing by giving all citizens the “opportunity to participate in . . . 
rule making through submission of written data, views, or argu- 
ments” (5 U.S.C. 553(c) (1994)), and requiring that all agency 
opinions, policy statements, and manuals be available for public 
inspection (5 U.S.C. 552 (1994)). FLMPA, NFMA, and their 
implementing regulations further direct that for the public land 
management agencies, access is to be provided to a broad range 
of planning and management activities. In perhaps the strongest 
statutory directive on public access to agency decision-making, 
FLPMA requires the BLM “to give . . the public adequate notice 
and opportunity” to participate in a broad range of planning, deci- 
sion-making, and management activities (43 U.S.C. 1739(e)) 
(1994)). The BLM’s FLPMA implementing regulations reiterate, 
“The public shall be provided opportunities to meaningfully par- 
ticipate in and comment on the preparation of plans, amendments, 
and related guidance and be given early notice of planning activi- 
ties” (43 C.F.R. 1612.2(a) (1994)). Similarly, the NFMA directs 
the FS to “provide opportunity for public involvement” in devel- 
oping forest plans (16 U.S.C. 1601 (c) (1994)), and the FS regula- 
tions specify that “early and frequent public participation” is 1 of 
14 “principles” upon which “forest planning will be based” (36 
C.F.R. 219.6(a) (1994)). Under the NEPA implementing regula- 
tions, “all federal agencies shall to the fullest extent possible 
encourage and facilitate public involvement”; they are to do this 
by providing access to their environmental decision-making 
processes (40 C.F.R. 1500.2(d) (1994)). 

Information Exchange and Learning 
The public land management agencies are directed by law to 

include the public in the planning process in a substantive man- 
ner. The FS regulations state that 

the intent of public participation is t-broaden the information base 
upon which land and resource management planning decisions are 
made; ensure that the Forest Service understands the needs, con- 
cerns, and values of the public; inform the public of Forest Service 
land and resource planning activities; and provide the public with an 
understanding of Forest Service programs and proposed actions (36 
C.F.R. 219.6(a) (1994)). 

The BLM is directed to involve the public in “the formulation of 
standards and criteria for . . the preparation and execution of 
plans and programs for . . the public lands” (43 U.S.C. 1739(e) 
(1994)). In addition, BLM’s advisory councils are to “furnish 
advice to the [agency] with respect to the land use planning, clas- 
sification, retention, management, and disposal of the public 
lands” (43 U.S.C. 1739(a),(d) (1994)). NEPA is less explicit with 
regard to information exchange, but it does require agencies to 
“make available to States, counties, municipalities, institutions, 
and individuals, advice and information useful in restoring, main- 
taining, and enhancing the quality of the environment” (42 U.S.C. 
4332(2)(G) (1994)), implying that these parties, and not just the 
agencies, require such information for environmental planning. 
Similarly, the NEPA implementing regulations require that agen- 
cies make environmental information available to the public 
before decisions are made (40 C.F.R. 1500. I(b) (1994)) and con- 
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sider and respond to all comments received from the public (40 
C.F.R. 1503.4(a) (1994)). 

On the other hand, recent interpretations of the Federal 
Advisory Committee Act (FACA) (5 USC. App. p. 1371-1380 
(1994), a 1972 amendment to the APA, have caused federal agen- 
cies to withdraw from participatory planning efforts out of fear 
that they will be sued for being involved in or taking advice from 
a group that does not meet the strictures of APA (Northwest 
Forest Resource Council v. Espy, 846 F.Supp. 1009, 1994, 
Meidinger 1997). FACA has been interpreted to require that all 
planning and decision-making groups in which federal agencies 
take part follow the open meeting and public disclosure require- 
ments of advisory committees under the act. Among other things, 
FACA requires that federal advisory committees be chartered, 
publish meeting times in the Federal Register, keep detailed min- 
utes of each meeting, and be fairly balanced in the viewpoints of 
their members. Similarly, federal antitrust laws discourage partic- 
ipation by some private entities in cooperative planning and con- 
flict resolution groups, since cooperation could be. considered col- 
lusion under the law (22 USC. l-7 (1994)). In other words, the 
law gives mixed messages regarding the extent to which the pub- 
lic may advise agency planning and decision-making. 

Continuity of Participation 
According to the FS regulations, “the public is encouraged to 

participate throughout the planning process” (36 C.F.R. 219.6(a) 
(1994)). An argument can be made that the directive in FLMPA 
“to give . . . the public adequate notice and opportunity . . . to par- 
ticipate in the preparation and execution of plans and programs 
for, and the management of, the public lands” (43 U.S.C. 1739(e) 
(1994)) similarly requires continuity of participation throughout 
planning. In fact, Achterman and Fairfax (1979) make just such a 
claim when relating the legislative history of FLPMA: 

the Department of the Interior objected to the reference to public 
participation in the management of public lands, contending that 
actual management should be left up to the BLM. Nevertheless, the 
reference to participation in public land management was retained. 
The rejection of the Department’s views suggests that Congress had 
a radical objective; it wanted procedures to be established that would 
involve the public actively in formulating plans and implementing 
them through on-going management decisions. 

The APA, NEPA, and the CEQ’s NEPA implementing regula- 
tions do not call for continuous participation in agency planning. 

Decision-making Authority 
Nothing in the APA, NFMA, or FLPMA implies that the public 

or interest groups should share decision-making authority with a 
public land management agency. Furthermore, the FS regulations 
make it clear that the agency retains decision-making authority 
when they state that “the interdisciplinary team shall identify and 
evaluate public issues” and “the Forest Supervisor shall deter- 
mine the major public issues . . . to be addressed in the planning 
process” (43 C.F.R. 219.12(b)(1994)). Similarly, the federal 
courts have generally interpreted NEPA and the CEQ regulations 
as simply requiring agencies “to consider every significant aspect 
of the environmental impact of a proposed action [and to] inform 
the public that it has indeed considered environmental concerns 
in its decision-making process” (Baltimore Gas & Electric v. 
Natural Resources Defense Council, Inc., 462 U.S. 87, 97-98, 
1983). 

Some reviewers, however, claim that NEPA, which states that 
“each person has a responsibility to contribute to the preservation 
and enhancement of the environment” (42 U.S.C. 4331(c) 
(1992)), indicates a substantive requirement for shared public 
ownership in agency decision-making (Facaros 1989, Shannon 
1990b). Facaros (1989) states, 

The CEQ policy does not call on agencies to maximize information 
sharing; it requires agencies to maximize public involvement in their 
decisions. The difference is not subtle, for if involvement means par- 
ticipation, members of the public, along with [agency] officials, are 
to wear the mantle of decision-maker. 

Applying Participatory Democracy in Public Land 
PlaMing 

The participatory democracy approach to public participation in 
public land planning has been applied, to some extent, in coordi- 
nated resource management processes and consensus groups. 
While these attempts have been lauded for successfully resolving 
conflicts and improving planning (Sample et al. 1995, Cleary 
1984, Anderson and Baum 1987), they also have illustrated some 
of the potential pitfalls to applying participatory democracy theory 
to public land planning (Moote 1995). These pitfalls are presented 
in relation to the 5 issue categories outlined above (Table 3). 

Table 3. Barriers to the Application of the Participatory Democracy 
Model 

Criteria Barriers 

Efficacy 

Representation 
& Access 

Information 
Exchange & 
Learning 

Continuity of 
Participation 

Greater public involvement in land use planning and 
decision&king processes does not necessarily result 
in a plan or decision that all will accept and support. 

Some affected interests may choose not to participate. 
Lack of time and financial resources restrict access, 
especially for non-affiliated citizens. 

If differences are rooted in fundamental conflicts of 
interest or values, improved communication will not 
help resolve them. Fear of FACA lawsuits causes 
agencies to avoid collaborative planning processes. 

Transfer of agency personnel reduces continuity and 
time requirements engender participant burn- 
out. Agency mandates, including schedules and 
budget targets may require them to make a decision 
before the public participants arc ready to do so. 

Decision-making 
Authority 

Law does not provide for shared decision-making 
authority. No way to determine who is ultimately 
accountable for a collective decision. 

Efficacy 
Participatory approaches to public participation have been criti- 

cized for the same basic failure that is applied to traditional 
approaches: it has been found in some cases that while alternative 
methods of participation gave participants a valuable educational 
experience, they did not result in greater public influence on 
administrative decisions (Culhane 1981, Landre and Knuth 
1993). As a result, while participants may feel more involved, 
their interests may not actually be represented in ongoing plan- 
ning or in administrative decisions (Amy 1987, Crowfoot and 
Wondolleck 1990). The end result of participatory planning 
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processes may therefore be no different from the common result 
of the traditional planning process-appeals and lawsuits. 

Representation and Access 
While representation may be improved in more participatory 

planning processes, case studies have shown that getting all inter- 
ests to participate can be extremely difftcult (Sample et al. 1995, 
Moote 1995, Moote et al. in press). Furthermore, public access is 
inevitably limited by time and money commitments. Shannon and 
Anderson (1994) note that 

while inviting all affected parties to the table is a substantial step, if 
certain parties have consistently disproportionate resources at their 
disposal-information, the financial capacity to expend staff time 
and effort in negotiations, communication skills-other parties will 
be at a disadvantage. 

Agency representatives cite a lack of time, personnel, and money 
to provide broader access to the general public (Sample et al. 
1995). 

Information Exchange and Learning 
Most significantly, the Federal Advisory Committee Act and 

federal anti-trust laws apparently limit federal and corporate par- 
ticipation in many collaborative planning efforts (Sample et al. 
1995). Revision of both law and policy may be required to 
encourage agencies and some private entities to shift their focus 
from competition to cooperation. 

A potentially greater hurdle relates to the premise that 
improved communication will result in conflict resolution and 
improved decisions. Amy (1990) asserts that “environmental dis- 
putes have little to do with miscommunication, but instead are 
rooted in fundamental conflicts of interest, values, and princi- 
ples.” Attempts to resolve basic value conflicts through improved 
communication are liable to lead only to circular discussions 
(Moote 1995). Other barriers to collaborative planning include a 
history of antagonism among participants and a desire for consti- 
tutional changes or legal precedents (Selin and Chavez 1995). 
Animosity among polarized interest groups and general distrust 
of government are added problems that are not easily overcome 
(Sample et al. 1995). 

Continuity of Participation 
Agency policies of transferring personnel every few years 

reduces the likelihood that agency personnel will follow through 
on verbal agreements (Sample et al. 1995). The transitory nature 
of most citizen groups similarly hinders continuity of participa- 
tion. Although participation in all phases of planning is desirable, 
it is also extremely demanding and therefore engenders partici- 
pant bum-out (Moote 1995). Participatory forms of planning fre- 
quently drag on for several years without reaching resolution, fur- 
ther frustrating participants (Southern Utah Wilderness Alliance 
1994). Furthermore, participatory democracy theory fails to con- 
sider other management and planning mandates affecting agen- 
cies, such as schedules and targets for commodity production and 
the federal budgeting process. Annual budgets provide no assur- 
ance of funding continuance from one year to the next, and 
agency budget targets stress achieving outputs, not building link- 
ages (Cortner 1994). Conflicts among mandates can result in 

instances where participants in collaborative planning processes 
get mired down in debates and discussions, while agencies move 
ahead to meet planning deadlines, making and implementing 
decisions independent of the group (Southern Utah Wilderness 
Alliance 1994; Moote 1995). 

Decision-making Authority 
Finally, theoretical treatises on participatory democracy fail to 

consider questions of legal authority and accountability. The con- 
cept of shared decision-making authority is in direct conflict with 
federal officers’ responsibilities to Congress. Congressional 
statutes grant authority to the Secretaries of Agriculture and 
Interior and their officers to manage public lands in a manner that 
will meet a variety of congressional goals, and these and other 
statutes hold the officers accountable for meeting these goals. 

These questions of authority and accountability were a major 
component of judicial denial of the widespread application of 
cooperative management agreements by the BLM to manage 
livestock grazing (Natural Resources Defense Council, Inc. et al. 
v. Hodel, E.D. Cal, 1985). Under the rejected BLM policy, per- 
mittees with cooperative management agreements were given 
decision-making authority regarding livestock grazing. The Court 
found the permittees could not be held accountable to meeting the 
goals of FLPMA, and the Secretary of the Interior and officers 
had no authority to relinquish their authority to permittees in this 
manner. It is important to recognize that the Court did not base its 
denial on the fact that permittees would eventually be policing 
themselves. Rather, the court denial was based on the general 
behavior of relinquishing authority. It is likely that a similar 
denial would be rendered if any public participation group was 
granted decision-making authority by the Administration without 
congressional directive, no matter what its composition. 

Conclusion 

Participatory democracy concepts are the basis for many alter- 
native models of public participation in public land planning and 
decision-making on rangelands. Theoretically, a participatory 
approach would provide more acceptable decisions through broad 
representation of all affected interests, better access to agency 
decision-makers and decision-making materials, open forums for 
information exchange and learning, continuous involvement of 
affected interests in the planning and decision-making processes, 
and shared ownership in decisions. In addition, a participatory 
approach would theoretically result in a decision that reflects the 
interests and concerns of all affected and interested groups and 
individuals, and therefore precludes appeals and lawsuits. Such 
approaches are extremely attractive in these days of federal gov- 
ernment decentralization and ubiquitous appeals of FS and BLM 
plans. 

To some degree, participatory approaches to public participa- 
tion in public land planning can take place under the existing 
legal authorities of the BLM and the FS, yet attempts to imple- 
ment more participatory processes indicate that these approaches 
will have to be further developed to address logistical and legal 
barriers to participatory public land planning and decision-mak- 
ing. Participatory approaches to public participation are based in 
a political theory that differs from the concepts of representative 
governance and competition that are basic to our political and 
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economic structures. Furthermore, legal reform would be 
required in order for some aspects of participatory democracy, 
such as shared decision-making authority, to be fully implement- 
ed. We believe that resource managers and policymakers contem- 
plating the use of participatory approaches to public participation 
also need to consider the economic, institutional, and legal chal- 
lenges to their implementation. 
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Abstract Reslimen 

The effect of livestock grazing on organic C and N in range- 
Land soils is not well defmed. In this study on sandy rangehmd in 
western Oklahoma, we sampled 8 pastures moderately grazed by 
cattle and 8 adjacent exclosures ungrazed by livestock for 50 
years. The sagebrush was largely controlled by herbicide in the 
study areas. The C and N concentrations in the surface 5 cm of 
soil, total herbage production, and total N uptake by vegetation 
were similar (P > 0.05) in grazed and nongrazed areas. CiU-bOU 
and N concentrations in soils sampled to a constant mass to a 
depth of 5 cm or less were not (P > 0.05) different from concen- 
trations determined on soil sampled to a constant depth of 5 cm. 
When calculated on a content basis, grazing increased (P < 0.001) 
the bulk density (1.35 g cm”) compared to nongrazed pastures 
(1.19 g cm-3 and had a significant (P < 0.01) effect on C and N in 
the surface 5 cm of soil. Litter and total N in litter were greater 
(P < 0.01) on nongrazed areas. Little bluestem (Schizachyrfum 
scoparium (Michx.) Nash) and sand bluestem (Andropogon haZlii 
Hack.) produced more herbage and had greater frequency on 
nongrazed areas, whereas blue grama [Bouteloua gracilis 
(H.B.K.)Lag. ex Griffiths], sand dropseed [Sporobolus cryptan- 
dnrs (Torr.)Gray], and western ragweed (Ambrosia pdostachya 
DC.) increased in frequency on grazed areas. Thus, 50 years of 
moderate grazing by cattle had no measurable effect on C and N 
concentrations in the surface 5 cm of the sandy soil or on total N 
uptake by plants as compared with nongrazed areas; however, 
significant differences occurred in species composition which 
may alter mechanisms of C and N balance. 

Key Words: Southern Plains, soil sampling, organic carbon, lit- 
ter, little bluestem, sand bluestem, western ragweed, grazing, 
exclosures 
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El efecto de1 pastoreo de1 ganado en la el contenido de C y N el 
suelos de pastizales no esta bien deftido. En este estudio se reali- 
zo en pastizales arenosos en el oeste de Oklahoma, donde 
muestreamos 8 pas&ales moderadamente pastoreados par gana- 
do vacuno y 8 pa&ales adyacentes no-pastoreados por ganado 
vacuno durante 50 aiios. Artemisa jZifoh (L.) fue controlado por 
herbicidas durante el estudio. Las concentraciones de C y N en la 
supeficie de1 suelo (5 cm), production de materia vegetal y conti- 
dad total de N absorbido por la vegetation fue simii (P > 0.05) 
en pa&ales pastoreados y 10s no pastoreados. Concentrationes de 
C y N en 10s suelos muestreados a mm masa con&ante y a una 
profundidad de 5 cm no fue diierente (P > 0.05) a concentraciones 
determinadas en suelos muestreados a una profundidad constante 
de 5 cm. Calculados en las bases de composition, el pastoreo 
incremento (P < 0.001) la densidad de1 suelo (1.35 g cm-3 com- 
parando a 10s pastizales no pastoreados (1.19 g cm-q, ademas 
tubo un efecto sign&ante (P < 0.01) en el C y N en la superficie 
de1 suelo (5 cm). Rastrojos y N total en 10s rastrojos fueron supe 
rior (P < 0.01) en las keas no pastoreadas, Schizachyrium scopar- 
ium Michx. (Nash) y Andropogon hallii (Hack.) producieron n&s 
vegetation y tubieron mayor frecuencia en areas no pastoreadas, 
pero BouteZoua gracilis (H.B.K.) Lag. ex GrifBths, Sporobolus 
cryptand& Tort-. (Gray), y Ambrosia psilostachya (DC.) aumen- 
taron en frecuencia en areas pastoreadas. Entonces, 50 aiios de 
pastoreo moderado pot- el ganado vacuno no tubo efectos consid- 
erahles en la concentration de C y N en la superficie (5 cm) de 
suelos arenosos o en la absorcion total de N por las plantas com- 
paradas con las areas no pastoreadas; Pet-o, diferencias sign& 
cantes ocurrieron en La composicitin de las especies, las males 
pueden alterar 10s mecanismos de balance de C y N. 

After water, N is usually the limiting factor in herbage produc- 
tion on rangeland. Grazing management that results in a net N 
loss to the system will eventually result in a loss in productivity. 
Organic C in soil is of interest from the standpoint of soil fertility, 
soil physical properties, and potential for C loss or sequestration 
as related to global climate change. 

The major N inputs into Great Plains rangeland are atmospheric 
deposition and protein supplements fed to cattle; outputs include 
ammonia volatilized from plants and animal wastes, and livestock 
products sold (Woodmansee 1978, Lauenroth and Milchunas 
1991). Redistribution of N within a pasture in livestock wastes 
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results in N enrichment near watering sites, resting areas, and 
near fences; thereby diminishing N recycling onto the bulk of the 
pasture (Woodmansee 1978). 

Annual N flux in rangeland is small in relation to total N in 
soil, vegetation, and litter. Therefore, long time periods are need- 
ed before measurable changes can be expected. A clear under- 
standing of domestic livestock grazing effects on C and N in 
Great Plains soils has not emerged despite a number of studies on 
the Northern Plains (Bauer et al. 1987, Dormaar and Willms 
1990, Dormaar et al. 1990, Dormaar et al. 1994, Frank et al. 
1995, Johnston et al. 1971, Manley et al. 1995, Naeth et al. 1991, 
Smoliak et al. 1972). This may be because responses are often 
specific to site, grazing pressure, or season of grazing. Moreover, 
results among studies are often not directly comparable, since 
some studies report C and N concentrations and others C and N 
content. Also, some of the studies do not have true replication, 
making it uncertain if C and N differences reported are in 
response to grazing treatments or to soil variability. 

Complications in measuring and comparing soil C and N under 
different grazing pressures arise in that soil bulk density usually 
increases because of compaction as grazing pressure increases. 
To illustrate 1 complication, consider sampling to a fixed depth 
(e.g. 5 or 10 cm); then the grazing treatments with the highest 
bulk density (highest grazing pressure) will be sampled deeper 
into what was the pre-treatment soil profile. Since soil organic 
matter (C and N) usually decreases with soil depth, the soil sam- 
pled under the higher grazing pressure treatment (higher bulk 
density) may be biased to lower C and N concentrations (e.g. g N 
Kg-’ soil to 10 cm depth). 

The situation is further complicated when C and N conlenr (e.g. 
kg N ha-’ to 10 cm depth) is determined. This is because soil bulk 
density is used in the calculations and will give a bias toward 
higher C and N content in the treatment with the highest bulk 
density (Skene 1966, Henzell et al. 1967). To insure unbiased 
results, the sampling increment should be thicker for the less 
compacted soil if content comparisons are made. Henzell et al. 
(1967), Skene (1967), and R. Grossman (USDA-NRCS, Lincoln, 
NE, personal communication) suggest soil sampling approaches 
to correct the problem; however, a correction is complicated. 
Some studies have made a correction (Simpson et al. 1974), the 
problem has been mentioned in other studies (Manley et al. 
1995), and overlooked in yet many others. Quantitative measures 
of species change and N and C dynamics in soils under long-term 
grazing regimes should provide some insight into how different 
species impact nutrient cycling in rangeland ecosystems (Hobbie 
1992, Tilman and Wedin 199 1). 

The primary objective of this study was to determine N in soil, 
vegetation, and litter in grazed Southern Great Plains sandhills 
rangeland as compared to adjacent areas where cattle grazing was 
excluded for 50 years. The sand sagebrush has been largely con- 
trolled with 2,4-D herbicide in the study areas. Also reported are 
data on soil C and N concentrations from sampling on a constant 
mass basis as compared to sampling to a given depth and report- 
ing C and N concentrations or contents. 

Materials and Methods 

27’ N, Elevation 610-640 m) in western Oklahoma. The 
Experimental Range includes 1,746 ha of native sandhill range- 
land (Berg 1994) which in 1936 was “observed to be in extremely 
poor condition as a result of severe drought, intense heat and 
close grazing.“’ 

The native vegetation is within the sand sagebrush (Artemisia 
filifolia Torr.)-bluestem prairie type of Kuchler (1964). The 
topography is that of rolling sandhills with no well-defined 
drainage patterns. Pratt soils (sandy, mixed thermic Psammentic 
Haplustalfs) are on lower slopes and more level areas, and Tivoli 
soils (mixed, thermic Typic Ustipsamments) are on upper slopes. 
The 50-year mean annual precipitation is 575 mm. The area had 
major droughts in the 1930’s and 1950’s, above average precipi- 
tation 1985 to 1989 (ave. 690 mm yi’), and 435 mm in 1990,409 
mm in 1991,386 mm in 1992, and 460 mm in 1993. 

In 1941, experimental pastures (20 to 80 ha) and associated 
livestock exclosures (0.4 to 4 ha) were fenced (4 wires) prior to 
starting rotational grazing (McIlvain and Savage 1951) and cattle 
stocking rate studies (Shoop and McIlvain 1971). Sand sagebrush 
has been nearly eliminated on some portions of the experimental 
pastures and on portions of the associated exclosures by herbicide 
spraying that began in 1946 (McIlvain and Savage 1949). 

Sixteen pastures and associated exclosures were evaluated as 
possible sites for this study. Eight sites were selected that were: 
1) on Pratt loamy sand soils, 2) devoid or nearly devoid of sand 
sagebrush, 3) on uniform topography within a sampling area of 
20 by 100 m within the exclosure and a paired area in the adja- 
cent pasture. Adjacent paired sampling areas were parallel and 
separated by a 10-m wide strip on the pasture side of the exclo- 
sure fence to avoid sampling where cattle concentrations may 
have occurred as a result of grazing and traveling. 

The 8 pastures associated with the exclosures were grazed ‘mod- 
erately’ with 0.29 yearling steer ha-’ yi’ or 0.14 cow-calf pairs ha-’ 
yi’ since 1961. Moderate stocking under year-long grazing was 
defined as the level of grazing that left approximately l/3 of the 
average production of forage at the end of the grazing period, usu- 
ally about 20 April (Shoop and McIlvain 1971). From 1942 to 
196 1.6 of the pastures were grazed under moderate stocking and 
2 pastures under heavy stocking (0.38 steers ha-’ yi’). Cattle were 
supplemented in winter with about 0.9 kg cottonseed cake (41% 
crude protein) day-’ head’. Residue within 1 exclosure was acci- 
dently burned in 1943, 1 exclosure was intentionally burned in 
1951, and 1 exclosure accidently burned in 1959. Some soil dis- 
turbance by pocket gophers (Geomys bursatius Shaw) and kanga- 
roo rats (Dipodomys or&i Woodhouse) was obvious both within 
and outside the exclosures. 

Soil Sampling and Analysis 
Soil samples were taken when the soil was moist so that intact 

cores could be extracted. Sampling was in spaces between plant 
bases and random except that samples were not taken where 
rodent disturbance was obvious. Litter was hand brushed aside to 
bare the sampling area. Ten cores were taken in each pasture and 
10 in each adjacent exclosure during June 1992. 

Preweighed soil sample rings (stainless steel cylinders 50- mm 
diameter, 50-mm tall; Eijkelkamp Co.; Giesebeek, The 
Netherlands) were pushed into the soil until the top was flush 

The Setting 
The study was conducted on the USDA Southern Plains ‘D.A. Savage, 1941 file report “Prelimin~gmz.ing treatments on the Southern 

Experimental Range 2&m north of Fort Supply (99O 23’ W, 36” 
Plains Experimental Range”, Southern Plains Range Research Station, Woodward, 
Olda. 
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with the soil surface. The samples, still in the rings, were 
removed and dried at 57” C and bulk density calculated. 

The soil cores from within pastures and exclosures were then 
randomly divided into 2 groups. On 1 group the following proce- 
dure was used so soil N and C concentrations could be deter- 
mined on equal sampled soil masses using the soil surface as the 
plane of reference. Within each paired set of 10 core samples, 5 
from a given pasture and 5 from the associated exclosure, the soil 
weight of each sample was adjusted to the weight of the lightest 
sample. This was done by uniformly shaving and discarding soil 
off the bottom of each of the other samples (still in the sample 
rings) until the soil sample weights were uniform among the 10 
samples. On the other group of samples, the entire soil volume 
within the sampling rings was processed and analyzed. 

Soil samples were crushed and sieved through a 2-mm screen. 
Roots visible in the sieved samples were removed. Total N was 
determined by a micro-kjeldahl procedure (Bremner and 
Breitenbeck 1983) and organic C determined by the modified 
Mebius method (Nelson and Sommers 1982). The soils were non- 
calcareous and had a pH (vol:vol, soil:distilled water) range of 
5.5 to 6.8. 

Vegetation and Litter Sampling and Analyses 
Pasture sampling areas were fenced to exclude livestock in 

March 1993. Vegetation and litter were sampled over the period 
of 26 to 30 July 1993. Within each 20 by 100-m sampling area 
the location of 20 sampling stations was randomly assigned. If a 
sample station fell within the canopy of a sand sagebrush plant, 
this station was voided and another station used. 

Frequency of species rooted within a O.l-m2 quadrat was 
recorded at each sampling station and at 4 additional quadrat 
placements each 1.5-m in a cardinal direction from the original 
station. This gave frequency on 100 0.1-m’ quadrats per pasture 
or exclosure. Only species with a frequency averaging 5% or 
more in either the pastures or exclosures are reported. 

Herbage was clipped by species or classes of species from 
plants rooted within a 0.30 by 1.66-m (0.5 m2) quadrat at each of 
the 20 sampling stations within each sample area. Clipping was 
near the soil level. The clippings were dried at 57” C and 
weighed. All clippings within a species or class of species within 
each sample area were cornposited, subsampled, and ground to 
pass a l-mm screen. Total N concentration was determined by the 
procedures of Bremner and Breitenbeck (1983). 

Litter, which included standing dead material (pre 1993 grow- 
ing season), was collected within each 0.5 m2 quadrat after 
herbage was clipped, dried at 57” C, ground to pass a l.O-mm 
screen, and total N concentration was determined (Bremner and 
Breitenbeck 1983). Litter was ashed at 600” C to correct for soil 
contamination and is reported on an organic matter basis. 

Soil data, vegetation and litter weights, and N levels were ana- 
lyzed by analysis of variance. The model was a randomized com- 
plete block design. The 8 sampling sites were blocks. Species fre- 
quency was analyzed using the Chi square test. 

Results and Discussion 

Table 1. Total N and organic C in soils under grazed pastures and non- 
grazed exclosures in a Southern Plains mixed grass prairie. 

Measurement Grazed Nongrazed Level of 
significance’ 

Concentration when sampled to a constant mass to a depth of 5 cm or 
IesS: 
Total N, g kg-’ 1.16iO.08 1.06 + 0.07 NS 
Organic C, g kg-’ 10.44 * 0.90 9.5 1 + 0.77 NS 

Concentration when sampled to 5 cm: 
Total N, g kg-’ 1.11*0.07 1.04*0.10 NS 
Organic C, g kg-’ 10.38 zt 0.82 8.89 f t .24 NS 

Content when sampled to 5 cm: 
Total N, g mm2 74*4 61 t5 ** 

Organic C, g me2 694 * 47 52Ozt62 ** 

not (P > 0.05) different from concentrations determined on soil sam- 
pled to a constant depth of 5 cm. Thus in this study, sampling to a 
constant mass gave nearly the same results and was considerably 
more laborious than sampling to a constant depth. When calculated 
on a content basis (Table 1). grazing had a significant (P < 0.01) 
effect on C and N in the surface 5 cm of soil. The higher (P < 0.001) 
bulk density measured in the grazed pastures (1.35 g cm-3) than in 
the exclosures (1.19 g cmm3) used in the content calculations led to 
this difference. We believe that the comparison of these C and N 
contents based on a constant sampling depth are invalid for the rea- 
sons given by Skene (1966) and Henzell et al. (1967). 

Thus, we suggest that the soil concentrations of C and N best 
reflect the effect of cattle grazing as compared to 50 years of 
exclusion on the study areas. Our data can be criticized for the 
shallow sampling depth; however, grazing effects in improved 
pastures are usually most pronounced in the surface 5 cm 
(Whitehead 1995). In areas adjacent to this exclosure study sig- 
nificant soil C and N differences between nonfertilized and 20- 
year N-fertilized pastures were found only in the surface 5 cm 
(Berg 1988). 

In future rangeland soil studies, increased attention should be 
given to sampling depths (Skene 1966, Henzell et al. 1967), 
reporting C and N concentrations (Reganold and Palmer 1995) 
and/or contents (Tiessen et al. 1982, Manley et al. 1995), and 
valid field replication (Hurlbert 1984, Wester 1992). Consistent 
sampling of adjacent pastures showing vegetation contrasts 
induced by moderate as compared to heavy grazing over many 
locations may be a fruitful approach to determine grazing effects 
on soil C and N in the Great Plains. Rauzi et al. (1968) used such 
an approach to characterize infiltration rates. 

Vegetation 
Total herbage production and total herbage N uptake (Table 2) 

were not significantly different (P > 0.05) between grazed pas- 
tures and nongrazed exclosures. Among species there were many 
significant differences between grazed pastures and nongrazed 
exclosures in herbage production (Table 2), N uptake (Table 2) 
and frequency (Table 3). The removal of sand sagebrush with 
herbicide altered the vegetation structure and may have impacted 
long-term C and N dynamics that were not measured in this 

Soils 
study. 

Grazing had no significant (P > 0.05) effect on C and N con- 
Total grass production averaging 1,280 kg ha-’ in the grazed 

centrations (Table 1). Carbon and N concentrations determined in 
pastures in this study (Table 2) is comparable to forage produc- 

soils sampled to a constant mass to a depth of 5 cm or less were 
tion averaging 1,200 kg ha” yr” measured in some of these and 
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Table 2. Herbage production and N uptake by important species and classes of species in grazed pastures and nongrazed exclosures in a Southern 
Plaii mixed grass prairie. 

Species Grazed 

Grasses: (kg ha-‘) 

Herbage 
Nongrazed 

(kg ha-‘) 

Level of significance Grazed 

(kg ha-‘) 

N uutake 
Nongrazed 

(kg ha-‘) 

Level of significance’ 

Blue grama 147 * 20 4*2 ** l&i .19 0.0% + .04 ** 
Little bluestem 325 f 49 893i99 ** 2.31 i .34 6.19 + .70 ** 
Sand bluestem 302 i 35 494 f 6.5 ** 2.22 f .25 3.66 * A4 ** 
Sand dropseed 53*1 6i2 ** 0.50 f .Ol 0.07 f .03 ** 
Texas bluegrass 134k52 115 zt 18 ** 1.7ozt.66 1.51 + .23 * 
Other grasses 319 i 31 302 f 26 NS 2.66 f .29 2.30 + .20 NS 

Total grasses 1280 f 80 1814 f 112 ** 10.79 i .81 13.82 + .75 ** 

Annual forbs 288 i 34 181 f 21 * 3.04 f .35 2.40 + .35 NS 
Perennial forbs 484*33 138 f 13 ** 1.21 f .02 1.61 + .03 ** 

Total forbs 112*44 325 f 29 ** 4.25 f .36 4.01 f .36 ** 

Total herbage 2052 f 83 2139 f 106 NS 15.04 f .94 17.83 + .86 NS 

‘*=P>F.05,**=P>F.O1 

similar pastures over the period 1950-1960 (Shoop and McIlvain 
1971). These production data and total precipitation of 438 mm 
for the October 1992 through July 1993 period (54 year Oct. 
through July mean = 452 mm) indicate that vegetation sampling 
in July 1993 was done after near-normal precipitation conditions. 

Comparing species, blue grama and sand dropseed produced 
more herbage, accounted for greater N uptake (Table 2), and had 
greater frequency (Table 3) in grazed areas; little bluestem and 
sand bluestem produced more herbage, accounted for greater N 
uptake, and had greater frequency in nongrazed areas. Nitrogen 
uptake by little bluestem and sand bluestem was 55% of total N 
uptake by plants in the nongrazed areas and 24% of total N 
uptake in the grazed areas (Table 2). Although Texas bluegrass 
(Pou uruchniferu Torr.) had significantly higher (P > .OOl) fre- 
quency in the nongrazed area, its herbage production (P > .Ol) 
and N uptake (P > .05) was significantly higher in the grazed 
area. 

Perennial forb production was 3-fold greater in the grazed than 
in the nongrazed areas (Table 2). Nearly a third of total N uptake 

Table 3. Frequency of species within 0.1 mm2 quadrats in grazed pastures 
and nongrazed exclosures in a Southern Plains mixed grass prairie. 

Species 

Perennial grasses: 
Blue grama 
Little bluestem 
Sand bluestem 
Sand dropseed 
Sand paspalum 
Switchgrass 
Texas bluegrass 

Annual grasses: 
Annual bromes 
Sandbur 

Perennial forbs: 
Heath aster 
Silverleaf nightshade 
Spiderwort 
Western ragweed 

Annual forbs: 
Camphor weed 
Sunflower 
Wooly plantain 

Grazed Nongrazed cbi square 
Probability 

35 3 0.001 
24 46 0.001 
37 43 0.030 
11 1 0.001 

7 1 0.001 
5 3 0.110 

29 42 0.001 

11 8 0.001 
7 1 0.001 

14 8 0.080 
1 7 0.001 

5 19 0.001 
75 35 0.001 

36 17 0.001 
0 5 0.001 

16 4 0.001 

by plants in grazed areas was by annual and perennial forbs 
(Table 2). This compares to about 20% of total N uptake in non- 
grazed areas by forbs. Much of the perennial forb production and 
N uptake was by western ragweed which had the highest frequen- 
cy of any species in the pastures (Table 3). Heath aster (Aster eri- 
coides L.), Camphor weed (Heterotheca latifolia Buckl.) and 
wooly plantain (Plantago patugonica Jacq.) were important 
forbs, particularly in the grazed mixed grass prairie. Silverleaf 
nightshade (Solanum elaeagnifolium Cav.), Spiderwort 
(Trudescuntia occidentulis (Britt) Smyth), and sand sunflower 
(Helianthus petioluris Nutt.) were more prominent in the non- 
grazed exclosures (Table 3). Bromes (Bromus spp.) and sandbur 
(Cenchrus incertus M.A. Curtis) were important annual grasses, 
particularly in the grazed areas. 

Litter 
Nongrazed areas contained more than twice as much litter and 

standing dead tissue as the grazed areas (Table 4). Total N in lit- 
ter and standing dead tissue in the nongrazed areas (27 kg N ha-‘) 
was more than 3-fold more than in the grazed areas (Table 4). 
This quantity of N, apparently accumulated over 50 years, is 
about equal to annual N uptake in herbage (Table 2) and is small 
in relation to total soil N. 

Table 4. The amount of litter and litter N (kg ha-‘) in grazed pastures 
and nongrazed exclosures in a Southern Plains mixed-grass prairie. 

Measurement Grazed 

(kg ha-‘) 
Litter 1158r88 
N content 8zt.1 

‘*=P>F.05,**=P>F.O1 

Nongrazed Level of 
significance 

(kg ha-‘) 
3210 i 175 ** 

27k2 ** 

Conclusions 

Fifty years of livestock exclusion had no measurable effect on 
C and N concentration in the surface 5-cm of soil, total herbage 
production, or total plant uptake of N, as compared to adjacent 
moderately grazed rangeland. Litter and total N in litter were 
greater under nongrazed conditions. Since similar measurements 
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were not made at the time the exclosures were constructed, con- 
clusions on C and N trends in these grazed and nongrazed sys- 
tems are not possible. However, the data indicates that moderate 
grazing by cattle on this mixed-grass prairie rangelaud had little 
measurable effect on the N status as compared to nongrazed con- 
ditions. 

Substantial differences in frequency and herbage production 
among plant species were present when comparing grazed and 
nongrazed conditions. Little bluestem was a major producer in 
nongrazed areas; whereas western ragweed, blue grama, and sand 
dropseed were more common on grazed areas. The prominence 
of western ragweed on the grazed areas indicates that this species 
should be of major interest in future grazing management studies 
in the region. 

These data indicate that plant species are both a cause and au 
effect of patterns of nutrient cycling as suggested by Hobbie 
(1992). Species responses to grazing in this study appeared relat- 
ed to herbivore selectivity, grazing tolerance, and above-ground 
net primary production of the various species of vegetation as 
hypothesized by Milchauus and Laueuroth (1993). Selective for- 
aging by herbivores, which serve as functional switches in the 
food web and nutrient cycles (Pastor and Naimau 1992), facilitat- 
ed shifts in the plant community structure of this mixed-grass 
prairie ecosystem. 

In our study, sand and little bluestem together accounted for 30 
and 55 percent of the N uptake in grazed and nongrazed mixed 
grass prairie, respectively. Tilmau and Wedin (1991) found that 
Andropogon and Schizachyrium species were at au advantage 
over other species in these less fertile grasslands because of their 
higher proportion of root biomass, relatively low root and shoot 
N concentrations, and slow growth rates. Forbs like western rag- 
weed can significantly impact nutrient cycling when conditions 
favor their growth, i.e., in normal to wet years following dry sum- 
mers when the density of warm season perennial grasses have 
declined. The presence of the cool-season perennial Texas blue- 
grass and annual bromes may also extend the nutrient cycling and 
C sequestration during the annual cycles. 
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Abstract 

Spotted knapweed (Centaurea muculosu Lam.), an exotic mem- 
ber of the Compositae, infests large areas of rangeland in the 
northwestern United States. We assessed the impacts of infesta- 
tion on a wilderness winter-spring range for elk (Cervus elaphus 
nelsoni Bailey), mule deer (Odocoileus he&onus Raf.), and 
white-tailed deer (Odocoileus virginanus Baf.) along the Selway 
River in Idaho and found no evidence of a large reduction in car- 
rying capacity. We estimated cervid densities in open areas by 
scan sampling known area blocks. Densities in knapweed vegeta- 
tion were greater than or equal to densities in areas of native 
bunchgrasses and sedges. Direct observation of animals and lab- 
oratory analyses of fecal and rumen samples showed spotted 
knapweed seedheads and rosette leaves were being eaten by all 
cervid species. Deer ate large amounts of rosette leaves at times 
in contrast to elk, which consumed them frequently, but in small 
amounts. Seedhead consumption was greatest during periods of 
snow cover. We collected composite samples of knapweed tissues 
and determined energy and protein content with standard labo- 
ratory techniques. Energy and protein content of rosettes was 
near that of preferred native food plants. Seedheads, while less 
nutritious than rosettes, remained easily obtainable above the 
snow. The amount of energy and protein available on sample 
plots decreased modestly at most after infestation. In composite 
samples of spotted knapweed the content of cnicin, a sesquiter- 
pene lactone in aerial tissues, was determined by high perfor- 
mance liquid chromatography. Changes in cnicin levels did not 
appear to be responsible for seasonal changes in the amount of 
knapweed in cervid diets. When estimating or predicting carry- 
ing capacity of a cervid range, spotted knapweed should be con- 
sidered a potential food. 

Key Words: carrying capacity, spotted knapweed, Centaurea 
maculosa, elk, Cervus elaphus, mule deer, Odocoileus hemionus, 
white-tailed deer, OdocoiZeus virginianus, noxious plants 

Spotted knapweed (Centuurea muculosa Lam.) infests nearly 2 
million ha in Idaho and Montana plus substantial and increasing 
areas in adjacent states and provinces (Roche 1988, Callihan and 
Sanders 1994). This Eurasian exotic, introduced to the Pacific 
Northwest around the turn of the century, is well adapted to soil 
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Restimen 

Centaurea maculosa Lam., un exotic0 miembro de las 
Compositae, invade grandes areas de campo en el noroeste de 10s 
Estados Unidos. Se evaluo el impacto de invacion en un area uat- 
m-al de inviemo-primavera utilizada por Cervus elaphus nekoni 
Bailey, Odocoikus hemionus I&f., y Odocoielus virginanus Raf. a 
lo large de1 rio Selway en Idaho y no se encontraron evidencias 
de una gran reduction en la capacidad de carga. Se estimo la 
den&lad de drvidos en areas abiertas por “scan” observados en 
bloaos. La densidad de C. maculosa fue mayor o igual a la densi- 
dad de gramas agrupados y Cyperaceae. Observacidn directa de 
10s animales y anrilisis, en el laboratorio, de fecas y muestras de1 
rumen mostraron que las cabezas de semillas estaban siendo 
comidas por todas las especies de cervidos. Los ciervos comieron 
grandes cantidades de hojas en roseta esporadicamente, en 
cotraste con Cervus eluphus nelsonii, el cual consumio estas fre- 
cuentemente pero en pequeiias cantidades. El consumo de las 
cabezas de semillas fue mayor durante periodos con cubierta de 
nieve. Se colectaron muestras compuestas de tejidos de C. mucu- 
losa y se determitt et contenido energetic0 y proteico mediante 
t6cnica.s estandar de laboratorio. El contenido energetic0 y pro- 
teico de las rosetas fue cercano a aquellas plantas nativas 
comestibles preferidas. Las cabezas de semillas, si bien son 
menos nutritivas que las rosetas, permanecen facilmente 
obtenibles por encima de la nieve. La cantidad de energia y pro- 
teina disponible en una muestra de1 terreno disminuyd modesta- 
met&e, luego de la invasion. En las muestras compuestas de C. 
maculosa el contenido de c&in, una lactona sesquiterpeno en 
tejidos aereos, fue determinado por cromatografia liquida de 
alto funcionamiento. Los cambios en 10s niveles de cnicin no 
parecieron ser responsables por 10s cambios estacionales en la 
cantidad de C. maculosa en la dieta de 10s cervidos. Al estimar o 
predecir la capacidad de carga en un campo utilizado par drvi- 
dos, C. muculosa deberia ser considerada un aliment0 potential. 

types and climatic regimes common on cervid winter ranges in 
the region. On some ranges, like the Selway, it has become the 
dominant plant in open areas. 

The value of spotted knapweed as a forage for wildlife and 
livestock was first thought to be minimal (Watson and Renney 
1974, Strang et al. 1979). More recently it has been shown to 
have substantial nutritional value (Kelsey and Mihalovich 1987), 
and both domestic (Spoon et al. 1983, Cox 1983) and native graz- 
ers (Lavelle 1986, Miller 1990) eat portions of the plant. 

The lower elevations (< 1525 m) of the Selway River drainage 
in central Idaho are an important winter-spring range for elk 
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(Cervus elaphus nelsoni Bailey), mule deer (Odocoileus 
hemionus Raf.), and white-tailed deer (Odocoileus virginianus 
Raf.). Primary historical accounts such as journals, grazing allot- 
ment records, photographs, and interviews provide a history of 
the region since 1910. Large fires in the early 20th Century creat- 
ed conditions that encouraged a small, possibly indigenous elk 
population to expand to near-irmptive levels in the 1940’s and 
1950’s. They remain the dominant grazers today. Cattle grazing 
ended by 1950, and grazing by pack and saddle stock has 
declined since the late 1960’s. Neither had important impacts on 
vegetation except near scattered homesteads. Cheatgrass (Bromus 
tectorum L.) invaded many open ponderosa pine (Pinus pon- 
derosa Dougl.)-bunchgrass sites as early as 1932, followed with- 
in a decade by goatweed (Hypericum perforatum L.) (Tisdale 
1976). Spotted knapweed began gaining a foothold in dry bot- 
tomlands in the 1960’s, and since has come to dominate much of 
the winter-spring range. 

In this setting we collected data to meet several objectives: 1) 
to determine whether elk and deer densities in unforested sites 
dominated by spotted knapweed differed from densities in areas 
dominated by native vegetation, 2) to determine the amount of 
spotted knapweed eaten by elk and deer and their season of use, 
3) to evaluate the nutritional quality of spotted knapweed and 
compare its energy and protein content to common well known 
food plants of elk and deer, 4) to estimate carrying capacity 
changes on sample plots after they became infested by knapweed, 
and 5) to compare seasonal changes in cnicin content of knap 
weed tissues with seasonal changes in the amount of these tissues 
included in cervid diets. 

Study Area 

Our lOO-km2 study area was located in the middle of the 
Selway River drainage in the Idaho portion of the Selway- 
Bitterroot Wilderness. It encompassed elevations from river level 
at 825 m up to 1,525 m, but only those areas within 6 km of the 
Selway River. The moist north slopes of the steep, dendritic 
drainages are heavily forested with Douglas-fir (Pseudotsuga 
menziesii (Mirbel) France) and grand fir (Abies grandis (Dougl.) 
Forbes). Xeric south and west exposures are dominated by spot- 
ted knapweed or other forbs. Bunchgrass/sedge (Curex spp. L.), 
brushfields dominated by serviceberry (Amelanchier alnifolia 
Nutt.), or open ponderosa pine forest grow on intermediate sites. 

White-tailed deer and elk were abundant during all winter and 
spring months. Mule deer were abundant on the study area except 
during December. Adult bull elk were uncommon. 

In a typical year, powder snow increases in depth from late- 
November through mid-January. Later in the winter crusting 
increases and snow cover decreases on south slopes. During 
March, snow cover disappears rapidly except on north slopes and 
at higher elevations. Maximum snow depths averaged 43 cm 
from 1967 through 1993 in the river bottom. Peak snow depths 
were 38 cm, 28 cm, 51 cm, 33 cm, 25 cm and 48 cm in 
1991-1996 respectively (National Weather Service climatic data 
station maintained by ALW). 

Methods 

Cervid Densities 
We estimated densities of cervids on spotted knapweed and 

bunchgrass/sedge vegetation types by observing them from 7 

accessible view points throughout the study area. We mapped and 
computed the areas of knapweed and bunchgrasslsedge within 
10&1,500 m of each point. We classified patches of vegetation 
as knapweed if we visually estimated > 75% of herbaceous cover 
was spotted knapweed. We classified vegetation as 
bunchgrasslsedge if > 50% of herbaceous cover was bunchgrass 
and sedge. Both vegetation types had less than 10% canopy cover 
over 2 m tall. Vegetation patches ranged from 3.9-22.3 ha for 
knapweed and from 2.4-5.0 ha for bunchgrass/sedge. Four of the 
7 view points had both vegetation types present, and 3 had only 
knapweed. Because our objective was to identify sites that were 
either heavily infested or primarily native vegetation not to classi- 
fy intermediate sites as being in one or the other category, we felt 
visual cover estimates and qualitative descriptions of sites were 
adequate. 

Knapweed vegetation type-sites meeting the criteria for this 
vegetation type occurred on moderately steep (30 to 70% slope) 
southeast to west exposures. They contained small amounts of 
native and non-native perennial grasses, notably bluegrasses (Pus 
spp. L.), bluebunch wheatgrass (Agropyron spicatum (Pursh) 
Scribn. & Smith), and timothy (Phleum pratense L.), as well as 
moderate amounts of annual bromes in the steepest, rockiest por- 
tions. Although a wide variety of native and non-native forbs 
occurred on the sites (Appendix l), spotted knapweed was over- 
whelmingly dominant. Historic photographs, grazing allotment 
maps, and written descriptions indicate most spotted knapweed 
sites were previously dominated by bluebunch wheatgrass and 
cheatgrass. However, eight 100 point U.S. Forest Service loop 
transects (Parker 1951) done in 1964 to monitor range condition 
give a different picture. Forbs accounted for 71% of herbaceous 
plant hits, perennial grasses 16%, and annual grasses 13%. Thus, 
while bluebunch wheatgrass and cheatgrass may have been the 
most abundant individual species, forbs may have been the most 
abundant class of herbaceous plant. 

Bunchgrass/sedge vegetation type-Sites meeting the criteria 
for this vegetation type typically occurred on cooler microsites 
where plant phenology was slightly retarded compared to knap- 
weed sites. No aspect predominated, and slopes were similar to 
those of knapweed sites. Bluebunch wheatgrass and Idaho fescue 
(Festuca idahoensis Elmer) were the most important grasses. The 
sedge component was present mainly on sites with a northerly 
aspect. Many sites had a significant forb component, but there 
was little spotted knapweed (Appendix 1). 

We chose the bunchgrasslsedge vegetation type for comparison 
to spotted knapweed because it was the only widespread, herba- 
ceous vegetation type dominated by native plants. It was not nec- 
essary that bunchgrass/sedge be identical to the pre-existing plant 
community on knapweed sites in order to test our hypothesis or to 
determine whether substantial numbers of cervids occurred on the 
knapweed vegetation type. 

Almost every other day from 1 December-25 April of 1990-91 
and 1991-92 we selected 1 of the 7 sites at random and surveyed 
cervid densities for 2 hours at a randomly selected time of day 
(morning, midday, or evening). Hunting season ended 10 days 
before surveys began, and no humans other than the researcher 
were present nearby during surveys. We counted cervids visible 
in knapweed and bunchgrass sedge at 15 min intervals (9 times in 
2 hours). We then averaged the 9 counts of each cervid species 
for each vegetation type. We computed density by dividing aver- 
age counts by area of vegetation type. Each 2 hour survey yielded 
1 independent density estimate for each cervid species on each 
vegetation type present. 
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Cervid Diets 
We estimated ungulate diets from analyses of rumen contents 

(Puglisi et al. 1978), microscopic forage fragments in feces 
(Sparks and Malechek 1968), and feeding sites (modified from 
Knowlton 1960). We used the second method for elk only. We 
collected rumen samples from carcasses or from viscera left by 
hunters October-May 1990-96. Samples were collected from a 
few hours to 4 months after deaths of the animals. We collected 
most (71%) within 1 week of the estimated date of death. Older 
samples were generally frozen and often had been covered with 
snow. These samples showed a yellowish discoloration but other- 
wise seemed similar to fresher samples. We believe that the activ- 
ity of the animal immediately prior to death, feeding versus rumi- 
nating, probably had a more important effect on the samples than 
age. Animals that died while feeding, as evidenced by large food 
items in the mouth, generally had larger and more easily identi- 
fied forage fragments in the rumen. We collected samples of elk 
pellets (3 pellets/group) whenever fresh pellet groups were 
encountered during the first 2 field seasons. At least 25 pellet 
groups were represented in each monthly composite sample. The 
Composition Analysis Laboratory at Colorado State University 
carried out microhistological analysis of feces. We used mean 
percent relative density based on 3 slides of 20 fields each to esti- 
mate elk diets from fecal samples. We studied feeding sites of elk 
in winter-spring 1992-93 and feeding sites of deer during the 
field seasons of 1992-93 and 1993-94. We observed animals 
feeding from 5-60 min and noted their exact path with respect to 
small landmarks such as sticks, rocks, bushes, etc. Then we 
examined this area carefully for evidence of freshly cropped veg- 
etation. Plant species were ranked by estimates of volume con- 
sumed. Consumption of foods such as arboreal lichens or fungi 
was directly observed. 

our own measurements made in 1991. We measured total bio- 
mass again in 1992. The plots, located in the south end of the 
study area, had little or no spotted knapweed in 1976 but became 
overgrown in intervening years. Designed for other purposes, 
these plots did not constitute a statistical sample of the study area. 
However, they did appear typical of non-forested sites now domi- 
nated by spotted knapweed. We harvested biomass in mid- 
November on ten 20 by 50 cm subplots/plot using the same meth- 
ods and at the same time of year as Merrill (1978). We oven dried 
and weighed harvested vegetation after sorting it into 6 cate- 
gories: spotted knapweed rosettes, stems, and seedheads, other 
forbs, annual grasses, and perennial grasses. We made separate 
estimates of available digestible energy and crude protein for 
both 1976 and 1991 using the algorithm of Hobbs and Swift 
(1985). The algorithm estimates the amount of a nutrient avail- 
able by sequentially adding lower quality forages to a theoretical 
diet until the nutrient concentration of the mix drops to the cho- 
sen constraint. The algorithm specifies that forages be sorted into 
categories equal to the smallest plant parts that a herbivore can 
select. Because Merrill’s (1978) measurements were intended for 
another purpose, the vegetation categories were broader than the 
ideal We used our November 1991 forage analyses to calculate 
available nutrients for 199 1. 

We used Merrill’s data to calculate available crude protein for 
1976, but because values of IVDMD were not available for 1976, 
categories were assumed to have the same values as in 1991. 
Digestible energy for each vegetative category was estimated by 
in vitro dry-matter digestibility (IVDMD) X gross energy 

Cuiciu Content 
We collected composite samples of spotted knapweed stems 

(with leaves attached), rosette leaves, and seedheads monthly 
from December 1991-April 1992 and analyzed them for dry-mat- 
ter content of cnicin. These composite samples were collected at 
3 sites near the center of the study area as described above. 
Samples were oven dried at 50” C for 24 hours and sealed in plas- 
tic bags for storage. One of the stem samples was divided in half. 
One half was processed without separating the tissues, while the 
other half was sorted into stems and stem leaves and thereafter 
treated as separate samples. Samples were extracted and analyzed 
by HPLC using conditions similar to Olson and Kelsey (1997). 

Nutrient Content 
To estimate nutrient content of forages, we hand plucked com- 

posite samples of spotted knapweed rosette leaves, stems, and 
seedheads in mid-November 1991 on 7 sites used previously for a 
study of nutrient cycling (Merrill 1978). There, at the same time, 
we collected composite samples of annual grasses, perennial 
grasses, and forbs other than knapweed. We collected further 
samples of spotted knapweed rosette leaves at 3 sites near the 
center of the study area mid-month February, March, and April 
1993. Composite samples of these forages were collected by 
walking diagonally upslope across plots and stopping every 10 
steps to hand pluck samples from the nearest 10 plants. All sam- 
ples contained portions of 2 100 plants. 

We collected composite samples of current annual growth of 
redstem ceanothus (Ceanothus sanguineus Pursh) and new- 
growth bluebunch wheatgrass in January 1993 and late March 
1993 respectively in areas where we observed use by deer and 
elk. Each sample contained portions of L 100 plants. 

We had all forage samples analyzed for gross energy, in vitro 
dry-matter digestibility (IVDMD), and crude protein by the 
Range Science Nutritional Analysis Laboratory at Colorado State 
University. Standard hay samples were tested along with forage 
samples during nutrient analyses for quality control. 

Statistical Analyses 
For each cervid species and their combined total we tested 

equality of densities between knapweed and bunchgrasslsedge 
using a blocked, strip-plot design with analysis of variance 
(ANOVA). Analysis was restricted to the 4 sites where both veg- 
etation types occurred. Variation between sites and years was 
removed from the error term by considering each site in each year 
as a separate block. Vegetation type and season were the main 
effects of the strip-plot. All data sets required transformation 
(natural log + 0.01) to insure homogeneous variances and nor- 
mality. 

We compared rumen contents among 3 cervid species with 
multivariate analysis of variance (MANOVA). The model speci- 
fied food types (arcsine square root transformed % rumen con- 
tents) as dependent variables and cervid species as the main 
effect. We assessed seasonal changes in knapweed use at feeding 

Changes in Biomass and Available Nutrients sites with G2 -tests of independence. Frequencies of food type 
We compared total biomass, available digestible energy, and ranked 1 in use (knapweed or other) were listed by 3 seasonal 

available crude protein on Merrill’s (1978) plots from 1976 with periods in a 2 X 3 contingency table. Equality of fall biomass on 
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sample plots before and after knapweed infestation was tested 
with a r-test. 

For nutrient and cnicin content analyses we formed composite 
tissue samples from many plants on a variety of sites versus many 
replicates from individual plants. This approach (Cook and 
Stubbendick 1986) made it possible to estimate central tendency 
for characteristics across the range of sites available. The altema- 
tive approach would provide a precise estimate for several plants 
while limiting inferences concerning sites across the study area. 

Results 

Cervid Densities 
Sizeable densities of ah 3 CeNid species were observed on the 

spotted knapweed vegetation type (Table 1). Where both spotted 
knapweed and bunchgrass/sedge occurred on the same site, a sig- 

Table 1. Estimated densities (number/ha) of cervids on unforested spot- 
ted knapweed vegetation type in the Selway River drainage. Idaho 
during winter-spring 1990-91 and 1991-92. 

Time Period’ 

1 Dec.-l5 Jan. 16 Jan.-28 Feb 1 Mar.-25 Apr. 
x SE x SE x SE 

------------ .---(no./ha)----------------  

Elk 0.22 0.06 0.19 0.07 0.30 0.06 

Mule deer 0.03 0.0 1 0.08 0.03 0.17 0.05 
White-tailed deer 0.01 0.01 0.03 0.01 0.05 0.02 

‘n = 39, 37, and 44 for 1 Dec.-15 Jan., 16 Jan-28 Feb., and 1 Mar-25 Apr. respectively. 

nificant vegetation type effect existed in the ANOVA model for 
elk (P = 0.048) and all cervids combined (P = 0.031). A near sig- 
nificant effect existed for white-tailed deer (P = .OSl) (Table 2). 
Although density estimates were highest 1 March-25 April for ah 

Table 2. Geometric means and standard errors (+, -) for estimated cervid 
densities (number/ha) on unforested vegetation types in the Selway 
River Drainage, Idaho during 66 scan surveys in winter-spring 
1990-91 and 1991-92. 

Cervid 
Species 

Elk 

Mule deer 

White-tailed 
deer 

All species 

Vesetation Tvpe 

Sp0-d Bunchgrassf 
knapweed sedge P’ 

_ _ _ _ _ _ _ _ _ _ -. -. . (*O./ha)- _ _ _ _ - - - - _ _ _ - - - - 

0.040 0.014 0.048 
(+ 0.013, - 0.010) (+ 0.006, - 0.005) 

0.011 0.007 0.338 
(i 0.004, - 0.003) (+ 0.003, - 0.002) 

0.006 0.000 0.081 
(+ 0.003, - 0.002) (invariant) 

0.073 0.024 0.031 
(+ 0.022, 0.017) (0.009, - 0.007) 

‘P-value is for vegetation type effect in ANOVA. 

cervid species on both vegetation types, there were no significant 
season or season X vegetation type effects in any model. White- 
tailed deer were never observed in the bunchgrasslsedge type dur- 
ing a survey and were seldom seen there at other times. 

Cervid Diets 
Rumen contents varied among cervid species (P < 0.001) (Table 

3). Cervid species was a significant or near-significant effect for 
every forage category in the analysis except conifers, knapweed 
stems, and miscellaneous items. We interpret the first canonical 

Table 3. Contents (% volume) of the rumens of cervids found dead near 
the Selway River, Ida Oct.-May 1990-%. 

Forage 

Shrubs 
Conifers 
Grass-like 

Forbs 
Centuurea 
maculosa 

rosette 
seedhead 
stem 

Other Forb 
Other 

white-tailed 
Elk Mule Deer Deer 

n = 34 = n= 14 

-i? SE x SE x SE P’ 

_______---___ (% vo,.) - - - - - - - - - - - - - 

38 6 15 6 18 8 0.059 
5 1 29 15 9 6 0.106 

47 7 7 5 1 1 < 0.001 

1 0 34 15 24 10 < 0.001 
3 1 2 2 trace 0.034 
1 0 trace trace 0.448 

5 3 10 8 44 11 < 0.001 
1 0 2 1 3 1 0.106 

‘P- value for greater Fin MANOVA for species effect on forage 2.45 df. 

axis, which accounts for 92% of the data set variability, as separat- 
ing elk, represented by large shrub and grass weightings, from 
deer, represented by high within structure negative correlations for 
knapweed rosette leaves and other forbs (Table 4). The second axis 
tends to separate the 2 deer species, but sample sizes are too small 
to make further interpretation useful. We collected deer rumens 
containing > 20% rosette leaves in October, November, March, 
and May (Table 5). Microhistological analysis of elk fecal samples 
yielded monthly estimates from 2-20% spotted knapweed with 
consumption highest during April both in 1991 and 1992 (Fig. 1). 

Type of food ranked 1 (spotted kuapweed versus any other) at 
feeding sites was not independent of season for elk (P = 0.048, n = 
70), mule deer (P = 0.002, n = 67), or white-tailed deer (P < 0.001 
n = 73). For ah 3 cervid species we observed heaviest use of spot- 
ted knapweed seedheads 1 December-15 January and heaviest use 
of rosette leaves 1 March-25 April (Tables 6,7, and 8). 

Table 4. Standardhed canonical coefficients and within canonical struc- 
ture for fust axis of MANOVA model with forage content of cervid 
rumens predicted by cervid species. Rumens collected Oct.-May 
1990-96 in Selway River drainage, Idaho. 

Standardized Within 

Forage 
Canonical 

Coefficients 
Canonical 
Structure 

Shrubs 
Conifers 

Grass-like 

Forbs 
Centauren maculosa 

rosette 
SiXAhead 

stem 

Other Forb 

Other 

1.5585 0.2076 
0.2661 -0.0941 

2.0575 0.4800 

0.2413 -0.3606 
0.3802 0.2201 
0.2256 0.1087 

0.3745 -0.3365 
0.0336 -0.1743 
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1990-91 1991-92 Sampling date 

Year / Month 

Fig. 1. Percentage of spotted knapweed in elk diets in the Selway 
River drainage, Idaho during 2 winter-spring periods as estimated 
by microhistological analysis of fecal pellets. 

Nutrient Content 
The nutritional value of spotted knapweed rosette leaves was 

much higher in spring than fall (Fig. 2). Highest values of 
IVDMD, 88%, were measured in mid-February at the time sea- 

Table 5. Content (40 volume) of spotted knapweed found in deer ramens 
from the Selway giver, Ida. Oct.-May 1990-%. 

Species Date 
Plant tissue 

Seedheads Rosettes Stems 
__________ (%“Ol.) ---------- 

White-tailed 22 October 0 91 0 
White-tailed 22 October 0 91 trace 
Mule 31 October trace 99 trace 
White-tailed 1 November 0 8 0 
White-tailed 4 November 0 18 1 
White-tailed 5 November trace trace trace 
White-tailed 6 November 0 20 0 
Mule 11 November trace 83 1 
White-tailed 15 November 0 92 1 
White-tailed 16 November 0 8 0 
White-tailed 17 November 1 trace 0 
White-tailed 12 December 0 0 0 
White-tailed 15 December trace 0 0 
Mule 28 December 0 0 0 
White-tailed 7 January 0 0 0 
White-tailed 14 January 0 0 0 
Mule 19 January 0 0 0 
White-tailed 6 February 0 trace 0 
Mule 20 February 0 0 0 
Mule 20 February 14 0 0 
Mule 26 March 0 21 0 
Mule 7 May trace 69 0 

80 - 

60 - 

40 - 

20 - 

0 -- 

Fig. 2. Crude protein and in vitro dry-matter digestibility of compos- 
ite samples of spotted knapweed basal rosette leaves collected near 
the Selway River, Ida. 

sonal growth was just beginning. Crude protein peaked in mid- 
March at 2 1.2% dry matter. 

The nutritional value of rosette leaves was greater than that of 
other plant parts in November 1991. Crude protein was measured 
as 4.7% for seedheads and 2.7% for stems with leaves versus 
7.1% for rosette leaves. November IVDMD was 45% for seed- 
heads, 40% for stems with leaves, and 50% for rosette leaves. 
During mid-January 1993 when utilization of current annual 
growth of redstem ceanothus was so heavy that a sample was dif- 
ficult to collect, crude protein was measured as 7.9%, gross ener- 
gy as 4,388 Cal/g and IVDMD as 48%. For new-growth blue- 
bunch wheatgrass during peak utilization in late March, values of 
these same parameters were 25.1%, 4326 Cal/g, and 85%. 

Changes in Biomass and Available Nutrients 
The standing crop of fall biomass on 7 rangeland plots increased 

after knapweed infestation (P I 0.05) (Fig. 3). While biomass of 
knapweed increased from 0 to near 40 g/m*, biomass of annual 
grasses stayed nearly constant. However, there was a dramatic 
decrease in biomass of perennial grasses and forbs other than 
knapweed. The fall standing crop of digestible energy (kcal/m*) 
and crude protein (g/m*) was higher post-invasion (Figs. 4 and 5 
data points farthest to the left). However, because much of the 
increase was composed of low-digestibility spotted knapweed 
stems, more digestible energy would have been available pre-inva- 
sion if animals consumed only diets exceeding 2 kcal/g digestible 
energy (Fig. 4). Assuming I 10% of the forage consumed by 
cervids would consist of knapweed stems, available digestible 
energy was lower post-invasion. Crude protein available post- 
invasion remained near or above pre-invasion levels regardless of 
minimum dietary constraints (Fig. 5). With knapweed stems I 
10% of the diet, available crude protein was lower post-invasion at 
minimum dietary constraints I 5.5% crude protein. 
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Fig. 3. Mean biomass on 7 rangeland plots near the Selway River, 
Ida. before (1976) and after (1991,1992) spotted knapweed inva- 
sion. Data for 1976 is from Merrill (1978). 

Cnicnin Content 
Spotted knapweed seedheads contained the lowest cnicin con- 

centrations of any plant part while rosette leaves consistently 
showed much higher concentrations (Fig. 6). Stems and stem 
leaves combined contained intermediate concentrations. Leaves 
removed from stems contained the highest concentrations of any 
tissue as previously reported (Locken and Kelsey 1987). Cnicin 

120 

0 c 
0 1976 (pre) 

0 1991 (post) 

v Stems < 10% 

1.8 2.0 2.2 2.4 2.6 2.8 
Minimum constraint digestible energy (kcal/g) 

Fig. 4. Available digestible energy at various minimum dietary con- 
straints on 7 rangeland plots near the Selway River, Idaho. 
Spotted knapweed was present only in trace amounts in 1976, but 
plots were heavily infested prior to 1991. Biomass data for 1976 
taken from Merrill (1978). 

concentrations remained relatively constant in senescent tissues 
from December-April and did not increase in rosette leaves with 
the onset of spring growth. 

Discussion 

We found no evidence that spotted knapweed infestation 
caused a dramatic reduction in the carrying capacity of the 
Selway winter-spring range. Consistent with this observation, 
aerial counts and harvest data for elk and deer do not show a 
downward trend from 1971-1991 (Kuck and Nelson 1991). 
However, other factors in the ecosystem such as changes in hunt- 
ing harvest, post-bum plant succession, amelioration of winter 
climate, and 6 decades of fire suppression may obscure the 
effects of infestation on populations. 

Elk and deer used the knapweed vegetation type as much or 
more than the bunchgrass/sedge during 1 December-25 April. 
Knapweed seedheads were one of the few herbaceous plants 
readily available to elk and deer in open areas when snow depths 

Table 6. Common food plants of elk in the Selway River drainage, Idaho 
as determined by feeding site examination during winter-spring of 
1992-93. Percent frequency is the proportion of feeding sites where the 
food item was eaten regardless of amount. Zero values omitted for 
readability. 

Food item 

1 Dec. -15 Jan. 16 Jan.-28 Feb. 1 Mar-25 Apr. 
(n = 26) (n = 22) (II = 22) 

Times Times Times 
ranked ranked ranked 

1 1 1 

Shrubs 

Acer glabrum 
Amelnnchier 

alnifolia 
Ceanothus 

sanguineus 
RhafWUis 

purshiana 
Salix spp. 

Conifers 
Psuedotsuga 

menziesii 
Thuja 

plicata 

Grass-like 
Agropyron 

spicahan 
Bromu 

(aMu4 
Carex spp. 

Festuca 
iabhoenis 

Poa spp. 

unknown 

gr=s 

Forbs 
Centaurea 

maculosa 
rosette 
seedhead 
stem 

W) 

3 

35 

23 

8 
4 

3 

4 

8 
8 
4 

(% freq) 

(15) 

(65) 

(42) 

(19) 
(4) 

(15) 

(4) 

(8) 

(19) 

(4) 

(4) 

(19) 

W) 

23 

5 

9 

14 

4 

45 

(15) 

(%freq) (%) (%freq) 

(4) 

(45) (9) 

(4) (5) 

(4) 

(9) 

(14) 14 (50) 

4 (9) 
(32) 18 (W 

(9) 5 (14) 

(9) 5 (9) 

(18) 5 (50) 

(55) 50 (91) 
(23) 

(9) 
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Table 7. Common food plants of mule deer in the Sehvay River drainage, 
Idaho as determined by feeding site examination during winter-spring 
of 1992-93 and 1993-94. Percent frequency is the proportion of feed- 
ing sites where the food item was eaten regardless of amount Zero val- 
ues omitted for readability. 

1 Dec. -15 Jan. 16 Jan.-28 Feb. 1 Mar.-25 Apr. 

Food item 

(n = 171 (n = 21) (n = 29) 
Times Ties Times 

ranked raoked ranked 
1 1 1 

Shrubs 
Amelnnchier 

alnz~olia 
Ceanothus 

sanguineus 
Ceatwthrrs 

veiutinus 

Conifers 
Pseudotsuga 

menziesii 

Grass-like 
Agropyron 

spicatum 
Br0ltUd.T 

(mua 
Poa spp. 
unknown 

graS?SS 

Forbs 
Achilles 

miliefollium 
Centaurea 

maculosa 
seedhead 
rosette 
stem 

Hieracium spp. 
Phacelia spp. 
Dianthus 

arrneria 

Other 
Arboreal 

lichens 

W) @ h-eq) 

41 (82) 

6 (18) 

12 (18) 

(12) 

6 (24) 

(6) (10) 3 

18 (41) 10 (38) 
(12) 29 (48) 69 

5 (6) 

12 (24) 

@) 

24 

5 

5 

5 

(52) 

(19) 

(19) 

(43) 

(10) 

(24) 

(10) 
(19) 

(10) 

(30) 

(%I 

4 

4 

3 

14 

3 

(% freq) 

(7) 

(3) 

(21) 

(21) 
(7) 

(28) 

(14) 

(7) 
(93) 

(3) 

(3) 
(10) 

(17) 

exceeded 30 cm. Cow and calf elk rarely pawed feeding craters, 
presumably because palatable browse was readily available. 
Knapweed rosette leaves were available to cervids on open south 
slopes as soon as snowmelt began and feeding animals were com- 
monly observed on these sites through spring. Our findings differ 
from those reported by Willard et al. (1988) for the Bitterroot 
Valley. They reported minimal use of knapweed-dominated open 
areas by elk and deer, which, when feeding on spotted knapweed 
used primarily seedheads. However, on their study areas, deer 
and elk densities were low, agricultural habitats were available 
nearby, and there was less snow cover. 

Unlike mule deer, white-tailed deer made little use of bunch- 
grass/sedge and conditions for this species probably improved 
when cheatgrass and drier bunchgrass sites were invaded by 
knapweed. We suspect the competitive relationship between the 2 

2.5 

2.0 

2 
5 
.E 

1.5 
d 0 
h 
2 

1.0 

$ 
0.5 

0.0 

0 1976 (pre) 
0 1991 (post) 
v Stems < 10% 

012345678 
Minimum constraint crude protein (% dry matter) 

Fig. 5. Available crude protein at various minimum dietary con- 
straints on 7 rangeland plots near the Selway River, Idaho. 
Spotted knapweed was present only in trace amounts in 1976, but 
plots were heavily infested prior to 1991. Data for 1976 is from 
Merrill (1978). 

deer species may have altered to the benefit of the white-tailed 
deer as a result of knapweed infestation. 

All 3 methods used to assess cervid diets have previously been 
recognized as biased under some circumstances (Gill et al. 1983, 

s - 
5 E s 

1.6 

0.8 

1.6 

1.2 

DJFMA 

D J F M A 

Month 

Fig. 6. Mean cnicin content f SE from composite samples of spotted 
knapweed gathered near the Selway River, Idaho in 1993. Insert 
shows differences in cnicin concentrations between stems and 
leaves attached to stems at 1 of the collection sites. 
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Table 8. Common food plants of white-tailed deer in the Selway River 
drainage, Idaho as determined by feeding site examination during win- 
ter-spring of 1992-93 and 1993-94. Percent frequency is the propor- 
tion of feeding sites where the food item was eaten regardless of 
amount. Zero values omitted for readability. 

1 Dec. -15 Jan. 16 Jan.-28 Feb. 1 Mar.-25 Apr. 
m = 19) (n = 24) m = 30) 

Times Times Times 
ratlked ranked ranked 

Food item 1 1 1 

Shrubs 
Amelanchier 

alnifolia 
Arctostaphylos 

uva-ursi 
Berberis 

repens 
Cearwthus 

sanguineus 
Salix spp. 

Conifers 
Abies 

grandis 

Grass-like 
Festuca 

iaizhoenis 
Phleum 

pratense 

Unknown 
grasses 

Forhs 
Centaurea 

maculosa 
seedhead 
rosette 
stem 

Coptis 
occidentalis 

Dianthus 
armeria 

Other 
Arboreal 
Lichens 

Mushrooms 

(%I,) (% freq) (%) w fw 

II 

5 

16 

(32) 

(5) 

(21) 

(32) 

(5) 

13 (42) 

4 (8) 

8 (25) 

(8) 
8 (13) 

5 (16) 

5 (11) 

(5) 

(33) 

(13) 

16 (42) (21) 
26 (53) 42 (86) 

5 (16) (13) 

(11) 

4 (4) 

8 (21) 

5 (16) 
6 (6) 

13 (17) 

(%I 

3 

3 

90 

4 

WV 

(10) 

(3) 

(6) 

(37) 

(37) 

(94) 
(3) 

(33) 

(3) 

Holechek et al. 1982, Kessler et al. 1981). Rumen analyses may 
have underestimated the proportion of spotted knapweed rosette 
leaves in diets because: 1) foliar material readily separated from 
leaf mid-veins and broke into small fragments, and 2) cervid mor- 
tality occurred disproportionately in forest habitats and during 
periods of deep snow cover. Feeding site data may have exagger- 
ated knapweed use because animals were more visible in open 
habitats where the plant was prevalent. Feeding site data did 
demonstrate that cervids ate knapweed when in those habitats. 
We did not attempt to establish correction factors for fecal analy- 
sis because forage classes each contained a diversity of species 
(Gill et al. 1983). While our methods were unable to give a reli- 
able quantitative estimate of knapweed content in the diet, all 
methods indicated spotted knapweed was a significant food plant 
for elk. In contrast, both feeding site data and the small number 
of deer rumens collected suggest spotted knapweed may have 

been a major food plant for mule deer and white-tailed deer dur- 
ing October-November and March-May. As concentrate feeders 
(Hobbs et al. 1983), deer may be better morphologically and 
physiologically adapted to eating rosette leaves than elk. 

The nutritional value of rosette leaves compared well with that 
of redstem ceanothus in winter and new-growth bluebunch 
wheatgrass in spring. However, leaves are small in winter and 
often under snow. Seedheads, though of lower nutritional value, 
require little search effort and become an attractive food source 
when snow and heavy utilization make better forages less avail- 
able. Increased use of rosette leaves in spring probably was due 
to snowmelt and improved nutritional value rather than increased 
biomass, since growth was slow prior to mid-April. 

Conventional wisdom has held that knapweed infestations 
bring about severe (80 to 90%) reductions of forage production 
on wildlife ranges (Harris and Cranston 1979; Reel 1989). 
However, fall biomass was higher on our study plots after infesta- 
tion. This could not be attributed to rainfall differences among 
years as rainfall in the preceding 12 months measured 76 cm, 48 
cm, and 61 cm in 1976 (pre-invasion), 1991 (post-invasion) and 
1992 (post-invasion), respectively. Tisdale (1976) documented 
another case where rangeland yielded more biomass when domi- 
nated by a near-monoculture of an invasive weed than when 
occupied by a more diverse plant community. He found total 
herbage yields were reduced after biological control of goatweed 
although yields of annual forbs and grasses increased. The forage 
production referred to in other studies may not include knapweed 
(see Table 1 in Watson and Renney 1974, Hubbard 1975). In 
other cases forage production on infested plots was compared to 
plots where infestation was controlled by treatments such as 
burning, seeding, or fertilizing (Roche 1991) that may temporari- 
ly stimulate productivity. 

Although an estimate of nutrient availability using the algo- 
rithm of Hobbs and Swift (1985) is an artificial construct with 
obvious shortcomings, it is nonetheless a refinement over merely 
measuring standing crop of a nutrient. If the entire spotted knap- 
weed plant is considered available for consumption, as much or 
more energy and protein was available at acceptable concentra- 
tions in forage after invasion by knapweed. Possibly, the low 
digestibility of knapweed stems plus the metabolic costs associat- 
ed with secondary compounds in stem leaves could limit the pro- 
portion of stems in cervid diets even at high population densities. 
If cervids limited the proportion of spotted knapweed stems in 
their diets to I lo%, our data suggests a modest reduction in car- 
rying capacity of infested areas may have occurred. 

Because some sesquiterpene lactones are herbivore feeding 
deterrents (Picman 1986), the value of spotted knapweed as a 
cervid food cannot be fully understood without considering the 
effects of cnicin. Studies in western Montana have found this 
sesquiterpene lactone, located in glandular trichomes on the sur- 
faces of stems and leaves (Locken and Kelsey 1987), present in 
some tissues at L 1% dry weight (Kelsey and Mihalovich 1987). 
Antibacterial properties (Cavalito and Bailey 1949, Vanhaelen- 
Fastre 1972) could affect rumen flora (Olson and Kelsey 1997) 
and limit knapweed use by elk and deer. Cnicin concentrations in 
the rosette leaves decreased somewhat in March-April relative to 
December-January. The low tissue concentration coincided with 
an increase in utilization by all 3 cervid species. However, 
because the spring decrease was small, increased utilization was 
probably caused by other factors such as increased tissue nutrient 
content and increased availability with snowmelt and the onset of 
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growth. Because some rumen samples contained large volumes of 
spotted knapweed (maximum of 15% for elk, 99% for mule deer, 
and 97% for white-tailed deer), and because cervids utilized 
knapweed well into the spring when other forages were abundant, 
cnicin does not appear to be an effective feeding deterrent. It 
does, however, fit the profile of a generalist insect feeding deter- 
rent (Stipanovic 1983) and might provide a chemical defense 
against some insect or mammalian herbivores later in the growing 
season when flower heads and seeds are developing. Other sec- 
ondary compounds are present in spotted knapweed at lesser con- 
centrations (Kelsey and Bedunah 1989). Their effects on inges- 
tion and digestion of spotted knapweed by cervids are unknown. 

There may be situations where expensive campaigns to control 
well established spotted knapweed on cervid winter-spring ranges 
are justified. For example, at urban-agricultural/wilderness inter- 
faces where a small remnant of such habitat is managed to divert 
elk and deer from damaging private property, intensive measures 
such as chemical treatment or even supplemental feeding may be 
needed. In the Selway, an intact, wilderness range, cervids cannot 
move short distances to reach fertilized lawns or fields. Here, 
they use the knapweed vegetation type, they feed on the plant, 
and they obtain significant nutrition doing so. The diets cervids 
will consume on any given winter-spring range depends on many 
local factors, and we make no attempt to predict this. Clearly, 
given high enough animal densities and limited choices, elk and 
deer will consume spotted knapweed. When estimating or pre- 
dicting carrying capacity of a cervid range this species needs to 
be considered a potential food. predictions of large declines in 
carrying capacity accompanying infestation should not be made 
without a firm rationale. 

We believe resources allocated to control of spotted knapweed 
in central Idaho should be directed to preventing invasion of new 
areas and establishing biological control agents. Managers should 
recognize that reducing knapweed density without filling the 
empty niches with desirable species may encourage the prolifera- 
tion of other exotics that are more unpalatable, toxic, spiny, or 
otherwise noxious than knapweed (Muller-Scharer and Schroeder 
1993). Sulfur cinquefoil (Potent&r reclu L.) which is already 
widespread and increasing in the Selway has a high tannin con- 
tent and appears to be less palatable to ruminants than spotted 
knapweed (Rice et al. 1991). The Selway and similar areas 
should not be written off as sacrifice zones to noxious weeds. 
Education of wilderness users and management agency employ- 
ees, and regular removal of new exotic plant species at trailheads, 
campsites, and along road corridors need to begin immediately. 
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Appendix 1. Forb species found on unforested sites dominated by spotted 
knapweed and bun&grass/sedge in the Sehvay-Bitterroot Wilderness. 
Cervid densities were measured on these sites during winter-spring of 
1990-91 and 1991-92. “Common” species were those estimated to 
exceed 1% of vegetation coverage in early fall on some sites. Invasive 
exotics indicated with a l . 

Forb Species Veeetation Tme 
Knapweed Bunchgrasskdge 

Achilles millefolium 
Antennana racemosa 
Apocynum androsaemtfolium 
Arenaria congesta 
Arenaria nuttallii 
Aster spp, 
Balsamorhiza sagittata 
Brodtia spp. 
Campanula rotund$olia 
CastiBeja spp. 
Centaurea maculosa* 
Cerastium arvense 
Chrysanthemum kucanthemum* 
Clarkia pulchella 
Claytonia lanceolata 
CkmatiS COhmbiaM 

Collinsia parviflora 
Collomia gran&lora 
Collomia linearis 
Cuscuta spp. 
Delphinium spp. 
Dianthus armeria* 
Dodecatheon pulchellum 
Draba spp 
Draba verna 
Epilobium spp. 
Eriogonum spp. 
Etysimum spp. 
Erigeron stn’gosus* 
Erythronium grandijlonon 
Fn’tillati pudica 
Geranium bicknellii 
Gilia spp. 
Hieracium spp. 
Helianthella uniflora 
Heuchera spp. 
Hydrophyllum capitatum 
Hydrophyllum fendlen’ 
Hypericum pedoratum* 
Lnctuca spp. 
Lithophragma parvijlora 
Lomatium spp. 
Lonicera ciliosa 
Lupinus 
Madia spp. 
Mertensia spp. 
Microsteris gracilis 
Mimulus spp. 
Montia perfoliata 
Myosotis spp. 
Oerwthera spp. 
Phacelia heterophylla 
Phacelia lineotis 
Penstemon spp. 
Polygonum spp. 
Potentilla glandulosa 
Potentilla recta* 
Ranunculus acris* 

common 

common 
common 
common 

absent 
common 

c0lnm0n 

absent 

absent 
common 

common 

absent 

absent 
absent 

absent 

absent 
common 

absent 
common 

absent 

absent 

common 
absent 

Forb Species Veeetation Tv~e 
Knapweed Bunchgrasskdge 

Rumex acetosella 
Sedum spp. 
Senecio integem’mus 
Sisyrinchium spp. 
Spiranthes rOIMlUO$%lM 

Thermopsis manlana 
Thkspi fendkri 

absent 
absent 
absent 

Tragapogon dub& 
Trifoliwn agrarium* 
Tnfolium lotifolium 
Triodanis perfoliata 
Viola spp. 
Zigaahus venusus 

absent 
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Abstract 

Larkspur (Delphinium spp.) kills more cattle on mountain 
rangelands in the western U.S. than any other plant, disease or 
predator. The concentration of toxic alkaloids was measured in 4 
larkspur species, at 10 locations, at 2-week intervals during the 
growing season. In addition, multi-year samples from previous 
studies were analyzed to determine year-to-year variation in 
toxic alkaloids. Mountain larkspur (0. g&cum Wats.) had the 
highest concentration of toxic alkaloids averaged over growth 
stages (1.01% of dry weight), tall (0. barbeyi (L.) Huth) and waxy 
larkspur (0. glaucescens Rydb) were intermediate (0.65 and 
0.49% respectively), and duncecap (0. occident& S. Watts) was 
lowest (0.29%). Toxic alkaloid concentration generally declined 
as the plants matured. However, toxic alkaloids in tall larkspur 
at Yampa, Colo. increased slightly in the pod stage, and toxic 
alkaloids in waxy larkspur increased from the vegetative to the 
bud stage. Concentration of toxic alkaloids in tall and duncecap 
larkspur leaves were higher in plants growing in open sunlight 
than those shaded under aspen or conifer canopy. Toxic alkaloid 
concentration varied among individual plants (C.V. 20-60%). 
Knowledge of the toxic alkaloid concentration of larkspur popu- 
lations can be used to predict the risk of larkspur poisoning. 

Key Words: poisonous plant, norditerpenoid alkaloids, methylly- 
caconitine, 14&acetylnudicauline, Delphinium barbeyi, D. occi- 
dent&e, D. gluucescens, D. gloucum, cattle grazing 

Larkspurs (Delphinium spp.) kill more cattle on mountain 
rangelands than any other plant, disease, or predator (Aldous 
1917, Nielsen and Ralphs 1988). The 4 larkspur species listed 
below are native, pristine species that dominate the tall forb plant 
community of the subalpine, aspen, and mountain big sagebrush 
vegetation zones. As a class, they are considered “tall” larkspurs, 
growing from 1 to 2 m in height. Tall larkspur (D. barbeyi (L.) 
Huth) occurs in the southern Rocky Mountains of Colorado and 
New Mexico and from central Utah southward on the Colorado 
Plateau. Duncecap larkspur (D. occidentale S. Watts) occurs in 
the northern Rocky Mountains and Intermountain region. Waxy 
larkspur (D. glaucescens Rydb) occurs in high mountain valleys 

The authors wish to thank Brent Bunderson, Kermit Price, Lee Woolsey, and 
Melissa Blackham for assistance in collection, extraction, and analysis of samples. 

Manuscript accepted 16 Nov. 1996. 
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of southwestern Montana. Mountain larkspur (D. glaucum Wats.) 
occurs in wet meadows and creek bottoms in the Sierra Nevada 
and southern Cascade Mountains (Fig. 1). 

Toxicity of larkspur is known to differ by species, location, 
plant part, and phenological growth stage (Olsen 1977, Ralphs et 
al. 1988). The variation in toxicity between larkspur species, and 
in populations of the same species, is due to differences in con- 
centration of toxic alkaloids. Recent advances in technology have 
enabled us to identify and measure the alkaloids in larkspur, and 

q D. barbeyi n D. glaucescens 

q D. glaucum D.occidentale 
Fig. 1. Distribution of tall (0. barbeyi), mountain (0. glaucum), waxy 

(D. glaucescens), and duncecap larkspur (0. occidentale). 
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to determine their toxicity (Manners et al. 1993, Manners et al. 
1995). There are over 20 norditerpenoid alkaloids in the tall lark- 
spurs, but the major toxic alkaloids are methyllycaconitine 
(MLA) and 14-deacetylnudicauline (DAN). 

The objective of this descriptive study was to quantify toxic 
alkaloid concentration in these 4 “tall” larkspur species through 
their phenological growth stages, and over years. These 4 species 
cause substantial cattle losses in their respective regions. We also 
evaluated the effect of shade on alkaloid concentration in tall and 
duncecap larkspur by collecting plants growing in open sunlight 
and under forest canopy. 

Methods 

Tall larkspur samples were collected on a weekly basis 
throughout the growing season in 1991 near Manti, Ut. The col- 
lection site was in the subalpine zone (3,100-m elevation) where 
larkspur patches occurred on snowdrift sites scattered among sub- 
alpine fir stands. Five plants were harvested each week and alka- 
loids were measured in the leaves to determine the variability 
between individual plants. Toxic alkaloid concentration of indi- 
vidual plants, means, and standard errors were graphed, and the 
coefficient of variation (CV) was calculated. 

Samples were collected in 1992 from tall, duncecap and waxy 
larkspur, at 8 locations throughout the western states (Table 1). 
Samples were collected at 2-week intervals throughout the grow- 
ing season to monitor changes in alkaloid concentration in lark- 
spur plant parts over phenological growth stages. Leaves and 
reproductive racemes (flowering heads) were picked from 30 to 
50 plants at each site on each sampling date and composited by 
plant part. Where the populations occurred both in the open and 
under forest canopy, samples were taken from both areas to deter- 
mine the influence of shade on alkaloid concentration. In addi- 
tion, multi-year samples of tall, duncecap, and waxy larkspur col- 

Table l.Collection sites of larkspur species, location, elevation, and plant co mmmunity. 

lected in conjunction with previous grazing studies, are reported 
to illustrate year-to-year variability in alkaloid concentration. 
Samples of mountain larkspur were collected from 3 sites at each 
of 2 locations in the Sierra Nevada Mountains in 1996 at 2-week 
intervals throughout the growing season. 

Plant samples from all collections were harvested around noon 
to reduce any potential diurnal changes in alkaloid concentration. 
Samples were air-dried in a forced air oven for 48 hours at 60” C, 
and ground to pass through a l-mm screen. There was no differ- 
ence in alkaloid concentration between subsamples frozen imme- 
diately following harvesting and freeze dried, and subsamples 
transported back to the lab and air dried. Norditerpenoid alkaloids 
in tall, duncecap and waxy larkspur were extracted and methylly- 
caconitine (MLA) and 14-deacetylnudicauline (DAN) were quan- 
tified by high pressure liquid chromatography (HPLC)(Manners 
and Pfister 1993). The LD50 for these alkaloids are similar (4.78 
and 4.0 mg/kg i.v. in mice, Manners et al. 1995), thus they were 
added together to obtain concentration of total toxic alkaloids. 
The total toxic alkaloid concentration in mountain larkspur was 
estimated directly by Fourier transformed infrared spectroscopy 
(FAIR) (Gardner et al. 1996). The FTIR method was calibrated 
using HPLC values of the same samples of tall, duncecap and 
waxy larkspur used in the earlier part of the study. The total toxic 
alkaloid concentration of all species was expressed as percentage 
of plant dry weight. 

Differences in toxic alkaloid concentration between species, 
locations, and plant parts were compared by analysis of variance 
in a general linear model. Differences between species were test- 
ed by the location-within-species factor, and plant parts and the 
species X part interaction were tested by the part X location-with- 
in-species interaction. Within each species, differences between 
populations at different locations were tested by the year-within- 
location factor, and growth stage and location X stage factors 
were tested by the residual error. Where F-tests showed signifi- 
cant differences, means were separated by Duncans multiple 

Species Location Elevation 
(ml 

Plant 
Community Canopy 

Tall 
(D. burbeyi) 

Duncecap 
(D. occidenrule) 

Mountain 
(0. ghucum) 

w=Y 
(0. glaucescens) 

Manti, Ut. 24 km SE 3,100 
Salina, Ut. 46 km SE 3,OfJO 
Yampa, Colo. 14 km W 2,700 

Oakley, Ida. 32 km W 
Jackpot, Nev. 28 km E 
Jackson, Wyo. 55 km SE 
Bozeman, Mont. 
Battle Ridge 33 km NE 
Crazy Mount. 60 km E 

2,500 Aspen 
2,300 Aspen 
2.250 Conifer 

2,100 
LW 

Sonora Pass, Cal. 
Bell Meadow 64 km W 
Eagle Meadow 40 km W 
Sardine Meadow 48 km W 

2,@30 Aspen 
2,700 Creek bottom 
2,800 Willows 

Carson Pass, Cal. 
Sherman Creek 35 km W 
Alder Creek 37 km W 
Winnemucca Lake 2 km S 

Sheridan, Mont. 93 km S 

a333 
2,100 
2,700 

2.m 

Subalpine 
Aspen 
Aspen 

Doug. Fir 
Meadow 

Creek bottom 
Creek bottom 
Wet meadow 
Mt Big 
Sagebrush 

Conifer, Open 
Aspen, Open 
Open 

Aspen, Open 
Aspen, Open 
Conifer, Open 

Conifer 
Open 

Aspen 

Open 
open 

True fir 
Red fir 

@en 

open 
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range test (P < 0.05). Influence of shade on toxic alkaloid concen- 
tration was compared in plants from the same populations grow- 
ing in open sun vs shade by paired sample t-tests. Average toxic 
alkaloid concentration in larkspur leaves plus heads at the various 
growth stages are presented in graphs to illustrate the decline in 
toxicity as the growing season progressed. 

Results and Discussion 

Alkaloid Composition 
The dominant toxic alkaloid was methyllycaconitine (MLA) in 

the 3 species analyzed by HPLC (Table 2). The minor alkaloid, 
14-deacetylnudicauline (DAN), comprised an average of 15% of 
the toxic alkaloid concentration in all tall larkspur samples, in 
waxy larkspur at Sheridan, Mont., and in duncecap larkspur at 
Bozeman, Mont. and Jackson, Wyo. However, duncecap larkspur 
contained only 2% DAN at Oakley, Ida. and Jackpot, Nev. Data 
on alkaloid composition of mountain larkspur were not available 
since FIIR does not separate MLA and DAN. 

Species 
Mountain larkspur from the Sierras had the highest mean toxic 

alkaloid concentration of the species studied with an average of 
1.01% over all growth stages (Table 2, Fig. 2). Waxy and tall 
larkspur were intermediate, and duncecap larkspur had the lowest 
mean toxic alkaloid concentration. Olsen (1977) compared the 
toxicity of tall, waxy, and duncecap larkspur in a mouse bioassay 
and reported that tall larkspur was most toxic; waxy larkspur was 
4 times less toxic, and duncecap larkspur was 10 times less toxic 
compared to tall larkspur. He collected larkspur samples in the 
bud stage of development. When only the vegetative and early 
bud stages in our study are considered (Fig. 2), the relative order 
of toxic alkaloid concentration among species is comparable to 
the toxicity reported by Olsen (1977) 

Plant Part 
Immature leaves in the early growth stages of mountain, tall, 

and duncecap larkspur contained the highest toxic alkaloid con- 

Larkspur Species 
2.4 I ,  

g 2.0 - 
2 9 1.6 - 
zi 1.2- 0 fj 0.8 - l- gg 0.4 - 

M Mountain 
T Tall 

W Waxy 
D Duncecap 

0.0 1 ’ I I I I I I I I 
LATE EARLY LATE EARLY LATE EARLY LATE SHAT 

IVEGj BUD IFLOWER POD 1 

Fig. 2. Average toxic alkaloid concentration (mean of populations, 
locations and years) of mountain, tall, waxy, and duncecap lark- 
spur during the phenological growth stages. 

centration. However, during the reproductive growth stages, the 
flowering racemes and pods of all species contained higher levels 
of toxic alkaloids than the leaves (mean toxic alkaloid concentra- 
tion 0.55% for heads vs 0.46% for leaves, P = 0.002). Toxic alkar 
loid concentration in waxy larkspur heads remained fairly con- 
stant over the season (0.89%) while the other species declined as 
the plants matured. 

Growth Stage 
Figure 3 illustrates the classical decline in toxic alkaloids as the 

growing season progressed. However, there is a large variation 
among individual plants harvested (CV 20-60%), which illus- 
trates the large variation between individual larkspur plants with- 
in a population. 

Table 2. Average concentration of individual and total toxic alkaloids (mean f SE) in 4 larkspur species expressed as percentage of dry weight of the 
plant. 

Larkspur 
Species Location MLA’ 

Alkaloids 
DAN 

Total 
Toxic 

Alkaloids 

Tall Manti, Ut 
Salina, Ut. 
Yampa, Colo. 
Mean 

Duncecap Oakley, Ida. 
Jackpot, Nev. 
Jackson, Wyo. 
Bozeman, Mont. 
MCXII 

Mountain Sonora, Cal 
Carson, Cal 
Mean 

way Sheridan, Mont.0.57 

__________ ( 
0.37 
0.49 
0.43 

0.32 0.006 
0.44 0.010 
0.16 0.040 
0.19 0.040 

o/o)---------. 

0.09 
0.10 
0.03 

SE 
0.45 + 0.06 
0.59 r 0.06 
0.46*0.04 
0.49 bc* 

0.32 f 0.03 
0.45 f 0.06 
0.20 + 0.03 
0.23 f 0.03 
0.29 c 

0.84 f 0.09 
1.16ItO.11 
1.01 a 

0.65b+ 0.07 

‘MLA = methyllycaconitine; DAN = 14-deacetylnudicauline. 
%Ieans of species not followed by the same letter are different (P < 0.05). 
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TALL LARKSPUR 
Manti Ut. 1991 

WEEK 1 2 3 4 5 6 7 8 9 10 
1 VEG 1 BUD 1 FLOWER 1 POD 1 

Fig. 3. Variability in toxic alkaloid concentration in leaves among 
individual plants of tall larkspur at Manti, Ut. at weekly intervals 
throughout the growing season. Error bars are standard error of 
the mean. Samples were composited in week 1,8,9, and 10 due to 
lack of plant material for analysis. 

Toxic alkaloid concentration (mean of leaves and reproductive 
parts) generally declined in mountain, tall, and duncecap larkspur 
as they matured during the growing season (Fig. 4). However, 
toxic alkaloid levels in tall larkspur at Yampa increased in the 
pod stage in 2 of the 3 years sampled (Fig. 4B, Pfister et al. 
1994). Summer thunder showers occur in late July and August in 
western Colorado about the time tall larkspur is maturing into the 
pod stage. We speculate that the additional precipitation at this 
time may increase plant metabolism, and stimulate toxic alkaloids 
synthesis. 

There was little change in toxic alkaloid concentration in 
duncecap larkspur at Bozeman, Mont., Jackson, Wyo., and 
Jackpot, Nev. as the plants matured over the season (Fig. 4D), but 
alkaloid levels were relatively low. Toxic alkaloid concentration 
in waxy larkspur increased from the vegetative to the early bud 
stage (Fig. 4F), which contrasts with the other species. 

Locations and Years 
Toxic alkaloid concentration in populations of tall larkspur at 

Manti and Salina, Ut. and Yampa, Colo. were similar (P = OX), 
and mountain larkspur populations at Sonora Pass and Carson 
Pass had similar concentrations (P = 0.23). Duncecap larkspur at 
Jackson, Wyo. and Bozeman, Mont. contained lower mean toxic 
alkaloid concentration than at Jackpot, Nev. (Fig. 4D) or Oakley, 
Ida. (Fig.4C) (P < 0.05). 

Toxic alkaloid concentration of larkspur populations differed 
among years. Tall larkspur at Manti declined below 0.4% in 
1992, but remained above 0.6% throughout the season in 1988 
(Fig. 4A). At Yampa, toxic alkaloid concentration remained fairly 
constant throughout the season in 1992, as opposed to decreasing 
in the flower stage, then rising in the pod stage in 1990 and 1991 
(Fig. 4B). Toxic alkaloid concentration of duncecap larkspur at 
Oakley remained high throughout the season in 1989 compared to 

500 

Table 3. Difference in toxic alkaloid concentration in leaves of larkspur 
plants grown in shade or open sun (means f SE). 

Species open Shade P 

_--------- ~..(%o)~.._~~~~..... 
Tall 0.49Lto.13 0.40*0.10 0.02 
Duncecap 0.31 + 0.07 0.23 f 0.04 0.07 

1988 and 1992 (Fig. 4C). There was no difference in toxic alka- 
loid concentration of waxy larkspur between years (Fig. 4P). 

Shade 
Leaves of tall and duncecap larkspur growing in open sunlight 

were higher in concentration of toxic alkaloids than plants grow- 
ing in the shade of either aspen or conifer (P < 0.07, Table 3). 
There was no difference in toxic alkaloid concentration in lark- 
spur heads between sun and shade. We speculate that reduction in 
light under tree canopy reduced synthesis of toxic alkaloids in the 
leaves. Other environmental differences between the shaded and 
open sites (temperature, soil type, fertility, and moisture) may 
have also contributed to the difference in toxic equivalents. 

Management Implications 
Toxic alkaloid concentration generally declined as mountain, 

tall, duncecap, and waxy larkspur matured. This supports the rec- 
ommendation to defer grazing until after larkspur pods mature to 
reduce the risk of poisoning (Marsh and Clawson 1916). 
However, toxic alkaloid concentration in tall larkspur at Yampa, 
Colo. increased in the pod stage in 2 of the 3 years. Therefore, a 
rancher should be cautious grazing cattle in larkspur areas late in 
the season during stormy periods or conditions that may increase 
plant metabolism and synthesis of toxic alkaloids. 

The risk of poisoning can be calculated based on the toxic alka- 
loid concentration of a population and the amount of larkspur a 
cow must eat to be poisoned (Pfister et al. 1994). The effective 
dose of MLA is 20 mg kg-’ BW (Pfister et al. 1997). An effective 
dose is defined as that causing muscular fatigue and collapse. In a 
450 kg cow, the effective dose to cause collapse would be about 
9,000 mg MLA. If the toxic alkaloid concentration in a given 
larkspur population in the early growth stages was 0.80% (8,OGO 
mg kg-’ of dry plant material), it would take only 1.13 kg (dry 
weight) of larkspur to cause a cow to collapse. Thus, the risk of 
intoxication is quite high. If the toxic alkaloid concentration fell 
to 0.30%, as it generally does in the late flower and pod stage, the 
cow would have to eat 3 kg larkspur, or more than 25% of her 
diet, to be affected. Daily dry matter intake of a cow is about 12 
kg. The probability of a cow eating 3 kg larkspur in a short period 
of time is quite low, therefore, the risk of poisoning is substantial- 
ly reduced. 

The toxic alkaloid concentration in the 4 larkspur species in 
Figure 4 can be used to estimate the risk of intoxication at the 
various growth stages. However, the difference in toxicity 
between years, locations, growing conditions, and unexpected 
changes within a season, makes it difficult to accurately predict 
the toxicity of a larkspur species. Thus, a larkspur population 
must be tested periodically to determine its toxicity. 

Analytical techniques (PTIR) are available to rapidly extract 
and quantify toxic alkaloids in larkspur species (Gardner et al. 
1996). Larkspur populations could be sampled to determine the 
toxic alkaloid concentration at a point in time and assess the risk 
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of poisoning. The rancher could then make an informed decision 
whether to graze cattle in a larkspur-infested pasture, or to wait 
until toxicity declines. 
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Abstract 

We tested the hypothesis that nutrient content of bluebunch 
wheatgrass (Agropyron spicatum [pursh] Scribn. & Smith) either 
cattle grazed in the spring, rested from cattle graxing for a full 
year, or given long term rest would all be equal during the given 
season at 1 location. A 3 pasture rest-rotation graxing system and 
an exclosure on the Mt. Fleecer elk winter range in southwestern 
Montana were studied during 4 seasons over 3 years. Only nitro 
gen (N) and phosphorus contents were generally greater in the 
spring graxed regrowth pasture. However, regrowth from blue 
bunch wheatgrass grazed in the spring did not improve the 
species nutrient content for wildlife the following winter over non- 
grazed treatments. During winter when elk (Cervus elaphus neL 
soni Bailey) are present, N, TDN, and IVDMD were not different 
among the 3 treatments. Elk were determined unlikely to con- 
sume enough bluebunch wheatgrass to meet protein maintenance 
requirements during winter. Our fmdings resulted from analyses 
repeated over the 3 years for a complete cycle of a 3 pasture rest- 
rotation system: however, our hypothesis needs to be tested at 
other locations before assuming the same results elsewhere. 

Key Words: Agropyron spicatum, Cervus elizphus, big game nutri- 
tion, grazing system, crude protein 

Anderson and Scherzinger (1975) and Anderson et al. (1990) 
postulated that cattle grazing could improve the quality of winter 
forage for elk (Cervus eluphus nelsoni Bailey). Their reasoning 
was largely based on conjecture that cattle grazing in the spring 
delays senescence. Therefore, nutrients in bunchgrasses are 
retained into the winter for herbivore use, unlike an ungrazed 
bunchgrass that translocates its nutrients to the roots before win- 
ter. Consequently, this concept was included in the development 
of many grazing systems (Frisina and Morin 1991). 

Several studies (Uresk and Cline 1976, Wilms et al. 1980, 
Dragt 1985, Pitt 1986, Westenskow-Wall et al. 1994) considered 
different aspects of the Anderson and Scherzinger (1975) and 
Anderson et al. (1990) postulation. However, none considered the 
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effects of an existing livestock grazing system on the primary 
nutrients available to wintering elk. Severson and Umess (1994) 
conclude that native ungulate performance on winter ranges is 
often limited by forage quality and that further study is necessary 
because existing studies have left much unanswered. Our objec- 
tive was to determine if 3 livestock grazing treatments influence 
the nutrient content of bluebunch wheatgrass (Agropyron spica- 
turn [Pursh] Scribn. & Smith) during different seasons. The treat- 
ments compared included the spring grazed pasture (regrowth) 
and the rest pasture (1 year of rest) from a rest-rotation system, 
and long term rest from an exclosure located within the rest-rota- 
tion system. Our hypothesis was that the nutrient content of blue- 
bunch wheatgrass grazed by cattle in the spring, or rested from 
cattle grazing for a full year, both within our typical 3 pasture rest- 
rotation system, or given long term rest (exclosure), would all be 
equal during a given season over a 3 year cycle for the system. 

Methods 

Study Area 
The study area is an important elk winter range on the southeast 

face of Mt. Fleecer in southwestern Montana. The Fleecer elk 
winter range is located 40 km southwest of Butte. Frisina and 
Morin (199 1) described a large cooperative effort between 
Montana Fish, Wildlife, 8c Parks, Deerlodge National Forest, and 
the Smith 6 Bar S Livestock Company that included 12 pastures. 
Our study utilized the 3 pastures on the Montana Fish, Wildlife, 
& Parks land. These pastures range from 1,700 m to 1,950 m in 
elevation. The pastures are dominated by bluebunch wheatgrass. 
Average annual precipitation is 320 mm at Divide located on the 
southeast comer of the pastures. Soils are Ochrepts, Boralfs, and 
Borolls within these pastures. 

The 3 pastures contain a total of 1,680 ha and were gradually 
put under rest-rotation grazing management (Hormay 1970) for 
cattle between 1981 and 1987. The rested pasture provided a full 
growing season of plant growth for winter elk forage. A second 
pasture was used only in early spring with the cattle removed dur- 
ing late May. This treatment provided almost as much forage for 
wintering elk as the rested pasture (Frisina and Morin 1991). The 
third pasture received only late fall grazing between 1 October 
and 15 October by 100 AU’s which also left adequate forage for 
wintering elk. Bluebunch wheatgrass from the pastures grazed in 
the late fall was not sampled for nutrient content. Frisina and 
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Morin (1991) provided additional historical perspectives of the 
area and its management including specific pasture use. 

Sampling and Analysis 
Bluebunch wheatgrass was clipped to a 3 cm stubble height for 

nutritional analyses. To maintain as much consistency as possible 
among the sampling seasons only vegetative material of current 
year’s growth was sampled. Clippings during the summer, fall, 
and winter in the spring grazed pastures were only taken from 
plants that had been grazed in the spring by cattle. Samples were 
collected at 4 seasons during each of 3 years so the 3 pasture rest- 
rotation system would complete a rotation cycle during the study. 
These 4 seasons corresponded to bluebunch wheatgrass growth 
stages as follows: mid June (full flowering), mid August (seed 
ripe), late October (cessation of fall regrowth), and late December 
(dormancy). Ten, 1 m2 plots were randomly located each sam- 
pling period within each treatment and used to slip 50 g (dry 
weight) samples for nutritional analysis with a portion coming 
from each grazed plant in the plot. This resulted in 10 samples 
each season (30 over the 3 year study) per treatment. Plant mater- 
ial was air dried prior to nutritional analysis. 

Nutritional analysis was conducted by the Oscar 0. Thomas 
Nutrition Center at Montana State University. Grass samples 
were analyzed for dry matter (DM), nitrogen (N), calcium, ether 
extract (EE), and ash according to AOAC (1980) procedures. 
Acid detergent fiber (ADF) and acid detergent insoluble nitrogen 
(ADIN) were determined using procedures described by Goering 
and Van Soest (1970) and neutral detergent fiber (NDF) followed 
the method of Robertson and Van Soest (1977). In vitro dry mat- 
ter digestibility (TVDMD) determination followed the Barnes 
modiftcation of the Tilley and Terry in vitro technique (Harris 
1970). Bovine mmen fluid inocula from 2 rumen canulated ani- 
mals was composited for this procedure which was conducted in 
duplicate. Phosphorus determination followed Fiske and 
Sabbarow (1925). The calculation of total digestible nutrients 
(TDN) followed Jurgens (1993). 

A one-way ANOVA for each nutrient with grazing treatment as 
the factor was conducted for each of the 4 seasons over the 3 year 
study. Because seasonal differences in nutrient content are well 
established, separating possible grazing treatment differences 
within each season was our goal. The Least Significant Difference 
(LSD) method (P I 0.05) protected by a prior F-test (P I 0.05) 
was used for comparing treatment means (Snedecor and Co&ran 
1980). All differences discussed are significant at the 5% level 
unless otherwise indicated. 

Results and Discussion 

Nitrogen and phosphorus contents were generally greater in the 
spring grazed regrowth pasture (Table 1). The only exception was 
that N contents during the winter were not different among the 3 
treatments. Winter is the season of greatest interest because elk 
are utilizing the forage. However, during winter the spring grazed 
bluebunch wheatgrass does not possess more N than that from the 
2 treatments ungrazed the previous summer. The low ADIN val- 
ues for all seasons indicate that nearly all of the N is available to 
the animals grazing the bluebunch wheatgrass throughout the 
year. During all seasons except fall, N levels were not different 
between the grazing treatments receiving 1 year of rest or long- 
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Table 1. Nutrient contents (%) of bluebunch wheatgrass dry matter by 
grazing treatment and season averaged over the 3 year study. 

Nutrient Grazing 
Treatment 

spring Summer Fall Winter 

N 

TDN 

NDMD 

EE 

NDF 

ADF 

Ash 

Ca 

P 

ADIN 

Spring 1.82” 
1 year rest 1.6@ 
Exclosure 1.54b 

Spring 
1 year rest 
Exclosure 

Spring 
1 year rest 
Exclosure 

Spring 
1 year rest 
Exclosure 

Spring 
1 year rest 
Exclosure 

Spring 
1 year rest 
Exclosure 

Spring 
I year rest 
Exclosure 

Spring 
1 year rest 
Exclosure 

Spring 
1 year rest 
Exclosure 

Spring 
1 year rest 
Exclosure 2.5” 

69.1’ 
70.0b 
71.2a 

55.za 
52.sa 
52.7a 

2.sb 
3.1a 
3.0ab 

65.9” 
66.0” 
65.4a 

37.3” 
36.6* 
35.8b 

8.2a 
8.1a 
7.0b 

0.38” 
0.37a 
0.28b 

0.23a 
0.21b 
0.19’ 

2.9a 
2.5a 

1.09” 
0.94b 
0.88b 

66.9b 
68.0= 
67.5* 

46.2” 
40.3b 
35.7c 

4.2a 
3.9& 
3.7b 

62.6b 
67.0a 
68.1a 

40.76 
41.8& 
43.0a 

11.6a 
9.7b 
9sb 

0.57a 
0.47b 

3.8” 

0.38’ 

0.13a 
O.llb 
O.lob 

3.9a 
3.4b 

0.74” 
0.61b 
0.53’ 

63.7” 
64.5” 
64.3a 

30.0” 
24.4b 
25.3ab 

4.6a 
3.7b 
3.5b 

70.sb 
71.3b 
73.2= 

4s.oab 
47.1b 
48.8” 

1 2.93 
11.4b 
10.6b 

0.53a 
0.54a 
0.3gb 
O.lla 
0.09b 
O.Ogb 

3.9a 
3.3a 
3.9” 

0.51” 
0.46” 
0.46 

62.3” 
63.7” 
63.4a 

23.4= 
21.Y 
21.1= 

3.2a 
2.9& 
2.6b 

72.6b 
74.0” 
74.5a 

48.5b 
48.2b 
49.9= 

12.7a 
10.9b 
10.2b 

0.48= 
0.49a 
0.35b 
OW 
0.07b 
0.06c 

3.8a 
3.5” 
3.8a 

Means for individual nutrients differ (P 5 0.05) among grazing treatments within each 
season when followed by a different letter. 

term rest in the exclosure. The percentage of available N as indi- 
cated by ADIN did not vary among treatments. 

None of the grazing treatments resulted in an overall advantage 
in IVDMD (Table 1) and certainly none for wintering elk. The 
winter ADF values were lower in the regrowth and 1 year rest 
treatments compared to the exclosure. However, this difference is 
of questionable biological significance and was not enough to 
influence the overall IVDMD values which did not differ among 
treatments during winter. In the same manner, winter NDF was 
less in the regrowth treatment, but the difference had no statistical 
influence on winter IVDMD. 

Values for all nutrients (Table 1) fell within the expected levels 
as previously reported by season (Blaisdell et al. 1952, Hamilton 
and Gilbert 1972, Pitt 1986, Westenskow-Wall et al. 1994). 
Nitrogen is usually the nutrient of greatest interest for wildlife 
welfare (Nelson and Leege 1982). It is difficult to provide an 
exact N requirement for elk maintenance because the quantity 
provided will vary with digestion coefficient and intake. Nelson 
and Leege (1982) estimate the N content forage requirement for 
elk maintenance to be about 0.9%. Their estimate is based on a N 
digestion coefficient of 0.55 with a consumption rate of 20 g/kg 
of body weight. They conclude that elk would encounter N defi- 
ciency if the N content of the forage dropped below 0.8%. Using 
Nelson and Leege’s (1982) estimates we approximate elk daily 
intake rates would need to increase to 36 g. 39 g, and 40 g/kg of 
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body weight in the spring grazed, 1 year of rest, and long-term 
rest treatments, respectively, to meet the 0.9% N maintenance 
requirement. These intakes are not likely to occur as elk generally 
decrease consumption with elevated fiber levels which occur in 
winter (Table 1) (Geis 1954, Helwig 1957). Further, it is not like- 
ly that the digestion coefficient for N would be as high as 0.55 
during the winter at our study site. The IVDMD during winter 
ranged from 21.1% to 23.4% for the 3 treatments. However, the 
ADIN values in our study are all low, thereby indicating a rela- 
tively high amount of the total N in bluebunch wheatgrass is 
available during all seasons. 

Nelson and Leege (1982) state that on 14 September, estimated 
to be the first day of gestation for elk, the minimum dietary N 
required is 0.82% for maintenance with any excess being avail- 
able for weight gain. During the fall and winter at our study site, 
bluebunch wheatgrass does not meet this minimum N level. By 
October the N levels range from a low of 0.53% in the long-term 
rest of the exclosure to a high of 0.74% in the regrowth from the 
spring grazing treatment. During winter the range is from 0.46% 
to 0.51% in the same treatments respectively. Apparently blue- 
bunch wheatgrass at our location does not meet gestation require- 
ments for elk during the entire gestation period if near normal 
consumption of 20 g/kg of body weight is maintained. 

Nelson and Leege (1982) estimate that the maximum dietary N 
requirement for maintenance of 0.9% is reached on approximate- 
ly 13 November. Nitrogen in bluebunch wheatgrass is nearly at 
its low point for the year at that time. The 0.9% requirement 
remains throughout winter until spring greenup. Requirements 
beyond maintenance for pregnancy are not important until 
approximately 1 February, which is about day 140 of gestation 
(Nelson and Leege 1982). At that time N requirements rise about 
0.1% above that required for maintenance. By 1 June, the approx- 
imate day of parturition, the minimum dietary N requirement is 
1 .I % for elk (Nelson and Leege 1982). They estimate that elk 
will be likely consuming forages containing in excess of 3.2% N 
at that time, but none of our treatments exceeded more than 
approximately one-half that level during our June sampling peri- 
od. Nelson and Leege (1982) estimate that the N requirement dur- 
ing the peak of lactation is about 20% greater than a cow elk 
would require for maintenance, with this percentage being even 
larger on smaller cows. Apparently our site produces adequate N 
in bluebunch wheatgrass through June, but lactation requirements 
would not be met by August. 

Unfortunately there are no elk energy requirement standards 
that could be compared to digestible dry matter to indicate the 
value of bluebunch wheatgrass for energy in our study. Murie 
(1951) knew that elk usually lose weight during winter. He 
reported that elk calves lose approximately 13 kg and adults aver- 
age 25 kg of weight loss during winter. The majority of this 
weight loss in elk is over a 35-day period. While apparently no 
one has defined the optimum allowable annual weight loss for 
elk, a 20% loss of body weight in mule deer is expected, and a 
30% loss usually results in death (personal communication, R.J. 
Mackie). 

Bryant (1993) found that minimum dietary maintenance 
requirements for elk will more likely be met through the fall if at 
least 30-50 mm of late summer-early fall rain occurs. During the 
period influencing our study, nearly twice this amount of precipi- 
tation was received during August and September in 1991 and 
1993. In 1992, the moisture received during August and 

September was within this range, but in 1994 the precipitation 
was slightly less than half this amount. The effect of precipitation 
is difficult to determine as it is confounded with the rest-rotation 
scheme as well as the seasonal observations of nutrient content 
within years. Long-term annual precipitation near our study site 
averages 320 mm. Precipitation during our study was 380 mm, 
288 mm, 425 mm, and 311 mm between 1991 and 1994. 

Apparent deficiencies of bluebunch wheatgrass to meet nutri- 
tional requirements of elk, particularly in the winter, may be par- 
tially alleviated by elk grazing strategy. As Cook (1972) pointed 
out, often the stem-leaf ratio is lower in grazed compared to 
ungrazed portions of grass plants. This lower stem-leaf ratio is 
associated with a higher forage quality. If elk are grazing to mini- 
mize the amount of stem material in their diet, thereby maximiz- 
ing nutrient intake, it is very likely that plants clipped to simulate 
grazing could contain significantly different quantities of nutri- 
ents from those grazed naturally. Plants sampled for nutrient con- 
tent in studies like ours may not represent elk diets. However, we 
did sample only vegetative material to minimize seasonal varia- 
tion that could result from the presence of culms during some 
seasons. This should result in a sample at least as high in forage 
quality as elk may eat. 

In southwest Montana the highest elk concentrations on spring 
range occur where cattle grazing was heaviest the previous sum- 
mer (Stevens 1965). Subsequent work in the same area by Grover 
and Thompson (1986) found that while this was true, elk made 
the greatest use of these sites when they were located near cover 
and away from visible roads. This supports conclusions by 
Hayden-Wing (1979) , and Morgantini and Hudson (1979) who 
concluded elk distribution is influenced primarily by human 
activities and only secondarily by forage characteristics. 

While it is possible that cattle grazing the previous spring may 
have decreased residual forage thereby increasing more desirable 
current year’s growth of bluebunch wheatgrass on our study area, 
it does not appear that nutritive values were otherwise affected. 
Although our results are from only 1 location and 1 grazing sys- 
tem, they do not support the contention of Anderson and 
Scherzinger (1975) that regrowth from spring cattle grazing of 
bluebunch wheatgrass, in a normal rest-rotation system, influ- 
ences nutrient content for wildlife consumption the following 
winter. There also does not appear to be a significant increase in 
nutrient content from bluebunch wheatgrass that is grazed in the 
spring by cattle over that which is totally rested for 1 year or that 
which is never grazed during the growing season. Hopefully our 
work will be repeated at other locations to clarify the influence of 
similar grazing treatments on nutrient content under a variety of 
environmental conditions. 
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Abstract 

Ashe juniper (Juniperus ushei, Buckholz) is increasing on most 
sites across the Edwards Plateau of Texas. It is the purpose of 
this investigation 1) to document the influence of Ashe juniper 
tree size on understory vegetation and 2) to evaluate how the 
interaction between tree size and browsing by domestic goats and 
white-tailed deer modifies overstory/understory relationships. 
Trees were randomly selected from 2 long-term treatments 
(browsed and unbrowsed) and analyzed with unlvariate analysis 
of covariance and multivariate repeated-measures analysis. 
Without browsing, Ashe juniper is more abundant and its indi- 
vidual influence increases as the size of the tree increases; trees 
with a canopy diameter < 6.0 m expressed minimal influence on 
understory vegetation compared to larger trees. When browsers 
are present at sticient stocking rates to create a browse line on 
large trees, encroachment of Ashe juniper is slowed, rate of 
increase of all woody species is reduced, and huge trees cause a 
shift in species composition directly under the canopy, however 
cover of all herbaceous species is not reduced. Immediately 
under the canopy of small browsed trees, herbaceous cover is 
lower than for unbrowsed trees. Environmental variables 
responsible for these patterns were litter depth and light pene- 
trating the canopy when the sun is at an angle (during the wln- 
ter). The increased cover of several herbaceous species under the 
canopy of large browsed trees and at the canopy edge of browsed 
and unbrowsed trees, indicates the importance of the interaction 
between canopy cover and the presence of a browse line. Browse 
lines on Large trees enhance growth and production of cool sea- 
son species, such as Texas wintergrass (St& leucotricha Trin. & 
Rupr.) and reduce negative influences (low light, thick leaf litter, 
etc) on other herbaceous species. At this level of browsing many 
other palatable species could be reduced or lost from the plant 
community. 

Key Words: Juniperus ashei, herbivory, goats, Edwards Plateau, 
grazing 

Ashe juniper (Juniperus ashei, Buckholz) is a fire-sensitive, 
non-sprouting, evergreen small tree or shrub found primarily on 
the Edwards Plateau of Texas, but with populations in the 
Arbuckle Mountains of Oklahoma, the Ozark Mountains of 
Missouri and Arkansas. and the Sierra de1 Carmen Mountains of 
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Mexico (Johnsen and Alexander 1974). On the semi-arid western 
divide portion of the Edwards Plateau, this species occurs on 
shallow, rocky limestone derived soils in a QuercuslJuniperus 
Savannah/parkland. The Edwards Plateau is an important sheep 
and goat production region, it provides habitat for several endan- 
gered plant and animal species, as well as game species, it is a 
growing recreational and second home area, and its rangelands 
are sources of water for several urban areas (Armstrong 1980, 
Kroll 1980, Huston et al. 1994, Taylor and Smeins 1994, Thurow 
and Carlson 1994). The relative proportion of the landscape occu- 
pied by Ashe juniper is controlled by fire frequency, intensity, 
and season of occurrence, degree of soil/geologic heterogeneity, 
weather/climatic variability, and kind and intensity of herbivory 
(Smeins and Merrill 1988, Archer 1994, Fuhlendorf et al. 1996). 

Understory relationships of other juniper species indicate an 
inverse relationship between juniper cover and herbaceous 
species diversity and production (Jameson 1967, Engle et al. 
1987, Armentrout and Pieper 1988, McPherson and Wright 1990, 
Pieper 1990). However, the significance of these community 
changes for juniper species in western North America have been 
questioned (Belsky 1996), which suggests that more data is need- 
ed to understand the influences of juniper. For example, browsing 
animals can alter stem density, canopy cover, foliage density, and 
overall growth habit of juniper plants (Fuhlendorf 1992), which 
may modify overstorylunderstory relationships. Age/size rela- 
tionships have been quantified and are influenced by browsing 
animals (Fuhlendorf 1992, Smeins et al. 1994) but there has been 
no attempt to determine the understory relationships of different 
size/age trees. It is the purpose of this investigation 1) to docu- 
ment the influence of Ashe juniper tree size on understory vege- 
tation and 2) to evaluate how the interaction between tree size 
and domestic goat and white-tailed deer browsing modifies over- 
storylunderstory relationships. 

Materials and Methods 

This study was conducted on the Texas A&M University 
Agricultural Research Station which is located on the southwest- 
em edge of the Edwards Plateau about 56 km south of Sonora, 
Texas. Elevation of the station is approximately 732 m. Average 
annual precipitation from 1918 to 1994 was approximately 600 
mm. The range varied from 156 mm in 195 1, to 1,054 mm in 
1937 with an annual median of 438 mm. Rainfall is bimodal, with 
peaks occurring in the spring and fall. Droughts are common. The 
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growing season is about 240 days, with temperatures averaging 
30” C in July and 9” C in January (Station records). 

Soils are primarily the Tarrant series which are in the thermic 
family of the Lithic Haplustolls (Thurow et al. 1988). Dominant 
are Tarrant stony clay soils, which are generally 15 to 30 cm 
deep. These soils contain 5 to 70% limestone fragments or lime- 
stone outcrops. The topography has gentle slopes of 3 to 4%. 

beyond the canopy to twice the distance of the radius which was 
also divided by 5 to create a total of 10 sampling locations along 
each line. For trees with a canopy radius of greater than 2.5 m, 
the distance between locations was limited to 0.5 m to avoid 
missing transitional zones, and hence the total number of sample 
locations for these trees exceeded 10 in order to reach twice the 
canopy radius. 

Vegetation is a savannah/parkland with individuals or clusters At each sample location, a line was established perpendicular to 
of woody species interspersed within a mid- and shortgrass the radius, and point quadrat measurements were taken at 3 points 
matrix (Kuchler 1964, Smeins et al. 1976, Smeins and Merrill 5 cm apart on that line, with the first point located directly next to 
1988). Dominant woody plants are live oak (Quercus virginiana the line. Variables recorded under each point quadrat were litter 
var. virginiana Mill.), Vasey shin oak (Quercus pungens var. presence and depth, rock presence, foliar presence of understory 
vuseyunu Buckholz) and Ashe juniper. Dominant herbaceous species, and height from the ground to the nearest live juniper 
species include common curly mesquite (Hiluriu belungeri branch recorded in the following classes: 1 = 0 - 50 cm, 2 = 51 - 
Nash), three-awn (Aristidu purpureu Nutt.), sideoats grama 100 cm, 3 = 101 - 150 cm, 4 = 151 - 200, 5 > 200 cm. Percent 
(Boutelouu curtipendulu var. curtipendulu), Texas wintergrass light was measured with a quantum sensor (LI-COR , Inc., Model 
(Stipu leucotricha Trin. & Rupr.) and Texas cupgrass (Eriochloa LI-185B) in the winter (12.00 - l/15) and summer (607 - 7/10) 
sericeu (Scheele) Munro ex Vasey). Taxonomic nomenclature within an hour of midday. Light measurements were only taken 
follows Hatch et al. 1990. for open grown trees and at each sampling location. 

The station was established in 19 16 to study animal diseases. In 
1948 the primary emphasis was shifted to range management 
when multiple study units were established to study the influence 
of stocking rates, kinds and mixtures of animals, and grazing sys- 
tems on the vegetation. Also in 1948, an attempt was made to 
remove all junipers on the station by hand cutting. Other woody 
species were not removed, so many small junipers may have 
escaped detection. Since 1948, no attempt has been made to man- 
age encroachment of woody species in any of the areas used in 
this study, except as influenced by herbivores. 

For analysis, data were pooled from the 10 or more locations 
on each cardinal direction line to form 3 zones, the inner zone 
which contained points nearest the stem and completely under the 
canopy, the mid zone contained locations at the canopy edge with 
about 50% under the canopy of the target juniper and 50% out- 
side the canopy, and the outer zone which started approximately 
1.5 times the canopy radius away from the target juniper. These 
zones varied for each tree, but averages were calculated to estab- 
lish standardized zone limits for each size class (Table 1). 

Two long-term treatments were selected for this study. The 
browsed treatment (32 ha) was heavily and continuously browsed 
by goats only at 5.4 ha/auy from 1948 to 1969, and then moder- 
ately grazed by cattle, sheep, and goats (60:20:20) at a stocking 
rate that has been variable with weather patterns (ca. 9 ha/auy). In 
1983, the animal ratio was changed to a 50:25:25 mixture of cat- 
tle, sheep, and goats. Cattle and sheep may utilize a significant 
portion of browse, but overall stocking rate decreases and the 
reduction of the proportion of goats has reduced the browsing 
intensity since 1969. Free roaming wildlife, particularly white- 
tailed deer (Odocoileus virginianus) also had access with esti- 
mates of 1 deer/5 ha (Kinucan and Smeins 1992). The unbrowsed 
treatment (16 ha) has had no browsing by livestock or large 
wildlife since 1948. Both treatments had similar histories of 
heavy continuous grazing by cattle, sheep, and goats prior to 
1948 and are located within 2 km of each other on similar soils 
and topography. 

Table 1. Ashe juniper canopy diameter size classes and standardized 
zones based upon meters from the stem for each size class. 

Size class 
(dia.) 

Inner zone Mid zone Outer zone 

>6m 0 - 2.75 2.16 - 4.15 4.76 - 6.00 
3.01 - 6.00 m 0- 1.80 1.81 - 3.00 3.01 - 4.80 
1.51-3.OOm 0 - 0.70 0.71 - 1.50 1.51-2.00 
0.76 - 1.50 m 0 - 0.35 0.35 - 0.75 0.75 - I .oo 

A line (1,200 and 850 m in the browsed and unbrowsed, 
respectively) was established through the center of the long axis 
of each study unit and 12 random points were established along 
that line. The nearest tree to the point in each of 4 canopy diame- 
ter size classes was selected (Table 1). Trees smaller than .76 m 
were not used since they were typically located in the understory 
of larger trees and their influence could not be distinguished from 
the large trees. Also, these small saplings, even when open 
grown, have limited influence on the understory. 

A factorial design, using an analysis of covariance (SAS 
Institute 1985), was used to determine the influence of browsing 
history, location from the stem, and tree size on understory rela- 
tionships. Percent rock cover was used as the covariate to control 
variation due to site heterogeneity within each pasture. Since 
presence of rocks on the surface obviates the absence of under- 
story species, rock cover was used as a covariate. Mean percent 
rock cover was not significantly different for each browsing his- 
tory (browsed = 25.3%, unbrowsed = 27.5%). 

From the stem of each tree a line was established in each cardi- 
nal direction. Each cardinal direction was visually classified as 
open or closed in terms of the cover of adjacent woody species 
associated with the target tree (closed 2 25% woody cover). The 
canopy radius was divided into 5 equidistant sampling locations 
from the stem to the edge of the canopy. The line was extended 

Percent of full light received at the soil surface for winter and 
summer, litter depth, and percent foliar cover for total herba- 
ceous, total graminoids, total forbs, total woody, Texas winter- 
grass, common curly mesquite, sideoats grama, three-awn, and 
Texas cupgrass were used as dependent variables. The indepen- 
dent variables were size classes, location from the stem (inner, 
mid, outer), cardinal direction (N, S, E, W), browsing history 
(browsed, unbrowsed), and several interactions. Type of canopy 
(open grown or surrounded by other woody plants) was also used 
as an independent variable without considering its interaction 
with other variables. 

Individual species analyzed separately were highly correlated. 
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A multivariate repeated-measures analysis (MANOVA; SAS 
Institute 1985) was used to account for correlation between the 
dependent variables. The Wilks’ lambda test statistic determined 
the significance of the independent variables on the correlated 
dependent variables (species) taken collectively, with no infer- 
ences on the individual dependent variable response. 

Results and Discussion 

Understory/overstory patterns of Ashe juniper are best 
explained by an interaction between browsing history, size of 
juniper, and distance from the stem (location). This interaction 
was significant (p < 0.05) for total herbaceous cover, total woody 
plant cover, cover of three-awns, winter light, litter depth, and 
height to the lowest live branch. Total graminoid cover was mod- 
erately significant (p = 0.064). Multivariate repeated measures 
analysis of variance supports the univariate analysis with a mod- 
erate Wilks’ Lambda statistic p-value of 0.079 for the 3-way 
interaction. Multivariate analyses accounts for correlation among 
dependent variables and simultaneously evaluates the responses 
of the 5 dominant grasses and total forbs. 

The significant 3-way interaction is best illustrated by total 
herbaceous cover, which produced different patterns at the inner 
location of large and small trees for each browsing history (Fig. 
1). For the largest trees, herbaceous cover at inner locations with 
and without browsing was 38.7 and 9.7%, respectively. Small 
trees had a reversed pattern where herbaceous cover at the inner 
location was lowest under browsed trees, though the differences 
were not significant. With browsing, herbaceous cover at the 
inner location generally increased with an increase in canopy 
diameter class. Without browsing, herbaceous cover at the inner 
location was about the same for the 3 smallest size classes (35%) 
while cover associated with the largest size class was about 3- 
fold less (9.7%) at the inner location. When browsing livestock 
are not present an Ashe juniper tree must approach 6 m in canopy 
diameter to have a major influence on the herbaceous understory. 
Total graminoid cover, several individual species (Table 2) and 
winter light exhibited patterns similar to total herbaceous cover. 
Patterns of litter depth were inverse to herbaceous cover which 
suggests that the environmental variables most responsible for the 
differences in herbaceous cover between large browsed and 
unbrowsed trees are litter depth and winter light penetration. 

Across browsing histories, most variation in herbaceous vege- 
tation occurs at the inner location of large trees (> 6 m canopy 
diameter). Beneath the canopy of large browsed trees, cover of 
most herbaceous species was 4 times greater than under large 
unbrowsed trees (Table 2). These differences are attributed to the 
browse line created by intense goat utilization of juniper from 
1948 to 1969 and associated reductions in litter accumulation 
(Fig. 2). The largest size class had significantly higher branches 
under browsing (p < 0.05, 60 cm vs. 175 cm). The browse line 
was also present on some trees with a canopy diameter of 
3.01G6.0 m but the differences were not significant. Since 1969 
stocking rates of goats have been reduced, however the heavy 
historical browsing impact is still sufficient to maintain low total 
cover of all woody plants (Smeins et al. 1994). Limited availabil- 
ity of all woody vegetation due to the past intensive browsing 
may increase livestock and wildlife utilization of existing juniper 
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Fig. 1. Herbaceous cover (%), litter depth (cm), and winter light (W) 
penetrating through the canopy at the inner location of all canopy 
diameter classes across each browsing history. Significant differ- 
ences (p < 0.05) between browse histories are indicated by *. 

trees which continues to maintain the high browse lines even 20 
years after reduction in goat stocking rate. 

Trees with a browse line had shallower litter depths and more 
winter light penetration which benefits understory herbaceous 
species, particularly cool season species such as Texas winter- 
grass (Table 2). Because less litter accumulates under large trees 
that are browsed, litter depth did not vary between size classes 
when browsing occurred (Fig. 1). Shallower litter under large 
trees with a browse line could be the result of 1) less litter reach- 
ing the soil due to animal consumption, 2) incorporation of litter 
into the mineral soil by trampling and corresponding improved 
decomposition and nutrient cycling, 3) an improved microenvi- 
ronment for decomposition, and 4) scattering of litter beyond the 
canopy by hoof and wind action. Without browsing, litter depth 
increased with tree size (p < 0.05, Fig. 1). Undisturbed Ashe 
juniper litter forms a hydrophobic layer under large unbrowsed 
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Table 2. Mean percent foliar cover of total forbs and selected grass species at each location of each Ashe juniper size class in each browsing history on 
the Texas Agricultural Experiment Station near Sonora, Texas. 

Diameter 
Cm) 

>6 

3.01 - 6.00 

1.51-3.00 

0.76 - 1.50 

Average 
Std error 

Total Texas Common Sideoats Three-Awns Texas 
Forbs Wintergrass Curlymesquite Grama cupgrass 

Location No No No No No No 
Browse Browse Browse Browse Browse Browse Browse Browse Browse Browse Browse Browse 

----~~~~~~~~~~~~~~~---~~~~~~~-~~~~~---~~~~~(~) --____-_--____---___~----~~~~~~--~-~~.---~~ 
Inner 3.1 5.5 2.6 11.7 0.0 3.9 0.4 1.8 1.3 10.4 0.0 1.5 
Mid 15.5 13.6 2.1 3.7 5.0 8.7 5.7 2.4 5.7 10.2 3.1 0.5 
Outer 17.9 17.2 1.1 1.9 1.4 3.8 9.4 4.3 7.2 12.3 1.1 0.7 
Avg. 12.2 12.1 1.9 5.7 2.2 5.4 5.2 2.9 4.7 11.0 1.4 0.9 

Inner 11.2 4.2 3.2 9.6 2.3 5.9 1.6 1.2 5.9 8.3 4.1 0.5 
Mid 22.7 19.9 2.1 8.1 5.0 10.2 8.3 3.5 12.5 10.0 3.3 0.0 
Outer 25.9 17.4 I.5 3.1 5.1 8.6 6.5 2.7 7.7 10.2 2.6 0.5 
Avg 19.9 13.8 2.3 6.9 4.1 8.2 5.4 2.5 8.7 9.5 3.3 0.4 

Inner 15.5 3.2 5.1 1.6 3.2 3.2 4.6 4.4 6.7 6.0 0.2 0.0 
Mid 19.4 20.0 3.0 1.6 8.5 8.3 9.7 4.9 4.7 19.6 0.0 0.0 
Outer 22.2 17.9 1.9 0.2 3.5 7.5 12.5 2.8 5.8 9.6 1.6 0.0 
A% 19.1 13.7 3.3 1.1 5.1 6.4 9.0 4.1 5.7 11.8 0.6 0.0 

Inner 12.3 3.9 2.1 4.2 2.1 3.5 4.6 5.6 13.4 6.7 3.2 0.0 
Mid 21.1 9.7 1.0 3.8 6.1 5.7 7.1 3.1 8.7 13.7 4.9 0.0 
Outer 16.1 13.3 2.3 3.3 8.1 4.0 6.4 3.8 8.3 12.0 2.6 0.0 
Avg 16.5 9.0 1.8 3.8 5.4 4.4 6.0 4.1 10.1 10.8 3.6 0.0 

16.9 12.2 2.3 4.4 4.2 6.1 6.4 3.4 7.3 10.8 2.2 0.3 
2.6 1.5 1.6 1.9 2.3 1.0 

trees that can physically limit germination and production of 
herbaceous vegetation (Yager 1993). Litter accumulation by 
other species limits establishment and production of many grass- 
es (Weaver and Rowland 1952, Jameson 1966, Knapp and 
Seastedt 1986). 

receives much more light throughout the day than large 
unbrowsed trees. 

Light penetration was always lower at the inner compared to 
the mid and outer locations because of the influence of the target 
tree canopy. Winter light penetration varied as a function of the 
browsing history, tree size, and location interaction (p < O.OS), 
while summer light was significant for all main effects (p < 0.05). 
For winter light, significant differences between browsing histo- 
ries were limited to the largest trees and trees with a diameter of 
1.5G3.01 m which corresponds with the greatest differences in 
herbaceous cover. Large browsed trees had greater winter light 
penetration than unbrowsed trees because the angle of the sun in 
the winter allows more penetration under the high browse line 
(Fig. 2). 

For trees with a canopy diameter of 1.50-3.01 m, the differ- 
ences in winter light penetration were inverse to the large trees 
with the greatest light penetration under unbrowsed trees. For 
browsed trees, this size class had the least light penetration and 
herbaceous cover of all other size classes. Browsed trees of this 
size are nearly twice as old as unbrowsed trees and the foliage is 
more dense due to a pruning influence caused by browsing 
(Fuhlendorf 1992). Older trees with more foliage can reduce light 
penetration and have a longer opportunity to influence the herba- 
ceous understory. Larger browsed (> 3 m diameter) trees had 
greater winter light penetration and herbaceous cover because of 
the presence of the browse line. Differences in summer light 
between browsing histories is primarily due to differences in 
small trees and associated with the more dense foliage of small, 
browsed trees caused by continuous pruning (Fuhlendorf 1992). 
Light was measured at midday for this study. It should be noted, 
however, that during morning and evening hours, the summer 
light would be at an angle similar to winter light, so even in the 
summer, the inner location of large browsed trees probably 

Most prior studies have found that herbaceous cover increased 
with distance from the juniper stem (Engle et al. 1987, 
Armentrout and Pieper 1988, Pieper 1990, Blomquist 1990). In 
the current study, however, total percent cover of all herbaceous 
species, total graminoids, and several individual herbaceous 
species were greatest at the canopy edge, even though cover of 
other woody plants was also greatest at the same location (Table 
2 and Fig. 3). Higher herbaceous cover at the canopy edge could 
be the result of increased humidity, decreased wind and tempera- 
ture, and increased nutrient availability. Redistribution of 
resources has been shown for other juniper species, with higher 
levels under the canopy edge than in the open interspaces 
(Doescher et. al 1987, Padien and Lajtha 1992). Presence of an 
overstory canopy can increase herbaceous production during a 
drought (Frost and McDougald 1989) and enhance production of 
early cool-season species (Clary and Morrison 1973). Texas win- 
tergrass (cool-season grass) cover was most abundant (p < 0.05) 
under the canopy of large trees that had a browse line, less litter, 
and greater cool-season light levels (Table 2). 

The significant 3-way interaction (p < 0.05) explained most of 
the variation in the overstory/understory relationships of Ashe 
juniper, but differences in vegetation composition between 
browsing histories were evident (Table 2). The multivariate 
nature of these data and the significance of the 3-way interaction 
limits extensive univariate analyses of individual species and 
main effects but predictable patterns were evident. All woody 
species that were analyzed separately were significantly less 
abundant in browsed areas. Texas wintergrass, curly mesquite, 
and three-awns were most abundant when associated with trees 
that were exposed to historical goat browsing. Curlymesquite is 
believed to increase in cover with moderate utilization by live- 
stock (Ralphs et al. 1990, Taylor et al. 1993), while Texas winter- 
grass, a cool-season grass, apparently benefits from the presence 
of a large canopy with a browse line and increased winter light. 
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Fig. 2. Sehematie drawing of one-half of an Ashe juniper tree from 
actual data of average graminoid cover, height to the lowest live 
branch, and litter depth for the largest size chx~ (canopy diame- 
ter > 6 m), of both browsing histories, from the stem to twice the 
canopy radius. Note the y axis on the lefl wcounts for 2 variables. 
The 0 to 10 region is far litter depth. 

mesquite (Prosopis glandulosa var. glandulosa, TOIT.). Most of 
these latter species are preferred browse plants for all classes of 
livestock and white-tailed deer (Armstrong 1980. Smeins and 
Merrill 1988). Intense browsing has apparently reduced their 
abundance and/or prevented establishment where browsing has 
occurred. Juniper contains relatively large amounts of secondary 
chemicals (Huston et al. 1994) that may discourage browsing by 
ruminants, so other plant species may be over-utilized prior to the 
impact of the browsers on juniper. 

The abundance and ecological influence of Ashe juniper cm the 
Edwards Plateau of Texas is confounded by the regions diverse 
topoedaphic sites, variable pre-settlement vegetation, and his- 
toric, as well as current management practices (Smeins 1980, 
Smeins and Merrill 1988, Riskind and Diamond 1988, Van 
Auken 1988, Gehlbach 1988). As with other juniper species from 
western North America (Belsky 1996), these confounding influ- 
ences can contribute to controversy concerning the community 
influences of these species. Ashe juniper has the potential to pro- 
duce nearly closed canopy stands on many sites that were previ- 
ously relatively open savannah communities (Fuhlendorf et al. 
1996). With its increase, composition and diversity of native flora 
and fauna can be greatly altered, as can production and handling 
of livestock. However, these influences are dependent upon long- 
term grazing or browsing history and the sire of the juniper 
plants. 

Integrated management of livestock and wildlife combinations 
along with fire and other woody vegetation management tools 
can produce a mosaic of communities in an area that may be 
favorable for all, but perhaps not maximal for any single use or 

Sideoats grama, Texas cupgrass, annual and perennial f&s, and 
all wcody species we. more abundant when browsing and gnu- 
ing were not present. These species are readily utilized by live- 
stock (Ralphs et al. 1990, Taylor et al. 1993) which may result in 
lower cover in browsed/grazed areas. 

Significant differences in woody plants associated with Ashe 
juniper are explained by the interaction of browsing history, tree 
size and location from the stem (p < 0.05). All dominant woody 
species were less abundant when browsing occurred (p < 0.05). 
Percent cover of woody species was highest at the mid zone of 
the largest size class without browsing (62.6%). Cover of woody 
plants at this location is over twice as much as at any other loca- 
tion, across all other size classes and browsing histories. Under 
browsing, woody cover never exceeded 20% and for size class 
1.5 l-3.00 m, cover was less than 4% for all lccations. 

Df woody species associated with the target tree, Ashe juniper 
was the most abundant, followed by shin oak and live oak, 
respectively. Juniper adjacent to or under the target tree had a 
percent canopy cover of 10.1 when unbrowsed compared to 4.5 
when browsed. Ashe juniper, live oak, shin oak, Texas persim- 
mm (Diospyros fexana, Scheele), agarito (Berberis trifoliolata, 
Moric.), sacahuiste, (Nolina rexana, Wats.) and prickly pear 
(Opunfia lindheimeri, Engelm.) were found in both treatments, 
while unbrowsed trees were also associated with elbowbush 
(Fores&u pubescens, Nun.), skunk bush sumac (Rhus aromari- 
ca var. flabelliformis, Ait.), hackberry (C&s redculato, TOIT.), 
catclaw acacia (Acacia greggii var. greggii, Benth.), and honey 

- Browse 

Inner Mid Outer 
Canopy Location 

Fii. 3. Gramiooid sod woody cover (46) at each canopy location for 
each browsing history. Signiftcant differences (p < 0.05) betweeo 
browse histories are indicated by *. 
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resource. When grazing and browsing animals are restricted, the 
primary influence of Ashe juniper is limited to large trees (> 6 
m). At high levels of browsing pressure, goat utilization of 
juniper is sufficient to slow its increase and alter its growth form. 
This creates a browse line which can reduce some negative 
impacts on associated species. However, intensity, frequency, and 
season of forage utilization should be closely monitored since 
juniper is not highly preferred and other plant species can be 
over-utilized at high, continuous goat stocking rates. 
Management of this species to achieve desired amounts can be 
achieved through monitored browsing and prescribed burning 
(Wink and Wright 1973, Smeins et al. 1994, Fuhlendorf et al. 
1996). This should be done at a landscape level with considera- 
tion of site variation, historical land use patterns, and other con- 
servation concerns. 
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Abstract 

We studied the diets of desert mule deer (Odbcoileus hemionus 
crooki Mearns) at 3 sites in Arizona and collated this information 
with that of previous diet studies of desert mule deer across their 
range in the United States. We documented 96 browse, 69 forb, 
14 succulent, and 6 grass species that each constituted 2 1% of 
the diet during 2 1 season. The occurrence of individual plant 
species varied spatially and temporally. Changes in nutrient lev- 
els and climatic influence on relative availability and phenology 
of plant species likely influenced diet. Desert mule deer rely 
heavily on browse and forbes, which make up the majority of 
their diet (> 90%). Grasses and succulents were generally c 5% 
of the diet. Rangeland managers should strive to keep desert 
rangelands productive with a diversity of forage so animals have 
opportunities to exercise free choice of diet. 

Key Words: Arizona, desert mule deer, diet, Odocoileus 
hemionus crooki 

Desert mule deer (Odocoileus hemionus crooki Meams) are 
endemic to desert shrub and chaparral areas of the southwestern 
United States and northern Mexico (Wallmo 1981). In the United 
States their range extends from south of the Gila River, Arizona 
eastward into central New Mexico and the Texas Panhandle 
(Hoffmeister 1962). The abundance and distribution of a species 
within its range is influenced by environmental components nec- 
essary for existence including food (Litvaitis et al. 1994). We 
reviewed the diet studies of desert mule deer that have been con- 
ducted; most were confined to small areas and few plant species 
were found in the diet when compared to the number of plant 
species eaten throughout their range. 

The objectives of our study were to provide new information 
on desert mule deer diets obtained from 3 sites in Arizona and to 
collate this information with existing information to obtain a 
comprehensive list of plant species eaten by desert mule deer in 
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Reslimen 

Estudiamos la dieta de1 venado bura de1 desierto (Odocoileus 
hemionus crooki Mearns) en tres sitios de1 estado de Arizona y 
cotejamos esta informaci6n con 10s estudios previos de dieta 
sobre esta especie, a lo largo de su rango de distribution en 10s 
Estados Unidos. Nosotros registramos 96 plantas arbustivas, 69 
especies de hierbas, 14 suculentas y 6 especies de pastos en donde 
cada una de estas categorias constituy6 el 1% o mL de la dieta 
durante una o mris de las estaciones. La presencia de estas 
especies de plantas vari6 espacial y temporalmente. Los cambios 
en 10s niveles de nutrientes asi coma la influencia clim&tica sobre 
la disponibilidad relativa y fenologia de las plantas, pudieron 
haber intluenciado la composici6n de la dieta. El venado bura 
depende grandemente de arbustos y hierbas, 10s cuales consti- 
tuyen una gran parte de su dieta (> 90%). Los pastos y suculen- 
tas constituyeron menos del 5% de la dieta. Los manejadores de 
pastizales de ambientcs dedrticos deben de esforzarse por man- 
tener las &as de forrajeo en forma productiva y con una diver- 
sidad tal de forraje, que permita a 10s animales tener una dieta 
de eleccicin libre. 

the United States. It is important to understand desert mule deer 
diets to enhance management practices. 

Materials and Methods 

We conducted diet studies in 3 areas of Arizona: King Valley, 
which lies within the boundaries of the Kofa National Wildlife 
Refuge, Yuma County; the Belmont Mountains, western 
Maricopa County; and the Picacho Mountains, Pinal County. 
Elevations in King Valley ranged from 1,000 to 1,500 m. 
Elevations in the Belmont Mountains ranged from 41.5 m in the 
lowlands to 1,042 m at Sugarloaf Mountain. Elevations in the 
Picacho Mountains ranged from 485 m in the surrounding flats to 
1,374 m at Newman Peak. Annual precipitation is similar in the 
Belmont and Picacho mountains, averaging 20 and 22 cm, 
respectively, with much of the rain occurring during the 
July-September monsoon season and during winter (Sellers and 
Hill 1974). King Valley, on the northwest edge of desert mule 
deer range, is one of the hottest and driest regions inhabited by 
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mule deer. The average annual precipitation is 11-17 cm (Sellers 
and Hill 1974). 

The Belmont and Picacho mountain study areas are vegetated 
with plant species characteristic of Sonoran Desert scrub. 
Creosotebush (Larrea tridentafa [D.C.]Coville) and triangle bur- 
sage (Ambrosia deltoidea Torr.) dominate large areas between 
dry washes. Dominant species within dry washes include blue 
palo Verde (Cercidiumfloridum Benth.), ironwood (Olneya testo- 
ta Gray), white brittle bush (Encelia farinosa Gray), wolfberry 
(Lycium spp.), and jojoba (Simmondsia chinensis [Link] 
Schneid). Most flora in the southern half of King Valley are 
restricted to washes. The uplands between washes are usually 
covered with desert pavement (i.e., a tightly packed layer of wind 
and water eroded pebbles) and only support sparse stands of cre- 
osotebush, white brittle bush, and white bursage (Ambrosia 
dumosa Gray). Larger washes have an overstory of ironwood and 
blue palo Verde. The common understory species are cresotebush, 
wolfberry, globe mallow (Sphaeralcea spp.), and brittle bush 
(Rautenstrauch et al. 1988). 

Diet Studies 
We estimated diets of desert mule deer in each study area by 

micro-histological identification of plant epidermal fragments in 
fecal material (Sparks and Malechek 1968, Vavra and Holechek 
1980). We collected a fresh composite fecal sample (2 10 pellets 
from 2 5 pellet groups) in the middle of the 4 seasons: winter 
(Jan.-Mar.); spring (Apr.-Jun.); summer (Jul.-Sep.); and autumn 
(Oct.-Dec.). Pellets were collected in the Belmont Mountains 
during January 1980 through December 1981, in the Picacho 
Mountains during January 1981 through September 1982, and in 
King Valley during September 1983 through June 1984. Pellet 
groups were stored in 70% ethyl alcohol until analyses were per- 
formed at the University of Arizona Forage Analysis Laboratory. 

After the pellet groups were cornposited, 5 slides per composite 
were examined through a compound microscope set at 100X. We 
randomly selected 20 microscopic fields per slide that contained 
> 7-10 identifiable particles. We computed frequencies for each 
plant species and converted them to particle density (Fracker and 
Brischle 1944). We obtained relative density by the equation of 
Sparks and Malechek (1968). The technician responsible for 
micro-histological identification of plant epidermal fragments in 
fecal material was experienced and tested to ensure reliability 
(Krausman et al. 1989). We classified plant species as browse 
(i.e., perennial shrubs), forb (i.e., annual, herbaceous plants), 
grass, or succulent (i.e., Agave spp., cactuses, or Yucca spp.). 
Plant names follow Lehr (1978) and Scott and Wasser (1980). 

Literature Review 
We reviewed the literature for quantitave studies of desert 

mule deer diets in the United States. We excluded references that 
contained statements of what desert mule deer eat based on gen- 
eral knowledge or casual observations. We included plant 
species in our summary if 2 1 study reported their contribution 
to the diet as 2 1% during 5 1 season. Because diet studies differ 
in a variety of ways including method of data collection, avail- 
ability of plant species, and number of animals within the study 
area, we could not compare results in terms of direct numbers. 
Instead we categorized the quantities recorded into 3 groups: low 
(l-5% of the diet), medium (z 5-15% of the diet), and high use 
(> 15% of the diet). 

Results 

Diet Studies 
Desert mule deer at the 3 study sites ate a variety of plants 

(Tables l-3). In the Belmont Mountains, 29 plant species con- 
tributed 2 1% to the diet, followed by the Picacho Mountains (n = 
23), and King Valley (n = 14). Many plant species in the diet 
made up I 1% of the total diet: 29 species at Picacho Mountain, 
24 at Belmont Mountain, and 14 at King Valley. 

Overall, browse comprised the highest percent of the diet at all 
study sites (Tables l-3). Important browse species included 
desert ironwood (King Valley and Belmont Mountains), jojoba 
(Picacho and Belmont mountains), janusia (Janusia gracilis 
Gray), wild buckwheat (Eriogonum spp.) (Picacho Mountains), 
and smoketree (Dalea spinosa Gray) (King Valley). 

Diets varied seasonally at all study sites. Forb consumption 
increased and browse consumption decreased during winter 
and spring when forb production was high as a result of winter 
precipitation. Forb species during these seasons included 
lupine (Lupinus spp.) and paperflower (Psilotrophe spp.) at 
Picacho Mountain, filaree (Erodium cicutarium [L.]L’Her.) at 
King Valley, and pursh plantain (Plantago purshii R. & S.) in 
the Belmont Mountains. Combined succulent species com- 
prised < 5% of the diet at all study sites. Grass also comprised 
a low percent of the diet at each site. However, Mediterranean 
grass (Schismus barbatus [L.] Thell.) and Bigelow’s bluegrass 
(Poa bigelovii Vasey & Scribn.) comprised 5.1% of the diet in 
the Belmont Mountains during winter 1980 (Table 1). 

Literature Review 
Fourteen studies of desert mule deer diets were found that met 

our review criteria (Table 4). The methods of data collection for 
these studies fell into 3 categories: rumen analysis, fecal analysis, 
and feeding observations of wild deer. Most of the studies provid- 
ed diet information on a seasonal basis. Because of the variety of 
ways in which seasons were defined (Table 4), we did not stan- 
dardize seasons in our summary tables. 

Ninety-two browse and 14 succulent plant species constituted 
2 1% of the diet of desert mule deer throughout their range in the 
United States during 2 1 season (Table 5). The majority of these 
species (79%) were found in I 2 studies. Range ratany 
(Krameria parvifolia Benth.) occurred in 7 studies and use levels 
varied seasonally from low to high. Jojoba and honey mesquite 
(Prosopis glandulosa Torr.) both were found in 6 studies. 
Catclaw (Acacia greggii Gray) occurred in 5 studies conducted 
in Arizona with levels of use ranging from low during winter 
and spring to low through high levels during summer and fall. 
Catclaw also was documented in an additional Arizona study at 
trace levels (< 1%). Another common browse species in Arizona 
is fairy duster (Calliandra eriophylla Benth.), which occurred at 
low to high levels in 4 studies and in trace amounts in 1 study. 
Use levels of fairy duster were high during summer and autumn. 
Other species that occurred in > 3 studies included true mountain 
mahogany (Cercocarpus montanus Raf.), wild buckwheat 
(Eriogonum spp.), Wright’s buckwheat (E. Wrightii Torr.), janu- 
sia, juniper (Juniperus spp.), shrub live oak (Quercus turbine& 
Greene), and squaw bush (Rhus trilobata Nutt.) 

Prickly pear cactus (Opuntia spp.) was the most common suc- 
culent, occurring in 7 studies. Use of this plant by deer was low 
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Table 1. Percent relative density of plant species in seasonal diets of desert mule deer in the Belmont Mountains, Arizona as determined by fecal corn- 
position analysis, 1980432. 

Species 
Winter (Jan.-Mar.) Sm’ine (Aor.-Jun.) Summer (Jul.-Se&) Autumn (Oct.-Dec.) 

1980 1981 1982 1980 1981 1980 1981 1980 1981 

Forb 
Astragalus spp. 
Boraginaceae spp. 
Chorizanthe rigida 
Eriastrum spp. 
Eriodum spp. 
Eriogonum deJle.x 
Lesquerella gordoni 
Lotus spp. 
Lupinus spp. 
Menodora spp. 
Perityle emory 
Plantago insular 
Plantago purs 
Sat&aria mexica 
Tiakstromia languginosa 
Trixis califomica 
Vicia spp. 

Forb Total 
Grass 

Bouteloua spp. 
Bromus spp. 
Bromus rubens 
Festuca octoflora 
Poa bigelovii 
Schismus barbatus 

Grass Total 
Browse 

Abutilon spp. 
Acacia constricta 
Acacia gregii 
Ambrosia spp. 
Ambrosia dumosa 
Argythamnia spp. 
Atriplex spp. 
Cercidium floridurn 
Cercidium microphyllum 
Cowania mexicana 
Encelia farbwsa 
Ephedra spp. 
Eriogonam spp. 
Eriogonum trichopes 
Eriogonum wrightii 
Eurotia hmata 
Hibiscus denudatus 
Hyptis emoryi 
Janusia gracilis 
Krameria spp. 
Krameria grayi 
Larrea tridentata 
Lycium spp. (desertthom) 
Lycium spp. (wolfbeny) 
Olneya tesota 
Prosopis glandulosa 
Simmondsia chinesis 
Sphaeralcea spp. 
Viguiera parishii 

Browse total 
Succulents 

opuntia spp. 
Unknowns 
Grand total 

0.8 
0.8 
0.2 

2.4 

3.4 

0.5 
6.9 

4.7 
5.7 

0.2 
0.6 

0.3 

11.7 

4.8 

0.5 
0.2 8.2 0.7 

0.9 
0.2 

1.2 
0.2 6.6 

11.4 
0.2 

1.3 

9.1 2.2 

0.7 

31.3 

0.3 

24.3 19.7 22.4 

0.3 
0.4 

1.0 
4.7 
5.7 

0.6 0.8 2.0 
1.3 0.8 2.3 

0.4 

0.3 
0.3 
0.7 

3.3 

13.7 

1.9 
0.3 

0.3 

0.7 0.8 

0.4 

0.1 
12.3 

0.3 
2.7 

3.9 
0.3 
0.7 

5.4 2.6 
1.5 4.2 

0.2 

0.2 
0.6 

0.3 0.1 

37.3 
0.2 
7.0 

12.5 

19.8 

57.8 70.6 

24.2 
0.3 

40.3 
6.2 
0.4 

78.3 

1.2 
4.0 

100.0 
4.2 

100.4 

0.4 0.8 0.9. 0.9 0.3 4.8 
0.4 0.2 0.0 0.2 0.6 0.0 0.9 

99.6 100.0 100.0 100.0 100.0 100.0 100.0 

3.2 0.6 0.4 0.1 

0.4 35.9 
0.3 

0.2 

10.8 

2.5 
0.1 
0.4 2.1 39.4 13.1 

0.3 0.1 

0.3 
0.2 

0.2 0.3 0.1 

1.2 

0.8 

1.1 

0.5 

0.6 

2.1 

3.3 

8.8 

0.2 0.7 

1.5 

1.2 

4.5 

1.2 
0.4 
7.6 

0.1 
1.7 

0.3 
8.9 

0.9 
0.5 

0.2 0.8 
6.1 

4.2 8.0 
7.2 

23 5.4 

0.6 0.4 
0.1 

0.3 
2.0 

0.6 

9.5 
2.2 
0.6 

15.0 
7.3 

0.2 

15.1 78.3 31.7 
1.5 

33.1 5.8 0.5 

0.3 
25.1 52.9 

29.0 
0.3 

22.9 

74.3 97.7 59.5 85.1 97.2 

46.4 
0.3 

19.5 
1.7 
0.4 

93.8 

No. species 25 23 22 19 11 14 16 15 21 
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Table 2. Percent relative density of plant species in seasonal diets of desert mule deer in the Picacbo Mountains, Arizona as determined by fecal com- 
position analysis, 1981-82. 

Species 
Winter (Jan-Mar.) Sorine (Am.-Jun.) Summer (Jul.-Sea.) Autumn (Oct.-Dec.) 

1981 1982 1981 1982 1981 1982 1981 

Forbs 
Acamptopappus sphaerocephalus 
Arabis spp. 
Astragalus spp. 
Baileya multiradiata 
Boraginaceae spp. 
Descurainia pinnata 
Erodium spp. 
Lupinus spp. 
Menodora spp. 
Plantago insularis 
Plantago purshii 
Psilotrophe spp. 
Salazaria mexicana 
Tidestromia lanuginosa 
Vicia spp. 

Focb total 

GKISS 
Bouteloua spp. 
Bromus rubens 
Schismus barbatus 

Grass total 

Browse 
Abutilon spp. 
Ambrosia dumosa 
Argythamnia spp. 
Artemisia spp. 
Atriplex spp. 
Calliandra eriophylla 
Ceanothus spp. 
Cercidium floridurn 
Encelia farinosa 
Encelia frutescens 
Ephedra spp. 
Eriogonum spp. 
Eriogonum injlatum 
Eriogonum wrightii 
Erigeron spp. 
Hyptis emoryi 
Janusia gracilis 
Juniperus monosperma 
Krameria spp. 
Krameria grayi 
Larrea tridentata 
Lycium spp. (desertthorn) 
Lycium spp. (wolfberry) 
Olneya tesota 
Pellaea spp. 
Prosopis glandulosa 
Quercus spp. 
Rhus trilobata 
Si-ndsia chinensis 
Sphaeralcea spp. 

Browse total 

Succulents 
Cereus giganteus 
Mammillaria spp. 
Opuntia spp. 
Yucca spp. 

Succulent total 
Unknowns 
Grand total 

2.0 
0.1 
0.3 

2.0 
3.3 

0.5 

1.3 

0.1 

0.7 
9.8 

3.1 

6.4 

11.9 

6.4 
4.5 

0.1 

0.1 

33.1 

0.3 

0.4 

1.2 

0.1 
0.9 
1.0 

0.1 
0.1 
0.2 

0.1 
5.0 

0.2 0.2 
0.7 3.7 
0.4 0.8 

1.2 

0.3 

16.9 

1.1 

7.5 
1.8 
0.1 

14.8 
0.1 0.1 
1.7 2.3 

0.3 0.7 1.8 

35.4 

1.3 
4.6 
0.4 

5.0 
0.4 
4.6 

2.3 
71.1 

5.5 4.6 0.8 

0.1 

0.1 

0.6 0.2 1.3 
0.1 

0.1 
23.3 

0.5 
90.1 

28.3 8.0 
0.1 0.5 

64.3 96.8 

0.5 

0.5 
0.0 

101.4 

0.1 
1.4 
0.9 

2.4 
0.0 

100.0 
31 

1.9 
0.1 
2.0 
0.0 

100.0 100.0 loo.0 .- 

2.7 

5.2 
0.4 
2.7 

13.0 

0.1 
1.0 

15.2 
0.3 
1.0 

15.7 
0.2 

0.7 
18.6 

24.0 52.8 

0.2 

0.2 

0.1 

0.1 

0.2 
0.6 
0.2 

0.1 

5.6 

10.9 

10.3 
0.2 
0.9 
1.1 

0.1 
0.3 

11.1 
0.1 
0.4 

0.5 
3.5 

0.7 

0.2 

34.4 15.1 
17.0 8.2 
75.8 45.9 

0.4 

0.0 
100.0 

0.4 
0.8 

100.0 
25 

0.1 
0.1 

0.1 

0.3 1.4 

0.7 
0.1 
1.7 
1.4 

0.1 
0.3 
0.3 
0.2 
0.5 

6.3 

0.3 

5.0 

3.0 
26.6 52.0 

0.3 

0.1 
5.5 3.1 

28.5 

97.9 

28.3 
20.3 
94.7 

0.1 0.2 
0.6 2.8 

0.7 
0.0 

3.0 
2.0 
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Table 3. Percent relative density of plant species in seasonal diets of 
desert mule deer in King Valley, Arizona as determined by fecal com- 
position analysis, September 1983-June 19&4. 

Species 
Winter Sptitlg Summer Autumn 

(Jan.-Mar.) (Apr.-Jun.)(Jul.-.Sept.)(Oct-Dec.) 

Forbs 
Astragalus spp. 
Boraginaceae spp. 
Erodium cicutarium 
Euphorbia spp. 
L.&us spp. 
Plantago insularis 
Polygala macradenia 
Salazaria mexicana 
Sphaeralcea spp. 
Tidestromia lanuginosa 
Unknown forh 

Forh total 
Grass 

Bouteloua spp. 
Muhlenbergia spp. 
Schismus barbatus 
Unknown grass 

Grass total 
Browse 

Ambrosia dumosa 
Cercidium spp. 
Dalea spinosa 
Encelia farinosa 
Ephedra spp. 
Eriogonum spp. 
Hyptis emoryi 
Janusia gracilis 
Krameria parvifolia 
Olneya tesota 
Prosopis juliflora 
Simmondsia chinensis 

Browse total 
Succulents 

Opuntia spp. 
Unknowns 

Grand total 
No. Species 

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

0.6 
9.7 
0.1 
0.2 

23.2 

0.1 
31.1 

3.0 
1.5 

1.9 1.5 

0.1 
0.5 
0.4 

0.3 

34.8 
0.1 

33.5 6.0 14.2 

0.1 

0.1 

0.1 

0.2 
0.1 
0.4 

1.5 
1.5 

3.0 

1.2 
0.1 

18.9 
0.1 
0.1 
1.1 

0.6 
4.5 
3.2 

8.0 
14.0 

0.3 

1.6 19.4 4.5 
40.8 35.9 49.0 

0.4 1.6 8.5 
0.3 0.6 3.0 

64.6 66.1 87.0 

0.3 
0.2 

100.0 
20 

0.0 
100.0 

16 

3.0 
1.0 

100.0 
12 

0.2 
1.2 
7.7 
0.2 

4.3 
0.1 

0.4 
0.1 

0.4 

0.4 

0.6 
2.6 

31.5 
0.1 

0.2 
0.1 
0.4 

44.1 
1.2 
3.4 

84.2 

0.9 
0.3 

100.0 
20 

for most seasons, but use was documented at high and medium 
levels during spring and summer for 2 1 study. Other succulent 
species eaten by deer in 2 2 studies were Engelmann’s prickly 
pear (0. phaeacantha Engelm.) (n = 5 studies) and lecheguilla 
agave (Agave lecheguilla Torr.), which was found in 3 of the 4 
studies conducted in Texas. 

Six grass and 69 forb species constituted 2 1% of the diet of 
desert mule deer during 2 1 season (Table 6). All of the grass 
species and 91% of the forb species occurred in I 2 studies. Forb 
species documented in L 2 studies included spurge (Euphorbia. 
spp.), lupine, fleabane (Eriastrum spp.), menodora (Menodoru 
spp.), filaree, and borage (Boruginaceae spp.). In general, use of 
these species were higher during winter and spring. 

Most species that comprised I 1% of the diet for all seasons 
and studies (Table 7) may be of little importance in management 
considerations; however, they may contain important micronutri- 
ents. The role of micronutrients in the diet of desert mule deer 
needs further study. 

Table 4. Summary of the location and type of data collected for desert 
mule deer diet studies. 

State Reference Type of Seasonal Seasons 
dataa data definedb 

Arizona Anthony ( 1976) F No 
Arizona Anthony and Smith (1977) F 4 seasons 1 
Arizona Krausman et al. (1989) F 4 seasons 2 
Arizona Umess (1981:353) R Winter, spring 2 
Arizona McCulloch (1973) R 4 seasons 2 
Arizona Short (1977) R 4 seasons 3 
Arizona Truett (1971) 0 4 seasons 4 
New Mexico Boeker et al. (1972) R 4 seasons 5 
New Mexico Anderson et al. (1965) R 4 seasons 2 
New Mexico Snyder (1961) R No 
Texas Krausman (1978) R 4 seasons 1 
Texas Leopold and Krausman (1987) F 4 seasons 1 
Texas Keller (1975) R 4 seasons 6 
Texas Uzzell(l958) R Winter 5 
‘F = fecal pellet composition, R = mmen contents 0 = feeding observations. 
bl = winter (Nov.-Jan.). spring (Feb.-Apr.), summer (May-Jul.), late summer/autumn 
(Aug.&t.), 2 = winter (Jan.-Mar.). spring (Apr.-Jan.). summer (Jul.-Sep.), autumn 
(Oct.-h.), 3 = winter (Dec.-Feb.), spring (Apr.-May), summer (Aug.-&p.), autumn 
(Oct.-Nov.), 4 = 1 Feb. -30 Apr., 1 May-15 Jul., 16 Jul.-15 Oct. 16 Oct.-31 Jan., 5 = 
timing of seasons undefined, 6 = winter (Dec.-Feb.), spring (Mar.-May), summer 
(Jun.-Aug.), autumn (Sep.-Nov.). 

Discussion and Conclusions 

Diets of desert mule deer varied among the 3 Arizona study 
sites, seasonally within years, and from year to year. Such varia- 
tion is not uncommon; other desert mule deer diet studies have 
found similar patterns (Short 1977, Krausman 1978, Leopold and 
Krausman 1987). Diet composition likely varies as a result of cli- 
matic influence on relative availability and phenology of plant 
species (Hansen and McCulloch 1955). Anthony (1976) found 
that drought had an effect on desert mule deer diets in south-cen- 
tral Arizona and Anderson et al. (1965) reported that forbs were 
the dominant item in diets during wet years with browse domi- 
nant during dry years. Our study indicated that browse was the 
dominant forage consumed by desert mule deer throughout their 
range in the United States. 

Changes in diet composition are likely influenced by changes 
in nutrient levels. Swank (1956) found that crude protein and 
phosphorous contents of most browse species in Arizona chapar- 
ral varied seasonally, increasing during seasons of active growth. 
Umess et al. (1971) analyzed seasonal diets of desert mule deer 
in central Arizona to estimate nutrient intake. They found that 
although diets varied seasonally, protein and phosphorous intake 
was constant year round. Browse was found not to supply protein 
in proportion to its consumption in mid winter and early spring 
but was equal to or exceeded consumption during the other sea- 
sons. Payton and Garner (1980) reported that nutrient levels of 
forages of desert mule deer in southwest Texas were highest fol- 
lowing seasonal rains. This was also the case for forage in the 
Picacho Mountains and in King Valley. Krausman et al. (1990) 
and Rautenstrauch et al. (1988) found higher levels of protein in 
12 of 19 plants sampled in the Picacho Mountains and 8 of 16 
plants sampled in King Valley, during summer monsoons from 
July to October. 
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Table 5. Browse and succulents reported as food of desert mule deer. 

Species Winter spring Summer AUhltIUl Total Referencea 

Browse 
Acacia spp. 
Acacia constricta 
Acacia greggii 
Anisacanthus thurberi 
Aplopappus laricifolius 
Arctostaphylos pungens 
Argythatnnia spp. 
Artemisia spp. 
Artemisia luakiciana 
Berberis haematocarpa 
Brickellia spp. 
Bn’ckellia multifolora 
Calliandra eriophylla 
Ceanothus spp. 
Ceanothus greggii 
Celtis reticulata 
Cercidium spp. 
Cerciakon floridurn 
Cercidium microphyllum 
Cerococarpus betuloides 
Cercocarplrs nwntanus 
Chilopsis linearis 
Condalia lycioides 
Dalea spp. 
Dalea fonnosa 
Dalea spinosa 
Dasylirion leiophyllum 
Ditaris lanceolata 
Dyssodia spp. 
Encelia farirwsa 
Erigonum spp. 
Eriogonum trichopes 
Eriogonum wrightii 
Eysenhardtia polystachya 
Fallugia paradoxa 
Fe&era rupicola 
Fotquieria splendens 
Garrya spp. 
Garrya wrightii 
Gaura spp. 
Gutierrezia spp. 
Gutierrezia sarothrae 
Haplopappus laricifolius 
Hibiscus denudatus 
Hyptis emoryi 
Janusia gracilis 
Juglans spp. 
Juniperus spp. 
Junipents ashei 
Juniperus deppeana 
Junipetus monospetma 
Krameria spp. 
Krameria grayi 
Krameria parvifolia 
Leucophyllum spp. 
Lotus rigidus 
Lycium anakrsonii 
Mimosa biuncifera 
Mortonia scabralla 
Nolina spp. 
Nolina erumpens 
Nolina microcatpa 
Olneya tesota 
Osttya knowltonii 
Partheniun incanum 
Phoradendron spp. 
Phoradendron califomicum 
Phoraakndron villosum 

Hb 

L 

L-M 
L 

L-H 

L-M 
L 

L-M 
L 
L 

L 5,6, 1’ 
L 11, 13, UC 

L-M 2,3,9,11,13,7’ 
L (Jan.-Jul.) 11.13 

9 
10 

15, 16 
10.16 

L 1,7, 13c 

L 
L 

H 
M 

W 

L H 

L 
L 

L 

H 
LH 

L-M 

H 
M 
L 

L-H 

M 
H 
L 

M 
M 

L-M 
L 

M 

L-M 
L 
L 

L H 
M-H 
L H 

M 
L H 

M 

L 

H 

LM 

L 
L 
M 

LM 

L M 
L 

L 
L 

L 9 
L (Jul.-&t.) 13 

L-H 

L-H 
M 
L 

L-M 

M-H 
M 
L 

H L H 

LM 

L (Feb.-Jul.) 

M-H 

L (Jan.-Jul.) 
L H 

L (Jan-Jul.) 

2, 3, 11, 13.4” 
16 

7.9, 10, lC 
2,3, 9c 
17,T 

9, 15, 16 
13.9’. 15= 

9, 10 
1.4, 12, 13 

11 
13 

536 
5, 13, lC 

17 
14 

M 
L 
L 
M 

LM 
H 

M 
L 
L 

M 
M 
M 

M-H 

H 

L 
L 

L-M 

6 
L (Feb.-Apr.) 13, 16=, 17’ 

9, 10, 11, 15, 16, 17.4’ 
15 

L-H L 
L 
L 
H 

L 
M 
L 
M 
L 

L L 2.3.7, 13, 15, 16 
J-9 H 2, 3, 11 

1, 12 
L-M 2,3 
L-M 11.13 

L L 

L 
L 

L 4, 10 
8 

1,7= 
5, 9c 

L-M LM 
L 

L 

L 

L-H 

L-H 
L 

L-H 

M 

H 

LM (May-Jan.) 7,8,9, 13, 15, 16,17 
L 1 
M 

12 
LM 2, 13c 

15.16 
15.16 

L-M 
M 

L-M 
M-H 

L-M 
L-H 
L-H L H M-H 2,3,7,8,9, 13, 17 

M 8,6” H 
L (Feb.-Jul.) 9, 13 
L (Jul.-&t.) 13 
L (Jan-Jul.) 13, 9c 

M (Jan.-Jul.) 13 
L LM 

L 

M-H M-H 

L-M M-H 

‘L-M ’ 1,2,3 
6 

(Jan.-Jul.) 13, 7c 
7, 17, 13’, 15’. 16” 

1 
8 

L 4, lc, 6’ 
9 
9 

L 
H 
L 

LM 

L 
L 
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Table 5. (Continued) 

Species Winter Spring SlUMler AUtttlM Total Referencea 

Pinus cembroides 
Pinus edulis 
Polygala macnuiencia 
Porlieria angustifoli 
Porophyllum gracile 
Prosopis glandulosa 
Prosopis julijlora 
Quercus emoryi 
Quercus spp. 
Quercus oblongifolia 
Quercus turbinella 
Quercus undtdata 
Q. undulata and pungens 
Rhamnus crocea 
Rhus microphylla 
Rhus ovata 
Rhus trilobata 
Rhus virens 
Simmondsia chinensis 
Sphaeralcea spp. 
Sphaeralcea coccinea 
Vauquelinia califomica 
Viguiera spp. 
Viguiera deltoidea 

Succulents 
Agave lecheguilla 
Agave palmeri 
Agave schotti 
Cereus gigantea 
Ferocactus wislizenii 
Mammilharia spp. 
Opuntia spp. 
Opuntiajidgida 
Opuntia phaeacantha 
Opuntia spinosior 
Opuntia versicolor 
Yucca spp. 
Yucca baccata 
Yucca elata 

L 14 
1 

8, 17’ 
6 

9, 13 
5, 6, 15, 16 

2.3.9, 11, 13, 17,7’ 
5 

4, 16’ 
2 

7.9, 10, 13 
1, 12 

14 
9, 10 

5.6, 13 
9 

1,4,7, 10,9’ 
6 

7.9, 13, 15, 16, 17 
7.9, 15, 16’ 

13 
11.13 
5,6’ 

7 

8, 6, 14 
13 
13 

9, 13’. 16’ 
11, 13,7c 

16 
1.4, 7, 8, 15, 16, 17 

11,13 
6.9, 11, 13, 14 

11.14 
13 

1,4”, 16’ 
14 

L 
L L L L 

M 
L 
L 
L 

M 

L L 

L-M 
L-M 

M 
H 
L 

M (Jan-Jul.) 
H 

L H 
L. H 

L 
L H L 

M M 

L H 
L 
H 
L 

L 
H 

M-H 
H 

L 
M 
L 
M 

L 
H 

L-M 
L-M 
GM 

M 

H 
GM 

L 
L 

L M 
L L H 
M M 

M-H L-H 
L-H M 

LH LH 
M L, H 

L (Feb.-Apr.) 
H (Jan-Jul.) 

L 
L 
L M L 

L 

L-H L H L L H H 
M (Jan.-Jul.) 

L 
L 
L 

L-M 

L-H 
L 

H 

L 
L 

M-H 
L-M 

M 
L 

L-H 
H 

L H 
L 

H (Jan.-Jul.) 

L 
L 

LM 

L (Jul.-O&) 
M H 

L 
H L 

H (Mar.) 12 

al = h&non et Ed. 1995, 2 = Anthony (1976). 3 = Anthony and Smith (1977). 4 = Bc&er et a,. (lo??), 5 = Keller (1975) 6 = KnUN,,a,, (1978) 7 z Kraustna,, et a,. (to@-?), 8 = 
Leonold and Kraustnan (1987), 9 = McCulloch (1973). 10 = Umess (1981). 11 = Short (1977) 12 = Snyder (l%l), 13 = Truea (1971), 14 = tJzz,.zll (1958). 15 = Behnont Mu,, 16 = 
P&ho Mu., 17 = King Valley 
bL = I-546 of the diet, M = > 5-15% of the diet, H = > 15% of the diet. 
’ = plant species make up < 1% of diet. 

Table 6. Forbs and grass reported as food for the desert mule deer. 

Species Winter Spring summer Autumn Total ReferenceForbs 

Forbs 
Abutilon spp. 
Acamptpappus sphaerocephalus 
Acanthaceae 
Allium spp. 
Ambrosia confertijlora 
Anemone tuberosa 
Anisacanthus thurberi 
Apodanthera undulata 
Arabis perennans 
Astragalus spp. 
Baileya multiradiata 
Boraginaceae 
Calochortus kennedyi 
Carlowtightia anizonica 
Commelina dianthtfolia 
Compositae 
Coreopsis tinctoria 

Mb L L LM 
L 
L 
L 

L 

8,9 
16 
1 
5 

9,13c 
9 
2 

11 
9,7= 

15, 16,17’, 4’, 7’ 
11, 13,7’, 16’ 

15, 16, 17 
9 
13 
4 
9 
1 

L 
L 

L-M 

L 
L 

M 

LM 
L 

M 
L 

M (Jan.-Jul.) 

L (Jul.-Jan.) 
L 

L 
L 

(Continued on page 520) 
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Table 6. (Continued) 

Species Winter Spring Summer Autumn Total R 

Cucurbita foetidissima 
Cuscuta spp. 
Dalea spp. 
Dalea neomexicuna 
Descurainia obtusa 
Descurainia pinnata 
Desmanthus cooleyi 
Dichelostemma pulchellum 
Draba cuneifolia 
Dudleya collomiae 
Dyssodia papposa 
Eriastrum spp. 
Erigeron divergens 
Eriogonum farsciculatum 
Erodium spp. 
Erodium cicutarium 
Euphorbia spp. 
Euphorbia incisa 
Euphorbia serrula 
Galium spp. 
Hedyotis spp. 
Hibiscus coulteri 
Houstonia spp. 
Lesquerella spp. 
Lesquerella gordoni 
Linum spp. 
Lotus spp. 
Lupinus spp. 
Lupinus succulentus 
Lygodesmia spp. 
Marah gilensis 
Melampodium leucanthum 
Menodora spp. 
Menodora scabra 
Menodora scoparia 
Nerisyrenia camponun 
Notholaena spp. 
Pellaea longimucronata 
Perityle emoryii 
Pktago insularis 
Planatago purshii 
Polypodiaceae 
Psilotrophe spp. 
Psoralea spp. 
Sphaeralcea spp. 
Stephanomeria paucijlora 
Tidestromia lanuginosa 
Tidestromia oblongifolia 
Tradescantia occidentalis 
Verbena spp. 
Vicia exigua 
Zinnia acerosa 

Grasses 
Bouteloua chondrosioides 
Bouteloua curtipendula 
Bromus rubens 
Muhlenbergia spp. 
Poa bigelovii 
Schismus barbatus 

Unidentified grass (graminae) 
Other 

L 
L 

L 
L H H M H 

L 
L L 

L 

L 

4 
9, 13 

4 
8 
4 

4, 11, 13’. 16’ 
4 
9 
5 
9 
1 

lO,ll, 15 
6 

7, 13 
l&l6 

7.9, 17.4” 
1,5, 8.9, 11, 15”. 16’ 

9 
6 
7 
6 

13 
5 

5,s 
13,15 

1 
9, 15,7c, 17c 
7,9, 15, 16 

9 
9 
9 
1 

6, 15, 16 
13 
9 
8 
5 
9 

15 
7, 17, 15’. 16’ 

15,16 
9,4= 

8, 16” 
9 

1.8, 17c 
2,3, 13c 

15, 16’, 17’ 

L H 

M 
M 
L 

L 
L 
H 
M 

L-M 
L-H 

M 
L 

M 
L-H 

L 
L 
M 

L-M 

L 

M 

H 
L 
L 

L H 
M 

H 

L 

GM 

L 
L 

L-M 

L 
L M 

M 

H 
M 

L H 
LH 

M 
L 

L-H 
L-H 

L 
H 

M H (Oct.-Jul.) 

L 
H 
L 
H 

GM 

H L 

L 
L (Oct.-Jan.) 

L 
L (Feb.-Apr.) 

L 

M 
L L 

M 

L 

L-M 

L 
L-H 

L 
L 
L 
L 

H 

L L L 
L 

L (Feb.-Apr.) 
L 
H M 

L 

L 
M 
M 
L 

L-M 

M 
L 

7 
9 

11 
7 

13, lC 

L 

L (Jan.-Jul.) 

L 
L 

L 

L L 
L-M L-M L L 

2 
2, 13c 

9,7’, 15’. 16” 
17 
15 

15, 17,7’, 16’ 
1, 3,4, 6.9, 10, 11 

Lichen L L L 1.17 

“1 = ~da-son et al. (1995), 2 = Anthony (1976), 3 = Anthony and Smith (1977), 4 = Boeker et al. (1972) 5 = Keller (1975). 6 = ~musma, (1978). 7 = &ausman et A. (1989), 8 = 
bpo’d and KGNS- (1987)s 9 = McCuUoeh (1973). 10 = Umess (1981). 11 = Short (1977). 12 = Snyder (l%l), 13 = Truett (1971), 14 = “zx,, (195~ 15 = Belmont Mu,, 16 = 
Picacho Mts., 17 = King Valley. 
9. = l-596 of the diet, M = > 5-158 of the diet, H = > 15% of the diet. 
’ = plant species make up < 1% of diet. 
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Table 7. Plant species reported as foods of desert mule deer in trace 
amounts (< 1%). 

Species References” 

Browse 
Ambrosia deltoidea 
Ambrosia dumosa 
Amborsia spp. 
Amelanchier spp. 
Arbutus texana 
Artemesia carruthii 
Atriplex spp. 
Atriplex canescens 
Cowania mexicana 
Clematis spp. 
Diospyros texana 
Dyssodia porophylloides 
Ephedra spp. 
Erigeron spp. 
Eriogonum inflatum 
Eurotia lanata 
Forestiera angustifolia 
Haplopappus gracilis 
Ho#manseggia spp. 
Larrea tridentata 
Lycium spp. (wolfberry) 
Lycium spp. (desert thorn) 
Lycium exsertum 
Mimosa dysocarpa 
Pellaea spp. 
Phoradendron juniperinum 
Prosopis spp. 
Prosopis havardii 
Ptelea trifoliata 
Rhus choriophylla 
Solarium xanti 
Symphoricarpos spp. 
Viguiera parishii 
Xanthocephalum spp. 

Succulents 
Agave spp. 
Echinocereus spp. 

Forbs 
Amaranthusjimbriatus 
Amsinkia spp. 
Arabis spp. 
Argemone platyceras 
Bahia spp. 
Boerhaavia intermedia 
Chenopodiem spp. 
Chenopodium album 
Chorizanthe spp. 
Chorizanthe rigida 
Crassulaceae (spp.) 
Cruciferae (spp.) 
Eriogonum dejlexum 
Eriogonum harardii 
Euphorbia polycarpa 
Evolvulus arizonicus 
Cilia spp. 
Hedeoma costata 
Kallstroemia grandiflora 
Lepidium spp. 
Lesquerella fendleri 
Liliaceae (spp.) 
Margaranthus solanaceus 
Melilotus albus 
Mirabilis spp. 
Mirabilis bigelovii 
Mirabilis multiflora 
Physalis fendleri 
Plantago spp. 
Pseudocymopterus montanus 

I 
7, 15, 16, 17 

15 
1 
1 
1 

7, 15, 16 
1 

15 
1 
6 

13 
7, 15, 16, 17 

13,16 
7, 16 

15 
6 

13 
6 

15.16 
15, 16 
15, 16 

9 
2 

16 
1 
1 
6 
1 

13 
9 
1 

15 
6 

1.7 
13 

13 
13 
16 
2 
6 

13 
1 
4 
I 

7, 15 
1 
1 

15 
1 

13 
13 
4 
1 

13 
13 
I 
1 
9 
4 
7 

7, 13 
4 
4 
9 
9 

Table 7. (Continued). 

Species References” 

Psilotrophe cooperi 
Salazaria mexicana 
Salsola kali 
Sisymbrium irio 
Stenandrium barbatum 
Teucrium spp. 
Thlaspi spp. 
Trifolium spp. 
Trixis californica 
Verbena wrightii 
Vicia spp. 
Viguiera spp. 

Grass 
Bouteloua spp. 
Bouteloua eriopoda 
Boutelouafiliformis 
Bromus spp. 
Festuca octojlora 
Hilaria belangeri 
Hilaria rigida 
Muhlenbergia porteri 
Poa spp. 
Tridens pulchellus 

7 
7, 15, 16, 17 

1 
13 
1 
1 
1 

7, 15 

15, 16 

9 
13 
13 
15 
15 
9 
I 
7 
9 
7 

‘1 = Anderson et a1.(1995), 2 = Anthony (1976), 3 = Anthony and Smith (1977). 4 = 
Boeker et al. (1972) 5 = Keller (1975), 6 = Krausman (1978), 7 = Krausman et al. 
(1989), 8 = Leopold and Krausman (1987), 9 = McCulloch (1973). IO = Umess (1981). 
11 = Short (1977). 12 = Snyder (1961), 13 = Tmett (1971), 14 = Uu~ll (1958). 15 = 
Belmont Mts., 16 = Picacho Mb., 17 = King Valley. 

Desert mule deer eat a wide variety of plant species across their 
range. Browse (range = 45.9-97.9%) is consumed more than the 
other forage classes and when combined with forbs makes up > 93% 
of the overall diet of desert mule deer. Grasses and succulents make 
up < 1% of the diet in 50% of the seasons sampled and never 
exceeded 7% of the diet in the other seasons (range = 1.2-6.9%). It 
is difficult to generalize about the importance of individual plant 
species within their diet, because diet composition varies spatially 
and temporally. 

Management Implications 
Because rainfall is not predictable in deserts, the ability of 

desert mule deer to consume a wide variety of browse (126 
species) and forbs (111 species) (Tables 5, 7) allows them to take 
advantage of plant availability and those with higher nutritive 
value. Overall, the vegetation diversity provides ample choices 
for mule deer to be highly opportunistic feeders. Variability in 
available forage is a result of unpredictable rains, drought, and 
other climatic factors (Peek and Krausman 1996). Succulents 
may play an important role during drought and may be under rep- 
resented in the studies presented here. They have high (> 90%) 
moisture content and may not be adequately represented in 
micro-histological or rumen analysis. The range manager cannot 
anticipate the weather. However, the implications are obviously 
to keep desert rangelands productive with a diversity of forage so 
animals have opportunities to exercise free choice of diet. 
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Abstract 

Establiihing competitive plants is essential for restoring spot- 
ted knapweed infested grasslands. Revegetation attempts typical- 
ly fail because of weed competition during the initial stages of 
establishment. We hypothesized that competitive interactions can 
be shifted from spotted knapweed to intermediate wheatgrass bl 
increasing wheatgrass seedling density over 1,000 plants rn- . 
Spotted knapweed and intermediate wheatgrass were grown in 
addition series miztures to assess their interference at low (0 to 
1,000 plants m-3 versus high (1,000 to 10,000 plants m-9 densi- 
ties. In the spring of 1995, 7 densities (0, 100, 500, 1,000, 3,ooO, 
6,000, and 10,000 plants m”) of each species were seeded in a fac- 
torial arrangement (49 density combinations) in a randomized- 
complete-block design and replicated 3 times at 2 sites in 
Montana. Plants were grown in pots (2,250 mm’ X 380 mm deep) 
for 60 days before harvesting. Regressions predicting shoot 
weight, root weight, total weight, leaf area, and root length were 
calculated using 1) low knapweed:low wheatgrass, 2) low knap- 
weed:high wheatgrass, 3) high knapweed:low wheatgrass, and 4) 
high knapweed:high wheatgrass densities. Regression coeftlcients 
indicated intraspecific interference was most important in pre- 
dicting intermediate wheatgrass weight at both sites. At the wet 
site (457 mm, annually), interspecific interference only occurred 
at high spotted knapweed densities. At the dry site (305 mm, 
annually), interspecific interference occurred at low densities. 
Increasing intermediate wheatgrass from low to high densities 
removed the effect of spotted knapweed on intermediate wheat- 
grass where interspecific interference occurred. 

Key Words: Centaurea maculosa, Ekj#riga intermedia, competi- 
tive shii seeding rates, revegetation 

Spotted knapweed (Centaurea maculosa Lam.) is a deeply tap- 
rooted perennial Eurasian weed rapidly invading rangeland 
throughout the northwestern United States and Canada (Watson 
and Renney 1974, Strang et al. 1979, Harris and Cranston 1979). 
Spotted knapweed has been spreading at about 27% per year and 
infests about 2.2 million hectares of grassland in Montana alone 
(Chicoine et al. 1985, Lacey et al. 1989). Knapweed infestations 
have been associated with reductions in forage production 
(Watson and Renney 1974, Harris and Cranston 1979), plant 
species diversity (Tyser and Key 1988) and wildlife habitat 
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Resumen 

El establecimiento de plantas competitivas es esencial a la 
restauracion de las tierras de pastos plagadas de Centaurea mac- 
ulosa Lam. Normalmente fracasan 10s esfuexzos de revegetacion 
durante las etapas iniciales de establecimiento debido a competi- 
cion de la mala hierba Propusimos la hip&&s de que las inter- 
acciones competitivas pueden desplazarse de la C. maculosa al 
EZytriga intermedia (Host) Nevski al aumentar la densidad de 
plantones de E. intermedia a m&s de 1,000 plantas m-*. C. maeu- 
losa y E. intermedia fueron cultivados en mezclas hechas de 
series de aumentacion para evaluar su intromision en las densi- 
dades bajas (0 a 1,000 plantas m”) en comparacion con las densi- 
dades altas (1,000 a 10,000 plantas m-3. En la primavera de 
1995,7 den&lades (0,100,500,1,090,3,000,6,000, y 10,000 plan- 
tas m-3 de cada especie fueron sembradas en orden factorial (49 
combiiciones de densidades) en un disefio de bloque complete 
al azar y reproducidas 3 veces en 2 sitios en Montana Se culti- 
varon las plantas en pates (2,250 mm* X 380 mm de fondo) por 
60 dii antes de cosecbarlas. Se calcularon las regresiones predi- 
ciendo el peso de 10s retofms y las raices, el peso total, el &ea de 
las hojas, y la longitud de las raices empleando las siguientes 
densidades: 1) baja de C. tnaculosa: baja de E. intermedia, 2) 
baja de C. maculosa: alta de E. intermedia, 3) alta de C. 
maculosa: baja de E. intermedia, y 4) alta de E. intermedia. Los 
coeficientes de regresion indicaron que la intromision intrae- 
specitica fue de mayor importancia a la prediction de1 peso E. 
intermedia de 10s dos sitios. En el sitio mojado, (457 mm, anual- 
mente), la intromision interespecifica ocurrio solamente en las 
den&lades alms de C. ma&&a. En el sitio seco (305 mm, anual- 
me&e), la intromision interespecifica ocurri6 en las den&lades 
bajas. Al aumentar las densidades bajas de E. intermedia a densi- 
dades altas, se eliiino el efecto de la C. macuha en el E. iater- 
media donde ocurri6 la intromision interespecifica 

(Bedunah and Carpenter 1989) as well as increases in bare- 
ground (Tyser and Key 1988) surface water runoff, and stream 
sedimentation (Lacey et al. 1989). 

Spotted knapweed is well-adapted to a wide range of climatic 
and environmental conditions (Watson and Renney 1974, 
Chicoine et al. 1985). This weed is a strong competitor and rela- 
tively drought tolerant (Berube and Myers 1982). It has high seed 
output and longevity, which enables regeneration after herbicidal 
control (Watson and Renney 1974, Schirman 1981, Davis et al. 
1993, Kalisz and McPeek 1993). Early germination and rapid 
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growth rates enable knapweeds (Centaurea spp.) to capture 
resources before their competitors (Sheley et al. 1993). 
Knapweeds display germination and emergence polymorphism, 
which allows them to avoid intraspecific competition and occupy 
all available safe-sites by developing an hierarchy of age classes 
within the population (Sheley and Larson 1996). 

In areas where residual plant species are absent, herbicides 
(Davis et al. 1993, Griffith and Lacey 1991), natural enemies 
(Story et al. 1991, Cuda et al. 1989), or sheep grazing (Olson et 
al. 1997) do not provide long-term control of spotted knapweed 
because desirable species are not available to occupy niches 
opened by the control procedure. In these areas, establishing 
competitive plants is essential for successional management of 
spotted knapweed and the restoration of desirable plant commu- 
nities (Sheley et al. 1996). Revegetation with aggressive species 
has been shown to inhibit re-invasion by knapweeds (Hubbard 
1975, Larson and McInms 1989). 

Typically, revegetation of spotted knapweed-infested rangeland 
involves late-fall discing and application of a non-selective herbi- 
cide, such as glyphosate (n-phosphomethyl glycine), after weeds 
emerge. Desirable grasses are immediately seeded. Grass and 
knapweed germination and emergence occurs the following 
spring. As long as there is adequate spring precipitation, both 
grass and knapweed seedlings survive. If grass seedlings survive 
until mid-summer, a reduced rate of 2,4-D (24diclorophenoxy 
acetic acid) or mowing is usually applied to weaken spotted 
knapweed. Rehabilitation with desirable vegetation typically fails 
because of weed competition during these initial stages of estab- 
lishment (Barman et al. 199 1). 

It is widely accepted that rangeland weeds are more competi- 
tive than perennial grass seedlings (Harris 1967, Prather and 
Callihan 1991). For example, Prather and Callihan (1991) found 
that yellow starthistle (Centaurea solstitiafis L.) was more com- 
petitive than pubescent wheatgrass [ Thinopyrum intermedium 
spp. barbulatum (Schur) Barkw. & D. R. Dewey] at densities up 
to 390 plants rn-*. They also found the aggressiveness of pubes- 
cent wheatgrass increased with increasing wheatgrass densities. 
In a growth chamber, Jacobs et al. (1996) found that bluebunch 
wheatgrass was 4 times more competitive than spotted knapweed 
seedlings at densities considered high for seedings (1,00&5,000 
plants m”). Although crop-weed interactions at agronomic plant- 
ing densities have been widely studied, very little is known about 
interference at extremely high densities (Zimclall 1980). 

The overall objective of this study was to determine the poten- 
tial of using plant density as a tool to facilitate the establishment 
of desirable grasses in spotted knapweed infested rangeland. 
Specific objectives were to 1) quantify the interference between 
intermediate wheatgrass (Elytriga intermedia (Host) Nevski) and 
spotted knapweed, and 2) compare the change in interference 
between these species at low versus high densities. We hypothe- 
sized that competitive interactions can be shifted from spotted 
knapweed to intermediate wheatgrass by increasing wheatgrass 
seedling density over 1,000 plants m-*. 

Materials and Methods 

Study Sites 

Seeds of spotted knapweed were collected from Deer Lodge 
County, Mont. in August 1989. ‘Oahe’ intermediate wheatgrass 
seeds were purchased from Circle S Seeds Inc., Three Forks, 
Mont. in March 1994. Seeds of intermediate wheatgrass and spot- 
ted knapweed were sown in plastic pots, each with 2,250 mm* 
soil surface area and 380 mm deep. Pots provided minimal root- 
ing restriction to knapweed plants grown for a similar duration 
(Sheley and Larson 1994). Pots were filled with pasteurized soil 
mixture consisting of 2/3 Farland silt loam (fine silt, mixed Typic 
Agriboroll), and l/3 sand. The soil was saturated with water and 
allowed to equilibrate to column capacity in the greenhouse and 
then transferred to each site. 

The study was conducted at 2 Montana State University Pots were placed underground with the soil surface in pots 
research sites that occur within the Idaho fescue (Festuca ida- level to that of the surrounding area. Seeds were broadcast on the 
hoensis Elmer)-bluebunch wheatgrass habitat type (Daubenmire soil surface of each pot during 10 June through 14 June 1995 at 

1970). One site was at the Red Bluff Research Ranch (45” 34’ N, 
111 o 40’ W) located 8 km east of Norris, Mont. Elevation at the 
site is 1,500 m. Average annual precipitation is 305 mm. Site 2 
was at the Arthur Post Research Farm (45” 41’ N, 111” 9’ W). 
This farm is located 6.5 km west of Bozeman, Mont. Elevation at 
this site is 1,463 m with an average annual precipitation of 457 
mm. Precipitation and temperature were monitored within 4 miles 
of each site during the study period (Table 1). 

Table 1. Precipitation and temperature at study sites. 

Site Period (1995) 
Mean temuerature 

Total precipitation Min Max 

cm@ ----(“t-) -__. 
Red Bluff 15 Jun. to 1 Jul. 13 12.5 14.2 

2 Jul. to 13 Jul. 23 16.1 18.0 
14 Jul. to 25 Jul. 6 16.2 18.5 
26 Jul. to 6 Aug. 13 18.7 20.9 

7 Aug. to 18 Aug. 27 14.6 16.5 
19 Aug. to 30 Aug. 2s 16.6 18.8 

Post Farm 20 Jun. to 5 Jul. 23 14.2 22.1 
6 Jul. to 17 Jul. 21 9.7 26.5 

18 Jul. to 29 Jul. 20 9.9 28.6 
30 Jul. to 10 Aug. 65 8.5 26.4 
11 Aug. to 22 Aug. 3 6.6 26.4 

23 Aug. to 3 Sep. 12 7.8 28.5 
Environmental conditions were monitored daily. Twelve day values are presented during 
the study to correspond with harvest dates. Precipitation amounts are 12 day cumulative 
values. 
Maximum and minimum temperatures are means for the designated time period. 

Interference 
Monocultures and mixtures of spotted knapweed and interme- 

diate wheatgrass were grown to assess their interference using 
addition series methodology. Density series were 0:0, O:lOO, 
0:500, O:l,OOO, 0:3,000, 0:6,000, O:lO,OOO, lOO:O, lOO:lOO, 
100:500, lOO:l,OOO, 100:3,000, 100:6,000, 100:10,000, 500:0, 
500:100, 500:500, 500:1,000, 500:3,000, 500:6,000, 500:10,000, 
1,000:0, 1,000:100, 1,000:500, 1,000:1,000, 1,000:3,000, 
1,000:6,000, 1,000:10,000, 3,000:0, 3,000:100, 3,000:500, 
3,000: 1,000, 3,000:3,000, 3,000:6,000, 3,000: 10,000, 6,000:0, 
6,000:100, 6,000:500, 6,000:1,000, 6,000:3,000, 6,000:6,000, 
6,000:10,000, lO,OOO:O, 10,000:100, 10,000:500, 10,000:1,ooO, 
10,000:3,000, 10,000:6,000, 10,000:10,000 plants mm2 for spotted 
knapweed and intermediate wheatgrass, respectively. Density 
matrices were arranged in a randomized-complete-block design 
with 3 blocks (replications) at each site. 
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Red Bluff and 16 through 20 June 1995 at the Post Farm. Based 
on a preliminary emergence test, seeding densities were 2 times 
that of the desired plant densities. Seeds were manuaIly arranged 
until a uniform distribution was achieved. Less than 2 mm depth 
of dry soil was used to cover seeds. Initially, pots were lightly 
watered and covered with clear plastic to ensure uniform seedling 
emergence. There was no additional watering. Plants were 
allowed to grow for 60 days. 

Initial densities of spotted knapweed and intermediate wheat- 
grass were counted 1 week after emergence. Final harvesting 
involved manually shaking the dry soil from the roots, separating 
the species, and counting the number of plants of each species in 
each pot. Roots were cut from shoots, measured for total length 
(m) using a root length scanner (Comair Corp., Melbourne, 
Australia), dried to constant weight (48 hours, 600” C) and 
weighed (mg). Shoots and leaf material were scanned for surface 
area (cm*) (Licor-3 100 with conveyor belt, LI-COR, Inc. Lincoln, 
Neb.) and then dried to a constant weight and weighed (mg). 

Addition series data were divided into low (0-1,000 plants me*) 
and high (l,OOO-10,000 plants m”) density matrices for each 
species. Data were transformed to their inverse and incorporated 
into multiple linear regression models (Spitters 1983). 
Coefficients of determination, sums of squares, and residuals 
were evaluated to determine the most suitable model. Regressions 
were calculated using 1) low knapweed:low wheatgrass, 2) low 
knapweed:high wheatgrass, 3) high knapweed:low wheatgrass, 
and 4) high knapweed:high wheatgrass densities. 

Regressions predicted shoot weight, root weight, total weight, 
leaf area, and root length using harvest densities of spotted knap- 
weed and intermediate wheatgrass as independent variables. 

Models were of the form: 

Ws -’ = 60s + B,,N, + B,iNi, 
W.-I = 6 1 + 6--N. + 6. N 01 ,t 1 ts S’ 

where w, and wi were the average per plant growth response for 
spotted knapweed and intermediate wheatgrass, respectively, and 
N, and Ni were their density. Regression coefficients 6, and 8, 
represent the inverse of the maximum response of each variable 
for an isolated individual for spotted knapweed and intermediate 
wheatgrass, respectively. Regression coefftcients B,, and Bii and 
B,i and 6, represent intraspecific and interspecific competitive 
coefficient for spotted knapweed and intermediate wheatgrass, 
respectively. 

The extra sums of squares procedure was used to compare 
slopes generated using each density matrix (Snedecor and 
Co&ran 1980). For example, slopes generated from low spotted 
knapweed and intermediate wheatgrass densities were compared 
to slopes from low spotted knapweed and high wheatgrass densi- 
ties. Coefficient of determination (R*) values were calculated to 
indicate the proportion of the variability associated with the 
dependent variables that were accounted for by plant density. 

Growth Analysis 
Isolated plants of spotted knapweed and intermediate wheat- 

grass were grown in a randomized-complete block design (2 
species, 5 harvest dates, 3 blocks). The study was initiated by 
broadcasting 15 seeds on the soils surface of each individual pot 
(15 X 15 cm; 38 cm deep). Seeds were sown, similar to that 
described above, on 15 June (Red Bluff) and 20 June 1995 (Post 
Farm). Plants were lightly watered and covered with plastic to 
facilitate seedling emergence and then thinned to a single individ- 

Table 2. Regression coeffkients predicting intermediate wbeatgnw weight (mg) using harvest densities’. 

Density Dependent 
matrices variable (W) 

Post Farm Red Bluff 
Oii k Ri bi 8ii 8is Ri* 

Lows 

Highi 

High, 
LoWi 

Wh, 
Highi 

Total weight 

Shoot weight 

Root weight 

Total weight 

Shoot weight 

Root weight 

Total weight 

Shoot weight 

Root weight 

Total weight 

Shoot weight 

Root weight 

0 

(W 
0 

W) 
0 

PW 
0 

UW 
0 

(N.9 
0 

VW 
427.1 

(139.5) 
0 

(N.9 
2710.0 
(640.0) 

0 
(W 

0 
W.9 

0 

60.0 
(6.8) 

91.6 
(12.6) 
190.0 
(39.2) 
49.8 
(7.8) 

74.2 
(12.0) 
149.0 
(33.1) 
50.7 
(9.7) 
83.0 

(15.6) 
108.0 
(4w 

74.4 
(7.0) 

102.7 
(16.4) 

253.9 

0 

W-2 
0 

UW 
0 

(N.9 
0 

VW 
0 

UW 
0 

UW 
3.4 

(0.9) 
7.3 

(1.5) 
0 

(NW 
0 

(W 
0 

WS) 
0 

0.78 

0.71 

0.49 

0.75 

0.76 

0.52 

0.67 

0.69 

0.24 

0.93 

0.78 

0.82 

308.5 
(74.7) 

412.8 
(150.7) 
1262.0 
(378.4) 

0 
(W 

0 
VW 

0 
(NV 

0 
VW 

0 
UW 

0 
(NV 

0 
NV 

0 
W) 

0 

60.8 
(4.8) 

98.5 
(9.8) 

162.2 
(24.7) 
63.9 
(3.7) 

109.5 
(10.7) 

151.3 
(14.5) 

0 
(NS) 

0 
W) 

0 
WV 

0 
(NS) 

0 
VW 

0 

10.7 
(4.3) 
19.9 
(8.7) 

0 
VW 

0 
WS) 

0 
U’W 
0 

UW 
0 

(NS) 
0 

VW 
0 

(NV 
0 

(NV 
0 

(W 
0 

0.81 

0.73 

0.53 

0.98 

0.93 

0.93 

0.87 

0.85 

0.89 

NS 

NS 

NS 
UW (43.9) W) UW VW UW 

‘The modd uSed WAS: w[’ = Bgi + DiiNi + EisNs Where wi is the avenge per plant growth response for intermediate whatgrass, ad Ni is its density. Regression coefficients hi ,E,i 
and Bis represent the inverse of the maximum response of each variable for an isolated individual, intraspecific competitive coefficient and the interspecific competition coefficient for 
intermediate wheatgrass, respectively. 
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Table 3. Extra sums of squares’ comparing intermediate wheatgras regression slopes generated for each density range. 

LOW, LoWi LOW, LoWi LOW, LoWi LOW, Highi LOW, Highi Highs Lowi 
Intermediate Dependent 
wheatgrass variable -LQ.B!“&i- ~“~i- JJighrHigh. Hi?:: Hi& 

Fcal Fstat 
*“Lh; 

Fcal Fsiat 
FHi;h&wi 

Fstat Fcal FL Fcal F&t 

Post Farm Total weight 42.1 4.08 1.49 3.21 1.84 1.78 4.13 1 .I4 0.39 3.01 11.0 2.95 
Shoot weight 42.6 4.08 1.34 3.21 2.19 1 .I7 3.65 1.73 0.26 3.01 12.8 2.93 
Root weight 42.1 4.08 -1.36 3.21 1.32 1.78 5.38 1 .I4 0.21 3.01 10.7 2.95 
Leafarea 32.5 4.08 11.50 3.21 2.74 1 .I7 2.31 1.73 -0.02 3.01 11.8 2.93 
Root length 43.4 4.08 2.15 3.21 3.07 1.78 2.38 1.74 -0.24 3.01 10.3 2.95 

Red Bluff Total weight 25.4 3.21 -0.03 3.23 NS NS 0.29 2.65 NS NS NS NS 
Shoot weight 21.3 3.21 -0.10 3.23 NS NS 0.24 2.65 NS NS NS NS 
Root weight 34.4 3.21 -0.80 3.23 NS NS 0.39 2.65 NS NS NS NS 
Leafarea 30.0 3.21 0.92 3.23 NS NS 0.35 2.65 NS NS NS NS 
Root length 390.0 2.21 -1.77 3.23 NS NS 5.62 2.65 NS NS NS NS 

‘Slopes were compared at P = 0.05. 

ual 10 days after emergence. Harvest dates occurred on 1Zday no interspecific interference occurred between spotted knapweed 
intervals beginning 16 days after planting. Final harvest occurred and intermediate wheatgrass at low spotted knapweed densities at 
on 30 August (Red Bluff) and 3 September (Post Farm), 1995. this site. At high spotted knapweed and low wheatgrass densities, 
Data collection followed procedures described in interference spotted knapweed reduced intermediate wheatgrass total and 
experiments. Data were analyzed using simple linear regression shoot weight. Effects of spotted knapweed were removed at high 
using time as the independent variable. wheatgrass densities. At the Post Farm, regressions predicting 

intermediate wheatgrass leaf area and root length followed a sim- 

Emergence and Survivorship 
Initial densities were fitted into simple linear regression models 

using seeding density as the independent variable. Similarly, har- 
vest densities were fitted into linear regression models using ini- 
tial density as the independent variable. 

Results 

Interference 
Intermediate Wheatgrass 

Intraspecific interference was most important in predicting 
intermediate wheatgrass weight at all densities at the Post Farm 
(Tables 2 and 3). Based on plant weight, regressions indicate that 

ilar pattern as that of weight (Tables 3 and 4). 
Only models at low spotted knapweed densities were significant 

in predicting intermediate wheatgrass weight at Red Bluff (Tables 
2 and 3). Intraspecific interference was most important at all den- 
sities, similar to that at the Post Farm. At low densities of both 
species, increasing spotted knapweed density reduced intermediate 
wheatgrass total and shoot weight. At high wheatgrass densities, 
the effects of spotted knapweed were removed on this site. 

At low densities of both species, only intraspecific interference 
was associated with intermediate wheatgrass leaf area and root 
length at Red Bluff (Tables 3 and 4 ). At low spotted knapweed 
and high intermediate wheatgrass densities, spotted knapweed 
was most important in predicting intermediate wheatgrass leaf 
area. Density was not associated with root length at these densi- 
ties at this site. 

Table 4. Regression coeffkients predicting intermediate wheatgrass leaf area (mmf) and root length (cm) using harvest densities’. 

Density 
matrices 

Dependent 
variable (W) 

Red Bluff 

%i 0fi ks Ri* bi &i Eis R? 

LOWS 
LoWi 

LOWS 
Highi 

High, 

LoWi 

High, 
Highi 

Leaf area 

Root length 

Leaf area 

Root length 

Leaf area 

Root length 

Leafarea 

Root length 

0 0.01 

(W (0.001) 
0 0.38 

(W (0.05) 
0 0.13 

(NS) (0.02) 
0 0.31 

WS) (0.11) 
0 0.01 

PW (0.02) 
0 0.66 

VW (0.24) 
0 0.12 

NV (0.W 
0 0 

W) (NS) 

0 

(NV 
0 

(W 

(No9 
0 

(NS) 
0.01 

(0.002) 
0 

(NS) 
0 

O’S) 
0 

NV 

0.73 

0.69 

0.65 

0.37 

0.64 

(N.9 
0.34 

(NW 
0.52 

(NW 
0.33 

0% 

0.97 
(0.3 1) 

2.64 
(1.25) 
2.23 

(0.73) 
28.55 
(9.07) 
0 

WS) 
0 

WV 
0 

(NV 
0 

U-W 

0.13 

(0.02) 
0.33 

(0.08) 
0.09 

(0.005) 
0 

U’JS) 

& 
0 

W-9 
0 

(NW 
0 

W) 

0 

(W 
0.14 

(0.05) 
0 

(N.9 
0 

0 0.25 

0 

0 

0.54 

0.31 

0.97 

0.07 

0.53 

NS 

NS 

‘The model uSed WAS: Vi’ = S, + 5 iiNi + BisN,; where Vi is the avenge per plant growth IIX~CXIX for inte~~~~ediate wheatgrass, aad Ni is its density. Regression coefficients So;, Bii 
and 6is represent the inverse of the maximum response of each variable for an isolated individual. intraspecific competitive coefficient and the interspecific competition coefficient for 
intermediate wheatgrass, respectively. 
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Table 5. Regression coefficients predicting spotted knapweed weight (mg) using harvest densities’. 

Density Dependent Post Farm Red Bluff 
matrices variable (W) 60s 6 ss 0. SI Rs2 DOS I3 ss 4s Rs2 

I--% 0.11 0.07 
LoWi 

Total weight 

Shoot weight 

Root weight 

Total weight 

Shoot weight 

Root weight 

Total weight 

Shoot weight 

Root weight 

Total weight 

Shoot weight 

Root weight 

29130.0 
(15630.0) 

0 
0s) 

0 
VW 

&) 
0 

(NV 
0 

G-W 
0 

VW 
0 

(N.9 
0 

W4 
0 

(NV 
0 

W) 
0 

(W 

0 

(NS) 
0 

W) 
0 

U’W 
0 

(NW 
0 

(NV 
51.9 

(23.4) 
67.2 

(27.1) 
0 

NV 
0 

cw 

& 
0 

W) 

0 

PW 
0 

(NV 
0 

VW 
0 

VW 
0 

WV 

& 

G’S) 
0 

(NW 
0 

WV 
703.8 

(183.9) 
805.1 

(205.0) 
5624.0 

(1695.0) 

0.11 

139740.0 
(40370.0) 
147240.0 
(47990.0) 

591510.0 
(17994.0) 

204850.0 
(27990.0) 

238140.0 
(36360.0) 

0 
(NV 

0 
0-4 

0 
VW 

0 
VW 

0 
(NV 

A) 

0 0 

VW G-W 
0 0 

WV WV 
0 0 

W) W) 
-4013.0 0 
(1223.0) VW 
-6130.0 0 
(2080.0) O’S) 

0 0 
(NV (NV 

0 0 
(NV WV 

0 0 
U’W VW 

0 0 
(NW (N-V 

0 0 
W4 (W 

0 0 
PW PW 

0 0 
VW (W 

0.09 

0.07 0.04 

l-s 
Highi 

0.07 0.64 

0.05 0.59 

0.12 0.46 

W’s 
LoWi 

0.27 0.04 

0.29 

0.08 

0.67 

0.68 

0.64 

0.02 

0.31 

Highs 
Kighi 

NS 

NS 

NS 

Yhe model uSed WAS: w;’ = S, + E,sNs + EsiNi; w h ere ws is the average per plant growth response for spotted knapweed, and Ns is its density. Regression coefficients Lb9 B,, and 
B,i represent the inverse of the manmum response of each variable for an isolated individual, intxspecitic competitive coeffkient and the interspecific competition coefficient for 
spolted knapweed, respectively. 

Spotted Knapweed 
At low spotted knapweed densities, models predicting spotted 

knapweed weight, leaf area, or root length were either non-signif- 
icant or had a poor fit at the Post Farm (Tables 5, 6 and 7). At 
high spotted knapweed and low wheatgrass densities, only 
intraspecific interference was associated with spotted knapweed 
total and shoot weight. Intraspecific and interspecific interference 
was associated with spotted knapweed leaf area at these densities. 
At high densities of both species, wheatgrass density was most 
important in predicting spotted knapweed weight and leaf area at 
this site. 

Regression models indicate that at low spotted knapweed den- 
sities and high wheatgrass densities, spotted knapweed increased 

its own weight at Red Bluff (Table 5 and 6). At these same densi- 
ties, only wheatgrass density was associated with spotted knap- 
weed leaf area (Table 6 and 7). All other regressions were either 
non-significant or poor fitting models. 

Growth Analysis 
Regressions predicting total plant weight over time indicate 

that intermediate wheatgrass grew 4 and 14 times faster than 
spotted knapweed at the Post Farm and Red Bluff, respectively 
(Table 8). Intermediate wheatgrass and spotted knapweed grew 2 
and 7 times faster at the Post Farm than at Red Bluff. Other para- 
meters followed a similar pattern to total weight. 

Table 6. Extra sums of squares’ comparing spotted knapweed regression slopes generated for each density range. 

Intermediate Dependent 
wheatgrass variable 

Post Farm Total weight 
Shoot weight 
Root weight 
Leafarea 
Root length 

Red Bluff Total weight 
Shoot weight 
Root weight 
Leafarea 
Root length 

LOW, LoWi LOW, LoWi LOW, LoWi LOW, Highi LOW, Highi Highs Low. 1 
“S 

Low-i- 
Fcal Fstat 

$5&& -g?z&P&- 
vs 

High, Lowi 
Fstat Fcal Fstat 

xi+&& A&gb- 
Fstat 

167.06 4.08 -12.27 3.21 0.95 1.77 15.8 1.73 0.55 3.01 8.10 2.93 
40.80 4.08 -11.8 3.21 1.55 1.77 1.45 1.73 -1.64 3.01 8.02 2.93 
45.90 4.08 -21.2 3.21 1.09 1.77 0.87 1 .I3 -1.66 3.01 7.60 2.93 

165.90 4.08 -4.6 3.21 0.82 1.77 7.79 1.73 -0.14 3.01 6.09 2.93 
60.50 4.09 -8.57 3.21 1.53 1.78 1.90 1.74 0.96 3.03 5.32 2.93 

-2.49 3.23 39.5 3.26 NS NS 2.06 3.04 NS NS NS NS 
9.74 3.21 36.4 3.23 NS NS 1.62 2.65 NS NS NS NS 

-3.45 2.87 -8.47 3.29 NS NS 0.01 3.35 NS NS NS NS 
5.46 3.21 45.1 3.23 NS NS 0.09 2.65 NS NS NS NS 

-16.65 3.23 3.08 3.26 NS NS 0.21 3.04 NS NS NS NS 

‘Slopes were compared at P = 0.05. 
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Table 7. Regression coeffkients predicting spotted knapweed leaf area (mm*) and root length (cm) using barvest densities’. 

Density Dependent 
matrices variable (W) %i 

Post Fame Red Bluff 
I3 ss Bis Rsz 4s 6 ss 4s Rs2 

LOWS 

LoWi 

Lows 
Highi 

figh, 
LoWi 

High, 
Highi 

Leaf area 

Root length 

Leaf area 

Root length 

Leafarea 

Root length 

Leaf area 

Root length 

0 

C-J.9 
356.6 

(120.5) 

0 

U-W 
0 

W) 
0 

VW 

(NOS) 
0 

(NS) 
441.2 

(174.5) 

0 

WV 
0 

(NS) 
0 

UW 
0 

WV 
0.07 
0.02 

ds, 

Rs, 

&I 

0 

(W 
0 

VW 

(No% 
0 

(N.9 
0.68 

(0.24) 

(NOS) 
0.62 

(0.W 
0 

(NV 

0.06 

0.07 

0.09 

0.11 

0.52 

0.19 

0.48 

0.36 

94.73 0 

(32.16) WV 
2640.0 0 

(1240.0) WV 
84.96 0 

(24.50) VW 
0 0 

PW UW 
0 0 

(NV WV 
0 0 

WS) 0’s) 
0 0 

W) WV 
0 0 

W) (NW 

0 

(N.9 
0 

(NS) 
0.41 

(0.17) 
0 

WS) 

& 
0 

0s) 
0 

(NV 
0 

(NS) 

0.02 

0.05 

0.51 

0.36 

(0.02) 

0.06 

NS 

NS 

‘The model uSed WAS: v.s.-’ = Bos + B,sNs + E,iNi; where v,~. is the average per plant growth response for spotted koapweed, and Ns is its density. Regression coefficients 6~. B,, 
and Esi represent the inverse of the maximum response of each variable for an isolated individual. intraspecific competitive coeftkient and the interspecific competition coefficient for 
spotted knapweed, respectively. 

Emergence and Survivorship 
Regressions predicting initial density based on seeding rate 

indicated that 29 and 18% of the seeds emerged for spotted knap- 
weed and intermediate wheatgrass, respectively, at the Post Farm. 
Conversely, 19 and 36% of knapweed and wheatgrass, respec- 
tively, emerged at Red Bluff. 

Regression models predicting harvest densities using initial 
densities as the independent variable shows 83% of spotted knap- 
weed plants survived to the end of the experiment, while 86% of 
the wheatgrass plants survived that period at the Post Farm. Only 
13% of the initial spotted knapweed seedlings survived to the end 
of the experiment at Red Bluff, whereas 91% of the initial wheat- 
grass seedlings survived. 

Discussion 

Our study suggests that density-independent and density- 
dependent factors interact to determine seedling survival and 
competitiveness of spotted knapweed and to a lesser extent, inter- 
mediate wheatgrass. Weldon and Slauson (1986) proposed that 
R2 values generated from addition series regressions indicate the 

Table 8. Mean total weight, leaf area, shoot weight, root length, root 
weight per day for spotted knapweed and intermediate wheatgrass at 
Post Farm and Red Bluff. 

Post Farm Red Bluff 
Growth parameter Knapweed Wheatgrass Knapweed Wheatgrass 
Plant weight (mgd-‘) 40.5 162.5 5.8 81.6 

(11.66) (22.33) (2.08) (11.66) 

Leaf area (cm2dm’) 2.73 7.68 0.44 4.37 

(0.53) (0.98) (0.17) (0.53) 
Shoot weight (mgd-‘) 34.1 130.7 4.1 58.3 

(10.66) (17.50) (1.W (10.25) 

Root length (md~‘) 0.27 2.29 0.06 2.01 

(0.09) (0.45) (0.02) (0.55) 

Root weight (mgd-‘) 6.0 31.6 1.6 22.5 

(1.66) (6.66) (0.75) (5.33) 

degree to which interference is important to the success of the tar- 
get species. R2 for spotted knapweed at all density ranges, except 
high densities of both species, were below 0.29 at the Post Farm. 
In this case, we believe that competition was minimized by the 
high precipitation (Table 1). Once densities became high, compe- 
tition became more important. 

At the dryer site, Red Bluff, R2 values ranged from 0.46 to 0.64 
at low densities of spotted knapweed and high densities of inter- 
mediate wheatgrass. All other models had lower R*. This suggests 
that enough soil moisture was available at lower densities to mini- 
mize interference. At higher densities of spotted knapweed, sur- 
vivorship lines (Fig. 1) and R* values show that seedling mortality 
was high. Furthermore, growth rates of isolated spotted knapweed 
individuals were lower on this site than at the Post Farm. 

Survivorship lines and R* values suggest that, in most situa- 
tions, interference was important in determining the success of 
intermediate wheatgrass. In those cases, intraspecific competition 
accounted for most of the variation in the model. However, at 
high densities of both species under the dry conditions at Red 
Bluff, intermediate wheatgrass was influenced by other factors 
than density. A majority of intermediate wheatgrass individuals 
emerging survived to the end of the study. 

Interference between species depends on their density, propor- 
tion, and spatial arrangement (Radosevich 1987). In a growth 
chamber study, Jacobs et al. (1996) found bluebunch wheatgrass 
to be more competitive than spotted knapweed at densities rang- 
ing from 1,000 to 5,000 plants m-*. In our field study, increasing 
intermediate wheatgrass density removed the competitive influ- 
ence of spotted knapweed under those condition where interspe- 
cific interference was significant. Our study suggests that the 
competitive balance between spotted knapweed and intermediate 
wheatgrass can be shifted from spotted knapweed by establishing 
high densities (> 1,000 plants m-*) of wheatgrass under those con- 
ditions where interspecific interference occurs. 
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Fig. 1. Regression predicting spotted knapweed (SKW) and intermediate wheatgrass (IWG) survivorship. 
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Abstract 

Cheatgrass (Bromus tectorum L.) is currently and historically 
has been a serious point of contention among a wide variety of 
people interested in sagebrush (Artemisiu)/buncbgrass range- 
lands. Nowhere are these differences more apparent than in the 
scientific community. Our purpose is to provide a historical per- 
spective of the inhuence of cheatgrass invasion on western range- 
lands (1930-1950). This was a period of awakening interest by 
range scientists. Range managers, the livestock industry, and sci- 
entists have always bad a love-bate relationship with cheatgrass. 
It provides the bulk of the forage on many ranges, yet it is the 
symbol of environmental degradation. Trying to cope with the 
endless ramifications of cheatgrass invasion, dominance, persis- 
tence, and potential community decline keep forcing scientists to 
critically evaluate the ecological principles upon which range 
management is based. 

Key Words: invasive weeds, secondary succession, historical per- 
spective, plant ecology, rangeland health 

Millions of hectares of rangelands in the Intermountain Area, 
Pacific Northwest, and northern Great Plains are characterized by 
the accidentally introduced annual cheatgrass (Bromus tectoncm 
L.). Cheatgrass dominance influences virtually all aspects of 
rangeland environments. The conversion from native vegetation 
to cheatgrass dominance has occurred at an accelerated rate dur- 
ing the 20th century. Scientific range management has also large- 
ly evolved during the same period. Range science has to be a 
dynamic, ever progressing discipline, to meet the needs of an 
ever-changing world. The changing perspective of range scien- 
tists and managers during the increase in dominance of cheatgrass 
provides insight into the evolution of range science. Our purpose 
is to trace and interpret this interaction during the critical period 
from about 1930 to 1950. 

Social, Ecological, and Economic Setting 

The range livestock industry in western North America was 
deeply depressed by the economic downturn that gripped the 
entire world at the beginning of the 1930s. Additionally much of 
the west was experiencing a drought of historic intensity. After 
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the drought of the year 1934, basal areas of perennial grasses on 
140 permanent transects located in sagebrush (Artemisiu)/bunch- 
grass plant communities on the Sheep Experiment Station, 
Dubois, Ida., decreased 38% (Pechanec et al. 1937). These com- 
munities were largely in good ecological condition under moder- 
ate or limited grazing. The effect of this very dry and unusually 
warm year (2.69” C above normal mean annual temperature at 
Dubois) on degraded, excessively grazed communities must have 
been extreme. 

The biological results of this drought were amplified by abu- 
sive use of range and marginal agricultural lands. The era of 
uncontrolled grazing on open range was painfully drawing to a 
close. Proposals for dealing with grazing on vacant federal lands 
had been debated since the beginning of the century without a 
consensus being reached. Major factors blocking a consensus 
were multiple claims, for common grazing lands, obviously far in 
excess of sustainable production for these lands (Wooton 1932). 
The drought made it readily apparent that the vast areas of mar- 
ginal farm land were not suitable for sustainable rain-fed crop- 
ping. The depth and intricacies of the problems of the western 
range were brilliantly captured by George Stewart (1936) in his 
testimony before a Committee of the U.S. Senate. Since 1898 a 
series of bills to regulate grazing had failed to pass Congress, but 
on 28 June 1934 the Taylor Grazing Act was signed into law 
(Buckman 1935). That November, President Franklin D. 
Roosevelt issued an Executive Order withdrawing almost 70 mil- 
lion hectares of public land in 12 western states (Buckman 1935). 
A little more than a century after the first trappers had ventured 
west of the Rocky Mountains, much of the big sagebrush 
(Artemisia tridentata Nutt.)/bunchgrass ranges of the 
Intermountain Area was markedly changed as a result of improp- 
erly timed, continuous, and often excessive grazing (Young and 
Sparks 1985). 

Cheatgrass 

Cheatgrass occurs in Europe and Asia in a broad band from the 
Central Asian former Soviet Republics, through the 
Mediterranean area to Spain and North Africa (Meusel et al. 
1965). It may not be native to any of these areas in the same 
sense that we describe plants as native to North American range- 
lands. Cheatgrass apparently has become pre-evolved to fill nich- 
es created by humans through the concentrations of their domesti- 
cated large herbivores, and as such has grown in the shadow of 
herders wherever they have roamed (i.e. Young and Evans 1976). 
Cheatgrass is a weed of many grain crops, and as a contaminant 
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of crop-seed it was readily disseminated across North America 
(Mack 1981). It was often a contaminant of alfalfa (Medicago 
safiva L.) seed (Piemeisel 1938). Cheatgrass was collected in 
Pennsylvania in 1861, Washington in 1893, Utah in 1894, 
Colorado in 1895, and Wyoming in 1900 (Yensen 1981). The 
advent of the steam-powered grain thresher that moved from farm 
to farm probably aided in the dispersion of cheatgrass. 

Initial Dispersal 

There is considerable antidotal information from the period 
concerning the spread of cheatgrass. In Elko County, Nevada, it 
obviously was the fault of the itinerant Basque sheepmen (i.e. 
Kennedy 1903, Anon. 1966). Local newspaper editors, at the turn 
of the century, tended to blame every social, biological, or eco- 
nomic evil that could not be directly attributed to the Gold 
Standard on the itinerant shepherds. This may have some merit 
because long distant movement of nomad sheep bands would pro- 
vide an excellent dispersal mechanism for the awned seeds (cary- 
opses) of cheatgrass. Railroad right-of-ways became some of the 
most frequent areas where the conversion from a shrub steppe to 
an annual grassland occurred in the 1940s (Yensen 1981). This 
was usually due to the high frequency of wildfires associated 
with steam locomotives, and brake fires on steep grades. With a 
few notable exceptions, the actual mechanism of dispersal and 
colonization was not subject to scientific scrutiny. 

During the fast few years of the 20th century, cheatgrass was 
observed in Idaho by personnel of the U.S. Forest Service 
(Stewart and Hull 1949, quoting 1914 Forest Service report). It 
was positively identified in the background of a photograph taken 
in Ada County, Ida. in 1898 (Yensen 1981). The annual grass 
was strictly a weed of cultivated fields and roadsides. About 1915 
cheatgrass started to colonize overgrazed rangelands. Many 
reports hailed the establishment of cheatgrass on badly degraded 
areas as a great positive event (Sawyer 1965). There is even evi- 
dence that cheatgrass, which was called the “100 day grass”, was 
deliberately introduced to new areas (Hedrick 1965). 
Promiscuous burning to aid in the spread of cheatgrass and 
remove sagebrush was probably common (Yensen 1981). The 
severe agricultural depression that followed World War I resulted 
in the abandonment of considerable areas (estimated 0.75 million 
hectares in Idaho) that had been cropped for grain. These grain- 
fallowed fields were often badly infested with cheatgrass which 
probably contributed to their abandonment. Once abandoned, 
these areas became dense stands of cheatgrass with very limited 
re-establishment of native shrubs. 

Ecological Status of Cheatgrass 

The classic cheatgrass paper was written by G.D. Pickford 
(1932) in which he described for the foothills of Utah, a cycle of: 
a) cheatgrass invasion, b) excessive grazing, c) increase in cheat- 
grass, d) frequent wildfires, and e) continued dominance by 
cheatgrass. The model portrayed by Pickford has proven 
remarkedly resilient over time. Perhaps, the perception of this 
model by many observers has clouded over time. An overly sim- 
plistic summary of this model is given as: “grazing causes cheat- 
grass and wildfires.” 

Invasion 
Pickford found that cheatgrass made up less than 1% of the 

vegetation of good and excellent condition plant communities 
protected from grazing. The painstaking research of R.F. 
Daubenmire (1940, 1942) clearly showed that minimal amounts 
of cheatgrass were capable of establishment and discontinuous 
persistence in good and excellent condition bunchgrass communi- 
ties that had not been grazed for 50 years. Through development 
of large, persistent seedbanks, cheatgrass could persist on sites 
where it did not have sufficient environmental potential to repro- 
duce every year. Tisdale (1947) reached a similar conclusion for 
grasslands of British Columbia. 

The historical sequence shows that cheatgrass invaded degrad- 
ed rangelands, but as the Pickford model points out, dePradation 
was not necessarv for cheatgrass invasion. The speed that cheat- 
grass spread was probably initially highly dependent on the level 
of degradation of the native herbaceous vegetation. Yet adapta- 
tion to equilibrium native communities is the first reason that the 
misrepresentation, “Remove livestock and cheatgrass disap- 
pears”, is false. 

Excessive Grazing 
There are several references to the reduction of cheatgrass by 

spring grazing (Daubenmire 1940, Piemeisel 1938). Excessive 
grazing in the early spring, year after year weakens native cool- 
season perennial grasses and provides additional habitat for 
cheatgrass increase. The removal of livestock reduces grazing on 
cheatgrass and increases seed production, seedbanks, and the 
chances of destructive wildfires. All of these factors enhance the 
potential of cheatgrass to compete and persist. The fact that 
excessive spring grazing both enhances the presence and biologi- 
cally suppresses the abundance of cheatgrass is one of the most 
misunderstood aspects of the biology of this grass. 

Increase in Cheatgrass 
Pickford, Stewart, and Piemeisel all recognized the tremendous 

phenotypic plasticity of cheatgrass (i.e. Piemeisel 1938). One 
plant rn-’ can produce as many seeds as 10,000 plants m-‘(Young 
et al. 1969). This is the significance of a few cheatgrass plants 
being able to establish and persist in high ecological condition 
perennial grass communities. Most of the native perennial grasses 
of sagebrush/bunchgrass communities have irregular, limited 
seed production, the seeds have complex dormancies and/or low 
viability, and most species do not build seedbanks. In numbers of 
seeds produced per plant per unit of area, cheatgrass has the capa- 
bility to overwhelm native perennials in competition at the 
seedling level even if the starting density of cheatgrass was 
extremely limited. The mechanisms through which cheatgrass out 
competes seedlings of native perennial species are varied and 
complex. However, it is important to maintain a perspective of 
the tremendous seed production and seedbank size, in addition to 
the persistence of cheatgrass. 

Frequent Wildfires 
That cheatgrass stands protected from grazing persisted if 

promiscuously burned is the more profound portion of Pickford’s 
(1932) model. It was beyond the time period of this manuscript, 
before the close association of cheatgrass dominance and miner- 
alizable nitrogen was recognized (i.e. Harris 1967). Cheatgrass 
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thrives on nitrogen enrichment. Disturbances and wildfires bring 
accelerated mineralization of nitrogen. This is apparently the rea- 
son Pickford’s observation that promiscuous burning favors 
ungrazed cheatgrass stands is valid. 

Continued Dominance of Cheatgrass 
One basic concept of range management is that responses are 

site specific. Certainly this is true in regard to the reaction of 
cheatgrass to management options. On some sites, that were in 
specific successional stages, reduced grazing pressure enhanced 
perennial grasses and reduced cheatgrass. What became adopted 
as cast-in-stone dogma by land management agencies during the 
1930s and 1940s was that grazing management solved all cheat- 
grass problems. A frequent reaction of cheatgrass-dominated sites 
to grazing management, especially if the management system 
included deferment of grazing until after seed ripe and/or com- 
plete rest from grazing in rotation, has been the absolute persis- 
tence of the annual grass. Site potential, successional status, seed- 
banks, and the influence of fuel accumulations from the occur- 
rence of wildfires all interact with the results of grazing cheat- 
grass. If we try to view the cheatgrass problem through the per- 
spective available to scientists in the 1930s and 194Os, the con- 
cept that a lack of grazing management was the major factor in 
creating cheatgrass dominance, then the reciprocal that proper 
grazing management should solve the problem is an obvious con- 
clusion. 

Cheatgrass as a Forage Species 

Cheatgrass was initially hailed by many involved with the 
range livestock industry as the greatest thing that could have hap- 
pened to sagebrush rangelands. It produced abundant forage on 
areas that had been producing Russian thistle (SuZsoZu australis 
R. Brown) and/or tumble mustard (Sismybrium altissimum L.) 
(Hull and Pechanec 1947). The original Range Plant Handbook 
(Anon. 1937) reported that cheatgrass provided the bulk of early 
spring grazing for all classes of livestock on millions of hectares 
in the Intermountain west. Hull and Pechanec (1947) estimated 
that during the 1940s cheatgrass was, in extent of area covered 
and volume of herbage produced, the most important forage plant 
in southern Idaho. In 1946 it was estimated that cheatgrass domi- 
nated 4 million hectares of rangeland in Oregon (Platt and 
Jackman 1946). They considered half of the forage consumed 
from rangelands to be cheatgrass. When green, cheatgrass provid- 
ed a preferred forage for all classes of livestock. When it was dry, 
cattle and horses would consume the herbage. Draft horses were 
still important in agriculture during the 1930s and cheatgrass was 
found to serve as an adequate forage for non-working horses until 
fall (Hurtt 1939). The nutritive quality of cheatgrass when it is 
green was found to be excellent (McCall et al. 1943). When dry, 
the levels of digestible protein could be inadequate, depending on 
the class of animal using the forage. 

Watershed Protection 

granite, on steep slopes in the Boise River watershed of Idaho, 
reported that cheatgrass provided much better protection against 
surface soil erosion than degraded rangeland communities or 
native needlegrass (Stipa) communities under moderate simulated 
precipitation (Craddock and Pearse 1938). The publication of 
these results created a storm of controversy among range man- 
agers and scientists. Hull and Pechanec (1949) cite a rebuttal 
manuscript by George Stewart as in preparation, but apparently it 
was never completed. The comer stone of range science was that 
the climax plant community was ideal, and departure from a pris- 
tine ideal represented degradation of the environment. F.E. 
Clements (1928), the father of grassland ecology and mentor of 
many range researchers of the era, wrote, ‘Bromus tectorum is a 
range plant of slight value, spreading over the Great Basin.” He 
reported it was replacing desirable native dominant species. 
Actually, Craddock and Pearse (1938) went to considerable 
lengths to emphasize that they were not recommending cheat- 
grass as an alternative to native species (perhaps in response to 
peer review pressure). 

Hazard of Basing Permanent Grazing on Cheatgrass 

As senior forest ecologist with the Forest Service, 
Intermountain Forest and Range Experiment Station, George 
Stewart (Stewart and Young 1939) strove to explain the hazards 
of grazing cheatgrass. Some of the hazards of grazing cheatgrass 
enumerated in this paper are commonly repeated today, while 
others are no longer emphasized. 

Variable Forage Production 
The foremost hazard according to Stewart and Young (1939), 

was the great variability among years in herbage production of 
this annual. Perennial grass-dominated communities vary in 
herbage production among years in response to the amount and 
distribution of precipitation, but the amplitude of the variation is 
less than with cheatgrass. A 10 fold difference in herbage produc- 
tion of cheatgrass was measured in consecutive years (Hull and 
Pechanec 1947). In good years, on favorable sites, production of 
cheatgrass herbage exceeded most native and introduced perenni- 
al grasses. This probably was true for introduced forage species 
available at the time. The hazard of basing cow and calf produc- 
tion on cheatgrass forage is that during dry years forage produc- 
tion can be zero. A major factor controlling the amount of forage 
produced by cheatgrass was the timing of germination. During 
years when germination did not occur in the fall and was delayed 
until spring, production was greatly reduced (Stewart and Hull 
1949). For the extremely dry years this is probably not a valid 
comparison because under such conditions the limited herbage 
production of perennial grasses should not be grazed during the 
growing season. The comparison is probably valid for marginally 
sub-average production years. In discussing the variability in 
cheatgrass forage production, the comparative danger of wildfires 
in cheatgrass versus native perennial grass stands deferred from 
grazing for forage conservation, as a hedge against future 
droughts, was not directly discussed. 

Watershed studies on western rangelands developed out of Shod Green Fed period 
necessity following a series of destructive floods (i.e. Sampson 
and Weyl 1918). Studies conducted on fragile soil derived from 

Stewart and Young (1939) firmly insisted that cheatgrass was 
only eaten by livestock when green. Mature cheatgrass was con- 
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sistently described as dry straw armed with noxious seeds. This Reality of Basing Grazing on Cheatgrass 
was perpetuated in the truism that the caryopses were extremely 
injurious to livestock. Reid (1942) repeated the idea that cheat&s 
was only eaten during the green feed period, but added that live- 

The counterpoint to the articles by Intermountain Forest and 

stock did lick the mature seeds from the ground in the fall. 
Range Experiment Station scientists touting the hazard of cheat- 
grass was provided by the Nevada Experiment Station Bulletin, 

Livestock Injury 
Perhaps the first scientific interest displayed toward cheatgrass 

concerned injuries to the eyes and mouths of livestock caused by 
the awned caryopses (Glover and Robbins 1915). Stewart and 
Young (1939) considered this to be a major hazard of basing 
grazing on this species. Such injuries are still common, but do not 
receive the elevated emphasis in livestock management imparted 
by 1930s authors. The awned seeds caused many injuries to sheep 
(Fleming et al. 1942). Perhaps, the treatment of secondary infec- 
tions associated with cheatgrass injuries has improved. 

Smut Infestations 
Cheatgrass, under certain precipitation patterns is highly sus- 

ceptible to a smut (Ustilugo bromivora [Tul.] Frisch. von Waldh.) 
(Ruddy and Godkin 1923). Stewart and Young (1939) mention 
the occurrence of this smut, but did not emphasize the occurrence 
of the disease as a hazard to grazing, other than reducing forage 
production. The hazard of super abundant seed production and 
seedbank development serving as a reservoir of plant pathogens 
that could spread to other grasses was not discussed (Kreitlow 
and Bleak 1964). 

Wildfires 
Stewart and Young (1939) repeated the well established con- 

cept that cheatgrass contributed to the number and spread of 
wildfires, leading to ecological degradation. They did not consid- 
er mature, dry cheatgrass to be a suitable forage source and the 
general level of utilization on most non-National Forest sage- 
brush rangelands ensured there were no accumulations of dry 
cheatgrass (Emmerich et al. 1993). Leopold (1941) considered 
wildfires in cheatgrass stands virtually impossible to control. By 
the end of the 194Os, Stewart and Hull were both much more con- 
cerned with the wildfire hazard associated with cheatgrass. 

Overgrazing Cheatgrass 
One of the supposed advantages of cheatgrass, that was widely 

repeated during the 193Os, was its immunity to overgrazing. Hull 
and Pechanec (1947) disputed this and showed photographs of 
overgrazed cheatgrass ranges where accelerated erosion was 
occurring. If cheatgrass was grazed to the point of no longer pro- 
tecting the surface soil, accelerated erosion occurred and loss of 
site potential was possible. To support this conclusion, they 
referred to the pioneering research of R.L. Piemeisel (1938) and 
R.F. Daubenmire (1940). Piemeisel described secondary succes- 
sional stages from Russian thistle to cheatgrass dominance. This 
succession was reversible through excessive grazing. The signifi- 
cance of this to Intermountain intensive irrigated agriculture was 
that lower successional stages provided alternate habitat for the 
beet leafhopper (Eutettix tenellus), which served as a vector for 
the curly top virus. If you overgrazed cheatgrass, the lower seral 
communities provided increased habitat for the leafhopper and 
therefore more disease transmittal to susceptible crops. 

The subheading is paraphrasing A.C. Hull, Jr.‘s (1944) title 
“Regrassing Southern Idaho Range Lands.” Essentially, Hull and 
other scientists of the 1940s answered Fleming’s question on 
alternatives to cheatgrass by planting crested wheatgrass 
(Agropyron desertorum [Fisher] Schultes). The story of restoring 
perennial grasses to sagebrush rangelands has been told in detail 
elsewhere (Young and McKenzie 1982). Crested wheatgrass was 
established on sites dominated by cheatgrass, but only if the 
topography and surface rock cover permitted tillage (Stark et al. 
1946). A large percentage of the sagebrush rangelands that were 
seeded to crested wheatgrass were degraded big sagebrush stands. 
The perennial grass understory had been depleted (perhaps late in 
the 19th century), and subsequent excessive sagebrush seedling 
establishment had maintained the site as on herbaceously sterile 
community, and relatively fire free. These shrub sites were 
plowed and seeded without there ever being a period of cheat- 
grass dominance. Rehabilitation of areas burned in wildfues were 
a second type of environment where crested wheatgrass was 
established in avoidance of competition with cheatgrass. As long 

“Bronco Grass (Bromus tecrorum) on Nevada Ranges” by 
Fleming et al. (1942). C.E. Fleming was one of the original range 
scientists conducting research on the western range. In the 1940s 
he was widely recognized as an authority on Intermountain 
ranges, probably at a level of experience and reputation equiva- 
lent with George Stewart. We have 2 copies of the above men- 
tioned bulletin. One has margin notations apparently by J.H. 
Robertson, and the other came from the School of Forestry at the 
University of California at Berkeley and the margin notations 
have been attributed to Arthur W. Sampson. The margin nota- 
tions agree with Fleming’s conclusion that cheatgrass is a perma- 
nent source of forage and as such must be recognized by range 
managers. A statement by Fleming et al. (1942) on the variability 
in cheatgrass forage production was very interesting in that it 
dodged the major conclusion of Stewart and Young (1939). It 
stated, as long as spring moisture was adequate, the variability in 
cheatgrass production was no greater than with native perennial 
grasses. The data presented by Stewart and Young (1939) actual- 
ly show this, but it also shows spring seasons when moisture is 
inadequate and there is virtually no cheatgrass forage production. 
The additional conclusion that cheatgrass can compete very well 
under heavy spring grazing with native perennials is in agreement 
with Stewart and Young (1939), but the value placed on the con- 
clusion is exactly opposite! This dichotomy continues in the dis- 
cussion of the relationship of cheatgrass to wildfires. Yes, cheat- 
grass allowed wildfires to spread in degraded big sagebrush 
stands, but by doing this the overly dense stands of sagebrush 
were removed and good stands of cheatgrass returned. The final 
conclusion of the Fleming et al. (1942) paper is most interesting: 
“Is there any assurance that perennial grasses would withstand 
the hard conditions of early spring grazing as well as bronco 
grass if they could be restored?’ 

Regrassing Sagebrush Rangelands 
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as degraded sagebrush stands were burning, there was sufficient 
fuel to keep temperatures high enough and long enough to kill 
cheatgrass seeds to markedly reduce competition. Failure to reha- 
bilitate sagebrush burns allowed cheatgrass dominance and 
assured re-burning. Bums in cheatgrass, without woody fuel, do 
not significantly reduce cheatgrass seedbanks. Farve (1942) was 
the first to suggest seeding perennial grasses to reduce the inci- 
dence of wildfires on cheatgrass-dominated rangelands. 

Hull (1949) reported that most introduced forage grasses adapt- 
ed to sagebrush rangelands began growth in the spring before 
cheatgrass. Reitz and Morris (1939) concluded the opposite for 
introduced and native perennial grasses. This seemingly small 
point has great importance in interpreting the potential of using 
early spring grazing to biologically suppress cheatgrass versus 
deferment of grazing to favor native perennial grasses. It also has 
bearing on the justification for seeding exotic perennial grasses 
on the grounds that they can stand early spring grazing. 

Closed Communities 

Range scientists during the 1930s and 1940s had a hard time 
trying to define the relation between native perennial grasses and 
cheatgrass. Was cheatgrass replacing or disulacinp perennial 
grasses? Established perennial grasses easily suppressed cheat- 
grass. There was no evidence that cheatgrass was killing perenni- 
al grasses. The key was at the seedling stage. If the stand of 
perennial grasses was to fully occupy the site and suppress cheat- 
grass, the native perennial grasses had to produce, disperse, and 
germinate seeds and establish seedlings in the face of competition 
for moisture from cheatgrass seedlings. This was clearly shown 
in the landmark paper, “Artificial Reseeding and the Closed 
Community”, published by Joseph H. Robertson and C.K. Pearse 
(1945). The initial emphasis was on cheatgrass closing stands to 
the establishment of seedlings of exotic perennial grasses. It soon 
became apparent that the closed community concept applied to 
native as well as exotic perennial seedlings (Rummell 1946). 

Legacies 

W.D. Billings was among the few scientists who conducted 
research during the 1930s and actively published on the subject. 
He chose the work of another living scientist of the era, J.H. 
Robertson, to illustrate the impact of cheatgrass on 
sagebtush/bunchgrass environments (Billings 1990). Robertson 
(Robertson and Kennedy 1954) repeated a survey of Elko 
County, Nevada ranges 50 years after the pioneering work of 
range botanist P.B. Kennedy (1903). The comparisons developed 
by J.H. Robertson and the 1990s perspective by Billings, one of 
America’s most distinguished ecologists, need to be read by any- 
one concerned about cheatgrass. 

The legacies passed on by the range scientists of the 1930s and 
1940s contain many profound discoveries that have great theoret- 
ical and practical applications to the art and science of range 
management. At the same time, we must maintain the historical 
perspective that this research was conducted at the end of an era 
when demand for range forage greatly exceeded SUDD~Y. Reading 
Fleming’s publications, you have the feeling he could not con- 
ceive of the idea of reducing the number of livestock grazing 
degraded sagebrush ranges in order to improve the condition of 

such ranges. These research results were interpreted in such poli- 
cies as failing to give any credit for cheatgrass as a forage species 
on public rangelands because it was not a native species. This 
was done for several decades since the 1940s when cheatgrass 
was providing the bulk of the forage on given allotments. 
Deferring grazing on cheatgrass ranges that lacked a residual 
population of native perennial grasses is another legacy of this 
era. Perhaps, it should be said that these interpretations were 
made in spite of, rather than as a result of, the research on cheat- 
grass conducted from 1930 through 1950. It is personified in the 
concept: “do not graze cheatgrass and it will go away”. 

A second perspective of the 1930 to 1950 period is provided by 
examining the scientific achievements in light of the current level 
of scientific understanding. The ecological concepts in use at the 
time were static. The concepts of climatic change were static. The 
cheatgrass itself was viewed as a static species not capable of 
rapidly evolving to changing environmental situations. In retro- 
spect, this research may have been conducted while the environ- 
ment of the sagebrush/bunchgrass ranges was crossing a thresh- 
old for which there is no return (Tausch et al. 1993). 
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Abstract 

Nitrogen enrichment, immobilization, or inhibition of nitrifica- 
tion were used to investigate the influence of available nitrogen 
on the seedling recruitment of antelope bitterbrush (Purshia ti- 
demiztu mrsb] DC) and annual grass competition. The influence 
of nitrogen enrichment on antelope bitterbrush seedling recruit- 
ment depended on the form of nitrogen applied. Ammonium sul- 
fate applications markedly enhanced growth of berbaceous 
annuals resulting in the loss of all antelope bitterbrush seedlings 
the fmt growing season. Enrichment with calcium nitrate mar- 
ginally enhanced growth of berbaceous annuals and enhanced 
the growth of antelope bitterbrush seedlings. Immobiiition of 
nitrogen with carbon (sucrose) applications suppressed the 
growth of berbaceous annuals and produced large, vigorous 
antelope bitterbrush seedlings. Similar results were obtained by 
inhibiting nitrification with applications of nitrapyrin or combin- 
ing nitrapyrin and carbon applications. 

Key Words: nitrillcation, nitrogen enrichment, seedling recruit- 
ment, rodent predation, Purshia tridenta& 

Antelope bitterbrush (Purshia tridenrata [Pursh] DC), endemic 
to North America, is one of the most important browse species in 
the western United States (Anon. 1937, Nord 1965). The general 
lack of seedling recruitment in certain antelope bitterbrush stands 
has long been a concern of wildlife and range managers (Hubbard 
1957, Sanderson 1962, Nord 1965). Seedling recruitment is most 
often a problem at lower elevations in the big sagebrush 
(Artemisiu tridentala Nutt.) zone. These stands are often critical 
winter habitat for mule deer (Odocoileus hemionus) (Hormay 
1943, Smith 1950). 

Seeds of antelope bitterbrush are initially dormant and require a 
period of moist chilling before they will germinate (Young and 
Evans 1976). Under controlled conditions in the laboratory, the 
duration of this moist chilling requirement is relatively short. 
Under field conditions, with fluctuating moisture and tempera- 
ture, it may be prolonged (Young et al. 1993). These internal 
changes in the physiology of the antelope bitterbmsh seeds occur 
while the seeds are exposed in the field to secondary predation by 
granivores. 

Competition with annual weeds for soil moisture is usually 
given as a major cause of seedling mortality for antelope bitter- 
brush (Hubbard 1957, Ferguson 1972). Recently, nitrogen emich- 
ment-immobilization and nitrification inhibition have been used 
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to investigate seedling recruitment and growth of annual weeds 
on sagebrush rangelands (Young et al. 1996). Our purpose was to 
investigate the interaction of nitrogen enrichment-immobilization 
and nitrification inhibition on recruitment of antelope bitterbrush 
seedlings. 

Methods 

Experimental plots were located at the Wildlife Management 
Area near Doyle, Calif., about 72 km north of Reno, Nev. The 
site is an important wintering area for the Lassen-Washoe inter- 
state mule deer herd (Dassmann and Blaisdell 1954, Leach 1956). 
The site, which occurs at a relatively low elevation (1,292 m) for 
antelope bitterbrush in the western Great Basin, supports an old 
growth stand of antelope bitterbrush with intermingled big sage- 
brush and desert peach (Prunus andersonii A. Gray) (Nord 1965, 
Clements and Young 1996). The location is within the home 
range of the Lassen cultivar of antelope bitterbrush (Shaw and 
Monsen 1995). The site has been free from domestic livestock 
grazing since the early 195Os, but the understory is primarily 
cheatgrass (Bromus tectorum L.) and annual forbs. Low elevation 
antelope bitterbmsh sites are the most difficult sites for recruit- 
ment of antelope bitterbrush seedlings. Wildfires burned portions 
of the Wildlife Management Area in the 1950s and again in 1985. 
Soils on the study site are sandy, mixed, mesic, Torripsammentic 
Haploxerolls with inclusions of loamy, mixed, mesic Xerollic 
Haplargids. 

The site was prepared in the fall of 1993 by disking. This 
tillage killed the perennial forbs (Eriogonum nudum Bentb.), 
sagebrush, and rabbitbrush (Chrysorhamnus nauseosus [Pallas] 
B&ton), and partially dispersed in the soil the cheatgrass seed- 
bank which is primarily located in the litter and on the soil sur- 
face (Young et al. 1969). The experimental design consisted of 4 
replications of 3 by 3 m plots arranged in a completely random- 
ized design. Nitrogen enrichment (30 kg ha-i N) treatments were 
1) ammonium sulfate, 2) urea, and 3) calcium nitrate. Nitrogen 
immobilization was obtained by adding 580 kg ha-’ of carbon as 
sucrose. Inhibition of nitification was obtained with 2.2 kg ha-’ 
of nitrapyrin applied in an aqueous solution. Combination treat- 
ments were 1) carbon plus nitrapyrin, and 2) ammonium sulfate 
plus nitrapyrin. The final treatment was an untreated control. The 
chemical treatments were initiated in September 1993 and repeat- 
ed in December 1993 and February 1994. In 1994 and 1995 all 3 
treatments were repeated at the same dates on the same plots. 

In October 1993, 5 caches (a cache simulates a natural rodent 
cache of seeds) of 25 seeds each of locally collected antelope bit- 
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terbrush were planted in each replication of each treatment. The 5 
caches within each plot were arranged in an H pattern within the 
square plot. In February 1994, 2 caches of 25 seeds each were 
planted in each treatment plot. These seeds were pre-treated by 
soaking in a 3% aqueous solution of hydrogen peroxide (H202) 
to overcome moist-chilling requirements that impose dormancy 
(Everett and Meeuwig 1975). At the same time, 25 untreated 
seeds were planted as a control in each plot. The February plant- 
ings were made between the arms of the H, formed by the distrib- 
ution of the caches planted in the fall. 

Surface soils were collected in March and June 1994 and 
March and July 1995 by replication and treatment, immediately 
transported to the laboratory for extraction, and analyzed for 
nitrate (Nor) and ammonium (NHd+) following approved stan- 
dard procedures (AOAC 1984). 

As antelope bitterbrush seedlings began emerging from the 
caches in March 1994, we randomly selected 2 caches from each 
plot to be protected from predation and placed an open-topped, 
wire mesh cylinder 30 cm high and 15 cm in diameter around 
each selected cache. During the spring emergence period the 
number of seedlings in each cache were counted weekly through 
April, and then monthly through September. Seedling heights 
were also measured. The cover of cheatgrass and other herba- 
ceous species was estimated ocularly on each treatment monthly. 
Annually, at the maturity of cheatgrass, herbaceous vegetation 
was clipped, dried, and weighed on 0.1 m2 quadrants randomly 
located in each plot at cheatgrass maturity. 

Data were subject to analysis of variance and means of noncon- 
tinuous variables separated by Duncan’s Multiple Range Test. 

Results and Discussion 

The long-term annual precipitation for Doyle, Calif., is 24.5 cm 
(Anon. 1941). Precipitation (1 July-30 June) recorded on the site 
for 1993-1994 was 15.5 cm, for 1994-1995 it was 73.8 cm, and 
for 1995 through March 1996 it was 36 cm. There was sufficient 
soil moisture over-winter so that the moist-chilling dormancy 
requirements of antelope bitterbrush seeds (Young and Evans 

1976) were satisfied. We know this because of a study conducted 
at the same time at the location where antelope bitterbrush seeds 
from the same source were recovered monthly and their dorman- 
cy-germinability status determined (unpublished data). The 
1993-1994 drought may have influenced subsequent seedling sur- 
vival, but it should not have unduly influenced initial seedling 
emergence. 

Initial Emergence 1994 
Maximum initial seedling emergence was 44% and all treat- 

ments averaged only 20% (Table I). Potential emergence from 
laboratory testing was above 90% (data not shown). The differ- 
ence between potential and observed emergence is at least partial- 
ly due to rodent predation. Rodent predation was verified by direct 
observations, immediately after seeding with night vision equip- 
ment, and evidence of rodent digging and scattering of caches in 
the plots. 

There does not appear to be any clear-cut relationship between nitre 
gen status and initial emergence of antelope bitterbrush. The nitrapyrin 
plus ammonium sulfate treatment had significantly (P I 0.05) higher 
emergence than other treatments (Table 1). The carbon enrichment 
plots had the next highest initial emergence, with the remainder of 
the treatments not being significantly different from the control. 
The purpose of the nitrapyrin plus ammonium sulfate application 
was to increase NH,+ in the seedbed and that was clearly accom- 
plished (Table 2). The ammonium sulfate alone treatments also 
markedly increased NH,+ in the surface soil with no correspond- 
ing increase in antelope bitterbrush emergence. 

Seedling Survival-Fit Season 
After initial emergence in March the number of seedlings 

appear to slightly increase during April (Table 1). There was some 
late emergence, but part of this apparent increase was due to the 
initial difficulty in finding emerging seedlings in caches that were 
widely scattered (scattered in a rough circle about 2 dm in diame- 
ter) by rodent activities. The caches were not marked because 
experience has shown the rodents will associate marker stakes 
with the caches. During the spring and summer (May-August), 
there was a greater than 50% decline in seedling numbers. This 

Table 1. Initial emergence of antelope bitterbrush seedlings in 1994 from plots with nitrogen enrichment, immobolization, or inhibitation of 
nitrifka~ion.’ 

Treatment Emergence 
Sampling date 

March March 
18 29 

April 
11 

April 
28 

May 
13 

May 
26 

June 
7 

June 
20 

August 
30 

~~~~...~~~~~~...~~~~~~.~~~~~~...~~~~~~..~~~(~)----~~~~--~~~~--------~~-----~.-------~~~~-- 

Control 2oc 21bc 17b 22bc 24b 21ab 7bc 1obc 1obc 
Urea lot 17c 18b 22bc 14b 12b lot 12b 6bc 
Calcium nitrate 12c 16c 27ab 21bc 22ab 21ab 20a-c 17b 15ab 
Ammonium sulfate 15c 23bc 15b 14c lob llb od oc oc 
Carbon 34b 30ab 27ab 27b 26ab 24ab 22ab 15b llb 
Nitrapyrin 12c 17c 18b 22bc 25ab 22ab 2la-c 20b 12b 

Carbon + 
Nitrapyrin 12c 25bc 23b 30b 25ab 23ab 25ab 19b 13b 
Nitrapyrin + 

Ammonium sulfate 44a 38a 48a 49a 36a 37a 32a 35a 25a 

Mean 2ow-y 23wx 24~ 26~ 23wx 21wx 17x-z 16~2 122 

‘Means within columns followed by the same letter (a through d) and overall mean in rows (w through z) are not significantly different at tht? 0.05 level of probability as determined 
by Duncan’s Multiple Range Test. 
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Table 2. Ammonium (NH4+) and nitrate (NO33 nitrogen levels in the sur- 
face soils of nitrogen enrichment, immobilization, or nitrification 
immobilization plots in March 1994 when antelope bitterbrush 
seedlings were emerging and in June when competition for soil mois- 
ture occurred.’ 

Treatment March June 
NO?- NH*+ NO?- NH*+ 

_ _ _ _ _ (mg kg-‘) _ _ _. _ _ _ _ _ (,,,g kg-‘). _ _ _ 

Control 3.75bc 2.95~ 3.OOde 2.8Oef 
Urea 4.75b 13.OOb 6.5Ob lO.lOc 
Calcium nitrate 5.OOb 6.05~ 4.3t.k 5.6Od 
Ammonium sulfate 16.25a 31.OOa 10.4Oa 25.OOb 
Carbon 3.8%~ 5.85~ 2.1Oef 1.80f 
Nitrapyrin 5.OOb 3.75c 2.4&f 4.8Ode 
Carbon + nitrapyrin 2.93~ 2.75~ 1.8Of 2.OOf 
Nitrapyrin + ammonium 

sulfate 3.13c 32.25a 3.6Ocd 30.10a 
‘Means, withii columns. followed by the same letter are not significantly different at the 
0.05 level of probability as determined by Duncan’s Multiple Range Test. 

loss of seedlings is attributed to competition for moisture with 
herbaceous vegetation and seedling predation. 

Nitrogen and Herbaceous Competition. By June 1994, all the 
antelope bitterbrush seedlings were dead in the ammonium sulfate 
nitrogen enrichment plots (Table 1). All 3 of the nitrogen enrich- 
ment treatments had significantly (P I 0.05) greater levels of NO,- 
compared to the control, but the ammonium sulfate treatments 
were markedly higher (Table 2). Cheatgrass is usually considered 
the most competitive species in seedbeds in the sagebrush zone 
(Evans 1961). The density of this annual grass was not significant- 
ly higher in the nitrogen enrichment plots than the control, but the 
nitrogen immobilization and nitrification inhibition treatments had 
lower densities (Table 3). The nitrapyrin + ammonium sulfate 
treatment was very similar to the control in cheatgrass density and 

Table 3. Cheatgrass and tumble mustard density (per m’) and total 
herbaceous vegetation cover in May 1994 for nitrogen enrichment, 
immobilization, or nitrikation inhibition plots.’ 

Treatment 

Control 
Urea 
Calcium nitrate 
Ammonium sulfate 
Carboll 
Nitrapyrin 
Nitrapyrin + carbon 
Nitrapyrin + 

ammonium sulfate 

Densitv 
Cheatgrass Tumble mustard 

____ ----(perm*) _________ 
10a 13b 
10a lob 
10a 18b 
10a 30a 

8b 13b 
3b lob 
3b lob 

1Oa lob 

Cover 

(%) 
26b 
14bc 
28b 
63a 
12bc 

42 
4c 

27b 

established. The density of cheatgrass, only 10 plants per m*, 
reflects partial stand reduction by disking. Tumble mustard is nor- 
mally not considered as effective a competitor as cheatgrass, but 
in the 1994 experiment it was the most abundant species on the 
ammonium sulfate plots where all the antelope bitterbrush 
seedlings died. However, the cheatgrass plants on the ammonium 
sulfate treated plots were much larger, if not greater in density, 
than on the control plots. This is apparent in the yield of herba- 
ceous species from the treatments at cheatgrass maturity. 
Ammonium sulfate treated plots had significantly (P I 0.05) high- 
er yield (Table 4). The cheatgrass yield plots where nitrogen was 
immobilized or nitritication was inhibited were not significantly 
lower than the control. 

Table 4. Herbaceous vegetation yield (g per m2) at cheatgrass maturity 
(June 1994 and July 1995) in nitrogen enrichment, immobiition, 
or nitrZication inhibition plots. Plots were harvested at peah stand- 
ing crop which was considered to occur at cheatgrass maturity.’ 

Treatment 

Control 
urea 
Calcium nitrate 
Ammonium sulfate 
Carbon 
Nitrapyrin 
Nitrapyrin + carbon 
Nitrapyrin + ammonium 

sulfate 

Herbaceous vield 
June 1994 July 1995 

_--.___ (&) _--.____ 
22bc 38bc 
16bc 26c 
32b 46b 
61a 82a 

4c 8d 
6c 1Od 
2c 6d 

18bc 52b 

‘Means, within columns, followed by tbe same letter are not significantly different at 
the 0.05 level of probability as determined by Duncan’s Multiple Range Test. 

seedling Height. By the end of the initial growing season in 1994, 
the antelope bitterbrush seedlings were significantly (p 5 0.05) taller 
in the plots where available nitrogen was reduced (Table 5). Part of 
this growth may be due to decreased competition from herbaceous 
species compared to the control or nitrogen enriched plots, and part 
may be due to the ability of antelope bitterbrush seedlings to grow 
satisfactorily under very low levels of available nitrogen. Antelope 
bitterbrush plants are known to be symbiotic nitrogen fners when 
inoculated with the actinomycete Frunkia (Dalton and Zobel 1977, 
Righetti et al. 1983). Klemmedson and Ferguson (1969) considered 

Table 5. Antelope bitterbrush seedling height (cm) in nitrogen enricb- 
ment, immobilization or nitritkation inhibitions plots 1993-1996.’ 

Treatment Anteloce bitterbrush seedline height 
1994 1995 1996 

June August February August February 

‘Means within columns followed by the same letter are not significantly different at the 
0.05 level of probability as determined by Duncan’s Multiple Range Test. 

herbaceous cover (Table 3). The broadleafed annual tumble mus- 
tard (Sisymbrium altissimum L.) was much higher in density in the 
ammonium sulfate enriched plots. The herbaceous cover in the 
ammonium sulfate treated plots was more than twice that found in 
the control and dramatically higher than that found in the treat- 
ments with lowered N03-, even though the reduced nitrate levels 
were not statistically different from the control (Tables 2 and 3). 

These plots were disked in the fall before the experiment was 

Control 
Urea 
Calcium nitrate 
Ammonium sulfate 
Carbon 
Nitrapyrin 
Nitrapyrin + carbon 
Nitmpyrin + 

ammonium sulfate 

3cd 
5cd 
8bc 
od 

15a 
12ab 
18a 

4cd 

_ _ _ _ _ _ . . (cm)---- _--.____ 
3de 4de 8d 
5de 6cd 9d 
8cd 26a 38a 
oe oe oe 

18a 18a 24bc 
12bc llc 18c 
20 20ab 28b 

4de 8d 

8c 
13c 
33a 

od 
22b 
19b 
36a 

13c 
‘Means within columns followed by the same letter are not significantly different at the 
0.05 level of probability as determined by Duncan’s Multiple Range Test. 
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antelope bitterbrush to be a true pioneering species that did not 
have a high demand for nitrogen. 

Seedling Predation. As previously noted, about 50% of the ante- 
lope bitterbrush seedlings were lost the first summer after emer- 
gence. At emergence, protective cages were placed around 2 of the 
antelope bitterbrush seed caches in each plot. We did not observe 
seding damage within the cages. Over all treatments, there was no 
significant difference in seedling survival between the open and 
caged seedlings (Table 6). For both the urea and caicium nitrate 
plots there was significantly higher survival within the cages. 
Seedling predation is a very significant factor at the time of seedling 
emergence at this site (Clements and Young 1996). After antelope 
bitterbrush seedlings develop their first true leaf, small rodents do 
not appear to be serious predators of seedlings. Based on the charac- 
teristics of the damage and tracks in the plots, most of the predation, 
subsequent to the development of the first true leaf was by black- 
tailed jackrabbits (Lupus califomicus). 

Table 6. Stival (%) of emerged antelope bitterbrush seedlings with and 
without protective cages during summer of 1994 in nitrogen enricb- 
ment, immobilization, or nitritkation inhibition plots.’ 

Treatment Seedline survival 
Caged Open 

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

Control 49a 51a 
Urea 82a 18b 
Calcium nitrate 96a 4b 
Ammonium sulfate 0 0 
Carbon 36b 64a 
Nitrapyrin 44a 56s 
Nitrapyrin + carbon 60a 40b 
Nitrapyrin + ammonium 
sulfate 55a 45a 

M%Ul 60a 40a 
N-enhanced 89a llb 
N-reduced 47a 53a 

‘Means, within columns, followed by the same letter are not significantly different at the 
0.05 level of probability as determined by Duncan’s Multiple Range Test. 

February Seeded Antelope Bitterbrush. None of the untreated 
antelope bitterbrush seeds planted in February of 1994 emerged 
that year (data not shown). These seed caches were protected by 
cages, and in 1995 three seedlings appeared from separate caches, 
in different treatments. In 1994, one seedling emerged in a control 
plot from a spring seeded antelope bitterbrush seed cache where 
the seeds had been treated with H,O,. The significance of even 
these very low levels of subsequent emergence is that it indicates 
that antelope bitterbrush seeds can persist and build seedbanks. 

Second Year Seedling Survival and Growth from 1994 
Planting 

The abundant precipitation of the winter of 1994-1995, with 
prolonged rainfall in the spring, produced greater growth of herba- 
ceous vegetation compared to the previous season (Table 4). The 
plots enriched with ammonium sulfate had progressed to nearly 
complete cheatgrass dominance with 17 times the density of 
cheatgrass compared to the control, and over 300 times the density 
of cheatgrass found on the carbon plus nitrapyrin treated plots 
(Table 7). The surface soil levels of NO,- nitrogen were signifi- 
cantly (P I 0.05) higher than the control in all the nitrogen 

Table 7. Cheatgrass and tumble mustard density (per m2) and total 
herbaceous vegetation cover in May 1995 for nitrogen enrichment, 
immobilization, or nitrifaxtion inhibition plots.’ 

Treatment Densitv Cover 
Cheatmass Tumble mustard 

--------(perm*)--------. (%) 
Control 1lOc 30a 35c 
Urea 14Oc lob 60b 
Calcium nitrate 21Oc 8b 85a 
Ammonium sulfate 1,880a 30a IOOa 
CarboIl 1Od 4b 1Od 
Nitrapyrin 8d Ob 12d 
Nitrapyxin + carbon 6d Ob 4d 
Nitrapyrin + 

ammonium sulfate 440b 38a 90a 
‘Means within columns followed by the same letter are not significantly different at the 
0.05 level of probability as determined by Duncan’s Multiple Range Test 

enriched treatments in March and July 1995 (Table 8). Levels of 
NH,+ nitrogen were greatly enhanced in the ammonium sulfate 
and ammonium sulfate plus nitrapyrin treated plots. 

Seedling Density. The density of antelope bitterbrush seedlings 
remained nearly constant at the same levels as the seedling year 
during 1995 (Table l), except in the ammonium sulfate plus 
nitrapyrin plots where they dropped dramatically (data not 
shown). The loss of seedlings in this treatment coincides with the 
elevated NO,- nitrogen levels in this treatment and increased den- 
sity of cheatgrass (Table 7 and 8). 

Table 8. Ammonium (N&t+) and nitrate (T+O,-) nitrogen levels in the sur- 
face soils of nitrogen enrichment, immobilization, or nitrification 
immobilization plots in March 1995 and in July when competition for 
soil moisture occurred.’ 

Treatment March June 
NO?- NHd+ NO?- NH4+ 

_ _ _ _ (mg kg-‘) _ . . -----(mgkg-‘)---- 

Control 4.OOd 2.05~ 3.OOd 2.OOd 
Urea 8.6Oc 12.80b 7.5Oc 9.80,~ 
Calcium nitrate 9.89~ 6.8Oc 8.6Oc 4.6Od 
Ammonium sulfate 22.60a 38.OOa 21.80a 26.OOb 
Carbon 1.8Oe 2.16c 1.6oe 1.6od 
Nitrapyrin 4.2Od 3.5Oc 2.1Ode 1.7Od 
Carbon + nitrapyrin 0.9Oc 1.4Oc 0.8Oe l.lOd 
Nitrapyrin + ammonium 

sulfate 14.6Ob 36.25a 13.9Ob 38.10a 
‘Means, within columns, followed by the same letter are not significantly different at the 
0.05 level of probability as determined by Duncan’s Multiple Range Test. 

Seedling Height. At the end of the 1995 growing season the 
antelope bitterbrush seedlings were tallest in the calcium nitrate 
enriched plots and in the carbon and carbon plus nitrapyrin treated 
plots (Table 5). These are treatments with the tallest antelope bit- 
terbrush seedlings which reflect environments with contrasting 
vegetation and nitrogen regimes. The calcium nitrate treated plots 
were not significantly higher in cheatgrass density than the con- 
trol, but supported more than 20 times as much cheatgrass density 
as the carbon or carbon plus nitrapyrin treated plots at the height 
of the 1995 growing season (Table 7). Although the density of 
cheatgrass in the calcium nitrate plots was lower than the ammoni- 
um sulfate treated plots, the cover of herbaceous vegetation in the 
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calcium nitrate plots was not significantly lower (Table 7). The 
NO,- nitrogen levels were much higher in the calcium nitrate 
treated plots than in the nitrogen immobilization or nitrification 
inhibition treatments in both March and July 1995. 

In conclusion, immobilization of nitrogen with carbon (sucrose) 
applications suppressed the growth of herbaceous annuals and 
produced large, vigorous antelope bitterbrush seedlings. Similar 
results were obtained by inhibiting nitrification with applications 
of nitrapyrin or combining nitrapyrin and carbon applications. 
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Abstract Resumen 

A biophysical model, GRAZE, is used to simulate beef forage 
performance for stocker steers pastured on common bermuda- 
grass. Eight alternative stocking rates, ranging from low to high 
grazing intensity, are simulated over 14 ‘states of nature” using 
historical weather data The impact of weather variability on ani- 
mal weight gain and economic performance is Assessed and empir- 
ical cumulative distributions of net returns are developed. The risk 
efficient stocking rate strategies are identified for alternative deci- 
sion-maker risk attitudes using generalized stochastic dominance. 
Under improved pasture conditions in Arkansas, results show that 
(a) expected weight gain per head is hugely independent of grazing 
intensity until a critical stocking rate (6 hd/ha) is attained; (b) the 
highest expected net return per hectare is achieved under a lower 
stocking rate (10 hd/ha) than one which results in highest expected 
weight gain per hectare (12 hd/ha); and, (c) an increase in the 
stocking rate is accompanied by greater production (weather) risk 
which is reflected in increased variance of weight gain and net 
returns as well as a higher frequency and magnitude of economic 
losses. 

Key Words: stocking rate, stocker steers, grazing management, 
economics, simulation, risk, stochastic dominance 

El modelo biofsico, GRAZE, es usado para simular el compor- 
tamiento de la relation carga-forraje en novillos pastoreando en 
pasto bermuda corn&n. Ocho diferentes cat-gas animal, las cuales 
variaron desde baja carga animal hasta alta carga animal, 
fueron simuladas en 14 diferentes ‘estados de la naturaleza” 
usando coma base information meteorologica previamente colec- 
tada. El impact0 de la variabilidad en condiciones climaticas 
sobre la gauancia de peso y el comportamiento econbmico de1 
modelo fueron estudiados y las distribuciones cumulativas 
empiricas de ganacia neta fueron desarrolladas. Las estrategias 
de riesgo-eftciencia de la carga animal fueron identificadas para 
las altemativas de riesgo en la toma de decisiones usando domi- 
nancia estocastica generalizada. Bajo condiciones de pastoreo 
mejoradas en Arkansas, 10s resultados mostraron que a) la 
ganancia esperada de peso por animal es independiente de la 
intensidad de pastoreo hasta que una carga animal critica (6 
us/ha) es alcanzada; b) la mas alta tasa de ganancia neta por 
hectarea es alcanzada bajo una carga animal baja (10 us/ha) 
comparada con aquella que resulta de la mas alta ganancia de 
peso esperada por hectarea (12 us/ha); y c) el increment0 en la 
carga animal resulta en un mayor riesgo (clima adverso) en la 
production el cual se refleja en un increment0 en la.5 varianzas 
de la ganacia de peso y ganacia neta asi coma una mas alta fre- 
cuencia y magnitud de perdidas economicas. 

A key decision variable for the manager of a stocker steer oper- 
ation is to determine the appropriate stocking rate, i.e., the num- 
ber of steers to graze per unit area of pasture. The relationship 
between stocking rate and the performance of pastured animals 
has been the subject of numerous studies, but because of a diver- 
sity of performance measures used by researchers in evaluating 
livestock/pasture systems, the implications for management are 
varied. 

Published results of stocking rate studies by certain range, crop, 
and livestock researchers have focused on animal weight gain as 
a performance measure. Results of these studies show general 
agreement on 2 issues: (a) Low stocking rates result in the highest 
weight gain or average daily gain (ADG) per animal (Hubbard 
1951, Halls 1957, Chapman et a1.1972, Guerrero et al. 1984, Hart 
et al. 1988, Aiken and Bransby 1992) and, (b) an increase in the 
stocking rate to medium or high levels results in the maximum 

weight gain per unit area of pasture (Hull et al. 1961, Hull et al. 
1965, Bement 1969, Neville and McCormick 1976, Adjei et al. 
1980, Willms et al. 1986, Bertelsen et al. 1993). Some 
researchers have modeled response surfaces of the relationships 
in (a) and/or (b) to enable determination of the stocking rate 
which results in either maximum weight gain per head or maxi- 
mum weight gain per hectare (Harlan 1958, Riewe 1961, Riewe 
et al. 1961, Peterson et al. 1965, Hart 1972, Jones and Sandland 
1974, Hart 1978, Hart et al. 1988, Conrad et al. 1981). 
Heitschmidt and Taylor (1991) as well as Holechek et al. (1995) 
provide a conceptual treatment of the trade-offs in weight gain 
per head versus per unit area of pasture. Hart (1993) furnishes 
evidence that empirical stocking rate research has clustered 
around several prominent “solidarity groups” which reflect 5 
alternative shapes of weight gain response surfaces. 

Manuscript accepted 7 Jan. 1997. 
Empirical investigations into the economics of stocking rates 

have likewise resulted in general agreement that neither the high- 
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est weight gain per animal (Pearson 1973, Hart 1978) nor the 
maximum weight gain per unit area of pasture provides maxi- 
mum profits, but rather that the economic optimum for a typical 
set of price relationships exists at a stocking rate somewhere in 
between (Hildreth and Riewe 1963, Bement 1969, Hart 1972, 
Russell et al. 1981, Olowolayemo et al. 1992, Antoni et al. 1992). 
Workman (1986, p. 55) provides a comprehensive treatment of 
the economic issues related to the stocking rate issue. 

One management issue which the above studies do not quantify 
is the weather risk associated with selecting a stocking rate. In a 
livestock/pasture system, the supply of herbage available to each 
animal (kg/hd) is a function of both the weather and the stocking 
rate. However, at the time the animals are placed onto pasture, 
the stocker steer producer cannot determine with certainty if rain- 
fall over the grazing period will provide sufficient pasture growth 
to support the number of animals to be grazed. The continuum of 
possible “mismatches” between stocking rate and pasture avail- 
ability in any one year is bounded by the following 2 extremes: 
Selection of a high stocking rate in a “poor” weather year could 
result in reduced weight gain per hectare due to excessive compe- 
tition between animals for a shortage of available pasture; by 
contrast, the choice of a low stocking rate in a “good” weather 
year might result in large weight gain per head due to highly 
selective grazing but low returns per hectare due to excess 
ungrazed forage. 

Some empirical field studies have suggested that higher stock- 
ing rates result in greater risk for the producer (Harlan 1958, 
Willms et al. 1986, Knight et al. 1990). Often, however, 
researchers have used a modeling approach to address the issue 
of production and/or market risk in grazing systems. Examples of 
studies which have modeled the stocking decision using either 
bayesian decision analysis, simulation, dynamic programming, or 
optimal control include White and Eidman (1971), Curl1 (1978), 
Rodriguez and Taylor (1988), Riechers et al. (1989), Huffaker 
and Wilen (1991), Hart (1989), Tore11 et al. (1991), and Carande 
et al. (1995). Given the complexity of grazing systems and the 
stocking decision, Scarnecchia (1994) suggests that in order to 
“advance research on the multiple relationships of livestock graz- 
ing, computer based analyses. . are needed.” 

The purpose of this paper is to evaluate the stocking rate deci- 
sion under weather uncertainty using computer simulation. A bio- 
physical computer model, GRAZE, is used to simulate the perfor- 
mance of stocker steers summer pastured on intensively managed 
common bermudagrass in western Arkansas under a range of 
alternative weather scenarios. For each stocking rate, confidence 
intervals and empirical cumulative distributions of net returns are 
developed which show the probability of attaining specified 
income levels. Each stocking rate strategy is ranked for trade-offs 
in risk and economic returns using stochastic dominance order- 
ing. The application shows how the choice of stocking rate for a 
risk averse decision maker differs from the profit maximizer or 
the producer who attempts to maximize weight gain. 

Materials and Methods 

Simulation Model 
GRAZE (Parsch and Loewer 1995) is a simulation model 

which permits evaluation of beef forage production as a function 
of both management and environmental variables. The GRAZE 

model consists of 3 major sub-components: a biophysical plant 
growth and composition model (Smith et al. 1985); a physiologi- 
cal feed intake and animal growth model (Loewer et al. 1985); 
and a plant-animal interface model which describes the logic of 
selective grazing as a function of the environment (Loewer et al. 
1987). The plant sub-model simulates plant growth and quality as 
a function of daily climatological input data, soil moisture profile, 
crop growth parameters, forage removal rates, and fertilization 
data. The animal sub-model describes animal intake, growth, and 
response to the environment based on a set of input parameters 
which describes the composition of the animal in terms of chemi- 
cal and physical measures. The interface model links the crop and 
animal sub-models by providing the rationale for grazing behav- 
ior: Grazing animals attempt to maximize the digestible dry mat- 
ter intake rate which is influenced by the physiological weight- 
age of the animal, forage quality, and availability. 

The logic of the GRAZE model describes the interdependence 
between the animal and crop sub-systems. Animal growth rate and 
body composition are irdluenced by forage growth rate, availabili- 
ty, and quality. In turn, changes in the nutritional requirements of 
the grazing animal cause differential removal rates of herbage, 
which subsequently affect the quantity and quality of forage avail- 
able. A specific beef forage management strategy is identified in 
the model through user inputs which define variables controlled 
by the livestock/pasture producer. These include the selection of 
the stocking rate, pasture genotype and fertility program, initial 
weight-age class of the animals, and grazing system (rotational or 
continuous). The simulation time increment is 1 day for the plant 
sub-model and 15 minutes for the animal logic. The model is dri- 
ven by daily weather variables which define the environment in 
which the managed system operates. 

Computer aspects and operation of the GRAZE model, includ- 
ing the design of simulation experiments and input data, are 
described in Parsch and Loewer (1995). Details of model devel- 
opment, biophysical relationships, and computational algorithms 
are described in the references cited above for the different model 
components. Case studies demonstrating the use and testing of 
GRAZE are summarized in Loewer and Parsch (1995). 

Grazing System Experimental Design 
The simulation experiment was designed to evaluate summer 

grazing of stocker steer calves on grass pasture at Booneville, 
Arkansas (Logan County). Each scenario began with 226 kg steer 
calves placed onto common bermudagrass pasture on 1 June. For 
each scenario, crop growth simulation commenced sufficiently 
early (1 February) to permit growth of pasture before the 1 June 
stocking date. Levels of nitrogen applied to the pasture on 1 April 
and 15 June of each simulated year were 112 kg/ha; 1 April 
applications of P,O, and K,O were set at 112 kg/ha and 336 
kg/ha, respectively. 

All steers were continuously pastured for a 126 day (18 week) 
summer grazing period. On 4 October of each year, the simula- 
tion was terminated and economic performance was assessed 
based on the immediate sale of the stocker steers at their simulat- 
ed ending weights for each of the systems analyzed. Steers were 
sold before 4 October in any year only if weight loss during the 
grazing season exceeded 5% of the maximum gross body weight 
attained up to that point. Although the appropriate time to sell 
would be whenever the returns from additional weight gains no 
longer exceeded their cost, this 5% trigger could be severe in that 
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the “economic” time to sell might occur before animals lose 
weight. However, this arbitrary “early sell” strategy was imple- 
mented in order to reduce potential losses whenever droughty 
conditions resulted in a severe decline in animal performance 
without-on the other hand-triggering a “premature” sale if 
expected returns fell only temporarily below costs. 

Stocking rate was the sole manager-controlled input varied 
across simulation runs. Eight alternative stocking rates, ranging 
between 2 and 16 hd/ha, were each simulated over alternative 
“states of nature,” i.e., different weather scenarios over 14 years. 

Fourteen years of daily historical weather data (maximum and 
minimum temperature, precipitation) at Booneville, Arkansas for 
the years 1972-1985 inclusive were used to simulate these alter- 
native weather scenarios. The 14 year period exhibits growing 
season rainfall between 312 mm and 724 mm (Fig. 1). Rainfall 
distribution over the period of early season bermudagrass growth 
(May-June) for the 14 year period ranged between 98 mm and 
3.5 1 mm. Rainfall distribution over the months of July and August 
for the same period ranged between 15 mm and 293 mm. 

Fig. 1. Summer precipitation, pasture growing season, Booneville, 
Ark., 1972-1985. 

At the beginning of the grazing season on the 1 June stocking 
date (week 0), 1980 and 1981 are representative of near normal 
years with only a small surplus of precipitation (Fig. 2). Midway 
through the grazing period, however, it becomes evident that 
1980 and 1981 become, respectively, droughty and high rainfall 
seasons with an implicitly different potential to support pasture 
growth and stocker grazing. By contrast, 1977 begins as a 
droughty grazing season but returns to near normal precipitation 
levels in early July (week 5). Rainfall levels and forage condition 
on the 1 June stocking date may be poor indicators of the pas- 
ture’s ability to support livestock throughout the projected graz- 
ing period. Based on survey data, Rowan et al. (1994) showed 
that the factor which dominated the stocking rate decision was 
perceptions about weather. Thus, if perceptions about weather are 
misleading, then the likelihood for a mismatch between stocking 
rate and pasture potential may be high. 
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Fig. 2. Cumulative deficit or surplus precipitation for 3 selected 
years, Booneville, Ark. 

Jkonomic Model 
GRAZE output for daily simulated animal empty body weight 

monitored at weekly intervals was used to calculate net returns 
for each of the 112 strategy years (14 years for each of 8 stocking 
rate strategies). As in Hildreth and Riewe (1963), net returns 
were defined as gross margin returns from the sale of the stocker 
animals minus selected marketing and production costs (commis- 
sion, hauling, veterinary, interest, etc.) associated with each simu- 
lation scenario. The net economic return ($/ha) measures the dol- 
lar contribution to overhead labor, management, land, and over- 
head capital generated by each stocking rate strategy, i.e., 
NR = SRATE { [(PSELL,,*WT,) * (1 - COM)] - 

[(PBUY*WTBUY) + INT, + CCOST]} (1) 
where: 

NR = net returns, $/ha 
SRATE = stocking rate, hd/ha 

PSELL,, = stocker selling price for weight class c in 
week w, $/kg 

WTv = weight of steer in week w, kglhd 
COM = sales commission, $/$ 

PBUY = stocker purchase price, $/kg 
WTBUY = weight of steer at purchase, kg/hd 

NW = cumulative interest charge in week w, $/hd 
CCOST = miscellaneous per head carrying costs, $/hd 
Gross receipts from the sale of the steers is the first term in 

parentheses in the above equation. Gross receipts are the product 
of simulated steer empty body weight at week w (WI,) and the 
market price received for weight class c in week w of simulation 
(PSELL,,). The market price received for the animals is the 
Arkansas auction (USDA-AMS) 13 year (1973-1985) 
June-October average price for No. 1 medium-frame steers 
indexed to 1995 price levels (Table 1). For each simulated animal 
ending weight, the actual selling price was determined by linearly 
interpolating between weight class categories in Table 1 to cap- 
ture price differentials across weight categories. Subsequently, 
this price was multiplied by an index linearly interpolated 
between the relevant monthly indexes in Table 1 to convert to 
weekly prices. The 1973-1985 database of prices in Table 1 
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Table 1. Monthly average price index and average price received for No. 
1, medium frame feeder steers’. 

Table 2. Selected production and marketing costs for pastured stocker 
steers. 

Price 
Weight Class Price Index Received 
WW Jun. Jul. Aug. Sep. Oct. wg) 

181-227 1.01 1.00 1.03 0.99 0.98 2.11 
227-272 1.00 1.00 1.02 1.00 0.98 2.00 
272-3 17 0.99 1.01 1.02 1.00 0.98 1.92 
317-363 1.00 1.00 1.03 1.00 0.98 1.87 

I Prices received are 1973-1985 Arkansas auction prices. prices are averaged over June 
through October to create a seasonal index calculated as the deviation from that average. 
Prices are reported in 1995 dollars using the USDA price index for production items, 
interest, taxes, and wage rates. 

roughly corresponds to the period of the weather data 
(1972-1985) used for the GRAZE simulation. These price data- 
indexed to 1995 levels-were selected to capture potential sea- 
sonality inherent in the feeder price data which may have been 
linked to weather via factors such as pasture condition. Because 
the study objective was to isolate the impact of weather uncer- 
tainty on stocking rate performance, market risk other than sea- 
sonality in prices was not addressed. Consequently, the simulated 
selling price (PSELL) is the same from year to year for 2 steers of 
identical weight sold during the same week of the grazing. 

Cost categories computed for each simulated scenario consisted 
of the purchase of the steer calf, costs associated with buying, 
selling, and hauling the animals, veterinary and medicine charges, 
a charge for interest on operating capital, and other miscellaneous 
charges (Table 2). The steer purchase price (226 kg @ $2.19/kg) 
is the 13 year average May auction price (PBUY) for No. 1 medi- 
um-frame steers indexed to the 1995 price level. Veterinary costs, 
charges for buying and hauling, sales commission, and miscella- 
neous charges for death loss, salt, and minerals, etc., were based 
on Arkansas feeder cattle budgets (Flynn et al. 1992). Interest on 
operating capital was computed at an annual rate of 10% for the 
number of weeks the animals were actually carried. Only costs 
directly related to stocking rate were considered. Other costs 
incurred by the producer such as pasture establishment and main- 
tenance, soil fertility, fencing, etc. are constant across all stocking 
rate treatments, and thus, were not explicitly accounted for in the 
analysis. Rather, they were implicitly included in the residual 
claimant, net returns to land, and overhead. 

Risk Analysis 
The 8 stocking rates were ranked for economic risk using gen- 

eralized stochastic dominance (Meyer 1977a, 1977b), a research 
tool that separates possible strategies into those which are accept- 
able (i.e., dominant) from those which are rejected (i.e., inadmiss- 
able). Stochastic dominance can be used to evaluate strategies for 
a broad spectrum of decision maker attitudes ranging from risk 
averse to risk preferring, and hence the term “generalized.” When 
using generalized stochastic dominance (GSD), the risk attitude 
of the decision maker is specified with a value called the Pratt- 
Arrow risk aversion coefficient. These coefficients are either esti- 
mated or taken from empirical studies in the literature which cat- 
egorize decision makers according to their risk attitude and level 
of risk tolerance. Although all Pratt-Arrow values are typically 
small (usually within the range - 0.01 to + O.Ol), positive num- 
bers always identify risk aversion, negative numbers indicate risk 
preference, and near-zero values characterize risk neutrality. 

Four risk aversion intervals ranging between strong risk aver- 
sion and risk preference were defined for this study based on 
empirical estimates of Pratt-Arrow values from the literature 
(Love and Robison 1984, Wilson and Eidman 1983). Scaling pro- 
cedures suggested by Raskin and Cochran (1986) were employed 
in the ranking process in order to minimize the possibility of Type 
I error in identifying the risk efficient sets of strategies. Intervals 
approximating first degree (FSD) and second degree (SSD) sto- 
chastic dominance were also evaluated as benchmarks. The risk 
efficient set for each efficiency criterion identifies the stocking 
rate(s) which would be acceptable to decision makers whose risk 
attitudes conform to the restrictions specified by that criterion. 
Risk efficiency criteria and stochastic dominance ordering are dis- 
cussed in detail in King and Robison (1984). Examples of the use 
of stochastic dominance in conjunction with biophysical models 
include Harris and Mapp (1986), and Parsch et al. (1991). 

Results and Discussion 

Weight Gain and Economic Returns 
Table 3 provides selected sample statistics for simulated ani- 

mal/crop performance and net returns for the 8 stocking rates 
analyzed. The Table 3 sample means for weight gain per hectare 

Cost Category Value 

Purchase steer calf 
Death loss 
Buying and hauling charge 
Veterinary/drug charge 
Salt and minerals 
Interest on operating capital 
Selling commission 

226 kg @ $2.19/kg 
1.5 % of purchase value ($7.43/bead) 
$6.42 per head 
$8.50 per head 
$0.67 per head 
10% per annum’ 
3% of gross receipts 

’ Calculated as: Interest charge = Purchase price * Interest rate * (Grazing period in 
weeks/52 weeks) 

Moreover, a greater absolute value of the coefficient indicates a 
greater magnitude or intensity of the corresponding risk attitude. 
By specifying a range of Pratt-Arrow values with upper and 
lower boundaries, the researcher “brackets in” a specific risk atti- 
tude and level of intensity to approximate the targeted audience 
of decision makers. 

In addition to the specific levels of risk tolerance which the 
Pratt-Arrow coefficients identify, researchers who employ GSD 
often rank strategies for 2 other broadly defined risk attitudes 
which serve as benchmarks or “controls.” First degree stochastic 
dominance (FSD) ranks strategies for all decision makers who 
simply prefer more returns to less-roughly speaking, profit max- 
imizers who are unconcerned about risk, or at least, who have not 
specified their risk preference. Second degree stochastic domi- 
nance (SSD) is relevant for all decision makers who are risk 
averse without attempting to precisely designate the level of 
intensity-slight, moderate, or high-f risk aversion which they 
exhibit. FSD and SSD are relevant benchmarks because profit 
maximization and risk aversion are 2 characteristics which are 
typically assumed to be relevant for agricultural producers. In 
essence, both FSD and SSD are subsets of GSD, because they 
employ the same stochastic dominance method to rank strategies 
for 2 broadly defined classes of decision makers. 
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Table 3. Summary statistics for the simulated beef-forage aad economic performance at eight stocking rates over 14 years. 

Weight gain, kg/ha x 
0 

min 
max 

C” (%) 

ADG, g/hd/day x 
0 

Grazing period, weeks 2 

Residual forage, kg/hd x 

Consumed forage, kg/hd x 

Forage utilization, 8 x 

Net returns, $/ha x 
0 

min 
max 

C” (%) 

167 335 503 658 797 850 841 797 
11 21 34 % 160 355 514 520 

147 297 430 351 316 -118 -290 -137 
184 369 555 741 939 1,129 1,276 1,321 

6 6 7 15 20 42 61 65 

660 670 670 650 640 550 450 360 
40 40 40 90 110 290 400 360 

18.0 18.0 18.0 17.9 17.6 16.5 15.2 14.6 

2,852 1,210 661 3% 237 123 71 46 

692 692 692 687 672 622 564 527 

20 36 51 64 74 84 89 92 

57 116 174 216 242 158 -9 -228 
16 31 51 133 198 431 631 604 
26 58 63 -207 -311 1,020 - 1,424 - 1,297 
83 166 252 338 441 532 559 434 
28 27 29 62 82 273 NA NA 

Notation: 2 = sample mean; D = standard deviation; cv = coefficient of variation; and, min and max are the minimum and maximum values simulated over the 14 year p’iod 

2 4 6 
Stocking rate, head/ha 

8 10 12 14 16 

(kg/ha), ADG &M/day), and net returns ($/ha) for each of the 8 
stocking rates are displayed graphically in Fig 3. At low stocking 
rates, daily weight gain per head is high (Fig. 3) because animals 
can selectively graze due to virtual lack of competition for forage. 
In addition, a plateau occurs in ADG at low stocking rates, i.e., 
less than 6 hd/ha. This suggests that a “critical” stocking rate 
must be attained before there is sufficient competition for pasture 
to have a negative impact on individual animal performance. 
Below this critical level, stocking rate and ADG are independent, 
and weight gain per head is at, or near, maximum level. These 
simulated animal weight gain relationships concur with empirical 
research cited earlier in Peterson et al. (1965), Jones and 
Sandland (1974), Hart (1978), and Guerrero et al. (1984). 

With higher stocking rates, increased grazing intensity reduces 
selective grazing and results in decreased average daily gains per 
steer (Table 3). Based on a field study, Hull et al. (1961) 
observed that, “. . .the forage consumed by the steers. . .decreased 
in quality [digestible energy] as the stocking rate increased. 
Heavier stocking rates force animals to consume more of the 
coarser portions of the forage. The steers on the more lightly 
grazed pastures could select a more nutritious diet.” Subsequent 
observations by Hull et al. (1965) showed that with increased 
stocking rates “. . the quantity of forage consumed per hectare 
increased, even though consumption per animal decreased. . .” 
They attributed the resulting decreased production per animal to 
an “increased quantity of forage [being] utilized for maintenance 
of the animal rather than for gain.” Increased consumption of for- 
age dry matter per hectare is reflected in the simulated mean val- 
ues of forage utilization (forage consumed/forage available) 
which ranged between 19.6% and 92.0% for the lowest and high- 
est stocking rates, respectively (Table 3). Consistent with Hull et 
al. (1961, 1965) the simulation results also show a decrease in 
pasture consumption per head with a higher number of animals 
grazed. A meaningful measure of the degree of competition and 
the potential for selectivity for each steer in the simulated sys- 

terns is provided in the mean values of residual forage at the end 
of each season (Table 3). At the critical stocking rate (6 hd/ha), 
each steer has access to over 14 times as much forage (661 kg/hd) 
as each steer in the 16 hdlha system (46 kg/hd). Hence, the poten- 
tial for grazing selectivity decreases with an increase in the num- 
ber of animals. 

Despite an inverse relationship between weight gain per head 
and stocking rate, the expected weight gain per hectare increases 
with the number of steers grazed and reaches a maximum at 12 
hd/ha (Fig. 3). Reduced weight gain per animal at stocking rates 
between 6 and 12 hdlha is more than compensated by increased 
weight gain per hectare. 

t Nat r&urns, S&a -o- Weight gain. kg/ha -A- ADG. glhdlday 

I Lbximum might gain Q 12 hddu __ 

/ 
MaxImum not returns I@ 10 hdlhr 

\ 
‘.. 

“k 

ZiIz 
2 4 6 a 10 12 14 16 

Stocking rats. hd/ha 

Fig. 3. Simulated mean net returns, weight gain, and ADG over 
14 years. 
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Mean net returns reach a maximum at 10 hd/ha which demon- 
strates that returns do not continue to increase with weight gain 
per hectare (Table 3). The decrease in expected net returns when 
stocking rate is increased beyond 10 hd/ha provides a classic 
example of how increased use of inputs (i.e. number of steers) 
reduces their marginal productivity-and hence value-to the 
point where the cost of the input outweighs its benefits. As stock- 
ing rate is increased, the simulated change in cost per additional 
steer in equation 1 is approximately constant. By contrast, simulat- 
ed change in gross receipts per additional steer in equation 1 
decreases as more animals compete for forage resulting in a 
reduced weight gain per head. Hence, obtaining the highest 
expected net returns per hectare balances a tradeoff between 
choosing lower stocking rates which make extensive use of pas- 
ture with high weight gain per head, and high stocking rates which 
are pasture intensive and lead to high weight gain per hectare. 

Impact of Weather Variability on Performance 
The differential impact of weather variability on the 8 stocking 

rates is evidenced by the sample standard deviations and maxi- 
mum and minimum values of simulated weight gain and econom- 
ic performance (Table 3). Most noteworthy is that, with one 
exception (16 hd/ha), the variability of weight gain and net 
returns increases with stocking rate. Likewise, with higher stock- 
ing rates, minimum net returns are lower, and maximum net 
returns are higher than for corresponding minima and maxima at 
the lower stocking rates. 

Inadequate precipitation or poor distribution of rainfall results 
in reduced pasture growth and diminished weight gain; these 
effects are magnified at high stocking rates. However, these same 
high stocking rates result in larger weight gain per hectare when- 
ever weather is favorable. This is depicted graphically in Figure 4 
which shows the simulated point of maximum livestock gain per 
hectare for 3 selected years representing droughty (1980), normal 
(1983), and high rainfall (1979) seasons. The stocking rate which 
supports the highest weight gain per hectare changes from year to 
year and is a function of weather (Fig. 4). Representative weather 
conditions permit the pasture to support only 6 hdlha in droughty 
weather, but 12 or 14 hd/ha in normal or high rainfall years, 
respectively. 
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Fig. 4. Simulated weight gain for 3 representative years. 
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At the time the stocking decision is made, the issue for the 
manager of the stocker steer operation is to match the number of 
animals to be grazed with the weather scenario which provides 
sufficient herbage growth to support adequate gains and maxi- 
mum net returns. With perfect knowledge, a producer might 
select a higher stocking rate in good years and a lower stocking 
rate in droughty years. In the absence of this knowledge, greater 
risk is incurred with higher stocking rates (Fig. 4). For example, 
at 6 hdlha the pasture yields 547 kg/ha weight gain if good 
weather prevails (1979) but only 430 kg/ha in droughty condi- 
tions (1980). Corresponding net returns would be $239/ha and 
$63/ha, respectively. By contrast, 12 hd/ha results in net returns 
of $482/ha (1,097 kg/ha weight gain) in good weather, but the 
producer risks losing $451/ha if droughty conditions similar to 
1980 weather occur because weight gain would only be 280 
kg/ha. The potential for magnified losses and gains at higher 
stocking rates is demonstrated statistically by enlarged confi- 
dence bands around simulated mean weight gain at the 90% and 
99% levels (Fig. 5). For example, an increase in the stocking rate 
from 10 to 14 more than doubles the confidence interval for 
weight gain. 

The sole exception to the increased risk with higher stocking 
rates is for the 16 head system (Table 3). The observed minimum 
weight gain (-137 kg/ha) and minimum net returns (&l,297/ha) 
for the 16 head system occur in the 1972 weather year when pre- 
cipitation during the early pasture growth period in May and June 
was lacking. Due to inadequate herbage, the steers lost in excess 
of 5% of gross body weight and were sold at the end of week 3 
(21 June) of the simulation. During the same year, steers in the 14 
head system also lost weight, but at a slower rate. The threshold 
5% weight loss which initiates the early sell strategy was not trig- 
gered until the end of week 4 (28 June) of simulation. By that 
time, steers in the 14 head system had lost more weight (-290 
kg/ha) causing even lower net returns ($- l,424/ha) than under the 
16 head system. Although lower returns with the 14 head system 
are in part due to increased interest charges for carrying the steers 
an additional week, this example demonstrates the importance of 
a default selling strategy on simulation results. Sample means for 
the number of weeks grazed (Table 3) show that stocking rates of 
6 head or less grazed the full 18 week period for each of the 14 
years simulated. Higher stocking rates were associated with 
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Fig. 5. Confidence intervals for mean weight gain at 8 stocking rates. 
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increasingly shorter grazing periods per season. This is a function 
of the weight loss that occurs when pasture conditions can no 
longer support grazing. 

An assessment of the differential impact of weather variability 
on net returns for 4 selected stocking rates demonstrates that the 
high stocking rate (12 hd/ha) is shown to be the high risk strategy 
in that its economic performance is highly variable as a function 
of weather (Fig. 6). By contrast, net returns for the low stocking 
rate (6 hd/ha) were little affected by weather and hence, were rel- 
atively riskless. It is noteworthy that the ranking of the 3 strate- 
gies changes from 1 weather scenario to the next. In “good” years 
(1974, 1979, 1981), higher stocking rates result in highest net 
returns whereas in “bad” years (1980) the converse is true and the 
rankings are reversed with low stocking rates earning the highest 
returns. In “intermediate” years (1972, 1976, 1978) different 
rankings surface because weather and pasture condition affect the 
performance of some strategies but not others. 
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Fii. 6. Simulated net returns by year at 4 selected stocking rates. 

Risk Efficient Stocking Rates 
The information in Table 3 and Fig. 5 is important in that alter- 

native decision makers will rank stocking rate strategies differ- 
ently depending on their attitude toward risk. One necessary 
piece of information in the choice of a preferred strategy is an 
assessment of the unknown probabilities and distribution charac- 
teristics underlying each stocking rate strategy. An estimate of 
these distribution characteristics was obtained from simulated 
model output by developing an empirical distribution function 
(Hogg and Tanis 1977) of net returns for each of the 8 stocking 
rates. One of the major trade-offs with a high stocking rate (e.g., 
14 hd/ha) is that there is a relatively high probability (approxi- 
mately 0.41) that returns to overhead in any given year will be 
negative (Fig. 7). By contrast, there is a 0.53 probability (i.e., 
1.00-0.47 in Fig. 7) that this same 14 hd/ha stocking rate will 
generate net returns in excess of the maximum simulated returns 
($252/ha) attainable with the “critical” (6 hd/ha) stocking rate. 
Likewise, a comparison between the stocking rate strategies 
which maximize weight gain (12 hd/ha) and net returns (10 
hd/ha) shows that both the frequency and magnitude of losses 
with the 12 head strategy will exceed those of the 10 head strate- 

gy, but that returns with this same maximum weight gain strategy 
will exceed those of the profit maximizing strategy in about 9 
years out of 14. 

Rankings of the 8 stocking rate strategies under FSD, SSD, and 
4 specified risk attitudes using GSD are presented in Table 4. The 
very low and the very high stocking rates (2, 4, and 16 hd/ha) 
were dominated by FSD and hence, would be inadmissible for 
decision makers who are solely profit maximizers with no speci- 
fied risk attitude (Table 4). Stated alternatively, the FSD results 
imply that the producer who simply prefers more income to less 
would be irrational to stock at 2, 4, or 16 hd/ha. CDFs for the 2 
and 4 head strategies (not shown in Fig. 7) lie entirely to the left 
of the 6 head strategy; likewise, the 16 head CDF lies entirely to 
the left of the 12 head strategy. Thus, regardless of risk attitude, 
the remaining stocking rate strategies (the preferred set in Table 
4, i.e., 6, 8, 10, 12, or 14 hd/ha) offer greater economic returns at 
all levels of probability. 

Use of SSD reduces the size of the efficient set for producers 
who are risk averse to 3 strategies (Table 4) which include both 
the “critical” stocking rate (6 hdlha) and the strategy which maxi- 
mizes expected net returns (10 hd/ha), but which excludes the 
maximum weight gain strategy (12 hd/ha). Although expected net 
returns continue to increase with stocking rate for the 6, 8, and 
lo-head SSD set, Fig. 7 reveals a concurrent systematic decline 
in the lower bound of the CDF for these same strategies. Hence, 
SSD cannot further discriminate between these 3 strategies. 
Stated alternatively, it would be irrational for a producer who is 
risk averse to choose 2, 4, 12, 14, or 16 hd/ha. Rather, the trade- 
offs between higher risk for higher returns would be accommo- 
dated with either the 6, 8, or 10 hd/ha stocking rate, but the final, 
actual choice of stocking rate would have to be made by the pro- 
ducer based on criteria which go beyond the scope of this sto- 
chastic dominance analysis. 

The increased discriminatory power of GSD is evident for the 
non risk neutral efficiency criteria in Table 4. Producers who are 
either moderately or strongly risk averse will prefer to stock at 6 
hd/ha as the “best” or preferred strategy and avoid the adverse 
effects that could be encountered in a poor weather season. By 
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Table 4. Ranking of steer stocking rate strategies for alternative risk atti- 
tudes’. 

treats years as independent observations, i.e., replicates in time, 
the potential for analyzing the long-term impact of high stocking 

Risk Attitude 

FSD (no restriction) 

Preferred 
rates on pasture depletion or sustainability is ignored. Regardless 

Risk Interval’ Stocking of these exclusions, this study demonstrates that biophysical mod- 
Lower Bound Upper Bound Rate Strategy3 els used in conjunction with stochastic dominance are useful tools 

-0.0010, 0.0010 6, 8, 10, 12, 14 
in assessing production risk in livestock agriculture. 

SSD (all risk aversion) O.OCOO, 0.0010 6, 8, 10 
Strong risk aversion 0.0004, 0.0010 6 
Moderate risk aversion 0.0001, 0.0004 6 Literature Cited 

Risk neutral -0.0001, 0.0001 6, 8, 10, 12, 14 
Risk preferring -0.CQO8, -0.0001 14 
‘All rankings were calculated for an 81 ha farming operation, an average area of 
improved and cropland pasture per farm representative of Logan County. Arkansas, 
based on a scaling procedure described by Raskin and Co&an (1986). 
*Lower and upper bound Pram-Arrow coefficients of absolute risk aversion. 
‘Risk efficient set of stocking rate strategies, hd/ha. 

contrast, strongly risk preferring producers will be attracted to a 
high stocking rate (14 hd/ha) which exhibits lower expected 
returns than the 10 head profit maximizing strategy, but which 
results in greater returns in 7 years out of 14. Other producers, 
whose attitudes toward risk are neutral, however, might choose 
any 1 of the 5 stocking rates identified for the FSD set. 

Conclusion 

This study uses a biophysical simulation model GRAZE to ana- 
lyze the impact of weather variability on the economic perfor- 
mance of 8 stocking rate strategies for a stocker steer grazing sys- 
tem. Based on 14 years of simulated output, the results indicate 
that: (a) expected weight gain per head was largely independent 
of grazing intensity until a critical stocking rate (6 hd/ha) was 
attained; (b) the highest expected weight gain per hectare was 
achieved under a higher (12 hd/ha) stocking rate than one which 
resulted in highest expected net returns (10 hd/ha); (c) an increase 
in the stocking rate was accompanied by greater production 
(weather) risk which was reflected in increased variance of 
weight gain and net returns as well as a higher frequency and 
magnitude of economic losses; and, (d) non neutral attitudes 
toward risk-i.e, either risk averse or risk preferring producers- 
would be consistent with preferred strategies ranging between 6 
head (strong risk aversion) and 14 head (risk preferring) based on 
stochastic dominance ordering. 

The use of a biophysical model such as GRAZE permits the 
livestock/pasture researcher to address a variety of production 
management strategies whose economic success is in part affected 
by subtle dynamic interactions between plant and animal. The 
study has thus attempted to respond to Scamecchia’s (1994) 
demand for research which addresses the multiple, complex rela- 
tionships of livestock grazing. In an attempt to focus on produc- 
tion management and weather risk, certain issues relevant to the 
stocker steer producer have been ignored in the design of this 
computer experiment. These issues include many additional pro- 
duction management alternatives which would normally be avail- 
able to the producer (e.g., supplemental feeding whenever pasture 
is deficient in a droughty year; production of hay on undergrazed 
pasture or whenever there is surplus forage; extension of the graz- 
ing period when herbage is adequate, pasture irrigation, etc.) as 
well as consideration of a host of marketing strategies which no 
producer can overlook. Likewise, because this simulation study 
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Abstract 

Dense stands of honey mesquite (Prosopis glanddosa TOR. var. 
glandulosa) negatively impact livestock handling and herbaceous 
forage production; however, very little information ls available 
on the effect of stand density on biomass production of herbage 
and wood. Our study compared above-ground yields of berbage 
and wood in undisturbed, cleared, and 3 levels of thinned (100, 
300, and 900 stems ha-‘) stands of mesquite. Total removal of the 
mesquite canopy resulted in a 45 % increase in herbaceous stand- 
ing crop compared to the control in the first 2 years post-clear- 
ing. Herbage yields for the thinning treatments were intermedi- 
ate although herhage yields for the 900 stems ha-’ (2,017 kg ha-‘) 
treatment was similar (P > 0.1) to the control (l&49 kg ha-‘) and 
lower (P < 0.1) than the cleared treatment (2,684 kg &I). Total 
wood production was significantly (P < 0.1) lower for the 3 
thinned treatments (481 to 1,214 kg ha-’ yi’) than the control 
(8,128 kg ha-’ yr’) because of the higher stem density for the con- 
trol (> 7,500 stems ha-‘). Growth rates of individual mesquite 
stems were 2- to J-fold greater (P c 0.1) for the 100 and 300 stem 
ha-’ stands than for the higher-density stands during the relative- 
ly wet growing season of 1992. Under the drier 1993 conditions, 
however, growth rates were similar (P > 0.1) for all treatments. 
Results indicated that severe thinning to less than 900 stems ha-’ 
increased the amount of available forage and positively influ- 
enced the potential growth rates of the remaining mesquite 
stems. 

Key Words: agroforestry, Prosopis glandulosa, tree growth rates, 
semi-arid woodland 

Honey mesquite (Prosopis glandulosa Torr. var. glandulosa) 
dominates much of the rangeland in western Texas, New Mexico, 
Arizona, and regions of Mexico and can occur at densities as high 
as 10,000 stems ha-’ (McPherson and Wright 1986). Mesquite is 
prevalent on about 23 million ha of rangeland in Texas and is 
generally considered the most troublesome woody plant species 
in the state (Scifres 1980). Mesquite is a prolific producer of 
long-lived seeds that germinate readily after scarification. It 
establishes under a wide range of conditions and withstands 
repeated top removal (Weltzin 1990). 
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Dense stands of mesquite negatively impact livestock handling 
and herbaceous forage production. Results from numerous stud- 
ies (Dahl et al. 1978, Gibbens et al. 1986, Dugas and Mayeux 
1991, Heitschmidt and Dowhower 1991) have shown increased 
herbaceous plant production in response to mesquite control. 
Overstory/understory relations in mesquite woodland, however, 
have not been studied in detail. For instance, effects of stand age, 
different levels of canopy cover, and mesquite density on under- 
story production have not been quantified. In addition, limited 
information is available on the production and growth rate 
response of honey mesquite trees to such management practices 
as thinning (Comejo-Oviedo et al. 1991). Mesquite trees have the 
potential to grow at favorable rates and to produce good quality 
wood appropriate for various markets (Felker et al. 1990). 
Mesquite is valued as firewood and barbecuewood as well as 
lumber for the furniture and flooring industry. 

The objectives of this study were to (1) determine biomass 
yields of wocd and herbage at 5 levels of honey mesquite density 
and (2) determine the growth rate of mesquite trees at 5 different 
stand densities. 

Materials and Methods 

Study Site Description 
This study was conducted in the Rolling Plains resource area at 

the Angelo State University Management, Instruction, and 
Research (MIR) Center about 10 km northwest of San Angelo, 
Texas (31”3O’N; 100”30’W). Climate on the study area is semi- 
arid. Average annual precipitation is 519 mm, with most of the 
precipitation occurring between April and October as a result of 
thunderstorm activity. The average annual temperature is 18.3” C 
with an average frost-free period of 232 days (Wiedenfeld and 
Flores 1976). 

Soils at the site are Angelo clay loams (fine-silty, mixed, ther- 
mic Aridic Calciustolls). The Angelo series consists of very deep, 
well drained, moderately slow permeable soils formed in calcare- 
ous loamy and clayey materials. These level- to gently-sloping 
upland soils have slopes ranging from 0 to 3% (USDA 1989). 

Vegetation of the site was dominated by a dense stand of honey 
mesquite which had regrown since being top killed by a wildfire 
in 1968. Maximum stem age at the time of the study was about 
25 years. In this study, a woody shoot emerging at ground level 
with a basal diameter greater than 1 cm was considered a stem. 
Density of the stand was 7,630 f 490 (SE) stems ha-‘, with about 
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1.5 stems tree’. The majority of the trees had a single stem but 
multiple-stemmed trees also were common. Stems of multiple- 
stemmed trees joined at a common base at or below ground level. 
Most of the older trees that regrew from root crowns following 
the fire had self-thinned to 1 to 4 stems. Younger trees had single 
stems and had grown from seed. Herbaceous understory vegeta- 
tion was dominated by cool-season grasses, primarily Texas win- 
tergrass (Sripa leucotricha Trin. and Rupr.). The major forb 
species were annuals such as wooly indianwheat (Plantago 
patagonica Jacq.), southern thistle (Chichotium texanum Buckl.), 
and annual broomweed (Amphiachyris drancunculoides (DC.) 
Nutt.), although perennial forbs such as ragweed (Ambrosia spp.) 
also were common. 

Treatments 
The U-ha area was divided into 3 blocks, based on surface 

drainage and vegetation composition. Five 0.36-ha plots were 
delineated within each block and randomly assigned to 1 of 5 
treatments: (1) cleared; (2) thinned to 100 stems ha-’ (10-m spac- 
ing); (3) thinned to 300 stems ha-’ (5.8-m spacing); (4) thinned to 
900 stems ha-’ (3.3-m spacing); and (5) control (7,630 stems ha-‘). 
Treatments were applied in autumn 1991 with chain saws. In the 
thinning process, the largest and straightest stems were left at the 
specified spacing for each treatment. Over 90% of the selected 
stems in the 100 and 300 stems ha-r treatments were larger than 9 
cm in basal diameter. Basal diameter of about 40% of the select- 
ed stems in the 900 stems ha-’ treatment were between 4.5 and 9 
cm, and the other 60% were over 9 cm. Felled trees were cut at 
ground level and removed from the plots. The cut basal surface of 
each stem was treated with a 2:98 (1~) mixture of the butoxyethyl 
ester of triclopyr { [3,5,6,-trichloro-2-pyridinyl)oxy)acetic acid} 
and diesel fuel to prevent resprouting. Treatment of stumps was 
not totally effective and resprouting from treated stumps was 
common. Furthermore, populations of mesquite seedlings estab- 
lished each year on the thinned and cleared plots. Annual low- 
volume basal [triclopyr + diesel (5:95 lc) mixture] or foliar 
spraying [0.75% clopyralid (3,6-dichloro-2-pyridinecarboxylic 
acid) in water] during the summer was necessary to control the 
new mesquite growth. 

A ditching machine was used in January 1993 to sever 
mesquite roots to a depth of 1 m along the perimeter of all plots. 
The objective of this activity was to minimize the effect of lateral 
roots from mesquite trees on neighboring plots. The lateral root 
system of mesquite trees is concentrated in the top 0.3 m of the 
soil (Heitschmidt et al. 1988). 

Vegetation Sampling 
Herbaceous biomass was sampled in April and August of 1992 

and 1993 to estimate standing crop yields. The April sampling 
period coincided with maturation of cool-season grasses, while 
sampling in August coincided with maturation of dominant 
warm-season grasses and forbs. Herbaceous vegetation was har- 
vested at ground level within 10 randomly-placed 0.33-m’ 
quadrats in each plot. Plant material was separated by species, 
individually sacked, dried in a forced-air oven at 60” C for 72 
hours, and weighed. 

Annual wood production (including stem wood, branches, and 
bark) of trees was estimated within 2 size classes (4.5 to 9 cm and 
>9 cm basal diameter) for the 3 thinned treatments and control. 

The basal diameter of 16 randomly selected stems in each size- 
class was measured at ground level with a diameter tape in each 
plot in February 1992. Each selected stem was marked by secur- 
ing a numbered metal tag to it at 0.6 m above ground. Stems were 
remeasured at ground level in January 1993 and October 1993. 
Because fewer than 10% of the stems in the 100 stems ha-’ and 
300 stems ha-’ treatments had basal diameters less than 9 cm, 
only stems in size class 2 (> 9 cm) were measured. Both size- 
classes were represented in the 900 stems ha-’ and control plots, 
and 16 stems in each size-class were marked and measured in 
each plot. Stems smaller than size-class 1 were not marked and 
measured in the control plots even though their density was over 
2,500 stems ha-‘. These stems were in the understory, generally 
less than 2 cm in basal diameter, and appeared to represent an 
insignificant part of total wood production. 

In December 1992, the basal diameter of 35 individual stems 
with a range of basal diameters from 4 to 25 cm were selected in 
an area adjacent to the study site. Trees were felled, sectioned for 
ease of handling, and weighed to the nearest 0.1 kg. Subsamples 
were dried in a forced-air oven to determine the percentage dry 
matter. These data were used to develop a regression equation 
relating oven-dry wood biomass to basal area. The prediction 
equation was Y = -3.39 + .215X (? = 0.967), where Y was wood 
biomass (kg) and X was the basal area (cm’). This equation, simi- 
lar to that of Comejo-Oviedo et al. (1991), was used to estimate 
woody biomass production of marked trees within each thinned 

treatment. Estimates of annual wood biomass production were 
based on difference in total wood biomass in successive years. 
Basal diameters of 18 individual stems (ranging from 4 to 24 cm) 
were measured during July 1992 in an adjacent, dense stand of 
mesquite to describe the relation between basal diameter and leaf 
biomass of mesquite. Leaves of each stem were stripped, dried in 
a forced-air oven at 60°C for 72 hours and weighed. The resulting 
regression equation was Y = 1413.92 + 244,94X, where Y was 
mesquite leaf biomass (g) and X was basal diameter (8 = 0.927). 

Canopy cover was estimated by line intercept. Mesquite canopy 
was measured along five 15-m lines randomly located in each 
plot in August 1993. 

Statistical Analysis 
Herbaceous plant standing crop and annual wood production 

were analyzed as randomized block ANOVAs with thinning 
treatment as the main effect and individual plots (n = 3) as 
blocks. Stem growth data expressed as basal-diameter increment 
were analyzed as a split-plot with block and thinning treatment in 
the main plot and size class as the sub-plot. Analysis of variance 
of individual stem data showed that basal-diameter increments 
differed by size-class. Analysis of variance for individual stem 
parameters was then conducted within size-class with thinning 
treatment as the main effect and individual plots as blocks. 
Repeated-measures analysis (Winer 197 1) was used because 
measurements were made on the same trees over a 2-year period. 
Data were analyzed within the framework of General Linear 
Models of SAS (SAS 1988). Least squares analysis was per- 
formed and the protected LSD procedure was used to detect dif- 
ferences among treatment means when appropriate (Steel and 
Torrie 1980). Significant year differences were identified using a 
univariate analysis procedure for paired contrasts between years 
(SAS 1988). Because of inherently high degree of variability 
within the mesquite woodland type, a 0.1 significance level was 
considered appropriate for testing differences. 
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Results and Discussion 

Precipitation from September 1991 through August 1992 was 
150% of the long-term average (Fig. 1). Rainfall was particularly 
favorable from December 1991 through February 1992. The fall 
and early winter of 1992-93 (September through January) were 
relatively dry and precipitation from February through August 
1993 was near the long-term average. 

Herbaceous Plant Standing Crop 
Total removal of mesquite canopy resulted in a 45% increase 

in herbaceous plant standing crop compared to controls (Table 
1). The increase in herbaceous standing crop is in the same range 
reported for other sites in Texas (Scifres and Polk 1974, 
Bedunah and Sosebee 1984, Heitschmidt and Dowhower 1991). 
Herbaceous standing crop for the cleared treatment was similar 
(P > 0.1) to standing crop at either 100 or 300 stems ha-’ but 
greater (P < 0.1) than the herbaceous standing crop at 900 stems 
ha-‘. Compared to the cleared treatment, mean herbaceous stand- 
ing crop was significantly (P < 0.1) decreased at a mesquite den- 
sity between 300 and 900 stems ha“. This range in density is 
equivalent to canopy cover ranging from 37% (300 stems ha-‘) to 
61% (900 stems ha-‘). 

An interaction (P < 0.1) between treatment and year of observa- 
tion affected biomass of total grasses. Total grass biomass for the 
cleared treatment in 1993 was greater (P c 0.1) than on the thinned 
and undisturbed plots, but there was no treatment effect (P > 0.1) in 
1992 (Table 1). Yields of warm-season grasses in 1992 and 1993 
followed a pattern similar to total grasses. Biomass of warm-season 
grasses on the cleared plots in 1993 was double that in 1992 where- 
as 1993 yields for the other 4 treatments were only half of the 1992 
levels. Growth of warm-season grasses in 1993 on cleared areas 
was favored by removal of mesquite trees, high light intensity, and 
adequate summer precipitation. The principal warm-season grasses 
were buffalograss [Buchloe ductyloides (Nutt.) Engelm] and sand 
dropseed [Sporobolus crypfundn~~ (Tom) A. Gray]. Warm-season 
grass yields represented a small portion (< 20%) of total herba- 
ceous plant production except in the cleared treatment in 1993 
(Table 1). 

Standing crop yields of cool-season grasses were not affected 
(P > 0.1) by treatment (Table l), but yields were 6-fold higher 
(P < 0.1) in 1992 (2,831 kg ha-‘) than in 1993 (474 kg ha-‘) 
averaged across treatments. The unusually high precipitation 
received in late 1991 and early 1992 coupled with the mild 
1991-92 winter favored growth of the dominant cool-season 
grasses even in the reduced-canopy treatments. The winter of 

SONDJFMAMJJASONDJFMAMJJA 
1991 1992 1993 

I Monthly ppt 

- 30-year average 

Fii. 1. Monthly precipitation from September 1991 through August 
1993 compared to the 30-year average for San Angelo, Tex. 

1993 was relatively dry, and cool-season grass yields were low. 
Cool-season grasses were the dominant species for all treat- 
ments composing from 64% (cleared) to 83% (900 stems ha-‘) 
of herbaceous yields. Texas wintergrass was the dominant cool- 
season grass in 1992 and 1993, whereas little barley (Hordeum 
pussillum Nutt.) and rescuegrass [Bromus unioloides (Willd.) 
H.B.K.] were prevalent only in 1992. Little barley and rescue- 
grass are annuals that are indicative of favorable moisture con- 
ditions. 

Forb yields were extremely variable within treatment and dif- 
ferences (P > 0.1) were not detected (Table 1); however, yields 
differed (P < 0.1) between 1992 (666 kg ha-‘) and 1993 (229 kg 
ha-‘) averaged across treatments. The dominant forbs in 1992 on 
all plots were cool-season species, e.g., wooly indianwheat and 
southern thistle, whereas warm-season forb species, e.g., annual 
broomweed and ragweed (Ambrosia spp.) were dominant in 
1993. 

Table 1. Mean staoding crop of tbe major components of herbaceoos vegetation for 19!X and 1993 at 5 mesquite densities, Sao Angelo, Tex. 

Total’ T0ta12 Warm-season2 COO-SCXlSOd TlJtA’ 
herbaceous emS=s erases masses 

Treatment 9z93 92 93 92 93 92I93 92J93 

---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~(kgh~-’y~-‘)~~~~--~~~~~~~~~-------~~-----~------- - 

ClCGXl 2,684” 2,985’ 954a 156= 321’ 1,731* 71Y 
100 stems ha-’ 2,147* 3,152a 461b 84” 4ob 1,745a 3418 
300 stems ha-’ 2,314& 3,060” 535b 68” 21b 1,753a 517” 
900 stems ha-’ 2,017b 2,958’ 473b 54” 3ob 1,674& 301a 
Control 1 ,849b 2,521” 446b 157a 89b 1,361= 366” 
‘Stamiiig crops of total hehaceous. coo-season grasses, and total f&s are not presented by year because there were not treatment X year interactions (P > 0.1). 
*Standing crops of total grasses and warn-season grasses are presented by year because of treatment x year interactions (P < 0.1). 
“bMean.s within columns with different supersaipts are significantly different (P < 0.1). 
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Honey Mesquite Stem Growth 
Reducing mesquite stem density to 900 stems ha’ had no effect 

(P > 0.1) on basal diameter growth rates of stems in size-class l(4.5 
to 9-cm diameter) compared to growth rates of stems in the control 
(Table 2). Basal-diameter growth rates were similar (P > 0.1) in 
1992 (0.35 cm) and 1993 (0.4 cm), indicating that differences in 
amount of precipitation did not affect wood growth of stems in size- 
class 1. 

Growth rates of mesquite stems in size-class 2 (> 9 cm) were 
affected (P c 0.1) by an interaction between the thinning treat- 
ment and the year of observation. During the relatively wet grow- 
ing season of 1992, basal diameter increment of the larger stems 
was 2- to 3-fold higher (P < 0.1) for the lower mesquite densities 
(100 and 300 stems ha-‘) than for the 900 stems ha-’ and control 
stands (Table 2). Under the drier 1993 conditions, however, 
growth rates were similar (P > 0.1) for all treatments. At lower 
mesquite densities, basal-diameter growth rates for stems in size- 
class 2 were nearly twice as high in 1992 as in 1993. Basal-diam- 
eter growth rates of the stems at the higher stand densities did not 
differ greatly between years. Comejo-Oviedo et al. (1992) report- 
ed first-year growth rates of 0.97 cm stern-’ in plots with 100 
mesquite trees ha-’ and 0.49 cm stem-’ in plots with 1,740 trees 
ha-’ in southern Texas. Tree growth rates on the control plots in 
1992 and 1993 were similar to those reported by Comejo-Oviedo 
et al. (1992). 

Table 2. Mean basal diameter increment by size-class’ for 1992 and 1993 
at 4 mesquite de&ties, San Angelo, Tex. 

Mesquite density Size-class I* Sizeclass 23 
(stems ha-‘) 1992/1993 1992 1993 

maximum values for mesquite trees in the Edwards Plateau and 
Rolling Plains resource areas. 

Total Wood Production 
Treatment effect on annual wood production of individual stems 

followed the same pattern as for basal diameter increment because 
annual wood production by stem was derived from stem diameter. 
Annual wood production on an area basis was significantly (P < 0.1) 
lower for the 100,300, and 900 stems ha’ treatments (481,1,214, and 
2,439 kg ha’ yr’, respectively) than the control (8,128 kg ha’ yr’). 
Higher wood production on the control plots compared to the thinned 
stands was due to the substantially higher stem density for the control 
(7,630 stems ha-‘). Total wood production was similar (P > 0.1) 
among the 100,300, and 900 stems ha’ treatments. Total wood pro- 
ductionwassimilar(P>O.1)in1992and1993. 

Honey Mesquite Leaf Biomass 
Leaf biomass of mesquite trees was estimated using the regression 

equation relating basal diameter to foliar biomass. Stems used to 
develop the regression equation were in a dense stand of mesquite 
contiguous to the study site. Although the stems in the contiguous 
stand could be considered representative of stems on the control 
plots, the relationship between basal diameter and leaf biomass 
might be different from that for trees growing in natumlly occurring 
sparse stands (e.g., 100 stems ha’). It has been documented that indi- 
vidual stems at wider spacings generally produce more wcod and 
foliage than individual stems in denser stands (Schacht et al. 1988, 
Comejo-Gviedo et al. 1991). The values for leaf biomass presented 
here, therefore, apply only to this study site and values for the 100 
(205 kg ha’), 300 (1,055 kg ha-‘), and 900 (1,105 kg ha-r) stems ha’ 
treatments mav be underestimated. Honev mesouite leaf biomass for 

----;----------(em)--------..----- 

100 1.3” - o.78 
300 1.2& 0.7” - 
9oil 0.9 O.Sb 0.8” 
7,630 (control) 0.3a 0.4b 0.6a 

‘Size-class 1 = 4.S to 9-cm basal diameter and sizesla.ss 2 = > 9 cm basal diameter. 

the control (6,875 kg ha-‘) was significan~y higher (P < 0.1) than for 
the thinned treatments, and leaf biomass among the thinned treat- 
ments was not different (P > 0.1). Although basal diameter tended to 
be greater for stems on the tbinned plots, stem density was the princi- 
pal factor dete rminiug leaf biomass. Total leaf biomass was similar 

ear interaction (P < 0.1). a o stems in size-class 1 were measured in the 100 and 300 stems ha-’ treatments. 
“kam within columns with different superscripts are significantly different C.7 < 0.1). 

‘Basal diameter increment for sizeclass 1 is not presented by year because there was not 
a treameot x year intelaction (P > 0.1). 
‘Bawl diameter increment for size-class 2 is presented by year because of a treatment X 

leaflets and asynchrony of leaf production and leaf fall make esti- 
mation of leaf biomass of a mesquite stand both imprecise and 
inaccurate. Development of leaf area and (or) canopy volume 
indices are possible alternatives to the regression equation relat- 
ing basal diameter to leaf biomass. The leaf biomass estimate for 
control plots in this study appears to be very high compared to 
estimates reported for other dry woodland types; however, con- 
sidering the density of stems, leaf biomass would be about 1 kg 
stem-‘. Leaf biomass estimates in other dry woodlands range from 
1,891 and 2,900 kg ha“ (Collins 1977, Schacht et al. 1988, 1992). 

(P > 0.1) in 1992 and 1993. 
Tree leaf biomass in mesquite woodlands has never been 

reported because it is very difficult to measure. The small size of 

Growth rates of other hardwood species in low-density, inten- 
sively-managed stands in semi-arid regions (Knoop and Walker 
1985, Meyer and Felker 1990) and more mesic areas are similar 
to our findings. Smith and Lamson (1983) reported an increase in 
diameter at 1.3 m (dbh) of 0.89, 1.27, and 1.35 cm year’ for 
sweet birch (Betula lenta L.), black cherry (Prunus serotina 
Ehrh.), and yellow poplar (Liriodedron tulipfera L.) respective- 
ly, 3 years after pre-commercial thinning of a sapling stand in 
Pennsylvania. Lamson (1983) reported growth rates of 0.41,0.41, 
and 0.96 cm year-’ for red maple (Acer rebrum L), red oak 
(Quercus rubra L.), and yellow poplar, respectively, 5 years after 
thinning treatments were applied in the Appalachian region. 
Growing conditions for mesquite trees on our study site were 
very favorable for the San Angelo area because soils are deep and 
fertile. We hypothesize that stem growth rates reported for the 
100 and 300 stems ha-’ treatments in 1992 may represent near- 

Management Implications 

At the initiation of the study, the herbaceous understory was 
dominated by low seral, cool-season species, such as Texas win- 
tergrass and rescuegrass. Although they provide valuable cool- 
season forage, these species have short growing periods, vary 
greatly in terms of annual forage production, and are unaccept- 
able forage during much of the year. A shift should occur over 
time to species which are more productive and better adapted to 
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the growing conditions in the reduced-canopy treatments. Scifres 
et al. (1989) hypothesized there was a delay of 4 to 6 years fol- 
lowing control of mesquite before herbaceous plant production 
reached its maximum. The expected shift would involve warm- 
season grasses largely replacing cool-season grasses because of 
increased light intensity in reduced-canopy treatments favoring 
warm-season species (Brock et al. 1978, McDaniels et al. 1978, 
Jacoby et al. 1982, Heitschmidt and Dowhower 1991). With 
herbaceous vegetation dominated by warm-season grasses, forage 
production should be consistently higher and more acceptable to 
livestock through the grazing season. 

Herbaceous plant production for plots with 100 and 300 stems 
ha-’ was similar to the cleared plots. For thinned treatments, how- 
ever, these forage responses were realized in addition to 481 to 
1,214 hg ha-’ yi’ of wood production by crop trees. Results of our 
study indicate that mesquite agroforestry systems, with large trees 
on relatively wide spacings, could provide rapid growth rates of 
wood and high levels of forage production in the understory, and 
potentially reduce livestock handling problems associated with 
dense stands. 

Costs for thinning dense stands of mesquite to a desired densi- 
ty, along with follow-up stand management, could be offset 
largely by the value of harvested, marketable wood. Although an 
economic analysis was not conducted, it appears that revenue 
coming from periodic harvest and sale of the widely-spaced crop 
trees could provide some or all of the funds needed to pay for 
maintaining a stand with a relatively open canopy. Overall, 
thinned mesquite woodland has great potential for multiple use 
management; however, site selection should be a prime consider- 
ation. An agroforestry system would be more likely to succeed on 
range sites with the greatest potential for supporting plant growth. 
In addition, forage responses should be greatest on sites in high 
range condition classes. 
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Books Reviews 

Western Public Lands and Environmental Politics. Edited 
by Charles Davis. 1997. Westview Press, Boulder, 
Colorado. 214 p. US$59.95 cloth, US$18.95 paper. ISBN O- 
8133-8947-X cloth, ISBN 0-8133-2970-l paper.. 
For 3 decades, natural resource managers, political scientists, 

economists, sociologists, environmentalists, and interdisciplinari- 
ans have spent thousands of hours talking, reading, and writing 
about public land problems in the United States. Few topics sum- 
mon up such strong feelings and divide people into groups with 
such irreconcilable differences. This is not cause for surprise 
because the public lands themselves are a conundrum in an egali- 
tarian and free enterprise state like the United States. On the one 
hand, these lands were left as almost useless by the early settlers 
who were seeking opportunity in the 18*, 19*, and early 20* 
Centuries. The federal government had little choice but to take 
over their management and hope for the best. On the other hand, 
time, technology, and politics have caused these lands to present 
opportunity and acquire value in the second half of the 20th 
Century. This change in status has placed the federal government 
in a difficult position: Should it maintain the rules and the hierar- 
chies that have been put in place to manage the lands or should it 
sell the lands or change the policies so the free enterprise econo- 
my can bring them to their highest and best economic use? 

The problem is compounded by changing views held by the 
population. At one time, not too long ago, all lands were man- 
aged in such a way as to yield “commodities” that could be sold 
in markets. Forests produced timber, mines produced coal, and 
rangeland produced meat. All this has changed. Now, great parts 
of the public desire non-commodity services from the public 
lands-recreation, scenery, bio-diversity, protection of threatened 
species, and the like. The change has been creeping up on the 
policies, and it has become a major political force that must be 
accommodated. The editor of this concise but comprehensive vol- 
ume has chosen a number of authors to examine this change in 
what we expect from our public lands and to explain the political 
response to the change. The book divides into chapters dealing 
with major classifications of public land- forests, range, mining, 
energy, parks, and wilderness. 

While there is considerable variation among them, most of the 
individual chapters are arranged to include the following: 

a) Early history usually explaining the policies that emerged 
around 1900. 

b) The Progressive Era in which Gifford Pinchot’s admonition 
to manage lands so that they produced “the greatest good for 
the greatest number” was translated into policies that empha- 
sized the production of resource commodities. 

c) The gradual emergence of environmentalism and the environ- 
mental lobby and the growing public acceptance of the idea 
that aesthetic uses of public land is a legitimate product. 

d) The 1960s when laws began to change, policies distributed 
and redistributed products in different ways, interest groups 
began to solidify their positions, and traditional user groups 
were put on the defensive. 

e) The 1980s when the Regan Administration made moves to 
return control to the commodity producers who depended on 
the public lands. 

f) The contemporary era during which the old lines of tradition- 
al “iron triangles” have been blurred by strong environmen- 
talism, a wise use-property rights backlash, a Congress that 
may want to privatize much of the public domain, and a 
somewhat ambivalent Executive Branch. 

The chapter by Sandra K. Davis, “Fighting Over Public 
Lands...” is excellent and in some ways tells the whole story. It 
fills out the outline shown above and gives a no nonsense touch 
to the gradual ascendancy of environmentalism. It shows the evo- 
lution of today’s policies to be a natural and understandable 
response to the new pressures in contemporary society. If there is 
time to read only 1 chapter, this should be it. It provides a context 
for the remainder of the book. 

The chapters on timber, range, and mining seem to be quite 
conventional. While the material is well known and understood, it 
is presented here in a very easy-to-understand way- something 
that would be highly acceptable to upper division college students 
or to serious study groups. These chapters, though, beg for data. 
How much timber? How many AUMs? How many acres? At 
what price? Where are they? Nowhere does a reader new to the 
subject actually learn the magnitude of the problem or how the 
public aspects of the problem match up with the private aspects 
of the problem. This is unfortunate because the size of the prob- 
lem is one of the major issues driving the environment policy 
debate. 

The chapter on energy is the most thorough and perhaps the 
best topical chapter. This should come as no surprise since we 
have only a few years of energy policy, not decades as is the case 
with the other classes of resources. The author of the energy 
chapter does the other authors one better by describing the prob- 
lems (the energy crisis of the 197Os, the Exxon Valdez incident, 
and the like), the policy responses, and, most importantly, the 
consequences of those policies. The other chapters seem to com- 
plete their tasks, but little more. 

The book should be examined as an entire work rather than as a 
collection of individual pieces. When taken this way, it must be 
regarded as one of many contemporary books and monographs 
that seek to explain what is happening in the public land-environ- 
mental arena. In my opinion, it is not the best of these books, but 
it may have great usefulness as a “primer” or a first look. The 
book is honest and has that crucial quality of inviting further 
study. This alone makes it worth the price and makes me want to 
use at least some of the chapters in my classes.-Paul W. 
Barkfey, Department of Agricultural Economics, Washington 
State University, Pullman, Washington. 

Burntwater. By Scott Thybony. 1997. The University of 
Arizona Press, Tucson. 117~. US$29.95 cloth, US$15.95 
paper. ISBN O-8165-1456-9 cloth, 0-8165-1480-l paper. 
To me it is exciting to find ‘a new author, especially one as 

good as Scott Thybony. His travels through North America have 
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resulted in award-winning articles in Smithsonian Magazine and 
National Geographic Traveler. In this new book, Thybony sets 
out to find a place that no longer exists except on a few old maps: 
Burntwater. He is a writer with a background in anthropology, a 
zest for remote places, and experience as a Colorado River guide 
and archaeologist. A resident of Flagstaff, Arizona, he has lived 
with indigenous peoples in the American Southwest and the 
Canadian Arctic. In his preface, Thybony states, “Certain places 
take us beyond ourselves. The Four Corners country is one of 
them. The long distances tug at the soul, drawing us far beyond 
the familiar.” 

In this book, the author sets off for Bumtwater, taking back- 
roads across the Colorado Plateau from the Virgin River to the 
mouth of the Dirty Devil, from the badlands below Twin Angels 
to a remote mesa in Bandelier National Monument. As the miles 
go by, Thybony calls up past experiences in this land where the 
past flows seamlessly into the present. Reaching the Shrine of the 
Stone Lions, he recounts a near-fatal descent into the Grand 
Canyon. He remembers a medicine man whose chanting could 
start the cold engine of a Volkswagen, and he describes an act of 
sabotage against an oil company by 2 Vietnam veterans armed 
with deer rifles. He recalls a winter of herding sheep for a Navajo 
family. As the miles go by and the stories unfold, the book ven- 
tures further and further into a human landscape as strange and 
compelling as the terrain of red rocks, purple volcanoes, and end- 
less blue sky. 

My recommendation is to find a copy of Burntwater and travel 
along with Scott Thybony as he shares his love of the Four 
Comers Country.-Jan Wiedemann, Texas Section, Society for 
Range Management, Vernon, Texas. 

Ecosystem Management in the United States. An 
Assessment of Current Experience. By Steven L. Yaffee, 
Ali F. Phillips, Irene C. Frentz, Paul W. Hardy Sussanne M. 
Maleki, and Barbara E. Thorpe. 1996. Island Press, 
Washington, D.C. 351 p. US$30.00 paper. ISBN 1-55963- 
502-9. 
Tired of reading ecosystem-based management theory? Tired 

of the concept debate in ecosystem based management? Want 
something more practical? Want a direct line to a great variety of 
ecosystem based management experiences? Want to hear the suc- 
cesses, and failures of the people involved in ecosystem based 
management right here in the mid-90’s? Then you’ll want to get 
your hands on a copy of Ecosystem Management in the United 
States, by Steven L. Yaffee, Ali F. Phillips, Irene C. Frentz, Paul 
W. Hardy, Sussanne M. Maleki, and Barbara E. Thorpe. 

With the financial backing of the Wilderness Society, the above 
research team at the University of Michigan’s School of Natural 
Resources identified 619 sites where ecosystem based manage- 
ment was being practiced. Considering regional distribution, 
types of agencies and groups involved, these 619 candidate sites 
were pared down to 105 sites, upon which this assessment, this 
document, and these analyses were based. 

The book is full of information about people, agencies, and 
groups attempting to apply ecosystem based management as best 
they understand it. This information is divided into 3 main sec- 
tions: (1) Assessment, (2) A Catalog of Ecosystem Management 
Projects, and (3) Appendixes. 

Most readers will want to spend some time in the 44 pages of 
analyses of the 105 ecosystem management projects where 7 

questions organize the discussion: (1) What characterizes the 
ecosystem management project areas? (2) What are the character- 
istics of the projects? (3) Why were the projects started? (4) What 
have the projects produced? (5) What has helped the projects to 
move forward? (6) What obstacles have the projects faced? (7) 
What do these experiences suggest for future ecosystem manage- 
ment efforts? 

If you’re thinking about getting into the ecosystem based-man- 
agement business, the Assessment section is a good one to study. 
It might also be a good source of ideas for those who think their 
ecosystem-based management project is failing. An example of 
what is contained in the Assessment, that might interest range 
managers, is within the question: what characterizes the ecosys- 
tem management project areas? Nearly all the project areas are 
experiencing human related stress. The assessment recognizes 13 
human related stresses which range from “hydrologic alteration” 
to “overfishing, overhunting, or overcollecting.” “Grazing and 
range management” is 1 of 13 stresses. “Grazing and range man- 
agement” stress ranges from a low of 11% (n=28) in the Midwest 
projects to a high of 47% (n=19) in the Southwest. Also, under 
the question why projects were started, resource extraction which 
included grazing was identified as one of the threats that precipi- 
tated a drive towards ecosystem based management. 

Preceding the cataloged descriptions of the 105 selected 
ecosystem management projects, there are 10 tables or lists that 
can help you mine the information. For example, there is a table, 
Anthropogenic Ecosystem Stresses on Project Areas which list all 
the 105 projects and 13 stresses. This is a quick guide for some- 
one wanting to read all the project descriptions where “grazing 
and range management” is considered a stress. 

Few people will read every one of the catalog descriptions. 
This section, the bulk of the book, is more pick and choose, based 
on your interests and information needed. However, the catalog 
entries are thoughtfully done, each addressing 4 basic areas, (1) 
project area description, (2) ecosystem stresses, (3) project 
description, and (4) status and outlook, all in 2 pages or less per 
project. The final entry for each description is contact informa- 
tion, including the name, organization, address, and telephone 
number, if more project information is desired. 

The appendices are a state-by-state listing of projects, an alpha- 
betic listing of contact information, a guide to selected ecosys- 
tem-based management documents, a list of abbreviations, and a 
short glossary. 

I enjoyed most of the book, but was puzzled when in the 
Foreword, Gaylord Nelson, Counselor of The Wilderness 
Society, coined the term cooperative ecosystem management 
(CEM). He contrasted it with not wanting co-opted or compro- 
mised ecosystem management, but true cooperative ecosystem 
management. My concern comes from believing cooperation is a 
basic principle of ecosystem based management. If cooperation is 
a basic principle, is there really a need to string it with ecosystem 
management? 

When I first looked through Ecosystem Management in the 
United States, I had the distinct impression the information in 
book-form was missing its calling. As a body, the information 
cries for hypertext linking and making a great addition to some- 
one’s website. 

Though it is a substantial contribution to ecosystem based man- 
agement experience, what about the future? Wouldn’t it be wise 
to revisit the analyses in 5 to 7 years? Do the same conclusions 
hold? Are there major shifts in the approach as now practiced? 
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How about some organization sponsoring a similar analysis on a 
world-wide basis? We in the United States certainly don’t have a 
comer on all the great ideas and techniques for applying ecosys- 
tems based management. 

Toward the end of the assessment conclusions, I came across 
the research team’s overall message and a good take-home-mes- 
sage for us all: “Know your land, and know your neighbor.” This 
has been a time honored practice for many rural people, but now 
knowing your land and knowing your neighbor takes in landscape 
level views, numerous publics, and longer time-frames. 

The purpose of this book was to catalog ecosystem based man- 
agement activities throughout the United States and analyze the 
experiences people were having. Does the book accomplish its 
purpose? Yes it does; I know of nothing else like it.-David K. 
Mann, Salt Lake City, Utah. 

Mangrove. The Forgotten Habitat. By Jeremy Stafford- 
Deitsch. 1996. Immel Publishing, Ltd. London. 277~. 
US$5 1 .OO paper. ISBN O-907 151-93-o. 
Most of my first-hand experience with mangroves is from the 

Gulf Coast of Florida, where most of the citizenry found these 
inscrutable intertidal habitats to be of doubtful merit. Fisherman 
viewed them with ambivalence, as impossible areas to fish from 
shore, challenging even to fish from a boat, but reportedly impor- 
tant habitats in the life cycles of the fish they sought. The insect- 
infested mangrove communities frequently blocked the view of 
the Gulf for suburbanized inland dwellers, and provided little 
recreation compared with the nearby sandy beaches. Still less 
profound was the one-dimensional view of real estate developers, 
whose depth of appreciation of the mangroves asymptotically 
approached zero, allowing transactions by the front-foot. Retiring 
grey panthers from the North, looking to put down new roots, 
viewed the mangroves successionally, as seral communities, dis- 
similar, they hoped, in every way from their climax community, 
the condominium, except in their reliable rate of turnover. The 
net effect of these interests, and others, has been the economic 
exploitation and accelerating destruction of mungal ecosystems 
worldwide. Accompanying this exploitation has been the increas- 
ing and overdue interest of others in preserving these ecosystems. 
Jeremy Stafford-Deitsch’s Mangrove is a recent semi-technical 
contribution to the rising tide of books and papers on the under- 
appreciated mangal ecosystems. 

High in production values, Mangrove skillfully combines 
attractive color photography and readable, informative text. The 
author, a natural history photographer of some experience, has 
included interesting and, with a couple of exceptions, relevant 
photographs of diverse subjects such as prop roots, germinating 
hypocotyls, shorebirds, manatees, sharks, crustaceans, crocodiles, 
humid tropical mangroves, and coastal desert mangroves. These 
photographs, and the accompanying text address mangroves 
globally, focusing especially on the northern coast of Australia, 
where the author has the most experience. Admittedly not a sci- 
entist by training, he nonetheless has developed a sound, semi- 
technical text utilizing published scientific work from a reason- 
able bibliography following the closing chapter. The book is edi- 
fying reading, and pleasingly escapist reading as well, especially 
on a winter evening at higher latitudes. 

The book is organized into 5 chapters. Chapters 1 and 2 pro- 
vide a brief, non-technical introduction to the basics of man- 

groves. In Chapter 2, the author explains some techniques to help 
those interested to more easily and non-destructively explore the 
often uninviting mangrove habitats. 

Chapter 3, Plants of the Mangrove Forest, is a 110 page discus- 
sion which considers many facets of mangroves including matters 
of terminology, taxonomy, nutrient and energy dynamics, physio- 
logical ecology, and community ecology. Here the author grap- 
ples semi-technically, and adequately, with some ecological con- 
siderations such as morphological and physiological adaptations, 
ecosystem boundaries, environmental requirements, and succes- 
sional tendencies familiar to professional ecologists. He differen- 
tiates between true mangrove plants and mangrove associates, 
and a table of important plants and associates is included. While 
trees of the genus Rhizophoru (the prop-rooted mangroves) are 
the most familiar true mangrove species in the United States, the 
book affirms that the mangrove habitat is not associated with any 
particular taxon. A map of floristic richness in Chapter 3 indi- 
cates that mangroves are limited to the tropics and subtropics, and 
that mangroves along the Indian Ocean, in Australia, and in 
Southeast Asia may contain 30 or more true mangrove species, 
while those in the Western Hemisphere are floristically impover- 
ished, with 10 or fewer characteristic species. 

Animals of the Mangrove Forest, Chapter 4, examines the 
diversity of fauna found in mangrove habitats including birds, 
mammals, reptiles, and insects. These discussions of fauna offer 
fewer generalizations than the discussions of flora in Chapter 3, 
focusing more on individual species in particular mangroves. 
Data on generalizations about fauna in the world’s mangroves are 
certainly not as readily available as floristic data, and the author 
does attempt to generalize where possible so that the text is not 
uneven with that of Chapter 3. 

Chapter 5, The Human Dimension, examines the past, present, 
and future relationships between humans and mangroves. 
Included are descriptions of rapidly increasing rates of destruc- 
tion of mangal ecosystems worldwide for ill-conceived uses rang- 
ing from prawn farms to charcoal wood to dumps to housing 
tracts. The author points out that mangal ecosystems are highly 
productive, yield a variety of useful products, can utilize excess 
nutrient runoff in coastal regions, are always strongly linked with 
adjacent ecosystems, and provide habitat at various times for 
innumerable marine, aquatic and terrestrial species. Considering 
these facts, he stresses that their destruction for intensive eco- 
nomic development is predictably disastrous, both environmen- 
tally, and economically. He recommends subsistence level man- 
agement of mangroves for the variety of interrelated products and 
values they supply both directly and indirectly. 

Absent from the author’s serious concerns for mangroves is 
discussion of what effects rising water levels associated with pos- 
sible global warming might have on these habitats. But the over- 
sight of this threat reminded me that even though mangrove com- 
munities require particular tidal characteristics to stabilize, man- 
grove species inhabit ever-changing shorelines, and high water 
events, such as hurricanes, are major events for propagule disper- 
sion. So despite the destructive best efforts of humankind, man- 
groves may have a future anyway. Come the big wind and big 
water, the average mangrove species has more mobility than the 
average condominium, except, of course, for the condos that 
aren’t built on pilings.-David L. Scurnecchia, Washington State 
University, Pullman, Washington. 
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